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ARTICLE INFO ABSTRACT

Keywords: In this article we explore the concept and implications of three-dimensional (spatial, temporal, and genetic) in-
Strip cropping field crop diversification to inform systems redesign towards ecological intensification. We first present a con-
Intercropping

ceptual framework for classifying diversity in arable contexts. We then apply the framework to analyse two long-
term systems experiments in The Netherlands where spatial and genetic diversity measures were implemented
via strip and mixed intercropping with the aim to increase ecosystem service delivery: incidence and spreading
rate of late blight (Phytophthora infestans) in potato (Solanum tubersosum L.), and biocontrol control potential in
wheat (Triticum aestivum L.). In the case of late blight, potatoes planted in strips had significantly lower disease
incidence than the monoculture reference across all years, and adding cultivar mixing within the strip was more
powerful in mitigating late blight than spatial diversification alone. In the case of biocontrol in wheat, strips
supported significantly larger (for all but one taxonomic group) and significantly more diverse epigeic natural
enemy populations than the sole culture reference in all years. However, the addition of species mixing within
strips did not further increase biocontrol indices compared to sole-wheat strips. These results imply that com-
promises between management complexity and ecosystem service enhancement are achievable through strip
cropping, an operable practice with current machinery, and one that does not require a thorough reconfiguration
of the production system. The three-dimensional diversity framework proved useful for unpacking experimental
outcomes in terms of diversity-mediated mechanisms, however it requires further development before it can be
used to facilitate multi-objective optimization.

Ecological intensification
Disease mitigation
Biological pest control

1. Introduction

In arable farming, the field is an important management unit which
shapes how a farmer conceptualizes and executes cultivation activities.
In Europe as in other parts of the world, the initiation of agricultural
industrialization efforts post-WWII (in part supported by land re-
allotment and consolidation policies) led to a change in the size,
composition, and configuration of arable fields as farms adapted to
accommodate larger farm machinery, a drive to specialize, and the de-
mands of new economies of scale (Jepsen et al., 2015). Over the last
several decades, these adaptations have led to a general shift towards
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E-mail address: lenoral.ditzler@wur.nl (L. Ditzler).

https://doi.org/10.1016/j.€ja.2020.126197

larger arable fields, the domination of monocropping, and simplified
agricultural landscapes (Eurostat, 2018; van der Zanden et al., 2016; van
Vliet et al., 2015).

In combination with how a farmer manages it, field size, composi-
tion, and configuration dictate what effect arable farming has on the
delivery of various ecosystem (dis)services (Fahrig et al., 2015; Sirami
et al., 2019). A monocultural approach to arable agriculture enables
farmers to treat entire fields, no matter how big, as a single unit of
management where cultivation tasks may be executed with efficiency by
large-scale machinery. However, large extents of genetically uniform
plants rarely occur in nature, and maintaining them in agriculture
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requires heavy reliance on external inputs and control-driven manage-
ment. While heralded as technological breakthroughs that helped
reduce hunger worldwide (i.e. the Green Revolution), it is now known
that widespread applications of synthetic fertilizers and crop protection
products, together with concurrent agricultural landscape simplifica-
tion, have contributed to a cascade of failing ecosystem controls and the
overstepping of multiple planetary boundaries (Campbell et al., 2017;
Kinzig et al., 2006).

In low-diversity arable systems that rely heavily on external inputs,
crop production capacities are exploited at the cost of ecological pro-
cesses which support and regulate natural systems (Foley et al., 2005;
Haddad et al., 2015; Patzek, 2008; Tilman et al., 2011). A logical solu-
tion to restoring these processes would be to bring diversity back into
the arable field, as lessons from ecology and agronomy show that
diversification is a key ingredient in both productivity and the delivery
of other ecosystem services in (agro)ecosystems (Barot et al., 2017;
Beillouin et al., 2019; Kremen and Miles, 2012; Tilman et al., 2001). In
agriculture, crop diversification has been promoted as a way to increase
resource use efficiency, improve soils, and mitigate the spread of pests
and diseases (Duru et al., 2015b; Malézieux, 2012), and has been found
to stabilize food production over time (Renard and Tilman, 2019).
Implementing diversification measures, however, requires a different
approach to field-level crop management than the typical monocultural
system, and therefore requires a rethinking of how the notion of a ‘field’
is defined. Additionally, fitting diversified production systems within
current industrial agricultural paradigms presents many challenges and
uncertainties.

Conceptually, definitions of ‘diversity’ differ between farming and
research contexts, and a unified understanding of the concept is lacking
(Hufnagel et al., 2020). How to both qualify and quantify diversity at
field and farm levels are open questions. Synthesizing actionable
knowledge from research on the relationships between crop diversity
and ecosystem service delivery, production, and management practices
would greatly benefit from the structure of a common framework
(Geertsema et al., 2016). For farmers, such a framework could also be
useful for guiding the choice and implementation of management
practices based on desired ecosystem services. The first objective of this
paper is therefore to explore how farming practices mobilize diversity
and to integrate these concepts into a common framework.

Practically, farmers encounter socio-technical lock-ins at all levels of
production, from field to market, which inhibit and dissuade them from
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diversifying (Magrini et al., 2016; Meynard et al., 2018; Roesch-McNally
et al,, 2018). In addition to technological and marketing support,
knowledge on the ecosystem service benefits of crop diversification has
been identified as a key lever for helping European farmers overcome
these lock-ins (Mawois et al., 2019; Morel et al., 2020; Pelzer et al.,
2019). In particular, conventional and specialized farmers have identi-
fied that they need this knowledge before they will consider adopting
new crops (Morel et al.,, 2020). Clear evidence of the benefits of
combining diversification measures is therefore needed if farmers are
expected to move away from large-scale monoculture systems towards
more diversified arable fields with more complex management demands
(Duru et al., 2015a). Farmers, however, are not the only food system
actors facing lock-ins: research agendas are also limited by the influence
of specialization in field and market domains (Magrini et al., 2016;
Vanloqueren and Baret, 2009). While it is known, generally, that
increasing the resolution of diversity within the arable field affects
ecological processes in different ways and at different scales (Duru et al.,
2015b), how different diversification measures interact to deliver
multiplied, cascading, or diminished benefits is less known (Bommarco
et al., 2013; Caron et al., 2014; Losey and Vaughan, 2006). The second
objective of this paper, therefore, is to examine examples of
multi-dimensional diversification in practice, and to analyse the effects
of these practices on the delivery of ecosystem services relevant to Eu-
ropean farmers.

In Section 2 we present a conceptual framework for classifying what
we call the three dimensions of diversity that can be leveraged within the
arable farm field; these are time, space, and genes. We begin by briefly
reviewing current knowledge on the effects of temporal, spatial, and
genetic diversity on ecosystem service delivery in arable cropping sys-
tems. We then present a heuristic visualization which combines the di-
mensions into a three-dimensional space, and position field-level
management practices within that space. Synthesizing knowledge of the
mechanisms behind the effects of each diversity dimension with an
understanding of how the dimensions can be mobilized through prac-
tical field management provides a necessary framework for under-
standing how the unit of management—and thereby the fundamental
notion of the arable field—can be redefined to promote diversity.

In Section 3 we introduce the empirical cases, two long-term strip
cropping experiments conducted in The Netherlands, and explain our
data collection and analysis methods. These experiments tested the ef-
fects of two-dimensional (genetic and spatial) diversification on the
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Fig. 1. The three dimensions of diversity that can be mobilized through field management practices, visualized as a field—time unit over two time steps. Each colour

represents a different crop or cultivar.
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Fig. 2. Heuristic visualization for understanding how field-level farm management practices mobilize the three dimensions of diversity. Diversification measures are
positioned within a three-dimensional space where each axis moves from lower to higher heterogeneity (i.e. increasing resolution); scales are qualitative and relative.
Starting with a ‘true monoculture’ as an illustrative baseline, the red dashed arrow (potato example) and blue dotted arrow (wheat example) show possible pathways
through which a cropping system could be diversified in three dimensions, arriving at the management practice (strip cropping) examined in this paper. Colour scale
shows relative compound diversity scores, calculated as the sum of the x, y, and z values for each point.

delivery of two ecosystem services relevant to Dutch farmers: biocontrol
potential in wheat (Triticum aestivum L.) and late blight mitigation in
potato (Solanum tuberosum L.). Phytophthora infestans (Mont.) de Bary
(here forward referred to as PI), is an oomycete and the cause of potato
late blight, a pernicious disease that infects potato leaves and stems,
causing above-ground biomass to die off and tubers to rot. Late blight is
of major concern in the Netherlands where conducive conditions are
prevalent during the growing season and potatoes are a tremendously
important economic industry, and an integrated approach to control is
needed (Haverkort et al., 2008; Lammerts van Bueren et al., 2008;
Pacilly et al., 2018, 2019). Cereals are also an important crop in the
Netherlands, and in cereals aphids are an abundant pest that can cause
substantial yield losses—losses that are projected to increase concur-
rently with climate change (Dedryver et al., 2010; Deutsch et al., 2018;
Tatchell, 1989). Like other insect pests, control of aphids is enhanced by
the biocontrol provided by natural enemies present in the agro-
ecosystem (Hatt et al., 2017). In both experiment cases, we hypothesized
that mobilizing multiple dimensions of diversity simultaneously, i.e.
‘stacking’ diversity measures in the arable field, would result in
increasing returns in the form of enhanced ecosystem service delivery
(disease mitigation and biocontrol potential) compared to a
monoculture.

In Section 4 we present the results of the two empirical cases, and in
Section 5 we unpack the results within the frame of the three-
dimensional diversity concept, reflecting on the stacking diversity-
—ecosystem service hypothesis in light of the two-dimensional diversity
examples. We conclude the discussion with a theoretical examination of
the implications and prospects of mobilizing all three diversity di-
mensions in concert —i.e. redefining the composition, configuration,

and management of the arable field.
2. Conceptualizing three-dimensional diversity
2.1. Temporal, spatial, and genetic diversity

Taking a ‘true monoculture’ (the same crop cultivar planted in the
same field every year) as an illustrative baseline, diversity can be
introduced to the arable field in numerous ways, all of which can be
categorized in terms of temporal, spatial, or genetic diversification.
Following Kremen and Miles (2012) and Wezel et al. (2014), we refer to
these categories as the three dimensions of diversification in agro-
ecosystems. Increasing diversity in each dimension involves practices
that increase the number of crop cultivars, species, or farm components
(e.g. trees, livestock) in a field within a given unit of time (i.e. a
field—time unit), and implies an increase in the resolution at which
those practices are implemented (Fig. 1). Higher resolution is here
equated with greater heterogeneity within the field—time unit, quali-
fied by a reduction in the size of the smallest homogenous unit within
that field. Homogenous units within the field (areas planted with a
single crop species and cultivar) could range in size and shape from
several hectares, to strips of several crop rows, or to small ‘pixels’ con-
taining an individual plant or a cluster of plants. Increasing the resolu-
tion of diversity in each dimension is known to have different effects on
ecosystem service delivery in agricultural contexts, which can be
explained by differences (and sometimes overlaps) in the fundamental
ecological mechanisms relevant to and activated at temporal, spatial,
and genetic scales.

Crop rotation—sowing fields with a different crop each year in a pre-
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determined sequence of two or more years—is a commonly employed
method of diversification. The resulting temporal diversity is known to
benefit agroecosystems by breaking transmission cycles of soil- and
residue-borne pathogens, and overwintering pests; this is paramount to
the underlying rationale for using rotations (Leoni et al., 2015). Addi-
tionally, crops access, exploit, and influence soil resources differently.
By rotating crops with differing nutrient demands, rooting behaviours,
residue legacies, and mechanical cultivation needs, soil damage can be
mitigated and soil resources maintained (Dogliotti et al., 2003; Venter
et al., 2016), and weed suppression improved (Weisberger et al., 2019).

Genetic diversity is commonly studied and implemented in agricul-
tural settings as cultivar or species mixtures (e.g. cereal—legume) uni-
formly sown and managed like a sole crop. Resource capture and use
efficiencies are regularly found to be higher in mixtures than in sole
crops, due to niche complementarity and facilitation (Hauggaard-Niel-
sen et al., 2008; Pelzer et al., 2012). Mixtures of species and cultivars are
also known to have lower pest and disease infestations relative to
monocultures, in part because mixing host and non-host species or
cultivars dilutes the concentration of resources and disrupts the move-
ment of pests and diseases through a crop stand (Lopes et al., 2015;
Skelsey et al., 2005; Zhu et al., 2000). The diversity of habitats and re-
sources provided by species mixtures may also support a greater abun-
dance and diversity of natural enemies which contribute to the
biocontrol of pests (Isbell et al., 2017; Poveda et al., 2008).

Although less well studied and less commonly applied in industrial
arable fields, spatial diversification measures are known to provide
similar ecosystem services as genetic measures within agroecosystems.
Recent meta-analyses show that row and strip intercropping can sub-
stantially increase crop yields through niche differentiation (van Oort
et al., 2020; Yu et al., 2015), as well as reduce disease incidence (Zhang
et al., 2019) and pest infestation (Tajmiri et al., 2017). Similar to the
mechanisms at work in genetic mixtures, spatial heterogeneity works to
regulate pest and disease spread by mobilizing barrier effects which
disrupt movement and dilute resources, as well as by creating micro
climate effects (Hatt et al., 2018).

2.2. Visualizing a three-dimensional diversification space

Visualizing the diversification space helps to disentangle the di-
mensions of diversity at play in arable systems as they are activated
through the implementation of farming practices, and several authors
have offered useful approaches for doing this (e.g. Brooker et al., 2015;
Duru et al., 2015b; Kremen et al., 2012; Wezel et al., 2014). Drawing on
these examples, we propose a new heuristic visualization which illus-
trates the way field-level practices mobilize the three diversity di-
mensions. We visualize diversification as a three-dimensional space, and
position farming practices within it (Fig. 2). Here we consider ‘true
monoculture’ (the same crop planted in the same field every year) as an
illustrative baseline, positioned at the spatial (x), temporal (y), genetic
(z) point [1, 1, 1]. Moving up the axis of each dimension implies
increasing field-level heterogeneity through practices that increase the
resolution of diversification; the farther from the baseline of the figure,
the more diverse the field—time unit and the higher the resolution of
diversification. The total diversity of each practice has here been
calculated simply as the sum of the three axis values to give a compound
diversity score. Scores on all axes should be considered qualitative and
relative.

In Fig. 2 we have traced two pathways illustrative of management
practices which might be chosen by a farmer seeking to diversify arable
fields, and which are later discussed in the empirical cases. In the
example outlined by the red dashed arrow (Fig. 2, points A-D), we start
with a hypothetical (albeit unrealistic) scenario in which the true
monoculture (Fig. 2, point A) represents a field where a single cultivar of
potato is grown season after season, year after year. Diversification can
occur in three ways. First, introducing an additional cultivar, species, or
component to the field enables a farmer to increase genetic diversity. In
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the hypothetical continuous potato system, adding the second potato
cultivar and sowing as a homogenous mixture results in a move up the
genetic axis while maintaining the baseline position on the spatial and
temporal axes (Fig. 2, red dashed arrow to point B).

Next, the baseline can be extended on the temporal axis by intro-
ducing a fallow, new species, or additional components over time. The
addition of a fallow in the all-potato rotation would move the point up
only on the temporal axis. By introducing a crop rotation of two or more
crop species rotated sequentially over cropping seasons or years, the
point moves up both the temporal and genetic axes (Fig. 2, red arrows to
point C).

Finally, to diversify the system spatially, a farmer can introduce
methods that increase the resolution at which multiple crop cultivars,
species, or farm components are physically arranged within the field at a
given point in time. In the potato example, point C can be moved up the
spatial axis by implementing a practice that delineates spatially explicit
multi-crop arrangements within the field (Fig. 2, red arrow to point D).
Here the illustrative practice is strip cropping, in which it is assumed
that crops are grown in multi-row strips in an alternating pattern of at
least two crops.

We posit that visualizing the diversification space can help to
disentangle how field-level practices function to deliver agroecosystem
services: by recognizing which dimension(s) of diversity are activated
when a farming practice is implemented, results may be analysed and
understood through the lens of the mechanisms active in each dimen-
sion. We propose that this heuristic, together with knowledge of the
mechanisms behind the ecosystem service delivery outcomes of each
diversification dimension, be used to unpack experimental results and to
position such results within the conceptual premise of redefining the
arable field. We will demonstrate how this may be done with empirical
examples in Sections 4 and 5.

3. Empirical cases: materials and methods

To test the stacking diversity hypothesis and illustrate an application
of the conceptual framework presented in Section 2, we analysed the
effects of multi-dimensional crop diversification on two ecosystem ser-
vice indicators in arable cropping systems using multi-year data
(2010-2017) from two long-term organic systems experiments in the
Netherlands. The two empirical cases analysed are illustrated in Fig. 2 as
the red dashed arrow (potato case) and the blue dotted arrow (wheat
case). In both cases, two dimensions of diversity were mobilized through
the management practices of strip cropping (spatial diversity) and crop
mixtures (genetic diversity). Both systems experiments followed diverse
crop rotations, however we do not examine the temporal dimension in
this analysis.

3.1. Experiment sites

The experiments were located at two Wageningen University &
Research experimental stations: the Field Lab for Agroecology and
Technology in Lelystad (52°32'30”N, 5°34'20”E) and the Droevendaal
Experimental Farm in Wageningen (51°59'30”N, 5°39'50"E). Both ex-
periments were managed according to Dutch organic standards and
regulations (Skal, 2020). For both potato and wheat, three experimental
treatments were tested: 1) large-scale sole-cropped reference fields
(REF), 2) sole-crop, single cultivar strips (STRIP), and 3) mixed-species
or mixed-cultivar strips (STRIP_MIX). For potato, the STRIP treatment
was planted with the non-PI resistant cultivar Agria, and mixed strips
consisted of a cultivar mixture which included one non-PI resistant
cultivar (Agria) and two PI-semi-resistant cultivars (Carolus and Alou-
ette). For wheat, mixed strips were sown as a polyculture composed of a
cross-composite population of spring wheat and faba bean (Vicia faba
L.). In Lelystad, only REF and STRIP potato treatments were present, and
in Wageningen all three treatments were tested in both potato and
wheat. In 2017 in Wageningen, the additional experimental factor of
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Table 1

Environmental characteristics and experiment details, including mean yields per
treatment each year, at the two experiment sites (the Field Lab for Agroecology
and Technology in Lelystad and Droevendaal Experimental Farm in Wagenin-

gen, both in the Netherlands), 2010-2017.

Site
characteristics

Lelystad
(2010-2016)

Wageningen (2015-2017)

Soil texture Light clay / Loamy sand
sandy clay
loam

OM content 4.29 3

(%)

Annual temp 10 11

in °C (average

during study

timespan)

Annual 846 973

rainfall in mm

(average

during study

timespan)

Crop rotation potato, potato, grass—clover,

grass—clover,
cabbage, spring
wheat, carrot,
faba
bean—spring
wheat mixture

grass—clover, winter oil seed
rape, winter triticale, spring
wheat

Strip 80-125mx 240m x 3m

dimensions 3.15m

(length x

width)

Reference 2-3 ha 0.5-3 ha

field

dimensions

Tillage Non-inversion Minimal tillage

practice

Crop Yields potato yield (t ha™!) wheat yield
(tha™)

Lelystad Wageningen Wageningen
2010-2016 2017 2015-2017

Large-scale 29.09 f 37.14 2-3*

reference

STRIP_.3 m 30.39 41.23 2.68

STRIP_MIX 3 32.72 47.65 1.71

m

STRIP_6 m NA 37.41 NA

STRIP_MIX_6 NA 43.55 NA

m

* Reference plot yields were not measured, farmer estimated 2—3 t"3~! average.

f Reference yields only recorded in 2014 and 2016.

Table 2
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strip width was introduced in the potato plots, and two strip widths were
tested (3 m and 6 m) in comparison to the large-scale reference. Basic
experimental details and environmental characteristics at each study
site, including mean yields obtained per treatment, are outlined in
Table 1. Maps of the experimental layouts are provided in the Appendix
A, Fig. Al.

3.2. Data collection

3.2.1. PI infestation in potato

Over the multiple years of the experiments, different scoring
methods, all using visual observation, were employed to assess PI
infection: leaf area affected (%), plants affected (%), severity (%), and
infected leaflets per m? (for explanations of these metrics, see: EPPO,
2008; Madden et al., 2007). Within years, the same scoring method was
used in both the strips and the REF. Only plants of the non-PI resistant
cultivar were scored for disease infection. At Wageningen in 2017, the
same plants observed in the first round were then revisited at each
subsequent round until the plot was terminated. Following Dutch reg-
ulations for the management of PI (De Minister van Landbouw,
Natuurbeheer en Visserij, 2017), plants were terminated when plot-level
infection severity reached 20 infected leaflets per m2. The methods used
and number of PI observations made each year and at each experimental
location are outlined in Table 2.

3.2.2. Epigeic natural enemies of aphids in wheat

As an indicator of biocontrol potential for aphids in wheat, we
assessed the prevalence and diversity of their epigeic natural enemies
(NE). NE were captured and identified at the Wageningen experiment
across three growing seasons (2015—2017) in the two strip treatments
(STRIP and STRIP_MIX), and in the REF, using pitfall trapping. Pitfall
traps were constructed using a transparent plastic cup (8.5 cm diameter)
placed in the soil so that the rim of the cup was level with the soil sur-
face. Cups were filled with approximately 100 ml of water mixed with
one drop of neutral soap, covered with a plastic roof (12.5 cm diameter)
positioned 2 cm above the soil surface, and left in the field for 2-5 days,
depending on the weather conditions (at cooler temperatures, traps
were left out longer) (Fig. 3). In the strip-cropped treatments, one pitfall
trap was placed in each experimental plot (n = 6 per treatment). In the
large-scale monoculture field, pitfalls were placed within a strata 34 m
from the field edge (the centre of the field), with six replicates in 2015
and 2016 and four replicates in 2017.

Arthropods captured in the pitfall traps were preserved in 70 %
ethanol and identified in the laboratory. Only known predators to aphids
(following Schmidt et al., 2003) were identified and counted. These
were: adult and larval ladybeetles (Coccinellidae), hoverfly larvae (Syr-
phidae), adult and larval lacewings (Chrysopidae), parasitoid wasps
(Hymenoptera), spiders (Araneae), harvestmen (Opiliones), adult and

Infection scoring method (unit of measurement) and number of late blight (P. infestans) observations made in potato crops at the Lelystad and Wageningen field
experiments in the Netherlands, 2010-2017.

Year Infection unit measured Number of experiment blocks Number of observation rounds Plants inspected first round* Support (total plant inspections)
Lelystad

2010 leaf area affected (%) 1 1 30 180
2011 leaf area affected (%) 3 1 25 450
2012 leaf area affected (%) 2 2 35 1015
2013 plants affected (%) 2 6 100 700
2014 severity (%) 2 3 35 5180
2015 severity (%) 2 3 35 2240
2016 severity (%) 2 6t 35 2730
Wageningen

2017 infected leaflets per m? 3 12 360 3084

*Total number of plants inspected per round decreased throughout the season as plots were terminated, having reached the regulatory threshold for late blight
infection. As long as all plots were not yet terminated, the same number of plants was inspected in subsequent rounds as in the first round.

TDuring the first five observation rounds, no PI infections were encountered.
IREF field was terminated after first assessment.
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Fig. 3. Weather at the Wageningen site during experiment observations, 2015-2017. Orange ticks on the x axes mark pitfall trapping dates, black ticks mark PI
observation dates. Black line shows mean temperature (degrees Celsius), grey ribbons span daily minimum and maximum temperatures (degrees Celsius), and blue
bars are the sum daily precipitation (mm). Data obtained from the Royal Netherlands Meteorological Institute (KNMI) and the weather station De Veenkampen

operated by Wageningen University.

larval carabids (Carabidae), and adult and larval rove beetles (Staph-
ylinidae). Parasitoid wasps, spiders, and harvestmen were identified to
the level of Order; ladybeetles, hoverflies, lacewings, and rove beetles to
Family; and carabids to Genus.

Three indicators were used to assess the prevalence and diversity of
NE in the pitfall catches: activity density (as an indicator of abundance),
species richness, and evenness (Dainese et al., 2019). Activity density
was calculated as catch per day by dividing the total number of ar-
thropods in the pitfall trap by the number of days the trap was in the
field. Species richness was calculated as the number of unique taxa (at
the levels described in the above paragraph) identified in each sample.
The evenness of the distribution of taxa in each sample was assessed
using the Shannon diversity index, calculated with the vegan package
(Oksanen et al., 2019) in R (version 3.5.0, team, 2018).

3.3. Data analysis

3.3.1. Multi-year comparisons between treatments: PI incidence and NE
indices

To compare the effect of the spatial and genetic experimental factors
on both disease incidence and NE indices across the multiple years of the
strip cropping experiments, we used a clustered Wilcoxon rank sum test.
This is a conservative non-parametric test suited for comparing two
populations of clustered but independent data, which we performed
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with the clusrank package (Jiang, 2018) in R. Data were clustered by
observation date and experiment block, meaning that we only compared
observations for which there were data collected in both the REF and
STRIP treatments, and for NE in wheat also in the STRIP_MIX treatment,
on the same date and in the same experiment block.

In all clustered Wilcoxon rank sum tests performed, mean ranks of
the target indicator, calculated at the experiment block level, were
compared between treatments for each cluster. The test can only
compare two groups, so we first assessed differences between the REF
and STRIP treatments to discern effects of spatial diversity on the target
indicator. For disease incidence in potato, this was the only test we
conducted, as only REF and STRIP treatments were present at the
Lelystad experiment where we had multiple years of PI data
(2010—-2016). With the pitfall catch data, we then conducted a second
test comparing the STRIP and STRIP_MIX treatments to assess the po-
tential effect of genetic diversity measures. A significant p-value (<0.05)
resulting from the test supports the hypothesis that at any given obser-
vation moment, the target indicator value in treatment a (REF or STRIP)
would be significantly different than in treatment b (STRIP or STRIP -
MIX) for observations conducted in the same experiment block.

3.3.2. Within-year assessment of rate of PI spread, 2017
We analysed the rate of late blight disease spread in STRIP and
STRIP_MIX treatments compared to the REF within a single season and
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Fig. 4. PIinfection scores in large-scale potato reference fields (REF, grey circles) compared to scores in strips (STRIP, blue triangles) for each observation date across
all experiment years (2010-2016) at the Lelystad experiment. Data are paired by cluster (observation date and experiment block). Points show median scores and bars

mark minimum and maximum recorded scores for each cluster.
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Fig. 5. PI infection in potato over time during the 2017 growing season at the Wageningen experiment in the five treatments: large-scale reference monoculture
(REF, grey circles), single cultivar 6 m strips (STRIP_6 m, green plus signs), single cultivar 3 m strips (STRIP_3 m, blue triangles), mixed cultivar 6 m strips
(STRIP_MIX_6 m, yellow boxes), and mixed cultivar 3 m strips (STRIP_MIX_3 m orange squares). Large bold lines (a and b) show predicted infection per treatment
calculated on mean rates modelled with a linear mixed effects model. Shaded transparent ribbons outlined by thinner lines (a) show the standard error of the
predicted infection per treatment based on the model. The horizontal black dashed line (b) marks the infection threshold (20 infected leaflets per m?) at which potato

fields must be burned, according to Dutch regulation.

location, 2017 at Wageningen. In this year the experiment set-up
included the additional factor of strip width, with two levels (3 m and
6 m). For this analysis we first log-transformed (using the natural log-
arithm) the disease incidence data, and then calculated the rate of dis-
ease spread at the plot level as the difference in disease score between
the observation date and the date of the first observed infection. We then
used a linear mixed-effects model to test the effect of the treatment
factors on those rates (Zuur et al., 2009). In the model we included both
spatial (strip width) and genetic (single or mixed cultivar) factors as
fixed factors. Experimental plot was nested within field as a random
effect in the model to account for potential variability in field condi-
tions. We conducted multiple comparison of means post-hoc tests on the
model to make pairwise comparisons between effects of treatment fac-
tors on rates of disease spread, with a significant effect determined for
p-values <0.05. Modelling analyses were conducted using the Ime4
package (Bates et al., 2015) in R, and post-hoc tests were conducted
using the multcomp package (Hothorn et al., 2008), also in R.

4. Results
4.1. PI infestation in potato

In the multi-year (2010—2016) comparison of PI infection scores in

the STRIP vs. REF potato treatments at the Lelystad experiment, we
found that median PI infestation scores were lower for STRIP than for
REF in 15 out of 16 paired observation clusters (Fig. 4). The clustered
Wilcoxon rank sum test of the infection scores in STRIP vs. REF across all
years showed the difference to be significant (p < 0.001).

The comparison of plot-level PI infection between potato treatments
during the 2017 growing season at Wageningen showed a significant
effect of both spatial arrangement and cultivar mixing on the rate of
disease spread. When the two treatment factors were differentiated as
separate fixed factors in the linear mixed model, the post-hoc pairwise
comparisons showed that rate of disease spread was significantly lower
in the mixed-cultivar treatments (genetic factor) compared to the
monocultural REF (p = 0.0238), and that only the narrower strip width
(3 m, spatial factor) showed significantly lower disease spread compared
to the REF treatment (p = 0.0087). The lowest rates of disease spread
were observed when the two treatment factors were combined (Fig. 5).

4.2. Epigeic natural enemies of aphids in wheat

When analysed at the level of individual NE groups, we found that
across the three years of pitfall trapping in wheat at the Wageningen
experiment, there was significantly higher NE activity density (catch per
day) in the two strip treatments compared to the REF for all NE groups
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Table 3
Effect of spatial and genetic crop diversity on activity density (an indicator of abundance), richness, and evenness of epigeic natural enemies of aphids in wheat
collected by pitfall trapping at the Wageningen experiment from 2015-2017. Treatments were compared using a clustered Wilcoxon rank sum test, and data were
clustered by observation date and experiment block. Only data for which there were paired observations in both treatments at each sampling date were included in the
analysis.

Strip vs. Ref Strip vs. Strip_Mix

p value effect direction p value effect direction
Total activity density 0.298 NA 0.846 NA
spiders < 0.001 STRIP > REF 0.629 NA
rove beetles < 0.001 STRIP > REF 0.547 NA
harvestmen < 0.001 STRIP > REF 0.177 NA
carabids (non-Pterostichus) < 0.001 STRIP > REF 0.157 NA
carabids (Pterostichus) < 0.001 REF > STRIP 0.230 NA
other NE < 0.001 STRIP > REF 0.978 NA
Richness < 0.001 STRIP > REF 0.402 NA
Evenness (Shannon diversity) < 0.001 STRIP > REF 0.586 NA

except Pterostichus carabids (Table 3, Appendix A Fig. A5). For Pter-
ostichus, catches were significantly larger in the REF. The clustered
Wilcoxon rank sum test also showed there to be no significant difference
in catches between STRIP and STRIP_MIX treatments for any of the NE
groups (Table 3).

When all NE groups were aggregated, there was no significant dif-
ference in activity density between strip treatments and the reference
(Table 3). Catches in REF on dates when Pterostichus carabids were
abundant consistently tipped total NE counts above those of the STRIP
and STRIP_MIX catches. STRIP and STRIP_MIX had consistently higher
diversity index scores across all experiment years (Table 3). Compared
to the large-scale reference, strips had both a greater number of unique
taxa, and more evenness in the distribution of species as indicated by
higher Shannon diversity index scores (Fig. 6). Added within-strip ge-
netic diversity did not improve NE diversity scores in the STRIP_MIX
compared to the STRIP (Table 3).

5. Discussion
5.1. Stacking diversity: empirical evidence

We hypothesized that stacking multiple diversity dimensions would
return increasing benefits in the form of enhanced ecosystem service
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delivery in arable contexts. With two examples of strip and mixed
intercropping in the Netherlands, we investigated the effects of acti-
vating multiple dimensions of diversity on the delivery of two ecosystem
services relevant to Dutch farmers, namely disease mitigation in potato
and biocontrol potential in wheat. We found the effect of increasing
spatial heterogeneity to be beneficial. Only in the potato case, the
combined effect of spatial and genetic diversity measures resulted in the
greatest benefit in the form of reduced late blight incidence and slowed
disease spread. In the case of biocontrol in wheat, the addition of genetic
diversity did not appear to have added value over spatial heterogeneity
alone for the measured indicators. We frame our discussion of these
empirical findings within the multi-dimensional diversity framework
presented in Section 2.

5.1.1. Disease control in potato

The positive effect of spatial diversity on disease mitigation in potato
was clearly illustrated in the seven years of experiment data from
Lelystad. PI infection scores in the STRIP treatment were consistently
lower than in the associated large-scale REF fields across all years, a
result in accordance with previous studies on spatial diversity and PI
(Bouws and Finckh, 2008; Skelsey et al., 2009, 2010). These studies
concluded that a combination of physical barrier effects and host dilu-
tion were the most likely causes of lower disease incidence in
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Fig. 6. Activity density (catch per day, top), species richness (number of unique taxa, middle), and species evenness (Shannon diversity, bottom) of epigeic natural
enemies of aphids in wheat collected by pitfall trapping in the three treatments (REF, grey circles; STRIP, blue triangles; STRIP_MIX, orange squares) at the
Wageningen experiment for each paired observation date from 2015-2017. Data are presented as clustered by date (medians aggregated across experiment blocks per
date) to simplify the figure; in the statistical analysis data were clustered by observation date and experiment block. Points show median scores and bars show the
range (minimum and maximum) in catches per cluster.
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strip-cropped potatoes compared to large-scale monocultures. The
physical barrier effect is not a likely explanation for the observed disease
mitigation at the Lelystad experiment, since the strips there were plan-
ted parallel to the predominant wind direction (contrary to Bouws and
Finckh, 2008). Our results imply therefore that by increasing spatial
diversity, disease mitigation was obtained through host dilution.

When genetic diversity was added within the potato strip arrange-
ment in the form of cultivar mixtures, we found the additional benefit
that the rate of PI spread in susceptible plants at the plot level was
lowered. The relative rate of disease spread was least in the STRIP_MIX
treatments compared to both STRIP and REF plots at Wageningen in
2017, confirming our hypothesis that increased heterogeneity,
expressed as the stacking of multiple diversity dimensions, would in-
crease the delivery of the target ecosystem service. The effect of genetic
mixing can be explained by the mechanisms at play in spatial diversity,
but at plant level rather than crop stand level. Host dilution and barrier
effects are both enhanced by the fine resolution mixing of cultivars at the
plant level, leading to a greater loss of compatible inoculum in mixtures
with contrasting PI resistance genes than in pure stands (Andrivon et al.,
2003; Skelsey et al., 2009, 2005). At Wageningen, it appears that mixing
within the strip reduced the likelihood of disease spread at the plant
level, while adjacent non-host strips impeded the dispersal of any
remaining spores that did propagate, leading to an overall greater
reduction in disease severity at the plot level.

5.1.2. Biocontrol potential in wheat

Diversification measures that enhance biocontrol potential act from
both the bottom up and the top down: by making the cropping system
less attractive or less hospitable to pests, and by accommodating pred-
ators. The data collected in the strip cropping experiment at Wageningen
only allowed us to analyse top-down effects since aphids were not
monitored. Our findings reflect several recent comprehensive studies
which all show that crop diversity at higher resolutions—whether at the
plot, field, or landscape scale—has a positive impact on biodiversity in
general and on pest suppression potential specifically (Dainese et al.,
2019; Fahrig et al., 2015; Iverson et al., 2014; Lichtenberg et al., 2017;
Sirami et al., 2019). However, our results showed the implemented
spatial and genetic diversification measures to have differing impacts on
top-down pest control mechanisms, and the findings did not support our
stacking diversity hypothesis.

In our experiment, the effect of spatial diversity on NE activity
density was evident in the significantly larger catches observed in the
STRIP treatments compared to the REF for all but one NE group. This
result is in line with previous studies which conclude that spatial di-
versity supports NE populations by providing an array of host, feed,
shelter, and habitat sources throughout the cropping season (Ratnadass
et al., 2012), as well as refuge during disturbances such as crop culti-
vation activities (Dassou and Tixier, 2016). Only the Pterostichus carabid
beetle was found to be more abundant in the REF system. Although
contradictory to Thomas et al. (2006) who found Pterostichus to prefer
less dense crop stands, our finding is in line with Allema et al. (2019)
who showed that Pterostichus preferentially occupy large-scale cereal
monocultures. While maintaining an abundance of NE is important for
top-down aphid control, it has recently been shown that diversity in-
dicators such as species richness and evenness may be more influential
predictors of biocontrol potential than abundance (Dainese et al., 2019).
Promisingly, our experiment results showed spatial crop diversity had a
strong positive impact on both the richness and evenness of the epigeic
NE community, a finding that could be explained in part by the work of
Allema et al. (2015) who found that different arthropods had prefer-
ences for different vegetation types. Diversity of NE presumably also
implies a higher likelihood that a mix of specialized and generalist
predators are present in the cropping system, which is important for
aphid control (Snyder and Ives, 2003).

We expected that the addition of increased genetic diversity within
the strip arrangement would further improve NE abundance and
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diversity. However, our experiment results showed no significant dif-
ference in NE activity density nor diversity indices between the STRIP
and STRIP_MIX systems, indicating that stacking genetic diversity did
not add value over what was already achieved via spatial diversification
alone. This result is corroborated in a review which found no cases in
which mixed intercropping of wheat increased the presence of pest
predators (Lopes et al., 2016), however contradicts the ‘enemy hy-
pothesis’ (Root, 1973) and a meta-analysis assessing other crops (Dassou
and Tixier, 2016). The fact that we did not see added value of genetic
mixing within the strip arrangement could imply that at the field scale,
the spatial diversity of the strip arrangement had a stronger influence on
epigeic arthropod movement patterns than the plant-level genetic het-
erogeneity of the within-strip crop mixing, as has been found at the
landscape scale (Martin et al., 2019).

5.2. 3-D Diversity: implications and prospects

5.2.1. Managing complexity

Redefining the agricultural field—that is, changing the way com-
positions of crops and cultivars are arranged on a farm in space and
time—will result in agricultural fields that look different, are more
complex, and require new management strategies, technologies, and
institutional frameworks. Moving from control-based management to-
wards ecological management positions farmers in a role that is less
about managing inputs and outputs and more about facilitating and
collaborating with agroecological processes to achieve harvestable
yields (Robertson et al., 2014; Storkey et al., 2015; Tittonell et al.,
2016). Such a shift could mean that farmers are relieved of selected
management burdens as agroecosystems are increasingly able to
self-regulate (Van Apeldoorn et al., 2011). However, it could also posi-
tion farmers in a management role that becomes vastly more complex
and knowledge-intensive, and potentially expensive (Rosa-Schleich
et al., 2019). Before farmers can be expected to engage in such a tran-
sition, benefits and drawbacks of a move towards more complexity must
be further investigated.

Promisingly, the results of the empirical cases presented here indi-
cate that moderate changes to field design and management can return
substantial benefits to farmers in the form of enhanced ecosystem ser-
vice delivery. In both the potato and wheat examples, introducing
spatial diversity alone through strip cropping was sufficient to increase
disease suppression and biocontrol potential, respectively. The robust-
ness of the spatial effect implies that farmers can be flexible in how they
implement strip cropping, and do not necessarily need special equip-
ment to do so.

At Lelystad, disease mitigation was enhanced despite the arrange-
ment of strips parallel to the dominant wind direction. Additionally, at
the Wageningen experiment in 2017, we found that both 3 m and 6 m
strip widths showed lower rates of disease spread than the REF. These
results indicate that for disease control, strip width can be adapted to fit
mechanical capabilities, and strips can be arranged in the field without
the constraint of having to be aligned in a particular direction for the
benefits to be realized. Further studies on disease spread in relation to
strip width and wind direction would be useful for confirming this
flexibility.

Although it implies a more complex management approach, namely
in terms of post-harvest processing and marketing, the added disease
mitigation benefit of introducing genetic diversity within potato strips
should not be discounted. Sanitary regulations in the Netherlands
require defoliating a potato crop when the severity of a PI infestation
reaches 7-10 % (De Minister van Landbouw, Natuurbeheer en Visserij,
2017). Under organic conditions this is done by mechanical or thermal
haulm destruction. A potato stand may produce 700—900 kg of potato
fresh weight per hectare per day during the tuber filling stage (Moller
et al., 2006), and at defoliation, tuber filling is halted. Delaying the time
of defoliation therefore has a strong effect on the quantity and quality (in
terms of tuber size) of a potato harvest. Following regulation, the farmer
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at Wageningen in 2017 defoliated the STRIP_MIX treatment plots two to
five days later than the STRIP treatment plots, and higher yields were
indeed recorded in the STIP_MIX plots compared to the STRIP plots
(Table 1). From a farmer’s perspective, it follows that both delaying the
onset of the disease and slowing down its spread—together delaying the
termination of the crop—are important objectives in the management of
PI, and strip cropping offers a robust approach to achieving this.

Given the potential yield benefits of having a potato stand with less
late blight infection, one might ask why a farmer would not forgo the
mixing of Pl-resistant with susceptible cultivars and instead plant strips
of only the resistant cultivar. This would be simpler, by not necessitating
post-harvest sorting of cultivars. However, late blight resistance is only
one of the criteria for which potatoes are bred (Bueren et al., 2018), and
only one trait that farmers weigh when choosing which cultivars to
plant. Production potential and consumer preference are also high pri-
orities, both of which tend to be better for the more established
non-resistant potato cultivars like Agria. In The Netherlands, the con-
sumer preferences driving potato markets are relatively narrow and
traditional, and it can be hard for farmers to sell newer, less well-known
varieties like the Carolus or Alouette. Common practice for organic
farmers in The Netherlands is therefore to plant some of each cultivar in
order to reduce the risk of PI while also ensuring marketability of the
harvest (Pacilly et al., 2019). The experiment in Wageningen reflected
these management considerations by taking the susceptible Agria
cultivar as the reference.

For biocontrol enhancement, strip-level diversity was found to give
as good results as strips combined with plant-level mixing, making the
procurement of specialized mixed-cropping machinery appear unnec-
essary. However, more effective non-chemical aphid control would
require the incorporation of design elements that complementarily un-
dermine aphid reproduction and dispersal, in addition to supporting NE
populations. Further studies on pest populations in strip arrangements
would be useful for helping farmers optimize strip design for biocontrol.

5.2.2. Theoretical considerations

In our discussion of experimental results, we found the conceptual
framework for three-dimensional in-field diversity particularly useful
for linking management practice outcomes to diversity-mediated
mechanisms by discerning which dimensions (spatial or genetic) were
activated. The framework does not, however, illustrate nor quantify
response relationships between the three diversity dimensions and
ecosystem service delivery. Knowing what happens to ecosystem service
delivery when multiple dimensions are mobilized in the field at once is
necessary for understanding how to manage farm fields for optimizing
the delivery of targeted ecosystem services (Bommarco et al., 2013),
how to best make use of inherent in-field diversity (Isbell et al., 2017),
and thus how much management complexity is required. Once response
relationships between field practices and ecosystem service delivery in
each dimension are better understood, the diversification space heuristic
may be developed to function as a practical solution space from which
farmers could select practices to optimize their combined agronomic
and ecological goals (Groot et al., 2010; Groot and Rossing, 2011).

In our own study, we only examined two dimensions: space and
genes. Our brief review of diversity effects, however, implies that adding
the third dimension—time—to the strip cropping system could add
further value to ecosystem service delivery by breaking pest and disease
propagation cycles. Yet our findings on stacking spatial and genetic di-
versity in wheat may indicate that three-dimensional diversity is not
necessary to achieve improved provision of certain ecosystem services.
Classic examples in ecology, such as the diversity—productivity
response in (natural) grasslands (Hector et al., 1999; Tilman et al.,
2001), show that increasing diversity only increases productivity up to a
saturation point. Asymptotic yield responses to biodiversity increase
have been shown in arable agricultural contexts as well (Barot et al.,
2017). There is less consensus on the shape of response curves for other
ecosystem services, but in the cases of pest and disease suppression in
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particular, it is well-known that the magnitude of the diversity effect
depends on many additional factors (Bianchi et al., 2006; Isbell et al.,
2017; Iverson et al., 2014; Letourneau et al., 2011; Pacilly et al., 2018).

Experimenting with diversification measures at relevant spatial and
temporal scales presents challenges to understanding the response re-
lationships between diversity dimensions and ecosystem service de-
livery. With dispersal distances of 100 m for aphid NE to tens of
kilometres for PI (Skelsey et al., 2010; Steingrover et al., 2010), vari-
ables such as those analysed here require large-scale reference fields.
Due to resource constraints, the large-scale monoculture reference plots
used in the presented studies were not replicated and not necessarily in
the same field as the strip treatments. Additionally, diversity appears to
beget diversity (Reckling et al., 2018); in our spatially and genetically
diverse treatments we tended to see more variability in the data than in
the large-scale monocultural references. While statistical methods such
as those employed in our analysis are able to accommodate incomplete
block designs, diversity, and random variation, the practical reality of
differences in soil, management history, landscape features, and
micro-climate make it difficult to conclude that findings are the sole
result of the tested treatments. To reduce uncertainty in studying diverse
cropping systems while maintaining practical and scalar relevance, large
and long-term experiments are needed, and likely new approaches to
experimental design as well.

6. Conclusions

Here we explored the concept and implications of three-dimensional
diversification of the arable field. We hypothesized that activating di-
versity in multiple dimensions at once would multiply the ecosystem
service benefits, particularly of pest and disease regulation, and tested
this hypothesis with two examples of strip and mixed intercropping in
the Netherlands. Our results showed that spatial diversity alone was
enough to increase biocontrol potential in wheat, whereas in the case of
late blight in potato, the addition of genetic diversity within the strip did
further improve disease mitigation. Based on these cases, we conclude
that in-field crop diversity can enhance ecological regulation processes
compared to monocultural systems, but that diversifying in multiple
dimensions may not always be necessary depending on the targeted
services. Compromises between complexity of management and the
benefits of increased diversity are achievable, as is the case with strip
cropping. This is interesting from a practical perspective, as strip crop-
ping is already possible within current agronomic and mechanical
constraints, requiring some adjustments to field conceptualization and
management but not a full technological shift. If more positive response
relationships are proven between stacked diversity dimensions and
ecosystem service delivery, a move towards greater complexity (e.g.
pixel cropping) could be a next step in the transition towards a more
ecologically sound and productive model for redefining industrialized
arable fields.
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Appendix A

A.1 Experiment layouts

Field Lab for Agroecology and Technology, Lelystad, NL
Figs. Al, A2
Droevendaal Experimental Farm, Wageningen, NL

potato 1 ¢ 3.15m
spring heat

faba--spring wheat

cabbage
potato
biodiverse flower strip
cabbage

47.25m

faba--spring wheat
cabbage

125m

Fig. Al. Location of the strip and reference plots at the Field Lab for Agroecology and Technology in Lelystad (not to scale). Detail shows the strip arrangement
within the STRIP treatment plot. Location of STRIP plots remained fixed throughout experiment years, REF plots rotated; map shows the layout in 2014.

2010 2011 2012 2013 2014 2015
buffer strip potato spring wheat faba--sp. wheat potato
1|spring wheat potato cabbage spring wheat
2|oats cabbage spring wheat faba--sp. wheat potato
3[onion faba—sp. wheat potato cabbage spring wheat
4 cabbage spring wheat faba—sp. wheat potato
5 faba--sp. wheat potato cabbage spring wheat
6 spring wheat faba--sp. wheat potato cabbage
7 biodiverse flower strip 47.25 m
faba--sp. wheat potato _ cabbage spring wheat _
cabbage spring wheat faba—sp. wheat potato
spring wheat faba--sp. wheat potato cabbage
potato cabbage spring wheat faba--sp. wheat|
_ faba—sp. wheat potato cabbage spring wheat
cabbage spring wheat faba--sp. wheat potato
buffer strip faba--sp. wheat potato - cabbage spring wheat v

Fig. A2. Experimental layout and crop rotation in the strip treatments at the Field Lab for Agroecology and Technology in Lelystad, NL from 2010-2016 (not to
scale). Schematic shows one experiment block; the full experiment consisted of two replicated blocks each following the same scheme.
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Figs. A3, A4
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[ winter rye
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Fig. A3. Field layout of the strip cropping experiment located at Droevendaal Experimental Farm in Wageningen, The Netherlands. Map shows the crops sown in the
2017 growing season.
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Fig. A4. Detailed layout of the strip treatments in the strip cropping experiment located at Droevendaal Experimental Farm in Wageningen, NL. Map shows the crops
sown in the 2017 growing season.

12



L. Ditzler et al.

A.2 Pitfall catches per natural enemy group

Fig. A5
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Fig. A5. Activity density (catch per day) of epigeic natural enemy groups in wheat collected by pitfall trapping in the three treatments (REF, grey circles; STRIP, blue
triangles; STRIP_MIX, orange squares) at the Wageningen experiment from 2015-2017. Data are presented as clustered by date (medians aggregated across
experiment blocks per date) to simplify the figure; in the statistical analysis data were clustered by observation date and experiment block. Points show median scores

and bars show the range (minimum and maximum) in catches per cluster.
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