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Abstract
A description of crop arrangements is often required in spatio-temporal models of agricultural landscapes,
such as for crop coexistences and soil erosion modelling. However, empirical data on spatial and temporal
arrangements of crops are rarely readily available. Site-specific solutions, based on national statistics and
expert knowledge, can be developed, but such approaches do not permit reshaping of crop arrangements
practically to build landscape scenarios.
LandSFACTS is software to facilitate generating land-uses through time at the landscape scale for
research modelling purposes. It is specifically designed to (i) set up realistic scenarios of crop allocation
including enforcing minimum separation distances between crops, and, (ii) to fill out incomplete datasets,
(i.e. datasets missing field-specific data). LandSFACTS allocates crops to fields through time, while
respecting crop rotations and spatio-temporal conditions on crop arrangements. Crop rotations are
mathematically integrated within the model as transition matrices of crops, defining the probability of
crop to crop succession as a Markov process. Spatio-temporal conditions are divided into two types (i)
temporal and spatial restrictions on crop allocation. (e.g. return period of crops, or separation distances
between crops) and (ii) general crop patterns, measured by using specifically designed statistical tests.
LandSFACTS may be used for any agricultural landscape because no agronomic information is intrinsic
to the software. The limitations imposed by the model are its smallest spatial and temporal unit: only one
crop is allocated per field and per year.
The software is designed in a modular format, permitting the addition of extensions, such as social or
economic modules. The final version of LandSFACTS will be released as open source software under the
GNU Public Licence.
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1 Introduction
Models of agricultural landscape over space and time can be useful, for example, in determining risks
from soil erosion or from the co-existence of genetically-modified (GM) and non-GM crops. However,
the outputs of such models can depend on the arrangement of crops, or land uses. For example, risks of
GM contamination depend highly upon the respective location of the source (GM crops) and recipient
fields (related non-GM crops or wild populations) (Colbach et al., 2005). Unfortunately, detailed data of
spatial and temporal arrangements of crops on real landscapes are rarely available. Specific solutions,
using national statistics and expert knowledge (Klöcking et al., 2003; Mignolet et al., 2004), can be
developed within individual projects to expertly “guess” past crop allocations. However, such approaches
do not permit the reshaping of the crop arrangements for scenario testing, such as testing the effects of
separation distances between GM and related non-GM crops under various minimum separation distance

requirements. Some models simulate the decision making process undertaken at the farm level, e.g. the
Silsoe Whole Farm Model, called SFARMOD (Rounsevell, 1999), which optimise the interactions
between machinery, labour, soil, and crop yields on the basis of profit. Such models can improve
understanding of the interactions resulting in crop allocation, but the internal complexity and large data
requirements can make the models cumbersome for landscape-scale processes.
A model that allows the direct simulation and manipulation of spatial and temporal crop arrangements in
fields without the need for direct understanding of the original causes would be a useful tool. This is the
purpose of LandSFACTS (Landscape Scale Functional Allocation of Crops Temporally and Spatially)
model presented in this paper. The modelling approach taken for building up LandSFACTS is reported,
followed by the structure of the model and an examination of its uses.

2 Modelling approach on spatio-temporal arrangement of crops
Crop arrangements in agricultural landscapes are influenced by a combination of environmental and
agronomic constraints, farming activities and socio-economic considerations that have been integrated in
many models (Dogliotti et al., 2003; Rounsevell, 1999). The temporal arrangements of crops are
principally driven by agronomic constraints through crop rotation, and market prices. Spatial
arrangements can be constrained by the environment (e.g. soil characteristics or topology), or regulation
(e.g. separation distances to avoid undesired cross-pollination in the case of seed-crops or genetically
modified crops).
2.1 Integrating controls on crop arrangements
LandSFACTS seeks to simulate directly the crops in fields to obtain user-defined spatial and temporal
crop arrangements over the landscape; therefore the decision-making process leading to the crop
arrangement is not considered explicitly. This can only be done by combining an empirical approach
based on observations from real landscapes with a statistically quantifiable and reproducible method.
Despite the non-mechanistic approach of LandSFACTS model, the use of constraints provides the
framework on which the model can be developed. The following constraints are integrated into the
model: (i) geographical extent of the crops can be altered; (ii) crop rotations can be integrated as fixed or
flexible crop rotations; (iii) further constraints on crop succession can be added, and (iv) separation
distances between crops are available for any specified crops. Other constraints on the crop arrangements,
such as the influence of crop market prices or farm labour management, are not integrated individually
into the model, but statistical measures of spatial and temporal crop patterns are considered (Fig. 1).
Providing the ability to adjust spatial and temporal patterns and apply constraints separately should give
users a high degree of flexibility to obtain desired scenarios. Spatial and temporal patterns are quantified
and integrated into the model using statistical tests. This is described in the next section followed by the
mathematical integration of the crop models.
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Fig. 1: Examples of spatial and temporal patterns of crops (a single crop is illustrated in grey).

2.2 Statistical tests of spatio-temporal patterns
Datasets relating to spatial and temporal patterns of crops are qualitative data linked to discrete spatial
units: each crop is a discrete unit (e.g. wheat, fallow), and the crops are grown in fields represented as
vector-based polygons. No statistical tests correspond to these exact requirements in the literature, and
therefore, new statistical tests were designed (Castellazzi et al., 2006). Two of the six new tests were
particularly relevant for measuring and modelling crop patterns. In brief, the “E analysis” measures the
general trend of crop spatial patterns by considering the distances between the field centroids in
comparison to a randomisation curve. The “Randomisation test of percentage of coefficient of variation
of crops through time” measures the temporal variation of crop proportions overall. Castellazzi et al.
(2006) provides a full description of the statistical methods.
2.3 Mathematical integration of crop rotations
Crop rotation is a fundamental agronomic practice that is thought to have been critical to the industrial
revolution in Britain (Brunt, 1999). A rotation is “the sequence of crops grown in succession on a
particular field” (Wibberley, 1996). From the literature, it can be argued that there are four major types of
constraint or “rules” determining crop rotations: (i) the crop return period and the crop maximum period
of continuous cultivation; (ii) the benefits of succession that a crop would have though being grown
immediately after another crop (e.g. wheat after oilseed rape); (iii) constraints of field availability due to
within-year cycles and climate (e.g. the timing of sowing and harvest), and (iv) the overall proportions of
the crops, which might be optimised to facilitate labour and machinery management, to spread crop
failure or to respond to market price variability.
In order to mathematically integrate crop rotations into LandSFACTS model, crop rotations are
represented as a set of rules in which the allocation of a crop in the current year is determined solely by
the previous year’s crop. In this case, a crop rotation may be regarded as a Markov chain (Cox and Miller,
1965). It is, therefore, possible to represent the rotation as a square transition matrix (also called a
stochastic matrix), here denoted as T. The matrix T has as many rows and columns as there are distinct
crops, say c. When the same crop is present more than once in a rotation, each occurrence must be
represented as a distinct crop with its own row and column. The element in row i and column j, tij,
represents the probability under the rotation that, given that crop i was grown in the previous year, there
will be a transition to crop j in the current year. Note that the sum of each row of T must be unity, so
Σj tij = 1, j = 1, …, c.
The representation of rotations by transition matrices allows a wide range of landscapes to be modelled,
from rotations fixed in advance to market-dependent rotations. An example of a transition matrix
resulting from a specific rotation is presented in Fig. 2. The use of transition matrices also permits the
calculation of the long-term proportions of crops from each crop rotation (by multiplying the matrix by
itself many times, a steady state is reached and the crop proportions may be estimated from the average of
their respective columns). By varying the crop proportions of each rotation within LandSFACTS model,
their proportions over the whole landscape can also be modelled.
The main elements to incorporate within the model have been presented within this chapter: subdivision
of crop arrangements into constraints (fixed rules) and patterns (statistical measurements of general
trend), and transition matrices are available to represent crop rotations.
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Fig. 2: Rotation from diagram to transition matrix

3 LandSFACTS model
LandSFACTS is designed as a scientific research tool, which allocates crops to fields, to meet userspecified scenarios of crop spatio-temporal arrangements. The model is aimed at researchers with expert
agronomic knowledge for any landscape being studied. An overall description of the model follows.
3.1 Model characteristics
The following three elements characterise the model:
•
The model’s crop allocation to fields aims at reaching a user-specified spatio-temporal arrangement
of crops, using empirical and statistical means. The causes of the arrangement and their interactions
are not taken into account. The model is not mechanistic.
•
The model does not hold any agronomic information intrinsically. Only the framework to input site
specific agronomic rules is provided.
•
The model allocates a crop to every field for every year of simulation. Thus the spatial and temporal
unit of the model is the field and a year respectively. The fields are represented as polygons with
boundaries unchangeable through time; field-merging or subdivision is not considered.
3.2 Overview of model structure
The LandSFACTS model is divided into two parts: (i) initialisation phase - the preparation of the input
data; (ii) simulation phase – crops are allocated to fields over a number of years, while respecting the
user-defined spatial and temporal arrangement of the crops such as crop constraints and iteration
parameters. The first phase comprises two sub-programs to complement missing data on rotation
allocation to fields (RotationFields) and on the initial crops in each field (InitialCrops). The simulation
phase is handled solely by the main program called “Simulation program” (Fig. 3). Both phases and their
programs are detailed below.
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Fig. 3: LandSFACTS model structure (optional inputs have a grey background)

3.3 Initialisation phase: setting up inputs for the simulation phase
The compulsory inputs for the simulation are (i) the number of years of simulation; (ii) the fields,
represented as polygons; (iii) all the crops available in the landscape; (iv) possible crops in each field,
(e.g. spatial limitations on crop cultivations); (v) the crop rotations as transition matrices, which
influences crop temporal arrangement; (vi) the allocation of a rotation to each field, which influences crop
spatial arrangement; and (vii) the initial crops for each field from their respective rotations – influencing
crops temporal arrangement by coordinating the rotations. The last two inputs may be directly known by
the user. However, if not, two sub-programs are available within LandSFACTS to facilitate their setting
them up or to influence the spatial and temporal crop patterns. The “RotationFields” sub-program
allocates a rotation to each field, which complies with user-defined targets on long-term crop proportions
and rotations spatial patterns. The spatial patterns are controlled using the “E analysis” reported in section
2.2. The “InitialCrops” sub-program chooses the initial crop for each field, so that it complies with the
user’s definition of the crops’ temporal patterns. The temporal patterns are measured using the
“Randomisation test of percentage of coefficient of variation of crops through time” also reported in 2.2.
The user can then set up optional inputs, such as the crops’ spatial constraints (e.g. separation distances
between crops and the crops’ temporal constraints) comprising: forbidden crop successions, return period
of crops and maximum successive repetition of a single crop. The temporal constraints are used to
complement the crop rotations. If constraints are used for the simulation, iteration parameters should be
set up; these are further explained in the next section.
3.4 Simulation phase
At the beginning of the simulation, the crop rotations and the spatio-temporal patterns – as defined by the
rotations to fields and initial crops – are fixed. The simulation starts by checking the spatial constraints on
the proposed initial crops in each field. If the crop allocation satisfies the constraints, it is accepted. Then
the crops for the next year are allocated to each field using the crop rotation transition matrices. The new
allocation is then only accepted if it respects the spatial and temporal constraints. The model then loops
until each year specified by the user has an accepted crop allocation.
When a crop allocation results in an invalid condition, the model tries to find an acceptable allocation by
altering the crops in the problematic fields. The alteration is performed through an iteration process.
Three iteration processes are available to the user: (i) to return to the last random choice made by the
program (i.e. back to the last random choice from the applicable transition matrix); (ii) to allocate a crop
from the same crop group (interchangeable crops with a similar function in the crop rotation, e.g. winter
wheat and winter barley), or (iii) to allocate a 'universal crop' (a crop free of restrictions, usually fallow).
If all three possibilities are permitted, they will be carried out in the order listed with for each, a
maximum permitted number of iterations specified by the user. The last two iteration processes are also
linked to a 'penalty' (a weighting specified by the user) to apply to fields. Thus, the simulation keeps a
track of whether, and how often, the crops in each fields are changed to reach “acceptable” crop patterns.
An analysis of the penalties in each field allows comparison between simulations, such as, if the
mandatory separation distance between genetically modified oilseed rape and conventional varieties is
increased, an evaluation of the difficulty in obtaining an “acceptable” crop allocation can be determined.
Furthermore, the model records the number of times each field has an “unacceptable” crop allocation, and
which constraint it failed on. The most problematic fields and constraints may therefore be isolated,
providing a tool to alter the scenarios, either to facilitate easier allocation or to constrain it further.

4 LandSFACTS software
The LandSFACTS model is available as three independent C++ programs, written using Bloodshed DevC++, version 4.9.9.1. To facilitate the use of LandSFACTS model, the C++ programs are embedded
within the LandSFACTS software written in Python version 2.4.3. The software provides a graphical
interface (Qt version 4.1.2) to guide the user inputs and provides an integrated data management facility
via a database (SQLite version 3.3.6). Moreover, the software is designed in a modular format permitting
the addition of extensions such as social or economic modules. The final version of LandSFACTS will be
released as open source software under the GNU Public Licence.

5 Discussions
The LandSFACTS model allocates crops to fields to meet user-defined crop spatio-temporal
arrangements. The model can be used for any landscape where one crop is allocated per field per year.
LandSFACTS provides a useful tool for any study requiring agricultural scenarios based on crop
arrangements. For example, the model’s outputs could be used to study soil erosion, organic farming,
plant disease transmission or animal-plant models to determine in such models the effects of spatial and
temporal crop arrangements within an agricultural landscape. In such a context, the low number of inputs
parameters required by LandSFACTS could offer important practical benefits. The application has been
debugged, and is currently undergoing a sensitivity analysis.
The utility of the model could be expanded further in two main ways: (i) by improving processes or
features within the model, e.g. linking the yearly crop proportions to a variable such as temperature in
climate change scenario or to trends in market prices; or (ii) by adding extensions or modules to the
model, e.g. economic modules could be useful to help to cost coexistence measures in the case of
genetically modified crops. Both improvements are supported by the current framework.
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