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Foreword

In the early seventies, scientists in Israel and The Netherlands started a
cooperative project on actual and potential production under semi-arid
conditions. In Israel research concentrated on primary production of natural
pastures and small grain crops, and on the associated secondary production of
small ruminants. Most of the experimental work was carried out at the Migda
Experimental Farm in the semi-desert of the northern Negev where the long-
term average annual rainfall is 250 mm. In The Netherlands existing facilities in
Wageningen were used for measuring growth, photosynthesis and transpiration
of Negev pasture plants and small grains under controlled conditions, both as
individual plants and as simulated swards and crops.

The joint research program was initiated by the late N.H. Tadmor and A,
Dovrat from Israel and by C.T. de Wit and Th. Alberda from The Netherlands
and conducted by various scientists from both countries, some of whom are
among the authors of this book.

The experimental results first served as a basis for the development,
calibration and validation of simulation models of the growth and water use of
pasture and crops. Subsequently, additional models were developed, allowing
incorporation of socio-economic considerations, both at the farm and regional
level, so harnessing the research results for analysis of regional development
possibilities,

The methodologies developed within the present project served as a basis for
the initiation of projects in Mali, Egypt and Peru. Although none of these
projects were as all-encompassing as that in Israel, they have demonstrated the
possibilities of applying the tools developed in one region for extrapolation and
prediction in others, provided that the relevant input parameters for the local
conditions are available.

This book presents the results of the Netherlands/Israeli project, with
emphasis on the methodology for exploring different regional development
options. It starts with a summary of the experimental results on primary and
secondary production and illustrates how these results can be integrated in
simulation programs and optimization techniques as a basis for development
planning of a farm or of a region. To improve readability, the models have not
been included in the text, but are given in appendices or in relevant references.
The book is intended for biologists, agricultural scientists and planners

Xi



xii

involved in the development planning, particularly of semi-arid regions. It
describes a method for estimating the socio-economic effectiveness of
technological innovation in a realistic multiple-goal context. This method can
provide ‘early warning’ of pitfalls in development schemes and so improve

development planning in a world where this is becoming more complicated by
the day.
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1. Introduction

C.T. DE WIT and N.G. SELIGMAN

1.1. In the current of change

The ongoing industrial revolution and technological achievements of
agriculture in the western world during the last half century have upset basic
concepts of man’s priorities. From a major element in the economy of nations,
agriculture declined to an adjunct of an ever-expanding industrial and service
economy, while the distance between the primary producer and the consumer
has widened to the extent that agriculture has almost faded from the
consciousness of the majority of the population.

This development has also affected the semi-arid regions in West Asia and
North Africa, where large areas are close to urban markets and to sources of
industrial inputs. This logistic proximity creates favourable conditions for
transport of inputs and outputs across the borders of the agricultural sector.
For traditional agriculture this advantage is reduced by the fact that production
and prices in the region are exposed to competition from other parts of the
world, more lavishly endowed with natural agricultural resources. In addition,
input costs, particularly labour costs, increase in the wake of industrialization
to a level that makes many traditional agricultural technologies obsolete.
Research under such conditions cannot restrict itself to understanding and
supporting incremental changes in the agricultural system, but has to consider
the whole spectrum of technological options for the region to identify those that
meet as far as possible the aspirations of the main stakeholders. This requires
innovative dovetailing of agro-ecological and socio-economic research so as to
widen the scope for managerial and development manipulation.

The present volume aims to contribute to the development of such an
approach based on the semi-arid region of Israel, an arca that has been
intensively exposed to technological, socio-econormic and political change over
the past half century. The method employed, however, is not site specific and
can be applied more widely to understand and guide development in other parts
of the mediterranean region that are also being swept up in the currents of
change.

Th. Alberda et al, (eds.), Food from Dry Lands, 1-5.
© 1992 Kiuwer Academic Publishers. Printed in the Netherlands.



2
1.2. The natural environment

The sermi-arid zones with a mediterranean type of climate are characterized by
a hot dry summer and a mild to cool rainy winter. They are situated around the
eastern part of the Mediterranean, especially in the Middle East, in the south of
Greece, Italy and Spain and also in North Africa and Iran. Smaller areas occur
in California, central Chile, the south-western corner of South Africa and in the
south and southwest of Australia,

The natural vegetation that dominates these semi-arid regions in the
Mediterranean Basin is a dwarf shrub steppe inierspersed with herbaceous
species, mainly annuals. In much of the area, trees, taller shrubs and even dwarf
shrubs have been cut for fuel and building material, leaving annual and
perennial herbs as the dominating plant forms. High seed yields and seed
longevity allow the annuals to persist, even under heavy grazing pressure, but
the period that they remain green is relatively short. When undergrazed, much
of the production of shrubs goes to inedible woody tissues. Under heavy grazing
most newly developing and protuberant twigs are eaten, Leaf development and
water use in the rainy season are then limited, so that the water availability may
extend well into the dry season. The dense and woody structure of these dwarf
shrubs provides protection against destruction by occasional overgrazing.

Small grains may be cultivated on the better soils, but pastoralism is the most
common form of exploitation. The most common domestic animals in the
mediterranean semi-arid regions are sheep and goats. Because their short
reproductive cycle coincides more or less with the green season, they are less
affected by seasonal food shortages than cattle and, therefore, are suitable not
only for transhumance but are also well adapted to sedentary farming systems.

Much of the field research discussed in this book was carried out at the
Migfia .Experimental Farm of the Agricultural Research Organization in the
semi-arid northern Negev of Israel where average annual rainfall is 250 mm and
th'? vegetation is dominated by native winter annuals. After the first effective
rains bz?tween October and December, germination takes one to two weeks,
dep‘endmg on temperature. Lambing occurs at the beginning of the grand
period of vegetative growth in J anuary and February, Standing biomass
reaches_ a peak at the beginning of April when the seeds ripen. Then the
vegetatx?n dries up and even without grazing gradually diminishes through
:f:liast:se:i?bgst:zﬁ\:llrir;r&i;l;ci:zmﬁglsiittion.dThe vz}riability in z.mnual 'rainfall
In good rainfall vears the quant(%t ofy b?c:mquamlty o the available bxoma§s.
may be lower than in unfavourablyr infall ey Lo, bu} tl}e quaity
limited amount of availatts Ll et amt all years, due to further dilution of the
production on deep soils is pahzuti-“.‘lz lé)lg(r)ltsi(. On (he avetage, peak herbage

. g per ha. Meat (mainly lamb)
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production can then average about 55 kg liveweight per ha without the use of
supplements. Production per unit area is much lower on shallow upland soils.

1.3. Agro-pastoral systems

The traditional agro-pastoral systems were practiced by both sedentary villagers
and nomadic Bedouin in the semi-arid regions of the Middle East for about
3,000 years with little change until the 1950’s. In this system, mixed flocks of
sheep and goats are maintained for most of the year by grazing common
rangeland, non-cultivable hillsides and fallows. In summer the stubble of the
grain fields is also grazed and in drought years feed shortages are buffered by
grazing the crop itself and by increased migration with the flock. Grazing land,
as a rule, is regarded as an uncontrollable natural resource to be exploited as
fully as possible while nothing is done to improve its productivity.

The productivity in these semi-arid regions is low, not only because of the
low and erratic rainfall, but also because the price of meat, wool and grain has
been low compared with the costs of water management, fertilizers and
concentrates that are needed to increase the productivity of these systems,
However, this is changing rapidly, because extended areas in West Asia and
North Africa are now close to large urban centres with considerable affluence
and a high demand for animal products, including lamb meat.

Seasonal nutritional deficits in animal nutrition can be alleviated by the use
of supplementary feeds. However, this practice is economically feasible only
where the local price ratio between lamb live weight and supplementary
concentrates considerably exceeds the biological conversion rate. Accordingly,
when the price ratio is above 10, it becomes feasible to set the production target
close to the genetic potential of the breed as determined by the maximum rates
of reproduction and of weight gain. Not only entrepreneurial sheep flocks, but
also flocks in the traditional Bedouin and village societies have gradually a-nd
steadily moved in this direction. Supplementation tends to increase flock size
and to reduce mobility. Consequently, heavy overgrazing occurs in
concentrated areas around settlements together with undergrazing in more
distant pastures. Generally, no effort is invested to improve pasture
production, even though there are a number of feasible technological options.

Natural fertility of many soils in the semi-arid zone is low. Often, average
Pasture production may be increased at least twofold by improving the ff.ruhty
of the soils by the use of fertilizers and legurhinous species. This increase is even
larger in years with normal and above-normal rainfall, but in dr.ougl}t years
Water remains the constraining factor. Therefore, annual fluctuations in yield
are very much larger under improved fertility conditions and it is practically
Impossible to constantly adapt the size of the flock to this incre.agsed variability
in primary production. Hence, systems where only the productivity of the land
s improved, but no additional concentrates are used, are technically inefficient
for lamb production. The only way to utilize the good quality herbage growing
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in relative abundance in favourable years is to maintain flock size in drought
years by feeding concentrates to lambs and ewes.

The present study investigated the possibility that such semi-intensive,
integrated crop-livestock systems could be viable in the northern Negev.
Subsistence systems were not ignored, but served mainly as a reference and
point of departure.

1.4. Perspectives for development

Semi-arid zones are poorly endowed agriculturally in the sense that the
production per unit area of land is limited by relatively low and erratic rainfall
even in relatively wet years. Yet this is a narrow view of endowment, because
an acceptable livelihood does not only depend on the availability of natural
resources, but also on the socio-economic context. Given the capital, the
necessary land area, and a favourable input-cutput ratio, agriculture in the
semi-arid zone may support a standard of living compatible with the standards
of the region, This is especially so in the mediterranean semi-arid zone where
proximity to markets and relatively cheap inputs from intensive agricultural
by- and waste-products increase the resource base considerably, particularly
for integrated agro-pastoral systems. In addition, given the apparently
promising future market for small-ruminant products within the region, a
feasible agro-pastoral activity will most likely be sustainable, particularly as
continuous wheat or barley cropping is falling victim to low international
prices and to cumulative phytosanitary problems.

Selection of more intensive agricultural production systems is, in a sense,
similar to the selection process in biological evolution: there are many options,
but only a select few have survival potential in an environment that imposes
cons.traints in a multi-dimensional context. In addition, major system changes
are Irreversible, at least in the short run, and once implemented, preclude
many other options. Fitness, in relation to agricultural development, means
the ability tq meet the minimum goal requirements of all the relevant
_stakeholders in the development process. Thus, considerations of farmers
lncome, return to capital, environmental quality, employment, risk,
professional competence, and so on, must all be evaluated concurrently so as

to ensure that the selected technologies have a good chance to succeed in a real-
world context.

As the range of choice is wide,
hazardous to depend on intuitive or s
that is what is usually done, often at

and the considerations complex, it is
ubjective judgement only, even though

great cost. Fortunately, computer power
can be harnessed to make the selection of development pathways formally

tractable within an interactive dynamic multiple-goal context. While selected
pathways may not, in fact, be implemented in the end, at least the options will
have been thoroughly analysed and some illusions and pitfalls will have been
foreseen and, hopefully, avoided. In addition, the approach can contribute
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towards more efficient agricultural development planning because it provides
a formal communications bridge between the representatives of the
biophysical and the socio-economic components of agro-pastoral systems. In
that way it allows for an effective interdisciplinary application of scientific
knowledge to arid-zone development, That, in short, is what this book is all
about.



2. Structure and dynamics of grazing systems on
seasonal pastures

1. NOY-MEIR

2.1. Imtroduction
2.1.1. Types of plants

The natural vegetation in the semi-arid regions around the Mediterranean
consists mainly of three major plant types or life forms: annual grasses and
forbs (therophytes), perennial grasses and forbs (hemicryptophytes), shrubs
and trees (phanerophytes). Their relative success and abundance varies between
regions and habitats, depending on specific climate and soil conditions
(Westoby, 1980). Each has a combination of characteristics which affects its
utility for animal production, some positively, some negatively.

Here attention is focussed on regions with a strongly seasonal winter rainfall
and a long dry season, like the Negev desert in Israel. Annuals have a life cycle
that is well adapted to such a rainfall regime (Fig. 2-1). They also have clear
advantages as pasture plants: high shoot growth rates, very high nutritive
quality when green and fair quality when dry (Tadmor e el., 1974). They are
able to maintain their populations under heavy grazing and large weather
fluctuations, due to seeds surviving in the soil. Their main limitation is that they
provide green feed for a relatively short period of the year. Often their use of
available soil water is incomplete, in particular of moisture stored in deeper
layers and off-season rainfalls,

Perennial grasses and forbs are superior to annuals in that they are able_ to
use soil moisture from deeper layers and for longer periods and thus provide
green feed for a greater part of the year. However, in semi-arid regions they are
more susceptible to drought years when the deeper soil layers are not recparged
and the dry periods are long. They are also sensitive to damage by continuous
heavy grazing, due to attrition of carbohydrate and nitrogen reserves or .Of
meristems (Breman, 1982), As a result, populations of palatable perennial
Srasses in semi-arid zones have often been destroyed by temporary overgrazing,
Particularly in drought years, and have been slow to re-establish. Under grazing
mainly those perennial grasses persist which are of relatively low nutritive
quality (low protein, high fibre content) and, therefore, are not preferred b'y
grazers (e.g. Andropogon gayanus Kunth) or of low availability due to their
Thizomatous creeping form (e.g. Cynodon dactylon Pers) (Breman, 1982; Noy-

7

g" Alberda et ai. (eds.), Food Jfrom Dry Lands, 7-24.
1992 Kiuwer Academic Publishers. Printed in the Netherlands.
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Meir and Seligman, 1979).

Shrubs and trees in the semi-arid zones usually have root sysiems which
enable them to take up and transpire water continuously throughout the year,
and even through drought years, from layers which are either very deep, stony,
or saline. This enables them to carry green foliage continuously, even though its
amount may fluctuate, In dry periods this foliage is of much higher nutritive
value (in particular protein content) to animals that can use it than the dry
remnants of herbaceous plants. But intake and digestion of tree and shrub
leaves is often limited by high concentrations of secondary substances (tannins,
alkaloids) or minerals (salt). The woody tissues of trees and shrubs contain a
substantial reserve of carbohydrates which enables them to survive fairly
drastic defoliation. However, continuous overgrazing can kill shrubs; if grazing
is too conservative much of the primary production is allocated to woody tissue,
which is almost useless as feed. The individual plants are long-lived but once
mortality has occurred, due to extreme drought or overgrazing, population
regeneration from seedlings is slow and may be completely blocked if the
seedlings are browsed,

On balance, in regions with a sharply seasonal rainfall the annual vegetation
is the most reliable main base of animal nutrition and production, though it
leaves severe nutritional problems in the dry season. Suitable species of shrubs
and perennials are desirable as complementary components of the vegetation
which may alleviate these deficiencies. There is a problem of how to manage
grazing on them in a way that will maximize their use without endangering their
persistence, In regions where the rainy season is longer or more diffuse, the
persistence of perennial grasses and their contribution to animal nufrition will
be greater.

2.1.2. Questions to be dealt with

This chapter treats the following questions:

a. What attributes of the pasture, apart from total primary production, are
relevant for animal nutrition and production?

b. How does grazing during the growing season affect pasture production and
biomass dynamics?

c. How is the initial seedling density and biomass determined by plant
population processes and how is it affected by grazing? -

Other chapters deal with models of plant production in semi-arid regions as

determined by weather, soil moisture and nutrients. They explicitly or implicitly

assume that: :

— the plants are barley, wheat or annual grasses;

— the final yield of shoot dry matter or seeds is mainly of interest;

— ‘'the sward is not grazed during the growing season;

— the initial seedling density or biomass is fixed.

Application of plant production models to problems of production and

management in grazing systems, or mixed crop grazing systems, requires



10
relaxation of all or some of these assumptions about the vegetation.
2.1.3. Plant attributes relevant to animal production

The total annual primary production of the pasture sets an upper limit to its
potential contribution to animal nutrition and production. The actual
contribution depends on the amount and composition of the herbage consumed
every day during the year, which in turn depends on many attributes of the
pasture. The pasture attributes which influence animal intake can be broadly
categorized into ‘availability’ and ‘quality’. Each of these varies from day to
day due to environmental conditions, the development of the plant and the
effects of grazing.

2.1.3.1. Pasture availability
Pasture availability includes the physical attributes of the vegetation which
determine the ability of the animal to find plant material and grasp it with its
mouth and the rate at which it can do this. These attributes are:
— the number of plants per unit area;

their height; ‘ :
the amount of leaf and stem material per plant, per area and per volume;
the vertical and horizontal distribution of this material;
the amount and distribution of plant structures which impede intake (woody
stems, spines).
Ideally, pasture availability should be defined and measured by a parameter
such as ‘the maximum rate at which the animal can ingest herbage while
actually grazing’. Knowledge of this parameter, together with two or three
mea;ures of pasture quality and of animal metabolic requirements, can be
sufficient for accurate and general predictions of actual intake over a wide
range of conditions. However, in the field it is not simple to measure ingestion
rate or related parameters, like biting rate and mean weight of bite. In practice,

I

humber, §ize, height and foliage density (weight per volume),
Ingestion rate also depends on all these attributes and is expected to be

clo§e1y corrglated with biomass for pastures with comparable vertical and
horfzontal biomass distribution, Empirically,

¢ / : n level off. Given this empirical
Intake-biomass relation, biomass is a £ood estimate of availability for most

practical‘purposes (Black and Kenney, 1984). However, this relation may differ
substantially for pastures * with different species composition, different

horizontal patchiness or different verti
. rtical structure due t i i
(Ungar, 1984; Ungar and Noy-Meir, 1988). R © gresing history
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2.1.3.2. Pasture quality

Pasture quality includes the chemical and physical attributes of the plant
material in the pasture, which determine both the ability of the animal to digest
it and to use it for its metabolism, and the rate at which it can do this.

A good measure of the nutritional quality of plant material could be the
maximum rate at which the animal can extract net metabolizable energy from
it, when it is short of energy and feed availability is unlimited. A second
measure could be the analogous one for metabolizable protein, and so for any
other required nutrient. The rate at which a nutrient can be extracted from a
given plant material depends on the nutrient content in the material and on the
rate at which the material itself can be digested and assimilated. The crude
content of any nutrient is easily measured in vitro, but the e¢stimation of the
digestible and net metabolizable fractions requires more elaborate and less
reliable measurements.

The rate of digestion, or rate of passage of feed through the digestive system,
is also not easy to measure empirically. It is also not theoretically simple, since
the processes in different sections of the ruminant digestive tract occur in part
simultaneously. The physical rate of exit of material from the rumen is often
thought to be the limiting rate.

In any case, the rate of digestion has been found to be positively correlated
with the cell content/cell wall ratio, protein or nitrogen content, food particle

" size, digestibility, and inversely with fibre content. Similar correlations have
been found for intake in conditions of unlimited availability {ad libitum)}, which
is presumably determined by the digestion rate {except for food of very high
quality). Some quality attributes, like protein and fibre contents, affect both
nutrient content and digestion rate in the same direction and hence have a
doubly strong effect on the nutrient extraction (or retention) rate of plant
materials,

For practical purposes percentage digestibility is often a reasonable indicator
of digestion rate and of nutritional quality.

2.1.3.3. Availability, quality and selection

As a good approximation, the roles of pasture availability and quality in animal

nutrition can be treated as a ‘law of the minimum’ or ‘limiting factor’ situation.

The flow of nutrients in the animal will usuaily be limited by the slowest of the

three consecutive processes:

- ingestion, which depends mainly on feed availability;

— digestion, which depends mainly on feed quality;

- metabolic assimilation. : '

Thus intake will be determined by ingestion when availability is low, by

digestion when quality is Iow, and by metabolic requirements when both

availability and quality are high, or when feed composition is imbalanced.
However, pastures are heterogeneous, consisting of plant parts with a range

of levels of availability and quality. Animals can and do select parts of higher

availability and/or quality than the average of the pasture, thereby increasing
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relative “availability” or “quality”
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Fig. 2-2. The annual cycle of pasture availability (potential ingestion rate relative to maximum,
solid line} and quality (potential digestion rate relative to maximum, broken line} in a winter rainfall
semi-arid region and the distinction of four pasture seasons (diagrammatic, based on data from the
Negev).

their ingestion and/or digestion rates. Thus intake depends not only on the
mean of pasture atiributes but aiso on their distribution (Arnold, 1981; Black
and Kenney, 1984); greater variance will allow selection for higher intake
(Ungar, 1984; Ungar and Noy-Meir, 1988). Often availability and quality are
negatively correlated in the pasture. For instance, shortly after germination the
pasture consists of large parts of old straw of poor quality, and small highly
nutritious green seedlings. Depending on the selective behaviour of the animal,
either quality (digestion) or availability (ingestion) may be limiting intake. The
optimal behaviour which maximizes nutrient intake is at the boundary where
both limits meet,

2.1.3.4. The annual pasture cycle of animal nutrition on pasture

In atemperate, semi-arid winter-rain climate the annual cycle of the pasture can

be divided into four phases with respect to animal nutrition (Fig. 2-2; Noy-

Meir, 1975b). :

a. The early green season begins with germination. The new green pasture is of
optimal quality (75~-80 percent digestibility, 15-25 percent protein}, but its
ingestion is limited by low availability. As green biomass accumulates,
ingestion rapidly increases until the maximum intake rate (limited by
metabolic requirements) is reached.

b. The main green season. Availability, quality and intake rate are high and all
nutritional requirements are fully met. Quality of vegetative parts begins to
decrease during flowering and seed filling; thereafter quality drops rapidly
as the pasture dries up, shedding the seeds and part of the leaves. '



13

¢. The early dry season. Dry material is abundantly available but its quality
limits digestion rate and intake. Animals can still sclect a diet of fair quality
from the dry material (leaves, fine stems, seeds) (de Ridder et al., 1986).
d. The late dry season. As a result of continuous selective grazing and
weathering, little fine dry material is left and animals must take in more
coarse material (straw) of lower quality and digestion rate. The availability
of that material also gradually decreases. The first rains cause a further rapid
decrease in both availability and quality.
The potential contribution of an area of pasture to animal nutrition depends on
the lengths of these four periods. In particular, the length of the main green
season (full nutrition from pasture) is an important and well-defined
parameter. Within each of the three other periods there are trends in pasture
availability and quality.

2.2. Within-season plant biomass dynamics under grazing
2.2.1. Leaf area dynamics

Ina grazed pasture, plant production, availability and quality depend not only
on the weather and the supply of moisture and nutrients, but also on the actions
of the animals: grazing, trampling, excretion. Estimates of plant and animal
production from pasture, based on water and nutrient constraints and
efficiencies of use measured in undisturbed vegetation, may, therefore, be too
high or too low. To understand and evaluate the cffect of the grazing animal on
production from an area, it is necessary to consider the ecological processes in
Plant-animal interactions. These are numerous and complex; yet it is DOSSiblF to
identify a few key processes which determine the major effects of practical
importance. For instance, defoliation by grazers during the growing season can
have a major effect on the rates of plant growth and resource use in the same
season, ' .

The direct and immediate effect of grazing in the growing season 15 a
reduction of leaf area and mass and thus of photosynthesis and production
rates, : '

First it is necessary to present the theoretical definitions of variables used in
the figures and in the further text. The quantitative relations involved can be
discussed with reference to the following quantities (Noy-Meir 1975a, 1978): .
Y = the amount of green biomass per unit area of land (g per m* or kg per ha);
G = the daily rate of absolute net accumulation (growth) of green biomass (g.

" perm?per day or kg per ha per day); in the absence qf grazingdV/dt = G;
& = the maximum daily relative growth rate of green biomass (kg per kg per

day or day-1), attained when the amount of green bioma§s accu'm.ulat‘ed 15
still small and shading between leaves in the canopy is negligible; the
initial slope dG/dV = g. '

In the firgt part of the growing season the growth of the new leaf depends
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mainly on photosynthesis. The absolute growth rate G increases linearly with ¥,
that is the relative growth rate g is at its maximum. Thus there is a positive
feedback loop, which in undisturbed vegetation causes accelerated {more or less
exponential) accumulation of leaf area and green biomass.

Continuous defoliation by grazing can slow down this accumulation, arrest
it, or even reverse it, depending on defoliation intensity (Noy-Meir, 1975a).
There are several plant mechanisms which may compensate for leaf removal by
grazing (McNaughton, 1979). The photosynthesis of the remaining leaves
increases due to better exposure to light, and sometimes increased photo-
synthetic efficiency. Growth of new, efficient leaves is stimulated, often
drawing on reserves stored in stems and roots. In this respect there is a
difference between an annual pasture and a barley or wheat crop in that in the
latter the positive effects of grazing on the formation of new leaves through an
increase in the rate of tiller formation are less pronounced. This might at least
partly explain the fact that heavy grazing has a far more detrimental effect on
small grains than on pasture (see 2.2.4.1). :

To analyse the balance between growth and defoliation rates, the following
quantities may be defined (Noy-Meir, 1975a); -

H = stocking rate or density of grazing animals (animals per ha);
¢ = dailyrate of consumption (intake) of green biomass by a single animal (kg
per animal per day);
C = cH, daily rate of consumption by the grazing animals per unit area (kg per
ha per day). :
When the animal density H and, therefore, also the mean frequency and
intensity at which individual plants are defoliated by grazers are moderate, leaf
growth between defoliations can ef fectively compensate. The mean leaf growth
rate of the sward (G) will be much greater than the rate of leaf removal (0), and
the leaf.will continue to accumulate under grazing throughout the growing
season. 'I“he cumulative leaf production in the grazed sward will not be much
fes.s than in an ungrazed sward (Noy-Meir, 19753, 1978). It may even be greater
ifin t_he latter the sward becomes too dense or senescent in the later part of the
growing season. S
thel}r::ge :ésf(f::lilnitn?gg;ltm; fsictl;l;l;ifn:.develops under heavier stocking, when
can hardly keep up. s thz o 1ation are so h{gh that the rate of regrowth
photosynthen dec,r e pensatory mechanisms are not effective. Sward
make up for it, Leat arny o ¢ point lthalt reserve mobilization can no longer
or it may stag;late or even dﬁtae(:i:um:l atelf:‘t 1 mPCh ewer than normal rate,
rate. Such a ‘leaf arep oo Oc;ra‘t ¢, which will ft}rtl}er reduce the growth
pasture crash’ is likely to occur under

) n
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season, much lower than in an ungrazed or moderately grazed pasture. Even if
the pasture eventually emerges from the crisis and leaf area builds up, it will
usually not catch up before the end of the growing season. Cumulative plant
production in such a pasture will be greatly reduced (Johnson and Parsons,
1985; Noy-Meir, 1978).

2.2.2. Deferred grazing

There are two ways to avoid a leaf area crisis early in the season and maintain
a high level of pasture production and availability throughout the growing
season. One is to reduce animal density to a level which ensures that the
defoliation rate is much less than the growth rate, even in the early part of the
season. The other is to defer grazing on the pasture after germination until leaf
area and growth rate build up, and then introduce grazers at a correspondingly
higher density, always trying to avoid the defoliation rate becoming higher than
the growth rate.

When the amount of aboveground biomass is low, the growth rate G is
approximately linearly related to green biomass V, G = gV, where g is the
relative growth rate (which in a pasture well provided with water and nutrients
lies around 0.07 per day). The defoliation rate C is the product of stocking
density H and the consumption rate per animal ¢; C = cH. The latter is a
saturation function of green biomass, which can be approximated by a ramp
function:

¢ = min (sV, c;)

where s is the initial slope of the function (‘grazing efficiency’)
and ¢, is the satiated consumption rate.
To maintain defoliation rate below growth rate,

C=cH =min@sV,c*H<gV=0G
that is either A < g/sor
Cs/g*H‘( V

The question of how long to defer can be approached by modelling the balance
of growth and grazing processes (Noy-Meir, 1975b; Ungar, 1984, 1990).
This very simple model suggests the following rules for deferment:
& if the stocking rate is less than g/s, growth will exceed grazing, even at very
low biomass and deferment is not necessary to maintain a positive biomass
alance; . '
+ if the stocking rate is greater than g/s, grazing should be deferred at least
until the biomass threshold has been reached at which growth exceeds
grazing; this threshold is linearly related to stocking rate and corresponds to

a biomass allowance of c./. imal '
/g per animal. .
Thus the decisions on stockin g rate and length of deferment are mterdependenp
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However, if grazing starts just at the critical threshold thus calculated, the net
rate of green biomass accumulation will be close to zero for the rest of the
growing season. To ensure continuing and substantial accumulation of biomass
under grazing, a higher deferment threshold must be used, How much higher?
In the management of experimental grazing systems at Migda in the northern
Negev, the critical biomass threshold was multiplied by a ‘safety factor’
between 1.5 and 2. This rule-of-thumb proved to be generally adequate.

A more rational approach was developed by Ungar (1984, 1990): What is the
optimal length (or biomass) of deferment which maximizes the contribution of
the pasture to herd nutrition, either in the green season alone, or over the entire
year? A model with more realistic growth and consumption functions was
formulated and tested in systematic simulation experiments. The results showed
that the optimal entry biomass is more or less directly proportional to the
stocking rate to be used (see Fig. 6-1). However, it is also markedly affected by
pasture attributes and optimization criteria.

If deferred grazing is practiced, the herd must be fully fed outside the pasture
in the deferment period. Thus the length of the deferment period determines the
amount and cost of supplementary feed in this period. It depends not only on
the stocking rate, but also ont pasture attributes, in particular the initial seedling
biomass ¥y, and the relative growth rate &. The higher g and V5, the shorter the
optimal deferment period (Ungar, 1984, 1990).

2.2.3. Interactions with water, nitrogen and other factors
{see also Chapter 3)

While leaf area dynamics is a central process in pasture production, there are
some other important processes which interact with it. The lag in accumulation
of leaf area and cover, due to grazing, reduces the transpiration rate of the
sward, but increases evaporation from the soil surface. Since evaporation very
soon after rain becomes limited by the conductivity of the dry surface layer, the
net gf fect in most situations is likely to be a reduction in evapotranspiration by
grazing. The greater amount of soil moisture remaining stored in the soil may
al.low the grazed pasture an extra period of growth at the end of the season. This
wnll. be the case if the primary production of the grazed pasture is limited by soil
moisture, as that of the ungrazed pasture, This is another reason why grazing,
up tc.> a point, often does not reduce pasture productivity but improves pasture
quality and lengthens the grecn season, However, when the grazing pressure is
too hea*:fy, the pasture is not able to use all the soil moisture before pasture
growth is terminated by hot dry weather, or by the phenological development
of the plants. Heavy defoliation also reduces root growth and the plants are not
::;:0210 use the deeper soil layers, where moisture is available into the dry

The§e Interactions between grazing, leaf area and plant-soil-water processes
are easily and realistically represented by the ARID CROP model (Van Keulen,
1975; Van Keulen ef al., 1981), with the addition of a simple grazing or
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defoliation function. Experimental runs have shown that ARID CROP can
simulate observed growth curves of grazed pastures, provided that the grazing
function used makes allowance for selective grazing of denser patches early in
the season (Van Keulen, unpublished).

Grazing interacts also with nutrient processes by removing nutrients from
the vegetation and returning part of them in excretions to the soil surface. In the
context of semi-arid annual pastures grazed by sheep, faster nitrogen recycling
by grazing is important in the annual nitrogen balance (Harpaz, 1975; Noy-
Meir and Harpaz, 1977), but it is not clear how effective it is in increasing plant
production within a growing season. Removal of nitrogen by defoliation can
reduce productivity, in particular in annual plants in a nitrogen-poor soil,
which take up most of the available soil nitrogen early in the season, building
up high concentrations in leaves, which are diluted during subsequent growth
(Seligman ef al., 1976; Breman, 1982).

This aspect can be fairly precisely simulated by the PAPRAN model
(Seligman and van Keulen, 1981). Grazing also affects the morphology and
phenology of plants in ways which may have an important influence on
productivity and biomass dynamics (Crawley, 1983). Selective grazing for leaf
directly reduces the leaf/stem ratio, but this often is compensated, and
probably over-compensated for, by the fact that regrowth after grazing is
usually mostly leaf. Similarly, the shoot/root ratio is initially reduced by
grazing, but during regrowth most photosynthates are allocated to the shoots
and even root-to-shoot translocation may occur. Grazing usually stimulates
vegetative growth and reduces flowering and seed filling. Grazing reduces the
height and modifies the structure of the sward both directly, by defoliation
from the top, and indirectly, by inducing increased tillering or branching close
to the ground. These pheno-morphological effects have so far been modelled
crudely or not at all, mainly due to scarcity of good empirical knowledge. It is
difficult to assess at this stage if, or in which conditions, they have substantial
effects on pasture biomass dynamics and productivity.

2.2.4. Growth under grazing in semi-arid annual grasslands in Israel

Biomass growth curves of grazed plots and ungrazed controls were measured at
the Migda Experiment Farm in the period 1974-1980 in experiments designed
to study specific processes or test specific hypotheses. The pastures used in these
€Xperiments were natural annual pastures, the dominating species being
Phalaris minor Retz and Hordeum murinum L. The arable crop used was
wheat; shecp stocking densities varied from 10 to 40 sheep per ha. For more
details see Benjamin et al, (1978).
From these experiments the following conclusions can be drawn: .
~ In a more or less optimal situation, with sufficient water and fertilization
with nitrogen, potassium and phosphorus, the growth of the young seedlings
in the ungrazed pasture is exponential at a rate of 0.07 per day until a green
biomass of V, = 2,000 kg per ha is attained; thereafter the growth is more
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or less linear at a rate of 140 kg per ha per day. This continues until the end
of the green season when weights of around 10 tons of harvestable dry matter
per ha have been reached (see also 3.4.1.1 and Figures 3—7a and 3-8a).

- When no nitrogen fertilizer is applied the exponential growth rate is
approximately 0.06 per day and V, = 800 kg per ha and the maximum yield
lies around 3 tons per ha. :

- With a sufficiently long deferment period a stock density of up to 20 sheep
per ha does not have much influence on total dry matter production, i.e.
when the weight of the herbage taken away by the sheep is added to the final
harvest of the grazed plots. :

- When the stock is taken from the field, the rate of regrowth is the same as that
of an ungrazed pasture at the same biomass.

- The growth rate of a pasture grazed with a given number of sheep increases
with the length of the deferment period.

From the grazing experiments on a wheat field the following results were

obtained:

— The exponential growth rate of an ungrazed field is the same as that of an
ungrazed pasture, both with nitrogen fertilization. At a ¥, of 2,000 kg per
ha there begins a stage of linear growth which continues until a maximum
biomass per ha is reached. This linear growth rate in an N-fertilized wheat
field is not consistently different from that in an N-fertilized natural pasture
in the same year. With sufficient rain the maximum biomass is determined by
senescence, which for wheat begins later than with a natural pasture and thus
results in a higher maximum biomass; under water shortage the maximum
biomass is about the same.

- Grazing reduces total dry matter production (final harvest plus amount
grazed away) in wheat more than in pasture. The possible reasons are:

a. greater ability of sheep to select leaves from stem in wheat compared to
natural grasses;
b. lesser ability of wheat to compensate the grazed leaf area with an increase

in tl}e rate of tiller formation and a more prostrate growth form (see
Section 2.1.1).

2.2.4.1. Effects of grazing on primary production

In. an annual Crop or pasture growing without disturbance, the cumulative
primary production over a growing season can be fairly closely estimated by the

maximum yield which is attained at the end of that season. In a sward which is

harvest::id or grazeq during th.e growing season, the amounts of dry matter
Zemove l:)y ha}-vestmg Or grazing must be added to the final yield to obtain a
1 i;)trtn]:iarad le estimate qf annual primary production. The difference between the
gl‘a:irnag.no thetxta.roductlon of an ungrazed field is a measure of the effect of the
T cutting treatment on plant production. whi i i
damage, or no effect. : ° » hieh may be stimulation.
The Migda experiments provide data on this effect in annual swards of

different compositions und i i
i ! ons, under various grazing treatments. in with
different rainfall distributions (Table 2--1), nseveralyears
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Table 2-1.
Estimates of reduction of primary production (standing biomass + consumption) by grazing in the
growing season in annual grassland and crops at Migda.

Year field grazing pressure % reduction
(ewe-days per ha)

1974/75 13 NPK2 1,200 0

1l-wheat-1 800 30
11-wheat-2 1,300 50
1975/76 13 NPK 600-800 30
13 PK 200~400 8]
1877/78 1,4,11,41,12 200-300 0
13 NPK 600 30
13 PK 600 20
1978/79 1,4,11,41,12 . 300-5G0 0
1979/80 1 400 30
4,11,41 500-800 20
12 1,000 30
13 NPKl-early 65 20
13 NPK2-late T 42 30
13 PKl-early 55 0
13 PK2-late 65 30
151-154 barley 80-100 40

In general, grazing either had no significant effect on plant production or
reduced it by about 20 to 40 percent. A stimulation of about 10 percent was
measured in some cases, but it was not statistically significant.

Natural annual pastures, with and without nitrogen fertilizer, were not
affected at all by grazing (with deferment) in some years, while in other years
reduction in production by 20 to 30 percent was found. There is no simple
correlation with the yearly rainfall, but it appears that the difference is that in
some years the grazed pasture is able to utilize late rains, while in other years it
is not able to do so, perhaps depending on the amount of live roots remaining
at the time of the rain.

In years when grazing did reduce pasture production, the magnitude of the
effect was not clearly related to stocking rate over a wide range of 3.31015 ewes
per ha or 30 to 100 ewe-days per ha in the growing season. This is perhaps less
surprising if one considers that the beginning of grazing was deferred toa green
biomass threshold proportional to the stocking rate. it confirms tha.t t13e
general principle and the particular formula used were by and la_rge effective in
Preventing early season damage to pasture growth. However, in 1979/80 the
Teduction appeared greater in two treatments: light continuous grazing without
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Fig. 2-3. The effect of initial biomass (Vo) on biomass accumulation in an ungrazed and

unfertilized annual grassland (Migda, 1972/73). Simulated results with ARID CROP (van Keulen
et al., 1981);

== Vo= 10kgha';~ -~ Vo = 50 kg ha''; — » — - = Vo = 100 kg ha-t,

deferment (3.3 ewes per ha) and very heavy grazing with deferment (15 ewes per
ha). In this year, the third year of fixed grazing treatments in the experimental
fields, there also was a tendency for pasture production in ungrazed exclosures
to decrease in proportion to the stocking rate to which the field was exposed in
the two previous years. This may reflect slow effects of heavy grazing on plant
populations or soil surface conditions (see below). :

The primary production of wheat and barley is reduced by heavy grazing in
the main growing season, even after deferment, by 30 to 50 percent;
considerably more than natural pasture in the same conditions. This may be due
to the growth habit of the cereals, which allows sheep to pick leaves off the stem
more effectively. However, a short grazing period on wheat or barley up to 45

days after emergence has little or no effect on the final yields of dry matter and
grain (see Section 4.2.3).

2.3. Between-season plant population dynamics and the effects of grazing
2.3.1. Initial seedling biomass

beginning of a growing.season (¥;) can be
measured when seedling emergence is complete. It depends on the number and



21

weight of seeds available in the s0il and on the proportion of them that have
actually germinated and successfully emerged. Since in the first part of the
season plant growth rate depends strongly on leaf area and green biomass,
accumulation is approximately exponential; the initial biomass determines the
biomass at any time after germination at least for a month or two. After that,
other factors, like soil moisture shortage or light limitation at high leaf area,
may compensate for and reduce the advantage of a high- V, pasture over a low-
Vo one in terms of final vield and seasonal primary production (Fig. 2-3).
Thus final dry matter and seed yield of an ungrazed sward will not be ‘limited’
and not be sensitive to initial biomass over a wide range of the latter; only when
seedling biomass is very low will the final yield be substantially affected. This
is the biological basis of the rather low sowing densities that can be used in crops
like wheat and fodder legumes.

However, in a pasture to be grazed during the growing season, the
contribution of a pasture to animal nutrition and production depends not only
on the final primary production, but largely on the level of green feed
availability during the entire season, and on the rate and duration of grazing
that can be maintained by the pasture without availability being reduced, so
that it limits intake. Initial biomass, together with the relative growth rate, is a
critical factor in the early-season leaf area balance, which determines green
pasture intake under both continuous and deferred grazing. Under heavy
grazing the final primary production can also be quite sensitive to initial
biomass.

In the Migda experiments initial biomass was sometimes measured directly
just after emergence; otherwise it was estimated by extrapolating the
exponential growth curve measured in the period 3 to 6 weeks after emergence
backwards to the presumed date of emergence (5 to 10 days after the rain which
caused germination). The indirect estimate may be as good as the direct one,
since harvesting of small seedlings is difficult and may often lead to an
underestimate.

Compilation of the initial biomass estimates over years and fields (Table 2—-
2) shows most values in the range 3 to 30 kg per ha. In pasture which had not
been cultivated or grazed in the growing season for several years it usually was
20 to 30 kg per ha, but occasionally it was much higher (80 to 100 kg per ha),
in particular in the part dominated by Hordeum murinum L. In the
experimental grazing systems initial biomass was usually about 10 kg per ha or
less. This can be attributed to the effects of disking the fields at the beginning
of the experiments and then grazing them heavily year after year. Surprisingly,
there seems to be no strong relation between initial biomass and rainfall in the
current or the previous year. However, after high rainfall and high production
in 1979/80 initial biomass in a lightly grazed field (and that alone), suddenly
jumped to 70 kg per ha.

The initial biomass depends on the number of seeds germinating and on
seedling weight. To identify the factors and processes involved in determining
the germinating seed population density, the dynamics of plant and seed
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Table 2-2. .
Estimates of initial green biomass (kg per ha) in different fields at Migda.

experimental pasture (13y* grazing trial pastures

NPK1 KPK2 PK1 PK2 1 4 11 41 12

1974/75 &0 30 20
1975/76 30 25 25 35

1977/78 15 15 19 15 32 3 4
1978/79 8 4 4
1379/80 20 1s 290 15 16 10 15 7
1980/81 70 4 3

* Pield 13 had four subdivisions, two that received genercus annual dressings of NPK
fertilizer (NPK1 and NPK2} and two that received PK only {PKL and PK2).

populations must be studied around the year. This was done in a three-year
study in the experimental grazing systems at Migda (Loria, unpublished).

2.3.2. Plant population dynamics

In the course of the growing season the initial biomass of seedlings is multiplied
at least one-hundred-fold, often by several hundreds. But of the large amount
of biomass that has been produced at the end of the season, only about one
percent or less re-emerges as seedlings at the beginning of the next growing
season. How does this drastic reduction come about and what influences it? To
understand this it is necessary to follow the various stages of the annual cycle
of plant populations, and to obtain quantitative estimates of the numbers and
biomass of plants and seeds at different stages, and of processes and rates.

A fairly constant 30 to 50 percent of the seeds present in the soil in autumn
sgcessfully germinated and emerged as seedlings; thus the initial seedling
biomass is consistently a similar proportion of seed biomass in the soil.

Survival of seedlings and plants in the vegetative stage varied from almost
100 percent in some populations to 60 percent in very dense populations in
unfa\‘lourable conditions, e.g. dry soil. The standing biomass at the end of the
growing season is reduced by sheep grazing by 25 to 50 percent. However, in the
worst drought under heavy grazing it was in the order of 1,000 kg per ha,
compared with the initial biomass in the order of 10 kg per ha.

The proportion of total biomass found in the seeds was usually in the range
15 to 45 percent for annual grasses and 5 to 15 percent for annual forbs (de
Ridder et al., 1981), Thus the average seed ratio of fields in a year was strongly
affected by species composition and varied in the range 10 to 40 percent.

. As a result of its effects on vegetative biomass, on allocation to seeds and
direct seed consumption, very heavy grazing (15 sheep per ha) reduced seed






