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Sweet cherry (Prunus avium) production relies on modern growing practices 
like polytunnel coverings to improve yields but this may interrupt arthropod-
mediated ecosystem services. The distribution of beneficial arthropods (natural 
enemies and flower visitors) and the ecosystem services they provide may 
be affected under polytunnel systems, especially at orchard edges. Across 10 
commercial cherry orchards grown in polytunnels, we explored how wildflower 
strips mitigated edge effects on beneficial arthropods and pest regulation and 
pollination services. In each orchard, we established a standard wildflower strip 
(SWS; single cut at the end of the season) and an actively managed wildflower 
strip (AMWS; regularly cut at 20  cm height) between tree rows and compared 
this to a conventional control strip (CS). We  recorded natural enemies in 
alleyways and cherry trees post-cherry anthesis (flowering) and flower visitors 
during and post-cherry anthesis at different distances from the orchard edge 
(2017–2019). In 2019, we deployed insect prey bait cards in trees to measure 
pest regulation services and recorded fruit quality (2017–2019) and fruit set 
(2018–2019) to measure pollination services. Distance from the orchard edge 
did not affect natural enemy density or diversity in any year or under any alleyway 
treatment, but pest regulation services decreased towards orchard centres with 
CS (by 33.0% reduction). Flower visitor density (−34% individuals) and diversity 
declined with distance from the edge during cherry anthesis. For post-cherry 
anthesis, marginal negative edge effects were observed for flower visitor density 
and diversity and behaviour. Overall, fruit set decreased towards the orchard 
centre while fruit quality increased. Our results suggest that wildflower strips are 
an effective tool to mitigate edge effects on pest regulation services but have 
limited effects on flower visitors and pollination.
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1 Introduction

Intensive sweet (Prunus avium L.) and sour cherry (P. cerasus L.) 
production is highly dependent on management innovations (Bujdosó 
and Hrotkó, 2017), which range from rootstocks and cultivars, to 
training systems and protective coverings (i.e., polytunnels; Lang, 
2005; Whiting et  al., 2005). As a result of adopting modern 
improvements, global cherry production has increased in recent 
decades (FAOSTAT, 2023). In temperate regions, such as the UK, 
open-ended polytunnels are essential for commercial cherry 
cultivation (Ryder et al., 2020; Mateos-Fierro et al., 2023) to protect 
the crop against environmental factors (e.g., rainfall; Lang et al., 2016). 
When polytunnels are used, cherry trees are typically covered during 
the blossom and fruit development stages (Lang et al., 2016) and left 
uncovered in winter to meet the cherry chilling period requirement 
(Fadón et al., 2015). Polytunnels protect flowers and fruit, enhancing 
yields, fruit quality and consistency in marketable production; cherry 
anthesis (flowering period) and harvest can also be better anticipated 
(Blanke et  al., 2017; Meland et  al., 2017). In addition, under 
polytunnels, the persistence of plant protection products (e.g., 
insecticides such as lambda-cyhalothrin and cyantraniliprole) is 
increased (Shaw et al., 2019), reducing agricultural inputs.

There are negative effects of polytunnels however, such as excess 
heat, reducing fruit set and quality, and the development of pests and 
diseases (e.g., two-spotted spider mite; Tetranychus urticae; Lang, 
2014; Blanke et al., 2017). Additionally, some polytunnel plastics can 
affect natural enemy performance (Doukas and Payne, 2007), and 
although natural enemies are not normally deterred from the crops 
under polytunnels (Hodgkiss et  al., 2022; Buck et  al., 2024), the 
influence of proximity from the polytunnel ends or “edge effects” on 
natural enemy density and diversity and pest regulation services has 
not been investigated. In contrast, edge effects are frequently reported 
in open cropping systems, with a decrease in some natural enemy taxa 
towards the centres of fields (Thomson and Hoffmann, 2013; 
Woodcock et al., 2016; Whitehouse et al., 2018). Edge effects can also 
be  more prominent in crops with increasing distance from semi-
natural habitats, which are reservoirs for natural enemies (Rand 
et al., 2006).

Studies in open crops have not reported reductions in pollinator 
visits and yields relative to the field edges (Button and Elle, 2014; 
Woodcock et al., 2016; Fountain et al., 2019). However, plastic films 
used to cover polytunnels can affect the light spectrum and influence 
pollinator health and visits to crop flowers (Lang, 2014; Kendall et al., 
2021; Warren et al., 2024). Although Warren et al. (2024) did not find 
detrimental effects of covers on honeybee foraging behaviour, 
pollination services can ultimately be reduced (Kendall et al., 2021). 
For example, bee visits to blossoms and subsequent fruit set in berry 
crops can be reduced towards the centre of the fields under polytunnels 
(Hall et al., 2020; Howard et al., 2021; Willden et al., 2022). Little is 
known about edge effects on pollinator density and diversity and 
pollination services under polytunnels in stone fruits (e.g., cherries) 
and no studies have investigated management practices to mitigate 
them. Additionally, the impact of pollinators on cherry fruit quality, 
and studies taking place under polytunnels, are underrepresented in 
the cherry pollination literature (Osterman et al., 2024).

Both natural enemies and pollinators (beneficial arthropods) 
provide essential ecosystem services in cherries. Some of the major 
cherry pests (e.g., black cherry aphid; Myzus cerasi) can be controlled 

to some extent by natural enemies through pest regulation services 
(Stutz and Entling, 2011), reducing plant protection product usage. 
Pollinators provide essential pollination services ensuring commercial 
yields, since both sweet and sour cherries are pollinator-dependent 
(Reilly et al., 2020). Wildflower strips, established in alleyways between 
tree rows, are a tool growers can adopt as part of Integrated Pest and 
Pollinator Management (IPPM) programmes to enhance sustainable 
food production. In previous studies, we examined the impacts of 
wildflower strips on natural enemies and pest regulation services 
(Mateos-Fierro et al., 2021) and pollinators (henceforth flower visitors) 
and pollination services (Mateos-Fierro et al., 2023). We showed that 
natural enemies and flower visitors provide critical ecosystem services 
in cherry and are influenced by floral resources provided in 
polytunnels. However, the extent to which sown wildflowers can 
support and maintain an even distribution of beneficial arthropods 
and the ecosystem services they deliver throughout cherry orchards 
under polytunnel systems mitigating possible edge effects remains 
unknown. To understand the benefits and limitations of polytunnels 
on arthropod-mediated ecosystem services and provide growers with 
effective IPPM guidelines, this study combines and reanalyses data 
from these studies. Here, we  investigate whether perennial native 
wildflower strips established in the alleyways of UK sweet cherry 
orchards under polytunnels can specifically mitigate possible edge 
effects. Our study tested whether edge effects changed (i) natural 
enemy and flower visitor density, diversity and behaviour, and (ii) their 
respective ecosystem services, pest regulation and pollination services 
(i.e., fruit set and quality) and (iii) to what extent any edge effects could 
be mitigated through the use of sown wildflower strips.

2 Materials and methods

2.1 Study sites

The study was conducted at five sites, each with two sweet cherry 
orchards, in the West Midlands, UK between 2017 and 2019 
(Supplementary Figures  1A,B; Supplementary Table  1). All 10 
commercial orchards were managed conventionally [see Mateos-
Fierro et  al. (2021) for plant protection product applications]. 
Polytunnels were in place from April (Supplementary Figures 1C,D), 
prior to cherry anthesis, until September, after harvest. Distance 
between sites varied from 2.8 to 92.9 km (mean ± SD: 57.2 km ± 35.4) 
and orchards within each site from 30.1 to 974.8 m (478.0 m ± 402.5). 
Orchard size varied from 1.3 to 7.5 ha (3.3 ha ± 1.8) and included two 
to six cultivars in separate rows. A combination of western 
honeybees (Apis mellifera), with hives located adjacent to the 
orchards, and commercial boxes of buff-tailed bumblebees (Bombus 
terrestris) were deployed along the alleyways by the growers 
(Supplementary Figures  1E,F); at one orchard, only honeybees 
were used.

Three alleyways per orchard (Supplementary Figures  1G–I) 
containing a row with the cultivar Kordia were selected and two 
randomly received a wildflower treatment, while the third functioned 
as a control (Mateos-Fierro et al., 2021, 2023):

 (i) Control Strips (CS). Conventionally managed alleyways cut 
regularly (once/twice per month) to a height of 10 cm from 
May to September and 8 cm in late September.
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 (ii) Standard Wildflower Strips (SWS). Cut annually in late 
September to a height of 8 cm.

 (iii) Actively Managed Wildflower Strips (AMWS). Cut regularly 
(twice/three times per month) to a height of 20 cm from May 
to September and 8 cm in late September.

The alleyway treatment AMWS was introduced to enhance grower 
uptake since there may be additional benefits of this novel approach, 
such as minimising the inconvenience of tall vegetation in the 
alleyways, thus facilitating worker movement. The height of 20 cm was 
chosen because the wildflowers in the mix can still bloom at that 
height (Mateos-Fierro et al., 2021, 2023).

Distance between alleyway treatments ranged from 26 to 48 m 
(37.9 m ± 7.0), depending on Kordia row location within the orchards. 
To standardise among orchards, a 95 m alleyway length was 
established, from the first tree (orchard edge) towards the centre 
(Figure 1). To investigate edge effects in the orchard, alleyways were 
divided into five 19 m sections with three subsections each, but the last 
section was a buffer and not assessed (76–95 m). As five of the 30 
alleyways measured 95 m, we did not include subsections 9–12 in the 
analyses for those five alleyways. Subsection 8 was the middle of the 
alleyway (i.e., centre of the orchard at 47.5 m) and from that point, 
sections would become closer to the other edge.

Wildflower treatments were established in autumn 2016 
consisting of eight forb and one grass species at 1.9 gm−2 and 0.1 
gm−2, respectively [for details, see Mateos-Fierro et al. (2018)]. All 
sites were re-sown in 2017 due to poor establishment; three in 
spring and two in autumn and maintained to 10 cm until spring 
2018. Consequently, 2017 was a baseline year and wildflowers 
started to bloom post-cherry anthesis, late May-early June 2018. 
One site (two orchards) was discarded from data collection in 
2019 post-cherry anthesis due to poor wildflower establishment. 
Floral units/inflorescences (heads; Carvell et  al., 2015) were 
recorded within alleyways deploying 10 randomly placed square 
metre quadrats along the alleyways post-cherry anthesis in 2018 
and 2019. Wildflowers blooming during cherry anthesis were 
scarce and not recorded. SWS and AMWS had significantly 

greater floral resources compared to CS (mean ± SE: 2.5 ± 0.9, 
1.7 ± 0.6 and 0.4 ± 0.2, respectively). Detailed methodology and 
results on floral assessments are in Mateos-Fierro et al. (2021), 
while means of sown and unsown plant species are in 
Supplementary Table S3 in Mateos-Fierro et al. (2023). Results of 
the effects of alleyway treatments on arthropods and their 
ecosystem services are in Mateos-Fierro et al. (2021) and Mateos-
Fierro et al. (2023).

2.2 Natural enemy assessments

Here, we  present a summary of the methodology for natural 
enemy assessments and pest regulation services. For full details see 
Mateos-Fierro et al. (2021).

Natural enemy density and diversity were recorded in both the 
alleyways and cherry trees post-cherry anthesis between 2017 and 
2019. In the alleyways, assessments were done twice monthly in 2017 
but once monthly in 2018 and 2019 from July–September, June–
September and May–August, respectively. Density and diversity were 
recorded with 2-min observations followed by Vortis™ suction 
sampling (Burkard Manufacturing Company Ltd., United Kingdom; 
15 × 10 s each) in the middle of each of the four sections over 0.5 m2 
(Figure 1).

In cherry trees, assessments were done twice monthly in 2017 and 
once monthly in 2018 and 2019, from May–October, May–October 
and May–August, respectively. Density and diversity were recorded 
with 2-min observations followed by beat sampling over ~1 m2, 
tapping five branches with a stick while holding a 45 × 35 × 2.5 cm tray 
underneath the middle tree in each of the four sections (Figure 1). All 
predators from both assessments were identified to family but 
parasitoid wasps (Hymenoptera) were not identified further. Natural 
enemies were grouped into eight taxa (1) Coleoptera (beetles), (2) 
Neuroptera (lacewings), (3) Syrphidae (hoverfly larvae), (4) Hemiptera 
(true bugs), (5) Araneae (spiders), (6) Opiliones (harvestmen), (7) 
Anystidae (whirligig mites) and (8) parasitoid wasps. Anystidae were 
not recorded in alleyways. Other recorded taxa with low density were 

FIGURE 1

Division of the alleyways into four sections and 12 subsections (ss), including the buffer (not assessed). Top values give the four locations of the mid-
section points and cherry trees for each of the four sections used for natural enemy assessments and environmental factor measurements. Middle 
values give the subsection distance ranges for flower visitor assessments; end of sections bolded. Bottom values (in italics) give the location of the 
eight trees used to measure ecosystem services (bait cards (2019) and fruit quality (2017-2019) and fruit set (2018-2019) assessments; we used four 
trees for pollination services in 2019). All distances are based on the distance from the orchard edge (m). Modified from Mateos-Fierro et al. (2021).
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not included [e.g., Dermaptera (earwigs), only 11 individuals  
recorded].

2.3 Pest regulation services

To measure predator/scavenger activity (feeding behaviour), 
aphid (Acyrthosiphon pisum) bait cards were deployed in eight cherry 
trees along the alleyways at 9.5 m intervals from the orchard edge with 
the first tree located at 5 m (Figure 1). We deployed one bait card per 
tree, in the inner part, at ~1.8 m above the ground 
(Supplementary Figure 2A). Ten aphids (including third and fourth 
nymph and adult stages) were glued (Pritt PVA Craft Glue) on white 
PVC cards (760 μm, CR80). Aphids were frozen prior to being glued. 
Bait cards were deployed three times (June, July and August 2019) and 
the number of aphids depleted/removed was recorded for 5 days every 
24 h (Supplementary Figure 2B).

2.4 Flower visitor assessments

Here, we present a summary of the methodology on flower visitor 
assessments and pollination services. For full details see Mateos-Fierro 
et al. (2023). Methodologies on flower visitor behaviour and fruit 
quality parameters not included in Mateos-Fierro et al. (2023) are 
detailed in full.

Flower visitor density and diversity were recorded within each of 
the 12 × 6.3 m subsections (Figure 1) during 16-min walking transect 
surveys along the alleyways during cherry anthesis and post-cherry 
anthesis between 2017 and 2019. Two transect surveys were done per 
visit in 2017, and one in 2018 and 2019 in April–May during cherry 
anthesis (stages 59–69 BBCH scale; Fadón et  al., 2015), with a 
minimum of six visits to each orchard (all three alleyway treatments) 
per year. Post-cherry anthesis, transect surveys were done monthly in 
2017, 2018 and 2019 from May–September, June–September and 
May–August, respectively. Surveys were done when the temperature 
was higher than 8°C, on clear days, from 10:30 to 17:00 h.

All flower visitors were identified to species (or genus) when 
possible or caught for identification in the laboratory. Flower visitor 
behaviour was categorised into (i) visiting cherry flower (during 
cherry anthesis), (ii) visiting (extrafloral leaf) nectary (post-cherry 
anthesis; nectaries were not present earlier), (iii) visiting wildflower, 
(iv) flying, and (v) resting (Supplementary Figures 2C–G). Flower 
visitors were grouped into five taxa (1) honeybees, (2) buff-tailed 
bumblebees (during cherry anthesis), (3) wild bumblebees, (4) solitary 
bees, and (5) hoverflies (adults). All buff-tailed bumblebee workers 
during cherry anthesis were considered commercially managed.

2.5 Pollination services

We measured fruit quality in 2017–2019 and fruit set in 2018–
2019 to explore the extent to which pollination services were affected 
by the edge (fruit set was not explored in 2017). We used eight trees 
per alleyway (two per section), located at intervals of 6.3 m from the 
orchard edge (Figure 1) in 2017–2018 but in 2019, we only used four 
trees located at 4.8, 23.8, 42.8 and 61.8 m. On each tree, prior to cherry 
anthesis, we randomly selected one spur (~30 cm long from the tip), 

with at least 20 buds (mean ± SD: 68.7 ± 26.0), at 1.5–2.0 m above the 
ground. All blossoms were left open for insect pollination and counted 
in 2018 and 2019. Fruit set was determined in July prior to harvest. A 
maximum of 10 cherry fruits per spur were harvested in 2017 and a 
maximum of three in 2018 and 2019. Fruits were evaluated within 48 h 
but stored at 6°C in the interim. Fruit quality was assessed by 
measuring fresh mass, height, width (diameter), length, firmness and 
dry matter (Koumanov et al., 2016); length was not measured in 2018. 
Mass was measured with an electronic scale (Precision Balances 
Entris®, model 822-1SUS) and dimensions (Supplementary Figure 2H) 
with an electronic digital calliper. A firmness tester (Agrosta® 
100USB) was used to determine fruit firmness and values are reported 
as Durofel units (Zoffoli et al., 2017), which indicate resistance (1 to 
100; Belge et al., 2017). A mean firmness value was calculated for each 
cherry by measuring two perpendicular sides. Prior to these 
assessments, all cherry stalks were removed. Finally, seeds were 
extracted with a stainless-steel cherry pitter and the cherry flesh was 
dried in an industrial oven at 65°C for 48 h.

2.6 Environmental factors

Temperature, humidity and wind speed (which could affect 
beneficial arthropods and their ecosystem services) were recorded 
using a Kestrel weather monitor (Kestrel 3500) to investigate their 
variation along the alleyways. Environmental factors were measured 
in the middle of each of the four sections (Figure  1) for each 
assessment conducted (including both natural enemy and flower 
visitor assessments) at ~1.5 m above the ground. In addition, an extra 
measurement was taken at the edge of the polytunnel (0 m).

2.7 Statistical analysis

Data were analysed with the software R (version R-4.4.0; R Core 
Team, 2024) using (Generalised) Linear Mixed-Effect Models 
(GLMER / LMER; ‘lme4’ package; Bates et al., 2015). Normality was 
tested (Shapiro–Wilk test) and models were selected using the Akaike 
Information Criterion (AICc; Burnham and Anderson, 2002) using 
the ‘MuMIn’ package (Bartoń, 2022). Distance from the orchard edge 
(continuous factor) and its interaction with alleyway treatment 
(categorical factor) were specified as fixed effects, while random effects 
were orchards nested within sites. We analysed each year separately to 
explore how the effects of wildflower strips changed from 2017 
(baseline year with no wildflowers in bloom) to 2018 and 2019 
(wildflowers in bloom post-cherry anthesis). To visualise edge effects, 
models were plotted computing marginal effects and adjusted 
predictions from the statistical models using the function ggeffect 
(‘ggeffects’ package; Lüdecke, 2018), unless otherwise specified (i.e., 
environmental factors, see section 2.7.3).

2.7.1 Beneficial arthropod density and diversity
For density, we calculated means of (i) natural enemies for each 

section (1–4), alleyway treatment (CS, SWS, AMWS), year (2017–
2019), survey (monthly post-cherry anthesis) and habitat (alleyways 
or cherry trees) and (ii) flower visitors for each subsection (1–12), 
alleyway treatment (CS, SWS, AMWS), year (2017–2019), survey (at 
least six surveys during cherry anthesis and monthly post-cherry 
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anthesis), cherry blossom period (during cherry anthesis and post-
cherry anthesis) and behaviour (visiting cherry flowers, visiting 
nectaries, visiting wildflowers, resting or flying). To better understand 
the response to edge effect under polytunnels of the different natural 
enemy and flower visitor taxa, we also conducted separate analyses for 
each taxon (i.e., total and individual taxa). For diversity, means of 
richness (family for natural enemies and species for flower visitors) 
and Shannon diversity were calculated as above, i.e., for each (sub)
section, alleyway treatment, year, survey and (i) habitat or (ii) cherry 
blossom period and behaviour. Density (total and individual taxa) and 
richness were analysed using GLMERs with negative binomial error 
distribution (function = GLMER.NB) and Shannon diversity with 
LMERs (function = LMER). Response variables can be  found in 
Supplementary Table 2 (natural enemies) and Supplementary Table 3 
(flower visitors).

2.7.2 Pest regulation and pollination services
GLMERs with binomial error distribution (function = GLMER; 

family = binomial) were used to analyse the bait cards and fruit set, 
considering the proportion of aphids that were depleted and fruits that 
set, respectively. Aphids covered in glue (2.4%) and therefore not 
available to natural enemies were removed from analyses. All fruit 
quality parameters were analysed using LMERs. We performed 
additional GLMER.NB models for each year to explore the 
relationship between fruit set and quality with cherry flower visitor 
density, alleyway treatment and distance, including their interactions. 
Response variables can be  found in Supplementary Table  2 (pest 
regulation services) and Supplementary Table 4 (pollination services: 
fruit set and quality).

2.7.3 Environmental factors
Environmental factors were also analysed with GLMER.NBs; 

distance, blooming period and year were specified as fixed factors and 
random factors as above but with alleyway treatment also nested. 
Distance was transformed into a categorical factor to investigate 
differences along the polytunnels and the edge. Within the polytunnels 
along the alleyways, environmental factors did not vary (10 to 67 m, 
see results below in section 3.5). Consequently, we did not include 
these environmental factors as covariates in the beneficial arthropod 
and pest regulation and pollination services models (see above 
sections 2.7.1 and 2.7.2, respectively). Significant differences between 
years and sections were further investigated with Tukey tests 
(‘multcomp’ package; Hothorn et al., 2008) with Holm–Bonferroni 
corrections. Environmental factor visualisation was done using the 
function ggplot (‘ggplot2’ package; Wickham, 2016).

3 Results

3.1 Edge effects on natural enemies

We recorded a total of 6,823 natural enemies in alleyways and 
7,573  in cherry trees within 21 families plus parasitoid wasps 
distributed along the four sections between 2017 and 2019 
(Supplementary Table 5).

In alleyways, density (mean individuals per 0.5 m2 of alleyway) of 
all natural enemies combined, family richness and Shannon diversity 
were not affected by distance from the orchard edge in any alleyway 

treatment for any year, but specific taxa responded differently to edge 
each year (Supplementary Figure 3; Supplementary Table 2). In CS, 
the density of Hemiptera in 2017 (Z = −4.08, p < 0.001) and Opiliones 
in 2018 (Z = −3.46, p < 0.001) decreased towards the orchard centre by 
72.2 and 16.7%, respectively (Figure 2). In contrast, in 2017, despite 
wildflowers not being in bloom, the density of parasitoid wasps in 
SWS (Z = 2.33, p = 0.02) and Hemiptera in AMWS (Z = 4.33, p < 0.001) 
increased by 101.9 and 25.0%, respectively. With SWS in 2018, when 
wildflowers were in bloom, Neuroptera (Z = 3.09, p < 0.01) and 
Opiliones (Z = 8.29, p < 0.001) density increased towards the orchard 
centre by 66.7 and 221.4%, respectively. Density of most taxa in 
AMWS also increased in 2018, including Hemiptera (Z = 6.29, 
p < 0.001), Opiliones (Z = 3.90, p = <0.001) and parasitoid wasps 
(Z = 2.87, p < 0.01) by 203.6, 132.1 and 110.9%, respectively, but 
Neuroptera density decreased towards the orchard centre by 58.3% 
(Z = −5.75, p < 0.001).

As in alleyways, the total natural enemy density (mean individuals 
per ~1 m2 of cherry tree), family richness and Shannon diversity in 
cherry trees were not significantly affected by distance from the edge 
(Supplementary Figure  4; Supplementary Table  2). However, the 
response of some taxa significantly varied across treatments and years 
(Figure 3; Supplementary Table 2). In trees next to CS, Hemiptera 
density decreased towards the orchard centre by 77.1% in 2019 
(Z = −7.75, p < 0.001). Cherry trees adjacent to SWS had 46.4% fewer 
Hemiptera towards the orchard centre in 2017 (Z = −2.20, p = 0.03) 
and 61.9% of Araneae (Z = −2.02, p = 0.04) and 46.7% of Opiliones 
(Z = −6.18, p < 0.001) in 2019 but Hemiptera density in 2019 increased 
from the orchard edge by 33.3% (Z = 2.79, p < 0.01). After the baseline 
year, next to AMWS, the density of some taxa increased towards the 
orchard centre, Anystidae (Z = 2.29, p = 0.02) and parasitoid wasps 
(Z = 2.73, p < 0.01) in 2018 and Syrphidae in 2019 (Z = 9.53, p < 0.001) 
by 71.6, 66.7 and 471.4%, respectively, although Opiliones density in 
2019 decreased by 83.7% (Z = −2.17, p = 0.03).

3.2 Edge effects on pest regulation services

Across all three alleyway treatments combined, there was not a 
significant edge effect on depletion (Z = −1.12, p = 0.27). Specifically, 
however, edge effects on depletion were significant on the bait cards 
deployed in cherry trees adjacent to CS (Z = −2.06, p = 0.04; 
Supplementary Table 2) with a 33.0% decrease in aphids depleted 
towards the orchard centre (Figure 4). In contrast, trees next to both 
AMWS and SWS had an equivalent depletion throughout the cherry 
tree rows.

3.3 Edge effects on flower visitors

We recorded a total of 14,677 flower visitors during cherry 
anthesis and 4,818 post-cherry anthesis comprising 91 species along 
the alleyways and across all five behaviours between 2017 and 2019 
(Supplementary Tables 6, 7). During cherry anthesis 9,179 flower 
visitors were recorded visiting cherry flowers (honeybees: 4,767, buff-
tailed bumblebees: 2,893, bumblebees: 678, solitary bees: 355 and 
hoverflies: 486), 229 visiting wildflowers, 3,955 flying and 1,314 
resting; post cherry anthesis 992 visiting nectaries, 1,126 visiting 
wildflowers, 1,895 flying and 805 resting.
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FIGURE 2

Predicted density (mean number of individuals) of the natural enemy taxa which were significantly affected by distance from the orchard edge in at 
least one alleyway treatment including (A) Neuroptera in 2018, Hemiptera in (B) 2017 and (C) 2018, (D) Opiliones in 2018 and parasitoid wasps in 
(E) 2017 and (F) 2018 from surveys in alleyways according to alleyway treatment and distance (m) from the orchard edge towards the orchard centre. 
Regression lines fitted on GLMER.NB with 95% confidence intervals (shadows). CS (Control Strips), SWS (Standard Wildflower Strips), AMWS (Actively 
Managed Wildflower Strips). Note differences in y-axes.

FIGURE 3

Predicted density (mean number of individuals) of the natural enemy taxa which were significantly affected by distance from the orchard edge in at 
least one alleyway treatment including (A) Syrphidae in 2019, Hemiptera in (B) 2017 and (C) 2019, (D) Araneae in 2019, (E) Opiliones in 2019, 
(F) Anystidae in 2018 and (G) parasitoid wasps in 2018 from surveys in cherry trees according to alleyway treatment and distance (m) from the orchard 
edge towards the orchard centre. Regression lines fitted on GLMER.NB with 95% confidence intervals (shadows). CS (Control Strips), SWS (Standard 
Wildflower Strips), AMWS (Actively Managed Wildflower Strips). Note differences in y-axes.
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For visits to cherry flowers, flower visitor density (mean 
individuals per subsection), species richness and Shannon diversity 
were significantly affected by the edge for all years and for all three 
alleyway treatments, with a decrease towards the orchard centre, 
except in 2019 for density in AMWS, species richness in CS and 
AMWS, and Shannon diversity in CS and SWS 
(Supplementary Figure  5; Supplementary Table  3). Overall, the 
density, richness and Shannon diversity decreased by 34.0, 26.4, and 
47.4%, respectively. This was driven by honeybees (the most 
abundant cherry flower visitor taxon), which were strongly affected 
by the edge each year in each alleyway treatment (decreasing overall 
52.1%) except for AMWS in 2019 (Z = −1.93, p = 0.053; Figure 5; 
Supplementary Table 3). In contrast, buff-tailed bumblebees (second 
most abundant taxon) visited cherry flowers evenly along the tree 
rows all years in all alleyway treatments except for SWS in 2019 
(Z = −1.99, p = 0.047), where visits decreased towards the orchard 
centre. Of the wild flower visitors, bumblebees were negatively 
affected by orchard edge in 2017 in all alleyway treatments and in 
2018 in CS and SWS (decreasing overall 45.2%) but not in 2018 in 
AMWS and in 2019 in any alleyway treatment. While solitary bee 
density decreased towards the orchard centre only in 2018 in AMWS 
by 74.8% (Z = −2.92, p < 0.01) and hoverfly density in 2017 in SWS 
(Z = −2.98, p < 0.01) by 61.8% and in 2019 in AMWS (Z = −2.68, 
p = 0.01) by 74.5%. Total flower visitor density, species richness and 
Shannon diversity for the other three behaviours recorded (visiting 
wildflowers, flying and resting), in most cases, were not significant 
(84.7%; Supplementary Table 3).

For post-cherry anthesis, only in 2017  in AMWS, wildflower 
visitor density significantly decreased by 33.3% from the orchard 

edge towards the orchard centre (Z = −2.22, p = 0.03; 
Supplementary Figure  6; Supplementary Table  3). Specifically, 
honeybee density significantly decreased towards the orchard centre 
with AMWS in 2017 (Z = −51.67, p < 0.001) and 2018 (Z = −2.41, 
p = 0.02) by 100.0% (no individuals were recorded in the orchard 
centre) and 54.5%, respectively (Figure 6; Supplementary Table 3). 
Solitary bee density decreased by 82.1% in 2018 in AMWS (Z = −2.38, 
p = 0.02) and hoverfly density decreased by 25.4% in 2017 in AMWS 
(Z = −4.98, p < 0.001). However, 408.5% more hoverflies were 
recorded towards the orchard centre in 2017  in SWS (Z = 6.47, 
p < 0.001). Total flower visitor density, species richness and Shannon 
diversity for the other three behaviours (visiting nectaries, flying and 
resting) recorded were also scarcely affected by the edge with most 
being not significant (92.3%; Supplementary Table 3).

3.4 Edge effects on pollination services

3.4.1 Fruit set
Fruit set decreased towards the orchard centre in both years under 

all alleyway treatments, but only significantly in 2018 with CS 
(Z = −4.77, p < 0.001) by 11.0% and SWS (Z = −5.75, p < 0.001) by 
10.2% and in 2019  in CS by 5.6% (Z = −3.23, p < 0.01; Figure  7; 
Supplementary Table 4). The decrease in fruit set was supported by the 
interaction between cherry flower visitor density, alleyway treatment 
and distance. In 2019, fruit set significantly decreased towards the 
orchard centre in each alleyway treatment according to flower visitor 
density (CS: Z = −2.76, p = 0.01; SWS: Z = −3.40, p < 0.01; AMWS: 
Z = −2.48, p = 0.01).

FIGURE 4

Predicted mean percentage of dead Acyrthosiphon pisum aphids depleted from bait cards deployed in cherry trees according to alleyway treatment 
and distance (m) from the orchard edge towards the orchard centre. Regression lines fitted on GLMER with binomial distribution with 95% confidence 
intervals (shadows). CS (Control Strips), SWS (Standard Wildflower Strips), AMWS (Actively Managed Wildflower Strips).
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FIGURE 5

Predicted density (mean number of individuals) of the cherry flower visitor taxa which were significantly affected by distance from the orchard edge in 
at least one alleyway treatment including honeybees in (A) 2017, (B) 2018 and (C) 2019, (D) buff-tailed bumblebees in 2019, bumblebees in (E) 2017 
and (F) 2018, (G) solitary bees in 2018 and hoverflies in (H) 2017 and (I) 2019 from surveys during cherry anthesis according to alleyway treatment and 
distance (m) from the orchard edge towards the orchard centre. Regression lines fitted on GLMER.NB with 95% confidence intervals (shadows). CS 
(Control Strips), SWS (Standard Wildflower Strips), AMWS (Actively Managed Wildflower Strips). Note differences in y-axes.

FIGURE 6

Predicted density (mean number of individuals) of the wildflower visitor taxa which were significantly affected by distance from the orchard edge in at 
least one alleyway treatment including honeybees in (A) 2017 and (B) 2018, (C) solitary bees in 2018 and (D) hoverflies in 2017 from surveys post-
cherry anthesis according to alleyway treatment and distance (m) from the orchard edge towards the orchard centre. Regression lines fitted on 
GLMER.NB with 95% confidence intervals (shadows); no confidence intervals are shown for honeybees in 2017 due to the low number of individuals. 
CS (Control Strips), SWS (Standard Wildflower Strips), AMWS (Actively Managed Wildflower Strips). Note differences in y-axes.
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3.4.2 Fruit quality
Overall, all cherry quality parameters tended to increase towards 

the orchard centre, but only a number of them increased significantly, 
including in 2017 mass in CS, mass, height, width and length in 
AMWS and dry matter in all three alleyway treatments (Figure 8; 
Supplementary Table 4). After the baseline year, in 2018, mass in CS 
(T = 2.24, p = 0.03) and AMWS (T = 1.99, p = 0.047), height in CS 
(T = 2.03, p = 0.04) and dry matter in CS (T = 2.19, p = 0.03), and in 
2019 width in SWS (T = 2.61, p < 0.01) also significantly increased 
towards the orchard centre. In contrast to fruit set, the overall increase 
in fruit quality parameters towards the orchard centres was not 
supported by the interaction between cherry flower visitor density and 
alleyway treatment; fruit quality remained constant along the tree 
rows (data not shown).

3.5 Edge effects on environmental factors

Environmental factors varied between years (except wind speed 
between 2017 and 2019) although the trend of each environmental 
factor was similar throughout the study (Supplementary Figure 7; 
Supplementary Table 8). Environmental factors remained constant 
within the polytunnels (from 10 to 67 m) being only significantly 
different from measurements taken at the orchard edge (at 0 m; 
Supplementary Table  9). Overall, compared to the orchard edge, 
temperature increased in the polytunnels by ~1°C, contrary to 
humidity and wind speed, factors which decreased by ~1.5% 
and ~ 0.5 m/s, respectively.

4 Discussion

Edge effects are an important factor in sweet cherry production 
under polytunnel systems because they influence the distribution and 
behaviour of beneficial arthropods, and therefore the ecosystem 
services they deliver, ultimately influencing sustainable food 
production. Although beneficial arthropod distribution varied among 
taxa, no studies have investigated how to minimise edge effects, 

particularly under polytunnels. Our study demonstrates wildflower 
strips established along orchard alleyways support pest regulation 
services throughout the season and polytunnels, but edge effects were 
still observed for pollination services.

4.1 Edge effects on natural enemies and 
pest regulation services

The uniformity of natural enemy distribution (all taxa combined) 
along the alleyways and cherry tree rows under polytunnels in all 
three alleyway treatments and in all 3 years of study suggests that these 
arthropods were not affected by the edge. 2017 was a baseline year 
with no wildflowers blooming compared to 2018–2019, where 
wildflowers bloomed post-cherry anthesis in SWS and AMWS but not 
in CS. However, we have shown for the first time, that overall, natural 
enemies were not affected by distance from the orchard edge in crops 
grown in polytunnels, for at least up to 76 m. The lack of edge effects 
on natural enemies may have been the result of all taxa balancing each 
other within a natural enemy community (Wimp and Murphy, 2021), 
since some taxa were more often recorded closer to the orchard edges 
and others towards the orchard centres. For example, fewer Opiliones 
were recorded in cherry trees closer to the edge in AMWS in 2018 but 
this may have been compensated for by more Syrphidae being 
recorded towards the orchard centre. Other inconsistencies in 
distribution of specific taxa across years (e.g., Opiliones density only 
decreased in CS alleyways in 2018) might have been related to weather 
(Kalita et  al., 2015). During our study, 2018 was a warmer year 
compared to 2017 and 2019 (Supplementary Table 9), which may 
impact arthropod density, distribution and behaviour.

Exploring how different taxa are affected by orchard edge is 
crucial because taxa can control pests differently (Costamagna et al., 
2008), and some natural enemies, specialist and generalists, are 
differentially affected by habitats (Bellone et  al., 2020), such as 
wildflower strips. In sweet cherry, black cherry aphid, two-spotted 
spider mite, and spotted-wing drosophila (Drosophila suzukii) are 
major pests (Rather et  al., 2021; González-Núñez et  al., 2022), 
controlled to some extent by natural enemies (Stutz and Entling, 2011; 

FIGURE 7

Predicted percentage of fruit set (%) in (A) 2018 and (B) 2019 according to alleyway treatment and distance (m) from the orchard edge towards the 
orchard centre. Regression lines fitted on GLMER with binomial distribution with 95% confidence intervals (shadows). CS (Control Strips), SWS 
(Standard Wildflower Strips), AMWS (Actively Managed Wildflower Strips).
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Wang et al., 2014, 2021). Hemiptera, particularly anthocorids, are 
important contributors to controlling aphids and spider mites (Wang 
et al., 2014). In cherry trees, we recorded a decrease in Hemiptera 
density in SWS in 2017 (baseline year), prior to wildflower blooming, 
but this was reversed in 2019, when wildflowers were blooming. The 
most promising natural enemies against spotted-wing drosophila are 
parasitic wasps (Wang et  al., 2021) and some species in the 
United Kingdom have the potential to parasitize this pest (Shaw et al., 
2023). In our study, parasitic wasps were more often recorded in 
cherry trees towards the orchard centre which were adjacent to 
AMWS. Thus, some important natural enemy taxa can be enhanced 
with wildflower strips and not be negatively affected by the edge, 
which may result in more uniform pest control. To provide evidence 
of cherry pest control however, these natural enemies should 
be identified to species (Wimp and Murphy, 2021).

Similarly, the combination of all natural enemy taxa could also 
explain the absence of edge effects on diversity (i.e., family richness 
and Shannon diversity). A diverse natural enemy community tends 
to promote resilience of pest regulation services (Jonsson et al., 2017). 
Although distance from the edge did not significantly affect natural 
enemy diversity, a steeper trend was observed in alleyways in 2017 
(baseline year) for all three alleyway treatments 

(Supplementary Figures 3D,G), which steadied in 2018 and 2019, 
particularly in SWS and AMWS (Supplementary Figures 3E,F,H,I) 
indicating that wildflower strips can provide resources to sustain a 
diverse natural enemy community (McKerchar et al., 2020). In cherry 
trees, even though the trends for diversity metrics decreased more 
steeply towards the orchard centres in the last study year in SWS and 
AMWS compared to CS (Supplementary Figures  4F,I), family 
richness and Shannon diversity were similar in the orchard centre in 
all three alleyway treatments with mean values of ~1.7 and ~ 0.5, 
respectively. Consequently, this did not result in a reduction in 
diversity spill-over into the trees from either of the 
wildflower treatments.

In fact, the even depletion of sentinel aphids from the bait cards 
along cherry tree rows in SWS and AMWS suggests that wildflower 
strips can provide a habitat for natural enemies within the polytunnels 
reducing edge effects and thus supporting enhanced, uniform, and 
potentially more resilient, pest regulation services. Despite the 
decreasing non-significant trend observed of natural enemy density 
in cherry trees next to SWS in 2019 (Supplementary Figure  4C), 
aphids were evenly depleted with this alleyway treatment compared 
to CS. This might be a consequence of natural enemy densities being 
higher in SWS than in CS throughout the tree rows while the 

FIGURE 8

Predicted mean of the fruit quality parameters which were significantly affected by distance from the orchard edge in at least one alleyway treatment 
including fresh mass (g) in (A) 2017 and (B) 2018, height (mm) in (C) 2017 and (D) 2018, width (mm) in (E) 2017 and (F) 2019, (G) length (mm) in 2017 
and dry matter (g) in (H) 2017 and (I) 2018 according to alleyway treatment and distance (m) from the orchard edge towards the orchard centre. 
Regression lines fitted on LMERs with 95% confidence intervals (shadows). CS (Control Strips), SWS (Standard Wildflower Strips), AMWS (Actively 
Managed Wildflower Strips). Note differences in y-axes.
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non-significant decrease towards the orchard centre in SWS could 
have been inconsequential for aphid depletion. Our current 
observations have important implications for pest control 
management, and therefore sustainability, although more research is 
needed to confirm our results using cherry relevant pests on baited 
cards, enabling the behaviour of non-scavenger and parasitic wasps to 
be explored (e.g., Hogg et al., 2022).

In isolated cases, natural enemy density can be affected by the 
edge within the first 5 m from the edge (Mei et al., 2021). However, 
most studies in open crops do not typically observe edge effects on 
natural enemies until at least 20 metres (e.g., 25 m, Whitehouse et al., 
2018; 40 m, Thomson and Hoffmann, 2013; 50 m, Woodcock et al., 
2016) and on pest control from adjacent-to-orchard wildflower strips 
up to 15–20 m (Blaauw and Isaacs, 2015; Schneider et al., 2015). Yet, 
pest regulation services decline with increasing distance from the edge 
(e.g., 50 m; Woodcock et  al., 2016). Our first sampling point for 
natural enemies within the orchards was located at 9.5 m from the 
orchard edge but we started measuring pest regulation services at 5 m. 
Thus, is it unlikely that this may have resulted in potential edge effects 
occurring within the first 5 m not being recorded.

Importantly, natural enemies overall were not deterred by 
polytunnels, which is consistent with other studies (e.g., Buck et al., 
2024), although some specific taxa showed variation across years and 
alleyway treatments. Polytunnels are typically vented in summer to 
prevent diseases and heat excess, allowing mobile natural enemies to 
enter more easily. Certainly, some natural enemies may benefit from 
polytunnel protection as do some pests (Birch et  al., 2011). The 
microclimate under polytunnels with less variation in environmental 
factors, such as temperature, humidity and wind speed (see 
Supplementary Figure  7), may provide stable and adequate 
environmental conditions that help natural enemies thrive (Welch and 
Harwood, 2014). Additionally, the wildflower strips provided extra 
resources, such as alternative prey, pollen, nectar and shelter that can 
also help to support and enhance natural enemies (Blaauw and Isaacs, 
2015; Mateos-Fierro et al., 2021), and, in our study, this was uniform 
along the alleyways. The similar results for natural enemies and pest 
regulation services between the two wildflower strip management 
treatments indicates that growers can actively manage wildflower 
strips without diminishing benefits, likely increasing grower uptake 
(Kleijn et al., 2019).

4.2 Edge effects on flower visitors and 
pollination services

The greater density of honeybees and buff-tailed bumblebees 
compared to non-managed flower visitors suggests that pollination in 
sweet cherries under polytunnels is driven by managed pollinators, 
although it is often wild flower visitors which enhance pollination 
services in cherry (Holzschuh et al., 2012; Eeraerts et al., 2019). Of the 
managed pollinators, the edge effects seen for honeybees but not buff-
tailed bumblebees can be explained by the pollinator management 
approach adopted by growers. Honeybees must enter the polytunnels 
from the edges, which may increase their reticence to travel farther 
towards orchard centres (Hall et al., 2020), but this would not be an 
impediment for buff-tailed bumblebees already situated within the 
polytunnels (Trillo et al., 2018). Among the wild flower visitors, the 
lack of edge effects on bumblebees during cherry anthesis in 2019 but 

not in 2017 and 2018, when wildflowers had not started to bloom (i.e., 
wildflowers started to bloom in 2018, post-cherry anthesis), might 
indicate that they used the wildflowers in summer 2018. Future 
queens could have benefited from the wildflower resources and 
hibernated within the orchards in 2018 and as a result, emergent 
queens in spring 2019 would not have been affected by orchard edge 
when establishing their nests. As for natural enemies, the combination 
of flower visitors under a flower visitor community could have masked 
effects on individual taxa (Albrecht et al., 2012). For example, solitary 
bees and hoverflies were scarcely affected by the edge during cherry 
anthesis but their distribution still tended to decrease towards the 
orchard centre. This, combined with honeybees and wild bumblebees, 
may have resulted in the observed edge effect on the diversity metrics. 
However, the marginal decrease towards orchard centres in all taxa 
densities (including honeybees) for all behaviours post-cherry 
anthesis may be a consequence of flower visitors benefiting from the 
wildflowers (i.e., more edge effects were recorded during cherry 
anthesis and in 2017, when wildflowers were not blooming). The 
absence of edge effects post-cherry anthesis, potentially due to 
wildflower resources being used, could have been extended to CS as a 
consequence of alleyway treatment proximity resulting in a relocation 
of flower visitors from SWS and AWMS to CS (Zurbuchen et al., 2010).

Wildflowers co-blooming with cherry in spring could potentially 
minimise edge effects on flower visitors and consequently on fruit set 
since wildflowers co-blooming with cherry can enhance pollination 
services (Eeraerts et al., 2019, 2021; Gilpin et al., 2022). Importantly, 
no competition between wildflowers and cherry crop flowers was 
reported in these studies, suggesting flower visitors are not drawn 
away from crop flowers (Eeraerts et al., 2019; Gilpin et al., 2022). 
Future research should therefore aim to explore spring flowering 
wildflower strips in early-bloom crops such as cherries since spring 
flower visitors (e.g., mining bees) may not fully benefit from summer 
wildflowers, especially under polytunnels (Mateos-Fierro et al., 2023).

Among the behaviours recorded, the most important for growers 
is visits to cherry flowers. Honeybees were more often recorded 
visiting cherry flowers probably because they do not spend any time 
searching for suitable nesting sites (O’Connor et al., 2017; Fountain 
et al., 2023) or mates (Ne’eman et al., 2006) as wild bees do. Hoverflies 
also spend time resting and searching for mates and places to lay eggs 
(Emtia and Ohno, 2017; Sánchez et al., 2022). These additional needs 
could explain why more wild flower visitors were recorded performing 
other behaviours than visiting cherry flowers compared to honeybees. 
Although managed buff-tailed bumblebees did not have to search for 
nest sites, we often recorded them flying because they were likely to 
be heading to or from their nests; similar to the high-flying activity 
that occurs next to honeybee hives (Marchal et al., 2020).

The higher fruit set near the edge may be a consequence of the 
greater flower visitor density and diversity (i.e., species richness and 
Shannon diversity) recorded near orchard edges (Holzschuh et al., 
2012). Additionally, more diverse flower visitor communities can 
increase resilience of pollination services (Williams et  al., 2019). 
Although we  also recorded more honeybees next to the edge, 
pollination deficits can still be recorded with honeybees despite their 
density (Garibaldi et al., 2013). Thus, it is more likely that the greater 
flower visitor diversity increased fruit set. Interestingly, growers aim 
to reduce the variability of pollination services by distributing boxes 
of managed buff-tailed bumblebees along the alleyways, but this failed 
to maintain an equivocal fruit set along tree rows even though 
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we recorded this taxon consistently throughout the orchards. This 
suggests the pollination behaviour of managed bumblebees is not as 
efficient as that of wild queens (Evans and Raine, 2014; Mateos-Fierro 
et  al., 2022), which could have further implications for growers 
wanting to adopt more efficient and sustainable pollinator 
management practices (Osterman et al., 2021). The greater fruit set 
recorded with greater pollinator density and diversity near the edge 
supports the conclusion that flower visitors play a key role in sweet 
cherry pollination; if flower visitors are more reluctant to visit cherry 
blossoms in the centre of the orchards, lower yields could be expected 
in large orchards (Garibaldi et al., 2011). Additionally, the smaller size 
of cherries in trees closest to the edge could be the result of greater 
fruit burdens (number of fruits) on trees, leading to the production of 
smaller fruit (Whiting et al., 2006), indicating better cherries were 
produced farther from the orchard edges.

5 Conclusion

We investigated the influence of edge effects on natural enemies 
and flower visitors and the ecosystem services they provide in sweet 
cherry under polytunnels and how edge effects on these arthropods 
and ecosystem services could be  mitigated with wildflower strips 
established along tree rows. Wildflower strips (SWS and AWMS) are 
an effective intervention that can support natural enemies and pest 
regulation services reducing edge effects along tree rows. Wildflower 
strips facilitated an even distribution of flower visitors along rows and 
mitigated to some extent edge effects on fruit set and quality. 
Implicitly, pollinator management approaches (other than managed 
pollinators alone) need to be applied by growers because pollinating 
insects are essential for yields and maximising fruit quality. Thus, 
growers will benefit from establishing wildflowers in orchard 
alleyways, which can be actively managed to a height of 20 cm. In turn, 
this would develop more efficient IPPM practices to support a more 
sustainable and resilient sweet cherry production system.
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