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intercropping experiment
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Additionally, we measured crop biomass.

4. Crop biomass increased with crop diversity under high-input management, while
under low management intensity, biomass was highest in two-species mixtures.

5. Increasing crop diversity positively affected arthropod abundance and diversity,
under both low- and high-input management. Crop mixtures containing faba
bean, linseed or oilseed rape had particularly high arthropod diversity.

6. Mass-flowering crops attracted more arthropods than legumes or cereals.
Integrating intercropping into agricultural systems could increase flower visits by
insects up to 1.5 million per hectare, thus likely also supporting pollination and
pest-control ecosystem services.

7. Flower visitor network complexity increased in mixtures containing linseed and
faba bean and under low-input management.

8. Intercropping can counteract insect declines in farmland by creating beneficial

matrix habitat without compromising crop yield.
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1 | INTRODUCTION

Arthropods and especially flower-visiting insects provide a range
of important ecosystem services. Since more than one-third of
the global food production comes from crops that depend on pol-
linators (Klein et al., 2007), increasing cropping system diversity in
space or time may help to balance environmental sustainability and
agricultural production. Modern agricultural landscapes are often
dominated by large expanses of crop monocultures (Eurostat, 2018),
where food or habitat resources for flower-visiting arthropods are
generally scarce (Nicholls & Altieri, 2013). Some mass-flowering
crops, such as oilseed rape (canola) or sunflower, can support some
flower visitor species, but only for limited time periods (Westphal
et al., 2003) and without providing safe sites for reproduction and
hence population growth. Herbicide application removes weeds ef-
ficiently from agricultural fields and thus leads to clean landscapes
where only a fraction of species can survive due to habitat and re-
source losses (Nicholls & Altieri, 2013). Input of other agrochemi-
cals, such as fertilizers, insecticides and fungicides increase vyield,
but often at the expense of overall agrobiodiversity, potentially con-
tributing substantially to recent insect declines (Benton et al., 2002;
Dicks et al., 2021; Tscharntke et al., 2005).

There are, however, countermeasures focussing on the concept
of sustainable intensification, a process (or system) where yields
are increased without harmful environmental impacts. Integrated
pest management and conservation agriculture (including diver-
sified crop rotations) have been practised for a long time already
with not only positive but also negative effects on biodiversity
(Beillouin et al., 2021; Dainese et al., 2019; Lichtenberg et al., 2017).
One approach to support biodiversity in agriculture is intercropping
(Martin-Guay et al., 2018; Wuest et al., 2021), where two or more
crop species are grown on the same piece of land. As large expanses
of cropland worldwide are dominated by cereal monocultures, grow-
ing mixtures of cereals with another crop (e.g. legumes) may have
positive impacts on the quality of the matrix (Perfecto et al., 2009)
in which natural habitats are embedded.

Intercropping has been shown to increase flower visitor or
natural enemy abundance and diversity (Brandmeier et al., 2021;
Norris et al., 2018) while at the same time enhancing yield stability
and productivity (Li et al., 2020; Raseduzzaman & Jensen, 2017; Yu
et al., 2015) or reducing needs for chemical fertilizers when cereals
are intercropped with legumes (Hauggaard-Nielsen et al., 2008). De-
spite these benefits, intercropping has remained surprisingly unpop-
ular in industrialized countries, though it is widely used in low-input
tropical agroecosystems (Hauggaard-Nielsen et al., 2009) and in tra-
ditional smallholder farming systems in the Global South (Brooker
et al.,, 2015). When implemented at larger scales in the landscape,
intercropping may be an important measure to support arthro-
pod populations by increasing the availability of food and nesting
resources.

Flower visitor species richness and composition depend on the
local plant community (Biesmeijer et al., 2006), and it has been shown
that not only crop diversity but also crop identity affects arthropods

(Meyer et al., 2019). Additional community attributes such as inter-
action network complexity can help to understand relationships be-
tween crop diversity and ecosystem functioning, such as pollination
success or crop yield (Saunders & Rader, 2019). Beyond the effects
of crop diversity and identity, a large body of literature has exam-
ined the effects of management intensity (e.g. organic vs. conven-
tional farming) on flower visitors (for recent reviews, see Kennedy
et al., 2013; Lichtenberg et al., 2017). However, only few studies
so far compared flower visitors in crop monocultures and mixtures
under high- versus low-input management (Brandmeier et al., 2021).
Here, we set up a fully factorial experiment with the following
three factors: (i) management intensity (high vs. low input of pes-
ticides and fertilizer), (ii) crop diversity (0, 1, 2 or 3 crop species)
and (iii) crop identity (wheat, faba bean, linseed and oilseed rape).
An increasing number of crop species (crop species richness) per se
can be expected to increase arthropod diversity and abundance due
to bottom-up effects, as has been shown in grassland biodiversity
experiments (Scherber et al., 2010; hypothesis 1). Additionally, the
identity of the crop species will likely affect diversity, abundance
and plant-flower visitor network structure, due to differences in
floral resource provisioning (Losapio et al., 2019; Maia et al., 2019;
Hypothesis 2). Finally, management intensity (fertilizer and herbicide
input) can be hypothesized to decrease arthropod abundance and
richness (hypothesis 3), due to indirect effects (reduced weed abun-
dance, microclimate; Briihl & Zaller, 2021; Dupont et al., 2018).

2 | MATERIALS AND METHODS
2.1 | Experimental design

We set up a field experiment as part of a series of multiyear inter-
cropping trials conducted at the agricultural research station of the
Julius Kiihn Institute in 2019 in Minster, Germany (51°58’32.5"N
7°33'57.4"E; (Brandmeier et al., 2021). The site was bordered by a
woodland, crop fields and grassland, and residential developments.
Intensively farmed cereal fields were abundantly present in the
wider landscape surrounding the site. We manipulated the number
of crop species (crop diversity), crop species identity and manage-
ment intensity in a randomized blocks design (Figures S1 and S2). The
full experimental design had N=240 plots (including monocultures,
two- and three-species mixtures with barley and pea). Here, we
focus on a subset of N=104 plots on which pollinator sampling was
done. Plots were sown with monocultures or mixtures of summer
wheat (Triticum aestivum L.), faba bean (Vicia faba L.), linseed (Linum
usitatissimum L.) and oilseed rape (Brassica napus L.) in a substitutive
design (Table S1), that is mixture proportions added to 100 per cent.
A total of 104 plots, each measuring 3 x4 m, were sown at random in
four replicate blocks with a sowing machine (Wintersteiger Plotseed
S) at a row spacing of 12.5cm with eight rows per metre at a sowing
depth of 3.5cm on 14 May 2019. We assigned management inten-
sity at random to half-blocks: One half of each block received high-
intensity management, consisting of (i) one pre-emergence spray
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of herbicides (4.4L/ha Stomp Aqua with 455g/L Pendimethalin as
active agent) and (ii) nitrogen fertilizer applied as a solution of urea
and ammonium nitrate (70kgN/ha); the other half received no treat-
ment (low intensity). We adjusted application levels to the common
amounts for our region, but reduced fertilizer quantity to account
for legumes in our mixtures. Arthropods were sampled using either
pan traps (all plots) or flower visitor observations (a subset of plots
not containing oilseed rape; Table S1). Permits for insect sampling
were obtained from the city of Minster (Amt fir Griinflichen und
Umweltschutz) via the Julius Kiihn Institute (Institute for Plant Pro-
tection in Horticulture and Forests).

2.2 | Flower visitor observations

Observations were carried out between 2 and 10 July at appropri-
ate weather conditions (warm, sunny and dry). One square metre of
each plot was observed for 15min during each observation run. In
one block of the experiment, we managed to accomplish two ob-
servation runs, while plots in all other blocks were only visited once
due to time limitations and the rapid ripening of linseed flowers.
At each observation run, we assessed the numbers of flower visits
and flower visitor taxon at the lowest possible taxonomic resolution
(species, family, order). Observations were done on monocultures of
wheat, faba bean and linseed, their two- and three-species mixtures,
and also on bare-ground control plots, where weeds had established
(Table S2). The plant species visited was noted regardless of whether
the plant was a crop or a weed species. Each contact with floral or-
gans was counted as one visit. If the ears of wheat plants had been
visited, this was also counted as a flower visit, as it has been shown
that hoverflies and bees sometimes also visit wind-pollinated plants
(Saunders, 2018). For data analyses, we summed all observations per
crop diversity (four levels, see Staab et al., 2015) and per crop mix-

ture (eight levels).

2.3 | Pantraps

Pan traps were installed during four time periods (28 June-1 July,
5-8 July, 12-15 July and 23-26 July) as an indirect measure of ar-
thropod abundance (Scherber & Beduschi, 2021). We had to exclude
the third sampling period, because heavy rain had flooded the traps.
We used plastic bowls sprayed with UV yellow paint (Montana Black
infra yellow, European Aerosols GmbH, Heidelberg, Germany), filled
with water and a drop of detergent (Frosch, Werner & Mertz GmbH,
Germany). Traps were placed at ground level in the vegetation of
each plot and were left active for 72h; then, we transferred arthro-
pods into 70% ethanol in the field and sorted them up to the lowest
possible taxonomic level in the laboratory using binoculars (Leica
EZ4-HD; for details, see Table S3). We summed the abundances
from all three sampling periods for each level of crop diversity (four
levels—0, 1, 2 or 3 species) and per crop mixture (13 different mix-
tures, Table S1).

2.4 | Crop biomass sampling and weed assessment

We harvested crop biomass from 17 July to 9 August from crops and
weeds on a randomly selected subplot of 40x40cm of each plot.
All biomass material was hand-harvested at 1cm above ground for
crop species separately and for weed species combined (not species-
specific). Biomass material was oven-dried for 48h at 70°C, weighed
immediately afterwards (Sartorius Industry) and extrapolated to g/m?.
The cover and presence of weed species was assessed visually from

18 June—4 July on one randomly selected 1-m? quadrat for each plot.

2.5 | Statistical analyses

Flower visitor diversity and arthropod diversity were expressed as
Shannon's entropy (Jost, 2007) and its numbers equivalent (expo-
nential of Shannon's diversity), calculated using the package vegan
(Oksanen et al., 2019). The numbers equivalent allows to compare
species richness values corrected for differences in abundance. Data
analysis was done in R (version 3.6.1) operated via RStudio (Posit
team, 2022). For all response variables, we checked distributional
assumptions using the fitdistrplus package (Delignette-Muller & Du-
tang, 2015) and inspected model residuals for constant variance.
The numbers equivalents of flower visitor diversity and arthropod
diversity were count data and therefore analysed using generalized
linear mixed-effects models with a Tweedie family of distributions
(Dunn & Smyth, 2008). A generalized Poisson distribution (Consul
& Famoye, 1992) was used to model total arthropod abundances.
Because of the hierarchical experimental design, we included blocks
and management nested within blocks, as a random effect to ac-
count for spatial nonindependence. Models were fitted using the
glmmTMB package in R (Brooks et al., 2017). The fixed effects in
the models were either (i) crop diversity*management or (ii) crop
mixture*management, fitted in separate models.

Plant-flower visitor networks were constructed using the bi-
partite package (Dormann et al., 2009). First, the plotweb() function
was used to construct individual networks for each crop mixture
and management intensity, resulting in 16 networks. Additionally,
we calculated network metrics, using the networklevel() function,
for data pooled per block, crop mixture and management intensity
(resulting in N=64 data points). The effects of crop mixture and
management on these network metrics were then analysed using
the same model structure as above, but using generalized Poisson
or Maxwell-Conway Poisson errors (Huang, 2017). We used the
number of interactions, number of flower visitor species and Shan-
non's diversity of interactions as metrics to describe the networks,
as more complex indices need a minimal network size to function
reliably (Dormann et al., 2009), which was not the case in this study.

The number of flower visits and the total number of arthro-
pod individuals were analysed as described above with generalized
Poisson errors. Crop biomass was analysed using a Tweedie family.
Means were compared using Type Il Wald chi-squared tests from the
car library (Fox & Weisberg, 2019). In all models containing factors
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as explanatory variables, we used successive difference contrasts
(Venables & Ripley, 2002) to compare means (e.g. mono- vs. 2 and

2- vs. 3-species mixtures).

3 | RESULTS

3.1 | Arthropod community

In pan trap samples, the most frequent taxa were Diptera (exclud-
ing Syrphid flies), wasps, Coleoptera, Thysanoptera and Auchen-
orrhyncha. In pollinator networks, the arthropod community was
dominated by the bumblebee species Bombus lapidarius and B. ter-
restris and the hoverfly species Syrphus ribesii and Episyrphus baltea-
tus. A detailed overview of the taxonomic composition is given in
Tables S3 and S4.

3.2 | Arthropod diversity in monocultures,
two- and three-species mixtures

In fertilized plots that had received a herbicide treatment (high man-
agement intensity), arthropod and flower visitor diversity increased
with increasing crop diversity (Figure 1, Tables S5 and Sé). Except
for three-species mixtures, arthropod diversity was always higher
if no fertilizers or herbicides had been applied (low management

intensity).
3.3 | Effects of crop and mixture identity on
arthropod diversity

Observation data showed that the presence of faba bean and lin-

seed, in monoculture or mixture, leads to an increase in flower
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visitor diversity (Figure 2a). Pan trap data showed that arthropod
diversity was influenced by an interaction between crop mixture
and management: Arthropod diversity was highest in linseed-
oilseed rape mixtures, faba bean-oilseed rape mixtures and lin-
seed monocultures under low-intensity management; and in
oilseed rape monocultures and wheat-faba bean-linseed mixtures
under high-intensity management (Figure 2b). Both methods show
that crop mixtures significantly increased arthropod diversity
(Tables S5 and Sé).

3.4 | Plant-flower visitor networks and
network metrics

The number of flower visits was higher under low-intensity than
under high-intensity management (Table S7). On untreated (low-
intensity management) plots, fewest visits were observed on wheat
monocultures (35 visits) and fallow (‘no crop’) plots (53 visits). Num-
ber of visits increased when linseed was present. Wheat-faba bean-
linseed mixtures were visited most frequently (612 visits, Figure 3a,
Table S7).

Under high-intensity management, fewest visits were observed
when no flowering crop was sown (i.e. two visits on wheat monocul-
tures and 16 visits on ‘no crop’ plots). With increasing proportion of
linseed (from 33% in three-species mixtures and 50% in two-species
mixtures to 100% in monocultures), more visits were observed (i.e.
353 visits in linseed monocultures, Figure 3b, Table S7). Overall,
bees mainly visited linseed, while hoverflies mainly visited weeds
and faba beans.

The mean number of interactions as well as the number of flower
visitor species and Shannon's diversity of interactions was lowest
in high-intensity wheat monocultures and no crop plots. Values for
all indices increased considerably in mixtures containing linseed as

well as in linseed monocultures. Shannon's diversity of interactions
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FIGURE 1 Biodiversity responses to increased crop diversity within cropping systems. (a) Flower visitor and (b) arthropod diversity for
four different cropping systems (Fallow: no crop was sown, but weeds were present; Mono: crop monoculture, 2 crops; two-species mixture;
3 crops: three-species mixture) for high (red) and low (blue) management intensity. Graphs show raw data (open circles) and model fits (filled
circles) with 95% confidence intervals, predicted from generalized linear mixed-effects models from a, flower visitor observations (N =64;
Cropping system: y2=13.06, p=0.005) and b, pan traps (N=104; Cropping system: y*=16.08, p=0.001).
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FIGURE 2 Biodiversity responses to crop mixtures. (a) Flower
visitor and (b), arthropod diversity for a range of crop mixtures (O,
fallow where no crop was sown; W, wheat; B, faba bean; L, linseed;
O, oilseed rape; WB, wheat-faba bean; WL, wheat-linseed; WO,
wheat-oilseed rape; BL, faba bean-linseed; BO, faba bean-oilseed
rape; LO, linseed-oilseed rape; WBL, wheat-faba bean-linseed; and
WBO, wheat-faba bean-oilseed rape) for high (red) and low (blue)
management intensity. Graphs show raw data (open circles) and
model fits (filled circles) with 95% confidence intervals, predicted
from generalized linear mixed-effects models for (a), flower visitor
observations (N=64; Crop mixture: ;(2 =60.66, p<0.001) and (b),
pan traps (N=104; Crop mixture: y=40.98, p<0.001).

was also high in faba bean monocultures. In most cases, values were
higher for low compared with high-intensity management (Figure 4,
Tables S8 and S9).

3.5 | Arthropod abundances

Flower visitor observations showed that abundances were usually
higher under low-intensity management (Figure 5a,b), while pan trap
data (all arthropods) showed a reversed trend (Figure 5¢,d). Pan traps
which were placed on linseed plots contained fewer arthropods than
traps on plots sown with other crops. Conversely, observations on
plots containing linseed showed highest numbers of flower visits
(Tables S10 and S11).

3.6 | Crop biomass

Crop biomass was influenced by an interaction between crop mix-
ture and management, but not by crop diversity (Tables S12 and
$13). Under high management intensity, crop biomass increased with
crop diversity, while under low management intensity, biomass was
highest in two-species mixtures. Notably, biomass was low in oilseed
rape monocultures and in mixtures containing oilseed rape (except

linseed-oilseed rape mixtures, Figure S3).

4 | DISCUSSION

Data from our agricultural field experiment show the importance of
increased crop diversity in cropping systems for arthropod diversity
and abundances. Independent of the sampling methods employed,
we consistently found that higher crop diversity increased arthro-
pod and flower visitor diversity (hypothesis 1). Crop identity played
an important role as well, as some mixtures had more arthropods
or were visited more frequently than others (hypothesis 2). In our
study, especially linseed was visited often, both in mixtures and in
monocultures. This suggests that when a mass-flowering crop is
available, this crop is more important than other less conspicuous
crops (in our case faba bean) or weeds, masking their effects. Con-
sequently, plant-flower visitor networks that we analysed here were
dominated by linseed; when this crop was available, we found par-
ticularly many interactions, a high number of flower visitor species
and therefore also a high Shannon's diversity of interactions.

The intensity of agrochemical input had only limited effects in
our study (hypothesis 3), likely because the applied rates of pre-
emergence herbicide and fertilizer were still very low in comparison
with high-intensity monocropping. In fact, our own observations in
intercropping trials so far have shown that intercropping allows for
a ‘system shift, where not really much management is necessary
once the crops are sown; legumes will respond negatively to fer-
tilizer, and herbicides (usually targeting either mono- or dicots) are
inapplicable in mixtures after sowing. Some crop monocultures, such
as linseed, showed particularly high insect abundances and diversity
if they had been treated with pre-emergence herbicide and fertil-
izer, likely because they contained fewer weeds and higher flower
density (personal observations). Increasing weed abundance in fields
where no flowering crops are present (i.e. wheat monocultures) can
maintain flower visitor populations and ensure pollination services
(Bretagnolle & Gaba, 2015). While, in the present study, we did not
explicitly perform pollinator exclusion experiments to measure polli-
nation success, we have done so previously (Brandmeier et al., 2021)
and shown that (at least for wheat/faba bean in intercropping) the
increases in flower visitor abundance also lead to better pollination
services.

As an alternative to accepting tolerable levels of weed densities
in the field (Nicholls & Altieri, 2013), intercropping could be deliber-
ately integrated also into conventional farming systems. Our predic-
tions indicate that the number of flower visits could increase from
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FIGURE 3 Bipartite plant-flower visitor networks for plots sown with different crop mixtures for (a), low- and (b), high-intensity
management. Networks were generated by summing all visits for each group. N=4 for each crop mixture and management intensity. Left
section in networks represents plant species, and right section represents flower visitors (see Table S4). Small bars indicate fewer visits than
wider bars. Networks are sorted by total number of visits, starting with the fewest (upper left network) and ending with the most (lower
right network) within the two types of management intensity.
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FIGURE 4 Bipartite plant-flower visitor network indices in
response to crop mixtures. Graphs show data points (open circles),
model predictions (filled circles) and 95% confidence intervals from
generalized linear mixed-effects models for each crop mixture

(0, fallow where no crop was sown; W, wheat; B, faba bean; L,
linseed; WB, wheat-faba bean; WL, wheat-linseed; BL, faba bean-
linseed; WBL, wheat-faba bean-linseed) under high (red) and low
(blue) management intensity. N=4. (a) Number of interactions
(Crop mixture:f: 176.65, p<0.001; Crop mixture: Management:
;(2: 17.04, p=0.017), (b) number of flower visitor species (Crop
mixture: y>=95.79, p<0.001) and (c) Shannon's diversity of
interactions (Crop mixture: y2=47.61, p<0.001).

about 4700visits/ha in wheat monocultures up to 566,000visits/ha
in wheat-bean-linseed mixtures. In low-input systems (comparable to
organic farming), the number of visits could be as high as 1.5 million
visits/ha in wheat-faba bean-linseed mixtures. Of course, such extrap-
olations from small plot sizes to field scale are ambitious, but at least
they show the potential benefits of intercropping at larger scales.

Previous studies showed that ecosystem service delivery is posi-
tively influenced by the richness of service-providing organisms such
as flower visitors (Dainese et al., 2019). Although honeybees (mainly
the European honeybee Apis mellifera L.) are kept worldwide to pro-
vide crop pollination, other insects (such as wild bees, flies, beetles
and wasps) have been reported to contribute more to total pollina-
tion than previously thought (Page et al., 2021; Rader et al., 2016).
Floral abundance and richness are important for crop pollination ser-
vices delivered by unmanaged flower visitors (Garibaldi et al., 2014;
Kremen et al., 2007); thus, wild pollinator communities should be
supported by increasing the floral abundance and richness in their
environment. Obviously, monocultures of mass-flowering crops such
as linseed or oilseed rape can serve as a food resource for particular
taxa (Bombus) and for a limited period of time, but floral abundance
can be increased using crop mixtures, too (comparing mixtures to ce-
real monocultures). The advantage of crop mixtures compared with
a mass-flowering monoculture is that the monoculture (e.g. oilseed
rape) has to be treated with higher amounts of fertilizers and pesti-
cides. In mixtures, these amounts have to be reduced, especially if
legumes are present. This could potentially lead to a system change
in agriculture, leading away from intensively treated monocultures
to less intensively treated mixtures.

Pollinators, as mobile organisms, respond to cropping system
diversification at different spatial scales. Diversification methods
have already been shown to benefit flower visitors and pollination
services by enhancing floral diversity at the local scale (Albrecht
et al., 2007; Garibaldi et al., 2014; Isbell et al., 2017). At the land-
scape scale, an increasing distance from a natural habitat may lead
to lower wild bee richness, visitation numbers and fruit set (Garibaldi
etal., 2011). Therefore, integrating flower-rich agricultural fields into
conventional farming can provide important resources and improve
the matrix quality (Perfecto et al., 2009) for flower visitors as well as
other arthropods.

Our pan trap sampling showed that crop identity affected
arthropod diversity and abundances. In oilseed rape monocul-
tures and mixtures (especially wheat-oilseed rape and wheat-faba
bean-oilseed rape mixtures), arthropod abundances were high,
while plots including linseed attracted less individuals. These re-
sults can be explained by the poor crop performance of oilseed
rape, which suffered from the late sowing date and only grew
sparsely on some plots. Thus, plots with oilseed rape contained
more bare ground and pan traps were more easily visible, lead-
ing to a higher attraction than in, for example, linseed plots. As is
common for plot-based studies in randomized block designs, po-
tential spillover effects among neighbouring plots were minimized
by randomization, and we accounted for such spatial nonindepen-
dence in our statistical models using random effects for blocks
and management.

While pan traps are suggested to be an efficient method for
large-scale agricultural systems and to reduce collector biases
(Westphal et al., 2008), they are taxon-specific and the catching
success depends on colour (Moreira et al., 2016). Thus, for plot-
based trials, we conclude that flower visitor observations seem to

85UB017 SUOLULLIOD SAIERID 3ol dde 3y} Aq pauRA0B 818 S3[ e YO ‘SN J0 S3INI 104 AR1q1T 3UIIUO AB|IA UO (SUOHIPUOD-PUR-SWRYWOD A8 | 1M ARR1q 1 U1 |UO//'SHRY) SUORIPUOD PUe SWid | 8U) 835 *[£202/60/02] U0 A%eiqi8ulluo AB|IM ‘L92ZT 6TE8-8892/200T OT/I0p/W00" A3 1M Alelq 1 pulUOS feuIn0 ks :sdny woy papeo|umod ‘€ ‘€202 ‘6TE88892



8of 12 | Ecological Solutions and Evidence

ECOLOGICAL SOLUTIONS AND EVIDENCE

(a) Observation data (b) Observation data
300 1~ High T 300 1—— High

—— Low —o— |ow
2] £ -
2 @
> 200 - > 200 -
[0 (0]
2 2
o ® K<)
5 5 ?
2 100 S 100 -
S , 4 IS X
=) =}
2 { I 2

i1 I o
0 kl ‘l <) 8 . 0 zI ;I I II
Fallow Mono 2crops 3 crops 0 w B L WwB WL BL WBL

Cropping system

Crop mixture

Pan trap data

—— Low

i f ”°ﬁ§gﬁgﬁﬁgﬁﬁﬁ

(c) Pan trap data (d)
1900 1900 {7*~ High
0 L]
g ©
2 1500 1 2 1500 1
2 >
© ©
£ £
‘S 1100 - ‘S 1100
& o - B
Q & = Q
: 4 ¢ ¢ :
> 700 A é 2
8 o
300 A 300 A
r r r r T
Fallow Mono 2crops 3 crops 0

Cropping system

T
W B L

1 T 1 T U 1 T 1 T 1 T

O wWB WL WO BL BO LO WBL WBO

Crop mixture

FIGURE 5 Number of visits and arthropod numbers in response to (a, c) four different cropping systems (Fallow: no crop was sown;
Mono: crop monoculture, two crops; two-species mixture; 3 crops: three-species mixture) and (b, d) different crop mixtures (0, fallow; W,
wheat; B, faba bean; L, linseed; O, oilseed rape; WB, wheat-faba bean; WL, wheat-linseed; WO, wheat-oilseed rape; BL, faba bean-linseed;
BO, faba bean-oilseed rape; LO, linseed-oilseed rape; WBL, wheat-faba bean-linseed; and WBO, wheat-faba bean-oilseed rape) for high

(red) and low (blue) management intensity. Graphs show raw data (open circles) and model fits (filled circles) with 95% confidence intervals,
predicted from generalized linear mixed-effects models from (a, b) flower visits (N=64; Cropping system:;(2:35.36, p<0.001; Management:
;(2:8.68, p=0.003 and Crop mixture:)(zz 176.65, p<0.001; Crop mixture: Management:)(zz 17.04, p=0.017) and (c, d) all arthropods

caught in pan traps (N=104; Crop mixture: y°=145.06, p <0.001).

be more appropriate (see also Venjakob et al., 2016). The observed
subplot represents a sufficient part of the whole plot, and we were
able to generate plant-flower visitor networks from qualitative
observation data (Nielsen et al., 2011). On the contrary, obser-
vations can also be rather time-consuming and may lead to biases
when conducted by multiple observers (Westphal et al., 2008),
which was not the case in our study (we always used the same ob-
servers). Using high-resolution camera traps could be an efficient
and standardized method to simultaneously assess flower visits

on multiple plots. Indeed, we employed such a camera trapping
setup on the same site; these results will be reported elsewhere.
When using high-technology cameras or camera traps with ade-
quate resolution, flower visitors can be determined up to species
or family level (Droissart et al., 2021) with low sampling effort. We
acknowledge that the taxonomic resolution in the present study
was limited; future studies could, for example, employ DNA me-
tabarcoding approaches, especially for taxa that are difficult to
distinguish under field conditions.
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5 | CONCLUSIONS

Based on our multifactorial intercropping trial, we suggest to inte-
grate intercropping into agricultural systems, as arthropod diversity
can clearly benefit from increased crop diversity, especially also
under high-intensity management. Based on our experiments and
also on results from our own previous study at the same location
(Brandmeier et al., 2021), we conclude that a full mixing of crops at
adequate densities (50:50 or others, depending on crop competi-
tive performance) can be beneficial for both crop yields and biodi-
versity enhancement. Thinking intensive farming and intercropping
together can transform European farmland into a more insect-
friendly matrix. Additionally, the choice of crops is relevant; bring-
ing in some mass-flowering crops at 10%-50% density can provide
important ‘stepping stone’ resources for arthropods, at least during
the growth period. In-field diversification through intercropping
should thus become part of everyday's agricultural landscapes.

AUTHOR CONTRIBUTIONS

Jana Brandmeier, Hannah Reininghaus and Christoh Scherber con-
ceived the ideas and designed methodology; Jana Brandmeier and
Hannah Reininghaus collected the data; all authors analysed the
data, wrote the manuscript and gave final approval for publication.

ACKNOWLEDGEMENTS

This project has received funding from the European Union's Horizon
2020 research and innovation programme under grant agreement
No. 727284. We would like to thank Alexandra Esther, Mechthild
Budde, Sabine Hansen and the other staff from the Julius Kihn
Institute for on-site facilities and field assistance and Norbert and
Alexander Kreuzheck for field site management, including machin-
ery. We also thank our student helpers for support during fieldwork.

Open Access funding enabled and organized by Projekt DEAL.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

PEER REVIEW

The peer review history for this article is available at https://
www.webofscience.com/api/gateway/wos/peer-revie
w/10.1002/2688-8319.12267.

DATA AVAILABILITY STATEMENT
Data are available from the Dryad Digital Repository https://doi.
org/10.5061/dryad.f4qrfj71v (Scherber et al., 2023).

ORCID

Hannah Reininghaus "= https://orcid.org/0000-0002-4929-0243
Christoph Scherber "= https://orcid.org/0000-0001-7924-8911
REFERENCES

Albrecht, M., Duelli, P, Miiller, C., Kleijn, D., & Schmid, B. (2007). The
swiss agri-environment scheme enhances pollinator diversity

and plant reproductive success in nearby intensively managed
farmland. Journal of Applied Ecology, 44(4), 813-822. https://doi.
org/10.1111/j.1365-2664.2007.01306.x

Beillouin, D., Ben-Ari, T., Malézieux, E., Seufert, V., & Makowski, D.
(2021). Positive but variable effects of crop diversification on bio-
diversity and ecosystem services. Global Change Biology, 27(19),
4697-4710. https://doi.org/10.1111/gcbh.15747

Benton, T. G., Bryant, D. M., Cole, L., & Crick, H. Q. P. (2002). Linking
agricultural practice to insect and bird populations: A historical
study over three decades. Journal of Applied Ecology, 39(4), 673-
687. https://doi.org/10.1046/j.1365-2664.2002.00745.x

Biesmeijer, J. C., Roberts, S. P. M., Reemer, M., Ohlemidiller, R., Edwards,
M., Peeters, T., Schaffers, A. P, Potts, S. G., Kleukers, R., Thomas,
C. D., Settele, J., & Kunin, W. E. (2006). Parallel declines in pollina-
tors and insect-pollinated plants in Britain and The Netherlands.
Science, 313(5785), 351-354. https://doi.org/10.1126/science.
1127863

Brandmeier, J., Reininghaus, H., Pappagallo, S., Karley, A. J., Kizr, L. P,,
& Scherber, C. (2021). Intercropping in high input agriculture sup-
ports arthropod diversity without risking significant yield losses.
Basic and Applied Ecology, 53, 26-38. https://doi.org/10.1016/j.
baae.2021.02.011

Bretagnolle, V., & Gaba, S. (2015). Weeds for bees? A review. Agronomy for
Sustainable Development, 35(3), 891-909. https://doi.org/10.1007/
s13593-015-0302-5

Brooker, R. W., Bennett, A. E., Cong, W. F.,, Daniell, T. J., George, T. S.,
Hallett, P. D., Hawes, C., lannetta, P. P. M., Jones, H. G., Karley, A.
J.,, Li, L., McKenzie, B. M., Pakeman, R. J., Paterson, E., Schob, C.,
Shen, J., Squire, G., Watson, C. A, Zhang, C., ... White, P. J. (2015).
Improving intercropping: A synthesis of research in agronomy,
plant physiology and ecology. New Phytologist, 206, 107-117.

Brooks, M. E., Kristensen, K., van Benthem, K. J., Magnusson, A., Berg,
C. W., Nielsen, A., Skaug, H. J., Machler, M., & Bolker, B. M. (2017).
glmmTMB balances speed and flexibility among packages for zero-
inflated generalized linear mixed modeling. R Journal, 9(2), 378-
400. https://doi.org/10.32614/rj-2017-066

Brihl, C. A., & Zaller, J. G. (2021). Indirect herbicide effects on biodiver-
sity, ecosystem functions, and interactions with global changes. In
Herbicides: Chemistry, efficacy, toxicology, and environmental impacts
(pp. 231-272). Elsevier. https://doi.org/10.1016/B978-0-12-82367
4-1.00005-5

Consul, P. C., & Famoye, F. (1992). Generalized poisson regression model.
Communications in Statistics-Theory and Methods, 21(1), 89-109.
https://doi.org/10.1080/03610929208830766

Dainese, M., Martin, E. A., Aizen, M. A., Albrecht, M., Bartomeus, |.,
Bommarco, R., Carvalheiro, L. G., Chaplin-kramer, R., Gagic, V.,
Garibaldi, L. A., Ghazoul, J., Grab, H., Jonsson, M., Karp, D. S.,
Letourneau, D. K., Marini, L., Poveda, K., Rader, R., Smith, H. G.,
... Tschumi, M. (2019). A global synthesis reveals biodiversity-
mediated benefits for crop production. Science Advances, 5(10),
1-14.

Delignette-Muller, M. L., & Dutang, C. (2015). fitdistrplus: An R package
for fitting distributions. Journal of Statistical Software, 64(4), 1-34.
https://doi.org/10.18637/jss.v064.i04

Dicks, L. V., Breeze, T. D., Ngo, H. T., Senapathi, D., An, J., Aizen, M. A,
Basu, P., Buchori, D., Galetto, L., Garibaldi, L. A., Gemmill-Herren,
B., Howlett, B. G., Imperatriz-Fonseca, V. L., Johnson, S. D., Kovacs-
Hostyanszki, A., Kwon, Y. J., Lattorff, H. M. G., Lungharwo, T.,
Seymour, C. L., ... Potts, S. G. (2021). A global-scale expert assess-
ment of drivers and risks associated with pollinator decline. Nature
Ecology and Evolution, 5(10), 1453-1461. https://doi.org/10.1038/
s41559-021-01534-9

Dormann, C. F, Frund, J., Bluthgen, N., & Gruber, B. (2009). Indices,
graphs and null models: Analyzing bipartite ecological networks.
The Open Ecology Journal, 2(1), 7-24. https://doi.org/10.2174/18742
13000902010007

85UB017 SUOLULLIOD SAIERID 3ol dde 3y} Aq pauRA0B 818 S3[ e YO ‘SN J0 S3INI 104 AR1q1T 3UIIUO AB|IA UO (SUOHIPUOD-PUR-SWRYWOD A8 | 1M ARR1q 1 U1 |UO//'SHRY) SUORIPUOD PUe SWid | 8U) 835 *[£202/60/02] U0 A%eiqi8ulluo AB|IM ‘L92ZT 6TE8-8892/200T OT/I0p/W00" A3 1M Alelq 1 pulUOS feuIn0 ks :sdny woy papeo|umod ‘€ ‘€202 ‘6TE88892


https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2688-8319.12267
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2688-8319.12267
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2688-8319.12267
https://doi.org/10.5061/dryad.f4qrfj71v
https://doi.org/10.5061/dryad.f4qrfj71v
https://orcid.org/0000-0002-4929-0243
https://orcid.org/0000-0002-4929-0243
https://orcid.org/0000-0001-7924-8911
https://orcid.org/0000-0001-7924-8911
https://doi.org/10.1111/j.1365-2664.2007.01306.x
https://doi.org/10.1111/j.1365-2664.2007.01306.x
https://doi.org/10.1111/gcb.15747
https://doi.org/10.1046/j.1365-2664.2002.00745.x
https://doi.org/10.1126/science.1127863
https://doi.org/10.1126/science.1127863
https://doi.org/10.1016/j.baae.2021.02.011
https://doi.org/10.1016/j.baae.2021.02.011
https://doi.org/10.1007/s13593-015-0302-5
https://doi.org/10.1007/s13593-015-0302-5
https://doi.org/10.32614/rj-2017-066
https://doi.org/10.1016/B978-0-12-823674-1.00005-5
https://doi.org/10.1016/B978-0-12-823674-1.00005-5
https://doi.org/10.1080/03610929208830766
https://doi.org/10.18637/jss.v064.i04
https://doi.org/10.1038/s41559-021-01534-9
https://doi.org/10.1038/s41559-021-01534-9
https://doi.org/10.2174/1874213000902010007
https://doi.org/10.2174/1874213000902010007

10 of 12 Ecological Solutions and Evidence

ECOLOGICAL SOLUTIONS AND EVIDENCE

Droissart, V., Azandi, L., Onguene, E. R., Savignac, M., Smith, T.
B., & Deblauwe, V. (2021). PICT: A low-cost, modular, open-
source camera trap system to study plant-insect interactions.
Methods in Ecology and Evolution, 2021(January), 1-8. https://doi.
org/10.1111/2041-210X.13618

Dunn, P. K., & Smyth, G. K. (2008). Evaluation of Tweedie exponen-
tial dispersion model densities by Fourier inversion. Statistics
and Computing, 18(1), 73-86. https://doi.org/10.1007/51122
2-007-9039-6/METRICS

Dupont, Y. L., Strandberg, B., & Damgaard, C. (2018). Effects of herbi-
cide and nitrogen fertilizer on non-target plant reproduction and
indirect effects on pollination in Tanacetum vulgare (Asteraceae).
Agriculture, Ecosystems & Environment, 262, 76-82. https://doi.
org/10.1016/).AGEE.2018.04.014

Eurostat. (2018). Agriculture, forestry and fishery statistics 2018 edi-
tion. In Eurostat. European Commission - Eurostat. https://doi.
org/10.2785/340432

Fox, J., & Weisberg, S. (2019). An {R} companion to applied regression (3rd
ed.). Sage.

Garibaldi, L. A., Carvalheiro, L. G., Leonhardt, S. D., Aizen, M. A., Blaauw,
B. R., Isaacs, R., Kuhlmann, M., Kleijn, D., Klein, A. M., Kremen, C.,
Morandin, L., Scheper, J., & Winfree, R. (2014). From research to
action: Enhancing crop yield through wild pollinators. Frontiers
in Ecology and the Environment, 12(8), 439-447. https://doi.
org/10.1890/130330

Garibaldi, L. A., Steffan-Dewenter, |., Kremen, C., Morales, J. M.,
Bommarco, R., Cunningham, S. A., Carvalheiro, L. G., Chacoff,
N. P., Dudenhoffer, J. H., Greenleaf, S. S., Holzschuh, A., Isaacs,
R., Krewenka, K., Mandelik, Y., Mayfield, M. M., Morandin, L.
A., Potts, S. G., Ricketts, T. H., Szentgyorgyi, H., ... Klein, A. M.
(2011). Stability of pollination services decreases with isolation
from natural areas despite honey bee visits. Ecology Letters,
14(10), 1062-1072. https://doi.org/10.1111/j.1461-0248.2011.
01669.x

Hauggaard-Nielsen, H., Gooding, M., Ambus, P., Corre-Hellou, G., Crozat,
Y., Dahlmann, C., Dibet, A., von Fragstein, P., Pristeri, A., Monti, M.,
& Jensen, E. S. (2009). Pea-barley intercropping for efficient sym-
biotic N2-fixation, soil N acquisition and use of other nutrients in
European organic cropping systems. Field Crops Research, 113(1),
64-71. https://doi.org/10.1016/]j.fcr.2009.04.009

Hauggaard-Nielsen, H., Jarnsgaard, B., Kinane, J., & Jensen, E. S. (2008).
Grain legume—Cereal intercropping: The practical application of
diversity, competition and facilitation in arable and organic crop-
ping systems. Renewable Agriculture and Food Systems, 23(1), 3-12.
https://doi.org/10.1017/51742170507002025

Huang, A. (2017). Mean-parametrized Conway-Maxwell-Poisson re-
gression models for dispersed counts. Statistical Modelling, 17(6),
359-380. https://doi.org/10.1177/1471082X17697749

Isbell, F., Adler, P. R., Eisenhauer, N., Fornara, D., Kimmel, K., Kremen,
C., Letourneau, D. K., Liebman, M., Polley, H. W., Quijas, S., &
Scherer-Lorenzen, M. (2017). Benefits of increasing plant diversity
in sustainable agroecosystems. Journal of Ecology, 105(4), 871-879.
https://doi.org/10.1111/1365-2745.12789

Jost, L. (2007). Partitioning diversity into independent alpha and beta
components. Ecology, 88(10), 2427-2439.

Kennedy, C. M., Lonsdorf, E., Neel, M. C., Williams, N. M., Ricketts, T.
H., Winfree, R., Bommarco, R., Brittain, C., Burley, A. L., Cariveau,
D., Carvalheiro, L. G., Chacoff, N. P., Cunningham, S. A., Danforth,
B. N., Dudenhdéffer, J. H., Elle, E., Gaines, H. R., Garibaldi, L. A.,
Gratton, C., ... Kremen, C. (2013). A global quantitative synthesis
of local and landscape effects on wild bee pollinators in agroeco-
systems. Ecology Letters, 16(5), 584-599. https://doi.org/10.1111/
ele.12082

Klein, A. M., Vaissiére, B. E., Cane, J. H., Steffan-Dewenter, I.,
Cunningham, S. A., Kremen, C., & Tscharntke, T. (2007). Importance
of pollinators in changing landscapes for world crops. Proceedings of

the Royal Society B: Biological Sciences, 274(1608), 303-313. https://
doi.org/10.1098/rspb.2006.3721

Kremen, C., Williams, N. M., Aizen, M. A., Gemmill-Herren, B., LeBuhn,
G., Minckley, R., Packer, L., Potts, S. G., Roulston, T., Steffan-
Dewenter, I., Vazquez, D. P., Winfree, R., Adams, L., Crone, E. E.,
Greenleaf, S. S., Keitt, T. H., Klein, A. M., Regetz, J., & Ricketts,
T. H. (2007). Pollination and other ecosystem services produced
by mobile organisms: A conceptual framework for the effects
of land-use change. Ecology Letters, 10(4), 299-314. https://doi.
org/10.1111/j.1461-0248.2007.01018.x

Li, C., Hoffland, E., Kuyper, T. W,, Yu, Y., Zhang, C., Li, H., Zhang, F., &
van der Werf, W. (2020). Syndromes of production in intercrop-
ping impact yield gains. Nature Plants, 6(6), 653-660. https://doi.
org/10.1038/s41477-020-0680-9

Lichtenberg, E. M., Kennedy, C. M., Kremen, C., Batary, P., Berendse, F.,
Bommarco, R., Bosque-Pérez, N. A., Carvalheiro, L. G., Snyder, W.
E., Williams, N. M., Winfree, R., Klatt, B. K., Astrém, S., Benjamin, F.,
Brittain, C., Chaplin-Kramer, R., Clough, Y., Danforth, B., Diekoétter,
T., ... Crowder, D. W. (2017). A global synthesis of the effects of di-
versified farming systems on arthropod diversity within fields and
across agricultural landscapes. Global Change Biology, 23(11), 4946~
4957. https://doi.org/10.1111/gcb.13714

Losapio, G., Fortuna, M. A., Bascompte, J., Schmid, B., Michalet, R.,
Neumeyer, R., Castro, L., Cerretti, P., Germann, C., Haenni, J. P,,
Klopfstein, S., Ortiz-Sanchez, F. J., Pont, A. C., Rousse, P., Schmid,
J., Sommaggio, D., & Schaob, C. (2019). Plant interactions shape pol-
lination networks via nonadditive effects. Ecology, 100(3), €02619.
https://doi.org/10.1002/ECY.2619

Maia, K. P., Vaughan, I. P., & Memmott, J. (2019). Plant species roles in
pollination networks: An experimental approach. Oikos, 128(10),
1446-1457. https://doi.org/10.1111/01K.06183

Martin-Guay, M. O., Paquette, A., Dupras, J., & Rivest, D. (2018). The
new green revolution: Sustainable intensification of agriculture
by intercropping. Science of the Total Environment, 615, 767-772.
https://doi.org/10.1016/j.scitotenv.2017.10.024

Meyer, M., Ott, D., Goétze, P., Koch, H. J., & Scherber, C. (2019). Crop
identity and memory effects on aboveground arthropods in a long-
term crop rotation experiment. Ecology and Evolution, 9(12), 7307-
7323. https://doi.org/10.1002/ece3.5302

Moreira, E. F.,, Santos, R. L. d. S., Penna, U. L., Angel-Coca, C., de Oliveira,
F. F., & Viana, B. F. (2016). Are pan trap colors complementary
to sample community of potential pollinator insects? Journal of
Insect Conservation, 20, 583-596. https://doi.org/10.1007/s1084
1-016-9890-x

Nicholls, C. ., & Altieri, M. A.(2013). Plant biodiversity enhances bees and
other insect pollinators in agroecosystems. A review. Agronomy for
Sustainable Development, 33(2), 257-274. https://doi.org/10.1007/
$13593-012-0092-y

Nielsen, A., Steffan-Dewenter, |., Westphal, C., Messinger, O., Potts,
S. G., Roberts, S. P. M., Settele, J., Szentgyorgyi, H., Vaissiére,
B. E., Vaitis, M., Woyciechowski, M., Bazos, |., Biesmeijer, J. C.,
Bommarco, R., Kunin, W. E., Tscheulin, T., Lamborn, E., & Petanidou,
T. (2011). Assessing bee species richness in two Mediterranean
communities: Importance of habitat type and sampling techniques.
Ecological Research, 26(5), 969-983. https://doi.org/10.1007/s1128
4-011-0852-1

Norris, S. L., Blackshaw, R. P., Critchley, C. N. R., Dunn, R. M., Smith, K.
E., Williams, J., Randall, N. P., & Murray, P. J. (2018). Intercropping
flowering plants in maize systems increases pollinator diversity.
Agricultural and Forest Entomology, 20(2), 246-254. https://doi.
org/10.1111/afe.12251

Oksanen, J., Guillaume Blanchet, F., R. K., Legendre, P., Minchin, P. R,
O'Hara, R. B., Simpson, G. L., Solymos, P., M., Henry, H., & Stevens,
H. W. (2019). Package ‘vegan.’ R package version 3.4.0.

Page, M. L., Nicholson, C. C., Brennan, R. M., Britzman, A. T., Greer, J.,
Hemberger, J., Kahl, H., Miiller, U., Peng, Y., Rosenberger, N. M.,

85UB017 SUOLULLIOD SAIERID 3ol dde 3y} Aq pauRA0B 818 S3[ e YO ‘SN J0 S3INI 104 AR1q1T 3UIIUO AB|IA UO (SUOHIPUOD-PUR-SWRYWOD A8 | 1M ARR1q 1 U1 |UO//'SHRY) SUORIPUOD PUe SWid | 8U) 835 *[£202/60/02] U0 A%eiqi8ulluo AB|IM ‘L92ZT 6TE8-8892/200T OT/I0p/W00" A3 1M Alelq 1 pulUOS feuIn0 ks :sdny woy papeo|umod ‘€ ‘€202 ‘6TE88892


https://doi.org/10.1111/2041-210X.13618
https://doi.org/10.1111/2041-210X.13618
https://doi.org/10.1007/S11222-007-9039-6/METRICS
https://doi.org/10.1007/S11222-007-9039-6/METRICS
https://doi.org/10.1016/J.AGEE.2018.04.014
https://doi.org/10.1016/J.AGEE.2018.04.014
https://doi.org/10.2785/340432
https://doi.org/10.2785/340432
https://doi.org/10.1890/130330
https://doi.org/10.1890/130330
https://doi.org/10.1111/j.1461-0248.2011.01669.x
https://doi.org/10.1111/j.1461-0248.2011.01669.x
https://doi.org/10.1016/j.fcr.2009.04.009
https://doi.org/10.1017/S1742170507002025
https://doi.org/10.1177/1471082X17697749
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/ele.12082
https://doi.org/10.1111/ele.12082
https://doi.org/10.1098/rspb.2006.3721
https://doi.org/10.1098/rspb.2006.3721
https://doi.org/10.1111/j.1461-0248.2007.01018.x
https://doi.org/10.1111/j.1461-0248.2007.01018.x
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1111/gcb.13714
https://doi.org/10.1002/ECY.2619
https://doi.org/10.1111/OIK.06183
https://doi.org/10.1016/j.scitotenv.2017.10.024
https://doi.org/10.1002/ece3.5302
https://doi.org/10.1007/s10841-016-9890-x
https://doi.org/10.1007/s10841-016-9890-x
https://doi.org/10.1007/s13593-012-0092-y
https://doi.org/10.1007/s13593-012-0092-y
https://doi.org/10.1007/s11284-011-0852-1
https://doi.org/10.1007/s11284-011-0852-1
https://doi.org/10.1111/afe.12251
https://doi.org/10.1111/afe.12251

BRANDMEIER ET AL.

Ecological Solutions and Evidence 11 of 12

Stuligross, C., Wang, L., Yang, L. H., & Williams, N. M. (2021). A
meta-analysis of single visit pollination effectiveness comparing
honeybees and other floral visitors. American Journal of Botany,
108(11), 2196-2207. https://doi.org/10.1002/ajb2.1764

Perfecto, I., Vandermeer, J., & Wright, A. (2009). Nature's matrix: Linking
agriculture, conservation and food sovereignty (1st ed.). Routledge.
https://doi.org/10.4324/9781849770132

Posit Team. (2022). RStudio: Integrated development environment for R.
Posit Softwar, PBC. http://www.posit.co/

Rader, R., Bartomeus, |., Garibaldi, L. A., Garratt, M. P. D., Howlett, B.
G., Winfree, R., Cunningham, S. A., Mayfield, M. M., Arthur, A. D.,
Andersson, G. K. S., Bommarco, R., Brittain, C., Carvalheiro, L. G.,
Chacoff, N. P, Entling, M. H., Foully, B., Freitas, B. M., Gemmill-
Herren, B., Ghazoul, J., ... Woyciechowski, M. (2016). Non-bee
insects are important contributors to global crop pollination.
Proceedings of the National Academy of Sciences of the United States
of America, 113(1), 146-151. https://doi.org/10.1073/pnas.15170
92112

Raseduzzaman, M., & Jensen, E. S. (2017). Does intercropping enhance
yield stability in arable crop production? A meta-analysis. European
Journal of Agronomy, 91(October), 25-33. https://doi.org/10.1016/j.
€ja.2017.09.009

Saunders, M. E. (2018). Insect pollinators collect pollen from wind-
pollinated plants: Implications for pollination ecology and sustain-
able agriculture. Insect Conservation and Diversity, 11(1), 13-31.
https://doi.org/10.1111/icad.12243

Saunders, M. E., & Rader, R. (2019). Network modularity influences plant
reproduction in a mosaic tropical agroecosystem. Proceedings of the
Royal Society B: Biological Sciences, 286(1899), 20190296. https://
doi.org/10.1098/rspb.2019.0296

Scherber, C., & Beduschi, T. (2021). A grid-based sampling approach to
insect biodiversity monitoring in agricultural landscapes. Springer
International Publishing. https://doi.org/10.1007/978-3-
030-67448-9

Scherber, C., Brandmeier, J., & Reininghaus, H. (2023). Data from: Multi-
species crop mixtures increase insect biodiversity in an intercrop-
ping experiment. Dryad Digital Repository. https://doi.org/10.5061/
dryad.f4qrfj71v

Scherber, C., Eisenhauer, N., Weisser, W. W., Schmid, B., Voigt, W.,
Fischer, M., Schulze, E. D., Roscher, C., Weigelt, A., Allan, E.,
Beler, H., Bonkowski, M., Buchmann, N., Buscot, F., Clement, L.
W., Ebeling, A., Engels, C., Halle, S., Kertscher, I, ... Tscharntke, T.
(2010). Bottom-up effects of plant diversity on multitrophic inter-
actions in a biodiversity experiment. Nature, 468(7323), 553-556.
https://doi.org/10.1038/nature09492

Staab, M., Bliithgen, N., & Klein, A. M. (2015). Tree diversity alters the
structure of a tri-trophic network in a biodiversity experiment.
Oikos, 124(7), 827-834. https://doi.org/10.1111/0ik.01723

Tscharntke, T., Klein, A. M., Kruess, A., Steffan-Dewenter, |., & Thies, C.
(2005). Landscape perspectives on agricultural intensification and
biodiversity - ecosystem service management. Ecology Letters, 8(8),
857-874. https://doi.org/10.1111/j.1461-0248.2005.00782.x

Venables, W. N., & Ripley, B. D. (2002). Modern applied statistics with S.
https://doi.org/10.1007/978-0-387-21706-2

Venjakob, C., Klein, A.-M., Ebeling, A., Tscharntke, T., & Scherber, C.
(2016). Plant diversity increases spatio-temporal niche complemen-
tarity in plant-pollinator interactions. Ecology and Evolution, 6(8),
2249-2261. https://doi.org/10.1002/ece3.2026

Westphal, C., Bommarco, R., Carré, G., Lamborn, E., Morison, N.,
Petanidou, T., Potts, S. G., Roberts, S. P. M., Szentgyorgyi, H.,
Tscheulin, T., Vaissiére, B. E., Woyciechowski, M., Biesmeuer, J. C.,
Kunin, W. E., Settele, J., & Steffan-Dewenter, |. (2008). Measuring
bee diversity in different European habitats and biogeographi-
cal regions. Ecological Monographs, 78(4), 653-671. https://doi.
org/10.1890/07-1292.1

Westphal, C., Steffan-Dewenter, |., & Tscharntke, T. (2003). Mass
flowering crops enhance pollinator densities at a land-
scape scale. Ecology Letters, 6(11), 961-965. https://doi.
org/10.1046/j.1461-0248.2003.00523.x

Wouest, S. E., Peter, R., & Niklaus, P. A. (2021). Ecological and evolutionary
approaches to improving crop variety mixtures. Nature Ecology and
Evolution, 5(8), 1068-1077. https://doi.org/10.1038/s41559-021-
01497-x

Yu, Y., Stomph, T. J., Makowski, D., & van der Werf, W. (2015). Temporal
niche differentiation increases the land equivalent ratio of annual
intercrops: A meta-analysis. Field Crops Research, 184, 133-144.
https://doi.org/10.1016/j.fcr.2015.09.010

SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1. Experimental design of the DIVERSify field trial in 2019.
Figure S2. Details on the field site and the experimental plots.
Figure S3. Crop biomass as a function of (a) crop diversity within
cropping systems (Fallow: no crop was sown; Mono: crop
monoculture, 2 crops; two-species mixture; 3 crops: three-species
mixture) and (b) crop mixtures (0, fallow where no crop was sown;
W, wheat; B, faba bean; L, linseed; O, oilseed rape; WB, wheat-faba
bean; WL, wheat-linseed; WO, wheat-oilseed rape; BL, faba bean-
linseed; BO, faba bean-oilseed rape; LO, linseed-oilseed rape; WBL,
wheat-faba bean-linseed; WBO, wheat-faba bean-oilseed rape) for
high (red) and low (blue) management intensity.

Table S1. Overview of crops, crop mixtures, varieties and sowing
densities for plots on which data collection was carried out.

Table S2. List of weed species that grew on the experimental plots.
Table S3. List of arthropods caught in pan traps.

Table S4. Information about flower visitors present in networks (see
Figure 3).

Table S5. Chi-square (y?) values, degrees of freedom (df), significance
levels and family distributions for generalized linear mixed-effects
models on (a) flower visitor (observation data) and (b) arthropod
diversity (pan trap data).

Table S6. Model summaries using successive difference contrasts
showing coefficients for generalized linear mixed-effects models
on (a) flower visitor diversity (observation data) and (b) arthropod
diversity (pan trap data) vs. crop diversity (Div), crop mixture
(Mix, ordered factor: ordered by expected number of flowers) and
management (high vs. low intensity).

Table S7. Total number of flower visits corresponding to the net-
works in Figure 3 for each crop mixture for high and for low intensity
management (N=4).

Table S8. Chi-square (y?) values, degrees of freedom (df), significance
levels and family distributions for generalized linear mixed-effects
models on network metrics.

Table S9. Model summaries using successive difference contrasts
showing coefficients for generalized linear mixed-effects models
on network metrics vs. crop mixture (Mix, ordered factor: ordered
by expected number of flowers) and management (high vs. low

intensity).
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Table S$10. Chi-square (y?) values, degrees of freedom (df),
significance levels and family distributions for generalized linear
mixed-effects models on flower visitor abundance (observation
data) and total arthropod abundance (pan trap data).

Table S11. Model summaries using successive difference
contrasts showing coefficients for generalized linear mixed-
effects models on a) number of flower visits (observation
data) and b) total number of individuals (pan trap data) vs. crop
diversity (Div), crop mixture (Mix, ordered factor: ordered by
expected number of flowers) and management (high vs low
intensity).

Table S12. Chi-square (y?) values, degrees of freedom (df),
significance levels and family distributions for generalized linear

mixed-effects models on crop biomass.

Table S13. Model summaries using successive difference contrasts
showing coefficients for generalized linear mixed-effects models
on crop biomass vs. crop diversity (Div), crop mixture (Mix, ordered
factor: ordered by expected number of flowers) and management
(high vs low intensity).
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