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Conservation biological control
on-farm, using VOCs combined
with maintained natural border
vegetation for a more unerring
and resilient biological control of
aphids in cereals

Gunda Théming*

Division of Biotechnology and Plant Health, Norwegian Institute of Bioeconomy Research,
As, Norway

Conservation biological control (CBC) is a sustainable measure for ecological
intensification in agriculture to establish and maintain robust natural enemy
populations. CBC is contributing to integrated pest management with reduced
use of pesticides and support of native biodiversity in agroecosystems. Despite
rapidly expanding research on CBC during the last decades, its application in pest
management at the farm level is very limited. Here, we tested a CBC strategy ina
5-year on-farm study at three locations in East Norway. This CBC strategy
combined two tools to increase biological control of aphids in spring barley; 1-
ATTRACT, the application of a volatile organic compound (VOC) attractant that
increases lacewing egg laying, and 2-HABITAT, the maintenance of natural
border vegetation. We found that the VOC attractants recruited natural
enemies and guided them to the right place at the right time from the border
vegetation into the cropping area to control the aphid population efficiently and
reliably. The results also showed that the VOC attractants combined with
periodical maintained natural border vegetation provided a higher lacewing
activity and aphid suppression than with annual sown floral buffer strips. We
found that maintained natural border vegetation supported by VOC attractants
provided lacewing populations that controlled aphids up to 100 m into the
cropping area. Without VOC attractants we recorded lacewing activity up to 50
m from the border into the cropping area if natural border vegetation was
available, and up to 25 m if no border vegetation existed. The overall results
demonstrated the feasibility of this CBC approach under Norwegian farming
conditions leading to the successful adoption of this CBC-strategy by the
farming community.
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1 Introduction

Conservation biological control (CBC) is a promising tool for
ecological intensification in agriculture (Tscharntke et al., 2005,
Tscharntke et al., 2012; Shields et al., 2019). CBC aims to establish
resilient natural enemy populations for pest management and
reduced use of pesticides by supporting native biodiversity in
agroecosystems (Eilenberg et al., 2001). CBC is an auspicious way
to reduce the dependence on pesticides and consequentially reduces
the risk to human health, loss of biodiversity and ecosystem
services, while still maintaining high yields (Geiger et al., 2010;
Aune et al.,, 2018; Sanchez-Bayo and Wyckhuys, 2019). However,
despite rapidly expanding research on CBC over the last decades,
the implementation in applied pest management is still very limited
(Griffith et al., 2008; Gonzalez-Chang et al., 2020). CBC measures
are often effective in supporting natural enemy populations, but
suppression of the target pests cannot be guaranteed (Begg et al.,
2017; Cloyd, 2020). Other key factors for the poor integration
of CBC into existing farmers practices today is the lack of
understanding of the logistically and economically feasibility
of CBC approaches, but also communication and perceptual
barriers and thus, the acceptance by growers (Cullen et al., 2008;
Naranjo et al., 2015; Shields et al., 2019; Johnson et al., 2020).

In Norway only 3% of the country’s territory can be used for
food production. From this area is around 30% suitable for cereal
production. Barley, wheat and oats are most important cereals in
Norway. In 2022, there was around 280,880 hectares used for cereal
production and half from this area used for barley production, with
a yield of around 5.7 tons of barley per hectare (Statistics Norway,
2024). Based on climatic and topographic conditions, most of the
barley is produced in the counties Viken, Innlandet and Trendelag.
Norwegian cereal production is characterized by relatively small
fields, producing cereal for the domestic market. Aphids are the
main pest insects in cereals in Norway, mainly the two species
Sitobion avenae Fabricius and Rhopalosiphum padi L. (Hemiptera:
Aphididae). They can cause serious yield losses in some years, while
they are of minor importance in other years. It is unpredictable
when these aphids become a serious problem for cereals production
and when they can be tolerated. A smart and sustainable control of
S. avenae and R. padi is therefore a challenge.

In a previous study in East Norway (Viken, 2015-2018), we
developed a CBC strategy combining a volatile organic compound
(VOC) attractant for lacewings, annual floral buffer strips, and
insect hotels for increased lacewing overwintering survival to
support aphid biological control in barley. This CBC strategy
resulted in a significant increase in lacewing activity and
significant aphid reduction below the economic damage threshold
in the fields over 4 years (Thoming and Knudsen, 2021). However,
the practical feasibility of this CBC strategy and adoption by
farmers was not addressed.

Parallel to the previous study, a survey was conducted to
understand how Norwegian cereal farmers implement integrated
pest management (IPM) (Kvakkestad et al., 2021). The use of IPM
measures have become mandatory in Norway for professional plant
growers in 2015 and the farmers must follow the eight general
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principles of IPM since then (EU Directive, 2009). For IPM of pest
insect in cereal production in Norway this includes mainly the
following measures; the use of preventive measures, mainly crop
rotation (P1), monitoring of pest insects (P2), the use of economic
thresholds to decide whether or when to apply plant-protection
measures (P3), choosing non-chemical plant protection measures
(P4), the use of pesticides that have the fewest side effects for the
environment and human health (P5), reduce the use of pesticides as
much as possible, e.g. due to reduced application frequency and
dose (P6), and checking the success of the applied pest control
measures (P8). Most Norwegian farmers involved in the study
understood the IPM beyond economic aspects and were
motivated to implement it (Kvakkestad et al., 2021). As an
outcome of both studies (Kvakkestad et al., 2021; Thoming and
Knudsen, 2021), barriers and incentives to the adoption of the CBC
strategy as an IPM-tool in Norwegian cereal production have been
evaluated from the farmer’s perspective. The following issues were
identified to be crucial for implementing a CBC strategy in Norway
by farmers; 1) the CBC using natural field edges had to be better in
controlling aphids than sown annual floral buffer strips combined
with insect hotels. 2) The active range of the CBC strategy using
VOCs and flowering field edges to control the aphids in the
cropping area had to be sufficient. 3) The effects of flower border
vegetation and VOC attractants must be clear. The concerns by the
farmers have been addressed in some earlier studies. It is known
that semi-natural habitats are part of most agricultural landscapes
and have potential to support ecosystem services, such as biological
pest control (Holland et al, 2017). Several studies stated that
restoration of native, perennial plants back into farm systems
gives a better effect in biodiversity and with it in biological
control than growing of annual flower strips, as the continuity of
trophic (food) and structural (shelter) resources existing in native
habitats affect natural enemy conservation to a greater extent than
annual flower strips can (Norderhaug et al., 2000; Auestad et al.,
2008; Hamre et al., 2010; Iuliano and Gratton, 2020; Tooker et al.,
2020). In addition, farmers can take advantage of these already
existing natural vegetation habitats for biological pest management
with little input and without losing land needed for production
(Fiedler et al.,, 2008). However, we still see that natural border
vegetation used as food and shelter resources support beneficial
insect populations but can also reduce natural enemy movement
from the border vegetation into the crop (Holland et al., 2008; Begg
et al,, 2017; Gontijo, 2019). In this context, VOCs like herbivore
induced plant volatiles (HIPVs) play an important role (Blassioli-
Moraes et al., 2022). HIPVs are a part of the inducible defense
system of plants which are released from damaged plants to the
environment. These VOCs communicate that the plant is attacked
by herbivores to surrounding tissue, neighboring plants, and natural
enemies from a distance (Heil and Ton, 2008; Braasch and Kaplan,
2012; Ninkovic et al.,, 2016). Natural enemies use these signals to
find good places for feeding or for their offspring. HIPV's can also be
used to recruit natural enemies and guide them to the right place at
the right time from the border vegetation into the crop for effective
pest control. Recent research indicates that VOCs like HIPVs can
help to increase the functional response of natural enemies in CBC
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approaches (Khan et al., 2008; Ayelo et al., 2021; Kansman et al.,
2023). Semiochemicals and habitat manipulation combined in a
CBC strategy have shown synergy effects to enhance biological
control in different crops. However, practical relevance and
implementation in applied pest management of such CBC
approaches is still very limited (Simpson et al, 2011; Jaworski
et al.,, 2019; Palsson et al., 2022).

The feedback from the farmers (Kvakkestad et al., 2021;
Thoming and Knudsen, 2021) and the lack of practical field
studies were the bases for the 5-years field study presented here,
where a specific VOC lacewing attractant was tested on-farm in
cereal production in East Norway. We compared natural flowering
border vegetation with annual sown floral buffer strips with and
without using VOC attractants for lacewings regarding impact in
biological aphid control, the active range of the CBC strategy in the
cropping area and the feasibility of this approach for farmers.

This is a study on the implementation and practicability of a
previously developed CBC strategy, performed in close cooperation
with Norwegian farmers. The aim is to deliver a proof of concept on
the feasibility of a CBC approach based on a VOC attractant for
lacewings combined with maintained natural border vegetation to
promote the acceptance of this approach by growers. In addition,
we aimed to show that VOCs can be used as a tool in CBC to deliver
a more robust and unerring pest control. We tested the hypothesis
of whether a CBC strategy including a VOC attractant for lacewings
combined with maintained natural border vegetation can establish a
robust lacewing population in an agroecosystem to reduce aphid
infestations in cereals, grown in crop rotation according to farmers
practices in Norway. In addition, we were interested in the
dispersion distance lacewings cover from the border area of a
field into the crop depending on availability of natural border
vegetation and VOCs applied in the field.

2 Materials and methods

2.1 Field location, year of data collection
and crops

The field trials were conducted in close cooperation with farmers
over a period of 5 years (2019-2023) in commercial cereals fields at
three different locations in Viken county in East Norway (Hobel,
Valer, Vestby). Based on farmers practices spring barley (Hordeum
vulgare L.) was grown in three of the five years in all three locations
(2019, 2020, 2023). Whereas, in 2021 and 2022 other crops were
grown depending on the respective crop rotation (oats Avena sativa
L. oilseed rape Brassica napus L.; broad beans Vicia faba L.; pea
Lathyrus oleraceus Lam.). Thus, data analyzed and presented in this
study are from the years 2019, 2020 and 2023 only, while the natural
border vegetation of the three locations were maintained all five years
(2019-2023). In this field study, we assessed the population level of
common green lacewings Chrysoperla carnea s.l. Stephens
(Neuroptera: Chrysopidae), and the two most common aphid
species in cereals in Norway, S. avenae and R. padi while testing a
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CBC strategy including the two tools ATTRACT and HABITAT to
increase aphid biological control by lacewings.

2.2 CBC tool ATTRACT

As lacewing attractant, a paste containing the three components
methyl salicylate, phenylacetaldehyde, and acetic acid at a ratio of
1:1:1 (100 mg of each compound) was applied. Previous studies have
shown that these components attract lacewings, increase their egg
laying and are able to improve aphid biological control (Toth et al,,
2009; Koczor et al., 2015; Palsson et al., 2019; Thoming and Knudsen,
2021). The odor paste was produced by ISCA Technologies (ISCA
Technologies Inc., Riverside, CA, USA) and Bio-Innovate AB (Lund,
Sweden). The product is based on a biologically inert biodegradable
wax-water emulsion releasing paste loaded with the above-described
blend at a total load of active ingredients of 300 mg/mL. A single
release point for this product consisted of 0.75 mL droplet applied
with a plastic syringe on one leaf in the field. There was one
application date for the VOC attractant paste at the beginning of
the field experiments, respectively. Data on the release properties of
the paste were described by Palsson et al. (2019). The paste was stored
at —18°C until used.

2.3 CBC tool HABITAT

To provide food and shelter resources for beneficial insects we
used natural field edges adjoining the fields used in this study. The
border vegetation was grass dominated, interspersed with local
flowering herbs. As a maintenance measure to improve local
flowering herbs as food source, the natural border vegetation was
cut once in the season (approx. end of July), but not too short
(plants were allowed to stand with approx. 15 cm height). The cut
plant material was allowed to dry on the ground for some days, to
ensure seed dispersal and was removed thereafter. These measures
were based on traditional management of semi-natural meadows in
Norway (Norderhaug et al., 2000). In addition, all field edges used
in this study contained structures that provided shelter resources for
insects such as bushes, trees, dry wood, piles of stones or rocks.

Annual floral buffer strips (field experiment 1 only) were sown at
field edges around end of April each year at a density of 10 g seeds/m?,
with 30% flower and 70% grass seeds. The flower seed mix was based
on a commercial product containing 33 different species (Blomstereng,
Nelson Garden AS, Bergen, Norway; 10% flower seeds) as described in
a previous study (Thoming and Knudsen, 2021). The floral buffer strips
and the crop were sown at the same time. Under the experimental
conditions in our study, the applied flower seed mix provided flowering
vegetation as food and habitat resources for insects in all 5 years (2019-
2023) from approx. beginning of June until the first frost in autumn
(September/October), when the lacewing adults started to search for
overwintering shelter. The maintained natural border vegetation
provided flowering vegetation for a longer period of time, starting
already in the beginning of May.

frontiersin.org


https://doi.org/10.3389/fhort.2024.1440410
https://www.frontiersin.org/journals/horticulture
https://www.frontiersin.org

Théming

2.4 Field experiment 1: efficiency of natural
field edges versus annual floral buffer strips
in biological control of aphids, with and
without the use of ATTRACT

In our 5-year field study (2019-2023), we established each year
three experimental fields of approximately 0,5 ha at the three different
locations in East Norway, respectively (= nine experimental fields in
total). At each location one field were established with annual floral
buffer strip, one field with natural border vegetation which has been
regularly maintained each year as described above, and as a control,
one field with no border vegetation at all. Two plots were established
in each experimental field, one plot with VOC treatment and one
without. Thus, six treatments were tested in field plots of 30 x 30 m,
respectively: (1) as a control, with neither border vegetation nor
VOCs; (2) without border vegetation but with VOCs; (3) with natural
border vegetation, but without VOCs; (4) with natural border
vegetation and with VOCs; (5) with annual flower strips, but
without VOCs; (6) with annual flower strips and with VOCs. The
isolation distance was at least 50 m between the plots with and
without VOC treatment, and at least 500 m between the fields with
different types of border vegetation. The fields with border vegetation
(treatments 3-6) were bordered by a 0.7-1 m vegetation strip on one
side. In the plots treated with VOCs (treatment 2, 4, 6) paste-droplets
(0.75 mL/plant) were applied with a plastic syringe on leaves in the
upper third of the barley plants with 4 droplets/100 m* (= one droplet
on one plant per plot). No insecticides were used during the 5-year
period in any of the locations. All stages of lacewings including eggs,
larvae, pupae and adults, as well as nymphs and adults of aphids were
counted and recorded on five plants closest to five registration points.
The five registration points were evenly distributed along a diagonal
line across each plot. Since the occurrence of C. carnea sl., as well as
the suppression of aphids were evaluated in the same field
experiment, we did not trap insects nor remove counted
individuals. Instead, we marked counted lacewing eggs (drawing a
dot close to the egg) to avoid double counting. Considering that other
stages of lacewings (i.e., lacewing larvae) are mobile, double counting
may have occurred. Data on the insects were recorded in June/July
(calendar week 26 with BBCH 39-59; 27, BBCH 55-65; 28, BBCH
60-69; 31, BBCH 75-89) in 2019, 2020, 2023. The economic damage
threshold for aphids in cereal crops in Norway were checked at the
four registration dates (number of aphids per plant, registering 100
plants on a 100 m-diagonal through the field). This is for S. avenae
more than 3 aphids per plant at BBCH 51-59 and ten or more aphids
per plant at BBCH 67-69, and for R. padi ten or more aphids per
plant at BBCH 51-59.

2.5 Field experiment 2: operating distance
of ATTRACT in biological aphid control,
with and without natural border vegetation

In 2023, we tested in an additional field experiment the active
range of the VOCs and the patterns of insect movement in
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response of the lacewing attractant, with and without natural
border vegetation.

Four experimental fields of approximately 1 ha (including
experimental area of 30 m x 100 m) each were established at the
three different locations in East Norway (= twelve experimental
fields in total). At each location two fields were established with
natural border vegetation which had been regularly maintained
since 2019 as described above, and as a control, two fields with no
border vegetation, one field of each type with VOC treatment and
one without (Figure 1). Four treatments were tested: (1) control,
neither border vegetation nor VOCs; (2) no border vegetation, but
with VOCs; (3) with natural border vegetation, but no VOCs;
(4) with natural border vegetation and with VOCs. The isolation
distance was at least 500 m between the fields with the four
treatments. The fields with border vegetation (treatments 3 and 4)
were bordered by 30 m length and approx. 1 m width natural
vegetation on one side of the field. In the fields treated with VOCs
(treatment 2 and 4) a row of five paste-droplets (0.75 mL/plant)
were applied in the field as described above. The first droplet was
applied 1 m off the field border and the other four droplets were
applied following a straight line into the field, at intervals of 25 m
(I m, 25 m, 50 m, 75 m, 100 m) (Figure 1). No insecticides were
used in the experiments. Lacewings (eggs, larvae, pupae, adults) and
aphids (nymphs, adults) were recorded in a registration grid in the
experimental area of 30 m x 100 m as shown in Figure 1. The insect
counts were performed as described above in June/July (calendar
week 26, 27, 28, 31) in 2023.

2.6 Evaluation on feasibility of the CBC
approach and acceptance by growers

To assess the practicability of our CBC strategy and the
acceptance by growers we performed the field experiments
described above on-farm and in close cooperation with the
farmers, who contributed with space in their commercial fields.
In addition, a focus group of 12 farmers (5 from Hobel, 4 from
Valer, and 3 from Vestby; Viken county, East Norway) was
established to explore how farmers experience the use of our
tested CBC strategy in their cereal production. The focus group
consisted of farmers which were interested in the CBC strategy and
used it in the study period but had no experience with CBC from
before. The farmers were advised on how to use the CBC strategy
and supervised during the study period. In addition, the focus group
regularly met, at least three times yearly (2019-2023), to discuss
their experiences. These meetings lasted on average 2-3 h. They
included field visits, open debates with all participants as well as
individually discussions with each participant and qualitative
interviews. The dialogues of the focus group meetings were
transcribed, and qualitative content analysis was used to locate
descriptions of how farmers rate the feasibility of the CBC approach
in their production, and how they accept it as part of their
IPM strategy.
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Schematic representation of the field set up in Experiment 2 used to test the dispersion distance lacewings cover from the border area of a field into
the crop depending on availability of natural border vegetation and VOCs applied in the field, and the resulting impact on biological control of
aphids by green lacewings. Four treatments were tested: neither border vegetation nor VOCs (1) -BV — VOC; no border vegetation, but with VOCs
(2) —=BV + VOC; with natural border vegetation, but no VOCs (3) +BV — VOC; with natural border vegetation and with VOCs (4) +BC + VOC. The
green bars represent the natural border vegetation, the red frame represents the experimental area in the fields, the yellow dots represent the
registration points, and the blue crosses represent the release points for the VOCs.

2.7 Statistical analyses

For Experiment 1, the average number of lacewings (eggs and
larvae combined) and aphids (S. avenae and R. padi, nymphs and
adults, combined) per plot and each registration date, respectively,
were analyzed using generalized linear mixed models (GLMMs)
with a Poisson or a negative binomial distribution and a log link
(PROC GLIMMIX, SAS 9.4). The numbers counted for each of the
two groups were used as the response variables, with treatment,
registration date, year, interaction between treatment and year as
fixed factors and location as a random effect. In addition, the
average numbers counted for each of the two groups per plot
were used as the response variables, with treatment, year,
interaction between treatment and year as fixed factors and
location as a random effect. The choice of the most fitting
distribution was based on a test for overdispersion.

For Experiment 2, the average number of lacewings and aphids
were analyzed using GLMMs with an exponential distribution and a
In link (PROC GLIMMIX, SAS 9.4). The total average of the two
groups registered in the five rows of the registration grid (1, 25, 50,
75, 100 m distance from the field border, Figure 1) were used as the
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response variables, with treatment, registration date (day), distance
from the field border (distance), interaction between treatment and
registration date as fixed factors and location as a random effect. In
both experiments, after establishing the significance of the fixed
factors, Tukey’s tests were performed for pairwise comparisons
between levels of each factor when necessary. A significance level of
o = 0.05 was selected in all analyses.

3 Results

3.1 Field efficiency of ATTRACT
and HABITAT

Over the 5-year experimental period, the general occurrence of
insects in our field studies in East Norway varied as observed in
previous studies (Thoming and Knudsen, 2021). Incidences of insects
in general were at a similar level in 2019 and 2023 but were quite low
in 2020 throughout the region and for most insect species. This trend
was reflected in our aphid and lacewing counting results (Figures 2—
5). In all, 8,715, 1,447, and 7,120 aphids and 142, 61, and 121
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lacewings (on average per location) were recorded in the barley fields
in June/July of the years 2019, 2020 and 2023, respectively.

The lowest number of aphids was recorded in the plots with
VOC treatment and with natural border vegetation (natural border
vegetation with VOGC; Figure 2A, Table 1). In 2023, i.e. in the fifth
year of maintained natural border vegetation, the aphid occurrence
in the plots with natural border vegetation and VOC treatment was
at a very low level during all 4 registration dates (day 0, 7, 14, 35),
whereas, a higher aphid occurrence was observed in fields with
annual flower strips and without border vegetation (with and
without VOCs; Figure 3C, Table 1). In general, overall years, we
observed an increased number of aphids in the plots without
volatiles compared to plots with VOC treatment, for all types of
border vegetation, although this difference was not always
significant (Figure 3, Table 1).

The opposite effect was found regarding the lacewings. The
significantly highest number of lacewings were recorded in the plots
with VOC treatment and with natural border vegetation (natural

10.3389/fhort.2024.1440410

border vegetation with VOC; Figure 2B, Table 1), especially in 2023
(Figure 3C, Table 1). Higher numbers of lacewings were recorded in
plots with VOC treatment compared to the plots without VOCs, for
Table 1). Without VOC
treatment the lacewing occurrence was similar in all fields,
independent of the type of border vegetation (with annual flowers

all types of border vegetation (Figures 2B, 3

strips, natural border vegetation and without border vegetation).
There was a significant increase in lacewing occurrence in plots with
VOC treatment in fields with natural border vegetation, compared
to the VOC treated plots in fields with annual flower strips and

without border vegetation (Figures 2B, 3C, Table 1).

3.2 Field efficiency of ATTRACT on
lacewing movement

In this field experiment we recorded lacewings up to 100 m into
the crop in fields with maintained natural border vegetation
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FIGURE 3

Mean number of aphids and lacewings per 5 plants (+ SE) in cereal fields of experiment 1 with sown annual flower strips, natural border vegetation
or without border vegetation, with and without the use of VOC attracting lacewings, respectively, registered the day before volatile application (day
0), one (day 7), two (day 14) and five weeks (day 35) after volatile application in the first experimental years 2019 (A), 2020 (B) and 2023 (C). Different
letters above bars indicate significant differences between treatments for each registration date for aphids (uppercase), and lacewings (lowercase)

(GLMM, Tukey's test p < 0.05).

supported by volatile attractants at all registration dates (Figures 4,
5). Without VOCs, we recorded lacewing activity up to 50 m from
the field border into the field if natural border vegetation was
available, and up to 25 m if no border vegetation existed (Figures 4,
5). We found in general a decrease in number of insects (lacewings
and aphids) with increasing distance between field border and
registration point. Most insects were recorded 1 m off the field
border and fewest 100 m off the field border, independent of type of
border vegetation and VOC treatment (Figure 4, Table 1). Lowest
numbers of aphids (Figure 4A) and highest number of lacewings
(Figure 4B) were recorded in fields with natural border vegetation
supported by VOC treatment. Whereas highest numbers of aphids
(Figure 4A) and lowest numbers of lacewings (Figure 4B) were
found in fields with neither border vegetation nor VOC treatment.

The spatial distribution of aphids and lacewings in cereal fields
related to the distance to the field border (with natural border
vegetation or without border vegetation) and related to the use of
VOCs (with or without VOCs), depending on time (registration day
0, 7, 14, 35) is shown in Figure 5. The color pattern highlights the
occurrence of aphids in fields with neither border vegetation nor
VOCs up to 100 m into the field (Figures 5C, D). In contrast, lowest
numbers of aphids were recorded in fields with both, natural border
vegetation and VOC treatment (Figures 5C, D). Likewise, the color
patterns illustrates the dispersion of lacewings, up to 100 m into the
field and clearly guided by the volatile droplets, in fields with VOC

Frontiers in Horticulture

07

treatment, compared to very low numbers of lacewings in fields
without border vegetation and without VOC treatment (Figure 5).

3.3 Farmers perception on feasibility of the
CBC approach

The focus group meetings and qualitative content analysis
provided information about how the Norwegian cereal farmers at
our locations experienced and accepted the tested CBC approach.
The general picture from the focus group was that at the beginning
of the experimental period (2019) most of the farmers were
concerned about the efficiency of the CBC approach in pest
management (1), yield risks (2), the practical feasibility and
workload of the CBC approach (3), and the economic
feasibility (4) (Table 2A). Whereas, at the end of the experimental
period (2023) most of the farmers were not concerned any longer
about these four issues (Table 2B). As a result, all twelve farmers
were willing to use the CBC approach based on VOC-attractants for
natural enemies of pest insects and natural border vegetation as a
part of IPM also in future.

During the focus group meetings, we registered that the farmers
were motivated to learn how CBC works and how they can use our
approach, to integrate it into their particularly IPM practices
permanently. The maintenance of the natural border vegetation
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TABLE 1 Results of generalized linear mixed models for Experiment 1 and 2.

10.3389/fhort.2024.1440410

Experiment Responsible Fixed factors
variables
1 Aphids treatment 13.28 5 < 0.001
year 60.17 2 < 0.001
day 46.72 3 < 0.001
treatment*year 3.12 10 0.0008
Lacewings treatment 47.48 5 < 0.001
year 17.33 2 < 0.001
day 24.70 3 < 0.001
treatment*year 591 10 < 0.001
2 Aphids treatment 51.01 3 < 0.001
day 47.05 3 < 0.001
distance 34.90 4 < 0.001
treatment*day 4.17 9 < 0.001
Lacewings treatment 20.24 3 < 0.001
day 8.02 3 < 0.001
distance 18.45 4 < 0.001
treatment*day 1.8 9 0.0688

as tool to support biological pest control, was not a new concept for
the farmers. Most of the farmers knew the concept from their
fathers and grandfathers already. However, the approach to use
volatiles to support the natural border vegetation tool and to
achieve a more robust and unerring biological pest control, was
new for the farmers and needed to be proofed and explained
broadly. The farmers needed an elaborated supervision on the use
of the CBC strategy. In the beginning of the experimental period
(2019), most arguable issues for the farmers were the efficiency of
the approach in pest management (1), yield risks (2), the practical
feasibility and workload of the CBC approach (3), and the economic
feasibility (4) (Table 2A, Figure 6A). At the end of the experimental
period (2023) all farmers of our focus group (12 from 12 farmers)
were confident that our CBC approach can work as reliable IPM
tool, also on their farm. The efficiency in pest management was
assessed by the farmers as equivalent to previous used methods (=
use of chemical pesticides) (Figure 6B). The farmers did not see an
important difference in yield after using our CBC approach as IPM
tool in their farming practice, compared to previous used IPM
measures (= use of chemical pesticides) (Figure 6B). In the first two
years (2019/2020) the workload was slightly bigger compared to
previous used IPM measures. The higher workload was mainly
based on restoration of the natural border vegetation, which is more
work intense in the first years, and the learning on how to use VOCs
in pest management and how to integrate the CBC approach in
farmers practices. In the following years (2021-2023), most of the
farmers (11 from 12 farmers) stated that the workload was not
higher than with previous IPM measures (Figure 6B). The
comparison of the costs (time, consumables, equipment) and
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yield using our CBC approach with costs/yield using previous
IPM measures showed equivalent cost effectiveness over the five
years (Figure 6B). The farmers (12 from 12 farmers) saw a
considerable advantage in our CBC approach compared to
previous used pest management tools as it reduced pesticide use
to a large extent. In addition, farmers could take advantage of
already existing natural border vegetation for biological pest
management with little input and without losing land needed for
crop production. There was no need to establish flower strips on
arable land (Figure 6C). At the end of the experimental period, all
farmers involved in the focus groups agreed on the economic and
practicable feasibility of the CBC approach (Figure 6D).

4 Discussion

Our results showed that it is possible to avoid aphid infestations
in spring barley by combining different natural mechanisms as pest
management tools in a deliberately compiled CBC strategy. Our
first field experiment indicated that lacewing attracting volatiles
combined with regular maintained natural field vegetation provided
a higher lacewing activity and aphid suppression than annual sown
floral buffer strips. The use of VOCs always increased the lacewing
activity and aphid suppression, independent from the type of
border vegetation used in the experiments. This is showing
synergistic effects of the two pest control tools used, VOCs
attracting adult green lacewings to the fields and stimulating their
egg laying (ATTRACT), combined with maintained natural border
vegetation to enhance food and habitat resources for adult
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TABLE 2 Responded perceptions about the four most arguable issues for the farmers (N = 12) based on qualitative interviews in the focus group
meetings in the beginning of the experimental period (A) and at the end of the experimental period (B).

2019

Farmers' response®

Farmers’ main concerns

1 Reduced efficiency in 4.75 0.62
pest management 0 0 1 10
2 Increased yield risk 0 0 2 9 4.67 0.65
3 Increased workload 0 1 1 9 45 1.0
4 Increased economic pressure 0 1 3 8 4.5 0.9
2023
Farmers’ main concerns
1 Reduced efficiency in 1.08 0.29
pest management 11 1 0 0
2 Increased yield risk 12 0 0 0 1.0 00.
3 Increased workload 10 1 0 0 1.25 0.62
4 Increased economic pressure 11 1 0 0 1.08 0.29

! measured on a scale from 1 to 5, where 1 = fully disagree, 5 = fully agree.

lacewings throughout the field season (HABITAT). By using these
two tools, natural enemies were recruited and guided at the right
time and to the right place from the border vegetation into the crop
to better control the target pest. The results of the second field
experiment showed that maintained natural border vegetation
supported by volatile attractants for lacewings provided biological
control of aphids up to 100 m into the field. Whereas, without the
use of VOC attractants, we recorded lacewing activity up to 50 m
from the field border into the field if natural border vegetation was
available, and up to 25 m if no border vegetation existed. This
clearly indicates how VOCs can help to increase the functional
response of natural enemies in CBC approaches based on vegetation
elements in the agricultural landscape to enhance food and habitat
resources of the beneficials. In addition, our on-farm study provided
an indication on the logistically and economically feasibility of this
CBC approach, as well as the adoption by growers.

This ATTRACT-HABITAT strategy seems to work equally
effective in biological aphid control as a previous tested CBC
strategy, using the three tools ATTRACT (same lacewing attractant
and egg laying stimulator as used here), FOOD - annual floral buffer
strips established at field edges to enhance resources for adult
lacewings, and SHELTER - insect hotels equipped with the ternary
attractant as hibernation shelters to support the overwintering
survival of adult lacewings (Thoming and Knudsen, 2021). In the
present 5-year field study, we observed that a simpler CBC strategy
comprising ATTRACT and HABITAT only (instead of ATTRACT-
FOOD-SHELTER) facilitated a significant increase in biological
control of aphids by establishing a resilient lacewing population in
the agroecosystem. As previously shown (Thoming and Knudsen,
2021), it is possible to keep the aphid infestations below the damage
threshold set for aphids in cereal crops in Norway (Andersen, 2003;
Heggen et al,, 2005) at all three locations in East Norway and during
all years of the field experiments. In contrast, the aphid infestations in
the control plots were above the economic damage threshold at all
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locations in 2019 and 2023. In commercial barley production this
implies that it would be necessary to apply pesticides to avoid
economic loss due to aphid infestation. These results show that by
using two CBC tools combined in one strategy, the aphid pest
population can be kept below the damage threshold and the use of
synthetic pesticides can be avoided. At the same time, by using the
ATTRACT-HABITAT strategy the farmers had the advantage of
using already existing natural vegetation habitats for biological pest
management instead of establishing flower strips and insect hotels on
their production areas using the ATTRACT-FOOD-SHELTER
strategy (Thoming and Knudsen, 2021). That means for the
farmers less input (work and expenses), without losing land needed
for production (Fiedler et al.,, 2008). In addition, several studies have
stated that restoration and management of native vegetation in a farm
system, such as natural border vegetation, delivers a better effect in
biological pest control than growing of annual flower strips, as the
continuity of food and shelter resources existing in native habitats
affect natural enemy conservation to a greater extent than annual
flower strips can (Norderhaug et al., 2000; Auestad et al, 2008;
Hamre et al., 2010; Tuliano and Gratton, 2020; Tooker et al., 2020).
Our results indicate the same. In our first field experiment in the
current study, VOCs in combination with regular maintained natural
field vegetation provided a higher lacewing activity and aphid
suppression than combined with annual sown floral buffer strips.
The continuity of food and shelter resources was given by native
vegetation (e.g. flowering and non-flowering herbes, bushes, trees)
and other structures in the border areas of our fields such as dead
wood, piles of stones and rocks. The regular maintenance measures
we applied in the natural border vegetation clearly improved the
flowering herbs from year to year, as it is known for a long time from
traditional management of semi-natural meadows in Norway
(Norderhaug et al., 2000). In the natural border vegetation, we
recorded flowering plants from beginning of May until the first
frost in autumn. In contrast, our grown floral buffer strips provided
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FIGURE 4

Mean number of aphids (A) and lacewings (B) per 5 plants (+ SE) in cereal fields of experiment 2 registered at 5 different distances (1, 25, 50, 75,
100 m) from the border area of the field into the crop for the four treatments (1) neither border vegetation nor VOCs; (2) no border vegetation, but
with VOCs; (3) with natural border vegetation after four years of maintenance, but no VOCs; (4) with natural border vegetation after four years of
maintenance and with VOCs. Registrations were performed the day before volatile application (day 0), one (day 7), two (day 14) and five weeks (day
35) after volatile application in 2023. Different letters above bars indicate significant differences between treatments for each registration date for
aphids (uppercase), and lacewings (lowercase) (GLMM, Tukey's test p < 0.05).

the flowering vegetation not until June. Food and shelter resources
provided by bushes, trees, dead wood, stones, and rocks in the natural
border areas were not available in the artificial floral buffer strips. In
autumn the floral buffer strips, and with it all remaining food and
shelter resources, were removed. These limitations of resources for
natural enemies given by grown floral buffer strips compared to
natural border vegetation might have a negative impact on the
population development of natural enemies and their services for
agriculture (Iuliano and Gratton, 2020; Tooker et al., 2020).

As in previous studies (Toth et al., 2009; Koczor et al., 2010,
Koczor et al.,, 2015; Jones et al., 2016; Pélsson et al., 2019, Pélsson
etal, 2022), we strengthened the existing lacewing population in the
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agricultural landscapes by using a VOC attractant and oviposition
stimulator consisting of common floral volatiles and herbivore-
induced plant volatiles (HIPVs); methyl salicylate, acetic acid, and
phenylacetaldehyde. These three plant volatiles are naturally used
by plants for their defense. Methyl salicylate is emitted by plants
when they are attacked by pests to recruit natural enemies of those
pests (Molleman et al., 1997; Gadino et al., 2012). Acetic acid is used
to signal that nectar is present as food source (Landolt and Alfaro,
2000; Toth et al., 2009; Knight et al., 2014). Phenylacetaldehyde
operates both as food and as a SOS signal (Toth et al., 2006; El-
Sayed et al., 2016; Jones et al., 2016). As formulation in the present
5-year field study we used a biologically inert biodegradable wax-
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FIGURE 5

Graphic representation of the spatial distribution of aphids and lacewings in cereal fields of experiment 2 related to the distance to the field border
(with natural border vegetation or without border vegetation) and related to the use of VOCs attracting lacewings (+VOC), respectively. The white
bars at the y-axis of the single plots represent the position of the natural border vegetation, the white dots in the plots represent the position of the
five volatile droplets applied in the field. The insects were registered the day before volatile application (A; day 0), one (B; day 7), two (C; day 14) and
five weeks (D; day 35) after volatile application in the fifth experimental year 2023

water emulsion releasing paste loaded with the above-described
volatile blend (Teixeira et al, 2010; Pélsson et al, 2019). This
formulation has the benefit that it is easier to apply in a cereal
field compared to commercially available dispensers used in
previous studies (Palsson et al, 2019; Thoming and Knudsen,
2021). These dispensers were developed for fruit production and
are consisting of a cotton wick placed into a sealed polyethylene bag
through which volatiles were slowly released. To facilitate its use in
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the crop, these dispensers are delivered with a pre-attached plastic
strip. If applied in cereal fields, the dispensers must be stapled to a
holding stick which has to be removed after the season and costs
extra work time (Pilsson et al.,, 2019).

Another advantage of the odor paste compared to dispensers is,
that with the odor paste it is easy to fine-tune the application of
volatiles (by both dose and lure density) in a crop as required. This
is important to adjust the volatile release to the respective
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FIGURE 6

Summary of the results gained from the focus group meetings and qualitative content analysis regarding Norwegian cereal farmers experience and
acceptance of the tested CBC approach. The figure is showing farmers main concerns in the beginning of the study (A), farmers conclusions after
four years on-farm testing (B), the main benefits of the tested CBC approach the farmers saw (C), and farmers decision regarding their acceptance

of the tested CBC approach at the end of the study (D).

agricultural landscape with its specific entomological and vegetation
resources. In the present 5-year field study we used a reduced dose
and lure density (0.75 mL per droplet and 4 droplets per 100 m?)
compared to our previous 4-year field study (1 mL per droplet and
24 droplets per 100 m% Thoming and Knudsen, 2021) to avoid
possible negative side effects on non-target beneficials. Findings
from Thoming and Knudsen (2021) indicated that non-target
beneficials (ladybirds, hoverflies, parasitoids), may be affected by
the application of the lacewing VOC attractant. The study found
evidence that applying the lacewing attractant boosted the green
lacewings at the cost of ladybirds, hoverflies, and parasitized aphid
mummies, even though flower strips were used as alternative
resources for prey, nectar, pollen, and habitat (Thoming and
Knudsen, 2021). As known from previous studies (Palsson et al.,
2019), lacewings are arriving earlier than ladybirds, hoverflies, and
parasitoids in the fields. By using VOCs we are strengthening the
lacewings in addition, making them the predominant beneficial
insect species in the crops. The combination of early arrival and
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predominance of lacewings make the lacewings highly competitive
with other beneficials. It is known that the type of early predation
supported by the VOCs is crucial for avoiding aphid infestations
that surpass the economic damage thresholds (Bianchi et al., 2006;
Zhang and Swinton, 2009; Dedryer et al., 2010; Porcel et al., 2018).
However, applying VOCs while prey to feed natural enemies in an
agricultural system are lacking may lead to starvation with
unpredictable consequences for the agroecosystem. Furthermore,
promoting a particular species of beneficials in an agricultural
system over time may influence the population dynamics of other
species in the second, third and/or even fourth tropic level in the
ecosystem (Turlings and Erb, 2018). As discussed previously
(Thoming and Knudsen, 2021), another important issue to
consider is the specificity of the VOCs used. The same compound
or blend might have attractant or repellent effects on insects other
than the target species (Pettersson et al., 1994; James and Price,
2004; Bengtsson et al., 2006; Snoeren et al., 2010; Rodriguez-Saona
et al., 2011). To reduce or even avoid undesired effects on non-
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target species in the agricultural ecosystem and at the same time
support and stabilize the effects on the target species, it is smart to
combine VOCs with allocation of food and shelter resources, e.g. by
providing natural border vegetation (Simpson et al, 2011; Hatt
etal,, 2018). We have not studied effects of our VOCs on non-target
beneficials in the present study and it remains to be investigated
whether there will be effects on non-target species in the long-term
using our ATTRACT-HABITAT strategy. However, we used a
reduced dose and lure density compared to previous field studies
(Thoming and Knudsen, 2021) and we found that maintained
natural border vegetation supported by VOCs still resulted in
lacewing activity and biological control of aphids up to 100 m
into the field. Without the volatile attractant we recorded lacewing
activity up to 50 m from the field border into the field only if natural
border vegetation was available, and up to 25 m if no border
vegetation existed. It remains to be investigated how long into the
field we will be able to find robust biological control of aphids by
using our ATTRACT-HABITAT strategy. Studies on patterns of
insect movement in response of semiochemicals, particularly plant
volatiles, and the active range of such semiochemicals in pest
control, particularly used to support beneficial insects are still rare
(Larsson, 2016; Smart et al., 2017; Conchou et al., 2019; Ninkovic
et al., 2020) and need to be investigated.

Finally, as an important result of this on-farm study, we
demonstrated the logistically and economically feasibility of this
CBC approach. Here, the involvement of the farmers in
implementation and development of the field experiments, the
establishment of a focus group with supervised testing of the CBC
strategy by the farmers themselves on their own farms, and a good
communication with the growers over the years accounted
substantially for the farmers” adoption of the tested CBC-strategy.
Contrary to many studies (Begg et al., 2017; Cloyd, 2020; Johnson
et al., 2020), the farmers involved in our study experienced over
time that CBC measures can be effective in both supporting natural
enemy populations and suppressing pests, and at the same time be
logistically and economically feasible. As a result, the farmers were
accepting this new CBC approach as part of their IPM concept, and
they were willing to implement it into applied pest management on
their farm permanently. An action which is still very rare in
agriculture today (Griffith et al., 2008; Gonzalez-Chang et al,
2020). This is just one case study for a relatively small group of
farmers, but it clearly shows that a good demonstration of the CBC
concept, close collaboration with the farmers and a continuous
communication can be an important key for acceptance and
implementation of CBC into existing farming practices. There are
several scientific approaches how to perform economic assessments
of CBC to show economics and adoptions of CBC (e.g. Cullen et al.,
2008; Naranjo et al., 2015), which remains to be investigated for our
CBC strategy. However, to start an adoption process of CBC in
farming practices, we chose our approach to combine on-farm
experiments in very close cooperation with the farmers, and work
with a local focus group with simple qualitative content analysis,
deliberately. This practical CBC approach is easily communicated,
and the farmers involved in our study can serve as demonstration
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cases for other farmers to follow. Especially for farmers who are
motivated to change their farming practices towards CBC, starting
implementing CBC approaches within small focus groups might be
a first step to new agro-ecological practices in the future.
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