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ARTICLE INFO ABSTRACT

Keywords: Crop diversification is an increasingly recognized management strategy to support biodiversity and ecosystem
Carabids services, like pest and disease control, in agricultural systems. However, a significant obstacle to its adoption is
Spiders

the potential trade-off between ecosystem services and optimizing yields. We used a two year, on-farm study in
Eastern Germany to test how different spatial arrangements of soy (Glycine max L.) and winter wheat (Triticum
aestivum L.) can affect pest abundance, aphid predation, and natural enemy biodiversity as well as yields. We
compared conventional sole cropping to three types of spatially diversified cropping systems: relay intercrop-
ping, wide strip cropping, and patch cropping. Strip cropping generally supported some of the highest levels of
carabid abundance both years and spider abundance in 2022 without any yield penalties. While the relay system
failed due to insufficient precipitation, strip cropping produced similar or higher yields than sole cropping
(124 % and 96 % of the sole wheat yield and 96 % and 109 % of sole soy yield in 2022 and 2023, respectively).
Strip cropping supported significantly more carabid beetles compared to sole cropped soy both years and sole
cropped wheat in 2022. We found significantly different carabid community composition between wheat strips
and patches and the corresponding soy strips and patches. There were no differences in aphid abundance be-
tween systems. Nevertheless, we found 51 % and 36 % higher aphid predation rates in wheat strips compared to
wheat patches in 2022 and 2023. Our results provide initial insights into the potential of strip cropping to
support both natural enemies and yields while also being an approachable diversification strategy for farmers.

Pesticide reduction
Crop diversification
IPM

1. Introduction

Agricultural intensification through chemical input dependence,
homogeneous large scale fields, and landscape simplification has led to
both increased pest pressure (Gagic et al., 2015; Ziesche et al., 2023) and
an overall decrease in non-pest insects (Wagner et al., 2021; Ziesche
et al., 2023). It is estimated that pests and pathogens cause 17-30 % of
global yield loss in the five most important crops (wheat, rice, maize,
soy, and potato) (Savary et al., 2019) and that pest crop damage will
increase from climate change (Deutsch et al., 2018), which may increase
insecticide usage. This scenario runs counter to the objectives set by EU
legislation, including the Farm to Fork strategy and the Regulation on
the Sustainable Use of Plant Protection Products. The former aims for
25 % of agricultural land to be under organic farming by 2030, while the

latter strives to reduce chemical pesticides by 50 % by 2030, mandating
integrated pest management (IPM) practices for all farmers. To attain
these ambitious goals, transformative changes supporting better
self-regulation of pests on farmland will be imperative.

Cropping system diversification, which includes both spatially and
temporally increasing non-crop and crop diversity at the field to land-
scape level, has been shown to have many benefits for farmers including
pest control (Kremen et al., 2012; Tamburini et al., 2020). Increasing
temporal crop diversity is linked to reduced pesticide usage (Guinet
et al., 2023) as increased rotational diversity or the inclusion of specific
crops resistant to pests may decrease pest abundance (Brust and King,
1994). Increased spatial diversity, e.g. from polyculture or intercrop-
ping, has also shown stronger pest control benefits than less diverse, sole
cropped systems (Beillouin et al., 2021; Chaplin-Kramer and Kremen,

* Correspondence to: Leibniz Centre for Agricultural Landscape Research (ZALF), Eberswalder StraBe 84, Miincheberg 15374, Germany.

E-mail address: jennifer.thompson@zalf.de (J.B. Thompson).

https://doi.org/10.1016/j.agee.2024.109324

Received 11 June 2024; Received in revised form 3 October 2024; Accepted 7 October 2024

Available online 15 October 2024

0167-8809/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:jennifer.thompson@zalf.de
www.sciencedirect.com/science/journal/01678809
https://www.elsevier.com/locate/agee
https://doi.org/10.1016/j.agee.2024.109324
https://doi.org/10.1016/j.agee.2024.109324
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agee.2024.109324&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J.B. Thompson et al.

2012; Letourneau et al., 2011; Lopes et al., 2016). Spatial crop diversi-
fication can control pests through different ecological mechanisms.
First, increasing plant diversity can disrupt pest host-finding as pests
may not easily locate hosts among non-hosts (Doring and Rohrig, 2016)
and must travel farther and more often to find resources, leading to a
lower overall density of pests (Barnes et al., 2020; Root, 1973). Sec-
ondly, higher plant diversity creates new habitats and resources, both
spatially and temporally. These additional resource niches can support
higher natural enemy abundance or diversity (Ju et al., 2019; Rakoto-
malala et al., 2023; Sunderland and Samu, 2000) which can then in-
crease pest predation and decrease crop damage (Barnes et al., 2020;
Letourneau et al., 2011). Nevertheless, studies investigating benefits of
purely cash crop diversity are rarer compared to studies looking at the
addition of semi-natural habitats or non-cash crops like hedgerows,
floral strips, or cover crops (Jaworski et al., 2023) and implementing
ecological knowledge on crop diversity within a productive farming
system remains challenging for farmers.

Intercropping is an ancient practice in which more than one crop is
grown simultaneously on the same field. Intercropping can involve
numerous arrangements and combinations of crops (Li et al., 2020).
Strip cropping, managed by regular farm machinery, consists of wide
strips of alternating crops where the strip width is determined by the
farmers’ current machinery and allows for completely separate man-
agement for each strip. Relay intercropping involves alternating single
or double rows of crops with different seasons and often different phe-
nologies (e.g. a grain and legume), with one crop harvested while the
other is still growing, allowing for longer living cover on the field. Again,
already established machinery can be used, albeit a harvest combine
attachment may be needed depending on the crops. Another spatial
arrangement alternative is patch cropping, a type of large-scale poly-
culture, in which small (e.g. 0.5 ha) fields are mosaiced in a larger field,
allowing for crops to be more precisely matched to appropriate soil
properties (Donat et al., 2022).

Spatially diversified systems have been shown to have similar or
increased yields compared to sole cropping systems (Chen et al., 2021;
C.Lietal., 2023; L. Li et al., 2014), but literature on pest control benefits
is scarcer - especially in conjunction with yield data. Strip cropping has
been shown to reduce pests compared to sole cropping or less diverse
systems (Cuperus et al., 2023; Juventia et al., 2021; Labrie et al., 2016;
Parajulee and Slosser, 1999) as well as increasing natural enemy
abundance (Cuperus et al., 2023). Other studies found mixed effects of
strip cropping on natural enemy diversity metrics (Alarcon-Segura et al.,
2022; Labrie et al., 2016). There is little research about the ability of
relay cropping to control pests (Lamichhane et al., 2023), especially in
wheat based systems, with most studies focused on intercropping cotton
with wheat (Lopes et al., 2016). While strip cropping was most suc-
cessful in decreasing pests and supporting predators, relay intercropping
also showed potential (Lopes et al., 2016). For patch cropping, being a
new alternative for spatial re-arrangement of cropping systems, only a
single study on the arrangement exists, but it found higher pest pressure
in the patches compared to sole cropped reference fields (Dovydaitis
et al., 2023). Due to the much closer proximity of different crops in relay
intercropping, we would expect a different microclimate in this system
while wide strip and patch cropping would be more similar to sole
cropping. Nevertheless, the two latter systems still offer more spatial
habitats and possible temporal diversification of habitats (depending on
crops) which could offer refuge to beneficial insects.

This study aimed to explore how various spatial field arrangements
affect pests and natural enemy communities and whether these systems
could be productive, but less pesticide dependent, management strate-
gies for farmers. We investigated three diversified soy-wheat cropping
systems with an on-farm trial in eastern Germany. We focused on soy-
wheat systems as grain-legume systems are a well-established inter-
cropping combination. In terms of pest control, wheat is a highly pro-
ductive crop with higher pesticide usage whereas soy, as a new crop in
the region, is rarely affected by pests and diseases. While adding a crop
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that requires few pesticides would already cause a dilution effect, we
focused on whether the addition of a crop through various spatial ar-
rangements could also increase pest predation by supporting natural
enemies, as habitat patchiness can positively influence predator di-
versity (Chase et al., 2010). We hypothesized that 1) diversified systems
would have higher or equivalent yields compared to sole cropping, 2)
spatially diversified systems would have fewer pests due to the dilution
of sole crops, 3) spatially diversified systems would enhance the di-
versity and abundance of natural enemies and change community
composition, 4) leading to greater pest predation in spatially diversified
systems.

2. Materials and methods
2.1. Experimental design

The on-farm experiment was located 45 km east of Berlin in Tem-
pelberg, Germany on a large commercial farm typical of the region
(52.449391, 14.152694). We studied four different cropping systems:
strip intercropping, relay intercropping, patch cropping, and sole crop-
ping over two cropping seasons (2021-2022 and 2022-2023). Strip and
relay cropping were arranged in 12 m x 180 m or 24 m x 180 m long
strips within a 20-35 ha wheat field (Figs. 1 and 2). The farm established
and managed several strips and three were monitored as replicates for
each system. Strips were surrounded by the alternative crop on both
sides. The variation of strip width was due to the permanent machinery
tracks within the field and reflected realistic cropping set-ups for
farmers. In the relay treatment, the farmer cultivated 12.5 cm double
rows of winter wheat with a double row gap (37.5 cm) for the soy with
the exception of the rows where the wheels of the combine harvester
pass which came to 56 rows of wheat per 12 m of relay cropping. The
wheat field served as a sole cropping reference and the sampling points
for this cropping system were more than 200 m away from any diver-
sified cropping system (strips and patches). The soy reference was in a
nearby (<2 km) field. Patches of soy and wheat were part of the nearby
(<1.5 km) patchCROP experiment (see SM1 for map). Patch cropping
consists of smaller field units (72 x72 m) chosen to select the best crop
for the patch soil type which were created applying an advanced cluster
analysis for site-specific crop selection (Donat et al., 2022). For that, soil
heterogeneity and yield maps at the field scale were analyzed and
different crop rotations were developed to fit soil conditions for high and
low yielding zones of the field. For the current study, three wheat and
three soybean patches (under different sub-management as part of the
patchCROP experimental setup) of the "high potential" crop rotation
(oilseed rape, winter barley, cover crops, soybean, cover crops, maize,
winter wheat) were used for data collection. The different patch
sub-management was already established in the patchCROP experiment
and includes conventional management, reduced input management,
and reduced input management with an adjacent perennial floral strip
(Table 1). As the variation in management between the patches could
affect results, we first analyzed patches separately to make sure there
was no significant effect of patch management on indicators before
proceeding with analyses (see 2.6. Statistical Analysis).

While there were at least three replicates per treatment (i.e. three
strips, three patches, and three zones within a reference field), each
cropping system was located on only one field per year. Crops in all
systems were managed conventionally, with occasional mechanical
weeding in some patches (Table 1), but no insecticides were applied
before or during any monitoring periods. Wheat and soy varieties were
recommended from regional variety testing to be high yielding and
resistant to disease.

2.2. Monitoring of carabid beetles and spiders

We established 6 sampling points per treatment (2 per system
replicate, e.g. 2 per patch or 2 per strip) to monitor pest and natural
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Fig. 1. The cropping system treatments studied on-farm including a) wide strip cropping, b) patch cropping, c) relay cropping, and d) sole cropping of wheat.

enemy (carabid and spider) abundance and diversity (Fig. 2). All sam-
pling points were staggered 20 m apart from each other within treat-
ments and at least 30 m away from traps in other treatments (i.e. traps in
soy and wheat strips) to allow approximate independence between traps
(Digweed et al., 1995; Ward et al., 2001). Sampling points were at least
50 m away from any field edge. Due to the shape and size of the patches,
which were smaller than the other treatments, we established 2 sam-
pling points in each patch, ~ 25 m away from each other. Pitfall traps
were installed at each sampling point to collect ground dwelling carabid
beetles and spiders. We buried 11 cm high glass jars with a 7.5 cm
diameter flush into the soil and filled them with approximately 300 ml
of 40 % propylene glycol as a preservation agent (Magagnoli et al.,
2018). Jars were open for 14 days in May (May 19th-June 2nd 2022 and
May 16th-30th 2023) and June (June 21st-July 5th 2022 and June 13th-
27th 2023). All insects in the jar were collected, transferred to 70 %
ethanol, and refrigerated until subsequent sample identification.
Carabid beetles and spiders were identified to species level using the
taxonomy of Miiller-Motzfeld (2004) for identification by expert tax-
onomists (see acknowledgements).

2.3. Pest monitoring

Crop pests were monitored at wheat BBCH 75 (milk ripeness) / soy
BBCH 13 which corresponded approximately with the June pitfall trap
openings. Five plants were randomly selected and inspected for pests
every 4 m along a 20 m transect starting from each pitfall trap for a total
of 150 plants per treatment. Plants were inspected fully and pests were
identified and counted. In the relay cropping treatment only wheat
plants were inspected as the soy was barely emerging at this time.

2.4. Aphid predation rates

Pest predation was measured with aphid pest predation cards (Boetzl
etal., 2020) at approximately wheat BBCH 49 in May, wheat 75 BBCH in
June at the beginning of the pitfall trap collection, and wheat BBCH 89
at the start of July after the pitfall traps were closed. We folded 5 x7 cm
green cardstock cards and glued 6 live grain aphids (Sitobion avenae)
with a non-solvent odorless wood glue (Tortosa et al., 2022). Aphids
were in the instar stage and purchased from re-natur GmbH (Ruhwinkel,
Germany). Cards were then frozen for at least 24 hours, but no more
than 4 days, before being used. Cards were hung with wire at the first
flag leaf in wheat. As the soy had just emerged in May, cards in soy
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a) Wide strip cropping
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b) Patch cropping
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c) Relay intercropping

d) Sole cropping

Fig. 2. Sampling design for pitfall traps, pest monitoring, and aphid predation measurements. White circles represent pitfall traps. In a), c), and d) all traps were
20 m away from field edges. Due to approximate scaling of the patches b) depicts where patches meet but does not show the entirety of all patches.

treatments were placed near the ground on sticks to match the height of
the emerging crop. In subsequent monitoring, the cards were hung on
the first soy leaf node. Cards in relay plots were hung on wheat. Two
cards were placed at every pitfall trap for a total of 144 aphids per
treatment per time point. Cards were collected after 24 hours in the field
and the number of aphids predated was recorded.

2.5. Yield determination

Crop grain yield was measured harvesting 10 m x 2 m replicates in
each cropping system using an experimental combine harvester. Harvest
replicates were taken approximately at the location of pitfall traps. Five
samples were taken in each treatment replicate in the strips, relay, and
reference treatments for a total of 15 replicates per treatment while each
patch had six replicates for a total of 18 replicated per patch treatment
(soy or wheat patch). All wheat treatments and all soy treatments were
harvested in the same day (Table 1). Grain was cleaned and corrected to
86 % dry weight for both winter wheat and soybean.

2.6. Statistical analysis

Crop yield was analyzed with linear mixed models with cropping
system and year as fixed effects and the soil rating as a random effect
with the R package Imer4. As each patch did have different management
(Dovydaitis et al., 2023), we used an initial model to see if yields and
natural enemy abundance varied between patch sub-management types.
We found no effect of patch type (i.e. conventional vs. reduced) on soy
yield (p=0.881) or wheat yield (p=0.067) nor on natural enemy abun-
dance. Each patch was then treated as one replicate for the overall patch
system in subsequent models to allow a balanced statistical analysis with
3 replicates for all systems. Residuals versus fitted values and normal
quantile-quantile (QQ) plots were used as model diagnostics to assess
normality of residuals and homogeneity of variance. Tukey HSD
post-hoc tests were used to determine variable level differences on sta-
tistically significant variables (p<0.05) with the emmeans package. Data
was square root or log transformed if needed to meet model assump-
tions. To estimate revenues of each cropping system, we assumed a 50 /
50 split of land for each crop in each system and calculated revenues as
the yield multiplied by the crop selling price. Prices were obtained by

the farmers from their actual selling prices in 2023.

Pest and natural enemy abundances were analyzed with a general-
ized linear mixed model (GLMM) with a negative binomial distribution
with the package Ime4 (Alarcon-Segura et al., 2022). Abundances were
measured in two ways, first looking at the difference in cropping system
(patch, strip, relay, sole wheat, or sole soy) and then secondly looking at
the effects of cropping treatment (soy strip, wheat strip, relay, soy patch,
wheat patch, sole soy, or sole wheat). For both spider and carabid
abundance we set cropping system or cropping treatment and month as
fixed effects and the treatment replicate as a random effect to account
for resampling and spatial heterogeneity (including soil rating and dis-
tance to natural vegetation). Each year was run separately due to model
complexity. Model overdispersion was checked and model fit was
assessed with diagnostic plots from the DHarma package. For the pest
model we set the cropping system and year as fixed effects with the
treatment replicate as a random effect.

We analyzed differences in average aphid predation rates between
cropping treatments and years with a two-way ANOVA. Wheat and soy
systems were analyzed separately due to differences in crop height, and
thus trap height that could affect predation rates (Boetzl et al., 2020). To
assess differences in species numbers between treatments we calculated
actual species richness (R), Pielou species evenness (E), and bias cor-
rected species richness with the Chaol estimator (Chao, 1984) using the
vegan package according to the formula:

Speciesg *  (Speciesg — 1)

haol =
chao (2 * (Species, +1)

Species,,, +

Where Speciess and Speciesp the number of species with single or double
observations. To assess differences in carabid and spider communities
between cropping systems and years, we used non-metric multidimen-
sional scaling (NMDS) based on Bray-Curtis dissimilarity matrices of
species abundance data. We tested the significance of species abundance
differences between communities with an ANOSIM analysis. All analyses
were done in R (R Core Team, 2023, version 4.3.0).



J.B. Thompson et al.

Table 1
Management of the cropping systems.

Sole wheat, strip wheat, Soy-wheat Sole soy, strip soy, patch soy
patch wheat relay
intercropping

Tillage

Tillage in the fall with disc Same as sole Sole strips: Same as sole wheat

cultivator, and seedbed wheat All others: Tillage in spring

preparation with cultivator, rotary
harrow, and seedbed
preparation.

Fertilization

November Micronutrient November None

fertilization (Epsom salt, Micronutrient

innofert copper chelate, fertilization

manganese sulphate, boron) (Epsom salt,

March N fertilizer 2022: innofert

323 kg/ha, 2023: 256 kg/ha copper

(urea, NO3, NH,4 blend). 2023 chelate,

sole wheat fertilized with manganese

additional 85 kg/ja urea sulphate,

treatment boron)

April N fertilizer 2022: 180 kg/  March N

ha, 2023: 296 kg/ha (urea, NO3, fertilizer 2022:

NH, blend). 323 kg/ha,

May 2022 only N fertilizer
225 kg/ha (urea, NO3, NHy4

2023: 256 kg/
ha (urea, NO3,

blend). NH, blend).
Weed
management
October Post emergence October Post April 2022 Total herbicide
herbicide emergence before sowing
herbicide May Pre-emergence herbicide
and post-emerge only in June
2023
Two lower input patches
received only mechanical
weed control in June 2022
and 2023
Fungicides
May 2022 and 2023 None None
Two lower input patches received
less fungicide in 2022, none in
2023
Sowing
28.09.21 Same as sole 10.05.22
26.09.22 crops 11.05.23
Varieties
Universum in the patches and Same as sole Acardia
Depot (2022) and Asory (2023) crops
in all other treatments
Harvest
20.07.22 Same as sole 11.10.22
14.08.23 wheat 28.09.23
No soy harvest
3. Results

3.1. Crop yield and management

Wheat yields were significantly different between cropping systems
(p<0.0001, Fig. 3) and there was a significant interaction between year
and treatment on yield (p<0.0001). Wheat in the relay intercropping
treatment yielded 66 % of the sole wheat yield on 58 % of land but the
relay soy crop failed both years due to insufficient rainfall. All wheat
treatments had significantly higher yields than relay cropping (when not
adjusting for the fewer wheat rows) both years with the exception of
wheat patches in 2023. In 2022, the wheat strip yield was 21 % higher
than wheat reference (p=0.01). In 2023, the wheat strip yield was 16 %
higher than the patches (p=0.048) and the wheat patch yield was 20 %
lower than the wheat reference (p=0.0002).

Soy yields were significantly higher in 2023 than 2022 (p<0.0001)
and we found significant treatment effects (p<0.0001) as well as a sig-
nificant interaction between treatment and year (p=0.04). The soy strips
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had a 28 % higher yield than the soy patches in 2022 (p=0.0003) and a
13 % higher yield in 2023 (p=0.033). The soy patches also had 32 %
lower yield than the soy reference in 2022 (p=0.0006). Revenue was
highest in strip cropping (1450 €/ha), followed by sole cropping (1345
€/ha), patch cropping (1205 €/ha), and relay intercropping (934 €/ha)
based on the prices provided by the farmers: 420 €/t for soy and 200 €/t
for winter wheat.

3.2. Carabid beetle and spider abundance

We collected 3857 carabid beetles in 2022 and 3849 in 2023. June
had significantly higher beetle activity than May both years (p=0.0007
and p<0.0001 for 2022 and 2023, respectively; Fig. 4) and there was a
significant effect of the system (strip, patch, relay, or sole cropping) on
carabid abundance both years (2022, p=0.004 and 2021, p<0.0001).
The strip system, averaged over wheat and soy, had more carabids than
the soy reference both years (p=0.04 and p<0.0001) and wheat refer-
ence (p=0.019) in 2022. Strips also had higher carabid abundance than
the relay system (p=0.025) in 2022 as well as the patches in 2023
(p<0.0001). We found higher beetle abundance in the wheat reference
compared to the patches (p<0.0001) and relay (p<0.0001) in 2023 but
there was no difference compared to the strips. The patch system
included additional crops compared to the other systems, which could
hypothetically pull natural enemies away from the indicator patches
(soy and wheat) used in this experiment. However, we found that this
was not necessarily the case as in, for example, June 2022, there were on
average 51 carabids per trap in winter wheat, soy 30, spring oats 23,
winter rye 14.5, winter oilseed rape 170, sunflower 24, winter barley 20,
maize 39, and narrow-leafed lupine 44, with an average of 46 carabid
beetles per trap (unpublished data) which was lower than our winter
wheat patches.

When analyzing cropping treatments separately, carabid abundance
was significantly affected by both month (p<0.0001, Fig. 4) and treat-
ment in 2022 (p<0.0001, Fig. 4) and 2023 (p<0.0001 for both). When
comparing wheat cropping treatments, the wheat strip had higher
carabid abundance than the wheat patches both years (p=0.049 and
p=0.0015) as well as the relay in 2022 (p=0.0064). In 2022, there was
higher carabid abundance in the wheat patches (p=0.0487) than the
wheat reference. In 2023, the wheat reference had significantly more
carabid beetles than the wheat patches (p<0.0001) and relay (p=0.003)
but not the wheat strip. Soy strips had significantly more carbids than
the soy patches both years (p=0.0078 and p<0.0001) and the soy
reference in 2023 (p<0.0001).

We collected 3810 spiders in 2022 and 912 in 2023. When analyzing
the overall cropping systems, we found significantly more spiders in
June than May in 2022 (p<0.0001; Fig. 5) and a significant effect of the
system on spider abundance per trap in 2022 (p=0.01) and 2023
(p=0.002). Strips had significantly more spiders than the patches in
2022 (p=0.014). In 2023, there were significantly more spiders in the
patches (p=0.005), wheat reference (p=0.028) and relay (p=0.002)
than the soy reference system.

When looking at individual cropping treatments, in 2022, there were
significant effects of treatment both years (p<0.0001 both years) and
month in 2023 (p<0.0001) on spider abundance. In 2022, significantly
more spiders were collected in the wheat strips than the wheat patches
(p=0.0005) and relay (p=0.0226). The soy strips had more spiders than
the soy reference (p=0.0386) and soy patches (p<0.0001). In 2023,
there was a significant effect of treatment (p<0.0001) on spider abun-
dance, but treatment differences were primarily between crops rather
than differences in arrangement.

3.3. Species richness and composition
Actual carabid species richness and the Chaol estimator was highest

in relay intercropping followed by the soy strips in 2022 (Table 2). In
2023, actual species richness was very similar between all treatments
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(25-28 species) but Chaol was again highest in relay indicating the
presence of more rare species in this treatment. Poecilus cupreus, a large
carnivorous beetle, was the most abundant beetle in pitfall traps (33 %
of all carabids collected), followed by Calathus fuscipes (10 %), and
Bembidion lampros (7 %). We collected three species of endangered ca-
rabids in our experiment (Table S2) and all three species were only
found in diversified treatments.

The spider Chaol estimator was much higher in 2022 in sole soy
compared to any other treatment. In 2022, both patch treatments had
the lowest Chaol values and much higher species evenness than other
treatments. In 2023, the highest species richness and Chaol were found
in the wheat patch and relay treatments. There was no difference in the
amount of spiders per hunting strategy (web weavers or active hunters)
between treatments. The most common spider species were Oedothorax

apicatus (50 %), Phalangium opilio (10 %), and Pardosa agrestis (10 %).

Based on NMDS analysis of carabid and spider communities we
identified clusters of species composition and abundance in each treat-
ment (Fig. 6). We found significant clustering of carabid species in 2022
(anosim R=0.723, p<0.0001, stress=0.15) and 2023 (asonim R=0.584,
p<0.0001, stress=0.12). We also found significant clustering of spider
composition and abundance in 2022 (anosim R=0.552, p<0.0001,
stress=0.09) and 2023 (asonim R=0.473, p<0.0001, stress=0.19).
Notably, for carabids both years and spiders in 2022, we found similar
but separate clusters for communities in wheat and soy strips and even
larger distances between soy and wheat patches. For carabids, all wheat
treatments tended to separate from all soy treatments, with the soy strip
being closest to the wheat treatments.
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Table 2

Carabid beetle and spider species richness (R), estimated richness (Chaol) and Pielou evenness (E).

Carabids 2022 Carabids 2023

Spiders 2022 Spiders 2023

R Chaol E R Chaol E R Chaol E R Chaol E
Sole wheat 25 3145 0.78 27 29+3 0.58 32 45+10 0.47 19 23+4 0.75
Sole soy 23 25+3 0.67 28 30+3 0.83 16 61+30 0.43 15 36+17 0.79
Wheat strip 23 2442 0.66 25 26 +1 0.65 29 43411 0.40 20 24+4 0.72
Soy strip 21* 42417 0.60 27 28+1 0.65 18* 2749 0.54 15 36+17 0.78
Relay 30 48+15 0.70 26 37+11 0.75 24 2743 0.46 29 59421 0.64
Soy patch 18° 21+4 0.79 25 26+2 0.63 7> 1246 0.94 22 35410 0.62
Wheat Patch 30 3142 0.65 27 28+1 0.65 17 20+4 0.78 27 66430 0.76

Treatments had 12 traps while superscripts ® and ? indicate where only 10 and 6 traps were collected, respectively.

3.4. Pests and predation

We counted 481 live aphids and 65 aphid mummies and 97 % of live
aphids were found in wheat treatments. We found no effect of treatment
on aphid abundance (Fig. S2; p=0.57) and the numbers of aphids per 50
plants ranged from O to 46. There were significantly more aphids in
2023 than 2022 (Fig S2; p=0.03).

Predation was higher in 2023 than 2022 (p<0.00001; Fig. 7) and
cropping treatment affected the average predation rate in wheat treat-
ments (p=0.003) but there was no interaction between wheat treatment
and year. There was no effect of year (p=0.056) or treatment (p=0.066)
in soy systems. Wheat strips had higher average predation than the
wheat patches (p=0.001) and the wheat reference (p=0.045). There was
no relationship between spider or carabid abundance and predation.

4. Discussion

4.1. Strip cropping supports higher carabid and spider abundance while
maintaining sole crop yields

Our study revealed that wide strip intercropping maintained yields
as high as or higher than sole cropping as well as supporting some of the
highest abundances of natural enemies. Strip cropping always had
equivalent or higher abundances of carabid beetles than sole cropping or
patch cropping. A wide strip experiment in France (18-36 m soy strips)
found similar yield trends between strips and sole crops (Labrie et al.,
2016). A meta-analysis of various intercropping management practices
found that strip cropping generally increased the abundance of natural
enemies with cereal-legume combinations having the strongest effect

size (Rakotomalala et al., 2023). Strips were likely able to maintain high
yields because they are managed identically to their respective sole crop.
They act as narrow fields and thus do not require additional driving and
can handle pesticides that mixed crops or relay cropping cannot. Narrow
strip or row intercropping has been shown to increase yields or land
equivalent ratios compared to sole cropping due to the high yields of
margin rows and efficient resource utilization (Chen et al., 2021; C. Li
et al., 2023; L. Li et al., 2014). However, this management is difficult to
implement with current machinery in European farms. Moreover, the
positive effects of niche differentiation (complementarity) might turn
into negative effects when it comes to resource competition e.g. for
water between crops (Yin et al., 2020) which is nearly completely
avoided in wide strip intercropping.

Wide strips may support more natural enemies than patch or sole
cropping from increased edge effects. The edge:area ratio (m/ha) was
highest in the strip intercropping design e.g. with 1800 m/ha for 12 m x
150 m strips, 966 m/ha for 24 m x 150 m strips, 556 m/ha for patches
and 89 m/ha for an average 20 ha square sole cropped field in our re-
gion. Activity-density and species richness of spiders (Clough et al.,
2005) and carabids (Zhao et al., 2013) have been found to be higher at
field edges than centers. High mean field edge:area ratios were also
correlated with less aphid establishment and survival (Ostman et al.,
2001). Edges support arthropods with different traits than field interiors
(Gallé et al., 2020) and habitat complexity can support higher abun-
dances of arthropods like spiders (Avila et al., 2017). Intercropping with
a non-legume crop rather than a legume can support more predators and
parasitoids (Yousefi et al., 2024), a pattern we saw with the wheat
patches and strips compared to the soy treatments. It is possible that the
autumn sown wheat strips, which are undisturbed in the spring, can



J.B. Thompson et al.

Agriculture, Ecosystems and Environment 378 (2025) 109324

A Carabids 2022 B Carabids 2023
1.0
0.5
0.5
I ~
(2} (/2] [ X J
9 o O 00 '\Vj‘ )
S 0.0 ®. .’ ‘; s o ¢
¢ -
« P 0.5
-0.51 (&
10 .05 0.0 0.5 1.0 0.5 0.0 0.5
NMDS1 NMDS1
C Spiders 2022 D Spiders 2023
0.6 0.3
“1® o 8 - °
NS ) _
o 007 ‘:?!". N 0.1 > o
8 g e Yl o
= 0.5 S 0.01 £ >0y
= = P Ne
1.0 0l °' |
-0.21 \' @
1.5 o
-1 0 1 2 02 00 02 0.4
NMDS1 NMDS1
©® Wheat strip Wheat patch ® Relay Sole soy
Treatment
Soy strip Soy patch Sole wheat

Fig. 6. Non-metric multidimensional scaling (NMDS) based on Bray-Curtis dissimilarity distances of beetle (A and B) and spider (C and D) communities in 2022 (A
and C) and 2023 (B and D). Points represent pitfall traps. Ellipses are a standard deviation from the mean.

2022 I 2023

Treatment

E3 Wheat strip
E3 Soy strip

‘ N E3 Wheat patch
AB E3 Soy patch
E3 Relay

E3 Sole wheat
E3 Sole soy

<)
=)
.
—il-
o
@
&
@

Average aphid predation rate %
N B
o o

Fig. 7. Aphid predation rates per treatment. Rates are averaged across all
predation sampling times. As soy and wheat treatments were analyzed sepa-
rately, lowercase significance letters are used for soy treatments and uppercase
significance letters were used for wheat treatments. Relay cropping was
included only in the wheat treatment.

serve as an early reservoir of natural enemies for the spring cultivated
soy whereas in a large, conventional soy field, beetles would have to
recolonize the field from the field margins. Studies conducted by
Alarcon-Segura et al. (2022) and Jarvinen et al. (2023) have reported
mixed results, with strip cropping supporting only specific groups of
natural enemies during certain time periods. It is also worth noting that
the effects of wide strip cropping on natural enemy abundance can be
variable and might be influenced by crop type and strip width as field
interiors are also important habitats for natural enemies (Gallé et al.,
2020).

Spider abundance was highly variable between the study years with
abundance in 2023 reaching only 24 % of 2022. This is partially

attributed to high rainfall in the June 2023 collection period, in accor-
dance with findings from Lensing et al. (2005) who found spider
movement limited by precipitation. Pitfall trap catches from 2022 show
that spider activity densities were much higher in wheat compared to
soy treatments and in strips compared to respective patch or reference
treatments. According to Triquet et al. (2022) overwintering cover crop
strips hosted a higher activity density of ground beetles and spiders,
serving as reservoirs for natural enemies. Overwintering winter wheat
strips as found in our experiment, can act as these reservoirs, potentially
supporting colonization of the soy strips later in the season. In 2023 no
trends could be seen, possibly due to the low activity-density from high
precipitation. Outcomes from other studies have shown the effects of
intercropping on spider population composition are dependent on crop
species combinations and row width management, while the effects on
spider abundances were unclear (Alarcon-Segura et al., 2022; Cai et al.,
2010; Jarvinen et al., 2023).

4.2. Relay and patch cropping are associated with fewer arthropods and
lower yields

The relay system was an economic failure as the soy crop died even
though the relay wheat had a high yield. There was low soil moisture in
the relay system at the time of soy drilling, as the winter wheat had
already consumed most of the soil water, and the low precipitation in
our region was not enough to overcome this. Moreover, relay inter-
cropping supported only intermediate abundances of natural enemies.
Yields in the patches were some of the lowest in our study. Due to the
layout of the patches, farmers’ large machinery cannot work as usual, e.
g. mechanical weeding was more difficult as the patches were not large
enough to allow full speed of the tractors. This, combined with the lower
herbicide usage in some patches, may have led to the slightly higher
weed cover in the patches (Supplemental materials) which can nega-
tively affect yields. The patches had inconsistent outcomes concerning
natural enemy abundance but generally had some of the lowest activity-
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densities per trap. Patch cropping involves interactions with adjacent
other crops within the experiment and semi-natural habitats which
could affect natural enemy and pest communities. However, out of the 9
crops in the patchCROP rotation in, for example June 2022, wheat
patches had the second highest carabid abundance and this abundance
was close to the system average catch. This indicates that our soy and
wheat indicator patches were representative of the system and that the
average number of beetles per trap in the patches is still lower than most
of our other treatments. Many natural enemy species have habitat
preferences with some preferring edges and others field interiors, thus
maintaining a minimum field area may be important to maintain distinct
habitat qualities to support both edge and center species (Gallé et al.,
2020). Nevertheless, it is difficult to disentangle some of the manage-
ment versus layout effects on natural enemies in this experiment and
further research is needed to identify the limits and potential challenges
with more diversified cropping on smaller fields such as patches.

4.3. Spatial cropping arrangement drives community composition

Different spatially diversified cropping treatments influenced the
community compositions of natural enemies, as revealed by the NMDS
analysis. The variations in species preferences and composition between
different crops, even adjacent ones like soy and wheat patches and
strips, indicate that natural enemy composition was not random but
likely driven by preferences for specific crops and spatial designs. In
both years, soy and wheat patches show the strongest differentiation in
community composition of spiders and carabids, while strip cropping
also showed differing community composition, albeit more similar than
the patches. This is in line with findings from Hummel et al. (2012), who
found carabid species showing differing responses to different crops in
intercropping. We found Pterostichus melanarius, known to favor com-
plex and taller crops (Busch et al., 2021; Doring and Kromp, 2003),
primarily in wheat treatments but not in soy strips, which were bare in
the first sampling and still shorter in the second. Conversely, the spring
breeder Bembidion properans was found more often in soy strips, likely
due to its preference for open spaces (Ropek and Jaworska, 1994). Strips
and patches offer spatial and temporal diversification, accommodating
species with different emergence times and habitat preferences within a
single field. For example, wheat is tilled late in the fall and harvested in
July, while soy is cultivated in the spring and harvested in autumn
which disrupts groups with different emergence times. Jarvinen et al.
(2023) also reported a strong response in the abundance and species
assemblage of carabid beetles in intercropping of fava beans with turnip
rape as the season progressed.

Despite clear composition patterns among treatments, species rich-
ness results were less consistent. The only consistent response between
the two years in our study was that relay cropping supported the highest
number of carabid species. A study manipulating the row width of wheat
found that wide row wheat, as found in relay intercropping, had more
Lycosidae spiders than conventional narrow row wheat (Smith and
Jones, 2007). More species may prefer the mix of dense (wheat) and bare
(gap for soy) plant cover in the relay treatment. Nevertheless, a
meta-analysis found that strip cropping did not affect beneficial
arthropod species richness (Rakotomalala et al., 2023) and spider spe-
cies richness may be more affected by non-crop vegetation in the land-
scape rather than management (Schmidt et al., 2005) as spiders need to
recolonize fields.

4.4. Pests unaffected by cropping treatment

We did not find any effect of cropping treatment on pest abundance
in the field, contrasting with our initial hypotheses. This is partially
likely due to the overall low number of aphids which was far below the
threshold for pesticide application. While wheat is known to have
several pests in the study region, including aphids and cereal leaf beetle
larvae, soy does not have established pests. This may have helped lower
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the number of aphids which we consider too low to draw any conclu-
sions from. Other studies on intercropping have found that wide strip
cropping can reduce or constrain pests (Jarvinen et al., 2023; Labrie
etal., 2016). However, a three year study comparing rapeseed patches to
sole cropped rapeseed found higher pest pressure in the patches, but this
did not necessarily translate to yield losses (Dovydaitis et al., 2023). Pest
abundance is also affected by many other factors than just plant di-
versity including the local landscape (Rusch et al., 2013), previous crops
in the rotation (Buntin et al., 2007), and overall host plant quality
(Martinez et al., 2021). We also found no relationship between spider or
carabid abundance and predation rates or pest numbers. Other groups of
natural enemies not measured in this study may have contributed to pest
control (Jarvinen et al., 2023), for example parasitic wasps or ladybirds
(Schmidt et al., 2003). We did find, however, that wheat strips had
higher average aphid predation rates than wheat patches and sole wheat
and other studies of strip cropping also found that it can support
increased pest parasitism or predation. Croijmans et al. (2023) found
that narrow strips (3 m x 45 m) of wheat and cabbage were the best for
supporting parasitism of pests compared to sole cropping and pixel
cropping. They hypothesized that there is an ‘ideal’ amount of biodi-
versity between supporting natural enemies and not making it too
difficult for them to find pests and also recommend strip cropping as the
best option for farmers.

4.5. Limitations and future perspectives

The study was conducted on a single farm, encompassing multiple
fields that changed over the two years of cultivation. While this provides
valuable initial insights, future research should include additional fields
and farms across a broader landscape to disentangle the effects of the
local landscape and field level diversification. Furthermore, the relay
intercropping system failed due to the low soil moisture which pre-
vented soy establishment, rendering it unsuitable for comparison due to
its lack of agronomic viability in our region. Future studies need to
consider different row spacing in cereals (12.5-37.5 cm) or crop com-
binations (e.g. lupin-rye, rapeseed-barley) to explore the viability of the
system within a crop rotation in our region. Nevertheless, this study
stands out as one of the first to systematically compare numerous spatial
arrangements from both agronomic and ecological perspectives. Chal-
lenges for practical implementation include higher complexity of mul-
tiple field operations, management of the headland areas (damage of
crops due to multiple passes at different time periods), and resulting
administrational uncertainties.

5. Conclusions

We found that the spatial arrangement of intercropping impacted
natural enemy abundances, aphid predation rates, and the community
assemblage of carabids and spiders. Strip intercropping increased ag-
roecological benefits, by supporting higher carabid abundance and
aphid predation rates, with no yield penalties to the farmers. This study
was one of the first of its kind to compare yields and ecological benefits
of wide strip, relay, and patch intercropping with sole cropping in a
commercial farming context in central Europe. While some diversified
systems were not as productive as sole cropping, the strip cropping re-
sults show the potential of the system for farmers to diversify their farms
in a manner that involves no additional machinery with direct benefits
for biodiversity. Challenges for implementation remain, for example,
with the management of the headland areas. Thus, optimal spatial
management plans for farmers that balance yields, economic returns,
and ecological goals need to be co-designed.
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