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Preface 

This document conprises the proceedings of the workshop on Modelling of 
Extensive Livestock Production S_0tems, held at the Volcani Centre of the 
Agricultural Research Organization (ARO) in Bet Dagan, Israel, from 5 to 9 
February 1985. The workshop was jointly organised by the ARO, the Centre for 
Agro-biological Research (CABO) and the International Livestock Centre for 
Africa (ILCA), and was attended by 18 scientists from Ethiopia, Israel, 
Fenya, The Netherlands and UK. 

The workshop originated out of a joint programme established in 1981 
between the three centres already mentioned and the Institut du Sahel (INSAH) 
in Bamako, Mali. The purpose of the programne was to coordinate activities 
in modelling of primary and secondary production which were already taking 
place at the centres. The workshop presented the progress achieved i 
modelling at the centres, and desirable lines of development were discussed. 

The workshop focused on four main items: modelling of primary 
production, feed intake, secondary production and management/economics of 
livestock production systems. This document contains the written 
presentations made at the workshop, and the summaries of the discussions of 
each paper. The general discussion at the end of the workshop focused on two 
items: the use of mathematical models and feed intake, the latter being a 
main subject of discussion and of concern to all participants. 

We wish to acknawledge the ARO staff who assisted in running the 
workshop and organised two excursions, which were highily appreciated by the 
workshop participants. We also wish to thank 'Dezetta Gebeyehu who typed the 
proceedings, and Yalem Berhan Kebede who prepared the figures. 

N. de Ridder (ILCA) 

H. van Keulen (CABO) 

N.G. Seligman (AMO) 
P.J.H. Neate (ILCA) 



ABSTRACT
 

These proceedings ccmrise 13 pdpers on modelling of extensive livestock 

production. The presentations were made by sciertists working in Ethiopia, 

Israel, Kenya, The Netherlands and the UK. Aspects discussed include primary 

production, factors affecting feed intake ard its prediction, secondary 

production, and managerent and economics. Livestock considered include cattle, 

sheep, goats and buffalo, and production systems in Africa, southeast Asia and 

Israel are discussed. 
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II-CA's policV towards modelling in the framework 

of livestock systems research 

L.J. Lambourne 

Introduction
 

ILCA was established in 1974 with a mandate to "undertake a programme of 
research, documentation and training to support national institutions seeking 
to improve the sustained output of livestock production systems in sub-
Saharan Africa." 

As an international centre ILCA interpreted its responsibility as 
covering problems of regional rather than national scales and, as its 
founders required, has adopted a livestock systems research approach. This 
is derived from the earlier methods of farming systems research, and implies 
that ILCA's research teams are multidisciplinary in composition and training, 
and try to study all interacting aspects of the livestock production systems 
being investigated. They try, in collaboration with national bodies, to 
propose new methods and innovations drawn from available research findings 
or, if necessary, they undertake original research to identify and adapt 
technology capable of increasing animal production. Those ideas whi.ch are 
effective in controlled experiments conducted by ILCA and national research 
workers are tested on-farm with local animals, crops, pastures or farming 
methods. When they are shown to work in local farms and herds, ILCA hopes 
that national extension or development services will take them over and put 
them into increasingly large-scale practice, keeping in close touch with ILCA 
so that research workers know of the success of the innovations in other areas 
and can make further refinements or modifications to the methods. 

Depending on the structure and motivation of local agricultural and 
livestock services, ILCA may work more closely with universities, research 
institutes or extension and development organisations, the latter being 
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closely involved in the on-farm testing stages of the work, its large-scale 
adoption, and the monitoring and feedback of results. 

Structure of ILCA's activities 

IICA now has seven major systems research programmes in five African 
countries. These are backed up by several specialist research groups and a 
range of support services - laboratory, library, computing, printing, 
cartography, training, liaison and general administrative services - at Addis 
Ababa headquarters. ILCA also has established several information and 
research networks: one on trypanotolerance involves ILCA, ILRAD and national 
veterinary or animal production laboratories in 10 countries of central and 
West Africa; ILCA's African Research Network on Agricultural Byproducts, 
ARNAB, brings together researchers on agricaltural by-products and crop 
residues in orkshops and training courses, publishes a regular newsletter, 
and seeks to spread new ideas and bett er methods in this very important field. 
We also have a forage network in Ethiopia and hope soon to extend this so as 
to bring together agronomists and research workers in forage and animal 
production. ii conjunction with the Plant Genetic Resources Centre in 
Ethiopia, we publish a germplasm newsletter and are now setting up networks in 
small ruminant production, animal traction and livestock economic policy 
analysis. Details of new activities, and many articles of interest to 
£cientists all over Africa are published regularly in the ILCA Newsletter, 
Bulletin, specialist Research Reports, and conference and workshop 
proceedings. Several hundred African scientists will come to ILCA during 
1985 for conferences, workshops or training courses. 

Zonal distribution of ILICA's research porams 

One of the early decisions concerned the structure of IIlA's research. It 
could have been organised by country, by product or commodity, by climatic 
zone, by geographic or economic subregion or in other ways. The experience 
of recent droughts may have decided the issue, but the decision to establish 
research teams by agroclimatic zones was soundly based. 
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The various agroclimatic zones are defined basically according to
annual rainfall, but including also an appreciation of related climatic and 
soil features, so that the division into arid and semi-arid, subhumid, humid 
and highland zones is finally expressed in major differences in plant growth
periods (Table 1, Figure 1). This is closely related to the possibility for
cropping; at least 90 days of reliable soil moisture is needed for a grain 
crop, but it is a risky enterprise in many parts of the semi-arid zone because 
of large year-to-year variability. The growing period of 180-270 days in the
subhumid zone gives reasonably assured yields for a wide variety of crops and
forages. Livestock enterprises also can be more varied and productive; stock 
of greater genetic potential can be introduced into selected areas, where
better nutrition and suitable health measures can be provided. The humid 
zone offers long plant growth periods, with the possibility of multiple
cropping and high yields, but most of this zone is forested and harbours the 
tsetse fly, carrying the trypanosome blood parasite which makes this zone 
dangerous to cattle and, often, to man also. Other internal and external 
parasites, and a range of respiratory and other livestock diseases make this 
zone far less productive than it might be. The highlands are generally a much 
more benign environment - their altitude means that they tend to be
subtropical to temperate, and have a rainfall generally more than 1000 mm. 

Table 1. Zonal ecological classification. 

Annual Old Zone No. of Moisture
 
rainfall description 
 growing index 

(m) days/year 

0 Saharan 
 -60
 
200 Arid 0-90
 
400 Sahelian
 
600 


-40
 
800 
 Semi-arid 90-180
 

1000 
 Soudanian
 

1200 
-20

1400 Guinean Subhumid 180-270
 

1600
 

1800
 

k2000 Forest Humid >270 
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Figure I. Ecological zones of tropical Africa 
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Table 2 indicates several important points which explain the location of 
IICA' s teams. 

Table 2. Livestock and human populations by zone in sub-Saharan Africa. 

Percentage of No. of 
_________________________________ humans

Zone Area Cattle Sheep Goats All (milli~n 
ruminants AME-) 

Arid 37 21 36 39 30 11.2 
Semi-arid 18 31 22 26 27 30.9 
Subhumnid 22 22 14 16 19 20.6Humid 19 6 8 9 6 20.3 
Highlands 4 20 21 10 17 8.8 

-Total (millions) 148 104 125 377 91.7 
4uiat M 

Jahnke (1982). eource: 
AME = adult male equivalents 
Total human population = ca. 240 million 



1. 	 7he arid and semi-arid zones comprise 55% of the area of sub-Saharan 
Africa, and support 50-60%of the livestock and 40% of the people. In the 
arid zone proper, sheep and goats are relatively much more numerous than 
cattle, but cattle are better represented in the semi-arid zone. These 
are zones characterised by extensive pastoral livestock systems, often 
nomadic or at least transhumant, reflecting the bitter lesson that in the 
dry season and when the rains fail, herds and flocks must be able to move 
to somewhere with crop residues or forage reserves, either a swamp or a 
river flood plain or a reular dry season grazing area. ILCA has 
research teams in Mali, in the Ethiopian southern rangelands, and in the 
Kenyan Maasai rangeland system, reflecting the enormous extent and 
importane of this zone and its grazing systems. 

2. 	 The subhumid zone has relatively more cattle than sheep and goats, an 
indication of a greater reliability of forage supply, despite the fact 
that 2/3 of this zone is tsetse-infested or at least part of each year. 
IICA's subhumid research team is based at Kaduna, but a new research 
project was recently started in central and southern Mali to extend 
legume forage production into that portion of the subhumid zone. 

3. 	 The humid zone, 19% of sub-Saharan Africa, has only 6% of the cattle, and 
8 and 9% of the sheep and goats respectively. Its human population is 20% 
of the total, indicating the greater importance of cropping than of 
livestock production in this tsetse-infested region. IICA has a research 
team based at Ibadan, working in close cooperation with IITA on the 
typical cropping and small-ruminant production systems of the zone. 

4. 	 The highlands are mostly in eastern Africa, and carry a much larger 
proportion of Africa's livestock - '0% of the cattle and sheep, 10% of the 
goat-, - than their relative area, which is only 4% of the total. This is 
substantially associated with intensive crop production in the highlands, 
often using draught oxen, and the availability of a range of crop residues 
and 	byproducts. This demand for draught oxen provides a valuable out] et 
for surplus male cattle reared in the adjacent rangeland areas. Ethiopia 
has the largest share of African highlands, and the largest livestock 
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population in the continent, and is thus an appropriate site for ILCA's 
highland zonal research team at Addis Ababa. 

Livestock systems research and use of models 

All of ILCA's programmes have adopted a systems approach to their task, but, 
because of the lack of a clearly defined standard method, each has felt free 
to adopt or develop its cn variant of this. In each case there has been an 
initial period of analysis, in which a careful study of the literature, the 
results of preliminary sutrveys and often quite substantial field recordings 
have been incorporated into a system study. This description and evaluation 
of the livestock production system(s) of the zone, includii.j their very 
important linkages with other agricultural systems, has served both to 
establish baseline production parameters and as the diagnosis for deciding 
where to focus more specific research in the ensuing phases. These 
constraints, or opportunities for improvement, have thus determined ILCA's 
component research interests. 

This system analysis seems necessarily to be associated with either 
the use or development of a model as a way to understand and indicate the 
complexity of interrelationships and to derive mathematically-sound estimates 
of their outcome. This commonly requires computing resources. Several of 
ILCA 's teams did this initially by setting up 'model farmlets' in which they 
proposed to study the effects on productivity of various alternative methods 
or enterprises, carried out generally by local farmers under research 
guidance and observation. This approach rather limited met with success 
in the humid zone of southern Nigeria it quickly became evident chat 
management of vigorous tropical grass and legume pastures for dwarf goats and 
sheep was a totally new experience for everyone, locals and research workers 
alike, for which published research literature provided no great help. The 
heavy mortality among ILCA's modest experimental flocks, too, convinced us 
that the risk of epidcmics of PPR (peste des petits ruminants - a pneumonia
like respiratory disease) fully explained why villagers kept only three or 
four animals. 'Model farms' were used by IICA's Highlands Programme in 
Ethiopia with rather more success. 
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Our research team in northern Nigeria used an existing CRED model as a 
pre-research model, and, coming to the initial conclusion that nutrition 
during the dry season would be the critical limitation to animal production, 
concentrated their efforts on that topic, with considerable success. Their 
results in improving dry-season nutrition by supplementary feeding and by use 
of 	special-purpose legume forages are now being incorporated directly into 
economic development models (von Kaufmann, 1984). 

Another early decision was that, since cattle were the most important 
ruminant livestock in the arid, semi-arid, subhumid and highland zones, we 
should look for a simulation model to help us explore the factors influencing 
their productivity. This was of particular importance since ILCA had no 
research stations in the arid, ser.-arid and subhumid zones, and thus could 
not 	 set up experimental studies of cattle productivity. This led us to 
consider the general cattle herd model developed by TAMU (Sanders and 
Cartwright, 1979a; 1979b) and, after exploring one or two applications, to 
introduce some major changes and thus develop the ILCA model (Konandreas and 
Anderson, 1982) which is discussed in some detail by Wagenaar and Kontrohr 

(1986). 

Past uses of simulation models by ILCA 

The following list of applications of models indicates ILCA's interest in 
simulation models. 

1. 	 Botswmana - Ander-on and Trail (1978) 

2. 	 Anderson (1981) developed a model to investigate some of the problems of 

using milking 'xTos for draught purposes. 
3. 	 Konandreas (1983) examined the problem of modelling intake from a sward 

having a range of components differing in pal.tability 
4. 	 Cattle production systems in Nigeria and Mali (de Leeuw and Konandreas, 

1982) 
5. 	 Trade-offs between milk and meat production - Konandreas et al (1983) 

6. 	 II CAB/ARO modelling meeting, 1983 

7. 	 King (1983) modelled water and erergy metabolism 

8. 	 Hiernaux (1984) developed a model of rainfall and pasture growth 
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9. 	 Transhumant cattle in the Niger Delta (Wagenaar et al, 1984), and the 
Kenya Maasai land (Wagenaar and Kontrohr, 1986) 

Models of pastoral productivity were given by: 

10. 	Wilson (1984) and
 
11. 	De Ridder and Wagenaar (1984) in a paper to the 2nd International 

Rangelands Congress 

12. 	 Upton (1984)
 
13. 	 Upton and Cossins (1984) in bio-econanic models of small ruminant 

production in scuthern Nigeria and of pastoral livestock in the southern 
Ethiopian rangelands, respectively. 

The 	 latter two papers reflect a growing interest in including economic 
factors in the models.
 

14. 	 McIntire (1984) used simple econcmetric modelling to study the 
productivity of alley farming in southern Nigeria
 

-5. Von Kaufmann (1985) 
 did the same for livestock enterprises in northern 
Nigeria 

16. 	 Henricksen and Durkin (1985) used water modelsbalance to estimate 
growing periods for crops in several parts of Ethiopia. 

These examples illustrate the wide range of ILCA's interests and involvement 
in modelling. 

Experience has shown that livestock systems research is slow, for a 
variety of reasons. An initial description and productivity survey which 
proposes to follow reproductive performance of cattle must run for several 
years, and trends in, say, rangeland utilisation and possible changes 
resulting from grazing pressure or management require even longer to 
document, bearing in mind the great interannual variations in rainfall which 
effectively obscure small changes in vegetation and animal productivity. 

For these reasons, among others, IICA is giving increasing attention 
to methods for making rapid a preliminary system analysis. This permits the 
development of comparatively simple models (McIntire, 1984; Upton, 1986) 
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which may be used for sensitivity analyses to assess priorities for the next 
stage of researh (Campell and Arnold, 1973). This, too, is a subject for 
debate. Clearly an incorrect model could misguide the research, and, as 
pointed out by van Keulen (1976) and Arnold et al (1977), it is not just the 
values of particular coefficients that need to be varied in a sensitivity 
analysis, Lut perhaps also the basic concept of a relationship and the form of 
its algorithms. However, used with care, such pre-research models can be 
very useful and seem likely to save years of costly effort. As is often 
pointed out, formulating a model helps to focus attention on aspects of the 
system which are less well understood. 

Some reflections on modelling in livestock systems reservh 

The chemist, physicist and engineer have long used models, in the form of 
equations for chemical reactions, as descriptions of mechanical systems, of 
structures and stresses, and flow rates. Just as organtic chemistry 
transcends inorganic chemistry in complexity, so too the discovery of enzymes 
introduced the vastly more omplicated interacting world of biochemistry. 
This is analogous to the increasing complexity of models in agriculture - the. 
interactions of climate, water and soil involve processes of physical impact, 
infiltration and runoff, evaporation according to air movement and 
temperature. The growth of plants introduces biological processes of greater 
complexity, and grazing animals involve the physiology and biochemistry of 
intake, digestion, energy and protein metabolism, growth, reproduction and 
lactation, all liable to modification by climate and disease. 

The ccmplexity and challenge of grassland livestock production perhaps 
explains the number and diversity of the models that have been published -
Seligman (1976) gave a critical appraisal of 14 such models, and more recently 
Chudleigh and Cezar (1982) reviewed eight bio-economic models of beef-cattle 
systems. They, like Goodall (1976), made some thoughtful and constructive 
suggestions for future modellers to ensure better docwmentation, greater ease 
of irterfacing with different user requirements and greater flexibility and 
adaptability in use of modular subroutines. A ccmmon problem is that for 
wider applicability, models need to be more generalised, whereas dealing in 
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fundamntal tissue enzymic pRvases of animal (or plant) physiology, as in
 
the work of Baldwin et al (1977), makes the models more cmplex in
 
documentation and less user friendly. Simpler, more empirical models are
 
easier to use but are more location-specific. It is notable that the Texas A 
& M University general cattle model (Sanders and Cartwright, 1979a; 1979b) 
has been modified (Sullivan et al, 1981) with the inclusion of improved forage 
intake routines (Smith and Williams, 1973) and scme empirical location
specific elements to adapt it better to East African pastoral cattle
 
production systems. The original TAU model, like the ILCA one (Konandreas
 
and Anderson, 1982), was open to the criticism raised by WThelan et al (1984),

that it was insensitive to changes Li pasture availability and did not include 
the very important feedback effect of selective grazing by anr'_als on 
subsequent forage quality and availability. Wagenaar and Kontrohr (1986) in
 
their paper to this meeting, discuss this and other features. It is still 
true that "Good scientific models are often too detailed or too speculative
 
for those who want to apply them; 
whilst models used for predictive or
 
management purposes are often too 
trivial or crude to
too challenge 
scientific interest" (Penning de Vries, 1976). Thus despite the many
excellent approaches to modelling ruminant digestive processes, notably the 
cxmminution of feed and passage of ingested nutrients and fluid flow through 
the rumen 
(Waldo and Smith, 1972; Mertens, 1973; Black et al, 1981), 
more
 
effective iuse has so 
far been made of studies which treat the ruminant
 
digestive tract as a 'black box' and model feed intake primarily as a function 
of forage quality and availability and the asanimal's physical capacity, 
reflected in faecal output..
 

There has been a welccoe and growing practical tendency to link 
together primary vegetative production animaland production, scmetimes
 
including stochastic rcutines 
 to model the essentially random elements of 
annual rainfall variation, and the likelihood of conception or death. 
Guerrero et al (1984) provide a notable recent example, and in livestock 
systems research much use can be made of a simpler model which contains all 
the major elements of the climate, soil, plant, animal system plus the socio
economic aspects of management.
 

It is necessary to point out that Western ecommic criteria are not 
always, if indeL ever, relevant to decision-makdng by African nomadic 
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pastoralists or smallholders. There is a whole dcmain of research in the 
different value systems, the allocation of resources and auUhority, the 
economic and social cbligations and the survival mechanism of African 
societies, which has scarcely been tackled, even qualitatively. 

The future of modellinM in ILCA 

ILCA's policy towards modelling will be determined largely by the needs of its 
research workers and there are clear indications that these needs have 
changed and will continue to do so. With the emphasis moving from system 
analysis to ccaponent research there will probably be increasing interest in 
specific, almost disciplinary, topics. For example, much agronomic interest 
is now centred on the role of legumes in maintaining or restoring soil 
fertility. Deperding on how they are introduced, whether as a fodder bank or 
alley farm, in rotation or as an intercrop, they may compete to varying 
degrees with cereal crops for land, water and nutrients. Legumes greatly 
improve dry season forage quality and thus livestock performance, and this 
seem to be a subject where sufficient background information is now 
available to enable us to build or adapt a relatively simple model to look at 
promising alternatives.
 

In the crop/animal field too, there is a growing appreciation of the 
enormously important function of livestock as a bank account, capable of 
providing cash to invest in additional land, labour, fertilizer or seeds, and 
steadily multiplying and growing in the meantime. Upton (1986) and McIntire 
(1984) have already begun to interest themselves in this rich field, which is 
certain to expand and to incorporate, perhaps, some sociological or 
anthropological elements, which is long overdue.
 

In the animal 
 field ILCA will follow the lead of, for example, Levine 
et al (1981) in using data derived fran Zebu and other indigenous breeds 
instead of European cattle (Wagenaar and Kontrohr, 1986). The factors 
affecting intake of these generally smaller and less productive animals on 
tropical pastures and crop residues are already under study and may require 
sme mdlifications to the existing intake, growth and reproduction 
algorithms. A dominant feature of African livestock systens is the mixture 
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of animals kept, and the flexibility that this gives. The shorter gestation 
and higher fecundity of sheep and goats mean that their numbers increase more 
quickly than cattle after drought whileor disease, the browsing habits of 
goats and camels gives them access to a second forage source with different 
patterns of growth and regeneration and rather different nutritional 
characteristics. Research is now under way at IICA to determine how high
tannin content affects feed selection and intake and utilisation of browse 
plants, and no doubt this will yet-further complicate the modelling of some 
savanna grassland production systems. Many models have been published for 
sheep/grassland systems but none deals with African sheep and goats. The SR-
CRSP programme is interested in small ruminant models (see for example Thomas 
1984; Cartwright 1984a; 1984b) but the latest TAMU model (Blackburn, 1984) 
appears to be based on virtually the same nutritional physiology and 
arithmetic as the earlier sheep model of Graham et al once(1976) the forage 
has been eaten.
 

The problem of feed intake 

A recurring theme in these notes is the question of forage intake, which is 
the link between plant production Lnd animal performance. Relationships 
between intake and forage quality are consistently found in experiments with 
sheep and cattle in temperate areas and on fairly uniform swards of improved 
pastures. The conditions in the tropics and subtropics are quite different, 
and in the realistic studies reported by 't Mannetje (1974) liveweight gain 
was found to be related to the total amount of green material, grass or legume 
or both, but not to quality attributes of the forage (Figure 2). The high 
rate of pasture growth in the wet season results for the rest of the year in a 
large excess of mature forage of steadily declining quality, from which sheep 
and cattle select a fraction, predominantly green while any persists, of much 
higher nutritive value than the rest. Models have been proposed, notably by 
Vickery and Hedges (1972) (Figure 3 and 4), Smith and Williams (1973) and 
Arnold et al (1977) (evaluated by Seligman, 1976) (Figure 5) to describe 
growth and senescence of pastures, and selection of green rather than dry 
material by animals, but these do not seem to have been widely followed.
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Figure 2. 	 Relationship between pasture attributes and liveweight
gains on subtropical pasture 
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Figure 3. Relationship between green herbage availability and diet 
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Figure 4. Effect of age on digestibility of herbage 
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Figure 5. 	Effects of grazing management on pasture/animal production: 
use of simulation model 
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Green is good 

The most interesting recent development, and one which illustrates the merit 
of a broader approach, was that of McCown (1981). McCown combined a soil 
moisture and a temperature index to derive a 'growth index' which he used in 
conjunction with climatic records to calculate the start, end and duration of 
the growing period during which green feed is readily available. He was able 
to show that, over very large and heterogenous areas of tropical northern 
Australia, cattle weight gains were closely related to 'green' periods 
(Figure 6). He examined the effect of the relative numbers and timing of 
green and dry weeks throughout the year, noting the interesting facts that: 

1. 	 The relationship was clearer on all-grass pasture areas - legumes seemed 
to uncouple the relationship by prolonging weight gains into the dry 

season; 
2. 	 The main benefit of prolonging the green season is its effect of 

shortening the dry season; and 
3. 	 A dry week in the dry season increases liveweight loss more than a green 

week in the growing season increases liveweight gain. 
The importance of this to ILCA lies in the availability of satellite 

imagery from Landsat or, the NOAA Tiros series, which enables us to record, 
over huge and inaccessible areas of Africa, the extent and timing of these 
'green' periods and perhaps to develop from this an early warning system for 
bad seasons and possible drought. 

Early warninc: indicators of seasonal prospects - rainfall and plant Qrowth 

The 	development of satellite radiometry by NASA in the U.S. made available a 
method of monitoring vegetative green cover over large areas. Landsat 
satellites and their successors measure reflectance from the earth's surface 
in several spectral bands, of which the red and the infrared are the most 
useful for this purpose. These two measurements are combined into a ratio 
which varies according to the greenness of the reflecting surface, and is 
therefore called the 'vegetative index.' The numerical value of this index 
varies from zeyro to one, according to the proportion of the earth's surface 
tri-t is covered by plants, and to their density and greenness (Tucker et al, 
.t985) (Figure 7). 
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Figure 6. 	Cumulative liveweight change of cattle from June to June in relation 
to total green weeks in this period 
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Figure 7. Spectral vegetation index at four African locations, April 1982 to November 1983 
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Careful calibration of the vegetative index against measured crop
biomass shows a good correlation during the growing season, but the 
relationship differs among crops, and between crops and pasture associations. 
Among pastures, grasses give less reflectance than dicotyledonous plants for 
the same vegetative biomass and, since the deeper-rooting trees in a savanna 
tend to remain green longer than the grasses, such an area may give a higher
vegetative index than open grassland for a similar amount of available feed. 
Thus, research still needs to be done to find the appropriate equations for 
predicting plant biomass from vegetative index values for each pasture type. 

Satellite imagery has been widely used for monitoring greenness of 
the remote areas where rainfall may trigger hatching, development and 
migration of the desert locust. Satellite imagery has also been used to 
follow ocean temperatures and currents, to monitor the health of huge tracts 
of forest land and as a tool in land resource inventory. 

This is an exciting prospect and much attention is now being given at 
ILCA to ways of relating satellite imagery, aerial surve,; records of 
vegetation and livestock numbers, and ground-truth observations of crop and 
pasture growth to livestock condition prices and economic indicators. It is
 
too early to predict what 
 form our models will take, but we believe that it
 
will be possible 
 to develop a method by which agricultural and economic
 
planners may be warned in which areas there is 
 liKely, or certain, to be a
 
deficit of grain or forage and 
 where, on the other hand, there may be a
 
surplus of food and livestock. 
 Not only does McCown's work strengthen our
 
belief that this can 
be done for purely pastoral areas, but recent work on 
water-balance models by Henricksen and Durkin (1985) suggests that a
 
historical analysis of climate and 
soil moisture indices can pinpoint regions 
that are most liable to recurrent crop failures and can perhaps tell us a year 
or two ahead where the next drought is likely to be (Figure 8). 

Summary and conclusions 

1. ILCA has experimented with many types of simulation models in its 
livestock systems research work. 

2. The mandate and the geographic location of ILCA's research programmes 
have given us a particular interest in grassland/livestock models and in 
their extension to economic and sociological decision-making. 
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Figure 8. Crop growing period at four Ethiopian sites 1953 to 1980 
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3. 	 In simplified empirical forms these are proving valuable in assessing 
research priorities and we are 	likely to do more with such models. 

4. 	 In its current phase of component research ILCA will probably make more 
use of subsystems models, in its agronomic, livestock and socio-economic 

research. 
5. 	 Many published animal/pasture models are unsatisfactory for African use 

in their treatment of feed selection and intake and their use of 
.ameters based on European-type livestock. Improved approaches to this 

problem are now available and current research at ILCA is expected to lead 
to more appropriate formulation perhaps of simplified empirical models 
linking climate-plant-animal. 

6. 	 Major new fields of interest include studies of climate-soil parameters 
for longer term land use and resource assessment. The linking of this 
with satellite imagery and aerial survey promises to make available early 
warning systems to relate rainfall or vegetative grwrth to agricultural 
and livestock productivity. 
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Discussion
 

Statement - One of the things you refer to is the use of satellite imagery to 
understand what the situation is over large areas. Satellite imagery records 
greenness, but has the disadvantage that it does give an indication ofnot 

quality of the herbage, 
 and both quality and quantity are of equal importance in 
judging the biomass as a feed resource. 

Reply - Basically, satellite imagery measures greenness, i.e. the proportion of 
the area that is covered with herbage, modified by the density of that herbage. 
It becomes quite insensitive when the leaf area index is more than about three. 

Statement - The relationships that you showed between the number of green weeks 
and animal performance may hold for a given situation in Australia, but when you 
apply that in different situations the relationship breaks down, because it is 
not only green thr .- counts, but also how greer.. 

Repl - This relationship has been appli d Ln Senegal to analyse pastoral 
ecosystems. What is determined by satellite imagery is in effect the number of 
green days, and this value shows a very close correlation with biomass at the 
and of the wet season. It can predict the amount of biomass available for 
livestock at the end of the rains to within 200 kg/ha. However, the 
relationship is very location specific. 

The result from satellite imagery is not just a measure of quantity or 
just quality, it reflects a number of features of the vegetative cover: but I go 
back to McCown, "If it is green it is good." 

Comment - If you look at West Africa the number of green weeks increases from 
north to south, but that does not hold for gross cattle production. So the 
correlation between duration of green and animal performance does not hold in 
West Africa. holds in isWhy it Australia difficult to understand. 

Question - regard the question of studiesWith to process versus systems 
analysis, you sometimes come up against a problem without any recourse to making 
a ccmplete system analysis, with or without a model. You gave the example of 
farmers keeping small numbers of animals because of the risk of PPR - thus it is 
a veterinary problem that needs to be dealt with, and there is no need for a 
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detailed system analysis. That is the way that research has always worked, and 
no system analysis is going to replace that kind of problem perception. A 
balance is needed between the different approaches. So, in fact, whatever the 
approach, the aim is to identify the problem and determine whether it is 

relevant. 

With regard to actual monitoring of vegetation, remote sensing offers a 
different way of approaching the situation, because here it presents a means for 
dealing with a problem. It seems that this method can provide data that would 
not have been available before, for areas which could not be surveyed. The 
question is, however, that when those data are available and are proper!. 
interpreted from the point of view of animal utilisation, what can be done with 

them? 

Answer - As an example, we are involved in a project in Niger at the moment in 
which we hope to integrate data from satellite imagery, low level aerial survey 
anti ground-truth measurements on cattle numbers, condition, reproductive 
performance, maikets, prices, and eooncmic welfare of the people involved. The 
hope is that this will proviee a tool for planners and decision makers on which 
to base their decisions about development and use of resources, since there is 
not much that the individual pas+-ral herder in the sub-Saharan zone can do. He 
does not have any land, he has livestock, but he is hundreds of miles from any 
sort of services for most of the time. The most help that can be given to the 
pastoralists is through guiding government policy decisions, which is the aim of 
this work. However, we do not really know if we can convince governments. We 
have argued that all countries in sub-Sahar-i Africa are increasingly dependent 
upon aid. We have told the govenments that this type of work will provide them 
with an objective and comparatively quantitative assessment of the prospects for 
the year, whether for crops or pastures or both. This could help them in making 
decisions on the allocation of resources or in asking for aid. In addition, it 
ought to help to convince the international agencies that are involved. 

Statement - In a meeting on the use of satellites to monitor food resources a 
number of years ago, the conclusion seemed to be that this was a technology that 
was useful to countries that were reasonably developed, because they have the 
means to adjust the use of their resources, whether through a forestry service, 
a bureau of land management or whatever agencies that they have. Recent 
developments seem to be leading to improving the efficiency of the more 
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developed countries, rather than helping the under-developed ones, which are 
just watching the developments. 

Repl - May be, but this is not a technology that we are in a position to 
restrict to a particular client. It may be another top down approach, but at 
least it does seem to have a client or series of clients, even if they are not 
the clients we would most like to get at. 

Question - Regarding the work in southern Nigeria, you say that the risks of 
PPR fully explained why villagers kept only three or four animals. I wonder 
whether this is the case, as one might expect that the risk of losses would lead 
to keeping more rathc- than fewer animals.
 

Answer - There was not enough time in this presentation to go into details, but 
the history is that whenever more than a handful of animals were togetiher, 
disastrous outbreaks of PPR or similar diseases occurr-c. This is probably why 
it has remained a back-yard type of operation, in which there is never a 
sufficient concentration of animals for effective transmission of the virus. 
The animals can survive in the presence of PPR if only a fe, animals are kept. 

Question - Well, with animals mixed together in a sort of village flock, there 
may be hundreds of animals and they are not segregated in any way, so I am not 
sure. 

Answer - They are never herded as a flock. They always stay in small groups of 
two or three animals.
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Models and the analysis of productivity in extensive 
livestock systems in Israel 

N. G. Seligman
 

Introduction 

There are no wide open ranges in Israel and not very many extensively managed 
herds of cattle or flocks of sheep. Possibly that is why we have so many models 
of pastoral systems. It seems that when development problems are particularly 
complex and essentially insoluble through benevolent intervention, the urge to 
challenge the obduracy of the system with a model becomes overpowering. In a 
sense, system modelling is a relatively easy way to avoid facing rea problems. 
It seems as if almost anybody who really wants to can build a simulation model 
and become a creator, albeit cf a flimsy world of computer output.
 

In Israel models, particularly those of livestock systems, seem to have 
the property of spontaneous generation since the historic workshop on simulation 
modelling led by the late Professor George M. van Dyne in the early seventies. 
Even though no problems seem to be solved, few are deterred from going ahead and 
building a new model. Sometimes older models are cannibalised, often ignored 
(probably just as well) and the result is a glorious proliferation, especially 
for a community which produces only about 10% of its red meat consumption from 
herds based on the range. 

Table 1 lists pastoral models in Israel, complex and simple, biological, 
economic and bio-economic, that have been published. Efforts were not limited 
to extensive herds and a promising analysis of dairy herd nutrition was 
discontinued because of in-house conflicts (Goldman et al, 1977; Talpaz et al, 
1980). The list makes up a mixed bag which is rather difficult to review. In 
order to evaluate these models we need to define criteria for classification and 
possibly even evaluation. 
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Table 1. Extensive livestock production models in Israel. 

Ecosystem-type models of the IBP type:
 
- NEGEV (Seligman et al, 1981): agropastoral system.
 
- ZABAN (Zaban, 1981): sheep herd management.
 
- KAHN (Kahn, 1982; Kahn and Spedding, 1983 and 1984; Kahn and Lehrer,
 

1984): cattle herd simulation, development of the TAMU model.
 
- B=JAMIN (Benjamin, 1983): sheep and herd management.
 
- UNGAR (Ungar, 1984): agropartoral system management.
 

Process models:
 

SIMPLE (Noy-Meir, 1975a; 1975b; 1976; 1978a; 1978b): application of predator
prey dynamics to analysis of stability and prcductivity of different 
types of grazing systems.
 

INTAKE (originally Noy-Meir, developed by Ungar, 1984): a mechanistic model of
 

intake by ruminants grazing a homogeneous pasture. 

Input/output models:
 

PSG (Spharim and Seligman, 1983): a pasture system generator used in conjunction 
with a multi-period linear progranmdng model applied to regional planning of 
agropastoral development.
 

Graphical (Seligman and Spharim, 1984; Seligman et al, 1983a; 1983b; Seligman,
 
1983; Seligman et al, 1984; Spharim and Seligman, 1985) : multiple socio-economic 
goal analysis of agropastoral system feasibility. 

BEEFX (Weitz and Seligman, 1985): annual balaJce of beef herd nutrition, pasture 
utilization, population dynamics and production from cow-calf herd to feedlot. 
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Classification and evaluation 

The time-tested criterion for biological taxonomy is sex, and it would be 
gratifying to be able to classify simulation models on such a universally useful 
basis. Unfortunately, thi.s is not possible. A number of criteria can be used 
to classify models including the generality or specificity of the model, how 
widel applicable it is, and its complexity. Probably a more interesting 
approach would be to classify models by their objectives. That would also 
provide a recognisable measure of success, assuming that the objective was 
worthwhile in the first place. 

Livestock systems models can serve a number of purposes, the most common 

or which are research, management and planning. 
Research objectives of modelling aim at testing how well we understand 

the functional nature of complex systems in terms of known or hypothesised 
processes. A special aspect is the study of the sensitivity and stability 
characteristics of the system in question. The general assumption is that the 
functions that define the model are a good representation of the relevant 
characteristics of the system, so that analysis of the model has relevance to 
the physical system that is the subject of the study. We will see that when the 
objectives are clear and the model definition is short and concise, its use can 
lead to insights that can be classified as 'advance in knowledge'. The Israeli 
models that can be classified as research models, by nature or by declaration, 

are the NEGEV, KAHN, SIMPLE and INTAKE models. 

The NEV model was a class exercise that started off in the van Dyne 
simulation workshop during 1971 and continued for more than a year at the Hebrew 
University and ARO. It was meant to show that, with a libtle trairiing, 
simulation modelling of complex systems is feasible and can be done by a well
run interdisciplinary team and that it can produce workable tools that can be 
used for presumably useful system analysis. The NEGEV model had all the 
classical components of the IBP ecosystemn models: Abiotic, primary producers, 
secondary producers, decomposers and managers. It described a sheep grazing 
system in the -orthern Negev based largely on data from Migda. The model 
indicated that ..nen unmanaged and confined to a given area, sheep would die out 
in severe drought years, and that this could be avoided only by managerial 
adjustment of sheep numbers (Tadmor et al, 1977). No doubt, further work on the 
model could have produced a richer harvest of insights but it seems that the 
'post-natal depression' that follows many massive modelling Afforts had a 
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deadening effect on further involvement. The decease of one of the moving 
spirits of the exercise certairly reduced motivation and NEGEV did not extend 
far beyond the bounds of the exercise it was originally intended to be. 

The KAHN model is a fairly complex cattle simulation model that 
concentrates on describing animal performance, including both growth and 
reproduction, as a function mainly of feed quality, and of animal and breed 
characteristics. It is a development of the TAMU model, basedbut is on single 
animals rather than on classes in a herd and has been used mainly to validate 
some of the assumptions underlying the process definitions. It has been 
carefully constructed and has raised questions regarding the appropriateness of 
some of the equations used in the TAMU model. It can be used as a herd 
management tool, but to date has been used mainly for research. This model will 
be discussed in greater detail during this workshop. 

The Noy-Meir SIMPLE model is a reductionist model taken to the extreme. 
Basically it defines only a growth function and a grazing (or consumption) 
function, in such a way that graphical and analytical methods of investigation 
can be used to solve problems of system stability. Certain problems like 
rotational grazing or seasonality, which cannot be treated analytically, are 
fairly easily solved by numerical methods. 

By defining the problem as concisely as possible, these models have 
achieved a generality that has both added significantly to the understanding of 
grazing dynamics and provided a strong link between pasture management and 
classical population dynamics in ecology. The central issues of grazing system 
stability are treated in detail and provide a theoretical basis for rational 
pasture managemnt. The is best example analysis thatSIMPLE model our of an 
has attained a worthwhile scientific objective. It almost suggests that the 
impact of a model will bear an inverse relationship to its complexity. I say 
almost, because the analysis of the SIMPLE model is, conceptually at least, 
rather more sophisticated than that of many more-complex models. 

The INTAKE model is a mechanistic model which will also be d'scussed 
during this workshop. It is also a research model but even though it is 
concisely formulated, it is considerably more complex than the SIMPLE model. 
INTAKE mainly deals with behavioural aspects of intake and has been used to 
generate consumption functior-s. Problems of parameterisation and validation 

involve considerable experimental effort that can not always meet needs,model 

especially if precision is important. 

32 



The next set is the management models. These as a rufle have 
practically-oriented management objectives. The management problems stem from 

the complexity of the interactions between climate, pasture, animal, nutrition 

and economic factors. Consequently, most of the management mo2els are open
ended, in the sense that there is no conceptual limit to their complexity. Only 

the competence, patience and perseverance of the modeller set a limit. This 
group of models includes MIGSl, ZABAN, BENJAMIN, and BEEFX. UNGAR is also a 

management model, but is based on a more careful formulation and analysis of 

objectives.
 

The first attempt at setting up a full-blown agricultural system model 

resulted in the Migda system model (MICSl). It involved a concerted effort by a 
group of livestock and pasture specialists and, in fact, translated the current 

views on the functioning of the main components of the system into an operative 

continuous simulation model. By the time the modei was completed, most of the 
problems that the model was meant to address were almost forgotten. Some new 

problems, such as timing of weaning, were analysed with the model and influenced 
the herd-management decisions taken at Migda, but only to a very limited extent. 

ZABAN and BEN4JAMIN are sheep husbandry models of the same genre. They too have 

been develcped and analysed and have since remained on the shelf. Their effect 

on management practices has been no greater than that of MIGSl. 

The UNGAR model, or rather set of models, will be discussed in more 
detail during the workshou. It treats separate problems that face the manager 

of agropastoral systems of the type developed at Migda. The problems are 

clearly and concisely defined and their nature exhaustively analysed, both 
analytically and graphically. Among the insights obtained is the division of 

the management space into areas of relative stability that are separated by 
areas, often rather narrow, where decisions are very sensitive to parameter 

changes or to data accuracy. Recognition of these different areas of robustness 

and instability can help to rationalise decision making under the conditions of 

uncertainity that are typical of the systems studied. Unfortunately, there has 

been little opportunity to implement the insights gained from this study, mainly 
because it has onJy recently been completed. Whether the impact of this model 

on management practices will be any different from its fore-iunners remains to 

be seen. But if its application remains limited, it would, in no small measure 

also be due to the fact that the agropastoral systems which it is meant to serve 
are mainly experimental as yet and are only now being developed on a farm scale. 
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BEEFX can barely be called a model. It is essentially a feed and 
performance calculator that can produce an annual balance of a beef herd grazing 
a seasonal Mediterranean pasture. The feed requirements, pasture and feed 
values and performance parameters are all empirical table data, taken from the 
NRC manuals and from local farm data. Its special characteristic is that it is 
totally farm oriented and uses parameters that describe the herd, pasture, 
available feed, prices and performance standards as registered by the manager of 
the herd being analysed. When these data are available various management 
options can be tested for profitability or for production efficiency. The 
management options include herd size, cow size, feeding strategies, timing of 
breeding and weaning, supplementary feeding options and target sale weights as 
well as other sensitivity analyses. It calculates the evaluation parameters 
for one-year cycles and does not explicitly consider carry-over effects from one 
year to the next. Conceptually, the model is rather crude and does little more 
than what a rancher, concerned about improving his herd management, would do on 
the back of a match box. However, it does it on a much grander scale and allows 
much greater resolution than is normally possible with a heterogeneous herd and 
many management options. This model has been developed in close cooperation 
with the extension service and consequently has been introduced to a number of 
ranches. It has Dnly recently been launched after an (over-) extended period of 
development, but has provoked interest among extension workers and herd 
managers. It has already been used as an aid to determining whether to increase 
a herd and to what extent. But how much impact it will have on wider problems of 
herd management in Israel remains to be seen. 

The group of planning models includes PSG and GRAPHICA. They are both 
input/output models that define a wide range of system conformations. They are 
also based on agropastoral systems appropriate to the northern Negev of Israel 
and were conceived as a means for determining :.ppropriate planning and research 
objectives in fostering livestock and crop integration under dryland 
conditions. Both models can be divided into two main components: system 
definition and system evaluation. The system definition is a flexible
 
accounting algorithm that defines the input/output relations of the system as a 
consequence of changing herd performance levels, pasture utilisation methods 
and other management parameters. The system evaluation component is basically 
different in both models. In PSG, the input/output model is combined with a 
multiperiod linear programming model to determine the optimum course of system 
selection over a development period, normally 15 years. The program takes into 
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account regional resources and constraints and defines regional consuLption as 
the basic target function. GRAPHICAL is a static model but can, however, be rn 
over a series of years. Its main characteristic is that it evaluates the 
systems in a multiple-goal setting. The goals that have been defined are 
basically farmers' income, regional trade balance and regional employment. 

The PSG linear-programming model has been analysed in some detail and 
has indicated the relative advantages ard disadvantages of the three sheep 
breeds that are potentially useful in the area. GRAPHICAL has been applied to a 
rumber of management and planning problems and has helped clarify the system 
characteristics that would probably prevent wide-spread acceptance. It also 
indicates what the conditions are for acceptance and the direction for further 
research. Recently, PSG has also been developed into a multiple-goal model in a 
study planned to investigate feasible development scenarios in a Mediterranean
type setting. Both models will be discussed in more detail during the workshop. 

Neither of these models has had much impact on development in the 
northern Negev. That would safely classify them with the other models except 
for two recent developments. The Migda research results are being tested in a 
farm-scale project, sponsored by the Ministry of Agriculture and the Settlement 
Department. The project was planned with some of the model analyses in hand.
 
If the project gets off the ground, it 
 will also provide an opportunity to test 
the UNGAR management models. Too much depends on a rather shaky project plagued 
with an uncertain future.
 

The multiple-goal GRAPHICAL model has been used in designing a research 
project on forage shrubs, funded by USAID. Despite doubts as to the value of 
forage shrub development under local conditiors, the model indicated that even a 
small positive effect of the shrubs on weaning rates, whether because of greater 
ewe fertility or greater lamb survival, would justify their introduction on 
purely economic grounds. Consequently, a set of experiments was designed to 
test this hypothesis. 

Lessons 

If proof is needed that some people do not learn from experience, then the 
Israeli experience in livestock modelling could serve. However, this may not be 
a bad thing, because so often past experience is not much use in a rapidly 
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changing world where so many problems solve themselves, generally by becoming 
worse, irrelevant or overshadowed by greater problems. In addition, galloping 
technology inflation constantly fosters the illusion that a whack of megabytes 
concentrated into a nanosecond will crack at least some of the painful problems 
that prevent us managing our affairs more rationally. So even if it is futile 
to learn the lesson, there may be a point in drawing some conclusions that could 
serve as en ad hoc basis for dis. ission if not as a guideline for future 
modelli)g activities. 

Firstly we need to correct the third law of simulation which says that 
"simulation modelling will go on until the budget runs out." With computer 
costs pulimmeting and with in-house minis and in-office micros proliferating, 
there is, unfortunately, no serious budgetary constraint. So today it seems 
that simulation modelling goes on until retirement or decease unless the 
modeller is fired previously or has given up of his own accord. So if the 
activity is inevitable, let us try to make it as useful and, as intersesting as 
possible. Mainly, this means finding a worthwhile objective that can be 
attained by a model analysis better or sooner than by other means. The 
difficulty with this is that partisan interests tend to cloud the issue so that 
it is often easier to build a model than it is to obtain concensus on an 
objective that meets these criteria. Nevertheless, there is virtue in trying to 
formulate good questions for all the glib a'iswers we tend to generate. 

Secondly, it would appear that complex meth:-dology is not necessarily 
the most effective means of solving complex problems. If our experience is any 
indication, the most powerful and significant models have been the simpler ones. 
Most of the more complex models seem to get bogged down in their own complexity. 
However, complexity in itself would so heavy burden if wasnot be a the model 
sound conceptually. If this is the case, the wider generality of the model 
could possibly justify its cumbersome structure. On the other hand, the 
difficulty with simple models is that they generally require greater 
intellectual effort. They depend on the ability to perceive the essence of a 
probl em and to pose the significant questions. They usually require more than a 
modicum of mathematical ability in order to derive their full implications, and 
they tend to leave one in the lurch when facig specific management problems. 

Thirdly. if a model is meant to be used in herd management, it has far 
more chance of meeting this objective if it is developed in close liaison with 
the managers or consultants or extension officers who are going to use it. 
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Whether this is because of the obligation that goes with involvement and 
identification with the model or whether it is because the model is more sharply 
focused on a real problem is not immaterial, but the chances are that both the
 
motivation to use the model and its usefulness will be enhanced. 
At least, it
 
makes the definition of the objective a collecti.ve responsibility which requires 
a considerable degree of concensus.
 

All this has been said before and, at this stage, borders on triviality.
Does this mean that such conclusions are misleading? Or that they are valid, 
but difficult to practise? Or that, in fact, they are being practised to 
varying degrees; and that the ofmodelling livestock production is indeed 
maturing; and that we'll hear about major advances and achievements in the 
course of this workshop? That would be gratifying and justification enough for 
the effort involved inorganising it. Regarding the Israeli experience, we can 
point to a significant achievement in the elaboration of theory in grazing
dynamics and to some extent in system management. The impact of the management 
models in practice has been far less inpressive. Yet one cannot conclude that 
all the effort has been in vain because there are signs that the need for these 
models and an appreciation of their special contribution is growing. How soon 
system analysis will become routine in management and planning of extensive 
livestock production is difficult to estimate. There are a number of 
definitions of a wise man the Hebrewin tradition. One of them asks: "Who is
 
the wise man?" and answers: "He who foresees the 
 course of events.", That
 
definition would make any estimate of mine a mere guess. I 
 am sure that the 
wiser among us will point the way more clearly.
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Discussion 

Question - Fran a farm manager's point of view, should not one ask what the 
aims of the model are: does it in fact help the farmer, improve his knowledge or 
hindsight? 

Answer - Thpse are questions that should always be asked, i.e. what are we 
aiming at? What are we doing it for? Who is our target audience? Is it the 
scientific community that we want to impress, is it the economic investor whom 
we want to influence, is it the farmer in the field we want to change or help? 
Very often, one may find that if we can determine clearly who the target is, many 
of the other problems are going to fall into place, simply because the audience 
determines what the preferences, what the priorities are. 

Question - Is there any danger, as perhaps there has been in the past, of the 
model being the objective? 

Answer - Very often, if you don't really determine who or what it was being done 
for, the actual activity itself becomes quite addictive. It is a responsibility 
of the modeller and of the people around to see that his effort is actually 
serving some useful purpose. Sometimes people just stop, and that's where it 
ends; sometimes it is taken up and seems to help other people carry on doing 
their modelling. Whether they come up with anything better is also often 
dependent on who is doing it, how intelligently it is being done, and how much 
luck a person has in striking the happy combination of a problem which is 
manageable and having the necessary environment and data and people who are able 
to carry tiings on. A very good example would be the TAMU model that started 
off by people taking the initiative in Texas, using a lot of public relations, 
and getting the model applied on a very large scale in many other parts of the 
world. The model apparently had a fairly sound fundamental basis, because quite 
a number of people have used it as a basis for developing their models further, 
such as the Kahn and ILCA models. There we have an activity that has provided a 
sort of framework for quite a lot of subsequent modelling activities in the 
world at large. 
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Prediction of actual primary production under nitrogen limitation 

H. van Keulen, H. Breman, J.J. van der Lek, J.W. Menke 
J. Stroosnijder and P.W.J. Uithol 

Introduction
 

The value of natural rangeland as a feed source for ruminants is a function of 
both the quantity and the quality of forage present. These two characteristics 
alone may not suffice to give an adequate description of the feed sohrce, 
because such factors as the distribution in space of the quantity (spatial 
heterogeneity), and quality (different organs) may exert a major influence on 
the feed value, but the former constitute the minimum required information. 
Extensive research in semi-arid nr;ions, which are characterised by low and 
erratic rainfall, has shown that the two characteristics are not independent. 
There appears to be a much greater variability in the amount of water available 
for plant growth than in the amount of plant nutrients, both in time and in 
space. As a consequence, in years with favourable rainfall, production 
(quantity) will be determined by the availability of plant nutrients. Under 
such conditions, the concentration of the limiting element in the vegetation 
will reach scme species-specific minimum value (quality). In unfavourable 
rainfall years, on the othex hand, water will be the constraining factor and the 
element concentration in the tissue will remain well above the minimum value, 
thus providing higher-quality forage. 

To characterise continuously the vegetation as a feed source it is 
necessary to keep track of the accumulation of both dry weight of the 
vegetation, which is function of both moisture and nutrient availability, amixa 

the element content, which is a function of its availability in the soil. 
Models at various levels of detail describing the water balance in the soil have 
been developed, and, depending on the purpose of the model, provide adequate 
predictions of moisture available for the vegetation its influenceand on 
production. Models of the nitrogen balance in the soil, its consequences for 
the availability of the element to the vegetation and the ensuing oneffect 
growth and production are far less developed. 
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In the first instance the aim of develcping the present model was to 
predict the depth and duration of soil wetting, in an attemnpt to use those 
daracteristics as an indicator for nutrient availability to the vegetation. 
Moreover, those diatacteristics may be of irportance for the distribution of 
annuals and perennials in semi-arid regions. So far, these attempts have not 
been entirely successful, but efforts in this direction are being continued. 

As a parallel effort, a simple nitrogen model was added in an attempt to 
predict primary production under variable conditions of moisture and nutrient 
availability. 

Description of the model 

Water balance 

To describe the water balance, the total soil depth is subdivided into a number 
of ccmpartments. In the present version, a total depth of 3 m is considered, 
consisting fran the top danwads of 10 caprtmnts of 0.05 m, five of 0.10 m 
and eight of 0.25 m. Both the total depth and the number of ccpartments can 
easily be changed. 

A provision is built-in to take into account layered soils with a 
hatercgeneous profile. In the present version restricted to five horizons. 
For each horizon, the depth below the soil surface has to be defined, as well as 
its properties with respect to the water-holding capacity, characterised here by 
the. volumetric soil moisture content at field capacity, at wilting point and at 
air dryness, respectively. From a soil physical point of view, these 
characteristics are only loosely defined, because they are not inherent soil 
properties, but are co-determined by the boundary conditions (notably the depth 
of the graurdwatcr table), and possibly plant properties (especially the lower 
value at which molsture is readily available to the plants). Such detail is, 
however, not consitlered in the present model.
 

Rainfall is introduced as a forcing function, derived from the nearest 
site where rainfaJiL is gauged. If the site considered is far removed from the 
measurment site, a correction factor can be inti.duced, either based on 
intelligent guesswork, or on a more formalised procedure to generate rainfall 
data ('trend surface analysis-). 
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Infiltration is derived from rainfall, taking into account interception 
by the vegetation, and the effect of soil surface properties, as expressed in 
run-off or run-on. Interception is difficult to quantify, but it is assumed 
that 1 rm of rainfall is intercepted by the vegetation irrespective of rain 
intensity or vegetation density. Run-off is calculated taking into account 
both average long-term run-off for a particular site, defined by a coefficient 
based on measurements, or on prior knowledge of the site and its soil 
properties, and the effect of rainfall intensity. The latter is described by an 
empirical relation that higher value for the run-off factor ifassumes a 
rainfall intensity is higher. Implicitly the use of this function assumes that 
rainfall distribution over the day is always identical. The relation between 
rainfall intensity and run-off can be derived on the basis of a detailed, 
physically-based model. of infiltration, as affected by soil hydraulic 
properties and surface characteristics (Rietveld, 1978). Application of such a 
model, however, requires detailed information on both soil properties and 
rainfall intensity. For most practical purposes, therefore, direct measurement
 
of run-off seems more appropriate. In cases where 
 such measurements are not
 
available the run-off coefficient may be estimated on 
 the basis of analogy,
 
taking into account 
 the effects of soil texture (Hoogmoed and Stroosnijder, 
1984; Stroosnijder and Kone, 1982).
 

For the caculation of 'effective infiltration' an additional problem 
arises, related to the fact that the time resolution of the model is one day.
If, in reality, rainfall occurs at the beginning of the day, i.e. between 0.00 
and 9.00 hours, evaporation from the soil surface proceeds at the potential rate 
during that day and a substantial part of the water is lost. If, on the other 
hand, rainfall occurs after 18.00 hours, evaporation from the soil surface is 
negligible until the start of the following day, resulting in smaller losses
 
(Stroosnijder and Kone, 1982). 
 Because the timing of rainfall is not specified 
in the present model, it is assumed that it always takes place at the beginning 
of the day. As a consequence, the difference between potential soil evaporation 
and soil evaporation based on the actual top soil moisture content is subtracted 
before the water enters the soil profile. This formulation may lead to 
overestimation of soil evapotation, but at the present level of resolution any 
formulation will be arbitrary. 
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The moisture that enters the soil profile is distributed over the 
various soil ocapartments in such a way that they are filled to field capacity 
from the top downwards (van Keulen, 1975). This formulation thus assumes 
instantaneous equilibrium, i.e. within the time interval specified by the model. 
Subsequent comartments are filled up until total effective infiltration is 
dissipated or until the remainder has drained below the specified profile depth. 
Transport of moisture under the influence of gravity or under the influence of 
developing potential gradients is not taken into account. Of course, some 
redistribution of moisture will take place (Stroosnijder, 1976), and that can be 
described by defining field capacity at a somewhat lower value, resulting in 
slightly deeper infiltration.
 

The present model is intended for use in perma-dry conditions, where a 
water table is either absent or, if present, at such a great depth that it does 
not contribute to the moisture in the rooting zone. Hence, upward transport is 
not accounted for in the model. 

Direct evaporation from the soil surface is an important source of non
productive water loss, especially under semi-arid conditions (Stroosnijder and 
Kone, 1982; van Keulen et al, 1981; van Keulen, 1975). For a proper description 
of the water balance, this process must therefore be described with some 
accuracy. A description based on physical processes is not possible in the 
framework of the present model, because the time constants of these processes 
are too small for time intervals of one day (van Keulen, 1975). Therefore, a 
parametrised description has been developed. 

Potential evapotranspiration is introduced in the model as a forcing 
function. These values are calculated with a Penman-type equation, outside the 
model, but the calculation can also be incorporated in the model if the required 
meteorological data are available. 

Potential evaporation from the soil is derived from potential 
evapotranspiration by subtracting potential transpiration by the vegetation. 
Thus, when the vegetation forms a closed surface, covering the soil completely, 
all available energy will be dissipated by transpiration and evaporation from 
the soil is negligible. As the next step, the influence*of dessication of the 
top soil on evaporation from the soil is taken into account. This effect is 
derived frm the assumption that, after an initial period, when soil evaporation 
is determined by energy availability (the 'cor-stant-rate' stage), a 'falling
rate' stage follows, during which evaporation is determined by the rate at which 
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moisture can be supplied to the soil surface. During the falling-rate stage a 
linear relation is assumed between cumulative soil evaporation and the square 
root of time (Stroosnijder and Kone, 1982; Ritchie, 1972). Hence, actual 
evaporation from the soil is derived from the slop_ of the relation between 
cumulative soil evaporation and square root time, and the time that has elapsed 
since the last effective rain shower, i.e. a shower that resulted in soil 

wetting.
 
As said before, transport between soil compartments under the influence 

of developing potential gradients is not explicitly incorporated in the model. 
However, evaporation from the soil surface results in redistribution of soil 
moisture by transport from deeper layers. In the present model that process is 
'mimicked' following the procedure developed by van Keulen (1975), in which it 
is assumed that the total moisture withdrawal due to evaporation from the soil 
surface is distributed over the various soil conartments, following an 
exponential extinction function, and is moreover influencLd by the actual 
moisture distribution in the soil profile. The extinction coefficient is a soil 
characteristic and can either be derived from experimental data, or from a 
detailed model of soil evaporation (van Keulen, 1975). The procedure has been 
described in detail by Stroosnijder (1981) and van Keulen (1975). 

Potential transpiration is also derived from potential 
evapotranspiration, taking into account the effect of vegetation density and 
that of the nitrogen status of the vegetation. The influence of vegetation 
dariity is described under the assumption that potential transpiration by 
vegetation that does not cover the soil completely is proportional to its 
relative energy interception. The latter is calculated under the assumption of 
exponential extinction irradianceof (rGoudriaan, 1977), with an extinction 
coefficient depending on vegetation type typically varying between 0.5 for erect 
gramineous vegetation and 0.7 for more planofile herbaceous vegetation. The 
degree of soil cover is mainly determined by the leaf area of the vegetation, 
but because that characteristic is not separately tracked in the present model, 
soil cover is related here to total above-ground biomass by a function that 
essentially describes the combined effect of specific leaf area and leaf-weight 
ratio (Watson, 1947).
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The effect of the nitrogen status of the vegetation on potential 
transpiration is related to the mode of stomatal regulation. It appears that 
some species regulate stmatal opening in such a way that the 002 concentration 
inside the stamatal cavity is maintained at a near-constant value (Goudriaan and 
van Laar, 1978). Any condition that interferes with CO2 assimilation then leads 
to partial staatal closvre in an atte.ot to reduce the influx of 002 into the 
stomatal cavity. One such condition is nitrogen shortage, the rate of 002 
assimilation being proportional to the nitrogen concentration in the leaves over 
a wide range of concentrations (van Keulen and Seligman, 1985; Goudriaan and van 
Keulen, 1979; Wong, 1979). Hence, suboptimum nitrogen concentration in the 
leaf tissue results in lower CO2 assimilation, followed by stamatal closure and 
consequently lower transpiration rates. In the model it is assumed that in the 
first period after germination sufficient nitrogen is available in the soil to 
maintain optimum nitrogen conditions in the vegetation, and that gradually the 
nitrogen store in the soil is depleted, leading to suboptimm, levels. Potential 
transpiration is reduced in proportion to the ratio of actual growth rate and 
potential growth rate of the vegetation, taking into account the maintenance 
requirements. 

Actual transpiration is derived from potential transpiration, taking 
into account the effect of root distribution and activity and soil moisture 
distribution. It is assumed that root density decreases linearly from the soil 
surface to the root tip. Root activity is calculated from root density, taking 
into account the moisture status of the various soil ccmpartments. The latter 
is described by a schematic function that is zero when the soil moisture content 
is below wilting point, one when the soil moisture content is higher than 40% of 
the total plant-available moisture storage capacity (defined as the difference 
between wilting point and field capacity) and increases linearly in the 
intermediate range. Total root activity is then normalised in such a way that 
when the soil moisture status of the various ccapartments is favourable actual 
transpiration equals potential transpiration. In reality, scme of the soil 
capartments may be too dry to allow unimpeded uptake of moisture by the roots. 
A reduction factor is introduced to account for the effect of suboptimm soil 
moisture conditions. This reduction factor is derived following a 'Veihmeyer
type' approach, i.e. soil moisture is readily available when soil moisture 
ccntent exceeds 40% of the storage capacity, it is unavailable at wilting point, 
and availability decreases linearly in the intermediate range. For each soil 
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ccoartment water uptake by roots is calculated as 'root activity factor' 
multiplied by the 'reduction factor' and potential transpiration. The sum of 
water uptake by the roots in the various compartments is equal to actual 
transpiration. 

For each soil compartment the water balance is now completed, and the 
rate of change is calculated as: rate of inflow - rate of outflow - rate of soil 
evaporation  rate of root water uptake. 

For special purposes, some auxilliary variables are calculated 
subsequently, such as the total amount of available moisture in the soil profile 
and the moisture status of the profile (a value being zero when no moisture is 
available in the root zone, or one otherwise). The number of C.iys the soil 
moisture status is above wilting point is calculated for each ccmpartment, which 
is used later to define the total wetting duration of the profile. That total 
wetting duration should be related to availability of nitrogen to the 
vegetation. 

Growth of vegetation 

The vegetation considered in the model is a mixture of annuals that starts fron 
seed each year. For each site initial biom'ass after ge:.mination is defined, 
based on an estimate of the total seed stock in the soil and its germination 
characteristics. 

Germination is assumed to take place in the upper 5 cm of the profile, 
\,henever soil moisture in that soil layer is above wilting point. To calculate 
Lhe moisture status of the soil layer for any particular day, infiltration on 
that day is also taken into account (rain is assumed to take place at the 
beginning of the day). If these conditions are fulfilled, the day is -orsidered 
a germination day. Germination is considered complete when the number of 
germination days equals the total time required for germination, which is a 
species characteristic (Breman and Krul, 1982), in the present model an average 
value beinrg used. For specific situations where the composition of the seed 
stock is known, a more accurate value can be introduced. If the top- soil dries 
out before germination is ompleted, the seedlings are considered to be dying 
and plant growth resumes only after a rainfall event rewets the top- soil. 
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At conpleti-n of germination, total above-ground biomass is initialised 
with the predefined initial value. The increase in bicmass is defined by a 
relative growth rate in the early stages o . plant growth. In the present 
version a value of 0.15/d is defined, being typical for a mixture of annuals in 
Sahelian conditions (Penning de Vries, 1982). These growth rates can be 
realised, because in the initial stages sufficient plant nutrients are available 
in the soil to ensure optimum concentrations in the vegetation (Penning de Vries 
and van Keulen, 1982). When the growth rate calculated on the basis of the 
constant relative growth rate exceeds a predefined maximum value, that value is 
substituted. 

For both situations, the growth rate is corrected for the ratio of 
actual and potential transpiration. under the assumption that 002 assimilation 
is reduced in proportion to the reduction in transpiration. That assumption is 
based on extensive experimental evidence and theoretical treatment of the 
processes (cf Tanner and Sinclair, 1983; de Wit, 1958).
 

If the soil dries out, transpiration gradually declines until the whole 
root zone is at (or below) wilting point, at which point stmata are fully 
closed and O02 assimilation ceases. Wien such conditions last for some time the 
vegetation will react with processes that decrease transpirational demand, such 
as leaf rolling and leaf shedding. In the present model these phenomena are not 
taken into account in a dynamic way. The nuber of days on which there is no 
transpiration is tracked in the model and if it exceeds a certain predefined 
value, characterising the buffering capacity of the vegetation, the vegetation 
is assumed to die completely in one day. If a rainfall event occurs before that 
day is reached, the accumulated stress days are zeroed and accumulation starts 
again after that moisture has been depleted. 

The total number of growing days of the vegetation is tracked by 
integrating each day that actual transpiration assumes a non-zero value. 

Dry-matter accumulation in the roots is not considered in the model, 
because the growth rate is defined on an above-ground basis only. Rooting depth 
is, however, considered: the rooting depth at emergence is assumed to be 0.075 
m, and under optimum conditions the rate of root extension is 0.04 m/d. Root 
extension proceeds at that rate until the root tip reaches a soil compartment 
that is at or below J-ilting point, after which root extension ceases. Root 
extension also ceases when a predefincA maximum rooting depth has been reached. 
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The nitrogen balance 

The major characteristic of the nitrogen balance, as described in the present 
model, is that it is highly empirical, which means that it can only be used with 
extreme caution outside the range of conditions for which the model has been 
calibrated. In this first approximation several assumptions have been 
introduced that simplify reality substantially and it may well be necessary to 
replace some of these during further development of the model. 

The mineral nitrogen in the soil is assumed to be in nitrate form, !vc, 
though in reality some may be present in the form of ammonium (Krul et al, 1982). 

At the start of the simulation, an initial amount of mineral nitrogen is 
assumed to be present in the soil, originating largely from the previous year's 
root material that has partly decayed. The amount present is therefore 
proportional to amount roots present, for whichthe of a typical value for 
annual vegetation in the Sahel has been chosen (Penning de Vries and var, Keulen, 
1982). 

Mineral nitrogen in a soil compartment can increase by decomposition of 
organic material, it being assumed that during the growing season the microbial 
population is more or less in equilibrium, so that all nitrogen in the 
decomposing material contributes to the mineral nitrogen store. The rate of 
decomposition is derived from the total amount of organic material present, 
assuming a constant re'l iAve decomposition rate, and taking into account the 
effect of soil moisture status on microbial activity. In the present model, 
essentially the relation as given by Beek and Frissel (1973) is used, although 
conflicting evidence is available in the literature (Stanford and Epstein, 1974; 
Robinson, 1957).
 

In the first soil conpartment two more processes contribute to ineral 
nitrogen. Firstly, the influx by rain, which also represents fixation by blue
green algae and free-living bacteria. The concentration of N in rainwater is 
assumed to be 0.0125 kg/imn. Secondly, decomposition of litter on the soil 
surface, which consists of plant remnants from the previous season, also 
provides inorganic nitrogen to the top soil compartment. The rate of 
decomposition of litter is described in a similar way as for the organic matter 
in the soil, i.e. a constant relative decomposition rate, corrected for the 
moisture content in the top soil compartment. 
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It is assumed that the contribution of stable organic material to the 
supply of mineral nitrogen is negligible. 

A majoi" problem in the description of the processes of the nitrogen 
balance treated so far is that estimates have to be made of the initial size of 
the various components. In the calibration runs most of the values were derived 
from experimental data collected in the Saheliart zone (Penning de Vries and 

Djiteye, 1982).
 

Mineral nitrogen will move with water flow. Hence, during a rainfall 
event, leaching of nitrogen may take place. The rate of outflow of nitrogen 
from any compartment is calculated as the rate of water flow from that 
compartment multiplied by the average concentration of nitrogen in the 'outflow' 
and the 'inflow' compartment. Finally, that value is maltiplied by a 'leaching 
efficiency' (van Veen et al, 1981). 

Uptake of nitrogen by the vegetation is assumed to take place only 
passively, i.e. with the transpiration stream. The rate of uptake from each 
compartment is obtained root uptakethus as water multiplied by the 
concentration of N in that compartment, multiplied by nitrogen uptakea 
efficiency. Total uptake of nitrogen by the vegetation is the sum of uptake 
from the various compartments in the root zone. This formulation may be an 
oversimplification, because in reality it seems that if the demand for nitrogen 
of the growing vegetation is higher than can be supplied by passive uptake, 
additional uptake cai take place by diffusion of nitrogen to the root surface 

(van Keulen et al, 1975). 

For each soil compartment, the nitrogen balance is completed bynow 
formulating the rate of change as: rate of mineralisation plus rate of inflow 
from the overlying compartment Tinus rate of outflow to the underlying 
compartment minus rate of root nitrogen uptake. 

Some model specifications 

A complete listing of the model, formulated in the simulation language CSMP is 
given in Appendix 1, while a glossary is provided in Appendix 2. 

As explained earlier, the time interval of integration is one day, and 
integration is performed according to the simple rectilinear integration 

method. 
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Results and discussion 

It should be stressed that the results presented are of a preliminary nature, 
because the Model is still under development and further adaptations and changes 
are certainly necessary.
 

Calibration 
runs were carried out with data from an experiment carried 
out in Niono, Mali (50 45'W, 140 30'N), in 1978 on a sandy soil (Stroosnijder and 
Kone, 1982).
 

The measured and calculated terms of the water balance are given in 
Figure 1. In the experiment total evapotranspiration was determined by 
measurement of total soil moisture by neutron moderation, taking into account 
infiltration as measured at the site. Evaporation from the soil was determined 
separately and the difference between the two terms was calculated as crop 
transpiration. This results in the observation that cumulative transpiration 
sometimes declines, a situation that in reality will not have occurred. 

Measured and simulated values are of the same order of magnitude, 
although individual values sometimes deviate up to 15%. However, taking into 
account the simple description of the water balance and the fact that the soil 
at the experimental site is rather heterogeneous, whence it is difficult to 
define soil physical parameters unequivocally, the results are satisfactory. 

The calculated biomass at day 268 (25 September) was 1860 kg/ha, which 
is substantially higher than the 1400 kg/ha measured in the experiment.
 
However, at 
that particular site the vegetation consisted predominantly of 
Zornia qlochidiata, a leguminious species with a relatively short growth cycle 
and hence a low total dry-matter yield. The average yield on the sandy soil of 
the ranch was substantially higher that year and may have approached the 
calculated value. In the Zornia plot growth of the vegetation ceased before day 
268, not because of moisture shortage (even after that day there was sufficient 
moisture in the soil to sustain plant growth) but due to photoperiodic effects. 
It has been observed in the Sahelian region that most of the plant species are 
very photoperiod-sensitive. In the model this effect is not incroporated, so 
that only moisture shortage causes cessation of growth. Evidently, this 
omission affects the degree of realism of the model, and, if possible, some sort 
of quantitative description of the effect of photoperiodism on phenological 
development of the vegetation should be included. 
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Figure I. Measured and calculated values of evaporation (E), transpiration (T) andevapotranspiration (ET), Niono, Mali, 1978 
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From a comparison of the measured and simulated soil moisture profiles
on three dates during the growing season (Figure 2), it appears that the model 
predictions are not ver, accurate. The depth of wetting is much deeper in
reality than calculated by the model. However, simulated ET values are similar 
to the measured values (Figure 1), so the main difference is in the distribution 
of soil moisture. The reason(s) for these discrepancies are not clear: couldit
be speculated that redistribution of moisture takes place under the influence of 
gravity, a process not accounted for in the model. Such an effect could be 
mimicked in the model by assuming a somewhat lower value for field capacity,
thus inducing deeper infiltration. Experimentation with the model has shown,
however, that to achieve the depthmeasured of wetting, unrealistically low
values would have to be introduced. It seems, therefore, that at this stage the
various terms of the water balance and their description in the model need to be
reconsidered. These results are somewhat disappointing, because one of the
aims of the model is tc predict total nutrient uptake by the vegetation as a 
function of the depth and dir ation of soil wetting, based on the assumption that 
nutrient supply from . oil is mainly detenined by that characteristic (cf 
Harpaz, 1975).
 

In Figure 3 measured and simulated uptake of nitrogen are compared using
data from a transect the Sahelin studied for four consecutive seasons (Breman

and Krul, 1982). There is considerable scatter 
in the data, but this may be

partly attributed to the fact that no attempt was 
made to include site- or year
specific information for the description of the nitrogen balance 
in the model. 

The relationship with integrated soil wetting is illustrated in Figure

4, using the same data. 
 Despite the fact that the moisture distribution in the

calibration runs 
was not very satisfactory, it that aseems relationship exist -
between the calculated product of depth and duration of soil wetting and total 
nitrogen uptake as measured in the field. Longer wetting generally leads to
higher nitrogen availability, up to a value of about 1500 layer.d, after which
levelling off occurs. resultsThese indicate that the length of the period
during which conditions are favourable for microbial activity, and hence for
decomposition of organic material, is a major determinant of the soil nitrogen 
supply. 
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Figure 2. 	Measured and simulated soil moisture profiles on three
 
dates during the growing ;eason, Niono, Mali, 1978
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Figure 3. Relationship between measured and simulated uptake of nitrogen of vegetation, with
and without a legume component, from a transect in the Sahel, 1976-79 
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Figure 4. Relationship between the simulated product of depth and duration of scil wetting
(wet soil layer. days) and measured nitrogen uptake (kg N/ha) of vegetation, with
and without a legume component, from a transect in the Sahel, 1976-79 
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The scatter of the data is still rather large for which there are a 
number of possible reasons: 
1. 	 In the present description no distinction is made between soil wetting in 

the surface horizons, where most of the organic material is concentrated, 
and in deeper layers. Improvements in the relation could possibly be 
expected if the wetting depth and duration were weighted for organic 
matter content of the soil. 

2. 	 The field data, covering many different sites and a number of years, cover 
a large variety of vegetation types. Te composition of the vegetation 
differs considerably from year to year and from site to site. This 
phenomenon has consequences for the nitrogen economy as well, because 
different species may mature at different times. Therefore, it could be 
that, at harvest time at the end of the rainy season, some of the nitrogen 
that was taken up by the vegetation was lost already by seed shedding, 
especially because those organs act as a strong sink for nutrients at the 
end of the plant's life cycle (de Ridder et al, 1981). One of the factors 
that causes discrepancies is the proportion of legumes in the final 
bicmass. Most data points for which more than 20% of the final biomass 
consisted of legumes are at the upper side of the graph, indicating the 
contribution of nitrogen fixed from the atmosphere. 

3. 	 In the present fonulation it is assumed that practically all the 
nitrogen available to the vegetation in the current season originates 
from plant remnants from the previous season. Thus, more nitrogen would 
be available after a relatively favourable season with a large bicmass 
than after a relatively unfavourable season, while in a favourable season 
following a drought year there could be some contribution from residual 
nitrogen that was not taken up in the water-limited year. None of these 
differentiations have been taken into account in the model. 

ConcludiM remarks 

The model as presented in this paper can be considered partly as a summary 
model (Penming de Vries, 1982), oaiprising simple descriptions of processes 
that are relatively well understood. Partly, however, the model is highly 
empirical and therefore speculative, especially for the soil- and vegetation

nitrogen balances. 
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In some respects, particularly (evapo) transpiration and dry-matter 
production, the performance of the model is reasonable; in other aspects, for 
instance moisture distribution, its performance is rather weak. More work is 
needed on these.
 

Another 
 aspect that needs further study is the relationship between the 
nitrogen status of the vegetation and its growth and production. In the present 
formulation these two characteristics are completely independent, the growth 
rate being derived from experimental data. A more fundamental approach, 
whereby the processes of assimilation and respiration as influenced by the 
nitrogen status of the vegetation are considered, could be an attractive 
alternative (cf van Keulen and Seligman, 1985). 

All-in-all it may be concluded that the present model is a useful first 
approximation for the description and understanding of natural vegetation in 
semi-arid regions, but that for wider application further development is 
necessary.
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Appendix 1 Model listing. 

TITLE SAjEL MODEL 

SYSTEM NIOINT = 2000. 

SYSTE4 BCD 

INITIAL 

NOSORT 

STORA E AIRDR(25), AIRDRY(5), BOUND(5), DPIH(25), ... 

DPTHC(25), EVAPR(25), F(25), FLDCAP(5), ... 

FIDCP(25), MF(25), NOONC(25), NIEACH(25), .. 

NUPTAI(25), RDENF(25), RDSUBS(25), RNMIN(25), 

RRDENF(25), SIORC(25), =c,(25), TRAN(25), ... 

VAR(25), WIN(25), WLTPNT(5), WLTPT(25) 

FIXED I,N,K 

PARAM N = 23 

TABLE TCK(1-23) = 10*50. ,5*100.,8*250. 

I!j)VIH = 0. 

DEPTH(1) = 0. 

DO 10I 1,N 

DPI'H(I+l) = DPIH(I)+TCK(I) 

TDEPfI = TDEPT +TCK(I) 

DPTHC(I) = DPIH(I)+0.5*TCK(I) 

10 CONTINUE 

K = 1 

DO 30 I= 1,N 

WLTPr(I) = WLTr(K) 

FILDP(I) FLDCAP(K) 

AIRDR(I) = A!RDRY(K) 

STORC(I) = F1LCP(I)-WLTPr(I) 

IF(DPIH(I+l).LT.BOUND(K)) GOTO 20 

K =K+1 

20 CONTINUE 

30 CONTINUE 

DO 40 1 = 1,N 

WI(T) = TCK(I)*AIRDR(I) 

40 CONTINUE 
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35 INCON CROPSI = -1. 

36 RIDI = RI= 

37 TABIE SUBSTI(1-23) = 2*325.,2*100.,2*65.,2*35.,2*1,v.,3*7.,... 

38 2*5. ,4*3* ,4*0. 

39 D050 1 = ,N 

40 INI(I) = IFIM*SUBSTI(I) 

41 50 CONTNUE 

42 DYNAMC 

43 1NKSORT 

44 DYY = 

45 RAIN = 

46 JlIM = 

47 MNFF' = 

48 INFh = 

49 PfL~R = 

50 PEER = 

51 RNPAR = 

52 EVAPIR = 

53 SCOV = 

54 PIDRr = 

55 NFACr = 

56 

57 M P= 

58 EVAPP = 

59 DSIER = 

60 

61 AEVAP = 

62 SUNM = 

63 DO 60I1==1,N 

SrIflY+IM
 

ISOHC*AFC;E(RAflMT, AY)
 

INSW(l.0-RAIN,1.0,RAIN)
 

R'FC*AFE (F~r, RAIN) *R~AIN
 
RAI-N-MNOFF-INT
 

AFGEN(PE'INR,DAY)
 

AITJE1(PErI, DAY) 

INSW(RAIN-0.001,-.,l.) 

INSW(RNPAR, PEIM, EI ) 

1. 0-XP(-0. 5*BC[4/FGE(SSWrB, BIC!4)) 

IJ4I(0.,l.,BIC14/2500.)*PDRxpM. 

AMIN1(1.0,(1.5*DGRATE+.1*BIcK)/... 

(1.5*PDGRT+.015* 

(Bia4+N0T(BICz)))) 

SCOV*DZV(CROP[I, 0., EVPR *NF~ 

ANMi(0. ,EVAPIR-~NWP)
 

flIGL(90.001,1.-INSW(RAIN-0.01,.,...
 

InSW(EVAPP-IFR,DESLER-.001,0.)))
 

AMINi (EVAPP,EVAPC* (SO 2(DSIER) -SQRT(DSIER-1)))
 

0. 

64 EFFAC = AFGD'l(EFFAC,AMIN1(1.o, (W(I)/TCK(I)-wMlrT(I))/... 

65 SIMC(I)) 
66 RRDENF(I) = CK(I)*EFFAC*AMAX1(0.,(RMDPDIEC(I))/... 

67 (mrD+Na(RTD))) 

68 SEUhPRD = St4ODRRO2(I) 
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69 60 TINUE 

70 70 I =1,N 

71 RDENF (I) = RRDF (I)/(SUMRRD+NOT(SUMRRD)) 

72 TRAN(I) 0. 

73 EVAPR(I) = 0. 

74 70 CONINUE 

75 STRAN = 0. 

76 DO 80 1 = 1,N 

77 REDF = LIMIT(0. ,1., (W(I)/TCK(I)-WLPT(I))/(LMF*STORC(I))) 

78 TAN(I) = RDENF(I) *REDF*IRANP 

79 SIRAN = STRAN+TRAN(I) 

80 IF(DPIH(I+1) .GT.RID) C(110 90 

81 80 CONTINUE
 

82 90 COTTINUL
 

83 SUMT = 

84 DO 100 I 

85 VAR(I) = 

86 


87 SEW = 

88 100 CONINUE 

89 SEVAP = 

90 DO i0 1 

91 F(I) = 

92 EVAR(I) 

93 SEVAP = 

94 110 CONTINUE 

95 EVAPPR = 

96 WIN(1) = 

97 SEVAP = 

98 DO 120 I 

99 WIN(I) = 

100 

101 

102 120 CTINUE 

103 O 130 I 

0.
 

= 1,N
 

AMAX1(W(I)/TCK(I)-AIRxR(I), 0.)*EXP(-0.001*PROP... 

*DPIFHC(I))
 

SMIVAR(I) *TCK(I) 

0. 

= 1,N 

TCK(I) *VAR (I) / (SU NoT (SUMt)) 

= AMN (W(I)-=IK(I) *AIRM (I), F(I) *AEVAP) 

SEVAP+EVAPR(1) 

AMAXI(0. ,EVAPIR-INTC-STRAN) 

A1(O.,INF-.-EVAPPR) 

INSW(WIN(1)-0.001,SEVAP,EVAPR)+IC 

= 2,N+l 

AMAX(0. ,WIN(I-1)-(Fnc (I-1)*TCK(I-1)-... 

(W(I-1) -INSW(WIN (1) -0.001, EVAPR(I-1), 0.)-... 

TRAN(I-1)))/DEIr) 

= 1,N
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104 RCW(I) = WIN(I)-WIN(I+I)-INsw(wIN(1)-o.ool,...
 
105 EVAMR(I), 0.)-TRAN(I)
 

106 130 ONTINUE
 

107 W f- IGRL(WI,RCW, 23)
 

108 WGER = 0.
 

109 DO 140 1 = 1, N
 

110 IF(DPIH(I+1).GT.GDPTH) GOlD 150
 

111 WGER = WGER+W(I)
 

112 140 CONTINUE
 

113 150 CNTINUE
 

114 W = WGER+INFR
 

115 WIDTR = 0.
 

116 NSSTAT = 0.
 
117 DO 160 1 = 1,N 

118 WITR = WI0IR+W(I) *LEMIT(0., TCK(I) ,RrD-DPmH(I) )/TCK(I)
 
119 MSSTAT = MSSTA-TINSW(W(I)-WLTr(I)*TCK(I)-.0o1,.,1.)*...
 

120 LMIT(0.,TCK(I),RITD-DPIfi(I))/TCK(I)
 

121 IF(DPIH(I+I) .GE.RTD) GOlD 170
 

122 160 CoNINUE
 

123 170 OONIKrYJE
 

124 GERD = FCNSW(WGER-GDPTH*wr(i), ., i., 0. )
 
125 MSFG = INSW(CROPST, INSW(WGER-GDPiH*WLTPT(1),0.,1.),0.)
 
126 E = AND (GERD,MSSTG) *SSIG/EyIp
 

127 PUSHE = AND (-<ROPST,)SSG-CE~ff)
 
128 W = INIGRL(0. ,MSFG* (1. -IUSHE) -ISHE*MSG/DEI!I-EMPIR,... 

129 (1.-FUSHE))
 

130 KID = FCNSW (STRAN, 0. , 0. , 1.)
 
131 IUSHD = AND (CR0PST,MSSTD-.DEADT)
 

132 MNSD = INSW(-STRAN,0.,i.)*INSW(CRDST,0.,.)*(i.-pUSHD)
 

133 MPIRR = AND (KIL, MSSTD) *MSSTD/DELT
 
134 MSSTD = fNlGRL(0.,MSFD-I JSHD/DELT*MSMTD-4PrRR* (1.-IUSHD))
 

135 SWPDS = 0.
 

136 DO 180 I= 1,N
 
137 SWPDS = SWPS+AND(RID-DPIH()+0.001,DPIH(I+1) 
 -RTD) *... 

138 INSW(W(I) -+am (I) *TCK(I), 0., 1.) 
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139 180 CORI=U
 

140 GI'D 

141 

142 RI1 

143 GRRAT 

144 F4RO 

145 m 

146 BICG! 

147 

148 MBiam 

149 CPPST 

150 GROWD 

151 'IG D 

152 'IOflUP 

= INSW(RPST,O. ,IN~SW(MKFr-RrD,O. ,OGUrD*SWPDS) )*... 

(1.-RUSHD) 

= INTlGRL(0., RrDI*PUSBE/DELfImD.?JSHD/DETr*RTD) 

= ANI~i (RGR*BIO4, DOM~T) *SR1nW/ (TWP-NOT (TRAP)) 

= GPLMr/ (BICtft-NOr (BICZM)) 

= SIRAN/ (TRANP+NOTr (TRANP)) 

~IM-RL (0.,IBI~t4*PJSHiE/DEur4GRATE* (1.-PUSHD)-. 

RJSHD*BIOZ4) 

= iUIwRL(0. ,FSHD*Bia4)
 

= IMGL (CRPSI, PSE*2. -RJHD*2.)
 

= InSw(CRPST,.,.)*nS(MSTAT-.0o1,o.,1.)
 

= INIGRL(O.,GDD)
 

=0.
 

153 DO 190 I= 1,N
 

154 NCCUC(I)= NI(I)/W(I)
 

155 NUPTAK(I) 

156 'Ioflup = 

157 190 O!OflTnE 

156 M~ 200 I= 

159 NLEACH(I) 

160 

161 MF(I) 

162 

163 RIDTJ (I) 

= A1(NI(I),NUE*NONC(I)*TAN(I)) 

fIMP+NUPM~K(I) 

-

1,N 

= ANIN1(NI (I) -NUPI!AK(I),tE*WIN(I+1) *(NaONC(I)+... 

NCOC(I+1))/2.) 

A=M (FT, AX(. ,(W(I)/TCK(I)-WI.Ir (I))/. 

S'IUC(I)) 

=RER*My(I) *SU2SI!(I) 

164 RCSUB(I) = -RDSUBS(I) 

165 200 C1I'NTTNE 

166 RCM = RDLI*MR (1) *jL~r= 

167 1IMIM = FFOUAT*RCLIT 

168 RMIN(1) = FRNR*RiDtJ (1) 

169 RCN(1) = NC*INU +efRZIFROII (1) -NTEAC{(1) 

170 NUPIAK(1) 

171 TIR4IN = RON (1) 

172 DO 210 I= 2,N 

173 PR3I4I(I) = ERM*RMStJ (1) 
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174 MIUN = TRNIN+RNMIN(I)
 

175 RCN(I) = RNMIN(I)+NLEACH(I-1)-NiEAGi(I)-NUPTAK(I)
 

176 210 CONTINUE
 

177 "UMIN 

178 'ININL 

179 MM4NML 

180 LIT 

181 SUBSTR 

182 NI 

183 NDBIOM 

184 mrrUP 

185 

186 NCBIOM 

187 TSUBST 

188 TTNI 

= INTnL(0. ,TR01IN) 
= InTGRL(0. ,RNMIT) 

= INTGRL(0. ,TRNMIN+RNMIZ) 

= flf-lML(ILIT,-RCLrT) 

= DNURL(SUBSTI,RCSUBS,23) 

= INTGRL(INI, RCN, 23)
 

= INIRL(0. , PUSHD*Tup)
 

= INITRL(0., IFRNB*IBIOM* PUSHE/DELT+TOTNUP* (1.- USHD)
 

PUSHD*TNITUP) 

= TNIUP/ (BICM+NOT (BIOM)) 

= 0. 

= 0. 

189 DO 220 I= 1,N 

190 TSUBST = TSUBST+SUBSTR(I) 

191 TOM = TOrNI+NI (1)
 
192 RAVW(I) = FCNSW(W(I)-WLTPT(I)*TCK(I),.,O.,I./DELT)
 

193 RAVW1(I) = RAVW(I)*MF(I)
 

194. 220 CONTINUE
 

195 AW = INTDRL=(IAVW,RAVW,23)
 

196 AVW1 = ITGRL(IAVW, RAVW1, 23)
 

197 TAVW = 0. 

198 TAVW1 = 0. 

199 DO 230 I= 1,N 

200 TAVW = TAVW+AVW(I) 

201 TAVW1 = TAVW1+AVW1 (I) 

202 230 CONTINUE 

203 GERWAV = INTGRL(0. ,PUSHE) 
204 GDAY = INTGRL(0. ,PUSHE*TIME-PUSHD/DELT*GDAY) 

205 EGDAY = INTGRL(0., PUSHD*TIME-PUSHD/DELT*EGDAY) 

206 MRAIN = WIN (N+I) 

207 TDRAIN = INTGRL(0. ,DRAIN) 

208 TRAIN = InTGRL(0. ,RAIN) 
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209 TOTINF = INTGRL(0. ,INR)
 

210 TEVAP = ImmGRL(0.,SEVAP)
 

211 TOIRAN = INIGRL(0.,STRAN)
 

212 ET =NTGRL(0.,SEVAP+SRAN)
 

213 FUNCT!cK RAINTB = 0.,0.,4.,0.,5.,25.,6.,0.,9.,0.,10.,25.,...
 

214 11.,0.,14.,0.,15.,25.,16.,0.,19.,0.,20.,...
 

215 25.,21.,0.,24.,0.,25.,25.,26.,0.,29. O.,...
 
216 30.,25.,31.,0.,34.,0.,35.,25.,36.,0.,39., 0.,...
 
217 40.,25.,41.,0.,44.,0.,45.,25.,46.,0.,49.,0.,...
 

218 50.,25.,51.,0.,54.,0.,55.,25.,56.,0.,59.,0
..
 
219 60.,25.,61.,0.,64.,0.,65.,25.,66.,0.,69.,0.,.
 

220 70.,25.,71.,0.,74.,0.,75.,25.,76.,0.,79.,0
..
 
221 80.,25.,81.,0.,84.,0.,85.,25.,86.,0.,89.,0
..
 
222 90.,25.,91.,0.,94.,0.,95.,25.,96.,0.,99.,0.,.
 

223 100.,0.
 

224 * FUTNCTION EVPIB= 0.,4.,31.,4.,32.,5.,59.,5.,60.,6.,90.,6.,...
 

225 * 91.,6.5,151.,6.5,152.,6.,212.,6.,213.,5.,...
 

226 * 243.,5.,244.,5.5,304.,5.5,305.,4.5, 334.,4.5,.
 

227 * 335.,4.,365.,4. 

228 FUNCTION PET = 91.,6.3,105.,6.3,135.,7.0,166.,6.9,196.,6.1,... 

229 227.,5.9,258.,5.8,288.,5.3,304.,5.3 

230 FUNCTION PEMr = 91.,4.3,105.,4.3,135.,5.0,166.,4.9,196.,4.1,... 

231 227.,3.9,258.,3.8,288.,3.3,304.,3.3 

232 FUNCION ROFINT = 0.,0.,5.,0.2,10.,0.5,20.,1.2,30.,1.55,... 

233 70.,1.7,200.,1.7 

234 FUNCTION EFFACT = -10.,0.,0.,0.,0.4,1.,1.1,1. 

235 FUNCTION SSWTB = 0.,500.,250.,500.,400.,600.,15000.,600. 

236 FJNCTIONNE = 0.,0.,.25,.05,.5,.3,.75,.75,1.,I.,1.5,.5 

237 TABLE FIJfCAP(1-3) = 0.225, 0.145, 0.09 

238 TABLE WTIXPr(1-3) = 0.075, 0.055, 0.028 

239 TABLE AIRERY(1-3) = 0.025, 0.018, 0.009 

240 TABLE BOND(1-3) = 150, 1200, 3001 

241 TABLE IAVW(1-23) = 23*0. 

242 PARAM STDAY = 0. 

243 PARAM ISOC = 1. 
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244 PARAM ROFFC = 0.2 

245 PARAM EVAPC = 3.3
 

246 PARAM PROP = 15., LW = 0.4 
247 PARAM GERMr = 1.5, GVi.3H = 50. 
248 PARAM IBIC14 = 15., RGR = 0.15, DGRATE = 35., PDGRIM = 250. 
249 PARAM RG = 75., OGRID= 40., MXRTD = 1500. 
250 PARAM IFRNB = 0.025, IFRMN = 0.01Z, NUE = 0.9, IE = 0.7 
251 PARAM FRNLIT = 0.0075, FRNR = 0.0092, NCR = 0.0125
 

252 PARAM R1M = 0.0-, DLIT = 0.05, ILIT = 500.
 

253 PARAM DEADr = 4.
 

254 PARAM HRVST = 300.
 
255 PRINT W(1-23), TERAIN, TRAIN, TOTINF, TaTRAN, 
 TEVAP, .. 

256 Er, RlD, IGRlxD, GDAY, GERWAV, GRRATE, 
257 TDBICM, TNrmUP, NCBICM, NDBICM, 'MINR, '4INL, .. 

258 TINRL, ISUBST, TAVW, TAVW1, STRAN, TRANP, .. 

259 SEVAP, AEVAP, WOM, BICM,LIIER, WIN(l), .. 

260 EVAPPR, EVAPP 

261 w ROR ,TRR, BICM, SCOV, NFACT 

262 PAGE NTAB = 3, SYMBL = (R,T,B,S,N) 

263 aRr TNIrIUP, NCBICM, NDBI,MINR,mmINRL 

264 PAGE NAB = 5, SYMBL = (T, L, D, R, M) 
265 TIMERFINRM= 0., 
DEI= ., PDEL= 1., OrIDEL= 1.
 

266 MEM-MD RECT
 

267 END
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Appendix 2. WELIM variable definitions. 

AEVAP Actual soil evaporation rate not considering daily rainfall

enhance evaporation (nrday) 
AIROR Volumetric water content of a soil layer when air dry 

(m /m3 ) 
AIR1Y Volumetric water content of a soil horizon when air dry
 

(m3/m3 )
 
AVW Number of days water content of a soil layer is above
 

wilting point (d)
 
AVW 1 AVW weighted by function relating rate of decmposition of
 

organic material to soil moisture content (d)
 
BICM Weight of live shoot (kg E/ha)
 
BUND Depth of boundary between soil horizons (mm)
 
CMPSI Initial crop status (CROPST) (-)
 
CROPST Crop status indicating live standing crop present 

(CROPST = 1) or not (CROPST = 0) 
AY Number of days in the year fron 1 January 

DEADT Duration of no transpiration before death (d) 
DEET Time step of calculations 
DRAE Nutrient limited potential shoot growth rate (kg 

M1Vhad) 
DEPTH Depth of top of a soil layer (mm) 
DEPIHC Depth of center of a soil layer (mm) 
BRAIN Water drained below the deepest soil layer (mm) 
DSLER Number of days plus 1 since last effective rain (d) 
EFFAC Reduction factor for root effectiveness as a function of 

soil moisture content (-) 
EFFAC C Table of EFFAC versus reduced soil moisture content (-) 
EGDAY Day number of end of last growing period 
D4PTR Rate seed imbibition period is reduced when soil becomes 

too dry prior to germination (d/d) 
4PIMR Rate drought period without transpiration is reduced when 

transpiration resumes (d/d) 
r Qmulative sum of evapotranspiration (mm) 
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EVAPC 

EVAPP 

EVAPR 

EVAPIR 

EVPIB 

F 

FINTIM 
FIDCAP 

FIDCP 

FRNLIT 


FRNR 


GIIXY 


GDPrH 


GERD 


GNumber 

GERqAV 

GROMD 


GMATE 


GRD 


IAVW 

IBICa 

IFMN 

IFRNB 

ILIT 

INFR 

INI 

INT 

ISCUC 

K 

Experimentally determined evaporation constant (nmVd)
 
Soil evaporation rate potential (mmVd)
 
Actual evaporation rate from a soil layer (mTVd)
 
Potential evapotranspiration rate (m/d)
 
Table of Penman potential evaporation rates (mmVd)
 
Normalized fraction of soil evaporation from a soil
 
layer (-)
 
Last simulation day number
 
Volumetric water oontent of a soil horizon at field capacity 

(m3/m 3 )
 
Volumetric water content of a 
soil layer at field capacity
 

(m3/m3 )
 

Fraction of nitrogen in litter (-)
 
Fraction of nitrogen in dead root organic matter (-)
 
last germination day iumber
 

Seed depth (mm)
 

Indicator that seeds ae being wetted (GERD = 0) or not
 

(GERD = 1) (-)
 

of days seeds need to be wetted before germination (d) 
Germination wave number 
Indicator that the day is a growth day (GROWD = 1) or not 
(GIM'D = 0)
 

Shoot growth rate (kg rK/h/d)
 

Root extension rate (mVd)
 
Initial available water index (AVW) (d)
 
Initial weight of shoots (BICM) (kg LVha)
 
Initial fraction of nitrogen mineralised from dead root
 

organic matter (-)
 
Fraction of nitrogc.' in IBICM (-)
 
Initial weight of litter (kg EM/ha)
 
Soil water infiltration rate (tumid)
 
Initial mineralised nitrogen in a soil layer (kM/ha)
 
Rainfall interception rat, by litter and plants (numd)
 
Isohyet corre.tion factor (-)
 

Soil horizon number
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KLD Idilcator of transpiration (KILD = 1) or not (MILD = 0) (-) 
IE Ieaching efficiency factor (-) 
LITIER Weight of litter (kg UT/ha) 
IMF Threshold fraction of available water below which 

reduced transpiration occurs (-) 
MF Moisture factor relating rate of decomposition of organic 

material to moisture content of a soil layer (-) 
MT Function relating rate of decomposition of organic material 

to -oil moisture content (-) 
MSFD Rate of increase in drought period without transpiration 

prior to death (d/d) 
MSFG Rate of increase in seed imbibition period for germination 

(d/d) 
SSMT Soil moisture status (if positive then water in root zone 

is i- rie wilting point) 

WMSST= Luration of drought period without transpiration (d) 
MSG Duration of seed imbibition for germination (d) 
Hy'M Maximn rooting depth (ma) 

Number of soil layers simulated 

h a3IM Nitrogen concentration in shoot (kg N/kg EM) 
NOONC Mineralised nitrogen concentration in water in a soil 

layer (kg N/mm) 
NCR Nitrogen concentration in rainfall and associated 

biological nitrogen fixation (bacteria, algae, up to 5% 
ambient legumes in shoots) (kg/mm) 

NDBICM Nitrogen concentration in dead shoots (kg N/kg EM) 
NFACT Reduction factor on potential transpiration due to 

nutrient limitation (-) 
14I Mineralised nitrogen in a soil layer (kg N/ha) 
NLEACH Rate of nitrogen leached from a soil layer (kg N/ha/d) 
NUE Nitrogen uptake efficiency factor (-) 
NUPAK Rate of nitrogen uptake into shoots from a soil layer (kg 

N/ha/d) 

OGRMD Potential' root growth rate (nm/d) 

PDGE Potential shoot growth rate (kg U/ha/d) 
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PDGIM Maxdum potential shoot growth rate (kg U1ha/d)
 
PROP Extinction factor for soil moisture withdrawal 
 (-) 
PJSHD Indicator of crop death (RJSHD = 1) or not (FUSHD = 0) (-) 
Rom Indicator of germination (PUSHE = 1) or not (PJSHE = 0) (-) 
RAIN Rainfall (nmVd) 

RAINTB Rainfall table (mm/d) 
RAVW Rate of increase in AVW (d/d) 
RAMW1 Rate of increase in AVM1 (d/d) 
RCLIT Litter deocnpsition rate (kg UWha/d) 
RCN Rate of change of mineralised nitrogen in a soil layer 

(kg N/ha/d) 
RCSUBS Rate of dead root organic matter deccmposition in a soil 

layer, negatively signed (kg EM/ha/d)
 
RCW Rate of change in water content for a soil layer (rm/d)
 
RCENF Normalised root density factor for a soil layer (-)
 
RDLIT Relative deccuposition rate of litter (/d)
 
ROR Relative decmposition rate of dead root organic matter (/d)
 
RDEJBS Rate of dead root organic matter decomposition in a soil
 

layer, negatively signed (kg Dr/ha/d) 
REDF Reduction factor for water uptake (-) 
RGR Relative growth rate of shoots (/d) 
RGROW Actual water-or nutrient-limited growth rate (/d) 
RNZN Rate of nitrogen mineralisation frcm dead root organic 

matter in a soil layer (kg N/ha/d) 
RNMIT Rate of nitrogen mineralisation frcm litter (kg N/ha/d)
 
1NOFF Rate of runoff (nm/d)
 
RNFFC Average long-term fraction of annual rainfall that runs
 

off (-) 
RNPAR Rainfall parity (0 or 1 on rainfree and rainy days, 

respectively) 
ROFINT Fraction relating fraction of average long-term runoff to 

individual storm size (-) 
RRNF Relative root density factor (-) 
MD Rooting depth (m) 
RMG Initial rooting depth after gemination (n) 
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RTDI Initial rooting depth (nam)
 
SOOV Fraction of soil covered by shoot (-)
 
SEVAP Actual soil evaporation rate (nm/d)
 
SSWTB Specific shoot weight table (kg I)Vha)
 
STDAY Starting day of sinvulationl
 
STORC Volumetric available %.-ter storage capacity of a soil layer


(m3/M 3) 
STRAN Actual transpiraticn rate (nWd) 
SUBSTI Initial weight of dead root organic matter in a soil layer 

(kg Vha) 
SUBSTR Weight dead root organic matter in a soil layer (kg 

114/a) 
SUNRRD Sum of relative root density factors (-) 
SUMT Soil layer thickness weighted sum of VAR factors (nn) 
SWPDS Indicator if soil layer containing root tip is above wilting 

point (SWPDS = 1) or not (SWPDS = 0)
 
TAVW Cumulative sum of AVW (d)
 
TAVWI Cumulative sum of AVW1 (d)
 
TCK Thickness of a soil layer (mm)
 
TDBIOM Weight of dead shoot (kg E£4/ha)
 
TDEPrI Depth of soil simulated (nun)
 
TDRAIN Cumulative 
sum of water drained below the deepest simulated 

soil layer (mm) 
TEVAP Cumulative sum of soil evaporation (nun) 
TGR0WD Cumulative sum of number of growing days (d) 
TIME Simulated tie 
TMINL Cumulative sum of nitrogen mineralised from litter (kg 

N/ha) 
TMINR Cumulative sum of nitrogen mineralised from dead root 

organic matter (kg Nl/ha) 
TMINRL Cumulative sum of nitrogen mineralised from litter and dead 

root organic matter (kg N/ha) 
TNIIUP Cumulative sum of nitrogen taken up in shoots (kg N/ha) 
7TINF Cumulative sun of infiltrated water (nra.) 
TOTNI Mineralised nitrogen in the soil (kg N/ha) 
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TONUP Rate of nitrogen taken up in shoots (kg N/ha/d) 
TOIRAN Cumulative sum of transpiration (nm) 

AIN Cmumlative sum of rainfall (mm) 
TRAN Actual transpiration rate frcn a soil layer (nm/d) 
TRANP Potential transpiration rate (n/d) 
TRNMIN Rate of nitrogen mineralisation from dead root organic 

matter (kg N/ha/d) 
TRR Ratio of actual to potential transpiration (-) 
TSUBST Weight of dead root organic matter in the soil 

(kg UVna) 

VAR Soil water content weighted extinction (with depth) factor (-) 
W Water content of a soil layer (mm) 

WGER Water content of a soil layer containing seed and any other 

layers above the seed (mm) 
WI Initial soil water content of a soil layer (nam) 
WIN Flux of water into a soil layer (mm) 
WTPNm Volumetric water content of a soil horizon at wilting point 

(m3/m 3 ) 
WMPI Volumetric water content of a soil layer at wilting point 

(m3/m 3 ) 

WIUIR Water content within the root zone (mam) 
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Discussion 

Question - Hrw does Figure 3, showing higher nitrogen uptake with longer 
wetting, matL with the remark that the more water in a non-fertilized 
situation, the lower the quality? 

Answer - Figure 3 shows that higher rainfall or rather deeper wetting and longer 
duration of wetting, which are not only a function of the amount of rain but also 
of its distribution, increases the availability of nitrogen. But it increases 
dry-matter production more, so that the nitrogen concentration in the material 
is lower. In a situation where growth is nitrogen-limited, the nitrogen is 
always diluted to its minimum value, which is not the case where growth is 
water-limited. 

Question - In the model does the amount of available N depend on the amount of 
biomass from the previous season or is it the amount of N that was in the system 
last year? 

Answer - It is the total amount of nitrogen in the organic material produced 
last year, i.e. it is assumed that the stable component in the organic material 
has very little influence on the total nitrogen uptake. The year after a 
drought year is partly compensated by the fact that the plants in a dry year have 
not been able to take up all the available nitrogen. There is a carry-over of 
mineral nitrogen, as has also been shown in Migda (Israel). 

Question - Do you assume a constant seed stock? 

Answer - No, for each site the biomass at the end of germination is estimated on 
the basis of specific knowledge about the site, such as seedstock and 
germination characteristics of the soil type. 

Question - The suggestion of a positive correlation between soil wetness and N 
availability seems contradictory to the information that after the first rain 
the microbial population increases all of a sudden leading to nitrogen 
immobilisation followed only later, when those microbes die, by release. 
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Answer - The discussion about the existeice or non-existence of the nitrogen 
flush is continuing. E<perimental work by Birch and others in East Africa 
suggested a flush of mineral nitrogen a2ter the first rain. The phenoenon was 
explained by the fact that in the summer, part of the microbial population died. 
When the soil is rewetted, it forms the substrate for decomposition with a low 
ratio of carbon to nitrogen, providing the nitrogen flush. The results from 
work in West Africa point more in the direction of a relationship between total 
rainfall and accumlated mineral nitrogen. 

Statement - A similar problem in the water balance model, as described in the 
paper, was observed when a model developed in India was applied elsewhere. 

Answer - The point is that total evapotranspiration is fairly well predicted as 
is infiltration. Hence the problem is a completely different distribution in 
the soil. Such large discrepancies between predicted distribution and that 
actually measured have never occurred before. 

Question - How do you explain the direct relationship between moisture 
availability and nitrogen concentration? If it is an annual pasture, is there 
not going to be a change in pasture species towards those which are able to
 
complete their growth and maturation?
 

Answer - One should distinguish between two p;.Z:sses: the plant can mature and 
set seed and complete its phenological development but it cannot dilute the 
nitrogen that it has taken up. 

Under conditions where is too thenitrogen not limiting relationship 
between yield and total nitrogen in vegetation at about flowering will have a 
slope of about 2 kg N/kg EM. In a situation where water is limiting, dry matter 
will increase by only a limited amount after flowering. At maturity the 
concentration will then be 0.015 k9 N/kg EM. In a good year on the other hand, 
Liry-matter production after fladering may be substantial and the end result will 
be a concentration of say 0.0075 kg N/kg DM. It is a matter of how much 
additional structural material the plant can produce. Thus the variability in 
dry-matter production as a function of moisture availability is much greater 
than that in total uptake ol nitrogen, and therefore the quality changes frm 
year to year and from site t,; site. 
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Question - Are the experimental ivsults based on analysis of the same tissue of 
the same plant species in different years? 

Answer - Yes, that is the case. 

Question - Does the nitrogen concentration in the seeds vary? 

Answer - The nitrogen concentration in the seed can vazy. When growlt is 
nitrogen-limited the concentration may be around 1%, under water-limited 
conditions much higher. The same phencmenon occurs in wheat grains, which in a 
dry year may contain 20% protein. The concentration of nitrogen in the seed is 
usually high shortly after seed set and the nitrogen is diluted with 
carbohydrates coming into the seed. The rate at which the nitrogen 
concentration decreases depends on the rate of influx of both carbohydrates and 
nitrogen coming from tissues that are being depleted. Some plants stay green 
and hold on to the nitrogen for a long time, so the nitrogen concentration falls 
sharply; other plants tend to ripen rapidly and lose the nitrogen more quickly 
and the dilution proceeds more slowly. The final concentration depends on where 
the dilution process stops. 
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Behavioural aspects of intake at pasture in ruminants 

E.D. Ungar and I. Noy-Meir 

Introduction 

It is difficult to identify an area of study more fundamental to the dynamics of 
an agricultural system than the plant-animal interface in pastoral systems. In 
the main, the agricultural lite ature dealing with intake at pasture consists of 
empirical studies related to (I) quantity effects - the relationship between 
pasture availability and intake rate, or the effect of defoliation on pasture 
growth and hence subsequent availability or (2) quality effects - the 
relationship between pasture quality and intake rate/selectivity or the growth 
response of the sward to selective grazing. The direction of effect most 
predominantly investigated is the res-ponse of the animal to sward 
characteristics rather than the reverse. The strongly empirical nature of 
these studies and the relative paucity of hypotheses treating the underpinning 
theory is reflected in a seeming imbalance in grazing-system models. A large, 
high-resolution plant model (developed to simulate undisturbed growth) might be 
placed alongside an equally detailed and omplex animal nutrition model whilst 
the interface consists of a couple of empirical relationships of very low 
generality. 

This paper reports a very preliminary step towards a process-based 
description of the plant-animal interface. In its broadest sense, the intake 
process can be defined in terms of three potentially limiting processes 
ingestion, digestion, and assimilation. Assimilation rate may limit intake via 
the nutrient requirement of the animal, which can include the potential for 
tissue deposition. Digestion rate can limit intake via feed quality, which may 
have both physical and chemical cmponents: Intake can be limited by the 
ingestion rate via herbage availability as characterised by quantity and canopy 
structure or by herbage qaality and its relation to selectivity. Tds study 
focuses on the relationship between herbage availability and ingestion rate. 
It is therefore most relevant to early-season dynamics of annual vegetation and 
to a number of management decisions, such as grazing deferment, that are closely 
related to the intake - availability function. 
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The grazing-process model was developed in three stages: models A, B and 
C. The basic theory should be applicable to all ruminants, though 
parameterisation of the models is for sheep. Grazing process model B was 
developed jointly with J. Ketelaars of CABO, Wdgeningen. 

Grazing-process model A 

Definitions and assumptions 

The sward consists of cylindrical units of bicmiass (food items) that are 
randcmly distributed in the horizontal plane with a mean density of d (/c=2 ). 
This density changes through time as the sward canopy develops and the 
proportion of cover charyes. Proportion of cover is given by it r2 d, where r is 
the radius of a food item (c). Proportion of cover is always less than or 
equal to unity. Sward height, _h(cm), and the bicmass density of food items, 

P (g/Ci13 ), are uniform. 

2, 
Grazing bites are cylindrical ani are characterised by surface area, a 

( and depth, gn' (cm): a is less than or equal toir 2 and h' is given by: 

h' = min(max(,h-hr), hx) (i) 
Where: hr = un.q-zable residual pasture height (c), 

hx = maximum bite depth (cm). 
There are n potential bites in a food item in the horizontal plane, 

where n is defined as iT r2 /a. The animal selects a proportion, p, of food items 
it perceives, each bite being of equal size and weight. Bite weight, _w(g), is 
given by: 

w = a hp (2) 
The grazing process consists of searching, biting, chewing and 

rechewing. Assuming that these processes do not occur simultaneously, the time 
taken to ingest a unit weight of food, t i (s/g), is given by: 

ts+ (tb + tc + tr)n p
 
ti = 
 (3) 

wnp 

where: t s = searching time per food item (s), 
tb,tc,tr = biting, chewing, rechwing time/bite (s). 
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The ingestion rate, I (g/s), is the reciprocal of the above expression: 

wnp
 
I -	 (4) 

(ti+ tc + tr)n p 
ts+ 

Perception of a food item is by physical =tact with the mouth. hus 
the effective searching band width is 2r. The animal searches with a walking 
speed of u (cM/s) and requires a recognition and decision time per food item 
enontered of f (s). Thus the searching time per food item is given by: 

to = 2rdu +f 	 (5) 

Biting time is assume to be comstant. chewing and recdinl time are 
both functions of the dry-matter weight per bite, w: 

% = q w (6) 

t 	 = gw (7)
 
where: q, g = chewing and rechewlm time per
 

unit weight of ingested food (s/g).
 
Equation (4) eqpads to:
 
I= a h' np
 

V(2rdu) + Y + np(tb+ah (q+g)) (8)
 
NUMtiplying by 2rdu gives:
 
= 2 a h n p r du 

1 + 2rdu +np(tb+ah'(+g))) (9) 
Pasture biomass, V (q/an2),is given by: 

V = h nadj (10)
 
Thus intake rate can be expressed as:
 

= 	 2 (V/h) h' pru
 
1 + 2ru(d(f+nptb)+(V/h)hIp(qg)) (Ui)
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Table 1 	shows a set of standard values for most of the parameters 
defined thus far. 

Table 1. Definition of synbols 

Standard value 

Model 

Symbol Definition A B&C 

a Surface area of bite (cm:) 10 30 
B Mean biting rate during active (grazingJmin) 
c Fraction of cover of selected biomass 
d Density of ford items in horizcntal planetmu2 ) 
Eg Enrg cost of grazing (J/min) 
En Net rate of energy gain (3/min) 
Ep Energy concentration of pasture (K/kg) 11 
Ew Enegy cost of walking (J3/a) 2.1 

fh Fraction of caop height that is grazed 0.5 0.5 
fv Fraction of bicmass grazed, vertical plane fh fv 

0 0 
.25 .05 

.50 .20 

.75 .50 

1.00 1.00 
9: Rechewirg time/imit weight ingested food (s/g) 2.5 
h Sward height (cm) 10 12 
h Actual biting depth (cm) 5 6 
hr Ungrazable residual pasture height (cm) 0.5 0.5 
hx Maximum bite depth (cm) 5 6 
I Rate of pasture intake (g/h) 
ia Rate of pasture intake in absence of supps (ky/d) 
i Supplementation rate (kg/d) 

83
 



Ie Energy intake rate (J/ain) 

ip Actual rate of pasture intake (kg/d) 

1 Interce-: of handling time function (s) 

m Slope of handling time function (s/g) 

n nmber of potential bites in a food item 

p Proportion of food items selected 

P Area parcentile 

0.736 

0.00566 

1 

0.2 

q chewing time/unit weight ingested food (s/g) 2.5 

r Radius of a food item (cm) 1.8 

S Pasture substitution ratio 

SD Standard deviation of mean biomass/unit area (g/m2 ) 

tb Biting time per bite (s) 1 

t c ChewiL- time per bite (s) 

th Handling time per food item selected (s) 

t i Time taken to ingest unit weight of food (s/g) 

tr Rechewing time per bite (s) 

t s SearchS.ng time per food item (s) 

u Searching walking speed (cvVs) 50 50 

U Mean walking speed during active grazing (cm/s) 

V Mean biomass per unit area (g/m2 ) 
V' Mean normalised biomass 

Vn Mean normalised selected bicmass 

Vs Mean absolute selected biomass (q/m2 ) 

w Bite weight (g) 

Z Standard deviations from the mean 

Z Icjer bound of selectivity in SD from mean 

Bicmass density of food item (g/cm3 ) 

Recog+decision tire/food item encountered (s) 0.3 0 

Substituting the appropriate values in Equation (11) yields: 

I 18V (12)
 

1 + 90d + 90YV 

Equation (12) conforms to a saturation functional form that rises 

asymptotically with increasing y (at constant d) to a maximum intake rate of 720 

g/h. Intake is a function of bicmass per unit area and the distribution of 

biomass in the horizontal plane. 
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Figure 1 shows the intake functional response to biomass at various 
levels of Lvver. At low biomass levels, where tc+tr is small relative to tb, 
handling time increases slowly with biomass and therefore intake rises steeply. 
At high bloass levels, tc+tr is large relative to tb and handling time 
increases rapidly with biomass, thereby reducing the rate of increase in intake. 
Ultimately, for a given increase in bicmass, the increase in handling time would 
exactly offset the increase in intake per food item selected. 

At coastant bicmass, a decrease in cover causes a greater proportionate 
increase in the intake per food item selected than in the total searcir and
 
handling time per food item selected. Xhus intake rate increases with 
decreasing cover. Figure 1 shows that the sensitivity of intake rate to cover 
is greatest at low levels of cover. 

It is important to examine a number of assumptions implicit in the above 
calculations and discussicn. Perhaps the most sericus is the premise that 
pasture height is constant. It follows from Equation (10) that varying Y at a 
given level of cover (=f(d)) while h and a are constant means that the density of 
the vegetation is iaming. It is unlikely that density exceeds about 0.01 
g/cn3 , which corresponds to a biomass of about 500 q/m2 (5000 kr!/ha) in Figure 
1. 

One way of overcxmlrg this problem of enormous variations in f is to 
hold f constant and allow pasture height to vary with biomass. For certain 
pasture types this may be a closer approximation to what actually occurs in the 
field. To demonstrate the behavicur of the model under this alternative 
assumption, a value of 0.001 g/= 3 is taken for f. using the parameter set 
shown in Table 1 (exc.uding h and h'), Equation (12) becomes: 

36 VRh' 

1 + 180 (d + _vh') (13) 
2 h
 

and Equation (10) re-arranges to yield: 

h - V_ V 100V (!4)

andF 0.Old d
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Substituting into Equation (13) gives: 

- 0.36h'd 

l+d(90+1.8h') (15) 

Equation (15) shows that calculating intake rate for various biomass 
levels at constant cover (h-hrhx) will now give a constant intake rate in 
contrast to the results shown in Figure 1. The animal is grazing to its maximum 
bite depth and the only change occurring in the sward canopy is an increase in 
biomass by way of increasing height. Furthermore, calculating intake rate as a 
function of cover at constant bicmass will now predict increasing intake rate 
with increasing cover (see Figure 2). 

Equations (12) and (15) represent two extreme caricatures of sward 
development and intake, one based on constant height and the other on constant 
density. In reality, sward development involves simultaneous changes in cover, 
height and density. Both extremes have shown that biomass distribution or 
spatial heterogeneity is an important factor in determining intake, but the 
qualitative behaviour of these two models is fundamentally different. 

A further limitation of this preliminary grazing process model is the 
determination of the parameter p - the proportion of perceived food items that 
are selected. Not only is it unreasonable to assume that p remains constant 
over a wide range of pasture conditions, but it is also problematic to ascribe 
any value at all where there is no recognition of heterogeneity within food 
items. Grazing process model B includes a more realistic description of spatial 
heterogeneity of the sward and thereby enables the optimisation of the parameter 

p. 

Grazinq-process model B 

Description of the model 

In developing model B, two major changes were made in the description of the 
sward canopy. Firstly, a distribution function of biomass per unit area at the 
food-item site is introduced. Secondly, a more realistic function is used to 
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Figure I. The functional response of intake to biomass at various 
levels of cover (grazing-process model A ) 
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Figure 2. 	Acomparison of hourly intake rate as a function of sward 
cover assuming constant biomass density or constant biomass 
height (grazing-process model A) 
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describe the vertical allocation of biomass within a food-item site (though 

pasture height remains uniform as in model A). 

Inclusion of a distribution function for biomass per unit area at the 

selection site permits a study cf selective foraging and the model can therefore 

be used as a simple optimal foraging model. The underlying assumption is that 

the animal selects for biomass concentration in the horizontal plane, which is 

essentially the same as selecting for bite density and thus bite weight, if the 
model assumptions are taken as a whole. 

The normal distribution function is used to describe spatial 

heterogeneity of biomass per unit area. Apreliminary analysis of biomass data 
from Migda indicates that the frequency distribution of biomass per unit area of 

samples based on 100 quadrats of 100 cn2 approaches a normal distribution 

approximately mid-way through the growing season. Thus choice of this function 
does have relevance to the situation in the field albeit at a stage in the season 

when availability is unlikely to limit intake. A further reason for using this 
function is the relative ease with which it can be handled mathematically as 
opposed to skewed functional forms that would be more appropriate for the early 

stages of the growing season. Characterisation of this aspect of spatial 

heterogeneity in the model requires the definition of two parameters: mean 

biomass per unit area and the standard deviation of the mean. 
Selectivity is defined in terms of the number of starard deviations 

from the mean (Zl) above which the animal selects all food items it encounters. 

The algorithm calculates intake for 71 values of 3 to -3 in steps of 0.1 standard 

deviation. A value of -3 approximates zero selectivity and a mean selected 

biamass density equal to that of the field mean. 

Vertical bicmass distribution is defined in the form of a table giving 

the cumulative fraction of biomass from the top of the canopy as a function of 

fraction canopy depth from the top. Values for this function are based on Milne 

et al (1982) (see Table 1). 
Handlilg time is defined more simply in model B. Rechewing 

(ruminating) time is no longer incorporated in the calculations since there 

seems to be little evidtce in the literature of ruminating time limiting the 
time spent in active grazing. Furthermore, excluding rechewing time simplifies 

the calculation of the daily active-grazing time needed to meet a given intake 
requirement. Biting and chewing time are no longer differentiated and a 
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linear function is used to relate total handling time to dry-matter intake per 
bite. The terms bite and selected food item are synonymous in model B, implying 
that the animal perceives bite-sized food items as opposed to there being n 
potential bites in a food item as in model A. (Note, however, that the 
parameter n was set to 1 for a] 1 numerical examples of model A.) 

Searching time is a function of the density of food items in the 
horizontal plane (Equation model assumes food(5); B also that items are 
randcmly distributed i.e. bicmass distribution is not clumped). The density of 
selected food iters is the proportion of cover of selected food items divided by 
the area of the food item. Using the normal distribution curve, the proportion 
of cover of selected food items is the area under the curve fron Z1 to infinity. 
This is not soluble analytically but a fifth-order polyncmial expression is used 
to approximate this integral. 

The mean selected biomass per unit area is needed in order to calculate 
both bite weight and handling time. This is not analytically soluble for the 
normal distribution function and so a set solutionsof was calculated 
numerically and incorporated into the model. 

To summarise, the equations used in model B to calculate intake rate are 
as follows. (Constants for the conversion of area and time units have been 
cmitted for the sake of clarity.) 

Bite radius: r = Va/if (16) 
Biting depth: h' = min(hx, max (O,h-hr)) (17) 
Fraction of canopy height that is grazed: =fh h'/h (18) 
Fraction biomass grazed, vertical plane (Table 1) fv = f(fh) (19) 
Fraction cover of selected bicmass (polynmial): c = f(Zl) (20)
 
Density of selected items: d = c/a 
 (21)
 
Searching time: = l/(2rdu) + f
t s (22)
 
Mean normalised selected bicmass level (table): Vn 
= f(Z 1) (23)
 
Mean absolute selected bicmass level: Vs 
 = Vn * SD + V (24)
 
where: SD = stardard deviation of mean bicmass per unit area,
 

V = mecn bic ass per unit area
 
Mean bite weight: w = fv * Vs * a 
 (25)
 
Handling time: th = I + m w 
 (26)
 
where: 1 = intercept of handling time functicn,
 

m = slope of handling time function. 
Intake rate: I = w / (t s + th) 
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Model B also calculates the mean biting rate and mean walking speed during 
active grazing, which are both more easily related to grazing behaviour as 
observed in the field than many of the basic parameters used in the model. 

Mean bitJng rate: B = l/(ts + th) (28) 
Mean walking speed: U = u(l-(B*th)) = u(l - th/(ts+th)) (29) 

The energy cost of grazing (Eg) was included in the model to enable 
calculation of the net rate of energy gain (En). The energy cost of grazing is 
taken to be the energy cost of walking (Fw). No estimate for the energy cost of 
feed harvesting and chewing could be found in the literature, though these are 
probably very small relative to the walking cost. An energy concentration 
(E)is ascribed to the pasture dry matter. Thus: 

Energy cost of grazing: E • U (30) 
Energy intake rate: Ie = I *Ep (31) 
Net rate of energy gain: En = Ie Eg (32) 

Results 

The standard run uses parameter values shown in Table 1, with a pasture biomass 
2of 50 %/m and standard deviation of 50 g/m2 . A ooefficient of variation of 

100% (between sampling quadrats of 10xl0 cm) is quite typical for pastures at 
Migda throuhocut the growing seasr... Biting depth is the maximum potential of 6 
cm, which is 50% of the pasture height and represents 20% of the biomass per unit 
area. Figure 3 shos the form of relationship between various variables. 

As the degree of selectivity declines from the highest values, searching 
time recreases relatively rapidly compared with the moderate decline in handling 
time and bite weight. The very rapid decline in searching time more than 
ccmipensates for the effect of declining bite weight, and the net effect is a 
sharp increase in intake rate. Searching time declines less rapidly at Z1 
values below about 1.2 whilst hardling time and bite weight continue to fall. 
From the functional form of Equation (27) above, it is clear that the net effect 
is to reduce intake. At extremely low degrees of selectivity, searching time, 
handling time and bite weight all remain fairly constant and thus intake rate 
changes little with further decline in selectivity. The resultant relationship 
between intake rate and selectivity indicates that the cost to the animal of a 
small deviation from the optimum selectivity level is greater if the animal is 
over-selective rather than under-selective. 
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Figure 3. Aselection of relationships between output variables 
of grazing-process model Bunder the standcrd parameter set. i) Relationships with _ZI (all symbols defined
in Table I) 
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Throughout all runs of the model it was found that the optimum selectivity 

level (OSE., defined in Z units) is only slightly altered when the optimum is 

defined in terms of maximising the net rate of energy gain (OS) as opposed to 
maximisation of intake rate (OSLi). This is due to the fact that the ratio of 
energy expenditure rate to energy intake rate rapidly becomes very low as the 
degree of selectivity declipes. At zero selectivity, the energy cost of grazing 
per unit time (Eg) represents about 3%of the energy intake per unit time (Ie). 
At OSL i (Z1 = 0.5; standard run), Eg/Ie = 4.8%. 

For the standard parameter set, OSLi = 0.5 (standard deviations above the 
mean). This corresponds to a field cover of selected items (c) of 31% and a 
mean selected biomass level (Vs) of 105 g/m2 (2.1 times the mean biomass of the 
field). At OSLj the following resulits were obtained. Searching time, handling 
time and bite weight are 0.31 s, 1.1 s, and 63 mg, respectively. Intake rate, 
mean biting rate and mean walking speed are 161 g/h, 43 bites/min, and 11.2 
cnVs, respectively. 

The effect of biomass heterogeneity (at constant mean biomass) is shown in 
Table 2. OSLi and intake rate increase with heterogeneity. At constant 
heterogeneity, OSL i is independent of mean biomass level (Table 3). t s remains 
constant since it is a function of selected item density which is in turn a 
function of ZI . th does not increase proportionately with biomass and thus the 
net effect is for intake rate to increase with biomass. Figure 4 shows various 
iso-intake contcxrs (at OSLi) for biomass and heterogeneity. 

Table 2. Results of grazing-process model B. Sensitivity analysis to 
coefficient of variation of biomass. Mean biomass 50 g/m2 Other= . 
parameter values and symbols defined in Table 1. 

CV OSLi Vs w th t s I B U 
M% - (glm2 )  (rag) (s) (s) (g/h) (/min) (cm/s) 

25 -0.2 58 35 0.93 0.17 114 55 7.6 

50 0.2 72 43 0.98 0.23 129 49 9.5 
75 0.4 89 53 1.04 0.28 145 45 10.7 

100 0.5 105 63 1.09 0.31 161 43 11.2 
125 0.6 123 74 1.15 0.35 177 40 11.7 
150 0.6 138 83 1.20 0.35 191 38 11.4 
175 0.6 153 92 1.25 0.35 205 37 11.0 
200 0.7 175 105 1.33 0.40 218 35 11.6 
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Table 3. Results cE grazing process model B. Sensitivity analysis to biaess 
per unit area. Coefficient of variation = 100%. Other parameter 
values and syibols defined in Table 1. 

V OSLi Vs w th ts I B U(g/m2) (-) (g/mr2) (mg) (s) (s) (g/h) (/rain) (cm/s) 

20 0.5 42 25 0.88 0.31 76 50 13.2
 
30 0.5 63 38 0.95 0.31 108 47 12.4
 
40 0.5 84 
 50 1.02 0.31 136 45 11.8
 
50 0.5 105 63 1.09 0.31 161 43 11.2
 
60 0.5 126 76 1.16 0.31 184 41 10.6
 
70 0.5 147 
 88 1.23 0.31 205 39 10.2
 
80 0.5 168 101 1.31 0.31 224 37 9.7
 
90 0.5 189 113 1.38 0.31 241 35 9.3
 

100 0.5 210 126 
 1.45 0.31 34
257 8.9
 

The functional response of intake to biomass is that of a saturation function. 
Increasing sward heterogeneity steepens the initial ascending section of the 
function and raises the satiation intake level. On an absolute basis, 
sensitivity of intake to heterogeneity increases with biomass, but on a relative 
basis, it decreases. For example, at a biomass of 25 and 250 g/m2 , an increase 
in the coefficient of variation of biomass fran 75% to 100% increases intake
 
rate by 10 and 21 g/h, respectively. On a relative basis, 
 the increases are 12% 
and 6%, respectively. The result may partly explain the quantitatively very 
different bicmass-intake relationships reported in the literature, even for a 
given experimental technique carried cut using the same animals and plots but in 
different years. 

As noted earlier, the normal distribution function is not an appropriate
functional form for describing early-season spatial heterogeneity of natural 
pasture bicmass in environments typified by Migda. Grazing process model Caims 
primarily to improve the description of heterogeneity. 



Figure 4. The response surface of hourly intake rate (g/hour) to 
mean biomass (V, g/m2) and biomass heterogeneity (SD,%)
at the optimum selectivity level (grazing-process model B) 
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Grazin-prooess model C 

Introduction 

Grazing-process model C attempts to improve the description of spatial 
heterogeneity in the horizontal plane. Figure 5 shows a typical progression of 
biomass distribution curves for the early-season growth phase of natural 
pastures as observed at Migda. A conceptually and mathematically simple method 
was developed to describe this wide range of distribution skewness. 

The normalised mean percentile method 

Biomass distribution is expressed as a function relating the mean normalised 
biomass level (V') to the area percentile (P). Assume that a data set consists 
of 100 biomass estir:.tes for a given field sampling. If these 100 estimates are 
sorted in descending order, then the first number represents an estimate of the 
biomass per unit area of the top 1% (area basis) of the field. The mean of the 
first two numbers represents the mean biomass upto the second area percentile, 
and so on. The mean of the 100 numbers is the mean biomass level upto the 100th 
percentile and is therefore the field mean. Since the variability of biomass 
per unit area is greater than zero, the function of V, against P will always 
yield a downward-sloping curve. In order to facilitate comparisons of 
heterogeneity between samplings and fields, the original 100 estimates are 
normalised by dividing through by mean.the Thus V' = the mean norinalised 
biomass level in multiples of the field mean and V' 1 == at P 100. Since the 
distribution functions of biomass are generally skewed to the right, the 
function of V' against P will be concave with respect to the origin. 
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Figure 5. Correlation between the alpha heterogeneity parameter
and time from pasture emergence (t. (Based on field data
from Migda, various fields ungrazed) 
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The 	normalised mean percentile functions used in model C were derived as 
follows: 

1. 	 Biomass data for the 1979/80 season at Migda were used. The data 
consist of 111 biomass sampling sets for a number of fields (grazed and 
ungrazed) and dates through the season. Each sampling data set 
contains 100 biomass estimates. Estimates were sorted in descending 

order and normalised.
 
2. 	 A series of 20 V' - p data pairs at 5 percentile intervals was 

calculated for each sampling set. A third-order polynomial function 
was fitted to each set of 20 V' - p data pairs, constrained to ensure 
that V'=l at p=100. 

3. 	 The coefficients of the third-order polynomial functions showed a high 
degree of linear correlation. Each function can therefore be 
characterised by one coefficient which would be used in correlation 
analyses with grazing history. The remaining three coefficients of 
the polynomial function are predicted from this one. The intercept 
coefficient (o ) was se.ected as the predictor since it is 
biologically the most meaningful, 

The 	 relationship between grazing history and alpia 

In order to establish initial conditions at the camrne ent of grazing, a 
linear regression analysis was carried out between a'- and the number of days 
from emergence (t, taken as a fixed date for all fields) for ungrazed data sets 
only (Figure 5). This function simply expresses in telms of a< the progression 
of distribution functions shown in Figure 6. 

A regression analysis war carried out between o< and the total number of 
grazing days (see Figure 7). The correlation is very weak, yielding a decrease 
in o0< of approximately 0. 11 per 100 grazing days. It is unlikely that stocking 
density and grazing period can be meaningfully reduced to a single factor of 
grazing days where the stocking density ranges Zrom 3.3 to 15 sheep/ha, as is 
the case in the data set used. However, this analysis indicates that a larger 
and well-documented data base would facilitate useful study ofa the 
relationship between grazing history and heterogeneity. 
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Figure 6. 	A typical progression of biomass distribution curves for the 
early-season growth phase of natural pastures under Migda 
conditions (schematic) 
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Figure 7. Correlation between the alpha heterogeneity parameter andthe totcl number of grazing days (G). (Based on field data
from Migda, 1979/80,various fields) 
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Description of the model 

To 	summarise, the following changes were made in proceeding from model B to 
model C:
 

1. 	 The mean selected biomass level (normalised) (Vn) is defined by a 
third-order polynomial expression in which the intercept is defined as 
a parameter in the program and the remaining three constants are 
predicted from this parameter by a set of linear regression equations. 

2. 	 The mean selected biomass level (absolute) (_Vs) is defined as the 
product of _n and the mean biomass per unit area. 

3. 	 The calculations are made for 100 percentile values that directly 
provide the selectivity level in terms of percentage area (g as defined 
in model B). 

Results
 

The standard run of model C uses parameter values shown in Table 1. Mean 
biomass and o< were set at 50 g/m2 and 3, respectively. A number of 
relationships generated in the standard run 	of models B and C are cmpared in 
Figure 8. On the whole, the shape of response is very similar for the two 
models. A skewed biomass distribution seems to make the I - w response more 
sharply peaked, though the optimum selectivity level is not altered materially. 
A maximum intake rate of 142 g/n is achieved at a selectivity level equivalent 
to the top 23% of the area, with a mean selected biomass level of 98 g/m2 . Bite 
weight and mean biting and walking rates during active grazing are 50 mg, 40 
bites/min and 14 cn/s, respectively. 

The functional response of intake to biomass for various degrees of 
distribution skewness is shown in Figure 9. Maximum intake rate increases from 
127 to 200 g/h as o< increases from 2 to 6, at a mean biomass of 50 g/m2 . It 
should be noted that under early-season grazing conditions, o would generally 
decrease through time, and hence with increasing biomass. Furthermore, the 
animal can extend grazing time to compensate for a low hourly intake rate. Both 
these factors will tend to shift the shape of the daily intake-biomass response 
towards that of a ramp-type function. 
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Figure 8. A selection of relationships between output variables of 
grazing process models B (- -- ) and C (-) under the res
pective standard parameter sets 
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Figure 9. 	The functional response of intake to biomass for various 
levels of biomass heterogeneity (grazing-process model C) 
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The iso-intake contour map for biomass and heterogeneity is very similar to 
that obtained with model B, and the sensitivity of intake rate to heterogeneity, 
dI/d 0-, increases with increasing V. It may, however, be more useful to look 
at the sensitivity of I to -< in terms of the relative change in I. Model C was 
used to numerically estimate (dI/d<q)/I (at the optimum selectivity level), for 
combinations of c-- and V. The contour map of this relationship is shown in 
Figure 10. The percentage increase in hourly intake rate per unit change in 
a' decreases with increasing biomass. At a given biomass, the relative change 
in I per unit change in -< is greatest in the regionc< = 3 to 4. In the 
context of early-season pasture dynamics, V and , are generally located in the 
region of greatest sensitivity to heterogeneity. 

Conclusions from the graz 'proces models 

The simple models described above have provided a rudimentary description of the 
plant-animal interface and have produced results consistent with those of 
empirical field studies of intake. Qualitatively, hourly intake shows a 
saturation functional response to herbage availability, which can be explained 
in terms of the relationship between bite weight, searching time and handling 
time and the way in which these components change with availability. 
Quantitatively, the response of hourly intake rate to availability is less steep 
than that of daily intake rate generally reported in the literature. This 
indicates the importance of grazing time as a buffer against declining 
availability, as shown by Allden and Whittaker (1970) and others. 

This study confirms the consensus in the literature that biomass alone 
is not a sufficient predictor of intake rate. However, this is demonstrated by 
considering spatial heterogeneity of biomass distribution in the horizontal 
plane rather than in the vertical plane via height. Over a wide range of 
conditions, the mean selected biomass level (for the optimal foraging strategy) 
is approximately twice the field mean. This is consistent with results of van 
Keulen and Benjamin (unpublished data) in a study of the simulation model ARID 
CROP under grazing. It was found that reasonable simulation of primary 
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Figure 10. The response surface of the relative change (%) inhourly
intake rate per unit change inalpha to mean biomass (V,g/m?)
and biomass heterogeneity (c(), at the optimum selec livity
level (grazing-process model C) 
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production could only be achieved when defoliation was restricted to the top end 
of the biomass distribution curve. 

Further develolmient of the grazing-prccess model will need to 
incorporate heterogeneity of canopy height. Thi3 requires an algorithm of 
considerably greater complexity since a non-linear biomass-height relationship 
(at the selection site level) results in the uncoupling of bite weight and 
biomass density in the horizontal plane. Furthermore, even if a reasonable 
prediction of intake for a given canopy structure can be achieved, dynamic 
simulation of a growing canopy under defoliation would, at present, be highly 
speculative. 

References 

Allden WG and Whittaker I A McD. 1970. The determinants of herbage intake by 
grazing sheep: the interrelationship of factors influencing herbage 
intake and availability. Aust. J. Agric. Res. 21:755-766. 

Milne J A, Hodgson J, Thompson R, Souter WG and Barthram G T. 1982. The diet 
ingested by sheep grazing swards differinr in white clover and perennial 
ryegrass content. Grass and Forage Sci. 37: 209-218.
 

i0o
 



Discussion 

Question - Has this model been validated and if not, wculd that be the aim? 

Answer - No, it hasn't been validated. The approach was that of a theoretical 
ecologist looking at an agricultural problem, and you would find that it is 
virtually impossible to observe the relevant parameters in the field. So in 
terms of coming to a model that can be used in simulation models of grazing 
systems I am not very optimistic, but it certainly gives insight into what is 
happening in the field. 

Question - If you put a number of reasonable estimates of the parameters in the 
model, do you get figures of between 1 and 2 kg of intake per sheep per day for 
an 8-hour grazing day? 

Answer - No, not from those tables, but from a simple graph of functional 
response from grazing. When you look at Figure 9, you will see that the values 
are quite reasonable. 

Ouestion - Is the model suitable to simulate intake of an animal in a given 
situation or is it rather a means of analysing the interaction between the 
behaviour of the animal and pasture characteristics? 

Answer - This model can help us to understand what is happening in the field, but 
only on a qualitative level. It wil2 be very difficult to introduce this type 
of modecl into an overall model of grazing systems because you also have to 
simulate the response of the sward to do that. 

Question - Is it right that the higher the skewness of dry matter in your pasture 
the earlier you can put in the animals? 

Answer - If the goal is a certain level of intake yes, but from the point of view 
of stability, the reverse holds, so that you may have to wait a little longer. 
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Prediction of feed intake in ruminants 

J.J.M.H. Ketelaars 

Introduction 

This paper presents some results from a study of literature on feed intake 
regulation in ruminants that was made as part of a research project aimed at 
analysing and predicting ruminant productivity in semi-arid regions. 

Feed intake is probably one of the most important constraints on 
ruminant productivity irrespective of type of production system. Theretore 
prediction of intake becomes a critical issue in modelling such systems. Under 
semi-arid conditions the feed intake of ruminants is close to maintenance level 
for most of the year, resulting in weight stasis, small cumulative weight gain 
arising from even smaller daily gains, or weight loss. In such a situation 
small differences between energy intake and energy requirements for maintenance 
may tip the balance between production and loss. So, our ultimate interest is 
in the difference between two figures of approximately equal magnitude: total 
digestible energy intake and digestible energy requirements for maintenance. 

Viewed in this way it appears almost impossible to attain any precision 
in predicting ruminant production from basic processes like feed consumption. 
However, it is certainly not a useless task, as only such efforts will reveal 
true limitations on productivity and effective ways to overcome them. 

Predicting intake ruminants requiresin an understanding of the 
mechanisms that regulate intake and their sensitivity to particular feed 
parameters. Over the last three decades much research has been devoted to 
elucidating intake-regulating mechanisms, littlewith success. As far as 
roughages are concerned, the typical diet of ruminants to which this paper will 
be restricted, emphasis has been the existenceon of physical restrictions to 
intake. To quote Weston and Hogan (1973), it is generally assumed that, 'The 
ease with which the organic matter of the forage can be removed from the rumen is 
the most important dietary characteristic determining forage intake. The 
capacity of the rumen is limited and the rate of entry of feed organic matter 
into the rumen (rate of feed intake) cannot exceed its rate of removal. Hence 
the complex structure and function of the rumen, which obviate rapid removal of 
feed particles, can place a limit on the rate of feed consumption. It follows 
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that forages with organic matter highly resistant to removal fran the rumen are 
consumed in smaller amounts than those more readily degraded. ' This has been 
repeatedly stated in slightly different forms in many articles dealing v'ith 
intake regulation. Evidence for such a physical theory of intake control will 
not be reviewed. Here we will consider the consequences of such a theory for 
intake prediction given the diversity of roughages availdble to ruminants. 

In order to predict voluntary feed consumption fromt feed quality two 
different approacheA can be envisaged: either (1) detailed simulation models 
have to be built of those ruminal processes which are thought to limit intake, 
or (2) empirical relationships between intake and those feed parameters which 
should express the rumen filling effect at best must be used.
 

Currently only the second approach is widely used, although a number of 
detailed simulation models of ruminal processes have been developed (Mertens, 
1973; Baldwin et al, 1977; Black et al, 1980; Beever et al, 1980; France et al, 
1982). Simulation studies have yielded one important, though perhaps 
disappointing, result: if studied at the level of ruminal dynamics, intake 
appears to be much more sensitive to animal parameters than to feed parameters. 
For instance, flow rates of water through the rumen and rumen space have a much 
larger effect on intake estimates than potential digestibility a'd rate of 
digestion of the feed (Mertens, 1973; Mertens and Ely, 1979; Poppi et al, 1981a; 
1981b; 1981c). As neither variation in water flow rates nor variation in ruren 
space can be truly explained in current models, these have to be related to the 
feed which is actually consumed: what was intended as an explanatory model of 
intake regulation has then become a description of processes related to the 
ingestion of feed. The finding that intake predictions are more sensitive to 
animal parameters than to feed parameters confirms what has long been known: 
animals given the same feed show substantial differences in intake. For 
instance, lactating animals may eat 1.5 times as much as growing, non-lactating 
animals. The conclusion that appetite is more important than feed quality would 
be justified, yet it does not solve of intakethe question control. In the 
absence of truly explanatory models of intake regulation, empirical relations 
between intake and feed characteristics remain the sole instrument for 
predictive purposes. How accurate and reliable they?are Do we understand 
their nature? These aspects are briefly discussed below. The conclusion is 
that, at present, no simple and accurate formulas exist to predict digestible 
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energy intake for a given category of animals. In addition, doubt is being 
expressed as to the usual explanation of intake-feed quality relations, i.e. as 
an 	expression of physical restrictions on the ingestion of fibre-rich diets. 

A different analysis of the same data set as used for intake-fibre 
relations is given: instead of relating intake to certain feed parameters, 
intake of energy (cf. digestible matter) was related to intake of nitrogen for 
certain groups of feeds. Patterns of energy and nitrogen intake observed were 
analysed using information on protein metabolism in the rumen and the host 
animal. From that analysis it was concluded that the role of physical factors 
in intake control may be over-emphasized and that nutrient relations deserve 
more attention than has been given hitherto. Although shedding new light on old 
facts that analysis still leaves important questions unanswered. Having found 
that ruminants, when confronted with different roughages, appear to regulate 
both energy and nitrogen intake, the main question is why intake responses to 
supplementation with nitrogen and true protein soare unpredictable. 
Concluding this paper possible causes of this discrepancy are discussed. 

Relationshipsbetween fed intake and feed characteristics 

Numerous examples may be found in the literature of studies which correlat. 
voluntary feed consumption of sheep and cattle to single or multiple properties 
of feeds. These may be of physical, chemical or plant morphological origin. 
However, most studies have a strong tendency to relate intake in some way to the 
division of each feed present between soluble, digestible or otherwise readily 
available or fragmentable components on the one hand and insoluble, indigestible 
or slowly degradable components on the other hand. Digestibility is perhaps the 
most frequently used parameter to assess the ingestibility of feeds. Although 
essentially referring to the absorbable part, the positive association between 
digestibility and intake has generally been considered as evidence for a 
physical restriction on intake. In other words digestibility has received the 
connotation of carrying more or less indigestible matter. The relationship 
with feed intake would then express a difficulty of ruminants to cope with less 
digestible feeds. Blaxter and his co-workers (Blaxter et al, 1961; Blaxter and 
Wilson, 1962) were probably the first to establish such a relationship by 
comparing different dried forages. Their work formed the basis for the use of 
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digestibility as an index of feed intake in ARC handbooks (ARC, 1965; 1980). 
Many other researchers working with both fresh and dried forages have confirmed 
the positive correlation between intake and digestibil ity. However, individual 
regression formulas differ substantially.
 

Mertens (1973), in a major compilation of intake trials with sheep, used 
plant cell wall concentration as a predictor of intake (Figure 1). His 
interpretation of the negative correlation between intake and cell wall 
concentration is grossly in line with the usually accepted model of feed-intake 
regulation. High concentrations of cell wall in feeds would create a physical 
embarrassment to the animal, because they enhance the filling effect of the feed 
in the rumen: cell walls are slowly and only partially degraded, unlike cell 
contents which readily and completely disappear from the rumen by digestion and 
absorption. It was observed, however, that when cell wall intake was regressed 
upon cell wall concentration, the intake of cell wall material appeared to be 
lowest at both low and high concentrations and highest at intermediate levels 
(Figure 2). 

As the bulk density of cell walls increases with age, a similar weight 
of cell wall material in older plant material would occupy less space. 
Consequently one would not expect a depression of cell wall intake at higher 
cell wall concentrations if rumen fill was most affected by volumetric 
characteristics of a feed. Thus the problem is whether the filling effect of 
feed and digesta has to be considered on a volumetric or weight basis, which is 
apparently still unsolved in physical models of intake. It is noteworthy that a 
similar phenomenon is observed if the intake of indigestible matter is regressed 
upon digestibility. This shown Figure 3, using data from ais in much larger 
sample cf roughages, which also indicates the amount of ballast (indigestible 
material) an animal would be willing to consume. This can be used to predict 
intake if feed digestibility is known. Even in a very homogeneous sample of 
feeds (Figure 4), all of which were fed in the fresh form to animals of similar 
age, weight, sex and breed, variation in indigestible matter consumption is 
considerable and clearly related to feed digestibility. Using a constant 
faecal output to predict intake from feed digestibility, as in several cattle 
production models (Sanders and Cartwright, 1979a; 1979b; Konandreas and 
Anderson, 1982; Kahn, 1982), seems very unsatisfactory in view of these data 

from sheep. 
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Figure I. Relationship between intake of digestible dry matter 
(DT,g/kg WO 7 5/d) and cell wall concentration of the feed 
(ICW/[T, g/g) for sheep fed grasses and legumes ad libitum 
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Figure 2. 	 Relationship between intake of cell wall material
(Icw, g/kgwO 7 5/d) and cell wall concentration of the feed 
(Ncw/OT,g/g) for sheep fed grasses and legumes ad libitum 
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Figure 3. Relationship between faecal output of dry matter (FT,g/kg Wo.75/d)

and dry-matter digestibility of the feed (DT/IT,g/g) for sheep fed 
grosses and legumes ad libitum 
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30 

Figure 4. Relationship between faecal output of organic matter 
(Fo, g/kg Wo.7 5/d) and organic-matter digestibility 
of the feed (Do/Io,g/g) for Texel sheep fed fresh 
grasses and legumes ad libitum 
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For this practice of estimating intake reference is usually made to the 
work of Ocnrad et al(1964), who fed lactating cows ad libitum rations consisting 
of all roughage or roughage-grain mixtures. Feed digestibility ranged fram 52 
to 80%. Digestible dry-matter intake was measured and related to digestibility 
of the ration. The pattern observed differed fram the one presented in Figuie 5 
for sheep fed all roughage diets that there appeared to be no further increase 
in digestible dry-matter intake for rations with dry-matter digestibility above 
about 67%. Statistical analysis revealed that intake of rations with 
digestibility of less than 67% could be explained from a constant faecal output 
per kg body weight. With rations with more than 67% digestibility, differences 
in milk production influenced intake. So they concluded that feed intake 
regulation changed from physically limited below 67% to metabolically limited 
above 67% digestibility of rations. 

However their conclusions are subject to criticism. As shown by 
Mertens (1973) their statistical model was inappropriate, essentially in that 
intake was regressed upon digestibility and faecal output. This yieldn very 
little of interest, as intake always is a true mathematical function of the 
chosen variables: if feed digestibility and faecal output are knwn, intake can 
.e calculated. The authors do not list individual data of the experiments, so 
re-analysis by others is not possible, wLich is unfortunate in view of the 
efforts invested in such feeding trials. Neither is it possible to check the 
constancy of faecal output suggested by the authors. 

Relationships between intake and feed characteristics will not be 
further explored. However, two conclusions are particularly relevant. First, 
it is obvious fra Figures 1 and 3 that using single variables like cell wall 
percentage or digestibility can give only a very cruide estimate of digestible 
energy intake. Real variation in intake of feeds of a given cell wall 
percentage or digestibility often covers a two-fold range. Such a variation 
will be unacceptable in many cases, especially if intake changes from below to 
above maintenance within that range. Second, relationships between intake and 
feed characteristics invariably have generated the hypothesis that the presence 
of structural camponents in feeds (cell wall material, fibre or any other 
analogue) produces a filling effect in the rumen, which in turn limits voluntary 
feed consumption in the roughage-fed ruminant. As long as no alternative 
explanation is available to override the importance of a filling effect, it 
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remains a viable hypothesis but nothing more than that: a close correlation 
between intahi, and cell wall concentration of feeds is, of course, also a close 
correlation between intake and cell soluble concentration and the 
interpretation is left to the biologist. In the meantime some scepticism may be 
expressed as to the likelihood of such a hypothesis. The interpretation of 
intake-fibre relations as pre-ented above is unsatisfactory for several 
reasons:
 

- As Figures 5 and 6 show, intake of roughages, expressed either as 
organic-matter intake or as digestible orgattic matter intake, is a 
continually rising function of digestibility rather than satiationa 
function. This suggests that the limitation imposed by digestibility 
applies equally over the whole range of digestibility values, and that 
intake of even very immature forages would then be physically 
restricted although intake of indigestible matter is relatively low 
with these forages (Figure 4). 

- The digestibility of roughages is usually between 40 and 80%. To get 
the same intake of digestible matter from the lowest-quality feed the 
animal would have to consume twice as much EM as with the highest
quality feed. Restricting the range to feeds of 60-80% digestibility 
an increase of only 33% is required. Is this outside the adaptational 
capacity of ruminants? 

- Under certain conditions animals are able to increase the intake of 
the same roughage, for instance during cold stress or lactation. In 
the latter instance, increases of up to 50% have been noted. Intake 
would then always appear to be a compromise between demand for 
nutrients and the discomfort (increased rumren distension) associated 
with intake, a view advocated by itany workers (see McCljnont, 1967). 
Thus, production must often be inefficient, both from a biological and 
an economic point. 
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Figure 5. 	 Relationship between intake of digestible organic matter 
(Do,g/kg WO.7 5/d) and organic-matter digestibility of the 
feed (Do/Io,g/g) for Texel sheep fed fresh grasses and 
legumes ad libitum 
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Figure 6. 	 Relationship between intake of organic matter (I., g/kg WO.75d)
Gnd organic-matter digestibility of the feed (Do/1 0 ,g/g) for 
Texel sheep fed fresh grasses and legumes ad libitum 
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- is inefficiency ld be greatly decreased if ruminants had bigger 
stomachs. Especially in natural enviroments with strong seasonal 
fluctuations :i forage quality and availability, high intakes and 
rapid growth would improve chances for survival tremendously. 
Relative to their body weight ruminants aParently do not have a 
larger gut size than non-rminant herbivorous species (Dement and 
van Soest, 1983), fran which one is forced to conclude that selection 
for this trait has not been possible during their evolutionary 
development, a conclusion which is hardly believable in view of the 
immense morphological and anatomical diversity between animal 

species. 

Patterns of eer n and nitrogen intake in sh 

In addition to parameters like cell wall percentage and digestibility, the use 
of nitrogen content in estimating intake of digestible matter (which will be 
considered here a measure of energy intake) has also been suggested. Elliott 
and Topps (1963), examining a range of feeds of low to medium quality, found 
dry-matter intake to be more closely correlated with nitrogen concentration than 
with digestibility of the feed. The same would apply to intake of digestible 
dry matter. Siebert and Hnter (1977) proposed a regression equation between 
digestible orpanic-matter intake of grading cattle fed mixtures of spear grass 
and lucerne and nitrogen concentration to be used to estimate intake of grazing 
cattle from oesophageal sample analysis. 

Oamparing different relationships reveals that important differences 
exist and that the use of such relationships has to be restricted to the range of 
forages from which they were obtained. Thus the question arose as to whether, 
for a given type of stock, scm upper limit of intake of digestible matter could 
be set for any given nitrogen concentration in the feed. From published data on 
feed intake of grading cattle it became apparent that such an upper limit indeed 
does exist but that it is of limited use. It was also soon evident that it is 
more informative to relate intake of digestible matter to nitrogen intake. A 
first analysis of this relation dealt with data frum growing, non-lactating 
cattle (Ktelaars, 1983). That analysis comprised only a limited number of 
intake data from a wide range of breeds and weights of animals. 
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Many more data on intake are available for wether sheep, which are 
coammonly used in trials to ccupare the ingestibility of a range of feeds. In 
addition, much experim.nticl work on intake regulation has also been confined to 
sheep, and wether shefp rf 30  70 kg body weight are probably the best-s+-udied 
ruminant animals as far as feed intake and intake regulation are concerned. So 
it was decided to concentrate on data for sheep to further develop the 
conceptual model, of which a crude representation was given by Ketelaars (1983). 

Sample description 

Data on voluntary intake of roughages by wether sheep were collected from fha 
literature. The criteria of selection were that, apart from intake, nitrogen 
concentration of the feed, i vivo digestibility and weight or metabolic weight 
of the animals were known. Only data from roughages will be used to present 
patterns of energy and nitrogen intake. These include grasses and legumes, fed 
either alone or as mixtures of both. Supplements allowed were minerals and 
vitamins. Feeds supplemented with protein or nitrogen source were excluded as 
were ground and pelleted roughages. 

Data were obtained from Demarquilly and Journet (1967), Demarquilly and 
Weiss (1970), Heany et al (1963), INRA (1978), Mertens (1973), Milford (1960; 
1967), Milford and Minson (1968a; 1968b), Minson (1967; 1973), Minson and 
Milford (1967;1968), and Minson et al (1964). 

Data were available on 766 different feeds. In reality the number of 
trials will have been larger as the French data (Demarquilly and Weiss, 1970; 
INRA, 1978) are averages for a certain feed tested in several trials. Of the 
total of 766, 32 (less than 5%) were discarded because they did not fit the 
general pattern of intake shown later. In 21 cases intake of digestible dry 
matter was substantially less than expected for the digestibility class in 
question, and for the remaining 11, intake was unusually high. 

Of the 734 feeds which were left, 573 were grasses and 161 legumes. 
Mixtures of grasses and legumes were classified according to the dominant 
fraction. Rations were fed in the fresh or dried form, long or chopped. 
Together they cosprise a large number of species of temperate, tropical and 
subtropical origin. 
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In selecting data no distinction was made as to breed of animal used. 
Breed was not always recorded but the range spanned typical wool breeds like the 
Merino and typical meat breeds like the Texel. Exact weights were not always 
given. Mean weight of the animals used in these trials will probably fall 
between 40 and 50 kg. Actual weights will have shown wider variation, probably 
between 30 and 70 kg liveweight. 

Special attention must be drawn to the data collected by French workers 
for fresh pasture grasses and legumes (Demarquilly and Weiss, 1970; INRA, 1978), 
which have been used in this paper to illustrate various trends in intake. It 
is the largest homogeneous subsample of the total data available for which 
essential additional iuformation could be found on protein metabolism in the 
ruen and the host animal. 7herefore these data will be analysed separately but 
are also included in the analysis of the total sample. Figures 7 and 8 show the 
relationship between vivoin dry-matter digestibility and nitrogen 
concentration of the feeds for the total sample, and the relationship between in 
vivo organic-matter digestibility and nitrogen concentration of the feeds for 
the subsample. For most of the data digestibility was reported on a dry-matter 
basis, and digestible dry-matter intake has been chosen as the parameter to be 
used in the presentation of the total sample data. French workers, however,
 
consistently reported 
 digestibility on an organic-matter basis, and this is
 
preferred as it is a more 
 precise parameter of energy intake. Conversion 
between organic-matter and dry-matter digestibility is not straight-forward, as 
it depends on ash concentrations and digestibility of ash and these oftenare 

not reported. Where conversion was necessary, e.g. for inclusion of the French
 
data in the total sample, information was used from data given by Troelsen and 
Campbell (1969). In their trials with 36 hays of temperate grasses and legumes 
the regression equation between in vivo dry-matter digestibility (D/IT,g/g) 
and in vivo organic-matter digestibility %.O/I o ,q/g) appeared to be: D/I = T 
1.00 Dc/I O - 0.0146 with r = 0.99. So, if necessary, DI 1T has been estimated 
from Dc/IO by subtracting 0.015 g/g. 

Using the same conversion and assuming a mean ash concentration of 0. 10 
g/g of dry matter it can be calculated that each gram of digestible dry matter 
will be roughly conparable to 0.92 gram of digestible organic matter. 
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Figure 7. Relationship between in vivo dry-matter digestibility (DT/IT,g )
and nitrogen concentration inthe dry matter (IN/IT,g/g) of 
grasses and legumes fed to wether sheep of various breeds 
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Figure 8. Relationship between in vivo organic-matter digestibility
(Do/Io,g/g) and nitrogen concentvation in the dry matter 
('N/I T , g/g) of fresh pasture grasses and legumes fed
ad libi turn to wether sheep of the Texel breed 
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Sources: Demnarqullly and M~iss (1970) and INRA (1978). 
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Results of the total sample 

Patterns of intake of digestible dry matter and nitrogen for the total sample 
are presented in Figure 9, 10 and 11. Figure 9 shows all the data. Figure 10 
shows data for the 0.59-0.61 g/g digestibility class, which comprised the 
largest number of feeds, with the linear regression line. Figure 11 shows the 
regression lines for digestible dry-matter intake as related to nitrogen intake 
after feeds had been grouped according to digestibility class. 

Digestibility classes were first chosen so as to get a reasonable number 
of data in classes with average dry-matter digestibility of 0.45, 0.50, 0.: -, 
0.60, 0.65, 0.70, 0.75 and 0.80 g/g, without too much variation in digestibility 
within classes. In view of the experimental variation in in vivo digestibility 
measurements, digestibility classes seem .;ufficiently narrow to relate the 
results to the mean of the classes. As a consequence digestibility classes in 
between the first rentioned are narrower. Regression equations are listed in 
Table 1. 

Table 1. Regression equations relating intake of digestible dry-matter 
(DT, g/kg w0 "75/d) to intake of nitrogen (IN,g/kg w7 5/d) 
for sheep of different breeds fed grasses and legumes of 
different dry-matter digestibility (D/IT,g/g). 

DTI T n r 
(g/g) 

0.44 - 0.46 16 = 12.45 + 12.23 0.75 
0.47 - 0.48 16 13.62 + 9.80 0.72 
0.49 - 0.51 47 D = 13.65 + 13.64 0.72
 
0.52 - 0.53 25 
 15.52 + 11.75 0.81
 
0.54 - 0.56 53 _-=21.38 + 8.86 0.80 
0.57 - 0.58 51 = 21.32 + 10.22 0.76
0.74
D = 24.29 + 8.75
0.59 - 0.61 114 


0.62 - 0.63 59 = 27.40 + 8.72 0.77 
0.64 - 0.66 92 = 28.03 + 8.78 0.78 
0.67 - 0.68 45 D- = 30.85 + 8.89 0.84 
0.69 - 0.71 75 = 36.96 + 7.08 0.71 
0.72 - 0.73 35 = 39.97 + 7.60 0.72 
0.74 - 0.76 36 = 38.80 + 8.20 0.82 
0.77 - 0.78 21 = 36.02 + 9.36 0.50 
0.79 - 0.81 13 D, = 52.18 + 5.15 0.65 

Number of feeds
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Figure 9. Relationship between intake of digestible dry matter 
(DT, g/kg W°. 75/d) and intake of nitrogen (IN,g/kg W° 75/d)
for wether sheep of various breeds fed grasses ar.d lequmes 
ad libitum 
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Figure 10. Relationship between intake of digestible dry matter 
(DT,g/kg W°.7 5/d) and intake of nitrogen (IN,g/kg W°'75/d)
for wether sheep of various breeds fed grasses and legumes
with dry-matter digestibilities (DT/IT ,g/g) inthe range of
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Figure II. Regression lines relating intake of digestible dry matter 
(DT,g/kg W°'75/d) to intake of nitrogen (IN,g/kg W°'75/d) 
atdifferent levels of dry-matter digestibility of the feed 
(DT/IT, g/g) 
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Discussion 

From Figure 7 it is evident that the total sample comprises the entire range of 
roughage qualities ranging from less than 0.30 g/g dry-matter digestibility and 
less than 0.005 g/g nitrogen in the dry matter to more than 0.80 g/g dry-matter 
digestibility and 0.045 g/g nitrogen. A second important observation is that 
the correlation between in vivo dry-matter digestibility and nitrogen 
concentration of the feed is very weak: in other words, the often rather close 
association between these parameters observed in aging plant material of the 
same type and from the same location almost disappears if feeds of widely 
different origin are studied.
 

The data from the French subsample shown in Figure 8 are typical for the 
diet of ruminants during the main grazing season in Western Europe, with 
immature grasses in spring having up to 0.036 g/g nitrogen (22.5% protein) and 
over 0.80 g/g organic-matter digestibility. Even when flowering, grasses have 
nitrogen concentrations above 0.01 g/g and organic-matter digestibility over 
0.55 g/g.
 

At first sight, the nature of the relationship between intake of 
digestible dry-matter and nitrogen as depicted in Figure 9 is not very clear. 
Fitting some kind of saturation function curve would have been possible but 
would give little help in the interpretation. The pattern becomes much clearer 
if feeds are grouped on the basis of digestibility as shown in Figures 10 and 11. 
Orderly increases in intake of digestible dry-matter with nitrogen intake become 
visible at each level of digestibility, although there is still considerable 
scatter of the data points. Linear relations have been fitted to these 
increases as they appear, on average, to be the best representation. Only data 
for feeds of between 0.50 and 0.55 g/g digestibility showed a more curvilinear 
trend. As slopes of the regression equations for feed intale below maintenance 

0level (approximately 30 g Dkg w 75/d) tend to be higher than above it, such 
curvilinearity might result from the change in feeding level within this data 
group. If so, a broken line would perhaps be more appropriate. 

Individual recr ion lines for legumes and grasses separately are not 
shown. Inspection of the data in Figure 10 reveals that the higher intake of 
legumes as compared with that of grasses of similar digestibility can be 
attributed to the higher nitrogen concentration of the former. Within both 
grasses and legumes similar increases in intake of digestible dry matter with 
nitrogen intake are present. 
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The main conclusion that can be drawn from the total sample is that if 
roughages are classifi I according to digestibility then voluntary intake of 
digestible dry-matter by sheep increases linearly with nitrogen intake within 
such classes. For predictive purposes this means that high-protein feeds are 
eaten in greater amomts than low-protein feeds, irrespective of digestibility 
level. For our understanding of intake regulation, clearly the most important 
question is what does digestibility mean to the ruminant animal? This question 
will be examined with the help of data from the subsample. 

Results of the subsample 

Data from the subsample for sheep or the Texel breed fed fresh pasture grasses 
and legu.es are given in Figures 12, 13 a - g, and 14 and Table 2. Figure 12 
shows the coplete data set, a total of 137 feeds. Also shown is a curve 
representing the maximum intake of digestible organic matter for a certain range 
of nitrogen intakes (abbreviated Do max-curve). Its derivation is discussed 
below. 

Figures 13 a - g show data for individual. classes of digestibility. 
Only data for grasses were used in the calculation of the regression lines. 
Figure 14 gives a composite picture of the regression lines together with the 
Do max-curve. Finally, Table 2 includes the details of the regression 

equations. 

Discussion 

The pattern of linear increases in intake of digestible matter with intake of 
nitrogen observed in the total sample is confirmed by the subsample. For Lhe 
grasses, linearity is present at each level of digestibility and scatter of 
points is reduced. The latter is partly the result of excluding variation due 
to breed, form of feed, location etc, and partly due to the fact that these data 
are averages for a certain feed tested in a number of trials. Some sources of 
variation will be analysed later.
 

130
 



Figure 12. Relationship between intake of digestible organic matter 
(Do,g/kg W°.75/d) and intake of nitrogen (IN ,g/kg W°.'5/d)
for wether sheep of the Texel breed fed fresh pasture grasses
and legumes ad libitum. The solid line shows the calculated 
maximum intake of digestible organic matter above maintenance 
as related to nitrogen intake. The broken line shows the estimated
maximum intake of digestible organic matter for each level of
nitrogen intake below maintenance level 
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Figure 13. 	 Relationships between intake of digestible organic matter
 
(Do,g/kg W°'7 5/d) and intake of nitrogen (IN, g/kg W°.75/d)

for Texel wetners fed fresh pasture grasses and legumes

with organic-matter digestibilities (Do/Io ,g/g) of: 
(a)0.61-0.63; (b) 0.64-0.66; (c) 0.67-0.69 ; 
(d)0.70-0.72; (e) 0. 73-0.75; (f) 0.76-0.78; 
(g) 0.79-0.81, Regression lines are based only on data 
for grasses 
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Figure 13e Figure 13f 
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--- 

Figure 14. Regression lines relating intake of digestible organic matter 
(Do,g/kg WO.7 5/d) to into'e of nitrogen (IN, g/kg W°.75/d)at different levels of orgor ic- matter digestibility of the feed 
(Do/Io,g/g). This isacomposite of the regression lines shownin figures 13a-g. Also shown isthe curve for maximum intake
of digestible organic matter from figure 12 
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Table 2. Regression equatics relating intake of digestible organic 
matter (D0, 1q/]Wc. 7 5/d) to intake of nitrogen (I. Sgkg, 

w0 "7 5 /d) for sheep of the Texel breed fed fresh grasses of
 
different organic matter digestibility (D/I 0 ,g/g).
 

DI n r 
(q/g)
 

0.61 - 0.63 5 = 19.87 + 15.09 IN 0.91Do 

0.64 - 0.66 6 Do = 25.95 + 10.52 IM 0.91 

0.67 - 0.69 14 
 Do = 25.07 + 11.47 IN 0.92
 

0.70 - 0.72 26 Do = 35.94 + 6.04 IN 0.75 

0.73 - 0.75 27 Do = 39.92 + 4.73 IN 0.52 

0.76 - 0.78 11 Do = 37.89 + 6.57 IN 0.66 

0.79 - 0.81 8 Do = 50.99 + 3.08 IN 0.56 

*number of feeds
 

Another observation is that slopes of the regression lines becme 
smaller at higher digestibility levels. With regard to the difference between 
legumes and grasses, it now appears that intake of highly digestible legumes 
(i.e. above 0.72 g/g organic-matter digestibility) can be predicted from intake 
of grasses taking into account differences in nitrogen cnoeitration, but for 
lower-quality legumes discrepancies exist: intake of these legumes is less than 
would have been expected on the basis of intake of grasses and their nitrogen 
concentration. 

The ctserved pattern of energy and nitrogen intake in sheep resembles 
sinilar patterns in young manogastric animals, in which low-protein feeds 
usually depress energy intake. Analysing a number of feeding trials with rats, 
dogs and chickens, it was found that if intake of energy is depressed by low 
proteirVenergy ratios in the feed, increasing this ratio by a irg protein to 
the feed results in linear increases of both energy intake and nitrogen intake. 
At the same time liveweight gain and nitrogen retention show similar 
Proportional increases. From these observations it was hypothesised that the 
intake-depressing effect of low proten/energy rations in 2mcrogastric animals 
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may be funadonally explained by an inability of the animal to produce
liveweight gain if the diet contains less than certaina concentraticn of 
protein. As maintenance requirements are mainly cmposed of energy and 
liveweight gain requires relatively more protein, intake of energy above 
maintenance is dependent on increased protei/energy ratios of the feed. If 
this hypothesis is correct, maximum allowed intake of energy as a function cE 
protein intake can be calculated frcu (1) maintenance requirements for pr.ot,.in
and energy, (2) the minimum protein energy ratio in liveweight gain and (3) the 
efficiency of use of feed protein and feed energy by the animal. he intake 
data for sheep show intake of energy (cf digestible matter) for most feeds, if 
not for all, below the maximum that can be attained with these animals. 
Apparently, intake of energy was limited by some factor and for the moment it 
will be assumed that this factor was availability of true protein. With this 
assumption, potential energy intaka versus nitrogen intake can be calculated 
according to above mentioned hypothesis, as explained below. 

Availability of true protein is taken as the amount of non-airrznia 
nitrogen which reaches the duodenum. This amount can be quite different from 
the quantity of protein ingested. For many feeds this will be lower, due to 
losses of protein in the rumen, while for others it will be more, due to 
conversion of endogenous nitrogen ureum(mainly in saliva) into bacterial 
protein. Such changes in availability of protein between mouth and duodenum 
clearly hamper the interpretation of intake patterns in ruminants. One way to 
handle this problem is to calculate the Do max-curve, for which it is assumed 
that efficiency of conversion of ingested protein into true protein reaching the 
duodenum is maximal. Tis is done in the following manner. 
- Requirements of energy for maintenance have been set at 425 kJ M/g W0.75/d,


the value proposed by forOrskov %i982). Using an efficiency of 0.81 
conversion of digestible energy to metabolisable energy and an energy value of 
19.1 kJ/g digestible organic matter, energy requirements are equivalent to the 
ingestion of 27.5 g Do/kg WO. 7 5/d. However, energy requirements for 
maintenance vary between breeds, ages and seasons. Effects of such 
differences will be analysed later. 

The energy value of digestible organic matter is the mean calculated for 
.freshpasture grasses usir 
data from MA (1978).
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- Requirements of protein for maintenance continue to be a matter of debate as 
they are difficult to measure in ruminants. Here they have been set at 0.4 g 
ingested N/kg WO' 7 5/day. As Figure 9 shows, this amount is the minimum that 
allows consumption of 30 g D"/k WO' 7 5/d, which is equivalent to 27.5 g D0/kg 
wO' 7 5 /d. In addition, a value of 0.4 g on a metabolic-weight basis compares 
favourably with recent estimates of protein requirements obtained with 
intragastric infusion techniques. From nitrogen excretion of ruminants on 
nitrogen-free infusates, Orskov (1982) estimated minimum needs for protein in 
tissue maintenance to be about 300-400 mg N/kg WO, 7 5/d; the higher value would 
apply to younger animals, the lcier value to older animals. Intake of 0.4 g 
feed nitrogen produces a flow of non-ammonia nitrogen into the duodenum of 
approximately 0.6 g. Assuming efficiency of nitrogen use to be similar for 
maintenance and productive processes, i.e. 0.54 (see below) this would provide 
324 mg net amino-acid nitrogen to the tissues. 

- Efficiency of conversion of ingested nitrogen into animal products has been 
based on data from infusion experiments with rumen bacterial mass in lambs 
(data cited by Orskov, 1982). Net efficiency of total microbial nitrogen 
appeared to be 0.54. Incremental efficiency of ingested nitrogen will, 
therefore, never be more than 0.54 unless undergraded plant protein has a 
higher biological value. As there is no evidence for the latter, the value of 
0.54 will be retained. The fact that this figure was obtained with lambs may 
introduce some error. Synthesis of wool protein is more important in older 
sheep than synthesis of body protein. If efficiency of use of absorbed 
protein is less for synthesis of wool, overall efficiency would shift to lower 
values. 

It is noteworthy that Boekholt (1976), in N-balance experiments, found a 
maximum incremental efficiency of 0.75 for retention of digestible nitrogen in 
lactating dairy cows. As true digestibility of feed nitrogen was 0.83 g/g, 
maximum incremental efficiency of ingested nitrogen would amount to a0.62, 
value 15% higher than the value of 0.54.
 
- Composition of production above maintenance, i.e. liveweight gain + wool, was 

not known for the specific animal breed and physiological stage. Instead, 
data on nitrogen retention were available from a paper of Grenet and 
Demarquilly (1977). They measured nitrogen retention in the same type of 
animals (wether sheep of the Texel breed) given 23 different grass samples and 
3 lucerne samples ad libitum, all in the fresh form, data from which are 
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directly compatible with the data or, intake. Only information from the grass 
samples is used here. Grenet and Demarquilly (1977) related nitrogen 
retention to various parameters in single- and multiple-regression analyses. 
Using single parameters, intake of digestible orgaric mazter was found to be 
the best predictor of nitrogen retention. The regression equation between 
nitrogen retention (RN, kg/d ) nM intake of digestible organic matter 
(D0 ,kg/d) was: 

RN = 0.01875 Do - 0.0104 (r= 0.86.)
 

Multiple regressirn with other parameters (digestibility of organic 
matter, concentration of cTude-fibre and soluble carbohydrates in the feed and 
nitrogen intake) could not improve this prediction equation substantially. 

From this finding it is concluded that, irrespective of level of ad 
libitum intake of digestible organic matter, animals produced a product which 
required a fixed ratio of digestible energy and net protein. As Tolkamp 
(personal communication) showed, utilisation of metabolisable energy for net 
energy is constant in ad libitum fed animals (i.e. 0.60) and metabolisable 
energy is a fairly constant proportion of digestible energy (i.e. 0.81), and it 
is concluded that composition of total product had constanta ratio of protein 
to energy. It should be noted that exactly the same conclusion was reached for 
monogastric animals under conditions of protein-limited intake of energy. 

The regression equation cited above is expressed a per animal basis.on 

Assuming 55 kg as the mean weight of the animals, RN equals zero at an intake of
 
digestible crganic matter of 27.5 g/kg W0 "7 5/d which coincides with the proposed 
maintenance requirements for energy. 

The slope of the regression line gives the increase of retained nitrogen 
per gram of extra digestible organic matter ingested. Conversely, it also 
incorporates the maximum incremental increase in intake of digestible organic 
matter as related to nitrogen intake: 28.8 g DO/g RN . The latter value is 
obtained by dividing the maximum efficiency of conversion of ingested nitrogen 
into retained nitrogen (0.54) by the incremental increase of retained nitrogen 
per qram of digestible organic matter intake (0.01875 g/g). 

Summarising, the function giving maximum intake of digestible organic 
matter for intakes of nitrogen equal to or more than 0.4 g/kg W0 . 75 /d can be 
written as:
 

DO max = 16.0 + 28.8 IN, IN > 0.4 
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with Do max as maximum intake of digestible organic matter in g/kg WO "7 5/d and 
IN as intake of nitrogen in g/kg WO"7 5/d. This would apply up to the satiation 
level for intake of digestible organic matter. 

The course of the Do max-curve below maintenance level could not be 
established in a similar way as for above maintenance: the concept of a fixed 
composition of weight gain cannot be readily interpreted for a situation of 
increasing weight losses. It is also evident that, below intakemaintenance, 

measurements are more time dependent: intake feeds
of which do not sustain 
maintenance often declines with time. Extrapolation of the Do max-curve below 
maintenance level has therefore been based on information from Figures 9 and 15. 
Figure 9 suggests that intake of digestible organic matter and nitrogen both 
converge towards zero with decreasing feed quality. The outer border of the 
scatter of points in Figure 15, which relate intake of dry matter to nitrogen 
concentration of the feed, would also indicate that animals refuse feeds with 
nitrogen concentrations below 0.003 g/g. The fact that feeding nitrogen-free 
diets usually results in cessation of eating within one week (Orskov, 1982) was 
another reason to extrapolate the curve Do max towards the origin. In view of 
the functional meaning of this curve would meanit that sheep voluntarily stop 
consumption of feed energy in the absence of feed protein, not because of 
disturbance of digestive processes. 

The Do max-curve has been included in Figures 12 and 14. From Figure 12 
it is clear that intake of digestible organic matter is close to this curve for 
only a few feeds and that the majority of intake data are to the right of it. 
From the assumptions made above the most likely cause is that efficiency of 
conversion of ingested nitrogen into retained nitrogen is less than maximal for 
most feeds. This explanation is supported by data on levels of ruminal ammonia 
in the animals that supplied the nitrogen retention data. These are shown in 
Figure 16 with the voluntary intakes of digestible organic matter for the 
respective feeds. Information in this graph is extremely useful as it allows a 
large number of conclusions: 
- Lowest values for ruminal ammonia concentrations are found close to the 

Do max-curve, almost approaching zero for data on the curve itself. As the 
presence of ammonia in the rumen inevitably is accompanied by losses of 
nitrogen from the ruminal system, due to the rapid passage of ammonia across 
the ruminal wall, feeds with intake on the Do max-curve are obviously those 
with maximal efficiency of nitrogen conversion. 
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Figure 15. 	 Relationship between dry-matter intake (IT, g/kg WO.T7 /d)and
nitrogen concentration of the feed (IN/IT, g/) for wether sheep
of various breeds fed grasses and legumes d libitum 
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Figure 16. 	 Rumen ammonia levels (mg NH3-N/IO0 ml rumen fluid) of wether
sheep of the Texel breed fed fresh pasture grasses and legumes
ad libitum. Ammonia levels are shown next to data points. Compare
figure 14 with figure 16 for interpretation of nitrogen metabolism in 
the rumen and related intake patterns 
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- Intake of nitrogen for mct feeds will overestimate true protein availability 
for the host animal due to variable losses of feed protein as ammonia in the 
rumen. 

- The 	Do max-Irve was constructed assuming that intake is protein-limited in a 
similar fashion as was cbserved in growing mnraogastric animals, not hindered 
by bulk limitations to intake. cnsumption of feeds with measured intake of 
digestible organic matter close to this curve can therefore be considered 
protein-limited. However these are also the feeds for which availability of 
ruminal nitrogen has been generally considered the limiting factor on rates of 
digestioni and hence on feed intake. Fram this presentation of data there 
appears to be sufficient evidence to state that the limitation to intake of 
such feeds is a true protein limitation of the host animal and not a physical 
limitation on the thrugh-put of feed the rumen.across 

- Increases in intake of digestible organic matter along the Do max-curve are 
made possible by changes in the ratio in which digestible organic matter and 
true protein are absorbed by the host animal. For ruminant animals this ratio 
will also reflect the ratio in which organic matter is digested and microbial 
protein concurrently synthesised. The latter is usually referred to as the 
efficiency of microbial protein synthesis, being the amount of microbial 
protein synthesised per gram of apparently digested or ruminally-fermented 
organic matter. The expression based on ruminally-femented organic matter 
is the most common and will be used here also. 

- The 	organic matter apparently fermented in the rumen is a constant fraction of 
the total digested organic matter(Ulyatt and Egan, 1979). For roughages 
ranging between 0.45 and 0..85 g/g digestibility of organic matter it appeared 
to be 	on average 0.61 g/g of total digested matter. 

Assuming a certain fraction of feed protein to be runen-degradable (i.e. 
available for microbial protein synthesis) for the feeds with intake at the 
Do max-curve then the Jncreased intake of digestible organic matter along this 
curve 	 must be accompanied by an increase in efficiency of microbial protein 
synthesis; in other words more feed nitrogen is converted to microbial protein 
flowing from the nmen per gram of fermented organic matter. This is 
illustrated by data in Table 3 which shows the concentration of nitrogen in feed 
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at which rumen ammania starts to accumulate. Cocentrations were estimated for 
feeds with assumed intakes at the intersection points of the regression lines 
with the Do max -curve (for instance points B1 and C1 in Figure 17). The 
nitrogen concentration at which ammonia starts to accumulate shows a two-fold 
increase for feeds between 0.62 and 0.80 g/g organic matter digestibility. 

Table 3. Nitrogen concentration of feed and intake of nitrogn 
(N, g/kg w0 "7 5/d) and digestible organic matter 
(DO, q/kg W0 "7 5/d) at point of ammonia accumulation for 
increasing organic matter digestibility (D/Io,g/g). 

Nitrogen concentration of feed
 

/I O Do IN 100 x IN/oa 100 x IN/Iob 
O. 7 5/d)(g/g) (g/g W

0.61 - 0.63 24.2- 0.28 1.16 0.72 
0.64 - 0.66 31.7 0.55 1.74 1.13 
0.67 - 0.69 31.0 0.52 1.68 1.14 
0.70  0.72 41.2 0.88 2.13 1.52 
0.73 - 0.75 44.6 0.99 2.22 1.64 
0.76 - 0.78 44.4 0.99 2.23 1.72 
0.79 - 0.81 55.2 1.36 2.46 1.97 

aper cent nitrogen in the digestible organic matter. 
bper cent nitrogen in the organic matter. 

- Feeds with intake at the Do max-curve belong to a group differing in 
digestibility and nitrogen concentration. In addition they are characterised 
by differences in efficiency in synthesis of microbial protein in the rwren. 
Mhe interrelationship between these parameters will now be examined. 
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Figure 17. Graphical representation of intake patterns of Texel 
wethers fed fresh pasture grasses ad libitum 
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- Figure 16 shos that rumen ammonia levels increase parallel to the Do max 
-curve. As far as synthesis of rumn microbial protein is concerned, values 
between 2 and 5 mg NH3-N/lOO ml appear to be critical. According to the work 
of Satter ard Roffler (1981) efficiency of microbial protein synthesis does 
not increase further once this critical level is attained. For non-roughage 
feeds higher values may apply. Comparing Figures 16 and 14 it can benow 
concluded that, within each group of feeds with similar digestibility, there 
is one particular feed nitrogen concentration which allows maximum efficiency 
of microbial synthesis. Higher concentrations of feed nitrogen show 
immediate increases in levels of ruminal ammonia above this critical level. 
Therefore they do not induce higher efficiency of synthesis of microbial 
protein within this group of feedc. 

The final conclusion is that increased feed digestibility is associated 
with increased efficiency of microbial protein synthesis. This is important as 
the classification of feeds previously made on the basis of digestibility is no 
longer arbitrary but has received a firm basis in ramen nitrogen metabolism. 
- The fact that intake of digestible organic matter continues to increase for 

higher concentrations of feed protein within the class of digestibilitysame 
must mean that availability of true protein to the host animal also increases 
along this axis: only changes in the ratio of digestible organic matter and 
true protein availability would allow such increases in energy intake. If 
microbial protein synthesis in the rumen does not contribute to this greater 
availability of true protein then the only source which remains is undegraded 
feed protein. As feed protein is never ompletely degradable the undegraded 
part can provide the animal with relatively more duodenal non-ammonia nitrogen 
once the capacity for microbial protein synthesis is saturated. The slope of 
the regression lines relating intake of digestible orgarc matter to intake of 
nitrogen for feeds of similar digestibility will therefore in saw way reflect 
the response of sheep to an increased availability of undegraded plant 
protein. 

Among these conclusions two elements are clearly of great interest: the 
relationship between efficiency of microbial protein synthesis and feed 
digestibility, and the response of animals und, -aded plantto protein as 
compared with bacterial protein. Both aspects have been quantified. In 
principle, efficiency of microbial protein synthesis could be directly 
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calculated from the Do max-curve if it was known what proportion of feed protein 
is rumen-degradable. Only this and sane endogenous nitrogen may contribute to 
microbial protein synthesis. However, degradability f plant protein and 
microbial protein synthesis are still little understood. Therefore, instead of 
assuming some average value for protein degradability another approach was 
chosen: it was assumed that irrespective of source of protein, whether of 
microbial origin or of plant orighi, both would have a similar effect on the 
intake of digestible organic matter. In other words it was assumed that at the 
duodenal level a unique relationship exists between intake of digestible organic 
matter and non-ammonia nitrogen flow, each ofincrement non-ammonia nitrogen 
provoking the same increment in intake of digestible organic matter. This 
allowed estimates to be made of both efficiency of microbial protein synthesis
and protein degradability. The way these have been derived will shown 
elsewhere. Here only the results are given, summarized in Table 4. 

The data in Table 4 clearly show an increase in efficiency of microbial 
protein synthesis with higher feed digestibility: for highly digestible 
roughages relatively more microbial protein per gram digested organic matter 
becomes available to the host animal. Degradability of feed protein also 
appears to increase from low to high digestibility feeds, which means relatively 
greater 	losses of feed protein.
 

The theoretical calculations in 
Table 4 could not be adequately checked 
against values reported in the literature. According to a ccmpari:3on made by
Orskov (1982), most protein evaluation systems currently available use average 
values for microbial protein synthesis. Values range between 1.25 and 1.38 g 
N/MJ MF or approximately 19-21 grams of protein per 100 grams of ruminally
fermented organic matter. 
 Such values are in the middle of the range estimated 
here. A major cause of this lack of differentiation between feeds is the 
absence of sufficient reliable measuremer.ts. Data for any well-defined 
category of feeds, such as fresh forages fed ad libitun, are few and obtained by
different techniques. The latter prevents any real comparison, as different 
methods Li the same situation yield widely diverging results. However, it is 
noteworthy that Hagemeister et al (1981), working with lactating dairy cows, 
reported consistently lower values for microbial protein synthesis with high 
than with low-roughage rations. 
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Table 4. Microbial protein synthesis (g/loog FWM/) and protein
 
degradability (g/g) calc-lated for feeds of iLncreasing organic
 
matter digestibility (D/I 0 ,g/g). 

D0/I 0 Microbial protein synthesis Protein degradability 
(g/g) (g/100g FCM) (gig) 

0.61 - 0.63 12.1 0.66 

0.64 - 0.66 17.6 0.81
 

0.67 - 0.69 16.9 
 0.79
 

0.70 - 0.72 22.6 0.92 

0.73 - 0.75 23.9 
 0.95
 

0.76 - 0.78 23.3 0.92 

0.79 - 0.81 26.4 0.97 

FCM: organic matter apparently fermented in the rumen. 

A similar situation applies to the values calculated for protein 
degradability. Although protein degradability of fresh forages is generally 
assumed to be high, techniques to measure this parameter independently from the 
contribution of microbial protein in total duodenal protein flow are not 
available.
 

Despite this lack of validation it seems unlikely that the trend in 
efficiency of microbial protein synthesis is very different from that shown in 
Table 4. On theoretical grounds one also may expect a lower efficiency with 
increased concentration of indigestible matter in the rumen. As indigestible 
feed particles serve as the major carrier of microbial mass in the rumen, 
retention times of microbes in the rumen will tend to increase with less
digestible feeds, resulting in increased turnover of microbial matter within the 
rumen and lower efficiency of microbial protein synthesis. Therefore, to 
return to our basic question, 'what does digestibility mean to the ruminant 
animal?', perhaps a more important aspect than its physical meaning may be the 
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close association between digestibility and relative availability of microbial 
protein. That would also explain why animals which produce a product containing
less protein  for instance, lactating dairy cows - may eat more of a given feed 
per kg of metabolic weight than animals producing a high-protein product, e.g. 
wether 	sheep.
 

Reasoning along this line 
 it is tempting to suggest that the 
opportunities to utilise a certain protein energy ratio will set the limit for 
intake of roughages. If so, one would expect that supplemental protein should 
induce consistent changes in intake. But, although intake responses to protein
supplementation have been found, they are not consistent. For example, Egan
(1977) experimented with infusions of casein into the duodenum of sheep fed a 

range of different feeds. For some feeds moderate increases in intake were 
found as a consequence of casein infusion, but these were generally feeds which
did not support maintenance without supplementation. Above maintenance, 
responses were almost negligible.
 

A similar situation exists with regard 
to additions of protein to the
diet. Although more difficult to analyse, because of the uncertain effects on 
true protein availability in the duodenum, responses are inconsistent, ranging 
from nil to substantial. 

So, the 	question clearly is: why are energy intake patterns so easily

interpreted as responses to protein availability, whereas in practice such 
responses cannot be satisfacto iLy reproduced by manipulating true protein 
availability? 

No clear answer has yet been found. One could hypothesise that the

effect of protein availability on 
intake of digestible dry matter is determined 
by other factors. As ruminants receive a large proportion of their protein in 
bacterial mass, a whole array of substances will present themselves at the 
duodenum along with the protein. Also, plant protein which reaches the duodenum 
undegraded will certainly be mixed with non-protein or even non-nitrogen
substances. Many theseof substances may have very different nutritive 
properties to proteins or amino-acid mixtures. Thus, any relationship between 
digestible dry matter intake and nitrogen intake ruminantin nutrition is 
inevitably very unclear and potentially misleading. 

148
 



Suxmarising, the following conclusions can be drawn. Intake data which 
are usually presented in a form to support the idea of physical regulaticn of 
intake fit equally well into a picture of a metabolic regulation. The latter 
would iiply that ruminants, like mnogastric animals, regulate both energy and 
nitrogen intake when given a imrge of feeds. Such a r-qulation, of course, must 
be reflected in the composition of animal products. It is tecptng to suggest
that the requirements of the animal for a certain balance of nutrients set 
limits to the intake of most r&4jhage rations. That animals are sensitive to 
the balance, or imbalance, of nutrients absorbed from the gut is evident from 
intake responses to supplementation with various nutrients. However, such 
responses do not follow a pattern to be expected from nutrient relations in the 
intake of roughages. Tus, further research is needed tr clarify the nature of 
nutrient relations in roughage feeding and supplementation trials. It would be 
extremely valuable to understard where, when and to what extent intake and thus 
production can be increased with definite inputs of essential nutrients, 
especially for many extensive livestock-production systems in semi-arid 
regions. To be able to predict such increases in productivity would make 
modelling livestock production systems ich more meaningful. 

Feed intake is a major detpminant of ruminant productivity. Accurate 
prediction of intake is therefore inportant in modelllng ruminant livestock 
production systems. Prediction of intake of raghages by ruminants has usually
been based on a oCmcept of physical restricticns to the ingestion of fibre-rich 
diets. However, explanatory models of intake incorporating this concept are 
not available. Use of empirically-based equations to predict intake from feed 
characteristics is inaccurate. 

Re-analysis of numerous intake trials reported in the literature, both 
with sheep and with cattle, suggests that physical factors Jn intake regulation 
have been overenmhasised. An .iiortant finding is that ruminants, given a wide 
range of rauhages ad libitum, apear to regulate both energy and nitrogen 
intake. Above maintenanc level this results in a proportional excess of energy 
and true protein available to the host animal, which, in turn, leads to a 
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relatively constant composition of animal products under such feeding
conditions. This suggests that intake is a response to relative nutrient 
availability from the gut and therefore can be manipulated by dietary nutrient 
additions. However, a consistent framework of intake responses to 
supplementation with essential nutrients is lacking. Possible causes of this 
discrepancy are discussed. 
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Discussion 

Statement - When you turn your graph around, you have the biological 
relationship of nitrogen retention as a function of TMN intake. 

Reply - That's the usual way we present such a relationship, but I think that the 
animal reacts to the availability of protein. The energy intake is a function 
of protein intake, and that leads to a relationship between energy intake and 
nitrogen balance.
 

Question - For predictive purposes, would it not be better to correlate dry 
matter, digestible energy intake, or digestible dry matter with N%of the feed? 

Answer - It would only be a trick. This relationship shows that if you 
characterise a feed by the ratio of digestibility and nitrogen content, the 
intake of such a feed will always develop along an almost straight line from the 
origin. If you hold digestibility constant, the intake of digestible material 
is a function of nitrogen percentage. 

Qiuestion - Do you assume the same digestibility of protein as of total organic 
matter, or do you check the digestibility of protein independently? The two are 
not always the same.
 

Answer - I did not use digestibility figures for protein at all, because 
digestible protein is very difficult to interpret. You can use true protein 
concentrations, in combination with some measurement of rumen ammnia 
concentration, rather than digestible nitrogen because it is quite uncertain how 
much of the digestible nitrogen is indeed digested by the animal. 

Statement - Deficiency of amino acids can reduce digestibility. For instance, 
ground-nuts are not a good source of protein. 

Rl- The effective amino acid profile supplied to the animal and the possible 
deficiencies could be a factor that ex: .iins differences in results of protein 

supplementation trials. 
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Ouestions - 1. Have you any particular reason for using metabolic weight, 
rather than liveweight in your measurements? It is used for maintenance but 
should it be used for intake? 
2. You said that you found no experiments that showed faecal output was 
constant at different digestibilities. We have found that the faecal output at 
dry pasture and green pasture was identical, even though the intake was almost 
double in the green pasture. 
3. How would you then predict intake, when you have ad lib availability of straw 
and poultry litter? 

Answer - To start with your first question, there is no particular reason to use 
the exponent of 0.75. I use it to put animals of different weights on a similar 
scale.
 

If you stick to an explanation of requirements for production and 
maintenance, then intake should be related to the same exponent as maintenance 
requirements. 

The second question regarding faecal output: I do not deny that you can 
find similar figures for faecal output in some cases, but I have looked at a wide
 
range of data 
from sheep trials. There is a large variation and also a certairn 
trend. 

Your third question: At the moment we are not able to predict possible 
increases in int-.ke due to non-protein N supplementation. Some people suggest 
using measurements of rumen ammonia as an indicator of the possible benefits, 
including non-protein nitrogen, but even if you know that the rumen ammonia 
concentrations are very low, say below 5 mg/100 ml, you can not say anything 
about the possible in.reases in intake that could be expected by including non
protein nitrogen. 

Question - Would you expect the animal to obtain its requirements if it had ad 
lib access to these two feeds? 

Answer - Yes, but the problem is to decide how much extra nitrogen can be 
effectively converted to bacterial protein. That depends on other 
characteristics of the ration, mainly on the potential digestibility of the 
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total ration. The higher the digestibility the greater the quantity of nitrogen 
in the ration that can be effectively converted to microbial protein. 

Question - The IICA model usually over-estimates growth by about 100 - 250 kg. 
Would you predict that we would reduce the output if we put in your type of 
protein relationship? 

Answer - I have not tried that so I can not specifically answer your question, 
but I hve tried to convert the figures from sheep trials into intake figures 
for growing, cattle using the idea that you construct the intake curve by looking 
at specific requirements for imaintenance in terms of nitrogen and energy, and 
then by looking at the conversion of liveweight gain. The problem is that you 
have to find the intersection points, where the regression equation for a 
certain class of digestibility intersects this curve. It is also the point 
where rumen ammonia starts to accumulate. For every digestibility class there 
is one specific concentration of nitrogen below which feed nitrogen is converted 
to bacterial protein, and above which nitrogen is lost. The problem is that 
predictions are very sensitive to the slope of that curve and to assumptions 
about that critical protein content. 

Ouestion - It would seem reasonable to assume that sane physical limit to 
processing rate must exist in ruminants. Would a combination of the traditional 
theory of some physical processing rate together with your energy/protein ratio 
theory explain the data that do not fit this hypothesis alone? 

Answer - It is very difficult to combine both concepts. I cannot see any way to 
do that. 

Statement - Even if the feed has the correct protein/energy ratio for a given 
animal product and physiological state of the animal, and if you have a very lo 
quality feed with a very low digestibility, an intake limit would be imposed by 
the physical processing potential of the animal. 

ReDIl - It is very difficult to prove that such a limit exists. If you look at 

trials with monogastric animals, they have an enormous capacity to adjust for 
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ballast in the ration. For instance you can feed rats with 50% indigestible 
matter as long as you can keep the protein/energy ratio in the digestible part 
at an appropriate level. 

Comment - In the case of the ruminant, T think that there is quite good evidence 
(fron Minson's lab, for example) that for the same level of digestibility and 
for the same nitrogen content, the feeds which are more easily and ore rapidly
broken down are in fact eaten in greater quantity. So I think the analogy of 
the ruminant and the non-ruminant is not a fair way to answer that last 
question.
 

Reply - It's true that feeds that are more rapidly camminuted are also eaten in 
greater quamtities, but if you look at the work of Minson et al, their 
conclusion is that the rate of particle breakdown can not be a very severe limit 
to intake. That is illustrated by the fact that if you look at the particle
size distribution in the rumen, there are many more small particles, even with 
low-quality rations. The water passage through the rumen could have a much more 
profourd effect on intake than the rate of particle breakdown. In principle,
the animal should have e larger capacity to increase its intake by simply
increasing the water flow through the rumen. Whatever the reason, sane animals 
eat much more of a given feed than other animals, so the physical limit must be 
very flexible. 

Comment - Salt bushes for instance, have a high nitrogen content, but dry matter
 
intake of these is 
 low. The reason seems to be the low digestibility of the dry
matter, which is somthing below 60%. True digestibility of protein is 
something like 90%so it seems that nitrogen is being used as an energy source by
the microbes that need the correct proportionality between the available 
nitrogen and available carbon. 

Rply - Yes, that is true, but the fact that an animal eats more of high- protein
feeds than of low-protein feeds is ultimately due to an action of the animal 
itself. It is true that the microbes also need a certain ratio of protein and 
energy, but if you have feeds which supply sufficient nitrogen to the microbes, 
but not enough energy, the intake of such feed still increases. That ran be 
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explained by the fact that only a certain fraction of the total feed protein is 
degradable in the rumen by microbial action and there is always a certain 
undegradable fraction. That is the fraction that will raise the true protein 
availability to the host animal. 

Coment - These bushes have a very high crude-protein content, which is highly 
degradable in the ruen, and is used as an energy source. Because the energy is 
not readily available, intake is low. 

RePl - The true protein available to the host animal is mainly a function of the 
amount of microbial protein. Where you have, like in the z.it bush, relatively 
low dry matter digestibility, then the contribution of microbial protein will 
also be small, because there seems to be san functional relationship between 
the efficiency of microbial protein synthesis and the digestibility of the 
feeds. The lower the digestibility of the feeds, the smaller the amount of 
microbial protein waich becomes available per gram of digestible organic matter. 
To say something about the additional value of increased protein in salt bushes, 
you have to compare salt-bush material of different protein corv-entrations. 
Then I suppose you will find same increase in intake with higiher N content 
because not all the protein will be rumen degradable. 

161
 



Relationships between chemical cmi0ositicn and voluntary intake 
of feeds by sheep and cattle 

L.J. lambourne, A.K. Mosi and M.H. Batterworth 

Introduction 

The Texas A&M University (TAMU) herd model (Sanders and Cartwright, 1979) and 
its derivatives, such as the ILCA model (Konandreas and Anderson, 1982; 
Konandreas et al 1983) estimate voluntary dry matter (EM) intake beingas 

primarily a function of Em digestibility, 
down to the point at which protein 
content falls below 6%, when it beccmes a function of feed protein percentage. 

Predicted intake is subject also to either a physiological upper limit 
depending mainly on energy requirements at high values of digestibility (Conrad, 
1966), an availability limit or a physical limit, the last being imposed on low
quality feeds by the apparent limitation to daily throughput of faecal DH of 
cattle. This has been estimated variously as about 1.07 kg/100 kg liveweight 
(Conrad et al, 1964) for dairy breeds in USA, or from 4.2 to 4.5 kg/100 kg 
metabolic weight for dry cows up to 4.9 kg/100 kg metabolic weight for lactating 
beef cows in Southern Africa (Elliott et al, 1961, as cited by Konardreas and 
Anderson, 1982).
 

Recent work by IIA, using Ethiopian highland sheep and both highland 
Zebu and FriesiarVZebu cattle fed localcross on forages and crop residues,
 
suggests that there is 
 much variation in these relationships and that they may 
need to be re-examined.
 

Methods 

Sheep experiments 

Sheep were fed in metabolism cages to measure voluntary intake and digestibility 
of four cereal-crop residues fed in conjunction with different proportions of a 
clover hay (Trifolium tebense) (Mosi and Butterworth, 1985). 
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cattle experiments 

Zebu oxen and Friesia/Zebu cross cows, four animals per subgroup, were fed 
individually Ad libitum (approximately 20% rejection), on a range of local hays 
and experimental forages for 10 days, after preperiods of 5-7 days. 
nigestibility was determined by total faecal collection. 

Results and discussion 

Sheep experiments 

g/kg0 "7 5 Feed EM intake expressed as or as g/head/d generally showed positive 
correlations with crude protein (CP) conteit and with DM digestibility, and 
negative correlations with neutral-detergent fibre (NDF) and acid-detergent 
fibre (ADF) content of the feed mixtures. Figure 1 illustrates the relationship 
between 1M intake and the nitrogen (N) percentage (Figure 1 a) and the 
digestibility (Figure 1 b) of the feeds based on the four crop residues fed 
alone (left-hand points), with increasing proportions of clover hay, and the 
clover hay itself (right-hand point). Each data point is the mean for five 
sheep per feed over two periods of 10 days. Two extra points are shown, for 
similar sheep fed T. tembense harvested on different dates in earlier work (van 
Eeghen, 1984). 

E14 intake was generally more closely correlated with N% than with 
digestibility and the negative correlations with NDF% were generally closer than 
with ADF% (Table 1). None of the correlations was significant with the 
oat/trifolium mixtures despite the apparently good agreement of the means in 
Figure 1. In the case of the maize stover/trifolium feeds, too, the correlation 
between intake and EM digestibility was not significant. Intakes of all the 
maize stover diets were significantly lower than the intakes of the other diets. 
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Figure I. Relationships between (a) dry matter intake (DMIl,g/kO. 75 ) andnitrogen concentration (N%) and (b) dry matter intake and drymatter digestibility (DM D%), for sheep fed different rations 
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Table 1. Relationships between dry-matter intake (paI)and nitrogen percentage 
(N%), neutral-detergent fibre (NDF), acid-detergent fibre (ADF) and 

dry-matter 

residues ani 

Cereal 

Wheat DMI x N% 

1MI x NDF 

UU4 x ADF 

DIU x EMD% 

Oats M x N% 

1M x NDF 

1M x ADF 

MI x EMD% 

Maize DMI x N% 

1M x NDF 

11I x ADF 

DUI x EMD% 

Teff EMI x N% 

11I x NDF 

EMI x ADF 

1M x 1MD% 

digestibility (DMD%) 

Trifolium tmbense. 

for diets containing cereal crop 

r r2 Significance 

0.77 

-0.73 

-0.66 

0.50 

0.59 

0.53 

0.44 

0.25 

0.01 

0.01 

0.01 

0.01 

-

-

-

-

-

-

-

-

NS 

NS 

NS 

NS 

0.26 

-0.63 

0.57 

0.15 

0.07 

0.40 

0.26 

0.02 

0.1 

0.01 

0.01 

NS 

0.77 

-0.58 

-0.24 

0.69 

0.60 

0.34 

0.06 

0.48 

0.01 

0.01 

NS 

0.01 

The results over all diets were in general agreement with the theory of 
Mertens (1973) as developed by Bywater (1984) that intake of NDF tends to be 
constant at about 40g/kg0"75 regardless of the NDF% in the feed. In this case
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NDF intake was more nearly constant within feeds than was faecal 	 Em output, 
although there were also significant differences in NDF intake among tle crop 
residues. Recent research in this laboratory (Reed, unpblished) indicates 
that in vitro digestibility is influerxd considerably by the concentration of 
tannins in different parts of the sorghum plant, and it is possible that similar 
effects 	may acount for the differences among other cereals reported here. 

Cattle experiments 

1. Figure 2 shows the results of an initial conparison of voluntary intake of 
four grass hays of diminishing quality fed to Zebu oxen and dry crossbred cows. 

Expressed as g/ kgO7 5 , M intakes of the smaller (275-350 kg) Zebus was 
similar to that of the heavier (400-450 kg) crossbreds for each of the four 
hays. However, the Zebus gave 5-10%higher digestion coefficients on the poorer 
hays, so that the relationship in Figure 2 b indicates that their EM intake was 
lower in relation to EM digestibility than that of the crossbreds. This is 
misleading, since on a given feed rid intake by both Zcbus and crossbreds was the 
same. The relationship between EM intake and N%of the hays over the range 0.5
1.25% N was more consistent between breeds than was its relationships to EM 
digestibility and would provide a better basis for prediction of feed intake. 

2. Figure 3 shows the linear regressions for the crossbreds finn Figure 2, 
without data points, and the means (each again for four cows aer 10 days) from 
another experiment ccmparing a good grass hay with a Trifolinm t m /grass 
hay 	of much higher N%but similar (64-68%) digestibility (van Eeghen, 1984). 

Dry matter intake in relation to N% conformed very closely to the 
relationship for crossbreds from Figure 2, but EM intake of the trifolium hay 
was excessively high in relation to its modest digestibility. Thus, in both 
cases and over a range of N%from 1.0 to 1.75%, N%proved a better predictor of 
intake than did digestibility. 
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Figure 2. 	Dry matter intake (DM1) as a function of (a) nitrogen
concentration (N%)and (b)dry matter digestibility
(DM D%), for Friesian/Zebu crosses and Zebus 
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Figure 3. Dry matter intake (DM) as a function of (a)nitrogen
concentration (N%) and (b)dry matter digestibility 
(DM D%) for cows fed Trifolium or grass hay (van 
Eeghen,1984). Reqression lines from Figure 2
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3. The results of experhvi its with crossbred cows fed oat hay cut early, 
oat/vetch hay and a tall, fast-growin grass ccmmon in wetter parts of the 
Ethiopian highlands - Snowdenia polysta - are shown in Figure 4, 
superimposed on the linear regressions from Figure 2 for crossbreds (Lambourne 
and Askabe, unpublished data). The digestibility of all these feeds was about 
68 to 75%, but they contained only 1.0 to 1.2% N. 

In contrast to the data in Figure 3, [M intakes were very close to the 
original regressicn for crossbreds of intake on digestibility but the intakes of 
oat hay and S. polstac were nearly 10 g/kg0 "75 higher than the original 
regression of intake on N%. The oat/vetch mixture, which had somewhat higher 

N%, fell 5 g/Rg 0 "7 5 below this line. 

4. The data in Table 2 show the mean daily faecal OM output of each group )f 
cattle on each of the nine feeds used in the trials mentioned above. 

There were significant differences (P < 0.05) in daily faecal D4 output 
between the Zebs (0.55% Lwt.) and the crossbreds (0.65% Lwt.) over the four 
grass hays and among the hays within the Zems (0.48-0.72% Iwt., Table 2a). The 
difference between the daily faecal 1M output of crossbreds fed Trifolium 
tembense (0.93% lwt.) and those fed the other feeds (0.65% Lwt.) was highly 
significant (P < 0.01, Table 2b). The values founi in this study are lower than 
that found by Conrad et al (1964) of 1.07% IWt. and that found by Kahn and 
Spedding (1984) for non-lactating cattle of 0.8-0.9%. The values for the Zebus 
are significantly lower for all the feeds studied than even the lowest of these 
values, which suggests that faecal EN output varies so much between closely 
related breeds and among a small sample of forages fed without supplements that 
its use as a constant to set limits to predicted 1M intake should perhips be re
examined. 

General discussion
 

When a general simulation model is to be applied to local livestock breeds in a 
particular pastoral setting, it is desirable to check that the more important of 
the model' s basic algorithm really apply in these new conditions. The results 
of this study suggest that for some native African livestock, and for at least 
one of the exotic/indigenous crosses being studied as a possible means of 
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Figure 4. Dry matter intake (DM 1)as a function of (a) nitrogen 
concentration (N%) and (b) dry matter digestibility
(DM D%) for crossbred cows fed three feeds. Regres
sion lines are from figure 2 
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Table 2. 	 Faecal D4 output (% Iwt.) of Zebu and Friesia/Zehu
 

crosses given a range of feeds.
 

Zebu and Friesian crosses
 

Faecal E1 output (%Lwt.)
 

Feed: 1 2 3 4 all 

Zebu 0.54 0.48 0.53 0.72 0.55
 
Friesian crosses 0.63 
 0.60 0.70 0.67 0.65* 

Friesian crosses
 

Feed:
 

Sn c iawen 0 .5 7]
 
Oats/vet ch 0.681
 
Oat hay 0.69[ 0.65 
Grass hay 0.67 ** 

T. t 	 (a) 0.9 

(b) 0.96 0.93 

Feeds 1-4 wera grass hays of diminishing quality. 
= significant at P < 0.05. 

** = significant at P < 0.01. 

increasing production, the relationships derived from experiments in temperate 
production systems may need modification before they can be used with confidence 
(Wagenaar and Kontrdor, 1986). This is doubly important if the results of 
simulation modelling may be used as a guide for developiment and investment 
plans, rather than for purely academic purposes. 

Specifically, it may be wise to reconsider present algorithms which 
place prime enphasis on feed digestibility, and to include feed protein (N) 
content as an equally-ranked second predictor over the full range of feed 
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*protein (N) values, rather than just at their lower end. This will becomie 
particularly important as forage legumes become more widely used to improve 
productivity of pastoral livestock systems, since intake of legume forage 
appears to be a function of their higher N content rather than of their normal EM 
digestibility. 

It seems sensible also to study further the possibility of replacing 

daily faecal rM output by NDF intake in g/kg0 7 5 or sane similar unit, as an 
upper limiting factor. Sanders and Cartwright (1979) considered using intake 
of indigestible EM in this way. Use of NDF would have the merit also of 
providing a third predictor based on chemical analysis of the feed, but 
inversely related to N%and digestibility. These last two factors both reflect 
the content of soluble, largely digestible, cell contents, and are often closely 
correlated. The NDF content, on the other hand, measures the generally 
indigestible structural caxbctydrate material of the plant. The compensating 
nature of their relationships might well make the joint use of N%, digestibility 
and NDF intake a fairly robust approach. 

Several authors have suggested that animal production is more closely 
related to the amount of green material available than to chemical composition 
of a whole pasture sample, and changes in nutritive value and voluntary intake 
with senescence of the green and dry fractions of a sward have been described 
and modelled (see Lambourne, 1986). The broader approach argued from the 
present results might help to embrace these ideas also - perhaps ir time it may 
seem worthwhile to determine, say, chlorophyll content as a proxy for greenness 
and for carotene content and vitamin A adequacy. The widespread availability of 
oescpagal fistulation mans that analyses can be carried out on samples of feed 
on offer or of feed eaten. 
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Discussi
 

Camment. - Th' digestive capacity of the Zebus is, I understand, about 15%highar 
than that o. the Friesian crosses. 

Reply - The difference between them was more noticeable on feed of lower 
quality; on feed of 70%digestibility, the digestion coefficient was the same 
for the two breeds. But where the Zebu consistently gave figures of around 60 
or 62%, the digestibility with Friesians dropped back to the low fifties. 

Question - That would be of advm-tage to the Zebus, but on the otherhand, with 
equal intake and limited faecal output, would the two factors cancel each other 
cut?
 

Answer - On those same feeds, the intake of the Zebu was a little lower than that 
of the Friesians. Here we have two confIrded effects; was the digestibility 
higher because the intake was lower, or did they digest it beLter and therefore 
need to take in less? We think that one Pf the reasons that the correlation 
between dry-matter intake and dry-matter digestibility was not as close as 
expected was the way the experiment was done. The animals were fed a fixed 
amount of Trifolium and then fed teff, wheat, oats, or maize ad libitum. Having 
eaten a fixed amount of Trifolium, an animal which eats more teff straw has a 
higher intake, which will automatically have a slightly lower digestion 
coefficient, because of the smaller proportion of highly digestible Trifolium in 
its intake. So that among the animals in the trial a negative relationship is 
obtained between dry-matter intake and digestibility. Between means there is 
undoubtedly a positive relation: higher digestibility, higher intake. 

Question - What were the weights of the cattle used in those experiments? 

Answer - There was quite a difference between them. The Zebu weighed on average 
between 270 and about 330 kg and the Friesian crosses wexe normally 350 to 450 

kg. 
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- My inpression from tlie literature is that differences in digestive
capacity between Zebus and Fricarns, or rather between 1- indi and BOB 
u 
 are not very large, unless you coamare animals w ich differ substantially

in weight. The heavier anils have, in general, higher digestive capacity. 

Co~M - Vhat strikes me in the discussion we have just heard is its 
statistical naivete. Act only are the two variables, digestibility and 
nitrogen content, highly correlated, which makes it very difficult to use onas 
a predictor of the other, but there are probably block effects and interactions 
between other independent variables and the experimental animals. With a very 
small sample size, you wculd rapidly reduce the confidence with which you can 
make inferences from this kind of data.
 

You are attenpting to use sane variables to predict intake,
digestibility and nitrogen. Now, it does not make too much difference which is 
more inportant. what yail are really interest d in is the prediction of the 
dependent variable, intake, and you am not so mud interested in assigning it 
to the e or the other. The question is then, how mud better is the 
prediction of the dependent variable? The methods presented here do not tell 
you that. 

Pey - Well, there is a difference of course, between statistical regression
models and what Jan Ketelaars has been t yirj to explain, which is why
d'fferences in intake take place, rather than actually uixg those relations for 
intake predictions. That is the ultimate goal of course. 

At the moment the weakness in the intake formulation of the IIM(model 
and the TMW model is that nitrogen percentage comes in only at a lower limit, 
when in fact it is closely correlated with dry-matter intake over the whole 
range of nitrogen contents. I think, therefore, that it should not come in 
simply as a lower limit. We should use both digestibility and nitrogen content, 
and perhaps NDF content, over the full ranmje of intake. Your criticism is 
perfectly valid, but I do not have encugh data for a scpisticated analysis. It 
does seem to me that there are at least three or four variables which influence 
dry-matter intake over the full range of each variable, and that it is not a 
hierarchy in which we have one variable over a certain range and others over a 
different range. 
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- A strong correlation between digestibil ity and protein only exists if 
you look at a range of feeds at a given location. But if you extend the sample 
to mere feeds, from different sites, then the correlation is very low, as you 
can see in some of the grasses. 

R - That probabiy just means you have to exlude variables, because the data 
are based on research fram experiments done in different countries and different 
years. The fact that the correlation breaks down when you use data fran 
different countries, different breeds, different experimenters, and different 
years, is not surprising. There are differences in the ways the experiments 
were conducted and one has to be very careful when making such inferences using 
data collected in different ways. 

Camnent - Yes, but even if you look at a very homogeneous sample like the 
experiments done Frenchby workers, you will find a large range of protein 
concentrations within each digestibility level. 

R - Fram our rather narrow view point, which is restricted to animals on the 
rangG of pastures in African grazing systems, there is probably a very close 
correlation between nitrogen content and digestibility. Granted, this 
relationship breaks down when you look at cattle fed on straw, citrus waste,
brewers' grains, weand chicken manure, but don't have that many options in 
Africa. For the broad class of forages, I think the relationship is pretty
close. My exanple shows that you can get feeds which have ansare abnormally
high intake in relation to either their protein content or their digestibility. 
I would therefore prefer to have a predictor which includes both those 
variables, and a fibre component as well, because if we rely only on one of them 
in an individual feed we can be out by 20 - 30%. I think a mixture of the three 
would give us a greater robustness. 

Camment - I tried to see if, within a given digestibility class, there were 
species characteristics related orto high low intake. I couldn't find any
species characteristic or any species differences which lead to higher or lower 
intakes that could not already be derived from digestibility and nitrogen 
content alone.
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PM nt - Could I just suggest that the problem is not necessarily just a 
question of running a multiple regression package? The cbjective of Ketelaars' 
paper is to arrive at a new structural model. That should be the first step, 
and then the statistical analysis should be used to test whether that new 
structural model gives better fit than the simpler models. 

Crment - You can expect that including protein concentration in addition to 
digestibility will certainly improve predictive power. 

Comment - I still feel that digestibilit, pere is a very poor independent 
variable because of the inherent errors in its determination. 

Dr Amos Goldman of ARO, Bet Deqan, received about 450 feed samples from 
all over the world for which there were data for in vivo digestibility. He did 
a detailed multiple regression analysis of the data and concluded that in vitro 
digestibility gave a more reliable estimate than in vivo determination, because 
a very large part of the variation was animal variation. If you really want to 
know the digestibility of a feed, do not put it into an animal, because it will 
just make a mess of it!
 

Rply - What we need to know, for predictive purposes, is the digestibility of 
the feed which the animal is given. So I think we have to rely on some sort of 
in vitro procedure or a chemical determination, or a bio-assay of the intrinsic 
features of the pasture. We use a double enzyme assay, because it is quick and 
easy. It is not as precise as the nitrogen, but it is probab'y better than an in 
vivo assay with all of its inherent errors. 
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The effect of breedinq season duration on production and feed 
consumption in grazing beef cattle in the south of Israel 

Hava E. Kahn 

Introduction 

In Amatzia, a cooperative village in the south of Israel, the beef cattle 
production cycle is planned to take advantage of the limited green-pasture 
season for pre-waning calf growth and for the lactating dam. The calves are 
weaned at the end of the green-pasture season, irrespective of age. It follows, 
therefore, that weaning weights will be greatly influenced by time of calving. 

In grazing cattle, a 12-month reproduction cycle is considered optimal 
in order to coinide with the pasture production cycle. A spread of calvings 
will eventual ly ensue, even if, initially, calvings took place within a limited 
period. Nevertheless, calvings can be restri-ted to a specified period by 
curtailing the breeding season. 

In Amatzia, the breeding season has been reduced over the past three 
years, from 6 months (Nocber to April, inclusive) to 4.5 months (November to 
mid-February), resulting in higher conception rates, higher weaning weights, 
shorter calving intervals (non-pregnant cows are culled) and a concentration of 
calvings (85%) in the first two months of the season. The aim is to reduce the 
season further, to 2.5 months, by eliminating the stragglers. 

A simulation study of the system was made, using the model developed by 
Kahn (1982), in order to examine the long-term effects of this policy and its 
repercussions on other factors. 

Methods 

The model developed by Kahn (1982) was revised in accordance with the findings 
of Kahn and Spedding (1984) and Kahn and Lehrer (1984). Other modifications 
made recently are: 
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1. Mie death routines for both calves and adults were ompletely 
revised. 

2. The optimal lactation curve no longer decreases after plateauing at 
the age of 7 years. 

The model was run to investigate the long-term effects of 2-, 4- and 6
month breeding periods (beginning in November in each case) on the overall 
performance of the system. The 10-year runs were replicated five times. 
Annual averages were calculated for only the last five years of each run in 
order to eliminate the effects of the initial state of the system. The 
integration time interval was set at 30 days (10 days for calves); the run-year 
was 360 days.
 

The run-year was set to cxumence after weaning 1on May. At weaning, 
performed after integration for April hut before the next integration time-step, 
all rnn-pregnant cows were culled and replaced by heifer calves from the wear.ed 
calf crop. Any cows which died during the run-year were similarly replaced. 
This method resulted in an almost constant herd size througho.t the run period. 

Herd size was set at 30 head. The initial weights and approximate 
pregnancy status of the cows were derived from a sample of the May 1983 weight 
and autumn 1983 calving data in the Amatzia herd. Accordingly, 12 cows calved 
in August, 12 in September, 2 in October and 4 in November, in the first run
year. In trial runs it was found that different initial pregnancy settings (2, 
16, 6 and 6 calvings in August, Septenber, October, November, respectively) had 
no significant effects on subsequent yearly (year 6 to year 10) averages in the 
4- and 6-month treatments but did affect runs with a shorter season (3-month). 

An attempt was made to simulate average conditions in Amatzia as far as 
possible. Green pasture was therefore set for three months - February, March 
and April - with 0.75, 0.7 and 0.65 digestibility values, respectively. May, an 
intermediate month, was set at 0.55; the were at 0.45remaining months set 
(until November), 0.4 (December) and 0.35 (January). 

Supplementation, per head and quality-wise, was as given in Aatzia, 
from June 1983 to January 1984, inclusive. However, replacement heifer calves 
were given 1 kg of concentrate supplement per day over and above the recycled 
feed (if and when the latter was allocated) until half-way through their second 
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lactation. Calves were given an allowance of coentrate feed in accordance 
with their weight, amounting to about 175 q/day in October and rising to 950 
g/day in January. These amounts aze similar to those given in Amatzia. Only
the calves and heifers were given concentrate feed; cow supplementation 
consisted of recycled feed only (average energy concentration of 9.74 Ml ME/kg 
EM). 

No econonic analysis of the system was attempted at this stage.
However, supplementary feeds and calf/ccow sales were represented by averaged
values to enable an overall appreciation of the differences between the systems. 
The prices were:
 

Recycled feed $0.06/kg EM
 
Concentrate feed $0.22/kg DK
 
Weaned 
 calves $2.25/kg liveweight
 
Culled cows 
 $1.25/kg liveweight. 

Results 

The key values of the simulation runs, representing the biological performance 
of the system, are presented in Table L. 

Discussion
 

The simulated long-ter effects of lprgth of breeding season on production
variables showed that concentrating calvings in Nvember-December significantly 
increased average calf age and weaning weight (7%), conpared with the two 
longer-season treatments. However, as a result of the lower conception rates in 
the 2-month (84 90treatment vs. and 93% in the other iwo treatments), the 
number of calves wea-ned was reduced by 12%. Despite higher wr-ning weights,
calf sales in this treatment were 13.5%lower than in the other two treatments, 
since those heifer calves reared as replacements (5.5 calves per year, almst 
twice as many as in the other treatments) are not included in the sales figure.
The high replacement rate also accounts for the considerably higher concentrate 
consumption figures (39 ad 56% higher than in the 4- and 6-month treatments, 
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Table 1. 	 Various cmnsumpticn and production variable values for 
model runs similating 2-,4- and 6-month breeding seasons. 
(A .L values are for a 30-cow herd plus unweaned calf crop.) 

Breeding season
 

Variable 	 2-month 4-month 6-mnths 

Pasture consumption (tEM/year) 72.3* 73.3 74.1
 
. 35
Green pasture consumption (t U /year) 34 7b .8a 35.9a
 

Recycled supplements (t EM/year) 43.1 43.0 42.7
 

Concentrate supplements (t EM/year) 6.1a 4.4b 3.9 
ME (from supplements) (1000 MI/year) 512a 486b 473 c 

Cost of recycled feed ($1000/year) 2.6 2.6 2.6
 

Cost of concentrate feed ($1000/year) 1 . 3a 1.b 0.9 c 

ME supps/kg cow4calf sold (MJ) 70 b7 66 
84 cAnnual conception rate (%) 	 90b 93a 

No. weaned (N/year) 21.8b .6a 24.6 a 

Ave. wean. wt. (kg) 

24


288a 274b 269b 

Ave. wean. age (years) 0.73a 0.69b 0.67c 

Ave. cow age (years) 6.3b D.C' 9.5a 

No. replaced (N/5 years) 27.2a 16.8b 14.4 b 

Cow mortality (N/5 years) 3.8 2.2 3.4 

Calf mortality (N/5 years) 10.8 8.4 9.6 

Calf sales (t/year) 	 .9b 5 . 9 a 6.0 a 
4


c
Culled cow sales (t/year) 	 .5a .5b 1.1
2 1

Cow+calf sales ($1000/year) 1.5 1.5 1.5 

Feed cost: sales (ratio) 0.28a 0 .24b 0.23 b 

*Within raw, values with different superscripts differ significantly
 

at the 5% level.
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respectively), since heifers receive 1 kg concentrate/day during two 9-month 
periods. These siulaed long-term effects are in contrast to the short-term 
(2-year) records in Amatzia, as well as in ibutz Sha'alvim (Iehrer and 
Schindler, 1984), in which reducing the spread of calvings was associated with 
an increase in the annual conception rate. 

Nevertheless, the overall picture is less clear. The proceeds from 
culled cows in Treatment 1 are 1.7 and 2.3 higher than in the other treatments so 
that there are no differences at all between the treatments in total income from 
livestock sold. Consequently, the feed-cost:livestock-sales ratio was only 17 
and 22% higher than in the 4- and 6-month respectreatments, tively. The 
difference between the latter treat nts is not significant, in keeping with 
most of the other differences between these treatments. 

These results suggest that, mainly as a result of the progressively 
lower conception rate associated with the shorter breeding seasons, 
concentrating calvings in a short season entails some loss of profit, which may 
be significant when the season is reduced to as little as two months. 
Interpretation of the simulation results th refore hinges largely on the 
credence placed on the simulated, long-term reproduction performance. 

KAhn and Lehrer (1984) critically examined the reproduction probability 
equations, adopted by Kahn (1982) from Sanders and Cartwright (1979), and 
suggested several major modifications. These were validated with field dAta 
from Israel. The data used related to herds with 6-month breeding seasons, i.e 
no attempt had been made to systematically improve the reproductive performance 
of the herd. On the assumption that curtailing the breeding season weeds out 
the stragglers, viz. those cows with long or irregular calving intervals, herd 
conception rate should rise with the more stringent culling policy, a phenomenon 
ohserved during the past two seasons in Amatzia. The reproduction probability 
equations used in the iodel do not allow for an improvement in overall herd 
performance; their upper limits under optimal conditions are p=0.85 for post
partum oestrus and =0.75 for conception, given oestrus, values obtained by 
Sanders (1974) from extensively-managed beef-cattle herds. If a reduction in 
the breeding season and associated culling substantially increase herd 
reproductive performance, as was shcwn by Warnick and Fields (1976) in Florida, 
the threshold values for the probabilities should be modified accordingly. 
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he 2-year data from AmatzIa show prima face that reproductive 
performance does improve with reduced length of breeding season. However, 
considerably more data are required before this can be conclusively established, 
if the variance of the simulation results are any indication of the actual 
variance of the system. For instance, in the 2-manth treatment, November 
conceptions ranged between 50 and 90%between years and had Sb's of 1.2 to 12.2 
(ave. for 10 years and 5 replications = 73%). The Amatzia records may represent 
erratic results which are not repeatable over the years, especially if the 
effect of cow age is taken into account (see Kahn and Lebhrer, 1984). 

Another attribete of the probability equations, as expressed in the 
present model runs, may have distorted the results, especially those for the 2
month treatment. The original Sarders and Cartwright (1979) equations were 
quantified and adjusted for a 30-day integration step, while taking into account 
the 21-day reproductive cycle of cows. This device may be inappropriate when 
the breeding season is reduce to two months, a hypothesis which can be tested 
by running the model under different tJme steps (Kahn and Lehrer, 1984). 

Concentrating calvings in a short season allows a more specifically 
production-targeted supplementation policy. For instance, the January 
supplementation could be reduced to a point were lactation level is not 
severely jeopardised, if January is no longer in the breeding season. In the 
model runs, allocations of recycled feed supplements were identical in all 
treatments. However, the potential saving would not be large since the January 
allocation is abcut one sixth of the annual total ard probably could not be 
reduced by more than 40%. 

Despite the potential sources of error in the model, enumerated above, 
and perhaps others still urdiscovered, the model results do indicate that 
pushing the herd to ever-shorter breeding seasons may have its dangers. 
However, as long as reproductive perforance of the herd is not impaired, the 
process can be continued, provided that the system is monitored closely. 
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- Since this is a 10-year model and since you have benefits which 
accrue, have you worked out the present value of the costs and sales? 

- No, this is not an economic model. The cost calculaticn is done just 
to give a rouh idea of the costs of inputs and value of output. 

estim - Is the incorporation of stodastic elements really worth the effort? 
Could not one carry cut much simpler calculations Just using average oncepticon 
rates and average costs etc. and arrive at as good an answer? 

- The MU molel was built on class averages, and so it needed a hundred 
or a thousand classes in order to aant for cows of different age and 
different conception status and so on. Cows would mcve from class to class but 
you oculd not follo cow performanoo throughout its life. 

Coment - But ir. fact, from a management point of view, it is the herd that one 
is concerned with, not with individual cows. 

Reply- It would be difficult, if not impossible to analyse the reproduction and 
mortality aspects of the herd with a deterministic model. It is also much 
simpler to write and to conceptualise the model as canposed of individual cows. 
It makes it easier to commnicate with no-modellers. That is a very important 
aspect of the modelling process. 

- If you are interested in keeping the herd as individual animals, then 
you muist deal with stochastic analysis. But if you are interested in management 
problems, then you do not use the results of individual cows, but need estimates 
of the mean value. 

- The purpose of this exercise is to provide scie practical advice on 
management regimes. It would help to do a cost-benefit analysis on a stodastic 
versus a deterministic model. It would be interesting to see whether in fact, 
after a run of years, the model came up with any different final coclusion 
after eliminating the stochastic element and just using the average concepticn 
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and mortality rates for a particular age class of animals. When you get a 
result which is counter-intuitive, then you want to figure out why you got it. 
It is very difficult to do so with a stochastic model. 

Coment - I would say that the importance of a stochastic element in a pastoral 
model becomes very small, because there ire so many other factors that restrict 
conception rate.
 

Repl - I tend to agree with you, because where there are all sorts of stress 
factors that reduce the conception rate, then they will be dominant. Where 
stress factors are excluded the only factor that remains is the time since 
calving. Then you get more random variation, rather than less variation. 

C et - The discussion seems to be confusing two issues, the source of the 
variation and the size of the variation. There is less variation in this kind 
of system than in a pastoral model. Therefore, to use the stochastic model in 
this type of system would have less effect, because the coefficient of variation 
on a calving rate of 90% is probably less than 10%. In the pastoral system with 
a mean calving rate of 50% and a much higher coefficient of variation, and 
probably a highly positive skewed distribution a stochastic model might have a 
much larger effect irrespective of what causes the calving rate to vary so much. 

Comment - My question rose from the fact that if at the end of the day you just 
want to end up with average results, the average cost per calf, the average 
economic performance, then is it worth tracking out all of this stochastic 
variation? It well that ought uF.ing moremay be one to be a sophisticated 
analysis for decision-making which takes account of this variability. But if 
you are not interested in measuring the variability, then a priori it wuld seem 
wasteful to model it. Whether it is large or small is irrelevant. 

As far as reproductive performance is concerned, working with 
distribution rather than averages is essential if you want to learn about the 
situation of the herd. 

If you take the average probability of performance on a herd basis it 
would be the same as taking the stochastic probability for the individual animal 
performance, adding them up and getting the same expected value. The advantage 
of working on individual animals would be in studying dynamics of a herd that is 
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undergoing major changes in structure. In a stable herd, the expected value 
should be the same in both cases, whether the model is stochastic or 
deterministic. 

Question - Have you used independent input data to validate your equations? 

Answer - I used one set of data, which was collected by a colleague, M. Weitz, 
and I changed the functic~ns of the TAMJ model accordingly. Then I validated on 
a different set of data also from Israel and from a quite different herd. In 
the present model I am using the revised, not the original, equations. The 
biggest difference between the equations was that there was very little effect 
of weight change on conception if condition score was above 0.9. 

Cows start the breeding season in fairly good condition, above 0.9 and 
then even if they lose weight throughout the breeding season, they attain a very 
high conception rate. This is in contrast to the widely held view that for high 
conception rates the cows should be either in weight balance or gaining weight. 
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A__ptatio.' of the Kahn model for a mixed farmingl svstem 

in southeastern Asia 

C. Hermans 

Introduction
 

The Centre for World Food Studies (CWFS) conducts research related to food 
policies and hunger. The core of this work is the formulation of national 
models which describe food production, the functioning of markets and 
government interventions. The models are multidisciplinary in that they 
pertain to the physical factors and economic causalities that, together, 
detelnine a country's food system. The purpose of the models is to help in 
formulating national food policies (CWFS, 1984). 

The physical factors that determine production are studied by CWFS-
Wageningen (CWFS-W). A crop production model simulates crop yields, taking 
into account soil type, climate and soil moisture content. The effects of 
fertilizers, weed, pest and disease control measures and harvest losses are also 
analysed. 

The Department of Tropical Animal Husbandry of the Agricultural 
University of Wageningen and C ts-W work together on modelling of livestock in 
mixed farming system in South and Southeast Asia, where both institutions are 
involved in research projects. This model (SOIV) quantitatively describes and 

identifies the different coponents of the livestock system and their 
interrelationships, and their interactions with factors outside the system. 

The livestock model is used to investigate the consequences of different 
interventions on the production of the livestock system. Interventions 
considered include changes in animal husbandry practices, i.e. changes in feed 
quality or quantity, kinds of feed, animal breed ad animal type; rhanges in 
marketing conditions, i.e. supply and demand, prices, and imports; and changes 
in development strategies, such as the development of the livestock sector vis
a-vis the crop production sector. 

It was decided to model at the farm level, which requires treatment and 
monitoring of each animal, the study of the production processes, the 
investigation of the interactions between livestock and other farm enterprises 
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and the study of the consequences of the farmer's decisions on the livestock 
enterprise. Once the processes and interrelationships are understood at the 
farm level, the farm-level knowledge can be aggregated to the regional or 
national level. 

The model is linked to the crop production model of CMFS-W to analyse 
interrelationships between primary and secondary production, but can also 
function as a separate entity. 

This paper describes a model of the livestock component of a mixed 
farming Fystem that has been developed by the Department of Tropical Animal 
Husbandry and CWFS-W. The characteristics of the Southeast Asian livestock 
system are given. The boundaries of the model are explained, and the Kahn 
model, which was used as a basis for tdis model, is introduced. Finally, the 
different modules of the model are discussed. 

Characteristi; of the livestock system in Southeast Asia 

Crop and animal production are closely interrelated in the farming system of 
Southeast Asia. Animal traction and manure play essential roles in land 
preparation and maintenance of soil fertility, while agricultural products and 
wastes from the farm oonstitute the main constituents of the animals' diets. 
Thus, the animals camlerent and support crop production. 

The system also comprises a wide variety of species: cattle and 
buffaloes, sheep, goats and poultriy. Figure 1 illustrates the most important 
omponents of the integrated fanning system! crops and their products and 

byproducts, animal husbandry with livestock prtducts and byproducts, the family 
and the market. 

The land use in a country gives a first indication of the type of 
livestock system. India, Bangladesh and Thailand grow annual or perennial 
crops on a large part of the land (57, 69 and 35%, respectively), while not more 
than 5% of the land is available for pasture (FAO, 1983). Most of animals' 
rations will consist of crop byproducts, mainly low-quality crop residues. 
Most of these byproducts are consumed by cattle and buffaloes. Crop residues 
such as straw are not readily eaten by sheep and goats (Table 1) (Dolberg, 
1983), which consume better quality resources and thus graze pasture land and 
road sides. Frw the distribution of land to pasture and crops, and the demands 
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Figure I. Schematic representation of interactions within 
the agricultural sector 
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made by the different species on feed. it is obvious that the number of cattle 
and buffaloes greatly exceels the number of sheep and goats in these countries. 

Table 1. Ccmparative performance of small and large ruminants on a roughage1 

diet in Egypt. 

Change in bcdy
 
Body weight Intake of drn matter weight 2
 

Animal species kg kg/day g/kg WO" 7 5/day g/day
 

Cattle 259 7.8 121 +0.58
 
Buffaloes 230 
 8.9 151 +0.65 
Sheep 40 0.6 
 38 -0.03
 
Goats 24 38
0.4 -0.04
 

Source: El-Naga, not dated (reproduced from Dolberg, 1983) 

1 The diet EM was composed of 50% corn stover (ammonia treated) plus 

rice and faba bean straws (not clear whether they were treated). In
 
addition the animals received minerals.
 

2 Change in body weight was recorded over the week in which the intake 

of the animals was recorded, which followed two weeks of adjustment to
 
the diet.
 

The same holds for Java, although in Indonesia as a whole the situation 
is quite different (FAD, 1983). Pasture land is relatively more abundant, 
reflected in the relatively larger sheep and goat population compared with the 
cattle and buffalo population: Moreover, the relatively small mmber of cattle 
and buffaloes in Tnailand and Indonesia can be explained partly by the lactose 
intolerance of the population. Milk is generally an unwanted and unimportant 
product. The limited feed resources are used to produce draught power and meat 
(crotty, 1980). 
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Between 1974 and 1982 the livestock population in the Far East increased 
by between 6 and 31% for cattle, buffaloes, pigs, sheep, goats, chickens and 
ducks (FAD, 1983) (Table 2). Small iuminants and poultry showed the largest 
increase during this per"od. 

Table 2. increases (%) in population number of the animals from 1974-1976 to 
1982 in some Southeast Asian countries. 

Animal Far East Thailand Indonesia India Bangladesh
 

Cattle 6 7 
 4 1 38
 
Buffaloes 7 
 8 5 4 49
 
Pigs 21 
 3 21 30
 
Sheep 25 22 29 
 4 8 
Goats 22 1 
 10 4 
 54
 
Chicken 31 16 23 6 53
 
Ducks 30 
 16 38 39
 

Calculated from data in FAD 
 (1983). 

The changing enphasis on particular types oi livestock may partly be explained 
by social factors: 

a. 	 There is, generally speaking, a positive relationship between the size of 
the holding and the animal species kept. Smaller farms keep mostly goats 
and poultry, while larger farms keep draught animals. 

b. 	The increasing population causes increased fragmentation of holdings, and
 
thus favours an increase in the number of small animals. The number of 
cattle and buffaloes decreases when population pressure increases. 

c. 	 The growing human population and higher incomes increase the demand for 
livestock products. This increased demand can only be met by an increased 
animal population. 
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As explained above, considerable differences in feed production 
potential, animal species and animal numbers exist within the integrated farming 
system anr the different countries. Considerable variation also exists in 
production potential of the different animal species, distribution of the 
animals over the farms, seasonal variation in the feed production, etc. 

Boundaries of the modelled system 

Not all the caponents of the integrated farming system - crops and their 
products and byproducts, animal species and their products and byproducts, the 
family and the market - are included in the SCWTV model. Research is focused on 
the animal ccmponents and the relationships between feed supply and livestock 
performance. The family, the market, crop production and policy decisions 
outside the fair. unit are considered as exogenous factors. The interactions 
between the components of the farming system are strongly reduced. Until now, 
only one species, cattle, has been considered, but other species will be 
included later. Buffaloes probably do not differ from cattle and will overlap 
in use of feed resources, feed intake and animal production. Sheep, goats and 
poultry only partly utilise the same feed resrces as cattle and buffaloes. 

The supply of crop byproducts for feed is considered as a fixed input, 
and effects of draught power and dung on crop production are not yet described 
in the model. These prodcts are available rxtput. Similarly, the 
interactions between the livestock and the family are not taken into account. 
It is taken for granted that enough human labour is available to do the wrk 
involved in keeping the animals. Also the effect of the availability of animal 
products - meat, milk, draught, manure - on the family's behaviour are not 
considered. The animal products are the technical output of the system without 
an economic evaluation. The same holds for non-farm inputs. All products, 
except the aidnal feed, are considered to be available in non-limiting amounts. 
These simplifications obviously affect the assumptions of the integrated 
farming system. Hver, they allW us tc concentrate on the livestock aspects 
with their moct .3imple link to crop production: available feed. 
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The 	subjects that are included in the model are: 

d. 	 Feed aspects, including availability (quantity and quality), intake 
and conversion of feed energy into animal products (meat, milk, 
traction, manure).
 

b. 	 Herd dynamics, including mortality, reproduction and purchase or 
sale. 

c. Feedback between herd dynamics and feed availability. 

Necessary chanes in Kahn's model 

The 	model of Kahn (1982) was used as a starting point. This model is a version 
of the Texas A & M University (TAMU) model (Sanders and Cartwright, 1979a; 
1979b) that has been adapted to African conditions. Te model calculates animal 
performance on the basis of specific feed resources and genetic potentials for 
animal production. Animal performance is calculated on an individual basis. 
The randomly occurring discrete events - mortality, conception and calf sex 

are treated stochastic1.ly, and for every time step, the biological status of 
the animals (growth, reproduction, mortality) is recalculated according to the 
intake of energy and its utilisation (Kahn and Spedding, 1983). 

However, the Kahn model had to be modified for various reasons. 

- The Kahn model describes a grazing system for cattle. Because of the 
need to describe a mixed farming system - including a number of 
different animal species and a variety of feeds - the mode. had to be 
adapted to allow a flexible cobination of different feeds into animal 
rations in the course of the year. These adaptations consisted 
mainly of extensions to the feed-offer module. As mentioned above, 
only cattle are included in the SOITV n-odel so far. When different 
species are included, copetition between species for feeds will have 
to be taken into account. 
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- Other changes are included in the model as a consequence of further 
development of scientific theories, especially with regard to the 
regulation of feed intake. In the Kahn model only enercj 
(digestibility) is considered as a factor determining intake with an 
empirical correction factor for feeds containing less than 6% crude 
protein. The SOWIV model follows the suggestions of Ketelaars (1983; 
1984), who found that at all levels of energy (digestibilitr,) and 
crude protein content both factors interact in the regulation of 
intake. This has immediate consequences for the calculation of the 
animal requirements, because both energy and protei requirements 
have to be defined for the different animal functions. 

- Tack of data forced us to include some simplifications. In modelling, 
the interactions between factors have to be quantified, and often this 
information is not available. This prcblem has been encountered in 
the quantification of herd dynamics. Reproduction and mortality 
probabilities in Kahn's model are quantitatively related to factors 
such as age, weight index, weight change, stage of maturity and 
lactation stage. However, it has not been possible to quantify the 
various relationships from literature studies or available data, and 
therefore simplifications were introduced. 

In the remainder of this paper, the different modules of the Kahn model, 
the modifications implemented and the problems encountered during the modelling 
exercises are discussed. 

General structure of the model 

In essence, the general structure of the Kahn model is maintained. The state
variable approach is employed. At each time step each state variable is 
recalculated from the situation at the beginning of the time step and the energy 
exchanges and production during the time step. Where Kahn uses a single animal, 
or, in the case of suckler cows, the cow-calf entity as the calculation unit, 
the SOWIV model uses a single animal in all cases. 
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The time step in the SCOIV model is 30 days, hit, as in the Kahn model, 
any time step frma one day upwards can be used.
 

A random number generator is used to preserve the integer quality of the 
herd. Discrete events, such as mortality or reproduction, occur with an 
eXogen:usly-defined probability. A randm nuMber is generated and compared 
with that prcbability. If the generated random number is less than or cv.12 to 
the prtbability, the event will occur. Otherwise, it will not. Indeed, the 
simplicity of the integer approach is achieved at the axpe-se of random 
variation between replicate model runs (Kahn and Speddiog, 1983). In the case 
of small herds, the variation between replicate runs is too large to be useful 
for mean herd coumposition calculations. However, replicate runs have a value in 

risk assessment. 

Within the replication loop in the SOWTV model, the various calculation 
modules are treated separately. For all animals, the following modules are 

successively passed through: allocatioii of a feed ration to each animal, 
calculation of the animal 's energy and nitrogen requirements, calculation of the 
theoretically possible intake, calculation of the real intake, and calculation 

of the animal's production in terms of meat, milk, manure and offspring. The 
herd-dynamics module then generates pregnancy and mortality probabilities. 

Discussion of the modules of the SOWIV model 

Feed allocation 

The Kahn model describes a grazing herd of female cattle. In addition to a 
seasonally-dependent pasture ocepanent, provisions are made for a seasonal 

allocation of supplementary feed to heifer-replacers and calves. An option is 
also included to supplement according to physiological group (calf, lactating 

cow, pregnant cow). 
The climate of Southeast Asia is suitable for year-round production of 

various crops. Crop residues are the main aninal feed in this region. 
Different residues are available during different seasons, and the feed 
allocation module in the SOIV model has been made more flexible to allow for 

this. 
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Nine animal classes are distinguished:
 

1. 	 Calves, male and female, only consuming milk, until 1 month 

old; 
2. 	 Calves, male and female, from 1 month old to weaning age; 
3. 	 Young stock, male and feniale, from weaning to 1.5 years old; 
4. 	 Young stock, male, from 1.5 to 3 years old, and female 

animals from 1.5 years old to the fifth month of the 

first pregnancy; 

5. 	 Dry cows, not in the last 4 months of pregnancy; 
6. 	 Lactating cows, not in the last 4 months of pregnancy; 
7. 	 Pregrant cows in the last 4 months of pregnancy; 
8. 	 Male animals, older than 3 years, not working; and 
9. 	 Working male animals, older than 3 years. 

Fifteen different feeds can be allocated. A distinction is made 
between farm-produced feeds (mainly roughages and crop byproducts) and 
purchased feed. In the model, available roughage is given in total amount per 
month per farm. This amount is distributed over the different animal classes, 
according to a distribution factor defined for each class. Purchased feeds are 
given in absolute amounts per animal per day. In addition, for every feed, an 
indication is given as to whether it can be saved for the following time-step, 
what percentage is wasted while eating, and the sequence in which it is fed. 

To allow calculation of feed intake, the crude protein content, the 
digestibility of the dry matter and the energy content of the digestible dry 
matter are given for the different feeds. These values are given as monthly 

averages. 

These structural modifications allow greater flexibility in the 
combination of feed sources, their availability during the year and their 
allocation over the different animal categories than the original Kahn model. 
The module is valid in a mixed farming system, but can also be used in any system 
in which the amount of feed available to the animal is known, i.e. intensive or 
extensive production systems, including grazing systems. 

The output of the feed allocation module, i.e. the amounts of different 
feeds available to each individual animal from which it can select, is used as 
input for the feed intake module. 
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Feed intake
 

The feed intake requlation in Kahn's model is based on two concepts: the 
existence of a physical control operating on most roughages, and the existence 
of a physiological control associated with highly digestible diets. 

'Ibe idea underlying physical control of feed intake is the assumption 
that undigested material in the digestive t-act (ballast) restricts the rate of 
passage of feed through the digestive tract and thus restricts feed consumption. 
Following this theory, dry-matter intake per kg liveweight is inversely 
proportional to the non-digestible fraction when digestibility is less than 67%, 
,,ile the faecal dry matter output per kg liveweight remains constant (Conrad et 
al, 1974). Kahn (1982) uses a value for faecal dry matter output of 0.0093 
kg/kg liveweight per day, but this value gradually increases in the case of 
lactating cows to a maximum value of 0.0116 in the fifth month of lactation, and 
decreases gradually to the basic value at the end of lactation. 

Analysis of data on sheep by Ketelaars. (1984), however, showed 
considerable variation faecal matter asin dry riitput zb--wn in Table 3. 
Therefore, using a constant faecal dry matter output to predict the2 feed intake, 
as done by Kahn (1982) and also by Sanders and Cartwright (1979a; 1979b) and 
Konandreas and Anderson (1982) seems very inaccurate.
 

Table 3. Digestibility (%) of the dry matter and corresponding minimum and 
maximum values of faecal dry matter output (kg EM/kg IWT/day) for 
sheep. 

Faecal EM output 

kg UVkg Ihl/day 
EM digestibility 

Minimum Maximum 

70 
 0.00590 0.01079
 

60 0.00572 0.01343
 

50 
 0.00425 0.01177
 

40 
 0.00440 0.00914
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According to Conrad et al (1974) and Kahn (1982) physiological control 
becomes important when the feed is highly digestible (more than 67%). Feed 
intake will then be restricted by the animal's potential to absorb and utilise 
digestible nutrients, or, stated differently, intake is regulated by energy 
requirements. Kahn (1982) calculated the physiological limit for dry-matter 
intake as 2.5% above the calculated requirements for maintenance, traction, 
lactation, gestation, growth or weight gain. However, she also found that 
intake predictions obtained in this way were not very accurate. 

It may be concluded that intake predictions based on a combination of 
physical and physiological control can be criticised on different points, and, 
therefore, remain questionable. 

An alternative system was developed by Ketelaars (1983). According to 
his analysis, feed intake of growing cattle can be explained from the relative 
availability of energy and protein in the feed, and the capacity of the animal 
to utilise energy and protein in a certain ratio. The data used to develop that 
theory pertained to both temperate and tropical cattle fed temperate as well as 
tropical grasses and legumes. This conceptual model has been developed further 
for sheep (Ketelaars, 1984). At any level of intake of nitrogen the maximum 
amount of energy the animal can consume - given the feed digestibility - and 
convert into animal product (meat, milk, draught) can be calculated from: 

- the energy and protein content of the animal product; 
- the ininimm protein concentration in the product; and 
- requirements of energy and protein for maintenance. 

In this calculation assumptions have to be made about the efficiency of 
conversion of metabolisable energy into net energy, of digestible energy into 
metabolisable energy, and of ingested nitrogen into animal product. Also the 
energy content of the digestible dry or organic matter has to be estimated. The 
nitrogerVenergy ratio or the animal product (g N/MT NE, NE = net energy) defines 
the slope (b) or the maximum intake versus nitrogen intake line. The intercept 
(a) of the maximum intake curve with the energy intake axis is defined by this 
slope and the maintenance requirements. The maximum intake curve can be 
visualised as: 
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where Do max = maximum digestible organic matter intake 

IN = nitrogen intake 

The maximum intake is very sensitive to the maintenance requirements and 
the composition of the animal product (Ketelaars, 1984). 

Whether the animal will eat this maximum possible amount of energy is 
co-determired by feed availability. If the animal has less feed available than 
it can consume, feed intake will equal feed availability. In the SOWV model 
the animal selects the ration it will ingest, according to predefined criteria 
(nitrogen content of the feed), from the feeds available. For these 
calculations the animal's energy and nitrogen requirements have to be known. 
How these requirements for the different products are defined is explained 

below. 

Requirements 

The TAMU (Sanders and Cartwright, 1979a; 1979b), ILCA (Konandreas and Anderson, 
1982) and Kahn (1982) models use energy availability and requirements to explain 
animal performance. For these calculations ARC (1980) standards are used, with 
some slight modifications if necessary; if model predictions are 
unsatisfactory, they can often be brought into line by exchanging one or more 
functions for others that are equally-well documented. 

The SOWIV model uses the method of Ketelaars (1984) to calculate feed 
intake; thus, animal production is predicted not only from energy, but from both 
energy and pro.tein availability. 

One reason for not applying the ARC standards for tropical breeds is 
that an analysis of data from Bangladesh showed that if ARC feed requirements 
are used to explain animal production, predicted feed intake is below even the 
maintenance requirements. In reality, the animals did grow and produce. 

In the following paragraph, the requiremenLs applied in the model for 
the different animal functions are discussed. 
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Maintenanoe: Accurate estimates of the maintenance requirements of animals are 
crucial in the calculation of their maximum voluntary feed intake. In the 
literature no consensus exists on the value or the method of calculation of 
these requirements. Wallach et al (1984) compared 14 methods for calculating 
energy requirements for maintenance in grazing sheep and found that widely 
differing approaches are used. One approach independently evaluates fasting 
energy loss and the efficiency of utilisation of feed energy for maintenance. A 
second approach determines maintenance requirements from indoor feeding trials. 
Short-term or short- and long-term trials were often performed on mature and 
non-producing animals. 

In calculating maintenance requirements, some authors include the heat 
production associated with muscular activity, in addition to the fasting heat 
production. Some also include the loss of energy in the urine. 

Calculations of the fasting heat production almost always include a term 
proportional to metabolic weight (animal weight raised to the power 0.73 or 
0.75). However the animal weight used is not always the same. Some authors use 
empty body weight, others use weight incli'ding gut fill. Sometimes, an age 
factor is included, a distinction is made between suckling or ruminant animals 
of the same weight, or an effect of sex or a lactation factor is included. 

The calculations of the enerrjy costs of muscular activity are also not 
unequivocal. Sometimes it is assumed that the cost of activity is included in 
the fasting heat production, sometimes a fixed level of activity is added, or 
tho level of activity varies. Factors that are included separately or in 
cabination are: standing, changing position, walking, climbing, ruminating and 
eating. As a result, estimates of the maintenance requirements differ 
according to the system used. 

A first rough comparison has been made of six different methods for 
calculating maintenance energy requirements of cattle: ARC (1980), Sanders & 
Cartwright (1979a; 1979b), Siebert and Hunter (1977), Levine et al (1981), 
Levine and Hohenboken (1981), Konandreas and Anderson (1982) and Kahn (1982). 
The equations are given in Table 4, and the results obtained with these 
equations are given in Table 5. The differences between the lowest and the 
highest values in each column range from 28 to 64% for the different animals. 

202
 



Table 4. Equation for calculating maintenance energy requirements 

for cattle. 

source Recuiremnt Unit 

ARC (1980) (COF* (IW/1.08) 0 " 6 7 + 0.0043*ILW)/KM M ME/day 

Sanders and 0.465*IWr0 ' 7 5 (no activity included) M ME/day
 
Cartwright (1979) (quoted by Kahn, 1982)
 

Konandreas and (0.376*wrO7 3 + 0.0021*LWr*D)/M MI ME/day
 
Anderson (1982)
 

Siebert and ((12150-8.8*AGE + 0.0045*AGE 2 )*
 
Hunter (1977) 4.2*IW90"75 + 200*IWT)/ kJ ME/day
 

(61.6 + (6.75*ME/WM)) (activity included) 

Levine et al C*ELAC2*LIAC2*Lr* 
(1981) ((12150-(8.8*AGE) + (0.0045*AGE 2 ))* kcal ME/day

' 75r. + 200*U")/(61.6 + (6.75*ME/iM)) 

Kahn (1982) COF* (IWI/..08)0. 6 7/KM + ACI*0.012*uqW MI ME/day 

iWr liveweight (g).

KM efficiency of conversion of ME to NE.
 
D walking distance (km/day).
 
AGE age in dr-,ys.

ME/R4 metabolisable energy concentration in the dry matter (MJ/kg).
ODF coefficient, 0.53 for female animals, 0.67 for male animals.
C 0.955 to modify maintenance requirements during early rainy season on

native savanna or to early and/or late rainy season on molasses.ELAC2 
 1.4 to modify maintenance requirements of cows during the first 100 days
of lactation. 

LIAC2 

IGEST 

ACI 

1.32 to modify maintenance requirements of cows 
the lactation period after the first 100 days.
1.05 to modify maintenance requirements of 
trimester of pregnancy.
activity factor 0: no activity; 

during the remainder of 

cows during the last 

1: mdpx-ate activity; 
2: high activity. 
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Table 5. Maintenance energy requirements (HI ME) of cows, calculated with the 
equations of Table 4. 

iW (ft) 25 50 100 100 200 
Source Age (days) 109 365 730 1095 1095 

Maintenance energy (W ME) 

ARC (1980)1,6 6.56 10.49 16.83 16.83 27.03 
Sanders and Cartwright (1979) 5.20 8.74 14.70 14.70 24.73 
Konandreas and Anderon (1982)2,6 5.95 9.92 16.56 16.56 27.69
 
Siabert ard Hunter (1977)3 
 5.13 7.34 10.57 10.30 17.38
 
Levine et al (1981)3 ,5  
 5.26 7.62 11.14 10.87 16.93
 
Kahn (1982)4 6.55 10.48 16.79 16.79 
 26.96
 
Orskov (1981)7 
 4.47 7.52 12.65 12.65 21.27
 

1 OFr = 0.53 

- D = 2 km/hour 

3 ME/DE = 1.50 Mcal/kg
 
4ACI = 0.5 
5C = EAC2 =UC2 = IGEST= 1 
6 M= 0.68 
7 Estimates for Benriali cattle 

Although further study is necessary, no reason was found to prefer one 
of the calculation methods in our model. Therefore, the maintenance energy 
value given for Bengali cattle (0.4 HI ME/kg 0 "7 5 ) by Orskov (1981) is used. It 
can be seen in Table 5 that this value is within the range of the other 
estimates. This value is used for female animals: For male animals, it is 
increased by 26%, as proposed by ARC (1980).
 

For the time being, the value given by Preston (1972) for protein 
require ts is adopted: 0.5 g N/kg0 "7 5 . No comparison was made with other 
estimates reported in the literature. 
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Traction: Few data on nutrient requirements for animal traction are reported in 
the literature, and little attention is paid to this subject in the different 
models. In ahn's model the animals can performI 'light' work for 2 hours per 
day or no work at all. Two hours of 'light'work per day requires 10 M ME. 
Only animals older than 4 years, lactating for more than 60 days, or during the 
first 180 days of pregnancy are allowed to work. Because animal traction is one 
of the important production goals in Southeast Asia, it was felt that this 
subject should be investigated more thoroughly. 

Mainly cattle and buffaloes are used for traction in Southeast Asia. 
Buffaloes have a lower heat tolerance than cattle, and can be used only during 
cool morning hours if no bathing facility is available. Cattle are stronger 
than buffaloes: in the dry sc-son, i.e they can be used for longer periods and 
travel faster (Rufener, 1971). 

Immature cattle (less than 3 years old) and pregnant cows are unsuitable 
for work (Gill, 1981). In villages around Noakhali (Bangladesh), cattle less 
than 100 kg are never used for work (Hermans, 1984). Fertility and lactation 
problems arise if cows are used for draught (Gill, 1981; Groenewold, 1983; 
Jabbar, 1983). Lactation is more severely affected by draught work than is 
fertility. On working days milk production losses amount to 20-30%. Fertility 
is 6-7% lower inworking animals (Goe, 1983). 

Training for work starts when the animals are between 2.5 and 4 years 
old (Goe, 1983; Howard, 1980; Starkey, 1982; Nourrissat, 1965; FAO, 1972). In 
Senegal animals are used for work until they are 14 to 15 years old (Nourrissat, 
1965).
 

The number of hours per day an animal works depends on its sex and 
piiysiological status. The literature does not show much variation. Bullocks 
work for 5-6 hours per day (Gill, 1981; FAO, 1972) in one single session, 
interrupted by reasonable rest periods, half inor the morning, half at the end 
of the day. Female animals work for 2-4 hours per day (Goe, 1983). Our survey 
in Bangladesh showed that bullocks did not work for more than 5 hours per day,
 
cows work at most for 3.9 hours per day, while lactating animals never work more 
than 2.8 hours per day. N'Dama cattle in Sierra Leone are used for 4 hours per 
day (Starkey, 1982). The number of days animals are used during the year varies 
between 50 and 200 (Sarker, 1981). Nourrissat (1965) stated that the animals 
are used for 350 hours per year. Assuming a working day of 5 hours, this means 
that the animals are used for 70 days. Rough calculations on the Noakhali data 
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(Hermans, 1984) show that the bullocks are used for 520 hours per year or about 
100 days per year.
 

The number of hairs needed to plough one hectare is also variable and 
depends on the type of plough and the type of soil. With a traditional plough, 
between 22.2 and 33.3 hours would be necessary to plough 1 hectare (Sarker, 
1981; Sarker & Farouk, 1982), while 14.3 to 28.6 hours are needed with an 
improved plough.
 

The walking rate of the animals differs according to species and 
category. Buffaloes walk at 2.5 to 3.2 km/h (Goe, 1983), or 2.9 to 3.2 kmWh 
(Smith, 1980). Generally they are known to walk slower than cattle. Bullocks 

work at a walking speed of 2.2 to 3.1 km/h (Smith, 1980; Howard, 1980), 2.5 to 
4.0 km/h (Goe, 1983) or 2.2 to 3.6 k]mVh (lawrence, 1984). Howard (1980) makes a 
distinction between the speed for ploughing (2.5 kn/h) and the speed for the 
roundabout (2.2 knh). Cows walk about 2.5 km/h (Smith, 1980; Howard, 1980) or 
2.5 to 3.5 km/h (Goe, 1983). Other authors do not differentiate between animal 
categories and give walking rates between 2.5 km/h and 5 - 6 km/h for draught 
animals (Sarker, 1981; Sarker ard Farouk, 1982; FAD, 1972). 

The tractive effort cattle can produce is directly proportional to body 
weight up to 500 kg (Hussain, 1981). An effort of 10% of the animals' 
bodyweight is frequently given (Riviere, 1978; Howard, 1980). However, other 
sources show more variation: 18 - 22% of body weight for animals of 200 to 275 
kg (Sarker, 1987.); 10 - 13% of body weight for cows of 400 to 600 kg (Howard, 
1980); 9 - 12% of body weight for bullocks of 500 to 900 kg (Howard, An1980). 
increace in tractive effort reduces the speed of the animals (Goe, 1983).
 

The power developed by the animals is the result of the tractive effort 
and the walking rate. According to Singh and chancellor (1975), small bullocks 
develop 224 watts (W) and large buffaloes 746 W, while most bullocks develop 
between 373 and 522 W. Information for cattle in Bangladesh gives 128 W for 
bullocks and 124 W for cows (Hussain, 1981).
 

The power necessary to pull the plough varies between 256 and 336 Wfor 
traditional ploughs and between 240 and 331 W for improved ploughs (Sarker and 
Farouk, 1982). Two animals would thus be necessary to deliver the power, 
resulting in less power developed per animal, since animals hitched as a team 
incur a loss of energetic efficiency (Goe, 1983). 
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The nutrient requirements of draught animals vary accordirg to age, sex, 
breed, species, tractive effort and duration of work. The tractive effort 
depends on species and rate and type of work. Age, sex and breed are known 
variables of the animal. Estimates have to be made of the tractive efforts of 
the different animal categories and the duration of work. 

Feed requirements given in the different references are calculated 
according to different principles. Riviere (1978) and PAO (1972) make a 
distinction between light, medium and sustained work. For these types of work, 
the animals need a surplus of 0.5, 1 and 1.5 times maintenance needs above 
maintenance requirmwts. However, no definition is given of light, medium 
and sustained work. Hrabovszky (1983) states that working animals need 30% feed 
above maintenace. 

ARC (1980) and Mathers (1980) estimate the energy needed for walking at 
2 Joules (J)/meter walked per kg liveweight. Mathers (1980) defined the energy 
requirements for pulling a plough at 33 J/kg pulled per meter for Brahman 
cattle, and at 26 J/kg pulled per meter for buffaloes. 

The literature gives conflicting information for the protein 
requirements of draught animals. Most sources suggest that no excess protein is 
needed provided the maintenance requirements are met (Smith, 1980; Riviere, 
1978; Goe, 1983). Other references suggest an additional 13.6 g digestible 
crude protein per hour worked (Smith, 1981), or 250 g digestible crude protein 
daily for maintenance and traction for a 300 kg working_ bullock (FAO, 1972). 

The following assumptions are incorporated in the model. The model 
calculates the required metabolisable energy for draught work, depending on the 
force delivered by the animals its walking speed, the working time, a factor for 
soil characteristics, plough characteristics, and an efficiency factor for 
traction. 

Fixed parameters in the model are: 
1. Tractive efforts produced by cattle: 

- 12% of body weight for males 
- 9% of body weight for females 

2. Maximum time animals are used for traction:
 

- 5 hours per day for males 

- 4 hours per day for non-pregnant, non-lactating cows 
- 2 hours per day for lactating cows 

3. Walking speed: 3 km/hour 
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4. 	 Time needed to plough 1 hectare: 22 hours 
5. Efficiency factor for traction: 0.30.
 

Variation is brought into the model via:
 
1. 	 The number of hectares that have to be ploughed seasonally; 
2. 	 The number and category of animals (bulls, lactating cows or dry 

cows) that can be used for work; 
3. 	 A soil- and plough-specific parameter; and 
4. Choice between single or team work.
 
In the model, preference is given to male animals to do the work. Only
 

in 	 case of shortage of tractive power, dry cows are used, and ultimately 
lactating cows. If these categories are not able to execute the work, it is 
assumed that farmers hire animals. No feed requirements are included for hired 

animals. 

Because it is assumed that no supplementary protein above maintenance is 
required for draught work, maximum feed intake calculations do not take into 
account a possible increased intake due to draught work. This is in accordance 
with the calculation procedure of Ketelaars (1984), which needs a protein to 
energy ratio of the product. 

Growth: In the model of Kahn (1982), weight gain and weight loss are the result 
of a positive or negative balance between energy intake and energy expenditure. 
Kahn uses two equations for the translation of the energy balance into a weight 
change:
 

- the efficiency of conversion of metabolisable energy into net energy 
for 	body tissue or the reverse, and 

- the energy content of 1 kg liveweight gain. 

The 	equations used are modified ARC (1980) equations. 
Because of the feed intake calculation method used, energy and protein 

requirements for body-weight gain or loss are needed in the SOWTV model. These 
are calculated from data in ARC (1980), which give the protein and fat content 
per kg body-weight gain for animals of 50 - 500 kg. These protein and fat 
contents have been modified, according to breed (small - large), sex (female 
male) and daily gain. Because 1 kg of protein contains 23.6 MT NE, and 1 kg of 
fat 39.3 MJ NE, the energy content of 1 kg liveweight gain can be calculated. 
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Using linear regression, a straight line is derived, giving the composition of 
the liveweight gain, at any given liveweight, for small breeds with a mean daily 
growth rate of about 50 g: 

- For female animals, BODYCF (g N/MJ NE) = 2.84 - 0.01 * 11ff (kg); and 
- For male animals, BODYCM (g N/MJ NE) = 4.68 - 0.01 * IlT (kg) 
where BODYCF is the composition of 1 kg liveweight gain of a female; 

BODYCX is the composition of 1 kg liveweight gain of a male; and 
IWT is liveweight 

These equations define the slope of the maximum energy intake as a function of 
the nitrogen intake. 

q : To calculate energy requirements for pregnancy, Kahn (1982) uses 
the ARC (1980) equations, modified for birth weight and for the difference 
between actual and simulated gestation period. A correction factor is also 
introduced to minimise errors due to large time-steps. The requirements depend 
on the number of days of pregnancy. 

In the SOWIV model, energy and protein requirements are derived from 
data given by ARC (1980). The protein and fat content per kg liveweight gain 
due to pregnancy is calculated from the composition of the body weight of a new
born calf, the deposition of nutrients in the foetus at full term, the time 
course of nutrient deposition in the foetus and the gravid uterus during 
pregnancy and the weight of the foetus and the gravid uterus. The protein and 
fat content allow calculation of the energy and nitrogen content of 1 kg of 
liveweight gain, also ratio of nitrogenand the to energy during pregnancy 
(Table 6). The ratio of nitrogen to energy determines the slope of the maximum 

energy intake line as a function of the nitrogen intake (Ketelaars, 1983; 1984). 
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Table 6. Coupoeitin of the foetus an gravid uterus during different stages of 

prennc. 

Days from conception 

141 169 197 225 253 281
 

Weight of foetus + 
 5.50 8.88 13.36 19.33 26.97 36.40
 

gravid uterus (kg) 

Protein content 0.051 0.059 0.072 0.087 0.107 0.124
 
(kno gain)
 

Fat _content 0.007 0.007 0.009 0.012 0.021
0.016 


(kg/kg gain)
 

Energy 
 1.479 1.668 2.289 2.525 3.154 3.752
 

W NE/kg gain)
 

Nitrogen 0.008 
 0.009 0.012 0.014 0.017 0.020
 

(kI/kg gain)
 

g N/M NE 5.41 5.4 5.24 5.54 5.39 5.33
 

Lactation: According to ARC (1980), the energy required for lactation equals 
the energy content of the milk yield, divided by a conversion efficiency 
coefficient. The lactation potential, defined by Kahn (1982) is a function of 
the genetically defined maxinmm potential daily milk yield, the nunber of days 
to peak yield, the lactation stage and the age of the animal. The potential for 
mobilising body tissue to meet lactation requirements in case of energy deficit 
is also included. 

Kahn's calculation of the lactation potential and tissue mobilisation 
is adcpted in ur model. These subjects still need further verification. 
Energy and protein requirements for lactation are defined in a similar way to 
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requirements for pregnancy and growth. Milk omposition, in terw of protein 
and energy value, tends to be constant for a given breed (Ketelaars, 1984). 
FrM the fat content of the milk the energy content can be deduced tkarcgh the 
formula of Tyrell and Reid, given by ARC (17",3): E (kJ/kg) = 40.6 * F (q/kg) + 
1509.0. Finally, the nitrogen/energy ratio can be calculated and this ratio is 
again used to define the slope of the line giving the maximum energy intake as a 
function of the nitrogen intake. 

Production 

To estimate an animal's production - traction delivered, milk, growth and 
offspring - a omipariscn is made betwwn its intake and its requirements as 
specified in terms of nitrogen and energy. Although the ultimate intention is 
to define production as a function of the limiting factor - either energy or 
nitrogen - until now only energy availabilit-- is used to determine production. 

Priorities for the various production alternatives as defined by Kahn 
(1982) have been retained in this model. nhis implies that maintenance 
requirmnts have to be and theymet before draught-work requirements in turn 
have to be met before growth requirements are considered. In addition, 
pregnancy and lactation requirements have priority over growth requirements. 
If an animal is pregnant and lactating, pregnancy requireents are considered 
mer Important. 

Herd Dnamics 

The dynamics of a herd are basically determined by its mortality rate and its 
reproduction rata. onsequently, expilsion (culling or sale) or purchase can 
be practiced to restore the balance in the herd size. 

Kahn's model (1982), as well as the TAM model (Sanders and Cartwright, 
1979a; 1979b), deal with herd dynamics. In these models the effects of 
nutrition on reproduction and mortality are defined separately fro; the effects 
of other environmental and internal factors. 

he reproduction equaticis in Kahn's model (1982) are based on results 
of Wiltbank et al (1962; 1964) and unnet al (1969), who investigated the 
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effects of pre- and post-partum energy intake on reproductive performance of 
different breeds of different ages. The equations calculate: 
- the probability of oestrus in previously non-cycling females 

PEST = 0.85 * CFT * CEW * CFDW * CFM * CFL * CFA; 
- the probability of continuous cycling in previously cycling females 

which had not conceived 
. 1 0 - 1 CcYc = CW * CFDW * CFA0 5; and
 

- the probability of conception following oestrus
 
"7 5 2 3PCON = 0.75 * CFT 0 * CFW0 * CF * CFA 0 5 

where CET is a correction factor for time since calving, CFW a 
correction factor for body condition, CFDW for daily weight loss, CFM for 
immaturity, CM,for lactation stage and CFA for age. 

Two of the equations were again validated using results of Wiltbank et 
al (1962; 1964) and Dunn et al (1969) and one was validated with the results of 
Kahn and Lehrer (1984). 

No evidence is found in the literature to substantiate these equations. 
Wiltbank et al (1962; 1964) and Dunn et al (1969) used Hereford and Angus and 
Hereford cattle, respectively, of different ages and found indications that 
energy intake before calving determines the onset of oestrus following calving: 
a la-i energy intake causes a delay in the onset of oestrus. Holness et al 
(1980) also found a significant effect of the level of nutrition on the duration 
of post-partum anoestrus for Afrikaner and Mashona cattle. In the latter case 
the animals were fed frcm early pregnancy to mid-breeding season on either a 
high or low level of nutrition, and it could not be confirmed whether just the 
feeding level before parturition was important. Sone authors mention breed 
differences under givei experimental conditions (Dunn et al, 1969; Holness et 
al, 1980). However, comparison of the results of various authors for one breed 
shows that considerable differences also exist within a breed (Table 7). 
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Table 7. Days fran calving to first oestrus. 

Breeds Days 

(mean_-+S.E.) 

Source 

Afrikaner 

Mashona 

Friesian 

Hereford 

Hereford 

102.2 + 6.2 

69.7 + 6.8 

63.8 

70.8 +11.7 

51.7 + 8.2 

Holness et al (1980) 

Holness et al (1980) 

DonkJn (1980) 

Wiltbank et al (1964) 

Wiltbank et al (1962) 

Experimental conditions 

Hereford 

low nutrition before calving, 
post partum 

high 

65 Wiltbank et al (1962) 

post partum 49 Wiltbank at al (1964) 

Mashona & Afrikaner 

high nutrition 

low nutrition 

77.6 + 5.4 

98.4 + 6.8 

Holness et al (1980) 

Holness et al (1980) 

According to Wiltbank et al (1962; 1964) and Dunn et al (1969), the 
post-partum level of energy intake influences the conception rate, i.e. a low 
energy intake results in a low conception rate. The authors are not sure 
whether this response is a result of energy intake per se or of body condition. 
Holness et al (1980) conclude that the level of nutrition does have a 
significant effect on calving rate and thus on conception rate, but it must be 
noted that the feeding level in their experiments did not differ before and 
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after calving. They also deduced from their data that total conception rate 
increased with increasing post-partum body-mass, indicating that the ability to 
conceive is a function 	of body weight. Richardson et al (1975) came to the same 
conclusion in their experiments with Nkone and Afrikaner cattle. Ward (1968) 
observed 	 the existence of a critical weight for Mashona cattle below which 
conception did not take place. Again, there were breed differences in 
conception rate and 	 subsequent calving rate under given environmental 

conditions (Table 8). 

Table 8. 	 Mean calving rate of different breeds under different
 

environmental conditions.
 

Breed 	 Calving Source 

rate (%) 

Afrikaner 	& Mashona 89 Holness et al (1980) 
Nkone & Afrikaner 94 Richardson et al (1975) 
Afrikaner 	& Mashona 44 Holness et al (1980) 
Nkone & Afrikaner 78 Richardson et al (1975) 
Nkone & Afrikaner 69 Richardson et al (1975)
 

There is conflicting evidence about the effect of weight changes prior 
to the breeding season on fertility. Richardson et al (1975) found a 
relationship between body-weight change and fertility as measured by calving 
rate (Figure 2), and suggest that this effect may be explained by the effect of a 
critical weight. Some cows may have been so heavy relative to the critical 
weight that they could suffer severe weight losses and still be above the 
critical weight during 	the mating season, while other cows of a very low weight 
would be below the critical weight for conception even without any additional 

losses.
 

Although we do not deny that the various factors discussed above 
influence fertility, insufficient data are available about the additional 
effects of the various factors to allow their quantification. Therefore it was 
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Figure 2. 	Relationship between bodyweight change from 
autumn peak to mid-mating and subsequent
calving rate 
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decided to simplify the fertility module of Kahn (1982). In a first 
approximation a miLimum value is introduced for age, post-partum interval and 
weight at which conception can occur. At the samLe time the probability of 
conception is estimated from the literature, and this determines the calving 
rate. 

These simplifications restrict the applicability of the model. The 
Kahn (1982) model investigates the effects of the feed situation on the 
reproduction rate of the herd via animal characteristics. The SOWIV model 
can not do this, because, in this model, reproduction is independent of 
animal chardcteristics, except for those mentioned above. 

The mortality module suffers from problems similar to those of the 
reproduction module. In the model of Kahn (1982), mortality is described by 
a basic mortality rate, modified by a factor for weight index, an age factor, 
a post-partum interval factor and a seasonality factor. It is moreeven 
difficult to validate the separate effects for mortality because 'experiments 
generally are (Kahn,not designed to elucidate mortality tiresholds' 1982). 

De Vaccaro (1974) states that mortality is influenced by breed, 
season of birth, birth weight and management practices. The data presented 
in her article represent the combined effect of the various factors. In an 
experiment with Brahman Shorthorn crossbred heifers, Taylor et al (1932) 
found that feed supplementation significantly reduced death rate. It 
appeared impossible to deduce the influence of inditidual factors from these 
data.
 

Because quantification of the individual factors influencing 
mortality was not possible, a simplified description was introduced. In the 
model mortality rates are related to age and only a minimum critical value for 
weight is introduced to eliminate very thin and weak animals. 

Figure 3 and Table 9 show the evolution in herd size resulting from 
the simplified calculation method. Variation in the conception rate causes 
small differences in animal numbers. A 5% lower or higher conception rate 
increases or reduces the time necessary to double the herd number by one year 
(from 9 to 10 years, and from 9 to 8 years respectively). A variation in 
mortality rate causes considerable variation in herd size. The doubling time 
of the herd size increases by more than 200% when mortality rate increase by 
5%. This means that mortality data are crucial in animal production models 
since they influence the ultimate model output decisively, i.e. other animal 
characteristics and even feed characteristics become of minor importance. 
The same conclusion holds for the age at first calving. 
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Figure 3. Evolution of the herd size under different experimental
conditions 
(Treatment details given in Table 9 
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Table 9. Annual herd growth (%) and doubling time (years) as 
affected by different fertility (PPREG) and mortality 
(PMDOr) rates and age at first calving. 

Age at 
PPRBG P4i0r first Doubling Herd 
(%) (%) calving tme (yr) growth 

(yr) (%/yr) 

SOWTV 72 standardI >3 9 8.5 
Low reprod. 67 standard >3 10 7.4
 
High reprod. 77 stzmiard >3 
 8 9.6
 
High mortality 72 + 5% >3 12 
 3.4 
low mortality 
 72 - 5% >3 6 13.7
 

1 Standard mortality rates. 

Age (yr) 0 1 2 3 4 6 7 8 05 9 1 12 
MODRT 14.4 
7 7 7 5 5 5 10 10 20 33 49 90 

In Table 10 the annual herd growth (%) and the doubling time (years) 
are given for ages at first calving varying between 2 and 5 years old. The 
annual herd growth varies between 3.3 and 12.3%, and the doubling time varies 
between 7 and 22 years. 

Management 

Farmers' decisions on feeding, breeding and management practices influence 
livestock production. In the SOWIV model, feeding practices are explicitly 
described in the feed allocation module. Breeding practices are partly 
included in the herd dynamics module. 
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Table 10. Annual herd growth (%) and doubling time (years) of 
a herd for various ages at first calving. 

PPREG !Vge at first 

(%) (%) calvirg (yr) time (yr) growth
 

AMMR Doubling Herd 

(%/yr) 

72 standard I >3 9 8.5 
72 standard >2 7 12.3
 
72 standard >4 
 12 5.7
 
72 standard 
 >5 22 3.3 

1 Standard mortality rates 

Age (yr) 0 1 2 3 4 5 6 7 8 9 10 11 12 
PMRT 14.4 7 7 7 5 
 5 5 10 10 20 33 49 90 

In a separate management module, decisions with respect to weaning, 
culling and buying of animals and the period during which lactating animals 
are hand-milked can be imposed. In the SO1'V model, weaning takes place 
according to two criteria, adopted from Kahn (1982): the age and/or the weight 
of the calf. Culling and buying decisions differ for different countries, 
regions or pcpulations. Social factors (e.g. wedding, status of the fanner), 
religious factors (e.g. an Islamic holiday, such as Eid El Aam, on which 
people are obliged to sacrifice an animal) and economic factors (income) 
influence culling and buying practices. For every modelling effort, culling 
and buying practices have to be studied, quantified and introduced in the 
model.
 

A final option included in the SOWIV management module is the 
ftrx'er's decision to stop milking a cow if a specified lactation period is 
exceeded, if milk production is less than a specified level, or if pregnancy 
is advanced beyond a specified period. 
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The model generates data on the animal' s feed intake, requirements, actual 
production, reproduction and mortality events and herd caposition. These 
calculations require input data on feed characteristics (type, amount and 
quality of the feed) and animal characteristics (genetic potential for growth 
and milk production of the breed, traction characteristics). 

One of the future steps in the SOWIV livestock modelling research will 
ccmprise a sensitivity analysis of the model for the various parameters and 
estimates used. There is considerable quantitative variation documented in the 
literature for scan of the parameters used, while criteria are available withno 
which to judge the accuracy of the chosen value. In this respect, the influence 
of the estimated mortality rates and the age at first calving on herd 
composition and herd number has already been mentioned. Other parameters that 
may be considered are the nitogen/energy ratio of the various animal products, 
the estimates of maintenance requirements, the values for weaning age, stopping 
of hand milking, walking rate and tractive effort of the animals, etc. The 
results of such a sensitivity analysis are essential for correct interpretation 
of the model output. Another topic in the development of the SOWIV model is the 
validation of the different modules of the model, and the validation of the 
model as a whle. This requires a detailed set of input and output data for the 
different modules as well as for the entire model. Quite often it is difficult 
to get access to these data. Presently an attempt is being made to validate the 
intake and production mdule of the model with data fron Bangladesh. These data 
comprise daily records on the animal's ration, its milk production, traction 
produced and reproductive status, and weekly information on the animal's growth. 
The first results of this validation will be discussed at the workshcp. 
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Discussion 

Question - Are you assuming that food supplies will increase proportionally 
to maintain the herd?
 

Answer - We assume that the animal gets the same amount of feed every day, so 
the feed supply is unlimited. But the number of animals in the region is 
determined by the available feed resources as determined by a regional 
planning model. 

Question - You said that the probability equations for fertility and 
mortality are not sufficiently scientifically-based and are not applicable to 
your situation. Did you try to run your model the results withand compare 
actual data? I feel that you probably would get a more representative 
picture of the situation if you did take into consideration the effects of 
weight changes and condition on reproduction and mortality. 

Answer - I don't think so. We tried to quantify the information that was 
available and we found that it was not possible. For instance, regarding 
mortality rate, everybody agrees that weaker animals are more likely to die 
than stronger animals, but how do you quantify this? In certain experiments 
you find a mortality or reproduction rate for a particular animal or breed and 
a particular feeding system. But when used thewe same equation or the same 
quantification for another set of data or another set of experiments in the 
literature, there was no consensus at all, except that the absolute weight is 
more important than weight change. So we have a fixed critical weight index 
that determines performance, but is related toit not weight change or 
condition.
 

Question - Do you use the same level of production throughout the year? 

Answer - The pror "tion level does not change with the season but if we use 
the model for an,.ler situation or another region, we try to find experimental 
results in the literature for that particular situation. :f there are no new 
data we can run the model with the available information but also with other 
mortality or reproduction rates to make it clear that the results are just 
estimates and that they are closely related to the input data. 
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Ouestion - What is the range i liveweight change within one year in mature 
cows?
 

Answer - In Bangladesh the weight change is about 20-25 kg, but the maximum 
weight of the animals is not more than 150 kilos. 

Questio - So, the animals may be within the range of liveweights at which 
neither reproduction nor mortality are affected? 

Answer - I do not know. We have not been able to find a relation or an 
influence, but there may be one. 

Question - Do you fix the reproduction and mortality rates in advance, 
independently of the feeding situation? 

Answer - When dealing with a different feeding situation, we put a higher or a 
lower reproduction rate into the model, insteaal of the model producing that 
figure. 

Question.- But then are you not defeating the whole purpose of the model? 
MUst not the model tell you which parametres are going to change if you change 

the feeding system? 

Answer - We cannot investigate that with the model as it is constructed now. 
That is one of the limitations of the model, but we prefer not to say 
something, rather than say something about that which we do not know. 

Ouestion - So you only model growth and milk production? 

Answer - We also model the herd dynamics. 

Statement - But herd dynamics is a result of those fixed variables. So you 
have got two separate models, a feed model and a herd dynamics model, and you 
use them side by side. 
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ReplI - If you mean that the two of them do not interact, you are right. The 
two fit together in one model and we run them together. 

Question - the purpose the toIs main of model get an estimate of herd 
increase when there are no limitations to feed production? If so, how will 
you use the information that you generate? 

Answer - The reason that we included herd dynamics in the model is that we 
then have an idea of how many animals a farmer can sell, how many he can buy. 
In Bangladesh animal traction is important. A farmer needs two male animals. 
We can loch up the herd dynamics file, and see how many male animals we have 
at any mrent. If we have too few, we have to buy, or if there are too many, 
we can sell. We just try to imitate the situation on the farm and adjust the 
herd size of the farmer. The model is not meant to be used to study effects 
of management interventions. 

The model must be able to provide activity tables for the economists 
of CWFS in Amsterdam. The ultimate goal of the model is to get predictions on 
managent and farming practices, but until now these possibilities are very 
limited. 

Question - If the main purpose is to get activity tables for the economic
 
model, would it 
 not be better to get them directly frm the farm statistics in 
Bangladesh? 

Answer - This model is able to generate input/output data for livestock 
systems, which are used in regional LP programmes by CWFS. 

If an animal i3 meant to grow by 1 kilogram a day, or if it is being 
used for traction for two hours day, you set of inputs,a need a including 
feed resources. Another set of activity tables is generated for cropping 
activities, such as for growing rice, maize, wheat. Those also go into a 
linear programming model, together with the regional resources. This 
generates a feasible development pattern over a number of years. The link 
between cropping and animal husbandry is in the linear progiamming model 
which is used to calculate the amount of rice, maize etc. that is grown each 
year. This determines the amount of crop byproducts produced which 
influences the number of animals that can be kept, and whether the herd can be 
allowed to increase. 
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By linking up with other interest groups, the model has assumed a 
multipurpose function, not only generating data for this linear progrannin 
model, but also analysing effects of management changes on a typical farm. 
do not kne whether this is the optimm way of developing and using such a 
model. 

Osmnent - It probably would be if there was more certainty about the 
parameters that have been discussed here today. Most of the discussion seems 
to add more uncertainty to the parameter values, so that one wonders how mach 
precision one can get with that sort of model. 

Rwl - I agree completely. Mien we use these herd or animal production 
models, same of the parameters are so critical that the results have to be 
decked in the region itself. 

cnment - Mr J. Gartner of FAO is doing this sort of work in the Agriculture 
Towards 2,000 project, but uses a much simpler estimate of food requirements. 
It starts with an estimate of the future demand for animal products and then 
determines the prospects for the necessary increase in animal population. 

BMy - We are cooerating with FAD in crop production modelling and on the 
problems of animal husbandry in Thailand. All the statistics on crops, crop 
residues and pastures indicate that it is impossible to feed the animals that 
are reported to be there. So, we do not know what they are living on or 
whether they are there at all. That is a cammon problem with rural 
statistics. 
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Aprai sal of the ILA cattle herd dynamics model usin, 

data from pastoral systems in Mali and Kenya 

K.T. Wagenaar and E. Kontrohr 

Introduction
 

ILCA' s initial modelling efforts were based on the use of existing models. The 
beef cattle production model of Texas A&M University (TAMU) was applied to 
ccmere1al ram;-,hing and traditional cattle systems in Botswana by ILCA, TAMU and 
the Animal Prc.'uction Research Unit (ILCA/APRU, 1978). 

This work highlighted the need for a model with stochastic feature, 
particularly for the primary production component. An operational model was 
developed in which animals in the simulated herd are treated as individuals 
(Konandreas and Anderson, 1982) and w.as applied in Botswana (Konandreas et al, 
1983). A users' guide to the model is in press. 

Recent analysis of data from long-term animal productivity studies in 
Mali and Kenya provided new material for further appraisal of the ILCA model, 
particularly with respect to the representations of biological processes. When 
this data was used, the predicted patterns of productivity were significantly 
different from those actually observed. This prompted a closer examination of 
the steps by which the model operated, the basic system parameters that are 
provided as data and the algorithms that are used to predict animal 

productivity. 

This paper reports on the problems encountered during the appraisal and 
changes to some of the subroutines of the model are proposed that should improve 
the simulation of the performance of range cattle ine extensive pastoral 

production systems. 

The forage intake subroutine 

Like the TAMU model, the IICA model simulates the response of beef cattle to 

specific primary production conlitions. The model deals only with the animal; 

the primary production system is not modelled. Thus, plant production is 
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exogenous to the model and there is no feedback of the effects of its 
exploitation on primary production systems. 

This limitation, which has been the subject of vigorous debate in 
Agricultural Systems (Whelan et al, versus1984 Cartwright and Doren, 1984), 
is legitimate but restricts the use of the model. 

Animal productivity is simulated for individual animals on the basis 
of forage intake, which is calcuo.ted frumi the following equation derived 
from the work of Conrad et al (196.): 

I = f(p).WO. 71/(ld) 
where I = forage intake (kg/day) 

W = liveweight (kg) 

d = digestibility of forage consumed (fraction) 
f(p) = 	the rate of passage through the digestive tract (kg/kg 

metabolic weight/day) which is, in general, a function of the 
animal's physiological status. 

The animal's age, weight and physiological status are used to 
determine the use of the energy supplied by the feed, plus energy I rom 
catabolism of body tissues if necessary. 

Statistical descriptions of the quantity (t/ha) and quality 
(digestibility and crude protein) of the forage oin offer, based on field 
observations, plus the distance walked (km/day), which is used to check 
whether the--e is a limitation on grazing time, are the driving forces of the 
model. They vectors with 12 values,are each corresponding to the months of 
the year, and are provided to the model as data. There is a discrepancy 
between the input of digestibility of feed on offer and its use in the model 
as if it were digestible feed consumed. In a draft paper, Konandreas 
(unpublished) tried to develop a simple model of the grazing selectivity of 
animals with emphasis on transhumant cattle in Mali. In this he subdivided 
the available biomass into quality classes. In the original TAMU model the 
digestibility of the forage consumed was required as input data (Sanders and 
Cartwright, 1979). The forage subroutine of the ILCA model requires 
threshhold values for EM availability per hectare and distanc. walked, below 
which intake is reduced. These are used to quantify two rItipliers, MQ and 
MD (Figures 1 and 2). 
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Figure I. 	Multiplicative effect (MO) of quantity of acceptable'
forage on offer (o) on voluntary intake 

Ma 

I 	 .
 

I. 	 The word "acceptable" is used in the description of the model and suggests a qualitycriterion which is, howevernot considered in the Ma-calculation 

Figure 2. Multiplicative effect (MD) of 	daily distance walked (D) 
on 	voluntary intake 
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These miltipliers adjust the ad libLtum intake of the individual animal 
if the threshholds are passed. Other multipliers adjust the voluntary intake of 
the animals: 

m(d,t) Ccrrects for digestibility of the fodder above 65% and below 40%; 
m(t) corrects for the age of the animal, less than 2 months arA more 
than 8 years old;
 

m(x,t) corrects for the greater appetite of young males; 
m(p,t) corrects for the physiological status of an animal (pregnant, 

lactating, etc.). 

Thus, equation 1.1 can be restated as: 

I = a.wtO' 7 3.m(d,t).MQ,D,m(t).m(x,t).m(p,t)/(l-d) (1.2) 

where a is the intake coefficient for the reference class of animals (7
year-old dry female, less than 7-months pregnant) and equals the rate of passage 
through the digestive tract. 

In any production system there is a calendar month (in the most probable 
year type) during which the liveweight of the reference class of animals is in 
equilibrium, i.e. the animals are neither gaining nor losing weight. This 
implies that during this month the daily dry-matter intake is just sufficient to 
maintain the body weight of the reference animal at the level of activity for 
that month. The a factor is calculated from equation 1.2 at this equilibrium, 
for which the reference month(s) has to be specified. An adjustment is made 
when the reference digestibility of the feed falls outside the range of 40-65%. 
The a factor is also corrected for sex, age and physiological status for each 
category of animal. 

Two major problems were encountered when the model was applied to 
transhumant cattle in Mali. Firstly, stocking rate is not taken into account in 
the model. Whether the quantity of forage available per hectare is grazed by 
one animal or 200 is not considered1 , because there is no feedback between 
secondary and primary production processes in the model. 

'Under controlled (fenced) conditions the stocking rate can be 
simulated by a smaller or larger decrease in EM availability
fram one month to the next. 
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As explained, the intake of the individual animal is adjusted if the 
availability of good-quality fodder drops below a certain quantity per hectare 
(MQ in equation 1.2). In the model, the quantity of fodder on offer is 
neglected in the calculation of the intake of the animal as long as the 
threshhold is met (MQ = 1). This means that, via the a factor, digestibility is 
the sole determinant of forage intake. 

In Mali feed digestibility during the dry season was high, due to 
regrowth of forage after burning and stepwisethe accessibility of the 
bourgoutieres I . As a result the model predicted that the normal growth of the
animals would occur duri-i the dry season, whereas, in reality, the small 
quantities of forage available per hectare are a constraint to growth during the 
dry season. Table 1 presents data on the availability of dry matter and 
digestibility values for the most probable year type, and the measured and 
simulated body weights of adult female cattle. 

Table 1. Monthly values of dry-matter availability (t/ha) and its
digestibility (%) for the most probable year type as used in
the Mali validation, complete with the simulated and measured 
average monthly body weights (kg) for adult females. 

Month 1M Dig. Average LW adult females
(t/ha) (%) simulated (kg) measured (kg) 

January 2.5 50 184 
February 2.5 50 
 171

March 
 1.4 55 172 215
 
April 1.0 62 193
 
May 1.1 65 216

June 1.5 66 234 205
July 1.1 68 238 
August 0.3 
 70 254
 
September 0.8 67 
 266
 
October 1.0 46 
 225
 
November 2.5 
 53 210 233
 
December 3.5 52 
 196
 
Threshold value 0.6
 
Reference dig. 55
 

Source: Breman (unpublished data); Diallo (1978); Traore (1978) 

'Wet season inundated pastures consisting of high-quality grassessuch as Echinochloa stanina, Or lonistaminata, etc, which dry
 
out during the dry season.
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Some adaptation of the model is needed for its application to extensive 
production systems such as in Mali. It is sugjested that the input data, 14 
availability in t/ha, should be modified to DM availability per individual 
animal/day, as in the GRO subroutine of the original TAMU model (Sanders and 
Cartwright, 1979). The M. multiplier should be changed in a similar way. 

The second problt-it is related to the a factor through which the intake 
of each animal is calculated. When all six multipliers are equal to unity the a 
factor is defined as: 

a = I ref. (1--d ref)/Wt 0 " 7 3  (1.3) 

where 	 I ref. = intake of reference animals in the reference month(s)
 
d ref. = average digestibility in the reference month(s)
 

Wt = liveweight (kg)
 

Consequently the intake of the reference animal increases when the digestibility 
is greater than d ref (within the limits of 40 to 65%), resulting in an energy 
surplus for growth. With lower digestibilities the animal will lose weight. 
This formulation has important consequences, which are illustrated in Fiqure 

3. 

Figure 3. The measured weight change inadult females over 
the year and the fluctuation in digestibility 

LW % Dig. by 
Nkg) month 

230-	 -60 

210-	 -40 

190-	 -20 

J F hi A M d J A S 0 N D 

Source: Wagenoor et al (inpress) 
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A user might choose June-July as the reference months while another 
user chooses October-November. In the first case the simulation output will 
tell the user that his herd died out, predicting that the animals will lose 
weight on all digestibilities lower than the reference 60% (Table 2). In the 
second case all the animals achieve a condition score of 100 corresponding to 
the maximum weight allowed by the model. Thus the choice of the reference 
months is crucial for the outcom of the simulation (Table 2). Data in Table 
2 indicate that a should be about 0.045 to approach a normal outcome. Using 
data reported by Elliot et al (1961), Konandreas and Anderson (1982) 
calculated an a factor for dry cows of 0.042. It is proposed to replace the 
existing forage intake algorithm using the a factor by the original TAMU GRO 
subroutine. If the intake subroutine as it stands in the II1A model is 
preferred, an alternative to the current model is to focus on the reference 
digestibility instead of the reference months as an input requirement. 

Table 2. 	 Results after 5 years simulation for different reference 
months with the same initial data set. 

Herd Wean- Adult Calf mortality 
Ref. Refa Ref. "a" size Fertility ing wt female % 

months digest. C.P. factor after rate (kg) wt(kg) 0-1 1-2 
% 5yrs % yrs yrs 

10+11 45 5 .25b 0.0676 75 64 87 260 24 26 
12+1 50 4.85 0.0527 71 62 82 228 31 33 
3+4 53 5.85 0.0442 70 57 66 196 40 43 
4+5 55 6.65 0.0400 60 54 46 175 36 55 
6+7 60 10.05 0.0322 12 13 20 147 100 100 

Base-line 	data entry 67 53 70 210 34 40 

a Digestibilities as in Figure 3.
 
b The "a" factor is corrected for CP less than 6%.
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The reproduction subrutine 

As specified, the model requires the minimum age in months at first 
parturition for in average poor Thisheifers best, or condition. 

information, together with liveweight boundary data provided elsewhere 
to the 
model, is used to calculate the moment at which a heifer becomes a breeding 
female (Figure 4). 

The Mali appraisal, in which excessive liveweight gains unere 
simulated, also had most females entering the breeding herd at an age close to 
t I . After an animal has been identified as a potential breeding female it 
will have a stochastic chance to conceive in accordance with the age-specific 
calving rates (Rt) which are provided to the model. These are net calving 
rates, so abortions are excluded. With this information the model 
establishes the effect of age on cow fertility in the case of Mali as shown in 
Figure 5. 

Together with the length of the breeding season, the expected 
probability of conception (Pt) is calculated. In the validation year-rourd 
breeding is assumed, so there is no seasonal restriction of the chance to 
conceive. 

Subsequently, two multipliers are introduced to thetranslate 
influence of the liveweight condition (c) of the animal ard of the number of 
months post-partum(n) on the probability Pt. 

The way these multipliers are described in the model is now believed 
not to be appropriate for application to Zebu cows in extensive production 
systems. Reasons for this conclusion are given below. 

The post-partum period multiplier (ran) is assigned a constant value 
of 1.0 for cows more than one month post-partum. 

In general, post-partum anoestrus lasts for morc than one month when 
African Zebu cows are subject to nutritional stress (Moore, 1984) as is the 
case in Mali and Kenya. Under these conditions the females also suffer from 
lactational stress. About 70% of the ows in the Mali sample did not conceive 
during lactation, which is in agreement with data from Kenya (Semenye, 1982). 
Those cows which conceived while lactating were in their 7th month or later 
post-partum (Wagenaar in Therefore, iset al, press). it suggested that for 
application in extensive system, the post-partum period multiplier could be 
modelled as in Figure 6. 
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Figure 4. 	Age and liveweight combinations for heifer reproductive 
maturity 
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Figure 5. Effect of age on cow fertility 
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The condition multiplier (mc) adjusts the probability of conception 
according to condition score (Figure 7). 

The increase or reduction in Pt due to a higher or lower condition 
index, respectively, is based on the assumption that Pt is optimal for the 
breed and weight involved. It is, however, doubtful whether the 48% calving 
rate for Malian Zebu cows of 215 kg average weight is the maximum calving rate 
for this breed. An increase in weight of 83 kg is expected to have a much 
greater effect than the model estimate of 13% increase in calving rate. A 
calving rate of about 75-80% might be expected for animals in such a good 
condition. Cows of the same Fulani breed on the research ranch in Niono with 
an average body weight of 302 kg are reported to have a calving rate of about 
70% (IICA/IER, 1978, corrected for abortions). 

The reproductive physiology of Zebu cows under extensive, suboptimal 
conditions seems much more complex than in the ILCA model. In order to test, 
for example, the effect of supplementation under these conditions, it is felt 
that the multiplicative effect (mc) of the liveweight condition index should 
give more roan for increase in the probability of conception than the present 
13%, as suggested in Figure 8. An mc of 1.45 is obviously only applicable for 
initially low fertility rates. 

Calving rate in the model is defined as: 

The number of calves produced in the herd x 100(%) 
The number of breeding females in the herd 

The nume rator, as explained above, is directly related to the mean 
calving rates provided as data and the condition of the herd (via mc). 
Because of the model's restriction on mc this calving rate is too low under 
good conditions (some more calves and many more breeding females) and too high 
under moderate conditions. 

The mortality subroutine 

The model is structured so that deaths can occur due directly to nutritional 
stress if harsh production environments are being simulated. Additionally, 
the model allows for normal losses caused by a complex set of factors not 
directly related to nutritional status.
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Figure 6. Proposed multiplicative effect (inn) on Pt of the period 
in months post-partum 
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Figure 7. Assumed multiplicative effect (mc) of liveweight
condition index on the probability of conception 
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Figure 8. 	Proposed multiplicative effect (mc) of liveweight 
condition index on "Pt 
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Morra±ity cue to starvation1 occurs when the liveweight of an animal 
falls below the lower liveweight limit, as shown in Figure 9, and is a 
function of the liveweight data and the forage data provided to the model. 

The mortality rates provided to the model are used to simulate the 
non-nutritional losses. The average annual mortality rate (Mt) as a function 
of age is 	 shown in Figure 10. These Mt values are used to calculate monthly 
rates, such that when compounded over 12 months they give the annual rates. 

For calves less than one year old, the probability of death is 
calculated by month, based on the entered survival rates. These. monthly 
rates for both adults and calves are the test values in binomial trials, where 
a random number between 0 and 1 is drawn for each animal from a uniform 
distribution. D3ath due to non-nutritional reasons occurs if the number 
drawn is less than the test value. As already mentioned at the 1983 workshop 
(van Keulen et al, 1984) the mortality from causes other than malnutrition is 
completely descriptive, so the model does not adequately simulate 
differential mortality losses arising as a result of 	changes in management. 

iStarvation mortality is not printed out in the monthly output option. 
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Figure 9. 	 General shape of the average liveweight evolution curve and
associated boundary curves, and illustration of two simula
ted liveweight paths 
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No distinction in the input data is made between starvation and 
normal death. If the model is running for a system under harsh condiitions, as 
in Mali, the mortality due to starvation is added to the stochastic mortality 
(input data) of which it was already a part. 

The model assumes that all conceptions result in a birth 9 months 
later. Abortions are not considered in calf mortality to 3 mo~nths of age nor 
in the calving rate. In the Mali studies, however (III2VIER, 1978; Wagenaar 
et al, in press), the average percentage of abortions was found to be 10 and 
6.7 With calving percentages of 70 and 48, repectively. Thus in beth cases, 
14% of the conceptions did not result in parturition. IMprovement of disease 
control (not considered as a policy in the model) or in nutritional level 
could well decrease this pre-partum zmrtality, immediately resulting in an 
increase in productivity. 

It is suggested that the abortion rate should be included in the 
calving rate as data to the model, i.e. to ask for the fertility rate. 
Parallel to the calculation of the probability of conception (Pt) a 
stochastic probability of abortion could be built into the mo~del. 
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Figure 10. 	Average annual mortality rate (Mt) asa function of 
age in years 
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Conclusions 

The appraisal of the ILCA secondary production model with data from extensive 
semi-arid production systems in M14ali and Kenya has revealed that, for such 
systems, the model needs scme adaptations. 

The forage intake of uncontrolled grazing animals is calculated by 
using almost solely the digestibility of the forage on offer. Availability 
and crude protein content of the forage and the time available for grazing are 
only used for possible adjustments. It is suggested that the forage 
availability per animal per day should play a more important role in the 
forage intake algorithm. 

Due to its definition, the a factor used as a calibration factor for 
intake causes considerable variation in the outce of the simulation 
processes. The functioning of this a factor in the model needs close 
examination. 
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Emphasis -s given to the cmplicated reproductive physiology of Zebu 
cows under extensive range conditions. Some proposals are advanced to make 
the assumed multiplicative effects match more closely to Zebu cow physiology. 

Finally the mortality subroutine has been discussed, and some 
modifications are proposed. 

Acknowledqements 

The authors wish to thank Dr F.M. Anderson for his fruitful coments and Dr H. 
Breman and Mr P.N. de Leeuw for their supply of material for this appraisal. 

245
 



References
 

Cartwright T C and Doren P E. 1984. Letter to the editor. Aric. Systems 

15:249-251.
 

Conrad H R, Pratt A D and Hibbs J W. 1964. Regulation of feed intake of 
herbage by ruminants: Physiological and physical factors limiting 
feed intake. J. Anim. Sci. 25:227-235.
 

Diallo A. 1978. Transhumance: comportement, nutrition et productivit6 d'uni 
troupeau zebus de Diafarab6. Thesis CPS, Bamako, Mali.
 

Elliot R C, Fokkema K and French C H. 1961. Herbage consumption studies on 
beef cattle. Rhodesian Aaric. J. 58:124-130.
 

ILCA/APRU (International Livestock Centre for Africa/Animal Production 
Research Unit, Botswana). 1978. Mathematical modelling of livestock 
production systems: Application of the Texas A & M University beef 
cattle prcduction model to Botswana. ILCA Systems Study No. 1. 
IICA, Addis Ababa. 

ILCA/IER (International Livestock Centre for Africa/L'Institut d'Economie 
Rurale du Mali). 1978. Evaluation of the productivities of Maure and 
Peul cattle breeds at the Sahelian station, Niono, Mali. ILCA 

Monograph No.1. ILCA, Addis Ababa. 

van Keulen H, Ketelaars J J M, Butterworth M H and Anderson F M. 1984. 
Modelling activities in the framework of livestock research: 
considerations of a workshop held at Addis Ababa, 1983. CABO Report 
No. 53. CABO, Wageningen, the Netherlands.
 

Konandreas P A. (Unpublished). Modelling forage intake and animal 
performance when the quality of forage on offer is highly variable: 
the case of transhumance in Mali. Draft paper, ILCA. 

246
 



integer andan 
stochastic model for evaluating production alternatives. 1CA 
Research e No. 2. INCA, Addis Ababa. 

Konaireas P A and Anderson F M. 1982. Cattle herd dynamics: 

Konandreas P A, Anderson F M and Trail J C M. 1983. Economic tradeoffs 
between milk and meat production under various supplementation levels 
in Botswana. IICA Research Report No. 10. = , Addis Ababa. 

Moore C P. 1984. Early weaning for increased reproduction rates in tropical 
beef cattle. World Anit. Rev. 49:39-50. 

Sanders 	J 0 and Cartwright T C. 1979. A general ca-tle production system 
model. II. Procedures used for simulating animal performance. 
Agric. Systems 4:289-309. 

Semenye 	 P P. 1982. Prelininary report of cattle productivity in Olkarkar, 
Merueshi and Mbirikani group ranches. Documents prepared for the 
Program Camittee. ILA, Kenya. 

Traore G. 1978. Evaluation de la disponibilit6 et de la qualite de fourrage 
au cours de la transhumance de Diafarab6. Thesis CPS, Bamako, Mali. 

Wagenaar K T, Diallo A and Sayers A R. (in press). The productivity of 
transhumant Sudanese Fulani cattle in the Niger Inner Delta in Mali. 
ItA Research Report.
 

Whelan MB, Spath E J A and Morley F H W. 1984. A critique of the Texas A & M 
model when used to simulate beef cattle grazing pasture. Agric. 

S14:81-84. 

247
 



Discussion 

Comment - In the TAMI model the equation from Conrad is used. He had a 
coefficient which related the amount of dry faecal output per day to 
liveweight, and assumed a constant faecal output. Conrad referred to 
lactating cows. With feed digestibilities at which the digestive tract is 
not limiting, then of course the intake normalising factor should be 
metabolic weight. It is suggested that faecal output may be higher in 
animals grazing poor-quality pasture because they may have a higher inner 
capacity. 

Coiment - There is real variation in faecal output. It is not so constant and 
not within such a small variation as is often assumed. You lave to deal with 
a factor of 2 or even 3 in faecal output. 

Comment - In the way you use reference intake, it is assumed that 
digestibility is the determining factor of that intake, so in fact any 
possibility of detecting other possibly limiting factors is lost. Therefore 
it is not an objective reference intake, but, in my opinion, simply a way to 
adjust model output to observed output. A whole range of factors, such as 
mineral deficiencies and disease conditions, may explain the reference 
intake.
 

Reply - I concluded that digestibility is the only forcing factor at the 
moment. The program has possibilities to use quantity of feed as a limiting 
factor, as well as nitrogen percentage or distance walked per day. I agree 
with you entirely that there are more factors determining intake, which are
 
not operational the model at the Therein moment. is obviously a certain 
level of accuracy which you can reach when you want to apply a model. There 
are factors that are neglected because they are, for the moment, too dificult 
to model, or they are not yet fully understood, but there is no reason not to 
try to build a model based on the actual state of knowledge and possibilities. 

Coment - We could say that the modelling problem lies between the ground and 
the animal's mouth, in that nobody is challenging the partition of energy or 
protein within the animal. We do understand quite well those factors that 
affect the handling of the food after it gets into the rumen at least. 
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Coment - But if an animal is sick, it will certainly have a lower intake, as 
with mineral deficiencies. The supply of animal drinking water is also 
iiportant for intake. You should try to estimate the level of production in a 
system given the quality of the feeds available and subsequently compare it 
with the o ved levels of production. If there is a difference between 
them, then we should look for the factors which explain it. 

Coment - You give the impression that you are trying to simulate observed 
data. You are getting a set of data from Mali, and then you are changing the 
model to make it fit the data. 

Repl - I believe that the use of models in general is limited to the kind of 
situation for which you have created it. If we apply the ILCA model as 
developed for ranches in Botswana to a ranch in Kenya, we will have no major 
problems. But if we use it for a significantly different set of data, i.e. 
data from pastoral systems under suboptimal conditions, like in Mali, we have 
to change some of the assumptions in the model. With the data from Mali, we 
can at least approach the mortality or fertility subroutine more 
realistically, and then use this modified model for pastoral systems in 
Kenya. I will not say that one model will be applicable everywhere, neither 
will I say that the model is only applicable f-: the situation in which you 
validate it. There must be something in between. 
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Modelling pastoral livestock production: Problems and pros t 

P.N. de Leeuw 

Introduction
 

One of the principal tasks of the International Livestock Centre for Africa 
(ILCA) is to identify opportunities for improving livestock productivity in sub-

Saharan Africa. Therefore, the underlying causes of the variable and usually 
low output levels of livestock production systems need to be understood and 
quantified. From the beginning, IILA staff believed that modelling should be 
complementary to other research activities as it would help to analyse the 
multiple interactions that exist between herd productivity, forage resources 
and management regime,. ILCA chose to develop further the Texas A & M model 
because of its hiqh lev, 1 of generalisation and flexibility, and its proven 
ability to simulatr 7-. Auction systems in tropical environments. As described 
by Konandreas and Anderson (1982) several modifications have been built into the 
ILCA model to make it more suitable for modelling pastoral systems. 

In this paper the focus is on the key determinant of pastoral herd 
productivity, i.e. the quantity and quality of available forage, which in turn 
generates the daily intake of metabolisable energy as the driving input of the 
model. It is argued that the model seeks to simulate the input and output of 
well-defined and location-specific production systems for which field data are 
available to validate and fine-tune the model. This leads to the contention 
that there is little merit in using a model in which the input component 
inadequately resembles the real world. Several shortcomings in the 
quantification of the required inputs were identified when the output of the 
model was validated for a number of West African pastoral production systems (de 
Leeuw and Konandreas, 1982), while further modifications to the output side have 
been proposed by Wagenaar and Kontrohr (1986). 

The main premise of this paper is that a more realistic approach to the 
prediction of daily intake of forage is desirable. To identify the major 
problems and suggest solutions a stepwise scenario is proposed. Firstly, the 
general characteristics of the system that is to be modelled should be 
identified. Since by definition, each system is location-specific, the second 
step is to define its boundaries and assess its resource base. This requires 
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delimiting the expected levels of primary productivity taking into account the 
environment, inter-annual variation and rates of exploitation. The third step
involves the development of realistic profiles of the quantity and quality of 
forage on offer and the interactions of these variables with daily feed intake. 
To better identify and quantify the limitations to intake, the model should take 
into account the two primary determinants of intake: the amount of forage on 
offer daily, and the harvesting activities of the grazing animal. 

Input requirements for predictint intake 

The general structure of the model and the data needed to run it have been 
described in detail by Konandreas and Anderson (1982). For this paper, it 
suffices to discuss briefly the data needed for simulating intake: i.e. the 
driving force of the model. 

Although it is recognised that voluntary intake of feed by grazing
cattle is influenced by the quantity and quality of forage and by climatic and 
mianagement factors, it is mainly forage quality that determines the prediction 
of intake. Forage on offer is simulated based on monthly data for an annual 
cycle of 12 -:nths. Several year types are required to provide an adequate 
representation of the long-term resource variability. For each year type, 
monthly digestibility and crude protein content of forage on offer are 
identified. Year types drawn randomly basedare on a given probability of the 
forage supply situation for each production system. 

Intake is reduced when CP content is less than 6%, but given the close 
relationship between CP% and digestibility, the reduction of intake is defined 
in terms of digestibility alone as (d/0.4)06. Thus, intake begins to decrease
 
dhen forage digestibility is 
 less than 40%. similarly, when digestibility of
 
the forage rises above 65%, intake is 
 constrained by the physiological limit of 
the animal and is reduced to maintain metabolisable energy intake equal to that 
at 55% digestibility. Forage intake is reduced when standing biomass is less 
than 0.8 t/ha and when the distance grazing animals walk exceeds 14 km/day (or 
c. 4 hours of non-grazing activity). 

In summary, the model requirements indicate that, in addition to climate 
and management, other factors such as forage palatability, species preference 
and regularity and quantity of water intake are not considered in the prediction 
of intake. 
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Forage resources in pastoral svstems 

Before discussing the monthly input of forage data required for the model, 
attention is focused first on the characteristics of three location-specific 
pastoralist production systems as examples of their complexity. These are: (1) 
transhumant Fulani in Mali; (2) semi-sedentary Fulani in the subhumid zone in 
Nigeria; and (3) semi-sedentary Maasai in Kenya. Their general features are 
summarised in Table 1 with regard to climate, degree of mobility and the 
importance of cropping, while components of the seasonal fodder supply are 
illustrated in Table 2. From these tables it is clear that pastoralists need to 
employ a wide range of management and movement strategies to exploit fully the 
different forages available and to minimise the effects of fluctuating supply 
between seasons and years. 

For example, in the rainy season transhumant herds in Mali mainly graze 
annual grasslands several hundred kilcmetres away from their home area, while 

seasonduring the dry they gradually move across the floodplain of the Niqer 
following the recession of the floods. Due to different levels and durations of 
flooding, plant cover on the floodplain is extremely variable and consequently 
stock have access, simultaneously, to tall-standing Andropogo ga stands, 
inundated Echinochloa stacnina grassland and regrowth on rice fields after 
harvest, some of which are burnt (de Leeuw and Diallo, 1983; Breman et al, 
1978).
 

In Nigeria the resource base of pastoralists in the subhumid zone is 
less diverse, since they rely on upland savanna for over 80% of their total 
grazing. Nevertheless, crop residues, browse and regrowth after burning are 
important grazing resources during the dry season (van Raay and de leeuw, 1974; 
Bayer, 1984). The fluctuation quality quantity of thein and potential 
components of diet grazing cattle isthe of shon in Table 3 for grazable 
residues cif sorghum and millet and in Table 4 for a tall stand of perennial grass 
at the end of the growing season. 
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Table 1. 	 Major characteristics of three livestock production systems 
in Mali, Nigeria aId Kenya. 

country 	 Mali Nigeria Kenya 

Tribe 	 Fulani Fulani Maasai 

Zone Semi-arid Subhumid Semi-arid
 

(Sahel) (Guinea)
 
Annual rainfall (m) 400-600 1100-1300 400-700
 
No. of rainy seasons/year One One TWO
 

Mobility High LOW IDw 
Grazing orbit (kin) 200-400 km 20-50 km 10-20 km 
Importance of farming Medium High Almost nil 
crops 	 Rice Sorghum 

Sorghum Millet 

Millet Grain legumes 

Derived from de Ieeuw (1984). 

Table 2. 	 Seasonal fodder utilisation of three livestock production
 
systems in Mali, Nigeria and Kenya.
 

Oountry Mali 	 Nigeria Kenya 

Season 
 Wet Dry Wet Dry Wet Dry 

Period JUly-Sept Oct-Jne May-Oct Nov-Apr Oct-Dec Jan-Feb 

Mar-May June-Sept 

Annual grasses xxx x x 	 xx xx 
Perennial x x xxx xx XX 	 xo 

grasses 
Floodplain - xxx - x 

grasses 
Browse x - x x - x 
Crop residues - oc - o  -

= highly irportant; xx = important; x = low importance. 
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Table 3. 	Coponents and quality characteristics of forage from
 

sorghum and millet fields at the start of grazing in
 

the subhumid zone of Nigeria.
 

Sorghum 	 Millet 

Oamponent D% CP% % D% CP% % 

yield yield 

mInature panicles 60 7.8 1 65 12.6 2 
Upper leaves 60 7.3 6 60 11.4 7
 
Lower leaves 54 3.3 8 59 7.6 
 10 
Upper stalk 49 1.4 16 48 2.4 23
 
Lowerstalk 45 1.3 35 46 2.5 
 38
 

*Total cereal 48 2.8 66 50 4.1 8.0
 
Grasses and weeds 55 7.0 34 55 
 7.0 20
 
Total 50 4.2 3.3a 51 4.7 2.1a
 

Derived fron Powell (1984).
 

d% = digestibility;
 

CP% = Crude Protein Content.
 

a =t/ha 

Table 4. Crrde protein content (CP%) and in vitro digestibility
 
(IVED) of young and old leaves of Ar o
 

at the end of the growing season, Nigeria.
 

CP% 	 IVM 

Date Y(~Xua Old Young Old 

12 September 6.8 2.1 66.0 49.5 
3 October 8.7 3.1 56.6 29.2 

26 October 6.6 3.4 54.4 39.4 

Derived from Haggar (1970).
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The least ccurplex of the examples chosen, as regards forage resources 
and management options, is that of the Maasai in semi-arid Kenya. They rely on 
cattle and small-stock husbandry for most of their subsistence and cash income, 
exploit a rather uniform and limited orbit mainly of perermial grasslands and 
rarely engage in cropping. However, their resource base is subject to 
tremendous variability in time and space, giving rise to unpredictable cycles of 
boom and bust periods (de Leeuw et al, 1984).
 

Range resourcr.!s and primary productivity 

For modelling specific range livestock production systems a prediction of the 
geographical and temporal distribution of range resources is required. As a 
first step, grazing resources are derived from secondary sources such as natural 
resource and vegetation surveys, which provide maps and descriptions of the 
major land uses and vegetation types of the area within which the livestock 
production system operates. Often, those regional surveys include estimates of 
end-of-season biomass, from which assessments of potential carrying capacity 
can be made. Furthermore, analysis of demand for and supply of forage resources 
can lead to identification of regional imbalances in utilisation (e.g. de Leeuw 
and Milligan, 1983; de Leeuw, 1976). 

Equations linking annual or seasonal rainfall to end-of-season biomass 

are used to assess the grazing capacity of the land. Linear regressions were 
developed by Le Houerou and Hoste (1977) for West Africa and by Deshmukh (1984) 
for East Africa. Although the limitations of this approach are well recognised 
(cf Breman et al, 1984), these relationships appear to hold even when applied to 
smaller areas like the Tsavo National Park in semi-arid Kenya (Figure 1). Long
term weather variables have been used to explain past boom and bust periods for 
Maasai pastoralists in Kenya (de Leeuw, unpublished), and famine conditions in 
maize-growing regions in Kenya and Ethiopia (Stewart and Faught, 1984; 
Henricksen and Durkin, 1984). Fluctuations in carrying capacities are shown by 
the data in Table 5, which were generated to identify probable sequences of year 
types for modelling the Maasai system (see Figure 3). 
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Figure I. Linear regressions of annual or seasonal 
rainfall on primary productivity of herbaceous 
cover in sub-Saharan Africa 

Herbaceous cover 
g DM/M 2 
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200. 
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Rainfall (mm) 

Herbaceous biomass In Tsavo National Park 
(Kenya)for seasonal rainfall classes ( van 
Wijngoorden, unpublished ) 

East and Southern Africa (Deshmukh,1984) 
West Africa (Le Houerou and Hosts, 1977) 
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Table 5. Annual carrying capacity based on biomass yield 
for different combinations of rainfall seasons 
in semi-arid Kenya (ha/TLUJ/arLnum). 

First rains Good - -------- > Bad 

Second rains1 Biomass 

t/UMha 3.0 2.0 1.0 0.5 

aGood 3.0 1.2 1.5 2.0 4.2 

2.0 1.8 2.2 4.5
 

1.0 2.7 5.0
 
Bad 0.5 7.2 

iFirst rains: October-December; second rains: March-May.
 
a Based on the assumption that 50% of standing biomass is consumed,
 

and daily CM disappearance rate is 10 kg/day for a TLU of 250 kg. 

After defining the overall demand and supply situation of the system to 
be modelled, the monthly average data on quantity and quality of forage on offer 
are required. For modelling African systems, mostly secondary data were used: 
e.g. Sullivan et al (1981) in Tanzania, de Leeuw and Konandreas (1982) for West 
Africa, and Konandreas et al (1981) for Botswana. The problems with this 
approach when applied to pastoral production systems have been discussed above. 

There have been many efforts to simulate the forage supply available to 
grazing animals. These range from a simple pasture growth model using the 
length of the growing season (derived from a soil water balance model, e.g. 
McCown, 1981) to couplex models that aim at simulating the entire soil-plant
animal complex (e.g. Wight, 1983). Although the ultimate aim of these models is 
to simulate animal productivity, the majority treat plant productivity as a 
separate subroutine and use plant production as an input for simulating the 
animal production component. 

In Australia, McKeon et al (1980) developed indexan of daily pasture 
growth from the product of separate soil, moisture, temperature and radiation 
indices. Daily indices were transformed into a mean seasonal growth index which 
was then multiplied with the potential pasture growth rate (cKeon et al, 1982). 



Thus plant growth was related to the amount of green material capable of 
transpiring at a rate predicted by the daily soil moisture balance. Cornet 
(1984) used a similar model for predicting annual forage growth in the Sahel in 
Senegal, while Sullivan et al (1981) simulated changes in ccnposition of 
perennial swards in subhumid Tanzania y partitioning bicmass in standing green 
and dry material on a daily basis. The daily amount of green herbage (available 
to livestock) was a function of green forage at the beginning of the day, 
accounting for additional new growth and for lotses of green growth to the dry 
bicmass pool. Daily growth rate was influenced by soil moisture balance, the
 
starting date of the growing season, the leaf-area index and stocking rate. The 
principal concept of these models is to relate transpiration to dry-matter yield 
and appears well suited to generating the input for simulating animal 
productivity. The approach is flexible enough to model both annual and 
perennial species and tleir inter-annual variation as well as defoliation and 
grazing effects.
 

An alternative approach to modelling plant growth uses the same abiotic 
variables to drive the 002 assimulation rate and to simulate the flow of plant 
bicmas- and nitrogen in daily time steps (Hansons et al. In: Wight, 1983). 
These mo-dels were origL-ally developed for the Grassland Bicme StLdy and were 
modified to simulate the Serengeti grasslands in East Africa (Coughenour et al, 
1984), monsoonal grassland in India (Parton and Singh, 1984), and the annual 
Sahel grassland (Penning de Vries and Djit,e; 1982). 

It is not within the scope of this pap47 to indicate which of these 
primary production models is most appropriate for simulating plant-animal 
systems, but it seems that for this purpose, models are needed that ombine 
"increased generality, less unnecessary complexity, easier data demand and 
greater validity" (van Keulen et al, 1981).
 

Forage quality profiles
 

Monthly values of forage quality for the two West African systems are shown in
 
Figure 2. As already shown in Table 2, the forage resources are extremely 
variable and it is unlikely that these averages approximate the real world, even 
if between-year variations are accounted for by inserting year types into the 
nrdel. 
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Figure 2. 	Average monthly quality values of biomass on offer and expected
intake levels for two pastoral production systems in West Africa 

Transhumant Fuloni- Mali Agro-pastoral Fulani- Nigeria 
Digestibility (% ) 

D% CP% 0% 
12

70 o - ,- 70 

60 / -- 0 60 

50 - 0-
-50 

40 I 4o---oD%/ 4"----- CP°/ 

Expected intake 

J F M A 	 M J J A S 0 N D J F M A J J A 0 NM S D 

H = Intake > 2.8% of Ilveweight (LW) M= 2.3-2.7% LW L < 2.3% LW 
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Therefore, it is proposed to construct monthly forage profiles which 
provide ideally a combined assessment of the quantity of forage on offer by 
quality class based on digestibility and/or crude protein content. This 
approach was system intried for the Maasai Kenya, where fodder supplies are 
less diverse because rangelands with perennial grasses are the major grazing 
resource. Also, herd mobility is relatively low, implying that forage quality 
classes can be linked to known grazing pressure and expressed in kg/ha. Hence 
the monthly forage available in each quality class can be calculated (Figure 3). 

To analyse the grazing resource situation, three data sets were 
caoiled. The first provided monthly averages of digestibility end crude 
protein content. To illustrate the variability between year-types, the 
parameters are given for an above- and below-average rainfall (Figure 3a). 
Although differences between ypars are pronounced the annual curves follow 
similar trends. In a good year, average crude protein content is at 8% or more 
during 8 months, in constrast to 5-6 months in a poor year. 

The second set prcvides estimates of monthly averages of standing 
biomass derived from relationships between seasonal rainfall and biomass 
(Figure 3b) and supplemented by field measurements. The yield data in Figure 3 
represent monthly estimates of standing biomass under a moderate level of 
stocking of 3-4 ha/TiU. It shown that inis a good year standing biomass rarely 
drops below 1.5 t EU/ha whereas in a bad year, standing crop is less than that 
level for most of the year. 

The third data set divides the standing biomass into three quality 
classes using CP% as a proxy for quality. At the onset of the rains there is a 
rapid increase in high-quality bicmass concomitant with a rapid disappearance of 
old standing crop left from the previous season (Figure 3c). With continued 
herbage growth, CP content in current growth declines together with further 
reduction in old standing forage, so that at the end of the rains only medium
and poor-quality forage are still available for grazing. Comparing the two 
year-types, it is evident that differences in CP supply become very pronounced; 
while in a good year there is 1 t of good-quality forage per hectare for 6 months 
in a poor year this period lasts only for 2-3 months. Hence for 9-10 months 
only poor- and medium-quality feed is available. 
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Figure 3. Grazing resource profile by month in semi-arid Kenya 

(a) Digestibility (D%) and crude protein (CP %) 

D% 
 CP% 
 D%
 
60. . -".. -60
 

/\ /'
50- c/\\t/~'~ ~~ ,,/ 10 	 50
40 	- \I / \N"j

o , 	 40
4- CP°/
% 

(b) Standing biomass(t DM/ha)
 

tDM/ho 
 tDM/ho

13 

0 	N D J F M A M J J A S 0 N D J F M A M 	J J A S
 

(c) 	 Crude protein classes instanding biomass (tDM/ha) 

CP6% L CP 6-8% >CP>8% 

tDM/ho 

0 	 N D J F M A M J 5 0 N D 	 J F M A M J J S 

Month Month 

261 



Grazinr behaviour of pastoral cattle 

The concepts governing grazing behaviour and the search strategies which 
herbivores use when nreferred species or the quantity of acceptable forage are 
limiting have not been well defined experimentally (Rice et al, 1983). 

In pastoral systems, where livestock are herded, insufficient time to 
graze has been recognised as a factor limiting daily intake of forage. In the 
IT-A model, this limitation is simlated through reducing intake when the daily 
distance travelled by the herd exceeds 14 km (Konanireas and Anderson, 1982). 
Although distance travelled reduces time for grazing (14 kn equates to 
approximately 4 hours of walking at 3.5 kn/h), the actual duration and intensity 
of foraging may be more to forage intakedirectly related than the distance 
ulked. 

Most herded cattle walk less than 14 km per day. Exceptionally, longer 
distances (20-30 kin) were covered by pastoral herds in northern Nigeria during 
the latter part of the dry season (van Raay and de Leeuw, 1974). In Mali, Dicko 
et al (1981) reported an average daily distance walked of 12.7 km, which 
consisted of 5.1 + 0.5 km of walking and 7.6 + 0.1 km of searching for fgrage. 
In Nigeria, semi-settled pastoralists rarely cover more than 10 km daily (Bayer, 
1984; van Raay and de )ieeuw, 1974), while Maasai herds walk 10-14 km during the 
dry season and less during wet periods. 

There is a general trend for herders to extend Lhe grazing orbit and the 
length of grazing day when grazing resources become scarce and of poorer 
quality. The grazing day may increase from 6-7 hours in the wet season to 9-12 
hours in the dry season. Bayer (1984) recorded very short grazing days in the 
subhumid zone of Nigeria during the rainy season and concluded that this may 
contribute to the low productivity of this production system. 

Another variable that may affect forage intake is grazing intensity. 
Van Raay alyd de Leeuw (1974) found that the proportion of high-intensity grazing 
was inversely related to total grazing time, indicating a self-adjusting 
mechanism in grazing behaviour. Using number of bites per minute aas measure 
of grazing intensity, de Ieeuw and Peacock (1982) found that grazing intensity 
was negatively correlated with walking speed. Almost all grazing (93-96%) was 
done at walking speeds of less than 1.5 k/h. Consequently, daily 'speed 
profiles' were used to determine actual hours of grazing per day. Therefore, it 
seems necessary to adapt the model so that, in addition to the intake 
restriction due to distance walked, second restriction is inserted that takesa 

account of situations where grazing time is limiting. 
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Forage on offer and intake 

Although Konandreas and Anderson (1982) included a correction factor to adjust 
voluntary intake for limitations in the quantity of acceptable forage on offer, 
this was never validated. Sanders and Cartwright (1979) incorporated the 
monthly forage dry matter available per animal per day and stated that forage 
consunption per unit time may be affected by forage density and several other 
factors, such as distance fran water. However, no minimum quantity was given 
for acceptable forage per unit area below which intake is restricted. In a 
further development, Sullivan et al (1981) interfaced livestock productivity 
with forage quantity and quality, but in the application for Tanzania, available 
forage was assumed to be non-limiting. However, they used two levels of 
stocking which resulted in lower simulated growth rates at the higher level due 
to lower CP content and digestibility. 

The SITJR model is probably the most comprehensive, since annual 
preferences for grazing sites and locations as well as for up to nine forage 
species or species groups were included together with a factor for physical 
availability of forage (Rice et al, 1983). This factor was defined as the 
proportion of the total above-ground biomass of a plant species group which is 
readily consumed by a single grazing event. Availability is therefore 
primarily a function of the growth form of the plant, rather than its quantity 
per unit area. Fran these, a plant supply matrix for grazing was developed. 
Supply and demand matrices for all sites were calculated on a daily basis, 
yielding daily intake of digestible dry matter. This daily 1vmoval was 
discounted in subsequent supply matrices. 

Hendricksen et al (1982) in Australia related intake to dietary CP 
content, which was generated fran a herbage growth model. This model estimated
 
green herbage by age class and assumed 
 that grazing progressed preferentially 
fron young to old herbage'. Intake was reduced when standing bianass was less 
than 230 kg/ha and also when the aMOunt of herbage removed was greater than 30% 
of the standing dry matter. 

Several validations of these simulation procedures have been published. 
Kcthman and Smith (1983) used the Texas A & M model to evaluate management 
alternatives in cw-calf operations and stated that the model was adequate when 
forage quality and availability were available for different alternatives, but 
eqohasised that there is a critical need to develop plant/animal interface 
models that will accurately predict availability and quality for forage and 

1 Konandreas (1980) outlined a similar procedure in the early phase 
of the develcpment of the IICA model. 
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nutrient intake of grazing animals for different range and livestock management 
schemes. Validations of interfaced plant/animal models in Australia were 
satisfactory for sown gqi-ass/legume pasture. However, growth predictions of 
livestock grazing native pastures was poor, partially because the modelling of 
the quality of dead material on offer during winter periods was considered 
inadequate (McKeon et al, 1980). 

To what extent the inclusion of other intake-limiting factors will 
improve simulations of pastoral systems remains to be seen. If the opinion 
expressed by Cordova et al (1978) that 'no method has been devised by which 
intake of grazing livestock can be quantified' remains valid, validation of 
modelled intake will continue to be difficult. Variable levels of intake by 
pastoral cattle were recorded by Dicko et al (1983) using total faecal 
collection. Daily intake ranged from 1.9 to 3.9% of liveweight and from 0.5 to 
1.2 kg per hour of actual grazing. These values are comparable to those given 
by Cordova et al (1978).
 

Few data are available on the effect of low biomass yield on intake. 
Allison et al (1982), in comparing a wide range of short-term grazing pressures, 
showed that intake did not decrease even when daily forage availability was 
close to daily intake (± 10 kg/day) and there was very little standing biomass. 
It may be advantageous to consider the forage availability per grazing event, as 
proposed by Rice et al (1983), to define relationships between available forage 
and intake. if such events are equivalent to bites, it can be postulated that 
for freely ranging cattle, daily available forage is related to the area 
covered. If average number of bites/day equals 16 000 and the bite area is 
approximately 0.01 m2 , a mature animal can cover 160 m2/day. If 10 kg 11/day is 
assumed to be the minimum quantity required, standing acceptable forage should 
be more than 625 kg/ha. This is close to the 800 kg/ha mentioned by Konandreas 
and Anderson (1982) as the quantity below which intake is reduced. 

Model validation
 

To date, few African pastoralist production systems have been modelled, due to 
the complexity of this mode of production coupled with the difficulties and 
costs involved in monitoring the long-term production parameters of traditional 
livestock enterprises. 



De teeuw and Knardreas (1982) validated the IICA model for four West 
African pastoralist systems and found good correspondence between model output 
and the real world when productivity parameters were aggregated in a production 
index, but stated that simulated animal growth rates were over-estimated, and 
that mortality and monthly conception rates were difficult to simulate. 
Improvements to the simulation of these parameters have been proposed by 
Wagenaar and Kontrohr (1985) using the data from a 4-year study of transhumant 
herds in Mali (Wagenaar et al, 1984). Therefore, in this section ccsparison 
between simulated and actual productivity will be confined to animal growth 
rates. This parameter has received more attention, because weight changes are 
easier to monitor than reproductive rater, mortality ard milk output (Wilson and 
Semenye, 1983).
 

As shown in Table 6, simulated and actual weights of one-year-old calves 
and animals close to maturity are well matched, whereas the model over-estinated 
the growth of immature animals. Possible causes of these discrepancies have 
been given by Wagenaar and Kontrchr (1985). Also monthly weight changes usually 
showed a good fit both in West Africa (Table 7) and in Botswana (Kahn and 
Spedding, 1984). Unfortunately, none of the field data were for pastoralist 
cattle but were derived fron grazing trials on experimental stations. The same 
applies to the growth data used by Sullivan et al (1981) to validate their model 

in Tanzania.
 

Table 6. 	 Actual and simulated liveweights at four ages for female 
cattle in production systems in Mali and Nigeria. 

Year 
System 	 Reference
 

1 2 3 4 
Liveweight (kg) 

Transhumant, Mali 
Actual 80 125 170 198 Wagenaar et al (1984)
Simulated 71 153 226 237 de Leeuw and Konandreas 

(1982) 

Aqropastoral, Nigeria 
Actual 80 145 190 245 Pullan (1980)

Simulated: 1. 80 164 262 280 Konandreas and 

2. 98 192 277 280 Milligan (1981.)
 

1. Born in December (mid dry season).
2. Born in May (early wet season). 
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Table 7. 	 Actual and simulated liveweight changes of growing
 
cattle in semi-arid West Africa.
 

Actual Initial Dry season Wet season Total annual 
changes weight (kg) loss (kg) gain (kg) gain (kg) 

Mali' 	 255 35 90 55
 

344 65 95 
 35
 
Niger2 	 150 75 
 60
 

Simulated chanes 

Mali3 	 250 40 104 
 64
 
Mauritania 4 	 133 +10 82 92 

225 43 
 58 13
 

1 	Derived from grazing trials on the Niono Ranch with steers during
 

1978/79 (de Leeuw and Hiernaux, 1980).
 

2 Summarized from 	grazing trials on four ranches the Sahelin zone
 

of Niger (Wylie et al, 1983).
 

3 	 Simulation of the agropastoral livestock system in the 'Office
 
du Niger' area in Mali (de Leeuw and Konandreas, 1982).
 

4 	 From Greenwod (1985) based on livestock nutrition and grazing 
trials in Southern Mauritania. 

The sensitivity 	of the Texas A 	& M model to changes in the nutritive 
value of forage on animal performance was tested by Kahn and Spedding (1984) in 
Botswana and by Sullivan et al (1981) in Tanzania. In Botswana, by lowering 
monthly digestibility by 5%, annual weight gain dropped from 105 kg to 90 kg per 
head, while weight losses (3 kg vs 23 kg) and subsequent growth rates were 
pronounced. In Tanzania, nutritive value of forage was influenced by stocking 
rate and annual rainfall; simulated annual growth in a good year at low stocking 
rate was 110 kg, dropping to 50 kg in a poor year at high stocking rate. 

260 



Simlated weight change in adult female cattle in the subhumid zone in Nigeria 
were given by Konandreas and Milligan (1981). Season and parturition time 
interacted strongly, resulting in seasonal weight ranging from 350 to 260 kg.
These weight changes seem in excess of those reported by Wilson (1983) for Mali. 

In an attempt to predict animal performance across a climatic gradient 
in West Africa, Ketelaars (1984) used the lengthi of the growing season and 
dietary N content as driving forces. For the 600-800 m rainfall zone (southern
Sahel and Sudan zone) his predictions are close to those presented in Tables 6 
and 7. In contrast, annual weight gain in the subhumid zone reached 147 kg,
becaus.e dietary N% was assumed to be more than 1% for 9 months, whereas in 
reality this period lasts only for 5-6 months. As a consequence, actual 
liveweight gains in long-term grazing trials are in the range of 60-80 kg per 
annum or fairly similar to those in the drier areas further north (de Leeuw, 
1971). 

Frcn this review, it appears that growth rates and seasonal liveweight
changes can be simulated satisfactorily whenever anddata on forage quality
availability adequately resemble the real world (Kothman and Smith, 1983; Kahn 
and Spedding, 1984). It also implies that the simulated output is as good as 
the input data that generate the driving force of the model. 
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Discussion 

Ouestion - Te uper line in Figure I is based on data from enclosed areas. All 
the plotted data from van Wyrgaarden seem to fall below this line. Are those 
data collected from grazed areas? 

- I am not sure. 

Question - Is your poor year in Figure 3 a really poor year? You measured 3.5 
t/CM/ha with 450 =uof rainfall. In a really poor year I would expect higher 
CP%. 

Answer - It was below average. We did not have erogh data to cmpare standing 
crop of the same age with low and high rainfall, but we did look at the 
correlation between quality and quantity. 

Quality should be higher in a bad year than in a good year, but my 
figures do not show that, because the sampling system was not designed to prove 
that particular point. 

question - What do you mean by boon and bust periods? 

Answer - That is the long term fluctuation of good and bad periods of about 5 
years each. 

Question - Bad and good years in rainfall or also in productivity? 

Answer - Difficult to say, since we only collected data for two years. But 
calculations of productivity indices for systems in Mali, Nigeria, Kenya and 
Sudan did indicate much similarity. 

Question - Would you say that there is a strong stabilising factor in the system 
which maintains a fairly constant reproduction rate, and that all of the 
variations that we are looking at in detail are in fact elements of one system? 

- It is a very intres.Lng hypothesis to test. 
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I 

Comaent - I do not agree with your conclusion that there is little difference in 
productivity of livestock systems in semi-arid Africa. Your hypothesis is 
very dangerous, because it doesn't show whether the system is in a steady state 
or not, whether herds are growing or dying out. You should first check if your 
parameters of reproduction and mortality can create a viable herd or not. 

Ceement - I agree that we have to take into account good and bad situations. 
calculated a productivity index for four or five systems in Africa and they all 
seem to have the same ratio, but I want to make the point that this index will 
not discriminate between a higher productivity of milk in one system and higher 
calving rates and lower calf mortality in another system, because of the 
relationship between calving rates, calf mortality and milk offtake. 

Reply - The final pzvductivity index obscures the difference in values among its 
various factors. It is only useful as a broad comparison of productivity. 
Despite the uniformity over systems, you will find big differences between 
individual flocks and herds in the area, associated with some aspect of 
management or health. Th-s indicates that the system can be manipulated. 

Question - Are you sure that the difference between herds is not a matter of 
inequitable distribution of resources: some are doing well because others are 
doing badly? 

n - As soon as simeone loses 50%of his herd, flock productivity index is
 
low as 
caipared with those who did not lose stock, but productivity per animal 
is not so depressed. 

Comment - I would like to add simething to that question of large differences 
between the individual flocks. It is irrelevant to all systems which are close 
to maintenance because under such circumstances small improvements in feed 
conditions can have a tremendous effect on productivity. A 12% increase in 
energy could double the liveweight gain or make the difference between weight 
gain and weight loss. 
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Analysis of management impact in semi-arid aaroeastoral ss 

Eugene D. Ungar 

Introduction
 

The integration of wheat and sheep production has been examined in the field 
over a number of years at the Migda experimental station in the northern Negev. 
Research at Migda has aimed at determining the potential primary and secordary 
production in such an environmen, and in designing farming systems that could be 
implemented widely in the region. These systems would aim to provide a more 
stable income than the pure wheat production system that currently predominates. 

In conjunction with research at Migda, a modelling study was conducted 
to examine the management problems involved in operating intensive agropastoral 
systemis in a semi-arid environment. The aim was to develop a procedure for 
improving decision making, with an emphasis on management options created by 
integration with wheat production. 

The system studied is lamb production from a flock of sheep, of constant 
animal number from year to year, reproducing once a year at fixed dates. The 
flock is sedentary, grazing a rain-fed area (individual use) consisting of 
annual vegetation (all species of similar growth and palatability) in a semi
arid, winter-rainfall zone with mild to cool winters. The pasture is fertilized 
and the animals are supplemented to 'optimal' production. The economic 
envirorment is characterised by a high meat: grain price ratio. There is no 
drinking water limitation. Most importantly, the pastoral component is 
integrated with small grain production (wheat). 

The approach adopted was to develop a series of optimisation algorithms for 
individual management decisions that can be usefully examined in isolation. 
The system model is built around these algorithms, rather than constructing a 
single biological simulator for the entire system with a large set of management 
control parameters. In this problem-oriented approach, the algorithms were 
developed independently with little emphasis on consistency of resolution or 
precision between them. Each optimisation algorithm is based on relatively 
simple biological formulations that seek to incorporate the essential dynamics 
of the relevant subsystem. 
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Emphasis was placed on using the models (1) to derive practical 
guidelines and rules for optimal management that would obviate the need for a 
model by the decision-maker and (2) to indicate not only the cptimal management 
decision but aso the cost of poor decision-making resulting from indifferent 
management, inadequate model formulation or poor field monitoring for 
parameterisation purposes. 

By linking the individual decision algorithms to a relatively detailed 
biological simulation framework, system response to structural management 
decisions, such as stocking rate and land allocation, can be examined. In 
addition, using a higher-resolution whole-system simulation framework enables 
the optimality of solutions derived from simpler ndels to be evaluated. 

Decision algorithms 

Early-season grazing of green wheat 

Under deferred-grazing management, the flock is generally maintained in a 
holding paddock ox supplementaiy feeds. The cost of feeding can be high since 
this period usually coincides with pregnancy or early lactation. A significant 
reduction in these f-d costs can be achieved by grazing gren wheat during some 
part of the deferment period. Experiments at Migda indicate that there is a 
period of at least six weeks after emergence of wheat during which defoliation 
does not cause a significant reduction in grain yield. Beyond this period,
 
defoliation reduces grain yield, 
 the effect on yield increasing with lateness 
and severity of defoliation. Thus, if grazing is restricted to the no-damage 
period, the problem can be formulated as minimising supplementation costs over 
the possible wheat grazing period. In a target-oriented approach to animal 
(ewe) feeding, this is equivalent to maximising herbage utilisation over the 
same period. The problem is therefore to determine the day of flock entry to 
the wheat that will maximise cumulative herbage consumption. 

The problem has been defined in terms that are closely related to the 
management decision itself rather than in terms of maximising overall system 
profitability. In the latter case, an optimal solution may well have been found 
using a total-system simulator. Howeier, the solution would most probably have 
appeared arbitrary in the sense that the underlying reasoning or principle that 
determines the solution may have remained obscured in the sheer impenetrability 
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so characteristic of total-system models. It is suggested that the insight into 
the es:ential dynamics of a problem that can be gained fron analysis with simple 
models is more important than any claim to increased accuracy of solution that 
the 'big' model can provide. Perhaps the view should be added that simpler does 
not necessarily mean less explanatory or mechanistic. 

'ATe simple model used to locate +:he optimal day for stock entry is based 
on an exponential growth function (realistic for the early groth stage) and a 
ramp consumption function. All sections of the study connected with grazing 
dynamics were strongly based on the analyses of Noy-Meir (1975a; 1975b; 1978a;
 
1978b). 
 Table 1 briefly describes the model and lists the parameters required
 
and a guess at the ease of monitoring them on-farm. Clearly, if the algorithm 
were to be applied at a specific location, a number of parameters would have to 
be based on other, possibly very different, locations. The relative growth rate 
(g) and stocking rate (H) are two parameters most likely to vary between 
locations and so these were chosen as criteria for exploring the response space. 
Figure 1 shows the response surface of mean daily intake rate per animal during 
the grazing period (for the optimal entry day) to stocking rate and relative 
groth rate. A sensitivity analysis was carried out in which the mean daily 
intake rate per animal was calculkted for a fixed entry day of 25 days after 
e ergence for the same H-g space. The shaded area in Figure 1 represents zones 
of this space for which an entry day of 25 days after emergence yields an intake 
rate with 10% of the cptimised value. 

On the basis of this analysis one might tentatively conclude that, for a 
specific site, a single robust solution for stock entry day can be derived given 
reasonable parameter estimation. The robustness, or otherwise, of the system 
as a whole to this management decision will be discussed later. 

Green pasture grazing deferment 

The management decision of when to cmmenoe grazing of green pasture is a major 
determinant of pasture dynamics. The optimal deferment period is that which 
enables maximum herbage utilisation. Utilisation can be defined in terms of 
green-herbage consumption and dry-herbage consumption weighted according to 
tieir relative nutritive values. In addition, in the integrated agropastoral 
system, the lower requirement for dry-pasture herbage due to the availability of 
wheat aftermath can be taken into account. 
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Table 1. 	 Model to cptimise early-season grazing of wheat:
 
description, assumptions and required parameters
 

Problem: 	 Find entry day to wheat (a.i such that cumulative herbage 
consumption between decision time and final wheat grazing 
day is maximised.
 

Model: Maximise t = a6-Cx dt
 

Herbage growth rate (exponential): dV = g v 
dt 

Herbage consumption rate (ramp): C = H min(s(V-Vr), cs)
 
Important auxiliary assumptions: ounstant animal performance (-target

oriented approach), therefore constant energy requirements
 
which mist be met, therefore cost of deferment does not
 
effect solution.
 

Required parameters 
 Ease of on-farm monitoring* 

Number of ewes/hectare wheat (H) 1 
Number of days since emergence 2 
Final wheat grazing day (x) 2 
Residual ungrazable bicmass (Vr) 5 
Current bianass (V) 3 
Relative growth rate (g) 4 
Grazing efficiency parameter (s) 5 
Satiation intake rate of wheat (c.) 5 

* 0 = easy/readily available information, 5 = extremely difficult. 

The simple model used to determine the cptimal stock-entry bicmass or 
day is based on a logistic growth function and a negative exponential 
consumption function. Table 2 briefly describes inodelthe and reqlired 
parameters. 
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Figure I. iesults of the early-season wheat grazing algorithm. Contour 
map of the mean daily herbage intake rate (kg/animal/day) 
as a function of relative growth rate of wheat per day and 
stocking rate (animals/ha wheat) for the period from the optimal
stock entry day tothe end of ihe early-season grazing period 
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It seem reasonable to venture, as a crude generalisation, that the 
number of parameters in a model stands in inverse relation to the experimental 
or analytic effort invested in establishing their values. In this study, it was 
possible to devote considerable effort to establishing the intake function and 
long-term average parameter values for the logistic pasture growth function. 
In the latter case, a relatively high resolution model was used to simulate 20 
growing seasons and the simulated results were analysed statistically. 
Scmtimes, though, the simple model beccmes succinct and abstractso that the 
parameters become meta-parameters and not directly measurable. This objection 
can be countered by the fact that this inplied distinction between theoretical 
construct and observable data has yet to be successfully argued by philosophers 
of language.
 

Figure 2 shows the relationship betwean 
 the herbage consumption 
objective function and length of deferment for various stocking rates. Note the 
increasing sensitivity to decision-making with increasing stocking rate. One 
way of analysing the cost of poor parameter estimation is to map theout 
response surface of the decrease in objective function to actual and estimated 
parameter values. An example shownis in Figure 3 for the relative growth rate 
parameter. To construct this response surface, the optimal entry day is 
calculated using an estimated g value in the optimisation algorithm. This 
deferment period is then implemented in the deferment model using a wide range
of actual g values. The consumption objective function is calculated for each 
actual value aken and the reduction in cumulative consumption caused by a 
suboptimal deferment period is computed. The response surface of forfeited
 
utilisation is not exactly intuitively obvious. However, with a 
model of such 
simplicity, it is not a major undertaking to 'take it apart' and find out why 
such surfaces are obtained. 

Lamb feeding 

The management decision regarding supplementary and ccmplete ration feeding of 
lambs essentially consists of whether or nut to provide feed and at w1it rate. 
The choice of feed is not considered here; it is assumed that a high-energy and 
high-protein concentrate isfeed available. Since only the maintenance and 
liveweight change functions are involved in lamb,the growing the problem of 
lamb feeding is amenable to optimisation. 
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Table 2. 	 Model to cptimise green-pasture grazing deferment:
 
description, assumptions and required parameters.
 

Problem: Find entry day (a) to green pasture such that cumulative
 
herbage utilisation between decision time and expected start
 
of next green s n is maximised.
 

Model: Maximise t = 6.C1 dt + min(Vl Vm(l-I)R n H cs)F
, 

Herbage growth rate (logistic):dV _ gV(l - V)

dt vm
 

Green herbage consumption rate (negative exponential): 
C = cs (l - exp(-(V-V))/(V -V 

Important auxiliary assumptions: Constant animal performance (= target
oriented approach) therefore constant energy requirement which must 
be met, therefore cost of deferment does not effect solution. 
Interactions between time of stock entry, sward canopy structure and 
herbage quality are ignored. 

Required parameters 	 Ease of on-farm monitoring 

Cumulative green pasture consumption (C) cnaputed
 
Time of end of green season
 

(long-term average) (x) 2
 
Dry pasture biomass remaining at the
 

end of the green season(V ) computed

Peak undisturbed pasture/wheatbianass
 

(long-term average) (V ) 5
 
Fraction of peak wheat bi&&ss that remains
 

available for grazing after harvest
 
(long-term average) (1-I) 4
 

Ratio of wheat to pasture area (R) 1
 
No. days from end of green season to start
 

of the next (long-term average) 2 
No. of ewes/hectare pasture (H) 1 
Satiation intake rate at green/dry pasture (cs) 5 
Relative value of dry: green pasture (F) 5 
Relative growth rate (long-term average) (g) 5 
Current biomass (V) 3 
Residual ungrazable biomass (V) 5 
Biomass for intake satiation (Vr) 5 

* 0 = easy or readily available infoination, 5 = extremely difficult 

The system, as defined in the introduction, is limited in the amount of 
product rather than by the production rate. The product of the number of lambs 
born, the maximum saleweight and the price of meat constitutes an income ceiling 
that cannot be exceeded. Hence, annual profit is maximised by maximising profit 
per unit output rather than per unit time and the optimal feeding level is that 
which minimises the cost per unit liveweight gain. The fact that time itself 
may represent a cost in terms of interest and risk does not alter the underlying 
approach. Such factors can be incorporated into the omnputation of cost per 

unit liveweight gain. 
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Figure 2. Results of the green pasture grazing deferment algorithm:
the relationship between normalised herbage consumption
and the length of the grazing deferment period, for various 
stocking rates 
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Figure 3. 	Results of the green pasture grazing deferment algorithm: the 
response surface of forfeited intake (kg/ha) resulting from poor
parameter estimation to actual and estimated relative growth
rate (g), at a stocking rate of 5 ewes/ha of pasture 
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Figure 4 outlines the main elements of the feeding optimisation 
algorithm. Analytic treatment of the problem can 	yield useful formulae for 
certain restricted cases only. 

The general relationship between cost per unit liveweight gain and 
supplementation rate is for the cost to decline rapidly with increasing 
supplementation rate down to the mirmim point, and to subsequently increase 
relatively slowly. If the animal can put on weight at a reasonable rate in the 
absence of supplenentation, then the function is at the minimum at zero 
supplementation and the cost per unit gain increases over the entire 
supplementation range. 

The problem of monitoring for parameterisation purposes is severe, 
though perhaps it is misleading to apply the term 'monitoring' to parameters 
that are (wishfully) treated as universal constants. Even so, there remain 
items such as lamb ? iveweight and pasture intake. An appealing solution to that 
problem is 	 to simulate what you cannot measure, which has the additional 
advantage of greatly simplifying model validation. Given these limitations, it 
becomes even more imperative to extract rules of operation which can be 
implemented relatively easily. Towards this end, the following conclusions 
were drawn on the basis of extensive runs of the feed optimisation algorithm. 

a. 	 The optimal supplementation level is virtually independent of the 
meat price; as long as the cost per unit gain is less than the meat 
price, it is optimal to continue lamb rearing according to the 
solution provided by the aLgorithm. 

b. 	 At pasture, if some minimal growth rate can be supported in the 
absence of supplementation, then no supplements should be provided. 
If pasture intake in the absence of supplementation is insufficient 
to support growth, the optimal supplementation level tends to be ad 
lib. 

c. 	 The response space of optimal supplementation level to a number of 
parameters shows large regions of zero and ad lib supplementation 

mediated by a fairly narrow zone of intermediate supplementation 
levels. It is reasonable to assume that, under field conditions, 
the system will traverse this bcundary region fairly rapidly and the 
management problem of lamb supplementation reduces to a choice 
between two extreme, easily implemented, actions.
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Figure 4. Main elements of the lamb feeding optimisation algorithm 
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d. 	 Time-hsed costs only begin to take on importance at extremely high 
leves (much higher than the interest cost on the value of the lamb 

liveweight).
 

Lamb rearing 

The 	management problem of lamb rearing consists of selecting a rearing pathway 
that maximises profits. The rearing pathway is a nutritional time course where 
nutrition is determined by the physical location of the lamb in the system, 
whether or not the lamb is sucking, and the supplementary feeding regime. In an 
agropastoral system, seven nutritional locations can 	 be defined: holding 
paddock, pasture, wheat (each sucking or weaned), and fattening unit (weaners 
only). In the expanded system, there may also be a special-purpose pasture for 
lamb fattening, as a forward creep or for weaners. (The fattening imit and 
holding paddock are nutritionally equivalent.) 

The 	 rearing options can be defined in a lamb-movement matrix which 
specifies the possible flow links between each of the rearing locations. A 
standard configuration is shown in Table 3. Having defined the optimal 
supplementation level for any given location the basis of minimumon 	 cost per 
unit liveweight gain, the same principle can be extended to selecting between 
locations. The optimal location at any point in time is the one that provides 
the lowest cost per unit liv weight gain. Thus the lamb-movement algorithm 
predicts lamb performance for each possible alternative, as defined by the 
movement matrix, and does so at the optimal supplementation level for each one. 
Lambs are moved to the location that provides the lowest cost per unit gain. 
Using this approach, it is not necessary to arbitrarily set criteria for 
weaning, supplementation or lamb sale. 

This crude short-term optimisation approach is inadequate if the 
response surface of profit to rearing pathway has local optima that represent a 
significantly lower total income to the global optimum. This would mean that 
there are circumstances in which it might be more profitable to suffer poor 
economic performance in the short term in order to follow a pathway of high 
income accumulation later. Such a possibility is not taken into account in this 
approach. However, the lamb-movement matrix enables the optimality of the 
solution under the standard matrix setting to be checked by simply using the 
matrix to force alternative rearing pathways. Testing of the algorithm 
requires a total system model with the necessary interfacing with pasture 
production and ewe performance. Results fram the algorithm will be discussed 
later. 	 287
 



Table 3. 	 The standard configuration of the lamb-movement matrix - a 
definition of the possible flw links between nutritional 
locations of a lamb in an agro-pastoral system. 

TO 

Spec. 

purp-Ge Fattening 
Holding paddock Pasture/wheat pasture unit 

Fran Sucking Weaned Sucking Weaned Weaners Weaners 

Holdin paddock 
-sucking 1 1 1 1 1 1 
-weaned 0 1 0 1 1 1 

Pasture or wheat 
- suzkin 1 0 1 1 1 1 
- weaned 0 0 0 1 1 1 

Special purpose 
pasture 0 0 0 0 1 1 

Fattening unit 0 0 0 1 1 1 

1 = possible flow.
 
0 = non-feasible or restricted flcxi
 

The aqropastoral system model 

The various short-term decision algorithms, including a number not described 
above, were incorporated as subroutines into an overall biological simulation 
framwork. Primary production (pasture, wheat, special-purpose pasture) was 
based on ARID CROP (van Meulen, 1975). Secondary production of ewes and lambs 
was based on ARC equations (ARC, 1980), some functions based on Migda data and a 
few speculative hypotheses regarding the response of ewe lactation to level of 
nutrition. The primary and secondary production sections were interfaced by a 
low-resolution irtake subroutine. (A detailed description of the model is 
given in Ungar, 1984.) The model was implemented using 21 years of climatic 
data for Migda in the northern Negev. The standard run refers to a land 
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allocation of 50% natural pasture, 50%wheat (no special-purpose pasture), a 
stocking rate of 10 ewes/ha of pasture and a neat grain price ratio of 10:1. 
Ewe prolificacy is lw-to-medium relative to the potential in the field. 

Response to management at the system level 

The following results were obtained at the system level regarding the short-term 
management. decisions discussed earlier. 

Early-season grazing of green wheat: Despite the seemingly significant saving 
in feed costs that should derive from utilising early-season green wheat, there 
are capensatory effects operating at the system level that reduce the 
opportunity cost of this management option (Table 4). Firstly, by not grazing 
the wheat the ewe spends more time in the holding paddock but the total seasonal 
energy requirements of the ewe are thereby reduced. Secondly, early-season 
grazing reduces the peak biomass and hence quantity of wheat aftermath for dry
season grazing. Though the straw baling decision algorithm was not described 
above, Table 4 shows the response of the system to various management options 
regarding aftermath uti] isation. The 'normal' straw-baling criterion is simply 
to bale everything in excess of the expected requirement until ploughing time, 
while the remainder is left in the field to be grazed. Unless the manager makes 
obviously stupid decisions, he is generally operating in an insensitive zone of 
response space.
 

Green-pasture grazing deferment: The optimality of the optimisation algorithm 
for grazing deferment was examined using the relatively complex system model. 
The optimal entry biomass (OEV) supplied by the deferment algorithm was 
multiplied by a factor ranging f..xn zero (no deferment) to 1.2, and the adjusted 
value used to determine stoc entry in the system model. The results for 21
year runs are snmiarised in Table 5. The gross margin (GM) response to 
deferment is quite flat over a range at thebroad standard stocking rate. 
Factors such as the relative timing of lambing and break of season, changes in 
the lamb-rearing pathway with changes in OEV and even the length of the 
management decision time step can contribute to the buffering capacity of the 
system. 
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Table 4. 	 CcmCarison of alternative strategies of wheat utilisation 
in feeding the ewe. Alternatives are arranged in descending 
order of profitability. 

Early Wheat 

wheat aftermath Straw Gross 
grazing grazing baling* margin 

No Yes Max 109.9
 
Yes Yes Max 106.6 
No No Rega 105.2 
Yes No Regb 103.0 
Yes Yes Rego 97.7 
No Yes Reg 93.1 
Yes Yes No 82.1 
No Yes No 71.6 
Yes No No 68.1 
No 
 No No 56.3 

* 	Max = always bale if bicmass > 1000 kg/ha, 

Reg = normal straw baling criterion. 
a. Equivalent to No No Max. 
b. Equivalent to Yes No Max. 
c. Standard run. 

Gross margin is mean for 21 years, in S/ha. 

The mean G(K for the non-adjusted OEV was only 8% below the maximum value 
obtained. However, there is really no justification to assume that the system
model optimum is necessarily more accurate than that generated by the deferment 
algorithm. Rather, such a test of optimality lends confidence to the aproach of 
utilising a low-resolution algorithn for decision making. 

Lamb feeding and rearing: The approach taken to lamb rearing via use of the 
lamb-movement matrix opens up a large range of rearing permutations. Despite 
this, the algorithm almost always selected fairly conventional patterns and, in 
so doing, offerred a straightforward explanation as to why such pathways are 
indeed preferable. 
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Table 5. Analysis of sensitivity to the length of the grazing 
deferment period. Deferment is defined in terms of 
the optimal entry biomass (OEV) as deterndnei by the 
qimple grazing deferment m]el. 

OEV
 

multiplication 

factor Gross margin 

0 86.3 

0.1 92.8 
0.2 98.3 
0.3 103.0 
0.4 104.8
 
0.5 106.0 

0.6 106.7 
0.7 
 103.3
 

0.8 
 102.0
 

0.9 99.5
 
1.0* 97.7
 
1.1 96.8 
1.2 95.3 

Gross margin is mean for 21 years, in $/ha. 
*.Stard run. 

The overall performance of the rearing algorithm can be summarised as 
follows: 

- At a meat:gqain price ratio of 10:1, lambs are always reared to the 
seeweight limit of 45 kg. be soldLambs would at lower weights in 
the absence of a fattening unit. 

- Weaning tends to occur either early (30-50 days of age) or late (110
130 days of age) and relatively less in the intermediate period 
(Figure 5). The main determinant of weaning is season, though there 
is a tendency for weaning age to decline with stocking rate. In a 
nunber of seasons an increase in stocking rate caused a switch from 
late to early weaning. 
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- Lambs are almost always moved to the fattening unit at weaning. In 
only a few instances are weaners kept at pasture for any period of 
time.
 

- lamb supplementation tended to switch rapidly from 
 zero to ad lib 
shortly before transfer from pasture to fattening unit. 

By forcing the selection of alternative pathways, the lamb-movement 
matrix can be used to evaluate the optimal ity of a given pathway. An example of 
such an exercise is shown in Figure 6 in which four alternative rearing pathways 

Figure 5. 	Bar chart of weaning frequency according to lamb weight and 
age, based on 189 seasons (nine sets of 21 -year runs) using
various combinations of stocking rate and land allocation 
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were examined for the 1976/77 (poor rainfall distribution) season, at a stocking 
rate of 7.5 ewes/ha of pasture. Clearly, the principle of short-term 
cPtimisaticn in lamb rearing does not always lead to a global cptimum. Howver, 

in all cases examined, the default-matrix setting yielded solutions close to the 

'after-the-fact' global optimum (foun-d by trial-and-error). Here again, there 
are compensatory effects inherent in the biology of the system that tend to 
reduce the opportunity cost of subcptimal lamb rearing. ns is evident to scme 

extent in the supplementation values shown in Figure 6. 

Figure 6. 	 Comparison of four alternative lamb rearing pathways 
for the 1976/77 season 
Lamb 
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ConcludinQ remarks 

Is the agropastoral system robust, insensitive, sluggish to respond to 
management? (Can such assertions be extended to complex agricultural systems 
generally?) Does management matter or is the multi-dimensional response space 
characterised by gently undulating plains? Perhaps looked at from a sufficient 
distance, any surface ._pears flat, and the perspective of the observer is what 
really counts. For the farmer, a small 'pot-hole' might mean a discernable 
difference in his income - and sensitivities are generally high to reductions in 
income. For the planner, such variation may simply be noise. 

In one sense, the economic performance of agropastoral systems must be 
robust by the mere fact that (a) they are practiced at all in one form or another 
under conditions of weather unpredictability, price uncertainty, and total 
absence of quantitative monitoring, and (b) if managers were confronted by 
precipitous cliffs on all sides, many of the questions examined in this study 
would have been solved (at least empirically) long ago and there would have been 
no need for the model. 

On the other hand, there are clearly dangers in operating such systems. 
Firstly, the higher the system intensity (e.g. stocking rate, prolificacy) the 
less leeway does the manager have in decision making. Careful monitoring 
becomes more important and a greater responsiveness in management is called for. 
Secondly, it should be noted that the management model is very much self
correcting in that all short-term decisions are based on the state of the system 
at the decision time (as opposed to fixed strategies) and therefore respond to 
errors in previous decisions. Operating according to fixed strategies is 
likely to exhaust the compensation capacity of the system very quickly. 

So the answer for the farmer might be, if management standards are low 
performance might be very erratic. If management standards are good, a high 
degree of robustness can be expected. Nevertheless, the difference in income 
between excellent and good management would seem to be very significant. 
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Discussion 

uestio - In the model constant prices are assumed. In a situation with 
fluctuating sales prices it could be profitable to alter the fattening period: 
take longer for the growing period, and supply less costly feed. Could you 
cptimise under that assumption? 

Answer - Not yet, because the assumption of constant prices is critical to this 
whole approach. With fluctuating prices adjustments must be made using Lcmon 
sense. I started working on this, trying to solve it analytically, but it is 
tricky. 

Carmmnt - You could check the effect of a different feed with a different price 
and feed value as long as it was constant for the peri.od. 

Reply - Yes, and the results did not change, except for a different level at the 
end. I also want to point out that the intere-,t rate does not matter, i.e.the 
point of transfer fran pasture to fattening units shifted by at most a few days, 
when ridiculously high interest rates were assum.d. So these time- based costs, 
in a reasonable range, are not important. 

0uestion - Is there a minimum sale weight target for those systems? 

Answer - The target weight used is 45 kilograms. In the model the lambs are 
always sold at the upper sale weight limit, rather than as a result of the cost 
per unit liveweight gain e eeding the price of meat. 

0a n - If there is some minimum sale weight, then in moving a lamb through a 
certain pathway several options will disappear in time because they would inot 
produce that minimum weight. 

R - That is not relevant as long as the animals grow. I work with minimm 
cost per unit liveweight gain. If time has a cost to it, that cost is included 
in the equation and converted to the cost per unit liveweight gain. So, as long 
as the animals grow th y do so at minimm cost until they reach the upper weight 
limit. An interesting result of the model is that if there is no fattening unit 
then the lambs are sold earlier, at about 30 kg of liveweight, which is what 
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happened in the Bedouin systems before they started using large amounts of 
supplementary feed. The reason is that it is not profitable to supplement at 
pasture due to the higher maintenance requirements of the animal, leading to a 
cost per unit liveweight gain exceeding the price of meat. In a fattening unit 
the cost per unit liveweight gain, at the optimal supplementation level, is 
less than the price of meat and the profits increase by selling at a high 
liveweight. Having a fattening unit is thus critical to the profitability of 
the system. 

Question - Is the cost per unit liveweight gain not time-dependent because of 
the maintenknce requirements? Higher maintenance costs lead to longer 
fattening periods and hence to higher costs per unit liveweight gain. 

Answer - Yes, thnrefore at growth rates close to zero the cost per unit 
liveweight gain increases dramatically. If the growth rate is 1 g/day the costs 
per kilo are tremendous. But if the system operates continuously at the minimum 
cost per unit liveweight gain while the animals are growing, it will lead to the 
maximum profit at the end. 

Comment - But the total cost is changing, because both the average cost per unit 
liveweight gain and the number of days required to reach the target weight are 
changng. 

R - That is right, but as long as at each point the gain is produced at
 
minimum costs, the total 
 costs will also be at a minimum. This was 
substantiated by, for example, forcing early weaning and transfer to the 
fattening unit onto the model. The target weight was reached much eaxlier then, 
but because of the high cost the profit was lower. 

Question - Would your conclusion be that such agropastoral systems are more 
robust than pastures only because they allow the farmer to do almost anything? 

Answer - Within limits yes, but the higher the system intensity, i.e. the higher 
the stocking rate, the more the cliff-edge syndrome is operating. Its position 
with respect to pastures only very much depends on the mat/grain price ratio. 
In the present agropastoral system there is a pastoral conponent and a wheat 
component. The presence of the wheat aftermath is a very important slack in the 
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system. In the model all kinds of decisicn algorithms are included that help in 
deciding whether to bale that straw and feed it indoors or graze it. Again it 
appears that the trade-offs are very finely balanced, and that the result is 
insensitive to the decision. 

omment - You have missed a very important point: the inferenc is that the 
agropastoral system is more robust because its performance is less sensitive to 
the decisions of the manager. 

R~ly - Yes. Hoever, the optimal allocation between wheat and pasture is very
dependent on the eat/grain price ratio, as is the optimal strategic set up of 
the system in terms of prolificacy, stocking rate and land allocation. But all 
the response surfaces have very flat zones and usually the area of operation is 
exactly there. If, as a farmer, ycu take all the wrong decisions you are going 
to lose Money and yOU are really swimming against the flow of the river. The 
model should point cut which way the river is flowing, wheze the rapids are, 
where the cliff edges are. Subsequently the behaviour of the manager depends on 
what he wants: if he is willing to take high risks, there is a chance of making 
high profits. Generally it is better to operate in the safe zone, at a 
reasonable intensity. 

Question - Is the greater biological stability not simply due to an overall 
reduction in stocking rates, due to the presenoe of that wheat area and to the 
use of concentrates? 

Answer - No; on the contrary, the stocking rate per unit area of pasture at the 
optimal level would be higher in an integrated system than in a true pastoral 
system. For the sake of ccmparison it should be expressed per unit area 
pasture. The concentrate serves as an important buffer in this system. 

amment - The system may be robust but in some years the situation will be bad 
and in others it may be pretty good. As a manager, it is about the best ycu can 
do, but it does not mean that because the system is rabust in management it is 
that stable from year to year. 
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Answer - No, it is definitely not. On the contrary, the higher the system 
-intensity, the higher the variability in income. An interesting result from the 
model was that, for the 20 years used in the study, an almost linear relation was 
found between rainfall and income. Repeating the analysis for a higher stocking 
rate resulted in a relation with a steeper slope, crossing the first one at 
about average rainfall. Hence, at a higher stocking rate in years with good 
rainfall income will be highe:- and in bad rainfall years, the losses will be 
greater, i.e. the variability is greater, with higher system intensity. 

Coment - The same holds for biological productivity: increased system intensity 
increases variability. 
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Modelling econamic outcomies of livestock production systes 

Martin Upton
 

"A good model is one that abstracts from all the details 
that are unnecessary for the purpose of solving the 

problem at hand." 

(Walsh and Gram, 1980) 

"Farming systems research rests on two central propositions: 
(i) that effective research in agricultural technology starts 

and finishes with the farmer; (ii) that integration of the 

perceptions of biological and social scientists is an essential 

element in such research." 

(CIMMYT, 1980) 

The purpose of model buildin, 

Objectives and values
 

The purpose of model building is to improve our understanding of systems in 

order (i) to operate them, (ii) to repair them, (iii) to improve them and (iv) to 

construct new ones (Spedding, 1975). Applied to livestock production these 

aims amount to either better management of an existing system or the design of 

improvements. In either case some criteria are needed for evaluating 

performance. We can only judge whether a system is operating effectively if the 

objectives have been defined. Similarly, we can only judge whether an 

improvement has been achieved in relation to specified objectives. 

It is now widely recognised that the producer's objectives are critical 

in this respect. There is no point in developing systems which maximise meat 
offtake per hectare if this is not the pastoralist's main objective; the new 
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system simply will not be adopted. Hence, effort is needed to elicit the 
livestock producer's aims, often no easy task, before evaluation can be 
attempted. Scetimes the producer's aims conflict with declared national 
objectives or the public interest, for instance where overstocking occurs. The 
solution then is to develop new institutions, which eliminate the conflI .t: New 
techniques of production on their own will not eliminate the conflict. It is 
assumed for the remainder of this paper that systems operated and designedare 

to meet the producer's objectives, insofar as they can be ascertained. 
Closely linked with the formulation of objectives is the measurement of 

value. If we can evaluate inputs and outputs in the producer's terms, then 
system performance might be measured in terms of net increase in value (value 
added) or productivity (value of output divided by value of input). It may be 
noted that the two measures do not necessarily result in the same ranking. 
Thus, the productivity of small ruminants per kg liveweight of the dam is 
probably higher than for cattle, but the net liveweight production per dam per 
year is probably lower. 

Within a system, inputs may be evaluated in terms of their contribution 
to output or value added, the measures being kncwn as the 'shadow prices.' For 
instance, the shadow price of pasture might be measured termsin of livestock 
production from that land. Problems of valuing inputs only really arise where 
inputs cross the boundaries of the system. This consideration may influence 
where we draw the boundaries. 

Boundaries of the system 

The treatment of a very small part of the universe as a separate system is 
arbitrary in order to limit the scale and complexity of the modelling task. 
Generally, farming systems research is limited to those items which are under 
the producer's managerial control; his crops, his livestock and his family 
(Figure 1). However, there are various external relationships with the natural 
environment and the economic and social envbonment. Inputs and outputs must be 
evaluated at these boundaries. 

The farming system may be subdivided into three main subsystems: 
crops, livestock and the household. Some livestock enterprises, such as pigs 
and poultry or small ruminants in West Africa, do not compete directly with crop 
production for the use of land. If there is division of labour within the 
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Figure I. Various circumstances affecting farmers' choice of a livestocktechnology (Based on: CIMMYT, Plonning Technologies
AppropriOte to Formers: Concepts and Procedures (Mexico:
1980)) 
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household, the enterprises may not ctmoete for labour. In these circumstances 
the livestock form a supplementary enterprise and may be considered 
independently of the rest of the farm. 

For pastoral system the three subsystems of rangeland, animals and 
household are clearly linked in both directions (Figure 2). Nonetheless, for 
purposes of analysis it may be necessary to model the subsystns independently 
and then to link the models together. 

Time-dependence 

Much farming systems analysis and model building is essentially static in 
nature. It is concerned only with inputs and outputs over a single production 
period, often taken to be one year. This may be appropriate in the case of 
aimual crops, but represents an arbitrary curtailment of a time-dependent 
process when dealing with permanent crops or livestock. A breeding flock or 
herd of livestock, at any point in time, is the outcome of reproduction and 
growth in the past, and may be expected to survive into the future. In economic 
terms it is capital.
 

All populations of livestock, or anything else, develop over time 
according to what Boulding (1978) calls 'the bathtub principle,' namely that 
change in population over a given tme interval is equal to inflows minus 
outflows. For a herd of livestock we have the simple difference equation: 

Pt - Pt-l = B(t) - D(t) (1) 
where Pt = lerd population at date t 

L(t) = inflows in t-th time period 

(births ard immigration) 

D(t) = outflows in t-th time period 

(mortality and offtake) 
In practice, ret immigration, through receipt of gifts or purchases from 

outside the herd, is often unimportant and may be ignored. Also, it may be 
convenient to separate o.ftake, a control variable directly under the producer's 
influence, from a largely influenced bymortality, parameter environmental 
factors (Figure 3). However, for simplicity, in the following remarks, the two 
are combined. 
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Figure 2. The Borana system 
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Figure 3. The dynamics of herd development 
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Generally, inflows and outflows are measured as proportions of theexisting stock and are assumed to remain constant, on average, over time so that 
equation (1) becomes: 

=Pt (b + 1 - d) . Pt-i (2) 
where 
 b = rate of inflow (birthrate)
 
and d = 
rate of outflow (mortality and offtake)
 

l-d = survival rate 

If the herd is changing in size and perhaps ageing, there are problems
in estimating the change in value; that is, the herd appreciation or
depreciation. Most accounting methods are rather arbitrary. There are two 
ways of avoiding the problem. One is to consider the whole lifetime of a herd 
over many years and to use discounting methods for evaluation. The other,
simpler, approach is to assume that herd size and structure remain constant,
this being achieved by adjusting offtake so that inflows equal outflows. Thus
the herd structure remains in a steady state or, more strictly, a stationary 
state. 
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In order to analyse the implications for herd structure, the herd should 
be subdivided into sex and age cohorts and reproductive rates and survival rates 
made age specific. 1 Equation (2) is then replaced by a set of simultaneous 
equations relating herd structure at date t to structure at date t-l. Thus, for 
instance, 

Number of calves 0-6 months at date t 
= net calving rate x number of cows at date t-1 

Number of calves 6-12 months at date t 
= survival rate 0-6 months x number of calves 0-6 

montlhs at date t-1 
Choice of the number of age cohorts and the time interval between one 

date and the next involves a trade-off between complexity and precision, but 
also depends upon data availability. The whole simultaneous equation system 
may be represented in matrix vector form as 

2t= [ T ] .t-l 

where -Ptis a vector of populations at date t for each sex-age cohort and [T] is 
a transition matrix, based on reproductive and survival rates (see Li llam, 1983, 
or Murdie, 1976). 

Cohort analysis shows that achievement of a stationary state or steady 
state growth (without fluctuations) requires the establishment of a particular 
herd structure terms relative numbers inin of the each cohort. This herd
growth model may be used in various ways. For instance, we could calculate for 
a given matrix (T] (i.e. given reproductive, mortality and offtake rates) and 
the existing herd structure, what will be the pattern of herd development over 
time, whether it is likely to achieve a steady state and if so, when. 
Alternatively, and this is the approach used in the remainder of this paper, we 
can calculate, for given repLoductive and mortality rates, (i) what offtake rate 
and (ii) what herd structure is appropriate to maintain a stationary state. In 
short, the only empirical data used in the evaluation are productivity and 
mortality data. The existing herd structure is irrelevant. 

'Note that the adult breeding female is the central unit in flock structure.
Numbers of males are simply linked through the required ratio of breeding
males to females. 
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Before leaving the question of time, it should be noted that the 
interaction of the pastoralist with his environment may be a very long-term 
process. This may pose serious problems for econcmin evaluation, and is not 
attempted here. The problem are exacerbated by shorter term environmental 

variations, which are a major cause of risk. 

Sensitivity analysis 

The incorporation of risk greatly complicates model building. There are 
problems both of measuring risk and of evaluating the producer's attitude to it. 
Thus risk has an important effect on choice of objectives; the pastoralist may 
be more concerned with maintaining an adequate output for survival in all 
conditions than with maximising average value added. Much work remains to be 
done on attitudes of livestock producers to risk, but no attempt is m3e here. 
The sensitivity analysis carried out is aimed simply at measuring risk or 
variability of outcomes. 

Sensitivity analysis is a fairly crude means of measuring risk. It 
c.nnsists of selecting certain key parameters that affect performance, such as 
reproductive rates, growth rates and mortalities, and repeating the analysis for 
different values of these key parameters by substituting these alternative 
values in the model. The parameters may be varied individually or in 
combination, and may be changed in a direction likely to improve performance or 
in an adverse direction. In order to limit the number of repeat analyses, and 
for simplicity, a case can be made for only varying the parameters individually 
and in an adverse direction. Thus, separate analyses may be made to estimate 
performance with low reproductive rates, or with low growth rates or with high 

mortalities. 

The question then arises as to how low or high these parameters should 
be set. Ideally the choice should be based on objective measures of the range 
or variability of the key variables. Where standard errors have been estimated 
from empirical data, these may be used to determine a lower (or upper) limit for 
the appropriate confidence intorval. Hoever, this approach may mi -lead if the 
data series on which the estimated standard errors are based is too short to 
cover all possible environmental variations. 
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Sensitivity analysis may also be used to test the effect of purposive 
variation of control variables, such as varying the offtake rate or nutritional 
levels of the animals. 

Small ruminants in southwest liicferia 

The model 

Dwarf sheep and goats are kept as a supplementary enterprise on many arable and 
tree-crop farms of southwest Nigeria. The system has been studied extensively 
by the ILCA Humid Zone Prog-ramme based in Ibadan and described by ILCA (1979), 
Matthewman (1980) and Upton (1985). Since the enterprise, consisting of only 
three or four animals, represents a small part of the whole household economy 
and, according to the farmers themselves, is operated mainly for financial gain, 
the use of market prices to evaluate output seemed appropriate. For goats the 
market price of a yearling in 1983 was?420 while that of a breeding doe wasN36. 
(Notel l was worth approximately $1 US in 1983). 

Goats, in particular, are left to scavenge on scraps found in tie cencre 
of the village, so they do not compete with crops for land. labour and other 
inputs are minimal. For these reasons it seemed appropriate to treat the 
breeding flock as an independent system, with virtually no input costs other 
than those of the animals themselves. Goats were analysed separately from 
sheep. 

The goat flock was divided into five age cohorts: 
1. Female kids less than 1 year old; 

2. Replacement does; 

3. Breeding does; 

4. Male kids less than 1 year old; and 
5. Adult males. 

Productivity data, derived from more than 400 individual records by the 
IICA Ibadan team (Mack, 1983) were used to predict the steady-state flock 
structure and annual offtake. The results all related to a single breeding doe 
are as follows: 

308
 



Flock structure Offtake 

Female kids less than 1 year old 1.2 Female yearlings 0.37 
Replacement does 0.25 Male yearlir-3 0.61 
Breeding does 
 1 
Male kids less than 1 year old 1.2 Total 0.98 
Adult males 0.08 

Evaluating the offtake figures at market prices gives a net value added 
per doe per year of f417.27, and a rate of return on the value of the stock of 
34%. 

Sensitivity analysis 

For purposes of sensitivity analysis, standard error estimates for productivity 
parameters from the ILCA survey were used to determine the corresponding 
standard error for a flock of four goats. Each key variable was adjusted in an 
adverse direction by one standard error to test the impact. The results (Table 
1) show that variation in mortality has the greatest impact on economic 
performance, followed next by reproductive performance. Variation in prices 
had the least effect. Similar results were obtained for dwarf sheep though 
generally at a higher level. These results, therefore, suggest directions for 
research policy, in that the first aim should be to reduce or stabilise 
mortalities if this can be achieved relatively cheaply. Secondly, emphasis 
should be given to stabilising reproductive performance. Improved marketing 
to reduce price variation may produce few benefits and, since it would require 
seasonal production to meet peak demand, is difficult to achieve. 
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Table 1. Sensitivity analysis of returns to Dwarf goat production (average rate 
of return 34%).
 

Parameters changed Change Net output Rate of
 

per doe return 

i. Reproductive

ka) Mean litter size Reduced 
(b) Parturitio interval Increased 8.27 18 

2. Mortality -

(a) Survival to 3 months Reduced 
(b) Survival to 12 months Reduced 
(c) Breeding stock mortality Increased -0.31 -0.6 

3. Growth -

Liveweight at 12 months Reduced 12.05 24 
4. Price per kg. Reduced 14.00 29 

Southern Ethiopian ranelands 

Objectives and the household econamy 

The Borana pastoralist system of the southern Ethiopian rangelands is much more 
omplicated than the small ruminant system discussed above. Here the cattle and 
supplementary sheep and goats form the basis of the household econmy. The 
Borana are almost entirely dependent on livestock for their survival. However, 
this is a semi-subsistence system. A substantial portion of the diet is made up 
of hcme-produced milk and dairy products and sae, particularly fallen, meat. 
However, animals are also sold, together with some milk. Indeed, it is 
estimated (Cossins and Upton, 1984) that at the present ratio of livestock to 
human populations the Borana could not survive without trading some livcstock 
produce for grain, which is a much cheaper source of metabolisable energy. 

Thus, there is a problem of how best to evaluate inputs and outputs. 
For traded items, money values are appropriate, but for subsistence prxb ice, 
nutritional values such as the metabolisable energy content are more relevant. 
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In cases such as this, sane form of multi-cbj ective programmirg may be 
appropriate, incorporating both nutritional and cash-income goals. However, 
since it is not clear how these goals should be specified or weighted, and to 
avoid undue complexity, both methods of evaluation were used. 

Of course, the nutritional value of a foodstuff does not depend solely 
upon the metabolisable energy content. Indeed, livestock products are 
particularly ixportant as a source of protein. However, given that energy 
deficiency is the most prevalent form of malnutrition, and that protein 
malnutrition is unlikely to occur among pastoralists, it seemed reasonable to 
concentrate only on energy values as a measure of nutritional contribution. 

As mentioned earlier, the study of pastoralist systems should involve 
the rangeland, the herd and the household (Figure 2), but rather than attempting 
to build a comprehensive model of the entire system, the three subsystems may be 
modelled separately, for greater sirplicity and flexibility in ana]ysis. This 
separation requires some means of evaluating the output of each subsystem as it 
contributes inputs to another. We have already considered how the output of the 
livestock herd can be evaluated in terms of its contribution to the househol.d 
economy. Given the ratio of livestock to human population and the allocation of 
of ftake between subsistence consumption and sales, energy and financial budgets 
can be used to model the househe] d economy. Estimates of the total energy value 
of subsistence consumption, when compared with total household food energy 
requirements, shc what deficits must be made up from purchased food. Estimates 
of the cash value of sales provide measures of the disposable income available 
to meet additional food and other needs. These measures are the ultimate test 
of the viability of the system. 

The rangeland system 

Various models are available for estimating primary productivity of rangeland, 
generally based on vegetation type and length of growing season. In order to 
relate the livestock subsystems to the rangeland system, it is necessary to 
arrive at the carrying capacity in terms of hectares per grazing livestock unit 
(ha : LSU, or its reciprocal). This may be based on estimates of primary 
productivity and the assumption of a minimum 'offer requirement' per livestock 
unit of between 7 and 8 tonnes, as was done in the southern rangelands study 
(Cossins and Upton, op. cit.) or directly from environmental and climatic data 
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as suggested by Gartner (1981). Although the definition of livestock units and 
the conversion factors for different classes and age groups of livestock are 
arbitrary and inaccurate, they are necessary to allow sufficient flexibility for 
comparing alternative livestock and pasture management policies. T1hus value 
added per IStU is a useful measure of the livestock production in relation to a 
limiced carrying capacity of the rangeland. 

It is important that the variability in carrying capacity over time 
should be determined both between wet dry seasons within yearand the and 
between years of good rain and of drought. According to the general principle 
that the most limiting constraint actually determines what is feasible, the 
primary productivity in or seasons is effective indry drought determining 
carrying capacity. Availability of surplus dry matter in good seasons is 
irrelevant unless policies can be devised to make use of these surpluses. 
However, in many cases, and probably in the southern rangelands of Ethiopia, 
water is the most limiting factor. Again, a distinction must be drawn between 
wet- and dry-season water; normally the latter is the effective constraiat. 
That being so, improvement in dry-season water supply is the key to increased 
rai)geland productivity. Naturally if too much water is provided then primary 
productivity becomes the limiting constraint and overgrazing will occur. 
Generally speaking, accurate estimation of rangeland dry-matter production and 
attempts to improve primary productivity or to increase wet-season water supply 
are of little value if these are not effective constraints. 

Modelling dry-season water supply is a challenging problem in location 
theory since wells and ponds represent spatially distributed key centres. With 
a relatively sparse distribution of water points, overgrazing (i.e. dry matter 
being the effective constraint) in the vicinity of these points and under
utilisation of the pasture (i.e. water being the effective constraint) elsewhere 
is inevitable. A denser scatter of low-yielding' water points would result in 
more even and better utilisation of the rangeland, but would be more costly. 
The transhumance or settlement patter of the pastoralists also affects the 
utilisation of water and rangeland (Figure 4). Scme exploratory analysis of the 
effects of location of water points has been done (Andreae, 1966; Helland, 1977; 
Cossins, 1983), but no comprehensive model exists to take account of such 
complexities as separate management of dry and milking herds and variations in 
the frequency of watering. 

'Low-yielding water points have the advantage that fewer animals can be watered 

so that less overgrazing ooirs in their vicinity. 
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Figure 4. 	The size of the grazing area, showing its dependence on 
t;e distance from the watering place to the homestead 
(I) Watering place at the boma: large pasture area. 
(2) Watering place removed: smaller pasture area. 
(3) Watering place far removed: small pasture area 

For the southern rangelands study, a crude analysis based on mapping of 

grazing areas accessible from dry-season water points suggests that dry-season 

water supply limits rangeland utilisation, particularly in the northern cnd 

western parts of the area. An increase in the number of strategically-sited 

wells could raise the average livestock support capacity by 100 000 ISUs or 25% 

of the existing average. 

The cattle subsystem 

Production parameters for Boran cattle have been collected in the southern 

rangelands by the ILCA team (Nicholson, 1984) and these were used to construct a 

herd-growth model, as outlined above. The main parameters and their effects are 

illustrated in Figure 5. Under the existing traditional system, Boran cattle do 

not reach maturity until 4 years old, although faster growth rates are achieved 

on ranches. This slow growth is due, at least in part, to the human consumption 

of milk which competes with supplies to the calf. On average 312 litres, or 

more than a third of the total yield, is taken per lactation for household 

consumption. Therefore, in the first analysis it was assumed that animals are 

slaughtered, sold, or drafted into the breeding/milking herd at 4 years of age. 
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Figure 5. Cattle sub-model (annual model) 
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The resultant stationary-state herd structure differed significantly 
from that recorded in a large number of observations at watering points (Table 
2). In particular, the observed herds included fewer immature animals, which 
suggests that offtake occurs evenat an earlier age in practice, at less than 1 
year of age. FuLther evidence of this was obtained £rm market surveys, where 
sales of calves were recorded. 

Table 2. Bo-ana herd structure. 

Modelled Observed 

Cows 
 1 1
 
Female calves 0.28 0.28 
Male calves 0.28 0.25 
Heifers 
 0.63 0.31
 
Young males 0.63 0.35
 

A comparison was, therefore, made between the system with offtake at 4
 
years of age and that with offtake mainly at 1 year, when animals have much lower 
cash and energy values. In both cases an average milk of ftake of 312 litres per 
lactation was assumed. Cash and energy values of the offtake per livestock 
unit, with the energy value of hcme-consumed fallen meat added in the latter 
case, and the rate of return on the value of stock were all used as criteria for 
comparison (see first two lines of Table 3). 
 These results suggest that early
 
offtake of calves is sound policy for maximising both cash and energy production 
per livestock unit. The reason for this somewhat surprising result is the high 
value of milk offtake in both cash and energy terns. Milk is the most valuable 
product for the Borana pastoralist. Hence, a system which reduces the 
proportion of Jinauture followers and increases the proportion of milking cows in 
the herd raises total returns per livestock unit. 
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Table 3. Sensitivity analysis of Borana cattle performance. 

Cash value Energy value Plus energy Rate of 
of offtake of offtake value of return 

fallen meat 
Birr MJME MJ ME 

Offtake at maturity 88 6:Y3 779 35 
Early offtake 112 
 739 819 
 45
 
Early maturity at 
3 years 
 109 802 900 
 43
 
Early maturity and 
reduced mortality 113 
 805 872 44
 
Milk offtake increased 
to 470 litres 
 ll 886 991 44
 
Milk offtake increased 

with increased 
mortality 
 110 900 
 1033 44
 

Sensitivity analysis in this case was aimed at exploring the potential
for improved performance under alternative management practices rather than 
evaluating risk. Two main alternatives were considered; first, increased 
growth rates and earlier maturity which might be achieved through improved calf 
nutrition and second, increased milk offtake. The former policy might require
reduced milk offtake and/or supplementary feeding of concentrates. Improved 
nutrition should reduce mortality besides increasing growth rates and this 
prospect was also considered. In either case there is a clear improvement over 
the system of offtake at 4 years maturity, as might be expected. However, the 
advantage over the early offtake of calves is less clear when evaluated in cash 
terms. 

Increasing milk offtake by 50% brings about substantial increases in 
the energy output per livestock unit, even though it may increase calf 
mortality. This is perhaps to be expected since milk represents nearly two
thirds of the total energy offtake even at the average level of consuLption. 
However, in practice there is a limit the quantity requiredon for domestic 
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consumption, whilst clearly the required offtake per cow decreases with 
increasing caw ownership per person. Milk is a highly priced commodity at Birr 
0.11 per NJ of metabolisable onergy, compared with Birr 0.03 per MJ for maize. 
However, the market is stic-ly limited, except for the few pastoralist 
households within easy access of a town. Hence, improved dairy processing and 
market facilities would be needed to allow the Borana pastoralists to benefit 
from the milk-production potential of their cattle. 

Conclusions 

This paper illustrates the use of simple herd growth models in the evaluation of 
livestock production systems. Such models take account of the time dependency 
of livestock production and are suitable for use in sensitivity analyses to test 
the effects of random biological variation or of alternative management 
policies. Useful insights are obtained. However, it is necessary to separate 
the production relationships within the breeding herd from the rangeland or 
fodder subsystem. It would be exceedingly difficult to incorporate complex 
physiological relationships, and this would undoubtedly reduce the flexibility 
of the model. 

The model also has other uses which have not been explored here. For 
instance, it could be used to test alternative culling policies in the face of 
drought and to map the changes in flock stmructure during the period of recovery. 
In assessing the producer's objectives, it is not really adequate to assume that 
he maximises value in saie sense. This does not explain, for instance, why 
small ruminant producers in southwest Nigeria generally restrict the number of 
animals kept per household to four or five, or how pastoralists decide on their 
flock sizes. MUch work remains to be done in modelling the application of 
alternative objectives, alternative policies to minimise risk and alternative 
flock and herd growth patterns. 
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Discussion 

Question - Do the results presented in Table 2 mean that the modelled herd size 
is much bigger than observed? 

Answer - Well, it is all expressed per milk o~r. 

Question - So, my statement is not necessarily true but, if you have the same 
number of cows in the model as observed, then presumably the model gives a much 
bigger herd size? 

Anw¢er - The observed data refer to a series of observations at wells, reduced 
to proportions of the total number of animals observed, and then related to one 
cow. So they do not refer to individual herds. However, these Imodel figures 
assume the steady state, unchanging herd structure, and the herd structure in 
reality could be changing. 

Question - Are young female animals also sold? 

Answer - In the market data, sales of young animals were observed and the low 
proportion of heifers worries us. They would allow only a very low replacement 
rate of about 8 or 9%. Possibly these figures represent a decreasing herd size 
due to the high mortality. 

Question - Could the observations have been biased, because young animals are in 
the dry herds and niot ..,atered at the wells? 

Answer - They are watered at the homestead, but these figures were adjusted 
accordingly.
 

Question - Is cash value of offtake calculated at a fixed price per kilo for 
meat, so that it equals biomass? 

Answer - Market prices for animals in specific age groups were used. 

Question - Could you explain what you mean by livestock unit? 
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Anr - It is the weight of the cow, plus the necessary replaonent.
Expressing the results per livestock urit implies that, with early offtake, cows 
represent a higher proportion of the stock and since cows produce milk and 
calves, that higher proportion gives a larger return frm early offtake. So, on 
the basis of these calculations, it looks as if it is sound policy to get rid of 
calves before maturity. 

Question - Is not the difference in rate of return entirely deterined by the 
price ratio between mature and immature animals?
 

Answer - The situation would be different if prices were different, but these 
are based on the prices that have been collected in local markets. 

Question - Do the data in Table 3 shw that the mortality rate for these cattle 
is not important, while for goats (Table 1) it seems to have a big effect? 

Answer - Mortality was adjusted for age, so the increased mortality means higher 
mortality of young stock. Early offtake reduces the proportion of the young 
stock, which increased the productivity of the system per livestock unit. 

Question - Could it be that early offtake is increasing the productivity because 
it decreases the number of non-productive animals? 

Answer - ~That could be the biological reason. 

Statment - Hejd productivity is increased by earlier offtake but in fact the 
herd will die out. 

R - No, the basic assumption is a steady-state herd that is replacing 
itself. 

Question - Can you explain why in-reased milk offtake gave a better result?
 

Answer - Because it is high-priced. It was assumed that all the extra milk 
offtake is sold. 
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Question - If an animal dies under the extra milk offtake, that would increase 
mortality. Is the value of that included in the rate of return? 

Answer - The value of fallen meat is not included in the cash offtake but only in 
energy offtake, so the similarity in return in the last two lines of Table 3 is 
saw-nhat surprising. 

Statement - If it is cnsidered that the second line in Table 3 in fact 
represents current practice in the region, it seems there is very little scope 
for improvement, which again shows that the farmers are exploiting the resources 
optimally. 

Repl - That would indeed appear to be the case. 
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Selection of shee husbandrv technolocies under single and ultivple gcal 

constraints. 

I. Spharim and N. G. Seligman 

Introduction 

Agricultural development involves the introduction of technology that,new at 
least potentially, should increase production and profits. The develcprent 
process itself creates new conditions which affect the choice of technology. As 
development usually affects a whole region with all its interactions between 
land, labour, capital and climate the course of technology diffusion can be 
very difficult to predict. This is so when one goal, e.g. profit maximJ '
 

is dominant. It is 
 even more difficult when different participants
 
development 
 process have different goals that sometimes conflict wA
 
other. A single participant can also have a number of goals that may con.
 
e.g. income stability and income maximisation. A method that could ind- te 
likely paths of development with the cmplementary technology selection would be 
useful in formilating both development and research policy. In this paper we 
will deal first with the single goal situation. The multiple goal approach will 
then be discussed. 

In the single goal situation, development is seen as a series of 
technologies that are selected in order to maximise regional consumption over an 
extended period. The approach adopted includes the use of a multi-period 
linear-progrming model that allows cmparisons of many technological options 
and considers economic natural that the ofthe and factors determine rate 
technology adoption. The existing options open to the farmer and the resources 
of the region have to be defined. The abundance of specific plant and animal 
genetic resources is of particular importance to agricultural production, which 
may be limited by biological reproduction rates, especially in the early stages 
of introduction. 

The analysis can be conducted for a number of future scenarios. The 
questions of interest would include the following: What mix of agricultural 
technologies, new and old, would tend to be selectod under given regional 
conditions, prices and policies, over a What isperiod of time? the marginal 
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benefit of a particular new technology? Which technologies have no significant 
value in the regional context and need not be considered in a rearch or 
development scheme? 

Definiti. ns 

The following definitions have been used in this study. 
A production system is a set of ccomnents organised and operated to 

convert inputs into useful outputs (Salter, 1966). The components of the system 
are units of hardware (e.g. machihery, fertilizers, genetic stock) with 
appropriate software (operating instructions). These components incorporate 
information (know-how) that has been obtained by experience or by research and 
developent (R and D). Technology is the science that deals with the 
information on which the system and its components are based. In the present 
paper, and elsewhere, technology is used in a narrower sense and refers to the 
specific information content of a given system. A 'new' technology is derived 
from an existing one by changing at least one unit of information. Similarly, a 
new system .'z derived from an existing one by changing at least one component. 
An activity is a description of a production system in terms of its input:output 
ratios expressed in physical or money units. 

A region is defined by its borders, resources and distance from major 
trade centres. Theoretically, any product can be transferred through regional 
borders; in reality, what can be transferred is determined by political and 
economic considerations and sometimes by vetexinary and similar restrictions. 
In our study, it is assumed that concentrate feed, fertilizers and mutton can be 
freely transferred but there is a restriction on the transfer of labour, 
capital, land, ewes and roughage produced locally as a byproduct of the 
cultivation of wheat or other crops. 

Regional resources (or constraints) are the amount of available labour; 
cultivable land area and range are, which with their specific climate determine 
primary production potential; initial number of ewes of different breeds and 
crossbreeds; and the init-al amount of physical capital. 

Agricultural system inputs include hardware (physical inanimate inputs, 
e.g. sheds, equipmit, fertilizers, concentrate feed), software (a set of 
operating instructions, e.g. feeding and grazing regimes), and genetic stock 
(animal and plant material) which is a category of hardrare specific to 
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agricultural (and other biological) production system. Slow rates of 
reproduction can be an effective constraint to the adoption of any technological 
changes dependent on new genetic stock. 

A physical, inanimate input can have a long technical life (e.g. sheds 
and fences) or a short technical life, i.e. it is consumed within the production 
year (e.g. medicines or concentrates). It can become economically obsolete 
before it becc . technically obsolete (i.e. physically unusable). Software 
does not become technically obsolete, in the sense that it does not wear out, 
but it can become economically obsolete. The genetic stock also does not 
necessarily become obsolete as it can replace itself by reproduction. 
Individual sheep or flocks of a given breed can, of course, become eccnomically 
obsolete. The single goal of this analysis is to maximise regional consumption. 
Other possible goals include maximum production, improvement of regional 
balance of payments and maximum employment. The goals can be treated as 
constraints or be as functions in ancan used target iterative procedure 
(Nijkamp and Spronk, 1978).
 

System management is understood as the choice and timing of alternative 
paths of action available for operating a system or a set of systems. It can be 
divided into strategic and tactical choices. Strategic management involves 
choice between systems; tactical management involves choice within systems. 
The present study simulates strategic management within a region. It does not 
deal with each farmer separately, but assumes that economic opportunities that 
are created in a developing region will be exploited by one farmer or another. 

Approac
 

Information on activities and regional constraints can be set up as a linear
programming (LP) model in which an optimum mix of activities over time is 
determined (Beneke and Winterboer, 1973). The LP routine can be applied in a 
multi-period format recursively 1965; andor (Cocks, Storck Shurmer, 1970; 
Porat, 1972). The recursive appruach can be used in an interactive manner that 
does not assume prior ku ledge of prices, constraints or climatic changes. In 
that sense it probably simulates farmers' belmviour fairly accurately (Day, 
1963; Heides, 1966). In the multi-period approach (MPLP) the target function 
can be optimised over the whole planning horizon. It uses average input/output 
values and so does not confront directly the problems of climatic uncert,..nty 
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and risk that characterise most agricultural regions. It assumes prior 
knowledge of prices, constraints and climatic changes. 

In the present study, only the multi-period approach has been developed 
as it is more appropriate to problems related to the time-span of technology 
selection and to long-term policy assessment, in which problems of year-to-year 
management can be neglected. MPLP can simulate many of the important features 
of strategic farm management in the following manner: 

1. 	 System selection is based on long-term optinisation and is 
calculated for the whole planning horizon. 

2. 	 The target function can be adapted to the characteristics of a 
specific region. It could be maximum meat production if the 
development goal was to increase food supplies, maximum return on 
investment if the study was cornducted for an investment agency, or 
maximum consumption if regional welfare is the major goal. We 
chose maximum consumption as the most appropriate target function 
for our specific region. Other objectives, like a minimum return 
on investment or social security, can be defined as constraints. 

3. 	 System selection can be implemented by transfers of various sorts 
from one period to the next. These transfers include investment 
(financial capital to physical capital), young female stock to 

breeding ewes or to mutton, hardwa from one system to another, and 
transfer or sale of breeding stock from one system to another. 

4. 	 Consumption and investment: The choice between consumption and 
investment is made endogenously (Kislev et al, 1971). A subjective 

discount rate (or capitalisation rate), S, provides a conmion 
denominator for consumption over different periods. An objectiv 
discount rate, R, represents the investment opportunities outside 
the agricultural sector. The two discount rates, as well as the 
opportunities for on-farm investment, govern management decisions 
concerned with the amount and timing of investment and consumption. 
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5. 	 The economically justifiable price that can be paid for additional 
resources (e.g. imported sheep or straw) at any time is given in the 
model by the shadow prices of the various constraints throchout the 
planning horizon. 

6. 	 When implementing a new technology the farm manager will try to use 
as much of the existing capital a.isets as possible until they become 
technically or economically obsolete. The model simulates manager 
behaviour by optimising the choice among the following options: use 
of existing assets if the new technology allows it; postponing the 
acquisition of assets specific to the new technology until the old 
assets become obsolete; and investment in new assets to exploit new 
technology. 

7. 	 It is possible to adjust the herd (and breed) size and ccposition 
according to the demands of the selected technologies by retaining 
animals for breeding or selling them. The periodic decision to 
cull and sell hoggets depends on the alternative uses of annual 
inocme for consumption and investment outside the agropastoral 
sector as well as on the revenues expected from the larger herd. 
Thus, the herd population dynamics are a result of both biological 
and 	economic factors.
 

The model can be used to analyse different development policies as well 
as to assess the short- and long-term iqr-ts of a wide variety of technologies 
under different socioeconmic scenarios. The information generated can also be 
used for regional planning purposes as it optimises the mix of technologies 
required during each period along the course of development. However, one would 
then have to be sure that all the technologies in the R and D pipeline will 
indeed be available for implementation at the appropriate time. 
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General 

This analysis is applied to the specific case of agropastoral developnent in a 
semi-arid Mediterranean region in Israel where the traditional activities of 
sheep husbanidry and dryland agriculture are now undergoing extensive change. 
This is due not only to research and technology transfer but also, if not 
mainly, to the parallel developnent of input industries (equipment, concentrate 
feeds, recycled agricultural wastes, veterinary services, etc.). These inputs 
increase the range of optimal systems but also increase the alternative values 
of labour and capital. In the present study, wheat cultivation is introduced as 
representative of alternative agricultural activities to sheep husbandry. 
Activities outside agriculture can be assessed by comparing shadow prices for 
labour calculated by the model with salaries industrialin and commercial 
activities. The agropastoral systems in this region have been surveyed and 
studied fairly extensively (Noy-Meir, 1975; van Keulen, 1975; Noy-Meir and 
Seligman, 1979; Zaban, 1981; Benjamin et al, 1982). Detailed information on the 
regional characteristics, existing and potential technologies and the method of 
system definition is given by Slharim and Seligman (1983). The sheep husbandry 
systems are sumarised in Table 1. The coefficients for the linear-programming 
matrix were generated by a special program (Seligman et al, 1982). 

Technology selection 

From the large number' of technologies available, the most appropriate must be 
selected and ordered over time. The multi-period linear-programing approach 
(MPLP) is used to select an optimum mix of technologies in order to maximise 
consumption over a whole planning horizon subjects to a set of constraints. The 
constraints are the regional resoures, e.g. land, capital, labour and genetic 
stock. A social constraint was included by stipulating a minimum sum of money 
('social security' or unesployment allowance) for each labour unit available. 
The set of technologies includes those that exist in the region, those that are 
available but not yet applied ('on the shelf') still inand those that are the R 
and D pipeline. A planning horizon of 15 years was adopted, as preliminary 
studies showed little change in the solutions between 15 and 20 years. The 
technical aspects of the optimisation matrix for the specific purpose of the 
present study are given by Spharim and Seligman (1979). 
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Table 1. Sheep husbandry systems used in the model.
 

Serial Code Description
 
no. (4) 

1. 	 AYN05 Awassi, year-round grazing, normal weaning. 50% 
lambing rate. 

2. AGNO5 	 As above with green-season grazing only: straw and 
concentrates in 	dry season. 

3. AYN06 	 As above with year-rourl grazing and 
rate.


4. 	 IYN07 Improved-Awassi, year-round grazing, 
70% lambing rates. 

60% lambing 

normal weaning, 

5. 	 IGN07 As above with green-season grazing only: straw and
 
concentrates in dry season.
 

6. IYN09 	 As above, with year-round grazing and 90% lambing 
rate.


7. 	 IGN10 As above, with green-season grazing only and 100%
 
lambing rate.


8. MNI10 	 German Mutton Merino (GMM), deferred early-season grazing,
normal 	weanning,
 

100% lambing rate.
 
9. MN12 	 As above, with 120% lambing rate. 

10. MNI14 	 As above, with 140% lambing rate.
11. MDE16 	 As above, with early weaning and 160% lambing rate.
12. 	 MGN17 GAM, green-season grazing, normal weaning, 170% 

lambing rate. 
13. MGE19 	 As above, with early weaning and 190% lambing rate.
14. MGHI9 	 As above, with labour-savirg artificial weaner. 
15. FN20 	 Finn-cross, green-season grazing only, normal 

weaning, 200% lambing rate.
 
16. FGE22 	 As above, with early weaning and 220% lambing rate. 
17. FGE24 	 As above, with 240% lambing rate. 
18. FGH24 	 As above, with labour-saving artificial weaner. 

Notes 1. Weaning weights: 	 20-40 kg in Awassi systems; 40 kg in extensive G4M 
systems. 15-30 	kg in intensive GMM systems; 15-20 kg in Finn-cross 
systems. 

2. 	 Sale weight of lambs: 20-45 kg in Awassi systems; 45-50 kg in GHM 
systems and 50 kg in Finn-cross systems. 

3. 	 Pasture fertilization: in systems with less than 90% lambing rates
(systems 1-5) no fertilizer is applied to pasture. In the more
intensive systems, nitrogen is applied at the rate of 50 kg N/ha; P is
applied to the limited extent that annual legumes are grown. 

4. 	 Systems code is a mnemonic for breed (A,I,M,F); grazing system
(Y,D,G); weaning and lamb-rearing system (N,2,H) ; and effective 
lambing rate (50-240%).
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One hundred and eight technologies were analysed in terms of 17 different 

scenarios (Table 2). These scenarios varied with regard to available labour and 

land, breed and prices of lamb, crentrate feed and wheat. The standard run 

was chosen rather arbitrarily but is meant to approxdmate to the current 

resource situation in the region. 

Table 2. Description of developmnt scenarios used in the model. 

RLn* Labour Price Wheat Awassi Merino Finn x Cultivable Range 

(man- (meat: price (head) (head) (head) area (ha) (ha) 

years) grain) 

Standard 1 400 10:1 Subsid. 100 000 2 000 200 25 000 25 000
 

2 700 10:1 Subsid. 100 000 2 000 200 25 000 25 000
 

3 850 10:1 Subsid. 100 000 2 000 200 25 000 25 000
 

4 1000 10:1 Subsid. 100 000 2 000 200 25 000 25 000
 

5 400 10:1 Subsid. 100 000 2 000 0 25 000 25 000
 

6 700 10:1 Subsid. 100 000 2 000 0 25 000 25 000
 

7 1000 10:1 Subsid. 100 000 2 000 0 25 000 25 000
 

8 400 10:1 Subsid. 100 000 0 200 25 000 25 000
 

9 400 10:1 Subsid. 100 000 0 0 25 000 25 000
 

10 400 10:1 Subsid. 100 000 2 000 200 25 000 0
 

11 400 10:1 Subsid. 100 000 2 000 200 0 25 000
 

12 400 6:1 Subsid. 100 000 2 000 200 25 000 25 000
 

13 400 8:1 Subsid. 100 000 2 000 200 25 000 25 000
 

14 400 12:1 Subsid. 100 000 2 000 200 25 000 25 000
 

15 400 14:1 Subsid. 100 000 2 000 200 25 000 25 000
 

1G 400 10:1 i 100 000 2 000 200 25 000 25 000
 

17 400 10:1 High 100 000 2 000 200 25 000 25 000
 

*Additional characteristics that apply to all scenarios: 15-year run; 

3% capital interest rate; 4%discount rate for consumption(s); 4% 

population growth rate; 7 years' technical obsolescence; 1 year 

software elasticity, i.e. systems need not be maintained for 

more than 1 year.
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Rejected 	technologies 

Activities that were not selected (or selected only occasioally) are listed in 
Table 3. The most extensive system - Awassi sheep, year-round grazing, nonral 
weaning, 	 50% net lambing rate (AYN05) - was not consistently rejected, but the 
other extensive systems, which were based on only slightly higher outputs and 
moderate 	 increases of feed inputs per ewe, were rejected in all scenarios 
tested. The nore proractive improved-Awassi systems on the other hand, were 
selected 	frequently over their whole range of management intensities. The only 
system based on this breed that was rejected involved green-season grazing 
combined 	 with the lower productivity level (IGN07). Green-season grazing was 
selected only when the breed was managed at the limit of its productive capacity 
(INfl0). 

Table 3. Selection of the technologies used in the model under 

different management systems. 

System (1) Range Cultivable lard Feedlot only 

Unfenced Fenced 
Unfenced Fenced Min. Min.

No. Code mini&um min. Min. min. min. Min. straw conc. 
straw 	 conc. conc. straw
straw 	 cone. 
(OS) 	 (R) (US) (UC) (FS) (FC) (NS) (NC) 

1 AYN05 x x * Not defined
2 AGN05 x x * x 0 x Nat defined 
3 AYN06 x x 0 0 0 0 Not defined 
4 IYN07 * * 	 00 Not defined 

*5 IGN07 * x 0 0 0 Not defined
6 IYN09 Not defined 
7 IGN10 	 x * x Not defined
8 MlMl0 0 x * 0 x x Not defined
9 M]NE2 x x x x x x Not defined 
10 MEV14 Not defined
11 MDE16 0 	 Not defined
12 3NIl7 Not defined 0 0 * 0 0 
13 M3EI9 Not defined ,
14 II19 Not defined 0 0 * * 0 0 
15 FGN20 Not defined * 0 * 0 * 0
16 FGE22 Not defined 0 0 0 0 0 0 
17 FGE24 Not defined * 
18 FGH24 Not defined * * 0 

Key: 	 x = screened as inefficient. 
0 = consistently rejected.
* = occasionally selected.
 

Blank = consistently selected.
 
(1) = See Table (1) 
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The two least productive (and most extensive) systems based on the 
German Mutton Merino (M0, MI2) were consistently rejected. The most 
intensive system, based on the labour-saving artificial weaner (?4 I9) was also 
consistently rejected; only the most intensive Finn-cross systems (FGE24, 
FGH24) were selected. 

A pattern of rejection emerges when the systems are arranged in order of 
a dcminant aspect of production performance, which, in the present study, is ewe 
fecundity. Each breed has a maximum fecundity dependent on its genetic 
characteristics. Below this maximum, fecundity is determined by management 
factors. As a result, the fecundity ranges of the breeds overlap. The 
technologies rejected tend to be those based on the highest and lowest fecundity 
levels of a given breed. At the highest levels, a more fecund breed tends to be 
selected, and at the lowest fecurdity levels of a given breed, another less 
fecund breed tends to be selected. These less fecund breeds are often hardier 
and thrive under less favourable conditions. 

Selected technologies 

The degree to which a system was selected over the whole 15-year test period can 
be expressed as the number of ewes that were managed or the number of lambs sold 
in that system totalled over the whole planning horizon. Another criterion is
 
the number of times a system was 
selected over the period analysed. A summary 
of the system selected is given in Table 4. 

Two basic technologies were consistently selected in all cambinations: 
the improved Awassi, year-round grazing, normal weaning, 90%net lambing rate 
(IYN09) and the German MUtton Merino (GM), deferred grazing, normal weaning, 
140% net lambing rate (MIrI4). Two other technologies (MDEI6, MGEI9) were 
selected in all but one of the combinations tested and one (FGE24) in all but 
two; four (AYN05, IYNO7, M2;17, FGH24) were selected, but not consistently and 
not heavily, and one system (Iul0) was occasionally selected, somettimes with 
many sheep involved. 
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Table 4. 	 Techmologies most frequently and heavily selected in the model under 
different management systens. 

Systie,(l) Range Cultivable land Feedlot only 

Unfenced Fenced 
Unfenced Fenced Min. Min. 

No. Code inim= min. Min. Min. Min. Min. straw cons. 
straw conc. straw conc. straw conc. 
(OS) (RC) (US) (UC) (FS) (FC) (NS) (NC) 

1 	 AYN05 + * * Not defined
 
4 IYN07 * 
 * Not defined
 
6 IYNO9 ** ** * ***
*** *** Not defined
 
7 IGN10 * 
 ** + Not defined 

10 MEl14 ** ** + * * *** Not defined 
11 MIE16 * * * **** Not defined 

12 M2117 Not defined + 
13 MM19 Not defined * ** • , , 
17 FGE24 Not defined + • , ** 

18 FG24 Not defined + , + 

Key: Blank 	= consistently rejected. 
+ = selected occasionally to a moderate degree. 
* = selected ofzen to a moderate degree. 

•* 	 = selected often, sometimes heavily.
 

= often selected heavily.
 

(1) = See Table 1. 

The most 	heavily selected group was of the intermediate breeds, the 
improved Awassi and the GMM, both at a production level below the breed 
potential. The highly productive systems based on the Finn-cross were selected 
less regularly and, as will be seen below, only under special conditions. The 
systems that were selected only occasionally range from the most extensive to 
the most intensive systems defined. 
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Dynamic aspects of technology selection 

The choice of breed and production level varied over the period analysed. In 
the standard run (see Table 2), the Awassi was predominant initially (the
present situation in the region) but its numbers declined as GMM increased in 
rrmbers (Figure 1). The highly productive Finn-cross was selected to the limit 
of its availability up to year 9, but was then phased out. It was selected 
during the early period a. an interim solution for increasing the more 
productive system as quickll' as possible, but when there were sufficient number 
of the preferred G'M for optimal use of the resoces the more productive Finn
cross lost its relative advantage of high fecundity. A different result is also 
possible as this pattern i! dependent on the regional constraints. If the 
standard-run scenario changes, and the labour available increases fran 400 to 
1000 man-years, then the labour-intensive Finn-cross is selected to the limit of 
its availability throughout the test period (Figure 1). However, this is 
accompanied by a drastic reduction in income per man-year. 

Effect of price change on technology selection 

An increase in the meat:grain price ratio produced a sharp increase (from 5 to 
73%) in the area of cultivable land used for pasture (Figure 2) and in the herd 
size, all breeds increasing as a rule. The system based on the Awassi breed 
that were selected are the efficient group of land-intensive technologies, and 
the selected systems based on the G4M breed are the efficient group of 
concentrate-intensive technologies. When prices of meat rise (and prices of 
wheat are left unchanged) it becomes more profitable to produce meat from 
pasture by means of Awassi-based technologies, and also from concentrates via 
the T!systems. As a result, the Awassi herd increases at the expense of land 
under wheat, which is put down to pasture, and the GM4 increases by using more 
concentrates. On the other hand, as the wheat price rises, the area under wheat 
increases and the area of cultivable land under pasture decreases, from 61% to 
29%. As a consequence, the number of Awassi sheep is reduced, but the GM and 
Finn-cross numbers remain more or less constant.
 

The increasing meat:grain price ratio has 
a somewhat unexpected effect 
on the grazing systems that are selected: year-round grazing increases, deferred 
and green-season-only grazing decrease, while confinement to feed lots 
increases only slightly, even when the ratio is 14:1 (Figure 2). Under these 
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Figure I. Predictions of breed selection over Figure 2. Effect of meat: grain price ratio on grazing 
a 15- year period system, land use for grazing and total flock size 
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circumstances it may seem surprising that range use decreases. These trends in 
pasture use are also related to the relative profitability of wheat in the 
region. When the area under wheat is reduced by higher meat prices, cultivable 
land that can produce good pasture becames available for sheep husbandry, thus 
providing an apparently more profitable alternative to raising sheep gn either 
concentrate feed or on range. This is an interesting re-ult for those who deal 
with future trends in sheep husbandry, as even under scenarios with a meat:grain 
price ratio of 14:1, most sheep are raised on improved grassland rather than 
under feedlot confinement. However, extensive rangelands tend to be neglected 
as meat proxlction from improved pasture becomes more profitale per labour unit. 
The shift from open to fenced range and pasture occurs for apparently the same 
reason. 

With regard to the specific technologies selected, the general trend was 
to select more productive systems (higher lambing rates) as the price ratio 
increased, but there are many exceptions: GMM at 140% lambing rate, grazing 
unfenced range for 9-10 months of the year, was heavily selected when the 
meat: grain price ratio was 6:1, while improved-Awassi grazing year-round on sawn 
pasture with a lambing rate of only 90% was heavily selected when the price 
rdtio was 14:1. However, this is very much dependent on the initial conditions,
 
which stipulated a herd containing 97.8% Awssi 
 in the first years of the 
analysis. In the long run, the more extensive systems, with their associated 
breed (Awassi), tend to be phased out. 

MUltiple-coal analysis 

The present model is now being developed into a multiple-goal model in the 
manner presented by Nijkamp and Spronk (1978). Legume pastures Lava bc-n added 
as an additional option. Preliminary results are available but a detailed study 
is in preparation. A different approach to multiple-goal analysis of a non
dynamic situation has also been developed (Spharim and Seligman, 1984). This is 
based on an input/output model of agropastoral systems and the definition of a 
number of relevant regional goals. The model does not attempt to find a single 
optimum solution. Instead, defines ait feasible set of technologies that meet 
minimum threshold standards for each defined goal (Figure 3). The choice of 
technology within the feasible set is then dependent on other factors that vary 
fran fanner to farmer and depend also on the relative strength of interest 
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Figure 3. 	The reasibl6 technology space, S, bounded by 
threshold isolines of the multiple-goal indices 
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groups that influence the development situation. Sme farmers may even 
practice technologies outside the 'feasible' set because of resources or goals
that are not covered by the model. Consequently the model solution can be used 
mainly to focus on the main issues between technology and developient policy. 
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Discussion 

Question - Your conclusion is that fecundity is the main characteristic 
determining selection or rejection of certain breeds at a certain moment. Since 
the prolificacy figures of the various breeds overlap, there must be other 
technical coefficients in the input/output relations that determine which breed 
is actually selected. Mat are those other technical coefficients? 

Ansmer - The other technical coefficients varying among breeds are the 
veterinary costs and the labour requirements. 

Question - An important conclusion derived from the model is that restrictions 
on lard allocation should be lifted to improve the prospects for the developoent 
of agro-pastoral systems. Did I understand that correctly? 

Answer - Yes, in some scenarios the model allocated substantial parts of 
cultivable lard to pasture. 

Question - How much does that change if you use an unsubsidised wheat price? 

Answer - In that scenario the wheat acreage is reduced to almost zero. 

Question - Can you please clarify what the objective function is, i.e. to 

maximise consumption? You are using the word consumption because you are 
discounting future consumption, but in fact you mean the money value of output 

minus operating costs. 

Answer - The objective function, as defined in the paper, is maximising the 
amount of cash available for consumption after deductions for operating costs, 
investments marsavings. I mentioned that this model has another version that 
is not covered here, in which various goals are defined. These goals are 
defined in accordance with the aims of various interest groups, such as regional 
industry, regional consumers, regional environmentalists, the settlement 
agency, the national government or international money lending agencies. 
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Oaesti - In the agrcpas-oral systems there is an opportunity to select between 
sheep breeds. Do you have a similar choice for weat production, allowing 
application of different technologies? For instance, instead 1.X plcughing and 
discLng to use only discing or to combine the disc and the drill or to grow wheat 
with or without fertilizer. 

Answer - In the present model most attention was paid to sheep husbandry 
technologies, because that was the difficult test. Me arable system were 
treated rather superficially. Arable technologies in the model were continuous 
wheat and wheat on fallow. If the input-output relations of other technologies 
can be defined, hmver, they can be easily acccmnodated in the model. 
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General discussion
 

Types, purposes and users of models 

Benjamin - It might be advisable to call upon different disciplines (researcher, 

manager, planner) in determining the use of models. It is obvious that models 
have a different meaning, purpose and use for each of these, and that they can be 
separated in scme way.
 

Few complex mode? s have been used by managers. Simple models have been 
of more use: in these, some day-to-day management decisions are reduced to a 
simple yes or no answer. Another type of model is that with a fundamental 
approach, e.g. Ketelaars' approach towards intake based on energy and protein 
ratios. These can be extremely useful to farmers, although energy and crude 
protein do not mean very much to them. What they really want to know is what 
they get with sall inputs of supplements. 

Seligman - Benjamin raised two good points. One is the complexity of the 
d---els, and tne other was the question of how to deal with quality and intake. 

The latter will be discussed in the second part of this session. Regarding the 
first, I would like to say that we should be careful with terms like complex and 
simple. Many of the 'complex' models are conceptually quite simple, while some 
of the 'simple' models are conceptually very sophisticated. 

The usefulness of a model depends on the system, on the way the model 
has been conceptualised and on the way in which one goes about the modelling 
process: some complex models are well conceptualised and are very useful, whilr 
some of the simple ones do not mean much. It is important that the final answcr 
from the model should be in a form which can be easily understood by the people 

who will apply the results. 

Lambourne - I think that Benjamin has brought up a very important point that is 
of considerable interest to IICA. The ILCA model is a modification of the TAMU 
model. I am beginning to wonder if the ILCA mdel is not a sort of hybrid, 
because IA's requirements are likely to diverge from those of TAMU. One 
direction is the use of decision-type management models and practical models. 
These do not give a great deal of resolution, but they do give an idea of the 
actual output of a system: figures for herd dynamics and production which give a 
broad indication of the productivity of different systems. ILfA also needs 

343 



models that go into greater detail of the physiological basis of plant growth or 
the reproductive performance of the animals. I do not see that one model, e.g. 
the IICA model, can serve both purposes. 

S - I would like to raise a related subject. It was mentioned that the 
IIM model, which is applicable to the conditions in Botswana, does not fit well 
in a different environnent. If the biological basis of the system was well 
understood, it would be possible to find a factor within the model that would be 
widely applicable to different environments. Furthermore, if the mechanism was 
understood, less data would have to be collected in a given place, but the model 
would still be applicable to that enviromnnt. 

- Possibly one could distinguish between models by the degree of their 
mathematical ccplexity. onversely, cmplexity becan determined by t.1 
number of relatively simple relationships that you are trying to investigate 
simultaneously. A common notion is that there is a particular constraint that 
limits the achievement of the objective. If you can pinpoint that constraint, 
your efforts can be focused on overcoming it. 

Selian - That is true. Mhen you want to find the limiting factor in a 
particular situation, you have to investigate the situation itself. A 
oM~rehensive model will defiie lots of processes, but not necessarily those 
that deal with the limiting factors. The problem in modelling production 
systems is to comnbine these two approaches: the identification of the limiting 
factors and the elaboration of the model so that it expresses them correctly. 

de Ridder - I want to go back to the choice of the type of model. The matter is 
not of choosing a particular type of xmdel, but to chocse the one best suited to 
the defined problem. Starting with a general, lw-resolution model, you can try 
to determine the possibilities for inproving production from a systcm. Much of 
the input for the model will be data collected from the system itself, but some 
guesses will have to be made about how the system will react to proposed 
interventions. A biological simulation model is needed to quantify these 
guesses, e.g. the effect of increased forage availability on c'rerall production 
of the system. 

344
 



b - I agree. One of the justifications for the scientific type of 
model is that they produce reliable units which can then be used to assess 
research and developnent priorities or to assess management decisions in the 
decision-type mclels. 

Orshan - One has to distinguish between prcblem-oriented and system-simulation 
models. The first is a deducive and the latter an indicative approach. There 
is no advantage to using one alcne. Both have to be used, but one must 
distinguish between aims and techniques that is the point.-

van Keulen - In Wageningen we have been modelling biological systems for many 
years, with the aim of gaining a basic understanding of the biological systems. 
Some of these models go from a plant to an organ or even cellular level, while 
others go in the opposite direction, from the plant to the whole canopy level. 
With both types of model disatisfaction creeps in. One begins to wonder haw the 
models are to be used. In this there are two approaches that can be adopted. 
First, you can sit and wait until someone cures along with a specific problem 
which needs to be solved. This will probably not work, since most people are 
not very enthusiastic about models. The second approach is to ask yourself how 
you can use the knowledge you have gained. An example of this approach has been 
developed in the Netherlands. The same people who developed the detailed crop 
growth and population djnamics ii dels, with a view to increasing insight into 
these systems, developed simplified equations from these models which could be 
of direct use to the fanner, e.g. rules on whether or not to spray a wheat crop. 

These rules have been tried out by farmers for several years now. Last 
year there were 9 000 fields of wheat that were being served by this advisory 
service. 

In our experience, one has to develop fairly detailed and fundamental 
models, and then bring them down to a level at which they can be used to solve 
practical problems. 

Seliqman - The sucoess of the Wageningen group in modelling is clear, but I was 
under the impression that the amount of modelling used in the advisory services 
is almost nil. 
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van Kele - Both the population dynamics imel and the crop growth model have 
been reduced to a few lines of FORIm dealing with factors relevant to t)e
development of a particular disease on a particular crop at a particular
physiological growth stage. This could not have been done unless the detailed 
models had been developed first.
 

r - I see that same important methodological points have been tou-:hed upon.
I think that linguistics is important. The problem defines the way in which the 
reality is conceptualised. 

The language that is used depends upon one's outlook. Thus the concept
of relative growth rate in the ARID crop model has no meaning, because ARID crop
is not concerned with grazing-systems dynamics, but grazing-systems dynamics
cMnnot be explained without that concept. The problem is that model builders do 
not have a single level on which they wish to provide an explanation, but many.
They try to exp- in not only foreign inccme, but changes in animal liveweight,
herbage growth and moisture in the soil. They are forced to take the lowest 
commn denominator, and end-up explaining soil moisture but not explaining farm 
incane, only simulating it. In order to develop explanatory power, needwe 

appropriate 
 concepts and language. That is why Noy-Meir's models, which used 
the correct language and concepts to deal with the problem hand,in are so 
successful. A model is detailedthat more might be more precise and mre 
realistic, but it would lose the explanatory power of the simpler conception. 

Utoi - aIn sense the mandate of ILcA is to develop new technologies. But new 
technologies developed by research institutes need testing through expensive
field trials and extensive pilot projects before they can be presented to the 
farmers. Another application of modelling is to speedup this testing and
 
substitute for field work. 
 It is a means to test a technology, but can never be 
a complete substitute for field trials. 

- There is no difference between the wind tunnel that an engineer uses 
to check wings and the models that we are talking of now. Even in a wind tunnel 
an engineer only simulates the real world. The final test of the wing is in the
air, but a good engineer will know what is being tested in the wind tunnel and 
what is not. 
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- There is a temporal as well as a philosophical sequence to be followed in 
modelling. Do need good scientific ard-nalwe a model before we can build a 
managerial-type model? Must we have ARID CROP before we can model the 
management of lambs? Or can we approach the problem from a different point of 
viw 

van Keulen - If you are interested in the potential yield of a wheat crop An a 
Mediterranean environment with 250 mm rainfall, you can cut out a lot of detail, 
use fairly simple descriptions, and come up with results that are extremely 
relevant to the given situation. But you should also realise that the model is 
descriptive rather than explanatory. 

de ieeuw - So the question is, are we just going to use the observations from the 
Borana system or do we need to know the details of the competitive elements, 
e.g. between milk offtake and calf growth? 

van Keulen - When you are interested only in what will happen in that particular 
region or system, then you can formulate a site-specific hypothesis, either on 
the back of an envelcpe or with a computer. That hypothesis can be used in 
analysing what will happen if you change certain elements in that system. But 
if you want to be able to predict what will happen elsewhere . the basis of 
these data, then you need something a lot more sopbisticated. 

de leeuw - Let me pose another question. We know that milk is limitinga 
resource during the dry season. I could modify the system by feeding certain 
proportinns of urea. What I want to know is whether this is economically 
feasible in the long- or short-term. I want to know the effects of this 
intervention on the herd development and on overall productivity, both in good 
and bad years. Do I need the IICA model to do this, or can I calculate this on 
the back of an envelope? 

van Keulen - The relevant question is, can you de-crTibe the effect of urea 
supplementation in order to predict its effects on animal performance over a 
number of years? If you can, then there is no harm in using the IDCA model. 
But if you cannot quantify the effects of urea supplementation then you would be 
fooling yourself by using the model, because the results would be spurious. 
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Ketelaars - I think that, with regard to changes in nutritional conditions, the 
ILCA model is not an explanatory one, and, as far as I know, there are no 
explanatory models that can jutje the possible effects of such changes. Thus,
think that there are many possible interventions the effects of which cannot be 
predicted, and these should be investigated in field trials. 

Problems related to intake 

Seliman - We will leave this topic, and go on to the problem of intake, which is 
central in interfacing primary and secondary production models. 

lambourne - Again, it seems to me that we can probably skip the interface stage
altogether, and simply relate animal performance to characteristics of the 
resource which we are using. Ra do n )t want to predict pasture intake, we want 
to predict animal performar-.- id to relate this to characteristics of the 
area. I think that more net, -. how toto be done on incorporate the ideas of 
Ketelaars and others and to assess their importance, but we have to do this at a
scientific level. I do not see why that should hold up the practical use of 
models that simply relate resources to animal performance. 

deLeeuw - If you are asking these questions in relation to the ILCA model, we 
can put in a number of reasonably realistic limitations to intake with slight
modification to the model. If we want to use the ILCA model for all purposes,
 
we have to look at the intake side of the model.
 

van Keulen - In Holland we are confronting problems that mean wethat cannot
 
leave the intake side to experimental and theoretical control. 
 We have pastures

that are fertilized with high levels of nitrogen; 
 dairy farmers want their cows
 
to produce 40-50 litres of milk per day, 
while the government does not want the 
ground water and the soil to be polluted, and the environmentaJists do not want 
acid rain. In that situation we have to describe in clear, quantitative terms 
what the properties of the forage offered to the animals should be in order to 
meet all these requirements. What little experience we have in Africa indicates 
that the performance of animals in extensive systems is limited by the fact that 
they cannot eat enough. If that is the then onecase, would like to know 
whether the limitation is the amount or the quality of the forage available. 
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Lambourne - Am I right in thinking that this is an important field, particularly 
at the scientific level, and that there are a number of things that we do not 
understand about it? This probably calls for more careful research, and may be 
built into a model in the long run. In the meantime, we need to do research to 
understand the processes of intake and digestior and the factors that are 
involved. 

van Keulen - That may be true to some extent, but you need that information in 
the short-term. For example, with the data that ILCA is collecting in their 
country programmes, you need to know if the poor performance of those herds is 
due to a problem in the interface between the feed resources and the animal or if 
the animals are sick. There is little you can do in the way of giving advice or 
making recommendations until this is clarified. 

Wagenaar - I do not agree that models should not be used at present. They 
should be used as much as possible, keeping in mind that there are gaps in the 
knowledge on which they are based. These gaps are not a reason to avoid using 
the model. Meanwhile work should continue to fill in these gaps thein 

knowledge. If is
the knowledge available, it should be incorporated into the 
model. For instance, Iptelaars' approach could be introduced into the model 
without knowing much about water intake or mineral requirements. 

van Keulen - That is true, but individual modules of the model have to be tested 
just as in the primary production situation. At a certain stage in our model, 
the prediction of dry-matter accumulation did not agree with measured data. It 
is a long way from 002 molecules in the air to the grain at the top of a wheat 
crop. A deliberate decision was made to change the boundary of the system in 
this mode' and to first make sure that the part that models the pathway from the 
002 molecule to the glucose molecule in the plant could be tested. This led to 
the development of a method for measuring carbon dioxide exchange in the field 
using a mobile laboratory. On the basis of this, I would suggest that you take 
out the intake module of the ILCA model and try to validate it on the basis of 
any data that are available. 
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