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Abstract: The complete netting of orchards is one strategy to protect fruit trees from pest and pathogen
damage by reducing insect movement. When the cultivated trees were derived from genetic engineering
(GE), reduced pollinator movement may also reduce outcrossing to cultivated or wild non-GE trees.
We report on a field study over four years in a plot of apple tress supplied with insect side nets and
covered with hail nets that were closed from shortly before flowering to harvest. A reduced number
of arthropods in general, and large bees in particular, were recorded inside the netted plot compared
with outside. However, wild bees colonized the plot before the net was closed and built up populations
inside. An additional experiment demonstrated that small bees were able to cross the hail net. While the
nets were effective in excluding large bees as active pollen vectors, the proportion of small bees acting
as such remained unquantified. Furthermore, a companion study showed occasional cross-pollination
events through the netting. For the field release of GE apple trees, acceptable levels of outcrossing thus
need to be defined.

Keywords: Apidae; biosafety measures; colored pan traps; environmental risk assessment; genetically
modified plants; Malus domestica; outcrossing; flower observations

1. Introduction

Apple production is constantly threatened by insect pests and pathogens, such as
fire blight or scab, which require multiple applications of pesticides. Although natural
resistance genes exist in wild apple species, using them for the conventional breeding of
resistant cultivars is laborious, because of the self-incompatibility and the long generation
time of apple. Genetic engineering (GE) offers smart solutions to rapidly transfer disease
resistance genes from wild relatives into popular apple cultivars (cisgenesis) [1,2].

Apple is insect pollinated, mainly by honeybees, bumblebees, solitary bees and hov-
erflies, while pollen transfer by wind (wind pollination) is reported to be highly ineffi-
cient [3–7]. Bee pollinators are central-place foragers, i.e., they have a fixed nesting site
(bee hive or nest in the ground or other structure) from which they forage and return, with
foraging ranges between a few hundred meters and several kilometres, depending on the
species [8,9]. Pollinators also transport pollen from flowers of apple trees to flowers of other
cultivated or wild apple trees and pollinate them. In case pollinators would fertilize flowers
on non-GE apple trees with pollen from GE trees, the embryos in the seeds of the apples of
the recipient trees contain GE material, which might potentially lead to outcrossing.

Regulatory approval for the release of GE crops into the environment may require
measures to minimize the risk of outcrossing to non-GE crops. In some jurisdictions,
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e.g., in Switzerland and the European Union, coexistence with other forms of agriculture,
such as conventional or organic, needs to be ensured and contamination of the gene pool
of naturally occurring wild relatives (e.g., Malus sylvestris) needs to be avoided [10,11].
Commercial apple orchards in Europe often are covered with hail nets to protect the trees
during most of the growing season. Apple orchards also can be fitted with side-nets
to protect against birds and larger insect pests, such as the codling moth and related
species [12,13]. If movement of insects between orchards is reduced, it may also help to
reduce pollen and pathogen movement (e.g., Erwinia amylovora, the causal agent of fire
blight). A strategy involving fine-meshed netting of GE-apple orchards could thus be
effective in reducing the risk of outcrossing.

For the current study, a completely netted plot of apple trees was established with the
main aim to study field performance of the cisgenic, fire blight resistant ‘Gala Galaxy’ line
C44.4.146 [2]. Because no prior knowledge about the effectiveness of netted orchards on
reducing pollen dispersal was available, biosafety measures involved flower removal or
emasculation of experimental and control plants so that no GE-pollen was released. The real-
ized pollinations across the netting, however, was measured by Schlathölter et al. [14] using
two cross-compatible non-GE apple varieties, one inside and one outside the netted plot.
The netting reduced cross-pollinations effectively, but could not prevent them completely.
While [14] focused on genetic analyses of apple seedlings to detect in- and outcrossing
events, the aim of the current study was to quantify arthropod populations, particularly
pollinators, within and outside the netted plot. Over a four-year period (2016–2019), arthro-
pods were monitored with coloured pan traps and flower visitation observations, two
methods that are often used to monitor flower-visiting arthropods [15–20]. The obtained
data are discussed in the context of the cross-pollination data [14].

2. Materials and Methods
2.1. Netted Plot

The experimental field site is described in detail in [14]. In short, a netted plot
(30 × 70 m) at Agroscope Reckenholz (Zurich, Switzerland; 47.4279◦ N, 8.5225◦ E) har-
boured trials with one cisgenic and six non-GE ‘Gala’ genotypes [2,14,21]. While flowers of
all ‘Gala’ genotypes were removed or emasculated, 48 trees of the non-GE variety ‘Ladina’
were interplanted in 6 rows (8 trees per row) and allowed to flower without restrictions.
Outside the netted plot, groups of 10 ‘Nicogreen’ trees each were established at different
orientations and distances to the nearest ‘Ladina’ tree (group A: 15 m east, B: 8 m north, C:
117 m west, D: 72 m south, E: 8 m south) (Supplementary Materials, Figure S1). ‘Ladina’ and
‘Nicogreen’ are 100% cross-compatible and have a similar flowering time. The experimental
setup was established on 10 May 2016 with two-year-old trees. In the year of establishment,
flowering of ‘Ladina’ and ‘Nicogreen’ was delayed by 5–6 weeks compared to established
apple trees in the region. In 2018, 7 ‘Nicogreen’ trees in group D had to be replaced after
the winter with two-year-old (already flowering) trees.

Black insect netting (0.9 × 1 mm mesh size) was used for the sides of the netted plot.
At the bottom, the netting was buried 30 cm deep to seal it against the ground. The roof
(3.5 m height) consisted of black hail-protection nets (3 × 7 mm mesh size). In 2016, the hail
nets were constructed as overlapping layers that open between the rows in case of snowfall.
In 2017, the overlapping parts were twisted to improve the tightness of the netting. In
2018, the system was further improved with a construction where the different hail net
layers were connected with continuous zippers all along the rows. On the longer sides
of the plot, the hail netting was sewn to the insect netting, while on the shorter sides, the
hail netting layers were spanned over the beams of the orchard construction. For access,
a two-door interlock system was made of insect netting. The hail nets were opened after
apple harvest (October) and closed before the beginning of the flowering period (Table 1).
In 2017, the nets had to be opened for one (19–20 April) and two nights (26–28 April) to
prevent damage by snowfall. Weather data (daily temperature and precipitation) during
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the sampling periods were available from a weather station approximately 350 m from the
netted plot (Supplementary Materials File S1, Table S1).

Table 1. Dates when hail nets were closed, traps were filled for the first time (start trapping), start and
end of apple flowering, and last collection of sampled material. The number of sample collections
(how often the traps were emptied), and the trapping days per year are also given.

Year Date Nets
Closed

Start
Trapping

Start
Flowering

End
Flowering

Last
Collection

No. Sample
Collections Trap Days

2016 22 April 9 May 1 June 13 June 24 June 13 46
2017 4 April 4 April 7 April 16 May 15 May 12 41
2018 23 March 6 April 21 April 8 May 7 May 9 31

2019 1 5 April 5 April 20 April 17 May 22 May 13 47
1 Additional trapping before hail netting was closed: start 18 March, last collection 5 April, 5 sample collections,
18 trap days.

2.2. Pan Trap Sampling and Arthropod Identification

Pan traps were installed between the apple trees. Four trapping stations in a diagonal
line were established inside the netted plot and four stations were established aside the
‘Nicogreen’ groups around the netted plot (groups A–D, no station in row E, Figure S1).
The stations consisted of a wooden post fitted with three plastic pots (diameter 14 cm,
height 12 cm), each sprayed in- and outside with either blue, yellow, or white luminous
colour (Sparvar, YC Nautica Sport Bern AG, Bern) to catch arthropods with different colour
preferences. A 1 cm-opening below the rim of the pots, covered with fine plastic gauze,
prevented overflow during rainfall (Figure S1). The pots were placed approximately 120 cm
above the ground. Each pot was filled with ca. 800 mL tap water and 2–3 drops household
detergent (Handy, Migros, Zurich, Switzerland). The traps were emptied twice per week
and the collected arthropods were transferred to glass vials with 70% ethanol. After the
hail nets were closed, sampling started immediately (2017, 2019), or after 2–2.5 weeks (2016,
2018) (Table 1). Trapping lasted 31 (2018) to 47 days (2019) until the end of the ‘Ladina’
and ‘Nicogreen’ flowering period. In 2019, trapping started already 2.5 weeks before the
hail nets were closed to get an impression of arthropod activity before the closed space
was created.

An additional experiment was conducted in 2020 to test if bees can pass through the
hail nets used to cover the plot. Four trapping stations were installed on 16 March and
operated until 8 May as described above (15 sample collections, 53 trap days). The traps
were placed in a row of established high stem apple trees approximately 250 m away from
the netted plot. In three of those stations, the pots were covered with hail net (as used for
the netted plot), while pots of one station remained open.

All arthropods collected in the pan traps were sorted in taxonomic groups, as possible
without detailed microscopic examination. Bees (Hymenoptera: Apidae) were further deter-
mined to species by Andreas Müller (Natur Umwelt Wissen GmbH, Zurich, Switzerland).
The thorax width of all bees was determined using electronic callipers.

2.3. Flower Visitation Observations

Flower visitation observations were conducted on two days in each year (7/10 June
2016; 13/24 April 2017; 23/25 April 2018; 24/25 April 2019), when the weather was sunny
to lightly clouded, warm, and with light wind [19]. On each day, two rounds of observa-
tions were conducted between 10:00 am and 5:30 pm. In each ‘Nicogreen’ group (A–E)
outside the netted plot, four (out of ten) randomly selected trees were observed for 2 min
per observation round (5 groups × 4 trees). Inside the netted plot, four ‘Ladina’ trees (out
of eight) in five of the six rows were observed (5 rows × 4 trees). Total observation time per
year was thus 320 min. Whole trees (all flowers) were observed for visiting arthropods by
standing quietly approximately 1 m away from the trees. The following parameters were
recorded: (1) number of flowers visited by apple pollinators, i.e., honeybees (Apis mellifera,
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Hymenoptera: Apidae), bumblebees (Bombus spp.: Apidae), other wild bees (Apidae), or
hoverflies (Diptera: Syrphidae); (2) number of bee flies (Diptera, Brachycera: Bombyliidae),
other small or large flies (Diptera: Brachycera), crane flies (Diptera, Nematocera: Tipuli-
dae), ladybirds (Coleoptera: Coccinellidae) or other beetles (Coleoptera), parasitic wasps
(Hymenoptera parasitica), lacewings (Neuroptera: Chrysopidae), or spiders (Araneae),
observed on or in apple flowers; (3) presence of ants (Hymenoptera: Formicidae), pollen
beetles (Coleoptera: Nitidulidae) and aphids (Hemiptera: Aphididae) on the trees (yes/no).
In addition, the number of open flowers per tree was estimated.

2.4. Hand Collections

In addition to the experimental work described above, altogether eight bees, in particular
large bees, also were collected sporadically by researchers working in the netted plot during
the flowering period in the years 2016–2019. Furthermore, we conducted an additional
planned hand collection of bees in 2020 when we searched for fresh bee nests on the ground
and when we observed a number of small bees inside the netted plot lingering at the bottom
meter of the insect side netting. Altogether 53 bees observed on the netting were collected by
hand on 24 April 2020. The experimental setup of the netted plot in 2020 was as described
above for 2018 and 2019. Hand-collected bees also were determined to species.

2.5. Data Analysis

Arthropod data were aggregated as needed across trap colours, trapping stations,
sampling dates, years, sexes, and species for generating tables and figures. As a statistic
to measure the similarity of the bee communities inside and outside the netted plot, we
calculated the Sørensen index (SI) for all years pooled and for each year separately [22]:

SI = (2 × Ec)/(Ei + Eo)

where Ec is the number of species in common inside and outside the netted plot and Ei and
Eo is the number of species inside and outside, respectively. As a measurement of species
diversity, the Shannon index (H’) was calculated for bees collected inside and outside the
netted plot [22]:

H’ = −∑pi × ln(pi)

where pi is the proportion of the entire community made up of species i. In addition, we
also calculated the Evenness:

E = H’/ln S

where S is the total number of species.
Multivariate ordination plots with non-metric multidimensional scaling (NMDS) of

bees collected 2016–2019 were created in R, version 4.2.1 [23]. One plot was based on yearly
data, where the three traps per station (yellow, white, blue) and all sampling dates per
year were pooled, resulting in one pooled sample per trapping station per year. For the
species matrix and the analysis, male and female wild bees were treated separately. For
Bombus spp., females and workers were differentiated and A. mellifera were all workers. For
the environment matrix, the variables year and plot type (inside/outside the netted plot)
were included. Species with less than 5 collected individuals over all years and traps were
not considered in the analyses. Ordinations were calculated using the ‘metaMDS’ command
from the package ‘vegan’, with maxit = 100, and k = 2. The function used sqrt transformation
and Wisconsin double standardization and determined the best global solution with lowest
stress values in 20 runs. Ordination plots were created using the ‘ordiplot’ function. For
a second plot, data from each collection date were used as individual samples. Because
of a high number of samples with no common species for this analysis, ‘metaMDS’ was
performed with noshare = TRUE and k = 3 to find a converging solution.
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3. Results
3.1. Arthropods Collected inside and outside the Netted Plot

During the sampling periods of the 4 years, altogether 29,304 arthropods were collected
with the pan traps. Overall, inside the closed netted plot, 37% less arthropods were collected
than outside (Figure 1A, Table S2). Arthropod numbers collected inside were lower than
those outside in all of the 4 years (Figure 1B). Most arthropods were collected outside in
2017 (5942 individuals), lowest numbers were collected inside in 2018 (1252). Numbers of
collected arthropods both inside and outside the netted plot were overall stable from the
start to the end of the sampling periods (linear regression over all years, p ≥ 0.2, Figure S2A).
Furthermore, linear regression of trap days (x) with the ratio of all arthropods collected
outside/inside (y) revealed no significance (p = 0.4) and an almost horizontal trend line
(y = 0.013x + 1.6; R2 = 0.01) (Figure S2B). This indicates that the relationship of arthropods
collected outside and inside the netted plot did not change systematically during the course
of the collection period.
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Figure 1. Arthropods collected in coloured pan traps placed inside and outside the netted plot of
apple trees during the flowering period in the years 2016–2019. (A) Relative abundance of different
arthropod taxa. The red line indicates equal numbers inside and outside. Absolute numbers are
displayed in the bars. The lower panels represent yearly numbers of (B) all arthropods, (C) crane
flies (Tipulidae), (D) springtails (Collembola), and (E) spiders (Araneae).

Most of the collected arthropods (20,006) belong to the order of Diptera, with the majority
being undetermined flies (Brachycera) and midges (Nematocera) (Figure 1A, Table S2). Diptera
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also included assassin flies (Asilidae), frit flies (Chloropidae), and crane flies (Tipulidae). Hover-
flies (Syrphidae), which are listed as pollinators of apple, were only collected in small numbers,
i.e., none inside the netted plot and 25 outside. Hymenoptera and Coleoptera were the second
most collected orders (3069 and 2814, respectively). Within the Hymenoptera, bees (Apidae),
the main pollinators of apple, were collected most frequently, followed by parasitic wasps
(Hymenoptera parasitica), ants (Formicidae), sawflies (Symphyta), and others. Coleoptera
consisted of sap beetles (Nitidulidae), rove beetles (Staphylinidae), and other beetles includ-
ing Curculionidae, Alticini, and Coccinellidae. Altogether 1385 springtails (Collembola) and
1146 thrips (Thysanoptera) were collected, as well as 709 Hemiptera, such as aphids and related
taxa (Sternorrhyncha), bugs (Heteroptera), and leafhoppers (Cicadomorpha, Cicadellidae). In
addition, spiders (Araneae) were collected occasionally (125 individuals) and some butterflies
and moths (Lepidoptera), booklice (Psocoptera), lacewings (Neuroptera), plant hoppers (Or-
thoptera), and mites (Acarina) were found (50 individuals altogether). The yearly catches of all
taxa can be found in the Supplementary Materials, Table S2.

Most arthropod taxa collected in pan traps showed lower numbers inside the netted
plot compared to outside (Figure 1A), while the reduction ranged from 17% (parasitic
wasps and Symphyta) to 100% (Syrphidae and Bombus spp.). Three taxa, however, showed
higher numbers inside the netted plot: Tipulidae, Collembola, and Araneae. When we look
at the yearly data of those three taxa, different patterns emerge (Figure 1C–E). Tipulidae
showed large variations over the years, especially outside the netted plot, where catches
ranged from 2 individuals in 2017 to 75 individuals in 2019. In contrast, Collembola were
found in the pan traps in high numbers (>1000) only in the year of establishment of the
apple plot (2016) inside the net, while numbers were much lower in the following years
inside (3–33) and in all years outside (15–48). Finally, Araneae showed similar numbers
inside and outside the netted plot in 2016 and 2019, while spiders collected inside in 2017
and 2018 were approximately double than those collected outside.

3.2. Bees Collected inside and outside the Netted Plot

After the net was closed, the colour traps collected 2124 bees from 53 species when
all catches inside and outside from the years 2016 to 2019 were combined. Outside,
1592 individuals from 46 species and inside, 532 individuals from 30 species were collected.
This indicates that the netting reduced bee numbers by 67%. Most collected bees were
Lasioglossum spp. (14 species), followed by Colletes cunicularius, Andrena spp. (21 species),
A. mellifera, Halictus spp. (3 species), Osmia spp. (4 species), Chelostoma florisomne, and
Bombus spp. (5 species) (Figure 2A). The yearly catches of all bee species can be found in
Supplementary Materials, Table S3.

Outside the netted plot, the number of all bees combined fluctuated over the years
with lowest numbers collected in 2017 (209 individuals) and highest numbers collected in
2018 (618 individuals) (Figure 2B). Inside the plot, bee numbers increased continuously
from 2016 (72 individuals) to 2019 (353 individuals) (Figure 2B).

Large bees (average thorax width > 4 mm), including A. mellifera, Bombus spp.,
C. cunicularius, and Osmia spp., were almost absent inside the netted plot (Figure 2A,D).
Middle sized Andrena spp. (width 3.5 mm) and Halictus spp. (width 2.9 mm) were
found more frequently inside the plot, but numbers were generally lower than outside
(Figure 2A,C). Small bees (width 2.4 mm) were abundant inside, with Lasioglossum spp.
showing almost equal numbers inside and outside (Figure 2E) and C. florisomne being
collected almost exclusively inside (Figure 2A).

The histogram of bees inside and outside the netted plot based on actually measured
thorax width of each individual bee (Figure 3) also shows that bees larger than 3 mm width
were collected in highly reduced numbers inside (81 individuals) compared to outside
(984 individuals). Smaller bees (≤3 mm) were collected frequently inside (450) and outside
(608) the netted plot.
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Figure 3. Histogram of the thorax width distribution of bees collected in coloured pan traps placed
inside (grey) and outside (white) the netted plot of apple trees during the flowering period in the
years 2016–2019. Size classes represent the upper boundary of each class.

Outside the netted plot, the total number of collected species varied little over the years
(ranging from 24 to 30), while inside, the species number increased from 8 in 2016 to 22 in
2019 (Table 2). This is reflected in the Sørensen index, which increased over time from 0.34 in
2016 to 0.69 in 2019, indicating higher similarity of bee communities inside and outside the
plot over time. The Shannon index for the individual years indicates higher species diversity
of bees collected outside than inside, except for 2018, where high numbers of C. cunicularius
dominated the samples from outside. Accordingly, Evenness was lowest outside in 2018 and
highest inside in 2017. Over all years, the Shannon index was 20% higher outside than inside.
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Similarly, bee communities collected outside showed 10% higher Evenness compared with
communities collected inside.

Table 2. Species numbers, Sørensen index, Shannon index, and Evenness of bee communities collected
in coloured pan traps placed inside and outside the netted plot of apple trees during the flowering
period in the years 2016–2019.

Plot 2016 2017 2018 2019 All Years

Species number Outside 27 30 24 27 46
Inside 8 16 15 22 30

Common species 6 13 10 17 24
Sørensen index (SI) 0.34 0.57 0.51 0.69 0.63
Shannon index (H’) Outside 2.27 2.67 1.43 2.13 2.44

Inside 1.65 2.22 1.61 1.64 1.94
Hmax Outside 3.30 3.40 3.18 3.30 3.83

Inside 2.08 2.77 2.71 3.09 3.40
Evenness (E) Outside 0.69 0.79 0.45 0.65 0.64

Inside 0.79 0.80 0.60 0.53 0.57

In the ordination plot of yearly data that was created for the bees collected inside and
outside the netted plot between 2016 and 2019 (Figure 4), bee communities inside (on the
left side of the plot) separated well from those outside (right-side) on the first dimension
(NDMS1). In addition, years separated on the second dimension (NMDS2), with 2016 on
the bottom, 2018 and 2019 on the top and 2017 in between. When each collection date was
used as an individual sample, the ordination plot shows a comparable pattern regarding
the position of the centroids for plot types (inside/outside) and years (Figure S3).
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3.3. Bees Collected before the Net Was Closed

In 2019, coloured pan traps were operated already 2.5 weeks before the net was closed
to get an impression which bees have colonized the apple plot before the isolated space
was created. The results revealed that many bees were active before the net was closed
(Figure 5), since we collected 432 Andrena spp., 342 Lasioglossum spp., 209 C. cunicularius,
26 Megachile spp., 6 A. mellifera, and 5 others. The total number of bees collected at the
trapping stations inside the (open) netted plot was 28% lower than the number collected
outside. For the full species list see Supplementary Materials, Table S3.
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Figure 5. Abundance of different bee genera or species collected from 18 March to 5 April 2019 in
coloured pan traps placed inside and outside a netted plot of apple trees before the hail net was
closed (approximately 2 weeks before apple flowering started).

3.4. Capability of Bees to Pass the Hail Net

In the additional experiment conducted in 2020, the pots of three trapping stations
were covered with the same material used for the hail net (3 × 7 mm mesh size) of the netted
plot, while the pots of one station remained open. In the 53 days of trapping, 169 bees
were collected in the station without netting: 50 Andrena spp. (32 males, 18 females,
average thorax width 3.5 mm), 3 A. mellifera workers (4.2 mm), 1 Bombus sylvarum female
(6.8 mm), 88 C. cunicularius (77 males, 12 females, 4.2 mm), 11 Halticus spp. females
(3.3 mm), 15 Lasioglossum spp. females (2.3 mm), and 1 Osmia bicornis male (3.3 mm). In
contrast, the three stations covered with netting collected only 19 bees, which were all small:
18 Lasioglossum spp. females (2.3 mm) and 1 small O. bicornis male (2.9 mm). The species
list of this experiment can be found in Supplementary Materials, Table S4.

3.5. Flower Visitation Observations

During the flower visitation observations in 2016–2019, flowers outside the netted plot
were visited by honeybees (A. mellifera), bumblebees (Bombus spp.), other bees (Apidae),
and Syrphidae (hoverflies) (Figure 6A). Inside, no flower visits were observed in 2016–2018.
In 2019, four wild bees were observed to visit a total of 25 flowers. It has to be noted that
one bee can visit many flowers during a single foraging flight and inside the netted plot,
one O. bicornis bee was observed to visit 19 flowers in a row. Outside, several arthropods
from other taxa, e.g., flies (Diptera, Brachycera) or beetles (Coleoptera), were observed in or
on the apple flowers, while much fewer arthropods (except Araneae) were observed inside
(Figure 6B). In addition, ants (Formicidae) and pollen beetles (Nitidulidae) were present on
apple trees both inside and outside, while aphids (Aphididae) were only recorded in very
small numbers on trees outside (Figure 6C). Altogether, more than 22,500 flowers were
observed. During the observation period, the ‘Ladina’ trees inside the netted plot had 32%
more open flowers than the ‘Nicogreen’ trees outside (Figure 6D).
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Figure 6. Flower visitation observations inside and outside the netted plot of apple trees during the
flowering period in the years 2016–2019. (A) relative numbers of observed apple flowers visited
by apple pollinators, (B) numbers of other arthropods observed in or on flowers, (C) numbers
of trees infested with ants (Formicidae), pollen beetles (Nitidulidae), or aphids (Aphididae), and
(D) estimated total numbers of open flowers on the observed trees. The red line indicates equal
numbers inside and outside. Absolute numbers are displayed in the bars.

3.6. Hand Collections

Two honeybees (A. mellifera) and one Halictus tumulorum were detected by coincidence
and collected inside the netted plot in 2016, three bumblebees (Bombus spp.) were collected
at the end of the flowering period in 2018, and two bees (Lasioglossum laticeps, O. bicornis)
were collected after the flower observations inside the netted plot in 2019.

Hand collections of small bees from the side netting of the plot in 2020 revealed
5 H. tumulorum, 1 Sphecodes punctipes, and several Lasioglossum spp. (37 L. pauxillum,
4 L. glabriusculum, 4 L. politum, 2 L. villosulum) (see Supplementary Materials, Table S5).

4. Discussion
4.1. Fewer Arthropods in Netted Plot

Overall, fewer arthropods were collected inside the netted plot of apple trees compared
to outside. Most of the approximately 20 distinguished arthropod taxa showed lower
abundance inside with a few exceptions (Tipulidae, Collembola, Araneae). When looking
at bees as important pollinators of apple, we also recorded lower numbers in the netted
plot, in particular large species with a thorax width > 3 mm were reduced dramatically.
Inside the netted plot, there were no bumblebees in the colour traps (but 3 hand collected
ones), and only one honeybee in 2016. The Shannon index also shows a lower species
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diversity of bees inside the netted plot compared with outside, yet Evenness values suggest
a more balanced community in three out of four years inside compared to outside, but not
when all years were combined. Hoverflies, another important pollinator group, were never
observed or trapped inside.

One obvious explanation for reduced arthropod catches inside the netted plot is that
the netting prevented arthropod movement. First, the insect netting on the sides of the plot
(mesh size 0.9 × 1 mm, approximately 3.5 m height) prevented even smaller arthropods
that move mainly horizontally near the ground from entering the plot. Second, the hail net
covering the plot (mesh size 3 × 7 mm) prevented larger species to enter from the top.

Nevertheless, the net construction did not prevent movement of apple pollinators
completely for the following reasons: First, in 2016 and 2017, the hail net was constructed
as overlapping spanned bands (twisted in 2017), which represented a less efficient insect
barrier than in the last two years, where the bands were connected by zippers. This
difference in net construction, however, seemed to have had little effect on total bee catches.
In all years, fewer bees were collected inside the netted plot than outside and numbers of
collected bees inside were higher in the last two years than in the first two years. Second,
the nets were checked regularly and occasionally small holes in the side and hail net and
crevices in the spanned hail net were detected and immediately repaired. In fact, the
spanned hail net may have acted as a Malaise trap (funnel) for insects (Supplementary
Materials, Figure S4A). The three bumblebees collected in 2018 likely have entered the
netted plot in such a way. Third, small bee species were able to pass the hail net, as shown in
the additional experiment in 2020 for Lasioglossum species and small O. bicornis males. It has
to be noted, however, that the additional experiment was carried out in 1.2 m above the
ground, while the netted construction had a height of approximately 3.5 m. Furthermore,
field collected Halictus spp. with a thorax width up to 4 mm were able to pass the hail net
in an experiment with hail net dividing a transparent plastic cylinder and light and honey
solution offered at the other side of the net (Gilliéron et al., unpublished data).

Netting of orchards has been used in horticulture to protect various crops against
damage by birds, bats, hail, wind, frost, and sunburn [12,13]. In addition, finer netting
has been used to exclude pest insects and to prevent spread of disease-vectors between
different orchards [12,13]. Experiments in apple orchards demonstrated that several pests
and pathogens, including Cydia pomonella L. (Lepidoptera: Tortricidae) and other fruit
moths, Halyomorpha halys (Stål) (Hemiptera: Pentatomidae), Drosophila suzukii (Matsumara)
(Diptera: Drosophilidae), or E. amylovora can be excluded successfully from netted fruit
orchards, which reduced the need for pesticide applications [12,13,24,25]. If netting is
applied during the flowering stage to prevent pollinator movement, one needs to ensure,
however, that pollination inside the netted orchard is secured, e.g., by releasing (pathogen
free) bumblebees or other bees and that sources of compatible pollen (e.g., for apple,
cultivars with different S-alleles) are available.

While the netting prevented movement of arthropods, the traps installed inside the
netted plot may have contributed to the reduction of abundances compared to outside.
With an assumed limited movement of arthropods through the netting and the traps
collecting arthropods continuously, the space within the netted plot may have been de-
prived of arthropods over time. Regression analysis of all years, however, revealed stable
abundance of arthropods both inside and outside the netted plot and no significant dif-
ference in the ratio of inside and outside catches over the course of the sampling periods
(Supplementary Materials, Figure S2). Thus, our data provide no evidence for a trap effect.

4.2. Netted Plot Provides Habitat for Arthropods

While most arthropods were collected in reduced numbers in the netted plot, spring-
tails (Collembola), crane flies (Tipulidae) and spiders (Araneae) were collected in increased
numbers. Collembola were collected in high numbers inside the netted plot only in 2016,
the year when the field site was established. Most likely, the landscaping work necessary
to establish the plot with the newly planted trees led to increased movement activity of
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Collembola. In the following years, only few springtails were present in the colour traps.
In contrast, populations of crane flies and spiders increased over the years. One hypothesis
is that the netted plot represented a predator-free space for these arthropods, as birds and
other larger predators were excluded. Differences in microclimatic conditions inside and
outside the netted plot might also have influenced population dynamics of arthropods. As
we did not record climatic conditions in a comparable way inside and outside the net, we
can only speculate on potential effects. It has been reported, however, that hail netting in
apple orchards reduced light levels and wind speed, and may, under certain conditions,
change temperature and humidity [26,27].

Populations of several bee species, such as Lasioglossum spp., increased over time and
C. florisomne were almost exclusively collected inside the netted plot. In 2016, when the plot
was established, the lowest number of bees was collected inside. However, more bees were
collected in the last 2 years than in the first 2 years, also outside the netted plot. Possibly
the growing trees with more flowers (inside and outside) became generally more attractive
to bees, which led to more bees being finally collected in the colour traps placed close to the
flowering trees. Furthermore, the apple plot provided large areas of open soil between the
rows and along the side-nets, which might have attracted wild bee species that need open
soil for nesting (Figure S4B). The Sørensen index shows that bee communities inside and
outside the netted plot became more similar over the years, which was driven by increasing
numbers of species collected inside. Overall, however, the ordination plot illustrates that
the bee communities inside and outside differed. In addition, bee communities differed
over the four years. The year of establishment of the plot (2016), when the newly planted
trees flowered one month later than apple trees in the region, and the trapping was also
shifted accordingly, was most distinct from the other years. 2018 and 2019 were close
together and 2017 was in between 2016 and 2018/2019. The axis of the plot explaining most
of the variation in the bee community data (NMDS1) is well described by the netted plot
(inside/outside), while the years line up along the second axis (NMDS2). Both factors (plot
and year) can thus be considered important drivers for the composition of bee communities.

When comparing seasonal sums of arthropod collections over the years, one needs to
be aware that the length of the sampling periods was not identical for each year (ranging
from 31 days in 2018 to 47 days in 2019) and that apple flowering and thus sampling in
2016 started more than one month later than in the following years. In addition, differences
in weather conditions among the years likely influenced arthropod activity (Table S1).
Average temperature during the sampling period in 2016 and 2018 was ca. 5 ◦C higher
than in 2017 and 2019 and total precipitation ranged from 6 mm in 2018 to 320 mm in 2016.
For example, in 2017, when we collected the lowest number of bees, there was frost, snow,
and low overall temperature. Meteorological data and differences in sampling periods,
however, cannot fully explain the population dynamics discussed above.

Our colour trap collection in 2019 before the hail net was closed showed clearly that
many arthropods, including bees, were active and thus able to colonize the netted plot before
the net was closed. Some of those species likely foraged and reproduced in the netted plot
and built up populations over time. In addition to apple flowers, also other flowering plants
were present inside the netted plot, although at low abundance, because of regular mowing.
In 2019, altogether 9 different flowering plant species were observed over the course of the
observation period: Veronica persica, Bellis perennis, Taraxacum officinalis, Lamium purpureum,
Cardamine hirsuta, Cardamine pratensis, Senecio vulgaris, Geranium dissectum, and Stellaria media.
Additionally, fresh bee nests in open soil were observed, mainly along the netting facing South
(Supplementary Materials, Figure S4B). Bees collected by hand near those nests were mainly
represented by different small Lasioglossum species (Table S5).

Netted orchards may be helpful in excluding larger key pests and pollinators, but
they may also provide a favourable habitat for other pests. Indications for potential
problems with woolly aphids Eriosoma lanigerum (Hausmann) (Hemiptera: Aphidiidae),
apple leaf blister mites Eriophyes mali Nalepa (Acari: Eriophyidae), and apple leaf miner
Leucoptera malifoliella O. Costa (Lepidoptera: Lyonetiidae) were found in netted apple
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orchards in Switzerland and Germany [13,25], albeit not in our netted plot. Rigden [26]
also reported some pest problems under netting in orchards in Australia, e.g., a build-up
of oriental tip moth Grapholita molesta (Lepidoptera: Tortricidae) populations in stone
fruits, or longicorn beetles Strongylurus sp. (Coleoptera: Cerambycidae) in lychee. While
the exclusion of insect vectors and microclimatic changes in netted orchards can help in
reducing pathogen pressure, e.g., apple scab [25], other pathogens might benefit from
changes in climatic conditions, e.g., Glomerella Leaf Spot disease [28].

4.3. Evidence for Pollen Flow through the Netting

Our study suggests that bee movement through the netting is limited (particularly for
larger bees), but not prevented completely. In contrast, small bees up to 3 mm thorax width
were shown to be able to pass the hail net. With respect to GE apple, one aim of a completely
netted orchard is to limit outcrossing to neighbouring orchards or wild apple trees. For
the last two years of the experimental field study described here, Schlathölter et al. [14]
examined cross-pollinations through the netting by molecular analyses of seedlings derived
from apples collected from ‘Ladina’ trees inside and ‘Nicogreen’ trees outside the netted
plot. Pollination frequency from ‘Ladina’ trees inside, to ‘Nicogreen’ trees outside was low.
Only 26 of 4500 ‘Nicogreen’ seedlings were fertilized by ‘Ladina’ pollen (0.6%), suggesting
high efficacy of the netting in reducing pollen movement. On the other hand, 298 seedlings
(2018) and 730 seedlings (2019) were obtained from ‘Ladina’ apples, which were generated
by pollen originating from outside the netted plot. Of those seedlings, 48% (2018) and
75% (2019) were fertilized by ‘Nicogreen’ trees next to the netted plot, while the remaining
seedlings must have been fertilized from trees further away. The relatively low total number
of seeds from ‘Ladina’ apples indicates that most flowers inside the netted plot remained
unfertilized. Because only ‘Ladina’ trees were allowed to flower inside the netted plot,
pollen from outside was needed for successful fertilizations. In summary, the outcrossing
study [14] demonstrated that netting reduced pollen movement substantially, but occasional
outcrossing occurred. Because apple is insect pollinated, and wind pollination plays a minor
role [3–7], we conclude from the data by Schlathölter et al. [14] that at least some pollinators
must have passed the net barrier. The typical foraging range of most bee species is a few
hundred meters, but some individuals may also travel in the kilometer range [8,9], which
could explain ‘Ladina’ pollinations from trees that should be more than 300 m away.

It has to be noted that the number of bees collected inside the netted plot in the current
study cannot be used as a direct indicator for the number of bees moving through the net
barrier. Numbers of pollinators crossing the net can be assumed to be much lower because
most likely traps mainly collected bees from resident populations inside the netted plot,
which may never have crossed the net barrier. Furthermore, because no flowers of apple
cultivars compatible with ‘Ladina’ were present inside the netted plot, a huge number of
unfertilized open flowers were present. Thus, few bee individuals crossing the netting and
carrying pollen from outside may have fertilized a large number of flowers, as indicated by
the flower visitation observations in 2019. The fact that relatively few ‘Ladina’ apples and
seeds were harvested demonstrates that the movement of pollinators across the netting
was highly limited. The results by Schlathölter et al. [14] are corroborated by the results of
the present study, showing that the netting may reduce the movement of bees substantially,
but not prevent it completely, in particular not in the case of small bees.

4.4. Limitations of the Study

Although we placed multiple trapping stations inside and outside the netted plot and
recorded arthropods over four years, the study cannot be considered replicated, because
only one netted plot was available and thus the data of the different trapping stations were
not independent. For this reason, we decided to present our results in a descriptive way
without statistical hypothesis testing.

During the flower visitation observations, hoverflies and bumblebees were observed
frequently, but only outside the netted plot. While solitary bees were collected by the
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trapping stations in high numbers, only few hoverflies (25) and bumblebees (12) were
observed in the traps, and also exclusively outside the netted plot. While pan traps and
flower visitation observations delivered principally the same results, colour traps may not
be an optimal method to record hoverflies and bumblebees and the data from the flower
observations might be more informative for those pollinator groups. The fact that some
arthropods will be underrepresented in pan trap catches, even when combing different
coloured traps, is well known [20].

Although regression analyses did not indicate a trapping effect, it remains unclear
to what extend populations, in particular inside the netted plot, were affected by the
continuous trapping. Furthermore, the actual number of arthropods that crossed the hail
nets remains unknown and thus also the effect of the modification of the system to zippers
to better close the hail nets after the first two years of the experiment remains unknown.
The modified system, however, did not lead to systematically lower numbers of arthropods
(or bees) collected inside the netted plot. Clearly, this modification, as well as the twisting
of the hail nets in 2017, prevented the entry of honeybees into the netted plot.

5. Conclusions

In an apple plot supplied with insect side netting and hail netting that was closed
during the flowering period, a reduced number of arthropods in general, and large bees
in particular, were recorded inside the plot compared with outside. However, we showed
that small bee species were able to cross the hail net. In addition, our study suggests
that bees colonized the plot, mainly before the nets were closed in spring, and built up
populations inside the plot over the years. This indicates that bee captures inside the netted
plot cannot be directly linked with pollen flow as the proportion of bees crossing the net
barrier compared with those collected from resident populations remains unclear. Data
from a corresponding outcrossing experiment, however, suggest that only few pollinators
carrying fertile pollen crossed the netting. For the biosafety of experimental and commercial
releases of GE apple trees, netted orchards are certainly an effective means of reducing
pollen flow. However, even if much care is taken that the netting remains intact and tightly
closed as in the present study, individual cross-pollination events between trees inside and
outside the netted plot cannot be prevented completely. A strategy involving netting plus
buffer distances to other apple orchards could further reduce the risk of gene flow. For the
field release of GE apple trees, acceptable levels of outcrossing thus need to be defined.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy13010084/s1, File S1: Supplementary Tables and Figures,
Table S1: Average temperature and total precipitation, Table S2: Yearly abundance of different
arthropod taxa, Table S3: Yearly abundance of bee species, Table S4: Bee species collected in pan traps
covered with hail net and in open traps, Table S5: Hand-collected bees from inside the netted plot,
Figure S1: Aerial photograph of the experimental area, Figure S2: Arthropod numbers per sampling
date, Figure S3: Ordination plot with data from each collection date, Figure S4: Net construction and
bee nest; File S2: Full dataset.
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