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H I G H L I G H T S

• Understanding trade-offs between yield
and environment is essential for SI.

• The Landscape Model aids the under-
standing of crop-soil-water interactions.

• Model validated against 50 years of data
from two long-term experiments.

• Model validated against spatially-
explicit data from the North Wyke
farm platform.

• The model simulated wheat yield, grain
N and grain P particularly well.
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We describe a model framework that simulates spatial and temporal interactions in agricultural landscapes and
that can be used to explore trade-offs between production and environment so helping to determine solutions to
the problems of sustainable food production. Here we focus on models of agricultural production, water move-
ment and nutrient flow in a landscape. We validate these models against data from two long-term experiments,
(the first a continuous wheat experiment and the other a permanent grass-land experiment) and an experiment
wherewater and nutrient flow aremeasured from isolated catchments. Themodel simulatedwheat yield (RMSE
20.3–28.6%), grain N (RMSE 21.3–42.5%) and P (RMSE 20.2–29% excluding the nil N plots), and total soil organic
carbon particularly well (RMSE 3.1−13.8%), the simulations of water flow were also reasonable (RMSE 180.36
and 226.02%). We illustrate the use of our model framework to explore trade-offs between production and nu-
trient losses.

© 2017 Rothamsted Research. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Increasingly, agricultural production is being compelled to look not
just at its externalities such as the environmental pollution or depletion
of natural resources but also at the provision of wider ecosystem ser-
vices such as biodiversity. Schemes to monitor or assess land for all of
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these factors are prohibitively expensive and yet there is a need to ana-
lysemodern agricultural systems for the purposes of policy, planning or
management. Not surprisingly therefore, computer simulation models
have a role to play in filling the large gaps between what we need to
know and what is available from measurements.

Simulation models of agricultural systems abound, some focussing
on specific aspects such as soil organic matter dynamics (Coleman
et al., 1997), crop growth (Semenov and Stratonovitch, 2015), water
movement (Addiscott and Whitmore, 1991), emissions (Rolston et al.,
1984), competing organisms (Andrew and Storkey, 2017), and some in-
tegrating to agricultural management systems (Brisson et al., 2003;
Keating et al., 2003). Others focus on the natural systems, tracing biodi-
versity often quite specifically (Andam et al., 2008; Koh et al., 2010).
Some models, particularly agricultural ones, focus on field (Bell et al.,
2012; Parton et al., 1994) or farm scales (Del Prado et al., 2011). Biodi-
versity models often focus on larger scales and water management
models are naturally focussed on river basins or catchments
(Whitehead et al., 2014).

Many models simulate fields or regions, some simulate particular
fluxes, say water from land to rivers. It is rarer to find models that try
to integrate several of the impacts of farming in the landscape, and
those that do adopt a relatively empirical, data-driven approach
(Jackson et al., 2013; Tilman et al., 2001) that makes it difficult to ex-
plore the interactions between components of that landscape that
might be better managed with a more holistic overview. It is rarer still
to findmodels that make explicit spatial and temporal linkage between
adjacent fields and integrate all aspects of the managed farm environ-
ment up to the catchment level. Such amodelwould be useful to under-
stand the spatial interactions and impact of the natural (weeds, pest and
diseases) aswell asmanagement (irrigation, fertilizer and application of
pesticides) events on an agricultural landscape. Our aim is to develop a
spatially explicit model that can simulate the essential processes of soil,
water, crop growth and biodiversity for agricultural landscapes in the
UK. This model can then be used to understand the trade-off between
farm management practices on farm economy and the environment.
The ability to quantify such trade-offs is critical to our management of
the landscape and underpinsmany sustainability frameworks including
the three pillars of sustainability (environmental, economic and social),
the UN Sustainable Development goals which includes several targets
that relate to agricultural landscapes (Gil et al., 2017), and water-
energy-food nexus approaches that aim to consider the use of all of
these resources. While tradeoff models exist (e.g. see Sharps et al.,
2017) they usually operate at large scales, not accounting for the field
or farm scale at which land management decisions are often made.
These models are often focussed on land-use options within GIS-based
systems, operate on annual time-scales and can be focussed on policy.
Our approach, and ultimate aim, is to simulate interactions between
the multiple processes that take place in agricultural fields and the
farmed landscapewith a view to uncovering strategies for development
and improvement of agri-environmental systems, beyond the current
envelope (Fig. 1). By working on a daily time-step we can simulate the
processes and inform the decisions that someone who manages land
will have to take.

Here we report the first version of ourmodel that integrates agricul-
tural production,watermovement and nutrientflow in a landscape. The
model combines aspects of several published models [RothC (Coleman
and Jenkinson, 2014), LINTUL (Wolf, 2012), SUCROS (van Laar et al.,
1997), and Century (Parton et al., 1994)], but also includes novel factors
that have been implemented to capture potential improvements in
yield that result from management actions. These include coupling the
RothC model to include the dynamics of N and P and responses to
changes in bulk-density that result from changes in soil organic matter.
We evaluate themodel against data on crop growth andnutrient uptake
for cereals and for grass, and the integration in space of water and nutri-
ents leaving agricultural fields.We then illustrate how ourmodel can be
used to explore trade-offs between production and environment with a

scenario based on a wheat crop grown in conditions typical of arable
England.

2. Methodology

Our intention was to build a model system capable of exploring the
multiple interactions between components of a simple landscape and to
take into account both within and between field movement of compo-
nents such as water and nitrate. Nonetheless, because we wished to
build a system that can be used on a reasonably large landscape com-
prising many fields and boundaries, we based our system on simple
but adequate descriptions of the processes involved. Here we report
on interactions and differences between single or adjacent but joined
fields and focus our discussion on productivity and loss of water and ni-
trogen towater courses and the atmosphere. To do sowe describe an in-
tegrated model of crop, water and soil processes that runs on a daily
time step. We validate this using data from the Broadbalk and Park
Grass long-term experiments at Rothamsted Research, in Harpenden,
SE England, and spatial interactions are tested on data from themore re-
cently established NorthWyke Farm Platform, at Rothamsted Research,
near Okehampton, SW England (Orr et al., 2016).

2.1. Spatial structure

We impose a grid on the landscape where, dependant on size, each
field is represented by one or more grid cells. Soil properties are set in
each cell and initial values are given for bulk density, pH and soil
water. Within each cell we model crop growth, the dynamics of soil
water, total soil organic carbon (TOC), changes in bulk density and nu-
trient flows on a daily time step. In cases where fields are made up of
several cells, water and nutrients can move laterally between cells, as
well as vertically though the soil profile. This model structure allows
us to explore both temporal and spatial interactions. Cell edges can be
designated as ditches (into which water and nutrients may flow),
hedgerows or field margins.

Fig 1. Representation of an environmental-economic production possibility frontier. The
blue diamonds are independent outcomes of management that optimises both yield and
environmental quality at the same time. A decision along this line is a matter for policy.
The orange squares within the envelope are inefficient in the sense that either
production or environmental quality could be improved without impacting the other.
This is the region for extension. Beyond the envelope is a zone where outcomes are
currently infeasible and this is the area which research addresses. An origin placed over
any point (for example the cross shown in the figure on the middle of the envelope),
facilitates the definition of the envelope algorithmically: if another point can be found in
the first quadrant (North East) then the first point in not on the envelope.
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