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• Strip cropping is a promising strategy
for crop diversification.
• We present a novel framework to
include spatial aspects in cropping sys
tems design.
• A real-world farm example shows di
versity
of
options
and
their
performance.
• The method offers an actionable frame
work to synthesize growing knowledge
on crop-crop interactions.
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CONTEXT: Crop diversification has been proposed as a promising strategy for transitioning towards sustainable
agricultural systems by leveraging biological processes and controls present in naturally biodiverse ecosystems.
Strip cropping, a form of intercropping where two or more crops are grown adjacent to one another in long and
narrow multi-row strips, has been shown to deliver a greater range of ecosystem services compared to sole crop
references due to increased interspecific crop interactions, spatio-temporal niche differentiation, and higher infield habitat diversity. The possibility to adjust the strip width to the working width of farmers’ existing machines
gives strip cropping of cash crops an important implementation advantage over other intercropping practices.
Systematic exploration and evaluation of spatial plans for strip cropping systems, however, is constrained by the
lack of spatially-explicit design approaches.
OBJECTIVE: Here we present a framework to support systematic exploration of spatio-temporal strip cropping
configurations for a given farm context and set of objectives.
METHODS: The framework comprises six steps: 1) Diagnosis of the current farm situation; 2) Specification of
strip cropping system attributes; 3) Temporal strip cropping planning; 4) Spatio-temporal strip cropping
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planning; 5) Spatio-temporal strip cropping configuration assessment; 6) Strip cropping configuration selection
and visualization. We combine two software applications: ROTAT to generate crop rotations and the novel
RotaStrip to systematically explore spatio-temporal configurations based on the rotations generated by ROTAT.
We illustrate the framework with a case study from the Netherlands using gross margin, habitat score, and spatial
crop compatibility score as indicators.
RESULTS AND CONCLUSIONS: 150 crop rotations were generated. When 6 additional crops were included this
was increased to 51,371, and the maximum values of the three indicator scores were also improved. Using the
thirteen candidate crops to generate spatio-temporal configurations, we identified 16 Pareto-optimal and 78 antioptimal configurations, from which the highest and lowest performing configurations were selected. The two
contrasting configurations scored 7254 and 6658 €.ha− 1.yr− 1 for gross margin, 0.88 and 0.75 for habitat score,
and 98 and− 58 for crop compatibility score, respectively, illustrating the value of consideration of the spatial
aspects. Bridging the current knowledge gaps regarding what constitute good crop combinations, and
strengthening the evidence underpinning the evaluation of ecosystem service delivery on the basis of spatial
configuration, would further improve the quality of the generated strip cropping plans.
SIGNIFICANCE: The framework presented and illustrated in this study provides a basis for systematic spatiotemporal strip cropping systems design and implementation.

1. Introduction

of a variety of intercropping methods, showing a 25% yield increase in
strip cropping systems compared to sole crops, and a higher land
equivalent ratio in strip compared to row and mixed intercropping due
to temporal niche complementarity and facilitation (Yu et al., 2015).
Strip cropping leverages the benefits of intercropping by creating
spatial, temporal, and genetic diversity within a field: spatial diversity is
achieved by arranging multiple crops in strips within a single field at a
given moment in time; temporal diversity is achieved by managing those
strips as part of a crop rotation; and genetic diversity is achieved by
introducing crop or cultivar mixtures within individual strips (Ditzler
et al., 2021). Well-established benefits of strip cropping occur in pest
and disease suppression and biodiversity enhancement. Pest and disease
suppression has been found to be enhanced in strip cropping systems
compared to sole crops. By providing physical barriers and non-host
habitat, the spread of airborne diseases within and across strips is
decreased (Bouws and Finckh, 2008; Civitello et al., 2015; Ditzler et al.,
2021). Spatial crop diversification is known to support beneficial insects
and associated biodiversity, which can result in decreased crop damage
by pests (Letourneau et al., 2011; Tajmiri et al., 2017; Dainese et al.,
2019; Juventia et al., 2021; van der Werf and Bianchi, 2022). It is ex
pected that the high edge density achieved through narrow strip widths,
combined with a temporal niche differentiation, allows beneficial in
sects to migrate to nearby strips during disturbance, which promotes
survival and overwintering of these species (Lopes et al., 2015; Hatt
et al., 2017). At the landscape level, small field sizes have been shown to
increase within-field diversity and abundance of birds, plants, and insect
species (see e.g. Fahrig et al., 2015; Zellweger-Fischer et al., 2018).
Strips can be considered small ‘fields’ and are thereby expected to
similarly support biodiversity of arable field-dwelling species. The in
crease in genetic, temporal, and spatial diversity may also enhance
cultural ecosystem services such as aesthetic landscape quality (Junge
et al., 2015).
Implementing intercropping practices may require strategic in
vestments from farmers, e.g. by introducing new crops, acquiring
specialized machinery, and making adjustments to management, pro
cessing, and marketing. Each of such changes may represent barriers
that hinder farmers in diversifying their cropping systems (Meynard
et al., 2018; Morel et al., 2020). However, the possibility to adjust strip
cropping configurations to fit the working width of on-farm available
machinery gives strip cropping an important implementation advantage
over other intercropping practices.
Planning a strip cropping system requires new approaches to crop
ping systems design as spatial aspects need to be considered alongside
temporal aspects. Current methods and modelling tools meant to facil
itate the design of cropping and farming systems primarily address the
knowledge-intensive process of selecting crops, devising rotations, and
assigning land area to meet various objectives (see e.g. Dogliotti et al.,
2004; Castellazzi et al., 2008; Groot et al., 2012; Martin et al., 2013;

The Netherlands is a major exporter of agricultural products (CBS,
2018). Production predominantly takes place on large fields with sole
crops, with a high level of mechanization and external inputs (Brouwer
et al., 2016). In comparison with two-thirds of agricultural holdings in
the EU in 2016, of which the average farm size was less than 5 ha
(Eurostat, 2021), in the Netherlands the average farmland area per
arable farm increased from 33 ha in 2000 to approximately 42 ha in
2020 (CBS, 2021). Decades of land consolidation and agricultural
intensification have resulted in highly productive agricultural systems
with high labor efficiency (Van den Noort, 1987; Vandermeer et al.,
1998; Asiama et al., 2017), but also in problems associated with highinput agriculture, including environmental pollution, loss of biodiver
sity, and socio-economic issues (EEA, 2015; European Commision, 2017;
Gil et al., 2019).
Responding to these problems, the Dutch government has put forth a
research agenda for a transition to circular agriculture (Schouten, 2018),
which describes strip cropping as one of the innovative farming prac
tices. Strip cropping is a form of intercropping in which two or more
crop species are grown adjacent to one another in long and narrow
multi-row strips to allow independent crop management by existing
machines and stimulate ecological interactions between the strips
(Hauggaard-Nielsen, 2010). Besides strip cropping, there are several
other types of intercropping, such as mixed intercropping (two crop
species cultivated in the same field without a distinct pattern) or row
intercropping (two species cultivated in alternating rows), which may be
implemented as relay intercropping (partial overlapping growing pe
riods of intercropped species) (Yu et al., 2015). Intercropping is known
to facilitate beneficial interspecific plant interactions and has been
shown to provide a wide range of ecosystem services while also
providing comparable or better yields than sole crop references (Brooker
et al., 2015; Ponisio et al., 2015; Beillouin et al., 2019).
Strip cropping was popular in the United States in the mid to late
20th century where it was used to mitigate soil erosion and reduce
dependence on mineral fertilizers (Francis et al., 1986), and has been
widely practiced in China for several decades (Li et al., 2020). However,
strip cropping was never widely adopted in Europe and, due to this, is
generally less studied than other intercropping techniques. Possible
reasons for this are an earlier mechanization of agriculture and land
consolidation in Europe compared to Asia, and cultural differences. Yu
et al. (2015) mention systemic differences in intercropping practices
between Asia and Europe. For example, in Asia, most systems are strip
cropping systems comprising two grain crops that are harvested sepa
rately for human or animal consumption, while in Europe, most systems
are mixed intercropping systems comprising cereal/legume mixtures
that can be harvested as a mixture for animal feed. The potential of strip
cropping was brought out in a global meta-analysis on the performance
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Naudin et al., 2015; Falconnier et al., 2017; Tariq et al., 2019). How to
include the spatial aspects (e.g. crop spatial allocation and field orien
tation) and their effects on various objectives in the design process,
however, is hardly addressed to the best of our knowledge. This is all the
more difficult as temporal aspects of crop configurations have conse
quences for spatial interactions in any one year. The large number of
possible configuration options may also be an obstacle in the design
process. This paper addresses the challenge of how information on the
temporal and spatial aspects of strip cropping can be integrated and
combined with practical implementation-oriented criteria to assist re
searchers in supporting farmers and advisors in developing strip crop
ping plans.
Here we present a framework for systematic exploration and evalu
ation of spatio-temporal strip cropping configurations comprising four

or more crops in rotation based on farm-specific objectives and con
straints. The framework involves six steps and integrates two designsupport tools – ROTAT and RotaStrip. These tools are quantitative
models that enable generating and quantitatively evaluating large sets of
alternative strip cropping configurations in time (ROTAT) and space
(RotaStrip). In the next section we describe the six-step framework. We
then describe the case study farm and apply the framework at field scale
to reveal the spatio-temporal strip cropping configurations associated
with different levels of system performance, demonstrating the value of
adding the spatial aspects to the framework. Finally, we discuss the
limitations of the framework, implications for strip cropping manage
ment, and ways to gradually implement strip cropping systems.

Fig. 1. A flow diagram of the six-step framework for spatio-temporal strip cropping systems design illustrating the flow of information through the steps. Methods
and tools used during the illustrative application of the framework in this study are shown in bold.
3
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2. Materials and methods

The decisions on crop choice and temporal aspects of crop allocation
are used as input for generating crop rotations in step 3. The spatial
aspects of crop allocation and the decisions on system implementation
are used for the spatio-temporal strip cropping planning in step 4.

In this section, we start by presenting the framework for a systematic
exploration and evaluation of spatio-temporal strip cropping configu
rations, along with its technical implementation. We then describe the
case study farm which is used to illustrate the application of the
framework.

2.1.3. Step 3: Temporal strip cropping planning
2.1.3.1. Step 3.1: Generating and filtering rotations. In this step, we
follow Dogliotti et al. (2003) who proposed a procedure to systemati
cally generate agronomically and ecologically feasible crop rotations for
a specific farm context. The ROTAT software application combines crops
from a predefined list, here the candidate crops identified in steps 1 and
2, to generate all possible rotations which fit the specifications identified
in step 2. Filters may be applied to eliminate crop successions that are
undesirable or unpractical from an agronomic (e.g. due to overlapping
harvest and sowing dates of subsequent crops) or ecological (e.g. due to
shared soil-borne pathogens) perspective, and to account for farmspecific preferences. The filters are controlled by the user and are
based on the outputs from steps 1 and 2, as well as based on literature,
and expert and farmer knowledge. The filters address: timing constraints
(i.e. sowing and harvesting dates, minimum time period after harvest
before the next crop can be sown); crop sequence and crop frequency
constraints (i.e. restrictions on allowed/disallowed crop successions,
maximum frequencies of crops or groups of crops in a rotation, mini
mum time period before repeating cultivation of a crop); and farmspecific feasibility and applicability constraints (i.e. maximum rotation
length, maximum number of different crops per rotation).

2.1. A framework for exploration and evaluation of spatio-temporal strip
cropping configurations
We propose a six-step framework (Fig. 1) to assist researchers in
supporting farmers and advisors in the systematic exploration of strip
cropping configurations based on a farm’s specific context and objec
tives. Convergence on a configuration that is ready for implementation
proceeds in an iterative manner, where the outcome of a certain step
may give rise to adjustments in previous steps to align better with the
farmer’s intentions.
2.1.1. Step 1: Diagnosis of the current farm situation
In the first step, the focus is on the current farm context and the
ambitions of the farmer(s) and other stakeholder(s). The biophysical
farm elements, socio-economic aspects, and their interactions are
described (Tow et al., 2011). The ambitions and objectives that the
farmer(s) has with the strip cropping system are formulated. The ob
jectives are made quantifiable by identifying indicators proposed by
experts to assess system performance. In this step, different approaches
and methods may be used depending on what is suitable for the specific
context, such as system and actor analysis based on the RIO approach
(Elzen and Bos, 2019), Sustainable Livelihoods Approach (DFID, 2000),
agronomic farm diagnosis (Dogliotti et al., 2014), or farmer(s) and
stakeholder(s) interviews and workshops.

2.1.3.2. Step 3.2: Rotation evaluation. For each generated rotation,
ROTAT allows a range of indicators to be calculated which include soil
use intensity, gross margin and labor requirement. Scores for soil use
intensity were based on Vereijken (1997), also used in Dogliotti et al.
(2003). It is calculated from annual scores of individual crops and green
manures based on depth and intensity of rooting, potential impact of
management on soil compaction, and soil cover. Gross margin and labor
requirement are calculated by averaging the annual gross margin and
labor time duration per hectare, respectively, of individual crops grown
as sole crop monocultures, i.e. without considering the spatial compo
nent. The crop sequences and associated scores are used as input for the
spatio-temporal strip cropping planning in step 4 and the spatiotemporal assessment in step 5. Other evaluation tools may be invoked,
ranging from qualitative assessments based on discussion, expert
opinion, and workshops, semi-quantitative scoring methods, or quanti
tative simulation models such as FieldIMAGES (Dogliotti et al., 2005),
ROTAT+ (Groot, personal communication), NDICEA (Van der Burgt
et al., 2006) or APSIM (Keating et al., 2003).

2.1.2. Step 2: Specification of strip cropping system attributes
In this step, exchanges between the farmer and the researcher result
in specification of attributes of the strip cropping system to be designed.
These attributes concern crop choice, temporal and spatial aspects of
crop allocation, and system implementation. Firstly, based on the farm
diagnosis (step 1), a list of candidate crops is created, comprising current
crops as well as crops that could be grown and are of interest to the
farmer, denoted as ‘additional’ crops. Secondly, the preferred or
maximum frequency of each crop in the rotation and the length of the
crop rotation are decided upon, along with an inventory of crop suc
cessions that should be avoided, e.g. because they share soil-borne
pathogens. These attributes have also been addressed in the design
procedure of Dogliotti et al. (2003). Thirdly, spatial attributes are
specified by deciding upon the crop configuration type, i.e. the number
of crops treated as a configurational unit, which will be present on a field
in a year (see also under step 4.1). An inventory is made of crop
neighbors to be preferred or to be avoided, based on farmer and
researcher knowledge. Lastly, system implementation attributes are
addressed by deciding on strip width and the need to mirror strips. Strip
width is based on an inventory of working widths of available or future
machines in the various listed crops. A strip width that is the same as the
predominant working width or a multiple of the smallest common de
nominator of the machine working widths is preferred. Differences be
tween machine working widths between crops are discussed as some
farmers are more flexible than others in adjusting equipment between
crops. The need to mirror the spatial crop sequence is discussed. Mir
roring may be needed to allow e.g. combine harvesters to transfer the
harvest into a trailer driving always on the same side of the machine
(Fig. 3). This step requires discussion, interviews, or workshops with the
farmer(s) and other stakeholder(s), which can be facilitated with the use
of a questionnaire for the farmer(s). For the case study described later,
we developed a specific questionnaire that was then discussed with the
farmer (see Supp. material 1).

2.1.4. Step 4: Spatio-temporal strip cropping planning
In this step, the temporal sequence of crops is allocated in space. The
system attributes from step 2 and the set of possible rotations generated
in step 3 are combined to generate spatio-temporal crop configurations.
Similar to the approach in step 3, this step concerns three sub-steps:
generating spatio-temporal crop configurations, filtering out undesir
able ones, and evaluation. The sub-steps are elaborated below.
2.1.4.1. Step 4.1: Generating strip cropping configurations. The principle
applied in generating any spatial crop configurations is referred to as the
hop-skip-jump principle after Vereijken (1997), which stipulates that
from one year to the next a crop should not be planted in the same field
nor in a field adjacent to where it was last year, in order to create
discontinuity in space and thus reduce opportunities for crop pests and
pathogens to follow their host (Vereijken, 1997; Olesen et al., 1999).
Here, we introduce ‘crop configuration type’ which represents the
number of crops that are present on a field in a year. A crop configu
ration type constitutes the building block from which a particular strip
4
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cropping configuration is built. For a two-year rotation, only one crop
configuration type is possible: the ‘duplet’, consisting of pairs of strips of
each crop. Similarly, for a three-year rotation only a triplet configura
tion type is possible. For the 8-year rotation illustrated in Fig. 2, how
ever, possible crop configuration types include duplets, sets of four crops
(‘quadruplets’), and the entire set of crops (‘all crops’), of which one is
selected in our framework. In this illustration, sets of three, five, six, or
seven crops are not possible as they do not fit within an 8-year crop
rotation. Formally, the smallest common denominator of rotation length
and number of crops in the crop configuration type should be an integer.
For each of the crop configuration types, alternative strip cropping
configurations may exist depending on how crops are arranged spatially.
We illustrate this for the 8-year rotation example in Fig. 2 and Table 1,
which show configuration types along with their possible evolution over
time and their consequences, respectively. Duplets may be created by
splitting the rotational crop sequence (‘Sole cropping’, Fig. 2) at some
point and combining crops into duplets that are at least one year apart in
the rotation. An example of this is: crop 1 with crop 4, crop 2 with 5, crop
3 with 6, crop 4 with 7, crop 5 with 8, crop 6 with 1, crop 7 with 2, and
crop 8 with 3 (‘Duplets’, Fig. 2). The number of different pairs in this
option is eight. A special case of duplets is to maximize the temporal
distance between the crops by combining crops that are 4 years apart in
the 8-year rotation. This results in crop 1 being grown in strips adjacent
to crop 5, crop 2 to crop 6, crop 3 to crop 7, and crop 4 to crop 8,
resulting in four crop pairs (‘Duplets – maximum temporal distance’,
Fig. 2). Quadruplets may be created by allocating every second crop in
the rotation into a unit, thus honoring the hop-skip-jump principle, such
that crop 1 is grown in strips adjacent to crop 3, crop 2 to 4, crop 3 to 5,
crop 4 to 6, crop 5 to 7, crop 6 to 8, crop 7 to 1, and crop 8 to 2. This
results in a quadruplet comprising crops 1, 3, 5, 7 grown adjacent to
each other and another quadruplet comprising crops 2, 4, 6, and 8
(‘Quadruplets’, Fig. 2). The final crop configuration type for the 8-year
rotation combines all crops in strips, which thus appear every year on
every field. Spatial configurations within this configuration type may be
built by combining four duplets or two quadruplets (‘All crops’, Fig. 2).
Not all crops are necessarily grown in strip cropping configurations
each year; some crops may continue to be grown full-field. Only the ‘All
crops’ configuration type results in all crops grown in strips every year.
For instance, if crops 1 and 5 are selected to be grown as a duplet, the
remaining crops may each occupy a field on the farm. To maintain the
original surface areas of crops 1 and 5, two fields would need to be
dedicated to the duplet. In this case, the spatial sequence would be 1 and
5, while in the other field the sequence would be reversed to 5 and 1 to
maintain the temporal requirement of a 1:8 rotation. In order to
generate the strip cropping configurations, the software application
RotaStrip was developed (see Section 2.2).

always drive on the same side of the strip that is being harvested relative
to the driving direction (Fig. 3). This implies that the neighboring strip
needs to allow being driven over, e.g. because the crop is already har
vested or is sufficiently resistant to trafficking, e.g. grass-clover. Such
managerial considerations are taken into account in the crop neighbor
preferences in step 2.
There are at least two ways of mirroring (Fig. 3). One way is to mirror
the entire spatial sequence of the strips (i.e. complete mirroring,
Fig. 3A). However, this will result in two identical strips being adjacent
to each other at the mirroring line. Another way is pairwise mirroring
(Fig. 3B). When pairwise mirroring is applied, the spatial order of the
strips will change and an extra compatible crop neighbor is required. For
instance, crop 6 in Fig. 3A neighbors crops 2 and 3, while in Fig. 3B it
neighbors crops 2, 3 and 1. The implications of the hop-skip-jump
principle and mirroring for various spatial configurations are summa
rized in Table 1.
2.1.4.3. Step 4.3: Spatial evaluation. Very few indicators exist as yet to
evaluate the spatial performance of crop configurations. For instance, in
the Sustainability Assessment of Food and Agriculture systems (SAFA),
only two out of 116 indicators (i.e. ecosystem diversity and species di
versity) indicate some degree of spatial evaluation of cropping and
farming systems (FAO, 2014). For evaluation of the spatial performance
of the acceptable strip cropping configurations resulting from step 4.2,
we propose scores for spatial crop compatibility and habitat contiguity
and continuity. The spatial crop compatibility score is based on a crop
neighbor compatibility database, which incorporates agronomic and
ecological knowledge and managerial feasibility gleaned from literature
and experience (Carrillo Reche et al., personal communication 2021,
Supp. material 2). The effects of crop combinations on each other’s yield
and pest and pathogen attack are derived from literature on intercrop
ping practices and strip cropping field experiments. The managerial
feasibility of crop combinations is based on farmers’ experience with
strip cropping. Per data source, scores of − 1 (undesirable effect),
0 (neutral effect), and + 1 (desirable effect) were assigned (Supp. ma
terial 2). The overall spatial crop compatibility score of a given strip
cropping configuration is the sum of the scores for all crop combinations
in the configuration.
The habitat score is an indicator of field-level habitat contiguity and
continuity. Greater values represent greater spreading of soil distur
bance due to mechanical operations over the year (Thorbek and Bilde,
2004) and greater temporal niche differentiation among the crops on the
field, which has been shown to provide food and/or space for species
colonization throughout the year (Rohner et al., 2019). Together these
factors are known to support natural enemies, pollinators, and general
biodiversity (Benton et al., 2003; Carpio et al., 2019). The score for
habitat contiguity and continuity is calculated for each strip cropping
configuration as the sum of the individual scores of the crop combina
tions in that configuration, which is then scaled to a value between 0 and
1. The score for a crop combination is calculated by assessing whether
the crop combination has sowing or harvesting periods that are at least
three weeks apart, as this implies greater spreading of farm operations
and soil disturbance, hence greater temporal niche differentiation be
tween the two adjacent strips. In the individual scoring per crop com
bination, this is reflected with a minimum score of 0 (i.e. both the
sowing period and the harvesting period of two neighboring crops
overlap), + 1 (i.e. either the sowing period or the harvesting period
overlaps), or + 2 (i.e. both the sowing period and the harvesting period
do not overlap).

2.1.4.2. Step 4.2: Filtering. In this step the generated strip cropping
configurations are checked on meeting the attributes regarding crop
neighbor preferences and mirroring specified in step 2. Some crop spe
cies or varieties may not constitute compatible neighbors, either in
terms of inter-(crop species) or intra-(cultivars) specific plant in
teractions, e.g. one species outcompeting another by competition for
light, or from a managerial perspective, e.g. vines produced by one
species interfering with harvest of the neighboring species. There may
also be reasons to prefer certain crop combinations, e.g. when one crop
acts as a repellent of insects that may attack the neighboring crop, or
when one crop enhances trafficability for harvesting operations in the
neighboring crop.
Mirroring of the spatial crop sequence may facilitate harvest opera
tions that involve a harvester operating side-by-side with a trailer into
which the harvested product is transferred. The unloader (conveyer belt
or auger) of the harvester is usually fixed on one side of the harvester, so
the trailer to collect the harvest also needs to drive on that same side. In
such cases, e.g. carrots under Dutch conditions, the trailer needs to

2.1.5. Step 5: Spatio-temporal strip cropping configuration assessment
In this step, the generated spatio-temporal configurations and their
associated performance are compared to identify the set of most prom
ising options from which in the next step a selection is made. The
comparisons may be based on individual indicators, such as ranking of
5

S.D. Juventia et al.

6
Agricultural Systems 201 (2022) 103455

Fig. 2. Crop configuration types in an 8-year rotation. Each row represents the evolution of land use (i.e. the crop sequence) on a single field over the 8 years of the rotation. In this example the crop rotation follows the
crop sequence 1-2-3-4-5-6-7-8. Strip cropping leads to two or more strips with different crops that follow the same crop sequence over time.
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configurations based on gross margin or habitat quality. Often, however,
trade-offs among indicators provide relevant information for selection.
In such cases, ranking of configurations based on several indicators
jointly is needed. One such method that is used increasingly in agro
nomic design is Pareto ranking (DeVoil et al., 2006; Groot et al., 2012),
which allows identification of trade-off frontiers among the various in
dicators as a basis for learning and selection in step 6 (Groot and Ross
ing, 2011). A configuration is called Pareto-optimal when its
performance in terms of a particular indicator cannot be improved
without deteriorating the performance in terms of one or more other
indicators.

Table 1
Aspects of strip cropping configurations and their consequences.
Aspect

Hop-skip-jump principle

Compatible neighbors
required

Time to adjacent strip
occupation3
No. of possible spatial
solutions per rotation

Consequences
• Rotation length needs to be greater or equal to 4
years to not violate the hop-skip-jump principle
• Dividing rotation length by the length1 of the crop
configuration type should result in an integer
number
• Physical distance between subsequent instances of
strips of a crop species:
o 1 * strip width for ‘Duplets’
o without pairwise mirroring2: (length of crop
configuration type – 1) × strip width for the
types with a fixed set of crops (i.e. Triplets,
Quadruplets, etc.) and (rotation length – 1) ×
strip width for ‘All crops’
o with pairwise mirroring: length of crop
configuration type or (length of crop
configuration type – 2) × strip width for the
types with a fixed set of crops and rotation length
or (rotation length – 2) × strip width for ‘All
crops’
• Configuration type ‘Duplet 1a’ requires two crop
neighbors compatible with the focal crop; ‘Duplet
1b’ requires a single compatible neighbor
• All other configuration types require two neighbor
crops compatible with the focal crop when pairwise
mirroring is not applied, and three when pairwise
mirroring is applied
Greater or equal to 1 year to not violate the hop-skipjump principle but less than (rotation length – 3)
years
• (½ rotation length – 1) for ‘Duplets’
• without pairwise mirroring: less than ½ rotation
length
• with pairwise mirroring: 1

2.1.6. Step 6: Strip cropping configuration selection and visualization
A number of high-performing spatio-temporal configurations iden
tified in step 5 are presented and discussed with the farmer(s) and other
stakeholder(s), which may give rise to returning to previous steps (3, 4,
and/or 5) to include emerging insights in the strip cropping configura
tion design process (Fig. 1). If acceptable configurations are lacking,
adding new crops or reducing the number of constraints in ROTAT or
RotaStrip will result in a larger number of spatio-temporal configura
tions. However, as less restrictions are applied, the performance and
practicality of the new solutions may be lower.
The most desirable spatio-temporal strip cropping configuration is
then visualized. This is done by projecting it onto one or more fields of a
farm to create a field layout using tools such as R or the Stripbuilder
software (Wageningen University and Research, 2016) for visualization
in Google Maps or in any GIS mapping software, for example QGIS
(QGIS.org, 2019). The geographical orientation of the strips is likely
dependent on the dimensions of the field and the location of its en
trances, along with space needed for machines to turn on headlands. As a
starting point, the strips may be orientated to fit the current driving
direction in the field. Adaptations may depend on availability of GPS
technology for spatial optimization (see e.g. De Bruin et al., 2010; Ward
et al., 2016), in terms of labor and land use efficiency, e.g. by minimizing
the area of headlands, by orientating the strips in parallel to the longest
field edge, or to follow contour lines in hilly areas.

1
Length of crop configuration type refers to the number of crops treated as a
configurational unit (e.g. length of a ‘Duplets’ equals two, ‘Triplets’ equals three,
etc.).
2
Pairwise mirroring is only possible for an even-number length of rotation
and crop configuration type (Fig. 3). Complete mirroring is always possible for
all configuration types and does not require extra crop neighbor compatibility as
in the case of pairwise mirroring.
3
The time (years) after which the same crop is grown in an adjacent strip.

2.2. Software implementation
The ROTAT model was developed in Microsoft Visual Studio using
the C++ and C# languages, using object-oriented software development
approaches. The database was implemented in Microsoft Access. During
this study, ROTAT was combined with a set of temporal indicators
originating from FarmIMAGES (Dogliotti et al., 2005). Reporting on this
model, denoted as ROTAT+, is in progress (Groot, personal communi
cation). The RotaStrip model was developed in R studio and imple
mented using the Shiny package (Chang et al., 2018; R Core Team,
2019). Pareto-optimal solutions were identified using the psel function
in the rPref package in R (Roocks, 2016). To visualize the selected
spatio-temporal configuration a shapefile of the targeted farm field was
used in combination with the rgeos package in R (Stabler, 2013; Bivand
et al., 2017) as input for Google Maps or GIS mapping software. Here we
used QGIS 3.10.3 (QGIS.org, 2019).
2.3. Case study
For the purpose of demonstrating the framework for systematic
exploration and evaluation of spatio-temporal strip cropping configu
rations, we applied it to a case study farm in the Netherlands following
the six steps presented in Fig. 1. The second purpose of the case study
was to demonstrate the value of considering the spatial aspects for crop
allocation in strip cropping systems. This was done by showing how
spatio-temporal strip cropping configurations are associated with
different levels of system performance that affect delivery of ecosystem
services and managerial feasibility.

Fig. 3. (A) Complete mirroring and (B) pairwise mirroring. Mirroring allows
machines to pass over the same crop in each pass over the field represented by
the black arrow line. When mirrored, crop 6 is harvested by using crop 2 on the
right side relative to the driving direction as traffic lane. Pairwise mirroring is
only possible for an even-numbered spatial configuration type.
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3. Results

out. The farmers desired to have all crops in the rotation to be present on
the field, equivalent to the ‘All crops’ configuration type. This configu
ration type was expected to contribute most to achieving the objective of
increased biodiversity and natural pest and disease control. There was
no preference for a particular crop temporal succession or for crop fre
quencies and literature-based agronomic knowledge was used to iden
tify allowed and disallowed successions (Table 2 and Supp. material 3).
When sugar beet, celeriac, cabbage, or parsnip were to be grown, these
would require a neighboring strip able to facilitate the harvest opera
tions, hence mirroring of the spatial crop sequence was required. Dis
cussion with the farmers revealed that management of crops in
neighboring strips with a width of 3 m was possible with existing farm
mechanization. Based on this, a strip width of 3 m was to be used in the
plan. Headlands of at least 9 m wide around the field were necessary for
machinery accessibility.

3.1. Step 1: Diagnosis of the current farm situation
The case study farm is a biodynamic farm located in Zeeland in the
south-west of the Netherlands (51◦ 34′ 27.3”N 3◦ 34′ 54.6′′ E). The farm
comprises a total of 100 ha of rain-fed cropland and 50 ha of grassland
with soil textures from sandy to clay. The farm has 45 dairy cows. The
current crops, grown as sole crops, are: parsnip (Pastinaca sativa L.),
wheat (Triticum aestivum L.), potato (Solanum tuberosum L.), pumpkin
(Cucurbita pepo L.), faba bean (Vicia faba L.), and cabbage (Brassica
oleracea L.). Grass-clover ley (a mixture of Lolium multiforum L., Trifolium
pratense L., and Trifolium repens L.) is grown for fodder. Fertilizer is
mostly produced on-farm in the form of farmyard manure and slurry.
Access to labor, specialized machines and markets do not constitute
constraints.
The farm management unit consists of two experienced male
farmers, with one acting as operational manager. The farmers have the
ambition to become more resilient and nature-inclusive by making use
of ecosystem services in the management of the farm system, and
thereby also contributing to the natural capital (Erisman et al., 2017).
The farmers’ objective is to increase farmland biodiversity as well as
natural pest and disease control while maintaining production. To assess
system performance against the objective, three performance indicators
were chosen: production, measured as average gross margin per hectare;
crop compatibility, measured by a score for beneficial spatial crop in
teractions; and on-field habitat contiguity and continuity, measured by a
score for the degree of overlap between habitat disturbance events in
neighboring strips.

3.3. Step 3: Temporal strip cropping planning
The outputs from steps 1 and 2, which included a list of candidate
(current and additional) crops, the farmers’ preference for the 8-year
crop rotation length, and the allowed and disallowed crop successions
(Table 2) were used as input for ROTAT along with timing constraints
related to sowing and harvesting dates, maximum frequency of crops,
and maximum number of different crops per rotation (Supp. material 3).
To explore whether the additional crops contributed to improving the
performance of the strip cropping system, as requested by the farmers,
ROTAT was run twice: with the seven current crops and with the list of
thirteen candidate crops. With the seven current crops (including twoyear grass-clover), ROTAT generated 150 crop rotations. Adding the
six additional crops to the list of candidate crops, ROTAT generated
51,371 rotations that included two subsequent years of grass-clover,
which were then used for spatio-temporal strip cropping planning in
step 4.
To assess system performance against the objective on production,
the average gross margin per hectare was used as a performance indi
cator. The seven current crops resulted in a single gross margin value of
6690 €.ha− 1.yr− 1 for all solutions, due to the fixed choice of crops
(Fig. 4A). For the list of thirteen candidate crops, the gross margin
ranged from 3300 to 8251 €.ha− 1.yr− 1 (Fig. 4B).

3.2. Step 2: Specification of strip cropping system attributes
Using the questionnaire (Supp. material 1), the attributes of the strip
cropping system to be designed were discussed with the farmers. Six
additional crops were identified by the farmers, some of which may be
more suitable for the strip cropping system than their current crops.
These were: pea (Pisum sativum L.), onion (Allium cepa L.), chicory
(Cichorium intybus var. sativum), sugar beet (Beta vulgaris var. saccha
rifera), celeriac (Apium graveolens var. rapaceum), and winter spelt (Tri
ticum spelta L.). For these crops, mechanization and market
opportunities were not considered to be constraining. Among the list of
in total thirteen candidate crops available for strip cropping imple
mentation, two-year grass-clover was identified to be the only crop that
had to be present in the final strip cropping system. An 8-year rotation
was to be developed for a 9 ha field where strip-cropping was to be tried

3.4. Step 4: Spatio-temporal strip cropping planning
The ‘All crops’ configuration type was used in RotaStrip as was
decided in step 2 (see Fig. 2, Table 1). All spatio-temporal configurations
generated were retained without application of the filter function (step

Table 2
Crop succession matrix comprising the thirteen candidate crops. The symbols 0 and X indicate allowed and disallowed successions, respectively, for the case study. The
first seven crops in the column (preceding) or row (following) header represent the current crops.
Preceding

Grass-clover

Parsnip

Pumpkin

Wheat

Potato

Bean

Cabbage

Chicory

Celeriac

Onion

Pea

Winter spelt

Sugar beet

X1
0
0
0
0
X4
0
0
X3
X3
X4
X3,4,5
0

0
X1
0
0
0
X2
X2,4
0
0
0
0
0
X2

0
0
X1
0
0
0
0
0
0
0
0
X5
0

0
0
0
X1
0
0
0
0
0
0
0
X3
X5

0
X2,3
0
0
X1
0
X2,4
X4
0
X2
0
0
X4

X4
X2
X5
0
0
X1
0
0
0
0
X2,3,4
0
X3

0
0
0
0
0
0
X1
0
X3,4
X4
0
0
0

0
X2
X2
0
0
X3
0
X1
0
0
X2
0
0

0
0
X3
0
0
X3
X3,4
0
X1
0
0
0
0

0
X2
0
0
0
0
0
0
X2
X1
0
0
0

X4
0
0
0
0
X2,3,4
X2,3,4
0
0
X2,3
X1
0
0

0
0
0
X3
0
0
0
0
0
0
0
X1
0

0
X2
0
0
X4
X2,4
X2
X2,4
X4
X4
0
0
X1

Following
Grass-clover
Parsnip
Pumpkin
Wheat
Potato
Bean
Cabbage
Chicory
Celeriac
Onion
Pea
Winter spelt
Sugar beet

0 = the succession is allowed; X1 = not allowed because of same species; X2 = not allowed because of plant-parasitic nematodes; X3 = not allowed because of shared
pest, disease and weeds; X4 = not allowed because of inefficient resource use or intensive soil use; X5 = not allowed because period between successive crops is
considered too short or long.
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A.

4.2) to demonstrate variation in indicator values resulting from different
neighboring crops with undesirable, neutral, and desirable effects. The
spatial crop sequence could be mirrored pairwise since there was an
even number of strips (Fig. 3). Pairwise mirroring was selected in view of
the need to use the neighboring strip during harvest operations for sugar
beet, celeriac, cabbage, and parsnip. RotaStrip generated 150 and
51,371 ‘All crops’ spatio-temporal configurations with the seven and
thirteen candidate crops, respectively.
To assess system performance the habitat score and the spatial crop
compatibility score were used as indicators for beneficial spatial crop
interactions and on-field habitat contiguity and continuity, respectively.
Depending on the spatial configuration the habitat score for the seven
current crops varied between 0.66 and 0.94, and the crop compatibility
score between − 1 and 58 (Fig. 4A). With the thirteen candidate crops,
spatial interactions resulted in variation in habitat score from 0.42 to 1
and in crop compatibility score from − 58 to 98 (Fig. 4B). As shown by
the greater maximum values of all three indicators, the additional crops
contributed to improving strip cropping system performance. Hence,
only the configurations based on the thirteen candidate crops were
considered in the next steps.

Fig. 4. Solution space for the performance indicators habitat score and crop compatibility score: (A) with the seven current crops, and (B) with the thirteen candidate (current and additional) crops. Each dot represents a
spatio-temporal configuration of the ‘All crops’ configuration type. The border color gradient in panel (B) represents the gross margin of each configuration. In panel (A) the gross margin did not vary. Blue and orange
dots in (B) indicate the Pareto-optimal and Pareto anti-optimal configurations, respectively. The configurations with the highest and lowest spatial scores were labeled ‘High’ and ‘Low’, respectively. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.5. Step 5: Spatio-temporal strip cropping configuration assessment
For the purpose of demonstrating the consequences of considering
the spatial aspects in addition to the temporal ones, we used Pareto
ranking and identified 16 spatio-temporal configurations as Paretooptimal. We also identified the set of 78 Pareto anti-optimal configu
rations with the worst performance in the three indicators. The highest
and lowest performing configurations (denoted as High and Low) scored
0.88 and 0.75 for the habitat score, 98 and − 58 for the crop compati
bility score, and 7254 and 6658 €.ha− 1.yr− 1 for the gross margin,
respectively (Fig. 4B).
In Fig. 5 the crop configurations with the highest (High) and lowest
(Low) spatial scores are shown. Four out of the seven crops included
were common to both configurations. These were grass-clover, cabbage,
bean, and onion. In configuration High, the crop combinations potatobean and potato-onion contributed strongly to the high scores. As
shown in the database (Supp. material 2), these crop combinations have
positive effects on each other in terms of water and nutrient use, bio
logical control, and yield. The combinations of cabbage and chicory with
grass-clover provided benefits for the cabbage and chicory crops by
stimulating abundances of pests and natural enemies. In configuration
Low, the grass-clover and pumpkin combination made harvest of the
two crops difficult due to the vining of the pumpkin. This would be less
problematic when pumpkins were to be grown next to crops such as
wheat or chicory. Another example of an undesirable combination in the
configuration Low was pea-cabbage, where interspecific competition
reduces cabbage yield (Anjum et al., 2015). The only crop combination
with a positive score in the configuration Low was bean and grass-clover
for which a higher bean yield has been reported than when grown as a
sole crop.
Despite the difference in the compatibility score, both the High and
Low configurations were deemed feasible from a managerial perspective
as identified in step 2. For instance, the requirement of a strip that
facilitated harvest operations was met for all relevant crops. In config
uration High, both cabbage and chicory can be harvested by making use
of the adjoining grass-clover strips. Similarly, in configuration Low, the
harvesting of sugar beet and cabbage is possible because the adjoining
strips of both crops (i.e. bean or onion next to sugar beet and pea next to
cabbage) are harvested earlier.
3.6. Step 6: Strip cropping configuration selection and visualization
The 16 Pareto-optimal configurations were visually presented to the
farmers and preferences on crop species, rotation and neighbors
included in the optimal configurations were revisited. In this case no
9
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A. High
Year 4

Year 5

Year 6

Year 7

Year 8

Strip 1

Year 1

Grass–clover1 Grass–clover2 Potato

Year 2

Winter spelt

Chicory

Cabbage

Bean

Onion

Strip 2

Chicory

Cabbage

Onion

Grass–clover1 Grass–clover2 Potato

Winter spelt

Strip 3

Onion

Grass–clover1 Grass–clover2 Potato

Winter spelt

Chicory

Bean

Strip 4

Winter spelt

Chicory

Cabbage

Onion

Grass–clover1 Grass–clover2 Potato

Strip 5

Bean

Onion

Grass–clover1 Grass–clover2 Potato

Winter spelt

Chicory

Strip 6

Potato

Winter spelt

Chicory

Onion

Grass–clover1 Grass–clover2

Strip 7

Cabbage

Bean

Onion

Grass–clover1 Grass–clover2 Potato

Winter spelt

Strip 8

Grass–clover2 Potato

Winter spelt

Chicory

Cabbage

Onion

Strip 9

Chicory

Bean

Onion

Grass–clover1 Grass–clover2 Potato

Winter spelt

Strip 10 Grass–clover1 Grass–clover2 Potato

Winter spelt

Chicory

Cabbage

Onion

Strip 11 Winter spelt

Chicory

Bean

Onion

Grass–clover1 Grass–clover2 Potato

Strip 12 Onion

Grass–clover1 Grass–clover2 Potato

Winter spelt

Chicory

Cabbage

Strip 13 Potato

Winter spelt

Chicory

Bean

Onion

Grass–clover1 Grass–clover2

Strip 14 Bean

Onion

Grass–clover1 Grass–clover2 Potato

Winter spelt

Chicory

Cabbage

Strip 15 Grass–clover2 Potato

Winter spelt

Chicory

Bean

Onion

Grass–clover1

Strip 16 Cabbage

Bean

Onion

Grass–clover1 Grass–clover2 Potato

Winter spelt

Chicory

Year 2

Year 3

Cabbage

Year 3
Bean

Cabbage

Bean
Cabbage

Bean

Cabbage

Cabbage

Bean

Cabbage

Bean

Cabbage
Chicory
Grass–clover1

Bean

B. Low
Year 4

Year 5

Year 6

Year 7

Year 8

Strip 1

Year 1

Grass–clover1 Grass–clover2 Cabbage

Bean

Onion

Pumpkin

Pea

Sugar beet

Strip 2

Onion

Pumpkin

Sugar beet

Grass–clover1 Grass–clover2 Cabbage

Bean

Strip 3

Sugar beet

Grass–clover1 Grass–clover2 Cabbage

Bean

Onion

Pea

Strip 4

Bean

Onion

Pumpkin

Sugar beet

Grass–clover1 Grass–clover2 Cabbage

Strip 5

Pea

Sugar beet

Grass–clover1 Grass–clover2 Cabbage

Bean

Onion

Strip 6

Cabbage

Bean

Onion

Sugar beet

Grass–clover1 Grass–clover2

Strip 7

Pumpkin

Pea

Sugar beet

Grass–clover1 Grass–clover2 Cabbage

Bean

Onion

Strip 8

Grass–clover2 Cabbage

Bean

Onion

Pumpkin

Sugar beet

Grass–clover1

Strip 9

Onion

Pea

Sugar beet

Grass–clover1 Grass–clover2 Cabbage

Bean

Strip 10 Grass–clover1 Grass–clover2 Cabbage

Bean

Onion

Sugar beet

Strip 11 Bean

Onion

Pea

Sugar beet

Grass–clover1 Grass–clover2 Cabbage

Strip 12 Sugar beet

Grass–clover1 Grass–clover2 Cabbage

Bean

Onion

Pumpkin

Strip 13 Cabbage

Bean

Onion

Pea

Sugar beet

Grass–clover1 Grass–clover2

Strip 14 Pea

Sugar beet

Grass–clover1 Grass–clover2 Cabbage

Bean

Onion

Strip 15 Grass–clover2 Cabbage

Bean

Onion

Pea

Sugar beet

Grass–clover1

Strip 16 Pumpkin

Sugar beet

Grass–clover1 Grass–clover2 Cabbage

Bean

Onion

Pumpkin

Pea

Pea

Pumpkin

Pea
Pumpkin

Pea

Pumpkin

Pumpkin

Pea
Pumpkin

Pumpkin

Pea

Pumpkin

Pea
Pumpkin

Fig. 5. Spatio-temporal strip cropping configurations of the thirteen candidate crops with (A) high and (B) low performances in terms of crop compatibility and
habitat scores. To illustrate the pairwise mirroring, the 8-year rotation is represented in 16 strips. Pairwise mirroring was applied in strip 9 to strip 16 using the
mirroring line indicated by the thick line. Different colors represent different crops. Grass-clover 1 and 2 refer to the first and second year of perennial grass-clover.

iteration was needed. Ultimately the configuration High was selected for
implementation, which was then digitally projected onto the selected
field with the QGIS mapping software.
In making the farm digital map, first the orientation of the strips was
determined. The entrance to the field determined the driving direction
and hence the direction of the strips, which was set at approximately
north-south. The two field edges on the west and east sides were not
parallel to each other, thus a decision needed to be made regarding
which edge should be used to guide the direction of the strips. The
western edge was an old field border separating this field from another
field and might be removed in the future. In contrast, the direction of the
eastern edge was parallel to the road, and unlikely to be changed. As a
result, the eastern edge was used to set the strips’ orientation. Headlands
of at least 9 m wide in the north, south and east were created for

machinery accessibility as identified in step 2. The headlands were to be
sown with grass buffers. The visualization of the selected configuration
in the first year of implementation is shown in Fig. 6.
4. Discussion
We presented a framework for the development of strip cropping
plans that addresses the lack of spatially-explicit design approaches for
crop diversification. The framework takes into account farm context and
objectives, mechanization constraints, and temporal and spatial crop
compatibility from agronomic, ecological, and management perspec
tives. The novel RotaStrip application was introduced to enhance sys
tematic exploration of the possible spatio-temporal configurations,
which, in view of the number of options involved, would be prohibitive
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Fig. 6. Illustration of strip arrangements in the first year of rotation for the selected spatio-temporal configuration (High). The legend represents the crop rotation
when read from top to bottom. Colors represent crops. Grass-clover 1 and 2 refer to the first and second year of perennial grass-clover.

to do manually. Applying the framework using a case study farm, the
results showed the substantial effect on the indicators of considering
spatial aspects in strip cropping systems. Including the additional six
crops in the set of candidate crops opened up a solution space with
higher maximum performance scores than that based on the current
crops only (51,371 versus 150 configurations, respectively). The pro
posed framework offered a way to structure the complexity in spatiotemporal planning of strip cropping systems, reducing the number of
options for discussion to 16 Pareto-optimal configurations, making it
feasible to visually present them to the farmers for the final selection of
the strip cropping plan. While in the case study we only generated ‘All
crops’ spatio-temporal configurations with pairwise mirroring following
the farmers’ preference, there are more configurations that could have
been generated when applying other crop configuration types. For
instance, using the 51,371 rotations that were acceptable based on
temporal planning requirements, we found 154,113 spatio-temporal
configurations for the ‘Duplets’ configuration type, 51,371 for ‘Qua
druplets’, and 102,742 for ‘All crops’ without pairwise mirroring
(Table 1).
The framework was developed in a participatory way with the
farmers at our case study farm and nine other farmers who were inter
ested in experimenting with strip cropping systems. We introduced the
concept of spatio-temporal configurations to the farmers and received
their inputs on strip cropping system attributes that they considered
relevant for consideration in the framework. We applied and evaluated
the framework in several training courses for advisors and farmers who
aspired to implement strip cropping systems, e.g. as part of the “Inno
vatietraining strokenteelt” organized by the BioAcademy (www.bioaca
demy.nl), a platform that brings together knowledge and leadership
courses for farmers in the Netherlands. The active involvement of
farmers during the development and the application of the framework
was aimed at developing actionable knowledge, i.e. knowledge that
supports actors in the decision making towards their goals (Geertsema
et al., 2016) by nourishing learning or relearning (Letourneau and
Davidson, 2022) between framework users and developers as part of cocreation of tools and knowledge (Cerf et al., 2012; Voorberg et al.,

2015). Specification of the strip cropping system attributes (step 2) and
the confrontation between the farmers’ original plans and the Paretooptimal configurations helped to bring out the largely implicit
farmers’ design rules in time, space, and management, and stimulated
discussion and reflection among the farmers, their advisors, and re
searchers (Groot et al., 2010). Although the strip cropping plans jointly
selected at the end of researcher-farmer interactions were never fully
implemented due to mostly unforeseen events (e.g. marketing oppor
tunities or implementation problems), the way of thinking and the
structuring of the complexity was appreciated and constitutes the basis
for continued collaboration around strip cropping. This illustrate the
‘usefulness’ of the framework (de Vries, 1977; Bockstaller and Girardin,
2003), even if current knowledge on spatial interaction is only emerging
(thus limiting the ‘truthfulness’ aspect of the framework).
Options exist for improving the framework in the short term. During
temporal evaluation of the generated crop rotations, the effect of suc
ceeding crops is currently taken into account in a binary manner
resulting in inclusion or exclusion of subsequent crops. Dogliotti et al.
(2004) already proposed an approach in which the yield of a crop was
calculated based on its regional maximum attainable yield and factors
that corrected for negative impacts from water limitation and soilborne
pests and diseases. This approach is currently being incorporated into
ROTAT+ (Groot, personal communication). In addition, current
computing power enables more refined evaluation of generated rota
tions using mechanistic cropping system simulation models that account
for water, nutrient, soil erosion, pest, weed, and pathogen dynamics. In
deciding on the level of detail to be accounted for, a balance will need to
be struck between technical feasibility in process-based modelling (e.g.
requirement for model parameterization and high algorithmic
complexity) and relevance for the task at hand, i.e. supporting discus
sions with and among farmers and advisors on better options for crop
ping systems (Colbach et al., 2021).
RotaStrip was developed for systems with one main crop per year
which is common in the Dutch and north-west European temperate
climate context. It is not suited to generate and evaluate the spatial
configurations in systems with multiple crops per year, winter crops, or
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green manures succeeding the main crops, while still honoring the hopskip-jump principle. An alternative approach would be to evaluate
spatial interactions not at the annual time scale but at a finer resolution,
driven by events that indicate a change in crop neighborhood such as
sowing and harvesting of adjacent crops. Furthermore, the evaluation of
spatial interactions in RotaStrip is currently based on a semiquantitative habitat score and crop compatibility score. The crop
compatibility score uses a database on crop-neighbor interactions that is
limited to well-researched crops. About 60% of meta-analyses that
involve intercropping, cultivar mixtures, or associated plant species
have focused on cereals and legumes (Stomph et al., 2019), with 80% of
these studies reporting yield as the sole outcome (Beillouin et al., 2019).
Increasingly, however, farmers are interested in optimizing not only
yield but also other ecosystem services, often stimulated by national and
supranational incentives (Schulte et al., 2015; European Commision,
2020; Pinillos et al., 2020). As more data from research and farmers’
experiments become available involving a wider range of crops,
ecosystem functions and services, and their effects on managerial ease,
current gaps in the database can be filled in and the evidence strength of
the scoring system can be improved. Following the approach of e.g.
Colbach et al. (2021), advances in the user-friendliness of the software
aspects of the framework that is currently only usable with researcher
input will enhance the way of thinking in time and space and continued
collaboration around the development of strip cropping systems design
and implementation.
The current limitations of ROTAT and RotaStrip call for an agro
nomic research agenda that harnesses design and implementation of
diversified cropping systems. Agronomic research in the past mainly
addressed temporal aspects of crop diversification; the spatial diversi
fication aspects were less studied and were less commonly implemented
in industrialized arable cropping (Ditzler et al., 2021). Currently, spatial
in addition to temporal interactions among crops is a rapidly expanding
field of research. For instance, there are almost nine times as many
primary studies on productivity and biodiversity related to spatial and
temporal farming systems diversification after the year 2000 compared
to before (Jones et al., 2021). Yet, there is still a dearth of methods, tools,
and indicators that incorporate spatial assessment at field scale as part of
cropping system planning. For example, in a recently proposed assess
ment framework of indicators for evaluating diversified cropping sys
tems (Iocola et al., 2020), only one indicator (the crop diversity index)
addressed spatial aspects at field or farm scale and only in a spatiallyimplicit manner by accounting for the number of different crops per
measured area, but not their allocation and interactions. By developing
the framework proposed in this paper, we have responded to the quickly
growing need of farmers, advisors, and engaged researchers in the
Netherlands to develop context-specific strip cropping plans at field
scale. We have used the latest scientific and practical knowledge on
scientific and practical considerations that are relevant in these design
processes to propose a framework that allows contextualization to local
on-farm and regional conditions. At the same time, we realize that as
more knowledge becomes available, the framework may need to be
adapted. As such the framework is preliminary and invites expansion
and further specification.
Based on our experience working with strip cropping practitioners
and aspiring farmers, the transition to a strip cropping system often
requires balancing between ease of management and optimizing agroecological benefits of the strip cropping system that necessitate
changes in mechanized crop management. Step 2 explores the needs and
possibilities for certain strip cropping system attributes (e.g. strip width)
and changes in existing machinery, in particular for tillage, weeding,
irrigation, and spraying activities. From a management perspective
greater strip widths are more practical in view of available machinery
and that crop combinations have similar characteristics to allow
simultaneous and efficient management. However, from an agroecological perspective, it is desirable that the strip width is narrow
and that the crops have different characteristics, which allows for

temporal niche differentiation and habitat contiguity and continuity
(Landis et al., 2000; Lee et al., 2001). Changes in machine use may be
required. For instance, ploughing of a strip is problematic as it moves
soil past the strip borders. This may be resolved by reduced tillage
and/or development and use of implements that do not move the soil
sideways. For weeding, the presence of strips with different crops makes
harrowing perpendicular to the strip direction (as commonly done in
cereals) impossible, which may necessitate uptake of other implements
for within-row weeding, such as a rotative weeder. The application of
irrigation, pesticides, or fertilizers to individual strips requires modifi
cations in machines or their use to avoid drift to crops in adjacent strips
(Zivan et al., 2017). The availability of agro-equipment that allows for
independent management of strips would enable the development and
implementation of strip cropping systems that focus more on beneficial
ecological interactions (e.g. by using narrow strip widths) and less on
mechanical constraints. Ideally, future developments in agricultural
mechanization would allow agricultural equipment to be designed ac
cording to agro-ecological requirements to assist the agroecological
transition (Maurel and Huyghe, 2017; Ditzler and Driessen, 2022).
In history, major changes in farming strategies and practices have
been facilitated by the opportunity to implement them incrementally
(Sutherland et al., 2012). In the illustration of applying the framework in
the case study, we followed the wishes of the farmers to implement the
spatially most complex ‘All crops’ configuration type. A more gradual
change in crop choice, land allocation, and machinery towards strip
cropping implementation may be supported, for example by adopting
the ‘Duplets’ configuration type, where the change involves combining
two crops in strips on the same field. Change may also be supported by
gradually increasing the number of fields on which strip cropping is
implemented over time, with the option of implementing different strip
cropping plans on the different fields. Lastly, the identification of the
preferred strip width early in the framework (step 2) allows for selecting
a strip width that aligns with the objectives of the farmer while fitting
the working width of on-farm available tractors and their implements
(Alarcón-Segura et al., 2022). This may lower the barrier in the first
years of implementation as investments in new machines pose a barrier
to crop diversification at farm level in Europe (Morel et al., 2020).
5. Conclusion
Strip cropping is a means to arrive at systems of arable production
that are supported by biodiversity and provide a range of ecosystem
functions and services. We presented a novel framework that assists in
the development of strip cropping plans and addresses the lack of
spatially-explicit planning approaches for crop diversification. Two
configurations with contrasting spatial performances highlighted the
value of considering the spatial aspects in strip cropping systems design.
Poor system configuration not only leads to negative effects in terms of
ecosystem services delivery, but also poses managerial problems during
its implementation. The framework is preliminary as the increase in
scientific and farmer(s) interest in enhancing crop diversification and
biodiversity is expected to result in insights that will alter the input, the
indicators and their calculation, and possibly the structure of the
framework. The framework presented and illustrated in this paper serves
as a rallying point for starting with strip cropping systems planning and
implementation in arable farming systems. The possibility for gradual
change in crop choice, land allocation, and machinery can facilitate the
transition towards more diversified cropping systems.
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