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1 Introduction

The simplification of ecosystems for a package of improved seed, synthetic
fertilizer and irrigation-driven yield improvement is a design paradigm that
has dominated agricultural development (Ramankutty et al., 2018). There are
inherent trade-offs in this model. Currently the world comfortably produces
enough basic energy to feed all its inhabitants (Food and Agriculture
Organization of the United Nations, 2011; Ng et al., 2014). At the same time
agricultural lands cover ~38% of the world's land surface area (Foley et al.,
2011), contribute to 22% of yearly anthropogenic greenhouse gas emissions
(Smith et al., 2014), account for 92% of the human water footprint (Hoekstra and
Mekonnen, 2012), result in erosion of ~35 Pg yr~' of soil (Quinton et al., 2010),
and lead to widespread nitrate and phosphate pollution (Vitousek et al., 1997),
and drive biodiversity loss of 20-30% of local species richness (Newbold et al.,
2015). It is now recognized that many of these environmental externalities, in
turn risk yield losses to climate change, and pest outbreaks, reducing resilience
of the food systems on which humans depend (Bellwood, 2018; Lesk et al.,
2016; Ramankutty et al., 2018).

In recent decades, the agricultural sector has fine-tuned the model of
optimizing yields through increased efficiency or ‘more crop per drop”. These
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2 Developing decision-support systems for crop rotations

advances have been aided through the improved use of inputs. However these
increases in efficiency have not been enough to haltthe negative environmental
impacts of agriculture on people and planet. This continued degradation has
led to calls from food system scientists to move away from simple technological
intensification (using synthetic fertilizers, pesticides, improved seeds and
water) towards ecological intensification (e.g. the use of diverse crop plantings
which help recycle or fix nutrients, manage water and pest outbreaks), as the
major pathway towards a more sustainable agricultural future (Coomes et al.,
2019). There is some evidence that the transition to sustainable intensification
is already taking place in many landscapes (Pretty et al., 2018).

Ecological intensification through increasing the diversity of crops in
rotations, cover cropping, intercropping, or increasing non-crop habitat on
farmlands, has long been promoted as a major solution to counter the negative
impacts of agriculture on environmental and human health (Bommarco
et al., 2013; Kremen et al., 2012). This promotion comes from the finding that
increasing plant diversity in time and space can increase water-use efficiency,
reduce nitrogen leaching, regenerate soils, increase pollination, reduce losses
to pests, reduce greenhouse gas emissions, increase nutritional quality of foods
and increase the stability of production to climate change (Isbell et al., 2017;
Mariotte et al., 2018; Renard and Tilman, 2019). However the composition of
elements for the design of ecological systems is not trivial and the benefits of
diversity found in ecological studies have largely been studied in separation
from the economics of farming. Recent studies which study both show that
significant financial trade-offs often exist with managing diverse farming
systems (Rosa-Schleich et al., 2019).

The decline in the diversity of crops found on larger farms is tightly
linked to the economics of farming and labour. There is a strong inverse
relationship between the size of a country’s economy and the percentage of
people employed in agriculture. Lack of labour forces, an upward shift in farm
size, mechanization and a downward shift in the complexity of agricultural
ecosystems and the number of crop species grown, are all interlinked. As scale
and capital investment increases, the burden of knowledge management, and
risk, also increases, further forcing an increase in specialization and a reduction
in crop diversity and an increase in continuous cropping cycles (Awokuse and
Xie, 2015; Ramankutty etal., 2018; Ricciardi etal., 2018). The focus on optimizing
yields in monoculture, with limited focus on ecological intensification, is
reflected in modern decision-support systems used by farms for management
today. Ecologically based decision-support tools are largely non-existent.

At the core of developing tools for managing more diverse farms,
including crop rotations, lies a complex information challenge. Crops interact
with each other, theirabove- and below-ground symbionts (e.g. fungi, bacteria,
pollinators and pests), climate, soils, the landscape and farm-management
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Developing decision-support systems for crop rotations 3

decisions, in extremely context-dependent and site-specific ways. This makes
data-driven agronomy and digital extension services difficult and uncertain
even in the simplest of agrosystems. Advisory for complex and diverse
cropping systems is further exacerbated by a lack of data on local conditions,
and lack of data on the outcomes of particular species interactions in
response to a wide range of ancillary and seasonally varying factors, a lack
of generalizable ecological theory and the gap between economics and
ecological inquiry.

In this chapter | will look at the current challenges and opportunities for
designing farm-level decision-support tools for diversified agriculture, with a
specific focus on developing tools for crop rotations. | will cover the aspects of
key information challenges, ecological theory, agronomic models, encoding
farmer decisions, finishing the chapter with principles for design pulling
together insights from these cases, and future trends and directions.

2 Key information challenges

The landscape of decision-support systems for improved rotations, should be
understood within a broader challenge faced by data-driven agronomy itself
and the state of play currently in developing predictive tools for aiding farmer’s
decision-making. The challenges faced in diverse cropping systems add a layer
of complexity to these broader challenges through increased heterogeneity
of information that needs to be handled. Below are the major information
challenges facing data-driven agronomy with a particular focus on optimizing
for multiple sustainability objectives.

1 Information overload. In the age of big data, the potential for
information overload is overwhelming. Farmers, extension agents and
researchers contend with agricultural data from the proliferation of
sources such as: low-cost sensors; novel satellite data streams; trial
databases; weather data; machine data; biodiversity data; market
data; supply chain-transparency data; certification data; climate data;
farmer-safety data; food-safety data and interest in developing long-
term farm-, national- and global-scale datasets across these streams.
This leads to cognitive overload, limited time for record keeping and
‘analysis paralysis’, hindering the use of important information for
decision-making.

2 Data gaps and harmonization. While there is a growing abundance
of data streams, data collection, aggregation and management are
costly. This often results in a lack of coverage for some regions, or
limited coverage of some variables resulting from aims of isolated
data collection initiatives. Data is also collected at varying levels
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4 Developing decision-support systems for crop rotations

of granularity, in disparate formats, structures, and through varied
protocols, and is of varying degrees of quality. Where data exists, there
are often compatibility issues between data sets and no formally agreed
or accepted ontologies for translating between data collection efforts.

3 Tool isolation. Currently, there is a disconnected ecosystem of
sustainable agriculture tools and sustainability assessment frameworks,
resulting in a landscape dotted with duplicated efforts, isolated clusters
of tools lacking interoperability (e.g. decision tools that are incompatible
with on-farm record-keeping software, or carbon calculators which are
not integrated with financial accounting software). There are few formal
efforts to develop modular services that are plug and play, which ensures
the development of decision-support tools involves high up-front costs.

4 Validation. Many decision-support systems do not carry estimates
of validation of their performance for the indicators they aim to help
optimizing for, whether that be improving farmer incomes or reducing
pest outbreaks. This lack of validation has led to a wide number of
tools with no benchmark as to their reliability. This is exacerbated by
the fact that many existing decision-support tools are static and cannot
be easily updated based on advancements in farming technology and
management innovations, or novel data streams.

5 Privacy. The collection and dissemination of data on farmer decision-
making processes and on-farm outcomes carries important privacy
concerns. Knowledge of how farmers perform on environmental,
economic or social outcomes is valuable information that if disclosed to
third parties can put farmers at risk of legal action, extortion or financial
loss. Taken together with the lack of standards for tool validation, privacy
concerns diminish trust in tools.

6 Inequalities in access. Information is power. Yet access to information
and decision-support tools is mediated by economic or cultural status.
The availability and access to digital technology services is unequal
globally, and many of the world’s poor farmers are currently excluded
from the benefits provided by commercial and public decision-support
tool providers. At the same time there is an inequality in access to
traditional knowledge, and farmer expertise, on outcomes of farm
management decisions on sustainability outcomes, and cultural barriers
that enforce the integration of traditional knowledge sources with
mainstream science.

7 Supply-driven design. Cool uses of new data streams and flashy
hardware or software interfaces for farm management decision support
can be found in abundance, but careful human-centred design of
decision-support systems that tackle specific and significant problems
faced by farmers are lacking. This is particularly problematic where
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Developing decision-support systems for crop rotations 5

disciplinary gaps between natural scientists, engineers and social
scientists exist, and ultimately results in the development of tools with
poor usability, with low uptake and adoption. There is a need to develop
demand-driven design principles and work with farmers directly to
design the tools to solve their problems.

3 Ecological theory

Over the last two decades a rapid growth in the ecological study of the costs of
benefits of growing different combinations of plants on plant health emerged.
We now have strong experimental evidence that plants can culture soils to the
benefit or detriment of other plants, either through nutrient depletion, releasing
toxic metabolites, or through the recruitment of beneficial or pathogenic
symbiontsinthe rootzone (Beveretal.,2012; Inderjitetal.,2011; Van Der Putten
et al., 2013). Ecologists call these dynamics between plant interactions, ‘plant-
soil feedbacks’ (PSF), which they study for their roles in ecosystem succession,
invasion and species coexistence (Callaway et al., 2004; Klironomos, 2002; Van
Der Putten et al., 1993; Schnitzer et al., 2011), but really they are similar in many
ways to crop rotations.

One of the theories that has been tested by ecologists is an old idea
(recognized as far back as Charles Darwin) that more closely related plant
species are likely to share pests and pathogens (Gilbert and Webb, 2007; Webb
etal.,2006). This idea of sharing of pests and pathogens led researchers to think
that plants that are more closely related will have more negative interactions
with each other through the soil (Brandt et al., 2009; Burns and Strauss, 2011;
Liu et al., 2012; Sedio and Ostling, 2013). However, the most comprehensive
assessment to date found that this pattern is not general - and fails to hold
across a large range of flowering plants, life histories, life cycles and even within
groups of recently diverged species (Mehrabi and Tuck, 2015), suggesting that
using relatedness to predict which plants will do better in rotations may be of
limited use (Mehrabi and Tuck, 2015; Ingerslew and Kaplan, 2018).

Newer advancements in ecology have hypothesized that fast-growing
resource-exploitative species (‘fast species’) with highly decomposable
tissues replenish nutrients quicker and have higher fertilizing effects on
soil than slow-growing resource conservative species. Positive effects of
fast species on the growth of subsequent plants could be explained by
their fertilizing effects and soil chemistry legacies of high plant-available
N, or due to proliferation of microbes involved in nutrient mobilization
in fast soils (Baxendale et al., 2014; Grigulis et al., 2013; Ke et al., 2015).
However there are a number of other processes associated with fast species
such as the proliferation of pathogens (Veresoglou et al., 2013), losses of
beneficial fungi (Grigulis et al., 2013; Hoeksema et al., 2010; Orwin et al.,
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6 Developing decision-support systems for crop rotations

2010), phytotoxic effects of highly decomposable tissue inputs (Bonanomi
et al., 2011, 2006) and disruptions or lags to recycling of plant materials
(Hobbie, 2015), which would drive plant-soil feedbacks in the opposite
direction, with plants performing worse on soil cultured by faster species.
Separating out the effects of each of these factors will require targeted
experimentation.

While ecologists still struggle to pin down reasons why species perform
better or worse when grown in sequence, case-by-case insights have been
developed which can help specific agricultural systems. For example, in
limiting negative effects of below-ground pests, such as nematodes, fungi
or bacteria (Mariotte et al., 2018; Silva et al., 2018), and through maximizing
positive effects of plants which build symbionts with microbes in the soil
and enhance nutrient-use efficiency (Bender and van der Heijden, 2015),
or increase above-ground resistance to pests (Pineda et al., 2017). Some of
these case studies are particularly important, such as with take-all in wheat,
where new genetic varieties have been identified which create pathogen-
suppressive soils and can be rotated with more susceptible varieties, reducing
yield losses by 3 t/ha” (Mehrabi et al., 2016). It is this depth of understanding
of the ecology of soil biology that makes the research on plant-soil-feedback
mechanisms so appealing with the idea that one day we may be able to
engineer soils to help agricultural systems perform better by manipulating
soil biology.

4 Agronomic models

Alongside ecological research on plant-soil-feedbacks is agronomic research
on ‘soil sickness’, a phenomenon which results from continuous cropping of
the same species on soil. Crop rotation is the central method used by humans
to overcome the observed yield declines seen with successive monocultures
(Bennett et al., 2012; Dick, 1992; Lawes, 1895; Raaijmakers et al., 2009). Much
empirical work has been conducted on which sequences of crops lead to
optimal outcomes.

One well-known agronomist rule of thumb is the use of N-fixing plants in
rotations. Recent synthesis shows benefits to rotations for cereals rotated with
grainlegumes, withyield increases of approx. 29% relative to continuous cropping
of cereals. However these benefits are only observed in systems where nitrogen
application rates are low, becoming negligible in systems with N applications
> 150 kg/ha (Cernay et al., 2018). The benefits of legume rotations in low-input
systems, and their benefits for farmer livelihoods have been documented
elsewhere in specific country case-studies (Snapp et al., 2010), but scaling these
benefits to high input synthetically fertilized systems, in, for example, the EU or
North America to reduce dependency on N inputs is less clear.
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A range of other agronomic meta-analyses have been conducted on
the benefits and costs of rotations for pest control, product quality, input use
reduction, production stability, improvement in soil organic carbon and soil
quality, biodiversity, greenhouse gas emissions and economic profitability
(Beillouin et al., 2019). In some meta-analyses the benefits of rotation for
specific outcomes are reported to be clear, although often crop differences
are masked by pooled analysis across systems and crop types. For example,
organic systems have been reported to have higher yield and profits relative
to conventional rotations when grown in longer and more diverse rotations
(Crowder and Reganold, 2015; Ponisio et al., 2015). Longer rotations have also
been reported to produce strong positive effects on microbial richness (Venter
etal.,, 2016) and enhanced microbial N and C and microbial activity (Lori et al.,
2017).

The benefits of rotation can vary immensely by crop and system type. For
example greenhouse warming potential and emissions intensity of soybean
and maize rotations is greater than in continuous maize crops, but lower in
smaller grain crop combinations of barley and pea compared to continuous
barley (Sainju,2016). While in some crops, the effects seem clearer, forexample,
in canola in North America diverse rotations for every 3-4 years are required
to maintain yields (Assefa et al., 2018), in many other cases the responses are
highly contextual, because the benefits of rotation depend on interactions
between crop species combinations and environmental conditions. For
example, in wheat systems wheat yields after break crops are on average
0.5-1 t/ha more productive after oats, and 1.2 t/ha more productive after grain
legumes, than continuous crops, but the benefits only hold for the first 2 years
of break crop, and are less beneficial after 3 years except in drought (Angus
etal., 2015).

In addition to problems of generalizability of empirical data, meta-analyses
of agronomic models of ‘soil sickness’ also do not report the predictive skill
of particular crop associations for specific outcomes (e.g. yield, biodiversity,
climate mitigation, biodiversity impacts, etc.), and there are significant biases in
geographic and system-level coverage. A recent systematic review of 99 meta-
analyses assessing diversification, including studies of rotation, found that the
majority of reported benefits of crop diversification covered only 10 key crops:
pea, cowpea, bean, soybean, oat, rice, sorghum, barley, wheat and maize, with
most studies based in North America and Europe (Beillouin et al., 2019).

Despite these shortcomings, the accumulation of experimental agronomic
data is pushing us to a space where, if the coverage of systems and crop
types increases, we may be able to make empirically based predictions of the
likely outcomes of different rotation sequences in the near future. Data-driven
models of optimal crop rotation pairs could therefore be within reach, even if
general ecological theory does not yet exist to ground it. Incorporation of these
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8 Developing decision-support systems for crop rotations

empirical data, with insights from operations research-based optimization

studies, alongside formalization of farmer decision-making, and mechanistic
modelling for rotations, remains a new frontier of this work (Box 1).

Box 1 A plethora of approaches

A number of statistical, rule-based, mathematical, and mechanistic
models have been developed for aiding recommendations of crop
sequences for crop rotations (Beillouin et al., 2019; Dury et al., 2012).
These models have in general not been integrated or widely adopted
by farmers or extension agents. These models include:

Recommendations for rotations based on rules set by experts,
which cover all theoretical permutations of crops, then filter
sequences based on thresholds for outcomes of interest (e.g.
nitrogen leaching, soil erosion, weed and pest management),
which may be calculated from simple spreadsheet or crop-
simulation models parameterized by field trials, and ranked
based on likely economic benefits (Bachinger and Zander,
2007). These models help to formalize the inclusion of multiple
objectives in models where little data exists, although, as
currently formulated, they are inflexible in dealing with non-
linear or complex crop or sequence plans (Castellazzi et al.,
2008).

Recommendations for sequences based on empirical
observations for particular crop pairs or groups. As covered

in Section 4, a number of trials have been compiled into
meta-databases which cover the known relationship between
particular crop interactions and particular outcomes from an
agronomic perspective (Beillouin et al., 2019). These models can
be used as a basis to make recommendations for specific crop
selections. However currently the scope of recommendation is
limited in crop type and geographic coverage.

Recommendations based on the maximization of a set of single
or multiple objectives (e.g. gross margins, profits, labour, land,
market demand, water, waste, food supply, pesticide use), given
particular a priori constraints. These constraints include yields
dependent on previous crops (El-Nazer and McCarl, 1986),
fixed known allocations of land per crop (Detlefsen and Jensen,
2007), forbidden crop sequences (Haneveld and Stegeman,
2005), pre-desired planting principles (Forrester et al., 2018),
known demand and stocking lengths (Costa et al., 2014) or
incorporation of spatial constraints such as blocks holding
homogenous management practices (Akplogan et al., 2013).
Coefficients in these models can be modelled probabilistically
to account for the influence of stochastic factors such a climate
feedbacks (Itoh et al., 2003). While these models have tackled
the optimization problems of rotation recommendations, they
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are time-consuming to set up and are bounded by study-specific
constraints and objectives.

® Recommendations based on mechanistic models. Mechanistic or
process-based crop models can incorporate dynamic responses
of outcomes of interest to external factors, such as climate
and markets. Platforms for simulating different realizations
of process-based models have been developed (Bergez et
al., 2013) that allow for running simulations of the impacts of
choice of rotations on outcomes such as water use (Chacoff and
Aizen, 2006), yields and nitrogen dynamics (Kollas et al., 2015).
The major problem with process-based models for rotation
modelling is the lack of representation of biotic interactions
between crop species, data on specific non-major crops, soil
chemistry dynamics, particularly with organic matter, and
interactions with specific management practices (Kollas et al.,
2015).

There is a clear need to combine insights across these different
modelling approaches into the next generation of decision-
support systems for rotations. We need a better observation of farm
management data, more biologically realistic mechanistic models,
adaptive recommendations based on personalized time-varying
constraints and real-time data on climate, markets and pest outbreaks.
To ensure adoption, these models must be integrated into culturally
and technologically accessible interfaces designed in iterative
participatory processes with farmers.

5 Encoding farmer decisions

Ecologists, agronomists and economists’ representations of how farmers make
decisions on rotations represent different ways of knowing about the world,
which may not represent each other or model the way farmer makes rotation
decisions. Academics have documented models of farmer decision-making
in disparate fields, but how close has this brought us to effective decision
support?

Economic models designed to maximize utility have been built around
survey-driven decision trees developed with farmers to understand how farmers
cope with risk (Adesina and Sanders, 1991), and in visualization of cropping
choice outcomesforilliterate farmers (Collins et al., 2013). Notably however, there
is a lot of contention about the usefulness of purely rational economic models
in representing real-world decision-making. Operational decision-making
theory is one school of thought that may help to overcome this by attempting to
understand the mental models of farmers when they are undertaking rotations,
documenting the process of information selection by farmers and exploring
methods of dealing with time variant objectives (Martin-Clouaire, 2017)
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10 Developing decision-support systems for crop rotations

A key branch of studying farmer behaviour to date has been founded on
the idea that decision-making can be encoded into a set of conditional IF-THEN
statements, which together represent a ‘model for action’ derived from both
objectives of the farmer and plans of schedules to realize those objectives.
This method has been particularly useful in mapping out the temporal and
spatial dynamics of farmers crop-planning decisions, and have been used
for encoding vastly different farming systems, for example, in locations such
as France and Cameroon governed by very different social and biophysical
contexts (Aubry et al., 1998; Dounias et al., 2002). Spatial representations of
these models for action have also been undertaken (Dury et al., 2013), and
there have recently been efforts to join economic models with these methods,
along with biophysical crop models as a way to model short-, medium- and
long-term components of decision-making (Robert et al., 2018).

A complementary approach, recognized in the early 1980s by anthropo-
logists (Chibnik, 1980), is the use of statistical learning to try and understand
patterns in farmer decision-making, without depending on explicit encoding
of farmers intentions or plans. This purely relies on inferring likely constraints
on decision-making from realizations of plan execution. There is currently
untapped opportunity to use of modern statistical methods to understand the
heterogeneous nature of farmer decisions, particularly for rotations. This will be
aided if time series of management decisions can be obtained, and likely offers
a powerful basis for developing personalized decision support.

While these methods are useful, perhaps the most overlooked step in
understanding farmers’ models for optimal crop sequences selection is to
put more time into understanding farmers’ ways of knowing. This is typically
achieved by employing methods of qualitative data collection and observation,
such as interviews, surveys and ethnography developed in anthropology and
sociology. Farmers’ own ways of knowing about rotations help illustrate existing
concepts and tools used for planning, and can help build an understanding
of what farmers think grow well together - and why (Mohler and Johnson,
2009). Expectedly farmers also hold a breadth and depth of information not
incorporated or reconciled with formal scientific literature (Bentley and Thiele,
1999). The integration of both farmers’ traditional and emergent knowledge
of what crops work best together, as well as the knowledge of the well-being
generated from decision processes made outside those optimizing financial
gain, remains perhaps the largest gap in our understanding of developing
effective decision-support systems in farming.

6 Design principles

The fundamental hurdle facing data-based decision-support systems for
rotations is not so much a technical feat that you can solve at your computer,
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as it is access and adoption of tools you build. Solving this challenge requires
a clear understanding of what farmers’ key pain points are with respect to
managing their farm and their rotations, and creating useful solutions to these
problems. Some tips are given below:

Safeguard interests. Data-driven agronomy is a fast-moving field, and due
to many commercial interests in this area, farmers are bombarded with surveys
and market research aimed at building tools for decision support, which can
be extremely extractive in nature and lead to survey fatigue. You should work
with farmers with whom you have strongly aligned interests and a long-term
commitment also. Decision-support tools should be designed and to empower
users through data and knowledge and to safeguard against the risks posed by
overreliance and loss of resilience, traditional knowledge or adaptive capacity.
You will need to think about the ethics of your project, have clear protocols to
minimize risk and have your data management plans approved by a recognized
ethics board. You should have strong privacy and data-sharing agreements in
place.

Know your user. Understand the population of farmers you want to work
with through surveys, in depth semi-structured interviews, focus groups, design
workshops and ethnographic methods such as non-participatory observation.
Focus on the broader normative stance, preferred knowledge sources and
formats, demographics, institutional context, political context, what makes
individuals that you are working with tick, why they farm, what their greatest
issues are and what the broader constraints in realizing their objectives as
a farmer are. We are not focussed on rotations here but a more general
understanding of the user group.

Define a model. Get a deep view on how your farming group currently
models rotations, which can substantially differ from ecological, economic
and agronomic representations of how academics or researchers like to
model how farmers make decisions about sequential cropping patterns. How
do they currently map out their rotations? Do they use spreadsheets, wheel
diagrams, pen and paper, mental maps based on weather, or celestial-based
cues? Intuition? And when do they make their plans, which actors play roles and
constrain their option space, and what kinds of decisions happen in and out of
season? Have they tried other solutions to deal with this problem in the past,
and how did they arrive at their current solution? Do they see rotation selection
as a problem that needs solving, or are there more important things on their
agenda they would rather have help with?

Focus in. Many complementary methods exist for digesting and prioritizing
data generated through working with farmers, for example, through affinity
diagrams, card sorting, content analysis, persona development, journey
mapping, network analysis, decision trees, fuzzy cognitive mapping and so
on. Using such analytic methods to simplify the goal of the tool development
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12 Developing decision-support systems for crop rotations

to focus in on one main problem to solve for your farmer group, while
maintaining the nuances of the subsets of problems required for solving that
problem, is a major milestone in the design process.

State and test your assumptions. All along the development cycle you
will find yourself making assumptions about the ways farmers operate. It is
important to explicitly state these assumptions. They should be built with your
farmers directly, and as new assumptions arise they should be tested through
future engagements. The development of usable decision-support tools will be
marked by rapid iterations across ideas and assumptions that are tested and
validated continuously.

Be forward looking. Sometimes it is not possible to develop decision-
support systems or features due to lack of empirical data - this is particularly
the case for crop sequence decision-support systems for vegetable crops. This
may require a re-focus on features that are not top of your agenda as a crop
rotation specialist or developer - and may even seem tangential. It is your job
to understand which features are of key utility to the farming objectives and
to build tools which service their needs - which can mean offering short-term
utility in financial management, or lifting paperwork burden for certifications,
but at the same time generating the data required for a rotation feature to be
built and delivered to farmers at a later date.

Check the market. Once you have focussed in, it makes sense to do
comparative analysis of existing solutions offered to solve rotation choice
problems, or subsets of the problem such as crop planning tools, both in terms
of their features and their information architecture. If you have the resources
conduct user testing on these alternative solutions to identify what your user
group does and does not like about them, this will help you define a clearer
idea of which design is likely to work for you.

Interoperate. It makes little sense to develop a standalone decision-
support tool, for example, for crop rotations - because decision-making
in agricultural systems results from the integration of multiple sources of
information, and processes. If farmers have existing tools and models for
financial management, or labour management, fertilizer management, or other
farm activities, then your rotation tool should be able to speak to those models.
A common ontology and the development of translators between alternative
semantic representations of farm objects and models are essential, and you
should be using existing work as building blocks for your operation where
they exist (e.g. standardized crop lists and trait information with taxonomically
accepted names, weather data, soil data, plant and pest-trait databases).

Optimize. Bad rotation choice decisions can impact negatively on
the environment and human health efforts should be made to provide an
understanding of the trade-offs that a given choice of sequence will likely
have, so that informed, rather than prescribed, decisions can be made. It
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is unlikely that all of the criteria a farmer is using to make choices will have
available data and, so a focus on key proxies for main variables of importance
(e.g. nutrient balance, water balance, yield, pesticide use etc.) here is a good
starting point.

Personalize. Farming systems and individual farmer's models of how their
farm works are incredibly diverse. The only solution to deal with this problem of
multiple possible combinations of social, biophysical and value-based factors
is to develop personalized rotation sequence decision-support services. These
services by their nature are data hungry, and this means design has to account
for data gathering as a key feature. The utility in personalized services is that
they can readily account for adaptive and flexible shifts in farmers’ operations,
decisions and learning processes.

Make accessible. One of the key challenges with developing decision-
support tools for the majority of farmers worldwide is the large inequality in the
distribution of technology availability, access and utilization to different farmers
- whether in service coverage, mobile phone ownership, internet access, the
cost of data, and education, age culture, or language barriers which limit the
usage of these services. Developing a solution that overcomes this inequality in
decision support deserves a central place in the development of new decision-
support tools.

7 Outlook

Crop rotations are a formative component of agricultural practices and are a
key path towards improving multiple farming outcomes, for people and the
planet. Improved decision-support systems for crop rotations therefore hold
great potential for improving food system sustainability. New opportunities
exist to gather and collect on-farm data at unprecedented temporal and spatial
resolution and frequency. These developments herald an age of personalized
decision-support tools able to provide adaptive recommendations for multiple
sustainability indicators, based on real time data on climate, markets, and pests.
Realizing this opportunity requires multiple information challenges be solved.
Researchers will need to link insights from the development of alternative
models for crop rotation across diverse disciplines and subject fields, to
design tools that are interoperable with the wider farm data ecosystem, and
that are built to both gather data and internally validate predictions over time.
All of these efforts must be combined with improved human-centred design,
participatory methods that seek to understand farmer’s way of knowing, and a
long-term view to development that builds lasting partnerships with farmers,
improves access and trust, empowers users through ownership of their data
and maintains farmers agency in the design and governance of the decision-
support ecosytems that serve them.

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.
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8 Where to look for further information

This chapter covered a lot of material and you might be wondering where to
go from here? Much is covered in the references, with the exception of the
design thinking. However there are some good books and resources to get
you started, such as: IDEO’s Human Centred Design Toolkit (https://www.ideo.
com/post/design-kit); as well as books such as The Design Thinking Playbook
(https://www.design-thinking-playbook.com/playbook-en) and This is Service
Design Doing (http://www.thisisservicedesignthinking.com/).

9 References

Adesina, A. A. and Sanders, J. H. 1991. Peasant farmer behavior and cereal
technologies: stochastic programming analysis in Niger. Agric. Econ. 5, 21-38.
doi:10.1016/0169-5150(91)20034-1.

Akplogan, M., De Givry, S., Métivier, J. P, Quesnel, G., Joannon, A. and Garcia, F. 2013.
Solving the crop allocation problem using hard and soft constraints. RAIRO-Oper.
Res. 47(2), 151-72. doi:10.1051/ro/2013032.

Angus, J. F., Kirkegaard, J. A., Hunt, J. R., Ryan, M. H., Ohlander, L. and Peoples, M. B. 2015.
Break crops and rotations for wheat. Crop Pasture Sci. 66(6), 523-52. doi:10.1071/
CP14252.

Assefa, Y., Vara Prasad, P. V. V., Foster, C., Wright, Y., Young, S., Bradley, P,, Stamm, M. and
Ciampitti,|.A.2018.Major managementfactors determining spring and winter canola
yield in North America. Crop Sci. 58(1), 1-16. doi:10.2135/cropsci2017.02.0079.

Aubry, C., Papy, F. and Capillon, A. 1998. Modelling decision-making processes for annual
crop management. Agric. Syst. 56(1), 45-65. doi:10.1016/50308-521X(97)00034-6.

Awokuse, T. O. and Xie, R. 2015. Does agriculture really matter for economic growth in
developing countries ? Can. J. Agric. Econ. 63(1), 77-99. doi:10.1111/cjag.12038.

Bachinger, J. and Zander, P. 2007. ROTOR, a tool for generating and evaluating crop
rotations for organic farming systems. Eur. J. Agron. 26(2), 130-43. doi:10.1016/j.
€ja.2006.09.002.

Baxendale, C., Orwin, K. H., Poly, F., Pommier, T. and Bardgett, R. D. 2014. Are plant-
soil feedback responses explained by plant traits? New Phytol. 204(2), 408-23
doi:10.1111/nph.12915.

Beillouin, D., Ben-Ari, T. and Makowski, D. 2019. A dataset of meta-analyses on
crop diversification at the global scale. Data Br. 24, 103898. doi:10.1016/].
dib.2019.103898.

Bellwood, P. 2018. The search for ancient DNA heads east. Science 361(6397), 31-2.
doi:10.1126/science.aat8662.

Bender, S. F. and van der Heijden, M. G. A. 2015. Soil biota enhance agricultural
sustainability by improving crop yield, nutrient uptake and reducing nitrogen
leaching losses. J. Appl. Ecol. 52(1), 228-39. doi:10.1111/1365-2664.12351.

Bennett, A. J., Bending, G. D., Chandler, D., Hilton, S. and Mills, P. 2012. Meeting the
demand for crop production: the challenge of yield decline in crops grown in short
rotations. Biol. Rev. 87(1), 52-71. doi:10.1111/j.1469-185X.2011.00184 .x.

Bentley, J. W. and Thiele, G. 1999. Bibliography: farmer knowledge and management
of crop disease. Agric. Hum. Values 16(1), 75-81. doi:10.1023/A:1007558919244.

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.


http://dx.doi.org/10.1016/0169-51509190034-I
http://dx.doi.org/10.1051/ro/2013032
http://dx.doi.org/10.1071/CP14252
http://dx.doi.org/10.1071/CP14252
http://dx.doi.org/10.2135/cropsci2017.02.0079
http://dx.doi.org/10.1016/S0308-521X9700034-6
http://dx.doi.org/10.1111/cjag.12038
http://dx.doi.org/10.1016/j.eja.2006.09.002
http://dx.doi.org/10.1016/j.eja.2006.09.002
http://dx.doi.org/10.1111/nph.12915
http://dx.doi.org/10.1016/j.dib.2019.103898
http://dx.doi.org/10.1016/j.dib.2019.103898
http://dx.doi.org/10.1111/1365-2664.12351
http://dx.doi.org/10.1111/j.1469-185X.2011.00184.x
http://dx.doi.org/10.1023/A:1007558919244

Developing decision-support systems for crop rotations 15

Bergez, J. -E., Chabrier, P, Gary, C., Jeuffroy, M. H., Makowski, D., Quesnel, G., Ramat,
E., Raynal, H., Rousse, N., Wallach, D., Debaeke, P, Durand, P, Duru, M., Dury, J.,
Faverdin, P, Gascuel-Odoux, C. and Garcia, F. 2013. An open platform to build,
evaluate and simulate integrated models of farming and agro-ecosystems. Environ.
Modell. Softw. 39, 39-49. doi:10.1016/j.envsoft.2012.03.011.

Bever, J. D., Platt, T. G. and Morton, E. R. 2012. Microbial population and community
dynamics on plant roots and their feedbacks on plant communities. Annu. Rev.
Microbiol. 66, 265-83. doi:10.1146/annurev-micro-092611-150107.

Bommarco, R., Kleijn, D. and Potts, S. G. 2013. Ecological intensification: harnessing
ecosystem services for food security. Trends Ecol. Evol. (Amst.) 28(4), 230-8.
doi:10.1016/j.tree.2012.10.012.

Bonanomi, G., Sicurezza, M. G., Caporaso, S., Esposito, A. and Mazzoleni, S. 2006.
Phytotoxicity dynamics of decaying plant materials. New Phytol. 169(3), 571-8.
doi:10.1111/.1469-8137.2005.01611.x.

Bonanomi, G., Incerti, G., Barile, E., Capodilupo, M., Antignani, V., Mingo, A., Lanzotti, V.,
Scala, F. and Mazzoleni, S. 2011. Phytotoxicity, not nitrogen immobilization, explains
plant litter inhibitory effects: evidence from solid-state 13C NMR spectroscopy. New
Phytol. 191(4), 1018-30. doi:10.1111/}.1469-8137.2011.03765.x.

Brandt, A. J., Seabloom, E. W. and Hosseini, P. R. 2009. Phylogeny and provenance affect
plant-soil feedbacks in invaded California grasslands. Ecology 90(4), 1063-72.
doi:10.1890/08-0054.1.

Burns, J. H. and Strauss, S. Y. 2011. More closely related species are more ecologically
similar in an experimental test. Proc. Natl. Acad. Sci. U.S.A. 108(13), 5302-7.
doi:10.1073/pnas.1013003108.

Callaway, R. M., Thelen, G. C., Rodriguez, A. and Holben, W. E. 2004. Soil biota and exotic
plant invasion. Nature 427(6976), 731-3. doi:10.1038/nature(02322.

Castellazzi, M. S., Wood, G. A., Burgess, P. J., Morris, J., Conrad, K. F. and Perry, J. N.
2008. A systematic representation of crop rotations. Agric. Syst. 97(1-2), 26-33.
doi:10.1016/j.agsy.2007.10.006.

Cernay, C., Makowski, D. and Pelzer, E. 2018. Preceding cultivation of grain legumes
increases cereal yields under low nitrogen input conditions. Environ. Chem. Lett.
16(2), 631-6. doi:10.1007/s10311-017-0698-z.

Chacoff, N. P. and Aizen, M. A. 2006. Edge effects on flower-visiting insects in grapefruit
plantations bordering premontane subtropical forest. J. Appl. Ecol. 43(1), 18-27.
doi:10.1111/j.1365-2664.2005.01116.x.

Chibnik, M. 1980. The Statistical Behavior Approach: the Choice between Wage Labor
and Cash Cropping in Rural Belize, Agricultural Decision Making. Academic Press,
Inc. doi:10.1016/b978-0-12-078882-8.50009-x.

Collins, A. J., Vegesana, K. B., Seiler, M. J., O'Shea, P, Hettiarachchi, P. and McKenzie,
F. 2013. Simulation and mathematical programming decision-making support
for smallholder farming. Environ. Syst. Decis. 33(3), 427-39. doi:10.1007/
$s10669-013-9460-7.

Coomes, O. T., Barham, B. L., MacDonald, G. K., Ramankutty, N. and Chavas, J.-P. 2019.
Leveraging total factor productivity growth for sustainable and resilient farming.
Natl. Sustain. 2(1), 22-8. doi:10.1038/s41893-018-0200-3.

Costa, A. M., dos Santos, L. M. R., Alem, D. J. and Santos, R. H. S. 2014. Sustainable
vegetable crop supply problem with perishable stocks. Ann. Oper. Res. 219, 265-83.
doi:10.1007/s10479-010-0830-y.

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.


http://dx.doi.org/10.1016/j.envsoft.2012.03.011
http://dx.doi.org/10.1146/annurev-micro-092611-150107
http://dx.doi.org/10.1016/j.tree.2012.10.012
http://dx.doi.org/10.1111/j.1469-8137.2005.01611.x
http://dx.doi.org/10.1111/j.1469-8137.2011.03765.x
http://dx.doi.org/10.1890/08-0054.1
http://dx.doi.org/10.1073/pnas.1013003108
http://dx.doi.org/10.1038/nature02322
http://dx.doi.org/10.1016/j.agsy.2007.10.006
http://dx.doi.org/10.1007/s10311-017-0698-z
http://dx.doi.org/10.1111/j.1365-2664.2005.01116.x
http://dx.doi.org/10.1016/b978-0-12-078882-8.50009-x
http://dx.doi.org/10.1007/s10669-013-9460-7
http://dx.doi.org/10.1007/s10669-013-9460-7
http://dx.doi.org/10.1038/s41893-018-0200-3
http://dx.doi.org/10.1007/s10479-010-0830-y

16 Developing decision-support systems for crop rotations

Crowder, D. W. and Reganold, J. P. 2015. Financial competitiveness of organic agriculture
on a global scale. Proc. Natl. Acad. Sci. U.S.A. 112(24), 7611-6. doi:10.1073/
pnas.1423674112.

Detlefsen, N. K. and Jensen, A. L. 2007. Modelling optimal crop sequences using network
flows. Agric. Syst. 94(2), 566-72. doi:10.1016/j.agsy.2007.02.002.

Dick, R. P. 1992. A review: long-term effects of agricultural systems on soil
biochemical and microbial parameters. Agric. Ecosyst. Environ. 40(1-4), 25-36.
doi:10.1016/0167-8809(92)90081-L.

Dounias, ., Aubry, C. and Capillon, A. 2002. Decision-making processes for crop
managementon Africanfarms.Modelling from a case study of cotton cropsin northern
Cameroon. Agric. Syst. 73(3), 233-60. doi:10.1016/50308-521X(01)00077-4.

Dury, J., Schaller, N., Garcia, F., Reynaud, A. and Bergez, J. E. 2012. Models to support
cropping plan and crop rotation decisions. A review. Agron. Sustain. Dev. 32(2), 567-
80. doi:10.1007/513593-011-0037-x.

Dury, J. O., Garcia, F, Reynaud, A. and Bergez, J. E. 2013. Cropping-plan decision-
making on irrigated crop farms: a spatio-temporal analysis. Eur. J. Agron. 50, 1-10.
doi:10.1016/j.eja.2013.04.008.

El-Nazer, T. and McCarl, B. A. 1986.The choice of crop rotation: a modeling approach and
case study. Am. J. Agric. Econ. 68(1), 127-36. d0i:10.2307/1241657.

Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber, J. S., Johnston, M.,
Mueller,N.D.,O'Connell, C., Ray, D.K., West, P.C., Balzer, C., Bennett, E. M., Carpenter,
S.R., Hill, J., Monfreda, C., Polasky, S., Rockstrém, J., Sheehan, J., Siebert, S., Tilman,
D. and Zaks, D. P. M. 2011. Solutions for a cultivated planet. Nature 478(7369), 337-
42.doi:10.1038/nature 10452.

Food and Agriculture Organization of the United Nations. 2011. The state of
food insecurity in the world, organization. Available at: https://doi.org/
ISBN978-92-5-106927-1.

Forrester, R. J., Rodriguez, M., Forrester, R. and Rodriguez, M. 2018. An integer
programming approach to crop rotation planning at an organic farm. UMAP J. 38,
5-25.

Gilbert, G. S. and Webb, C. O. 2007. Phylogenetic signal in plant pathogen-host range.
Proc. Natl. Acad. Sci. U.S.A. 104(12), 4979-83. doi:10.1073/pnas.0607968104.
Grigulis, K., Lavorel, S., Krainer, U., Legay, N., Baxendale, C., Dumont, M., Kastl, E.,

Arnoldi, C., Bardgett, R. D., Poly, F., Pommier, T., Schloter, M., Tappeiner, U., Bahn,
M. and Clément, J. C. 2013. Relative contributions of plant traits and soil microbial
properties to mountain grassland ecosystem services. J. Ecol. 101(1), 47-57.

doi:10.1111/1365-2745.12014.

Haneveld, W. K. K. and Stegeman, A. W. 2005. Crop succession requirements in
agricultural production planning. Eur. J. Oper. Res. 166(2), 406-29. doi:10.1016/j.
ejor.2004.03.009.

Hobbie, S. E. 2015. Plant species effects on nutrient cycling: revisiting litter feedbacks.
Trends Ecol. Evol. (Amst.) 30(6), 357-63. doi:10.1016/j.tree.2015.03.015.

Hoeksema, J. D., Chaudhary, V. B., Gehring, C. A., Johnson, N. C., Karst, J., Koide, R.
T., Pringle, A., Zabinski, C., Bever, J. D., Moore, J. C., Wilson, G. W. T., Klironomos,
J. N. and Umbanhowar, J. 2010. A meta-analysis of context-dependency in
plant response to inoculation with mycorrhizal fungi. Ecol. Lett. 13(3), 394-407.
doi:10.1111/.1461-0248.2009.01430.x.

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.


http://dx.doi.org/10.1073/pnas.1423674112
http://dx.doi.org/10.1073/pnas.1423674112
http://dx.doi.org/10.1016/j.agsy.2007.02.002
http://dx.doi.org/10.1016/0167-88099290081-L
http://dx.doi.org/10.1016/S0308-521X0100077-4
http://dx.doi.org/10.1007/s13593-011-0037-x
http://dx.doi.org/10.1016/j.eja.2013.04.008
http://dx.doi.org/10.2307/1241657
http://dx.doi.org/10.1038/nature10452
https://doi.org/ISBN978-92-5-106927-1
https://doi.org/ISBN978-92-5-106927-1
http://dx.doi.org/10.1073/pnas.0607968104
http://dx.doi.org/10.1111/1365-2745.12014
http://dx.doi.org/10.1016/j.ejor.2004.03.009
http://dx.doi.org/10.1016/j.ejor.2004.03.009
http://dx.doi.org/10.1016/j.tree.2015.03.015
http://dx.doi.org/10.1111/j.1461-0248.2009.01430.x

Developing decision-support systems for crop rotations 17

Hoekstra, A. Y. and Mekonnen, M. M. 2012. The water footprint of humanity. Proc. Natl.
Acad. Sci. U.S.A. 109(9), 3232-7. doi:10.1073/pnas.1109936109.

Inderjit, Wardle, D. A.,Karban, R.and Callaway, R.M.2011.The ecosystem and evolutionary
contexts of allelopathy. Trends Ecol. Evol. (Amst.) 26(12), 655-62. doi:10.1016/].
tree.2011.08.003.

Ingerslew, K. S. and Kaplan, I. 2018. Distantly related crops are not better rotation partners
for tomato. J. Appl. Ecol. 55(5), 2506-16. doi:10.1111/1365-2664.13156.

Isbell, F., Adler, P. R., Eisenhauer, N., Fornara, D., Kimmel, K., Kremen, C., Letourneau,
D. K., Liebman, M. and Polley, H. W. 2017. Benefits of increasing plant diversity in
sustainable agroecosystems. J. Ecol. 105(4), 871-9. doi:10.1111/1365-2745.12789.

ltoh, T., Hiroaki, I. and Naneseji, T. 2003. A model of crop planning under uncertainty in
agricultural management. Int. J. Prod. Econ. 81, 555-8.

Ke, P.J., Miki, T.and Ding, T.S. 2015. The soil microbial community predicts the importance
of plant traits in plant-soil feedback. New Phytol. 206(1), 329-41. doi:10.1111/
nph.13215.

Klironomos, J.N.2002. Feedback with soil biota contributes to plantrarity and invasiveness
in communities. Nature 417(6884), 67-70. doi:10.1038/417067a.

Kollas, C., Kersebaum, K.C.,Nendel, C., Manevski, K., Muller, C., Palosuo, T., Armas-Herrera,
C. M., Beaudoin, N., Bindi, M., Charfeddine, M., Conradt, T., Constantin, J., Eitzinger,
J., Ewert, F,, Ferrise, R., Gaiser, T., Cortazar-Atauri, I. Gd de, Giglio, L., Hlavinka, P,
Hoffmann, H., Hoffmann, M. P, Launay, M., Manderscheid, R., Mary, B., Mirschel, W.,
Moriondo, M., Olesen, J. E., Oztiirk, I., Pacholski, A., Ripoche-Wachter, D., Roggero,
P. P., Roncossek, S., Rétter, R. P, Ruget, F., Sharif, B., Trnka, M., Ventrella, D., Waha, K.,
Wegehenkel, M., Weigel, H. J. and Wu, L. 2015. Crop rotation modelling-a European
model intercomparison. Eur. J. Agron. 70, 98-111. doi:10.1016/j.€ja.2015.06.007.

Kremen, C., lles, A. and Bacon, C. 2012. Diversified farming systems : an agroecological,
systems-based alternative to modern industrial agriculture. Ecol. Soc. 17(4), 44.

Lawes, J. B. 1895. The Rothamsted experiments. Trans. Highl. Agric. Soc. Scotland, 5th
Ser. 7, 11-354.

Lesk, C., Rowhani, P. and Ramankutty, N. 2016. Influence of extreme weather disasters on
global crop production. Nature 529(7584), 84-7. doi:10.1038/nature16467.

Liu, X., Liang, M., Etienne, R. S., Wang, VY., Staehelin, C. and Yu, S. 2012. Experimental
evidence for a phylogenetic Janzen-Connell effect in a subtropical forest. Ecol. Lett.
15(2), 111-8. doi:10.1111/j.1461-0248.2011.01715.x.

Lori, M., Symnaczik, S., Méder, P., De Deyn, G. and Gattinger, A. 2017. Organic farming
enhances soil microbial abundance and activity-A meta-analysis and meta-
Regression. PLoS ONE 12(7), e0180442. doi:10.1371/journal.pone.0180442.

Mariotte, P, Mehrabi, Z., Bezemer, T. M., De Deyn, G. B., Kulmatiski, A., Drigo, B.,
Veen, G. F. C., van der Heijden, M. G. A. and Kardol, P. 2018. Plant-soil feedback:
bridging natural and agricultural sciences. Trends Ecol. Evol. (Amst.) 33(2), 129-42
doi:10.1016/j.tree.2017.11.005.

Martin-Clouaire, R. 2017. Modelling operational decision-making in agriculture. Agric.
Sci. 8(7),527-44. doi:10.4236/as.2017.87040.

Mehrabi, Z. and Tuck, S. L. 2015. Relatedness is a poor predictor of negative plant - soil
feedbacks. New Phytol. 205(3), 1071-5.

Mehrabi, Z., McMillan, V. E., Clark, I. M., Canning, G., Hammond-Kosack, K. E., Preston,
G., Hirsch, P. R. and Mauchline, T. H. 2016. Pseudomonas spp. diversity is negatively

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.


http://dx.doi.org/10.1073/pnas.1109936109
http://dx.doi.org/10.1016/j.tree.2011.08.003
http://dx.doi.org/10.1016/j.tree.2011.08.003
http://dx.doi.org/10.1111/1365-2664.13156
http://dx.doi.org/10.1111/1365-2745.12789
http://dx.doi.org/10.1111/nph.13215
http://dx.doi.org/10.1111/nph.13215
http://dx.doi.org/10.1038/417067a
http://dx.doi.org/10.1016/j.eja.2015.06.007
http://dx.doi.org/10.1038/nature16467
http://dx.doi.org/10.1111/j.1461-0248.2011.01715.x
http://dx.doi.org/10.1371/journal.pone.0180442
http://dx.doi.org/10.1016/j.tree.2017.11.005
http://dx.doi.org/10.4236/as.2017.87040

18 Developing decision-support systems for crop rotations

associated with suppression of the wheat take-all pathogen. Sci. Rep. 6, 29905.
doi:10.1038/srep29905.

Mobhler, C. L. and Johnson, S. E. 2009. Crop Rotation on Organic Farms A Planning Manual.

Newbold, T., Bennett, D. J., Choimes, A., Collen, B., Day, J., Palma, A. De, Diaz, S., Edgar,
M. J., Feldman, A., Garon, M., Harrison, M. L. K., Alhusseini, T., Echeverria-london,
S.. Ingram, D. J., Itescu, Y., Kattge, J., Kemp, V., Kirkpatrick, L., Kleyer, M., Laginha,
D., Correia, P, Martin, C. D., Meiri, S., Novosolov, M., Pan, Y., Phillips, H. R. P, Purves,
D. W., Robinson, A., Simpson, J., Tuck, S. L., Weiher, E., White, H. J., Ewers, R. M. and
Mace, G. M. 2015. Global effects of land use on local terrestrial biodiversity. Nature
520, 45-50. doi:10.1038/nature14324.

Ng, M., Fleming, T., Robinson, M., Thomson, B., Graetz, N., Margono, C., Mullany, E.
C., Biryukov, S., Abbafati, C., Abera, S. F., Abraham, J. P., Abu-Rmeileh, N. M. E.,
Achoki, T., AlIBuhairan, F. S., Alemu, Z. a., Alfonso, R., Ali, M. K., Ali, R., Guzman,
N. A., Ammar, W., Anwari, P., Banerjee, A., Barquera, S., Basu, S., Bennett, D.
a., Bhutta, Z., Blore, J., Cabral, N., Nonato, I. C., Chang, J.-C., Chowdhury, R,
Courville, K. J., Criqui, M. H., Cundiff, D. K., Dabhadkar, K. C., Dandona, L., Davis,
A., Dayama, A., Dharmaratne, S. D., Ding, E. L., Durrani, A. M., Esteghamati, A.,
Farzadfar, F., Fay, D. F. J., Feigin, V. L., Flaxman, A., Forouzanfar, M. H., Goto,
A., Green, M. a., Gupta, R., Hafezi-Nejad, N., Hankey, G. J., Harewood, H. C.,
Havmoeller, R., Hay, S., Hernandez, L., Husseini, A., Idrisov, B. T, Ikeda, N., Islami,
F.,Jahangir, E., Jassal, S. K., Jee, S. H., Jeffreys, M., Jonas, J. B., Kabagambe, E. K.,
Khalifa, S. E. A. H., Kengne, A. P., Khader, Y. S., Khang, Y.-H., Kim, D., Kimokoti, R.
W., Kinge, J. M., Kokubo, Y., Kosen, S., Kwan, G., Lai, T., Leinsalu, M., Li, Y., Liang,
X., Liu, S., Logroscino, G., Lotufo, P. a., Lu, Y., Ma, J., Mainoo, N. K., Mensah, G. a.,
Merriman, T.R., Mokdad, A. H., Moschandreas, J., Naghavi, M., Naheed, A., Nand,
D., Narayan, K. M. V., Nelson, E. L., Neuhouser, M. L., Nisar, M. I., Ohkubo, T., Oti,
S. O., Pedroza, A., Prabhakaran, D., Roy, N., Sampson, U., Seo, H., Sepanlou, S. G.,
Shibuya, K., Shiri, R., Shiue, I., Singh, G. M., Singh, J. a., Skirbekk, V., Stapelberg,
N.J.C., Sturua, L., Sykes, B. L., Tobias, M., Tran, B. X, Trasande, L., Toyoshima, H.,
van de Vijver, S., Vasankari, T. J., Veerman, J. L., Velasquez-Melendez, G., Vlassov,
V. V., Vollset, S. E., Vos, T., Wang, C., Wang, S. X., Weiderpass, E., Werdecker,
A., Wright, J. L., Yang, V. C., Yatsuya, H., Yoon, J., Yoon, S.-J., Zhao, Y., Zhou, M.,
Zhu, S., Lopez, A. D., Murray, C. J. L. and Gakidou, E. 2014. Global, regional, and
national prevalence of overweight and obesity in children and adults during
1980-2013: a systematic analysis for the Global Burden of Disease Study 2013.
Lancet 384(9945), 766-91. doi:10.1016/S0140-6736(14)60460-8.

Orwin, K. H., Buckland, S. M., Johnson, D., Turner, B. L., Smart, S., Oakley, S. and Bardgett,
R.D.2010. Linkages of plant traits to soil properties and the functioning of temperate
grassland. J. Ecol. 98(5), 1074-83. doi:10.1111/j.1365-2745.2010.01679.x.

Pineda, A., Kaplan, I. and Bezemer, T. M. 2017. Steering soil microbiomes to suppress
aboveground insect pests. Trends Plant Sci. 22(9), 770-8. doi:10.1016/j.
tplants.2017.07.002.

Ponisio, L. C., Gonigle, L. K. M., Mace, K. C., Palomino, J., Valpine, P. De and Kremen, C.
2015. Diversification practices reduce organic to conventional yield gap. Proc. Biol.
Sci. 282(1799),20141396. doi:10.1098/rspb.2014.1396.

Pretty, J., Benton, T. G., Bharucha, Z. P, Dicks, L. V., Flora, C. B., Godfray, H. C. J., Goulson,
D., Hartley, S., Lampkin, N., Morris, C., Pierzynski, G., Prasad, P. V. V., Reganold, J.,
Rockstrom, J., Smith, P, Thorne, P. and Wratten, S. 2018. Global assessment of

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.


http://dx.doi.org/10.1038/srep29905
http://dx.doi.org/10.1016/S0140-67361460460-8
http://dx.doi.org/10.1111/j.1365-2745.2010.01679.x
http://dx.doi.org/10.1016/j.tplants.2017.07.002
http://dx.doi.org/10.1016/j.tplants.2017.07.002
http://dx.doi.org/10.1098/rspb.2014.1396

Developing decision-support systems for crop rotations 19

agricultural system redesign for sustainable intensification. Natl. Sustain. 1(8), 441-6.
doi:10.1038/s41893-018-0114-0.

Quinton, J. N., Govers, G., Van Oost, K. and Bardgett, R. D. 2010. The impact of agricultural
soil erosion on biogeochemical cycling. Nat. Geosci. 3(5), 311-4. doi:10.1038/
ngeo838.

Raaijmakers, J. M., Paulitz, T. C., Steinberg, C., Alabouvette, C. and Moénne-Loccoz, Y.
2009. The rhizosphere: a playground and battlefield for soilborne pathogens
and beneficial microorganisms. Plant Soil 321(1-2), 341-61. doi:10.1007/
s11104-008-9568-6.

Ramankutty, N., Mehrabi, Z., Waha, K., Jarvis, L., Kremen, C., Herrero, M. and Rieseberg,
L. H. 2018. Trends in global agricultural land use: implications for environmental
health and food security. Annu. Rev. Plant Biol. 69, 789-815. doi:10.1146/
annurev-arplant-042817-040256.

Renard, D. and Tilman, D. 2019. National food production stabilized by crop diversity.
Nature 571(7764), 257-60. doi:10.1038/s41586-019-1316-y.

Ricciardi, V., Ramankutty, N., Mehrabi, Z., Jarvis, L. and Chookolingo, B. 2018. How
much of the world's food do smallholders produce? Glob. Food Sec. 17, 64-72.
doi:10.1016/j.gfs.2018.05.002.

Robert, M., Thomas, A., Sekhar, M., Raynal, H., Casellas, E., Casel, P, Chabrier, P, Joannon,
A.and Bergez, J. E. 2018. A dynamic model for water management at the farm level
integrating strategic, tactical and operational decisions. Environ. Modell. Softw. 100,
123-35. doi:10.1016/j.envsoft.2017.11.013.

Rosa-Schleich, J., Loos, J., MuBhoff, O. and Tscharntke, T. 2019. Ecological-economic
trade-offs of Diversified Farming Systems - a review. Ecol. Econ. 160, 251-63.
doi:10.1016/j.ecolecon.2019.03.002.

Sainju, U. M. 2016. A global meta-analysis on the impact of management practices on net
global warming potential and greenhouse gas intensity from cropland soils. PLoS
ONE 11(2), e0148527. doi:10.1371/journal.pone.0148527.

Schnitzer, S. A., Klironomos, J. N., HilleRisLambers, J., Kinkel, L. L., Reich, P. B., Xiao, K.,
Rillig, M. C., Sikes, B. A., Callaway, R. M., Mangan, S. A., van Nes, E. H. and Scheffer,
M. 2011. Soil microbes drive the classic plant diversity-productivity pattern. Ecology
92,1385-92.

Sedio, B. E. and Ostling, A. M. 2013. How specialised must natural enemies be to
facilitate coexistence among plants? Ecol. Lett. 16(8), 995-1003. doi:10.1111/
ele.12130.

Silva, J. C. Pd, Medeiros, F. H. Vd and Campos, V. P. 2018. Building soil suppressiveness
against plant-parasitic nematodes. Biocontrol Sci. Technol. 28(5), 423-45. doi:10.10
80/09583157.2018.1460316.

Smith, P, Bustamante, M., Ahammad, H., Clark, H., Dong, H., Elsiddig, E. A., Haberl, H.,
Harper, R., House, J., Jafari, M., Masera, O., Mbow, C. and Ravindranath, N. H. 2014.
Agriculture, forestry and other land use (AFOLU). In: Edenhofer, O., Pichs-Madruga,
R.,Sokona, Y., Farahani, E., Kadner, S., Seyboth, K.and Adler, A.(Eds), Climate Change
2014: Mitigation of Climate Change. Contribution of Working Group Ill to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge, UK.

Snapp, S. S., Blackie, M. J., Gilbert, R. A., Bezner-Kerr, R. and Kanyama-Phiri, G. Y. 2010.
Biodiversity can support a greener revolution in Africa. Proc. Natl. Acad. Sci. U.S.A.
107(48), 20840-5. doi:10.1073/pnas.1007199107.

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.


http://dx.doi.org/10.1038/s41893-018-0114-0
http://dx.doi.org/10.1038/ngeo838
http://dx.doi.org/10.1038/ngeo838
http://dx.doi.org/10.1007/s11104-008-9568-6
http://dx.doi.org/10.1007/s11104-008-9568-6
http://dx.doi.org/10.1146/annurev-arplant-042817-040256
http://dx.doi.org/10.1146/annurev-arplant-042817-040256
http://dx.doi.org/10.1038/s41586-019-1316-y
http://dx.doi.org/10.1016/j.gfs.2018.05.002
http://dx.doi.org/10.1016/j.envsoft.2017.11.013
http://dx.doi.org/10.1016/j.ecolecon.2019.03.002
http://dx.doi.org/10.1371/journal.pone.0148527
http://dx.doi.org/10.1111/ele.12130
http://dx.doi.org/10.1111/ele.12130
http://dx.doi.org/10.1080/09583157.2018.1460316
http://dx.doi.org/10.1080/09583157.2018.1460316
http://dx.doi.org/10.1073/pnas.1007199107

20 Developing decision-support systems for crop rotations

Van Der Putten, W. H., Van Dijk, C. and Peters, B. A. M. 1993. Plant-specific soil-borne
diseases contribute to succession in foredune vegetation. Nature 362(6415), 53-6.
doi:10.1038/362053a0.

Van Der Putten, W. H., Bardgett, R. D., Bever, J. D., Bezemer, T. M., Casper, B. B., Fukami,
T., Kardol, P, Klironomos, J. N., Kulmatiski, A., Schweitzer, J. A., Suding, K. N., Van de
Voorde, T. F. J. and Wardle, D. A. 2013. Plant-soil feedbacks: the past, the present
and future challenges. J. Ecol. 101(2), 265-76. doi:10.1111/1365-2745.12054.

Venter, Z. S., Jacobs, K. and Hawkins, H. J. 2016. The impact of crop rotation on soil
microbial diversity: a meta-analysis. Pedobiologia 59(4), 215-23. doi:10.1016/j.
pedobi.2016.04.001.

Veresoglou, S. D., Barto, E. K., Menexes, G. and Rillig, M. C. 2013. Fertilization affects
severity of disease caused by fungal plant pathogens. Plant Pathol. 62(5), 961-9.
doi:10.1111/ppa.12014.

Vitousek, P.M., Mooney, H. A., Lubchenco, J. and Melillo, J. M. 1997. Human domination of
Earth's ecosystems. Science 277(5325), 494-9. doi:10.1126/science.277.5325.494.

Webb, C. O., Gilbert, G. S. and Donoghue, M. J. 2006. Phylodiversity-dependent seedling
mortality, size structure, and disease in a Bornean rain forest. Ecology 87(Suppl. 7),
S$123-31.doi:10.1890/0012-9658(2006)87[123:PSMSSA]2.0.CO;2.

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.


http://dx.doi.org/10.1038/362053a0
http://dx.doi.org/10.1111/1365-2745.12054
http://dx.doi.org/10.1016/j.pedobi.2016.04.001
http://dx.doi.org/10.1016/j.pedobi.2016.04.001
http://dx.doi.org/10.1111/ppa.12014
http://dx.doi.org/10.1126/science.277.5325.494
http://dx.doi.org/10.1890/0012-9658200687[123:PSMSSA]2.0.CO;2

	1 Introduction
	2 Key information challenges
	3 Ecological theory
	4 Agronomic models
	5 Encoding farmer decisions
	6 Design principles
	7 Outlook
	8 Where to look for further information
	9 References

