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Abstract

Arthropod diversity of different taxonomic groups and ecosystem services are declining, yet current measures to counteract
losses are often restricted to small areas of land or field margins, particularly in agricultural systems. At the same time, large
areas of land will be required to feed a growing global population. Intercropping has been proposed as a potential solution to
maximize both biodiversity and yield at large scale, but experimental evidence is scarce.

In a three-year field experiment, we manipulated crop diversity and management intensity in a cereal-legume intercropping
experiment in Germany, where 50% of wheat was replaced by faba beans. We measured arthropod abundance and diversity of
different functional groups (pollinators, natural enemies, herbivores) and crop yield.

We found that increasing crop diversity increased abundance and diversity of arthropods. Notably, pollinator and natural
enemy abundances increased in intercropped systems. Low management intensity generally had positive effects on arthropod
abundance and especially on pollinator diversity, indicating benefits of reduced inputs of fertilizers and herbicides. While wheat
yield was higher in monocultures and for high management intensity, total grain yield of the intercrop (indicated by land equiv-
alent ratio) was higher in mixtures. We found that trade-offs were stronger between arthropod diversity and wheat yield than
between arthropod abundance and wheat yield. Specialist wheat herbivores and generalist herbivores were more abundant at
higher wheat yields. Conversely, pollinator and natural enemy diversity were negatively associated with wheat yield.

Our results show that diversification can promote both higher yields and greater diversity of arthropods. Intercropping can
thus be an opportunity to support biodiversity without risking significant yield losses.
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Introduction

More than 40 percent of Europe´s terrestrial land surface
is dominated by agriculture (Eurostat, 2018). Wheat (Triti-
cum aestivum L.) is the most frequently grown cereal crop
in Europe with c. 143 million tons produced in 2017 and c.
130 million tons in 2018 (Eurostat, 2018). Here, crops are
generally grown in monocultures with high inputs of chemi-
cals and fertilizers, resulting in optimized yields. While
demand is increasing with the rising global world popula-
tion, which is expected to reach 9.7 billion in 2050
(United Nations, 2019), agricultural intensification has been
identified as major contributor to dramatic biodiversity
declines worldwide (Kovács-Hostyánszki et al., 2017). As a
consequence, agricultural intensification can negatively
affect ecosystem processes that support crop production
such as pollination (Klein, Steffan-Dewenter & Tscharntke,
2003a, 2003b; Kremen, Williams & Thorp, 2002, 2004) and
biological pest control (Cardinale, Harvey, Gross & Ives,
2003) and may inadvertently reduce yield potential.

Traditionally, attempts to conserve biodiversity focus
either on nature reserves or on farmland. A recent study by
Hallmann et al. (2017) reported severe declines in insect bio-
mass in 63 nature reserves in Germany, indicating that even
nature reserves may not suffice to safeguard biodiversity if
habitat quality in the surrounding landscape is poor. On the
other hand, conservation measures targeting farmland, such
as agri-environment schemes (European Commission, 2005),
which often focus on uncultivated areas, have also had
mixed effects on biodiversity enhancement (Kleijn et al.,
2006). Consequently, to support large-scale biodiversity,
conservation across Europe will require measures targeting
the heart of farming systems themselves. While organic
farming was and still is a success story promoting biodiver-
sity (Bengtsson, Ahnström & Weibull, 2005; Hole et al.,
2005; Mäder et al., 2002), the organic share of total agricul-
tural land in Europe is still low (2.9% in 2017, Lernoud &
Willer, 2019). Therefore, we need appropriate tools to
increase habitat quality in farming systems.

Arthropods, the largest and most diverse group in the ani-
mal kingdom, are a major component of terrestrial biodiver-
sity and provide important ecosystem services, such as
decomposition and nutrient cycling, pollination and biocon-
trol (Zhang, Ricketts, Kremen, Carney & Swinton, 2007).
Pollination and the presence of natural enemies can lead to an
increase of agricultural food production (Cardinale et al.,
2003; Klein et al., 2003a). These services are threatened by
biodiversity loss and land use intensification (Benton, Bryant,
Cole & Crick, 2002), which may have cascading effects
across trophic levels (Wan et al., 2020). There is a strong
need to halt arthropod declines and reverse this trend. Farmers
need to find sustainable management approaches that balance
the demand for yield, quality and stability alongside support-
ing biodiversity while also minimizing chemical inputs.

Arable farming is typically characterized by large areas of
crop monocultures, such as cereal crops (Eurostat, 2018),
which leads to a low level of vegetation diversity in the
farmed landscape. Intercropping, where two or more crop
species are cultivated simultaneously in the same field (Haug-
gaard-Nielsen, Jørnsgaard, Kinane & Jensen, 2008; Vander-
meer, 1989), offers a method to increase plant diversity over
large areas of land. Several studies indicate advantages of
growing plants in intercropping systems compared with
monocultures, such as reduced weed pressure and pathogen
infection (Hauggaard-Nielsen et al., 2008; Verret et al.,
2017), higher numbers of natural enemies and herbivore sup-
pression that leads to reduced crop damage (Letourneau et al.,
2011; Wan et al., 2020), or decreased use of chemical nitro-
gen inputs due to N2-fixation by legumes intercropped with
cereals (Hauggaard-Nielsen et al., 2008; Mousavi & Eskan-
dari, 2011). Yield can also be higher in intercropping than in
monocultures (Hauggaard-Nielsen, Ambus & Jensen, 2001;
Haymes & Lee, 1999) due to decreased plant-plant competi-
tion and more efficient resource use; niche differentiation and
complementarity between intercropped species can contribute
to yield stability and increase land use efficiency (Rosa-
Schleich, Loos, Mußhoff & Tscharntke, 2019; Yu, Stomph,
Makowski & van der Werf, 2015). Nevertheless, intercrop-
ping is not widespread in European conventional agriculture
and thus only little is known about its contribution to enhanc-
ing arthropod diversity in conventionally managed farming
systems.

In the present study, we set up intercropping trials in
2017, 2018 and 2019 as part of the pan-European project
“DIVERSify” (www.plant-teams.eu) and manipulated man-
agement intensity (high or low) and crop diversity (wheat
monoculture or wheat-faba bean mixture). We collected
data on arthropod abundance and diversity and grain yield
to test the following hypotheses:

(i) Arthropod abundance and diversity will be enhanced when manage-
ment intensity is low (compared with high intensity) and when crop
diversity is increased in wheat-faba bean mixtures (compared with
wheat monocultures, Kremen &Miles, 2012);

(ii) Higher numbers of species within functional groups such as pollinators
or natural enemies are expected in mixtures than in monocultures
(Andow, 1991; Letourneau et al., 2011);

(iii) We expect a positive effect of management intensity, but a negative
effect of crop diversity, on wheat yield. Total grain yield (including
faba bean) will be higher in mixtures (Bedoussac et al., 2015); and
finally,

(iv) there will be trade-offs between arthropod diversity and yield. We
assume that arthropod diversity decreases with increasing wheat yield
(Rosa-Schleich et al., 2019).
Materials and methods

Experimental design

We manipulated crop diversity and management intensity
in a randomized split-plot design in 2017, 2018 and 2019

http://www.plant-teams.eu


Fig. 1. Experimental field site (2018) sown with monocultures and mixtures of wheat and faba bean. The field was divided into two blocks of
48 plots. Each block consisted of four columns out of which two were treated with herbicides and fertilizer; the other half was left untreated.
Each plot was divided into three subplots of 1 × 1 m2 for different samplings. Picture © by Jan Lehmann.

28 J. Brandmeier et al. / Basic and Applied Ecology 53 (2021) 26�38
(Fig. 1, Appendix A: Table S1). The field site was in western
Germany near Münster at the Julius-Kühn-Institute (51°58′
31.4″N 7°33′56.5″E). In a 300 m radius around the field
there were residential developments, behind these began the
agricultural use of the landscape. Semi-natural habitat was
scarce, but there were some hedges in close vicinity. Plots
were sown with sowing machines (2017: Amazone D8–25
Special; 2018: Hege 80; 2019: Wintersteiger Plotseed S
with Hege 80 carrier with Lemken single disk opener) at
12 cm row spacing in 2017 (12.5 cm in other years) with 8
rows per m at a sowing depth of 6–8 cm in 2017/2018 and
3.5 cm in 2019 in monocultures and mixtures of spring
wheat (Triticum aestivum L.) and faba bean (Vicia faba L.,
Fig. 1). Sowing density was 440 seeds/m2 (wheat) and 40
seeds/m2 (faba bean). A 50:50 replacement series design
was used for mixtures, where each species was sown at 50%
of monoculture density in mixed intercropping. The experi-
mental design was a split-plot design with column nested in
management, management nested in blocks and crop diver-
sity levels as the lowest level of replication (split-plots).
Experiments comprised replicate blocks (4 in 2017 and
2019, 2 in 2018) with management (two levels: low – no fer-
tilizers or agrochemicals; and high – pre-emergence herbi-
cide spray: 4.4 L/ha Stomp Aqua; 455 g/L Pendimethalin,
and nitrogen fertilizer: 70 kg N/ha; urea and ammonium
nitrate) assigned at random to one half of each block. Each
half-block comprised two columns in 2018 and crop diver-
sity (two levels: monoculture and mixture) was assigned to
random positions within each column, giving a total of 48
plots in 2017/2018 and 16 plots in 2019 (see Appendix A:
Fig. S1). Plot sizes were 2.5 × 5 m (2017), 1.5 × 5 m (2018)
and 3 × 4 m (2019). Plot size differences were accounted for
by always sampling subplots of the same size. Each year,
there were three 1 × 1 m subplots in fixed positions per plot.
For monitoring, one subplot was chosen at random; when
subplots were sampled multiple times (for pollinator
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observations), the same subplot was monitored.
In 2017 and 2018, we used two cultivars of each crop spe-
cies; these were assigned to plots at random and occurred
equally often in each treatment (Appendix A: Table S1,
Figs. S1A and B). Cultivars were used to increase sampling
sizes, but not analyzed specifically.

In the present manuscript, our focus lies on the study year
2018, where arthropods were most intensively sampled.
Sampling sizes were NMonocultures,high=8, NMonocultures,low=8,
NMixtures,high=16 and NMixtures,low=16 (Appendix A: Fig.
S1). Results based on other years are provided to show that
our results are generalizable across years.
Arthropod and pollinator sampling

Vegetation-associated arthropods were sampled by clip-
ping all vegetation from a defined area of ground. In 2017,
arthropods were sampled between June 21st −29th on 10
crop plants selected at random within a pre-selected 1 × 1 m
subplot (for monocultures, 10 plants per crop species; for
mixtures, five plants per crop species). Additionally, five or
one individual of each weed species in the 1 × 1 m subplot
was sampled at random, depending on whether the weed
was dominant (more than 10 plants/m2) or not (less than 10
plants/m2). In 2018, arthropods were sampled between June
28th and July 19th on all plants within an area of 40 × 40 cm
per plot. For each plant species, aboveground plant parts
were placed in separate plastic boxes. Subsequently, all
arthropods were determined to species or morphospecies
level directly in the field. Mobile organisms were carefully
transferred into vials, if necessary, to prevent them from
escaping, and released afterwards. Numbers of arthropods
were extrapolated to 1 m2 and used as the measure of arthro-
pod abundance.

Pollinator diversity and number of pollinator visits were
assessed between June 14th −27th in 2018 and between July
2nd −10th in 2019 on 1 × 1 m subplots per plot. Weather
conditions were appropriate for flower visitor observations
during these days (warm, sunny and dry). Every plot was
observed three times for 15 min in 2018 and once for
15 min in 2019. Every contact with floral organs was
counted as one visit, on both crop species and on weeds in
the subplot. When the ears of wheat plants were visited (by
e.g. hoverflies), this was counted as a flower visit. Pollina-
tors were identified to family or genus level if possible, or to
orders otherwise. Additionally, crop and weed cover were
assessed between June 20th −29th by visual estimation of
percentage covered area.

We assigned arthropods to the following functional
groups: pollinators, specialist wheat herbivores, specialist
bean herbivores, generalist herbivores, natural enemies
(Appendix A: Table S2) and wheat aphid parasitoids (esti-
mated indirectly from the number of mummified aphids
found on Triticum aestivum). Level of parasitism was
expressed as the count of aphid mummies as a percentage of
total aphid and mummy counts per subplot.
Yield measurements and calculation of land
equivalent ratios

All plots were harvested by hand between August 22nd

−25th (2017) and August 3rd −9th (2018). One square meter
of vegetation in each plot was harvested 1 cm above ground
level using electric scissors. Each crop was harvested sepa-
rately and grain was threshed using a threshing machine
(Haldrup LT-35). Seeds were cleaned with a seed cleaner
(Pfeuffer MLN). Straw and grain yield of each crop species
were measured using scales (Sartorius Industry) after drying
at 70 °C for 24 h. Yields were extrapolated to t/ha.

An important index for evaluating intercropping systems
is the Land Equivalent Ratio (LER). The ratio can be inter-
preted as the amount of land that is needed to grow both
crops together in comparison to the amount of land that is
needed to grow monocultures of both crops separately
(Mead & Willey, 1980). Thus, LER is an index for the effi-
ciency of land use (Yu et al., 2015). An LER smaller than 1
shows a disadvantage of intercropping in comparison with
monocultures, whereas an LER greater than 1 shows a yield
advantage from intercropping. LER is calculated as

LER ¼ ∑
Ymix
Ymono

� �
¼ Ymix; crop1

Ymono;crop1

� �
þ Ymix;crop2

Ymono;crop2

� �
þ⋯þ Ymix;cropn

Ymono;cropn

� �

where Ymix is the yield of each crop in mixture and Ymono is
the yield of each crop in monoculture. In our study partial
LERs were calculated for each crop and these were summed
to give the total LER for a mixture as shown in the above
equation. These calculations were done separately for high
and low intensity management.
Statistical analyses

Data were analyzed using R (version 3.6.2, R Core Team
2019) accessed through RStudio (version 1.2.1335). Arthro-
pod and pollinator diversity were expressed as Shannon´s
entropy (Jost, 2007) and its numbers equivalent (exponential
of Shannon) using the package vegan (Oksanen et al., 2019).
We used this index because it is mathematically tractable,
and its numbers equivalent corrects for differences in abun-
dance (Jost, 2007). In all figures, diversity is presented as
the exponential of Shannon´s entropy. Distributional
assumptions for all response variables were checked using
the fitdistrplus package (Delignette-Muller & Dutang, 2015).

Data on grain yield were analyzed using generalized lin-
ear mixed-effects models (package glmmTMB, Brooks et al.,
2017) with column nested within management, and manage-
ment nested within block as random effects; crop diversity,



Table 1. Model terms, chi-square (χ2) values and significance levels (Pr(>χ2)) for generalized linear mixed-effects models for abundance,
diversity and yield vs. management intensity, crop diversity and their interaction (CD x MI) for 2018 data. Poll=pollinators, Enem=natural
enemies, WHerb=wheat specialist herbivores, BHerb=bean specialist herbivores, GHerb=generalist herbivores. Explanatory variables in
italics mark significant effects with ***p<0.001, **p<0.01, *p<0.05 and (*)0.05<p<0.10. Degrees of freedom for Likelihood Ratio χ2 tests
are 1 in all models. NMonocultures,high=8, NMonocultures,low=8, NMixtures,high=16, NMixtures,low=16.

Response variable Explanatory variable Model Family χ2 Pr(>χ2)

Total abundance Management intensity glmmTMB nbinom2 0.416 0.519
Crop diversity 5.374 0.020 *
CD x MI 2.148 0.143

Poll abundance Management intensity glmmTMB nbinom2 1.900 0.168
Crop diversity 14.759 <0.001 ***
CD x MI 0.966 0.326

Enem abundance Management intensity glmmTMB nbinom1 0.033 0.855
Crop diversity 12.544 <0.001 ***
CD x MI 0.306 0.580

WHerb abundance Management intensity glmmTMB genpois 5.127 0.024 *
Crop diversity 1.251 0.263
CD x MI 0.027 0.870

BHerb abundance Management intensity glmmTMB genpois 0.745 0.388
Crop diversity 33.261 <0.001 ***
CD x MI 0.846 0.358

GHerb abundance Management intensity glmmTMB nbinom1 0.095 0.758
Crop diversity 1.248 0.264
CD x MI 0.000 0.990

Parasitism level (%) Management intensity glmmTMB beta-binomial 0.079 0.778
Crop diversity 0.223 0.636
CD x MI 3.226 0.072 (*)

Total diversity Management intensity glmmTMB genpois 8.828 0.003 ***
Crop diversity 25.934 <0.001 ***
CD x MI 0.219 0.640

Poll diversity Management intensity glmmTMB genpois 27.820 <0.001 ***
Crop diversity 15.646 <0.001 ***
CD x MI 0.428 0.512

Enem diversity Management intensity glmmTMB genpois 0.218 0.641
Crop diversity 7.863 0.005 **
CD x MI 0.042 0.837

WHerb diversity Management intensity glmmPQL Poisson 0.890 0.345
Crop diversity 0.107 0.743
CD x MI 1.250 0.264

BHerb diversity Management intensity glmmTMB genpois 0.195 0.659
Crop diversity 16.881 <0.001 ***
CD x MI 13.823 <0.001 ***

GHerb diversity Management intensity glmmTMB genpois 2.977 0.084 (*)
Crop diversity 14.917 <0.001 ***
CD x MI 0.019 0.890

Wheat yield Management intensity glmmTMB Gaussian (link=log) 86.451 <0.001 ***
Crop diversity 3.928 0.047 *
CD x MI 0.200 0.655

Total grain yield Management intensity glmmTMB Gaussian (link=log) 88.389 <0.001 ***
Crop diversity 0.018 0.894
CD x MI 0.242 0.623
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management intensity and their interaction as fixed effects,
and Gaussian errors with a log link.

Abundances and diversity of arthropod groups were ana-
lyzed with the same model, but with generalized Poisson or
negative binomial errors (Consul & Famoye, 1992) except
for wheat specialist herbivore diversity for which
glmmTMB models showed convergence errors and which
were instead analyzed using generalized linear mixed-effects
models fit by penalized quasi-likelihood (package MASS,
Venables & Ripley, 2002) with Poisson errors. The
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percentage of aphids that were parasitized was analyzed as
described above but with beta-binomial errors and a logit
link function (Table 1). For arthropod abundance and diver-
sity, we used negative binomial errors or a log link with gen-
eralized Poisson errors, as alternative distributions
(Gaussian, Poisson or Tweedie) provided inferior fits based
on Akaike´s Information Criterion (AIC) corrected for small
sample sizes (AICc, Burnham, Anderson & Huyvaert,
2011). The generalized Poisson distribution allows for both
under- and overdispersion; its variance function is µ exp(ŋ),
where ŋ is the linear predictor from the dispersion model
and µ is the mean. We used the same models as described
above (except for total arthropod, wheat specialist herbivore
and natural enemy diversity which we analyzed with penal-
ized quasi-likelihood) to test for effects of wheat yield and
crop diversity on arthropod functional group abundance and
diversity using wheat yield and crop diversity as fixed
effects (Table 3). For analyses of multi-year data, we log-
transformed and scaled abundance and diversity data to
[0,1] to correct for sampling effort (Allan et al., 2014;
Scherber et al., 2010). We used generalized linear mixed-
effects models fit by penalized quasi-likelihood with bino-
mial errors (abundance and diversity) or gaussian errors
(yield) with management, diversity and year as fixed effects
(including all three-way interactions, Appendix A: Table
S7), and block, management, column position and year as
random effects (M. Crawley, personal communication).
Model predictions and confidence intervals (CIs) were cal-
culated using the effects package (Fox & Weisberg, 2018).
Significance of model terms was assessed using Likelihood
Ratio tests implemented in the Anova() function (package
car, Fox & Weisberg, 2019). Numbers in the text are means
±1SE extracted from fitted model objects.
Results

Arthropod abundance and diversity

In 2018, we sampled 1219 specialist wheat herbivores
(five taxa), 316 bean herbivores (four taxa), 1050 generalist
herbivores (11 taxa), 481 natural enemies (five taxa) and
185 parasitoids. Additionally, we observed 1761 flower vis-
its (nine groups, Appendix A: Table S2).

We found that increased crop diversity and low manage-
ment intensity nearly always affected arthropod abundance
and diversity positively (Fig. 2, Table 1, Appendix A: Table
S3). This pattern was particularly distinct for pollinators (42
±5 individuals in mixtures and 24±3 individuals in monocul-
tures, Figs. 2A and B). Specialist wheat herbivore abun-
dance decreased in mixtures while aphid parasitism
decreased in mixtures under low, but increased in mixtures
under high management intensity (Fig. 2). Although geno-
typic variability of crops can affect responses of insect func-
tional groups, we found that some groups showed no
response to different cultivar combinations (parasitism level,
total arthropod abundance), and others responded irregularly
to crop cultivars. However, these results will not be explored
further here.

Generally, arthropod abundance and diversity increased
with crop and weed cover (Appendix A: Fig. S2, Table S7).
However, only arthropod diversity was significantly influ-
enced by weed cover.
Yield

Wheat and total grain yield (sum of wheat and faba bean)
were significantly higher under high than under low inten-
sity management (Fig. 3, Table 1, Appendix A: Table S3).
Although the sowing density in mixtures was 50% of mono-
culture density, wheat yield differences between these crop-
ping systems were small (Fig. 3). Land Equivalent Ratios of
wheat-bean mixtures amounted to 0.99 under high and 1.09
under low management intensity (Table 2).
Trade-offs between functional group abundance
and diversity, and wheat yield

Specialist bean herbivore abundance decreased with
increasing wheat yield in mixtures, while abundances of
other groups did not decrease significantly with wheat yield.
Pollinator, natural enemy and total arthropod abundance
were affected by crop diversity only. Parasitism level, spe-
cialist wheat and generalist herbivore abundance were nei-
ther affected by crop diversity, nor by wheat yield (Fig. 4,
Table 3, Appendix A: Table S4). Diversity of all functional
groups except bean herbivores decreased with increasing
wheat yield (Fig. 5). Overall, there were stronger trade-offs
between arthropod diversity and wheat yield than between
arthropod abundance and wheat yield.
Additional years

When combining arthropod data from 2017, 2018 and
2019, we found significant main effects of year and crop
diversity on total arthropod abundance. Data from 2017 sup-
port our results from 2018 as we found a positive effect of
crop diversity on arthropod abundance and diversity in both
years. In line with our results from 2018, pollinators in 2019
showed higher abundances and diversity in mixtures than in
monocultures (Appendix A: Fig. S3, Tables S5, S6, S7).
Combined data from 2017 to 2018 on yield show that high
management intensity positively affected wheat and total
grain yield. While wheat yield was always higher in mono-
cultures, total grain yield in 2017 was higher in mixtures for
both types of management intensity (Appendix A: Fig. S4,
Tables S7, S8).



Fig. 3. Grain yield (t/ha) in the 2018 field trial for wheat monocultures and wheat-faba bean mixtures for (A) low and (B) high management
intensity, with dark gray bars=wheat yield, light gray bars=faba bean yield, dashed line=average spring wheat yield in Germany in 2018 (4.7
t/ha, Federal Ministry of Food and Agriculture (Germany), 2019) and (C) model predictions and 95% CIs for generalized linear mixed-effects
models on total grain yield (red) and wheat yield (blue) for low and high management intensity for monocultures (“Mono”) and mixtures
(“Mix”). Solid lines show significant, and dashed lines non-significant effects of crop diversity on yield.
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Fig. 2. Model predictions and 95% CIs for generalized linear mixed-effects models on (A, B) arthropod functional group abundance, aphid
parasitism level (%) and total arthropod abundance for (A) low and (B) high management intensity and (C, D) arthropod functional group
diversity and total arthropod diversity for (C) low and (D) high management intensity in the 2018 field trial. Values show average counts and
diversity indices (per subplot) for wheat monocultures (“Mono”) and wheat-faba bean mixtures (“Mix”). Asterisks display significance of dif-
ferences between monocultures and mixtures with ***p<0.001, **p<0.01, *p<0.05, (*)0.05<p<0.10 and n.s.=not significant. Poll=pollina-
tors, Enem=natural enemies, WHerb=specialist wheat herbivores, BHerb=specialist bean herbivores, GHerb=generalist herbivores,
Paras=Parasitism level (%), Total=total arthropods.
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Table 2. Yield (t/ha, mean±SE) for mixtures (Ymix) and monocultures (Ymono), partial Land Equivalent Ratios (LER) for mixtures and mono-
cultures and LERs for mixtures under high and low management intensity in 2018. NMonocultures,high=8, NMonocultures,low=8, NMixtures, high=16,
NMixtures, low=16.

Mean yield (t/ha)
in mixture (Ymix)

Mean yield (t/ha)
in monoculture (Ymono)

Partial LER
(Ymix/Ymono)

Total LER for mixture
∑(Ymix/Ymono)

High intensity
Wheat 4.18±0.22 4.63±0.35 0.90 0.99
Bean 0.37±0.07 4.02±0.32 0.09
Low intensity
Wheat 1.93±0.09 2.30±0.20 0.84 1.09
Bean 0.48±0.12 1.94±0.19 0.25
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Discussion

In the present study, management effects depended on
crop diversity, but generally there were more arthropods and
more species under low management intensity (confirming
hypothesis 1). Abundance and diversity of arthropods and
functional groups were generally higher in mixtures than in
monocultures (confirming hypotheses 1 and 2). Crop diver-
sification promoted arthropod diversity stronger than
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Fig. 4. Trade-offs between functional group, total arthropod abundance an
(C, D) mixtures. Lines are model predictions and 95% CIs of generalize
main effects of wheat yield on abundances.
abundance. Importantly, although abundance of some pests
was higher in diversified and low intensity systems, this had
no effect on yield or land equivalent ratios, indicating that
both high yields and high arthropod diversity can be
achieved in intercropped systems. It should be noted,
though, that our results cannot easily be extrapolated to farm
scale, and potential landscape-wide effects would warrant
further investigation, but intercropping can be expected to
have even higher benefits in simple compared to complex
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Table 3. Model terms, chi-square (χ2) values and significance levels (Pr(>χ2)) for generalized linear mixed-effects models for abundance and
diversity vs wheat yield, crop diversity and their interaction (WY x CD) for 2018. Poll=pollinators, Enem=natural enemies, WHerb=wheat
specialist herbivores, BHerb=bean specialist herbivores, GHerb=generalist herbivores. Explanatory variables in italics mark significant
effects with ***p<0.001, **p<0.01, *p<0.05 and (*)0.05<p<0.10. Degrees of freedom for Likelihood Ratio χ2 tests are 1 in all models. NMo-

nocultures,high=8, NMonocultures,low=8, NMixtures,high=16, NMixtures,low=16.

Response variable Explanatory variable Model Family χ2 Pr(>χ2)

Total abundance Wheat yield glmmTMB nbinom1 0.410 0.522
Crop diversity 5.224 0.022 *
WY x CD 0.724 0.395

Poll abundance Wheat yield glmmTMB nbinom2 2.872 0.090 (*)
Crop diversity 13.018 <0.001 ***
WY x CD 0.772 0.380

Enem abundance Wheat yield glmmTMB nbinom1 0.353 0.553
Crop diversity 11.682 <0.001 *
WY x CD 0.216 0.642

WHerb abundance Wheat yield glmmTMB genpois 2.463 0.117
Crop diversity 0.563 0.453
WY x CD 0.051 0.822

BHerb abundance Wheat yield glmmTMB nbinom1 3.136 0.077 (*)
Crop diversity 21.093 <0.001 ***
WY x CD 4.098 0.043 *

GHerb abundance Wheat yield glmmTMB nbinom1 1.581 0.209
Crop diversity 1.791 0.181
WY x CD 0.022 0.882

Parasitism level (%) Wheat yield glmmTMB beta-binomial 0.226 0.634
Crop diversity 0.30 0.584
WY x CD 2.998 0.083 (*)

Total diversity Wheat yield glmmPQL Poisson 8.888 0.003 **
Crop diversity 17.707 <0.001 ***
WY x CD 0.234 0.629

Poll diversity Wheat yield glmmTMB genpois 17.188 <0.001 ***
Crop diversity 9.593 0.002 **
WY x CD 0.930 0.335

Enem diversity Wheat yield glmmPQL Poisson 0.239 0.625
Crop diversity 4.051 0.044 *
WY x CD 0.048 0.827

WHerb diversity Wheat yield glmmPQL Poisson 5.106 0.024 *
Crop diversity 0.067 0.796
WY x CD 0.176 0.675

BHerb diversity Wheat yield glmmTMB genpois 3.835 0.050 (*)
Crop diversity 16.930 <0.001 ***
WY x CD 7.989 0.005 **

GHerb diversity Wheat yield glmmTMB genpois 5.825 0.016 *
Crop diversity 10.735 0.001 **
WY x CD 0.057 0.812
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landscapes (Batáry, Báldi, Kleijn & Tscharntke, 2011). In
our study, we found a positive effect of management inten-
sity, but a (marginally) significant effect of crop diversity on
wheat yield (hypothesis 3). Furthermore, trade-offs between
arthropod diversity and yield were observed for monocul-
tures and mixtures (hypothesis 4). Nevertheless, arthropod
diversity was higher in mixtures than in monocultures.

The reduced abundance of wheat pests and the higher
abundance of natural enemies in our intercropped system is
in line with previous findings which show that planting
crops in mixtures can reduce pest colonization and
population growth rates by increasing diversity and abun-
dance of their natural enemies (Bianchi, Booij& Tscharntke,
2006; Letourneau et al., 2011). However, faba bean herbi-
vore abundance was higher in mixtures, because the only
host plants that were available in wheat monocultures were
weeds like Chenopodium album and Sonchus oleraceus,
which can be colonized by e.g. black bean aphids (Fernan-
dez-Quintanilla, Fereres, Godfrey & Norris, 2002). Thus,
the enemies hypothesis (Root, 1973) cannot be easily gener-
alized for intercropped systems and may depend on crop
identity.
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Fig. 5. Trade-offs between functional group and total arthropod diversity and wheat yield for (A) monocultures and (B) mixtures. Lines are
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Positive effects of intercropping and low intensity man-
agement on pollinator abundance and richness show that
diversified cropping systems can provide habitats for
flower-visiting insects in an otherwise monotonous land-
scape. Of course, adding a flowering plant partner to a crop-
ping system attracts flower visitors and therefore leads to
higher numbers of pollinators visiting mixtures (Norris et al.,
2018). In addition, weeds (that predominantly occurred in
low intensity systems) provided another important resource
for pollinators, as has been found in many other studies (e.
g., Marshall et al., 2003). Note, however, that weed cover
only had significant positive effects on total arthropod diver-
sity, but not on abundance.

An interesting finding of our study is that diversified crop-
ping systems apparently also had more diverse arthropod
communities – and that these effects were modulated by
management intensity, which may be an important result,
considering that it is diversity of service-providing organ-
isms and not abundance which increases ecosystem service
delivery (Dainese et al., 2019). According to Palmer and
Maurer (1997), intercropping systems are more structurally
rich than monocultures and therefore interactions among
canopies and/or rhizospheres can create higher heterogene-
ity, allowing coexistence of more species.

Wheat yield differences between monocultures and mix-
tures can be explained by the substitutive design with
reduced sowing rates in wheat-faba bean intercropping
(where 50% of wheat seeds were replaced by faba bean
seeds). In our experiment, wheat yield in high intensity
monocultures nearly reached the average German summer
wheat yield of 4.7 t/ha in 2018 (Federal Ministry of Food
and Agriculture (Germany), 2019), whereas in low intensity
monocultures yields of 2.3 t/ha were achieved. In organic
farming systems, yields are usually c. 20% lower than in
conventional farming systems (Knapp & van der Heij-
den, 2018). In 2018, average monoculture faba bean yield in
Central Germany was 4.8 t/ha (Brockerhoff, 2018), but faba
bean yield is known to be highly variable between countries
and years (Jensen, Peoples & Hauggaard-Nielsen, 2010).
We only measured yields of 0.4 t/ha for high intensity mix-
tures and 0.5 t/ha for low intensity mixtures, respectively.
Even considering the 50% sowing density, expected yields
would have been around 1–2 t/ha, indicating that growing
conditions in 2018 were too hot and dry for beans. Wheat is
known to be competitive when grown in intercropping (Jen-
sen, 1996) and often outcompetes its legume counterpart
which needs steady water supply (Ghassemi-Golezani, Gha-
nehpoor & Mohammadi-Nasab, 2009). Cultivars from
southern European regions might perform better under
drought stress than the cultivars we used in 2018, which
were from Germany and Austria. Furthermore, we observed
that faba bean seeds were preyed on by birds, resulting in
lower germination rates.

The higher total grain yield in mixtures compared to
monocultures under low management intensity confirms
hypothesis 3, indicating yield advantages of intercropping in
low intensity systems. Even under high management inten-
sity, yield differences were minor. This is supported by our
data from 2017, where total grain yield was higher in diver-
sified systems for both management intensities. The positive
effects of intercropping on yield are also reflected in the
LER, underlining that intercropping was advantageous
under low management intensity. An LER of 1.09 for low
intensity mixtures means that an area planted as a monocul-
ture would require 9% more land to produce the same yield
as the mixture. The success of the intercropping system
depends not only on design factors (additive vs. substitutive
designs, mixed vs. strip or relay cropping, Yu et al., 2015)
but also on crop combinations, climatic regions and fertilizer
and pesticide application (Himmelstein, Ares, Gallagher &
Myers, 2017).

We found that abundance and diversity of most functional
groups decreased with increasing wheat yield. In contrast,
Clough et al. (2011) found that arthropod diversity did not
decrease with increasing yield and Iverson et al. (2014)
found a win-win scenario for primary crop yield and
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biocontrol. In our study, specialist bean and wheat herbivore
numbers increased with increasing wheat yield, showing
that intercropping systems are highly variable. One of these
functional groups was dominated by common pests such as
Sitobion avenae or Oulema melanopus, underlining that
minor pest incidence does not necessarily influence the
amount of wheat yield.

Although our experiment was done at plot-scale, our find-
ings indicate that the results can be upscaled to the landscape
level. The measured wheat yield in high intensity monocul-
tures in 2018 was close to the average German wheat yield,
suggesting that our experiment can be comparable to larger
scale results, even though the amounts of fertilizer and her-
bicide used was relatively low (compared to German aver-
ages of 80–100 kg N/ha in 2018; Eurostat, 2020).

The present study demonstrates that intercropping can be
beneficial for arthropod diversity and ecosystem services
and does not necessarily lead to yield loss when the type of
intercropping system is carefully chosen. Also for non-
organic systems with inputs of fertilizer and herbicides,
where yields are generally higher, intercropping provides
food and habitat resources for a range of arthropod taxa and
can therefore counteract biodiversity decline.
Conclusion

We have shown that nearly all arthropod groups we tested
were influenced by crop diversity, with mixtures showing
positive effects especially for arthropod diversity, while
management intensity appeared less important. As crop
diversity only had a significant effect on wheat yield, we
conclude that with the right combination of plant species
and densities, intercropping can be used in conventional
agriculture to obtain similar levels of yield while simulta-
neously increasing arthropod abundance and diversity.
Thus, we recommend employing intercropping in conven-
tional agriculture, as it shows that not only extensification,
but also diversification of cropping systems is a method to
improve the quality of agricultural systems and to reduce
biodiversity decline in agriculture while maintaining similar
yields. In combination with other diversification practices,
intercropping could be a tool for diversifying crop systems
and farming practices. It can lead to a win-win situation
regarding both ecological and economic aspects. Growing
mixtures on a larger scale in temperate agroecosystems may
thus be an important strategy to counteract recent arthropod
declines on a landscape-wide scale.
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