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Abstract

Enhancing natural enemies for pest management in agriculture is an expanding approach offering new opportunities for pest
control and the potential to reduce insecticide use. Numerous studies in a variety of cropping systems clearly have shown that
adequate measures can benefit natural enemies. However, although carry-over effects from an increase in natural enemies and a
subsequent decrease in pest populations leading to a reduction in crop damage are always assumed, they are rarely proven. We
established an insecticide-free apple orchard optimized for the self-regulation of pests by supporting natural enemies with shelter,
nectar, alternative prey/hosts, and pollen. For six growing seasons, we focused on the control of the major apple pest Dysaphis
plantaginea. While fruit damage after the second fruit drop was not affected by aphidophagous insect guilds, it was negatively
related to spider abundance in the previous autumn, when aphids immigrate back to the orchard to establish the next generation.
In detail, we found that an increase in spider web area reduced the number of aphid fundatrices in spring and subsequently fruit
damage. Our findings indicate the rarely proven carry-over effect of enhanced natural enemies on decreased crop damage and we
show for the first time, how the rosy apple aphid can be managed without the use of insecticides.

Keywords Dysaphis plantaginea - Natural enemies - Pest control - Rosy apple aphid - Spiders - Sustainable fruit system -

Syrphidae

1 Introduction

Promoting natural enemies to reduce pest populations in agri-
culture is a promising approach gaining increasing recognition
as an alternative to conventional pest control using insecti-
cides (Letourncau and Bothwell 2008; Pfiffner and Wyss
2004). Viable alternatives to high insecticide use are in great
demand because of major implications of pesticides for eco-
systems and human health (Bourguet and Guillemaud 2016).
The value of pest management in agricultural and horticultural
production using natural enemies has been estimated to be
worth more than 400 billion US$ per year globally, thus pro-
vides an immense ecosystem service free of charge (Van
Lenteren 2006). There are several opportunities to unlock
the potential of populations of natural enemies for crop pro-
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tection, such as conserving non-crop habitats in the adjacent
landscape and the establishment of flower strips and hedges
alongside crop plants (Minarro et al. 2005; Pfiffner and Wyss
2004; Simon et al. 2010). These approaches increase nectar
and pollen availability, enhance alternative prey to bridge gaps
of low pest abundance, and offer shelter and overwintering
sites to attract and enhance natural enemies.

Many studies conducted in a variety of cropping systems
show that promoting food resources and habitat quality can
benefit natural enemies (Letourneau and Bothwell 2008;
Pfiffner and Wyss 2004; Tschumi et al. 2016). However,
Letourneau and Bothwell (2008) and Simon et al. (2010) point
out that there are clearly fewer studies, which assess effects of
natural enemy enhancement on populations of pest insects.
For instance, Wyss et al. (1995) showed that flower strips in
apple orchards increase the number of spider webs, resulting
in decreased numbers of aphids, since spider webs catch
aphids migrating to the apple orchards to establish the next
generation (Fig. 1). However, studies linking promotion of
natural enemies to crop damage or yield are even scarcer.
Carry-over effects from an increase in natural enemies and a
subsequent decrease in pest populations leading to a reduction
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Fig. 1 Spider webs in autumn catch Dysaphis plantaginea migrating
back from their summer host Plantago spp., and therefore, prevent the
establishment of the next aphid generation causing fruit damage in the
following year

in crop damage or to an increased yield are always assumed,
but rarely proven (Letourneau and Bothwell 2008). In a few
studies, those carry-over effects were discussed (Balzan et al.
2016; Tschumi et al. 2016). For example, flower strips sown
nearby winter wheat decreased cereal leaf beetle abundance
and consequently reduced pest-induced crop damage
(Tschumi et al. 2016). However, not all studies could show
this positive effect on crop damage. Sown flower strips in
tomatoes increased the abundance and diversity of natural
enemies, but did not significantly reduce crop damage
(Balzan et al. 2016). There is evidence that pest control does
not just depend on increased biodiversity or natural enemy
abundance per se, but on promoting the “right biodiversity
at the right time” (Letourneau and Bothwell 2008; Pfiffner
and Wyss 2004). As a result, Letourneau and Bothwell
(2008) emphasized the need for a better understanding of the
effects of enhanced natural enemies on pest suppression.
Further research evaluating not only the relationship between
promoting natural enemies and pests, but also the effects on
crop damage and yield is needed to constitute the ultimate aim
of promoting natural enemies.

Orchards provide a suitable system to study crop pro-
tection by promoting natural enemies using tailored tech-
niques of habitat management. They are perennial, which
implies a certain stability and resilience, and they have a
complex multi-strata structure (Fig. 1) offering diverse
niches to enhance natural enemies (Nilsson et al. 2016;
Pfiffner and Wyss 2004; Simon et al. 2010). The impor-
tance of ecosystem services provided by natural enemies
has been pointed out for decades in orchards (Simon et al.
2010). The majority of efforts to promote natural enemies
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in apple orchards have been directed towards aphid antag-
onists (Dib et al. 2010; Nilsson et al. 2016). The rosy apple
aphid Dysaphis plantaginea Passerini (Homoptera:
Aphididae) is the most abundant and most damaging aphid
in apples (Dib et al. 2010; Minarro et al. 2005).
D. plantaginea provokes regular insecticide applications
also in organic farming (Cross et al. 2007). In organic ap-
ple production, the use of synthetic pesticides and fertil-
izers is not allowed. Pest and disease control is therefore
more challenging than in conventional production.
However, despite the potential to control this important
pest by promoting aphid antagonists, most organic apple
orchards are not specifically designed to improve the self-
regulation of aphids and still rely on biological insecti-
cides. Therefore, we designed an innovative apple orchard
optimized for self-regulation of pests by supporting natural
enemies with shelter, nectar, alternative prey/hosts, and
pollen including a variety of different intra-crop measures
and adjacent to the orchard. Furthermore, no insecticides
were used in order not to harm beneficial arthropods. In the
present study, we focused on the carry-over effects of
aphid antagonists on fruit damage by D. plantaginea.

2 Material and methods
2.1 Site description and experimental layout

The experimental orchard (1 ha, Fig. 2) was planted in
November 2006 in Frick, Switzerland (47° 30’ N, 8° 1' E),
in a medium to heavy brown soil with 33—49% clay, 30-49%
silt, 0.6-4.2% humus, and a pH level of 7.4-8.0. The soil is
poorly drained and prone to partly water-logging during win-
ter and spring. Mean annual rainfall is about 1000 mm and
mean temperature 8.9 °C.

One-year-old trees and hedges were planted in 2006 and
flower strips in 2007. With a distance of 8.4 m to the edge of
the orchard and 20 m to each other, four assessment blocks of
20 x 20 m were placed in the orchard. Each block included
two apple cultivars planted in five rows with row distances of
4 m and a distance of 1.5 m between single trees.

2.2 Characteristics of the experimental orchard

In orchards on organic farms, mown grass strips in the alley-
ways are considered necessary for permanent accessibility by
tractors; high yielding cultivars are selected based on market
demands (also highly susceptible to apple scab); low growing
rootstocks (M9) are used to simplify workflow; cultural prac-
tices (pruning, thinning, fertilization, irrigation, weed manage-
ment) focus on yield maximization; biocontrol products or
biological and mineral insecticides and fungicides are applied
for pest and disease control.
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Fig. 2 Drawing of the |
experimental orchard. Small

circles indicate individual trees of
the cultivars Opal (O), Ecolette
(E), Ariwa (A), and Topaz (T),
planted with a distance of 1.5 m
between single trees and 4 m
between tree rows. The dark gray
rectangle in the center represents a
hedge with edible fruit (3 m
width), light gray rectangles
represent natural hedges
(consisting of 19 native bush
species), and cross-hatched
rectangles represent extensively
managed flower strips to connect
the hedges with the tree rows (3 m
width). In addition to those flower
strips, low-growing, rosette-
building flowering plants were
planted underneath the trees and
species-rich flower mixtures
(ecotypes found in the Swiss Jura
Mountains) in the alleyways.
Four sampling blocks were placed
within the orchard
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The innovative, experimental orchard presented in this pa-
per differed in many ways from a standard organic orchard,
because it was optimized for self-regulation using the mea-
sures described in Table 1. The aim was to achieve a maxi-
mum impact of natural enemies on insect pests, to avoid dis-
eases by using scab-robust cultivars and to achieve self-
sufficiency in tree nutrition.

2.3 Arthropod sampling

In the present study, we focus on aphid antagonists and their
effects on the rosy apple aphid D. plantaginea and the asso-
ciated fruit damage in the first 6 years of full yield from 2009
to 2014.

Spider abundance in the previous autumn was assessed
shortly before harvest (2008-2013). In both apple cultivars in
all four blocks, 50 randomly selected fruit and 50 long shoots
were visually assessed for the number of spiders. Shortly be-
fore flowering (BBCH 56-60) in April 2009-2014, 50 ran-
domly selected flower clusters of both apple cultivars in all
four blocks were visually assessed for the number of
fundatrices of D. plantaginea and for aphid antagonists

(Coccinellidae, Syrphidae, Anthocoridae, Miridae,
Chrysopidae, Cecidomyiidae, and Forficulidae). We assessed
eggs, larvae, pupae, and adults of beneficial insects, except for
Syrphidae, Cecidomyiidae, and Chrysopidae, where we
assessed no adults, because they do not have direct impact on
the target pest. After the second fruit drop in late June 2009—
2014, 50 randomly selected fruit clusters of both apple culti-
vars in all four blocks were visually assessed for characteristic
D. plantaginea fruit damage, such as malformation and reduc-
tion in fruit size. We did not consider flower damage resulting
in flower abortion, since flower number needs to be regularly
reduced (flower thinning) in order to optimize fruit load per
tree. Additionally, excessive honeydew production was never
an issue in our orchard. Furthermore, 50 long shoots of both
apple cultivars in all four blocks were examined for presence of
aphid antagonists. Because spiders were unexpectedly the
most abundant beneficial arthropods found in the first year of
assessment, we evaluated spiders in more detail in the previous
autumn in all following years (2009-2013): Spider web diam-
eter (cm) of Araneidae and Tetragnathidae to reflect spider web
area in the previous autumn was measured on 50 randomly
selected branches for both apple cultivars in all four blocks.
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Table 1

Measures to increase the self-regulating potential against pests and diseases

Target Measure

Supporting natural enemies to
control pests

Weed management within tree rows using the Swiss sandwich system (Schmid and Weibel 2000) with mulch-robust,
low-growing, rosette-building species such as Hieracium pilosella L. and Potentilla reptans L. underneath the

trees, with soil tillage in spring and mulching three times per year

Species-rich, low-growing, and tractor-accessible flower mixture (ecotypes found in the Swiss Jura Mountains) in the
alleyways. The following species were planted: Achillea millefolium L., Ajuga reptans L., Anthriscus sylvestris L.,
Bellis perennis L., Campanula rotundifolia L., Carum carvi L., Cardamine pratensis L., Centaurea jacea L.,
Chrysanthemum leucanthemum LAM., Crepis capillaris (L.) WALLR., Cynosurus cristatus L., Festuca ovina
duriuscula L., F. o. tenufolia L., F. rubra rubra L., Galium mollugo L., Geranium pyrenaicum BURM. F.,
Hieracium aurantiacum L., H. lactucella WALLR., Hypochoaeris radicata L., Leontodon autumnalis (L.)
MOENCH, L. hispidus L., L. saxatilis LAM., Lolium perenne L., Poa compressa L., P. nemoralis L., P. pratensis
L., Prunella vulgaris L., Silene flos-cuculi (L.) CLAIRV., Thymus pulegioides L. There was no mulching, but four
times alternate mowing per year and removal of the mowing material / grass-cuttings for compost.

Extensively managed flower strips of 3 m in width sown adjacent to the hedges: tall-forb mixture on the outer side,
lower-growing plant mixture rich in dicotyledon species on the inner side mown three times per year for vole control.
The following species were planted: P. compressa, Festuca guestfalica Boenn. ex Rehb, C. jacea, Daucus carota L.,
C. carvi, Pinguicula vulgaris L., Lotus corniculatus L., G. mollugo, Cichorium intybus L., Vicia sepium L.

Hedges around the orchard consisting of 19 native bush species to enhance natural antagonists and alternative prey:
Rosa canina L., R. arvensis HUDS., R. rubiginosa L., Rubus fruticosus L., Prunus spinosa L., Crataegus
monogyna JACQ., Cornus mas L., Lonicera xylosteum L., Euonymus europaeus L., Corylus avellana L.,
Ligustrum vulgare L., Rhamnus cathartica L., Viburnum lantanum L., V. opulus L., Sambucus nigra L.,

S. racemosa L., Cornus sanguinea L., Frangula alnus MILL., Amelanchier ovalis MEDIK.

A hedge in the center of the orchard consisting of plants producing edible fruit (aronia, hazelnut, elder) to provide
additional income as well as to enhance natural enemies and alternative prey

Provision of artificial habitats: wooden nesting houses for hibernating for Chrysopidae and vertebrate predators

(birds, bats)

No application of plant protection products (neither chemical, nor biological, mineral) in order not to disrupt

self-regulation processes

Pests and diseases

Cultivars planted in alternating rows to avoid/delay the spreading of cultivar-specific pests and diseases

Pruning, shoot formation, and crop regulation using spur-extinction method to achieve better light and air penetration
into the tree canopies to reduce diseases (scab, sooty blotch) and to disrupt aphid movements within the tree

Diseases
a fungicide-free production

Scab-robust apple cultivars Opal, Ecolette, Topaz, and Ariwa (V{ resistance) to avoid scab infestations and to enable

Topaz grafted on interstems to avoid Phytophtora disease

~50% reduced tree density (1666 trees per ha) to increase ventilation and to decrease humidity for faster drying after
precipitation in order to reduce diseases (scab, sooty blotch)

Plant nutrition, soil structure,
plant growth

microbiome

Biennial grass-clover mixture before planting in order to improve soil structure and to increase nitrogen supply
Application of ripe compost into the tree strips 1 month before planting in order to improve soil structure and soil

Rootstock Supporter II: better adapted for high weed pressure and low nitrogen supply

Application of compost from cuttings of the orchard’s grassy drive alleys in order to achieve a self-sufficient

fertilization regime

2.4 Data analysis

We used R 3.3.1 and the R-package lme4 to perform mixed
effect models. Visual inspections of residual plots were ap-
plied to test for any obvious deviations from homoscedasticity
or normality and temporal autocorrelation. The best fitting
random effect structure and the inclusion of the random effect
block and/or year were based on the Akaike information cri-
terion (AIC) and likelihood ratio tests. Non-significant inter-
actions were removed in step-wise model simplification pro-
cesses and decisions were based on likelihood ratio tests.
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To assess effects of different beneficials on the number of
damaged fruits after the second fruit drop (2009-2014), a gen-
eralized linear model with Poisson-distributed errors was used.
The model included the random factor block and an observation
level (a random factor with the levels 1 to n) (Korner-Nievergelt
et al. 2015) to handle overdispersion and the fixed variables
apple cultivar (Ariwa and Topaz), the number of aphid
fundatrices in spring, spider abundance from the previous au-
tumn, and the number of beneficial insects in spring and summer.

To analyze effects of spider web area on the number of
aphid fundatrices in spring (2010-2014), a generalized linear
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mixed effect model with Poisson-distributed errors was used.
The model included the random factor year and the fixed
variables apple cultivar (Ariwa and Topaz) and the diameters
of Araneidae and Tetragnathidae webs from the previous au-
tumn. To make the estimate of the effect sizes between differ-
ent spider families comparable, web diameters were scaled by
dividing diameters by the standard deviation.

To evaluate effects of spider web area on fruit damage after
the second fruit drop (2010-2014), a generalized linear model
with Poisson-distributed errors was used. The model included
the random factor block and the fixed variables apple cultivar
(Ariwa and Topaz), the number of aphid fundatrices in spring,
and the diameters of Araneidae and Tetragnathidae webs from
the previous autumn. To make the estimate of the effect sizes
between different spider families and aphids comparable, web
diameters and aphid abundance were scaled by dividing
values by the standard deviation.

3 Results and discussion

3.1 Reduction of aphid damage through web-building
spiders

The fruit damage by aphids decreased with a higher abundance
of web-building spiders in the previous autumn (z=—2.8, P =
0.005). An increase of the spider population by 10.5% de-
creased fruit damage by 11.0%. Spider webs catch flying
D. plantaginea migrating back to the orchard from the obligate
summer host Plantago spp. (Lampel 1968), and therefore,
prevent aphids from establishing the next aphid generation,
which damages fruits in the following year. Wyss et al.
(1995) showed that flower strips in apple orchards increase
the number of spider webs from Araniella spp. (Araneidae).
The higher numbers of spider webs resulted in decreased num-
bers of overwintering aphid eggs, and thus, decreased numbers
of aphids in spring. In our orchard, Araneidae were clearly the
most abundant spiders (80%) and their spider web area affect-
ed aphids and the subsequent fruit damage. For instance, there
was a negative interaction between Araneidae and
Tetragnathidae web area on aphid fundatrices in spring (z=
—2.7, P=0.007). A simultaneous increase of 10.2 and 41.3%
in web area of Araneidae and Tetragnathidae, respectively,
decreased the number of aphid fundatrices in spring by
10.0%. Furthermore, the suggested multi-level mechanism of
spider webs reducing immigrating aphids in fall, resulting in a
reduced pest pressure in spring and subsequently reduced fruit
damage in summer, was reflected by the significant interac-
tions between aphids and Araneidae web area (z=—2.3, P=
0.021) and aphids and Tetragnathidae web area (z=-—13.4,
P <0.001) on fruit damage. An increase of 10.1 or 26.5% in
web area of Araneidae and Tetragnathidae, respectively, de-
creased aphid fruit damage by 10.0%. The interactions

between spider web area and aphid fundatrices on fruit damage
clearly indicate the carry-over effect of enhanced natural ene-
mies on decreased crop damage via the control of pest abun-
dance. Although this multi-level effect has rarely been shown,
it is indispensable to demonstrate the benefit of promoting
natural enemies for pest control and a subsequent reduction
in crop or yield damage (Letourneau and Bothwell 2008).

In contrast, effects of spiders on wingless, non-migrating
D. plantaginea in spring are inconsistent (Dib et al. 2010).
Generally, spider webs catch very efficiently small and rather
slow flying insects with a relatively large wing surface
(Nentwig 1987) and are therefore often effective in pest control,
even if certain spider species particularly focus on other prey
types. Furthermore, web-building spiders capture and kill 50
times more pest insects than they eventually consume (Kajak
1978), since they can secure and store prey before ingestion
(Riechert and Lockley 1984) and even abandoned spider webs
still catch prey. This emphasizes that web-building spiders are
highly effective aphid antagonists by catching migrating,
winged morphs in autumn, resulting in less aphid fundatrices
in the following spring. The promotion of web-building spiders
is therefore a promising approach for crop protection in apple
orchards. Previous studies showed that ground cover vegeta-
tion and flower strips in apple orchards increase spider abun-
dance (Marliac et al. 2016; Wyss et al. 1995). Spiders benefit
from higher habitat complexity and augmented alternative prey
availability (Nilsson et al. 2016; Wyss et al. 1995).
Furthermore, adjacent, natural habitats enable the colonization
of orchards with spiders (Sackett et al. 2009). Therefore, we
provided not only flowering plants within tree rows and in
alleyways, but planted also hedges around the orchard and
connected them to the trees via extensively managed flower
strips. However, other studies have reported inconsistent results
of flower strips on web-building spiders in conventionally man-
aged orchards (Marko and Keresztes 2014). In another apple
orchard at the same location, with the same apple cultivars, but
with a standard management practice (including organic and
mineral insecticides) and spatial design for organic apple or-
chards, spider abundance in autumn during the same assess-
ment period was 40.2% smaller than in our study orchard. This
reference shows the potential benefit of our implemented de-
sign to enhance beneficial arthropods, since we found that an
increase of the spider population (mainly consisting of
Araneidae) by 10.5% decreases fruit damage by 11.0%.

3.2 No reduction of aphid damage through beneficial
insects

Several studies describe the guilds of natural enemies associ-
ated with insect pests in apple orchards, reporting of a mini-
mum of 50 species of arthropods from various families
(Pfiffner and Wyss 2004). Arthropod biodiversity (149 spe-
cies) was relatively rich in our orchard (Table 2), since
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measures to promote natural enemies usually benefit not only
one specific group, but numerous species. Thus, effects of
specific aphidophagous predators could be additive or even
synergistic (Snyder et al. 2005). Previous studies showed that
Episyrphus balteatus De Geer (Syrphidae) could have an ad-
ditive control effect on D. plantaginea together with Adalia
bipunctata L. (Wyss et al. 1999) or Forficula auricularia L.
(Dib et al. 2011). In contrast, negative effects of coexisting
F. auricularia and E. balteatus through intra-guild predation
could also reduce aphid control (Hindayana et al. 2001).
However, we neither found significant effects of beneficials
in spring (z=—0.7, P=0.474) nor summer (z=1.8, P=
0.066) on fruit damage. In our orchard, E. balteatus was nu-
merically the dominant aphid antagonist in spring. Episyrphus
balteatus is often identified as one of the most promising aphid
predators, because it occurs in early spring and feeds on
fundatrices before they can build up large colonies (Dib et al.
2010; Minarro et al. 2005; Wyss et al. 1999). While several
studies showed that E. balteatus is able to control aphid pop-
ulations (Dib et al. 2010; Wyss et al. 1999), others found no
effect (Minarro et al. 2005), indicating that the reduction of
crop damage through E. balteatus is not reliable and might
depend on spring climate conditions. More nectar-sensitive
aphid predators were targeted with the diverse flower mixtures
implemented in the orchard (Table 1). Although the nectar-
sensitive Chrysopidae, for example, were numerically one of
the most abundant beneficial insects in summer (Table 2), we
found no significant effect of beneficials in summer on fruit
damage. However, parasitation of aphids was negligible and
nectar-sensitive parasitoids were not assessed in the present
study.

Surprisingly, only spiders (generalist predator) had an im-
pact on fruit damage, whereas the specialist aphid predators in
spring, mainly represented by Syrphidae, had no effect.

Table 2 Mean + SE of the number of spiders (2008—2013) and spider
web area (reflected by diameters in cm; 2009-2013) per 50 branches in
the previous autumn and beneficial insects per 50 flower clusters in spring
(2009-2014) and 50 long shoots in summer (2009-2014)

Aphid antagonists Autumn Spring Summer
Spiders 9.56 £ 1.87
Araneidae web 20.10 = 0.99

diameter
Tetragnathidae 9.67+1.92

web diameter
Syrphidae 11.67 + 1.66 0+0
Anthocoridae 025 +0.14 1.08 £ 0.22
Coccinellidae 0.23 +0.08 1.13 £0.27
Miridae 0.21 +£0.09 0.25 +0.09
Chrysopidae 0.06 + 0.04 1.44 + 043
Cecidomyiidae 0+0 0.28 £0.12
Forficulidae 0+£0 035 +0.14
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However, molecular techniques revealed that early season pre-
dation by generalist predators such as Coccinellidae, spiders,
and Carabidae occur regularly and is probably most effective
to prevent outbreaks of r-strategist pests before yield loss is
induced (Athey et al. 2016).

3.3 Economic threshold for aphid control

At the first visual control in spring 2009-2014, 9.3 +1.8
fundatrices per 50 flower clusters were counted on the cultivar
Ariwa and 3.6 +£0.8 fundatrices per 50 flower clusters were
observed on Topaz. Both numbers are clearly above the eco-
nomic threshold of only 1-2 fundatrices per 100 flower clus-
ters (Hemptinne et al. 2002). This low threshold is the main
driver for regular neem applications even in organic orchards,
because it suggests that D. plantaginea is extremely harmful.
Generally, apple orchards are consistently sprayed with insec-
ticides for aphid control, although aphids rarely remain abun-
dant for several successive growing seasons. A strong aphid
antagonist community could therefore manage aphid abun-
dance on a low level and subsequently reduce insecticide ap-
plications, which also harm beneficial arthropods. However,
economic thresholds for D. plantaginea are not experimental-
ly determined (Whalon and Croft 1984) and do not consider
the presence of aphid antagonists. These low economic thresh-
olds for D. plantaginea are considered as a main factor ham-
pering natural aphid control (Hemptinne et al. 2002).

Despite the absence of insecticides, we have not observed
an unacceptably high fruit damage by D. plantaginea. Both
cultivars showed a similar level of aphid damage (Ariwa 5.8 =
0.6%; Topaz 6.0 +2.5%; z=0.5, P=0.6). However, since the
number of aphid fundatrices in spring differed between culti-
vars, thresholds to control D. plantaginea should be cultivar-
specific.

3.4 Limitations of the study orchard optimized
for self-regulation of pests

Pesticides clearly harm and decrease spider populations
(Marliac et al. 2016). Pesticide applications during summer,
when spider populations start to develop, and in autumn, when
spider webs catch migrating aphids, should therefore be
avoided. In our orchard, measures for self-regulation of insect
pests therefore also comprised the avoidance of pesticides, be-
cause even fungicides used in organic agriculture can harm
natural enemies. However, the avoidance of fungicides resulted
in a high incidence of sooty blotch and flyspeck (Schizothyrium
pomi (Mont. & Fr.) Arx and Phyllachora pomigena (Schwein.)
Sacc.), which led to a lower market quality of harvested fruits.
Obviously, the lower tree density to prevent diseases (Table 1)
did not pay off, and therefore, tree rows could be planted closer
to each other to increase yield and lower production costs per
hectare. In order to overcome the limiting factor sooty blotch,
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biocontrol strategies or tolerant varieties are needed to control
this disease without interfering the self-regulation of aphids and
other pests. Furthermore, since our focus was on aphid control,
effects of the orchard design on other apple pests need to be
investigated too. The self-regulation of aphids is therefore only
one piece in a larger puzzle of sustainable apple production.

The study orchard was located in a structurally complex
and small-scaled landscape, which may have positively affect-
ed beneficial arthropod populations due to immigration from
the surrounding landscape (den Belder et al. 2002; Sackett
et al. 2009; Thies and Tscharntke 1999). In orchards located
in monotonous landscapes, elements implemented in the pres-
ent study orchard may not be as effective, because it could last
several seasons to build up powerful beneficial arthropod pop-
ulations (Bostanian et al. 2004). However, pest-beneficial sys-
tems do not necessarily depend on the surrounding landscape
complexity (Tschumi et al. 2015). Nevertheless, the present
study shows for the first time that fruit damage by
D. plantaginea can be managed without insecticides, but by
promoting natural aphid antagonists in an apple orchard opti-
mized for self-regulation of pests. Using natural elements
within and adjacent to the orchard to promote aphid antago-
nists, namely spiders in autumn, could therefore be a suitable
tool to keep aphid populations under control.

4 Conclusions

Spider abundance in the previous autumn was negatively relat-
ed to fruit damage. Actually, larger spider web areas catch more
immigrating aphids in autumn, resulting in lower numbers of
aphid fundatrices in the following spring and subsequently low-
er fruit damage. The present study therefore presents the rarely
shown carry-over effect of enhanced natural enemies on de-
creased crop damage via the control of pest abundance.
However, adapted biocontrol strategies and/or tolerant varieties
are needed to control diseases without harming beneficial ar-
thropods and interfering the self-regulation of aphids and other
pests. Nevertheless, our data assessed for 6 years indicate that
the promotion of web-building spiders by natural elements
within and adjacent to the orchard is a promising approach for
crop protection against D. plantaginea in apple orchards.
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