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Preface

One objective of the CAMASE project (CAMASE: a Concerted Action for the development and
testing of quantitative Methods for research on Agricultural Systems and the Environment) is
to stimulate the development of models for cropping systems: crop rotations, crop sequences
(including crop-grassland rotations), relay and intercropping.

The C.T. De Wit Graduate Schoal for Production Ecology (PE) aims at productive, sustainable
and safe agricultural production systems.

CAMASE and PE organized together the workshop “Rotation models for ecological farming”
from 15-20 April, 1996, in Wageningen, The Netherlands.
Acknowledgements
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Summary

CAMASE (a Concerted Action for the development and testing of quantitative Methods for
research on Agricultural Systems and the Environment) and PE {C.T. De Wit Graduate School
for Production Ecology) organised together the workshop “Rotation models for ecological
farming”.

During this workshop, ecologists and modellers met 1o seek mutually acceptable starting
points for the use of dynamic simulation models in crop rotations. On one hand, ecologists
pointed out specific questions in their discipline, related to crop rotations. Modellers presented
the current status of their models in the field of ecological farming systems, especially crop
rotations. Strong issues and strong processes in models were stressed, while other demanding
issues were placed on a priority list for further research and attention. Issues from this list may
be assigned to model developing groups for further investigation. Ecologists reviewed the
possibilities for the use of dynamic simulation models in monitoring their field experiments.

This document describes the models, their evaluation and applications.



1 Introduction

In ecological farming systems, crop rotations are vital to make efficient use of natural re-
sources. The right choice in successive crops and cropping measures, use of optimal rotation
frequencies may lead to more sustainable land use, minimal pollution, while pests and diseases
are kept at a tolerable level. in crop rotations, crop growth takes place in a situation set by
former crops. This will consequently influence the environment for following crops and their
tillage systems. Especially biologicai, physical and chemical soil properties are influenced. How-
ever, the growth of one crop has different implications than the growth of another crop.

Several dynamic models simulate processes in each of the fields described above. The level at
which and the way how these processes are simulated differ for almost each model. Some
models extensively account for the decomposition of crop residues, while others thoroughly
explore the soil water balance or crop growth. Not all sub-processes are equalily important for
solving all questions in crop rotations, although some might be crucial for the optimisation of
specific crop rotations.

During the CAMASE (a Concerted Action for the development and testing of quantitative
Methods for research on Agricultural Systems and the Environment) / PE (C.T. De Wit Graduate
School for Production Ecology) workshop, ecologists and modellers met to seek mutually ac-
ceptable starting points for the use of dynamic simulation models in crop rotations. On one
hand, ecologists pointed out specific questions in their discipline, related to crop rotations.
Modellers presented the current status of their models in the field of ecological farming sys-
tems, especially crop rotations. Strong issues and strong processes in models were stressed,
while other demanding issues were placed on a priority list for further research and attention.
Issues from this list may be assigned to mode! developing groups for further investigation.
Ecologists reviewed the possibilities for the use of dynamic simulation models in monitoring
their field experiments. Ecologists as well as modellers were invited to make available and
bring with them full datasets to run and evaluate their modeis.



Themes for the workshop



2 Designing a multifunctional crop rota-
tion and laying it out in an agro-
ecologically appropriate way

P.H. Vereijken
Research institute for Agrobiology and Soil Fertility (AB-DLO), The Netherlands

2.1 Introduction

A EU-wide network of research teams has been set up (AIR-concerted action) to develop and
standardise the methodology of prototyping integrated and Ecological Arable Farming Sys-
tems (/EAFS).

Building on initial experience with an experimental farm at Nagele (Vereijken, 1992) and the
input of the research leaders from the network, prototyping of IVEAFS has been elaborated in
a methodical way of 5 formal steps (Vereijken, 1994, 1995) (Qutline 1). The outcome of these 5
steps is expressed in parts of an identity card for the prototype to facilitate the co-operation
within the team and the exchange with the other teams in the network.

Outline 1 Methodical way of designing, testing, improving and disseminating prototypes of integrated
and Ecological (Arable) Farming Systems (/EAFS})

1. Hierarchy of objectives:
making a hierarchy in 6 general objectives, subdivided into 20 specific objectives as a base for a
prototype in which the strategic shortcomings of current farming systems are replenished (Part
1 of the identity card of a prototype).

2. Parameters and methods:
transforming the major (10) specific objectives into multi-objective parameters to quantify
them, establishing the multi-objective methods needed to achieve the quantified ohjectives
{Part 2 of the identity card).

3 Design of theoretical prototype and methods:
designing a theoretical prototype by linking parameters to methods (Part 3 of the identity
card), designing methods in this context until they are ready for initial testing (Multifunctional
Crop Rotation as major method and Part 4 of the identity card).

4, Layout of prototype to test and improve:
laying the prototype out on an experimental farm or on pilot farms in an agro-ecologically ap-
propriate way (Part 5 of the identity card), testing and improving the prototype in general and
the method in particular until (after repeated laying out) the objectives, as quantified in the set
of parameters, have been achieved (Part 6 of the identity card).

5. Dissemination:
disseminating the prototype by pilot groups {< 15 farmers), regional networks (15-50 farmers)
and eventually by national networks (regional networks interlinked) with gradual shift in su-
pervision from researchers to extensionists.




In all theoretical prototypes of the YEAFS-Network, the Multifunctional Crop Rotation (MCR)
plays a central role as a major method to achieve desired results in the multi-objective parame-
ters of soil fertility and environment, as well as in the Quality Production Indices (QPIs
product'!) and the major parameters of economic and energy efficiency. Consequently, MCR
should be designed primarily to provide for a well-balanced ‘team’ of crops requiring a mini-
mum of inputs that are polluting and/or based on fossi! energy (nutrients, pesticides, machin-
ery, fuel) to maintain soil fertility and crop vitality as a basis for quality production.

Besides, MCR should be laid out in an agro-ecologically appropriate way to ensure its efficacy
and to compensate for its insufficient controi of semi-soilborne and airborne harmful species.

In this paper, design and agro-ecological layout of MCR will be highlighted, each with 3
examples of EAFS prototypes from the EU-network.

2.2 Designing a Multifunctional Crop Rotation (MCR)

The basic task of VEAFS designers, to replace physico-chemical methods by biological methods
and techniques, requires an appropriate concept:

IIEAFS is an agro-ecological whole consisting of a 'team’ of steadily interacting and rotating
crops, plus their accompanying (beneficial or harmful) flora and fauna.

The designer’s task can thus be specified as to design a rotation with a maximum of positive
interactions and a minimum of negative interactions between the crops. These interactions
strongly influence physical, chemical and biological fertility of the soil and consequently vital-
ity and quality production of the crops.

This leads to the following brief definition:

MCR is a basic and comprehensive farming method to preserve soil fertility in biological, physi-
cal and chemical terms and to sustain quality production with a minimum of inputs (pesticides,
machine and hand labour, fertilisers and support energy).

This definition could even be simplified to:

MCR is a farming method with such alternation of crops (in time and space) that their vitality
and quality production can be ensured with a minimum of remaining measures or inputs.

The research teams of the VEAFS network have adopted a standard procedure to design MCRs
{outline 2).

The result of this designing procedure of 2 steps should be that short-term interests of market-
ing and profit are optimally blended with long-term interests of preserving soil fertility with

minimum need for external inputs.

The designing procedure is illustrated by 3 examples of MCRs for EAFS (Tables 1.1-1.3).



Outline 2 Procedure of designing a Multifunctional Crop Rotation (MCR) for VEAFS

1. Identifying and characterising potential crops for your region or farm (format A):

» making a list of crops (set-aside included) in diminishing order of marketability and profit-
abitity (= 6 crops for 1AFS and = 8 crops for EAFS);

« characterising the crops in their potential role in the MCR in biological, physical and chemical
terms, as listed in format 1 or adapted to your region.

2. Drawing up an MCR based on (1) and simuftaneously fulfilling a muiti-functional set of de-

mands (format B):

« filling the first rotation block with crop no. 1;

« filling subsequent blocks while preserving biological soil fertility by limiting the share per
crop species to £ 0.25 in IAFS and £ 0.167 in EAF5 and the share per crop group to < 0.50 in
IAFS and < 0.33 in EAFS;

» filling subsequent blocks, while preserving physical soil fertility by consistently scheduling a
crop with a high rating of soil cover (erosion-susceptible soils) or effect on soil structure
{compaction susceptible soils) after a crop with a low rating, overall the MCR resulting in a
soil cover = -1 in IAFS and = 0 in EAFS and a soil structure = -1 in IAFS and = 0 in EAFS;

+ filling subsequent blocks while conserving chemical soil fertility by consistently scheduling a
crop with a high rating of N transfer before a crop with a high rating of N need and a crop
with a low N transfer before a crop with a low N need, overall the MCR resuiting in an N
need £ 2 in IAFS and < 1 in EAFS;

« filling single blocks by 2 or 3 crops with corresponding characteristics, if needed for reasons
of limited labour capacity or market demand;

» ensuring crop successions are feasible in terms of harvest time, crop residues and volunteers
from preceding crops.

2.2.1 Mid-Belgium prototype (Table 1.1)

This MCR has been designed for a hilly area with clay soils, dominated by cereals and grass for
dairy cows or beef cows. Grass can be permanent or rotational. The shares of single and re-
lated crops species can meet the demands (< 0.167 and < 0.33). The demand of soil cover (= 0)
is not met, contrary to the demands to soil structure (= 0) and N need {< 1).

2.2.2 Southeast and Midwest Ireland prototype (Table 1.2)

This MCR has been designed for wet areas with peaty sand, dominated by cereals and grass for
beef cows and sheep. Grass can be permanent or rotational. The shares of single and related
crops species cannot meet the demands (< 0.167 and < 0.33), so the MCR has insufficient pre-
vention of pests and diseases. Notwithstanding a high share of perennial crops, soil cover can-
not meet the demand (= 0). The demands to soil structure (= 0) and N need are met.

2.2.3 Flevoland prototype (Table 1.3)

This MCR has been designed for a sandy clay area dominated by lifted crops. The shares of
single crop species and related crop species are within the demand (s 0.167 and < 0.33). How
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ever, demands to soil cover (= 0} and soil structure (= 0) are not met. On the other hand, N
need fuifils the demand (= 1).

2.3 Agro-ecological layout of MCR

MCR can only come to an optimal functioning if it is laid out in an agro-ecologically appropri-
ate way. The research teams of the IV/EAFS network have adopted a set of criteria for an
agro-ecologicai layout (outiine 3).

Outline 3 Criteria for an agro-ecological layout of (/EAFS,

1. Field adjacency =1
All fields of a farming system should be adjacent to each other, to obtain an agro-ecological
whole as a prerequisite for an agro-ecological identity.

2. Fieldsize z 1 ha
To obtain a prototype farming system with sufficient agro-ecological identity, the fields as
sub-units have to be of a minimum size,

3. Field length/width < 4
Round or square fields contribute optimally to the agro-ecological identity of a farming system.
Therefore, a maximum is to be set to the length/width ratio of fields, to limit the loss in iden-
tity.

4. Crop rotation blocks = 4 {JAFS) or = 6 (EAFS)
The shorter the crop rotation, the greater the hiotic stress on the crops and the need for exter-
nal inputs to control that stress. Therefore, crop rotation is required based on 4 (IAFS) or 6
{EAFS) rotation blocks, at least (temporal dimension of crop rotation).

5. Adjacency of subsequent blocks =0
Harmful semi-soilborne species are to be prevented from following their host crop by a crop
rotation without any adjacency of subsequent blocks to ensure crops are not just moved to an
adjacent field from year to year.

6. Share of cereals <0.5 (IAFS) or £0.3 (EAFS)
The larger the share of cereals in rotation, the greater the biotic stress and the need for ex-
ternal inputs for this, crop group the largest in European arable farming. Therefore, the crop
rotation should have a maximum of 0.5 (JAFS) or 0.3 (EAFS} of cereals.

7. Ecological Infrastructure 25 % of l/EAFS area
To bridge the gap between 2 growing seasons, airborne and semi-soilborne beneficials need an
appropriate ecological infrastructure of at least 5 % of the farm area.

The agro-ecological layout according to these criteria is illustrated by 3 examples of the same
EAFS illustrating MCR (Figs. 1.1-1.3).



Table 1.1 Multifunctional Crop Rotation of EAFS prototype in mid-Belgium (B 1)

A. Selection of crops by pilot farm 1 {crops in order of profitability)

crop biological physical (ratings) chemical (N ratings)
no. species group‘ caover? rooting3 compaction® structure3*| offtakeS  transfer®
1 grassclover grassleg. 0 3 -2 1 2 2
2 potato solan. -4 1 -2 -1 3 2
3 maize maize -4 2 -2 o 3 2
4 winter wheat cer. -2 3 -1 2 3 1
5 triticale cer. -2 3 -1 2 3 1
6 oats oats -2 3 -1 2 2 1
7 rye cer. -2 3 -1 2 2 1
8 spelt cer. -2 3 -1 2 2 1
9
10
mean of crop selection -2.3 2.6 -1.4 1.3 2.4 1.5

B. Multifunctional Crop Rotation of pilot farm 1

block| crop biological physical (ratings) chemical (N ratings)
no. | no. species group! cover? structure’+] offtake® transferf need’
I 1 grassclover grass/leg. 0 1 2 2 0
I 1 grassclover grassileg. 0 1 1 2 -1
m 1 grassclover grass/leg. 1] 1 i 2 -1
v 2 potato solan, -4 -1 3 2 1
V' 4 winter wheat cer. -2 2 2 1 0
Vi 3 maize maize -4 0 3 2 2
Vil 5/6 triticale/oats cer.joats -2 2 2 1 0
VIl 5/6  triticale/oats cer.foats -2 2 2 1 1
mean of crop share species™! share group™*
rotation £0.167 <0.25 -1.8 1.0 2.0 1.6 0.3
1. Genetically and phytopathologically related groups, such as cereals, legumes, crucifers and chenopo-

des, composites, umbellifers, liliaceae. All subsequent blocks of perennial crops are counted as 1
block.

No cover in autumn and winter = -4, no cover in autumn gr winter = -2, all others = 0 {green manure
crops included).

Cereals, grasses and lucerne = 3, root, bulb and tuber crops = 1, all others = 2 (green manure crops
included).

Compaction by mowing in summer = -1 and autumn = -2, lifting in summer = -2 and in autumn = -4,
N offtake by harvested crop product from soil reserves: legumes = 0. All other crops:

25-50 kg ha™1 = 1, 50-100 kg ha™! = 2, 100-150 kg ha™1 = 3, 150-200 kg ha™! = 4, etc..

N transfer is the expected net contribution of N to subsequent crop, based on N residues in the soil
after harvest, N mineralisation from crop residues and N losses by leaching and denitrification. In this
rating, the effect of green manure crops should be included. N transfer < 50 kg ha™1 =1,

50-100 kg ha™1 = 2, 100-150 kg ha"T = 3.

N need (block x) = N offtake (black ) minus N transfer (block x-1). N need is net N input to be pro-
vided by manure or N fertiliser.
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Table 1.2 Multifunctional Crop Rotation of EAFS prototype in Southeast and Midwest Ireland (IRL 1)

A, Selection of crops by pilot farm 8 {crops in order of profitability)

crop biclogical physical {ratings) chemical (N ratings}
ne, species group’ cover’  rooting® compaction® structure®?| offtake® transfer®
1 wheat cer. -2 3 -1 2 3 1
2 hean leg. -2 2 -1 1 0 2
3 grassclover  grass/leg. 0 3 -1 2 2 2
4
5
6
7
8
9
10
mean of crop selection -1.3 2.7 -1 1.7 1.7 1.7

B. Multifunctional Crop Retation of pilot farm 8

block | crop biclogical physical (ratings) chemical (N ratings)
no. | no, species group’ cover? structure3*] offtake® transfer®* need’
1 1 wheat cer. -2 2 3 1 1
] 2 bean leg. -2 1 0 2 -1
n 3 grassclover grass/leg. 0 2 2 2 0
v 3 grassclover grass/leg. 0 2 2 2 0
Y 1 wheat cer. -2 2 3 1 1
Vi 3 grassclover grassfleg. ¢ 2 2 2 1
Vil 3 grassclover grassfleg. 0 2 2 2 0
Vil 3 grassclover grass/leg. 0 2 2 2 0

mean of crop  share species®  share group™!

rotation <0.40 <0.52 -0.8 1.9 2.4 2.8 0.3

1. Genetically and phytopathologically related groups, such as cereals, legumes, crucifers and chenopo-
des, composites, umbellifers, liliaceae. All subsequent blocks of perennial crops are counted as 1
block.

2. No cover in autumn ang winter = -4, no cover in autumn or winter = -2, all others = 0 (green manure
crops included).

3. Cereals, grasses and lucerne = 3, root, bulb and tuber crops = 1, all others = 2 (green manure crops
included).

4. Compaction by mowing in summer = -1 and autumn = -2, lifting in summer = -2 and in autumn = -4.

5. N offtake by harvested crop product from soil reserves: legumes = 0. All other crops:

25-50 kg ha™1 = 1, 50-100 kg ha™1 = 2, 100-150 kg ha™1 = 3, 150-200 kg ha™! = 4, etc..

6. N transfer is the expected net contribution of N to subsequent crop, based on N residues in the soil
after harvest, N mineralisation from crop residues and N losses by leaching and denitrification. In this
rating, the effect of green manure crops should be included. N transfer < 50 kg ha'l=1,

50-100 kg ha! = 2, 100-150 kg ha™1 = 3.

7. N need (block x} = N offtake (block x) minus N transfer (block x-1), N need is net N input to be pro-

vided by manure or N fertiliser.
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Table 1.3 Multifunctional Crop Rotation of EAFS prototype of Flevoland (NL 2}

A, Selection of crops by pilot farm 6 {crops in order of profitability)

crop biological physical (ratings) ¢hemical (N ratings)
no. species gﬂjp‘ cover? rooting® compaction® structure3*| offtake® transfer®
1 carrot umbei. -2 1 -4 -3 3 1
2 potato solan. -2 1 -2 -1 3 2
3 onion lil. 4 1 -2 -1 2 1
4 celeriac umbel. -2 1 -4 -3 2 1
5  sugar beet chen, -2 1 4 -3 2 1
6 pea, bean leg. -2 2 -1 1 0 2
7 wheat cer. -2 3 -1 2 3 1
8 oats oats -2 3 -1 2 2 1
9 barley cer. -2 3 -1 2 2 2
10  grassclover leg. 0 3 -1 2 2 2
mean of crop selection -2.0 1.9 -2.1 -0.2 2.1 1.4
8. Muitifunctional Crop Rotation of pilot farm 6
block | crop biological physical {ratings) chemical (N ratings)
no. | no. species group! cover? structure3*y offtake® transfer® need?
[ 1/5 carrot/sugar beet umbel./chen. =212 -3/-3 313 " 2
n 6 pea, bean leg. -2 1 0 2 -1
][] 2 potato solan. -2 -1 3 2 1
v 10 grassclover grassfleg. 0 2 2 2 0
v 34 onion/celeriac lil./;umbel. -4/-2 153 2/2 171 0
Vi 7 wheat cer. -2 2 3 1 2
vii
Vil
mean of crop  share species”  share group™!
rotation <£0.167 <0.25 -1.8 -0.2 2.2 1.5 0.7

1.

Genetically and phytopathologically related groups, such as cereals, legumes, crucifers and chenopo-
des, composites, umbeltifers, liliaceae. All subsequent blocks of perennial crops are counted as 1
biock.

No cover in autumn and winter = -4, no cover in autumn gr winter = -2, all others = 0 {green manure
crops included).

. Cereals, grasses and lucerne = 3, root, bulb and tuber crops = 1, all others = 2 (green manure crops

included).

Compaction by mowing in summer = -1 and autumn = -2, lifting in summer = -2 and in autumn = -4,
N offtake by harvested crop product from soil reserves: legumes = 0. All other crops:

25-50 kg ha™1 = 1, 50-100 kg ha™1 = 2, 100-150 kg ha™1 = 3, 150-200 kg ha! = 4, etc..

N transfer is the expected net contribution of N to subsequent crop, based on N residues in the soil
after harvest, N mineralisation from crop residues and N losses by leaching and denitrification. In this
rating, the effect of green manure crops should be included. N transfer < 50 kg ha-l=1,

50-100 kg ha~1 = 2, 100-150 kg ha™1 =3,

N need (block x} = N offtake (block x} minus N transfer {(block x-1). N need is net N input to be pro-
vided by manure or N fertiliser.
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2.3.1 Mid-Belgium prototype (Fig. 1.1)

This layout holds major risks for semi-scilborne pests and diseases for two reasons. First of all
mean field length/width is far beyond the criterion {< 4), so fields have a marginal character
and crops move across too short distances. Secondly, 4 out of 8 subsequent blocks are adjacent.
For example, this layout may imply that in 1994 clover in block | hardiy survived the seedling
stage because of heavy infestation by Sitona beetles from the adjacent blocks Il and lll. The
criterion for share of cereals (< 0.3) cannot be met by most of the group of 8 pilot farms. Be-
sides, none of the pilot farms has a sufficient share of ecological infrastructure (= 0.05).

2.3.2 Southeast and Midwest Ireland prototype (Fig. 1.2)

This layout has not all rotational fields adjacent, though is considered as an agro-ecological
whole because fields with permanent grass are in between. However, 3 out of 8 subsequent
blocks are adjacent. Over the group, some farms cannot meet the criterion for ecological infra-
structure.

2.3.3 Flevoland prototype (Fig. 1.3)

This layout can meet all agro-ecological criteria. However, over the group some pilot farms
cannot meet the criterion for subsequent blocks adjacency and ecological infrastructure.

Considering the examples of VEAFS layouts, the main cbstacle to achieve an agro-ecologically
valid layout is insufficient field adjacency. As a result, the prototypes cannot be laid cut as an
agro-ecological whole, which is a prerequisite for an agro-ecological identity.

There are various options for revising the layout of your prototype variants, depending on
what value you attach to the criterion of field adjacency. The most consistent is to select only
those piiot farms in which all fields are adjacent (permanent grassland included). Another
consistent solution is to lay out the prototype only on the part of the farm with adjacent
fields, so as to exclude non-adjacent fieids. A compromise would be to include 1 or 2
non-adjacent fields if they can be connected to the other fields by the ecological infrastruc-
ture. In any case, teams with ongoing projects or projects in preparation are strongly recom-
mended to lay out their prototypes as an agro-ecological whole, for several reasons.

Only if the farming system is an agro-ecological whole:

« can the prototype achieve sufficient agro-ecological identity in the midst of a turbulent
and distorting environment, dominated by monocultures and short rotations with a
chronic imbalance between beneficiai and harmful flora and fauna and chronic use of
pesticides to compensate for this imbalance;

« can the prototype achieve desired results in multi-objective parameters, which directly
depend on an agro-ecological identity, such as Ecological Infrastructure requiring suffi-
cient spatial continuity (for flora, fauna and recreation), and Exposure of Environment to
Pesticides and Quality Production, both requiring sufficient support from beneficial flora
and fauna;
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« can the prototype achieve desired results in multi-objective parameters, which indirectly
depend on an agro-ecological whole, insofar as that whole supports a management which
is effective and efficient in timing and input of labour and energy. In principle, all pa-
rameters are involved, including Net Surplus and Energy Efficiency.

2.4 Discussion

Prototyping I/EAFS including designing and laying out MCRs is still in its infancy. As a result,
the methodology needs to be strongly improved before it can be called reliable and appropri-
ate for general use. To improve the methodology, crop rotations and layouts should be evalu-
ated in their regional context, considering their major functions, notably quality production
and maintenance of soil fertility with minimum inputs. The great constraints to do this
on-farm are the huge costs and the many years it takes. Could simulation models provide for a
solution, for example by replacing empirical research on specific parameters, or the entire
on-farm research in specific regions?

2.5 References

Vereijken, P., 1994. Designing prototypes. Progress report 1 of the research network on Inte-
grated and Ecological Arable Farming Systems for EU and associated countries. AB-DLO,
Wageningen, The Netherlands, 90 pp.

Vereijken, P., 1995. Designing and testing prototypes. Progress report 2 of the research net-
work on Integrated and Ecological Arable Farming Systems for EU and associated coun-
tries. AB-DLO, Wageningen, The Netherlands, 90 pp.
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3 The modeller’s perspective

F.W.T. Penning de Vries
Research Institute for Agrobiology and Soil Fertility (AB-DLQ), The Netheriands

3.1 Introduction

Building models is a way to integrate knowledge and to make it accessible for various pur-
poses. Both process and product are important (Penning de Vries & Rabbinge, 1995) because
they:

« help to define and categorise the state of knowledge of the subject;

» help to set priorities for research, by helping to locate gaps in knowledge and to link
scientists across disciplines, levels of aggregation and from fundamental and applied
sciences;

+ provide a means for disseminating knowledge;

« provide a tool to make integrated knowledge operational for policy making and for re-
source management.

Modelling in crop science has long been concentrated on crop phenology and growth, soil wa-
ter and soil nutrient dynamics, and their relations to weather. Models are used extensively for
all four purposes mentioned, including understanding the behaviour of the crops in specific
environments, and optimisation of planting dates, fertiliser application and crop choice. More
than one hundred of such models are characterised in the CAMASE-Register (Plentinger &
Penning de Vries, eds., 1996). Some modelling studies also considered expficitly the cropping
systems context (e.g. Aggarwal, 1993; Timsina et al., 1993 a, b). Demand is now increasing to
use models for studies at even broader scales in time and space, and for more complex issues
(Dent, 1993; Stroosnijder & Van Rheenen, 1993).

One such a demand is to involve models in the research of cropping systems: to quantify nutri-
ent carry over between crops and losses to the environment, to optimise crop choice, to estab-
lish the impact of weed population dynamics, etc. Even more than in crop science, cropping
and farming systems research needs models because experimentation has important though
limited opportunities: it takes several years, few if any repetitions are possible and cost soon
become prohibitive. Descriptive models, quantifying observed growth and nutrients fluxes in
equations, do a good job in reproducing the original data, but have little power of extrapola-
tion to years with different weather pattern, other soil types. Dynamic and explanatory simu-
lation models, with much stronger capacities to generalise, could not really be used in this
field until recently, because there was too little knowledge of the key soil and crop processes,
computers may have been too slow to handle the complex models, and too few cbservations
were available to get any feeling for the (in)accuracy of the model. In recent years several at-
tempts were made by different simulation groups in the world to involve mechanistic models
in understanding the behaviour of crop sequences and crop rotations. This CAMASE/PE meet-
ing was called to bring together many of the modeilers involved and the models to simulate
crop rotations.
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At the same time, we want to be careful not to develop rotation models as a goal in itself, but
to listen carefuily to scientists who actively investigate cropping systems and who design im-
proved systems and improved system management. We aimed the meeting at actual and po-
tential contributions of crop rotation modelling to research on ecological crop rotations, since
much attention is given nowadays in the Netherlands to research on ecological farming (i.e.
farming with use of little or no artificial fertiliser and a minimum of chemical inputs for crop
protection; note that ecological farming thus defined is new in The Netherlands, but common
practice in Australial}. While there are clearly questions that cannot not yet be answered with
dynamic models {e.g. on crop quality, comparison of mechanistic and chemical removal of
weeds, development soil structure, accounting for soit heterogeneity), models may provide
answers to questions the ecologists had not thought of (adjusting results of a year with ex-
treme weather, judging the effects of slow developments in soil organic matter, quantifying
short-term effects of high rainfall on NO,-leaching; pre-testing designs and experiments).

With crop rotation models, we may be roughly in a stage between ‘preliminary’ and
‘comprehensive’ modelling (Penning de Vries & Rabbinge, 1995). Main benefits of such models
are in research, and moderately in prediction. With a concerted effort, we can reach in the
next 5-10 years dynamic, deterministic summary models, whose value is in application in par-
ticular. With compliex models as some of those on crop rotations, however, the distinction in
three development stages for the entire model may not be fully adequate, but applicable to
each of its submodels instead. Some of the models presented at this meeting clearly had parts
that were well developed, tested and simplified {'summary models’), while other components
are still in an early stage. Overviews are presented in the last chapters.

3.2 References

Aggarwal, P.K., 1993. Agro-ecclogical zoning using crop growth models: characterization of
wheat environments in India. In: Penning de Vries, FW.T,, P.S. Teng & K. Metselaar (eds.),
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4 APSIM, and its use in cropping systems
analysis

H. Meinke, P.S. Carberry, B.A. Keating, D.M. Freebairn, ). Turpin & J. Dimes
DPI{CSIRO, Agricultural Production Systems Research Unit, Australia

4.1 Abstract

This paper gives an outline of the current systems simulation capabilities within the Agricul-
tural Production Systems Research Unit (APSRU). Against a background of high rainfall variabil-
ity, high potential for soil erosion, increasing salinity, increasing awareness regarding off-farm
effects of agriculture and considerable fertility decline in some regions, the development,
functionality and use of the Agricultural Production Systems Simulator (APSIM) are described.
Emphasis is on the presentation of past and current uses of this systems modelling capability.

4.2 Introduction

Cropping in Australia poses many challenges. With European settlement of Australia about
200 years ago, farmers of the "new" continent were exposed to an environment that differed
fundamentally from their experience. They had no means of assessing the land's suitability to
cropping other than by trial and error. Their hard-won experiences, often featured in Austra-
lian contemporary art and folklore, were passed on and led to today's manifestation of di-
verse, regional cropping systems,

Analysing and improving these systems requires sound understanding of physical, chemical
and physiological processes and tools to evaluate their interactions. Effects of management
strategies need to be assessed and quantified in terms of productivity and their impact on the
resource base. Additionally, the high rainfall variability throughout Australia often means that
even one lifetime of cropping experience can be insufficient to sample the underlying variabil-
ity adequately (Meinke & Hammer, 1995). Cropping systems models are one obvious choice of
possible tools to address such issues. They have many potential applications ranging from envi-
ronmental issues and policy matters to farm optimization and variety adaptation {e.g. Little-
boy et al., 1992; Netheriands Scientific Council for Government Policy, 1992; Penning de Vries
et al., 1993; Goldsworthy & Penning de Vries, 19%4; Hammer et al., 1996a).

Care needs to be taken, however, that the methodology used is appropriate for the task.
Modelling should not be seen as the panacea for all agricultural problems but rather as a con-
venient way of aggregating environmental interactions thus providing higher {evel data upon
which decisions can be based. The technology integrates our knowledge of agricultural sys-
tems, allows generation of mostly probabilistic information useful to systems managers (e.g.
What if? When? How often?) and highlights gaps in current understanding of the system. It is
a means of making agricultural research more relevant to practice and thus adds value to exist-
ing knowledge and our research efforts. By simulating the production system, the state of the
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system at any point in time is known, and alternative management options and their
long-term impact on sustainability and productivity can be evaluated.

Models can be used to answer questions at various levels of aggregation. Irrespective of scale,
processes of equal importance should be represented at the same level of resolution through-
out a model. This is often constrained by scientists' specifically-focused expertise and hence
limited knowledge of processes that, although not directly part of their field of research, need
to be included in the model. Particularly when moving from single crops to cropping systems
models, this becomes increasingly difficult as more and more disciplines are expected to con-
tribute to the model. Additionally, only few agricultural scientists have had any formal train-
ing in software development that enables them to structure and write computer code effi-
ciently and with the necessary precision and flexibility. The same rigour that is applied to vet-
ting the science underlying the model needs to be applied to its implementation and to its
maintenance (McCown et al., 1996). These issues have been addressed and are reflected in the
design structure and the development of the Agricuitural Production Systems siMulator
(APSIM).

4.3 Methods

APSIM provides a versatile and flexible infrastructure for model development, testing and
application (McCown et al., 1996). lts main features are summarized in Table 1.

Table 1  Summary information for the Agricultural Production Systems SiMulator (APSIM)

Name of model The Agricultural Production Systems SIMulator {APSIM)
Developed by Agricultural Production Systems Research Unit (APSRU)
Reference McCown, R.L., G.L. Hammer, J.N.G. Hargreaves, D.P. Holzworth &

D.M. Freebairn, 1996. APSIM: A novel software system for model
development, model testing, and simulation in agricuitural systems
research. Agricultural Systems 50:; 255-271.

Principle aim The simulation of agricultural production systems at the
point/paddock scale.
Target use / user groups Other researchers

Regional planners & policy makers
Agricultural advisors {extension officers, agribusiness advisors)
Farmers

Type of model A daily time-step model based on physiological, physical and chemi-
cal knowledge of system processes.



Brief description

General or region specific
Data requirements

Model assumptions

Model testing/validation

Known good points

Known limitations
Commercial details

Contact for further informa-
tion

APSIM is a flexible software environment for simulating systems
rather than a model of a particular cropping system, Within APSIM
there is a library of modules, each describing specific processes, that
can be combined in meaningful ways to represent agricultural sys-
tems. Modules can be either biclogical {e.g. crop, pasture, surface
residue), environmental (e.g. water balance, N balance, soil erosion},
managerial {e.g. tillage, irrigation, fertilization) or economic (e.g.
event log) and they communicate with each other via the APSIM
*engine®. The "engine” passes information between modules ac-
cording to a standard protocol which allows modules to be plugged
in or pulled out of the “engine® depending on the specifications for
the simulation task. In this way, the simulation capacity of APSIM is
limited only by the availability of modules to simulate aspects of the
system of interest.

General

Climate (mostly daily data of temperature, solar radiation and rain-
fall)

Site characterisation

Crop model parameters

Soil water balance parameters

soil nitrogen fertility parameters

Surface residue parameters

50il erodability parameters

System performance can be simulated through the linked simulation
of individual processes.

APSIM has adopted many of the existing models that simulate crop,
pasture, or soil processes in Australia and elsewhere. The accuracy of
APSIM therefore derives from the validation accuracy of each origi-
nal module plus the degree to which such validations are affected
by the module combination linked into APSIM for a particular appli-
cation. Testing of APSIM is an on-going task within APSRU.

Ability to simulate agricultural systems (crop rotations, inter-species
competition).

Few skilled operators/trainers

APSIM is regarded as the intellectual property of APSRU and strict
control is maintained over its distribution. As a rule, APSIM is not
made available to others outside APSRU, except by negotiation.
Generally, negotiation for the use of APSIM involves either close
collaboration with APSRU, e_g. through coilaborative projects, ex-
change of modules or datasets, or by some funding arrangement.
APSRU Management Committee, APSRU, P.O.Box 102, Toowoomba,
Q. 4350, Australia.

Phone: +61.76.314 394

Fax: +61.76.332 678

E-mail: lisettea@apsrusg.sth.dpi.gld.gov.au
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APSIM results from a convergence of two previous efforts to achieve the combination of well
performing crop models, the ability to simulate configurations of crops, sequences and man-
agement practices and software that is designed and tested. The first, PERFECT (Littleboy et al.,
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1992) was mainly designed to assess effects of erosion on productivity in the Australian sub-
tropics and for climatic risk analysis (Hammer et al., 1987). The second, AUSIM (McCown & Wil-
liams, 1989) developed a crop model template that ensures flexibility and efficiency when de-
veloping modules that interact to simulate systems and helps with the implementation of high
programming standards.

The efforts of the PERFECT and AUSIM teams were combined to produce APSIM, which goes
beyond its predecessors in its functionality and structure. APSIM's central engine, written by
professional software developers, facilitates communication between modules, based on a
plug-in, pull-out principle. This allows scientists to concentrate on developing individual mod-
ules in their area of expertise without being divorced from development activities in other
areas. It also enhances communication among those scientists and supports model develop-
ment activities through a range of tools such as graphic routines to analyse output or chang-
ing variable names throughout the module at the press of a button. it allows a fast and
thorough evaluation of alternative modelling approaches (Meinke & Stapper, 1995).

Simulation of cropping systems requires representation of relevant management actions real-
istically taken in response to conditions. This is accomplished by the Manager module. This key
feature of APSIM allows the user to mimic an unlimited number of management operations as
they occur. Actions such as crop choice, planting, application of fertilizer, tillage or irrigation
can be controlied using rules. The language for expressing rules is ‘If?.condition(s) satisfied
then ?action(s)'. This form allows great flexibility and enables ready construction of complex
rules. The 'System Log' records interventions of the Manager.

Within APSIM each major scil or crop process is represented by a separate module. Thus, soil
dynamics (i.e. water, nitrogen and carbon fluxes, residue decomposition, surface condition and
erosion) provide the common basis for analysis of cropping systems. The core concept has
changed from that of a crop responding to resource supplies in existing crop models to that of
a soil responding to weather, management and crops. All modules are independent and com-
munication between modules is handled by a central 'engine' which uses a unique message
passing system. A standard interface design enables easy removal, replacement or exchange of
modules without disrupting operation of the system. The shell allows rapid evaluation and fur-
ther development of new modules. This structure facilitates the collaborative effort required in
the development of a systems simulation model, where different processes are understood and
developed by different people, and where alternative representations of a single process are
sometimes needed. The WINDOWS based platform allows easy integration of existing models
or modules. A sophisticated communication protocol and a modular structure assist users to
combine desired modules at the click of a button. This configuration of modules can then be
used to simulate the impact of land use on resources for a range of management scenarios as-
sociated with crop sequence, fertilization, and tillage. The necessary management rules for
these scenarios can easily be constructed without recompiling. Information thus generated en-
ables analysis of economic and resource risks in the variable climatic and marketing environ-
ments faced by most agricultural production systems in Australia.

Although APSIM is being developed as part of a systems and operational research approach to
problems in production systems of north-eastern Australia, it is a suitable tool for similar appli-
cations elsewhere. Its main objectives are to combine crop and pasture models to simulate
various production systems using soil and crop processes at levels that are balanced and ap-
propriate to proposed applications.
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Modules are grouped into crop, crop management, soil water, soil nutrient, surface manage-
ment, economic and climatic modules. At present, crop modules are operational in APSIM for
wheat, barley, sorghum, sunflower, maize, sugar cane, cotton, peanuts, chickpea and pastures.
They are mostly based on existing models with varying degree of adaptation. Modules for soy-
bean, mungbean and cowpea are under development. Adaptation of existing modules contin-
ues, because each of the modules reflects the purpose and environment for which it was origi-
nally developed.

APSIM can be used at different levels of aggregation, that is, crop, cropping system, farm and
region. Added complexity is only sought if it clearly improves predictive capability across spa-
tial and temporal scales. Often models are too complex, with complexity often poorly bal-
anced, for the level of application (Goudriaan et al., 1994; Meinke, 1996). APSIM facilitates a
better match between specific applications and the appropriate level of complexity.

4.4 Applications of APSIM - some examples

In the following section, we present abstracts of some selected past and current projects that
relate to the topic of this workshop. Table 2 summarizes APSRU's project activities in the area
of systems analysis and improvement.

Table 2  List of APSIM projects in the area of systems analysis and improvement

Analysis of cropping strategies (e.g. opportunity versus fixed fallows)

Assessment of drainage losses below alternative cropping strategies

tmpact of fertiliser and residue management on soil fertility decline

Nitrate leaching from high input sugarcane production systems

Production and economics of cereal-legume rotations

Analysis of intercropping systems

Agroclimatic analyses - potential for existing or new cropping enterprises

Analysis of planting opportunities and crop choice (*Plant now or later*)

Assessing the value of nitrate deep in the profile and adjusting N fertilisation regimes
Economics of investing in supplementary irrigation for sugar cane farms

Assessment of the value of a climate forecast in crop praduction

Impact of windbreaks on crop productivity

Fate of endosulphan in cotton production systems

Assessment of the impact of soil structural degradation under cropping

Design of sustainable systems of effluent irrigation of eucalypt forests

Trees and native pastures in horthern Australia

Productivity of grazed pasture-crop rotations

Erosion from Leucaena / Maize alley cropping systems in the Philippines

Evaluation of farming systems in the semi-arid tropics of India and Africa (in collaboration with
ICRISAT)
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441 Modelling water, nitrogen and crop yield for a

long-term fallow management experiment

Two models, CENTURY (monthly time step) and APSIM (daily time step), that differ markedly in
how they represent the crop-soil system have been used to simulate soil processes and crop
production in a long-term {25 years} experiment in Queensland (Probert et al., 1995). The ex-
periment was designed to examine effects of tillage, stubble management and nitrogen fertil-
izer on the productivity of a winter cereal - summer fallow cropping system (Marley & Littler,
1989; Thompson, 1990). Both models predicted, in agreement with the observed data, that for
this continuous cereal cropping system there has been a decline in soil organic matter for all
treatments and a reduction through time in the capacity of the soil to mineralise and accumu-
late nitrate during the fallows. Although models differed in detail, they reproduced the obser-
vations well enough to indicate their suitability for providing useful insights into the behav-
iour of cropping systems where the focus is on depletion of soil fertility.

44.2 Intercropping

APSIM was specified for two mixed-crop systems: a maize-cowpea intercrop system and a
crop-undersown pasture system (Carberry et al., 1996a}. In the former case, APSIM was able to
simulate the growth, development and yield of both maize and cowpea grown under a range
of soil water and fertility conditions. Measured data were collated from experiments and from
the literature where crops were arranged as sole crops, intercrops and where the relative time
of sowing of each crop also changed. In the latter case, a mixture of pasture legume under a
maize crop was simulated; growth of the mixture was predicted under conditions where the
maize and pasture competed for light, water, and nitrogen during the cropping season. Pre-
dicted grain yield of maize and biomass yield of pasture legume were similar to observed
yieids for both intercrop and sole crop and pasture treatments.

In a further study (Carberry et ai., 1996b), APSIM was able to reproduce the measured yields
from sorghum, maize and verano grown either as sole crops, as intercrops or in rotations of
saveral years. Likewise, a simulation analysis of several cropping options for Katherine, NT, re-
sulted in the preferred outcome reflecting current farming practices in the region. This is su-
perior in terms of both gross margin returns and long-term soil fertility status.

4.4.3 Pasture ley - cropping rotations

Two experiments used a field bio-assay approach to investigate the nitrogen benefit from pas-
ture leys of Stylosanthes hamata to subsequent maize crops (Jones et al., 1996). Nitrogen up-
take and yields of maize crops were higher after the verano leys than after grass ley, the effect
persisting into the second crop. The main features of the experimental results, through both
the ley and cropping phases, could be simulated adequately using APSIM, despite the fact that
currently the model does not have a capability to grow perennial leys. The model provides op-
portunity to explore the fate of nitrogen in the system, thereby giving insights into system
performance that cannot be addressed from experimental data.






