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STELLINGEN

1. De voortdurende discussie of water dan wel bodemvruchtbaarheid {met name het
voadingselement stikstof) de baperkenda factor is voor plantengroei in de Sahel kan worden
besindigd indien ruimte- en tijdschalen nader worden gespecificesrd.
- Penning de Vries, FW.T.,, and M.A. Djitéye (eds), 1982. La productivité des
pdturages sahéliens: une étude des sols, des végetations et de l'exploitation de cette
ressource naturelle. Agric Res Rep 918. Pudoc; Wageningen.

2. Voor een beter inzicht in hat duurzame karakter van agro-ecosystemen dienen deze niet
alleen te worden bestudeerd op de juiste tijd- en ruimteschaal, maar ook in relatie tot sikaar
en ap verschillende hiérarchische niveaus.
- Fresco, L.O. and S.B. Kroonenberg, 1992. Time and spatial scales in ecological
sustainability. Land Use Policy 9:155-168,

3. De hewering dat gewasgroeimodellen ontwikkeld en geschikt zijn voor de niimtelijke schaal
van een akker, is onjuist, omdat deze modellen in veel opzichten nog één-dimensionaal zijn.
- Bouman, BAM., 1991, Linking X-band radar backscattering and optimal reflectance

with crop growth models. Proefschrift Landbouwuniversiteit Wageningen.

4. Het gebruik van landeenheden voor de bepaling van het landbouwkundigs potentiéel, die
alleen zijn vastgesteld op basis van bodem- en klimaatskaarten, gaat voorbij san de
ruimtelijke configuratie van deze eenheden in het landschap en is daarom fout.

- Driessen, P.M. and N.T. Konijn, 1992. Land-use systems analysis. WAU/INRES, Wageningen.

5. Wil de 'harvest index’ in de toekomst bruikbaar zijn bij de veredeling van (tropische)

voedselgewassen, dan dient deze parameter niet alleen te worden gezien als een expressie

van genetisch potentiéel maar ook van groei beperkende en reducerende omgevingsfactoren.
- Wallace, D.H, J.L. Ozbun and H.M. Menger, 1972. Physiological genetics of crop yield.
Adv. Agron, 24:97-146.

6. Verkennende landgebruiksstudies die gebrulk maken van 'lnteractive Multiple Goal Lineair
Programming' leiden tot misleidende ruimtelijke allocatie van landgebruik.

- WRR, 1992. Grond voor keuzen: vier perspectieven voor de landelijke gebieden in

de Europese Gemeenschap. Rapporten aan de regering 42, Den Haag.

7. Ogenschiinlijk zinloze wetenschappslijke debatten, zoals die aan het begin van deze ssuw
plaatsvonden over de vraag of een vegetatie als een organisme kan worden beschouwd,
kunnen toch de wetenschap vooruit helpen.

-Cooper, W.5., 1926. The fundamentals of vegetational change. Ecology Vol. 7, no.

4:391-413.

-Tansley, A.G., 1935. The use and abuse of vegetational concepts. Ecology Vol 16,

no. 3:284-307.
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8. Aangezien groen papier en een gesioten groens vegstatie dezelfde NDVI-waarden
(Normalized Difference Vegetation index) geven, kunnen via satellieter verkregen NDVI-
waarden niet als direkte maat worden gezien voor de fotosynthetische activiteit van een
vegetatie,
- Tucker, C.J, C.L. Vanpraet, M.J. Sharman and G. van Ittersum, 1985. Satellite remote
sensing of rotal herbaceous biomass production in the Senegalese Sahel: 1980-1984. Remote
Sensing of Environment 17:233-249,

9. De herinvoering van het uit de middeleetiwen stammende ‘'meestar-gezsl’ systeam draagt
meer bij tot kwaliteit en efficiéntie van onderwijs aan de Landbouwuniversiteit dan het
handhaven van de Richtingonderwijscommissies (ROC's).

10. Met recht achten donaren het sociaal-economische onderzoek van belang voor de verdere
ontwikkeling van Sahellanden, maar ten onrechte wordt een lagere prioriteit gogeven aan het
biofysische onderzoek.

11. De met de plannen voor een Kennis Centrum Wageningen gepaard gaande reorganisatie
geeft aan dat in deze weinig is gefeerd van de ervaringen van het romeinse leger aan het
begin van onze jaartelling.
- - Gaius Petronius (66 AD),
- Peper, B.P, 1996 Duurzame kennis, duurzame landbouw. Een advies aan de
Minister van Landbouw, Natuurbeheer en Visserij over de kenisinfrastructuur van de
landbouw in 2010.

12. Ook een stelling is maar een rek.

Behorende bi] het proafschrift
Hierarchical levels in agro-ecosystems: selective case studies on water and nitrogen.

Nico de Ridder
Wageningen, 14 maart 1997




"..... the concatenation of events is always more complicated and inexplicable than we like

to imagine. We must remember that a pattern - whether of the past or the future - is always
arbitrary or partial in that there could always be a different one or a future elaboration of

the same one. In the end we have fo make a guess ......"

" ... de aaneenschakeling van gebeurtenissen is altijd ingewikkelder en onverkiaarbaarder dan
we willen geloven. We mogen niet vergeten dat een patroon - of het nu in het verleden of in
de toekomst ligt - altijd willekeurig en onvolkomen is, in de zin dat het altijd kan veranderen,

of een uitbreiding van het oorspronkelijke kan zijn. Uiteindelijk moeten we toch gokken ...... "

Charles Palliser, 1993. The Quincunx: the inheritance of John Huffam.
Viking, England.
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Preface

Nearly five years ago, | was invited to apply for a job at the former department of
Tropical Crop Science of the Agricultural University in Wageningen. To be a PhD-
graduate was one of the requirements for an acceptable candidate, a requirement
| was not able to meet at that time. Since my MSc-graduation in 1979, | had worked
at several research institutes and projects. Being such a scientific nomad, | had
never found the tranquillity {(or should | say: | was never given the opportunity?) to
concentrate on a PhD-thesis. At that particular meeting of the interview panel Prof.
Dr. Ir. L.O. Fresco did not make an issue of this shortcoming, simply stating that |
would be able to obtain a PhD-degree in the following years. Her limitless faith in my
capacities and continued day-to-day support, has kept me going and allowed ms to
finish this last remaining and highest formal education objective in life. Louise, |
sincerely thank you!

Trying to capture my scientific development during the 18 years of my professional
life in a PhD-thesis may be considered as a virtually hopeless task. So much the
more it will be to acknowledge all the psople who have placed significant sign posts
on the road and made my adventurous journey through time possible. Nevertheless,
| will take the risk of forgetting someone along the road. To my relief, psople
knowing me will remember that this is not on purpose but rather due to my absent-
mindedness.

Two late professors played an important role during my MSc-study in preparing me
on my scientific career: Prof. Dr. Ir. C.T. de Wit and Prof. Dr. R. Brouwer. Both
would have enjoyed seesing me obtain my PhD-degree. Others were important as
well during this period, but | can cnly mention a few. Wim Elberse patiently taught
me the first principles of writing scientific reports, surely a skill one cannot do
without. Furthermore, Henk Breman, Jan Krul, Frits Penning de Vries and Leo
Stroosnijder, all scientists at the former PPS-project in Mali, have contributed to my
development during my MSc-study as well as later in my career, whenever we met
again: | owe you all a great dept of gratitude.

My first job was in Israel, where | was appointed at the Hebrew University of
Jerusalem. No'am Seligman, Roger Benjamin and Herman van Keulen, you are
gratefully acknowledged for your support at that time. Our cooperation resulted in a
few publications, of which | have included one (Chapter 2) in this thesis. If the
methodology in this chapter is carefully evaluated, one would agree that | have to
express my thankfulness to those who have executed the tedious and precise hand-
work. A. El Mageed Abu Abed, G. El-Rantisi, Niek van Duivenbooden, let Olieman,
Pauline Wijnmalen en Anneke Jeeninga, | still do not understand how we convinced
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you to do this crazy job! _

My second job brought me back to Mali. Leo Stroosnijder taught me to reduce the
complex scientific results of the PPS-project to the basic principles which
subsequently had to be transferred to young engineers from all Sahelian countries.
Leo, you also advised me on the tricks of proiect management and budgeting: it was
just what | needed in my jobs to come. | received warm hospitality of all the
colleagues at the former department of "Theoretische Teeltkunde”, being my home
base during this period: thank you all, it was a great time!

The International Livestock Center for Africa was my next employer. Many
colleagues at this CGIAR institute have contributed to my scientific development,
but | want to especially express my sincere gratitude to Klaas Wagenaar. Together
we have written the publication, that | inserted as Chapter 3 in this thesis.

in the following three years | was empioyed by the former Center for Agro-biological
Research {CABO; nowadays AB-DLQ). From the publications that appeared in that
period, | used two for my thesis (Chapter 4 and 5). It was a great experience to
assist in the development and writing of a manual for evaluating Sahelian pastures.
Many colleagues have worked on the final publication of this book, but | want to
thank in particular Henk Breman and Peter Uithol for their stimulating cooperation
in this period. Together with Herman van Keulen, | have condensed a chapter from
this book into a publication, which | have inserted as Chapter 5. The publication on
the role of organic matter in the semi-arid tropics of West Africa (Chapter 4) was
written in hamonious collaboration with Herman van Keulen, for which he is
acknowledged in all sincerity.

The two years in Burkina Fasc were a break in terms of my scientific career. |
leamed to supervise the construction of a laboratory for ecology at the university of
Ouagadougou under the highly appreciated guidance of Karel Erkelens. | also
appreciate the administrative support | received from the former rector of this
university, Alfred Traore. Jelte van Andel posed as my sounding-board in the
background. Jelte, thank you for your contribution to my professional development.
My latest job, and so far the longest, is at the Agricultural University in Wageningen,
at the former depantment of Tropical Crop Science, which later became the Plant
Production Systems section within the Agronomy department. To finish a PhD-thesis
on top of the regular work at the department is highly demanding, not only for the
one trying to do so, but certainly also for his colleagues. | thank all my colleagues
of the Agronomy department, who, in some way or another, have contributed to an
environment in which | could manage the job.

However, some of you have to be mentioned in particular. Tjeerd Jan Stomph
contributed to the Chapters 7 and 8, as well as to the general introduction (Chapter
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1) and the general discussion (Chapter 9). Tjeerd, | owe you a great dept of
gratitude and | appreciate the fruitful discussions we have had. | earnestly hope that
our collaboration will continue for the foreseeable future. With Siméne Radersma, |
worked on the publication appearing as Chapter 6 in this thesis. Sim&ne, it was a
smooth cooperation and | am grateful you permitted me to include our publication
in my thesis, Daniel van Kralingen is acknowledged for his support in getting started
with the programming of the model as published in Chapter 7. Annemarie Rozema,
at that time a student at our department, assisted with inclusion of the nitrogen
balance in this model (Chapter 8). The discussions with Free de Koning contributed
to what finally became the general introduction (Chapter 1) and general discussion
(Chapter 9). Thank you Free, and that you may follow soon! The assistance by
Egbert Westphal and Jan Wienk in formulating the propositions is highly appreciated,
whereas Joost Bouwer is acknowledged for editing this preface. Unexpected and not
foreseen assistance came from Wampie van Schouwenburg during the evenings |
was desperately trying to get the prints ready before the deadline. Wampie, thank
you very much for your help!

The C.T. de Wit graduate school created discussion groups for PhD-students. | had
the fortunate opportunity to participate in the group on methodology during the last
two years.

| have appreciated this initiative of the graduate schoof and will remember with great
pleasure the in-depth discussions with the participants in our group.

My research program is part of the so-called VF-program entitled "Sustainable land
use in the tropics". Thanks to the colleagues in this program | was able to do part
of the research presented in this thesis.

Furthermore, | wish to express my appreciation to Marin van Itterssum of the
department of Theoretical Production Ecology. Together we have developed the
course "QUASI" and have given this course several times. Without asking, he has
taken more than his share to relieve me in the last months of the preparation of my
thesis.

The cover of this thesis was designed by Henk Hoonhout. It is a hell of a job to
express all the rather abstract thoughts of this thesis into one single page. Henk, |
am much obliged to you.

The first years of my life | have spent abroad. First, five years in the former Dutch
colony, Indonesia, followed by another three and a half years in a small village called
Seroei situated on the island of Yapen in the Geelvinkbaai, Nieuw Guinea. In Sercei
| reached school age. Since neither a Dutch school nor teachers were available in
such an out-oi-the-way corner of the world, my mother taught me to 'read and write'.
My parents did not only build the foundations of my education, but also gave me
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their full support in my subsequent education. This goes part of the way to explaining
my great gratitude and respect | have for them.

Finally, | want to thank my children, Ellen and Jorn, who followed me around the
world, sometimes grumbling but mostly cheerfully.

All this having been said, | am not able to express my sincere gratitude to the most
important person in my life, becauss she does not want to be mentioned at all ......
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Chapter 1

General introduction

1.1 Changes in agronomic research

The evolution of agronomy dates back to the first agricultural practices by Man.
Through trial and error Man developed new agricultural technologies (e.g. seed
salection, tillage, manipulation of nutrients and water, weeding, harvesting and
conservation). In the eighteenth century, agronomy developed as a formal
science, when, at least in Europe, the first professors in agriculture were
nominated at universities in Scotland and Italy (Struik and Fresco 1993).!
Experimental research on agricultural stations started in 1834 in France and 1843
in England {Salmon and Hanson 1964}. The publication of Von Ligbig's law of the
minimum (1855) was a landmark in agricultural research. In previous centuries,
farmers had to rely on techniques as shifting cuitivation, rotations with legume
crops and use of organic manure and waste of cities to maintain soil fertility (De
Vries and Van der Woude 1995; Slicher van Bath 1987). In the decades after
Von Liebig's publication, the insight evolved that soil fertility also can be
maintained and even upgraded by the use of chemicat fertilizers. This is further
illustrated by other publications on production functions in relation to nutrients
{Liebscher 1895; Mitscherich 1924). The main stream in agricultural research
thus focussed on experiments studying dosage-effect relations. Experimentation
was done on special plots, under the assumption that these plots were
representative for larger units such as farmer's fields. After the Second World
War, results of agricultural research in general, but in particular those of studies
on dosage-effect relations, have contributed enormously to the increase in
productivity per unit area. Of course, this was only possible with a simultaneous,
economic development in societies, creating an increasing demand in agricultural
products {De Wit and Van Heemst 1976; Graenland et al. 1994).

The successful application of production functions in relation to nutrients in daily

! Agriculture is a generic term, including at once the science, the art and the process of
supplying human wants by raising the products from the soil, and by associated industries. It
implies amongst other things the cultivation of soil, the production and harvesting of crops, and the
care and breeding of livestock. Agronomy is a more restricted term, generally seen as the
application of scientific principles to the cultivation of land. In this thesis the meaning of
agronomy is limited to the application of scientific principles of natural sciences in the
management of agro-ecosystems. It implies the study of effects of management practices, such as
cultivation practices, on biophysical processes determining the performance of agro-ecosystems.
Agro-ecosystems are in principle ecosystems, but managed by Man to obtain arable and livestock
products.
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agriculture introduced object changes in research. Since high production was in
principle guaranteed through use of manure and fertilizers, yield limiting and yield
reducing factors became topics of research to obtain potential production levels.
The interest in bresding increased - first in temperate agriculture, but in the
sixties also in the tropics -, followed by attention paid to pests, diseases and
water management. Agronomic research evolved to technology development,
focusing on partial processes in agriculture. During this period many specialism
developed from the originat comprehensive science of agronomy i.e. plant
breeding, entomology, phytopathology, nematology, soil tillage, soil conservation,
irrigation, etc. (Struik and Fresco 1993).

During the 1360s and the 70s this unbridled technology development created
public concern. Unexpected negative side effects like persistent biocides and
excessive use of manure and fertilizers created a general awareness of the
environmental costs of intensive agriculture. Furthermore, in the tropics the Green
Revolution, characterized by the introduction of high yielding varieties, induced
new issues such as inequality in income and loss of work in the agricultural
sector. As a reaction to the analytic and reductionistic approach in agronomic
research and the worries about the negative side effects of the new technologies,
a more integrative system analysis was called for. This resulted, amongst others,
in the Farming Systems Research approach. The focus in agronomic research
switched to agro-ecosystem analysis, a more holistic approach, which enables
inclusion of {negative) side effects - also considered as outputs of the agricultural
system -, in studying agriculture (Fresco 1995a).

As a result of the Conference of Environment and Development in Rio de Janeiro
in 1992 Agenda 21, of which Chapter 14 deals in particular with sustainable®
agriculture and rural development, the environmental issues of pollution,
degradation and depletion of natural resources in agriculture are recently placed
in a global perspective. Furthermore, the world population growth induced an
intensified competition for land between agriculture and other land use forms
(Waggoner 1994) and emphasized the need for land use planning (Fresco et al.
1994). These changes in view have caused yet ancther shift in the agronomic
research agenda.

Today, agronomic research faces the challenge to devslop knowledge and insight
to manage agro-ecosystems, which are inherently sustainable, diminish the
undesirable side effects and meet the increasing demand of food of a still
growing world population, without claiming all the available land. Trade offs have
to be made clear between objectives of sustainability, the unavoidable, negative
side effects of agriculture and the growing demand for food. In addition,

2 The term “sustainability” is defined as the way in which resources can be used to meet
changing future needs without undermining the natural resource base (TAC/CGIAR 1989).
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agronomic processes, so far studied at the plot level, have to be studied and
applied at larger entities such as toposequences, watersheds, river systems,
continents and even the entire globe, and over longer time periods if we want to
take sustainability seriously (Fresco and Kroonenberg 1992). Sound management
of agro-ecosystems is not solely a matter of the individual farmer anymore, nor
of only field and farm level. Local, national and intemational policy levels demand
guidance from the agricultural research community in management of the natural
resources.

1.2 Agro-ecosystem analysis

Agriculture is a complex process, even if it can be described in simple terms as
“the human activity that transforms solar energy at the earth's surface into useful
{edible) chemical energy by means of plants and animals" (De Wit and Van
Heemst 1976) or as "an activity (of Man), carried out primatrily to produce food
and fibre {(and fuel, as well as many other materials) by deliberate and controlled
use of (mainly terrestrial) plants and animals" (Spedding 1979). One needs a
unifying concept to study this complex process, even more so if the negative side
effects of agricultural practices have to be considered as well. Systems theory
provides such an unifying concept, in which the system takes up the central
position.

Tansley (1935) was probably the first to introduce the term "ecosystem” in
ecology, defining it as the whole of all plants and animals interacting with the
complex of physical factors forming the environment. The ecosystem is the
central concept of system analysis in the biological and ecological realm, but is
also widely used in agronomy. However, agro-ecosystems differ from ecosystems
through the impact of Man, resulting in more open systems (energy and mass
flows leave the system through e.g. harvest, nutrient leaching, erosion; and enter
the system through e.g. fertilizers}, use of auxiliary energy sources (human and
animal labour and fossil energy), reduced diversity of species (e.g. uniform crops,
avoiding weeds), and fewer natural feedbacks (replacement of natural feedbacks
through external control by Man) {(Mannion 1995).

According to the systems theory, a system comprises five elements: components,
interactions between components, boundaries of the system, inputs and outputs
(Odum, 1983). Depending on the objectives of study, a choice has to be made
which components, interactions between components, inputs and outputs have
to be considered in the specific analysis of a system:

Let us introduce an example of an agro-ecosystem: a farmer's field,
situated on a slope. The farmer cultivates an annual crop on this field. We
can consider this field as a system. It now depends on the objectives of
the system analysis, which components have to be considered. If the
objective is to analyze crop growth and production in relation to water and
nutrient availability, we have to consider the crop and the rooting zone in
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the soil as the main components. These two components can be further
divided into different parts of the crop (roots, stems, leaves, reproductive
organs) and soil characteristics (physical characteristics for water
availability and chemical characteristics for nutrient availability).
Furthermore, we have to decide which relationships between the
components will be included. It is evident in our example, that we will
include relationships between e.9. water availability and plant growth on
the one hand and nutrient availability and plant growth on the other.
Finally, we have to decide which inputs and outputs are included in the
study. Generally, the harvestable part of the crop is considered to be the
single output of the system, but other outputs have to be considered as
well e.g. leaching of nutrients and erosion. The inputs depend on the
components and relationships included in the system analysis. Weather
influences plant growth mainly through radiation (photosynthesis and
energy balance), temperature (transpiration, crop development) and
rainfall (water availability). Agronomic practices of the farmer can also be
considered as inputs: through his manipulations the farmer influences,
directly or indirectly, plant growth conditions. If he uses manure and
fertilizers, these will affect plant growth through nutrient availability.
Ploughing the field changes the structure and density of the soil, affecting
root development, water availability and nutrient availability for plant
growth. If the objectives of study change, e.g. we want to study the effect
of a particular pest on crop growth, the population of the organism
causing the pest (a component} and exogenous factors (inputs} affecting
the population growth have to be considered as well. Thus, the elements
to be included in a system analysis depend on the objectives of study.

This example shows that agro-ecosystem analysis can never include all
elements, which can be distinguished in natural systems. We mentally isolate and
delimit parts of natural systems, nature itself being far too complex to be studied
as a whole.

This delimitation of parts of nature can be seen as one of the three aspects in the
definition of the boundaries of the system to be studied and refers to an
organization structure in nature (Allen and Hoekstra 1990). For each system to
be studied, also an appropriate time and spatial scale have to be defined.

The boundaries, determined by the elements to be included in the system
analysis, are always artificial and are defined in accordance with the objectives
of the system analysis. Fortunately, nature itself seems to have an organization
structure®.

In our example, the farmer's crop on the field is composed of single
plants, each plant is composed of different organs and each organ is
composed of cells. The farmer's field is part of a larger landscape unit
such as a toposeguence, which in itself is part of a watershed.

Because each of the sub-systems is part of a larger system, which in its tum is

? The question whether this organization structure really exists in nature (Milsum 1972) or
is by itself again a mental product of Man, is left aside (Allen and Hoekstra 1990).
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part of an again larger system, we can apparently distinguish a certain
hierarchical organization.

1.3 Hierarchies

The word "hierarchy” originates from Greek: hieros means sacred and arkhes
means ruler. The word originally relates to the priestly government with the
hierarch as the chief priest or archbishop. According to Webster's Dictionary
(1990} it referred to "a group of priests holding high office within an organized
religion and having graded authority to govern the organization". Nowadays, the
principle of ranking receives a more general purport and is used for any graded
organization. Concrete examples from daily life are e.g. command structures in
armies, administrative structures of a state or company, and distribution systems
of water and energy supply. Abstract hierarchies are found in the organization of
a book, a library system or in computer scftwars. For example, the hierarchy of
a book is:

word = sentence = paragraph = section = chapter = part.
An important property of hierarchies is the inequality or asymmetry in
relationships: a lower unit is subordinate to a higher, When units are ordered and
ranked accordingly, levels emerge. Within a level, units are not subordinate to
each other. Higher levels rule or constrain and often contain lower levels. In
general, the number of units increases downwards, and units become smaller in
size and less complex, whereas they act on a shorter time period. If higher levels
contain lower levels, we speak of nested hierarchies (Klijn 1995).
Examples of hierarchical concepts in science are old and well known e.g. in
taxonomy of plants and animals. However, the General System Approach in
ecology has to be credited with introducing hierarchy as a concept (Von
Bertalanffy 1950 and 1972; Odum 1983). Ecosystem analysis uses the
ecosystem as the organization unit. According to O'Neill et al. (1986), this point
of view evolved to the so-called Population-Community approach and led to the
hierarchy of:

individual = population = community.
Here the biota* are the ecosystem, whereas abiotic components {e.g. soils) tend
to be regarded as external influences. In other words, the organism is the
fundamental unit.
However, other ecologists {e.g. Evans 1956) recognized that both biotic and
abiotic components should be included in the fundamental unit. in their view, the
ecosystem is defined as a system composed of components related by physical-
chemical-biological processes within a space-time unit. In this Process-Functional
approach energy and mass flows become impontant study objects, sometimes

* Biota include both the flora and the fauna (Holmes, 1979).
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even to the extent that individual species are not distinguished at all. It also leads
to a different hierarchy {O'Neill et al. 1986):
functional component = ecosystem = biosphere.

These approaches are rarely strictly adhered to by ecologists. It depends on the
specific issue of interest which approach is emphasized and which system is
defined and which observation sets have to be used te explain system behaviour.
To put it simply, the distinction between the approaches lies in the extent to
which the environment is taken as an internal or extemal parameter or part of the
system. :

Agronomy, the science studying management of agro-ecosystems through
cultivation practices, is pre-eminently a systems science. Agriculture, being a
complex process, implies that many specialism have to be integrated (Van Dyne
and Abramsky 1975; Spedding 1979; Leffelaar 1992). The extemal control by
Man, i.e. cultivation practices, creates an important difference between the
functioning of hierarchies in ecology and agronomy. In ecology higher
organization levels in the hierarchy constrain lower levels. For example, an
individual species in a community is constrained in complete occupation of space
through the mechanism of competition at the higher organization level of the
community. In agronomy, many of such constraints are removed artificially and
replaced by human contral.

In our example, constraints avoiding one species to completely occupy
space at the community level, i.e. that ot the crop on the farmer's field,
are replaced by the farmer by weeding or use of herbicides, and at the
organism level, i.e. the individual plants of the crop, by introduction of
(improved) seed or planting material.

Although hierarchical concepts are used in agronomy, they generally do not

extend to higher levels than cropping systems. A hierarchy commonly used is:
(cells} = organs = plants = crops = cropping systems®.

In our example the farmer has of course more fields, but these will be
situated on other slopes and may be even in another watershed.
Cropping systems imply organization of the farmer to rotate different
crops over the years and over the fieids. The next step in the hierarchy
will then be the farm, the unit at which labour organization and economics
can be analysed.

In climbing up in the hierarchy, a breaking point is introduced after cropping
systems. In the lower levels, a biological hierarchy is followed, but at the point of

* The cropping system is a land use unit comprising soil, crop, weed, pathogen and insect
subsystems, that transform solar energy, water, nutrients, labour and other inputs into food, fuel,
fibre and pharmaceuticals. An important characteristics of the cropping system is the sequence of
cropping, or cropping and fallow, on a given piece of land (Fresco and Westphal 1983).
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the farm level socio-economic facters come into play. The hierarchy becomes
administrative e.g.:

farm = village = department = province = country.
As is clear from ecosystem analysis, the hierarchical approach can be used, but
there is no single hierarchy which fits all the needs. The definition of a hierarchy
depends on the issue addressed, what systems are defined and which
observation sets are needed. Thus, if the biological processes are the focus of
study, the following hierarchy may be appropriate:

organs = plants = crops = cropping systems.
However, this hierarchy is not suitable if spatial aspects of water and nutrient
flows are studied.

In our example of the farmer's field on a slope, water and nutrients will

flow into and from his field from and into adjacent fields, which most likely

are cultivated by another farmer.
The next hierarchical level can not be the farm. We have to include all fields
(possibly owned by different farmers) making up the larger system of a
toposequence:

plotfield = toposequence = valley = watershed = river system =

continents,
However, this hierarchy will not work for studies of e.g. CH,-emissions or CO,-
fixation, because the processes involved will follow other spatial system
boundaries,
in land use studies, in which agronomy becomes more and more involved, a
hierarchy of land use systems can be used. This hierarchy combines bio-physical
and socio-economical variables/processes with the purpose to understand land
use changes and the possible effects of these changes on the environment
(Figure 1.1). Here an attempt is made to combine two hierarchies, one related to
bio-physical and the other related to socio-economical variables/processes. This
approach indicates that bio-physical and socioc-economic variables/processes
have to be studied each following their own hierarchies, before resuits can be
combined into land use systems {Stomph et al. 1992). In this thesis we only deal
with the left side of the figure.
All approaches have in common, that at each hierarchical level, systems have to
be defined with specific spatial and temporal scales in mind (O'Neill et al. 1986).

1.4 Scales and scaling

Only two meanings of the word scale are of interest in agro-ecosystem analysis.
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FIGURE 1.1 Hierarchies in agro-ecosystems according to Stomph et al. (1992), LUS
stands for Land Use System, the combination of bio-physical and
social'economic aspects of a system,

One meaning refers to series or degrees, a ladderlike arrangement or
classification, a graded system. In system analysis scales can thus be interpreted
as the levels of organization in a hierarchy of systems. Since the word scales is
also used in system analysis in a second meaning, it would be preferable to
avoid the use of scales whenever the organization levels of a hierarchy are
meant. However, in general scales and hierarchies are used interchangeably.
The second meaning refers to numbers: a ratio of reduction or enlargement, a
ruler. In system analysis this meaning refers to the quantification of specific
spatial and time scales of the system to be studied.
Measurements of time and space itself follow a hierarchy. Tima is conceptualized
by as:

seconds = minutes = hours = days = weeks = months = years = efc,
and space as, for example (cubic or sguare):

mm = ¢m = dm = m = km
Thus in fact three aspects can be distinguished in all hierarchies: time, space,
and organization level. Examples are manifold, in which scientists have tried to
relate these three aspects. Such an attempt for hydrological processes at a range
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of characteristic time-space scales is given by Bloschl and Sivapalan (1995).
Other examples are found in ecophysiology (Osmond et al. 1980), in classifying
streams (Frissell et al. 1986}, and land use processes (Fresco and Kroonenberg
1992). As appears from such attempts, organization levels cover a range of
temporal and spatial scales.

Returning to our example, a field is considered as an organization level in a
hierarchy, but such a field can be defined over a range of time and spatial
scales depending on the characteristics of the crop cultivated on the field
and the objectives of study. Planting the field with a perennial or annual crop
will alter the temporal scale to consider. With a perennial crop we have to
consider a longer time span than with an annual crop. Changing the subject
of study from relations between nutrient and water availability and crop
growth to the relation between pest dynamics and crop production will
change the space to consider. In that case the spatial distribution of the pest
has to be considered, commonly resulting in a larger spatial entity than the
field on which the crop is cultivated.

Thus, boundaries between organization levels are diffuse and overlapping and
can hardly be expressed unequivocally in discrete ordinal numbers of time and
space,

The organization level at which we want to analyze a specific system is the
explanatory level. Processes functioning at a lower organization level are used
to describe processes occurring at this explanatory level, whereas processes one
step higher in the hierarchy can guide us to define the system at the explanatory
level and show us how the specific system studied at the explanatory level is
embedded in the higher hierarchical level. Sometimes one has to move even
further down or upwards in the hierarchy (Jarvis 1995). Sustainability of agro-
ecosystems in its simplest sense can be interpreted as no net loss of nutrients
(e.g. Smaling 1993). This interpretation of sustainability is of course a disputable
simplification, but if we do so we have at least to consider, as in our example, the
farmer's field as a part of a toposequence. We have, for example, to take into
account not only a loss of water and nutrients through run-off, but also an
enrichment with water and nutrients by run-on on the field from adjacent terrain
situated highser up the slope. And, soil physics of water retention curves at the
underlying level will explain the water available for uptake by the crop at the
explanatory level, This three level, or sometimes even multi-level approach,
means that we have to move between hierarchical levels, implying also that we
have to "scale".

Two types of scaling can be distinguished. Scaling literally means to reducing or
increasing in size or in time, the first type. The second type refers to transfer of
information between hierarchical levels. In the case of the latter type, up-scaling
refers to transferring information from a lower hierarchical level to derive
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processes at a higher level, whereas down-scaling refers to transferring
information from a higher hierarchical level to a lower,

In our example we deal with the process of up-scaling if information on e.g.

transpiration and photosynthesis at the level of leaves (plant organs) is

transferred to the level of crops to obtain photosynthesis and transpiration i.e.

production of the crop. The process of down-scaling is necessary if we do

not have a meteorological station next to our farmer's field. We then have to

rely on meteorological stations in the region, giving the average climatic and

weather data from the region, which we have to downscale to our farmer's

field. This is usually done implicitly i.e. without taking into account the

temporal and spatial variability in weather data.
In agronomy we also will come across scaling in the literal meaning of the word.
This is the case if we want to apply information obtained from a plot to the entire
field of the farmer in our example, thereby increasing the size from several
square meters to may be a hectare and assuming that the plot is representative
for the entire field in all ts characteristics. The latter assumption is somewhat
premature, because there will be variation in the characteristics within the
farmer's field. But even when this variation is taken into account by distinguishing
different units, aggregation and summation of aggregates may not lead to the
correct answer. The research carried out by Yair and Lavee {1985) illustrates this.
The authors measured run-off at a slope with a total planimetric area of 907 m?,
which was divided in three subplots. One plot (307 m?) contained the colluvial
slope, another plot (161 m?) the upper slope and the third plot (439 m®) the entire
slope. Run-off per unit area of the entire slope (11.7 dm® m®) is almost equal to
the run-off per unit area of the colluvial slope (13.3 dm? m®), whereas the runoff
per unit area of the upper slope is much higher (33 dm® m?). It is evident, that
taking simply the mathematical average or the summation of the run-off per unit
area of the two individual land units as being valid for the entire slope would
clearly lead to an overestimation of run-off. Apparently, run-off per unit area is
decreasing with increasing spatial scale, which proves the existence of scale
effects. However, these spatial scale effects can not only be explained by the
most likely existing increase in variation with increasing spatial scale. Yair and
Lavee also showed, through simulation, that run-off per unit area of a piece of
land, homogeneous in infiltration characteristics, decreases with the increase in
length of the slope.
Scaling is not, at least not necessarily, a matter only of summation, averaging
and aggregation if we move between hierarchical levels. At different organization
levels, different processes may occur. An example is the mutual relationship
between climate, soil and vegetation. At the global lavel, vegstation belts reflect
the climatic zones. At the piot level, vegetation is a function of weather and soils.
At that same level, vegetation in tum influences both microclimate and soil
through evapotranspiration and the breakdown of its biomass. At the intermediate
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level of landscape, vegetation patterns shape the hydrology and the meso-
climate, but togsther these aggregate to factors such as surface roughness,
albedo and evapotranspiration that ultimately affect global climate (Fresco
1995b). Thus, by increasing the temporal and spatial scales of the system,
thereby ultimately aiso moving to higher hisrarchical levels, properties of a
system may change. These emerging properties of systems imply a discontinuity
in system characteristics.

1.5 Spatial up-scaling in agronomy
SPATIAL UP-SCALING IN RELATION TO CROP GROWTH FACTORS

In management of agro-ecosystems three basic types of practices can be
distinguished: interventions to control growth defining factors, growth limiting
factors and growth reducing factors (De Wit and Penning de Vries 1982; further
developed by Rabbinge and Van Ilttersum 1994). Growth defining factors are,
next to crop characteristics {physiology, phenology and canopy architecture),
radiation, temperature and CQ.. Crop characteristics can be manipulated through
breeding, but management of the other factors is limited to greenhouses, Growth
limiting factors are water and nutrients and growth reducing factors are weeds,
diseases, pests and pollutants. These factors can be manipulated to a large
extent by yield increasing measures (irrigation and application of fertilizers) and
yield protecting measures {weeding, use of biocides).

For each type of these interventions, numerous different research fields have
contributed to the issue of spatial up-scaling. it is not the purpose to present here
a comprehensive overview, but a few examples are given as an illustration.

In relation to growth defining factors, much attention has been given to the spatial
up-scaling of processes from the individual organs to canopy. An early example
is the up-scaling of photosynthesis from leaves to canopies (De Wit 1965).
Spatial up-scaling of CO, assimilation (e.9. Goudriaan and Van Laar 1978) and
transpiration (e.g. McNaughton and Jarvis 1983) are similar examples, Spatial
aspects of root growth in relation to possible uptake of water and nutrients is an
example of spatial up-scaling of individual plant roots to crops {(e.g. De Willigen
and Van Noordwijk 1987).

in relation to growth reducing factors the basis for spatial modelling of competition
between single plants in a crop is given by De Wit (1960), later developed further
into competition between weeds and crops (e.g. Spitters and Van den Bergh
1982). The combination of population dynamics of a pest or disease with
temporal and spatial crop characteristics (e.g. Rabbinge et al. 1990) is another
example related to growth reducing factors.

Spatial up-scaling of processes related to water and nutrient availability, the
growth limiting factors, are mainly dealt with by soil scientists and agro-
hydrologists. An example at a detailed level is the up-scaling in soil aggregates
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of aeration and denitrification (e.g. Leffelaar 1977). An early example related to
nutrient availability in space at field level is the physical theory on placement of
fertilizers by De Wit (1953). New developments in site-specific management yield
geo-referenced soil data on the spatial variation in water and nutrient availability
for plant growth explaining the large differences in yields within a field (e.g.
Bouma et al. 1995).

All these examples are used as information to describe processes at the
explanatory level of the crop or field, implying up-scaling from individual to
population level (crop oriented) or from point to spatial components (soil
oriented). Thus, there seem to be two approachss (Figure 1.2). The first takes the
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FIGURE 1.2. Two approaches in up-scaling: from individual to population level {crop
oriented) and from point to spatial components (soil oriented).

crop as starting point: spatial up-scaling of processes from individual organs and
plants to the crop is considered, while the soil compartment is a black box
regarding its spatial aspects. The second approach takes the soil as starting
point, with an inverse result: spatial aspects of up-scaling from individual organs
and plants to crops are considered as a black box while spatial up-scaling of
processes related to water and nutrient flows are explicitly taken into account.

SPATIAL UP-SCALING TO HIGHER HIERARCHICAL LEVELS

Spatial up-scaling in agronomy does not stop at the hierarchical level of crops.
it is practiced up to regional and the global level. Two examples are given to
illustrate common up-scaling procedures; the first relates to up-scaling of crop
production and the second to up-scaling of nutrient balances. To assess the
potential world food production, Penning de Vries et al. (1995) used crop growth
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models to calculate crop production in 15 different agro-ecological zones of the
world. For each agro-ecolegical zone yields were calculated for small units of this
zone, which are characterized by specific combinations of soil and climate.
Subsequently, these yields are aggregated to obtain production levels for a
specific agro-ecological zone. To assess nutrient balances in Africa at regional
level (sub-Saharan Africa} and at district level {Kisii District in Kenya), Smaling
{1993) distinguishes land-water classes. These classes are characterized by soil
and climate at one hand and crop performance at the other. For each of these
classes, the inputs and outputs of the major nutrients are estimated and the
results aggregated to obtain nutrient balances at higher hierarchical levels.
Both approaches have in common that spatial variation is taken into account by
an appropriate aggregation strategy, but water and nutrient flows and their
availability for plant growth are assumed to be spatially independent.

1.6 Structure of this thesis

Since my graduation in 1979, | have worked at several research institutes and
projects. Each new job also appeared to be a change in research subject, but
somehow agro-ecosystem analysis was always a basic element in the research
approach followed. As my awareness of hierarchical levels and issues related to
scales and scaling became stronger, | consciously focused on these issues
thereby exploring higher hierarchical levels. Papers which have appeared during
this period and which are presented as cases of agro-ecosystem analysis, reflect
this development. They deal with different hierarchical levels of agro-ecosystems
and come across several aspects of agro-ecosystems analysis. In Figure 1.3,
these hierarchical levels are indicated as well as the main issues of agro-
ecosystem analysis per chapter. They have in common that water and nitrogen
run through the papers like a continuous thread. As such they all follow a
Process-Functional approach (O'Neill et al. 1986).

At the hierarchical level of the plant (and crop) reproductive ratios of annual
pasture species, defined in two ways, are compared (Chapter 2). In Chapter 3,
productivity of ranching and traditional livestock systems in Botswana are
compared, whereas the role of organic matter in the viability of arable farming
systems in West Africa is treated in Chapter 4. Next, two examples are given to
transfer information of lower to higher hierarchical levels. One makes use of
transfer functions {Chapter 5), the other extrapolates information to higher levels,
showing emerging properties when moving to a higher hierarchical level and
thereby increasing the time and spatial scales (Chapter ). The following two
chapters cover the hierarchical level of watersheds. They show the effects on
system behaviour if the spatial processes of water and nitrogen flows are
explicitly taken into account. Chapter 7 considers the possible effect of up-scaling
in space of the processes of infiltration and run-off to the level of a watershed,
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whereas Chapter 8 elaborates its consequences if land use changes.
The thesis ends with a general discussion and conclusions on three issues of
agro-ecosystem analysis at different hierarchical levels {Chapter 9). These issues
are:
(1) the interdependence between objectives and agro-ecosystem
boundaries (Chapters 2, 3 and 4);
(2) sustainability in relation to hierarchical levels (Chapters 4, 7 and 8);
(3} up-scaling, in particular:
(i) transfer functions to transfer information to higher
hierarchical levels (Chapter 5)
(i) emerging properties (Chapter 6)
(iti) spatial up-scaling of the water balance (Chapter 7)
(iv) integrated up-scaling of soil and crop processes

(Chapter 8).
Hierachical levels Aspects of agro-ecosystem
analysis
Physiographic units
Watershed [ — = — = =« = = — = — — » Spatial scale effects

Chapter 7 Chapter 8

Land units 4—\

Transfer functions
Chaplar 5

____________ 3 Multi level approach

i ck tem
Livestock sysl Chaptar 3 Chapter 4

Cropping system

Emerging properties

Chapter 8
System definition
Plant/erop || _ _ _ _ _ _ _ _ _______ » Chagtar 2
FIGURE 1.3 The hierarchical levels dealt with in this thesis, as well as the main aspects

of agro-ecosystem analysis per chapter.




Chapter 2

Analysis of environmental and species effects
on the magnitude of biomass investment in the reproductive
effort of annual pasture plants.



This chapter has appeared as:

De Ridder N, NG Seligman and H van Keulen 1981. Analysis of
environmental and species effects on the magnitude of biomass
investment in the reproductive effort of annual pasture plants.
Oecologia 49:263-271



19

Chapter 2

Analysis of environmental and species effects on the
magnitude of biomass investment in the reproductive effort of
annual pasture plants

N. de Ridder, N.G. Seligman and H. van Keulen

2.1 Introduction

Total biomass production of annual pastures in semi-arid regions has received
considerable attention in recent years. The growth processes have been
studied in fair detail, but the vegetation dynamics and the fate of the seed crop
after maturity have received considerabiy less attention. This does not seem
fully justified, since in most semi-arid regions, including the Mediterranean
zone, the dry season is longer than the green season and the amount of
biomass available at the beginning of the dry season and its quality will to a
large extent determine the potential animal density that can be maintained.

It has often been reported, that the amount of dry matter and of plant nutrients
in the pasture vegetation at the onset of the dry season is much lower than at
the peak of the growing season. Gutman (1978} found a decrease of about 30
percent in the standing crop, directly after drying, in a transitional
Mediterranean steppe in North-Israel. Van Keulen (1975) recorded losses of
35, 28 and 15 percent of the peak biomass, in three successive years in
Migda, South-Israel (Figure 2.1). Both Van Keulen and Gutman suggest that
this decline in standing crop may be attributed to shedding of seeds and dead
leaves.

This process is of great practical importance. When such a large proportion of
the biomass consists of reproductive structures, which are inevitably lost at
maturity, less material will be available for intake by grazing animals in the dry
season. Cattle especially, but also sheep and goats may have difficulty in
collecting the dispersed material, some of which is buried in the soil and some
blown away. Moreover, the competition for this material between the
domesticated animals on the one hand and other animals such as birds
{Gaston 1976), insects (Green and Palmbald 1975; Janzen 1969} and rodents
etc. on the other hand, increases.

The effect of this decrease in the quantity of available biomass is often
aggravated by the very low quality of the remaining material. The reproductive
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FIGURE 2.1 Recorded losses of peak biomass of an annual pasture in three successive

years in Migda, South Israel. (Source: Van Keulen 1975)

organs are in general a strong sink for nutrients. Under limiting conditions by
far the largest part of especially nitrogen is accumulated in the seeds at
maturity. Loss of this material therefore results in a sharp decrease in protein
content and hence in digestibility of the standing crop.

This study concentrates on the questicn whether the amounts of dry matter
involved may be partly or completely explained by seed fall or shedding of the
total reproductive structure of plants, including those parts produced for seed
protection and dispersal, such as awns, glumes etc. The harvest index (H)
which in seed crops is defined as the proportion of harvestable seed in
relation to the total biomass produced, is a good reflection of the reproductive
gffort in crop plants. In dealing with wild species, where a large part of the
reproductive effort is often invested in structures intended for protection and
dispersal of the true seeds, it is useful to distinguish between the ratio of all
reproductive tissues to the total biomass (reproductive ratio or RR) and the
ratio of true seed to the total biomass (seed ratio or sR). In principle, the total
biomass term should also include the root material. However in most studies,
including the present one, root weights have not been determined, because of
the laborious methodalogy involved and the uncertainty in interpreting the data
obtained.



Reproductive efforts of annual species 21

Some values reported for RR and SR are presentsd in Tables 2.1a and 2.1b.
These already give an indication of the magnitude of the reproductive effort in
various annual species grown under widely varying conditions. The data show
that the sr of cultivated monocotyledons varies from 0.13 to 0.57 and the RR
from 0.33 to 0.66. The SR of cultivated dicotyledons varies from 0.05 to 0.67
and the RR from 0.16 to 0.67. For the wild species the SR of menocotyledons
varies from 0.05 to 0.54 and their Rr from 0.19 to 0.67. The SR of Sahelian
monocotyledons varies from 0.01 to 0.17. In one of the species (Diheteropogon
hagerupii), the AR can be higher: 0.19 to 0.34. The sR for Sahelian vegetation
found by Gaston (1976) is also quite high: 0.25 to 0.38. The RR would of
course be considerably higher than that. Estimation of the reproductive effort
of wild species growing in their natural habitat, is difficult because flowering,
fruit setting and seed dispersal continue simultansously over prolonged
periods. This in contrast to cultivated species which have been bred for
resistance to seed shedding and for synchronized maturation.

The sk and RR values of wild species may be at the same level as those of

TABLE 2.1a The seed ratio (SR) and reproductive ratio (RR) of some cultivated species

Sk RR Author

MONOCOTYLEDONS

Hordeum vuigare 0.13-0.57 0.33-0.66 Van Dobben 1965b; Donald & Hamblin
1976; Spitters 1979

Zea mays 0.21-049 - Donald & Hamblin 1976

Avena sativa 0.29-053 0.43-056 Van Dobben 1962, 1965a; Donald &
Hamblin 1976

Oryza sativa 0.13-0.56 - Donald 1962; Donald & Hamblin 1976

Secale cereale 031-036 - Van Dobben 1962, 1965a

Sorghum bicolor 0.13-0.51t 0.64 Anonymous 1968; Hodges st al. 1979;
Donald & Hamblin 1976

Triticum vilgare 0.15-054 0.35-0.50 Anonymous 1968; Kagan & Ephrat
1974; Campbell & Davidson 1979;
Passioura 1977; Van Dobhen 1965g;
Donald & Hamblin 1976

DICOTYLEDONS

Carthamus tinctorius 0.05-025 - Beech & Norman 1963; Stern & Beech
1965

Cicer arietum 0.67 - Ancnymous 1968

Helianthus annuus - 0.16 - 0.35 Gaines et al. 1974

Phaseolus vulgaris 0.46 - Rettig 1979

(mean of 26 varieties)
Arachis hypogea 0.22-0.29 0.36-0.41 Goldin 1866 and unpublished data
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TABLE 2.1b The seed ratlo (SR} and reproductive ratio (RR) of some annual wild spacies.

SR RR Author
1 Sahelian species
MONOCOTYLEDONS
Aristida funiculata 0.09 - Bille 1977
Aristida mutabilis 0.04 - Bille 1977
Brachiaria ramosa 0.02 - Bille 1977
Cenchrus biflorus 0.03 - De Ridder 1976
Chloris prieurii 0.03 - Bille 1977
Diheteropogon hagerupii 0.0 - Bille 1977
Diheteropogon hagerupii - 0.19-0.34 Penning de Vries
(personal commu-
nication)
Echinochloa colona 0.06 - Bille 1977
Panicum leatum 0.05 - Bille 1977
Panicum humile 0.02 - Bille 1977
Pennisetum pedicellatum 0.03 - Bille 1977
Schoenfeldia gracilis 0.01 - Bille 1977
Schoenfeldia gracilis 0.17 - De Ridder 1976
DICOTYLEDONS
Zornia glochidiata 0.05 - Bille 1977
Blepharis linariifolia 0.05 - Bille 1977
{+ Polycarpea)
Annual Sahelian 0.25-0.38 - Gaston 1976
vegetation (Chad)
2 Non-Sahelian specles
DICOTYLEDONS
Astragalus cibarius 0.22 0.67 Green & Palmbald 1975
Astragalus utahensis 0.24 0.50 Green & Palmbald 1975
Chenopodium rubrum 0.47 - 0.54 - Cook 1975
Polygonum cascadense - 0.38 - 0.58 Hickmann 1975
Polygonum cascadense 0.55 - Hickmann 1977
Polygonum douglasii 0.15 - Hichmann 1977
Polygonum kellogii 0.65 - Hickmann 1977
Polygonum minimum 0.10 - Hickmann 1977
Senecio sylvaticus 0.06 - 0.12 0.19-0.20 Van Andel & Vera 1877
Veronica peregrina 0.38 - 0.43 - Linhart 1974
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their cultivated congeners. This could be inferred from data by Harper and
Ogden (1970) who concluded that in that respect only small differences
existed between Avena fatua (wild oats), Avena sativa (cultivated for grain) and
Avena strigosa (cultivated for forage) (Table 2.2).

TABLE 2.2 The seed ratio (3R) and reproductive ratic (RR) of three Avena spp. (calculated
from data by Harper and Hogden (1970) for above ground material assuming
that 25 percent of the total biomass presented belongs to the root system).

SR RR
Avena fatua 0.34 - 0.37 0.56 - 0.61
Avena sativa 043 -0.45 0.54 - 0.56
Avena strigosa 0.29 - 0.31 0.45 - 0.47

Likewise, in a test with wild relatives of wheat growing under low soil fertility
conditions, harvest index values of 0.39 for Triticum monococcum, 0.43 for
Triticum spelta and Q.44 for Triticum dicoccum were obtained (Zeven, personal
communication). In the long-term Broadbalk experiments (Gamer and Dyke
1869) on the non-fertilized plots the harvest index does not show a consistent
change and the values found in 1966/67 are identical to ten-year averages
obtained at the end of the last century (0.44). The general picture arising from
these data is indeed that wild species or old varieties growing under conditions
to which they are adapted, invest about the same proportion of their total
production in reproductive tissue as do the modern varieties growing under
present-day conditions,

The variability within one species can be quite considerable, owing to
environmental conditions during the growing cycle. The decisive influence of
these conditions in determining the seed vields of cultivated crops is well-
known {(cf. Spiertz 1977). In the semi-arid Northem Negev in Israel, where
studies on annual pastures have baen conducted since 1962 (Tadmor et al.
1974), biomass losses from seed dispersal and predation were observed
repeatedly. However, no reliable information is available on the actual seed
yields produced under grazing on fertilized and non-fertilized pastures under
semi-arid conditions. It was, therefore, considered worthwhile to estimate the
RR and SR of species of these natural pastures. This study Is related to a more
comprehensive study on seed production and seed survival in annual semi-
arid pastures (Loria 1979).
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2.2 Materials and Methods

Plants were sampled at two sites in Israel: the Tadmor Experimental Farm in
Migda (1978 and 1979) and the Berurim seed farm (1978). The growing
season in this Mediterranean type climate extends from approximately
November till April. The year 1978 refers here to the 1977/1978 growing
season; 1979 to the 1978/1979 growing season. Migda is situated near
Beersheva in the Northern Negev desert in Israsl (34° 25' EL, 31° 22' NL).
The average rainfall in the area is 250 mm per ysar. The region consists of
slightly undulating plains composed of a 10-20 m thick mantle of Idss overlying
deposits of eocene chalk. Berurim is situated about 40 km south of Tel Aviv in
an area with an average rainfall of 450-500 mm per year. The deep vertisol
and an intensive crop rotation create-very favourable growing conditions.
Because of the difficuities connected with the determination of the reproductive
effort of wild species, special care was taken in this study to develop a
consistent, albeit laborious, methodology. The methods used in the two years
were different. Both will be described in detail.

In 1978 individual plants were harvested carefully, on different dates, to obtain
plants at different degrees of maturity. To ensure that complete plants were
obtained, only those were chosen, that grew in relatively isolated positions, so
that all shedded leaves, seeds and/or fruits could be collected. At Migda,
plants were sampled from relatively wet as well as relatively dry sites. The wet
sites were, in general, depressions where run-on from surrounding areas
created more favourable moisture conditions. The dry sites were areas from
which run-off water was probably lost.

All plants were separated into fruits or ears and vegetative parts and dried in
an oven for 48 hours at 70 °C.

The individual samples of each plant were weighed: the mean weight of fruits
or ears and the mean weight of vegetative parts provide the RR per species.
Counting of the total number of fruits or ears per sample also enabled
calculation of the mean fruit or ear weight. From the fruits or ears a subsample
was taken and the seeds were separated from the rest. Both components
were weighed and the fraction of seeds calculated. A relationship was thus
established between the total dry weight of the reproductive organ and the
associated fraction of seeds in the sample. Using this relationship, the fraction
of seeds was estimated from the main sample, which yielded the seed weight
and, hence, the sR.

tn 1979 randomly selected quadrats of 20 * 20 cm were harvested instead of
individual plants. The fields sampled, representing the different treatments, and
the number of samples collected per field are summarized in Table 2.3.

The quadrats were harvested at the moment when the plants started to mature
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at the end of the growing season, about one week after the last rain. The
samples were separated into the main species present. All species samples
were used for separation of vegetative and reproductive components, except
those of Schismus arabicus of which only two or three of the samples of Fields
1, 11 and 12 were used for this purpose. The different components of the
species were dried in an oven at 70 °C for 24 hours and the dry weight
determined. The reproductive components were used for estimation of the
potential sR and RR assuming that all flowers present at the moment of
harvesting would produce seeds, that no more flowers would develop and that
all still unripe seeds would mature.

TABLE 2.3 Summary of the samples collecled in the 1978/1979 growing season (Fisld 1
continuous grazing; Field 11 and Field 12 deferred grazing; Field 13 ungrazed).

Fertilizer application Stocking rate Number of samples
kg ha’ sheep ha’
N P K
Field 1
1977-1978 60 - - 3.3 single plants
60 - - 0 single plants
1978-1979 - 18 - 3.3 10
- 18 - 0 15
Field 11
1977-1978 80 - - 10,0 single plants
60 - - 0 single plants
1978-1979 - 18 - 10.0 10
- 18 . 0 15
Field 12
1877-1978 60 - - 15.0 single plants
60 . - 0 single plants
1978-1979 - 18 - 15.0 10
- 18 - ¢ 15
Field 13
1977-1978 100 28 310 0 single plants
- 28 310 0 single plants
1978-1979 100 28 310 4] 30
- 28 310 0 30

Different methods of measuring and counting were applied for the various
species, as described below. The species were identified according to Zohary
(1977).
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A MONOCOTYLEDONS

Phaiaris minor

1. The total number of inflorescences per sample in all samples was counted.

2. The inflorescences of all samples were then pooled and 20 complete inflorescences (or as
many as could reasonably be analyzed) were collected at random.

3. For each of these inflorescences the total number of flowers was counted. All seeds and
flowers were removed and the empty inflorescences weighed.

4, A sample of 200 seeds was taken at random, including mature and immature seeds, and
weighed. This was assumed to represent the situation of seed production at the date of
sampling. Next 200 mature seeds (consisting of caryopsis and palea) were counted and
weighed.

Hordeum leporinum

1. and 2. As for Phalaris minor.

3. For each inflorescence the total number of dispersal units was counted: one dispersal unit
has three spikelets, but only one spikelet produces a seed. Each inflorescence was
waighed.

4. Samples of 200 mature seeds, 200 mature dispersal units without seeds and 200 mature
and immature dispersal units were taken at randomn, counted and weighed.

Schismus arabicus

1. As for Phalaris minor.

2. The inflorescances of all samples were pooled and ten complete inflorescences were taken
at random.

3. For each inflorescence the total number of spikelets was counted, six spikelets were
removed, two from the apex, two from the middle and two from the bottom position of the
inflorescence, and the number of flowers per spikelet was counted.

4. The flowers and seeds from all spikelets of each inflorescence were collected. The ampty
inflorescences were than weighed.

5. A sample of 1 000 mature and immature seeds and a sample of 1 000 mature seeds were
taken at random. The samples were weighed. (From the quadrats taken from the grazed
treatments of Fields 1 and 11 only 250 mature seeds were coliected).

Stipa capensis

1, 2 and 3. As for Phalaris minor.

4, Samples of 200 mature seeds and their awns and 200 mature and immature seeds
(consisting of caryopsis and palea} and their awns were taken at random, counted and
weighed.

B DICOTYLEDONS

Erucaria boveana

1. The number of fruits and flowers per quadrat sample was counted.

2. All fruits from all quadrat samples were pooled and 20 fruits were collected at random.
From each fruit the number of seeds was counted.

3. Samples of 200 fruits, 200 mature seeds and 200 mature and immature seeds collected at
random, were counted and weighed.
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Asphodelus tenuifolius

1. As for Erucaria boveana.

2. Every pod contains six seeds.

3. Samples of 200 mature seeds and 200 empty pods were counted and weighed. The plants
were almoest completely mature, therefore immature seeds were not taken into
consideration.

Trigonella arabica

1, 2 and 3. As lor Erucaria boveana.

The originally oven-dried samples were stored for two months before
processing. The weights given are those obtained after the storage period on
an analytical balance with an accuracy of 0.001 g. Using the weight of mature
seeds and the weight of a mixture of mature and immature seeds respectively
for seed weight, potential and actual SR and RR are calculated as follows:

1. Actual (or potential) seed weight * total number of seeds per m? = total
actual (or potential) weight of seeds per m? (s).

2. Weight of empty inflorescence or fruit * total number of inflorescences or
fruits per m? = total weight of empty inflorescence or fruits per m? ()

3. Weight of above ground vegetative components per m® + total actual (or
potential) weight of seeds per m? + total weight of empty inflorescences or
fruits per m® = total biomass per m* ().

4a. SR = s/B

4b. RR = (5 + E)/B

2.3 Results

The results of the year 1978 are presented in Figures 2.2 and 2.3 and Tables
2.4a and 2.4h, Figures 2.2 and 2.3 show that the proportion of seeds in ears
or fruits increases as their weights increase, up to maximum value which
varies per species. This relationship reflects the process of seed maturation,
as the lighter fruits and ears are generally immaturs.

The differences between species are evident with respect to their SR, but less
so for their RR (Tables 2.4a and 2.4b): the lowest sR is found for Erucaria
(0.01) and the highest for Trigonella (0.42). The RR of all species may reach a
value of 0.50 or more up to the exceptionally high value of 0.80 for Trigonella,
under certain conditions {single, widely spaced plants growing and maturing
over a short period late in the season).

The dry and wet sites do not show a significant difference in RR or sR,
although there is a tendency for higher values of the two indices in the dry
sites for Erucaria and Plantago, which may be partly due to the fact that
towards the end of the growing season, the plants on the wet sites were still
green in parts and had more immature pods and seeds than those growing on
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FIGURE 2.2 The proportion of seeds in fruits in relation to the mean fruit weight.
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FIGURE 2.3 The proportion of seeds in ears in relation to the maan ear welght.
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TABLE 2.4b The reproductive ratio (RR} and seed ratio (SR) of species sampled in 1978.

Species Site RR Seed SR
—_— fraction
Mean SE in ears/
Jruit
Triticum sativum Dry-3 0.45 0.04 0.50 0.32
cv Miriam Wet-3 0.50 0.03 0.64 0.32
Erucaria boveana Dry-221 0.43 0.03 0.14 0.06
Coss. Dry-165 0.41 0.02 0.13 0.05
Dry-4 0.50 0.04 0.13 0.06
Wet-221 0.35 0.08 0.11 0.04
Wet-165 0.24 0.06 0.05 0.01
Wet-4 0.35 0.02 o.M 0.04
Glaucium corniculatum Dry-165 0.50 0.02 0.24 0.12
(L.) Rudolph
Medicago polymorpha L Dry-8 0.33 0.14 0.37 012
(smooth bur) Dry-165 0.61 0.03 0.41 0.25
Wet-8 0.46 0.05 0.40 0.18
Wet-165 0.44 0.09 0.40 0.18
Berurium 0.64 0.02 0.40 0.26
Medicago polymorpha L. Dry-8 0.32 0.10 0.30 0.10
(spring bur} Dry-165 0.52 0.03 0.41 0.21
Wet-8 0.40 0.12 0.35 0.14
Medicago polymorpha L. Berurium 0.60 0.01 - -
cv 50/5
Plantago lagopus L. Dry-221 0.58 0.02 - -
Dry-165 0.52 0.02 - -
Wet-221 0.26 0.02 - -
Berurium 0.25 - - -
Trigonella arabica Del. Dry-221 0.45 0.03 0.46 0.21
Dry-165 0.80 0.02 0.52 0.42
Wet-221 0.55 0.02 0.43 0.24

the dry sites. Hence, the effect of moisture availability on the SR and RR values
is not too clear. The varation of sk and RR within one species can also be
quite considerable (e.g. the SR of Erucaria varies from 0.01-0.06 and the RR
from 0.24-0.50). In 1978 only individual plants were collected, many of them in
very sparse stands. When the plant density is low, SR is generally higher.

The results for 1979 are presented in Tables 2.5a and 2.5b. Table 2.5a
summarizes some characteristics of the reproductive organs of the species
sampled in 1979, together with the treatment of the fields. Table 2.5b gives
both the potential and the actual values for RR and sR. In reality, the harvest
indices will lie between the potential and actual values.

The SR and RR values of Erucaria, which were determined in both years, are
reasonably consistent. In the 1979 data there were large differences in SR
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TABLE 2.5b The reproductive ratio (RR} and seed ratio (SR) of the species sampled in 1879

Species Treatment Total Yield (g m?) RR Sk
potential  actual  potential actual potential actual

Schismus NPK 326 2641 0.39 0.24 026 008
arabicus Nees. PK 15.2 112 0.51 0.34 035 0.12
F,-grazed 1506 139.1 0.52 0.48 038 033
F,-ungrazed 2329 19438 0.65 0.53 046 0.35
F,,-grazed 269.7 272.2 046 047 028 0.29
F,,-ungrazed 386.1 370.9 0.55 0.53 033 0.3
F,-arazed 1316 129.3 0.47 0.47 030 0.28
F,,-ungrazed 433.6 4336 0.55 055 038 0.38
Hordeum leporinum  NPK 239 238 0.13 0.13 0.11 0.1
Link (formerly F,-grazed 234 1841 0.51 0.37 025 0.03
Hordeurm murinum}  F,-ungrazed 16.3 135 0.39 0.26 0.20 0.04
F,.-grazed a7 47 0.14 0.14 005 0.05
F,,-ungrazed 147 147 025 0.5 011 0.11
Phalaris minor Retz NPK 87.2 63.7 0.42 0.21 034 010
PK 11.7 8.5 0.45 0.24 035 010
F,-ungrazed 35.7 292 0.35 0.21 029 0.4
F,.-ungrazed 21.1 18.2 046 041 036 030
Stipa capensis F,-ungrazed 24.0 29.7 0.55 0.66 0.09 007
Thunb.
Erucaria boveana NPK 49.0 48.4 0.25 0.24 008 0407
Coss. PK 17.8 18.2 0.31 0.32 0.12 014
F,-grazed 211 21.0 .30 0.30 0.05 0.05

F,-ungrazed 208 205 034 0.34 008 007
F.-ungrazed 20.8 209 .10 0.10 002 0.03

Asphodelus NPK 52.9 52.9 0.43 0.43 0.28 0.28
tenuifolius Cav. PK 62.3 62.3 0.49 0.49 0.35 0.35
Trigonella arabica PK 5.0 4.7 0.48 0.45 0.3t 0.28
Del.

between speciss: the lowest potential SR is found for Erucaria (0.02) and the
highest for Schismus (0.46). The value for Schismus (0.4), found by Loria and
Noy-Meir (1980}, obtained in a much drier environment, is simitar to the value
found in our study. The potential RR varies from low (0.10) for Erucaria to high
(0.65) for Schismus.

Differences between the treatments with and without nitrogen supply, and
between grazed and non-grazed are small, but the values tend to be higher
without nitrogen (compared to with nitrogen supply) and without grazing
(compared to with grazing). Exceptions are Phalaris, where nitrogen fertilization
does not affect the sR and Hordewm, where grazing affects the sR in Fields 12
and 1 differently: Field 12 with a lower and Field 1 with higher sR than in the
non-grazed plots. The treatment effects (nitrogen fertilizer and grazing) are
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statistically significant (F = 4.9, P = 0.001) when measured as inflorescences
or fruits per unit of vegetative biomass (Table 2.5a). The differences between
the treatments persist when measured as SR and RR but are not significant
owing to the additional variation accumulated during the seed ripening and
dispersal pericd.

2.4 Discussion

The results obtained in this study indicate that in annual wild species 10-80
percent of the total biomass produced during the growing period is eventually
invested in the reproductive organs which include seeds as well as subsidiary
protection and dispersal structures. Mean values, taken over all treatments
and over two years of observation, range between 26 and 60 percent (Table
2.6) and cover the range for annual cultivated species. Such behaviour is
appropriate for species that have to rely on their seed stock for survival from
year to year. In some cases, the major part of the total effort is invested in
subsidiary structures for protection and dispersal, rather than in true seeds
(e.g. Stipe, Erucaria). These include thickened sesd coats (e.g. Asphodelus)
which have a protective or other (gemination inhibition) function. In Erucaria
the seeds remain on the skeleton of the dead plant which protects them till
they become detached by mechanical disturbance. In that sense, the entire
dead plant participates in the protection and dispersal of the seed.

The magnitude of the losses of biomass towards the end of the growing
season reported for natural vegetation could thus be explained by dispersal of
part or all of the reproductive structures produced. As shown in Figure 2.1, the
losses may vary from year to year, owing to variations in the botanical
composition and/or different environmental conditions from one year to
another. As the sR and RR vary per species (Tables 2.1, 2.4 and 2. 5),
variation in botanical composition may thus change the sk and RR of the total
canopy. The amount of standing biomass lost may then be further modified
since the proportion of the produced dry matter of seeds and reproductive
structures that is shed, differs from species to species: there is almost no
shedding of seeds and reproductive structures from Erucaria until late in the
dry season. Only from Phalaris and Asphodelus the seeds fall, whereas from
Schismus, Hordeum and Stipa most of the reproductive parts are dispersed.

The wide range of year to year SR valuss can be represented as a function of
the mineral, mainly nitrogen (and phosphorus?), translocation to the seeds. It
has often been noted that uptake of nitrogen after flowering is negligible,
unless extra nitrogen is applied as a late top-dressing (Ancnymous 1968; Van
Dobben 1962; Gmelig-Meyling and Van Dobben 1965). Nitrogen for the
developing seeds, S, and associated reproductive structures has to be
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supplied mainly by translocation from the vegetative tissue, v, (Sinclair and De
Wit 1976). The sR is then dependent on the concentration of nitrogen in the
seeds, N,, and the difference in the nitrogen concentration of the vegetative
tissue between flowering, N, and maturity, N_. Thus,

vV (N, - N, ) = SN, and
SR=S/(v+8)=N-N,/ (N, +N -N} =0,/ (N, + D)

in which b, is the difference (or depletion) in nitrogen concentration of the
vegetative tissue between flowering and maturity. The response surface of this
function is given in Figure 2.4.

Dtm
¢.03
SR = 0.4

0.02

| o1

SR = 0.05

0 : —

o 0.1 0.02 0.03 0.04 0.05
Ns

FIGURE 2.4 The response surface of seed ratig, SR, as a function of nitrogen concentration of
the seed, N,, and the dilution of nitrogen in the vegetative pools, b, between
flowaring and maturity. The shaded area indicates the main range of variation in
most of the species studied.

As the N, values generally fall between 0.01 and 0.03 and b, values between
0.002 and 0.02, it is possible to obtain SR values anywhere between 0.05 and
0.67. The actual values achieved will depend on genetic characteristics that
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strongly affect N,, and environmental factors, mainly nitrogen economy, that
largely affect D,,. These effects were reflected in this study but can be traced
in literature as will be discussed in the following.

1. Nitrogen application generally results in a decrease in SR (Van Andel and
Vera 1977, Campbell and Davidson 1979; Kagan and Ephrat 1974;
Anonymous 1968; Donald and Hamblin 1976). On the other hand increasing
values have also been reported (Van Dobben 1992; Gmelig-Meyling and Van
Dobben 1865; Anonymous 1968}.

The decrease occurs when Dy, / N, decreases and indeed, in non-depleted
agricultural fields, in grain N, can increase considerably in relation to p,, with
increasing fertilizer application. In wheat, N, can increase from 0.018 to 0.025,
whereas N;and N tend to increase together, thus diminishing the effect of
added nitrogen on D, {(Ellen and Spiertz 1980).

The harvest index should increase if Dy, increases in relation to N, This is
possible under two different circumstances:

a. there is additional uptake of nitrogen during seed fill, and ripening
conditions are favourable and long encugh for seed fill to utilize the extra
assimilates.

This can occur as senescence of the vegetative parts is delayed by more
available nitrogen (Van Dobben 1962; Spiertz 1977);

b. under conditions of severe nitrogen deficiency where N, can be as low as

0.006 and N_, and N, are around 0.003 and 0.010 respectively (Penning de
Vries et al. 1980).
Under such conditions, moderate application of nitrogen can increase the
SR mainly by increasing b, . Deviations from this patterm can occur as
seed-set and seed-fil can be strongly affected by environmental
conditions, including pollination disturbances, grazing, plant disease,
drought and other depredations.

2. Species and varietal effects. Differences in SR between species can be
partially related to differences in N,. Seeds with a high N, tend to have a low
sR (H. Breman, personal communication). However, where the seeds
constitute only a small part of the dispersal unit (e.g. Hordeum leporinum and
Stipa capensis) it is more appropriate to use RR when comparing reproductive
efforts. In these cases the mormphological differences in dispersal units override
the translocation limitations in determining seed ratios. But, as the nitrogen
concentration in the dispersal and protective structures is low, the nitrogen
concentration of the dispersal unit is also low, generally around 0.01. If this is
taken as N,, then RR (instead of SR) rises steeply to 0.6 while D, increases to
0.015 {see Figure 2.4). This covers the range of values found in this study.
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Varietal differences in the harvest index of cultivated crops appear to be
inversely related to N, (Kramer 1979, 1980). These varietal differences are
generally maintained at different nitrogen availability levels. The data of
Warren and Johnston (1967), describing a change in variety in the continuous
barley experiment in the Rothamsted Hoosfield, show that the harvest index of
Plumage Archer, grown from 1917 onwards is equal to that of Maris Badger, a
modemn variety, at alt levels of nitrogen availability. At the low soil fertility level
the total yield of the older variety is higher, which seems to be the result of a
higher nitrogen uptake. A similar result was obtained by Hilther and Lang
(1912) who compared an improved rye variety (Petkuser) with a traditional one
at different fertility ieveis. At the low fedtility level the traditional variety vielded
more, but the harvest index was identical for both. At the higher fertility levels,
the total production was higher for the improved variety, but the harvest index
changed for both in the same way.

The results of Sandfaehr et al. (1965) for a number of barley varieties, ranging
in year of introduction between 1904 and 1954, were different only in that the
newer varieties have a higher harvest index at all N levels tested. A similar
conclusion was reached by Van Dobben (1962) for wheat. At high fertility
levels the harvest index ranged from 0.34 to 0.40 for varieties introduced
between 1900 and 1950. The modern varieties maintained a higher harvest
index at higher N levels than the older varieties. At lower nitrogen levels, the
harvest indices were higher for all varisties.

Generally, it may be concluded, that the influence of plant breeding in small
grains has mainly been in countsracting the negative effects of high nutrient
availability on the seed/straw ratio, This, however, was achieved at the cost of
a lower N, {Kramer 1980). N, appears to be genetically determined, as the
higher harvest indices are maintained in relation to older varieties even under
low fertility conditions.

3. Plant density influences the harvest index: the lower the plant density, the
higher the harvest index {Linhart 1974; Stern and Beech 1865; Goldin 1966;
Hickmann 1975; Donaid and Hamblin 1976}, although Donald and Hamblin
found that for maize the harvest index decreases again at very low plant
density. Darwinkel {1978, 1979} found such an optimum curve also for wheat.
This is apparently caused by poor seed production on tillers that are produced
late under very low density conditions.

4, Water stress generally increases the harvest index (Passioura 1977;
Hodges et al. 1979, Gaston 1976; Donald and Hamblin 1976). This could be
related to the fact that waterstressed plants tend to have higher N, values. If
subsequent growth is relatively unstressed, N, and N, will hardly be affected
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and, consequently, sR will increase. However, water stress after flowering
causes the harvest index to drop, so that N, will then invariably be higher. A
striking example was observed in wheat growing at the Migda site in the 1979-
80 growing season. Abundant rains early in the season resulted in luxurious
vegetative growth (10-12 tons dry matter per ha). From early on in the
reproductive phase a prolonged dry period together with hot dry winds from
the desert ("chamsien") caused rapid drying of vegetation and soil, resuilting in
shrunken seeds and low grain yields {+3 ton per hectars) with HI around 0.2.
The N, of such shrunken seeds may typically be weil above 0.03.

5. Beech and Noman (1963) found that the harvest index of short-day plants
strongly decreases at long days.

6. Light intensity affects the harvest index. Donald and Hamblin (1976)
recorded that lower levels of irradiance decrease the harvest index.

7. The effects of multiple stress conditions may counteract each other or they
may work in the same direction, as illustrated by the results of Campbell and
Davidson (1979}, Water stress in an early stage of development of wheat well
supplied with nitrogen tended to counteract the negative effect of nitrogen
supply on the harvest index, whereas water stress in a later stage enhanced
the unfavourable effect.

In general, these effects may be understood on the basis of dry matter
production in the different phases. There are also indications however, that
stresses during flowering and fertilization may have strongly adverse effects
on seed setting. In the later stages of development the capacity of these
seeds to store reserve substances may be the limiting factor. Under such
conditions a low harvest index may be found, which is not correlated to the dry
matter production in the two major growth phases.

The influences of especially moisture availability, nitrogen supply and plant
density on the SR and RR are also noted in the results ¢cbtained in this study
on semi-arid annuals in field conditions. The environmental differences here
are not statistically significant because the sample sizes were too small in
relation to the large degree of heterogeneity in both soil properties and plant
characteristics under the field conditions of the study area.

2.5 Conclusions

The results of this study and those of related work show that the magnitude of
the reproductive effort in many wild annual pasture species Is similar to that of
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cultivated annual crop plants. It is proposed that the ratio seed/total biomass is
closely related to nutrient translocation processes from the vegetative parts to
the reproductive parts. An analysis based on the nitrogen content of the
vegetation at flowering and maturity and on the nitrogen concentration of the
seeds appears to apply equally well to both wild and cultivated, including
highly bred, species. Most of the environmental effects on harvest indices (or
seed ratios) can also be interpreted in terms of their effects on the nitrogen
concentrations mentioned above. In view of these conclusions, it is clear that
the reproductive effort of annual pasture species is a major factor in
determining the quantity and quality of the biomass available for grazing,
especially after plant maturity. Understanding these relationships can
contribute to more rational management of such pastures.
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Chapter 3

Energy and protein balances in traditional livestock systems
and ranching in Eastern Botswana

N. de Ridder and K. T. Wagenaar

3.1 Introduction

Most of Botswana is covered with natural rangeland where cattle production is
the major activity. Only a small part of the country is cultivated. Nevertheless,
arable farming is important as a subsistence activity for much of the rural
population. Farming is concentrated in the eastern and southem parts of the
country, where most of Botswana's people live. In these arable areas, as well
as in nearby areas of rangeland, the supply of cattle to provide draught power
is an important aspect of production. In pastoral areas both meat and milk are
important products.

Research in the 1970s indicated that productivity in the traditional livestock
systems, expressed in terms of weight of weaner calf per cow per year, was
significantly lower than productivity on experimental ranches under reasonably
acceptable levels of management (Rennie et al. 1977). The experimental
ranches had management systems similar to those on commercial ranches in
other parts of southem Africa.

This research implied that land would be more productive if it were allocated
for ranching and if cattle were managed for beef production. Two further
considerations, however, suggest that the real situation is not as clear-cut as
was thought. These considerations arg;

1. While the weight of weaner calf per cow per year is an adsquate parameter
for expressing the productivity of commercial beef production systems, in
multi-goal traditional production systems draught power and milk production
for human consumption also need to be taken into account, since both
affect the potential beef production and are themselves valuable outputs.

2. The productivity per animal may be higher in ranching systems, but this
does not necessarily mean higher productivity per hectare.

De Ridder and Wagenaar (1984) compared the productivity of both systems
on a per hectare basis, taking draught power and milk production into account.
They concluded that traditional systems in eastern Botswana were as much as
95 percent more productive than ranching in terms of live weight production
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equivalents (Table 3.1). The average values of production parameters used to
compile Table 3.1 were assessed from data reported in literature.

TABLE 3.1 Produclivity of traditional and ranching systems in eastern Botswana (De Ridder
and Wagenaar 1984}

Production parameters Traditional systems Ranching systems

Cows and calves

Calving rate (%) 50.0 74.0
Mortality (%) 120 8.5
Woeaning rate (%) 440 67.7
Weight of 12-month cali (kg) 1325 200.0
Weight of 12-month calf (per cow yr')(kg) 58.3 135.4
Stocking rate (Lsu ha™) 0.167 0.08
Cow Stocking rate (cows ha™) 0.112 0.037
Weight of 12-month calf (ha™ yr*) (ka) 653 5.01
Milk offtake
Lactating cow stocking rate (cows ha™) 0.049 0.025
Offtake (kg cow™” yr"y® 1620 -
QOffiake (kg ha' yr'") 7.94 -
Live weight equivalent (kg ha™ yr'") 2.22 -
Draught power
Stocking rate (oxen ha™) 0.037 0.009
Draught energy (MJ oxen™ yr') 3380 -
Draught energy (M1 ha™ yr') 125 -
Live weight equivalent (kg ha™ yr") 0.65 -
Total live weight equivalents (kg ha™ yr') 0.40 5.01

2 25 % of total milk production: 180 (days) * 3.6 (kg day™) * 0.25.
* Weight of a 12-month calf plus live weight equivalents for milk and draught.

In Table 3.1 growth and mortality for the different age classes of animals older
than one year were not considered. It will be shown later that when this is done,
the differences between traditional systems and ranching are reduced.

It is commonly believed that, besides having higher productivity, ranching
systems are more efficient in converting forage energy and protsins into human
food. Ranching is also thought to guarantee better range conditions, avoiding
degradation, and to be a less risky enterprise in environments where rainfall,
and hence forage availability, are highly variable.

Several authors have pointed out that, to test these beliefs and to assess the
advantages and disadvantages of each system, all the outputs of the two
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systems must be taken into account. Furthermore, productivity on both the per
animal and per hectare basis should be included if a fair comparison is to be
made (Cruz de Carvalho 1974; Behnke 1985). Energy flows and balances have
been suggested (Western 1982} and used (Cruz de Carvalho and Vieira da
Silva 1973; Ellis et al. 1979; De Felice-Katz 1980} as a tool to compare systems
comprehensively. This paper compares the complete gross energy (G} and
crude protein (CP) balances in traditional livestock systems and ranching.

3.2 Materials and methods

The stocking rate and production values prasented in Tables 3.1 and 3.2 were
used to calculate the amounts of GE and cp consumed for maintenance and for
the indicated production on a per hectare basis in both systems.

TABLE 3.2 Live weight at beginning {Lw,) and end (Lw,) of the indicated growth periods* and
the stocking rate of each animal category in traditional livestock systems and

ranching.
Traditional system Ranching system

LW, LW, Stocking rate LW, LW, Stocking rate

{ke) (kg)  (Lswrha!)? (kg)  (kg}  (Lsu ha)
Cows (> 4 years) 325 325 o.081 425 424 0.035
Heifers (1-4 years) 135 325 0.002 200 425 0.014
Calves (0-1 year) 26 135 0.010 3 200 0.006
Young bulls 135 330 0.003 540 540 0.001

(1-3 years})

Bulls (> 3 years) 425 425 0.003 540 540 0.001
Bullocks (1-3 years) 135 330 0.016 200 450 0.014
Oxen (> 3 years) 425 425 0,031 540 540 0.000

* Growth period is 1 year (calves), 2 years (young bulls and bullocks) and 3 years {heifers)

® 1 Lsu = 450 kg. Stocking rates, expressed in animals per ha, were converted to Lsu ha™', thus:
0.112 cows ha™ * 325 kg/450 kg = 0.08 LSU cows in Lsu ha

{Source: De Ridder and Wagenaar 1984).

Following the calculations of the GE and CP requirements of animals, the
amounts of available GE and cP in pastures were estimated. Two separate
cases were considered: in Case | the availabilities of GE and CP in the pastures
of both the traditional and ranching systems were assumed to be equal, while,
in Case |l, the availabilities of G and CP in traditionally managed pastures were
assumed to be iower becauss of higher stocking rates.
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CALCULATION QF GE AND CP REQUIREMENTS FOR MAINTENANCE AND PRODUCTION

The metabolizable energy (ME) and digestible crude protein {DCP) requirements
for maintenance per animal per year, based on the average live weights of each
stock category (Table 3.2), were estimated from NRC (1976) tables. The Dcp
requirements for maintenance of calves were estimated from Roy (1980).
Production was defined as the annual live weight gain of animals from both
sexes in the different age classes (Table 3.2), plus the milk off-take and output
of draught power given in Table 3.1. ME and DCP requirements for the first-year
live weight gain of calves were obtained from Roy (1980). The ME requirements
for the average annual live weight gain of heifers, bullocks and young bulls were
obtained from ARC (1980), while the DCP requirements were taken from NRC
(1976) tables. The ME and DcP requirements for the production of 1 kg of milk
were 5.4 MJ (ARC 1980) and 0.06 kg (NRC 1976) respectively.

The efficiency with which ME is transformed into NE for draught power was
considered to be equal to that of maintenance, i.e. 0.64 (ARC 1980). The
maintenance and production requirements per animal category were convered
to a per hectare basis by using the livestock unit (LsU) conversion factor and the
stocking rate of each category (Table 3.2).

Addition of all the ME and DcP maintenance and production requirements for
each animal category gave the total maintenance and production requirements
per hectare per year. The average digestibility over the whole year was
estimated at around 0.50 (Pratchett 1983). Metabolizability was assumed to be
0.81 (Konandreas and Anderson 1982). Thus, conversion of ME to GE was by
dividing the ME requirements by 0.405 (0.81 * 0.50 = 0.405). The equation used
to estimate DCP from cP:

DCP % = 0.9 CP % - 3.25 (3.1)

was derived from Van Niekerk et al. (1967) and Milford and Minson (1965). The
mean CP percentage in the diet was estimated at 7.5 percent (Pratchett 1983).
Thus, the conversion factor for cP to DCP is 0.47.

CALCULATIONS OF GE AND CP AVAILABLE IN PASTURES

Data on peak dry matter (DM) production and the GE and CP available in
pastures in Botswana are insufficient, although APRU (1977) reported an
average peak biomass of 1900 kg oM per hectare on seven ranches over a two-
year period, at an average rainfall of about 450 mm. The long-term average
peak biomass was therefore estimated from rainfall.

There are a few references indicating a lower DM production at higher stocking
rates. For example, at the Morale research station in Botswana, McKay (1968)
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found that after the pastures had been grazed for eight years at high and
moderate stocking rates, DM production at an average rainfall of 300 mm was
400 and 1360 kg per hectare respectively. In a comparable climatic zone in
southeastern Zimbabwe, Kelly and Walker (1976) measured less herbaceous
biomass in systems under intense utilization than in those that were moderately
stocked: the averages over two years were 745 and 1275 kg DM per hectare
respectively. However, no consistent data are available to relate stocking
density to biomass production. The following equation was therefore used to
estimate long-term average biomass production via the nitrogen balance:

N, = 0.0083 R/ f- 0.12 (after De Wit and Krul 1982) (3.2

in which N, is the amount of nitrogen in the above-ground biomass at flowering
(kilogram per hectare); R is the average rainfall per year (mm) and f is the
fraction of N, which disappears annually through grazing, volatilization and fire.
This equation is based on data collected from a transect in the Malian Soudan
and Sahel zone over four years. They included data on DM production, N
content and estimates of N, losses by grazing, volatilization and fire. The annual
rainfall in this transect ranged from 1100 mm in the south to 350 mm in the
north.

The advantage of this equation is that biomass can be related to rainfall (R) and
exploitation intensity { £), but a precondition for its use is that, with a rainfall not
much below the average, the availability of N is the first limiting factor for plant
growth. Nitrogen-limited plant growth is indicated by a minimal average N
percentage {1 percent} and a higher than minimal P/N ratio (>0.04) at flowering
stage. The average N and P percentages in natural pastures were found to be 1
percent and 0.08 percent respectively (APRU 1975, 1977), giving a P/N ratio of
0.08. Further indication that N is the first limiting factor for plant growth can be
found in fertilizer experiments: the response of natural pastures to N fertilizer
was greater than to P fertilizer (APRU 1977).

The above data were felt to be sufficient to fulfil the precondition posed, and the
squation was subsequently used to estimate biomass. As the different stocking
rates maintained in traditional and ranching systems are expected to have an
effect on the biomass availability in these systems, two separate cases were
considered. In Case | the exploitation intensity in both management systems
was assumed to have no effect on biomass production, i.e. f was assumed to
be the same (it was estimated at 0.40) in both systems, while in Case Il a
higher exploitation intensity in traditional systems was assumed to affect their
biomass production, i.e. f was estimated at 0.55 in traditional systems and 0.40
in ranching. The f factors were estimated following De Wit and Krul (1982), and
the average long-term rainfall (R) was taken to be 550 mm.



a6 Chapter 3

The resulting N, values were 10.7 kg N per hectare with f = 0.55 and 16.5 kg N
per hectare with f = 0.40. In a five-year experiment, just across the border in
Zimbabwe, an average N, value of 14.9 kg N per hectare was estimated (Mills
1966). Although the exploitation pressure { f) must have been somewhat higher
than 0.40, because the plots were hayed every year rather than grazed, the
average N, value found in Zimbabwe is close to the N, value calculated with the
f factor (0.40) in this paper.

The N content at flowering stage is around 1 percent (Pratchett 1983}, and at
maturity it is assumed to be 0.8 percent. The estimated biomass at a later stage
will thus be:

10.7/0.008 = 1350 kg bM ha™" ( f = 0.55)
ar
16.5/0.008 = 2050 kg oM ha™' ( f = 0.40)

The amount of GE available in pastures was estimated by multiplying DM
production by 18.5 MJ per kg DM (NRC 1978). The amount of CP was calculated
by multiplying N, by 6.25.
The resulting values for bM, GE and cP obtained with f= 0.40 and f = 0.55 are
summarized in Table 3.3.

TABLE 3.3 Estimated amounts of nitrogen in de the above ground biomass (N,). dry maitter
{DM), gross energy (GE) and crude protein (CP) in pastures under two different
exploitation intensities.

f=040 f=055
N, (kg N ha” yr") 16.5 107
oM (kg ha™ yr') 2050 1350
GE {MJ ha"' yr') 37 825 + 24 975
cP (kg ha™ yr'") 103.1 £6.9

3.3 Results
PRODUCTIVITY

Table 3.4 summarizes productivity per LU and per hectare in the two livestock
systems.
Compared with Table 3.1, in Table 3.4 growth and mortality not only of calves,
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TABLE 3.4 Productivity In live weight equivalents per hectare and per livestock unit (Lsu) in
traditional systems and ranching in eastern Botswana.

Traditional systems Ranching
Calves (Table 3.1) 6.53 50
Helfers 255 1.44
Bullocks 331 231
Young bulls 0.52 015
+6.38 +3.90
Mortality (> 1 year) - 585 -083
0.73 0.73 3.07 307
Milk offtake {Table 3.1) 222 -
Draught power (Table 3.1} 0.65 -
Production per hectare 10.13 8.08
{kg ha™ yr')
Stocking rate (Lsu ha™) 0.167 0.08
Production per Lsu 60.65 101.00
(kg Lsu yr')

but also of other classes of animals, were taken into account. The mortality of
all classes of animals more than one year old was estimated at 8 percent
(Bailey 1982; Carl Bro Int 1982) in traditional, and 2.5 percent in ranching
systems (APRU 1980).

Table 3.4 shows that in traditional systems the productivity of all classes of
stock more than one year old was almost completely offset by mortality.
Despite this, productivity, expressed in live weight equivalents per hectare,
was at least 20 percent higher in traditional systems than in ranching.
However, productivity per LSU was about 65 percent higher in ranching than in
traditional systems.

No information is available on fallen meat/emergency slaughter, but some of
the animals that died in traditional systems are likely to have been consumed.
If it is assumed that 20 percent of the lost animals are consumed, the
productivity per hectare becomes 40 percent higher in traditional systems,
while the productivity per LsU is 50 percent higher in ranching.

GE AND CP BALANCES

The calculated GE and cP balances of both systems are presented in Tables
3.5a and 3.5b. Assuming equal amounts of GE and CP to be available in
pastures (Case [}, the comparison shows that more GE and CP is consumed in
traditional systems than in ranching and, consequently, less GE and cp are left
uneaten in pastures under traditional management.
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TABLE 3.5 Gross energy {GE in MJ ha' yr'") and crude protein (CP in kg ha' yr'") balances in
ranching and traditional systems in eastern Botswana,

(@) RANCHING SYSTEMS

GE % cp %
Available in pasture 37 925 100.0 103.1 100.0
Consumption by cattle 4 580 121 228 221
Left in pasture 33345 87.9 80.3 77.9
Requirements for maintenance 4168 11.0 17.2 16.7
Requirements for production 42 1.1 56 54
Of which for growth of:

calves 138 04 20 1.9

heifers 110 03 14 14

bullocks/young bulls 165 04 2.2 2.1
Milk offtake - - - -
Draught power - - - -

(b) TRADITIONAL SYSTEMS
Case I1° Case IT®

GE 3 cp % GE 5 CP %

Available in pasture 37 925 1000 1031 1000 24975 1000 669 1000

Consumption 10048 265 472 458 10048 402 472 706

Left in pasture 27 877 735 559 542 14927 598 19.7 294

Required for 9335 246 377 366 9335 374 377 564
maintenance

Required for 713 19 a5 9.2 713 28 95 142
production

Of which for growth of:
calves 188 05 28 27 188 08 28 42
heifers 158 0.4 26 25 158 06 26 39
bullocks/young bulls 209 0.6 3.1 3.0 209 08 31 48

Milk offtake 108 03 1.0 1.0 108 04 10 15

Draught power 50 0.1 - - 50 02 - -

® In Case | the availability of aE and cP in the pastures of traditional systems is assumed to

be equal to that in ranch pastures.

® In Case |l a lower availability of ae and ¢P is assumed in pastures of traditional systems.

In traditional systems relatively less of the GE and cp intake (7.1 percent and
20.1 percent respectively) is used for production than for maintenance. In
ranching, on the other hand, 9.0 percent of the GE intake and 24.6 percent of
the consumed cp is used for production. in absolute terms, however,
traditional systems use more Ge and cp for production than ranching, which is
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manifested in their higher productivity (Table 3.4).

BIOLOGICAL EFFICIENCY

The efficiencies of traditional systems and ranching were compared in several
ways. First, the net energy (NE) in the different products was estimated using
tables from NRC (1976) and ARC (1980). Losses caused by mortality were
subtracted from production. The NE values per kilogram of empty body weight
were taken from ARC (1980). Based on these data, three ratios were
calculated (Table 3.6).

TABLE 3.6 Ratios in animal products to maintenance energy requirements of animals (MA)
and to plant energy produced (PE), and of energy consumed (CE) to plant energy

produced.
Ranching systems Treditional systems
Case I Case Ii
% % %
PE/MA 2.78 133 1.33
NE/PE 0.3 0.33 0.50
CE/PE 12.08 26.48 40.23

The NE/MA ratio indicates the efficiency in terms of energy produced per unit
energy used for maintenance. According to this ratio, ranching appears to be
110 percent more efficient than traditional systems, as less of the energy
consumed is allocated to maintenance and more to production.

The NE/PE ratio indicates the efficiency in terms of net energy produced per
unit plant energy produced. In this case, traditional systems appear to be more
efficient than ranching - by 6 percent and 61 percent, depending on whether
equal (Case I} or lower (Case Il) GE and cp availabilities in pastures of
traditional systems are assumed.

The CE/PE ratio indicates the food chain efficiency, which was defined by
Western (1982) as the consumption of trophic level n-1 {(GE and cP consumed
by cattle) divided by production of trophic level n (GE and cP available in
pastures). The food chain efficiency of traditional systems appears to be more
than two and three times higher (Cases | and |l respectively) than in ranching.
Ratios were also calculated using the cP balance. However, in order to avoid
arbitrary estimates of cP percentage in such animal products as meat and
milk, CP consumed for production was used instead of the animal protein
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produced {Table 3.7). Ranching appears to be 30 percent more efficient than
traditional systems in terms of cP consumed for production per unit ¢P used
for maintenance, while traditional systems are 70 percent and 160 percent
(Cases | and [l respectively) more efficient than ranching in terms of cp
consumed for production per unit plant cP produced. The food chain efficiency
of traditional systems is one or two times higher than that of ranching,
depending on whether equal (Case 1) or lower (Case Il) availability of Ge and
CP is assumed.

TABLE 3.7 Ratios of crude protein (cF) consumed for production to ¢P consumed for
maintenance of animals (cPm) and to plant ¢P produced (cpp}, and of cP
consumed for maintenance and production (CCP) to plant cP produced.

Ranching systems  Traditional systems

% Case [ Case II
% %
CP/CPM 32.56 25.20 25.20
cr/cPP 5.43 9.21 14.20
CCP/CPP 22.11 45,78 70.60

PASTURE DEGRADATION AND DROUGHT

Degradation in the species composition of pastures resulting from higher
stocking rates is felt to be beyond the scope of this paper. However, degradation
is considered here in terms of increased risks of erosion, which are the result of
lower infiltration and higher run-off rates because of the smaller amount of
hiomass available to protect pastures under higher stocking rates.

First the annual DM intake per hectare was calculated using the GE and cP
consumed by cattle for maintenance and production. The values obtained were
about 580 kg DM per hectare for the traditional systems and 270 kg DM per
hectare for ranching. The long-term average primary production was estimated
at 2050 kg DM per hectare per year. After subtracting from this figure the annual
DM intake per hectare, 1470 and 1780 kg DM per hectare remained uneaten to
protect pastures against degradation in traditional systems and ranching
respectively.

The difference between the two systems does not seem to justify the conclusion
that traditional systems are subjected to a high degradation risk. However, if
lower DM production is assumed in traditional systems owing to higher stocking
rates, only 770 kg DM per hectare would be left to protect pastures against
degradation under traditional management. Furthermore, during years with
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below-average rainfall the risk of pasture degradation will be much higher in
traditional systems than in ranching.

Sandford (1978) defined drought as a shortage of some economic good
(livestock feed) brought about by inadequate or badly distributed rainfall. It is
assumed arbitrarily that mild droughts will occur when the biomass production is
lower than twice the consumption level of cattle; severe droughts occur when
biomass production is fower than the calculated consumption level.

Assuming equal availability of DM in both systems, the small difference in intake
levels does not justify the conclusion that traditional systems will encounter feed
shortages more often than ranching. However, if lower DM production is
assumed in traditional systems owing to higher stocking rates, it can be
expected that these systems will run into problems socner than ranching, as
rainfall only slightly below the long-term average will result in a biomass
production that is lower than twice the calculated consumption level of cattle.

In 1972/73, when rainfall was 50 percent below the long-term average,
traditional systems in Botswana were under severe stress, whereas ranching did
not encounter any difficulties during that period. The period 1983/84 is another
example of increased annual fluctuation in the productivity of traditional systems.
However, this annual fluctuation in productivity is offset by higher yields per
hectare over a sequence of years, as was shown by the calculations in the
present analysis, which were based on data collected over ten years, including
three drier years.

3.4 Conclusions

A fast growing population and its increasing demand for food and work are
matters of great concern to many African govermments. Ranching is often
proposed for the improvement of traditional livestock production systems in order
to meet the increasing demand for meat in urban areas as well as for export,
and to reduce the risk of pasture degradation.

The shift from traditional animal production to ranching involves a change in
product allocation, and serious losses of efficiency and productivity per hectare
are likely to occur. Meat, milk and animal power previously consumed and used
in rural areas are, under ranching, converted to higher quality meat for urban
consumers or for export. In a country like Botswana, where land is becoming
scarce (Sandford 1980), a change towards ranching would mean that many rural
people will eventually be left without work or food. Increased migration to urban
areas will be the result, leading to greater unemployment and increased
dependence on external food sources. Mere foreign currency will be earned with
the increased export of high quality meat, but much will be required to finance
food imports and to create employment opportunities. A socio-economic analysis
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is badly needed to weigh the advantages and disadvantages of the development
of ranching on a national scale.

The calculations in this paper suggest that the lower stocking rates observed on
experimental ranches in Botswana may reduce the risk of pasture degradation.
They also indicate that if the risk of degradation is to be reduced, the price to be
paid is lower productivity, which is rather cynical when the demand for food is
increasing. However, there are other ways of avoiding the risk of degradation.
For example, qualitative and quantitative improvements in forage production
could be obtained through mixed cultivation of cereals and fodder crops,
especially legumes, and the use of fertilizer.

It is true that such improvements are difficult to achieve and are often
considered uneconomical, but it may well be that from the socic-economic point
of view they will be more profitable than further development of ranching. On the
other hand, investments of this kind are probably more advantageous and more
easily accepted in ranching than in traditional systems, where only the wealthier
herd owners are likely to show any interest in them.
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Chapter 4

Some aspects of the role of organic matter in sustainable
intensified arable farming systems in the West African semi-
arid tropics (SAT)

N. de Ridder and H. van Keulen

4.1 Introduction

Intensified land use in the West African SAT, associated with increasing
population pressure, puts high demands on maintenance and improvement of
soil ferilty. The demands on traditional systems of shifting cultivation
("cultures itinérantes”) have exceeded their limits owing to shortage of land.
Hence, they must be replaced by more intensive systems {Breman et al. 1990;
Van Keulen and Breman 1990).

This problem was first encountered in the 1950s, mainly in the vicinity of urban
centres. It led to research concentrating on the devslopment of semi-intensive
production systems, in which the fallow periocd was replaced by cultivation of a
forage crop, either a perennial grass or a leguminous species. Morel and
Quantin (1972), summarizing experimental work in the Central African
Republic covering the period 1954-1963, concluded that continuous cuitivation
using external inputs (mainly chemical fertilizer) was more productive than
these semi-intensive systems.

Application of organic manure, on its own or in combination with chemical
fertilizer, to increase the production per unit area, had bsen considered as
early as 1946/1947 at several locations in Mali (Traoré 1974). Long-term
fertilizer experiments were initiated in the early 1960s in the SAT of West
Africa by the Research Institute for Tropical Agriculture (IRAT). In these
experiments yields and “soil fertility” were recorded for periods of at least ten
yvears under different rotations and with different fertilizer regimes {without
fertilizer, with chemical fertilizer, with organic manure, or with combinations of
chemical fertilizers and organic manure). The experiments in Saria (Burkina
Faso) cover a period of 29 years (Pichot et al. 1981).

Many of the results of these experiments have been summarized by Piéri
(1986, 1989). He concludes that fertilizer application is an effective means to
increase yields in arable farming systems without fallows. However, he
cautions against the possibility that in the long term problems may arise,
especially in the drier areas. To substantiate this, he cites Pichot et al. (1981):
Application of NP and NPK fertilizers results in increased yields for some
years, but in the long run it leads to decreasing base saturation and
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acidification of the soil. These phenomena, associated with the use of N
fertilizers, are characterized by increasing K-deficiency, decreasing pH and
occurrence of aluminium toxicity. Application of organic materials such as
green manures, crop residues, compost or animal manure can counteract the
negative effects of chemical fertilizers. This led Piéri (1986) to conclude that
soil fertility in intensive arable farming systems in the West African SAT can
only be maintained through efficient recycling of organic material in
combination with effective use of N-fixing leguminous species and chemical
fertilizers. Crop residues should be composted or recycled through the animal,
as direct application of material with a high C/N ratio may have negative
effects owing to immobilization of N during its decomposition (Figure 4.1).
However, application of animal manure or compost generally has a positive
effect, also in combination with chemical fertilizer (Table 4.1).

Annual applications of at least 5 toh per hectare compost or animal manure
appear necessary to maintain a constant production level after clearing fallow
land. Higher applications are necessary to reach increased yields (Pichot et al.
1981). However, limited availability of crop residues is a serious constraint for
the production of such quantities of compost, as straw is generally used for
other purposes. Evaluation of the availability of straw for composting in
different regions of Senegal, showed that only in the south a surplus existed of
1 to 2.5 ton per hectare (Allard et al. 1983). In all other regions all straw is
used as animal feed, construction material and fuel. Similar analyses for
Burkina Faso led to the same conclusions (Sedogo 1981). Even if all the straw
would be used as animal feed, the manure production would still be
insufficient, and substantial areas of natural pasture would be required to
produce the necessary 5 ton of manure per hectare arable land. Quilfen and
Milville {1883) observed that in the present production systems in the north of

TABLE 4.1 Effect of application of different types of organic manure (10 t ha') with and
without feritilizer N on grain yield (kg ha™) of millet. {Source: Sedogo 1981)

Treatment Fertilizer N (kg ha'')

0 60
No organic manure 1831 2796
Sorghum stover 1652 3427
Animal manure 2409 3501

Compost 2505 3688
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FIGURE 4.1 Grain yield of millet as a function of nitrogen fertilizer application, with (101 ha™)
and without straw application. (Source: Traoré 1974)

Burkina Faso, only 2.5 to 4 ton of animal manure per hectare of arable land is
applied. Breman and Traoré (1986a, 1986b, 1987} showed that at the present
animal density the feed availability from natural pastures and crop by-products
is insufficient for the production of the manure required to maintain the present
production levels in arable farming in Niger, Burkina Faso and Mali. This would
even be so, if all feed would be used for that purpose.

Hence, if compost or animal manure are indispensable to maintain soil fertility,
while insufficient organic manure is available, this would imply that sustainable
arable farming systems, which are characterized by stable, high yields, cannot
be developed in the semi-arid tropics of West Africa.

In this paper the role of organic manure in maintaining soil fertility is critically
evaluated and possible alternatives to avoid the negative effects of chemical
nitrogen fertilizers are discussed.

4.2 Effects of organic manure

Organic manure is generally applied to reach two major goals: (1) increased
supply of nutrient elements to the crop and (2) increased organic matter
contents in the soil, resulting in more favourable physical and chemical soil
properties. These two goals are conflicting, as the release of nutrient elements
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requires decomposition of the organic material, which is then lost for the
formation of soil organic matter. First the role of organic manure application in
the supply of plant nutrients will be discussed and subsequently the effect of
organic manure application on soil organic matter content will be dealt with.

4.3 Organic manure as a source of plant nutrients

In the last decades, many experiments have been carried out in West Africa to
determine crop yields as affected by fertilizer application, with or without
organic manure. In analyzing these expetiments, generally yields are
compared at a certain level of fertilizer application with and without organic
manure application, as illustrated in Figure 4.2. The yield increase, in this case
the grain yield of millet, is attributed to the combined positive effects of organic
manure on crop growth. The observed variability in response shown in the
various experiments is attributed to differences in the quality of organic
manure.

In most cases, no attempts were made in the analyses to differentiate
between the quantitative effects of organic manure as a source of additional
nutrient elements and any possible other positive effects. Such a differentiation

grain yield (kg ha™)

3,500
3,000
2,500

2,000
4

1,500

1,000

S00 ‘& without compast
2 with compost
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=]

N application (kg ha™ )

FIGURE 4.2 Grain yield of millet as a function of nitrogen fertilizer application with (11 t ha™ in
the first year, 15 t ha’ in the second year, year of observation) and without
compost application. (Source: Ganry et al. 1974)
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is facilitated if, in addition to fertilizer application and crop yield, the chemical
composition of organic manure and harvested products have been determined.
If such data were available, analysis and comparison of application/uptake and
yield/upake relations could be carried out for different combinations of organic
manure and fertilizer application in so-called three quadrant figures (De Wit
1953). in such figures, the upper left hand side presents the relationship
between application of a nutrient element and production and the upper right
hand side the relationship between uptake of a nutrient element and
production. In the lower right hand side the relationship between application
rate and uptake can be found.

To illustrate the method, the results of a nitrogen fertilizer experiment in Niger
(Pichot et al. 1974) ars presented in Figures 4.3a-c. The data refer to an
experiment with millet, carried out during three consecutive seasons on the
same plots. The treatments consisted of application of 0, 45 and 90 kg N per
hectare as urea, with and without application of 10 000 kg of straw per
hectare, containing 35 kg of nitrogen. The annual rainfall in the three years,

(1971}

Biomass (kg/ha}
f - -

T

N npplication {kg/ha) N uptake (kg/ha)

N application tkaha) 4o |

FIGURE 4.3 The relationship between (quadrant I} vield and N application, between (quadrant
i) N uptake and yield, and between (quadrant I} N application and N uplake
for millet in three consecutive years: 1871 (a), 1972 (b) and 1973 (c). (Source:
Pichot at al. 1974). Filled rectangles: without straw. Open rectangles: with straw.
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FIGURE 4.3 (continued) The relationship between (quadrant 1) yield and N application,
between {quadrant Il) N uptake and yield, and between (quadrant i} N
application and N uptake for millet in three consecutive years: 1971 (a), 1972 (b)
and 1973 (c). (Source: Pichot at al. 1974)
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339, 283 and 296 mm respectively, was well befow the long-term average of
600 mm per year.

In the first year a linear relationship was found between nitrogen uptake and
above-ground dry matter production, almost till the highest uptake level (Figure
4.3a, ). The relationship between application and uptake appeared to be
linear, both with and without straw, as is often found in experiments involving
nitrogenous fertilizers (Van Ksulen and Heemst 1982), but the recovery of
fertilizer N is slightly lower (0.21 versus 0.28) in the presence of straw.
Presumably, a larger part of the fertilizer N is not available for uptake, which
may be the result of immobilization by straw decomposing micro organisms.

In the second season (Figure 4.3b) production hardly responded to increased
nitrogen uptake, while the maximum yield was substantially lower than in the
preceding season. Apparently, nitrogen availability was not the growth-limiting
factor as was also expressed in the very high concentration of N {(17.2 g per
kg) in the tissue at harvest at the highest application rates. The presence of
straw again affects the relationship between application and uptake: uptake at
zero fertilizer application is slightly higher in the presence of straw, while the
recovery fraction is lower. Without straw, increased fertilizer application from
45 to 90 kg per hectare does not result in higher uptake, presumably because
the crop was "saturated” with nitrogen throughout its growth cycle.

In the third year (Figure 4.3c), the highest yield was achisved, with again at
the highest application rates no response to increassed nitrogen uptake:
another factor (nutrients other than N or water availability) appeared to be
yield determining. At the highest uptake levels, production in the combined
strawffertilizer treatments seemed somewhat higher than in the treatments with
fertilizer only, a phenomenon that is also frequently observed under Dutch
conditions with application of organic manure to silage maize (Schréder and
Dilz 1987). This suggests that the situation with respect to the production
determining factor had improved. This could be the result of the higher organic
matter content in the soil under the straw treatments with its associated higher
water holding capacity, more favourable pH, improved availability of nutrient
elements other than nitrogen, etc. This may be deduced from the resuits of the
chemical soil analyses: higher values for organic carbon (C), total P, cation
exchange capacity (CEC), and base saturation in the soils amended with
straw.

The relationship between application and uptake shows that in the presence of
straw, uptake without fertilizer application is higher by about 35 kg per hectare,
while the recovery of fertilizer N differs only slightly (0.56 versus 0.51).
Presumably, some of the nitrogen immobilized in organic material in the
preceding seasons is mineralized in this season.

The N uptake at zero fertilizer application without straw is intermediate
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between the first and the second year.

Other fertilizer experiments reported in literature (nct only involving nitrogen,

but also phosphorus}) have been analysed in a similar way (Arrivets 1976;

Dupent de Dinechin 1968; Ganry et al. 1974; Gigou 1984; Jenny 1974; Nabos

et al. 1974; Tourte et al.1971; Traoré 1974). They are not treated in detail in

this paper, but on the basis of those analyses the following conclusions can be
drawn:

- higher nutrient uptake owing to fertilizer application generally leads to higher
yields;

- higher yields obtained with the combined application of organic manure and
fertilizer compared to fertilizer alone, can in first instance be explained by
the additional supply of the limiting nutrient element. Higher yields obtained
with the combined application of organic manure and fertilizer, at similar
nonimiting uptake levels, may be atiributed to the supply with organic
manure of nutrient elements other than the one applied in the fertilizer or to
more favourable soil physical or chemical properties;

- raecovery of N from fertilizer in the first years is higher in the absence than
in the presence of organic manure, probably because of immobilization.
Part of the N may, however, be released in subsequent years;

- uptake of N from organic manures varies strongly from year to year and
depends on the quality of the organic material and on environmental
conditions.

4.4 Build-up of soil organic matter

Increasing the scil organic matter content of cultivated soils in the semi-arid
tropical zones of West Africa is tedious, as can be illustrated, for example, by
the results of the long-term experiment in Saria (Burkina Faso). After 18 years
of annual applications of 60 ton per hectare of animal manure in combination
with 60 kg N, 45 kg P and 25 kg K per hectare, the organic C content had
increased from 2.5 to about 6.6 g per kg (or from 4.5 to 12 g organic matter
per kg) (Pichot et al. 1981). Similar conclusions can be drawn from the results
of an experiment in which millet and groundnut were rotated, which started in
1972 in the north of Senegal. Annually, either chemical fertilizer was applied
on its own (100 kg NPK, 14-7-7 and 100 kg N as urea) or in combination with
10 ton per hectare of animal manure. In 1983 ths soils in this experiment were
analysed, showing that the organic carbon content in the soils that had
received organic manure, was 0.3 g per kg higher in the upper 10 cm and 0.15
g per kg higher in the 10-20 cm layer. Below the latter depth the organic
carbon content was identical to that of the soils that had received chemical
fertilizer only (Cissé 1988). Another example refers to an experiment in which
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annual applications of 11.5 ton per hectare of compost and 150 kg fertilizer N
per hectare were compared with retum of the millet stover produced only.
After four years, the organic carbon was 2 g per kg higher in the top 20 cm of
the soil under the former treatment (Feller et al. 1981a).

To put these results into perspective, in Table 4.2 an approximate calculation
is presented of the amounts of organic material necessary to increase the
organic carbon content in the top 20 cm of a soil with a bulk density of 1.4 g
per cm®in one year by 1 g per kg. in the calculations, it is assumed that the
relative rate of decomposition of soil organic matter is 0.06 per year (Harpaz
1975). Hence, if the original carbon content is 3 g per kg, 500 kg carbon per
hectare is required to maintain the organic carbon content at that level. To
increase the carbon content by 1 g per kg an additional 2800 kg per hectare
of carbon is required. The rate of decomposition of organic material added to
the soil depends on the quality of the material as was shown by Van
Duivenbooden and Cissé (1989). They recorded losses of 0.4 and 0.6 kg
carbon per kg over a 90-day period in the growing season for millet straw and
animal manure, respectively. Feller et al. (1981b) followed decomposition of

TABLE 4.2 Schematic calculation of the amounts of straw, animal manure or compost
necessary to increase the organic G in the top 20 cm of a soil by 1 g kg™ (for
details see text).

C Loss from existing

organic material (kg ha"' yr'") 500
Required C for increasing carbon

content by 1 g kg (kg ha™) 2800
Total C required (kg ha™) 3300

Relative rate of decomposition of
organic material (kg kg yr'):

- straw 05
- animal manure 07
- compost 08
C content (kg kg™) in:
- straw 0.45
- animale manure 0.35
- compost 0.30
Organic material required (t ha'}:
- straw 14.7
- animale manure 314
- compaost 550

compost in a rainy season of 120 days and found a loss of 0.8 kg per kg. In
the calculations of Table 4.2, relative decomposition rates of 0.5, 0.7 and 0.8
per kg during a 120-day rainy season were used for straw, animal manure and
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compost respectively. The amounts of these materials that were required to
increase the organic carbon content by 1 g per kg are then 14.7, 31.4 and
55.0 ton per hectarg, assuming carbon contents of 0.45, 0.35 (Cissé and Van
Duivenbooden in prep.) and 0.3 g kg {(Feller and Ganry 1882), respectively.

To maintain these higher carbon contents in subsequent years, annual
applications of 3000, 6425 or 11250 kg per hectare of straw, animal manure or
compost are necessary.

The large amounts of organic material necessary to increase the organic
matter content of soils, are mainly due to the high rates of decomposition
under tropical conditions. This argument is supported by observations on the
dynamics of organic matter following the clearing of forest or savanna
vegetations. These processes have been studied in West Africa: in Ghana
{(Nye and Greenland 1964), in Sierra Leone (Brams 1971), in Senegal
(Casamance) (Fauck et al. 1969 and Siband 1972, 1974) as waeil as in other
parts of the world (Sanchez 1981). In the Casamance, soils under forest were
compared with soils that had been under cultivation for periods ranging from 3
to 90 years, with varying fallow periods. Soil organic matter was highest in the
soil under forest and lowest in the soils cultivated for 90 years, the differences
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FIGURE 4.4 Organic matter content in various soil layers for clay-sandy soils after different
periods of cultivation.
being most pronounced in the top 20 cm. The soil organic matter content
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rapidly declines in the first few years following clearing, after which the
decrease proceeds more gradually (Figure 4.4).

4.5 Effect of soil organic matter content on soil physical properties

Organic matter content especialiy affects the stability of the aggregates formed
from the clay and loam particles. The degree of aggregation affects the pore
volume and pore size distribution, and hence the infiltration capacity and soil
moisture retention characieristics.

Aggregate stability also influences soil structure, which affects aeration and
erosion susceptibility. These eftects, however important they may be, are
difficult to quantify and are therefore not further discussed here.

Cissé and Vachaud (1987) studied the water balance of the soils from their
experiment in northern Senegal that was referred to earlier. They concluded
that the differences in organic carbon content were too small to cause
significant differences in soil hydraulic properties such as infiltration capacity,
soil moisture retention curve (Figure 4.5) and hydraulic conductivity curve are
similar for soils differing 0.15-0.3 g per kg in organic carbon.

pF
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FIGURE 4.5 Soil moisture retlention curve for the top soil layers of sandy soils differing 0.3
(0-0.1 m) and 0.15 {0.1-0.1 m) g kg™ in organic C content.

More pronounced differences in organic carbon may not substantially affect



68 Chapter 4

the moisture availability to a crop. The difference in available scil moisture
between the forest soils and the soils long under cultivation (Figure 4.4;
Siband 1974) is only some tenths cm® per cm® (Table 4.3). The differences in
total available water are probably also related to the lower clay and loam
contents in the upper layer of the soils under cultivation, as a result of
migration to deeper layers.

These considerations therefore lead to the conclusion, that the difference in
maximum yield observed in the experiment in Niger (Figure 4.3¢, 11}, where the
difference in organic carbon content was 1 g per kg after three years, is not
likely to be the result of differences in moisture availability.

TABLE 4.3 Moisture content (em® ecm™®) at pF 2.5, pF 3.0 and pF 4.2 and available moisture
{cm® cm™®) between pF 2.5 and pF 4.2, and between pF 3.0 and pF 4.2 for forest
soils and soils under cultivation for various periods. (Source: Siband 1974)

Forest soil Lenght of period under cultivation (yr)
3 12 46 90
pF 2.5:
0-10 cm 114 104 0.7 75 7.2
10-20 cm 9.7 9.7 08 8.7 89
pF 3.0:
0-10 cm 9.6 82 7.6 6.2 55
10-20 cm 8.0 75 a1 9.7 71
pF 4.2
0-10 cm 75 59 6.0 46 39
10-20 em 54 52 6.6 65 4.8
pF 25-pF 4.2
0-10 em 3.9 45 3.7 29 33
10-20 cm 4.3 45 32 3.2 4.1
pF 3.0-pF4.2
0-10 cm 21 23 16 16 16
10-20 cm 26 23 15 32 23

4.6 Effect of organic matter content on soil chemical properties

The most important soil chemical characteristic affected by the soil organic
matter content is its cation exchange capacity (CEC). The latter is also
determined by clay content and mineralogical composition of the clay fraction.
In his review, Pichot (1975) points out that in tropical soils, where the clay
fraction is dominated by kaolinite and Fe- and Al-oxides and -hydroxides, the
soil organic matter content is the major factor influencing the cation exchange
capacity. This conclusion is based on results from Senegal (Siband 1972),
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ivory Coast (Cabanettes and Le Buanec 1974), the Central African Republic
(Pichot 1971), Burkina Faso (Arivets 1974) and Niger (Charoy and Nabos
1974; Pichot et al. 1974}, where significant positive correiations were observed
between organic matter content and CEC.

To quantify the effect of changing organic carbon contents in the soil on CEC,
sither through organic manuring or through prolonged cultivation, the
relationship between the change in carbon content and the associated change
in CEC needs to be established. For construction of that relationship, the
results found in the north (Cissé 1988) and south (Siband 1974) of Senegal, in
Niger {Pichot et al. 1974) and Burkina Faso {Pichot et al. 1981) were used.
They led to a significant correlation as is shown in Figure 4.6. A difference of
1 g per kg in organic carbon results in a difference of 4.3 mmol per kg in CEC
{pH 7). This value is within the range (3.64-5.46) presented by Bolt et al.
(1976). The residual variability must be ascribed to differences in origin, nature
and quality of the organic material.
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FIGURE 4.6 Change in cation exchange capacity (A CEC) as a function of organic C content
(A C). (Source: Cissé 1988; Pichot et al. 1981, 1974; Siband 1974)

At higher CEC values the buffering capacity for cations such as K, Mg and Ca
is higher. Exchange of cations with A’** and H* lowers base saturation, but
also counteracts the decreasing pH. Hence, CEC serves as a buffer for pH
changes.
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Application of organic manures not only supplies N and P, but also other
important elements like K, Mg and Ca, which contribute to maintaining base
saturation at a high level. The positive relationship between pH and bass
saturation was illustrated by, among others, Pichot (1971; Figure 4.7).

4.7 Long-term effects of fertilizer application

In a number of the fertilizer experiments reported in this chapter the positive
response to increased nutrient availability declines with time when only
chemical fertilizers are applied as demonstrated in the long-term experiment in
Saria, Burkina Faso (Pichot et al. 1981). In this experiment, started in 1960,
sorghum was cultivated in monoculture or in rotation with groundnut and niébeé,
both legumes, under different fertilizer regimes: chemical fertilizer only (two
levels), and in combination with 5, respectively 40 ton per hectare of animal
manure. The amounts of N and P given annually varied over the years, while
since 19638 K fertilizer was applied. Over the first 19 years these amounts
were on average 25 kg N, 30 kg P and 10 kg K per hectare at the lower level
and 60 kg N, 45 kg P and 25 kg K per hectare at the higher level.

base saturation {mmol mmol -1}
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FIGURE 4.7 Relationship between pH and base saturation. (Source: Pichot 1971)

The sorghum grain yields in the control plots declined within a few years to
about 150 kg per hectare. After 1970, the yields in the treated plots decreased



Organic matter and sustainability in West African arable systems 69

also: first the yield under the high fertilizer only treatment, followed by that
under the lower fertilizer only treatment and by the treatments with the low
manure application rate. Only in the high manure/high fertilizer treatments the
yields remained stable.

The results of the soil chemical analyses carried out in 1978 (some of which
are given in Table 4.4) serve as the basis for the explanation of the yield
decline by Pichot et al. (1981).

The organic carbon content in the fertilizer only plots is lower than that in the
control, while in the plots receiving organic manure it is much higher. The CEC
(pH 7) varies little among the treatments, except for the plots with the highest
appliation of organic manure. Base saturation clearly differs: in the fertilizer
only treatments it is significantly lower than in the control, in the manure plots
higher. pH is related to base saturation and, hence, lower than the control in
the fertilizer only plots and higher in the animal manure plots. The lower pH
and base saturation must be attributed to the acidifying effect of the fertilizer
(most probably ammonium sulphate and/or ammonium phosphate).

TABLE 4.4 Organic carbon content (g kg"), CEC (mmol kg'), base saturation (fraction},
exchangeable K, Ca and Mg {mmol kg), pH (water) for soils from experiments
in Saria, Burkina Faso. {(Source: Pichot et al. 1981}

C content CEC Base Exchangeable cations  pH
saturation

K Ca Mg

Control 25 265 063 16 115 35 52
Chemical fertilizer:

low 24 26.5 0.37 09 66 22 46

high 24 25.0 0.38 15 60 21 44
51t ha™ (chernical

fertilizer low): 35 25.0 0.70 22 114 39 52
40 t ha” chemical

fertilizer high): 66 394 1.00 5.0 23.7 10.7 59

Pichot et al. (1981) explained the declining yields with the low pH values.
Small differences in pH in the vicinity of pH 5 can have dramatic effects: Al
ions can be liberated from the clay lattice, and preferentially be adsorbed at
the exchange complex. At pH values below 5.2 the concentration of Al in the
soil solution increases sharply (in the plots receiving only fertilizer, up to 50
mg per liter), with toxic effects on the crop. Yield reductions of 80 percent
were observed at 50 percent Al at the complex.

Altematively, the yield reduction could be caused by K deficiency. The
potassium supply with fertilizer may not have been sufficient to compensate
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for the export of K in grain and straw. An indication could be that the
exchangeable K is lower in the fertilizer only plots than in the control
Application of organic manure provides K and other cations, thus
counteracting the decline in base saturation and preventing acidification and
hence aluminium toxicity. However, large amounts of organic manure are
required, as in the plots receiving 5 ton per hectare of animal manure, pH still
approaches critical values of around 5.

The results of the chemical analyses of the soils in the Niger experiment are
comparable to those found in Saria (Table 4.5). Application of chemical
fertilizer only (in this case urea) led to a decline in pH (although the critical
value of 5 was not yet reached}. The differences in maximum yield bstween
the fertilizer only plots and those receiving organic manure also, could indicate
that problems similar to those in Saria can be expected in the long run.

TABLE 45 Organic carbon content {g kg'), CEC {mmol kg'), base saluration (fraction),
exchangeable K, Ca and Mg (mmol kg''} and pH for soils from experiments in
Tarna, Niger. (Source: Pichot et al. 1974)

C content CEC Base Exchangeable cations pH
saturation
K Ca Mg
Control 16 18 09 04 85 1.7 6.1
90 kg N ha™ 18 12.1 72 05 6.8 1.4 55
10 t straw ha’
+ 80 kg N ha™ 1.8 16.7 9.3 18 107 341 6.2

4.8 Discussion

To achieve food self-sufficiency for a growing population in West Africa, the
only solution is to increase production per unit area. Agricultural research has
shown convincingly that to achieve that goal, improved nutrient availability - in
addition to other agricultural measures - plays a key role (Penning de Vries
and Dijiteye 1982).The nutrient supply to the crop can be improved by applying
either chemical fertilizer or organic manure, resulting in increased production
of marketable products (grains) as well as crop residues (stover, straw).
Larger amounts are required of organic manure than of chemical fertilizer, as
the former's element concentration is lower than that of chemical fertilizers.
Moreover, the rate of nutrient supply from organic manures is slower, as the
organic material must be decomposed to release the nutrient elements. This
also makes timing of the nutrient availability uncertain. On the other hand,
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organic manures contain various nutrient elements, while most commonly

used chemical fertilizers specifically supply N and P only, and sometimes K as

well. The availability of organic manures is limited, while the price of chemical
fertilizers may be prohibitive to application.

Agricultural research faces the chalienge of answering the question which

combination of fertilizers is the most efficient for production increase. it is

important to realize that intensive systems should also be sustainable.

Considering the results presented earlier, two major problems appear:

- The use of chemical NP ferilizer without organic manure, or alternatively
without liming and K and possibly Mg fertilizer application, may result in
acidification of the soil, with the associated risk of Al toxicity and
deficiencies of other nutrient elements;

- The availability of organic manures is insufficient to realize the required
production increase and to prevent, in combination with chemical fertilizers,
soil acidification.

In most of the fertilizer experiments cited in this paper it was common practice
to remove all the biomass from the field in the fertilizer only treatments. This
leads to declining organic carbon levels in the soil with the associated
reduction in CEC. Together with the organic material substantial quantities of

N, P and other minerals are removed, which is insufficiently compensated for if

only chemical NP fertilizers are applied. This results in a decrease in base

saturation and a lower pH. To assess which practices can result in sustainable
production systems, quantitative assessment of the following aspects is
necessary:

- Is the production increase in crop residues, associated with the use of
chemical fertilizers, sufficient and necessary to stabilize the soil organic
carbon content?

- Are the losses of carbon and nutrient elements incurred during the
transformation of crop residues to compost or animal manure compensated
by the greater availability of the remaining elements and the addsd value of
the material as animal feed or as a source of energy (biogas)?

- Does a minimum soil organic carbon content exist for a given level of
fertilizer application and production?

- Which mixture of chemical fertilizers is necessary to maintain the base
saturation at a favourable level, taking into account possible supply of
cations through crop residues, animal manurs or compost?

- What is the optimum pH value for a given production system and to what
extent is liming necessary to maintain that pH?

To provide quantitative answers to these questions, determination of more
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nutrient response curves can hardly be helpful. Target-oriented experiments
are necessary in which production and nutrient uptake (of both grain and
straw) are determined for different doses of various chemical fertilizers and
organic material alone and in combination with lime application.

Evidently, in ensuring the sustainability of intensified production systems, the
equivalent acidity of fertilizers is a major consideration. If ammoniacal
fertilizers are used, they must be combined with liming to maintain the soil pH
at a favourable level. Rock phosphates, with their inherent impurities, not only
serve as a source of P, but may also help in maintaining a sufficiently high
base saturation (Flach et al. 1987). In combination with nitrate fertilizers socil
pH can be also maintained. Hence, judicious application of chemical fertilizer
may lead to sustainable, intensified agricultural production systems in West
Africa, provided that their use is not prevented by economic considerations.
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Chapter 5

Estimating biomass through transfer functions based on
simulation model results: a case study for the Sahel

N. de Ridder and H. van Keulen

5.1 Introduction

GENERAL

In land use planning in the semi-arid and sub-humid tropics it is common practice
to estimate the biomass production of natural pastures as the basis for carrying
capacity and livestock production (Behnke et al. 1993). in most cases one has to
rely on literature data on biomass production, occasionally combined with
relationships between rainfall and biomass (Le Houérou and Hoste 1977;
McNaughton 1985). Such data are scarce. Alternatively, land use planners have to
collect their own data in the field, sometimes in combination with satellite data
{Boutton and Tieszen 1983; Tucker et al. 1985; Wagenaar and De Ridder 1986;
Groten 1991; De Ridder 1991).

However, these biomass estimates have some drawbacks. Feed quality, in terms of
protein and digestibility, is not taken into account. This makes it impossible to
discriminate in terms of carrying capacity and livestock production between pastures
with equal biomass but of different quality. Field data for one year cannot cope with
the year-to-year variability in rainfall amount and its distribution pattern. Data
obtained from relationships between long-term rainfall and biomass do not account
for possible differences between landscape units. Water availability for plant growth
is not only determined by rainfall, but depends also on run-off, which is a function
of rainfail pattern and soil type, and on water storage capacity as a function of soil
texture and depth. Furthermore, nutrients, often both nitrogen and phosphorus, are
frequently the main plant growth determining factor. This has, for exampie, been
shown for pastures in southern Africa (Mills 1966} and for pastures in the Sahelian
countries (Breman and De Wit 1883).

Many simulation models have been developed and are widely used to estimate
biomass production (Fischer and Tumer 1978}. These models vary in complexity and
basic principles. For example, McGown (1973) developed a simple water balance
model to calculate the length of the growing season and related production of
Australian pastures as a function of the available soil water storage capacity. Others
have tried to include nitrogen balances (e.g. Van Keulen et al. 1986). In that cass,
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the quality of herbaceous biomass in terms of proteins is simulated as well.
However, such models become very complex and are not widely used because of
the expertise, numerous parameters and advanced equipment they require.

CASE STUDY: PASTURES IN SAHELIAN COUNTRIES

In their manual for evaluation of productivity of pastures in Sahelian countries,
Breman and De Ridder {1991) proposed a new assessment method. This method
starts from landscape characteristics such as geomarphalogy, reliet, soil texture and
depth, and climate. This combination determines the water availability for pasture
growth. Climate is considered through rainfall and evapotranspiration, and landscape
characteristics through the run-off and water storage capacity of the soil.
Furthermore, the authors link the water balance to the nitrogen balance. For the
Sahelian and the Sudan zones, 250 mm per year of the available water is the
transition beiween water limited production{< 250 mm per year} and nitrogen limited
production (> 250 mm per year) {(Penning de Vries and Djitéye 1982). For these two
production situations, two different model equations have been developed to
estimate the herb layer biomass and the amount of nitrogen in the above ground
biomass.

For less than 250 mm per year the water availability is (De Ridder et al. 1991):

B=7251-593 (for | > 82 mm yr') (5.1a)
N, =N B (5.1b)

content

and for equal to or greater than 250 mm year (De Wit and Krul 1982):

N, = 0.00831/f-0.13 (forf> 0.13) (5.2a)
B = Np/N_onient (5.2b)
in which

| = total infiltration of water (mm yr")

B = the dry matter (Dm) of the herb layer biomass (kg ha ")

N, = the amount of nitrogen in the above ground biomass (kg ha™)

N omen = the fraction of nitrogen in the above ground biomass (kg kg™)
f = yearly losses of nitrogen from the above ground biomass (kg kg')

The fraction f represents the losses of nitrogen by volatilization, grazing, bush fires
and other causes, for example, insects. Nitrogen inputs accounted for are: wet
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deposition through rainfall, dry deposition, and fixation by algae, free living bacteria
and legumes (De Wit and Krul 1982).

As the biomass nitrogen content is reasonably well correlated with its digestibility,
livestock production as a function of production goals and carrying capacity can be
derived from B and N, (Ketelaars 1991; Breman and Ketelaars 1991).

In Equations 5.1a and 5.2a the average annual infiltration (1) is used. This can simply
be calculated from the average annual rainfall and an annual average run-off
coefficient, which is experimentally determined (e.g. Stroosnijder and Koné 1982) or
estimated (e.g. Casenave and Valentin 1989):

I=R*(1-RC) (5.3)

where R is the average annual rainfall (mm per year) and Rc the average run-off
coefficient per year.

However, not all infiltrated water is available for plant growth. Depending on soil
texture and total infiltration, some water may percolate below the rooting zone, with
associated leaching of nitrogen. This also holds for shallow seils. Here, the water
storage capacity is low, lsading to percolation of water and leaching of nitrogen into
the cracks of the underlying parent rocks. In Equations 5.1a and 5.2a | has then to
be corrected for the percolated water in order to avoid overestimation of B and N,

This chapter presents a case study in which transfer functions are developed.
According to Bouma and Van Lanen (1987) transfer functions are mathematical
expressions relating different characteristics and properties with one another. These
functions use widely recognized and easily measurable indicators such as rainfall,
slope angle and length and texture as independent variables in regression equations.
Examples of transfer functions are the relationship between soil bulk density and
texture and organic matter content and the relationship between moisture content
and texture and organic matter content. in order to construct transfer functions many
data have to be obtained to carry out the regression analysis. There are two basic
sources of data: actual field data and data generated with simulation models. In the
{atter case, the model must be fully validated.

In this chapter data for regression analysis are generated by a process-simulation
model. The transfer functions presented can be used to calculate the maximum
depth of soil wetting and water lcsses from the rooting zone or shallow soils using
water content at pF 2.5 and average annual infiltration as dependent variables.
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5.2 Methods
SHORT DESCRIPTION OF THE MODEL

Annual water balances for different circumstances are calculated with a model called
SAHEL (Van Keulen 1975; Penning de Vries and Van Laar 1882; Van Keulen and
Wolf 1986; Penning de Vries et al. 1989; De Ridder et al. 1991). This model has
been extensively validated on the basis of data from Israel (Migda), Senegal
{Bambey) and Mali (Niono} (e.g. Van Keulen et al. 1986; De Ridder et al. 1991). It
calculates the water balance with one-day time steps, requiring daily rainfall records
as input. Part of the rain is supposed to be intercepted by the vegetation.
Subsequently, run-off is subtracted, using an average run-off coefficient per year.
This run-off coefficient is experimentally determined and soil-type specific. For each
rainfall svent, the run-off coefficient is corrected for rainfall intensity and duration.
The remaining water is assumed to infiltrate.

The soi! profile (3 m maximum total depth) is divided into 23 compartments {10
layers of 0.05 m, 5 layers of 0.1 m and 8 layers of 0.25 m) which are assumed to
be homogeneous. Each layer is characterised individually by water content at field
capacity (pF 2.5: Hillel 1971; Slatyer 1968) and wilting point {pF 4.2: De Ridder et
al. 1891), whereas the water content of air-dry soil is set at 1/3 of the value at wilting
point (Van Keulen and Seligman 1987). The total profile depth and the thickness of
each soil compartment can easily be adjusted to calculate the average annual
percolation of shallow soils.

Total infiltration is partitioned over the soil layers using the "tipping bucket” principle.
The soil compartments are filled up to field capacity from the top downwards until
the total infiltration is dissipated or the soil profile I1s completely saturated to field
capacity, causing excess water to percolate out of the profile.

To calculate water losses from the profile, potential evapotranspiration of the soil-
plant system is introduced as a forcing function (De Wit and Goudriaan 1978).
Potential soil evaporation is derived by subtracting potential transpiration of the
vegetation from potential evapotranspiration. Potential transpiration is calculated on
the basis of intercepted energy, which is taken as a function of soil cover (LAl = Leaf
Area Index) taking into account exponential extinction in the canopy (Goudriaan
1977).

On rainy days, and depending on potential evapotranspiration rates and soil type up
to three days later, soil evaporation is potential. During subsequent dry days, soil
evaporation is linearly related to the square root of time with an experimentally
determined stope depending on soil type (Stroosnijder and Koné 1982). Total water
loss by soil evaporation is extracted from the various soil iayers by using an
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extinction function, mimicking redistribution of water under developing moisture
gradients (Van Keulen 1975).

The transpiration rate is derived from potential transpiration, taking vertical
distribution of the root system, root activity and distribution of water in the profile into
account. Water is taken up from rooted soil layers with water contents above wilting
point, root activity depends on water availability (defined as the water content
between pF 2.5 and pF 4.2) and root density.

Simulation of vegetation growth includes germination, which starts at the first day,
when the top 0.015 m of the soil has a moisture content above wilting point, and is
completed at the end of an exogenously defined average germmination time. If the top
soil dries out to a water content below wilting point, the seedlings die and a new
germination wave is initiated following the resumption of rain.

The initial biomass after germination is defined exogenously, as a function of
average annual rainfall. Half of the initial biomass is allocated to the roots, the other
half to above ground biomass.

The modei treats development, defined as phenclogy, and growth, being the
increase in biomass of the vegetation, independently. Development is govemed by
temperature and day-length.

Potential growth is defined as growth that is not limited by water and nutrient
availability. It is calculated using daily global irradiance and the fraction intercepted
light for photosynthesis derived from LAls. Input Gross assimilation rates are
calculated assuming a mixture of C, and C, plants and are reduced proportionally
to the relative transpiration deficit {actual transpiration/potential transpiration).
Maintenance respiration is subtracted: 0.015 kg CH,O per kg dry matter for above
ground biomass and 0.01 kg CH,O per kg dry matter for roots. Growth rates in dry
matter are calculated by taking growth respiration into account using a conversion
factor of 0.7 kg dry matter per kg assimilates (Penning de Vries 1975). As soon as
the cumulative infiltration exceeds 250 mm, being the transition point between water
limited and nutrient limited growth, the growth rates are set at an upper limit of 50
kg DM per day (Stroosnijder and Koné 1982).

Dry matter increase is distributed over the different plant parts {roots, stems, leaves
and grains) depending on the development stage. If the soil dries out completely and
remains dry for a certain number of days, the vegetation dies.

RAINFALL DATA

From a data base covering 50 years the daily rainfall records of ten rainfalt stations
(CIEH 1974), 50 rainfall years are selected. The long-term average rainfall of the
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stations range from 64 in the north to 1196 mm per year in the south of Mali. The
selection criteria are: total annual rainfall (a reascnable representation of dry,
average and wet years) as well as distribution pattern (differences in total number
of showers and number per size class). An illustration of the latter is given in Table
5.1. The selected rainfall data are used as input into the model.

SOIL DATA

Actual soil texture data from sites on a north/south transect in Mali were used to
calculate an average texture over the entire profile (Table 5.2). Based on data of
Brouwers and Keita (1976) linear equations were established (De Ridder et al. 1991)
correlating water content at field capacity to sand percentage and water content at
wiiting point to clay percentage:

B .5 = {(0.37 - 0.0035 sp) * Bd } /100 (rR2 = 0.82) {5.4)
8,4, = {(0.007 + 0.0039 cp) * 8d}/100 (R? = 0.84) {5.5)
in which

8,¢,5 = Water content at field capacity (cm® em*)

0,¢ ., = water content at wilting point {em® em™®)

Sp = sand percentage (50-2000.)
Cp = clay percentage (< 2u)
Bd = bulk density (g cm™®)

These equations were used to calculate water contents at pF 2.5 and pF 4.2 of the
soils presented in Table 5.2 assuming an average bulk density of 1.4 g per cm® (De
Ridder et al. 1991); in practice, bulk density can vary between 0.7 to 1.9 g per cm®.
However, if they are known, actual bulk densities can be applied in these equations.
The water contents of the different soil types at pF 2.5 and pF 4.2 are used as
inputs into the model.

SIMULATION RUNS

The model was run with all possible combinations of input data of soil type as
characterised by texture, rainfall years and soil depths of 2, 1.5, 1, 0.75, 0.50 and
0.25 m. The following model outputs were used in the subsequent regression
analysis: maximum depth of wetting of the soil profile and cumulative percolation at
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TABLE 5.1 Number of rainfall showars (total and per class of < 6-15 mm, 16-30 mm and > 30 mm)
of some of the rainfall years used in the simulation study.

Annual Total number of Number of showers per class
rainfall (mm}  showers
< 6 mm 6-15 mm 16-30 mm > 30 mm
213 17 B 4 3 2
213 36 24 9 2 1
216 23 12 7 2 2
43 49 22 21 5 1
433 39 18 10 8 3
444 48 27 11 6 4
546 37 10 15 8 4
549 42 15 15 8 4
556 48 18 19 8 3
851 54 12 17 22 3
853 41 10 13 9 9
865 33 1 10 10 12
1128 58 18 15 17 8
1129 40 12 12 9 7
1154 75 29 20 11 15

Table 5.2 Characteristics of the soll types used in the simulation study.

Soil texture Bpr 21 0,0,z Bpr2s. praz
fcm’® em™) (em’ em?) (cm® cm?)
Sand % Clay %
(50-2000} (< 2u)
90.3 2.7 0.075 0.025 0.05
49.4 39.2 0.275 0.225 0.05
64.7 16.4 0.20 010 0.10
137 438 0.45 0.25 0.20
545 16.4 0.25 0.10 0.15
13.7 53.0 0.45 0,30 0.15
44.3 16.4 0.30 0.10 0.20
13.7 43.8 0.45 0.25 0.20
34.1 16.4 0.35 0.10 0.25
13.7 34.7 0.45 0.20 0.25
239 16.4 0.40 0.10 0.30

13.7 255 0.45 0.15 0.30
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the various soil depths.

REGRESSION ANALYSIS

For each of the combinations of soil type and rainfall year, the average annual
infiltration was calculated, according to Equation 5.3 using average run-off
coefficients. The run-off coefficients are determined experimentally and soil-
typespecific. First, these values for | are correlated to the maximum depth of soil
wetting {dw,,,, in cm) for the various soil types, ch