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STELLINGEN 

1. De voortdurende discussie of water dan wel bodemvruchtbaarheid (met name het 
voedingselement stikstof) de beperkende factor is voor plantengroei in de Sahel kan worden 
beëindigd indien ruimte- en tijdschalen nader worden gespecificeerd. 

- Penning de Vries, F.W.T., and MA. Djitèye (eds), 1982. La productivité des 
pâturages sahéliens: une étude des sols, des végétations et de l'exploitation de cette 
ressource naturelle. Agric Res Rep 918. Pudod Wageningen. 

2. Voor een beter inzicht in het duurzame karakter van agro-ecosystemen dienen deze niet 
alleen te worden bestudeerd op de juiste tijd- en ruimteschaal, maar ook in relatie tot elkaar 
en op verschillende hiërarchische niveaus. 

- Fresco, L.O. and S.B. Kroonenberg, 1992. Time and spatial scales in ecological 
sustainability. Land Use Policy 9:155-168. 

3. De bewering dat gewasgroeimodellen ontwikkeld en geschikt zijn voor de ruimtelijke schaal 
van een akker, is onjuist, omdat deze modellen in veel opzichten nog één-dimensionaal zijn. 

- Bouman, BA.M., 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 landbouwkundige potentieel, die 
alleen zijn vastgesteld op basis van bodem- en klimaatskaarten, gaat voorbij aan 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 potentieel 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 gebruik maken van 'Interactive 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. Ogenschijnlijk zinloze wetenschappelijke debatten, zoals die aan het begin van deze eeuw 
plaatsvonden over de vraag of een vegetatie als een organisme kan worden beschouwd, 
kunnen toch de wetenschap vooruit helpen. 

-Cooper, W.S., 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 gesloten groene vegetatie dezelfde NDVI-waarden 
(Normalized Difference Vegetation Index) geven, kunnen via satellieten verkregen NDVI-
waarden niet als direkte maat worden gezien voor de fotosynthetische activiteit van een 
vegetatie. 

- Tucker, CJ., CL Vanpraet, M.J. Sharman and G. van Ittersum, 1985. Satellite remote 
sensing of total herbaceous biomass production in the Senegalese Sahel: 1980-1984. Remote 
Sensing of Environment 17:233-249. 

9. De herinvoering van het uit de middeleeuwen stammende 'meester-gezel' systeem draagt 
meer bij tot kwaliteit en efficiëntie van onderwijs aan de Landbouwuniversiteit dan het 
handhaven van de Richtingonderwijscommissies (ROC's). 

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

11. De met de plannen voor een Kennis Centrum Wageningen gepaard gaande reorganisatie 
geeft aan dat in deze weinig is geleerd van de ervaringen van het romeinse leger aan het 
begin van onze jaartelling. 

- - Gaüts 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 bij het proefschrift: 

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 to make a guess " 

".....de aaneenschakeling van gebeurtenissen is altijd ingewikkelder en onverklaarbaarder 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, I 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 
I was not able to meet at that time. Since my MSc-graduation in 1979,1 had worked 
at several research institutes and projects. Being such a scientific nomad, I had 
never found the tranquillity (or should I say: I 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 I 
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 me to 
finish this last remaining and highest formal education objective in life. Louise, I 
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 people who have placed significant sign posts 
on the road and made my adventurous journey through time possible. Nevertheless, 
I will take the risk of forgetting someone along the road. To my relief, people 
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. CT. de Wit and Prof. Dr. R. Brouwer. Both 
would have enjoyed seeing me obtain my PhD-degree. Others were important as 
well during this period, but I can only 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: I owe you all a great dept of gratitude. 
My first job was in Israel, where I 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 I have included one (Chapter 2) in this thesis. If the 
methodology in this chapter is carefully evaluated, one would agree that I 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, I 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 project management and budgeting: it was 
just what I needed in my jobs to come. I 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 I want to especially express my sincere gratitude to Klaas Wagenaar. Together 
we have written the publication, that I inserted as Chapter 3 in this thesis. 
In the following three years I was employed by the former Center for Agro-biological 
Research (CABO; nowadays AB-DLO). From the publications that appeared in that 
period, I 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 I want to 
thank in particular Henk Breman and Peter Uithol for their stimulating cooperation 
in this period. Together with Herman van Keulen, I have condensed a chapter from 
this book into a publication, which I 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 harmonious collaboration with Herman van Keulen, for which he is 
acknowledged in all sincerity. 

The two years in Burkina Faso were a break in terms of my scientific career. I 
learned to supervise the construction of a laboratory for ecology at the university of 
Ouagadougou under the highly appreciated guidance of Karel Erkelens. I also 
appreciate the administrative support I 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 department 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. I thank all my colleagues 
of the Agronomy department, who, in some way or another, have contributed to an 
environment in which I 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, I owe you a great dept of 
gratitude and I appreciate the fruitful discussions we have had. I earnestly hope that 
our collaboration will continue for the foreseeable future. With Simone Radersma, I 
worked on the publication appearing as Chapter 6 in this thesis. Simone, it was a 
smooth cooperation and I 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 I 
was desperately trying to get the prints ready before the deadline. Wampie, thank 
you very much for your help! 

The CT. de Wit graduate school created discussion groups for PhD-students. I had 
the fortunate opportunity to participate in the group on methodology during the last 
two years. 
I have appreciated this initiative of the graduate school 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 I was able to do part 
of the research presented in this thesis. 
Furthermore, I wish to express my appreciation to Martin 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, I 
am much obliged to you. 
The first years of my life I 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 Seroei 
I reached school age. Since neither a Dutch school nor teachers were available in 
such an out-of-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 



their full support in my subsequent education. This goes part of the way to explaining 
my great gratitude and respect I have for them. 
Finally, I want to thank my children, Ellen and Jörn, who followed me around the 
world, sometimes grumbling but mostly cheerfully. 
All this having been said, I am not able to express my sincere gratitude to the most 
important person in my life, because 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 
selection, 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).1 

Experimental research on agricultural stations started in 1834 in France and 1843 
in England (Salmon and Hanson 1964). The publication of Von Liebig's law of the 
minimum (1855) was a landmark in agricultural research. In previous centuries, 
farmers had to rely on techniques as shifting cultivation, 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 chemical fertilizers. This is further 
illustrated by other publications on production functions in relation to nutrients 
(Liebscher 1895; Mitscherlich 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; Greenland et al. 1994). 
The successful application of production functions in relation to nutrients in daily 

1 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 breeding 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 original comprehensive science of agronomy i.e. plant 
breeding, entomology, phytopathology, nematology, soil tillage, soil conservation, 
irrigation, etc. (Struik and Fresco 1993). 

During the 1960s 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 sustainable2 

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 another shift in the agronomic 
research agenda. 
Today, agronomic research faces the challenge to develop 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 international 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 primarily 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.g. 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 
structure3. 

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 toposequence, which in itself is part of a watershed. 

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

3 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 
hiërarch 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 software. For example, the hierarchy of 
a book is: 

word =* sentence => paragraph =s> 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 biota4 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-
chemicafr-biological processes within a space-time unit. In this Process-Functional 
approach energy and mass flows become important study objects, sometimes 

4 Biota include both the flora and the fauna (Holmes, 1979). 



8 Chapter 1 

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 to 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 external 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 external 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 control. 

In our example, constraints avoiding one species to completely occupy 
space at the community level, i.e. that of 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 systems5. 

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 fields. 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 

s 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 1988). 
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the farm level socio-economic factors 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: 

plot/field =>• toposequence =*• valley =*• watershed =*• river system =>• 
continents. 

However, this hierarchy will not work for studies of e.g. CH4-emissions or C02-
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 socio-economic variables/processes 
have to be studied each following their own hierarchies, before results 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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Physiographic 
units at 

different scales 
LUS 

Administrative & 
economic units at 
different scales 

Household members 

1) with cropping, crops (annual and perennial) and forestry 
are meant here 

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. Time is conceptualized 
by as: 

seconds => minutes =*• hours =*• days => weeks =>• months => years =» etc, 
and space as, for example (cubic or square): 

mm =>• cm =*• 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 



General introduction 11 

of characteristic time-space scales is given by Blöschl 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 higher 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 its 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 planimetrie area of 907 m2, 
which was divided in three subplots. One plot (307 m2) contained the colluvial 
slope, another plot (161 m2) the upper slope and the third plot (439 m2) the entire 
slope. Run-off per unit area of the entire slope (11.7 dm3 m"2) is almost equal to 
the run-off per unit area of the colluvial slope (13.3 dm3 m"2), whereas the runoff 
per unit area of the upper slope is much higher (33 dm3 m"2). 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 level, vegetation belts reflect 
the climatic zones. At the plot level, vegetation is a function of weather and soils. 
At that same level, vegetation in turn influences both microclimate and soil 
through évapotranspiration 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 together these aggregate to factors such as surface roughness, 
albedo and évapotranspiration that ultimately affect global climate (Fresco 
1995b). Thus, by increasing the temporal and spatial scales of the system, 
thereby ultimately also moving to higher hierarchical 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 Ittersum 1994). Growth defining factors are, 
next to crop characteristics (physiology, phenology and canopy architecture), 
radiation, temperature and C02. 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 C02 assimilation (e.g. 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 approaches (Figure 1.2). The first takes the 

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-ecological 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, I 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, I 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 6). 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) 
(ii) emerging properties (Chapter 6) 
(iii) 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 

Phys iographic units 

Watershed 

Land units 

Spatial scale effects 
Chapter 7 Chapter 8 

Livestock system 

Cropping system 

Transfer functions 
Chapter 5 

Multi level approach 
Chapter 3 Chapter 4 

System definition 
Chapter 2 

FIGURE 1.3 The hierarchical levels dealt with in this thesis, as well as the main aspects 
of agro-ecosystem analysis per chapter. 
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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 considerably 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 question 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 (HI) 
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 
effort 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 methodology involved and the uncertainty in interpreting the data 
obtained. 
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Some values reported for RR and SR are presented 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 monocotyledons 
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 RR 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 simultaneously over prolonged 
periods. This in contrast to cultivated species which have been bred for 
resistance to seed shedding and for synchronized maturation. 
The SR 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 

MONOCOTYLEDONS 
Hordeum vulgare 

lea mays 
Avena sativa 

Oryza sativa 
Secale cereale 
Sorghum bicolor 

Triticum vulgare 

DICOTYLEDONS 
Carthamus tinctorius 

Cicer arietum 
Helianthus annuus 
Phaseolus vulgaris 

SR 

0.13 

0.21 
0.29 

0.13 
0.31 
0.13 

0.15 

0.05 

0.67 
-
0.46 

(mean of 26 varieties) 

Arachis hypogea 0.22 

-0.57 

•0.49 
•0.53 

•0.56 
•0.36 
•0.51 

•0.54 

0.25 

0.29 

RR 

0.33 

-
0.43 

-
-
0.64 

0.35 

• 

-
0.16 
-

0.36-

•0.66 

•0.56 

0.50 

0.35 

0.41 

Author 

Van Dobben 1965b; Donald & Hamblin 
1976; Spitters 1979 
Donald & Hamblin 1976 
Van Dobben 1962, 1965a; Donald & 
Hamblin 1976 
Donald 1962; Donald & Hamblin 1976 
Van Dobben 1962, 1965a 
Anonymous 1968; Hodges et al. 1979; 
Donald & Hamblin 1976 
Anonymous 1968; Kagan & Ephrat 
1974; Campbell & Davidson 1979; 
Passioura 1977; Van Dobben 1965a; 
Donald & Hamblin 1976 

Beech & Norman 1963; Stern & Beech 
1965 
Anonymous 1968 
Gaines et al. 1974 
Rettig 1979 

Goldin 1966 and unpublished data 
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TABLE 2.1b The seed ratio (SR) and reproductive ratio (RR) of some annual wild species. 

1 Sahelian species 
MONOCOTYLEDONS 

Aristida funiculata 

Aristida mutabilis 

Brachiaria ramosa 

Cenchrus biflorus 

Chloris prieurii 

Diheteropogon hagerupii 

Diheteropogon hagerupii 

Echinochloa colona 

Panicum leatum 

Panicum humile 

Pennisetum pedicellatum 

Schoenfeldia gracilis 

Schoenfeldia gracilis 

DICOTYLEDONS 

Zornia glochidiata 

Blepharis linariifolia 

(+ Polycarpea) 

Annual Sahelian 

vegetation (Chad) 

2 Non-Sahelian species 
DICOTYLEDONS 

Astragalus cibarius 

Astragalus utahensis 

Chenopodium rubrum 

Polygonum cascadense 

Polygonum cascadense 

Polygonum douglasii 

Polygonum kellogii 

Polygonum minimum 

Senecio sylvaticus 
Veronica peregrina 

SR 

0.09 

0.04 

0.02 

0.03 

0.03 

0.01 

0.06 
0.05 

0.02 

0.03 
0.01 
0.17 

0.05 

0.05 

0.25-

0.22 
0.24 

0.47-

-

0.55 

0.15 
0.65 

0.10 
0.06-
0.38-

0.38 

0.54 

0.12 
0.43 

RR 

-

-

-

-

-

-
0.19-0.34 

-
-

-

-

-

-

-

-

-

0.67 

0.50 

-
0.38 - 0.58 

-

-

-

-
0.19-0.20 
-

Author 

Bille 1977 

Bille 1977 
Bille 1977 

De Ridder 1976 
Bille 1977 

Bille 1977 

Penning de Vries 
(personal commu­
nication) 

Bille 1977 
Bille 1977 

Bille 1977 

Bille 1977 
Bille 1977 

De Ridder 1976 

Bille 1977 

Bille 1977 

Gaston 1976 

Green & Palmbald 1975 

Green & Palmbald 1975 

Cook 1975 

Hickmann 1975 

Hickmann 1977 

Hichmann 1977 
Hickmann 1977 

Hickmann 1977 
Van Andel & Vera 1977 
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 (SR) and reproductive ratio (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 0.43 - 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 0.44 for Triticum dicoccum were obtained (Zeven, personal 
communication). In the long-term Broadbalk experiments (Garner and Dyke 
1969) 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 yields of cultivated crops is well-
known {cf. Spiertz 1977). In the semi-arid Northern Negev in Israel, where 
studies on annual pastures have been conducted since 1962 (Tadmor et al. 
1974), biomass losses from seed dispersal and prédation 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 Israel (34° 25' EL, 31° 22' NL). 
The average rainfall in the area is 250 mm per year. The region consists of 
slightly undulating plains composed of a 10-20 m thick mantle of loss 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 difficulties 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. 
In 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 


