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The overall purpose of the I B P is to prepare and carry out on a world scale a plan of research concerned with
"the biological basis of productivity and human welfare". To make such a plan practical the programme is broken
down into seven main sections, and the first of these deals with the productivity of terrestrial ecosystems (PT).
Already one of the I BP handbooks has been concerned with this section, namely No. 2 Methods for estimating the
primary production of forests by P.J. Newbould. This present number, in which methods for grassland, dwarf shrub
heaths and arid zone plant communities are described, is a worthy addition to the series. It will be followed by
other handbooks for Section PT now in preparation, one on secondary production by invertebrates and other small
animals, and another on ecological and physiological methods for studying large herbivores.
Part I of this handbook, No. 6, contains a full review of the available methods for measuring the production of
grassland. Parts 11 and III are more general in their approach and are intended to be used in conjunction with
Part 1, which describes many methods appropriate to the dwarf shrub heaths and arid zone plant communities.
The handbook is designed not with the object of standardising methods used at institutions which are already
pursuing primary production studies, for many advances in the subject come from modification to and evolution of
methodology; but it is designed for those individuals and institutions which require guidance on methods
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appropriate to the three community types described. At the same time use of the recommended methods provides
some guarantee that results obtained all over the world will be comparable.
This volume, like others in the series, is to some extent provisional. The draft has been discussed with over thirty
scientists currently involved in such studies, and many others have seen it without commenting in detail.
Nevertheless improvements could still be made, and it is hoped that scientists using the handbook will correct or
revise parts in which they have special knowledge and send their suggestions to the appropriate author. Indeed, it
is hoped that revised and more definitive editions of many of the IBP handbooks will be called for before the
conclusion of the programme in 1972, and that they will be useful to biologists for many years thereafter.
Dr C. Milner, who has served as editor of the book as a whole, as well as being principal author of Part 1, was
until lately a Senior Scientific Officer of the Nature Conservancy of Great Britain, based at the Bangor Research
Station in Wales. He was head of the Productivity group, responsible to Dr R. Elfyn Hughes for the IBP programme
in Wales. In May 1968 he moved to the Matador project, University of Saskatchewan, Saskatoon, where he has
special responsibilities to Professor R.T. Coupland, its Director, for primary productivity measurement. Matador is
the largest grassland research project at present operating under the I BP anywhere in the world. Dr Elfyn
Hughes, specialist in the ecology and productivity of mountain grassland, is Director for Wales of the Nature
Conservancy and head of the Bangor Research Station since 1960. He is a member of the I BP/UK/ PT SubCommittee and of its grassland working group.
Of the authors of Part 11, Dr C.H. Gimingham is Reader in Botany at the University of Aberdeen and author of the
British Ecological Society's "Biological flora of Calluna". Dr G. Miller is a Senior Scientific Officer in the Unit of
Grouse and Moorland Ecology, a part of the Nature Conservancy in Scotland and of the University of Aberdeen. He
is working on the productivity of Calluna which is browsed by grouse and sheep.
Dr. R.O. Slatyer, author of Part 111, is Head of Environmental Biology in the CSIRO of Australia. His base is the
Division of Land Research, Canberra.

E.B. WORTHINGTON
IBP Central Office
7 Marylebone Road
London, N.W.1
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Part I
Methods for the Measurement of the
Primary Production of Grassland
C. MILNER AND R. ELFYN HUGHES

1
Introduction

Grassland may be defined floristically as a plant community in which the Graminiae are dominants and trees
absent. However, it is often more useful to consider it physiognomically or structurally as a plant community with a
low growing plant cover of non-woody species. This definition includes therefore such communities as the early
successional stages following the abandonment of arable land (old field) which contain a high proportion of
dicotyledonous species and communities dominated by Cyperacae or Juncaceae, including those of arctic and
alpine regions. It also includes grassland dominated by annual and ephemeral plant species occurring in and
regions, the main characteristics of which are dealt with in Part III of this handbook. Despite some structural
affinities with grasslands, the dwarf shrub communities present unique problems and require methods specifically
developed for use in such communities. One of this type of community, common in Britain and Scandinavia, is
discussed in Part 11 of the handbook.
In view of the large area of the world occupied by grassland and its high potential for food production, the study
of its primary production and the factors limiting this are of particular importance. A considerable volume of
literature exists on the measurement of production in sown grasslands and rather less on the extensively grazed
natural or sub-climax grasslands. This section of the handbook deals mainly with natural or semi-natural
grasslands grazed by large herbivores (domestic or wild) or by smaller vertebrates such as rodents. Methods are
also discussed for study of the much smaller acreage of grasslands which are not apparently utilised by
vertebrates. Although many of the methods discussed are applicable to and derived from studies of intensively
managed grasslands, in general the handbook is not principally concerned with this type of highly artificial plant
community.
2
Terminology
IBP have issued a short list of definitions and symbols to be used in production studies (IBP News, No. 10, p. 6-
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8). Workers should ensure that they adequately define concepts used in their studies but should use the published
list as a guide. The definitions below are those most likely to be used in practice and essential to the
understanding of this handbook.
2.1 Ecosystem
In this handbook the term ecosystem will be used according to the classic definition of Tansley (1935), i.e. a
functional unit consisting of organisms (including man) and the environmental variables of a specific area. This is a
concept similar to the Russian "biogeocoenosis" with which, for practical purposes, it may be considered
synonymous. The ecosystem concept is further discussed in Section 2.25.
2.2 Net primary production
2.21 Net primary production

Net primary production is the biomass or biocontent (total energy content) which is incorporated into a plant
community during a specified time interval, less that respired. This is the quantity which is measured by harvest
methods and which has also been called net assimilation or apparent photosynthesis. The net primary production
can be qualified as in 2.23 below.

2.22 Net primary production

Net primary production can be expressed in mathematical symbols as shown below. This is the basic method
quoted in IBP News 2.

B1 Biomass (or biocontent) of a plant community at time t 1
B2 Biomass (or biocontent) of the same plant community at time t 2
D B=B 2 - B1 Biomass change during the period t 1 - t 2
L Plant losses by death and shedding during t 1 - t 2
G Plant losses by consumer organisms, e.g. herbivorous animals etc. during t 1 - t 2
Pn Net production by the community during t 1 - t 2
If D B, L and G are correctly estimated, Pn can be calculated as Pn = D B + L + G. Providing always that the
terms are adequately defined, it is perfectly acceptable to qualify net primary production with a descriptive noun,
i.e. aerial, root, herbage, etc. For example:-

2.23 Net primary aerial production

Net primary aerial production is the biomass or biocontent (total energy content) which is incorporated into the
aerial arts (leaf, stem, seed and associated organs) of the plant community. This quantity is that which is usually
measured by agronomists and is the ecosystem parameter of most value when large vertebrates are the principal
herbivores.
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2.24 Gross primary production
Gross primary production is normally defined as the assimilation of organic matter or biocontent by a grassland
community during a specified period; including the amount used up by plant respiration.
It is useful at this stage to consider the measurement of primary production within the conceptual framework of
the ecosystem. The ecosystem is the fundamental unit of study in IBP and an important part of the IBP
philosophy is that it is necessary and useful to study as many components of the ecosystem as possible. The
relationships of the components are shown in Figure 1.
Although the measurement of the components shown is important to an ecosystem study, it will be apparent that
measurement of many of these will allow an indirect measure of primary production or reduce the error of the
estimate of net primary production.
Measurement of carbon dioxide uptake during photosynthesis and oxygen uptake during respiration allows the
precise measurement of gross and net primary production. Although there are methodological problems and the
interpretation of the observed values is sometimes difficult, the gaseous exchange method of measurement is the
only one available for estimating gross primary production and respiratory loss. These methods are described in
Sections 5.2 and 5.4.
Plant death and decomposition is a major source of error in the use of harvest methods for determining net
primary production. This is dealt with in Section 4.72. In certain ecosystems it is possible indeed to calculate net
primary production from a measurement of the standing crop of dead herbage and its instantaneous rate of
decomposition. The removal of net primary production by herbivores is similarly a major source of error in the
measurement of production when large grazing animals are present. In such ecosystems the harvest methods for
determining net primary production require modification to allow an estimate of the ungrazed production. This also
enables an imprecise estimate to be made of the amount of herbage entering the grazing animal population.
Although this handbook is concerned therefore with the primary producers in the ecosystem, the role of this
trophic level cannot be conceptually separated from the others. It must be regarded as one variable of the
complex functional unit defined as the ecosystem. The ecosystem, at whatever level of abstraction chosen, is the
only valid study unit in IBP and this handbook dealing with one trophic level only should be read with this in mind.
3
The Study Area and Site Selection
3.1 Site selection
If the biome possesses several major grassland communities, study areas will be required in each community type.
When finances and manpower are limited, choosing the communities of greatest study value often presents
serious difficulties. This must be a local decision, but acreage, economic value, academic interest and ease of study
(ease of access, structural simplicity, etc.) are important considerations. It may also be necessary to consider
several community types as comprising an ecosystem, particularly if large herbivores move freely between them
and this should be considered in the design of the study areas.
In each region it is useful and important to compare production of the natural climax grassland or extensive
subclimax grasslands with sown swards subject to high input of management and plant nutrients. The grasses
sown will be dependent on the region and should be those agronomically suitable for the environmental conditions.
Nutrient input should be that normally applied to intensively managed grasslands in the region. The sown
grassland study will require a similar layout to that shown in Figure 2 with the artificial community covering the
entire area.
3.2 Site layout
The research area should have a sufficient area for the experimental and observational records envisaged and
obviously this will vary with the grassland type and complexity of the programme. Newbould (1967) has suggested
a scheme for woodland work, and a similar layout is useful for grassland studies as shown in Figure 2. The
dimensions given are little more than suggestions for the immediate requirements of primary productivity studies.
In every programme it would be desirable to have larger areas available for study. If animal experiments are to be
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undertaken, a much larger area will be necessary.
The various parts of the diagram and their function are described below:
1 Sample area. This is used only for non-destructive measurements such as ~microclimatic recording, floristic
studies or gas exchange photosynthesis measurements. It may be possible to utilise the area after the
investigation has been functional for some time and sufficient non-destructive records have been taken. (Area
required 0.1-1 ha.)

2 Buffer area. This should be an area of at least 10 ~m. width around the sample area. It should not be
subjected to any disturbance which could affect the sample area.

3 Measurement area. This is the area in which vegetation and roots are harvested and in which soil samples are
taken. In most grassland communities sampling in this area should not seriously affect the sample or buffer areas.
(The area required will vary between 1-20 ha depending on circumstances.)

4 Study area. This serves mainly as a large scale buffer area and should be controlled by the research worker
concerned. In many programmes it will be part of the research station and used for the study of wild or tame
herbivores and for the maintenance of study animals. (Area required 20-200 ha.)

The areas need not necessarily be arranged as shown although obviously the buffer zones must surround the
sample and measurement areas. In some grassland studies even the measurement area is not necessarily
destroyed by the cutting of vegetation or other sampling techniques as the micro-climate of the area is unlikely to
be seriously affected by scattered quadrats cut within it. However, sampling for root biomass in certain soil
conditions may result in destruction of the measurement area by alteration of normal drainage patterns. The
possibility also exists that trampling by research workers will modify both the floristic composition and productivity
of the grassland community. This should be minimised by the provision of marked pathways.

3.3 Site description
An accurate and precise description of the study area and its environment is of great importance and a preliminary
survey will be required before the commencement of the study. It is essential to be able to assign the area of
study to a broad phytogeographical group and desirable to assign it more precisely to a phytosociological group.
Methods of surveying, describing or classifying vegetation are not discussed here, but the following reference
works should be consulted: Brown (1954), Cain and Castro (1959), Kershaw (1964), Curtis (1959), Joint
committee on range research methods (1962).
If possible, information on soil type and geological features of the entire area should be obtained in the early
stages and may affect the choice of the study site.
Climate should be measured as appropriate and, in the absence of specialist advice, observations on light,
temperature, precipitation, evaporation, and wind should be made using recommended methods. The
establishment of meteorological stations should be afforded high priority to allow characterization of the local
climate as soon as possible in the investigation.
4
Measurement of Net Primary Production
by Harvest Methods
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4.1 Introduction
The measurement of net primary production by measuring the biomass or biocontent of the plant community at
the beginning of a study period and again at the end, allowing the calculation of increment by subtraction has
been widely used and recommended. In grassland studies this has mainly been used to determine net primary
aerial production but can be applied, in theory at least, to the complete plant community.
There are two methods which have been used by agronomists on intensively managed grassland, only one of
which will be considered in detail in the handbook. The method of pretrimming the grass sward and measuring
regrowth is rarely applicable in ecological studies despite its apparently higher accuracy (Boyd, 1949). In many
grassland situations pretrimming is a very drastic treatment which is likely to modify subsequent growth to such
an extent that measurement is valueless. The method is not therefore dealt with in this booklet. The difference
method which has normally been used by ecologists should be used.

4.2 Sample plot size and shape
The choice of sample plot size and shape to be harvested in grassland studies is limited by two main features.
These are the necessity to obtain an acceptable level of accuracy in determining the standing crop of the study
area and the practicality of harvesting the sample required.

4.21 Time required for clipping

The time required to clip the sample plots is the limiting factor in determining the number clipped and hence the
accuracy of the estimate. Consequently, a compromise must be made between accuracy and the time required for
field sampling, i.e. the cost of the sampling. It is necessary in all stations therefore to determine as far as possible
the optimal number, shape and size of sample plots by a preliminary trial before commencing the main study.
Normally, the outer region of the study area (Area 4, Figure 2) would be the appropriate place for this.
4.22 Shape of sample plot
It has been traditional in grassland studies to utilize square sample plots (quadrats), but there is considerable
recent evidence that this shape is not the most appropriate for maximum accuracy. In general, the variance of the
samples should be at a minimum in non-randomly distributed herbage standing crop (its usual condition) when the
sample unit is a rectangle. Similarly, variance should be at a minimum with small sample plot sizes and larger
numbers of sample plots. However, it must also be remembered that if the number of samples are fixed for some
reason, greater accuracy will be obtained by increasing sample plot size. It is, however, necessary to strike a
balance between, for example, the possibly lower variance of small plots and the increased edge effects which will
occur. Coleman (1959) and Van Dyne et al. (I 963) have more recently shown the considerable advantages of
circular sample plots and it seems possible that this shape is the most suitable for most grassland types although
not yet tested on all possible vegetation types. Examples of the range of sample plot sizes is given in Table 1
below.
The decision on sample plot size and shape therefore must be taken following a trial in which a selection of the
usual small plot sizes and shapes for the grassland type are tested. It is important also to ensure that an
adequate number of plant units are included within the sample plot irrespective of other considerations.

4.3 Number of sample plots
4.31 Calculation

http://coweeta.ecology.uga.edu/webdocs/1/ppgrass.html[3/8/2010 3:10:09 PM]

IBP HANDBOOK No. 6

The total number of sample plots depends on the degree of precision required which must, however, be matched
against economic considerations, i.e. the time required to cut the sample plots. For many purposes, an error of
10% of the mean is an acceptable standard and should be approached in IBP studies. In order therefore to decide
the number of sample plots required with a given sample plot size and shape, a small number of samples are cut.
The number will vary with the subjective judgment of variability, but should not be less than ten. The number of
plots required (N) is then approximately given by

N = t s / (D xbar )
Where: s = standard error of trial plots
D =required level of accuracy, expressed as a decimal (i.e. 0.1 in this case)
t = obtained from standard statistical tables.
(This formula applies only to continuous data.)
4.32 Graphical Method
A graphical method of deciding when an acceptable number of samples has been obtained has been described by
Greig-Smith (1964). The use of this is illustrated in Figure 3 and has the advantage of indicating whether further
sampling is necessary. The mean of the first five, ten, fifteen, twenty, etc. observations is calculated and plotted
against the number of observations. It will be seen that the mean at first fluctuates, steadying as the required
number of samples is reached. In the example given the optimum number of samples (quadrats) is 25-30.
Despite the subjectivity of this approach, it is a useful technique in many situations.

4.33 Efficiency of Sampling

In the techniques described it has been assumed that an arbitrary sample plot shape and size has been chosen
and economic considerations have been ignored. Van Dyne et al. (1963) and Wiegert (1962) have both
investigated the influence of sample plot size and shape on the economic efficiency of sampling and should be
consulted for the detailed methodology. In designing a trial of this type, however, certain basic considerations
should be taken into account. The various sizes of quadrat should not be obtained by bulking contiguous or nested
plots owing to the considerable edge effects which can cause misinterpretation of the results (although Wiegert
(1962) uses nested quadrats, Van Dyne et al. (1963) show this causes bias in his data). The various shapes and
sizes should therefore be located at random over the area selected. If this is not done, it is inevitable that the
yields of the various sample plots will be determined by the previous plots cut as indicated in Van Dyne et al.
(1963). To reduce variability in cutting technique, it is necessary to cut all plots using the same operator and
clipping equipment. In analysing the effectiveness of each plot size and shape, it is necessary to take into account
not only efficiency, i.e. the lowest variance for a given time cost, but also the production of normally distributed
data rather than skewed. (Transformation of the data may, however, take care of this difficulty.) It is also
important to test whether there is heterogeneity of variance among the various plot sizes since most common
statistical tests are invalid if this is so. Van Dyne et al. (1963) give the appropriate test.
Although it is important to determine optimum quadrat size and shape if possible, it should be noted here that
even a subjectively chosen size, shape and number will allow an estimate whose standard error can be determined
and quoted. It is also important to realise that IBP is of limited duration and in most studies it is vital to obtain
net primary production data at the earliest opportunity. It is also probable in most cases that the measurements of
secondary production will be at a lower order of accuracy than those described in this handbook. If at all possible,
however, even a very limited preliminary sampling programme should be attempted.

4.34 Random location of Sampling Units
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The sampling units should be randomly located within the vegetation types studied using standard statistical
methods. Van Dyne (1960) has suggested the use of aerial photographs for random location of sample units and
his technique is appropriate for many studies. Where stratification of samples is necessary, Van Dyne's method
would be appropriate, as would other systems for ensuring the random location of sample plots within the
stratification groups, e.g. Reppert et al. (1962).

4.4 Harvesting techniques
4.41 Clipping Height
All harvest methods for above ground vegetation depend on clipping a measured area of vegetation uniformly and
at a predetermined height above the surface of the ground. In grasslands this is not a difficult technical problem
(cf. woodlands) but still requires careful consideration and testing in each case. In particular, it is important to
specify the cutting height and consideration must be given to a number of factors affecting this: the two most
important being (1) the species constituting the sward and (2) the height/weight relationship of the species. The
surface of the ground with its associated litter would normally be the fixed point, but in certain situations with a
bryophyte layer, for example, this point may be difficult to decide and cause errors in short grass communities
with low biomass. Individual operators, unless given specific instructions, show consistent differences in the height
of vegetation left after cutting (Milner and Perkins: unpublished data) and this should be taken into account. In
every case some estimate of the weight of vegetation left after cutting should be obtained. This can be done using
coring techniques in conjunction with root measurements (Section 4.6).
4.42 Hand Clipping
The actual cutting device depends on the type of vegetation cover to be sampled, but hand shears are widely
used. These can be hedge clippers for two-handed operation in tall grass cover (e.g. many tropical grassland
communities) or shears for single-handed operation such as sheep shears or their garden equivalent. Singlehanded shears are available in which the cutting blades and the operating handles are at a 90 o angle allowing
clearance between the hand and the ground surface. These are particularly valuable in short grass swards.

4.43 Mechanical Clipping

Clipping herbage to determine yield is a costly part of any production study. Many mechanical devices have been
used to reduce this to an acceptable level. The main types of mechanical clippers are discussed below.
A self-propelled, petrol-driven, reciprocating blade cutter with one - two feet cutting width has been used for large
plots and could be useful in tall grass situations. For smaller samples, however, it is not sufficiently close-cutting.
Hand-held, reciprocating blade hedge clippers have been described, either powered by direct current from twelvevolt batteries, by alternating current from petrol generators, or cordless with an integral rechargeable battery. (For
example, Matches, 1963.) Such clippers often require modification for use on grasses and these are usually
available from the manufacturers. A rotary lawn mower has been used by McGinnies (1959) for sampling range
herbage and may be useful in certain conditions.
None of the above are, however, particularly suitable for grass under about 10 cms tall, and hand methods have
often been found essential for such vegetation. More recently, methods utilising powered sheep clippers have been
evolved. Alder and Richards (1962) have described the use of such a three-inch sheep shearing head powered in
several ways, all proving satisfactory. This equipment was particularly valuable for shorter grass species, but even
better are the vacuum clippers described by Becker (1959) and Van Dyne (1966) for use on short-grass rangeland
dominated by low growing species such as blue grama (Bouteloua gracilis). The equipment basically consists of a
sheep-shearing head combined with a vacuum cleaner which collects the cut material and reduces the losses of
plant material occurring when swards of less than 5 cms are cut by conventional methods. A certain amount of
litter and soil is picked up by the machine but Van Dyne gives appropriate regressions of net weight (i.e. weight of
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herbage) on gross weight and discusses the use of separation techniques to calculate net weight. The vacuum
clipper certainly increases the speed of sampling by five to ten times and even including the time required for
separation to obtain net weight (20-40 % of samples) should provide a worthwhile saving of time. Botanical
separation is difficult when this technique is used, but the method can be applied where separation of constituents
is required if the laboratory point analysis procedure (Heady and Van Dyne, 1964) can be used. (See Section
4.51.)

4.44 Sample plot placement and edge effects

The placing of a complete quadrat or circle of metal or other material in dense grassland vegetation as a cutting
guide is often a difficult and not completely objective operation. The insertion of the quadrat into the base of the
community in dense or lax grassland may cause difficulties, which may be partially overcome by using very thin
material to manufacture the quadrat or by using the rigid, open-ended quadrat described by Thilenius, (1966). This
can be pushed into the tangled base of the grassland allowing efficient separation of the leaves within the
sampling area from those outside by then raising the quadrat through the herbage. Westlake (pers. comm.) also
uses a quadrat which can be inserted into the base of the vegetation. Such methods are not easily adopted if a
circular quadrat is used.
It is possible that edge effects will be important in species with lax aerial parts and techniques for harvesting in
this type of sward should be carefully standardised.

4.45 Subsampling

The cut material from conventional cutting techniques may require either sub-sampling in the field (after
determining total fresh weight) or transportation in bulk to the laboratory. In the former case the technique
proposed by Hilpoltsteiner (1960) appears promising. This utilises a portable chaff cutter which can quickly cut
two-to-three kilograms of herbage into five mm lengths for sub-sampling. This would be of particular value when
the herbage standing crop is high and transportation difficult.

4.46 Storage

Polythene bags should be used for the storage of fresh cut herbage, if possible, and Edwards (1965) has recently
shown that samples can be kept in such bags for several hours with only small losses of moisture and no
significant loss of dry matter. It seems likely, however, that considerable changes in the proportions of the various
organic constituents (e.g. soluble carbohydrates) would result from this treatment, and it is always desirable to dry
or deep freeze samples as soon as possible.
4.5 Botanical separation and associated measurements
4.51 Measurement of species composition
Separation of the harvested material into species or into leaf, stem, and flower is a necessary task in any study
other than the very simplest. This separation is, however, particularly time-consuming and costly and methods
should be devised, if possible, to reduce this cost to a minimum. Hand separation requires least skill and is
probably the most accurate of the available techniques. However, sampling problems are often acute and care
must be taken to ensure satisfactory subsampling. "Production line" techniques with unskilled labour are often the
best compromise between accuracy and speed, and if species are morphologically distinct, may be perfectly
adequate.
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The point quadrat techniques of Wilson (1960, 1963, 1965 a and b) (see Section 4.55) with suitable calibration
against cut and separated samples, might provide a satisfactory measure of the relative weights of the various
plant species in the sampling area. It has the advantage of providing relevent information on leaf area at the same
time.
The laboratory point method of Heady and Van Dyne (1964) has been successfully used on a variety of samples
and is particularly useful when the cut vegetation is short or has been chopped into short lengths for sampling.
The technique, which utilises a binocular microscope and movable tray in which the sample is spread, can be
quickly standardised and in communities with species which are separable under a binocular microscope, provides
a very useful measure of the relative proportions of the species. It does not, however, provide samples for
chemical analysis which must be obtained by separation.

4.52 Measurement of dead/green ratio

Wiegert and Evans (1964) have shown that a simple measurement of herbage standing crop at the beginning and
end of a study period (which may be repeated several times during the growing season) is not sufficient for a
measurement of net primary production. Perennial grasses produce tillers which die or flower throughout the
season and consequently a simple harvest technique based on green plant material will underestimate net primary
production by a variable, but considerable amount. Brougham (1962) has discussed this with particular reference
to clover swards and should be consulted for a review of the problem. Westlake, D. F. (pers. comm.) has also
recognized the problem of tiller death and has used an interesting approach based on fish growth techniques using
graphs of the number of shoots surviving out of the number originally initiated in a month against mean weight at
monthly intervals. The area under a smoothed curve represents the production of each cohort (i.e. each set of
shoots initiated each month). This method will be outlined in the PF manual and should be consulted for details. A
similar method has been mathematically examined by Skellam (1967) with particular reference to animal
populations. Perkins, D. F. (pers. comm.) has also considered this problem in oceanic mountain grassland species
in North Wales.
Allowance must be made therefore for changes in dead material from one harvest to the next, and a measure of
dead material present at any harvest is necessary. Hand separation of the fresh herbage has the obvious merit of
objectiveness and the provision of samples for subsequent analysis but the grave disadvantage of high labour
cost.

4.53 Measurement of dead/green ratio by

Two techniques have been suggested to reduce this cost, that of Hunter and Grant (1961) and Heady and Van
Dyne (1965). Hunter and Grant used an extraction method for determining green dry matter which involved the
extraction of dried ground plant material with methanol and subsequent measurement in a photoelectric
absorbtiometer. The weight of green is calculated from a previously determined calibration curve. This useful
technique offers no opportunity for analysis of the green or dead plant material but has many practical
advantages. Heady and Van Dyne used a visual "point" method in the laboratory for species separation (see
Section 4.51) which could be simply adapted to dead/green separation.
4.54 Measurement of leaf area by instrumental and laboratory methods
In many investigations, particularly those of an advanced nature, the determination of total leaf area is a useful
additional measurement. This information, although valuable, is laborious to collect and subject to considerable
error. For this reason many attempts have been made to devise instrumental methods for area measurement of
detached leaves, most of them unfortunately of little value in grasslands.
Instruments in which the leaf is placed between a light source (often red) and a photoelectric cell have been
commonly used and Donovan et al. (1958) and Pilet and Meylan (1958) give details. Other instruments, such as
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that of Orchard (1958 and 1961) which utilises a scanning device and others using cathode-ray tubes, have to
some extent superseded photoelectric methods. The method of Jenkins (1959) ulilises the drop in air flow when
leaves are introduced into a constant airflow and this provides a useful and quick determination with many
advantages. The method of Jones (1961), which consists of placing leaves on a stiff screen and relating the rate of
passage of a standard volume of sand to the area, appears accurate but unnecessarily complex.
All these instrumental methods are of limited value in grasslands, particularly when fine-leaved grasses are
present in the sample and the method of Kemp (1960) is the most useful in grassland studies. The area of a leaf
is given by the equation:

A= k L B
where L = leaf length
B = breadth at midpoint
A = area
k = a constant determined for the species under investigation.
The method has the considerable advantage that leaf sheaths and cylindrical leaved species are capable of
measurement by this method, both structures being treated as cylinders. Length and breadth can be measured
using squared paper or a microscope with a graticule, depending on size of species.

4.55 Measurement of leaf area in intact swards by include point quadrat

The inclined point quadrat developed by Wilson (1960) for the determination of leaf area in intact communities is
of considerable interest and has considerable value in grassland studies. The methods and mathematics, however,
have been developed for temperate broad leaved grasses and may require further elaboration in other grassland
types. Considerable detail on both methodology and theory is provided in Wilson (1963, 1965 a and b) and Philip
(1965) and these accounts should be consulted by interested workers. The inclined point quadrat technique has a
particular value if used in conjunction with a non-destructive measurement such as described in Section 5.5.

4.6 Measurement of root production
4.61 Introduction
The root system of grasslands present many problems to the production ecologist. They constitute a large and
important proportion of the net primary production and standing crop in grassland communities but present
formidable sampling problems. These are associated with two main features of the root system of grasslands, the
fact that the roots in many soil types are inextricably attached to soil particles and also that there are no easy
methods for separating living and dead roots. For these reasons, few completely successful techniques have been
evolved for use in ecological investigations. The studies of Bray (1963) and Dahlman and Kucera (1965) are
among the few which have been concerned with the dynamics of root production and its effect on estimates of net
primary production.
4.62 Root production measurements in laboratory and greenhouse studies
Considerably more investigations have been carried out on the root systems of sown grassland and Troughton
(1957, 1958, 1959, 1960, 1961) gives useful data on root growth which, although mainly concerned with
cultivated grasses, may nevertheless provide valuable methodology for the laboratory or greenhouse study of noncultivated species.
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If a laboratory or greenhouse study is considered useful, the methods of Muzik and Whitworth (1962) and Lavin
(1961) are useful. Both methods are of use in studying the growth and behaviour of individual roots and utilise a
glass-sided box against which the roots of seedlings grow. Translating observational data of this type into
quantitative terms is, however, difficult and of little direct relevance to intact grassland communities. Studies of
spaced plants in the field, although slightly more relevant, have little real value but may be of use in an initial
approach. Roder (1959) has used this technique with cultivated species.

4.63 Description of root systems

Measurement of the root production of grassland requires some initial semi-quantitative descriptive data on the
root systems involved. Considerable data of this type are available, with the studies of Weaver (1958 a and b),
Dahlman and Kucera (1965) and Coupland and Johnson (1965) being of particular significance. Such studies are
necessary to determine the extent and type of root system in order to devise sampling techniques for more
quantitative studies. All the studies involve the removal from the sward of a complete soil core or block with roots.
The root systems are then washed free of soil for examination in the laboratory. These studies show the
considerable depths to which the root systems of grassland penetrate and indicate something of the problems
involved in obtaining a representative sample.

4.64 Measurement of root production of plant communities

It is possible to calculate root productivity from a combination of observations on length of life of roots, turnover
time and maximum standing crop, the appropriate relationship being
root production = maximum standing crop / turnover time
Maximum standing crop can be determined by one of the many variations of washing roots from a known volume
of soil. Typical variations are described by Upchurch (1951), Fribourg (1953), Williams and Baker (1957),
Deffontaines (1964), Il'in (1961), and Carlson (1965). Other methods which have been used are the flotation
method of McKell et al. (1961) and the method of Dahlman and Kucera (1965), who utilised a 1 % solution of
sodium hexametaphosphate for preliminary soaking, followed by mechanical agitation in a 0.8% sodium
hypochlorite solution.

4.65 Separation of living/dead plants and soil

However, all the methods described have the fundamental difficulty of separating living and dead roots and of
removing soil particles adhering to root hairs. Colour and general form of the roots have been used to separate
living from dead and with care and experience of the species under study, may provide an acceptable technique.
Tetrazolium (2, 3, 5-triphenyl tetrazolium bromide) has been used to indicate viable root tissue more precisely
(Jacques and Schwass, 1956). Unfortunately, this does not appear to be completely suitable although modification
of this technique or the use of some alternative staining method may be of possible value.
The presence of soil in the final sample is inevitable but the degree of contamination may be determined by ashing
the samples. If the soil is of mineral origin, this indicates the weight of roots in the sample (Willard and McClure
(1932) and Williams and Baker (1957)). The ashing method is unlikely to be of much value in the determination of
root weight in soils high in organic matter in various stages of decomposition.
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4.66 Measurement of turnover time

Determination of turnover time is of considerable complexity and can often only be determined by regular sampling
and separation over a year. Dahlman and Kucera (1965) suggest four times, based on previous phenological
observations, namely
(a) Midsummer (high vegetative production)
(b) End of growing season (vegetative die back)
(c) Midwinter (no vegetative growth)
(d) Spring (immediately prior to growth).
It will, however, be obvious that such a sampling frequency is difficult to sustain and, in fact, in this case root
production can be determined directly by difference methods. However, turnover time, which must be related in an
undetermined fashion to the age of the roots, is a useful concept to bear in mind and may be useful as more
efficient methods for measurement are developed (Tatarinova (1961)), Tatarinova used radio isotopes to study the
physiological connections between shoots and roots and was able to make deductions about root longevity. This
type of approach in study plants may allow extrapolation to the field condition.
Other authorities have utilised radio isotopes rather differently for root studies (mainly using P32) which allow the
calculation of root growth rate, root competition and the separation of root systems of individual plants. (Neilson
(1964), Hall et al. (1953), Deklit and Talsma (1952)).

4.67 Other techniques

A useful technique of some value has been suggested by Troughton (pers. comm.) and used successfully on
mountain grasslands in Britain (Milner and Perkins, unpub.). This consists of removal of a core from the sward to
appropriate depth and replacing with soil containing no roots. After a given period, the identical core is again
sampled and roots which have grown into the soil weighed. The technique is only possible in grassland where most
of the roots are in the top few inches, but its simplicity is of considerable value and deserves further use and
study.

4.7 Special problems of ungrazed grasslands
Although most grasslands are grazed by large herbivores, there are relatively small areas in all the major climatic
zones which are not. These, however, may contain high populations of invertebrate herbivores. The problem of
measuring net primary production in these grasslands are considerably reduced as no elaborate caging to exclude
vertebrates is required, however they do have some particular methodological problems.

4.71 Invertebrate herbivores

The invertebrate component of grasslands can be important (for example, see Wiegert, 1967) and the removal of
primary production by this means is one of the errors involved in the harvest method in ungrazed ecosystems,
although perhaps not an important one. In order to correct net primary production for the energy removed by
invertebrates, a full study of the dynamics of the populations, their metabolism and intake would ideally be
required. This is, of course, often the object of an investigation of secondary productivity and should be rigorously
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pursued in any IBP grassland ecosystem study (Section 2.25). It is difficult or impossible to measure the
invertebrate consumers by a difference method owing to the difficulties of excluding invertebrates mechanically.
However, methods have been used in woodlands (Newbould, 1967) involving the estimation of the area of leaf
removed from a sample by invertebrates. The area removed is estimated by planimeter working on a photoprint of
the leaves. This technique could be of value in grasslands with large grass species or many broad leaved species.
Westlake (pers. comm.) has utilised the difference in weight between large numbers of matched pairs of grazed
and ungrazed leaves of Glyceria. This gives an acceptable estimate in the case of large leaved grasses, but is
difficult with fine leaved species. It is likely, however, that the best approach will be a detailed study of the
invertebrate component, and if this is possible, the account of the IBP Warsaw working meeting on Secondary
production (Petrusewicz ed. 1967) or Southwood (1966), should be consulted.
In many programmes, however, it will be impossible to obtain precise measurement of the invertebrates in the
ecosystem and the consequent loss of net primary production must be accepted. It should, however, be possible
to survey the major invertebrate groups in a semi-quantitative fashion.

4.72 Dead plant material

Most ungrazed grassland communities will contain large amounts of dead material at certain times of the year
which may well contribute structurally to the functioning of the ecosystem. Methods of describing and elucidating
this function are not yet obviously available, although Wiegert and Evans (1964) have discussed dead material and
its use in determining production (see Sections 2.25 and 4.52). Their method, which is extremely useful and
should be used whenever possible, utilises the rate of disappearance of dead material combined with data on
green and dead standing crop to calculate net primary production of the above ground plant parts. As discussed in
Section 2.25, this data is important to the study of the ecosystem apart from its value in determining net primary
production. The method described allows an estimate of mortality which clearly has an important effect on the
accuracy of measurement of net primary production. The appropriate equations are given below:
(Standing crop data are expressed in grams/ml and instantaneous rates in mg./g. per day.)
Let t, = time interval in days
ai-1 = standing crop dead material at start
ai = standing crop dead material at end
b i-1 = standing crop green material at start
b i = standing crop green material at end
r i = instantaneous daily rate of disappearance of dead material during interval
Let xi = amount of dead material disappearing during an interval
(1) xi = (ai + ai-1)/2 r i t i
Changes in standing crop of green and dead respectively are
(2) D b i = b i - D b i-1
(3) D aI = ai - ai-1
Since D aI is the change in dead standing crop (xi + D aI) is the amount of material added to the dead standing
crop (symbolized here by d i ).
(4) d i = xi + D ai
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The growth during t i is then given by
(5) yi = D b i + d i
where yi is in g./unit area.
Equation (4) must be ³ 0, negative values indicating an error in one or more of the measured parameters.
It is possible, by using the techniques described by Wiegert and Evans, to calculate annual production given only
the standing crop of dead and its instantaneous rate of decomposition. This may be of value in certain ecosystem
studies.

4.8 Special problems of grazed grasslands
Grassland which is grazed by large herbivores is the commonest and economically most important of the life form
and, in this situation, the measurement of net primary production presents two inter-related and mutually
interfering problems.

4.81 Grazing vertebrates

The harvest method requires the measurement of standing crop at time intervals and in grazed situations this
involves the protection of the accumulated growth from the grazing animal, to prevent an underestimate of net
primary production. The exclusion of the grazing animal, however, imposes a different set of environmental
conditions on the community immediately. This will have a considerable effect on the net primary production.
Nevertheless, since it is obviously necessary to exclude large grazing animals, this effect must be accepted. The
effect of exclusion can be minimised if the period of exclusion is kept low compared to the life cycle of the main
species (see for example Green, 1949). In practice, however, sufficient growth must have taken place to give a
measurable change in herbage biomass. This period will vary considerably with environmental or floristic
differences and must be decided locally.

4.82 Methods of excluding grazing vertebrates

Cages for the exclusion of grazing vertebrates have been widely described and many variations are possible. The
variations will be affected by the materials available locally, the labour available for moving, the size of sampling
unit and most important, the animals to be excluded. It is unnecessary to give all the many variations which have
been described, as the choice will be essentially a local one. However, to illustrate something of the range of
variation involved, two cages are described. Smith and Sheets (1960) describe a very effective cage consisting of
a cylinder of 11 gauge 2 in. x 4 in. welded mesh 4× 55 ft. in diameter. Seven of these cages can be made when
and where required, from a 100-ft. roll of the welded mesh transported to the site. This cage would be suitable for
the exclusion of sheep or small ruminants of similar size. Many cages, particularly those designed for the exclusion
of cattle or larger ruminants have a pyramidal form or inwardly sloping ends. The San Joaquin cage (Westfall and
Duncan, 1961) is of this form and utilises a wooden frame.
Small ruminants (e.g. sheep) can be excluded by a very simple cage of non-rigid form with an open top providing
the corners are guy wired to pegs. Welded cages may require guys also, but if such cages are square in form,
unless very heavy, they may be less useful than the simple non-rigid cage owing to the habit of many ruminants
of rubbing against a solid object. It is necessary to select the simplest and lightest design for the animals to be
excluded and it is surprising in practice how light and simple this may be.
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The cages described can be designed to exclude all sizes of herbivore dependent on the mesh size used. If
burrowing animals are present, however, the cages will require burial to prevent the animals tunnelling into the
cage. If very large mammals, e.g. elephant, occur in the experimental area, other methods of exclosure will be
required and the use of electrified fencing may provide a suitable technique.
Galvanised wire cages can give rise to zinc toxicity or contamination of the herbage. This can be prevented by the
use of a modern flexible resin paint applied to the cage after construction. The best method of application is by
dipping which ensures complete coating of the structure. The labour involved will be very worthwhile, particularly
as cage life will be extended very considerably.
Detailed descriptions of the range of cages which have been used will be found in the literature for further reading
at the end of the handbook.

4.83 Effects of exclsusion

The effects of cages are apparently variable and associated with a changed microenvironment within the cage and
protection from the possibly damaging effects of defoliation and trampling. This seems to outweigh the possible
effect of removal of the stimulus of light grazing. The effect of cages is to increase the dry matter production by
between 11% (Cowlishaw, 1955) and 15% (Jagtenberg and De Boer, 1957). However, in temperate latitudes, the
effect is considerably reduced when rainfall is high. This is to be expected as the main effect of cages is to reduce
wind velocity, to increase humidity, and to lower the transpiration rate-which also results in a lower dry matter
content of the vegetation. Heady (1957) noted that the effect of cages was related to temperature and was
relatively greater in summer owing to rapid growth. If cages are regularly moved to determine net primary
herbage production accurately, it is not likely that changes will occur in floristics or soil conditions. This is
important as Peterson et al. (1956) have shown a reduction in forage yield of 20% due to soil compaction by
grazing animals under certain soil conditions. Floristic changes are equally undesirable.

4.84 The calculation of net primary aerial production

The calculation of net primary aerial production within the limits of the errors described owing to changed
microenvironment is simple. The weight of herbage produced is the difference between the biomass at the
commencement of the period, i.e. outside the cage, and the biomass inside the cage at the end. This figure will of
course include no primary production channelled into either invertebrate herbivores or dead plant material unless
the dead material has been assessed at each harvest, and Wiegert and Evans (1964) technique applied.

4.85 The calculation of herbage intake by the main herbivores

The calculation of herbage intake by the large animals grazing the area is an important ecosystem parameter of
considerable nutritional and economic significance and this opportunity should be taken to calculate it. The
aboveground herbage should be cut inside and outside the cage at each single sampling date. Providing the period
of protection is low, calculation of intake is as follows:
Intake = Weight of herbage inside (protected) - Weight of herbage outside (grazed)
This formula over-estimates forage consumption owing to the increased relative growth rate of the caged area.
If, however, the grazing period is long, it is possible to use a formula suggested by Linehan et al. (1952) for use
on intensively grazed swards:
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Intake = Weight of herbage outside cage at previous cut (c) Weight of herbage outside cage this cut (f) x

{Log weight of herbage inside this cut - Log f / (Log c - Log f)}

This formula works satisfactorily unless, as often happens in natural pastures which are sparsely grazed, the
weight of standing crop outside the cage increases over the grazing period.
If an accurate assessment of the net primary production entering the vertebrate herbivores is essential, animal
methods are required. These methods always involve a measurement of dung output and this itself is an
important parameter which must be measured in an integrated study of t~he grassland ecosystem. The only
practical method for measuring dry matter intake is based on the following equation:

Dry matter intake (g / day) = 100 x {fecal output (g / day) / indigestibility of dry matter (%)}
Two values are therefore required, the indigestibility (digestibility) of the consumed herbage and the dung output.
Dung output in free-ranging animals is not easy to measure, but the following methods may be used.
The entire fecal output can be collected in bags carried by the animal. This is a method likely to prove unworkable
if wild herbivores are the principal large consumer. If total collection is impracticable, it is necessary to use an
external indicator fed daily which can be recovered quantitatively in the feces. A great deal of literature is available
on this method and interested workers should consult for example the review by Reid, J. T., in "Pasture and range
research techniques" (1962).
It is also necessary to calculate the digestibility of the consumed herbage which provides many sampling
problems. There are two main approaches, neither completely satisfactory owing to the selectivity which many
herbivores show when grazing. The classical method involves the use of fecal indicators such as nitrogen
(Raymond et al., 1954) (Lancaster, 1949 and 1954) or plant chromogens (Reid et al., 1952) which can be related
to digestibility measured directly in a metabolism crate using the animal species concerned and the herbage
available. More recently, digestibility in ruminants has been determined in vitro (e.g. Alexander and McGowan,
1961; Dent, 1963; Tilley and Terry, 1963) and if a suitable sample of the herbage grazed can be obtained, i.e. by
selective clipping or oesophageal fistulation (Bath et al., 1956; Weir et al., 1959) the method combined with
measurement of faecal output is of great value. It is likely that similar techniques can be developed for most
animal groups and should be considered if grazing animals are important components of the ecosystem.
Although the methods described in above are not of course primary productivity methods, they illustrate the
complexity of the apparently simple grazed grassland ecosystem and the need to combine primary and secondary
studies into an integrated whole. They again emphasise the importance of the ecosystem concept discussed in
Section 2.25.

5
Non Harvest Methods for Determining
Net Primary Production
5.1 Introduction
Net primary production can be measured by other methods than that of harvesting the plant material at intervals
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although this is the most usual and direct of the methods.
Net primary production represents the carbohydrate material elaborated by the plant by the photosynthetic
processes (less that respired). It is, therefore, possible to measure net primary production by measurement of
apparent photosynthesis, usually by the measurement of carbon dioxide uptake. There are, however, many
problems to the interpretation of this type of physiological measurement to give statements on annual or even
weekly productivity and more useful estimates await detailed work of the type described below.

5.2 Use of gaseous exchange techniques
Many methods of measuring net photosynthesis have been described, mainly based on carbon dioxide uptake
(Billings et al. (1966), Scott and Billings (1964), Hadley and Bliss (1964), Bliss and Hadley (1964)) and several
others. These techniques have all used the continually recording technique of infrared gas analysis. The infra-red
gas analyser can be adapted to field measurement by using a generator and is therefore of particular value in
grassland studies remote from mains power. All the studies used perspex or p~lexiglass chambers enclosing single
plants or single shoots or on occasions a portion of the entire plant community. With chambers of this type it is
possible to use other methods of measuring carbon dioxide concentration. Possibly useful ones are described by
Wallis and Wilde (1957).
Monteith (1962), (1963), (1964) has used aerodynamic gas exchange methods which avoid the difficulties of
enclosing plants in chambers. These methods which rely on measurements of the carbon dioxide profile down the
plant community are of particular value, but their detailed description is beyond the scope of this handbook. They
have the disadvantage of requiring a power supply and not being completely reliable if there is any disturbing
feature of the environment causing turbulence. Gaseous exchange methods have a particular value in allowing an
estimate of gross primary production. This has particular relevance to the description of the characteristics of the
ecosystem, the significance of which has been indicated in Section 2.25.

5.3 Chlorophyll techniques
The relationship between the chlorophyll content of natural communities and their net primary production has
been broadly demonstrated by Bray (1960) and by Brougham (1960) more specifically for the grassland biome.
Although the relationship is not simple and requires further investigation before its use as an index of productivity
can be applied universally, it is suggested that the various IBP programmes provide an ideal opportunity for
establishing the relationship more exactly and chlorophyll should, therefore, be measured in as many IBP
investigations as possible.
5.4 Radioactive tracer techniques
5.41 Radioactive carbon dioxide studies for measurement of photosynthesis
These techniques have increased greatly in recent years and may be applicable in IBP studies in two ways. Firstly,
by the use of C 140 2, to study photosynthesis and the transport of carbohydrates within the plant system. This
technique can be used to measure net or gross primary production over a short time interval and Peterken and
Newbould (1966) have used a technique for woody species similar to that used in grassland by Nasyrov et al.
(1962). The technique involves a transparent assimilation chamber which fits over 0.1 m2 of grass which is then
filled with a selected C 140 2/air mixture. (Weiser et al. (1962) have described a simple device for introducing C 140 2
to a photosynthetically active plant at a constant predetermined rate.) After allowing the plant to photosynthesise
in the C 140 2 atmosphere this is harvested, freeze-dried and counted in the normal way to determine the quantity

of C 140 2 which has been taken up. The count rate is calibrated against net primary production allowing an
accurate estimate of net photosynthesis. The method has great value in non-powered sites. If physiological studies
of translocation of assimilates are considered, the C 140 2 technique offers many possibilities. Workers planning to
use this approach with auto-radiography should consult Crafts and Yamaguchi (1964) for details of methodology
and the main problems involved.
Examples of the use of radio-isotopes in the study of root systems is given in Section 4.66.
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5.42 Radioactive tracers in mineral cycling studies
The other possible use of radiotracer techniques is in a study of mineral cycling often carried out in conjunction
with a primary productivity study. This has a particular value in the type of ecosystem study which IBP is most
concerned with. Relevant methodology and its use in ecology are described in, for example, Reichle (1967),
although the latter techniques were mainly developed for invertebrate studies. A more general discussion of the
role of isotopes in ecology is given in Schultz and Klement (1963) and Odum (1959).
5.5 Non-destructive index techniques
Harvest methods although of universal applicability involve the destructive measurement of the increment of the
plant community. However, the incremental method can be applied non-destructively by making measurement at
time intervals of some characteristic related to dry weight. Such a parameter could be leaf length (i.e. its
elongation in a given time) or the increase in diameter of a tussock. (See, for example, Scott (1961) and Mark
(1965).) Methods of this type have found considerable application and although inaccuracies are apparent they can
provide information which may not be obtainable in any other way. The method although widely used for indicating
plant vigour has rarely been used in production studies, Bliss (1966) however, utilised stem and leaf elongation
techniques in a study on arctic/alpine species in open situations in conjunction with clipping techniques for denser
communities.

5.6 Electronic techniques
Fletcher and Robinson (1956) suggested the use of electronic methods for the non-destructive estimation of
herbage weight and Cambell et al. (1962) developed this approach. Other workers (for example Alcock (1964),
Hyde and Lawrence (1964), and Johns et al. (1965)) have further developed the instrument to a stage where it
can be used for ecological studies. The Principal (basically similar in each case) is that the capacitance of a probe
varies with the amount of herbage contained within it in a linear fashion. The probe consisting usually of a number
of legs is placed on the grassland sward and the capacitance change recorded as an ammeter reading. The exact
factors involved have not been fully elucidated but surface moisture at normal levels affects the reading obtained
very little, although there is a close relationship between the reading and total water contained in the herbage.
The presence of standing dead material of varying moisture levels and sward density also affects the reading.
Although further work is desirable the instrument has been widely used on sown swards (Alcock and Lovatt, 1967)
on range vegetation (Van Dyne, 1966) and a more sensitive instrument used on semi-natural mountain grasslands
in N. Wales.
An interesting recent development in non-destructive herbage standing crop measurement is the beta-ray
attentuation device described by Mott et al. (1965). This is in the early developmental stage but offers
considerable prospects of a quick, reliable method for herbage measurement of a similar non-destructive type to
the electronic capacitance meter.
These non-destructive measures should allow an increase in the samples taken owing to increased speed of
recording (although decreasing accuracy). They also give the grassland worker the ability to describe growth
curves of an intact grassland community.
The chief disadvantage of the methods is that as yet there is no critical understanding of the factors operating to
change the capacitance or the betaray attenuation. Although there appears to be a good relationship between
capacitance change and several parameters of the herbage yield this lack of knowledge is obviously undesirable
and further work is required to more fully understand the mechanism of operation of these very useful techniques.

6
Chemical Analysis of the Plant Material
6.1 Drying of plant material
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6.11 Oven drying
Plant material for analysis requires drying, as most chemical analyses are only relevant to material in the dried
ground state and all production calculations are based on dry weight or calorific content based on dry weight. In
most cases drying in an air oven at temperatures from 80 oC. - 100oC. will be acceptable, the exact temperature
varying with circumstances. The aim must be to prevent the respiratory enzymes functioning in the cut herbage by
dehydration as rapidly as possible without causing the loss of volatile organic components. Suitable forced draught
ovens have been devised of which the Principal features are a downward directed hot air stream ducted to all
points of the oven and a system to recirculate air during the initial drying stages. This allows high temperatures to
be quickly obtained. (Grassland Research Institute Staff, 1961.) Whatever method is used it should be described as
fully as possible in subsequent publications. Several other oven types have been described which are useful in
covering a range of sophistication. Hofman (1965) describes the use of a commercial microwave cooker to dry
herbage rapidly without raising the sample temperature above 60 oC. Greenhill (1960) gives a useful review of
methods available and the technique suggested is drying in a vacuum oven at 40 oC. over P20 5. Oven drying at 80
oC. is, however, described as a useful alternative. There is a great necessity for drying facilities suitable for use in

field situations. In some cases (e.g. dry tropical climates) air drying to equilibrium moisture content may be
acceptable although in every case more standard methods are desirable. Isaacs and Wiant (1959) utilised tractor
exhaust gases to dry crop samples very quickly and it is possible that portable methods of this type using the
internal combustion engine may be useful for the drying of herbage. In all investigations in which it is necessary
to use methods of doubtful repeatability (i.e. air drying) the samples should be stored until drying at a standard
temperature can be carried out. In such circumstances it may be better to use published calorific values (e.g.
Golley, 1961, Bliss, 1962, Smith, 1967) rather than to determine them on inadequately dried samples.
6.12 Freeze drying

If it is essential that chemical changes be kept to a minimum, freeze drying should be employed (Davies et al.,
1948, Bath and Budd, 1961). The technique, which is usually very limited in the size of sample it can take, is
particularly useful for drying animal or plant material high in fats. In such cases if freeze drying facilities are not
available, consideration should be given to the use of a vacuum oven of the type described by, for example,
Greenhill (1960).
It may be necessary to preserve fresh samples for either carbohydrate or chlorophyll determinations. The exact
methods for this will. vary and be dependent on circumstances. In well developed programmes deep freeze units
should be available, supplemented by solid CO 2, freezing mixtures for use in the field. Care is necessary to ensure
rapid freezing and death, although in the small sample weights envisaged (20 g. - 30 g. fresh weight) this should
not be a particularly serious problem.

6.2 Grinding of plant material
Grinding is normally carried out in a hammer mill in which the dried sample is subjected to repeated beating until
the particles are small enough to pass through a metal screen into a cloth bag or porous container. Such hammer
mills can be obtained in a range of sizes and will deal with quantities as low as 5 g. of material. The process of
grinding which appears simple, is subject to considerable error and certain basic rules must be observed.
The entire sample should be milled if possible and subsampling carried out on the ground material. If this is not
possible, there should be very careful subsampling of the dried cut vegetation prior to grinding.
Great care must be taken to clean out the cloth bag or porous container between samples and to ensure that
there are no losses of fine particles either through the bag and its fastening during grinding or subsequently. Such
particles are usually high in calorific value and nitrogen content and loss would result in a considerable
underestimate of these components in the subsequent chemical analysis. Recent developments utilising completely
enclosed chambers with a hardened steel disc to crush the dried herbage (swing mills) have proved satisfactory
for grinding small samples. Lieth (in press) discusses grinding in some detail together with sample preparation for
bomb calorimetry.
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6.3 Calorific value determination
In primary productivity investigations the worker is interested in the calorific values of the various vegetation
components, as the development of meaningful energy flow and productivity equations demands theoretical
background, best developed in terms of fixed energy content (see for example Skellam, 1967).
The determination of such values is a relatively well known operation involving the use of bomb calorimetry.
Several commercial makes of bomb calorimeter are available and the main precautions are documented in several
publications (e.g. Grassland Research Institute Staff, 1961). (Raymond et al., 1957). Lieth (in press). It is
important to emphasise that ground herbage samples must be pelleted before calorimetry to prevent scattering
during burning. The bomb calorimeters mentioned above are for samples of between 1 and 2 g. of plant material.
If considerably less material is available the microbomb calorimeter described by Phillipson (1964) should be used.
Maciolek (1962) describes a wet oxidation technique using dichromate which allows the estimation of organic
carbon and nitrogen. This technique utilising conversion factors is less accurate than direct methods using bomb
calorimeters but is applicable to very small samples indeed (0.07 - 0.7 mg. organic matter).

6.4 Other analyses
Although calorific value is the most usual and necessary of the analyses performed in productivity studies, it is
clear that a considerable increase in academic and practical significance can be obtained if other chemical analyses
are performed. It should be possible, therefore, to perform certain basic analyses in grassland ecosystem studies.
The most useful analyses are total ash, sodium, potassium, phosphate, calcium and magnesium, together with
organic carbon, nitrogen and possibly normal acid (or crude) fibre, soluble carbohydrates and chlorophylls.
Methods for these analyses are well documented and publications such as The Association of Official Agricultural
Chemists (1965) and Chapman and Pratt (1961) or other appropriate textbooks should be consulted. Deriaz (1961)
gives a useful routine method for the main carbohydrate fractions of dried herbage which provides very important
additional information particularly if the study includes grazing ruminant herbivores.
Methods for chlorophyll determination have been given by Bray (1960) using constants suggested by Arnon
(1949). These methods have the advantage of requiring a single extraction in 90 o acetone (i.e. including the water
in the plant material). This is followed by spectrophotometric measurement of the extract. This is a considerable
saving on the more normal methods which required transferring the pigments to an ether phase before
measurement. Freshwater and marine biologists have put a considerable effort into determining chlorophylls and
carotenoids. Their techniques and constants should be tested in terrestrial situations and possibly substituted for
the Arnon constants. Parsons and Strickland (1963) and Lorenzen (1967) give the appropriate methodology. The
P.F. manual has a very full account of chlorophyll techniques and should be consulted.
Total ash can be determined by heating in a muffle furnace at 520o C. for several hours. The residue following
bomb calorimetry, however, also provides an estimate of ash content. This measure is particularly important where
the dry weight of a plant species increases appreciably over the growing season by accumulation of silica or other
inorganic elements in the tissue.
Carbon can be determined by the method of Belcher and Ingram (1950). This is a rapid technique which has the
advantage of small sample size.
Another useful parameter if ruminants are important and which can be obtained in vitro is digestibility. Tilley and
Terry (1963) give details of a method using rumen liquor which has been widely used and developed since its
inception. Such developments are described by Alexander and McGowan (1961), Dent (1963) and Rogers and
Whitmore (1966) for example which give many useful references.
Jn all cases the advice of a specialist analyst should be obtained and the methods used recorded in subsequent
publication.

7
Results
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7.1 Units

The actual recording of data in the field is of course a matter for local decisions but of extreme importance. Care
is necessary that field recorders utilise internationally recognisable units and terms to allow maximum exploitation
of the data. For this reason the following rules must be observed.
All units should be metric (i.e. measured in metric units) although the local equivalents can also be given if
considered necessary. Net primary production will normally be expressed as grams/metre 2 in the first instance
which can be converted to kgs./ha by multiplication by 10. (This unit is generally used in agricultural
experimentation and can be converted to lbs./acre by multiplication by 0~-89.)
Energy content should be expressed in calories (gram calorie) or in units of 1000 cals. termed kilo calorie (k. cal.).
Net primary production should be quoted in g./m. 2 or cal./m. 2/day or appropriate time unit carefully defined. Much
confusion has been caused by the practice of expressing an annually measured net primary production on a daily
basis without specifying the number of days used in its calculation (i.e. entire year or growing season only). In
advanced stations measuring at much closer intervals such confusion should not arise. Total net primary
production should be expressed in cals./metre 2/annum and will obviously be the sum of the monthly production
and will therefore only include the growing season although expressed over the entire year.
In integrated studies all energy flow measurements should be on the same area basis or at least be easily
converted to the same basic area (by introducing factors of 10 to the units). The amount of inorganic components
should be expressed as mgs./g. dry matter of the element and not converted to compounds such as P20 5 or CaO.
7.2 Errors
In every study the errors associated with the measurements should be clearly stated, preferably by precise
statistical methods (derived from standard statistical texts). In some cases, however, such precision may be
inappropriate and then the errors should be stated qualitatively with an expression of the investigators'
assessment of the accuracies of the methods used. This is an imprecise solution but may permit some comparison
with other results. If considerable annual variation in an environmental variable occurs which is likely to affect all
aspects of the ecosystem, it is necessary to continue the investigation for a sufficient period to obtain data during
as many of the variations as possible. However, in such situations it is appreciated that a mean net primary
production figure is unlikely to be meaningful biologically and it may be necessary to quote individual years
separately. It is important to remember that an estimate albeit imprecise is often of value at least in initial studies
and workers should not be inhibited from studying an ecosystem because of high variability in the data.

7.3 Publications
Research covered by this handbook should be reported in the usual way through scientific journals, although in
exceptional cases a separate publication may be appropriate, particularly where an integrated programme requires
integrated publication. Copies of all publications should be sent to IBP Central Office (7, Marylebone Road, London,
N.W. 1, United Kingdom). Bulky original data should be stored in a readily accessible form and made available on
request.

8
Summary of Procedures
8.1 Ungrazed grassland
The study area should be delimited and fenced.
8.11 Procedure
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Before beginning the study a trial to determine the optimum size, shape and number of sample plots should be
undertaken. (Sections 4.2 and 4.3.)
The appropriate size and number of sample plots should be cut at the beginning of the growing season.
The cut vegetation should be stored in polythene bags, and either deep frozen or dried at 100 oC within a few
hours. A sub-sample should be kept deep frozen if possible.
The same number of quadrats should be cut at appropriate or monthly (4 weekly) intervals throughout the
growing season, each successive sample cut being taken in the same general area as the first but no closer than 3
m. in tall herbage (less, if necessary, in short grasslands).
If possible on each harvest date, the quantity of dead material should be determined either directly by separation
or by the methods discussed in Section 4.53.
At the same time as harvest of above ground vegetation root cores should be taken, the size and depth to depend
on previous investigation.
The dried material harvested, both roots and shoots, should have their calorific value determined using standard
bomb calorimetry (Section 6.3). This should include samples of dead and green if separated. At least three
separate determinations should be made on each component at each harvest date and calorific value expressed as
the mean of these determinations. Total chlorophyll should be measured on fresh or frozen rather than dried
material (Sections 6.2, 6.4). A general survey of the small herbivore fauna should be undertaken to determine
possible losses of net primary production which will not be determined by the harvest method.

8.12 Calculations

Using the method outlined above net primary herbage production can be calculated as follows:
If B1 is the above ground biomass measured at the first sampling period (time t 1) and B2 is the biomass at the
second sampling period (time t 2) and Bn is the biomass at the nth sampling period at the end of the growing
season (time t n). Then:
Total annual net primary aerial production is given by

(B2 - B1) + (B3 - B2) + ------------ + (Bn - Bn-1)

viz. Sum of n to 1 (Bn - Bn-1)
and the mean daily net primary production is given by
(B2 - B1) / (t 2 - t 1) or (Bn - Bn-1) / (t n - t n-1)
for the appropriate period.
If B is expressed as g./m. 2 then the final total will be g./m. 2 To convert to calories/m.2 each B must be multiplied
by the calorific value/gm. of the harvested sample.
Although the problems of root production are great (see Section 4.6) in certain cases, i.e. annual and ephemeral
grasslands where all the roots die, a similar calculation utilising changes in root biomass will give the total net root
production. This figure added to herbage production gives net primary production. In many unfortunately this will
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not be possible and root production will need to be measured indirectly and the data added to the herbage
production. (These calculations do not take into account plant material dying during the growing period and the
techniques discussed in Sections 4.52 and 4.72 should be used, (e.g. Wiegert and Evans (1964).)
8.2 Grazed grasslands

8.21 Procedure
The method outlined below applies where large grazing animals obviously remove a large proportion of the above
ground production. It can also apply where small rodents are the only herbivores if the cages are made with wire
mesh which excludes them.
The study area should be delimited and provision made for recording the number of large herbivores present in
the area. This need only involve visual methods.
At the beginning of the growing season the number of cages decided by a preliminary trial (see Sections 4.2 and
4.3) and designed to exclude the expected herbivores should be randomly distributed in the study area. The cage
should enable a sample plot of appropriate size to be cut within the protected area, avoiding edge effects. A
similar size and shaped sample plot should be cut in the immediate vicinity of each of the cages (within 1 m.) and
the cut area marked (in many swards the effect of cutting will persist and is a sufficient mark itself).
At monthly intervals the cages are moved to a grazed area within 2 m. of their previous cage but on a previously
uncut portion of the community. Paired sample plots are cut (after the initiation of the study) one inside the cage
protected from grazing and one on the immediately adjacent grazed area (within I m. of the cage).
Grazed swards often have a low standing crop and particular care should be taken to standardise cutting heights
and to avoid contamination by soil.
The quantity of dead herbages should be determined as in ungrazed grassland (Section 4.7).
The net primary root production is calculated as in Section 4.6 and added to the aerial production to give net
primary production.
Calorific value should be determined as detailed in Section 6.3.

8.22 Calculations
If B1 is the above ground biomass inside the cage at time t 1, B2 is the biomass inside the cage at time t 2 and W2
the biomass outside the cage at time t 2 and Bn is the biomass inside the cage at time t n (end of growing season),
then:
Total annual net primary aerial production is given by

(B2 - W1) + (B3 - W2) + ---------- + (Bn - Wn-1)
viz. Sum of n to 1 (Bn - Wn-1)
and the mean daily net primary production is given by
(Bn - Bn-1) / (t n - t n-1)

for the appropriate period.
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The calculation of approximate intake by the excluded herbivores is as follows:
Total annual intake (i.e. removal from plant community) is given by
(B2 - W2) + (B3 - W3) + ---------- + (Bn - Wn)
and for a particular period the mean daily intake is
(Bn - Wn) / (Tn - t n-1)
for the appropriate period.
In the above calculations if B and W are expressed as g./m. 2 then the final total will be g./m. 2. To convert to
calories/m. 2 each B and W must be multiplied by the calorific value/g. of the harvested sample.
If the grazing period is long, the modification by Linehan et al. (1952) should be applied (Section 4.84) if possible.
The problem of root production is similar in grazed situations to that where grazing animals are not an important
feature and if possible the root production should be added to the net primary aerial production to give net
primary production.

Part II
Measurement of the Primary Production
of Dwarf Shrub Heaths
C. H. GIMINGHAM AND G. R. MILLER
9
Introduction
Dwarf-shrub heaths are especially characteristic of the Scottish Highlands, where extensive areas are maintained
by burning for sheep-farming and grouse-shooting. However, they also occur in other oceanic or sub-oceanic parts
of the world and in western Europe are widespread on generally acidic soils of low fertility.
Up until the second World War, heathland received rather little attention from ecologists despite its economic
importance. Even today, very little study has been made of the annual dry matter production of these communities
and hence no recognised techniques have been developed as for grasslands and woodlands. Nevertheless the
general approach to measurements of production in heathland should not differ substantially from that outlined for
grasslands in the matter of site selection and description, harvesting techniques for grazed and ungrazed sites,
chemical analyses, etc. The appropriate sections of Part I should therefore be consulted. These notes are intended
as a guide to possible procedures for tackling problems which are peculiar to dwarf-shrub heaths.
Some dwarf-shrub heaths are managed by regular or intermittent burning and consequently the dominant dwarfshrubs form extensive, more or less even-aged stands with low sampling variation. Others are relatively
undisturbed, leading to heterogeneous uneven-aged stands with high variation.
Some experience of measuring the production of dwarf-shrubs has been gained with even-aged stands in lightly
grazed or ungrazed situations and these notes will describe methods in use at present at the Nature Conservancy
Unit of Grouse and Moorland Ecology, Banchory, Scotland. Only tentative suggestions can be made for
unmanaged, uneven-aged stands.

10
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Methods of Measuring Production
10.1 Introduction and general procedure
The general procedure for site selection and sample plot location detailed in Part I (Sections 3 and 4.1) should be
followed.
10.11 Age Determination
The age of the dominant dwarf-shrubs should be determined approximately from annual ring counts on a series of
stems. In the case of managed heaths, these counts can sometimes be checked against records of burning dates.
Ring counts on Calluna vulgaris may underestimate the age by about two years (Watt, 1955). When working with
even-aged stands, a series of samples should be harvested from each major age-class. However, it may be
sufficient to confine sampling to stands in the pioneer, building, mature and degenerate phases of growth. Watt
(1955) and Gimingham (1960) have described the characteristics of these phases for Calluna.

10.12 Grazing

Enclosure is unnecessary if there is no grazing but is otherwise essential. With light or intermittent grazing, the
stand under investigation may be enclosed with a more or less permanent fence, leaving a border of unused
ground within to minimise rain-splash and shelter effects. If birds constitute a grazing factor in these
circumstances, this may have to be allowed for by approximation or in extreme cases by using completely
enclosed, moveable cages. Moveable cages are essential where there is heavy grazing (see Part 1).

10.13 Harvesting Techniques

Harvesting can be done with shears. The type with a single or multiple cutting blade is adequate but in general
strong secateurs have been found more useful, enabling the vegetation within the quadrat to be cut to the desired
level with greater accuracy. The vegetation rooted within each quadrat should be clipped to ground level. This
presents few problems where the ground is firm with a clearly defined surface, but where a great depth of loose
litter or peat has accumulated, an arbitrary level may have to be chosen. One possibility is to relate cutting to the
position of the first secondary root.

10.14 Sub sampling

The harvested material should be sorted into species before determination of oven-dry weight. When a large
quantity of material has to be handled, it may be necessary to reduce this by sub-sampling. Dry matter
percentages can be determined from the sub-samples and applied to the fresh weights measured in the field.

10.2 Measurement of aerial production by the difference method
The difference in the average biomass of two or more sets of samples taken over a measured time interval gives
an estimate of the apparent net aerial production (see Part 1, Section 2.2). This can be converted to true net
aerial production by taking into account the quantity of litter which falls from the plants during the period of
measurement (see below).
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10.21 Frequency of harvesting

The frequency of harvesting depends on the conditions under which the study is being done. In cases where
production is measured in an ungrazed stand, twice a year - at the beginning and end of the growing season
might be considered adequate. The difference between the average biomass at these times, to which must be
added the weight of litter deposited during the growing season, will give an estimate of net aerial production for
the year. When production is measured under grazing conditions, movable cages are essential. These should be
harvested and moved to fresh locations at not more than monthly intervals, depending on the rate of growth. It is
worth noting that the small growth increment occurring over a short period may be detected only by harvesting a
much larger number of samples than is required if sampling is done twice a year.

10.22 Number of sample plots

In even-aged stands of dwarf-shrubs, the number and size of sample plots required to give a statistically precise
estimate of apparent net aerial production per year will be less than in uneven-aged stands. Although the exact
number and size of samples required depends primarily on the biomass of the vegetation, the variability within the
stand and the growth increment, it is suggested that in most even-aged stands a minimum of 20 - 25 quadrat
samples of 1/4 M.2 might be needed if samples are harvested twice a year. In very old even-aged stands, where
t~he dwarf-shrubs are rank and tending to become prostrate with a consequent strong development of pattern in
the community, or in uneven-aged stands, a larger number of 1/2 m. 2 samples may be required. In all cases,
however, the tests detailed in Part 1, 4.3, should be used.

10.23 Litter production

Some dwarf-shrubs, e.g. Calluiia vulgaris produce litter more or less continuously throughout the year while in
others, e.g. Vaccinium spp., litter production is often seasonal. It is necessary to estimate the amount of litter
failing from dwarf-shrubs between successive harvests so that adjustment can be made to the data for apparent
net aerial production. A possible method has been suggested by Cormack and Gimingham (1964). A number of
sampling areas not to be used for harvesting should have a coarse, hairy fabric such as stockinette stretched out
at ground level between the stems of the dwarf-shrubs. Litter is held where it falls on such a fabric and the
quantity may be determined at monthly intervals. This method may not be practicable in stands with a high
density of woody stems. As an alternative, small trays made from perforated zinc could be positioned at ground
level in the stand. The number and size of such sampling units should be determined by preliminary trials (see
Part 1, Section 4.2).

10.3 Measurement of aerial production by the direct method
10.31 Introduction
This method is particularly suitable for measuring production in even-aged stands. It depends for its success on
the fact that the current season's growth increment can be easily recognised on the long, short or lateral shoots of
many dwarf-shrubs. Small sub-samples consisting of 3-5 whole shoots cut at ground level (i.e. "tillers") are taken
at random from each harvested quadrat. Either immediately or after a period of deep-freeze storage, these are
separated by hand into current year's growth, other green material, flowers and/or fruits, dead foliage and shoots,
and woody stem. After drying and weighing, the proportions of these components within the sub-sample are
applied to the total dry weight harvested to give a direct estimate of the production of new shoots, foliage and
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flowers or fruits during the period of measurement. There is no need to make a separate estimate of litter fall
since the quantities falling from new growth are negligible so long as harvesting is done before the flowers or
leaves begin to drop off. The separated sub-samples can be submitted individually for chemical analysis.

10.32 Variability of samples

Experience with even-aged stands of Calluna has shown that, since all tillers are of more or less the same age and
size, the variability in the proportion of current growth in the sub-samples is consistently low, with a standard
deviation of 10-20 %of the mean (Miller, unpublished data). In uneven-aged stands it may be difficult to obtain a
representative sub-sample because of the wide range in the age and size of tillers harvested. This might be
overcome by a preliminary sorting of the tillers of each species into various categories according to size, and subsampling at random from these.

10.33 Increment of woody stems

This method does not measure the amount of material laid down in woody stems. Hence a separate estimate of
the production of woody material must be made when this is required. This may be done by the difference
method, taking the difference between the biomass of wood at the beginning and end of a period of measurement.
Allowance might have to be made for small woody stems falling from the plants as litter.

10.34 Frequency of harvesting

As with the difference method, the frequency of harvesting depends on the circumstances. If there is no grazing
and if an estimate of wood production is not required, one set of samples harvested at the end of the growing
season will be adequate to measure the production of new shoots, leaves, flowers or fruits. However, it may be
desirable to monitor seasonal changes in the proportions of the various components of the dwarf-shrubs by
sampling at three monthly intervals-early spring, mid-summer, autumn and mid-winter. Under grazing conditions,
movable cages harvested at not more than monthly intervals should be used. Unlike the difference method, the
direct measurement of production should be capable of detecting quite small growth increments without resorting
to an unreasonably large number of samples.
The size of quadrat to be used should be the same as that recommended for the difference method. However, only
about one half of the number of samples may be required to give reasonably precise results. Thus in most
homogeneous even-aged stands 10 - 12 quadrats of 1/4 m2 might be adequate, with the same number of 1/2 m2
quadrats in older stands. The number and size of quadrats necessary, particularly in uneven-aged stands should,
however, be found by a preliminary trial.

10.4 Measurement of root production
There are few acceptable methods of determining the root production of perennial plants. However, the biomass of
roots may be estimated by sampling with a corer from quadrats after harvesting and washing out over a sieve. In
general the methods recommended for sampling roots in grasslands and woodlands may be used in dwarf-shrub
heaths.
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11
Conclusions
The main difficulty in measuring the net aerial production of dwarf-shrubs from the difference in the average
biomass of successive samples is that the growth increment may be small in relation to the total bulk of material
harvested. This, together with the probability of high variation in the stand, necessitates the harvesting of a large
number of samples. The field-work is laborious and time-consuming. Moreover, it is essential to make a separate
estimate of litter fall and this injects a third source of sampling error into the measurement. Perhaps the most
serious disadvantage of this method is that the final result does not differentiate between the production of
potentially edible shoots, leaves and flowers and inedible wood. It is therefore of little value in studies of
secondary production.
On the other hand the direct method, although ignoring wood increments, gives a measure of production based on
a single sample which is exact for the sample concerned and does not rely on comparison with other samples.
This is particularly desirable when productivity measurements are made over short periods in movable cages. The
production of wood may be measured separately by the difference method. However, in studies of herbage
utilisation by large herbivores this may be considered unnecessary.

Part III
Measurement of the Primary Production of Arid Zone Plant Communities
R. 0. SLATYER
12
Introduction
The problems encountered in measuring the primary production of arid zone plant communities are generally
similar to those for other grassland or woodland communities, but differ in degree because:
(a) Many communities exhibit a high degree of variability in structure and species distribution, which
may be non-random and associated with micro-topographic features.
(b) Growth tends to be episodic, dependent primarily on intermittent rainfall.
(c) Growth rates vary markedly with the stage of maturity of community, and, because of slow growth
rates, on maturation may take many years.
The first two of these features necessitate more elaborate sampling procedures than would be required for
uniform, actively growing vegetation. The third feature influences the experimental objectives, and the investigator
must decide at which maturity stage he wishes to make his assessment of productivity. The main implications of
these features are discussed in the following chapter.

13
Some Growth Characteristics of Arid Communities
Most arid communities are either desert woodlands, consisting of scattered shrubs or small trees with a ground
flora consisting of grasses and ephemeral herbs; shrub communities consisting almost entirely of shrubs; or
grasslands. The species are commonly perennial and may be highly xeromorphic evergreen species of little
economic value or seasonally active soft grasses which die back to dormant bases during periods of rainless
weather.
All these communities exhibit episodic growth behaviour, depending primarily on soil water recharge from
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significant falls of rain, but they may also show endogenous seasonal growth characteristics which are temperature
and photoperiod determined. Thus some species are winter active and others summer active; while some will
flower in certain seasons regardless of soil water supply. The growth characteristics of any two communities may
be quite different because of these effects, hence an understanding of the phenology of the major component
species of a community is a pre-requisite to an understanding of community growth dynamics.
Growth rate will also vary with the stage of growth of the community. If a situation is envisaged in which a
community is grown from seed, growth rate, under uniform environmental conditions (including soil water supply),
will show characteristic organic growth form, increasing from low levels when leaf area alone may be limiting
photo-synthesis, through a period of most rapid growth which may be determined largely by the genetic
characteristics of the species, to a stage of declining growth rates as senescence or specific environmental factors
becomes limiting.
In arid communities this pattern is still recognisable, even though periods of growth during favourable
environmental conditions are interspersed by periods in which there may be a net loss of dry matter. Ultimately,
soil water supply limits further leaf area expansion and, in a perennial evergreen community, a quasi-equilibrium
situation is set up in which total standing biomass is more or less constant and the net rate of dry matter
production is close to zero. This situation is schematically depicted in Figure 4, assuming a similar rainfall and soil
water supply situation prevails each year.
Under normal conditions, with fluctuating annual rainfall, the situation is better represented by Figure 5 which
shows how total standing biomass and growth rate may vary around the level characteristic of the ecosystem,
depending on soil water supply. Thus, during a period of years of above average rainfall, total biomass may
increase, while during a period of below average years it may decline. It can be appreciated that, over a period of,
say, 5 or 10 years, there may be no significant change in standing biomass, even though there has been a net
gain in some years and a net loss in others.
Within years the same pattern of alternate gain and loss is repeated and within seasons it can be most
pronounced, instantaneous growth rates some-times being as rapid as those of well watered humid communities,
and at other times being strongly negative.
This picture is changed to some degree if material which is shed from the community is also determined, but the
overall pattern remains the same, the balance between gross photo-synthesis and gross respiration fluctuating
from positive to negative, and lengthy periods of respiratory drain not uncommonly causing an overall loss in total
biomass, both standing and shed. However, in most communities there is continued replacement of shed material
which, over a period of years, reflects continued, but slow, production.
Within communities which are deciduous, in which there is episodic or seasonal die-back of shoots, or which
contain ephemeral annual species, a somewhat different pattern emerges. This generally shows more marked
changes in standing biomass between growth and non-growth periods and, in long established communities,
continued production at a substantially more rapid rate than in "mature" perennial evergreen communities. This
occurs because the dry matter increment which is retained in the community as surface litter, or as standing dead
material, following a period of growth, tends to be greater than in the perennial evergreen communities. In turn,
this is partly because the communities are effectively at a more "youthful" stage of maturity and respiratory drain
from the reduced amount of living material is generally much less. Effectively, therefore, shoot dieback, or leafshed, has a rejuvenating effect on the plant community. The reduction in leaf area, and in the volume of living
material, reduces both continued soil water extraction and respiration during periods of dry weather and provides a
potential for growth and leaf area expansion when soil water is again available.

14
Requirements of the Study Area

Selection of communities for experimental purposes must recognise these patterns and must also recognise that
community productivity, on a particular soil in a particular climate, will be influenced by physical and chemical
environmental (soil and climatic) factors and by the genetic characteristics of the component species. The
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objectives of the study must be clearly borne in mind in deciding whether short or long term measurements are to
be made, at what stage of maturity the community is to be examined, and whether additional experimental
treatments (such as fertiliser application or mechanical defoliation) are to be imposed.
Assuming that the regional or local requirements for the site can be met (i.e. major climatic and soil factors and
technical requirements associated with scientific staff and services), the most desirable site features for a study
area appear to be those which minimise the problems already outlined. Ideally a site should contain:

1. An extensive area of vegetation of uniform structure and distribution, preferably containing only one species.
2. Level topography, so that run off-run on problems are minimised.
3. Soil of uniform coarse-medium texture, and non-swelling in character.
The layout of the experimental area should resemble that for grassland shown in Part I section. The general rules
given there should be followed if at all possible.
The minimum experimental requirements are then:
(a) The stage of maturity of the test community should be categorised and, if appropriate,
experimental treatments, such as burning, different degrees of cultivation, reseeding, fertiliser
application, etc., should be imposed prior to the experimental period.
(b) Sufficient environmental measurements should be made to enable the major components of the
water and energy balance of the ecosystem to be evaluated.
(c) Primary productivity measurements should be made at sufficient frequency to enable short (within
season) term changes in productivity to be detected. The frequency of such measurements should not
be greater than the length of each growth period.
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