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INSECT POLLINATORS OF CONFERENCE PEAR (PYRUS COMMUNIS L.)
AND THEIR CONTRIBUTION TO FRUIT QUALITY
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Abstrace—The pear (Pyrus communis L.) cultivar, Conference, is parthenocarpic but misshapes and marketable

fruit losses of 6% at harvest are common. In other studies, insect flower visitors are identified as important for apple

quality, but far fewer studies have examined the effects of insects and cross-pollination on pear quality. Using a range

of replicated field experiments, this project aimed to determine the; 1) biodiversity of pear blossom insect visitors, 2)

pollen limitation and fruit quality as a function of distance from the orchard edge and number of insect visitors, and

3) importance of cross pollination on fruit quality. A wide range of insects, >30 species, visited pear flowers including

honey bees, bumble bees, solitary bees and hoverflies. Honey bees were the most frequent visitors, but all guilds, to a

reater or lesser extent, made contact wi e reproductive parts of the flower. Insect visits resulted in ~ o higher
great 1 tent, mad. tact with the reproductive parts of the fl Insect visit Ited 10% high

fruit set. There was no effect of distance from the edge (up to 50 m) of orchard on the quality of pears, and no

consistent difference in the guild of insects visiting at distances from the orchard boundary. Cross-pollination with

the variety Concorde produced better quality Conference fruits. We discuss how pollination of Conference pears

could be managed to improve yields of marketable fruit.
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INTRODUCTION

Pear is the twelfth most productive fruit crop (25.7
million tonnes/year) worldwide (FAOSTAT 2015) and
25,800 tonnes/ year are harvested in the UK alone (mainly;
cultivars (cvs.) Conference, Williams Bon Chretien and
Doyenne Du Comice). In the UK, Conference represents 81%
of the pear growing area and 85% of production with a value
of £13 million in 2015 (DEFRA 2016). Conference orchards
are increasingly planted in intensified systems resulting in
higher densities of blossoms/ha with less reliance on polliniser
trees (trees that provide pollen and are often a different
variety) as demand for non-Conference varieties decreases.

Conference is semi-self-fertile with a natural tendency for
parthenocarpy and can set seedless fruits (MAFF 1973; Nyéki
& Soltész 1998a; Deckers & Schoofs 2002; Quinet &
Jacquemart 2015). However, growing Conference as a single
cultivar orchard has potential to reduce fruit set and quality,
and cross-pollination could increase numbers of viable seeds
producing higher commercial value fruits with a larger, more
uniform, shape (Monzén et al. 2004; Stern et al. 2007;
Sakamoto et al. 2009).

Intensive commercial Conference orchards often have no,
or only one, polliniser variety for cross-pollination. In
addition, although many pear cultivars are self-compatible
they still require insect pollination (Goldway et al. 2009;
Quinet & Jacquemart 2015) and produce more and/or better
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fruit when cross-pollinated with another cultivar (MAFEF
1973; Webster 2002; Stern et al. 2004).

To date, studies of insect visits to apple (Malus), another
pome fruit with a similar open flower structure, demonstrate
enhanced fruit- and seed-set, fruit size, evenness of shape, and
mineral content (Boyle & Philogene 1983; Goodell &
Thompson 1996; Volz et al. 1996; Buccheri & Di Vaio 2005;
Blazek & Hlusickova 2006; Garibaldi et al. 2013; Garratt et
al. 2014; Rader et al. 2016). However, there is less
information about key insect pollinators of pear (Pyrus
communis, Rosaceae). In comparison to apple, pear flowers
earlier in the season and has a lower sugar concentration in the
nectar. As a result, there are reportedly six times fewer insect
tlower visits to pear blossoms (Quinet et al. 2016b) and fruit
and seed set decreases with a diminishing number of
pollinated styles per flower (Visser & Verhaegh 1987). Poor
pollination could also result from low insect activity and
inefficient transfer of pollen, few polliniser trees, incompatible
pollen, or an asynchronous flowering period with the
polliniser.

Added to this, recent declines in wild and managed
pollinating insects (Biesmeijer et al. 2006; Potts et al. 2010;
Carvalheiro et al. 2013) are a concern for >70% of world
food crops that rely on animal pollinators (Klein et al. 2007;
Aizen et al. 2009). Because the proportion of global
agricultural production that relies on animal-pollinated plants
has nearly doubled in the last 50 years (Aizen et al. 2008), the
loss of pollinating insects could have dramatic and potentially
irreversible consequences for biodiversity, agriculture, and
food security (Meffe 1998; Potts et al. 2010; Sinchez-Bayo
& Wyckhuys 2019). Simultaneously, intensification of fruit
orchards is increasing with higher yields per unit area and,
hence, more flowers that require pollination.
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This study aimed to quantify the diversity of insect flower
visitors and resultant fruit quality. More specificaﬂy, using a
range of replicated field experiments, this project determined
the; 1) diversity of pear blossom insect visitors, 2) pollen
limitation and fruit quality as a function of distance from the
orchard edge and number of insect visitors, and 3) importance
of cross pollination on fruit quality.

MATERIALS AND METHODS

1. Diversity of UK pear insect blossom visitors and
the effects of distance from perimeter of orchard on

fruit quality
a. Insect surveys

Six pear orchards were surveyed in 2012 and 2016 and 8
pear orchards in 2014 (Table I). All orchards were in Kent in
the south-east of England (GPS coordinates; most easterly and
westerly longitudes; 0.268475 and 1.373116, most northerly
and southerly latitudes S5I1.39I161 and 50.978601,
respectively). All were conventionally managed, incorporating
the use of pesticides and fertilisers, but were highly variable in
planting system. Orchards were between I and 4.5 ha, and 5-
52 years since planting; planting densities ranged from 1403
to 9570 trees per hectare. In 2012 insect visitors on cv.
Conference and one other cv., either a Williams or Concorde
orchard on each of 3 farms, was surveyed. In the following
years, only Conference orchards were surveyed.

Assessments of insect visitors to pear flowers were done in
the spring and fruit was harvested in the autumn to measure
fruit quality traits. In all years, pear flower visitors were
identified to guild; primarily: bumble bees, honey bees,
solitary bees and hoverflies. Records were taken of other
notable species including, Coccinelidae, and other Diptera. In
2014 and 2016 (Table 1), insect contact with the flower
centre, as a proxy for the reproductive parts (stigma/ stamen),
was recorded. To give an indication of the diversity of insects
visiting pear flowers, specimens (except honey bees) were
collected during sampling, where possible, for identification.

Surveys were done by walking slowly along a tree row
within the orchard for a set time (see below) on each visit and
recording the arthropods visiting the flowers. In 2012 (10-12
April) and 2014 (2-11 April) each orchard was surveyed twice
for I hour; once in the afternoon and once in the morning, on

separate, but within 2 days (between 10:00 and 16:00 hours).
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In 2016 (19 April-6 May) four insect flower visitor
surveys were done in 6 of the 8 Conference orchards from
2014. Eight tree rows were labelled in each orchard and
individual trees marked at distances of O, 5, 20, and 50 m from
the orchard boundary. The shortest length of an orchard was
~100 m, so we set the maximum distance as 50 m; this was
standardized for all orchards. Insect flower visitor diversity
was assessed at the sampling distances at each visit by
recorders standing adjacent to a marked tree in each row for 5
minutes (between 10:00 and 16:00 hours). The number of
flowers visited by individual insects in a single tree per
sequence was recorded; the number of visits the insect made
was recorded until it flew to a different tree (Quinet et al.

2016b).

Surveys were only done on days when there was no
precipitation. Temperature was recorded with data loggers
(USB-502 loggers, inside a Stevenson’s screen) deployed in
each orchard. Due to the time of year that pear is in flower it
was not possible to restrict observations to above 13°C with
only minimum cloud cover, as is practiced with other
pollinator surveys. Surveys were conducted when temperatures
were above 10°C in low cloud cover and above 14°C on
cloudier days (Pywell et al. 2005). During each survey round
orchards were visited in a random order to account for any

bias due to time of day (Rotheray & Gilbert 2011).
b. Fruit yield and quality

Pear flowers are very similar to apple, but more generally,
the petals are white. They have five petals and sepals, and five
styles and stigmas. Each style results in one locule with two
ovules where a successful pollination should produce two
seeds per stigma (Nyéki & Soltesz 1996). To determine the
impact of flower visitors on fruit yield and quality a number
of measurements were taken. In 2012 (Table I), 18 flower
trusses were bagged with a PVC mesh bag (mesh size 1.2
mm?), and I8 trusses left open to insect pollination in a
Conference pear orchard at NIAB EMR (National Institute
for Agricultural Botany, East Malling Research) (4 April) in
Kent, England. The exclusion bags were removed once the
fruit had set (petals senesced) and pears harvested on 08
August, approximately 1 week before commercial harvest. In
2014 (Table I), 20 alternate trees, in one row, and 25 metres
from the edge, and in 2016 a tree at 0, 5, 20 and 50 m in from
the orchard boundary, were tagged in each orchard, where the
insect surveys took place. On each of the selected trees three
branches were labelled as either supplementary hand

TABLE 1. Timeline of research studies; x denotes years that studies were done

Year

2012 2014 2015 2016

Insect visitor survey

Fruit quality traits

Fruit set

Contact of flower centre by insect

Distance of insect guilds from orchard edge

Cross pollination of cv. Conference with other cultivars

X X X
X X X X
X X
X X

X
X X
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pollinated, open pollinated or insect excluded (total of 480
inflorescences in 2014 and 576 inflorescences in 2016). For
the hand pollination treatment, one inflorescence was hand
pollinated using an artist’s paintbrush using pollen from
dehisced Conference anthers from the same orchard. Pollen
was applied on two occasions to each inflorescence to ensure
that all flowers received pollen at least once. The open
pollinated treatment was left open to wind and insect visits
and only the insect excluded treatment branches were covered
with the mesh insect exclusion bags; hence only wind and rain
permeable.

The numbers of set pears were recorded for each
experimental inflorescence in each orchard (Table T)). Fruit set
was determined by counting number of flowers and set fruit
prior to commercial thinning and, again, at harvest, in some
years (Table I). All resulting fruits, were harvested; 47 pears
in 2012, 408 pears in 2014 and 1353 pears in 2016 (Table
D).

Pear quality measurements were taken as either indicators
of pollination success (e.g. seed number, fruit shape) or
marketability (russet, mass, shape, Brix). Measurements
recorded were as follows; maximum diameter and length (mm,
using Vernier callipers), mass (g, Sartorius electronic scales),
% Russet (percentage of the fruit skin that was slightly rough
and brownish), misshape score (0 normal shape, 1 slight
twisting, 2 twisting and unsymmetrical, 3 severely misshapen),
firmness (N using Lloyd Instruments TA PLUS 108436
penetrometer, 8 mm probe, 2012, 2014 samples only),
soluble solids content (Brix; from the juice of the fruits, using
Palette 7 digital refractometer, 2012, 2014 samples only),
seed number and dry matter (%, 2014 and 2016). Fruits were
cut in half and numbers of mature and immature seeds
counted. A fully developed brown seed was considered
mature. A sample of approximately 10 g of fruit flesh was
oven dried and re-weighed to estimate fruit dry matter.

2. Effects of cross pollination on Conference fruit
quality

Cross pollination studies were done on one row of
Conference pear trees in a commercial orchard at NIAB EMR
in 2015 and 2016 (Table I). The orchard, planted in 2009,
contained polliniser trees of cv. Verdi at a ratio of 1:14
Verdi:Conference. The nearest pear orchard was a ‘Comice -
Sweet Sensation’ orchard at a distance of 500 m from the

study orchard.

Approximately two weeks before flowering, five or six
inflorescences on 20 or IS replicate trees were assigned in
2015 and 2016, respectively (100 and 90 inflorescences in
each year). The treatments were randomly allocated on the
same tree.

Unopened ‘donator’ pear flowers (balloon stage) were
collected into paper bags from commercial orchards or the
pear gene bank orchard at NIAB EMR for cross-pollinating
the Conference orchard flowers. Anthers were removed from
collected flowers and donator pollen left to dehisce in Petri
dishes in the laboratory at 20°C. A sample of each pollen
variety was evaluated in 2016 for percentage germination

viability (Shivanna & Rangaswamy 2012). Pollen was
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tested in-vitro on an agar-sucrose medium supplemented with
a trace amount of boric acid (Santos et al. 1996). A pinch of
dehisced pollen was poured to form a cloud of pollen over a
Petri dish. Pollen was assessed after 24 hours at ambient
temperature. One hundred pollen grains were counted using a
light microscope and percent pollen germination (PPG) was
calculated. The pollen grains were considered germinated
when pollen tube length reached pollen diameter.

All flowers on a single truss of a Conference receiver tree
were treated with the same pollen variety. Treatments were
open pollinated, insect excluded, or Comice, Conference or
Concorde cross-pollinated in 2015 and open pollinated,
insect excluded, or Conference, Comice, Concorde or Verdi
cross-pollinated in 2016. The hand pollinated and pollinator
excluded inflorescences were covered with a PVC mesh bag,
as above. Because Conference is mostly self-fertile it was
necessary to emasculate flowers before applying the donor
pollen. This was done at flower ‘balloon' stage; both petals
and anthers were removed, using fine scissors and forceps,
reducing the likelihood of self-pollination. An artist's
paintbrush was used to transfer the pollen from the donor pear
variety to the receiver Conference flowers by moving the brush
across the stigma of the receiving flower. Once the fruit had
begun to set (when petals had senesced) the insect exclusion
bags were removed from all treatments (except the open

pollinated).

Fruit set was determined in 2015 prior to commercial
fruit thinning (15 July) and harvest (I September) following
the same methodology, above. All fruits were harvested a week
before commercial harvest. Fruit quality measures were done

on 335 pears in 2015 and 310 in 2016.

Data analyses

All analyses were done in Genstat 18 (VSN International
2015). To avoid possible confusion, we use the notation A X
B to denote the interaction between A & B, and A*B to denote
the main effects for A and B, and the interaction A X B. Where
the fixed model is A*B we test the terms A, B, A X B
separately.

Insect pear blossom visitor data

The counts of the different for the various Insect visitor
guilds (honey bee, bumble bee, Diptera, hoverfly, solitary bee)
for 2012 and 2014 were combined for analyses using a
generalised linear mixed model (GLMM) with the Poisson
distribution and a log link function, and adjusted for
overdispersion using a quasi-likelihood approach (McCullagh
& Nelder 1989). The analyses of the 2012 insect counts had
Insect Guild*Pear variety as fixed effects and the Farm X Pear
Variety X Insect Guild interaction as the random term. There
was no evidence of a pear variety effect or insect X pear variety
interaction, so the data was reanalysed omitting pear variety.
The analysis of the 2014 insect guild counts had Insect Guild
as a fixed term (as this was a single variety study), and the
Orchard X Insect Guild interaction as the random term. Insect
counts from 2016 were analysed using a GLM analysis, with
the Poisson distribution and a log link function, adjusted for
overdispersion. The GLMM model with Orchard X Distance
X Insect Guild as a random effect did not converge, implying
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that this term was not significant. The fixed terms were Insect
Guild*Distance*Treatment.

Pairwise treatments were tested using appropriate
contrasts within the analysis of deviance tables, hence were
employing one degree of freedom likelihood ratio tests (Brain
& Xu, in prep. as used in Shaw et al. 2019) Signiﬁcances were
quantified using either the F-distribution (where
overdispersion was present), or the Chi-squared distribution
(where there was no evidence of overdispersion). We refer to
this as the “likelihood ratio test” approach. This was instead
of approximate t-tests that are based on the differences
between the estimated means with SED’s obtained from the
variance-covariance matrix. For means near the boundary
(near O, for the Poisson; near 0 and 100 for the binomial
distribution), this can give incorrect significances; the
“likelihood ratio test” approach, described above, avoids this
problem.

Insect guilds with fewer than 10 visits total (e.g. ants,
weevils, caterpillars, spiders, pollen beetles, sawfly,
anthocorids and earwigs) were removed from the statistical
analysis.

Contact with centre of flower

The proportion of the insects from guilds (honey bee,
bumble bee, Diptera, hoverfly, solitary bee) that made contact
with the centre of the flower in 2014 & 2016 was analysed
using a GLM with a binomial distribution, logit link function,
and Orchard and Insect as fixed effects. Pairwise significant
differences were tested as for the insect visitor data. As there
was no overdispersion and the significances are quantified
using the Chi-squared distribution.

Fruit quality

Fruit set in 2014 and 2015 was analysed using a GLMM
with fixed effects being Orchard + Treatment and random
effects being the Orchard X Treatment interaction. Pairwise
significance tests were carried out using the “likelihood ratio
test” approach.

All fruit quality measures were normally distributed. For
2012 the fruit quality measures were analysed using ANOVA
with Treatment as the fixed effect and no random effects. For
2014 the unbalanced nature of the design necessitated analyses
using linear mixed effects models with fixed effects being
Orchard and Treatment and random effects being Trees
nested within Orchards. The model was fitted using restricted
maximum likelihood (REML). For 2016 the fruit quality
measurements were again analysed using a linear mixed effect
model with the fixed effects being Orchard +
Treatment*Distance*Insect exclusion and random effects
being Insect exclusion within Distance within Row within
Orchard. Pairwise comparisons were done using t-tests based
on the means and SED’s from the analysis.

Cross pollination

For both 2015 and 2016 fruit quality data was analysed
using linear mixed effects models. The fixed effects model was
Block (individual tree) + Treatment and the random effects
Block X Treatment. It was not necessary to transform data as
there was no evidence of non-normality.
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RESULTS

1. Diversity of UK pear insect blossom visitors and
the effects of distance from perimeter of orchard on

fruit quality

Insect visit observations totalled 480 (2012 and 2014)
and 3840 (2016) minutes. The number of insect visits to a
pear blossom were 215 (O.6/m), 413 (0.86/m> and 1478
(0.64/ m) for 2012, 2014 and 2016, respectively. Overall,
honey bees were the dominant visitors of pear flowers in all 3
years. In addition, honey bees and solitary bees made contact
with the reproductive parts of the flower structure (flower
centre) more frequently; for example, insects which alighted
on the petals only, were considered not to be in contact with
the reproductive parts of the flowers.

More than 30 species were identified with some
commonalities between years (Table 2). Hoverfly species
assemblages were variable between years, however 3 Andrena
species were common in all years (A haemorrhoa, A.
nigroaenea and A. nitida), and 3-4 Bombus species (B.
terrestris/Jucorum, B. lapidarius and B. pascuorum) in years

2014 and 2016 (Table 2).
In 2012 and 2016, more honey bees visited pear flowers

compared to all other blossom visitors, except solitary bees in
2012 (Fig. I, HB vs SB, P = 0.237, F131 = 1.506; all other
comparisons vs HB; P < 0.013; Fia > 7.179). In 2014
similar numbers of honey bees, bumble bees, hoverflies, and
other Diptera visited flowers; however honey bee visits
exceeded those of solitary bees (P = 0.006; Fia1 = 8.078),
Vespula (P = 0.002; Fra1 = 10.684) and Coccinelidae (P =
0.031; Fra1 = 4—.985).

Over 95% of honey bees, and 65 to greater than 90% of
solitary bees, made contact with the centre (Fig. 2) of pear
flowers and, more so than hoverflies, bumble bees, Vespula,
Coccinelidae and other Diptera (Fig. 2; 2014; P <4e-7, Chi-
Squared (1 d.f.) > 25.402; 2016; P <0.022; Chi-Squared (1
d.f) > 5.282). Over 60% and 90% of bumble bees, in 2014
and 2016, respectively, made contact with the flower centre.
This was followed by hoverflies, Vespula, Coccinelidae and
other Diptera.

The numbers of insect flower visitors in 6 orchards,
foraging at different distances (0, 5, 20 and 50 m) from the
orchard edge, was assessed in 2016. There was no effect of
foraging distance from orchard edge on solitary bees,
Coccinelidae or Vespula. There were significantly higher
numbers of honey bees 20 m in from the orchard edge (P <
0.001; Fras20 = 32.104) fewer foraging 5 m in from the edge
(P =0.006; Fr2s20 = 68.773, Fig. 3). Honey bees were also
significantly fewer at 50 m compared to 20 m (£ <0.001;
Fias0 = 35.755). In contrast there were significantly fewer
bumble bees visiting pear blossoms at 20 m compared to the
edge of the orchard (0 vs 20 P=0.01, Fi2s20= 6.597; 5 vs 20
P <0.001, Fi2820 = 13‘007).

Higher numbers of hoverflies and other Diptera foraged
closer to the orchard edge (0-5 m) compared to 20-50 m
(hoverflies; P = 0.017; Fr2s20 = 5.69 (0 vs 20 m), Diptera; P
= 0.008; Fras20 = 7.030 (0 vs 20 m); P = 0.002; Fras20 =
10.058 (0 vs 50 m)).
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Fruit quality

In 2012 there was no evidence of differences between the
insect excluded (E) and the open (O) pollination treatments
for mean fruit circumference (45.8 mm), length (96.3 mm),
mass (82.5 g), russet (66.6 %), Brix (10.6), or firmness
(104.1 N) (compared using t-tests). However, the fruit
misshape score was significantly higher in fruits not visited by
insects (1.78 compared to 1.17, P=0.041, tss = 2.107) and
numbers of mature seeds were higher in fruit visited by insects

(5.72 compared to 1.61, P <0.001, tss = 3.980).

TABLE 2. Species list of insect flower visitors to pear blossom
identified in 2012, 2014 and 2016. X indicates an observation in
that year.

Genus Species 2012 2014 2016

Apis mellifera X X X

Andrena dorsata X
labialis
fulva
haemorrhoa

nigroaenea

KKK K KK

nitida

KoK KX

minutula

KoK XK XK

chrysosceles

o

favipes

>

synadelpha
scotica X
Lasioglossum  calceatum
Halictus sp.

Bombus terrestris/ Jucorum X X

e

lapidarius

pascuorum X X

T K XK X XK

hypnorum
Vespula germanica X

X

Episyrphus balteatus
Syrphus ribesit X

e

Eupeodes corollae
luniger X

Epistrophe eligans X

Melanostoma — mellinum X
scalare X

Platycheirus  angustatus X
albimanus X
peltatus X X
scutatus X

Eristalis arbustorum X
pertinax X

Helophilus pendulus X
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In 2014 mean (£SE) fruit set in insect E treatment
(24.9% iZ‘S) was lower than hand (H) (35.7% 124
Conference cross) or O pollinated (35.5% 12.5) treatments
at harvest (£=0.027; Fri2 = 6.099), and (P= 0.015; F1.14 =
7.701), respectively.

There was no difference among treatments for fruit
quality measures (means) taken in 2014, including;
circumference (59.9 mm), length (10.7 mm), mass (148.6 g),
russet (3.8 %), Brix (11.4), firmness (66.5 N), dry matter
(15.1 %), shape score (1.2) and total numbers of seeds
(6.4/fruit). However, there were significantly more mature
seeds in O compared to E pear fruits (means; E 0.000, H
0.169, O 0.245, P=0.010, t1s1 = 2.617).

In 2016, fruit quality data was analysed for several
independent variables: pollination treatment (E, O or H) and
distance from the orchard edge. Only pollination treatment
influenced some fruit quality traits; usually a reduction in fruit
quality measures in flowers previously excluded from insect
visits. There were no differences in fruit Iength (102.8 mm),
russet (71.5%) or dry matter content (16.1%). However,
there were more misshapen fruits in the E treatment ((E
1.554, H 1.154, O 1.062), (E vs H, E vs O; P <0.001, tzss
= 5.888 & 7.281, respectively), and fruits were wider (E
53.39, H 52.93, O 54.58 mm) where in the O treatment (O
vs E, P = 0.021, t2s0 = 2.333; O vs H, P = 0.001, t250 =
3.293), and heavier (E 1244, H 119.8, O 128.7 ¢) in O
compared to H (O vs H, 2= 0.008, t2so = 2.6706) treatment.
Significantly higher numbers of mature seeds (E 0.128, H
0.408, O 0.600), and total numbers of seeds (E 6.591, H
7.526, O 7.477) per fruit were observed in O compared to
the E treatment (O vs E, P=0.003, tz50 = 3.004; P <0.001,
t2so = 4.061, respectively). Total numbers of seeds were also
higher in H compared to the E treatments (H vs E, £ <0.001,
taso = 4.241).

2. Effects of cross pollination on Conference fruit
quality
At the study site, in 2015 and 2016, cv. Comice (Sweet

Sensation) trees flowered almost a week later than Conference
trees. This was in agreement with pear flowering records of
the UK National Fruit Collection (NFC) in south-east
England. The 40-year mean of full bloom was predicted as 15
April in Conference, 27 April on Doyenne du Comice, and 17
April for Concorde. For pollen to be considered viable the
industry’s acceptable germination value is >25% germination
(Santos et al. 1996). In 2016 the donor cvs. Concorde,
Comice, Verdi, and Conference had germination rates of 79,
57, 56, and 44% respectively. Pollen was not tested in 2015.

In 2018, pollination treatment had a significant effect on
overall fruit shape score (£ < 0.001), width (2 < 0.001),
weight (£ = 0.0006), firmness (£ = 0.002), and numbers of
mature seeds (P = 0.017, Fig. 4A). Pear russet (P = 0.322),
height (£ = 0.101), Brix (£ = 0.275), and total numbers of
seeds (P = 0.174) did not differ between pollination
treatments. Fruits that were excluded from hand or insect
pollination had a poorer shape than all other treatments (P <
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FIGURE I.  Mean number of insect visits (Syrphids = hoverflies) per hour to pear flowers in 2012, 2014 and 2016 in 6, 8, and 6 pear orchards,
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orchards, respectively). Letters show statistical differences between insect visitors within each year
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FIGURE 3. Mean numbers of insect visitors per hour to pear flowers at different distances into pear orchards from the orchard edge in 2016.
Letters show statistical differences between distances for each insect group. NSD = no significant difference.

0.017, ts2 > 2.456). Conference fruits pollinated with
Concorde pollen had better shape than Conference (P =
0.020, ts2 = 2.394) or Comice (P = 0.019, ts2 = 2432)
pollinated fruit, but did not differ from open pollinated fruit,
which had an unknown pollination source (Fig. 4A). In
addition, fruits pollinated with Concorde or Comice were
wider and had a greater mass than Conference pollinated,
insect excluded, or open pollinated fruits (width; 2 <0.038;
ts2> 2.134, Fig. 4B; weight, P <0.020, ts2> 2.122, Fig. 4C).
Comice or Concorde hand pollinated fruits were >14 ¢
heavier and 3.4 mm wider than Conference pollinated fruits.

Insect pollinated (presumably predominantly Verdi
and/or Conference pollen, I121.9 g) or flowers excluded from
insects (120.3 g) were approximately the same weight and
diameter as Conference hand pollinated fruits (122.5 g).

Fruit firmness was higher in Conference X Conference
treatments (£ <0.037, ts2> 2.138 Fig. 4D), and numbers of
mature seeds was low (usually fewer than 1.2 mature seeds per
fruit). However, higher numbers of mature seeds were
recorded with Concorde pollination compared to Conference
and insect excluded treatments (£ <0.004, ts2> 2.989 Fig.
4E). Comice and open treatments had similar numbers of
mature seeds to Concorde pollinated fruits. Although there
was no overall difference in dry matter, insect excluded pears
had lower dry matter than open pollinated pears (£ = 0.032,
t2 = 2197, Fig. 4F).

In 2016 (comparing open, insect excluded, Conference,
Comice, Concorde or Verdi pollination) there were no overall
differences in fruit russet, height, width, weight, number of

mature seeds, nor numbers of total seeds. However, there were
more misshaped fruits in the insect excluded treatment
compared to all other treatments, except Comice pollinated (£
<0.019, t2> 2.253, Fig. 5A). Open pollinated fruits had
better shape in 2016, but only significantly better than insect
excluded (P < 0.001, t2 = 3.948), and Comice pollinated
fruits (P = 0.029, ts2 = 2.253). There was evidence of higher
mature seed numbers in Concorde pollinated compared to
Conference (P = 0.048, ts2 = 2.029) and insect excluded
fruits (P: 0.023, ts2 = 2.348, Fig. SB).

DISCUSSION

The general aim of this study was to quantify the diversity
of insect flower visitors and resultant fruit quality. More
specifically, using a range of replicated field experiments we
demonstrated; firstly, pear blossoms are visited by a range of
insects which comprise mostly honey bees (~35% of visitors),
then solitary bees, hoverflies and bumble bees. Secondly, the
distance from the orchard boundary did not impact the
marketable quality of pear fruits in Conference orchards of
1.0 and 4.5 ha. Finally, marketable cv. Conference yields could
be improved by cross-pollinating with another variety,
facilitated by insect visitors.

The main insect blossom visitors also made contact with
the centre of the flower and were doubtless significant vectors
of pollen between pear flowers (Radar et al. 2016). There was
variation in the species of hoverfly visiting the flowers between
years even though the same orchards were surveyed, but
solitary bees consisted primarily of ground nesting Andrenid
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FIGURE 4.  Fruit quality measures from Conference flowers open pollinated (by wind and insect visits), insect excluded (wind pollination only)
or hand pollinated with either Comice, Concorde or Conference pollen. Mean A) fruit shape score (O normal shape, I slight twisting, 2 twisting and
unsymmetrical, 3 severely misshapen), B) fruit width, C) fruit mass, D) fruit firmness, E) number of mature seeds (those which were brown in colour)

and percent dry matter in the 2015 experiment.

species; Andrena dorsata and A. haemorrhoa, and bumble bees
were also similar between years (B. terrestris/lucorum, B.
lapidarius and B. pascuorum). Future controlled manipulative
cage studies could be employed to determine the contribution
that specific insect taxa contribute to pear pollination and fruit

quality (Hodgkiss et al. 2018; Garratt et al., 2016).

Numbers of insects visiting pear flowers were fewer than
half those visiting apple blossoms (Garratt et al. 2016). This
could be due to the earlier flowering period, but honey bees
have been recorded moving to other fruit tree species or more
attractive plants including Sinapss alba (white mustard)
Stellaria spp. (chickweed), Taraxacum officinale (dandelion),

in preference to pear, if in flower in the same locality (review

in Free, 1993).

A diverse range of insects is thought to contribute to
overall pollination, not only from increased abundance, but
also a higher frequency of flower visits (Klein et al. 2003;
Stern et al. 2004; Rader et al. 2016). As a result, a diverse
pollinator assemblage will more effectively pollinate crops
(Blitzer et al. 2016), with several studies showing that
diversity, rather than just pollinator abundance, enhances seed
set (Klein et al. 2003; Hoehn et al. 2008; Mallinger and
Gratton 2015; Martins et al. 2015). Diptera were abundant
in our studies on pear and could play an important role in pear

pollination, as described in strawberry (Hodgkiss et al. 2018).
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However, we observed that only 25% of Dipteran visits made
contact with the reproductive parts of pear flowers. Diptera,
in general, are an under studied group of pollinators in many

plants (Orford et al. 2015; Rader et al. 2016).

Bumble bees are considered efficient pollinators of fruit
crops due to their speed, morphology and high activity rate in
unfavourable weather (Lundberg & Ranta 1980; Westerkamp
1991). Our surveys recorded relatively low numbers of
bumble bees foraging pear flowers (0.152
visits/flowers/minute), but authors suggest that bumble bees
are effective pear pollinators (Calzoni & Speranza 1996; van
den Eijnde 1996; Jacquemart et al. 2006; Zisovich et al.
2012), depositing more pollen grains per pear flower than
honey bees (Jacquemart et al. 2006). During periods of poor
weather, common during pear flowering, solitary- and
bumble-bees forage at lower temperatures than honey bees;
even visiting apple flowers under strong wind or light rain
(Vicens & Bosch 2000). This promotes fruit- and seed-set,
reducing the proportion of misshapen fruits compared to no
pollinators or honey bees alone (Wei et al. 2002; Ladurner et
al. 2004). The introduction of commercial bumblebees to
support wild insects in early flowering crops may be beneficial
in years with poor weather, but needs investigating.

Calzoni and Speranza (1998) demonstrated that honey
bee pollinated, self-incompatible, pear achieved higher fruit
set, quality and yield if pollinated by bees (vs. no bees). In this
study, even though Conference is considered self-compatible,
insect pollination was responsible for ~10% Conference fruit
set. Normally each fruit truss can only support up to 4
marketable sized fruits, and there is natural fruit abortion
shortly after fruit set, but the quality of the fruits, particularly
size and shape, was improved by insect pollination.

Honey bees reportedly visit 8 flowers per minute
compared to 14 from the solitary bee Osmia cornura. In the
same study, O. cornuta also made more frequent contact with
the stigma of pear flowers; almost double (Monzén et al.
2004). In our study, honey bees contacted the flower centre
as frequently as solitary bees. However, differences in
morphology and behaviour could result in differing pollen
transfer efficacy. Although honey bees are recorded as less

effective pollinators compared to bumble bee and solitary bee
species in several crops (e.g. Willmer et al. 1994), honey bees
constituted a significant proportion of the insects visiting pear
flowers, in this study, and could be making a significant
contribution to pollination of pear in the absence of other
groups.

Insect foraging from the orchard boundary revealed more
honey bees and fewer bumble bees at 20 m. Hoverflies and
other Diptera were more active closer to the orchard edge (0-
5 m). Our study was comprised of a ‘snap-shot” assessment of
insect foraging activity; hence, we could have missed other
interactions, during blossom. This is a limitation of timed
survey approaches. Alternatively, this result may indicate
between-guild interactions or optimal foraging distances and
requires further study. However, despite this varying activity
at distances into the orchards there was no detectable effect
on fruit quality.

Our study and others have identified seed set as an
important indicator of fruit development that influences fruit
dry matter and shape, hence marketability (Brookfield et al.
1996; Volz et al. 1996; Buccheri & Di Vaio 2005;
Matsumoto et al. 2012; Garratt et al. 2014; Garratt et al.
2016). Pear, generally, has a lower seed set compared to apple
(Nyéki & Soltész 1998 a,b). In the majority of our studies the
seed set was less than one per fruit. Our results suggest that
cross-pollination with another variety could improve seed set
in, at least, UK orchards. The low seed set in Conference is
due to parthenocarpic fruit development (Jacquemart et al.
2006; Quinet & Jacquemart 2015). In a Belgium study, no
viable (mature) seeds were observed in self- and open-
pollinated Conference fruits (0.1 + 0.1 per fruit (i SE),
Jacquemart & Michotte-Van der Aa (2003)). In our study
flowers insect- or hand—poﬂinated with Conference poﬂen had
greater numbers of mature seeds than insect excluded flowers
(0.52,0.22 and 0.01 mature seeds, respectively), and a better
shape score (0.90, 1.03 and 1.64, respectively). Pear flesh
differs from that of apple as the cell walls contain small
amounts of lignin in the form of brachysclereids (Tao et al.
2009). Higher dry matter may be important for longevity of
fruit storage, and better eating quality is a recognised attribute
when evaluating quality and flavour for many types of fruit
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including apples (Palmer 2007; Palmer et al. 2010). In
addition, pre-harvest dry matter of pears is an indicator of
postharvest fruit quality (Travers 2013). Insect excluded
blossoms in this study resulted in fruits with less dry matter
than insect visited pears, an indicator of poor fruit
development.

Poor pear pollination could result if there is low insect
activity, and/or inefficient transfer ofpollen, few or the wrong
polliniser  cultivar, ~incompatible pollen and/or an
asynchronous  flowering period with the polliniser.
Differences in fruit quality (seed set and resultant shape score)
resulted if Conference pear flowers were cross-pollinated with
Concorde. Hand pollination of Conference with Concorde
pollen resulted in fruits that were heavier and wider than self-
pollinated fruits. Interestingly cross-pollinating with Verdi,
the polliniser tree planted in the study orchard, did not
improve pear fruit quality in this study. As this is a
recommended polliniser cultivar for Conference this needs
further investigation. Intensive commercial Conference
orchards often have no or only one polliniser variety planted,
even though at least two compatible (produce sufficient
amount of viable and compatible pollen, and flower
synchronously) poHinisers/ cultivars are recommended for
commercial production (Delaplane & Mayer 2000; Webster
2002). In Belgium, ‘Comice’ or “Triomphe de Vienne' are
recommended in Conference orchards to achieve good yields
(Warnier  2000). Other recommended cultivars for
Conference include Williams, Concorde and Passe Crassane
(Moriya et al. 2005), and recently several studies have shown
that Asian pear varieties can fertilize Conference (Quinet et al.

2016a; Bieniasz et al. 2017).

Consideration should be given to the duration of
flowering of the harvested pear cultivar (~16 days for
Conference, NIAB EMR data, 2012-2019) and the inter-
planted polliniser trees. There needs to be a good degree of
overlap of receptive blooms. The overlap of flowering periods
between Doyenné du Comice and Conference varied about
five days in the Netherlands (van den Eijnde 1996), and
between two and ten days in Belgium (Quinet & Jacquemart
2017). Our study and data from the UK National Fruit
Collection in the south-east England have shown that
Doyenné du Comice does not synchronously flower with
Conference in most years. Hence, this study would suggest
that Concorde may be good choice for UK grown Conference,
but more data is required to confirm synchronization between
these two cultivars.

In conclusion, cross-pollination of pear blossoms, aided
by insect visits, are key to the commercial production of pear
fruit.

Future research should focus on the delivery of pollen
from non-Conference sources to improve the reliability of
marketable fruit. Research to test how to provide and
incorporate polliniser trees or grafts into modern intensive
commercial pear orchards and at what density to ensure
economic benefit is needed. A key element would be to
decipher which insect guilds play a significant role in pollen
transfer and fruit quality, as done, to some extent, in apple
(Garratt et al. 2016; Blitzer et al. 2016) and strawberry
(Hodgkiss et al., 2018; Martin et al,, 2019). In addition, fruit

J Poll Ecol 25(10)

breeding programs should consider the attractiveness of
cultivar blossoms to pollinators (as demonstrated in Garratt

et al. 2016; Quinet et al. 2016b).
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