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Abstract.  Pollinators face multiple pressures and there is evidence of populations in
decline. As demand for insect-pollinated crops increases, crop production is threatened by
shortfalls in pollination services. Understanding the extent of current yield deficits due to
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pollination and identifying opportunities to protect or improve crop yield and quality through
pollination management is therefore of international importance. To explore the extent of “pol-
lination deficits,” where maximum yield is not being achieved due to insufficient pollination,
we used an extensive dataset on a globally important crop, apples. We quantified how these
deficits vary between orchards and countries and we compared “pollinator dependence” across
different apple varieties. We found evidence of pollination deficits and, in some cases, risks of
overpollination were even apparent for which fruit quality could be reduced by too much polli-
nation. In almost all regions studied we found some orchards performing significantly better
than others in terms of avoiding a pollination deficit and crop yield shortfalls due to subopti-
mal pollination. This represents an opportunity to improve production through better pollina-
tor and crop management. Our findings also demonstrated that pollinator dependence varies
considerably between apple varieties in terms of fruit number and fruit quality. We propose
that assessments of pollination service and deficits in crops can be used to quantify supply and
demand for pollinators and help to target local management to address deficits although crop
variety has a strong influence on the role of pollinators.

Ecological Applications
Vol. 31, No. 8
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INTRODUCTION

Demand for crops that rely on insect pollinators is
increasing on a global scale (Aizen et al. 2019). Yet, due
to multiple threats (Vanbergen and Initiative 2013, Potts
et al. 2016), populations of both wild and managed pol-
linators may not meet present or future demands for pol-
lination service provision, compromising production by
limiting yield and quality of crops. We are increasingly
aware of the significant contribution that pollinators
make to global food production, particularly of nutri-
tionally important crops (Smith et al. 2015). In addition,
as evidence of yield deficits emerge (Garibaldi et al.
2016), there is a need to ensure pollination services are
supported through policy and practice (Dicks et al.
2016, Potts et al. 2016, Garibaldi et al. 2019). Avoiding
mismatches between the supply of, and demand for, this
valuable ecosystem service is vital for future sustainable
food production.

Cost-effective management of insect pollination services
by farmers, land managers, and policy makers requires
coordinated action at field, farm and landscape scales
(Garibaldi et al. 2019), and both wild and managed polli-
nators may be required to ensure adequate pollen transfer
and optimal crop production (Garibaldi et al. 2014, Isaacs
et al. 2017). However, matching pollination supply and
demand to optimize yield and quality is not always
straightforward as it requires combined knowledge of both
a crop’s breeding system (Hudewenz et al. 2013, Benjamin
and Winfree 2014, Garratt et al. 2016), as well as the influ-
ence of environmental and management context on polli-
nation. For example, agronomic inputs including
fertilizers and irrigation (Klein et al. 2015, Garratt et al.
2018), biological factors such as pest pressure (Barber
et al. 2012, Bartomeus et al. 2015, Sutter and Albrecht
2016, Samnegard et al. 2019), and even environmental
and climatic variables (Bishop et al. 2016), can result in
complex interactions that affect the contribution of polli-
nators to crop yield (Tamburini et al. 2019).

Apples are a globally significant crop valued at US$45
bn annually (FAOStat 2018), with high economic and

nutritional value. They are grown by large-scale com-
mercial operations and small-scale farmers alike. Apple
production relies on insect pollination (Ramirez and
Davenport 2013, Cross et al. 2015, Demestihas et al.
2017), but the degree of pollination by either managed
or wild pollinators varies (Stern et al. 2001, Martins
et al. 2015, Foldesi et al. 2016, Joshi et al. 2016, Geslin
et al. 2017), and the delivery of pollination service has
been found to depend on apple variety (Garratt et al.
2016). Despite relatively few reported examples (Garratt
et al. 2014, Blitzer et al. 2016), pollination deficits could
arise due to pollinator loss, poor weather during flower-
ing, insufficient availability of compatible pollen, or a
number of other factors. Yet we are not sure in which
regions and varieties this is indeed a potential hazard, or
if in fact deficits already exist.

Sustainable crop production depends on approaches
that help to predict potential and actual risks of yield
losses arising from pollination shortfalls and identifying
orchards where production is limited to target interven-
tions. Using a global dataset, we set out to answer the
following research questions: (1) How widespread are
pollination deficits in apples and to what extent do these
vary among orchards and countries? (2) How does crop
variety influence dependence on pollinators and pollina-
tion deficits? and (3) How does pollination effect aspects
of both fruit yield and fruit quality across different apple
varieties?

METHODS

Datasets

We gathered datasets on insect pollination in apples
from regions around the world, including intensive com-
mercial orchards and low-intensity smaller-scale produc-
tion. The analysis involved working with raw datasets
and data holders were identified and approached follow-
ing a workshop held on apple pollination as part of the
“Sustainable Pollination in Europe” Super-B COST
Action Project to which European and other
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international researchers were invited. Studies were
included if they involved manipulation of apple blos-
soms. Manipulations included pollinator exclusion using
net bags, supplementary pollination, whereby pollen was
applied by hand using compatible pollen from local pol-
linizer trees or neighboring varieties, and open “con-
trols” accessible to insect visits. Studies recorded metrics
of apple pollination, including early fruit set and seed
number per apple, or apple production such as fruit set
at harvest and fruit quality in terms of apple size (maxi-
mum width mm), weight (g), firmness (kg cm™' mea-
sured using a penetrometer) and sugar content (% brix
measured using a refractometer). The analyses in which
each study was involved depended on data availability
and metrics taken, so not all studies were incorporated
into all analyses. In total, data from 14 countries and
five continents was analyzed, comprising 36 apple vari-
eties across 356 orchards (Appendix S1: Table S1).

Calculating pollinator dependence, service and deficits

Using data from pollinator exclusion, open pollination
and supplementary hand pollination (from this point for-
wards supplementary pollination) treatments, levels of polli-
nator dependence, pollination service, and pollination
deficit were assessed across orchards, countries, and apple
varieties for a number of apple response metrics. These
response metrics can be divided into two broad categories:
“pollination” and “production.” We used early fruit and
seed number to represent “pollination” as they reflected the
level of compatible pollen delivery to apple flowers but are
not intrinsically of value to farmers. Final fruit set at
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harvest, yield (fruit set x fruit weight), and apple quality
(size, sugar content, firmness) represent final crop outputs
for farmers and were considered as “production” metrics.
“Pollinator dependence” represents the potential contribu-
tion of insect pollinators to these metrics, and was calcu-
lated by subtraction of the output achieved following the
exclusion of insect pollinators, from the maximum achiev-
able by supplementary pollination. “Pollination service”
represents the realized contribution of insects to pollination
at any given place and time. It was calculated by subtracting
the output from pollinator exclusion treatments from that
recorded under open pollination treatments. Finally, “Polli-
nation deficit” represent a shortfall in output due to a lack
of pollination and was calculated by subtracting outputs
from open pollination treatments from those achieved
under supplementary pollination (Fig. 1).

Pollination service and deficits across countries, orchards
and varieties

To assess the extent of yield loss in orchards resulting
from insufficient pollination (a pollination deficit), data-
sets from studies that had implemented supplementary
pollination and open pollination treatments in at least
three orchards of the same variety in the same country
and included production variables, namely final fruit set
and fruit weight, were analysed. This included data for 11
apple varieties across five countries. Pollination service
and deficit were calculated as a proportion of maximum
yield achieved in either open or supplementary treatments,
whichever was greatest. To compare between countries
and varieties, the pollination deficit (£ 95% confidence

Pollination metric
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
i
1

|
1

T
Pollinator exclusion

Open pollination

T T
Supplementary pollination

Fic. 1. Theoretical output achieved under different experimental treatments. (a) Pollinator dependence, i.e., the level to which
insects could contribute to pollination. (b) Pollination service, i.e., the extent to which pollinator dependence is met by ambient pol-
lination conditions. (c) Pollination deficits in apple pollination or production, i.e., the shortfall of ambient pollination below maxi-

mum potential pollination.
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Fic. 2. Deficits in yield due to suboptimal pollination in orchards (individual points) separated by apple variety (color) per
country. Mean and 95% CI are shown for each variety within each country (“various” refers to orchards made up of multiple vari-
eties). A positive deficit occurs when yield is greater under supplementary pollination compared with open pollination treatments,
and a negative deficit occurs when yield in open treatments is greater than for supplementary pollination. Points in circles represent
individual orchards with a significant deficit in yield relative to the best performing orchard growing that variety in that country

(i.e., the orchard with a pollination deficit closest to 0).

limits) was calculated across orchards for each country
and variety combination. Countries and varieties for
which confidence limits fell outside a zero deficit were con-
sidered to have a significant system-level deficit for yield.
To identify orchards with a significant pollination defi-
cit relative to other orchards in that country growing the
same apple variety, data were used from orchards where
supplementary and open pollination treatments were
implemented on at least three replicate locations within
the orchard. Mean pollination deficits were then calcu-
lated for each orchard. If the 95% confidence limits for
each orchard did not include the mean of the orchard
with the pollination deficit closest to zero within that vari-
ety and country, the orchard was considered as having a
significant yield deficit requiring pollination management.
Due to the effects of experimental scale on assessments of
pollination (Bishop et al. 2020, Webber et al. 2020), only
orchards within each country and variety where experi-
mental manipulations used the same unit of assessment
(e.g. tree branch) were compared. To assess the relation-
ship between the extent of pollination deficits and the
level of pollination service measured in each orchard, a

linear mixed effect model was used, with orchard, apple
variety, study, and country as nested random effects.

Differences in pollination dependence between varieties

Linear mixed effects models were used to compare polli-
nator dependence of both pollination and production met-
rics between apple varieties. In total, 17 studies involving 26
apple varieties included a supplementary pollination treat-
ment and pollinator exclusion treatment and recorded at
least one pollination or production metric. Pollination treat-
ment (pollinator exclusion or supplementary pollination),
variety, and their interaction were included as fixed effects in
the model. Study, orchard, and sampling location within
orchards were included as nested random effects. To test for
a significant interaction between pollination treatment and
apple variety (P > 0.05) models with and without the inter-
action term were compared using a maximum likelihood
ratio test. Both early and final percent fruit set were arcsine
transformed, and seed number and firmness log-
transformed prior to analysis. Model residuals were checked
to ensure that they met model assumptions. To assess for

85UB017 SuoWLLOD aAIR.I) 3|qedlidde ayy Aq pausenob ake sapie YO ‘8sn Joss|ni oy Akeiqiauljuo A3|1A UO (SUONIPUOD-pUE-SLUIRIALIOD A8 | 1M AreIg 1 [BUIUO//SANY) SUORIPUOD pUe SWwie | 8y} 88S *[5202/0T/60] U A%iqi7auliuo 48| ‘(Pepiues ap OLBISIUIIN) UOSINOLG [UOTIEN 8UBILD0D USILedS AQ Siiz des/z00T 0T/1op/wod A3 1M Areiqijuljuo's feu.nofesa//sdny wouy papeojumoq ‘g ‘TZ0Z ‘Z85S6E6T



December 2021 POLLINATION OPPORTUNITIES AND SHORTFALLS Article €02445; page 5
104 o .
L]
L] L]
A ]
. . o ®
0.5 1 . e et e
e S o o . . L4 - .
§ .\xlxx‘;n\lx‘ ) ¢ . et . i N ..
% o - Lc\x\\\.xx o ® . .. . ® s g
c o« T oe—o . ML
.g 0.0 . e o < ‘."‘\—~JA.;\; L
g : e i
= .- . ® . :
& * o ¢ o ° ..
L] . . L] '
-0.5 .
L]
. . .
.
L]
-1.01 . . .
10 05 0.0 05 10

Pollination service

Fic. 3. Relationship between pollination service (i.e., the current contribution of insects to yield) and pollination deficits (a
shortfall in yield due to suboptimal pollination) for apple orchards across countries and varieties. Linear model and 95% confidence

limits are shown.

significant treatment effects on pollination and production
metrics for each variety, post-hoc Tukey tests were carried
out.

Relationships between pollination and production

To examine the relationships between pollination and
production, the relationships between seed number and
final fruit set or apple size were investigated using linear
mixed effects models. Variety and either seed number or
percentage fruit set and their interaction were included
in the models as fixed effects. Study, orchard, and sam-
pling location within orchard were treated as random
effects. Again, seed number was log-transformed prior
to analysis. All statistical analyses were carried out in R
v. 4.0.3 using packages /me4 (Bates et al. 2014), nime
(Pinheiro et al. 2013), and multcomp (Hothorn et al.
2008, R_Core_Team 2017).

REsuULTS

Pollination service and deficits across countries, orchards
and varieties

Data from 11 varieties and five countries included
open, pollinator exclusion and supplementary pollina-
tion treatments and measured final fruit set and apple
weight, allowing for orchard-level assessments of polli-
nation service and pollination deficits for yield. Orch-
ards growing three apple varieties from two countries
showed a significant pollination deficit overall: Gala and
Hastings orchards in the UK; as well as Braeburn orch-
ards in Germany (Fig. 2). Orchards growing mixed

varieties of apples in Kyrgyzstan had a significantly neg-
ative deficit, indicating that supplementary pollination
reduced the yield compared with open pollination. At
least one orchard per country and apple variety showed
significant pollination deficits relative to the best per-
forming orchard in that country growing the same vari-
ety (Fig. 2), except for in Kyrgyzstan where multiple
pollination assessments per orchard were not made, so
individual orchard comparisons were not possible.

A negative linear relationship between pollination def-
icits and pollination service for yield was observed
(t = —3.40, P <0.001) (Appendix S1: Table S2), indi-
cating that orchards with high values of pollination ser-
vice were less likely to have pollination deficits (Fig. 3).

Differences in pollinator dependence between varieties

The pollinator dependence of apples varied consider-
ably among varieties for metrics of pollination, with
mean dependence ranging from 0.0 to 1.0 for early fruit
set and 0.68 to 1.0 for seed number (Fig. 4). There was a
significant interaction between variety and pollination
treatment for both early fruit set (F = 18.79, P < 0.001)
and seed number (F = 6.20, P < 0.001). A significant
effect of pollination treatment was observed for 12 out
of 14 varieties for early fruit set and all 10 varieties for
seed number (Fig. 4a, b; Appendix S1: Tables S3, S4).

The pollinator dependence of apple production in
terms of final fruit set and quality also varied consider-
ably among varieties (Fig. 5). Mean dependence of final
fruit set ranged from —0.42 and 1.0 depending on vari-
ety, with a significant interaction between experimental
treatment and variety (F=8.61, P =<0.001) and
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FiG. 4. The extent to which early fruit set (a) and seed number (b) of different apple varieties depend on pollination using avail-
able data from all orchards and countries. Mean pollinator dependence and 95% CI are shown for each variety and grand mean
across varieties shown as a dashed line. Varieties marked with “*” indicate those with significant differences found between supple-

mentary pollination and pollinator exclusion treatments (P < 0.05).

significant differences between pollination treatments
were observed for 9 out of 15 varieties (Appendix S1:
Table S5). There was also an interactive effect of variety
and pollination treatment on apple size (F = 8.20,
P <0.001), and firmness (F=3.64, P =0.012)
(Appendix S1: Tables S6, S7). In contrast, interactive
effects of variety and pollination treatment were not
found for sugar content (F = 0.98, P = 0.42). When all
varieties were considered together there was a significant
difference in sugar content observed between pollination
treatments (F = 7.19, P = 0.006) but not between apple
varieties (F = 1.97, P = 0.09) (Appendix S1: Table S8).

Relationship between pollination and production

Metrics of pollination and production were interre-
lated, but the direction of these relationships varied
among varieties. The relationship between seed number
and fruit size depended on apple variety (F = 5.83,
P < 0.001) (Appendix S1: Table S9). Seven varieties
showed a positive relationship, in which apples contain-
ing more seeds were also larger, while two varieties
showed a negative relationship. The relationship between
final fruit set and fruit size was also variety dependent
(F=3.45, P<0.001) (Appendix S1: Table S10); some
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and 95% CI are shown for each variety and grand mean for fruit set across varieties is shown as a dashed line in (a). Varieties
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varieties exhibited a positive, some a negative, and others
no relationship (Fig. 6).

DiscussioN

Individual orchards and regions experiencing pollina-
tion deficits (i.e. production shortfalls due to pollina-
tion) were identified in this study (Fig. 2) and pointed to
an opportunity for optimizing pollination management.
Observed deficits could be the result of numerous factors
including insufficient abundance and diversity of wild
pollinators (Martins et al. 2015, Blitzer et al. 2016, Grab
et al. 2019), a lack of availability or awareness of the
need for managed pollinators (Stern et al. 2001, Geslin
et al. 2017), suboptimal fruit management practices such
as thinning (Link 2000) or the lack of appropriate “polli-
nizer” trees providing compatible pollen (Ramirez and
Davenport 2013), agrochemicals impacts (Stanley et al.
2015), or even overpollination (Sdez et al. 2014). In most
study countries, we observed at least one orchard with
optimal pollination services (i.e., deficits close to 0),
which indicated that there were no regional constraints
on achieving optimal pollination. These orchards with
no or lower deficits could act as “agroecological light-
house” orchards (Nicholls and Altieri 2018) providing a
management and contextual role model for others to fol-
low and help to identify factors that limit production on
farms with deficits, or to provide a platform to share
management practices that ensure optimal pollination.
This would allow for directed management toward
achieving better pollination services. Best practices
would need to be shared using effective tools and tech-
niques, and exploit appropriate networks for each region
and group of growers (Ingram 2008, Klerkx and Jansen
2010).

The link between pollination deficits in yield and level
of pollination services across orchards demonstrated in
this study indicates that an important driver of produc-
tion deficits is low levels of insect pollination. These
yield deficits could be addressed through habitat man-
agement (Blaauw and Isaacs 2014, Foldesi et al. 2016,
Sutter et al. 2018), by avoiding pesticides harmful to
wild pollinators (Park et al. 2015, Stanley et al. 2015) or
through the effective use of managed pollinators (Stern
et al. 2001, Geslin et al. 2017). In the past, the uptake of
practices to promote biodiversity-based ecosystem ser-
vices has been slow, however, identifying deficits in pro-
duction metrics such as yield and quality, familiar to
farmers, may encourage uptake of ecologically responsi-
ble practices (Kleijn et al. 2019). To increase the likeli-
hood of positive action taking place, farmers and their
advisers can be encouraged to employ methods similar
to those used in this study to assess their own levels of
pollination service and deficit (i.e. by bagging flowers
and carrying out supplementary pollination), therefore
becoming more engaged with the process and gathering
targeted data on which they can make informed manage-
ment decisions (Garratt et al. 2019). The scale at which
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supplementary and pollinator exclusion techniques are
used, and whether manipulations are carried out on the
whole tree, single branches, or groups of flowers can
influence the resulting deficits (Bishop et al. 2020, Web-
ber et al. 2020), therefore widespread assessment should
use common protocols and focus on collecting produc-
tion metrics relevant to growers, such as yield (Garratt
et al. 2019).

Our study has identified yield deficits due to subopti-
mal pollination in apple production and the extent to
which these vary across orchards. Although we showed
that these deficits are likely to be a result of insufficient
pollination by insects, additional research is required to
identify exact causes. If, for example, there is a
landscape-wide limitation in wild pollinator abundance
(Martins et al. 2015, Park et al. 2015, Kremen and
Merenlender 2018, Winfree et al. 2018), then the capac-
ity of individual farmers to control this is limited. In
such circumstances, amendments to policy may be neces-
sary to promote large-scale collaborative action (Gari-
baldi et al. 2019). This is particularly relevant to regions
in the UK and Germany and for the varieties Hastings
and Braeburn, respectively, as overall these orchards
appear to be experiencing a deficit, reflective of a regio-
nal or varietal, rather than orchard-scale challenge. That
apples are effectively pollinated by a wide variety of
insects (Pardo and Borges 2020), even away from their
native range, means that management targeting different
and locally available pollinators could deliver benefits.

Similarly to other insect-pollinated crops (Hudewenz
et al. 2013, Benjamin and Winfree 2014) we observed
that dependence on insect pollination varied consider-
ably between apple varieties in both pollination, with
seed number dependence ranging from 0.68 to 1.0, and
production, with dependence of fruit set at harvest
between —0.42 and 1.0. This negative dependence could
indicate that some varieties are potentially at risk of
overpollination, although this negative dependence was
not significant for any variety. It should also be noted
that the response of a tree to supplementary pollination
or pollinator exclusion may be influenced by external
factors such as orchard management practice or sea-
sonal conditions during the study year and could affect
the level of dependence measured. Without measuring
the dependence of different varieties across multiple
regions and years, it is not possible to account fully for
these confounding effects. However, the extent of varia-
tion in pollinator dependence that we present in this
study demonstrate that variety is a key factor to consider
when implementing pollinator management strategies in
apple orchards. The level of dependence on insect polli-
nators will ultimately dictate the vulnerability of produc-
tion to pollinator declines, or the extent of opportunities
available to increase production. We found examples in
which varieties were entirely pollinator dependent for
fruit and seed number, while a minority appeared rela-
tively self-compatible (e.g. Ingrid-Marie) due to
unknown factors (e.g., parthenocarpy, floral anatomy
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promoting self-pollination). Breeding self-compatibility
into crops has been proposed as a possible strategy to
reduce their vulnerability to limited pollination provided
by insects (Knapp et al. 2017). Such an approach could
be adopted for apples, targeting at-risk regions or vari-
eties. However, self-pollination can potentially have an
impact on the micronutritional and other quality param-
eters of fruit (Eilers et al. 2011, Klatt et al. 2014). Fur-
thermore, self-incompatibility is the norm in commercial
apple varieties (Matsumoto 2014) and, as apples are a
long-lived perennial crop, breeding takes decades. Also,
perhaps more than any other crop, the apple variety is a
key component of consumer preferences, so the contin-
ued demand for many current popular apple varieties
that are self-incompatible is likely.

Overpollination is a risk in some crops (Sdez et al. 2014),
and we found evidence of overpollination in apples, with
some individual orchards demonstrating significantly nega-
tive pollination deficits, indicating that enhancing pollina-
tion compared with current levels could harm production.
Across our studies, compatible pollen was used and care
was taken not to damage flowers when implementing sup-
plementary pollination treatments, but ineffective manual
pollination, poor pollen quality, or stigmas clogged with
incompatible pollen can lead to underestimates of deficits;
if assessment of pollination services is to become wide-
spread then methods should be standardized (Webber et al.
2020). However, our results identified a mechanism for this
apparent overpollination in apples, as some varieties
showed that increasing fruit set or seed number, metrics
particularly responsive to insect pollination (Garratt et al.
2014, 2016), resulted in reduced fruit quality in terms of
size. This was particularly prominent for Bramley, Topaz
and Golden Delicious. This overpollination is likely to be a
result of resource limitation in trees; when fruit set is high,
the maximum fruit size achieved by the tree is reduced. This
is an example of a trade-off between pollination and other
iputs (Garratt et al. 2018, Tamburini et al. 2019). In
apples, growers are aware of this trade-off and use mechani-
cal and chemical flower and fruit thinning practices to opti-
mize fruit number and, therefore, fruit quality which
underpins the economic output in many regions (Link
2000, Garratt et al. 2014). For other varieties, increasing
seed number through better insect pollination increased
apple size (e.g. Gala, Braeburn).

Optimizing pollination services through abundant and
diverse pollinator communities is likely to ensure resili-
ence in pollination services (Bartomeus et al. 2013, Brit-
tain et al. 2013) and sufficient fruit set every year,
provided that thinning and pruning practices are effec-
tive in years with high fruit load. Our results highlight
an opportunity for farmers to accrue benefits by moni-
toring pollination services and crop production on their
farms (Garratt et al. 2019) and by using appropriate
management practices in those apple varieties and indi-
vidual farms to limit pollination deficits and overpolli-
nation. Furthermore, consistent multiyear assessments
of insect-pollinated crops would expand our

MICHAEL P. D. GARRATT ET AL.
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understanding of crop pollination and the limits to yield
across the globe. Implementing standardized methods
across more sites, more varieties, and more years would
provide important insight into the changing status of
pollination services across space and time (Breeze et al.
2021).

CONCLUSIONS

In this study, adopting apple as an example of an impor-
tant insect-pollinated crop, we showed how the assessment
of pollination services could be used to quantify and com-
pare pollination deficits across orchards. Such approaches
could be applied to other insect-pollinated crops to under-
stand the extent of pollination service limitations on pro-
duction. Moreover, orchardists can follow the example of
fields, farms, and regions where pollination is optimal, tak-
ing them as model systems to help develop management
approaches that would improve pollination services. Such
approaches to matching pollination supply and demand
are most effective when farmers are able to assess their
own crop pollination status, allowing them to make man-
agement decisions on field-by-field and season-to-season
bases. Supplementary and pollinator exclusion techniques
can be adapted and made user friendly, allowing farmers
to adapt these techniques for their own crops (Garratt
et al. 2019). Ultimately if we are to understand and miti-
gate the consequence of pollinator declines globally, then
we need to make assessments and take action locally; the
approaches identified in this study are a step toward this.

ACKNOWLEDGMENTS

This project was funded by the Sustainable Pollination in
Europe Super-B COST Action (FA1307), Project Kennisimpuls
Bestuivers (funded by the Dutch Ministry of Agriculture, Nat-
ure and Food Quality; BO-43-011.06-007), BBSRC, Defra,
NERC, the Scottish Government and the Wellcome Trust,
under the Insect Pollinators Initiative (BB/1000348/1), the “Sus-
tainable Management of Orchard Pollination Services” Project
(BB/P003664/1), the Stapledon Memorial Trust, the Volkswagen
Foundation “Identifying functional pollinator biodiversity and
threats to its decline in Georgia and Kyrgyzstan” (AZ: 86880),
Georgian National Science Foundation “Functional pollinator
biodiversity and their number, decline and threats in Georgia”
(DO/372/10-101/14), the NKFIH project (FK123813), the
Bolyai Janos Fellowship of the MTA, the UNKP-19-4-SZIE-3
New National Excellence Program of the Ministry for Innova-
tion and Technology, the Hungarian Scientific Research Fund
OTKA 101940, Northern Ireland Department of Agriculture
and Rural Affairs, BiodivERSA/FACCE-JPI (agreement#
BiodivERSA-FACCE2014-74)  EcoFruit project, Swedish
Research Council Formas (grant# 2014-1784), German Federal
Ministry of Education and Research (PT-DLR/BMBF) (grant#
01LC1403), the Spanish Ministerio de Economia y Competitivi-
dad (MINECO) (project# PCIN-2014-145-C02), The Worship-
ful Company of Fruiterers, Natural Science and Engineering
Research Council of Canada and the Fonds de recherche nature
et technologies du Québec, Hort Innovation Pollination Fund
project PH15001: Healthy bee populations for sustainable polli-
nation in horticulture, Smith Lever and Hatch Funds adminis-
tered by Cornell University Agricultural Experiment Station
and by a USDA-AFRI grant (USDA 2010-03689, B.N.

85U8017 SUOWILLIOD A1) a|ged!|dde ay A peusench afe sajoie YO ‘asn Jo sajni oy Akelqi auljuQ AB[IA UO (SUOTIPUCD-pUB-SLLB)WOY" A8 |1 Aeiq 1Buljuoy//Sdny) suonipuoD pue swis | 8y 8es *[5z0z/0T/60] o ARlqi auljuo A1 *(Pepiues ap OLBISIUIA) UOKSINOLY [PUOIIEN 8URILD0D UsiuedS Ag Sz des/z00T 0T/I0p/wiod A8 1M Are.q 1 puljuo's feuno fesa//sdny wiouy pepeojumod ' ‘TZ0Z ‘Z85S6E6T



December 2021

Danforth, PI), the Walloon Region (Belgium) Direction
générale opérationnelle de I’Agriculture, des Ressources natur-
elles et de I’Environnement (DGO?3) for the Modele permacul-
turel project on biodiversity in micro-farms, FNRS/FWO joint
program EOS—Excellence Of Science CliPS: Climate change
and its impact on Pollination Services (project 30947854),
MinECo and FEDER (INIA-RTA2013-00139-C03-01), For-
mas (grant #2014-1784), Sainsbury’s Supermarkets Ltd (BB/
K012843/1) and RR acknowledges the receipt of a fellowship
from OECD Co-operative Research Programme: Biological
Resource Management for Sustainable Agricultural Systems in
2016. We would also like to thank Richard Pywell, Nadine
Mitschunas, Lucy Hulmes, Sarah Hulmes, Rachel McDonald,
Louise Truslove, Lisa Bromfield, Celina Silva, Andrew Gonza-
lez, Martin Lechowicz, Hélene Hainaut, and Jean-Marc Molen-
berg. M.PD.G. and Ad.G. led the analysis and development of
early drafts of the manuscript as well as contributing datasets;
M.A. to G.D.S. contributed to the study conception, develop-
ment of early drafts of the manuscript and contributed a num-
ber of datasets; G.K.S.A. to A.Z. contributed datasets. All
authors contributed critically to manuscript drafts and gave
final approval for publication.

LiTERATURE CITED

Aizen, M. A., et al. 2019. Global agricultural productivity is
threatened by increasing pollinator dependence without a
parallel increase in crop diversification. Global Change Biol-
ogy 25:3516-3527.

Barber, N. A., L. S. Adler, N. Theis, R. V. Hazzard, and E. T.
Kiers. 2012. Herbivory reduces plant interactions with above-
and belowground antagonists and mutualists. Ecology
93:1560-1570.

Bartomeus, 1., V. Gagic, and R. Bommarco. 2015. Pollinators,
pests and soil properties interactively shape oilseed rape yield.
Basic and Applied Ecology 16:737-745.

Bartomeus, 1., M. G. Park, J. Gibbs, B. N. Danforth, A. N.
Lakso, and R. Winfree. 2013. Biodiversity ensures plant—pol-
linator phenological synchrony against climate change. Ecol-
ogy Letters 16:1331-1338.

Bates, D., M. Machler, B. Bolker, and S. Walker. 2014. Fitting
linear mixed-effects models using Imed. arXiv preprint
arXiv:1406.5823.

Benjamin, F. E., and R. Winfree. 2014. Lack of pollinators lim-
its fruit production in commercial blueberry (Vaccinium
corymbosum). Environmental Entomology 43:1574-1583.

Bishop, J., M. P. D. Garratt, and T. D. Breeze. 2020. Yield bene-
fits of additional pollination to faba bean vary with cultivar,
scale, yield parameter and experimental method. Scientific
Reports 10:2102.

Bishop, J., H. E. Jones, M. Lukac, and S. G. Potts. 2016. Insect
pollination reduces yield loss following heat stress in faba
bean (Vicia faba L.). Agriculture, Ecosystems & Environment
220:89-96.

Blaauw, B. R., and R. Isaacs. 2014. Flower plantings increase
wild bee abundance and the pollination services provided to a
pollination-dependent crop. Journal of Applied Ecology
51:890-898.

Blitzer, E. J., J. Gibbs, M. G. Park, and B. N. Danforth. 2016.
Pollination services for apple are dependent on diverse wild
bee communities. Agriculture, Ecosystems & Environment
221:1-7.

Breeze, T. D., et al. 2021. Pollinator monitoring more than pays
for itself. Journal of Applied Ecology 58: 44-57.

Brittain, C., C. Kremen, and A. M. Klein. 2013. Biodiversity
buffers pollination from changes in environmental conditions.
Global Change Biology 19:540-547.

POLLINATION OPPORTUNITIES AND SHORTFALLS

Article €02445; page 11

Cross, J., M. Fountain, V. MarkO, and C. Nagy. 2015. Arthro-
pod ecosystem services in apple orchards and their economic
benefits. Ecological Entomology 40:82-96.

Demestihas, C., D. Plénet, M. Génard, C. Raynal, and F.
Lescourret. 2017. Ecosystem services in orchards. A review.
Agronomy for Sustainable Development 37:12.

Dicks, L. V., et al. 2016. Ten policies for pollinators. Science
354:975-976.

Eilers, E. I, C. Kremen, S. Smith Greenleaf, A. K. Garber, and
A.-M. Klein. 2011. Contribution of pollinator-mediated
crops to nutrients in the human food supply. PLOS ONE 6:
e21363.

FAOStat. 2018. Crops.

Foldesi, R., et al. 2016. Relationships between wild bees, hover-
flies and pollination success in apple orchards with different
landscape contexts. Agricultural and Forest Entomology
18:68-75.

Garibaldi, L. A., et al. 2014. From research to action: enhanc-
ing crop yield through wild pollinators. Frontiers in Ecology
and the Environment 12:439-447.

Garibaldi, L. A., et al. 2016. Mutually beneficial pollinator
diversity and crop yield outcomes in small and large farms.
Science 351:388-391.

Garibaldi, L. A., N. Pérez-Méndez, M. P. D. Garratt, B.
Gemmill-Herren, F. E. Miguez, and L. V. Dicks. 2019. Poli-
cies for ecological intensification of crop production. Trends
in Ecology & Evolution 34:282-286.

Garratt, M. P. D., et al. 2016. Apple pollination: demand
depends on variety and supply depends on pollinator identity.
PLOS ONE 11:¢0153889.

Garratt, M., et al. 2021. Apple fruit set and quality under con-
trasting pollination treatments for multiple apple varieties
from multiple countries. University of Reading, data set
https://doi.org/10.17864/1947.314

Garratt, M. P. D., J. Bishop, E. Degani, S. G. Potts, R. F. Shaw,
A. Shi, and S. Roy. 2018. Insect pollination as an agronomic
input: Strategies for oilseed rape production. Journal of
Applied Ecology 55:2834-2842.

Garratt, M. P. D., T. D. Breeze, N. Jenner, C. Polce, J. C. Bies-
meijer, and S. G. Potts. 2014. Avoiding a bad apple: Insect
pollination enhances fruit quality and economic value. Agri-
culture, Ecosystems & Environment 184:34-40.

Garratt, M. P. D., S. G. Potts, G. Banks, C. Hawes, T. D. Breeze,
R. S. O’Connor, and C. Carvell. 2019. Capacity and willing-
ness of farmers and citizen scientists to monitor crop pollina-
tors and pollination services. Global Ecology and
Conservation 20:¢00781.

Geslin, B.,, M. A. Aizen, N. Garcia, A.-J. Pereira, B. E. Vais-
siere, and L. A. Garibaldi. 2017. The impact of honey bee col-
ony quality on crop yield and farmers’ profit in apples and
pears. Agriculture, Ecosystems & Environment 248:153-161.

Grab, H., M. G. Branstetter, N. Amon, K. R. Urban-Mead, M.
G. Park, J. Gibbs, E. J. Blitzer, K. Poveda, G. Loeb, and B. N.
Danforth. 2019. Agriculturally dominated landscapes reduce
bee phylogenetic diversity and pollination services. Science
363:282-284.

Hothorn, T., F. Bretz, and P. Westfall. 2008. Simultaneous
inference in general parametric models. Biometrical Jour-
nal: Journal of Mathematical Methods in Biosciences
50:346-363.

Hudewenz, A., G. Pufal, A.-L. Bogeholz, and A.-M. Klein.
2013. Cross-pollination benefits differ among oilseed rape
varieties. Journal of Agricultural Science 152:770-778.

Ingram, J. 2008. Agronomist—farmer knowledge encounters: an
analysis of knowledge exchange in the context of best man-
agement practices in England. Agriculture and Human
Values 25:405-418.

85UB017 SuoWLLOD aAIR.I) 3|qedlidde ayy Aq pausenob ake sapie YO ‘8sn Joss|ni oy Akeiqiauljuo A3|1A UO (SUONIPUOD-pUE-SLUIRIALIOD A8 | 1M AreIg 1 [BUIUO//SANY) SUORIPUOD pUe SWwie | 8y} 88S *[5202/0T/60] U A%iqi7auliuo 48| ‘(Pepiues ap OLBISIUIIN) UOSINOLG [UOTIEN 8UBILD0D USILedS AQ Siiz des/z00T 0T/1op/wod A3 1M Areiqijuljuo's feu.nofesa//sdny wouy papeojumoq ‘g ‘TZ0Z ‘Z85S6E6T


https://doi.org/10.17864/1947.314

Article €02445; page 12

Isaacs, R., N. Williams, J. Ellis, T. L. Pitts-Singer, R. Bom-
marco, and M. Vaughan. 2017. Integrated Crop Pollination:
Combining strategies to ensure stable and sustainable yields
of pollination-dependent crops. Basic and Applied Ecology
22:44-60.

Joshi, N. K., M. Otieno, E. G. Rajotte, S. J. Fleischer, and D. J.
Biddinger. 2016. Proximity to woodland and landscape struc-
ture drives pollinator visitation in apple orchard ecosystem.
Frontiers in Ecology and Evolution 4. https://doi.org/10.
3389/fevo.2016.00038

Klatt, B. K., A. Holzschuh, C. Westphal, Y. Clough, I. Smit, E.
Pawelzik, and T. Tscharntke. 2014. Bee pollination improves
crop quality, shelf life and commercial value. Proceedings of
the Royal Society B: Biological Sciences 281:20132440.

Kleijn, D., R. Bommarco, T. P. M. Fijen, L. A. Garibaldi, S. G.
Potts, and W. H. van der Putten. 2019. Ecological intensifica-
tion: bridging the gap between science and practice. Trends in
Ecology & Evolution 34:154-166.

Klein, A. M., S. D. Hendrix, Y. Clough, A. Scofield, and C. Kre-
men. 2015. Interacting effects of pollination, water and nutri-
ents on fruit tree performance. Plant Biology 17:201-208.

Klerkx, L., and J. Jansen. 2010. Building knowledge systems for
sustainable agriculture: supporting private advisors to ade-
quately address sustainable farm management in regular ser-
vice contacts. International Journal of Agricultural
Sustainability 8:148-163.

Knapp, J. L., L. J. Bartlett, and J. L. Osborne. 2017. Re-evaluating
strategies for pollinator-dependent crops: How useful is
parthenocarpy? Journal of Applied Ecology 54:1171-1179.

Kremen, C., and A. M. Merenlender. 2018. Landscapes that
work for biodiversity and people. Science 362:eaau6020.

Link, H. 2000. Significance of flower and fruit thinning on fruit
quality. Plant Growth Regulation 31:17-26.

Martins, K. T., A. Gonzalez, and M. J. Lechowicz. 2015. Pollination
services are mediated by bee functional diversity and landscape
context. Agriculture, Ecosystems & Environment 200:12-20.

Matsumoto, S. 2014. Apple pollination biology for stable and
novel fruit production: search system for apple cultivar com-
bination showing incompatibility, semicompatibility, and full-
compatibility based on the S-RNase allele database. Interna-
tional Journal of Agronomy 2014:9.

Nicholls, C. 1., and M. A. Altieri. 2018. Pathways for the ampli-
fication of agroecology. Agroecology and Sustainable Food
Systems 42:1170-1193.

Pardo, A., and P. A. V. Borges. 2020. Worldwide importance of
insect pollination in apple orchards: A review. Agriculture,
Ecosystems & Environment 293:106839.

Park, M. G., E. J. Blitzer, J. Gibbs, J. E. Losey, and B. N. Dan-
forth. 2015. Negative effects of pesticides on wild bee commu-
nities can be buffered by landscape context. Proceedings of
the Royal Society B: Biological Sciences 282:20150299.

Pinheiro, J., D. Bates, S. DebRoy, D. Sarkar, and Team, R.C.
2013. nlme: Linear and nonlinear mixed effects models. R
package version 3, 111. https://svn.r-project.org/R-packages/
trunk/nlme/

MICHAEL P. D. GARRATT ET AL.

Ecological Applications
Vol. 31, No. 8

Potts, S. G., et al. 2016. Safeguarding pollinators and their val-
ues to human well-being. Nature 540:220-229.

R Core Development Team. 2017. R: A language and environ-
ment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria.

Ramirez, F., and T. L. Davenport. 2013. Apple pollination: A
review. Scientia Horticulturae 162:188-203.

Saez, A., C. L. Morales, L. Y. Ramos, and M. A. Aizen. 2014.
Extremely frequent bee visits increase pollen deposition but
reduce drupelet set in raspberry. Journal of Applied Ecology
51:1603-1612.

Samnegard, U., et al. 2019. Management trade-offs on ecosys-
tem services in apple orchards across Europe: Direct and indi-
rect effects of organic production. Journal of Applied
Ecology 56:802-811.

Smith, M. R., G. M. Singh, D. Mozaffarian, and S. S. Myers.
2015. Effects of decreases of animal pollinators on human
nutrition and global health: a modelling analysis. Lancet
386:1964-1972.

Stanley, D. A., M. P. D. Garratt, J. B. Wickens, V. J. Wickens, S.
G. Potts, and N. E. Raine. 2015. Neonicotinoid pesticide
exposure impairs crop pollination services provided by bum-
blebees. Nature 528:548-550.

Stern, R. A., D. Eisikowitch, and A. Dag. 2001. Sequential
introduction of honeybee colonies and doubling their density
increases cross-pollination, fruit-set and yield in ‘Red Deli-
cious’ apple. Journal of Horticultural Science & Biotechnol-
ogy 76:17-23.

Sutter, L., and M. Albrecht. 2016. Synergistic interactions of
ecosystem services: florivorous pest control boosts crop yield
increase through insect pollination. Proceedings of the Royal
Society B: Biological Sciences 283:20152529.

Sutter, L., M. Albrecht, and P. Jeanneret. 2018. Landscape
greening and local creation of wildflower strips and hedge-
rows promote multiple ecosystem services. Journal of Applied
Ecology 55:612-620.

Tamburini, G., R. Bommarco, D. Kleijn, W. H. van der
Putten, and L. Marini. 2019. Pollination contribution to
crop yield is often context-dependent: A review of experi-
mental evidence. Agriculture, Ecosystems & Environment
280:16-23.

Vanbergen, A. J., and the Insect Pollinators Initiative.
2013. Threats to an ecosystem service: pressures on
pollinators. Frontiers in Ecology and the Environment
11:251-259.

Webber, S. M., M. P. D. Garratt, M. Lukac, A. P. Bailey, T.
Huxley, and S. G. Potts. 2020. Quantifying crop pollinator-
dependence and pollination deficits: The effects of experi-
mental scale on yield and quality assessments. Agriculture,
Ecosystems & Environment 304:107106.

Winfree, R., J. R. Reilly, I. Bartomeus, D. P. Cariveau, N. M.
Williams, and J. Gibbs. 2018. Species turnover promotes the
importance of bee diversity for crop pollination at regional
scales. Science 359:791-793.

SUPPORTING INFORMATION

Additional supporting information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/eap.2445/full

OPEN RESEARCH

Data sets (Garratt et al. 2021) analyzed in this current study are available through the University of Reading Data Archive at:

http://dx.doi.org/10.17864/1947.314.

85UB017 SuoWLLOD aAIR.I) 3|qedlidde ayy Aq pausenob ake sapie YO ‘8sn Joss|ni oy Akeiqiauljuo A3|1A UO (SUONIPUOD-pUE-SLUIRIALIOD A8 | 1M AreIg 1 [BUIUO//SANY) SUORIPUOD pUe SWwie | 8y} 88S *[5202/0T/60] U A%iqi7auliuo 48| ‘(Pepiues ap OLBISIUIIN) UOSINOLG [UOTIEN 8UBILD0D USILedS AQ Siiz des/z00T 0T/1op/wod A3 1M Areiqijuljuo's feu.nofesa//sdny wouy papeojumoq ‘g ‘TZ0Z ‘Z85S6E6T


https://doi.org/10.3389/fevo.2016.00038
https://doi.org/10.3389/fevo.2016.00038
https://svn.r-project.org/R-packages/trunk/nlme/
https://svn.r-project.org/R-packages/trunk/nlme/
http://onlinelibrary.wiley.com/doi/10.1002/eap.2445/full
http://dx.doi.org/10.17864/1947.314

