Journal of Agricultural Science (2008), 146, 717-731.  © 2008 Cambridge University Press 717
doi:10.1017/S0021859608008083  Printed in the United Kingdom

Proceedings of the Fortieth Meeting of the
Agricultural Research Modellers’ Group

EDITED BY

L.A. CROMPTON anp T.R. WHEELER

School of Agriculture, Policy and Development, University of Reading, Whiteknights,
PO Box 237, Reading RG6 6AR, UK

This group, which is concerned with the applications of mathematics to agricultural science, was formed in
1970 and has since met at approximately yearly intervals in London for one-day meetings. The fortieth meeting
of the group, chaired by Dr John Thornley of Henley-on-Thames, UK and the Centre for Nutrition Modelling,
University of Guelph, Canada, was held in the Kohn Centre at the Royal Society, 6 Carlton House Terrace,
London on Friday, 11 April 2008 when the following papers were read.
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PLENARY LECTURE

The Agricultural Research Modellers’ Group: past,
present and future

J.FRANCE*

Centre for Nutrition Modelling, Department of Animal and Poultry Science, University of Guelph, Guelph,
Ontario N1G 2W 1, Canada

SUMMARY

The ontogeny of the Group is described from its founding in 1970 to the present day. The group
appears to have found a niche, as its meetings continue to have broad appeal despite enduring an
adverse research climate for much of its existence. It must look forward by clearly identifying the
challenges and opportunities facing the agricultural modelling community. These challenges and
opportunities include: the need for the UK to secure its food supply in the face of increased global
demand and costs of distribution; the Government’s concerns about consumer and environmental
issues; the increasing rate of technological change and its impact upon computing and instrumen-
tation; openings to mine and synthesize data, particularly in light of the -omics revolution; and the
fact that modelling is now de rigueur. As well as embracing these challenges and opportunities, the
group should be pro-active in maintaining and increasing its numbers by inviting a broad range of
external speakers to its meetings, extending the scope of the meetings, varying their format, and

actively encouraging young researchers to present their work.

INTRODUCTION

I was asked to mark this 40th meeting by presenting
a brief history of the Agricultural Research Model-
lers Group from its formation to the present day,
outlining along the way the scientific and political
changes that have helped shape it. Such a task is
rarely easy and the end product is never completely
accurate (you have to rely on incomplete records, old
notes and the recollections of people whose memories
go back further than your own). Yet it is a worthwhile
exercise. Knowing where we come from helps us to
know where we are going, or to quote Sir Winston
Churchill in 1945: “the longer you can look back, the
farther you can look forward’. For the record and for
the pedantically inclined, this is not the 40th annual
meeting of our group, but the 40th meeting. Two
meetings were held in both 1993 and 1995.

PREVIOUS MEETINGS

The group was founded by our present chairman
John Thornley in 1970. One of John’s initiatives on

* To whom all correspondence should be addressed.
Email: jfrance@uoguelph.ca

joining the then Agricultural Research Council
(ARC) in May 1969 to head the newly created
Biomathematics Department at the Glasshouse
Crops Research Institute (GCRI) in Littlehampton,
West Sussex was to form a network of ARC crop
science modellers. This resulted in the first meeting of
the Crop Science Model Builders Working Party, as
the Agricultural Research Modellers Group was
originally known, being held on the 2 April 1971
at ARC Headquarters, 160 Great Portland Street,
London. There were six speakers, including John who
spoke about plant respiration or dry matter par-
titioning (a copy of the actual programme no longer
exists) and Gavin Ross from Rothamsted Ex-
perimental Station (RES) at Harpenden who de-
scribed early developments in the statistical software
GENSTAT. The meeting was chaired by Dennis
Cooke of the University of Sussex and 30 people at-
tended. It was deemed a success.

Following this successful first meeting, a second
meeting of the group was held at the same venue on 24
March 1972. Dick Brockington from the Grassland
Research Institute (GRI) at Hurley chaired and 54
people attended. Nine presentations were made, in-
cluding one by Peter Nye (University of Oxford) and
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Duncan Greenwood (National Vegetable Research
Station, NVRS) on a model for predicting the re-
sponse of cabbage to fertilizers in the field, and one by
John on a model of a biochemical switch and its
possible application to flower initiation. Among those
who attended was a young soil scientist from RES,
Derek Rose, who subsequently joined GCRI and or-
ganized many of the early meetings and has been a
regular attendee to this day.

In 1973, the group was renamed the Crop Science
Model Builders Group to reflect that it and its annual
meetings were now a permanent feature. The venue
was moved from ARC Headquarters to the Royal
Society, the present venue, for the fifth meeting which
was held on 18 March 1975; every meeting since, bar
one, has been held here. The fifth meeting was chaired
by Duncan Greenwood, later awarded his FRS, and
of the eight talks which were presented, one was given
by Gavin Ross on properties of polynomials and the
logistic family of growth curves, and one by John
Thornley on a field theory of phyllotaxis. The meeting
was also the first attended by another ‘regular’, Eric
Audsley of the National Institute of Agricultural
Engineering at Silsoe.

Prior to the seventh meeting the group underwent
another name change, incorporating the acronym
ARC and becoming the ARC Crop Science Model
Builders Group. The seventh meeting, held on 1 April
1977 and chaired by Harold Woolhouse of the John
Innes Institute, Norwich, also marks another mile-
stone. Rudy Rabbinge travelled from Wageningen to
present a talk entitled ‘ The Basis of Models of Crop
Growth’, thus becoming the first overseas delegate to
address our group. John Monteith of the University
of Nottingham, later awarded his FRS, also spoke at
the meeting, describing a model of condensation in-
duced by thermal lag, with special reference to cacao
pods.

To mark the group’s tenth birthday, the tenth
meeting took the form of a 2-day symposium on
quantitative aspects of plant physiology. It was held on
the 27-28 March 1980, not at AFRC Headquarters
but in Bewley Hall at the GCRI, and organized in
four sessions: I. Processes at the Cell Level, II. Pro-
cesses at the Organ Level, III. Processes at the Crop
Level: Productivity in Relation to Environment, and
IV. Techniques for Modelling. Talks given included
the mathematical description of control processes
by David Charles-Edwards (GCRI) in session I, or-
ganogenesis by John Thornley and gas exchange in
leaves by Derek Rose in session II, crop models and
agronomic practices by Duncan Greenwood in ses-
sion III, and the use of non-linear regression methods
by Gavin Ross in session IV. John Monteith chaired
session III and John Thornley chaired session IV.
Proceedings of the meeting were published as a book
(Rose & Charles-Edwards 1981), and the monograph
still endures.
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My involvement with the group began when I
attend the 11th meeting, held on 10 April 1981 and
chaired by Terry Woodhead (RES), to present a
talk on modelling grazed grassland systems. The
model which I described was in fact an animal model
(a bio-energetic sheep growth model), but it did
contain a rudimentary empirical pasture growth
routine and thus just about qualified for the pro-
gramme! This seemed to set a precedent and the
group was reformed in 1982 at John Thornley’s in-
stigation (John had moved from GCRI in 1980
to head the Biomathematics Division at GRI
and had expanded his modelling interests) to become
the ARC Modellers Group, its scope extended
to cover animal science, engineering and other as-
pects of agriculture as well as crop science. The
first three talks at the 12th meeting, chaired by the
late David Aikman (GCRI) and held on 2 April
1982, were a model of the rumen by myself (then at
GRI), a model of animal growth and feed intake on
ad libitum feeding by Gerry Emmans of the then
East of Scotland College of Agriculture, and selec-
ting the size of tractor for tillage using dynamic pro-
gramming by Eric Audsley, reflecting this broader
scope.

In 1986, the ARC became the Agricultural and
Food Research Council (AFRC), reflecting the in-
creasing attention given to matters of food quality by
the general public (and therefore by the government),
and our group became the AFRC Modellers Group.
In 1994, the AFRC morphed into the present Bio-
technology and Biological Sciences Research Council
(BBSRC), reflecting the government’s move away
from traditional agricultural research towards mol-
ecular biology, and the AFRC Modellers’ Group
changed its name to the Agricultural Research Mod-
ellers’ Group. The BBSRC acronym was not included
in the new name due, among other things, to their
curt rejection of my requests for financial sponsor-
ship!

To mark the 20th anniversary of the group, I ar-
ranged with the late Sir Kenneth Blaxter FRS, then a
senior editor at the Journal of Agricultural Science,
Cambridge, for his journal to publish abstracts of the
talks to be given at the 20th meeting (Sir Kenneth had
previously chaired the 17th meeting, 10 April 1987).
The 20th meeting was held on 6 April 1990 and
chaired by John MacRae of the Rowett Research
Institute (RRI), and the proceedings duly published
later that year (France 1990). Proceedings of each
meeting have been carried as abstracts by the Journal
ever since. A recent innovation has been to include
the full text of any occasional plenary paper in the
proceedings. The first plenary lecture that appeared in
this way was fittingly given by John Thornley to the
38th meeting (Thornley 2006), held 2 years ago on 31
March 2006 and chaired by Amir Kassam of the
University of Reading.
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The organization of the meeting was originally
based at the GCRI in Littlehampton. John organized
the first six meetings, before handing over to David
Charles-Edwards for the seventh and eighth meetings.
Derek Rose then organized the next seven meetings,
helped by David and Andrew Picken initially. When
Derek left GCRI for the University of Newcastle-
upon-Tyne in the mid-1980s, the organization came
to the GRI at Hurley where John Thornley had taken
up a senior position as previously mentioned. John
decreed that I now take responsibility for the group
and run the meetings. So I organized the next 21
(the 16th to the 36th meeting), initially with David
Sweeney and latterly with Les Crompton. The or-
ganization left GRI (subsequently renamed the
Institute for Grassland and Environmental Research,
IGER) and came to the University of Reading, where
it remains, when I took up a chair there in 1997. I left
Reading for Canada in 2003, leaving Les Crompton
and Tim Wheeler in joint charge of arrangements
since 2004. It is interesting to note that GRI under-
went four name changes in just a short space of time
in the mid-1980s: GRI to Animal and Grassland
Research Institute, then Institute of Grassland and
Animal Production, and finally IGER. Clearly this
was a period of great change in the agricultural re-
search service and agricultural research generally. I
shall address these changes in the next section.

A CHANGING CLIMATE

I will illustrate change with reference to animal agri-
culture, as this is what I am familiar with. From 1945
to the early 1970s the political driver of UK animal
agriculture was increasing animal production, to al-
leviate food shortages after World War II. This was
highly successful as food rationing stopped in the
1950s and shortages had been virtually eliminated by
the 1960s. From the early 1970s to the mid-1980s the
emphasis was on increasing productive efficiency, the
success of which led to butter, milk and meat
‘mountains’ in Europe. In the mid-1980s emphasis
changed to improving product quality, mainly to
satisfy consumer perception for high protein and low
fat products, by which time food shortages had be-
come a distant memory to the consumer. Since the
beginning of the new millennium, we no longer talk
about animal (or crop) production, but about sus-
tainable agriculture, the political drivers of which
have been environmental issues such as countryside
management and greenhouse gas and nitrogen pol-
lution from livestock systems. There are now indi-
cations that this is changing, as consumer rather than
environmental issues begin to dominate sustainable
agriculture, issues such as animal products for the
health-conscious consumer and the economics of
sustainable markets (beyond subsidies). Coupled
with these political changes have been revolutionary
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advances in molecular biology and the birth of bio-
technology in the 1980s.

This political change and revolutionary scientific
advance has had a dramatic effect on traditional agri-
cultural research, resulting in major downsizing as the
new and appealing environmental and molecular sci-
ences compete for limited government resources. We
have seen the ARC morph into the AFRC and then
into the present BBSRC. When our group first met
on that sunny day in April 1971 there were 29 research
organizations under the aegis of the ARC (Table 1).
Many world famous names are long gone, such as
the Letcombe Laboratory, the National Institute
for Research in Dairying, not to mention NVRS
and GCRI. Today, the BBSRC and the Scottish
Executive Environment and Rural Affairs Depart-
ment (SEERAD) support seven and five institutes re-
spectively (Table 2), and several of these are scheduled
for closure. IGER is in the process of merging with
RES and the University of Aberystwyth, the RRI with
the University of Aberdeen, and the Macaulay Insti-
tute is in merger discussions with the Scottish Crops
Research Institute. Also the future of the Hannah
Research Institute looks uncertain. The picture is
similar in the universities. There were 11 Departments
of Agriculture in British universities in 1971, all of
which were highly research-active (Table 3). Only four
pre-1992 universities now boast a Department of
Agriculture and agricultural science is no longer
taught at the Universities of Oxford, Cambridge or
Edinburgh for example (Table 3). So what of the fu-
ture of the Agricultural Research Modellers’ Group?
Is it terminal decline? I think not. There are reasons
for optimism.

A FORWARD LOOK

Agriculture contributes over £5 billion a year to the
UK economy and accounts as a proportion for 0-005
of gross domestic product (GDP). It is a significant
industry vital to the rural way of life. In terms of the
annual UK balance of trade, we import a staggering
£13-5 billion’s worth of food more than we export
(Table 4). We import 11 times more fruit and veg-
etables, 5 times more meat, 2-5 times more dairy
produce and twice as much fish than we sell overseas
(Table 5). Given the importance of agriculture to the
British economy, and the vulnerability of our food
supply to world oil prices and world food shortages, it
is reasonable to suppose that any sensible government
(and whether we like them or not, governments tend
to be both rational and intelligent) will support a
broad-based infrastructure capable of delivering
high-quality agricultural research. Our group should
prosper whilst UK agricultural research has the sup-
port of its government.

Another reason for optimism is that the oppor-
tunities for modelling have never been greater, and
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Table 1. Organizations co-ordinated by the Agricultural Research Council in 1971

England

Animal Virus Research Institute

East Malling Research Station

Food Research Institute

Glasshouse Crops Research Institute
Grassland Research Institute

Houghton Poultry Research Station
Institute of Animal Physiology

Institute for Research on Animal Diseases
John Innes Institute

Letcombe Laboratory

Long Ashton Research Station

Meat Research Institute

National Institute of Agricultural Engineering
National Institute for Research in Dairying
National Vegetable Research Station

Plant Breeding Institute

Rothamsted Experimental Station

Weed Research Organization

Wye College, Department of Hop Research

Wales
Welsh Plant Breeding Station

Scotland

Animal Breeding Research Organization
Animal Diseases Research Association
Hannah Research Institute

Hill Farming Research Organization
Macaulay Institute for Soil Research
Scottish Institute of Agricultural Engineering
Poultry Research Centre

Rowett Research Institute

Scottish Crop Research Institute

Pirbright, Woking, Surrey

East Malling, Maidstone, Kent
Norwich

Rustington, Littlehampton, West Sussex
Hurley, Maidenhead, Berkshire
Houghton, Huntingdon, Cambridge
Babraham, Cambridge

Compton, Newbury, Berkshire
Norwich

Letcombe Regis, Wantage, Oxfordshire
Long Ashton, Bristol

Langford, Bristol

Wrest Park, Silsoe, Bedford

Shinfield, Reading

Wellesbourne, Warwick

Trumpington, Cambridge

Harpenden, Hertfordshire

Yarnton, Oxford

Ashford, Kent

Plas Gogerddan, Aberystwyth, Dyfed

Edinburgh

Moredun Institute, Edinburgh
Ayr

Bush Estate, Penicuik, Lothian
Craigiebuckler, Aberdeen
Bush Estate, Penicuik, Lothian
Roslin, Midlothian
Bucksburn, Aberdeen
Invergowrie, Dundee

Table 2. Agricultural Research Organizations sup-
ported by BBSRC and SEERAD in 2008

BBSRC

Sustainable agriculture and land use :

1. Institute of Grassland and Environmental Research
(merging with University of Aberystwyth and
Rothamsted)

2. John Innes Centre

3. Rothamsted Research

Animal health and welfare :
1. Institute for Animal Health
2. Roslin Institute

Biomedical and food sciences :
1. Babraham Institute
2. Institute of Food Research

SEERAD
1. Rowett Research Institute (merging with University of
Aberdeen)
2. Hannah Research
3. Macaulay Institute (in merger discussions with SCRI)
4. Moredun Research Institute
5. Scottish Crop Research Institute

there are a number of reasons for this. First,
Government’s increasing pre-occupation with con-
sumer and environmental issues fuels the need for
mathematical modelling, the need for good process-
based simulation models for example. Many of the
issues simply cannot be addressed without such tools.
Second, computer software and hardware are forever
improving in terms of their affordability, flexibility
and quality. Just pause for a moment to consider the
computing that was available to us in 1971 and what
is available now. Third, opportunities to mine and
manipulate data have never been greater. As a
consequence of the advances in computing and in-
strumentation, data are being generated in the tra-
ditional (‘old’) areas of agricultural research at a
rapidly increasing rate. But as the climate within
which traditional agricultural science operates has
become increasingly turbulent, academics and re-
searchers are taking early retirement, those in mid
career are changing occupations, and there is a higher
turnover amongst young postdoctoral workers.
Consequently, each unit of data generated now
receives less attention from the experimentalist than
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Table 3. Departments of Agriculture in British

Universities

In 1971

England

. Cambridge®*

. Leeds

. Newcastle

. Nottingham

. Oxford

. Reading

. Wye College, London

Wales
1. Aberystwyth
2. Bangor

Scotland
1. Aberdeen
2. Edinburgh

In 2008
1. Newcastle
2. Nottingham
3. Reading
4. Aberystwyth

NN RN —

4 Designated for closure around this time.

would have been the case in past years, providing
opportunity for the agricultural modeller. Fourth,
the development of high-throughput techniques in the
‘-omics’ research areas (genomics, proteomics and
metabolomics) is producing large quantities of data at
the molecular level. These ‘new’ data are extensive
but also expensive, and how to make best use of them
is becoming a pressing problem (Thornley 2006). This
clearly provides an opportunity for modellers wishing
to operate mechanistically at the cellular and sub-
cellular organizational levels. Given the opportunities
that exist for mining and synthesizing both ‘old” and
‘new’ data, there is a case for funding proportionately
more dry (in silico) and proportionately less wet
(in vitro, in vivo) biological research in future. And
finally, modelling is now de rigueur in agriculture and
applied biology generally, to quote Thornley (2006).
Not only is it an expected requirement for research
programmes that aim to understand the responses of
complex agricultural systems, it is encouraged. This
means that winning research grants and publishing
papers is relatively easier than it was even a decade
ago.

How is our group weathering the storms of change?
Quite well appears to be the answer. Numbers at-
tending the first 40 meetings are plotted in Fig. 1.
These show a linear increase from 30 to 85 between
1971 and 1980, followed by a linear decline until 1986,
since when numbers have remained fairly static at
around 40. This is pretty remarkable and highly
encouraging given how many agricultural research

J.FRANCE

Table 4. Overview of UK agriculture®

Contributions to the economy (£ millions) 5325
proportion of GDP 0-005
Balance of trade (£ millions) —13487
Self-sufficiency of all foods (proportion) 0-585

2 Source: UK Agriculture Statistics (2005).

Table 5. Balance of UK agricultural trade by sector®

Balance of trade
(£ millions)

Import:
Export ratio

Meat —2994-2 51
Dairy —1026-4 2:4
Fish —7569 1-8
Cereals —270-9 1-2
Fruit and vegetables —51287 11-0
Total —13487-0 2-4

2 Source: UK Agriculture Statistics (2005).

Modellers meetings (1971-2008)
100 1

No. of attendees

Fig. 1. Numbers attending the first 40 meetings.

institutes and university departments have closed
since the mid-1980s.

So there are a number of good reasons for opti-
mism about the future, yet none for complacency.
What can we do to be pro-active and maintain or in-
crease numbers? A few things come to mind. First,
invite a broad range of external speakers. Invitations
could be given not only to scientists but also to poli-
ticians, senior administrators and opinion leaders.
Why not for example invite Prince Charles to speak?
After all, HRH has much to say about agriculture.
Second, extend the scope of the meetings to en-
compass the environmental and food sciences. There
is a precedent for this. Back in 1982 the scope of the
meetings was successfully broadened to cover animal
science and other aspects of agriculture in addition to

https://doi.org/10.1017/50021859608008083 Published online by Cambridge University Press


https://doi.org/10.1017/S0021859608008083

The Agricultural Research Modellers’ Group

crop science. This extension would be logical given
the government’s current focus on environmental and
consumer issues in agriculture. Third, vary the format
of meetings. A highly successful 2-day meeting, where
85 people attended, was held in 1980 to mark the
tenth anniversary of the group. Why not repeat the
formula to mark the 50th meeting in 10 years’ time?
International scientists could be invited to speak and
asked to present major reviews for subsequent publi-
cation, using Rose & Charles-Edwards (1981) as
an exemplar. Fourth, more actively encourage PhD
students and postdoctoral fellows to present. Many of
us here today train highly qualified personnel. Why
do we not oblige them to prepare an abstract and
present at this meeting as part of their training? These
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are just a few things that come to mind. Other people
will have other suggestions. So the Group might
consider setting up an informal sub-group to explore
these and other ideas.

CONCLUSIONS

The meetings of the Agricultural Research Modellers’
Group, which has endured a difficult research climate
over the last 25 years, have a modest but continuing
appeal. The Group appears to have found a niche.
Despite this, complacency must be avoided and the
Group must look forward by clearly defining the
challenges facing the modelling community in agri-
culture, then aligning its focus appropriately.
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A carbon economy of tree growth. O. CLARY?, A. C.
FOWLER? anp T. ROOSE!. Oxford Centre
for Industrial and Applied Mathematics and Centre
for Mathematical Biology, Mathematical Institute,
24-29 St Giles, Oxford OX1 3LB, UK, :Department
of Mathematics and Statistics, University of
Limerick, Limerick, Ireland

The growth of trees and other plants occurs through
the interactive combinations of photosynthesis and
carbon (and other nutrient) storage. Photosynthesis
enables the production of carbohydrate which can
then be used in growing foliage, whereby photosyn-
thesis is further enhanced due to increased leaf surface
area. A mathematical model of carbon assimilation
and storage was constructed which allows prediction
of the growth dynamics of trees. It was found that
the simplest model allows uncontrolled foliage pro-
duction through the positive feedback outlined
above, but that leaf shading provides an automatic
saturation to carbon assimilation and hence to foliage
production. The model was able to predict many ob-
served features of plant growth such as saturation of
leaf growth and temporal carbon storage dynamics
within the growing season. In particular, it was found
that the model provides a descriptive reason why at
budbreak, leaves form with a small but finite capacity
for photosynthesis. In addition, it was shown that leaf
shading provides a practical mechanism by which
foliage growth is limited and the carbon storage
reaches a steady state. Both of these features provide
insight into the mechanisms of carbon regulation
during tree growth.

This model finds its origins in the pioneering work
of Thornley (1976) and indeed it closely resembled the
whole plant model developed by Thornley for tomato
plants. However, it went beyond Thornley’s model in
two respects. The first is that an a priori derivation of
the model equations from first principles were given,
describing the processes of water and nutrient trans-
port within the tree and secondly the model was
analysed and showed that in its simplest form it ex-
hibits an unphysical indefinite growth of foliage.
Later the effects of leaf shading were included and
showed that the resultant augmented model allows
for growth to a stable steady state, consistent with
annual foliage development in mature trees.

THoRNLEY, J. H. M. (1976). Mathematical Models in Plant
Physiology : A Quantitative Approach to Problems in Plant
and Crop Physiology. London: Academic Press.

Evaluating model formulation using model reduction:
a case study using the SIRIUS crop model. N.
CROUT, Y. JIAO, J. CRAIGON, A. WOOD anD
D. TARSITANO. Schools of Biosciences and
Mathematical Sciences, University of Nottingham,
Nottingham NG7 2RD, UK

During the development of mechanistic models jud-
gements must be made about the appropriate level of
detail for modelled processes. These judgements are
difficult to test, with the validity of a model normally
being assessed holistically by comparisons between
predictions and observations. While sensitivity and
uncertainty analysis can play a useful role they do not
usually test the sensitivity of a model to its structure,
or the uncertainty in predictions due to uncertainty in
model formulation. The work described is a step to-
wards addressing these difficulties.

A method which reduced a model to a family of
alternative combinations by replacing model vari-
ables with constants (Model Reduction by Variable
Replacement) was proposed and implemented. The
procedure iteratively searches the alternative model
formulations and compares models in terms of their
ability to predict observed data, evaluated within a
Bayesian framework. The results can be summarized
as posterior model probabilities and replacement
probabilities for individual variables which lend
themselves to mechanistic interpretation. This pro-
vides powerful diagnostic information to support
model development. The application of the method to
the SIRIUS wheat model is presented, identifying
reduced models which outperform the original full
model in terms of comparisons to observations.
Modelled processes that are replaced relate to (i) cal-
culation of canopy temperature, (ii) diurnal tem-
perature variation, (iii) vernalization, and (iv) soil
nitrogen supply and physiology. It is argued that the
proposed approach is relevant to anyone involved in
the development or use of process based mathemat-
ical models, especially those where understanding is
encoded via empirically based relationships.

A systems modelling approach to life cycle inventories
of agricultural and horticultural production. A.
WILLIAMS anp E. AUDSLEY. Natural Re-
sources Management Centre, Cranfield University,
Bedford, MK43 0AL, UK

Environmental life cycle assessment (LCA) is
used to calculate the burdens of producing food
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commodities to a common point, typically the farm
gate, to yield life cycle inventories (LCI). Once
achieved and hotspots are identified, a normal reac-
tion is to seek to reduce environmental burdens by
changing a system or comparing alternatives. This
paper shows how systems modelling can be used to
facilitate such comparisons for wheat and milk pro-
duction and so aid sound decision-making.

A conventional LCA calculates all the resources
used and emissions to the environment involved in
producing a unit of commodity, e.g. 1 kg bread wheat
or 1 litre milk. A simple approach is to take data
values as constants, which enables the LCA to be
completed and for hotspots to be identified, but does
not permit changes in the production system to be
analysed adequately.

The Cranfield LCA approach (www.agrilca.org)
uses models of systems and process to account for
changes and link components. Wheat yield is calcu-
lated from N supply using a long-term response
curve, based on long term experiments at
Rothamsted’s Broadbalk plots (Fig. 1) in which N
inputs and outputs and balanced. The difference be-
tween N supply and offtake is surplus N that is par-
titioned into leaching and denitrification as a function
of crop yield, soil texture and rainfall. This approach
does not allow soil N to be arbitrarily depleted.
Machinery inputs (both diesel use and manufacturing
energy) are correlated to soil texture or/or yield.

In milk production, a cow’s milk yield interacts
with energy and protein requirements, enteric meth-
ane emissions, manure production, N excretion and
cow size. These are modelled together with charac-
teristics such as lactation number and length and
calving timing. The forage type determines concen-
trate characteristics, which are met from crops and
crop by-products for which LCIs have been calcu-
lated using models like those for wheat, together with
transport and processing needs.

Scenarios have been examined with systems mod-
els. With non-organic bread wheat, there is a mini-
mum for energy use and greenhouse gas emissions
(GHG) at about 0-50 and 0-70 of current national N
fertilizer application rates, but yields and grain pro-
tein concentrations fall, so requiring more land (1-2
and 2-2 times more respectively) per unit mass.
Increasing milk yields per cow from 5800 to 7800 1/
lactation reduces energy and GHG emissions/litre by
about 10%. This includes assumptions about breed
substitution, but the key factor is the efficiency of
converting feed energy in milk as the production
phase dominates all. In wheat production, N utiliz-
ation efficiency is a dominant factor.
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Fig. 1. Long- and short-term yield response curves for

bread wheat.
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Modelling the leaching of ions from a structured porous
material. D. A. ROSE?, J. A. GARRATT? W. vaN
BEINUM? anp M. A. ADEY!. 'School of Agri-
culture, Food and Rural Development, Newcastle
University, Newcastle upon Tyne NEI 7RU, UK,
2Enviresearch, Nanotechnology Centre, Newcastle
University, Newcastle upon Tyne NEI 7RU, UK,
3Central Science Laboratory, Sand Hutton, York
YO41 1LZ, UK

The heterogeneity of the pore space of soil has long
been recognized (Lawes et al. 1881). The main intel-
lectual approach to this heterogeneity of structure is
to construct a dual porosity model of the soil: struc-
tural units containing micropores are separated by
macropores through which fluids can move freely, the
fluid in the micropores remaining effectively stagnant.
Solutes within the system move in two ways, through
the macropores (the mobile-water region) by convec-
tion and hydrodynamic dispersion, and through the
micropores (the immobile-water region) by diffusion
alone. This approach is termed the mobile-immobile
model (van Genuchten & Wierenga 1976).

This model was tested by performing experiments in
which the solutions in the macropores and micropores
of inert spheroids were separately labelled. There were
eight leaching experiments in a 2 X 2 x 2 combination
in which (i) the macropores and micropores were filled
with monovalent (KBr) and divalent (CaSOy) solu-
tions respectively, or vice versa, (ii) the flow was con-
tinuous or interrupted; (iii) themacropores remained
saturated or were periodically drained. Breakthrough
curves of Br—, K*, Ca%®* and SO~ in the effluent
were measured and cumulative leaching losses of these
ions were calculated. These data were compared with
predictions from the transport model of longitudinal
hydrodynamic dispersion in the macropores coupled
with radial diffusion in the micropores (van Beinum
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2007) implemented in ORCHESTRA, a framework
for modelling the equilibrium and movement of
chemicals (Meussen 2003).

The behaviour of the monovalent anion and cation
was similar, as was that of the divalent ions. There was
excellent agreement between model and observation
for saturated flow, whether continuous or intermit-
tent, but the model underestimated the outcomes of
drained flow. Leaching from the micropores was
slower for the divalent than for the monovalent ions, a
consequence of the latter having diffusion coefficients
approximately double those of the former: likewise,
there was more movement of the monovalent ions
from the macro to the microporosity during leaching.
During intermittent leaching, with the flow in the
macropores interrupted, ions redistributed from
the centre to the periphery of the spheroids, leading
to flushes of solute eluting when flow resumed.
Consequently, intermittent leaching was more ef-
ficient than continuous leaching in removing solute
from the microporosity, though the effect was less
marked in drained than in saturated flow.

In ORCHESTRA, transport is calculated num-
erically by a mixing-cell algorithm: the number of
calculation cells, their layout, and the boundary con-
ditions are user-defined. The flexibility of ORCHES-
TRA enables modifications, e.g. a change in
boundary conditions as in drained leaching, to be
easily achieved as simulation proceeds. There is,
however, no fitting needed, because the values of all
parameters and variables are known or can be inde-
pendently measured.

Lawes, J. B., GiLBERT, J. H. & WarINGTON, R. (1881). On
the amount and composition of the rain and drainage-
waters collected at Rothamsted. Journal of the Royal
Agricultural Society of England, Series 11 17, 241-279.

MEussen, J.C.L. (2003). ORCHESTRA: an object-
oriented framework for implementing chemical equilib-
rium models. Environmental Science and Technology 37,
1175-1182.

vaN BeiNnum, W. (2007). Modelling multicomponent solute
transport in structured soils. PhD Thesis, Wageningen
University, Wageningen, The Netherlands.

VAN GENUCHTEN, M. T. & WIERENGA, P.J. (1976). Mass
transfer studies in sorbing porous media. I. Analytical
solutions. Soil Science Society of America Journal 40,
473-480.

A model for the optimal control of citrus canker disease
(Xanthomonas axonopodis pv. citri) in a mixed-host
landscape. S.R. PARNELL!', F. VAN DEN
BOSCH! anp T. R. GOTTWALD? !Rothamsted
Research, Harpenden, Hertfordshire AL5 2JQ, UK,
2US Department of Agriculture, Ft. Pierce, FL
34945, USA

Citrus canker (CC) is a bacterial disease of citrus
caused by the plant pathogen Xanthomonas
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axonopodis pv. citri (Gottwald 2007). The disease is
primarily spread by wind-blown rain and is present in
many warm humid citrus-producing areas worldwide.
CC has recently received significant media attention
in Florida where a current epidemic of the disease
threatens the $9 billion citrus industry. The epidemic
was the subject of a 10-year eradication programme
which involved the removal and destruction of
millions of commercial and residential citrus trees
(Graham & Gottwald 2004). Given the substantial
socio-economic costs associated with eradication it
is essential that eradication programmes are designed
to minimize the number of tree removals. This will
depend upon the complex epidemiological interaction
between the pathogen and the host landscape.
A spatially explicit simulation model was constructed
to describe the spread of CC in a mixed-host land-
scape (a ‘mixed-host landscape’ is a landscape which
consists of both commercial citrus plantations and
privately owned residential trees). An eradication
programme was simulated whereby symptomatic
trees, and trees within a predefined ‘control radius’ of
a symptomatic tree, are removed to eliminate sources
of inoculum. An optimal control radius is determined
which achieves eradication and minimizes the number
of trees removed. This radius differs depending on the
topology of the host landscape and the relative im-
portance assigned to residential and commercial trees.
In general, eradication results in fewer trees being re-
moved, and can be achieved in a shorter period, when
the host landscape is fragmented. This result is par-
ticularly significant given that other citrus producing
areas in the US (e.g. Arizona, California and Texas),
which have yet to acquire the disease, are typically
more fragmented than Florida suggesting that eradi-
cation may be less costly in the event of a future epi-
demic there.

This work was funded by the US Department of
Agriculture.

GortwaLp, T.R. (2007). Citrus canker and citrus
Huanglongbing, two exotic bacterial diseases threatening
the citrus industries of the Western Hemisphere. Outlooks
on Pest Management 18, 274-279.

GraHaM, J. H. & GotrwaLp, T. R. (2004). Xanthomonas
axonopodis pv. citri: factors affecting successful eradi-
cation of citrus canker. Molecular Plant Pathology 5,
1-15.

Modelling national dairy herd female replacement
number requirements. J.A. MAAS anp K.
GREGSON. School of Biosciences, University of
Nottingham, Sutton Bonington, Loughborough,
Leicestershire LEI2 5RD, UK

Mean milk yield per lactation is currently approxi-
mately 7653 kg per cow in the UK (DEFRA 2007)
and has increased at the rate of approximately 119 kg
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of milk per lactation per cow over the past 10 years.
Concomitantly dairy herd fertility has decreased and
therefore calving interval has increased by approxi-
mately 3 days per year and currently stands at
approximately 410 days (1-123 years). Milk yield per
cow per year has also increased but at a rate less than
119 kg per year, due to the extended calving interval.
A deterministic model was produced based on explicit
assumptions to predict the number of female re-
placement animals that will be available to: (1) re-
place the lactating cows currently being culled, which
comprise approximately 0-30 of the national herd per
annum; and (2) provide for national herd growth to
supply increasing milk requirements due to human
population growth in future. Under the current situ-
ation the UK national dairy herd could become un-
sustainable, due to an inability to produce sufficient
female replacement animals in as little as 10 years
(Maas et al. in press). The number of replacement
female animals that will be available as replacement
animals, calculated as a proportion of the herd size in
future is dependent on five parameter values:

1. Iy, the current mean calving interval in years, cur-
rent value 1-123 (years).

2. H, the proportion of calves born as females, cur-
rently approximately 0-50 (proportion).

3. S, the survival rate of female calves to first par-
turition at 2 years of age, currently approximately
0-70 (proportion).

4. Al, the annual increase in calving interval due to
choices in nutrition, genetic selection and man-
agement that impact on fertility and thus calving
interval. Currently calving interval is increasing at
the rate of 3 days or 0-008219 (years) per year.

5. Ay, the age of the replacement female at first cal-
ving (optimum approximately 2 years).

6. y, the number of years into the future for which
model prediction is made (years).

Therefore the proportion of the national herd that
will be available as replacement females in any future
year y, is given by

P HxS
LA (y—Ap)

The factor for future year is given as y— Ay to ac-
commodate delay between animal birth and first
parturition, heifers entering the lactating herd im-
mediately post-partum were born Ay years previously.
Therefore using current UK parameter values, and a
value of A,=2, in 20 years the proportion of the
national herd available as replacements will be:

- 0-5x%0-7
~ 1-123+(0-008219 x (20 —2))
=0.275.

P20
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For illustration purposes, it is assumed that future
mean lifespan, dairy cow import levels and the rate of
increase production per cow per lactation remains
constant at current values. If the current culling rate of
0-30 per annum is still occurring in 20 years, there will
be a net deficit of 0-:025 (0-:300—0-275) of the national
herd, or approximately 35000 animals that would re-
quire importation to maintain the national herd at its
current level, outwit any allowance for milk market
growth to support increased future milk requirements.
Obviously animal importation is associated with in-
creased expense and risk of introduction of disease.
Figure 1 shows model predictions for proportion of
the herd available as replacement animals for 20 years
in future, altering the value of AI from a value of
—0-008219 to 0-016438 years, equivalent to a range of
annual calving interval changes of —3 days to +6
days respectively. These results suggest that in future,
the dairy industry must balance selection and man-
agement goals for both increased fertility and pro-
duction and all available techniques must be
employed to increase fertility, thereby halting or even
reversing the currently increasing calving interval of
the national herd if it is to be self-sustaining in future.

Proportion of
national herd

0-31
available as
replacement animals (.3
in 20 years
0-29
0-28
027
0-26
T T T
—0-005 0-000 0-005 0-010
Value of Al rate of change of calving interval
Fig. 1. Number of females available as replacement ani-

mals, as a proportion of total herd size, in 20 years as a
function of AI. Values of Al correspond to annual changes
in calving interval ranging between —3 and +6 days
(—0-008219 and +0-016438 years respectively).

Maas, J. A., GARNSWORTHY, P.C. & FrLinT, A.P.F. (in
press). Modelling responses to nutritional, endocrine
and genetic strategies to increase fertility in the UK
dairy herd. The Veterinary Journal, doi:10.1016/j.tvjl.
2008.02.003
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DEPARTMENT OF FooD, ENVIRONMENT AND RURAL AFFAIRS
(DEFRA) (2007). National Statistics: Milk Statistics.
Available online at http://statistics.defra.gov.uk/esg/
index/list.asp?i_id =040 (verified 04/09/08).

Model of diffusion and reaction of strongly sorbed
solutes in soil. M. PTASHNYK!, T. ROOSE! AND
G. KIRK?. *"Mathematical Institute, 24—-29 St Giles,
Oxford OXI1 3LB, UK, ®*National Soil Resources
Institute, Cranfield University, Cranfield, Bed-
fordshire MK43 0AL, UK

When a strongly sorbed solute such as H,PO; is
incubated with a portion of soil, the reaction is often
rapid at first but then continues at a slower rate
for some time, so that the final equilibrium distri-
bution between solid and solution is many times that
after the initial period (Nye & Staunton 1994). Fur-
ther, the rate is sensitive to experimental conditions.
A long-standing question is the extent to which
the rate processes behind such phenomena are con-
trolled by access to sorption sites in the soil, for
example via narrow pores connecting dead-end re-
gions to the main soil pore network, as distinct
from slow surface reactions per se. The answer has
implications for how we model the fate and behaviour
of strongly sorbed solutes in soil and uptake by plant
roots.

To explore this issue the diffusive transport of
a strongly sorbed solute in soil and its adsorption
on surfaces inside and outside soil particles has

L.(mol/dm™3)

S,(mol/dm™3)
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been modelled. It is considered that the soil consists
of a series of uniformly spaced porous spherical
particles surrounded by soil solution and air.
This corresponds to the experimental situation
where soil has been sieved to give roughly uniform
micro-aggregates. The inter- and intra-particle
spaces are considered separately. A diffusion equa-
tion defined in the inter-particle space coupled with
ordinary differential equations for solute binding on
the particle surfaces is introduced. The flux of solute
from the inter- to intra-particle space is prescribed
and the concentration at the particle surface is taken
to be continuous. The change in concentration inside
the particle is defined by the reaction—diffusion
equation and ordinary differential equations de-
scribing the binding to the surfaces inside the par-
ticle. The surface binding reactions inside and
outside the particle are considered to be the same,
and, crucially, it is assumed that these reactions take
place in two stages that can be modelled by separate
slow and fast reactions.

Using homogenization theory (Hornung 1997), a
macroscopic model is derived for the distribution of
the average solute concentration defined in the simple
homogeneous domain. This homogenization pro-
cedure simplifies the numerical computation. Nu-
merical solutions of the macroscopic model are
illustrated in Fig. 1.

HornNung, U. (1997). Homogenization and Porous Media.
New York: Springer-Verlag.
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L., L;, amounts of solute in solution in inter- and intra-particle space; S, S;, amounts on particle surfaces in inter-

and intra-particle space; P, total amount of solute in the soil; x, longitudinal direction of the soil; r, macroscopic particle

radius; ¢, time, t=10 days.
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Nvye, P. H. & Staunton, S. (1994). The self-diffusion of
strongly adsorbed anions in soil: two-path model to
simulate restricted access to exchange sites. European
Journal of Soil Science 45, 145-152.

An empirical model for forecasting wheat quality.
P.S. KETTLEWELL!, M. D. ATKINSON, P. D.
HOLLINS! anp D. B. STEPHENSON?. 'Crop and
Environment Research Centre, Harper Adams Uni-
versity College, Newport, Shropshire TFI0 8NB,
UK, ®School of Engineering, Computing and Math-
ematics, University of Exeter, Harrison Building,
North Park Road, Exeter EX4 4QF, UK

Specific weight (weight per unit volume) of harvested
wheat grain is a criterion of quality used in trading. It
is linearly related to the preceding winter index of the
North Atlantic Oscillation (NAO), a large-scale at-
mospheric pressure difference between Iceland and
the Azores (Kettlewell ez al. 1999). The mechanism
underlying the association appears to be through a lag
relationship of the winter NAO index with the fol-
lowing summer sunshine duration and rainfall, both
of which affect grain specific weight (Kettlewell et al.
2003; Atkinson ez al. 2005). A linear regression model
of national mean specific weight, weighted with sam-
ple number, on winter NAO index has been developed
to forecast wheat quality well in advance of harvest.

The optimal NAO index for forecasting, calculated
from gridded pressure data, involves too much com-
putation for regular annual forecasts and, although
less correlated with specific weight, the pre-calculated
Climate Prediction Centre (CPC) index is now used.
There is little evidence of serial correlation in either
the specific weight or the CPC NAO time series over
the period for which national specific weight data is
available (1974 onwards), indicating the validity of a
simple regression model. Cross-validation over the
years 1974-2007 indicates that the model is likely to
correctly forecast whether specific weight is above or
below the long-term mean with an accuracy of 71 %
compared with 50% by chance (32=540, 1 D.F.,
P=0-02).

Studies with historical data from the Broadbalk
Wheat Experiment have shown that the model is
temporally unstable. Running correlations of the
NAO with the contemporary national data used for
forecasting indicate that the association may have
weakened slightly in recent years. Investigating spa-
tial stability has proved more difficult due to lack
of georeferenced specific weight data. Gridded cor-
relations of the winter NAO with summer rainfall,
representing one of the underlying mechanisms, indi-
cate that the model is most applicable in Eastern
England. Fortuitously, this is where most of the
UK wheat is grown. Annual forecasts are posted in
spring at: http://www.harper-adams.ac.uk/groups/
crops/wheat/
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ATKINSON, M. D., KEertiewerr, P.S., HorrLins, P.D.,
STeEPHENSON, D. B. & HarDWICK, N. V. (2005). Summer
climate mediates UK wheat quality response to winter
North Atlantic Oscillation. Agricultural and Forest
Meteorology 130, 27-37.

KerTLEWELL, P.S., SoTHERN, R.B. & Koukkari, W.L.
(1999). U.K. wheat quality and economic value are de-
pendent on the North Atlantic Oscillation. Journal of
Cereal Science 29, 205-209.

KEerTLEWELL, P. S., STEPHENSON, D. B., ATKINSON, M. D. &
HotLLins, P. D. (2003). Summer rainfall and wheat grain
quality: relationships with the North Atlantic Oscillation.
Weather 58, 155-163.

Comparison of three requirements-based energy evalu-
ation systems and a mechanistic model for estimating
nutritional requirements for milk production from
grass-based diets fed to dairy cattle. J. DIJKSTRA?,
L.A. CROMPTON*, E. KEBREAB’, A. BAN-
NINK3, S. LOPEZ’, P. A. ABRAHAMSE!, P.
CHILIBROSTES®, J. FRANCE? anp J.A.N.
MILLS*. *Wageningen Institute of Animal Sciences,
Animal Nutrition Group, Wageningen University,
Marijkeweg 40, 6709 PG Wageningen, The Nether-
lands, *Centre for Nutrition Modelling, Department
of Animal and Poultry Science, University of Guelph,
Guelph, Ontario N1G 2W1, Canada, ®Animal Sci-
ences Group, Nutrition and Food, P.O. Box 65,
8200 AB Lelystad, The Netherlands, *Animal Sci-
ence Research Group, School of Agriculture, Dev-
elopment and Policy, University of Reading,
Whiteknights, Reading RG6 6AR, UK, ® Department
of Animal Production, University of Leon, 24007
Leon, Spain, ®Facultad de Agronomia, Estacion
Experimental M.A. Cassinoni, Ruta 3 km 363,
CP 60000, Paysandu, Uruguay, "Department of
Animal Science, University of Manitoba, Winnipeg,
Manitoba R3T 2N2, Canada

UK dairy systems rely heavily on grass-based diets
to support milk production, particularly throughout
the summer months. On such diets the supply of glu-
cogenic nutrients may be limiting to production.
Existing feed evaluation systems are used widely to
estimate the requirement for energy under grazing
conditions to support a given level of milk yield.
However, these systems assess the animal’s require-
ments according to metabolizable energy (ME) or net
energy (NE) and do not consider the characteristics of
the energy delivering nutrients. Unlike their empirical
alternatives, mechanistic models take into account
the site of digestion, the type of nutrient absorbed and
the type of nutrient required for production of milk
constituents. The objective of this study was to com-
pare energy or nutrient supply on grass-based diets
with the energy or nutrients required for observed
milk production calculated from empirical energy
systems and from a mechanistic model. The energy
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systems investigated were the AFRC ME system,
the Feed Into Milk (FIM) system and the Dutch
NE system. The mechanistic model was based on
Dijkstra et al. (1996) and Mills et al. (2001). The
dataset for evaluation consisted of 41 records from
11 experiments of grass-based diets (at least 75%
grass on dry matter basis) that had sufficient infor-
mation to calculate supply and requirement accord-
ing to each model. Assessment of the error of energy
or nutrient supply relative to requirement was made
by calculation of the mean square prediction error
(MSPE). In the mechanistic model, the supply of
glucogenic nutrients was always more limiting to milk
production than the supply of aminogenic nutrients
or the supply of energy. The residual MSPE (ex-
pressed as a percentage of the supply) was lowest for
the mechanistic model (6-1 %), followed by the Dutch
NE system (8:2%), FIM ME system (9:7%) and
AFRC ME system (11:8%). In all models, the ob-
served energy or nutrient supply exceeded the calcu-
lated energy or nutrient requirement. For the energy
evaluation systems, the error due to overall bias of
prediction dominated (>50%) the MSPE, whereas
for the mechanistic model, 76 % of MSPE was due to
random variation. The FIM ME system gave a
slightly improved prediction of requirements than the
AFRC ME system. Analysis of the difference between
supply and requirement indicated a relationship with
the protein content of the grass for the Dutch NE
system, but this relationship was absent for the other
models. The grass dry matter intake level was posi-
tively related to the difference between supply and
requirement for all models, in particular the mech-
anistic model and the ME systems. In conclusion,
current requirements-based energy evaluation sys-
tems overestimate energy supply relative to energy
requirement on grass-based diets for dairy cattle. The
mechanistic model predicted glucogenic nutrients to
limit milk production. The model overestimated
dietary nutrient supply especially at higher intakes
but overall it proved to be more reliable than the
empirical energy systems.

DuksTRA, J., FRANCE, J., Assis, A. G., NearL, H. D. St. C.,
Cawmpos, O. F. & AROEIRA, L. J. M. (1996). Simulation of
digestion in cattle fed sugar cane: prediction of nutrient
supply for milk production with locally available supple-
ments. Journal of Agricultural Science, Cambridge 127,
247-260.

MiLts, J. A. N., DUKSTRA, J., BANNINK, A., CAMMELL, S. B.,
KEeBRrEAB, E. & FRANCE, J. (2001). A mechanistic model
of whole-tract digestion and methanogenesis in the
lactating dairy cow: model development, evaluation
and application. Journal of Animal Science 79, 1584—
1597.

Modelling the carbon footprint of dairy cows. J. A. N.
MILLS anp L. A. CROMPTON. Animal Sci-
ence Research Group, School of Agriculture,

Abstracts of communications

Development and Policy, University of Reading,
Whiteknights, Reading RG6 6AR, UK

Ruminant livestock have been highlighted as a
source of greenhouse gas emissions resulting from
the production of methane during anaerobic
fermentation in their digestive tract (Johnson &
Johnson 1995). Several studies have described at-
tempts to reduce methane emissions through nu-
tritional or pharmacological means with varying
degrees of success. However, these studies have tend-
ed to ignore the contribution of exhaled carbon
dioxide (COy) to the animal’s carbon footprint. The
aims of this research were to determine the relative
importance of exhaled CO, and methane to the car-
bon footprint of lactating dairy cows and to examine
their relationship to dietary intake. A locally derived
database comprising 186 individual measurements of
respiratory exchange and methane emission from
lactating dairy cows was analysed. The mean dry
matter intake (DMI) was 18-4 kg/d (range 10-28 kg/
d) from a broad range of diet types based on grass
silage, maize silage or fresh grass. As shown in ear-
lier studies, methane was closely related to DMI.
Carbon dioxide output also showed a strong linear
correlation with DMI. In order to estimate the car-
bon footprint of each animal, 1 kg methane was as-
sumed to yield a CO, equivalent of 25 kg (Forster
et al. 2007). The carbon footprint of each animal was
assumed to be a function of exhaled carbon dioxide
and methane emissions combined. Emissions from
manure were not included in this analysis. Methane
accounted for a mean of 0-44 of each animal’s car-
bon footprint with a range of 0-34-0-50. This vari-
ation in methane emissions as a proportion of total
CO, equivalent output was not associated with the
level of DMI. National greenhouse gas inventory
data tend to limit their focus to methane output. If
an estimate of CO, output were added to the inven-
tory for the UK’s 2 million lactating dairy cattle this
would be an annual CO, emission of approximately
6-5 million tonnes. This would be in addition to
the 0-2 million tonnes of methane from these cattle
annually (equivalent to 4-2 million tonnes of CO,
equivalents). This study shows the importance of a
broader scope to include CO, from respiratory ex-
change, its contribution being greater than that of
methane from the digestive tract. Mitigation strat-
egies aimed at reducing methane emissions should be
set in this context.

The financial support of UK DEFRA project LS3656 is
gratefully acknowledged.
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