
1. INTRODUCTION

Pinus patula Schl. et Cham., Is a tree species of Mexican origin with a restricted natural distribution In

the temperate to cooler temperate humId regions of south-central Mexico. In these regions, the altitude

ranges between 2300 to 2700 metres above sea level, and the mean annual rainfall from 1000 to 1350

mm. Rain falls predominantly In the summer months. P. patula was Introduced Into South Africa In 1907

by Sir David Hutchins. II' South Africa, the species grows best on cool, moist sites In the summer

rainfall region. It Is planted on the humid seaward slopes of the escarpment and foothills from the

Eastern Cape to the Northern Province. It also grows well against the slopes ot the higher coastal

ranges and more humid parts of the Interior plateau. The greater part of the area where it grows In

South Africa lies between 900 and 1800 metres above sea level.

P, patula Is the most Important softwood plantation tree species grown In South Africa. Softwood

species occupy approximately 31% of the total area under commerclal plantations, of which 246000 he

(42%) Is P. paWla (AnoI1. 1988). Detailed descriptions of P. patula, Its sllvlculturti and site requirements

are glvan by Loock 1950, Poynton 1979, Schutz and Schafar (1985), Schonau and Grey (1987) and Perry

(1991). Growth 1t1 the demand for softwoods Is projected at 3.5% par annum. It Is estimated that

s..,ftwood will Increase Its share of thG total roundwood market from the current 42% to 54% by the year

2010. The forecast demand for softwood by 2010 will be apprOXimately 15.8 million cubic metres (van

der Zel 19139). This Increase In demand Will place tremendous pressure on land acquIsition for

afforestation. However, due to the shortage of suitable land as well as Increasing environmental

pressure on potential afforestabla areas, these requirements cannot be met solely through Increased

afforest£lllon, The flhortfall In demand will have to be mot by maximizing yield on eXisting sites. This

can be aohleved by Inst1tlltlng sound sllvlcullural practlces such as the utilization of genetically lrnprovod

seed, fertilizer application and reduction In weed compotklon.

SetarIa magl:lphylla (Steud.) Dur Ilnd Schlnz, also known as ribbon bristle grass Is an Indlgonous grass

which has become a wead In plantations throughout the summer rainfall region of southern Africa, It

ccours at medlum to low aitltudes, throughout tropical and parts of sub-trcptcal Africa (Chlpplndall and

Orool< 1976). It Is peronnlal and occurs In shady, moist habitats as well as In the open In higher rainfall

areas. $, megllphylla grows In the form of a dense tus::KJcl\, It Is easily rocognl&ed by Its leaves, which

are pleated and up to 1.5 m In lonoth Md 100 mm wide. Detailed descriptions of the plant are given

by Chlpplndall and Crook (1976) and Clay torI and l'ienvolze (198:.!).

II, a sUNey carried out by van Heerden and Masscm (1991), of wood spec los In newly regenerated pine

plantatlC'Jrl9 In thG MpumalantJu und till') Northern ?rClYlnCl1,S. megapllylla was found to be one of the

most wldoly dlstrlbutod specles. A strong corrolutlon W(l~ilfound betwoon altitude and 1110IncltJenc(.) of
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ABSTRACT

Ohrlstla, S.I., 1994. The effect of the grass SetarIa megaphyJ/a on the growth of Pinus patu/a. Ph.D
Thesis, University of Witwatersrand, Johannesburg, South Africa.

A three-year study was undertaken In the province of Mpumalanga, South Africa to Investigate the
competitive effects of the grass Setaria megaphyJ/a on the growth of the tree species Pinus patu/a. A
replacement series field trial, where six different competition regimes were Implemented, clearly
demonstrated the suppressive effects of S. megaphylla on the growth of P. patu/a. Compared to trees
growing under high competition regimes, height, root collar diameter and volume Index for P. patu/a after
three years was respectively 35, 44 and 80% greater for low regimes. This competitive effect was
reflected In other growth parameters such as needle length, biomass, root length and root configuration.
the study demonstrated the dynamics of carbon allocation to the various biomass components of
P. paw/a growing under different competition regimes. The relative growth rates of P. patu/a provided
Insight Into the transition from Inter to lntraspecflo competition. The possible causal effects of
competition were also Inv,.,;tlgated. For P. patu/a there was an Inverse relationship between the level
of competition and IIght-w ...:o efficiency. Studies of soli moisture content, plant water potential, water
stress Integral and water balance provided strong evidence that competition for water was the most
limiting factor In the early growth of P. patu/a. In the nutrient studies. vector analyses supported the
hypotheses that competition between P. patu/a and S. megaphyl/a for water limited the ~rowth of
P. petula.

Keywords: P. penile. S. megaphylla, competition, weed, water, stress, potential, nutrient, light.
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Figure 2.2. A flow diagram illustrating the conceptual structure of a modol of the OM r r.itltlve Interaction
between P. patu/a and S. megaphylla.
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It should be remembered that, process-based models are Intended prImarily as research tools. These
models usually consist of submodols with each submodel describing a different process. A schematic
diagram depicting the sub-components or submodels of a oompetitlon model Is shown In Figure 2.2.
Simulation models should be constructed In such a way that parameters are few enough to be measured
directly or Indirectly, This Involves dealing with only two of the subsystems of the trse crop at a time,
and explClrlngthe Interactions between them. The objective of such a model would bo to predict the
product of the two subsystems. If this falis, then one can re-evaluate the hypotheses (Passlaura 1973).

2,3 The effect of comQetltlon on the growth and survival of Pinus species

Much of tile work on competition has been carried out under controlled condition .. In the laboratory
(Harper 1961,Gause 1971). In the field It Is often difficult to separate the factors Involved In competition
from other possible causes of negativecorrelation. Connell (1983), surveyed the prevalence and relative
Importance of InterspecifiCcompetition Infield experiments, The survey was restricted to the years, 1972
to 1982, In six eoologlcallournclls, This survey yielded 72 papers Including 215 species with 527 field
experiments, 93% of the Investlgntlo~isInvolving single species recorded competition.

In a survey carried out by Schooner ('1983) of experimental data to detect Interspecific competition In
the flsld, 148 of the 164 studies. or 90%, claimed to have detected competition. With regard to studles
of terrestrial plants and mechanisms of competition, 28were consumptive, 3 pre-emptive, 11 overgrowth
and 7 Int~rference, 80th (heso surveys Indicated that many of the experiments carried out may be
fundamentally flawed with respect to thedetection, degree and mechanisms of competition. The surveys
also Illustrate the dlffloulty III producing clear and unambiguous demonstrations of InterspeCific
competition.

The adverse effects of weed compatltlon on the early growth and survival of plantation trees has been
well demonstrated. stewart et al. (1987) have described ovor 200 stUdieswhich show that vegetation
manlpulatlonlmprovos tree growth and survived. These studies reported stand-volume increases of 40
to 100% when compatlrl{1 vegetation was controlled, The Incmuses In trae growth wen~ found to be
related to the degree of weed control despite a wide range Qf conifer species, weed types, stand
conditions, environments and control methods (Wagner at al. 1989), A numbor of examplo~lpertaining
to pines are given below,

12



Yield tables and desorlptive statistical growth models of plantation yield. which are of great value to

practical forest management. are usually unsuitable for Investfgatlng particular aspects of tree growth.

Inaccurate yield predictions also result when these models are used In situations outside the range of

data on which they are based. In addition. as soon as management Interventions that change growing

conditions are Instituted. growth projections based on descriptive yield models become unreliable.

Examples of management interventions Include weed control, fertilizer application and site preparation.

In order to Improve reliability, attempts have been made to Incorporate biological aspects of forost

growth Into statistical models and yield tables, or to base the choice for any particular descriptive model

on a general notation of biological phenomena (Plenaar and Turnbull 1973). As early as the mid-19th

century. the Inflexibility of the negative hyperbolic or historical-bioassay approach caused some German

msnsuratlonlats to conclude that yield prediction should be based on an understanding of the

determinants of forest growth (Kimmins et a/. HJ90). By the early 1970's this philosophy had led to tl1e

development of process-based simulation models of forest growth (Kimmins etal. 1890). McMurtrie and

Wolf (1983) and McMurtrie at al. (1990) cite a number of researchers who hove developed process-

based growth models of tree or stand growth.

A process-based model for crop-weed competll'an was Introduced by Spllters and Aerts (1983), In which

competltlon effects are separated from the underlying processes. This approach Is based on the

distribution of the growU,-determlnan:s and limiting resources of light. water and nutrients between the.
species. The formation of dry matter by the species Is computed from ttle amount of resources (light,

water or nutrients) acquired by the con,patlng species, and the offlolency of the species In using these

resources (Kropff 1988), I(ropff BnJ Spltters (1992) used this process-baseo approach to develop an

lntsrspeclllo competition model between weeds and sugar beet.

Process-based modols have been developed for situations where water and/or nutrients are limiting tros

growth (Mohrens 1987; Kimmins af 0/. 1990; McMurtrla at al. 1990). A comprehensive multidisciplinary

field experiment studying the eifects of water and nutrients tin the growtl1 of P. rad/aW led to tllo

development of a detailed process-basad model of tree growth (McMurtrie and Landsberg 1992).

Conditions for the co-existence 'f trees and grass using a mathematical model describing plant

competition for radiation. water and nutrients ure given by McMurtrie and Wolf (1983). Those models

may be useful In gaining a more thorough Insight Into the tree-weed systom. The advantage of tho

process-based approach is that the resultant model. If thoroughly validated. can be used to analyze

competition effects In untried situations. since the model Is valid for a large rAnge of environmental

oondltlons (I(ropff 1988). However, many process-based simulation models fall to represent explicitly

all significant determinants of plantation growth. They are therefore 110tapproprlat(~ for all situations.

In order to Improve tile long-term prodlctlve ability of precess-based modele we nood 10 ImprOVE)the

extont to which they explicitly represent nil tho maier dotormlnants of eccsystom function.

11
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which need to be developed for both agricultural and forest crops (Radosevich and Holt 1984, Walstad

and Kuch 1987). Establishing these thresholds, however, Is a difficult task that requires the ability to

make several complex biological and economic predictions (Wagner Elt el, 1989). In contrast to Insects

and pathogens that attack crops In epidemic oycles, weeds are always present because they regenerate

vegetatively or from seeds (Strelblg et el, 1989). The most difficult prediction Is assessing the effect that

the weed population will have on the crop (Walstad and f(uch 1987). However, the general applicability

of these descriptive regression models Is limited because they only descrlbe the effects observed II) field

conditions (Kropf' 1988). They describe the relationship between tree performance and a measure of

Interspecific competition only after losses In tree growth and survival have occurred.

Figure 2.1 illustrates a hypothetical model of the relationships between the maximum- and minimum-

response thresholds for conifer survival and growth. The maximum- and minimum- response thresholds

for tree survival and growth occur at different levels of Interspecific competition. The maximum return

on Investment occurs when the difference between the value of production (8) and the total cost of

weed control (0) Is greatest. When the cost of controlling competition Is equivalent to the total value

of produotlon, a 'break even' point Is achlevod (Wagner at a/. 1989).

Value of produotlon

"
.~--

Deoreaslng weed competition .._. ...

Figure 2.1. Hypothetical relationship between tha value of production
(8) and the cost of contruiling competition (0) (Wagner at al. 1989).
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2.2.2 Modelling competition

Models for lntsr-plant competition have beon d('lvelopedat different lsvels of complexity. In most studies
of quantitative aspects of competition, regression models are used to describe competition effects
empirically. Most of these regression models are statlc- they describe competition effects at a certain
moment In time (Kropff 1988). Kimmins at al. (1990) refers to these 36 'hl.;tt')rlcal bioassay' models. The
hyperbollo yield density equation for the description of timber yield lese In relation to weed density Is
an example of this category of regression models, In this type of model, a description Is supplied of tho
yield at a given weed Infestation at a given moment In the growing season, Willey and Heath (1969)

carried out an extensive review of the quantitative relationships of plant populations and crop yield In
which they examined the usefulness and biological validity of different mathematical equations, They
concluded that, to describe these relationships realistically over a Wide range of densities, and to
construct yield density relationships, It was more desirable to use an equation wlth a biological
foundation, In general, they found that the reciprocal equation best fulfilled these requlrsrnents.

Negative hyperbolic curves describing the relatlonshlp between maximum stern volume of Pinus

ponderosa and shrub abundance are given by Wagner ot el. (1989), Similar relationships have also
been derived for P. menzlesll and p, t/loda growing wlth dlfforont levels of woody vegetation (Srand
1986, Wagner at el, 1989). Examples of tho use of this approach In agriculture are given by Kropff
(1988) and Strelblg at ai, (1999), "Thehyperbolic yield-density equation fits well with data of additive
experiments where only the weed density Is varied, However, model parameters may vary strongly
among experiments, due to the effect of other factors on the competition processes, One of the most
Important factors causing this variation Is the date of weed em~rgence relatiVE)to the crop (Kropff 1988),
To account for this, an additional variable may btl Introduced Into the hyperbolic yield-density equation,
Kropff (1988) suggested that It wvuld be more appropriate to characterize the weed Infestatlcm In terms
of the estimated leaf area of the weeds relative to the leaf area of tha crop, early In the gl'owlng season,
Besides those static regreSSion models for assessment of yield los$ at a given Infestation, a few

regression models with a dynamic character have been developed, These describe the time-course of
competition with a set of logistic equatIons or extended hyperbolic equatlolls (Kropff 1988),

The cencspt of threshold values Is boson on the use of these descriptive regression mocels. This
concept was fIrst applied by entomologists to Improve Insoct pest managemont decisions (Metcalf and
LlJcl<mann1982), MLlch of the terminology used In Insect pest management can be applied to plantation
weed management. ror example, tho "economic Injury level" would dellne (the weed density at which
tho valuG of the timber loss equals tho cost of the treatment) and the "economlo threshold limit" (the
wood density at which oontrol measuros should be taken to prevent an Increasing weed population from
ref.'lOhlngan economic InJury·level). those are fundamental prlnolples of Intograted pest management

9



The advantages of a Neider experiment are that only a small area Is required to examine the effect of

an array of densities. Disadvantages are the difficulty of placement, ana that only Individual plants can

be measured. Consequently It Is difficult to obtain the effect of neighbouring tree associations. A further

disadvantage Is the difficulty In analysing Neider designs statistically.

Addition series experiments are another systcmatlo method for desorlblng plant Interactions. Here a

multiple species reciprocal yield equation Is used to dcterrnlna the yield of a species. based on the total

and relative densities of all the other species In a tree-weed mixture (Radosevich 1987). Data are

analyzed from an array of species densities and proportions. For example, In assessing the competitive

effect of a grass specles on a tree species, the experimental design may form a simple matrix of the two

species with variations In species proportions and densities per plot. This approach could be valuable

for studies of tree ane, weed Interactions since the effects of Inter- and Intraspecific competition t'''''1 be

separated through systematlo variation of total density and species proportions, Shalnsky {19L sed

addition series experiment to examine the mechanisms of competition between P, menzlesll and A. rubr«
(Shaillsky and Radosevich 1992), As with substitutive experiments, addltlve series experiments are not

fully applicable to planttltion forestry where the density of trees remain constant.

2,2.1.4 1'i1;l:,hbourhC)od experiments

Neighbourhood experiments may be appropriate to assess Interference when Individual responses to

the proximity or zone of influence of other plants Is of primary Interest, However, defining a zone of

Influence for use In a competition Index for IndIvidual trees that IncludeS all competitors and sources of

competition for scarce resources Is difficult. Generally, researchers have determined empirically that

larger Influence zones provldo better correlations with growth (8lgll1g and Dobertln 1992). In

neIghbourhood desIgns, the "performanoe" of a target IndivIdual Is recorded as a function of the number,

biomass, Gover, aggregation or dIstance of Its neighbours (Radosevich 1987, MacDonald 1991). For

example, In this study, the target Individual would be P. paw/a, and the trees performance would be

rt:.oorded In relation to $, megaphylla. Genel'ally, four types of neIghbourhood models have been used

based on the quantltlcatlon of:

• competition around an Individual tree as a result of crown overlap wlth neighbouring trees,

• number of surrnundlng neighbours (local crowding),

• area available, and

• composite statistics accounting for size, distance and spatial arrangement (Wagner and

Radosevich 1991),

8



fixed espacements, It Is assumed that spatial arrangements among trees In additive experiments are

uniform and that the Influence of Intraspecific competition Is therefore constant. This Is not true if trees

III one treatment grow bigger than trees In another treatment, nor Is it the case with weeds, where

placement Is usually Irregular and often unknown. Because of the uncertainty of proximity factors and

the Inability to differentiate between Intra- and Interspecific effects, determination of the causes of

competition are difficult.

2.2.1.2 Substitutive experiments

The substitutive approach to studying competition could overcome much of the criticism of additive

experiments (Harper 1961). In a substitutive experiment, the total plant density remains constant, while

the mixture proportions of the two species vary (Shalnsky and Radosevich 1986). The premise of

substitutive experiments Is to determine the yields of mixtures by comparing them to monoculture yields.

Therefore, In this study the proportion of P. patula would be varied In relation to that of $, megaphylla.

The two experimental variables, density and proportion are not confounded as density Is held constant.

Substitutive experiments are useful for assessing the competitive eHects of species proportion at a single

tol6\1 density (Radosevich 1987). It Is also possible to determine the relative eHects of Intra- and

InterspeCifiC competition using this design. However, partitioning of the absolute effects cannot be

accomplished. Substitutive experiments are not a true reflection of plantation forestry, where constant

rather than variable tree densities are used. The method Is also cumbersome when studying mixtures

of species of different life strateqlss or growth forms.

2.2.1.3 Systematic methods

Systematic methods Include Neider experiments and addition series experiments (Radosevich 1987).

Traditionally Neider experiments have been restricted to the study of Interference among Individuals of

a Single species where the plant density and spatial arrangement are varied systematically (Cola and

Newton 1987). For example, a Neider design was used to evaluate the effects of tree density on the

distribution of tree and pasture grass roots (Eastham and Rose 1990). Neider designs consist of a grid

of plants, usually planted In an arc or circle. The area per plant, or the amount of space available to

each plant, changes In a oonslstent manner over the grid. By "overseedlng", the Influence of a

competitor species can be Introduced Into the Neider experiment. This Implies that the effect of

Intraspecific competition under the constant Influence of a "background" species cOlild be determined.

7
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Identical, micro-environments. Interspecific competition Involves adverse Interference among plants of

different species.

The objective with respect to v6getation management may be viewed as shortening the time between

the Initial and later stages of succession by providing conditions which favour the growth of the tree

specles until they can naturally outcompete competing vegetation.

2.2 Methods of comp-elltlon stud~

2.2,i Experimental designs

Most studies of conifer-weed Interactions have assessed tree growth In response to a manipulation of

weed populations with mechanical or chemical tools. Such studies are Instructive and may meet the

Immediate needs of forest managers. However, they do not adequately quantify the relationship

between conifer growth and weed density, or elucidate the underlying mechanisms of competition.

Although the growth effects of competition are easily measured for example, height, diameter, volume

and biomass, the caueal factors are far more difficult to determine Factors such as moisture, nutrients,

light and growing space are so Interrelated that It Is difficult to pinpoint that factor which ~dmost limiting

to plant growth. The use of systematic designs may quantify conifer-weed Interactions more definitely.

Competition sxperlments can follow four basic designs, namely: additive, SUbstitutive, systematic and

neighbourhood experiments (Radosevich 1987). These are dlscllssed below.

2,2,1,1 Additive experiments

In additive experiments, two or more plants speoles are grown together. Most studies are conducted

with only two spocles. The densIty of the one species Is maintained at a constant level, while the density

of tho other species Is varied, This approach Is perhaps the most common approach to studying weed

ccmpetition. It Is relevant to many forestry situations either In which at least one species of weed Infests

an area already occupied by a fixed dsnslty c)f trees or In which varying densities occur as a result of

different weed control treatments (Schoener 1983; Radosevich 1987).

The additive method has been criticized because it does not fully account for the Influence of clenslty

and spcotes proportion on the outcome of competition. Total plant density always varies, while the

proportlon among species also changes simultaneously with total plant density. With two factors varying

at the earns time, Interpretation of the effects of elthar factor becomes difficult. As trees are planted In

6



• the density, depth and morphology of water and nutrient absorbing roots;

• the mode of reproduction (reproduction from seed favours migration Into other communities,

while vegetative reproduction Is favourable to the maintenance and enlargement of an existing

community); and

• the regenerative capacity (Important after temporary suppression as a result of mechanical

disturbance).

Most plants adapt more than 0 1e of the above strategies and often strategies overlap.

Specific factors responsible for the decrease or elimination of one of the competing species fall Into two

classes of mechanisms: dlrsot (also called exploitative) or Indirect (also called Interference competition).

In exploitative competition, Individuals, by using resources, deprive others of benefits to be gained from

these resources. Interfercmce competition Is when Individuals harm each other, but not through pre-

emptive resource use (Collier' at al. 1973).

Schoener (1983) Identified four basic mechanisms of competition In plants:

•

• Consumptive competition occurs when some quantity of resource e.g., water or nutrients Is

consumed by an Individual, thereby depriving other Individuals of It (exploltatlve).

• Pre-emptive competition occurs when a unit of space Is passively occupied by an Individual,

thereby causing other Individuals not to occupy that space (exploitative/Interference). In many

r.;ltllral plant populations, a size distribution arises In which most plants are suppressed and

small, but a few are large and dominant, The place that an Individual occupies within this

hierarchy of size classes Is apparently determined at a very early stage of development,

Overgrowth competition occurs when another Individual or Individuals grow over or upon fl

given Individual thereby depriving that Individual of light and possibly harming that Individual as

a result of physical contact (Interference or exploitative), This type of cornpetltlon could be both

positive or negative, Radosevich and Osteryoung (1987) cite a number of examples of

Increased survival of conifer seedlings under shade, The possible mechanism Is a moderation

of environmental factors such as moisture, temperature or light,

• ChemIcal competition or allelopathy occurs when an Individual produces some chemical (toxin)

which dlffu5es Into the medium or substrate and harms other IndiViduals (Interference),

compentlon may also be defined In terms of lnteraotlons within and between species, Intraspecific

competItIon Is the negative Interaction between plants of the same specles, The Interaction between

trees In even-aged plantation forestry Is an example of Intraspecific oompetltlon. lntraspeoltlo

competition Is usually very Intense because closely related Individuals must exist In similar If not

5



Resources are any materials or factors which are consumed by a plant and which will consequently lead

to Increased growth rates and yields. Resources Include light (the energy for photosynthesis), gases

(for photosynthesis and respiration) water and nutrients.

The resources available to the trees and the physical conditions that the tree Is exposed to make up the

environment or site. Plant species distribution has been related to a nurrv:ar of environmental factors,

and their ability to tolerate these factors. This Is known as the theory of tolerances. Radosevich and

Osteryoung (1987) summarize the main elements of this theory as

• The succesful existence and reproduction of a plant species will be determined by a set ral1g~

of environmental factors.

e Generally In order of Importance, the envlronrne. al factors are climatic, edaphlo and biotic.

• The tolerance range Is species-specific and dynamic altering with the age, size, and

phenological stage.

• The tolerance ranges are determined by the physiological and not morphological features of a

plant species.

The process of natural selection may change the tolerance range. This slow adaptation to a

new set of environmental conditions will be accompanied by the faster process of plsru

migration to a similar tolerance range slswhere.

• Species with similar tolerance ranges will compete with each other for resources and In so doing

determine their relative distribution within a range.

From a forestry perspective, the actual tolerance range and ability of the tree spsoles to grow In the

presence of other competing plants occupying the same tolerance level Is Important. Current

evolutionary theory holds that selection pressure drives species within a community to utilize different

parts of the environment. with the result that competition Is minimized through niche separation.

Successful competitors h~ve characteristics which maximize the acquisition of resources In productive

but relatively undisturbed habitats. This can occur during the early stages of re-afforestatlon, The

competitive ability of a species depends on Its genetic potential which Is manifested In Its morphological

structure and Its physiological requirements (Meuller-Dombols and Ellenberg 1974). These Include:

e the germination and growth rate;

• the development or life history of a species (where species with the same life history are strong

competitors while species with different life histories are complementary):

• the final l1elght of tho species:

• tha longevity of the species:

4
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2. L1iERATURE REVIEW

The literature review concentrates on Interspecific competition within plantation forestry, with particular

emphasis on the genus Pinus. it commences with a broad overview of the ecological concepts of

competition. Approaches to studying competition are evaluated and the concept of modelling

competition dlsoussed. Competition In terms of growth and survival, and the physiological basis of

competition are also reviewed.

2.1 The ecological concepts of competition

Along with predation and mutualism, competition Is one of the three major kinds of biotic Interactions

(Keddy 1989). The value of competition can be judged by Its contribution to the development of

ecological theory, Knowledge of the ecological principle", that govern plant growth and the application

of ecological concepts are Important In developing management regimes.

There Is a wealth of Information, observations, experlmentatlon, hypotheses, concepts, theories and

models regarding competition, The objective should be to organize this information so that the output

In some way appears consistent with observatlons, so that we can In some way begin to understand

and predict the nature of competition.

There arc a broad range of definitions of competition (Harper 1961, Odum 1971, Keddy 1989). Often

the definition used relates to the management or study objective. From an agronomlcal or sllvlcultural

point of view, the primary concern is to the degree tn which a crop exploits an environment or site and

how competing vegetation by negative effects restricts optimum usage of that resource and hence yield.

Ecologically the ernphasls would be on the processes and reasons for competition

For the purposes of this thesis competition Is defll19d as:

Under e set of condItions, the negative effects which one plant species has upon

another by consumIng or controi/lng acCess to a limited resource.

ConditIons are factors that Influence the survival and growth of plants but are not dlroctly consumed by

the plant. Examples are climatic factors such as temperature and wind, edaphlc factors such as

topography and slope, physical properties of the soli and biotic factors such as Insects, pathogens and

weed competition. Important climatic, edaphlc and biotic factors are summarized by Radosevich and

Osteryoung (1987).

3



S. megaphylla. S. megaphy/la recorded the second highest score In a weed Index rating of 234 species

on Frankfort Plantation In Mpumalanga (Villoen 1992). The vigorous growth of S. megaphylfa enables

It to colonize cleared areas and suppress newly planted trees. Although usually restricted to roadside

verges In first rotation compartments, scarification and amelioration of the milleral soli during harvesting

operations creates an Ideal seedbed. This results In an Influx of the grass Into second and subsequent

rotation compartments. The dense growth of the grass also limits accessibility and facilitates the

building of runs by rodents which In turn Inflict damage on the trees. Considerable numbers of

caryopses are produced annually, providing S. megaphyl/a with a large propagule reserve and the

potential of further Infesting forest plantations (Erasmus and van Staden 1983).

Currently S. megaphylla Is controlled using either mechanical or chemical treatments (Kvitzau and

Darrow 1983). A sound weed rnanaqernent strategy with respect to S. megaphytta requires an In-depth

understanding of the processes Involved In, and the consequent effects of weed competition on the

growth of P. p<'::'Jla. No empirical studies have been carried out to rletetmlne the effect of S. megaphylla

on the growth of P. patula. Neither have causal factors of corn, ..Jeentnvestlqatsd. Therefore,

no sound management practice based on the principles of cost benefit analyses, economic Injury levels

and competition threshold values can be Instituted.

One of the principle objectives of the management of short rotation timber plantations Is to obtain

maximum merchantable yield In as short a time frame as possible. In order to accomplish this obleotlve,

the manner In Which the trees Interact with each other, with competing vegetation and respond to the

environment they grow in should be understood.

The purpose of the two species competition trial was to determine:

•
The degree to which S. megaphylla suppresses the growth of P. patula;

The level of S. megaphylla Infeslatlon necessary for a suppressive effect on P. patula to occur;

The duration of the suppressive effect of S. megaphylla on P. patula; and•
• The reasons why S. megaphylla Inhibits the growth of P. patuta.

This dissertation cornpr' 9S chapters reviewing relevant literature, the design and results of a competition

trial Inwhich P. patula was exposed to different levels of S. megaphy/la competition and an Investigation

Into the possible competition mechanisms.

2



• restricting the amount of pnotosynrhcdc tissue produced;

• by modifying the ability of stomata to respond to changing environmental conditions;

• by Increasing respiration as resources are shifted from one metabolic process to another

(Waring and Schlesinger 19815); or

• by reduolng the quantity of the carbon assimilation enzyme, ribulose bls-phosphate carboxylase

(Long and Hallgren 1993),

Nutrient uptake by plants may remove an appreciable proportion of the whole ecosystem supply of

available nutrients from clrculatlon, In some types of ecosystems, though the actual uptake may be

quantitatively small, It can represent a large proportion of the available nutrients, Under these

circumstances, large woody plants which, as a consequence of their large standing biomass, require

a greater amount of nutrients to complete their !lfe cycle, may not be able to compete with smaller

shrubs or herbaceous plants, In general, plants which produce more dry weight and leaf area for a

gillen nutrient uptake are better suited to compete when a particular nutrient Is ilmltlng (Etherington

1975), The sucnoss of a plant In gaining a greater share of a limiting nutrient may cause such an

Increase In growth that a cornpetlnq species may be suppressed secondarily by competition for light

or water,

The competitive exploitation of soli nutrlsnts may also be Influenced by the rate of nutrient absorption

by the rooting system ot a plant. Endo- and ectc-mycorrhlzae colonizing the root system can

significantly Improve the nutrient-absorbing characteristics of a plant (Waring and Schlesinger 1985),

The spectrum of mycorrhlzae colonIzIng roots may vary according to the nature and species of the root,

Competition for rhlzosphera space can occur If root systems are sufficiently extensive, Plants also show

considerable variation of rooting depth wIthin the soli profile, and are capable ~" removing and

translocetlna nutrients to Impose long-term and persistent patterns which create nutritionally differing

mlcronlches within the soli fabric (Etherlnglun 1975).

In Ontario, Canada, Sutton (1975) found that controllIng grass competition with the herbIcide paraquat

Increased foilar nitrogen, phosphorous and potassium by 2,6, 1,5 and 3,1 times respectively for Ptce«
g/tl.uca on a poor site, These advantages continued for three years, Reloaslng p, ponderosa from

woody shrub competition on two sites In California Improved soli and foliar nitrogen levels for up to five

years after treatment (Powe-s 1983),

Competition for soli nutrients was examined In flv~ year old plantations of p, menziesli growing alone

or with alther of two competitors, grass (I:iymus spp, and Agrostis tenu/s) or red alder (Alnus rubra), on

three different site types In the Oregon Coastal Range, p, menziesli foliar nitrogen ccruantratlon and

total and available soil nitrogen did not differ significantly with competitor species, However, foliar
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The three treatments were:

• low competition (near complete control for two growing seasons);

• medium competition (slngla broadcast application of a herbicide at the beginning of the first

growing season only); and

• high competition (no herbaceous vegetation).

Soil moisture was found to be negatively correlated with the density of herbaceous vegetation. Tho

effects of herbaceous weed levels on pine growth ware attributed In part to differences In soli moisture,

and their effects on seedling water status (! \d physiological processes.

In a competition experiment In California, P. ponderosa seedlings were plr.lnted In hand·thlnned plots

of manzanita (Arctostaphylos patL/la) seedlings In a modllled replacement series with five tree to shrub

proportions approximating 0:100, 25:75, 50:50; 75:25 and 100:0 (Shalnsl<y and Radosevich 1986). The

depletion of soli moisture was greater In mixed stands then In the pine mMoOlllture. Leaf water potential

of trees was less negative and leaf conductance was significantly grI,'Jatt3rIn the monoculture than In the

mixed stands. L.:IBf conductance of A. patu/a sfledllngs was consistently higher than that of pine

seedlings. These results suggest tllat competition with A. patu/a for soil moisture can reduce

P. ponderosa productivity significantly during early site development.

Woods et el. (1992) evaillated the Importance of com pm ItIon between trees and weeds for water and

nitrogen In a P, fadiata plantation between two and three years of age In South Australia, The weed

control treatments were 1, 2 and a m wldFJcleared bnlps spanning the trae row. Differences In predawn

needlenwator potential wore I)mall and generally not statistically Significant, Smethurst and Namblar

(1989) reported that If weada were removed In a 1 m wide strip spanning the tree row, predawn needle·

water potentials remained greatbr than 0.9 MPa, and were not significantly affiJctod by wider weed

cClntrol strips. These rel1ults suggest that weed control In €11m wide strip was SLlfficiollt to allevl£lte

wah'lr stress In trees during the Initial two to tnreo year~\ after planting.

2,4.3 Competition for' nutrients

Competition tor nutrients may result In e. reduction In tho nutritional status of the plant, with a
consequent decrease In the rate of the biochemical precesses. Deflolencles of a orltlcal nutrient may

reduce carbon aeslmfnttcn by:
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Increased available water as needle water potentials were lower and stomatal resistance much higher

In the presence of weeds during dry conditions. Eckart (1979), working with Pinus Jeffrey/ and P.

ponderosa showed depletion of soil moisture by perennial grasSeS. ccntrct of the grasses with atrazlne

resulted In Increased soil moisture and decreased 5011 moisture tensions during the growing season for

two years (allowing treatment. In an eight to twelve year old PInus plnaster plantation, 16% of volume

Increment was lost through competition, which was prnolpally for soli moisture (Butcher 1980).

Namblar and Zed (1980) examined the effects of weed control on the needle water potential of

P. radIata, on sites with high, medium and low weed control. They concluded that on sites that are

rEllatively dry, even 5 - '10 % surface weed cover could Induce water stress high enough (-1.5 to -1.8

MPa) to Impair growth clf young P. radIata, Sands and Namblar (1983) Investigated the water relations

of P. radlata In competition with weeds. Soli water profiles, needle water potential and stornatal

resistance ware measured In P. radlata plantatlons growing with and without competition, In weed

Infested areas, severe water stress with consequent productivity loss occurred, The severity of stress

decreased progressively with Increasing tree age. Trees not subjected to weed competition were not

water stressed oval' this period, even when planted at three times the normal stocking rate.

In a five year trial to determine the effects of site preparation with three levels of shrub supprosslon on

the growth of P, pondorosa, P. lambert/ana and A. conc%r In northern Callfomla, predawn and midday

water potentials were greatest when shrub control was rncst complete (Lanlnl and Radosevich 1986).

Competition for moisture In five year old PS9udotsuga menzlesll, alone or with either of the orasses

l1Iymus sp, £md Agrostls tgnuls or red aleler (A. rubra), was examined on three different sites In the

Oregon Coast Range (Cole and Newton 1986), Predawn moisture stress varied will' site, competitor and

density, The lowest stresses occurred at low densities where P, menzlesll was growing alalia, For each

treatmel1t, moisture stress was found to be highest at high stand densities. This reflected the Increased

demand and fastar depletion rate found at those density levels, The grasses were shown to compete

with P, menzlesll seedlings primarily for moisture, The A. rubra moisture stress values suggest that they

were tappIng water at deeper levell, than P. menzlesll,

In east-central Alabama, herbicides were used to create three herbaceous vegetation treatments In a two

year old P, taeda planteucn (Zutter et al. 1986b). The treatments were based on the duration and

degree of herbaceous vegetation control during the first two growing seasons following planting.
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to control transpiration and avoid excessive dehydration when water-stressed also result In reductions

In CO2 assimilation, These recuctlons are not necessary linear,
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F:lgura 2.3, A generalized stress-strain diagram Illustrating plant
response to water stress modified from Bradford and Hsalo (1982),

As an adaptive strategy, the proportions of C allocated to various biomass components might change

under conditions of water stress, Greater vegetative giowth Is characteristic of plants well supplied with

water, when other factors are not limiting (Bradford and Hsalo 1982), The restriction In foliage gmwth

as a res tilt of water shortages Is attributable to the high sensitivity of expansive growth to water stress,

Increased competition for soli water or nutrients Is likely to cause an lncrsase In the allocation of carbon

to !Ine root production at the expense of aboveground growth, Root growth under water stress also

tends to conflna Itself to the relatively moist soli (8radford and Hsalo 1982),

Soli moisture Is often a crlt;~al factor for the establishment of tree seedlings on marginal sites (Havranek

and Benecke 1978). In South Africa It Is an Important component of site evaluation and classlfloatlon

for species seleotlcn. Plants which produce more dry weight and leaf area for the same water use are

usually better cornpetltors (Etherington 1976),

Ross and Walstad (1986) cite a study by Heidemann (1986) In which soli moisture content was

compared between undisturbed, hoed, and chemically treated plots In a dense perennial grass

community within a p, ponderosa stand, The chemically treated plots had the highest soli moisture

throughout the dry months for two yea. , following application, Hoeing Increased the soli moisture

content, compared to the undlsturl'od plots, but not as much as did the cnemlcal treatment, Lambert

et ai, (1972), In studying the growth response of PInus teslnos« to weed removal, attributed growth to
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are dynamic. and 'should be appraised on a number of time scales (Passloura 1982). Water stress In

trees develops In the short term (hourly) as the rata of water uptake from the sallis slower than the rate

of loss by transpiration. In the longer term. losses by transpiration and evaporation will reduce the

amount and availability of soli water. which will ultimately have an effect on productivity. The relationship

bet""eeI1 transplratlol1 and assh"lIatlon on a unit area basis (normally a leaf) Is usually evaluated on dally

or even shorter time scales. Photosynthetic productivity Is usually considered over longer periods or

growing seasons with respect to the nat rate of assimilation of the whole plant. water supply. water use.

and the efficiency of water use,

Watel' deficiency as a result of competing vegetalh ...'1 Influences the physiology. morphology. and

rnetabollsm of the crop plant. Research on the plant resp(')hse to water stress has usually been

concerned with short term physiological response« such as plant water potential and stomatal control.

Far less ernphasls has been placed upon the longer term morphological responses (Passloura 1982).

TMse short term effects may have only a small Influence on the growtll of a plant. although recently.

quantitative data showed that very mild water stress Is suHlclem to have substanthl offects on canopy

size If the stress lasts for some time (Bradford and Hsalo 1982). In order to Investigate the relat:lonshlp

between water status and plantation yield. a method Is needed to Integrate the effects of plant water

status over tlme (Lanclsberg 1986). Photosynthesis and transpiration also depend on the leaf area and

other morphological properties of the shoot. These In turn depend on past water status of thl3 plant.

Leaf area and morphology are often the most powerful means of lnfluGnclng the water use productivity

of plants (sractfl:wd and Hsolo 1982). Myers (1988) Investigated using a water stress Itltegral to ascertain

whether a relatl"nshlp existed between short-term stress and long·term growth of P. radlata. Other

physlologloal processes affectad by water stress Include respiration. aocumuiauon and transport of

specific metabolites and nutrtsnt uptake.

Bradford and Hsalo (1982) describe plant responses to water stress In tarrns of a stress-strain

Interaction. The numerous physiological responses of plants to water deficits generally vary with the

severity as well as the duration of the stress. As stress Increases. these changes Intensify. become less

elastic and less reversible In their response, and additional processes become affected In accordance

with their relative sensitivities to the stress. Figure 2.3 Illustrates the generalized time course and

adaptive changes of crop plants In relation to an Intonsiflcotlon In water stress. The Jlagram emphasizes

that several Important adaptive changes occur well ahead of stomatal closure.

.t,

Generally. until a threshold ~ value Is reached, assimilation Is not sensitive to reductions In leaf", When

the leaf Vi decreases to below the threshold tt value. CO~ assimilation declines at an ever Increasing rate.

This can be to the extent of achieving a negative net photosynthesis rate due to respiration. The

threshold varies widely for different species and environmental concltlons, The means evolved by plants
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are dynamic, and should be appraised on a number of time scales (Passloura 1982). Water stress In

tress develops In the short term (hourly) as ths rate of water uptake from the 5011 Is slower than the rate

of loss by transpiration. In the longer term, losses by transpiration awl evaporation will reduce the

amount and availability of soli water, which will ultimately have an effect on productivity. The relationship

between transpiration and assimilation on a unit area basis (normally a leaf) Is usually evaluated on dally

,;,r Nen shorter time scales. Photosynthetic productivity Is usually considered over longer periods or

growing seasons wlth respect to the net rate of assimilation of the whole plant, water supply, water use,

and the efficiency of water use.

Water deficiency as a result of competing vegetation Influences the physiology, morphology, and

metabolism of the crop plant. Research on the plant response to water stress has usually been

concerned with short term physiological responses such as plant water potential and stomatal control.

Far less emp'1asls has been placed upon the longer term morphological responses (Passloura 1982).

These short term effects may have only a small Influence on the growth of a plant, although recently,

quantitative data showed that very mild water stress Is sufficient to have substantial effects on canopy

size If the stress last~ for some time (Bradford and Hsalo 1982). In order to Investigate the relationship

between water status and plantation yield, a method is needed to Integrate the effects of plant water

status over time (Landsberg 1986). Photcevntheels and transpiration also depend on the leaf area and

other morphological properties of the shoot. These In turn depend on past water status of the plant.

Leaf area and morphology are often the most powerful means of Influencing thElwater use productivity

of plants (Bradford and Hsalo 1982). Myers (1988) Investigated using a water stress Integral to ascertain

whether a relationship existed betweell short-term stress and long-term growth of P. radlata. Other

physiological processes affected by water stress Include respiration, accumulation and transport of

specific metabolites and nutrient uptake.

Bradford and Hsalo (1982) describe plant responses to water stress In terms of a stress-strain

Interaction. The numerous physiological responses of plants to water deficits generally vary with the

severity as well as the duration of the stress. As stress Increl:lses, these changes Intr:mslfy, become less

elastic and less reversible In their response, nnd additional processes become aHected In accordance

with their relative sensitivities to the stress. Figura 2.3 Illustrates the generalized time course and

adaptive changes of crop plants In relation to an Intanslflcatlon In water stress. The diagram emphasizes

that several Important adaptive hanqes occur well ahead of stomatal closure.

Generally, until a threshotc l/l value Is reached, assimilation Is not sensitive to raductlons In leaf 'P. When

the leaf'" decreases to belOWthe threshold 'P value, CO2 assimilation declines at an ever Increasing rate.

This can be to tile extent of achieving a negative not phctosvnthests rate due to respiration. Tile

threshold varies widely for different species and environmental conditions. The moans evolved by plants
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year study, while 38 % of shaded seedlings died (Strothrnann 1967).

Cole and Newton (1986) worked on light relations In a five year old P. menzies/! plantation under variable

competition from Alnus rubra and the grasses Elymus spp. and Agrost/s tenu/s. They found that light

measurements showed Important differences In Interception with canopy position and competitor type.

Light Interception by P. menzlesll was lowest under the red alder (Alnus rubra) canopy. The grasses

£Iymus spp. and Agrostfs tenute did not compete significantly for Ught once the canopy of P. menzteslt

had closed. A number of competition Indices use estimated light Interception to determine the level of

competition on tree growth (Srand 1986, de Long 1991).

2.4.2 Competition for water

Water Is essential to all living cells. Any reduction In Its availability due to competition might be expected

to affect the vigour and ultimately the productivity of the plant. The assimilation of CO2 during

photosynthesis results In the loss of water through transpiration. The rata of transpiration depends on

atmospheric conditions, and various morphological and physiological properties of the plant.

Atmospheric conditions Include light, temperature, humidity, and wind speed. Properties of the plant

Include the area and orientation of the leaves, and the stomatal and cuticular conductance to water

vapour. The stomatal conductance depends on the water status of the plant, which In turn depends on

the water status of the soli, the hydraulic resistances experienced In the transpiration stream, the

transpiration rate, and the osmotic pressure of the symplast. The movement of water through the soli-

plant-air continuum Is along water potential gradlel1ts, and Is driven through changes In leaf water

potential as a result of transpiration. This water movement Is analogous to the electrical resistance or

Ohms law, and Is dIscussed In detail by Passloura (1982).

.,
111 plantation forestry, competing vogetatlon Is usually more predominant In the early stages of the

establishment of a stand of trees. During this time, weeds may seriously aHect the water balance of the

.slte, and as a result, reduce the growth of trees. A close correlation has been demonstrated between

forest productivity and available soli moisture, determined Indirectly from precipitation and evapo-

transpiration budgets (Kramflr and Kozlowski 1960). The effect of weeds within the soli plant air

continuum can best be evaluated by determining stand water balances. The determination of stand

transpiration Is vital for estimating stand water balances, water movement and availability through the

soli profile, the rate of water movement through trees and competing vegetation, and the efficiency In

which water Is used under different levels of competition (Landsberg 1986).

Physiological and environmental processes affecting photosynthetic productivity In relation to water use
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The rates of light saturated photosynthesis by leaves of C4 plants Is often greater than C~plants, as they

are more efficient In their use of Intercepted light energy (Landsberg 1986). Jones (1983) lists

anatomical, biochemical, physiological and ecological characteristics of C~ and C4 plants,

S. megaphylla, a C4 grass, has a photosynthetic rate of 10.98 1-111'101 CO2 m'2 S·'.

Dry matter production depends not only on the rate of photosynthesis per unit of leaf area, but also on

total leaf area, leaf dynamics (e,g, leaf Initiation, senescence and shedding) and canopy exposure

(Etherington 1975, Kramer 1986). Canopy structure plays an Important role In the light Interception

process by Influencing photosynthetic active radiation (PAR) extinction and duration of absorption,

Growth patterns and the biomass allocation can be affected by the light regime. The amount of wood

produced depends on how much photosynthate Is used In respiration and how much Is partitioned

among the various organs of the tree. Hlqh PAR levels can result In Increased root/shoot ratio of

conifers, Increased root and shoot (total) dry weight. Increased apical growth, and root elongation

(Radosevich and Osteryoung 1987).

The amount of Incoming solar radiation Intercepted by a forest canopy. together with Its efficiency of

conversion Into dry matter. significantly affect levels of actual production on a specific site. High levels

of production ar achieved through rapid leaf area development, which results In earlier occupation of

a site and Increased absorption of photosynthetically active radiation,

Evidence from agrlcultllral literature ,~ that the growth rate of a crop Is proportional to the radiation

Intercepted by Its canopy (Monteith 1977). Thls linear relationship has been extended successfully to

plantation species (Cannel et a/. 1987, Cannell et a/1988, Landsberg and Wright 1989, Dalla-Tea and

Jokela 1991, Raison and Myers 1992). The slope, e, represents an estimate of light-use efficiency. A

detailed description of the physiological basis of light-use ef{eclency and Its usa to analyse forest

production Is discussed by Landsberg et et. (1995).

As an example of Its use, the canopy dynamics, light Interception and nroductlvlty of six year old

P. /aeda and P. ell/ottll were Investigated under different competition regimes (Dalla-Tea and Jokela

1991). Significant differences In aboveground biomass production were observed between the different

competition regimes. The biomass production of P. tseds Increased from 3,1 to 1$ Mg ha'' yr' and

P. elilottll from 3.5 to 8.0 Mg ha' yr'. Differences were prif1Clpally ascribed to greater leaf area Indices

and higher light use efficiency.

Pinus res/nosa seedlings planted under dense shrub strata (Corylus spp.) were studied to €Ialuate the

effaot of two light levels on growth, No severe drougl1t was encountered during this period. Elimination

of competition Improved all aspects of seedling growth. No unshadod seedlings died during tho two
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compared a simple radlatlon model, where needles were randomly located and distributed symmetrically,

and a non-random (grouping) model, which used measurements of canopy structure as Inputs. They

found that the grouping model was more accurate, which emphasizes the Importance of branches and

stems with respect to shading. Needles at the top of the canopy, and those not exposed to shading

by competing vegetation. are physiologically and anatomically conditioned by the high Irradlances they

experience. In contrast, needles situated lower down In the canopy or which are shaded by competing

vegetation are more shade-adapted. The maximum rates of photosynthesis are larger In shoots which

have devslcoed at higher. exposed levels In the canopy. As the level of shading Increases, the mlnlm&1

stomatal and mesophyll resistances Increase and the dark respiration rates and compensation

Irradlances decrease. Photosynthesis of shaded needles Is not restricted by tho radlatlon-saturated rate

as Irradlances are low. The photosynthesis of shaded needles Is largely limited by the photochemical

efficiency of these needles. Therefore, Increases In chlorophyll or other pigments, and Increases In the

absorptivity In the shaded needles would be expected to lead to Increases In phctosvnthesls (Jarvis et
aI, 1976),

A considerable range of light requirements exists amongst different types of plants, These requirements

are based on modifications which maximize the net asstmfatlon rate or relative growth rate for a given

energy lnput during tile life of a photosynthetic organ, These may be associated with:

o minimizing respiratory loss;

• maximizing photosynthetic rate for any level of Mergy output; and

• alteration of leaf area ratio (an Increase will give a larger relative growth rate for the same net

assimilation rate) (Etherington 1976).

The ability to maintain a positive carbon balance (I.e. photosynthesis exceeds respiration) at low

irradlance levels varies with species. Species with high photosynthetic rates generally do not grow as

well at low Irradlance levels as those with lower rates. Photosynthetic efficiency at low light levels has

also been correlated with the degree of shade tolerance, Generally, shade tolerant epecles exhibit lower

levels of photosynthesis at light saturation arld higher photosynttletlc rates at very low light levels than

do shade Intolerant species.

The maximum potential for growth will be partly determlnod by tho maximum photosvnthetlc capacity

of a species. Photosynthetic rates range from 2.5 to 17.2 ,umol CO2 1112 S·I for conifers (Jarvis at £1/.1976,

Landsberg 1986). The maximum photosynthetic rate for P. paw/a Is 7,5 f../mol COn m= S·I (Christie

unpubl,), In general, the leaves of deciduous trees and shrubs have the potential for higher

photosynthetic rates than those of conifers (Waring and Schlesinger 1985),

17



2.4 Physiological basis of competition

As seen from the survey of literature In sub-section 2,2, most studies Indicate that negative Interactions

occur when plantation tree species are exposed to competing vegetation,

The understanding and prediction 01plantation growth as a result of competition I>:determined by the

physiological responses to the resources and conditions that characterize the site or environment In

which the trees grow, The physiological processes are the mechanisms through which the geneth:;

potential of a species and environment Interact. ThA genetic potential determines the nature and

limitations of the physiological mechanisms, but actual productivity Is determined by the envlronrnsn;

In Which the trees are growing,

The best understanding of the mechanisms underlying competition arises when limiting factors are

Identified, and the responses to these factors can be demonstrated (Landsberg et ai, 1991), This sub-

section discusses the principles relating to physiological process with respect to competition for light,

water and nutrients,

2,4,1 Competition for light

light provides the energy for photosynthesis and Is a fundamental requirement for plant growth,

Competition for light occurs when a plant casts shade upon another plant. This could be due to its

larger size, more rapid rate of growth, or earlier occupation of the site,

Although the physics of light transmission are well understood (Swift 1976, Campell 1981, Jones 1983)

and there are detailed mechanistic (e,g" Farquhar and von Caell1merer 1982) and empirical (e,g"

Charles-Edwards 1982) models of photosynthesis, models of the Interception of light In forest stands stili

require a suitable description of canopy structure, Descriptions of canopy structure require a knowledge

of Internal structures such as leaf orientation, crown shape and spatial patterns of trees (Oksr-Blcm et
ai, 1991), Norman and Jarvis (1974) describe the structure of a Picea sltcl1ens/s canopy at three levels:

the vertical distribution of needles, branches, and stem: the Inclination and orlsntatton of needles on

shoots; and the grouping of shoots Into branches, The eHect of competing vegetation further

compounds the descrlptron of canopy structure and the eHecl It has on light Interception and

photosyt1t~,esls,

The needles In different parts of the tree canopy are exposed to large differences In lrradlance. This self

shading I~ a result of the orientation and density of needles and branches, Norman and Jarvis (1975)

16



decreased specific leaf area.

In the south eastern USA, height and diameter growth of Pinus palustris seedlings were compared

between plots receiving herbaceous weed control treatments and on unweeded check plots during the

first four years after planting. Weed control had a positive effect on fourth-year height, root collar

diameter, and the percontage of seedlings out of the 'grass' stage, while survival was unaffected (Nelson

at al. 1986).

A study In Arizona compared the competitive Influence of two grasses, Arlzor.a fescue (Fastuca

ar/zonica) and mountain monthly (Muhlenbergla montana) on Pinus ponderosa seedlings (Ross and

Walstad 1986). Seedlings were grown alone and In competition with each of the grasses. Root and

shoot growth of pines was significantly greater In the absence of grass competition. Roots of both

species grew 50% faster than pine roots. At the end of two years, the dry weight biomass of grass roots

was 11 to 16 times that of tree roots. l.anlnl and Radosevich (1986) reported an Increased height (20

to 90%) and stem diameter (55 to 165%) of P. ponderosa, Pinus lambert/ana and Ables concolor when

shrub competition was controlled. No differences In survival occurred between the various treatments.

However, Wagner et al. (1989) reported that survival ~I1d growth of P. ponderosa decreased In a

consistent manner as levels of Interspecific competition Increased. Further studies on Increased growth

and survival In P. ponderosa have been reviewed by RODSand Waisted (1986).

Britt et al. (1991) carried out classical growth analyses on six year old P. taeda. Trends In data

suggested that the growth parameters, mean re, vtlve growth rate, mean net assimilation rate and mean

leaf area were confounded with size. To remove the potential confounding effect of size, the basis of

comparison was changed from trees of equal age to trees of equal biomass. For a given biomass, trees

In the low weed abundance treatment had greater mean relative growth rates and mean leaf area ratio's

than those In the high weed abundance treatment throughout the study period. As the biomass of the

trees Increased, the partitioning of carbon Into leaf ar",· appeared responsible for the Increases In

productivity associated with weed control.

The effects of Intra- and Interspecific competition on root a..td shoot biomass of five year old P. menzlesll

and Alnus rubra were studied In experlmsntcllv manipulated stands In the Oregon Coastal Range (Cole

and Newton (1987). P. menziesii root blcmass ranged from 7 to 420 g tree" and decreased dramatlcally

with Increasing A. ruot« density. Increasing the A. rubra density also reduced the shoot biomass of

P. menzlesll. While Increasing the density of each species reduced the root and shoot biomass per tree,

proportional allocation of biomass to roots and shoots was not affected by competition.
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In an establishment experiment In a bamboo forest In Kenya, emphasis was placed on the Importance

of keeping P. patula weed free In Its early years. At three years of age, survival was nil In the untended

controls. Slashing resulted In a survival of 20% and a mean height of 3.6 m, while clean cultivation

resulted In a survival of 70% and a mean height of 4.9 m. In Angola, P. patula plantations were

cultivated mechanically to eliminate weed competition (Wormald 1975). Alternatively, Donald (1971)

considered weeding unnecessary for the establishment of P. patuta on virgin, annual grasslat'r; l(",~ In

South Africa.

The effects of felillizatlon, cultivation and eliminating grass competition, on the growth of Pinus radiata

during the first two years after planting were studlsd In Victoria, Australia. Grass competition was found

to be the malar factor restricting the growth of P. radiata. Squire (1977) concluded that grass

competition could exert an over-riding Influence on early growth of P. radiata by directly restricting

growth, and by severely limiting the ability of trees to take advantage of favourable nutritional and

physical properties of the soil. In a study carried out by Namblar and Zed (1980) on the Influence of

weeds on the growth of young P. radiata, the length and weight of fascicles decreased markedly as the

Intensity of weed control decreased In ccmparlng the establishment requirements of P. radiata cuttings

and seedlings In New Zealand, West (1984) found that removal of grass competition tor a minimum of

one year Improved both height and diameter growth of both cuttings and seedlings at the age of five

years,

Tlarks and Haywood (1986) studied the growth of Pinus taada on an Intensely prepared site where a

complete fertilizer application at planting, as well as the control of herbaceous and woody veoetatlon

for the first four years, was carried out. This resulted In an Increase In P. taada volume at five years of

age, As the fertilizer and competition control factors affected pine growth Independently of each other,

their effects were additive. Herbaceous plant control was the most effective treatment, Increasing pine

volume by 63%. DeClining dry weights of herbaceous plant material Indicated that pine was dominant

at six years of age. Response to herbaceous plant centro' , )1' this age was limited. Woody plant

control did not significantly Increase pine volume until the fifth year because the intensive site

preparation retarded the development of the woody competition.

In a trial examining the effects of Interfering vegetation on biomass, fascicle morphology and leaf area

of P. teed« seedlings, those growing with no vegetation were consistently greater In diameter and

biomass than those growing with vegetation (Zutter at al. 1986<1,Zutter et al. 1986b). Seedling diameter

and biomass were more responsive than height to a reduction In Interfering vegetation, For a given

seedling age, the proportlon of biomass In branches Increased as Interfering vegetation decreased.

Seedlilig age and the absence of Interfering vegetation each Increased the percentage of foliage biomass

In four-needled fascicles, tasclcle diameter, total length, sheath length, dry weight, and surface area, but
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the samples, Roots were preserved In a 1% solution of phenol acetic acid (FAA) The P. patula and

S. megapl1ylla roots were separated from each other and the p, paW/a recte W('ll'fjseparated into coarse

(> 1mm diameter) and fine « 1rnrn diameter) categories, Root length wa" .:,:tlJl1ated by means of a

modified line intersect method (Tennant 1975), As a 10 x 10 mm arid was used, the number of

b!ercepts were multiplied by a conversion factor of 0,787 (Tennant H)75), to obtain root length In

metres. Dry root mass was determined for the two species, Roots were dried at 65uC for two days,

The roots were then ashed at 8QQoC Ior two hours to determine the ash correction factor, ANOVA was

carried out to test for dlffarenCDGIn P. palU/e root length and mass for the different competition regimes,

Allometric equations, using do as the Independent variable, were used to derive root masses (w,oo,) for

each measurement period and treatment.

In determining root distribution through tne soli profile, four representative trees were selected In the

destructive sampling zones of each treatment In replication one during 1989, and two representative

trees per treatment In replication two and three during 1990 and 1991 respectively. Pits of 1.2 x 1.2 x

1,2 m were dug so as to expose the roots of a centrally positioned P. patu/a tree and adjacent

S, megaphylla plants, In total, 24 profiles were sampled, A one metre square gratlcule with one

hundred squares was placed against the face of the profllo and a count by square was made of exposed

P. patu/a and S, megapl1yl/a roots, Vertical and honzcntal frequency distributions were obtained at 100

rnrn Intervals for p, patu/a and $, megapiWlla under tho six dlfferont competition regimes,

3,3.4 Competitive ir1teroctlon betweon p, patu/a and S, megaphyllil

The methodolorw to determine :' 9 competitive effects of S, megaplwlia on the growth of p, paw/a has

been dlsor ssed In the previous sections, The Intoractlon botweon tho two species was studied by

examining the needle mass (wi'IO.,' and needle relative growtl, rate (RGRp,lcn')of P oatu/a In conjunction

with the leaf mass (W'1,1~.')ancl relative growth rates (RGR:l,lftD')of S, mogapllylla, The interaction Is shown

SChematically In Figure 3,5
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Partitioning coefficients for roots (Il,aol'), stems ('1.'~m.)'branches (110,onoM.') and needles (11"66dloa) were also

dstl'lrmlned for the sample dates. In order to determine whether there were significant differences

between 7)'001' 11.'tlm' lJUlAOC" and "'~t1dl.' least square means (LSM) were computed for each possible
Interaction and all possible probability values for the hypotheses

Ha: LSM of ",. I. Iml :::: LSM 1)" I, Iml

wham lis a blo naes component for a specific date (t) and treatment (tmt) (SAS Institute Inc. 1987).

Aboveground biomass sampling of P. patu/a took place three times In the destructive sampling zone.

A total of 82 trees were sampled. The sampling frequency, and sample number are presented In

Table 3,5.

Table 3.5, The date and number of P. patula troes sampled for
aboveground blornass,

Sarnpllng date Sample no, Description-
June 1989 34 • Replication 1 - 2 tress per treatment

Replication 2· '\ - 1 troo per treatment
Perlmetor of trial - 4 trees

July 1990 24 • Replication 2 - 2 trees per treatment
July 1991 24 • Replication 3 ~ 2 trees par treatment--

After height and root collar diameter measurement, tile troes were dlvldarJ Into needle, branol1 and stem

biomass components. The oven-dried green biomass (w,) , In grams was then determined for aacf
component,

3.3,3 The longll" mass and distribution of P. patula and S, megapllylla roots.

The length, mass and distribution of P. patula and S. mogaplw"a roots were measured In tho six

treatments, Sampling was carried out during July 1989, 1990 and 1991, In studying root length and

mEISS,one representative tree per treatment (for ali four replications) was selected In the destructive

sampling zone. A one metre square grotlcule with one hundred, 0.Q1 m2 possible sampling points was

positioned centrally OVOI' each pine tree, Eleven random core samples were lol<on In 1989 and ten In

1990 and 19S1, with a 45 mm diameter, thin-wailed soli core samplor (Foale 1980), Sumplln\:] depth was

600 mm. The soli core samples wore kept In labolled plastic bags and sealed. Tile sarnples were

washed with a hydrQpmlurnatlc etutrlator to separate roots at1d other organic matter from tho soli

(Smuckor et al. 1982), All nOI'HMt matter, such as soli fauna, dol'rls ar1d domJ roots were removed from
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components under adverse conditions, where water, light or nul rlents are limiting. The Issue of the

partitioning of assimilate between plant components Is one of the biggest challenges In whole plant

physiology research (McMurtrie and Landsbsrq 1992). Most models which calculate the productivity of

forest stands from carbon uptake use constant biomass partitioning coefficients (7),) -but these are

unsatisfactory In a dynamic model.

E:.:.parate allornatrlo equations were derived for each biomass component using root collar diameter as

the Independent variable. The allometric equation Is

(3)

01'

Inw, e Ina, +11,lndc (4)

whore w, Is the biomass of the root, stem, branch or naedla component,

The constant 'nl' Is often !j~rmed tho 'allometric constant' (Hunt 1978), and Is the slope In the logarithmic

form. It provides a convenient and practical method of evaluating growth under different envlronmentul

conditions, Since n, Is the ratio of the logarithmic growth rates of de and w, any value other than unity

Implies that a discrepancy between the two rates will lead to a chango In the relative proportions of d.,

and Wi over time, By examining the vorlatlon In the constants (n,) and the coefficients (a,) between

treatments and In time, one can deduce whether different patterns of dry metter allocation are occurring,

In addition,

(5)

where W Is the aboveground or total mass of the tree. the mass of tile various biomass components In

relanon to the total or aboveground mass at different ago$ can be dfJtermit1ed.

Eqliatlon 4, In conjunction '.'11th the number of stoms per hectare (S ha '), was used to determine the

biomass for the different competition Ieglmes for the duration of the trial. An ANOVA was also carried

cut to determine If tnere was any difference In biomass between the various treatments over tho study

porlod. Both the abovoqrcund .lnd total blorn lSS wore studied In order to develop an understanding

of tho relative lmportance of root biomass with respect to carbon allocation, The conversion of

aboveground biomass from 9 tree I to Mg ha I on,lblod direct comparison with: _ .~tbiomass which was

calculated as 9 m 2 and then converted to MrJ 110 "



Relative growth rates

In order to examine the differences In growth of the various treatments over time, log transformations

were carried out to express the expo'1tmtlal growth trends In a linear fashion. The variables were fitted

to a 10g,,·lInear model of the form:

(1 )

where Y Is the height (m), de (cm) or volume Index (m3 ha'') and X Is the time In days since

establishment. This was carried out for every sample tree. To test for differenoes between treatments,

the slopes (a) of the regression equations wore then compared using ANOVA and Duncans multiple

range test (SAS lnstltute Inc. 1987). This concept Is similar to the mean relative growth rate (RGR)

method used for comparing treatment differences on a uniform basle as described by Hunt (1978) and

Britt (1991).

When comparing rates of growth over long h1tervals, such as annually or twice annually, It Is likely that

detailed growth and yield Information will be subsumed. Therefore, RGR for root collar diameter (RGRd),

height (I1GRh) and volume Index (RGR.) were determined more frequently. RGR was defined as tho

growth of P. patula relative to the amount of growing material present or already produced for a certain

time Interval and expressed ars:

(2)

where RGRx Is the relative growth rate for a growth vanabla X for a time Interval t.

3.3.2 The biomass of P. paw/a

Root collar diarneter and especially helgl1t of seedlings are not alwnys the bast Indicators of the

competitive ability of a plant (Hatc.hall at et., 1985). A plant's competitive potl;)nllalls olten malilfested

in dlHerences In aboveground plant biomass and Is an indication of photosynthetic area and tM size of

the root system. Biomass Is often used to estimate competitive potential (Byrne and Wentworth 1988).

Biomass Is generally accepted as the most sensitive Indicator of site preparation and other sllvlcultural

treatment effects on tree growth, partloularly for young trees (Haines and Davey 1979). While young

trees may not exhibit lncreases In total height CiS a rOSLIltof sllvlculturol treatments, they may have larger

diameters, greater stem volumes, nnd more follago (Hull1(Js and Davey 1079).
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3.3 Growth and yield

The variables measured during the course of the trial are listed In Table 3.4.

Table 3 4, Variables measured In the trial (P represents P. patula and
S represents S. megaphylla),

Variable Times Interval between
measured measurements

, Growth Height (P) 16 times
Root collar dlam.(P) 16 times
Biomass (P) 3 times
Biomass (S) oontlnuous
Root length (P&S) 3 times
Root mass (P&S) 3 times
Root confIguration (P&S) 3 times

Moir.tuta Xylem pressure pot.(P&S) 13 times
Stomatal conductance (P&S) 10 times
Soli water continuous
Soli water retention once
Hydraulic conductivity once-

Nutrionts Nitrogen (foliar & soli) 9 times
Phosphorous (foliar & soli) 9 times
Potassium (foliar & soli) 9 times
Magnesium ((ollar & soli) 9 times
Calcium (foliar & soli) 9 times
N·mlnerallzatlon 2 times

Driving Rainfall continuous
variables Temperature (min, & rnax.) continuous

Photosvntetlc active continuous
radiation

3,3.1 Absolute growth and relative growth rates of P. patula

AbsQlute growth

Helgh~ (/7) and root collar diameter (d~) for P. paWla we I'e measurod sixteen times over the study period.

Using these two variables, an €Jstimateof aboveground wood volume (volume Index) was obtalnej by

multiplying the square of do by /7, This affords a better estimation of tree growth than either h or do

alone (Hatohell at el; 1985), P. patula needle length was measured In order to determine whether

competition affected their growth and development. In February 1989. 45 days ancr establishment.

marker pins were Inserted Into branches adjacent to needle buds and needle length Inuilitortld. Three

seta of neodles per treatment WN9 used.
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With the exception of the control, which was kept weed free from the Inception of the trial, S. megaphvlla

was planted In a geometric fashion between the P. patula trees at a fixed density of 6860 plants per

hectare,

Figure 3.4 Illustrates the positioning of S. megaphylla between the trees.~--~ S. megllPhylla~ ~
~ "¥~

R petu/a

~~~ ~.f~"? ~ ....-'
~ ~ '¥ '¥ "f- ~

'¥ ~ /
~."V "V_ ~
~~~

~\tij
~i

<-'"

'¥ '¥$' '\.~

'¥

Figura 3.4, TI1e positioning of $, megl1phll/a between the P. patula trees,

Five $, megaphylls competition regimes we"e Instituted. This range of competition regimes was

maintained by altering the frequency of clipping and consequently the aboveground biomass of the

grass at any given time, Treatment A was clipped the most frequently and treatment 0 the least,

Treatment E, the highest competition regime was left uncllpped. rile biomass of treatment e was

detElrmlned by d~5tructlve sampling In the destruceve sampling zone. The frequenoy, average biomass

and leaf area Index (LA!) removed during each clipping are Illustrated In Table 3.3.
'.t

Table 3 3, The frequl)ncy c ~1I1;,pl,lgSand the average leaf biomass (kg
ha'') of $. mar'O,J,',,'ia removed from treatments during each clipping,

Treatment Frequenoy Biomass

Control weed free 0
A 28 32
B 21 238
C 17 316
0 9 116'0S' 0 7471

• estimated from ollpplngB In tho destructive Gampllng lono.
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Figure 3,2, Schematic layout of the trial showing the position of the various treatments,

The trial was established In October 1988, Plots v•. ;19 square and 0.Q18 ha In area, Each plot had

twenty·flve P, patula trees planted at an espacement of 2,7 x 2,7 m, This espacement conforms to the

standard prescription for p, petat« planted under a sawtimber regime In South Africa (Wessels 1987).

A buffer zone of one row of trees was Included around each plot, To ensure that removal of trees had

no effect on growth trends, destructive sampling took place In the two rows of trees Immediately to the

outside of the buffer zone (rlgure 3.3).

I , < ••••• /, • , •• 0 •••• '1' , ••• , , •• ,
•._ , ..,~O'"'~''''"..b " -j., '" '. ~ "' ~~ .. " '" """" .
• • , , I , • ,I, , • , , , •• 1 • I., • , • , ' ••• ,

'~:=rJT:<16:::-'j1:\1 rr~0+l~:~:
• , •••• 1 .:' • I I •••••• Il' 'II')' , , . , .. I

• ' •••• ,It. , •••• I • II, ' 'l' , ' . ' I ••

..~.:.~=~: :!: ' . ',-;"''';':-'~ :: i: :L.~: ':. :: ; .0:•• ' . :
.i' J •• I •••••• : •• , ••• I

............ ,"., . <.,~"' .. "", ." "r"'~"'"'' ,'.''" '.'" '.'.', .,~ '-',. " •., "1''' .•., , , .."., .."'.. "'..'"'''co''', , , •. 'I' •. , .. , • I , 'I' . , ' , .•, ,
, , , ••• , ')' • 0 ':'

I ~~'"':~"";""~\~1. • ~ , • .:. A ~n)n'!'fll)nl nlOI
•• I • '1'

. .:. 8 !l!..1Hor :ono
I .;,

. Il'
I .1,' 0 r)OntrllC~j"'O oumU11no

:Or'li"l. : :1:,
• , • I.!.: .... '; h"'i-' ~

";."~"""...""",..,,,,,., .,, ' , , , , .
""-,,,,-'''.,._ - _...,"'.,..: " ...<.>o.,· , .

Figura 3,3, Detailed layout of the trlol. Treatments were applied uniformly In the
treatment plot and tha buffor and destructive sampling zones,
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The site, which was previously occupied by a P. taeda seed-orchard for approximately 20 years, was

clear-felled, destumped using a rotary stump chipper, ripped and then rotovated to produce an even

tilth. A month aftar site preparation, the site was sprayed with a 1% solution of giypll0sate to kill any

weeds present. The trial site was enclosed by a mesh fence to prevent trampling and brow~lng by

livestock and game.

3.2 Design and treatments

The current trial Is unusual In the sense that unlike most additive experiments, the densities of both

P. patu/a and S. megaphyl/a Were fixed and spatial arrangements constant. A competition gradient was

derived by maintaining the leaf biomass of S. megaphyl/a at different levels. Landsberg (1986) states

that a prerequisite for studying tree growth and physiology Is the application of treatments that will cause

large differences In the growth of trees, not to test whether the treatments cause differences.

The reason for this approach Is that the biomass of S. megaphylla changes from a density-dependent

to a density Independent relationship over the gl'owlng season. A'. ~mergence, and while plants are

small, the number of plants In an area (density) determines biomass. Ao plants grow larger, the point

Is reached when the supply of resources sets the limit to biomass produced. At this point, a further

Increase In density has little effect on yield. Conditions that slow the growth rate will tend to extend the

time that yield Is strictly related to density. In addition, proportions expressed as ratios of biomass may

be more appropriate than ratios based on density When life forms of the species differ (Radosevich

1987). As the life forms of P. patu/a and S. megaphylla differ markedly, and the growth of S. megaphylla

Is so rapid that a density-Independent situation Is soon attained, It was therefore decided to maintain a

constant density and manipulate the leaf biomass of S. megaphylla.. This Is also more appropriate In

relation to the usual S. megaphylla control measure of slashing which reduces the leaf area rather than

the density of the graSS.

A systematic approach was decided upon In Older to quantify the relationship between P. paW/a growth

and S. megaphylla density and to attempt to explain the underlying mechanisms that might be lnvolved

In P. patu/a / S. megaphylla competition. In this study, the S. megaphylla population was manipulated

by clipping to establish specific competition regimes so that the relat!onsl1lp between tree yrowth and

grass leaf area could be examined. The clipping of S. megaph'y'". , reflects the commonly employed

weed management operatlon of slashing the grass. As the experimental units could be meaningfully

grouped, a randomized complete block design was used. The object 01 grouping Is to have units In a

block as uniform as possible, so that observed differences will be largely due to treatments (Steel and

Torrle 1960). Six treatments. replicated four times, were laid out In a randomized complete block design

(Figure 3.2).
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Table 3.1'. Mean monthly rainfall (mm) and mean minimum and maximum temperatures flC)
for the period July 1959 to June 1989 IAnon. 1989).

Jul Aug Sop Oct Nov Dec Jan FOb Mar Apr May Jun

Rainfall 16.1 21.8 48.0 92.0 169.0 205.4 229.3 220.3 133.8 86.4 ts.a
Min. Tomp 6.9 8.8 11.3 13.0 14.6 15.9 16.7 16.7 15.7 13.1 9.9 6.9

MIlX. Temp 20.8 22.4 24.0 24.4 24.6 25.8 26 ..2 25.8 .25.1 .23.6 2.2.4 .20.2

MOan 13.S 15.6 17.6 16.7 19.6 .20.8 21.5 21.3 20.4 18.3 16.1 13.5
Temp

...,

The parent material of the sallis granite. The solis are ferralltlc, of the Farnlngharn series of the Hutton

form accord; 9 to the binomial classification system (Ma'. .car at et. 1977). FAO and USDA equivalents

would 1:') rhodlc ferrasols and ultlsols (hapludalt) respac.vely, A summary of the chemical and physical

properties of the soli are given in Table 3.2.

Table 3.2. Chemical and physical analysis of the A and B horizon.

Chemical A Horizon 8 Horizon

pH (HaO) 4.5 4.9
pH (KCI) 4.1 4.9

Organic matter (g g") 0.0204 0.0101
Organic carbon (g g") 0.0118 0.0058

EA (m mol M+ 100g") 0.66 0.58
extractable AI (mg kg") 59.4 5.4

N (mg kg") 1290.0 740.0
P (mg I<g") 26.0 3.8
K (mg kg·1) 28.9 24,2
Oa (mg kg") 135.3 66.3
Mg (mg kg"\ 6.8 3.8~ -
Physical

Sand (%) 1

coarse 27 31
medium 16 8
fine t 10
very fine 2 .
Silt (%)
coarse 7 11
fine 18 .
Clay (%) 23 40
Bulk density (Mg m'3) 1.11 1.17
Saturated hydraulic conductivity (rnm day") 1618 1557

B Horizon sand, slit and olay parcenlagou from SchulZ (1989).
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3. MATERIALS AND METHODS

3.1 Site description

The study site Is located at an elevation of 950 m, on a north-east facing slope of 6 e at the Frankfort

Plantation near the town of Sable, In the province ("If Mpumalanga, South Africa (Figure 3.1). The precise

co-ordinates 'Ire 25°3'10"8 and 30053'30"E.

Figure 3.1. Map of South Africa Indicating the position of Sable.

OVer a 30 year period, from July 1959 until June 1989, the mean annual rainfall was approximately 1250

mm, with lowest rainfall occurring In June (15.8 mm) and the highest rainfall occurring In January (229

mm). The mean minimum and maximum temperature recorded fN this period was ('l.9 and 26.2 °c
rsspectlvsly. The climate Is subtropical and frost seldom occur!". Mean monthly rainfall and mean

minimum and maximum temperatures for tile period July 1!?59 to June 1989 are given In Table 3.1.
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Table 2.1. Foliar nutrient contents of P. petule (mg g.I). Results from studies In Africa
and South America. Adapted from Lundgren (1978), Grey et el. (1979), Morris (1986)
and Schutz (1989).

Country N P K Ca Mg

Brazil 17.9 1.3 6.1 2.7 1.0

Kenya 19.8 1.4 6.6 4.1 2.3

Madagascar 20., 1.3 2.9 1.9 1.6

Kenya - - 9.3 2.8 1.7

Madagascar 16.7 1.3 7.3 5.3 1.7

South Africa 19.0 2.5 4.6 3.6 0.9
1--'
Swazllemd 14.3-17.9 0.9-1.1 4.0-6.3 2.1-4.5 1.1-1.8

South Africa 21.5 1.8 8.7 2.6 1.7

Woods et al. ('1992) studied the effects of annual weeds on nitrogen avallabJllty to young plantations of

P. rad/ata In South Australia. ihey found that Increasing the width of the weed control strip spanning

the tree !'Ow Increased the uptake of nitrogen by trees. Application of nitrogen fertilizer alleviated

nitrogen deficiency and tree growth suppression Induced by weeds, suggesting that when nitrogen

supply Is high, Intense weed control Is unnecessary In plantations beyond two years of age. However,

In solis low In nitrogen, competition for nitrogen by weeds would seriously aggravate nitrogen deficiency

In young P. radlata trees. When nitrogen fertilizer was applied, 68% was absorbed from the soli by the

weeds compared to the unfertilized control. Weeds therefore Increased the uptake of nitrogen fertilizer

by plant biomass, and thereby Improved nitrogen retention on the site. Tree growth Increased with all

levels of weed control and responses to weed control and nitrogen fertilizer were additive. The growth

of weeds Increased the soli organic carbon status and the rate of nitrogen mineralization.

Although photosynthetic rates of deciduous trees can be Increased by up to five times with higher levels

of nitrogen, conifers are less responsive to variation In leaf nitrogen content, with rates usually Increasing

by less than 25% upon fertilization (Waring and Schlesinger 1985).
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phosphorus In P. menzlesll was higher In the grass treatments. Both foliar nitrogen and phosphorus

concentrations were significantly lower In trees planted at high densities (Cole and Newton 1986).

The effect of weed control on nutrient uptake of young P. radlara was studied In South Australia by

Narnblar and Zed (1980). The concentrations of foliar nitrogen, phosphorus and potassium In P. radlata

were significantly reduced by weed competition, the adverse effect being more pronounced on nitrogen

and potassium than on phosphorus.

Ellis at al. (1986), studied the effect of .~eed competition and nitrogen nutrition on the growth of

eucalyptus delegatensls seedlings In a highland area of Tasmania. Elimination of competing grass

resulted In a faster growth rate, higher foliar N concentration and higher soli minerai N than In unweeded

control plots.

Fol.ar nutrient data for P. patula are scant, and mostly collected from fertilizer trials and site studies

rather than competition studies. In the Umzlmkulu district of the Transkel, an attempt was made to relate

foliar nutrient concentrations to the growth of P. patula (Grey at al. 1979; Payn 1985). However, results

were disappointing· possibly as a result of the small sample size and the season of collection (spring).

Foliar nutrient concentrations In P. patula are unstable In spring and sampling should always be

undertaken In mld-wlnter (Payn at et. 1989), In Swazliand, Morris (1986) used foliar nutrient analyses

In young trees to help Interpret fertilizer responses. Samples collectp.d from 11 sites Indicated that only

foliar phosphorus and potassium were correlated with volume Increment. Pinus patula foliar nutrient

levels In fertilizer experiments and nutrient cycling have also been variously reported from East Africa,

Madagascar and Brazil (Lundgren 1978), but with few details given. Table 2.1 summarizes foliar nutrient

concentrations for P. patula from these studies In Africa and South America.
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'Jlic conductivity (K)) describes the conductivity of the 5011 to the flow of water and Is determined

by sail characterlstlcs and the water content of the soli Itself, The value of I( Increases exponentially with

Increasing water content, reaching a maximum, known as saturated hydraulic conductivity (K.al), when

the soli Is saturated. The model predicts hydraulic conductivity from soli water retention curves and

conductivity at saturation (van Genuchten 1980), Based on the Mualem theory, the soli water content

(9,) as a function of pressure head (h) Is given by:

(21)

where h, are the pressure head values (om) for p, patu/a and S. megaphylla either at field capacity (h,o) ,

wilting point (hwp) or the critical level where stomatal closure occurs (he",)' m Is "xpres8ed as:

(22)

where C( (I orn'') and [3 are estimated from c.bser, 'd soli water retention data.

The satur ...ued water content of the soli horizon (000,) Is given as:

9 "'(1_(/)80/1))
Silt 2.54

(23)

where Peoll Is the bulk density of the soli In the horizon. The bulk density of the soli will be affected bv

the percentage and density of stones" (2,54 g.cm·3) In each horizon.

.,

Tho air dry water content of the soli (Ond) Is expressed as:

(211

where tim Is the t)ravlmetrlo air dry soli water content (99 ').

Therelore, tal<lng Into account tho snturutec and air dry water content of tho soli, the soli water content

----------------------
3 Assumed density of quartz,to
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tht3 leaf area index haQ exceeded 2.5 (Hlnel 1980).

The term s can be calculated from:

es 4098
S "-;::::===

V(237.S+T m)
(19)

where 'rm Is the mean temperature and (e.) Is given as:

[
(17.269T m l]es "6,1078 exp -r- l
( m+237.3

(20)

The equation USes dally temperature and net radiation as Input variables. While Equation 24 Is slmple,

Its limitations are that a Is supposed to Incorporato the aerodynamic component of the Penman Monteith

equation, and should be used for extonslve uniform surfaces, where heights are uniform, thero Is zero

surface reslstanoe and a constant relationship exists botween vapour pressure deficit and radiation (Hillel

1980 and Stewart Was). Nevortheless, for the purpcso of tl115 comparative study, the use of Equation

24 to estimate potential evapotranspiration Is adequate,

Soli wBter balance

In the water balance stUdy, the supply of available water In the root zone of the profile Is simulated from

day to day as a running balance, with the soli profile compartmentalized Into a number of layers, Those

layers account for vertlcollnhomogenelty of the soli and for the uneven distribution of molstllre resulting

from Infiltration from the plantutlon fiool' Into the top horizon only, Layers with similar hydrological

charactorlstlcs ara defined as belonging to the same horizon. Eaoh of the soli horizons Is characterized

by a soli moisture retention and satLlroted hydraulic conductivity curve. 80th ero funotlons of pore size

distribution.

.¥

For a given soli type, a unique relationship occurs between soli water content and 13011 water potential,

Tlils relationship Is known as the soli wacor retention curve. This curve was determined for each horizon.

The curve Is derived by determining the energy status of water In the soil (MPal at a series of water

contents (Hillel 1980), The water potential of p, patula and S, mogaphyllu elther e.t field capacity ('he)'

wilting point (~wp) or at tho critical lovel where stomatal closure occurs (\belli)' Is derived from these

curves.
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A decrease In soli moisture content In the rooted zone results In a lower water potential In the soli, and

restrlots uptake by the roots. As transpiration continues, the plant loses water and bulk leaf water

potential drops, resulting In stomatal closure. This causes a reduction of transpiration to the atmosphere

but also limits the flux of CO2 Into the stomatal chamber and to the carboxylation sites In the leaf where

photosynthesis takes place. In this way, a shortage of soli moisture may depress growth and yield.

The water balance of the study site can be written as

(17)

where W Is the char1ge In water content of the rooting zone, P Is the net precipitation, A the net runoff,

t:T the total evaporation and D the deep drainage. P Is the difference between gross precipitation and

Interception by the plant canopy. Interception lOSS can ran!)e from 5·60% and Is function of canopy

structure, storm size and rates of evaporation from the canopy surface (Landsberg 1986). Neither the

amount of Interception nor the stemflow was determined In this study. A Is thu difference between runoff

and runon. The topographical positron of the site precluded any runen. Units of all terms of the water

balanoe equations are given In terms of equivalent depth units (mm). The water balance fot all

treatments was determined approximately two and a half years after establishment. The objective of the

water balance study was to determine the ralatlvG differences In water balance outputs between the

treatments rather than absolute values.

The pararneter flies used In the simulation of the water balance are presented In Appendix 12 Elnd

Appendix 13.

evaporatIon

Evaporation from the soli and plant canopies of P. potu/a and S. mogaphylla was estimated using the

Priestley Taylor (1972) equation:

(1$)

where E Is the evaporation, .\ Is the latent heat of vaporisation of HgO, 1 Is tl1~ psychrometric constant,

s the rale of change (slope) of saturated vapour pressure with tornporatt.rn, /:'I" ntJt radlatlol1, and G the

soli heat storage or loss by conduction. In this model, G Is not taken Into conslrlmat!on as It Is assumed

that an Increase In heat storage oarly In tho growing season will bo compensated by a decrease at the

end of tha growing season The value Ci Is an empirical constant. From many sets of meesuremcnts

tl1ls has been found to be close to 1.26 (Stewart' 98:J) although a value of 1.35 t1as been used when
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Table 3 6 The data and frequency of tP and tP measurements., ,
'I'~I/l. Ylr'ffiin

Date Age (days) Intervale

06/12/1988 49 49
12/01/1989 86 37
21/02/1989 126 40
29/03/i98!1 162 36
16/05/198& 210 48
18/07/1989 273 63
19/09/1989 336 63

The relationships between S'<I, do and biomass for tOJ, paw/G, and between $'<1 and cumulative biomass

for S. megaphyl/a were Investigated, Treatment E was excluded from this study due to Insufficient

biomass production data,

In addition to Investigating the relationship between $'/1 and measures of productivity for p, patu/e and

$, megaphylls., the Interaction between $'/1 and cumulative soli water deflclts·tlme for the A and B

horizons were also studied, Cumulative soU water deflclt·tlme (Oa.f.t/mo) Is doflned as

1001

o(/IIM,m.!!IE (0/0 -0 ,)n
/01

(16)

where 8(c Is the volumetric soil water content at flold capacity for the A or B horizon and Q. the

volumetric soli water content over an Interval of n days,

3,5.4 The water balance of the different treatmonta

Introduotfon

Water movement In a vegetation canopy Is dotermlned by botli physical and physlolo~lcal factors,

Physical site factors such as prsclpltatlcn and the water.holdlng capacity of tho soil regulate the water

supply, solar radiation provides the energy for the evaporation process, and atmospheric conditions,

togothar with tho canopy rouqtmess, determine the 'drying power' of tho air, The c:lnopy Influences net

precipitation Input Into the soli compartment by Intercoptlon snd tedlstrlbutlon of min fall. Whon the

canopy Is completely closed so that direct evapcrauon from the soli can be Ignored. the vegetation also

controls tlie rate of water loss from tile soli to tho atmosphere by moans of regulation of the transpiration

flux, ThQ oomblnatlon of precipitation, evaporation of Intercepted preclpltatlon, transplrutlo,1, and direct

soli evaporation, dotermlnes tho rate of soil wator dopletlon or replenlshment and thus the flow of water
through tho svstem,
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Stomata/ conductances

Diurnal stomatal conducta-ces for P. patu/a (g!,p;n.) and S, megaphylla (g.,gl&J,')were measured using a

null-balance parameter (Type 1600, u-cor Inc., Lincoln, NE., USA). Stomatal conductance was

expressed In molar units of moles m2 s" (Jones 1983), The most fUly expanded needles and leaves

on the plants were: sampled and the same Individuals were measured each sampling day.

Measurements were taken at the same posltlon on the needles and leaves throughout the day, A

constant leaf area of 400 mm" was measured on the S. megaphylla plants, P, patu/a needle surface

area present In the cuvette was determined by a volumetric displacement technique (Johnson 1984).

3.5,2 Soli moisture profiles

The relationship between the amount of rainfall and drying out of the soli proflle, and the variation In the

pattern and rate of drying of the profile under different competition regimes, was studied. Soli moisture

profiles which express the relationship between o. at dlfferont depths In the soli profile were dotermlned

for each treatment at two-rnontbly Intervals from January 1989 until September 1989,

3.5.3 Water stress Integrals

Most research on plant responses has been concerned with short term physiological responses suoh

as plant water potential and stomatal conductance, Little attention has boon paid to the lontler term

morphological responses, The relatlonshlp botweetl plant water status and the growth or productivity

of p, patu/a over time was determined by using the concept of a water stress Integral SIP. The water

stress Integral (SIP) can be defined as the cumulative Integral of pre-dawn leaf watel potential over a set

period of time (Myers 1(88) and expressocl as

101

St/I "'IL ("1$i,i.l-a)n 1
.. 1

(15)

The same nctatton and method of calculatlon used by Myers (1988) was adopted, where ';11,1'1 Is the

mean ';Ipmo or ';IOIIllt for any Interval/,/+ 1, c Is the maximum ';Ipme or ';II1IM! measurod during the study and

n Is tile numb~r of days In an Interval. The maximum values for ';111mB and "'9IM! were -0,2 and

·0,1 MPa respectively. Tile date and frequency of the measuremsnta are shown In Table 3,6.
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Saturated hydraulic conductIvIty

The steady, gravity-Induced, Infiltration rata of water Into a homogenous, structurally stable soli Is

comparable to the saturated hydraulic conductivity (Hillel 1980). Saturated hydraulic conductivity (Ku,),

of the A and 13horizons was determined using a constent head, shallow well permeameter (Arnoozergar

and Warrick 1986, Chappell 1992). WellS were cut Into the soil using a cutting tool to avoid compaction,

and measurements were made using de-Ionised distilled water to simulate rainwater. Saturated hydraulic

conductivity values were used In the water balance study to determine the relationship between 9, and

hydraulic; conductivity.

Plant water potential

The differences In plant water potential In response to weed control have been extensively studied e.g.

Lambert et al. (1972), Namblar and Zed (1980), Sands and Namblar (1983), and Lanlnl and Radosevich

(1986).

The xylem pressure potential of P. patula needle fascicles (llp'r1') and S. megaphylla leaves (¢grnll) were

measured using a pressure chamber (Tyree and Hammel 1972; Ritchie and Hinckley 19;'5; Cleary and

zasrr 1984), A stereo-mlcroscopc was used to view the cut ends of P. patula needle fascicles, As far

as possible, only fully expanded needles were used. Two types of measursmsots were carrlod out, pre-

dawn and diurnal. Three P. paWla trees from each replication were selected for sampling, This resulted

In a sample size of 72 needle fascloles per sampling period. A total of 60 S. megaphylla plants were

also sampled on each occaslon As tlml became a serious constraint, pre-dawn sampling and storage

was resorted to. Storage of needles; Jr to ~PfM measurements has been reported by Ritchie and

Hlnclday (1975), Rltohle and Hinckley (1975), Kaufmann and Thor (1982), and Myers (1988). Pro,cooled

glass test tubes with moistened sponges placed at the bottom and sealed with rubber stoppers were

used to store the P. pawla tasctclea until they could be read later In the day.

S. megaphyIJa leaves were placed In polytheno bags with moistened paper towelling, The samples were

then placed In Ice-filled cooler boxes until the ~QI'" readings could take place. A paired Hast, (SAS

Institute Ino. 1987) was carried out to determine If any significant difference oocurred In xylem pressure

potential readings between pro-dawn and stored plants. No significant difference In ~PiM occurred

between the (aseleles stored for up to eight hours and those where readings were taken Irnmecllately.

Diurnal ~ readings took place the day after pre-dawn p readings and on the same day as stomatal

conductance measurements.
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e grav,s" -58.6 +377 .3n (14)

r '"0.63
n ::::42

for the 6 horizon, Gravlmett'lc soli water content was then converted to volumetric water content (6,)

by multiplying by the soli bulk density (Hanks (;lnd Ashcroft 1980),

Soli water potential

In order to characterize the solis of the trial, the relationship between the soli water content and the soli

water potential (\b,) was Investigated by developing soli water retention curves (Johnston 1989, Pearcy

et ai, 1989). Soli water retention curves for the A and 8 horizons were determined In the laboratory

using the ceramic plate technique (Soli Moisture Equipment Co .. Santa Barbara, California, USA). Soli

samples were placed on a csramlo plate and a fixed suction or pressure applied to a given potential until

no more water was forced out of the sample. The soil water content at that potential was then

determined, At this point It Is assumed that tile water potential of tile remaining soli water I~' " :''/

equal to negative of the pressure applied. Soli moisture Characteristic curves for the A and t ~>. .:n

are shown In Figure 3.6.

O,I!r----------------·-----....,

0.001 0.01
-l...

0,1

..---....

i:::-".,2\"
lo" ~ .

I
t,)

0,1

/~
Willing point

o ._--- .......-
0,0001 10

.OR molctur. (mlltrlo) POtllllUni (·MPII)

[+A h~rfzon ":.~_~~o~]
Figure 3,6, Soli moisture characteristic curves for the A and U i nri2(.)fl~ I"C ~C)l,
moisture potential scale Is logarithmic and values are nogatlve,
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3.5 .Soll and plant water molsturg

The objective of the soli and plant water studies was to determine whether the growth of P. patula was

limited by competition for water by S. megaphylla.

The following relationships were examined:

monthly rainfall and Its relation to soli moisture content under different competition regimes, and

at different depths,

• the variation In soli moisture content with rooting density and extraction patterns for different

treatments over time,

• the relationship between productivity and water stress, and

• the water balance of the different competition regimes.

3,5.1 Variables measured

Rainfall

Dally rainfall was recorded for a period of three years using a automatic tipping-bucket rain gauge (M.O.

Systems, Plumstead, RSA), Dally rainfall was expressed on a monthly basis,

Soli moisture

0'
Volumetric soli moisture content. (0.), was determined weekly from neutron probe readings (Series 3300,

Troxler, NC" USA), One aluminium access tube was Inserted In the centre of each treatment of each

replication. Neutron count ratios were taken at 200 rnm Intervals up to a depth of 1.6 m, Count ratios

Were calibrated against gravimetric samples from both the A and 8 horizon. Gravimetric soli water

content (Dgray,.), where n Is the count ratio, was expressed as

Bgrilv,s '" -43.3 +436.9n (13)

r '"0.67
n ::: 42

for the A horizon, and



(10)

Through determining the Integral, the volume of the canopy Is therefore:

(11)

Trees utilized In the biomass assessments (section 3.4.2) were also used In the light-use efficlell0Y

studies. Early growth was assumed to be exponential. Based on the measured needle mass, the

RGRw, n.~dl.(Equation 3), needle f1'l .ss and leaf area Increment were determined for the sample trees.

Dally PAR was measured In the trial or obtained from the research centre weather stations situated 0.5

krn away. PAR was recorded with quantum sensors (L1·190SB, Nebraska, USA). Where, data was

misSing due to sensor or data logger malfunctlol1, the long term means were substituted. The amount

of radiant energy absorbed was expressed as MJ m ,2. Biomass production Included the root component

and was expressed In g m", The slope, s, representing an estimate of light use efficiency, was

determined for each treatment by means of linear regreSSion.

The light-use efficiencies of S. megaphyl/a for treatments A, B, C and D were determined for tile

cumulative total biomass production as a function of radiant energy absorbed. After each clipping, the

growth at the grass was assumed to be exponential. This Is a fair assumption as the frequenoles of

clipping never allowed a sigmoidal type of growth relationship. The leaf areas of S. megaphylla were

determined with a Delta T leaf area meter (Delta T Devices Ltd, Cambridge, UK). The relationship

between the I~af area of S. megaphylla , AS~IIIII. (m2), and the leaf mass, W,.Sotulln (kg), Is

ASotarl1l '" 0.771 +8.817wl,SlItllrla (12)

r2 '" 0.91

n '" 9
For S. megaphylla k=O.4 was used.
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roles In the light Interception process by Inrluenclng the amount of Incoming shortwave radiation

absorbed and Its extinction through the canopy. As the time periods USed In this study are long, there

Is little Justification for using comprehensive canopy radiation Interception models such as those defined

by Norman and Jarvls 1974 and oker-aiom (;,' a/. 1991. Therefore, canopy light Interception was

approximated using the Beer-Lambert law:

fPs,abs",ps(1-exp(-kL) (7)

where IP.lsthe Incoming shortwave radlallon (PAR),k the extinction coefficient and L the leaf area Index.

For P. patu/a k=0.5 was used.

In order to detsrrnlne the leaf area Index of the various layers of the canopy, It was necessary to

determine the needle mass. It was assumed that there was a linear relationship between needle surface

area and needle biomass. Total surface area of needles was calculated using the relationship:

Anaedll,:::32.2 +124.0 (Wnaedla) (8)

r' :: 0.93
n :: 52

where An •• dl• Is the total surface area of needles In ern" and w,••dl• Is the mass of needles In grams (Dye

1993 pers comm.2). Projected a,:a was calculated from total surface area by dividing by three

(Johnson 1984). As the leaf area Index of the canopy was known, the leaf area Index for the Individual

canopy slices could be calculated by determining the volume of the canopy. By observation, It was

assumed that the canopies of P. patu/a were roughly parabolic In shape. Blglng and Wensel (1990) also

found conifer prOfiles to be mainly paraboliC.

The function

(9)

describes a parabola where y is the maximum radius of the canopy, he Is the height of the canopy and

x Is the height from the base of the canopy to a certain posltlcn within the crown. When x == O.5h. then

k, Is a species parameter determining the shape of the canopy profile. This function can be rewritten

as:

2 p, Dye, FOR5STEK, Private 8ag X11227, Nelspruit, 1200
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Relationships were normalized and stepWise linear regression (SAS Instftute Inc. 1987) was used to

derive coeffeclents. Plots of residual versus predicted values for all significant variables were examined

In ordsr to graphically examine the adequacy of the regression models.

3.4 LIght-use efficiency

Evidence from agrIcultural studIes Is that the rate of growth and production of a crop Is proportional to

the radiation Intercepted (Monteith 1977). Numerous studies on plantation species have been carried

out (e.g Cannell et a/. 1987, Cannell et a/1988, Landsberg and Wright 1989, Dalla-Tea and Jokela 1991,

Raison and Myers 1992) with respect to this relationship. The biomass production of P. parula under

different competition regimes In relation to the amount of shortwave radiation. IPS (0.4 0.7,um). was

Investigated by carrying out light efficiency studies.

Light-use efficiency, e, ':.!" be defined as the slope of the linear relationship between dry matter

production and the quantity of photosynthetically active radiation Intercepted by the plant canopy. A

detailed review on the analysis of forest production In terms of radiation utilisation efficiency has been

carried out by Landsberg et el. 1985. They concluded that the fl Is more than a coefficient of an

empirical relationship and Is based upon well understood physical and physiological processes.

The following relationshlr·· vsrs oxamlned:

•
the variation In e between treatments for P. patula,

the variation In e between treatments for S. megapl1y/la .

the differences between e of P. patula and S. megapl1yl/a, ando

• If dllfsrences between species occurred, the possible pllyslologlcal reasons for them.

Light-use effIcIency Is given by the equation

(6)

where Wr Is the net dry matter production, t Is the time, fl the efficiency with which P. paWla converts

radiant energy (light), and P, (M the absorbed short-wave (0.4-0.7,um) radiation.

The amount and distribution of It:;atarea within tile canopy and seasonal leaf dynamics play Important
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Figure 3.5, The competitive Interaction between P. patu/a and S. megaphY,IG.

The yrowth of P. patu/a In the Control, with no S. megaphyl/a competition was assumed to be

determined solely by environmental and site factors. The differences between the RGRp•Iea,

of the Control and the remaining treatments which were subject to the additional constraint of S.

megaphyl/a competition were examined. When the difference at a particular time became negative

(RGRp.IOAtof the Control < RGRp.loA'of treatments) then It was assumed that !nterspeclflc competltlon was

superseded by Intraspecific competition. This occurred after approximately four months In treatment

A, 15 months In treatment B, 16 months In treatment C and 17 months In treatment D. Only data prior

to the above time periods were used In examlng tlie Interaction between P. patu/a and S, megaphylla.

An Iterative process was followed to determine which variables had a significant Impact on the

foliage production of P. pa tu/a , The following relationships were examined:

• RGRp,'OA'::: f(tlme),

RGRs,I." :: !(tlme),
It•

• RGRp,IOAt:: !(Wp,I••" WS,I••'),

• RGRo,leu,:: !(Wp".oI' WS,I.nl),

" RGRp,lon'e !(RGRg,I••,"

Based upon the above relationships, an empirical competition model simulating Wp,Iea ' In relation to

RGRr, I••' when certain levels of S, megaphyl/a competition were Imposed was developed using

o RGRs.lunf'" !(Wp,I••,) and

• RGRp".~, :: !(RGRs.l•o,' WS,I.n,)'
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Figure 4,3, Relative orowth rates measured at different Intervals Ivi' (a) root collar
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day") of P. patu/a growing under slx different oompetltJon regimes.
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period, the mortality of S. megaphyl/a Increased from 0 to 13%, thereby reducing Intraspecific

competition, The variance In Fi'3Rd between different treatments for dllferent time Intervals declined from

a maximum at day 118. It Is Interesting to observe that at the 271 to 331 day Interval, the RGRd !sllinto

four distinct clusters. The first cluster with the highest RGRd Includes the Control and treatment A. Thls

Is theoretically where competition from S. megaphytta Is having the least Impact, The second cluster

Includes treatment 13and C. ClUsters three and (our contain treatments D and E respectively. The next

Interval displays three main tfroups. Cluster one contains the Control, treatments A, 8 and C, cluster

2, treatment D and cluster 3 treatment E, In the next Interval, willi the exception of treatment E, there

was very little dlfferenoe In the variance In RGR~ between the treatments. This could Imply that with limo,

the various RGRrJ of the treatments tend towards the RGRd of the Control Indicating a transition frorn

Interspecific competition between P. patute. and S. mege.phylla towards Intraspecific competition between

neighbouring P. Patuta trees, This Implies that the competitive effect of S. megaplwl/a In treatment A

lasted between approximately 271 and 331 days, treatment 8 and C between approximately 331 and 490

days, treatment D between 490 and 601 days and E between 601 and 734 days.

RGR" at 118 days was greatost In treatment E and lowest In the Control (Figure 4.3b). Absolute height

of E at this stage was also greater than that of the Control. The ahsolute mean l1e;gl1ts of troes In

treatment E were the groatest (or the first olght months following establlshmont, whereafter tholr rate of

growth decll"ad, The greator heights rocol'clod for treatment E until June 1989 cOllld be aecrlbsd to tne

fact that S. m~gaphyJla canopy height In this treatment was Ol'erter than tho tree height. For thls reason,

the trees allooated greator reseurccs to holght growth, at tho expense of diameter growth In order to

obtain apical dominance over competing S. megllptwlla, Dlfferel~cas In PAR at the apical growing point

of trees In treatment E for this period, (Figura 4.4), Illustrate the possibility that shudlng WQS affoctlng

growtl1, Cole and Newton (1986), studled the growth responses of P. monziesl/ to crowding and

InterspeCific competition, They demonstratod that, although severo crowding decreases holght growth,

thMS was some avldance to suggest that a minor degree of 'crowding' may stlmulato tho allocation of

resources to hrJlght growth,
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Relative growth rates

The rates of growth for height, RCO and VI for the different treatments over a period of 3.16 years were

highly significant with Fo•aoo '" 16.07''' for height, Fa•Boo r. 90.75'" for RCO and FO,BOO = 61.56'" for

VOIUIM lndex, For all three growth parameters, trees growing under the lowest competition regimes.

namely the Control and treatment A, had significantly higher rates of growth than the remaining

treatments. Treatments 0 and E, growing under the highest competition regimes, had the lowest rates

of growth, Table 4,3 shows the degrees of slgnlllc'1I1ce between slopes for the different parameters and

treatments,

Table 4,3, The growth rates (slopes of the log linear transformations) of p, pstuls for
a period of 3.16 years. Vertical lines link treatments not significant at the 5% level and
growth parameters are ranked from largest to smallest.

Height (m d") Root collar diameter (cm d'') Volume Inc'.x (m3 d'')

I A 0.0039 I A 0.0038 I A 0.01 15

I Contr 0.0038
1

Contr 0.0037 Contr 0.0113

I B 0.0037
1

a 0.0036 I 8 0.0109
C 0.0036 C 0.0036 C 0.0108

I 0 0.0034 I 0 0.0034 I D 0.0101
E 0.0033 I E 0.0028 I E 0.0089

When comparing rates of growth for a long Intervals such as 3.16 years, It Is likely that detailed growth

and yield Information will be subsumed. Relative growth rates at more frequent measurement Intervals

for RCD, (RGAa) height (RGRh) and volume Index (AGRVI) are Illustrated In Figure 4.3. Generally the

RGRd• FiGRh and RGRvi Increased rapidly for the first tour months following establishment, decreased

exponentially for the next eight months and then gradually levelled off. Tile peaks I:~RGR (or all three

growth paremeters could be aosacleted with seasonal Influences such as Increased temperature and

rainfall. The response 1r1RGR for the 332 to 490 day and 820 to 947 day Intervals for all treatments

Including the Control (no S. megaphylla competition) were not as marked, compared to the 82 to 118

day Interval. This Is dAsplta the fact that the amount of rainfall, (Figure 4.19), that fell during the latter

two periods was greater than the long term-monthly average. This suggests that other factors are

reducing the RGR. These could be Intraspecific competition, or rainfall Interception lcssss ElSa result

of pl'Ogresslvely greater leEif areas,

RGRd and the variance In RGRd between different treatments altered with time (Figure 4.3a). Generally

the RGR'I reflected the different competition regimes, with the RGRq of the Control and treatment A being

greater than the remaining treatments. Except for treatment E, RGRd for all treatments decreased for

the Intervals from day 490 to day 820. Treatment E had the lowest RGRd until the 601 to 734 day

Interval. Thereafter It Increased, and remained the highest. A possible explanation Is that the trees In

treatment E had then attained a size where they could cutcompate S. mogaphylla. In addition, for this
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Table 4.2. The percentage survival and number of
stems per hectare of P. patu/a for the six competition
regimes 3.16 years alter planting.

Treatment % Survival S ha'

Control 99 1358
A 98 1344
B 98 1344
C 100 1372
D 97 1331
E 87 11D3 ._

Needle growth was significantly different between treatments over time (Fo.,o '" 6,e:n, This relationship

for the different treatments can be best described by the negative exponential curves Illustrated In Figure

4.2, 120 days after bud Initiation the mean length of needles In the Control (Hl7 mm) was slgnlflc-:lntly

greater than In the remainder of the treatments, Mean needle lengths In treatments A (147 mm), 8 (122.5

rnrn), D (115,5 mm) and C (113.3 mm) were also significantly greater than In treatment E ('18 mm).

Needle elongation ceased In treatment E 50 days aIM bud Initiation, whereas elongation growth In the

remaining treatments plateaued off at 90 to 100 days after Initiation. Field cbservatlons Indicated that

the needles or trees In treatment E were thin and chlorotic In colour.

Similar trends were observed with p, taeda where seedlings grown with no Interfering vegetatlol1 11Ud

greater needle lengths than those growing with herbaceous competition (ZlItter at a/. 1987). Narnblar

and Zed (1980) found that the length of fascicles of p, radlata Increased markedly as the Intensity of

weed control Increased,

dllyn

Flgllre 4,2. Needle Icmgt!1sof P. patu/a gl'owlng under
six different competition regimes,
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4. RI:SULTS AND DISCUSSION

4.1 Growth and yield

4.1.1 Absolute growth find rnlatlvs growth rates of P. patula

Absolute growth

Height, ROD and volume Index for P. patula .;I1·eIllustrated In Figure 4.1. Growth Is exponential and

reflects the six S. megaphylfa competition regimes. The mean heights, ROD's and volume Indlcos 3.16

years after establishment are shown In Table 4.1. At this age, differences between treatments for these

three growth parameters were highly significant with F~,570 Q 73.16'''4 for height. F~.&70 '" 84.75'" for

ReO and Fe, e?o = 91.9"" for volume Index. The sample size, mean, standard deviation and standard

error for these growth parameters are presented In Appendices 1 to 3. The mean heights of the trees

In the Centrol and treatment A, were approximately 35% greater than the mean height of trees In

treatment E. Heights ranged from 4.1 m In tho highest competition regime (treatment E) to 6.4 m In the

Centrol, a dlfforence of 2.2 m. RCD was groatest In the Control, (14.7 em), and treatment A, (14.1 ern),

and lowest In traatrnents D (10.6 em) and E (8.2 orru, Volume Index exhibited the same trends as height

and HOD.

Table 4.1 The mean height, root collar diameter and volume Index of P. patula
evaluated at the ago of 3.16 years. Vertical lines link treatments not significant at the
6% level and grov'Ith parameters are ranked from lal'gest to smallest.~.

Height (m) Root collar diameter (em) Volume Indo:: (ma)

I Oontr 6.4 I Cantr 14.7 I Oontr 198
A 6.3 A 14.1 I A 179

I B 5.6 I B 12.7 I B 131
I C 5.2 C 12.3 0 117
I D 4.6 I D 10.6 I 0 79
I E 4.1 I E 8.2

, E 39I....__

Tree survival, 3.16 years aftsr establishment Is Illustrated In Table 4.2. Based on a planting espacement

of 2.7 x 2.7 rn, sUlvlval was highest In treatment C (100%) and lowest In traatment E (87%). Survival In

treatment E was significantly different to the rest of the treatments.

---, --_._---
4 Significant at the: ••• (1%) ••• (5%). • (10%) level.
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Table 3.7. An Interpretation of possible vector analysis for trees (0 explain competition effects as a result of chanqss
In nutrient concentration, nutrient content and needle mass. A zero (0) Indicates no change while a positive (+) or
a negative (0) Indicate an Increase or decrease respectively In either concentration, content or mass._._-------

RelaINGn&Odleweight

E•

Rol~tlvo content

1.5 -::

1.4~

~1·(li
8 . Fo
fl1.2

~f·1
&! 1" ,j ..
V~i

0.9 '. ~:/ /A "/ ·a
O,8~ffllittli""""(1i,,"'i,i1,""".T' ..,""'I'Ii"",tj,""ilii'ili11i,'1"""lfll'''''''''1

0.7 0.8 0.9 of f.1 1.2 1.3 1.4 1.5 1.8 1.7 1,8

Vector Nutrient !!I'lAtlve
shift nOlldlo

RollIUvo RelnUvo mase
cone. oontont

A . 0/ .. +

El -/0 + +
I

0 + .. +

0 'r + a

E + 0/ ..

o No growth chango. Lower nutrient
status lndlcataa plants without
competition had luxury nutrient
consumption.

MoIsture regime

Moiature stress reduced

Moisture strass reducrjd

Compotltlon affects

Growth Improved. NutrIent not
limiting (dilution may occur).

Growth Improved. Greater nutrIent
nvallai:lllity.

Growth lmproved, Competition
reduoQd all stresses 0, incroased
nutrIent availability.

Molsturo stress probably reduced

No growth chQnga. Nutrient not
limited by competition and
accumulation occurring,I-~---+----+----+----f-";""';";""';";""';";""';";""_':;"----j---,.------ __
Growth reduced. Nutrient not
limited by ecmpetltlon and
accumulation may occur,

MOlsturo non·llmitlng

MOls\Yro Woss Inducod by
competition (allelcpathy or
nutrient may be possibly
reduolng growth).

F +/0 - Moisture limiting gro!NIhGrowth reducod. Nutrlant uptake but
not concentration roduced by
molsturo stross. Nutrient not limited

~ ~ ' 4- ~b~y_oo~rn~p_e_tlt_IO~ ~, _1

Growth rodufled, Nutrient limiting
growth as well as moisture.

G Moisture limiting growth as wall
as nutrient

Moistura not limitingH
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The method Is based upon the principle that significant changes In nutrient concentration, nutrient

content and needle mass will occur under dlHerent competition regimes and that both nutrient and

moisture status are therefore likely to differ. 'rhe technique Involves the construction of vector diagrams

or graphs which Illustrate foliar concentration versus foliar nutrient content versus needle mass. All

concentrations, contents and masses are expressed relative to a control.

Tho Sdptembel' 1989 foliar nutrient concentrations for each treatment were used. Needle blomass was

utilized as the measure of productivity. This was determined using Equation 4. Changes In the nutrient

concentration, nutrient content and needle mass of treatments A, B, C, D and E relative to the Control

were plotted on graphs, anr' vectors drawn between the Control and the nutrient elements.

Interpretations of the direction and magnitude of the vectors were then used to determine the Impact

various competition regimes have on the nutrient status and growth of tile trees. A diagnostic

Interpretation of the vectors Is given In Table 3.7. Movement of a vector (vector shift) could be In eight

possible directions (A to H). Anyone ot the eight possible shifts of the vector would be as a result of

competition for nutrients, or for moisture, or both. As an example, In vector A, the relative needle mass

Is positive without any significant change In the relative nutrient concentration. This Indicates that

nutrients are most probably not limiting and that there Is a favourable moisture regime. It can al~·.1be

Inferred that, should there be a decrease II' either nutrient concentration or content, and needle "lass

also decreases, moisture stress Is likely to have occurred.
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2.6.2 Vector Analyses

The foliar nutrient studies provide scant infonnatlon on the nutrient dynamics of the competition trial.

For instance, the frequency of foliar sampling was Insufficient to determine, how the :oliar nutrient status

fluctuated with time, needle age, position in the canopy, or plant water status. In an attempt to relate

available foliar nutrient data to a measure of productivity, vector analyses were used.

The principle of vector analvsls Is based on changes that occur in the nutrient concentration, nutrient

content and needle mass In the foliage of trees that have undergone speclflc sllvicultural treatments.

This approach could prove useful In studies Involving competing vegetation (Mead and Mansur 1993).

The technique is fully described by Wheetman (19S9) and could be useful In

• assessing post establishment Iesponses to various sllvlcultural prescriptions,

• determining the nutrltlonat status of trees relative to a control,

• forecasting subsequent growth responses to sllvlcultural treatments, and

• assessing the effect of Interspecific competition (Mead and Mansur 1993).

The theory Is based on the yield curve (TImmeI' and Morrow 1984). The curve (Figure 3.7) Illustrates

a measure of productivity (e.g., biomass) as a function of nutrient concentration. The curve contains

three distinct phases. The first phase Is from point a to b and represents the zone of deficiency where

Increases In foliar concentrations result In Increases In growth. Point b Is the critical level. Beyond this

point IIltle ~ddltlonal growth will occur In responses to Increases In foliar concentrations and

consumption of nutrients Is regarded as lUXUry. The decline In growth (phase c to d associated with

an Increase In nutrlsnt levels signifies toxicity.

b )1-----.--- 0

d

nutrt~t Qc:In<:<ontr.tion

Figure 3.7. A yield curve demonstrating needle biomass as a function
of nutrient concentration.
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3.6 Foliar and 5011 nutrients

3.6.1 Foliar and soli nutrient analyses

Paired comparisons of soil and foliar nutrients were made '0 monitor the change In the nutrient status

of the different cnmpetltton regimes over time. Foliar sampling of P. patula and S. megaphylla took

place In winter, the most stable sampling period (Payn et al. 1989). September i989 results were

compared with those of July 1990 (SAS Institute Inc. 1987). ANOVA was used to tost for differences In

soli and foliar nut I lent status between the different competition regimes 21 months after establishment.

Foliar samples were oven..cJrledat 65°C for two days and acid digested with sulphuric acid using lithium

and selenium as catalysts (Nicholson 1984). Analyses of Ca and Mg were carried out by atomic

absorbtlcn, K and Na by flame photometry and P and N by colorimetry. Calibrations were checked

using standard samples of knowr. conoentratlons and reported as mg kg·'.

To determine available Ca. Mg, Na and K In the soli, weighed, oven-dried samples were extracted with

ammonium sulphate (pH 5) and cations determined by atomic absorbtlon for Ca and Mg, and by flame

photometry for K and Na. Total N was determined by acid digestion followed by colorimetric

determination. Results are reported as /ig g". Available P was assessed by extracting soli with 8ray

solutlon (ammonium fluoride or hydrochloric acid) and dotorrnlned using colorimetry. To determine total

P using colorimetry, soli samples were digested using nitric or perchlorlc acid. Results for both P (Bray

2) and total P are expressed as /ig g" (Black et al. 1965).

The N·mlnerallzatlon rates of the soli ware also determined, as total N provides little Information on N

availability and uptake. An In situ lnoubatlon tachnlque was used to measure the rate of N·mlnerallzatlon

In each treatment In each replication. 50 mm diameter polyvinyl chloride (PVC) tubes were driven Into

the soli to a depth of 150 mm. The soli encapsulated by each tube was then watered and left to

Incubate for a period of tNO weeks (t14). At the time of tube Insertion, and adjacent to each tube, a soil

sample was taken to determine background mlnsral-N concentrations (to). The determinations of NH;

and NO; were done according to the standard methods described by Anderson and Ingram (1989).

The amounts of NH~ and NO~were calculated as /ig N g" of soli and the rate of N·mlnarallzatlon were

calculated as follows:

N - [(Nltratet 14 -Nltrateto) + (Ammoniumt 14 -AmmoniumtO)] (15)
6 mlnoral/satlon- ------r':':"'m-e---------"
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Weighted 050/1= RootProportion(8 soU- 8 wp) (28)

The conductance (go) of either the P. pattJia or S. megaphylfa canopy Is

gc=gre( L • (WeightedBsol/) (29)

where gr.' Is the maximum stomatal conductlvc, and L' the leaf area Index. The product of the output

of Equation 18 and go provides an estimate of transpiration.

3.5.5 Water-use efficiency

The ratio of net assimilation to transpiration Is regarded as water use efficiency (WUE). The definitions

of assimilation, transpiration and WUE differ. For example, assimilation might be expressed as net CO2

exchange, dry matter growth or yield or economic yield. Gas exchange studies to investigate WUE are

the most numerous. As examples, Sheriff et al. (1986) examined the the relationship between nutrient

status, carbon assimilation and WUE In P. radlata. Aussenac et al. (1989) studied water use efficiency

and drought tolerance in Pseudotsuga menzies;1 and P. maeroearpa, and a similar study was carried

out by Gross (1989) on P. menziesil and Pieea abies. Jarvis (1986) compared Pieea sithehensis

evaporation assimilation ratios (E/A) to those of agricultural crops. He concluded that there Is a great

need to measure E/A of stands In relation to nutrient and water stress. The relationship between the

carbon Isotope ratio and the Intracellular CO2 concentration (el) Is also related to water use efficiency

(Pearcy et al. 1989). Water loss may be expressed as either water transpired or total evaporation.

In this study the water use efficiency of P. p3tula and S. meQaphylla under different competition regimes

was examined. The total biomass production of P. patula (W) and the aboveground biomass of

S. megaphylla were compared to the respective species cumulative transpiration rates. Biomass was

expressed In 9 ha' and cumulative transplratlon (ET) converted from depth equivalents to mass per unit

area units (kg ha''),
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(el) either at field capacity, wilting point, at the critical level, or where stomatal closure occurs, can be

determined by:

(25)

The actual calculations In the model are conducted using the depth equivalent of water In each soli layer

(d,), where:

(26)

and z, Is the thickness of the soil layer and 8, the volumetric water fraction.

The model Is limited to stands with rooted soli profiles that are not supplied with water from a water table

with capillary rise. If the Infiltrated water plus the amount of water stored In the rooted zone exceed the

maximum soli moisture that can be held In the soli matrix suction against gravitatlon,l force (which state

Is, by definition, eql al to field capacity), the model arranges for the surplus to be drained to the deep

underground. Drainage cannot exceed the limits set by the hydraulic conductivity of the soil.

if rainfall rate exceeds the rate at which water can Infiltrate the soli, which In turn Is determined by the

saturated hydraulic conductivity (K'"I) of the soli, run-off will occur. Run-off Is usually related to the

surface of the soil. However, the lateral flow of water within a horizon Is also regarded as run-off. This

occurs when the soii water content of a profile is greater than the saturated soli water content.

In order to calculate the evaporation for P. paluta and S. megaphy/la, the root weighted soli water

content for the two species were determined. The proportion of P. paIUte and S. megaphyl/a roots In

the soli profile was determined from the root distribution study. if the soli water content (8so'l) Is greater

than the wilting point (ewa) and the critical levei where stomatal closure occurs (fl,.,) then the weighted

soli water content is expressed as:

Weighted I) ,00,,,AootProportton(e ./O,-eovp) (27)

if the soli water content (810'1) Is less than the r.rltlcallevel where stomatal closure occurs (8.111) then the

weighted soli water content is:
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Figura 4.8. The (a.) total, (b) root, (0) stern, (0') branch and (e, needle bIomass
production for P. patufa over time.
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t=igure 4.8 shows the total, root, stem and branch blomass production for P. patula over time. For all

biomass components, production was clearly exponential and reflected the various competition regimes.

Differences In the total biomass 3.16 years after planting were highly significant (Fs•e71 ea 80.8'''). The

Control was significantly different to all treatments and treatment A was significantly different to

treatments B, C, D and E. No s:gnlflcant difference In aboveground biomass occurred between

treatments 6 and C although they ware significantly different to treatments D and E. Sy December 1991,

(1157 days after establishment), Control and treatment A had attained a mean blomasa of approximately

38 and 34 Mg ha' respectively, while treatment E was 78-81% lower at approximately 7.4 Mg ha'',

the differences between treatments fer the root (run'" 192.5"'), stem (F~.en ::: 64.0'''), branches (Fe.

877 ... 66.7''') and needle biomass (Fa.en '" 81.2''') components were all significant. Generally the trends

observed for total biomass wore reflected In each of the components. The Control and treatment A

produced the greatest biomass and treatment D and E the second lowest and lowest respectively.
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4.1.2 The biomass of P. patuta

The allometric equations defining the relatlonshlp between the Independent variable, do, and the biomass

of roots, stems, branctres or needles, (WI)' for the various treatments are presented In Table 4.7. The

pooled allometric equations where all treatments are combined I~ also Included.

Table 4.6. The allometric constants (n,) and coefficients (a,) for the
allometric equation In WI ::: e, + n,ln do, where WI Is the biomass of the
roots, stems, branches or needles and do Is the root collar diameter.

sternase campanan!_ Treatments III nl R2 SE

Roots (g m'2) Control -1.26 1.65 0.70 9.62
A 4,50 2.32 0.91 5.19
B -2.70 1.81 0.65 14.26
C ·2.98 1.96 0.80 8.77
D -0.06 1.28 0.55 12.78
E 0,70 0.85 0.34 9.14
Pooled -1.76 1.67 0.69 77.97

Stems (g m" Control -4.716 2.737 0,97 1.84
A ·5.272 2.800 0.98 1,53
B -4.066 2,503 0.97 1.61
C ·4.360 2.645 0.99 0.49
D -4.401 2.621 0.96 2.69
E -3.547 2.606 0.98 0.99
Pooled -4.024 2,554 0.98 17.87

Branches (g m'21 Control -6,651 3.215 0,92 7.92
A -6,327 3,158 0,98 1,71
B -5,78£1 3,029 0.97 2.04
C -6,267 3,147 0,98 2,23
0 -6,912 3,241 0,96 4.43
E -5,776 2,935 0,96 2,72
Pooled '6,296 3,187 0.96 24.1

Needles (g m'21 Control -2.464 2.308 0,93 3049
A -2,926 2,414 0.98 0.95
8 -2,158 2.240 0.97 1,07
C -1.861 2.176 0.99 0,31
D -2.383 2255 0.97 1,38
E -1.647 2.076 0.99 0.48
Pooled -2,157 2.333 0.97 9,51

The differences In the allornetnc constant, n, between tho different treatments and for the dlHerent

biomass components Indicates that the allocation of biomass differs under different competition roglmes.

It Is difficult to detect any claarout trends, and the allometric relationships may be confounded by the

small sample size (Table 3.5), For treatment 5, the allometric constant Is lowest for root, branch and

needle biomass, und the second lowest for stem biomass, 7'M allometric constant for stern, branch and

nesdla biomass Is the hlghost or second highest In the Control.
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Table 4,5, Mean root masses (g m·2) of P, patuls and S. megsplJylla 82 months after establishment.
Vertical IIhes link treatments not significant at the 5% level.

P. petula S. megaphylla

fine coarse total total

D 23.2 contr, 1575.8 Contr, 1595.4 I E 254.6
Contr. 19,6 A 898,0 A 914,9 I D 183.8
A 16,2 C 782.2 C 798,2 I C 108.7
C 16.1 8 686.2 B 702,0 I B 75.1
8 15,8 D 6'72.4 D 695.6 A 25,6
E 9.9 E 146.3 E 156.1 Contr. 0

There Is a paucity of Information on the root biomass of P. patula, Besides this study, only Morris (1992)

has carried out root studies on P. patula. Morris (1992) developed a regression equation describing the

relationship between coarse or structural roots greater than 20 mm In diameter, and diameter at breast

height and height, This equation Was not sultable far this study as the trees had not attained heights

suitable for diameter at breast height measurements, and fine roots were not considered.

Figures 4.7 a, band c reflect the root dlstrlbutfon pattern through the soli profile six, 20 and 32 months

after establishment. These figures show that, as the Intensity of S. megaphyfla competition Increased,

the root count Increased. The root count for S. megsphylla In treatment E was highest 20 months after

establishment, and thereafter decreased, Generally, the converse occurred with P. patula. Of Interest

Is the root count of P. patula In treatments B, C and D, 32 months after establishment. Their respective

root counts are higher than In the Control and treatment A, even though aboveground biomass Is less,

One might hypothesize that, as a result of higher competition levels, and the need for the roots to

colonize a greater soli volume In order to acquire limited water and nutrients, the allocation of biomass

Is skewed towards the root system at the expense of aboveground biomass, The far higher

S. rnegaphyfla root counts In ali treatments Is a clear Indication of the vigour of this grass species. 32

months after establishment, between 38 and 70% of P. patula roots occurred In the top 300 mm of soil,

with few roots penetrating deeper than SOD rnrn. The percentage of S. megaph'y'lla roots In the top 100

mm of soli was greater than that for P. patula and ranged from 66 • 88%,

f

The results of P. pRtula root distribution are consistent with those reported elsewhere In the literature,

Namblar (1983), working with young P. radlata In South Australia, found that 80·90% of lateral roots

occured In the top 300 mm of soli, Squire at a/. (1978) report on a number of workers who have

examined the spatial distribution of pine root systems, Their results are remarkably consistent, and show

that root concentration declines slowly with soli depth and Is particularly hlg~l In the top 250 mm of soli,

Bowen (1964) In Squire at sl. (1978) examined root distribution of p, radlata In South Australia and found

from 52 ·84% by weight of roots In the top 250 mm. Squire at et. (1978) found p, radlata roots mainly

In the top 115 mm of soli.
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Figure 4,6, The root masses (g m'2) of p, paw/a and S, megapl7yJla measured (a) 6, (b)
20 and (0) 32 months after establishment.
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Thv root masses of P. patula and S. megaphylla 6, 20 and 32 months after establishment are Illustrated

In Figure 4.6. Means and standard deviations of root masses for the various treatments are presented

In Apf:Jendlx 5. Six months after establishment (Figure 4.6a), nr:- clear trend In the total root mass OfP.

palUla was evident. The Control (39 9 m'~) had a h'~lher mass compared to the remaining treatments.

Unlike flne root dens!ty, fine root mass only contrlouted between 6 and 33% to the total root mass of

P. palUla.

As with root density, the mass of S. megaphylla roots followed tile same trend as reflected by the

clipping regime. Six months after sstabllehment, treatment E had the greatest mass (59 g 1'1'2) and

treatment A the lowest (17 g m·2). The contribution of P. palUla total root mass to the total combined root

rna,'!'; of P. patula and S. megaphylla was far higher than for root densities, ranging between 20 and

44%, depending on the treatments. This Is clearly Indicated In a paired t-test which shows that no

significant differences occurred In total root mass between the two species (t(2l48:: 1.27). The probable

reason for this Is the large contribution th,lt the coarse component makes to the total root mass of

P. palUla.

Twenty months after establishment (Figure 4.6b) treatment A (244 9 m·2) had the highest root mass and

treatment E (22.4 g rn·2) the lowest. Fine root mass only contributed from 2.6 to 17% of the total mass.

The mass of S. megaphylla roots Was graatest In treatment E (163.7 9 m'~) and lowest In treatment A

(26.9 g m·2). P. paWla total root mass comprised 12 to 90.1% of the combined root mass of P. palU/a

and S. megaphylla. This was higher than the contribution of P. patula to the combined root densities.

Thirty two months after establishment (Figure 4.6c), the total root mass of P. paWla was greatest In the

Control (1595 9 m·2), and least In treatment E (156 9 m·2). The dlHerences between these two treatments

were Significant (Table 4.5). The contrlbutlon of fine root mass to the total root mass ranged from 1.2

to 6.3%, which was substantially less than the contribution of fine root density to total root density. The

greatest root masses for S. rnegaphy/la occured In treatment E (255 9 m'2). This mass was significantly

dlHerent to tna root masses of treatment A (26 ~ 111,2), B (75 9 m·2) and C (109 9 m·2). The root mass

of S. megaphy/la contributed far less to the combined root masses of P. palUla and S. megaphylle. (Table

4.5), The contribution ranged from 2.7% In treatment A \0 62% In treatment E, Namblar (1983) found

that rooting densities in two-year old P. radlata plantations were low (500 ·3200 m 111,3). He also found

that roots less than 1 mm In diameter contributed 87.3 and 85.5% of the total root longlh at 34 and 46

months respectively, but only 38.9 and 22.2% of the mass.
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highly significant (t(2)45= 7.15"'). The relative differences In root density betwe=n P. patu/a and

S. megaphylfa Weia malntaln€ld over time. Twenty months 1fter establishment (Figure 4.Gb), the fine root

density of P. petul« ranged from 154 to 257 m m? for treatments E and A respectively. The differences

In fine root d, .Islty between the treatments was not slgnlfloant. Coarse and total root densities of

P. patu/a followed similar trends to that of fine roots although the root density In treatment A was

significantly less than In treatment E. The contribution of fin·' :t~'Jts to total length ranged from 54 to

73%.

For the same period, the root density of S, megaphylla In treatment E, was the greatest (8137 rn m'O),

while the density In treatment A was the lowest (1672 m m'O), The rooting density of S. megap/1ylla In

treatment E was significantly different to the remaining treatments. The total root densities of P. paW/a

for the different treatments only contributed 2,6 to 20.2% of the comu'ned root density of both P. paW/a

and S, megap/wl/a .

In 1991, 32 months after establishment, the fine root densities of P. patu/a ranged from 362 m rn? to 719

rn rn" (Figure 4,5c and Table 4.4), The fine root density of P. patu/a In the Control was significantly

greater than In treatment E, Differences in fine root density of P. paW/a were not significant for the

remaining treatments, The contribution of fine roat density to the total density of P, patu/a rOOlSranged

between 34 and 50%, The contribution of fine root denslty to the totai density of p, patula roots

increases as competition increases,

Table 4.4 also shows the root denslty of S, megaphylla 32 months after establishment. The root

densities of S, megaphylla are consistent with those recorded 20 months after establlshrnent indicating

that competition regimes were similar and had stabilized, S, megaphylla root density in treatment E

(8785 m m·3)was significantly greater than the Control, treatments A (1026 m m,3), B (2597 m m'O) and

C (3694 m rn"), The contribution of S. megaphylla to the combined root density of both species ranged

trorn 39,7% In treatment A to 92.4% In treatment E,

Tabie 4,4, Mean root dfmsitles (m m'3) of P. patu/a and S. megaphy/fa 32 months after
estabuahment. Vertical lines link treatments not significant at the 5% level.

r. patula S, megaphylla

11ne coarse total total_. ,-
Oontr, 718,9 contr, 1394.5 contr, 2113.4 I E 8785
D 702,3 A 989.7 D 1648.8 D 6848
A 569,5 B 989.6 A 1559,2 I C 3694
B 550,4 D 946,5 B 1540,0 I B 2597
C 545,9 I C 699.3 I C 1245,2 A 1026
E 361.9 E 361,1 t;' 723,0 Contr. 0
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Figure 4.5. The root densities (m m 3) of P. patuJa and
S. megapnyJ/a measured (a) 6, (b) 20 and (e) 32 months after establishment.
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Figure 4.4. Diurnal photosynthetic active radiation (urno! rn:1S·,) for the
six competition regimes during March 1989.The length, mass and
distribution of P. patula and S. megaphylla roots.

Root studies

Rooting densltlas for P, patula and S. megaphylla, 6, 20 and 32 months after planting are Illustrated in

Figure 4,5. Means and standard deviations of root densities for the various treatments are presented

In Appendix 4. Six months after establishment the root densities for P. patula were low and ranged from

28 to 144 m m", At this early stage, the rooting zone had not been fully occupied and no competitive

Interaction was observed. This Is reflected In the response of the aboveground growth parameters for

this period (Figure 4.1). The fine root density of P. patula In treatment E (144 m m'3) was significantly

greater than the densities of flne roots In the Control and treatments C, A and B. The fine root density

of D (1is' m m·3) was significantly less than In treatment C, A and 8. The greater fine root density of D

and E could be ascribed to the moister conditions provided by the shading or mulching effect of the

grass. Total .ot densltles of P. patula (coarse and fine) followed similar trends to fine root densities.

The contribution of fine roots to total root density ranged between 45 and 71%.

If

Six months after establishment, the root densities (figure 4,5a) of S. megaphyl/a clearly reflected the

clipping regime, with treatment E having the greatest density (1865 m m·3) and treatment A having the

least (727 rn rn"). The total loot dansltlss of P. patu/l:I. tor the different treatments only contribute from

5.6 to 11,6% of the combined rootlilg density of both p, patu/a and S. megapl7ylla, A paired t-test

comparing P, patula and S. megaphy,'/a total root densities showed that differences between the two are



Table 4.7. Parameter estimates, coefficients of determination and standard errors for the linear
relationship between RGRp r.al and RGRs r.nl'

Treatment ex B n R2 SEDD•H• SEvesL

A 0.0016 1.125 27 0.84 0.098 0.0046
8 -0.0004 0.730 20 0.94 0.044 0.0027
C 0.00056 0.5G8 16 0.92 0.cl45 0.0019
D 0.000079 0.469 7 0.98 0.026 0.0009

Two questions arise. First, what Is causing the differences In /3 between treatments, and second, how

do t.iese differences result In differences In productivity of P. patu/a? No relationships were found

between the RGRp,I •• ' and Ws,lenlat any particular time. It was therefore hypothesized that the differences

are a result of either the frequency of clipping carried out for each treatment, or the mean mass of

S. megaphylla that occurs for a particular treatment over the duratlon of the study period. Tile mean

mass of S. megaphy/la (ws,r.n,) for a treatment Is defined as

(33)

where wS,r •• , Is the mass of S. megaphy/la midway through an Interval of t2·t, days, and t the total length

of time. The value ws"••, provides an approximation of how much S megaphylla there Is at any

particular time for a specific treatment. The relationships between RGRP.loal and RGRs,IO.' for each

treatment were harmonized In order to develop a singular function for all treatments. Functions of tills

nature are described by Plenaar (1965) and Plenaar and Turnbull (1973). Using the slope (13) as the

dependent variable, the following relationship was developed

/3 .. 1.576-0.198In(WS,/ellf)

R2",O.95

n",4

Substituting for [3 In Equation 32 and assuming that the Intercept (ex) Is zero results In the following

function:

RGR P,/oaf" [1.58 -O.198In(WS,leaf)] RGRS.leaf (35)

Figures 4.18 a and b Illustrate the RGRp,I •• ' and RGRs,I •• ' as functions ('A tile mass of P. paw/a. The mass
of P. patu/a Is expressed logarithmically to Illustrate treatment differences as It Is difficult to graphically

distinguish dlffemnces between treatments when Wp,t.81 Is expressed linearly. For RGRp•I ••
"
treatment

differences are distinct. The highest RGRr•,•n, occurred In the Control, and the lowest In treatment D.

Although not as distinct, trends for RGRs.I•• , can also be observed. These are the reverse of RGRp,I •• "

with the RGRs,'on' being lowest In treatment A and highest In treatment D.

84



Note that it Is only In the early stages of growth that. the RGRp,lanf for the different treatments varies, At

this stage, the RGRp,I~.f are highest In the Control and lowest In treatment D, These early differences

may have Important effects on the future growth of p, pa tula , 6radford and Hsalo (1982) discuss the

time course of gross responses, and the fact that relatively small early dltrerences In growth result In

much larger differences than Just proportlonal to the alteration. They consider this phenomenon as an

example of positive feedback behaviour or amplification with time.

The RGRs,'aal also decreases with time albeit with a more II'regular pattern. This most probably reflects

seasonal effects and the effect of clippings. With the exception of the Oontrol and treatment A, the

RGRs,'enl for treatments B, 0 and D are higher than those for P. patula,

The RGRp,'enl as a function of RGRs,lonl for treatments A, 8, 0 and D are Illustrated In Figure 4.17.

O,OS ...... " "

Figure 4.17, The relative growth rate cf P. patula foliage as a function
of the relative growth rate of ,9. megaphylla foliage.

There Is a linear relationship between RGRp,'onl and RGRo.,euI for the various treE't:r,ents which can be

expressed by th(1 function

RGAP,/oaf "'c:t +BAGAS,/oaf (32)

Paramater estimates, coefficients of dotermlnation and standard errors for the linear relationship betwoon

RGRp" •• , and RGRa.,Oa' for the various treatments aro given In Table 4.8. The values for t' e slope (13),

decrease wltl, Increasing competition, are hlghost In treatment A, and are lowest In treatment O.

83



4,1.4 The Interaction between P. patu/a and $, megaphylla,

Figure 4,16 shows the RGRp,lenl and RGRs,lenl for each treatment over tlma The RGRp,l.af for all treatments

display exponentially decreasing trends, levelling off at approximately 0,005.
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Figure 4.16. Relative growth rates for p, patu/a (.) and S. megap/wlla (+) for the
Control (a). treatment A (b), treatment 8 (0), treatment C (d) and treatment D (e) as a
function of time,
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Figure 4.15. The proportions of root and leaf biomass In relatlon to
total blomass for S, megaphylla,
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RGRw,g,au Is highest In treatment D and lowest In treatment A. There Is a strong Inverse relationship

betweon RGRw,PIM and AGRw,g, ... for a specific treatment. Under high competition regimes, for example

treatment D, the RGRw,g, ... Is greater than the RGRw,p;nD' Under low competition regimes, SUC'1 as

treatment A, the opposite holds true, The Interaction between P. patu/a and $, meqaphylla Is discussed

In more dotall In the following sootlon.

0.00 ,..-.-----------------___,

0.05 ' .•.•.. ,.,' ,' ,".' ,
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Figure 4,14, The relative gmwth rates (RGRw,g,Qu) tor S. megaphylla.

Figure 4.15 shows 1)'001 and 1)IO.vo. for S. megaphylla eight, 20 aru, 32 months after establishment. No clear

trends for MY of the sampling periods are apparent, although treatment B has the lowest 1)'001 for all

three s~mpllng periods, After eight months, 11'001 ranges from 0.11 to 0.33, The :,,!Jhest 1)'001 occurs In

treatment A (0.33) and the lowest In treatment B (0.11). After 20 months treatment A and E have the

highest 1)'001 of 0,26, The lowest 11'001 occurred In treatment B (0.10). 32 months after estabtlshment, the

highest 1)'001 occurred In treatment E (0,29) and the lowost In treatment B (0.13).
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Figure 4.13 Illustrates the cumulative aboveground biomass production of S. megaphylla. Treatment A,

the lowest competition regime, has the lowest cumulative biomass of approximately 0.9 tons ha".

Treatments 13 and C have similar cumulative blomasses of approximately 5.0 and 5.3 tons ha'

respectively. The similarity In the competitive effect of treatments 8 and C is reflected In the height,

ReD and volume Index (Figure 4.1) and biomass (Figure 4.10) of P. patu/a. The cumulative biomass of

S. megaphylla In treatment D was 105 tons ha", which was substantially higher than In .reatments C

and 13. Subplots In treatment E were destructively sampled In January 1991 (5.7 tons ha") and January

1993 (7.5 tons ha") The relatively small change In biomass between the January 1991 and 1993

destructive sampling of treatment E suggests that, when the grass Is not clipped, the maximum carrying

capacity of the site Is attained In a relatively short time, and Is maintained at a fairly constant level. Of

Interest are the seasonal dips In the biomass accumulation rate for treatments 13,C and D approximately

350 and 700 days after planting. The decrease In biomass accumulation rate coincides with winter, and

could be due to a decrease In temperature or competition for water.
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Figure 4.13. The cumulative aboveground biomass production of S. megaphyllll.

The relative growth rates for the abo"",ground component of S. megaphylla, (RGRw,glllu), for the clipping

sampling periods are Illustrated In Figure 4.14. The RGRw.g'ODR follows the same trend as P. patula, albeit

In a more Irregular manner. The RGRw.9,n .. decreased at an exponential rate. Seasonal Increases similar

to those In RGRw.Plno were observed. The more pronounced peaks In RGRw.9rn .. suggest that

S. megapl1ylla is more sensitive than P. patula to rainfall and temperature fluctuations. The maximum

values for RGRw.g, .... range from 0.038 for treatment A (day 100) to 0.057 for treatment 8 (day 114). After

approximately 750 days, the RGRw.o,a,. values converge to between 0.004 and 0.008. Over time, the
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Figure 4.12. The clipping frequency and the mass harvested at each Interval for (0) treatment A, (b)
treatment 8, (c) treatment C and (d) treatment 0 fer S. megaplwl/a.
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4.1.3 The biomass of S. megaphytla

Figure 4.12 illustrates the clipping frequency and the mass harvested at each Interval for treatments A,

8, C and D. Treatment A was clipped a total of 28 times, with the amount of leaves harvested ranging

from approximately 5 to 95 kg ha''. Treatment B was clipped 21 times and the mass harvested ranged

from 20 to 1260 I<g ha". Treatment C was harvested 16 times and the amount harvested ranged from

approximately 30 kg ha' to over 1050 I<g ha''. Although the frequency of harvesting In treatment C Is

lower than In treatment 8, the amount harvested did not differ markedly. From t,lle It can be surmised

that the competitive Impact of S, megaphyl/a In treatments Band C on the growth of p, piltuta Is similar,

Treatment D was harvested eight times and the mass of clippings ranged from aporoxlmately 50 to 3700

kg he",

No clippings took place In Treatment E, The amount of aboveground biomass was determined from

harvests In the destructive sampling zone, Using the destructive samples, the biomass of $, megaphylta.

In treatment E was estimated using the equation:

(31)

where a.:: 8495,0 ± 1281.4,

b '" 1,094 ± 0,089,

c == 0.0014 ± 0.0006, and

t == time (days)

Unfortunately, the frequency of destructive sampling of $, megaptwlta In treatment E was too low (three

times for each replication). Therefore, temporal or seasonal fluctuations In the aboveground biomass

could not be accurately determined.
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establishment, trees growing under the lowest competition regimes had attained canopy closure thereby

suppressing the growth of S. megaphylla. It Is hypothesized that at this stage, with tha exception of

treatment E, a transition from Interspecific to Intraspecific competition had occurred. As trees, were now

competing with each other, especially In the Control and treatment A, more assimilates were allocated

to root growth. Treatment E had the highest RGRd and could have been under less 'competitive stress'.

Therefore, In treatment E, less assimilates were allocated to the roots. The 71.lorn for all treatment

Increased from the July 1990 evaluation. TI1e 71'lom was greatest In treatment E (0.34), and lowest In

treatment B (0.16). The 71branch for the July 1991 evaluation period also Increased. The 7)branch was

greatest In treatment B (0.33), and lowest In treatment E (0.14). The 71neodJe did not alter noticeably from

July 1990 to July 1991, although the proportion of assimilate allocated to treatment E, which was the

lowest In 1990, was the highest In 1991.

Increases In root growth relative to shoot growth have been shown by numerous authors (e.g. Bradford

and Hsalo (1982), Jones (1983), McMurtrie and Wolf (1983a), Landsberg (1986), Axelsson and Axelsson

(1986) and McMurtrie and Landsberg (1992)). Bradford and Hsalo (1982) are of the opinion that

differences In allocation can be attributed mostly to decreases In shoot growth, although there are

Instances where water stress has caused an Increase In absolute root mass. Axelsson and Axalsson

(1986), studying changes In carbon allocation In P. sylvestris, found that In a water stress experiment,

drought would Increase root growth relative to shoot growth. They concluded that root/shoot

partitioning might be a major determinant of growth rate capacity In seedlings and young trees, and that

different carbon allocation strategies may be the key mechanism In Interspecific cornpetltton,

This study Illustrates the dynamics of carbon allocation In young stands, and how carbon allocation

changes with age and different levels of competltlc.n. It also Illustrates the Importance In Including the

belowground biomass component In order to avoid misinterpretation.
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Figure 4,11, The proportions of root, stem, branch and needle biomass
In relation to total biomass of P. patula,

In July 1990, the 'lrOOI decllnod by approximately 50%, At this measurement period, the greatest 7)rool

occurred In treatments D and E, those species growing under the highest competition regimes. It Is

hypothesized that the trees growing under adverse conditions are allocating more assimilate to root

growth In order to 'colonize' a greater proportion of the soli.

The l1,lom was greatest In treatment E (0,25) and lowest In treatments A and C (0,14), The 1Jbronch was

greatest In treatments C (0,25) and A (0.24) and lowest In treatment E (0,08), The amount of assimilate

allocated to aboveground structural mass (stems and branches) Is greatest for Treatment A and the

Control, and lowest In treatment D and E, The ry"•• dl. was greatest In treatment B (0,39) and lowest In

treatment E (0,23),

The period between June 1989 and July 1990 showed the greatest variances In RGRd, RGRh and RGRvl

between the different treatments (Figure 4,3), We can assume that Interspecific competition at this stage

was the most vigorous, The proportion of assimilates allocated to each of the biomass components

reflects the competitive strategy of P. patula for this period, which was to allocate a greater proportion

of carbon assimilates to the roots of trees growing under the higher competition regimes,

In July 1991. thn 11'001 decreased relative to the other biomass components, The 1)'001 was greatest In the

Control (0,31i and treatment A (0,28), and lowest in treatment E (0.18), Approximately 985 days after

75



the Control to 0.41 In treatment E. The 77bllltlch was similar to that of July 1990, with treatment Estill

having the lewes! 71blonch (O.17).The 1J,lem for all treatments remained unchanged for all three sampling

periods, with treatment E consistently having the greatest 77,lem'
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Figure 4.10. The proportions of stem, branch and needle biomass In
relation to aboveground biomass .)f? patula.

The proportions of stem, branch and needle biomass (aboveground biomass components) were

compared to the proportions of root, stem, branch and needle biomass (total biomass components).

Figure 4.11 shows 77'001' 77'lom' 77blonch and 770•• dl. In relation to total biomass for P. patula eight. 20 and 32

months after establishment. The sample sizes. means and standard deviations are presented In

Appendix 8. The least squares means and probabllh; va oresented In Appendix 9. In June

1989, 8 months atter establishment, the 77,00, oNasthe gret:ite", treatments. It Is theorized that at

this stage all treatments are allocating assimilate to root growt' i In order to maximize occupation of the

site. The 11'001 ranged from 0.84 In treatment E to 0.48 In treatments A and B. The second greatest

amount of assimilate was allocated to needles and l1ne.dle was 0.11 In treatment 0 and 0.35 In treatment

C. There was a strong relationship between the l1n•odl. and 77blllllch' The greater the rynoodlo the greater the

l1bl.nch Indicating allocation of more assimilate to branches so as to support a larger canopy. The

smallest amount of assimilate was allocated to branches In treatments 0 and E, which correspondingly

had the smallest 71n•• dID' The 7)'lom ranged from 0.03 In treatment 0 to 0.10 In treatment B.
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The relative growth rates with respect to needle mass, (RGRw,Pln.), corresponding to the measurement

Intervals over approximately three years are shown In Figure 4,9, Trends In RGRw,Pln. were generally the

same as for RGRd, RGRh and RGRv" There was an Initially high RGR, followed by an exponential decline,

with slight Increases In RGRW,p'n. corresponding with Increased rainfall periods. The RGRwp,n. reflects

the competition regimes up to the day 601 Interval. The variances In RGRw,p'ne between the treatman

decreases after this Interval, at which stage the RGRw,p'n. for treatment E becomes the highest.
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Figure 4,9, The relative growth rate (RGRw) of P, patula at
measurement Intervals over a period of approximately three years,

Figure 4,10 presents 71.,."" llbr.nch and lln •• dla In relation to aboveground biomass for P. pstula eight, 20 and

32 months after establishment. The sample sizes, means and stan ' deviations are presented In

Appendix 6. The least squares means and probability values are presented In Appendix 7, In June

198!), 71.lom ranged from 0,18 (treatment A) to 0.27 (treatment E), For the same period llnoodl. ranged from

0,64 for treatment A to 0,70 for treatment C, The smallest amount of assimilate was allocated to

branches, t~o marked differences In biomass allocation at this Interval could be observed, except that

for treatment E, where, In rslatlon to the other treatments, the proportion of branch biomass was lowest

and stem biomass highest.

In July 1990, the nn•• dlu decreased and 7)brunch Increased for all treatments, The 11nuedl. ranged from 0.41

In treatment E to 0,54 In treatment S, The 71brnnchwas lowest In treatment E (0,15) and greatest In

treatment A (0,37), In general, the 11.lorn for all treatments except treatment E remained unchanged, The

1)'lem for treatment E Increased to 0.45, In July 1991 the llne.dl. decreased further to range from 0,33 In

70



Pinus p3tula

-\ .,

o CONTnGL i
-"',_,...., ... ,...-,."."".,~I

-05'" .

-\ .'

-1.6 '

-2 .

·26 .

oJ •. _._.J. .,d ...... _ ••l,,,•••."".I"~_,•••·,...l._".,,

4 I) !J 10 12 14 10

(3) MPa Sel8nd meaao/Jylia (b)o .'"'",,,,,,,,,--,~"",,,":~-,-,--,,-~,-, -· --'O"·_,,.··_..·_' __ ·'_~- ..-··'t

1'1tP;; ·ii< 0 \ -03' ,oeg
:t: 0 j.
.\ .'

u'05 .
:J

'. 1..\-

-15 -

(- ,J,,_

~p~~,

I
i

')1'
i

-.: 51

J.., ,L..

1i~ :0 it]

Figure 4,27, Diurnal water potential trends for (£I) p, patufa In Marcl, 1989, (b) S, megap'ty/{a
In March 1989, (e) P. patu/a In July 1989 and (a) S. megap/1ylla In July 1989,

FIgure 4,27 shows the dIurnal water potentlal trends for P. patu/a a'"d S, megap/1yl/a In March and July,

Althougt~ clear diurnal trends were observable, no conclusive distinctions between the different

cornpe'ltlon regimes could be made. The lowest water potentials cccurrec between 121100and 15hOO,

The lowest water potentla.ls fOI' P. patu/a lay betwClon '2,0 and -2,5 MPa, Water potentials for

S, megaphyl/a were less negative I],nd lay between ·1.5 and -2,0 MPa. In July, recovery rates to water
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negative than the other treatments. Pre- dawn .pp",. for treatments A, l3 and Control continued to

decrease over time. However, the pre-dawn .ppintl of treatments C and 0 Increased by 0.1 and 0.08 MPa

respectively, and were not significantly different to treatments A, B and the Control. The reason for these

Increases was not readily apparent and could be due to erroneous readings on under·-{.wve1oped

needles.

There Is strong evidence to suggest that, In many field situations, competltlon for water Is the most

IImlllno factor In the early growth of P. patu/a. The most obvious effect Qf even a mild stress Is to reduce

growth. Cell expansion Is particularly sensitive to water deficits, will' the rate of cell expansion of

several species being slowed by any reduction In ~ below -0.2 MPa. Cell expansion Is completely

Inhibited by ~ between -0.4 and ·1.2 MPa (Bradford and Hsalo 1982). The.p of trees rarely falls below-

2.0 MPa, Irrespective of tree size or the amount of canopy (Richter 1976; Waring and Schlesinger 1985).

Cell division Is less sensitive to water stress than cell expansion (Bradford and Hsalo 1982). The turgor

pressure In the growing cells provides tho driving force for cell expenetcn. The expansion rate depends

more on turgor pressure than total water potential. Thore Is evidence that the rate of expansion Is

proportional to the excess tP over a certain threshold value (Jones 1983).

Rook at a/. (1917) found that stem diameter and root growth In P. rad/ata were reduced by soli water

deficit before transpiration and phctosvntheats were affected. Sands and Correll (1976) found thut thl~

elongation rate of needles of P. rad/ata seedlings was closely related to the water potential of the rootlnq

medium, ever' when the \Iv er potentials were quite high. Tho relative growth rates of P. patu/a, 0'.1

reflected by root collar diameter, height and volume Index, were closely related to plant water potential.

At approximately 210 days after planting, when differences In the relative growth ratos for the varluu!1

competition regimes became clearly evident (Figure <I 3a, b and c), the water potentials for P. patu/a

began to decrease.

The pre-dawn 'l<Olfl,,. for S. megaphylla were less negative than for P. patu/a, although they followed th~l

same trends. A rapid drop In ~OIItJ$ for all treatments occurred In May and by July, differences were

sl{~nlflcant (Pol.6~ c 5.40"). In September, treatments A and B had the least negative water potentials

of -0.33 and ..Q.28 MPa respectively. Treatment E, witt' a ~o"u.• of -0.82 MPo, was significantly more

nogatlve than the other treatments. Intraspecific competition In treatment E was the main contributor

to negative S. megaphylla water potentials,
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4.3.3 Plant water potontlal

The differences In 9. were manifested In pre.cJawn plant water potential readings (Figure 4.26), which

for P. patula and S. megaphy/la dropped rapidly from May onwards, approximately 210 days after

planting (Figure 4.26). The means, standard deviation, standard error and sample size for pre-dawn I/iP/N(I

and I/iQIru' are presented In Appendices 10 and 11.

, ,\ -< n:-", __ .-.-=~';'c''''t+.l
,~

Figure 4.26. Prs-dewn plant water potential for (a) P. patula and (b) S. megaphylla.

By July, 272 days after planting, overall differences Il1l/ipJn• for P. patula were slgnlfloant (F~.03 t:l 5.91''').

TreE.ltments A, 8 and Control were not significantly different from each other and were the least stressed.

The I/iPln. of those treatments were significantly less negativE) than troat.mP,"· E. In September, 336 days

after planting, treatment e was the most stressed with a value of -1.6 MPu. This was significantly more
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Figure 4.25. The volumetric soli water content, 0" for the dlffol'ent treatments and depths measured at
two-monthly Intervals.

regimes. Therefore, S. ml3gaphylla under the high competition regimes causes a drying out of the soli

profile. This Is dLIO to the higher densities of roots In the lower depths In the soli profile.
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At the depth of 200 mm, treatments A and E had the lowest 8. during September 1989, approxlmatel

y 320 days after establishment. At this time s, for treatments A and E were 0.27 and 0.28 m3 rn,3

respectively. The highest e, at this time was In treatment 8 (0.29 m3 m,3), which Is only 0.02 rn3 rn,3

greater than that of treatment A. This narrow range In II, between treatments at this depth continued

for the duration of the trial.

At a depth of 400 mm, lower o. values of 0.30 and 0.28 m3m" were recorded In July, approximately 280

days after establishment In treatments D and E respectively. The lowest a. values for this depth were

mv')rdorJ In September 1989, and ranged from 0.28 m3 m·3 In treatment A to 0.26 m3 m·3 In treatment

1:, a dlfterence of 0.02 m3 m", As with the 200 mm depth Interval, ,In all treatments varied little

between each other over time.

At the 1000 rnrn depth, lower 9. values were observed In treatments D and E In February 1989,

appt oxlrnately 130 days after establishment. In September 1989, the 0, of the treatments clearly

reflected the competition regimes. The highest values were recorded In the Control (0.26 m3 m·a) and

lowest values In treatment D (0.22 m3 m'3) and treatment E (0.20 m3 m·a).

The 9. at eight depths In the soli profile, and measured at two-monthly Intervals from January to

September 1989, are shown In f=lgure 4.25. This period was chosen as, based on relative growth rates,

It WtlS believed to be the critical period with respect to competitive Interactions.

Patterns of a, at different depths were remarkably consistent. In all treatments and at all depths, a

decrease In 9, occurred with time. The last measurements plotted In Figure 4.25 were taken In

September 1989, at the end of winter, An Increase In the 0, In tile profiles could be expected with the

onset of the spring rains. For individual treatments at specific times, there was little difference In 0,

between the 200 and 400 mm depths, The 0, decreased from the 400 to 600 mm depth, followed by

a gradual Increase In 9, up to eJ depth of 1600 mrn Differences In the Os at these depths for different

times Increased with Increasing levels of competition. For example, In Nle Control, at a depth of 1.0 m,
the difference In Oft between the January and S~ptember readings was only 0.01 m3 m·3. In treatment

E, for the same depth and perk)d, the difference In 0, was 0.08 m3 m·3• The absolute valuos of I), at this

depth were highest IIi the Control (0.29 m3 m'O)and lowest In treatment E (0.24 mOm,3).

These differences In 0, appeal' to be related to the rooting density' of S. megaphyJla (Figure 4.7a).

During this period most of the P. patu/a roots occupy the tOP 300 mm of tI' l ~O(' profile, The amount

of P. patu/a roots decreases rapidly with Increasing levels of competition. On the other hand,

S. megaphylla roots occupy the whole of tile soli profile, more so at the higher competition
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Figure 4.24. The volumetric soli water content, s, for the different treatments at depths
of (0) 200, (b) 400 and (0) 1000 mm for the period October 1988 to Octobor 1991.
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4.3 Competition for water

4.3.1 Rainfall

Figure 4.23 Illustrates monthly rainfall for the first three years of the study. Three distinct peaks occurred

In February 1989 (257 mm), December 1989 (276 mm) and January 1991 (414 mm). During 1989, 1990

and 1991, the driest months were from June to August. In comparison to the long-term rainfall records,

monthly ralnf;1I for the period October 1988 until June 1989 was approximately 206 mm below the long-

tf r'11 mean. For the periods July 1989 until June 1990, and July 1990 until June 1991, the rainfall was

approxlmataly 74 and 144 mm above the long.term mean of 1250 mm .

. , .. . .. ". . .. / .

10 12 :: 4 a 8 10 12 :2 4 f) 0 10 12 2 4 0 e 10
I 88 I 69 I 90 I 91 I

lime (months)

Figure 4.23. Monthly rainfall, (mm), for the period October 1988 to October 1991.

4.3.2 Soli water

Figure 4.24 Illustrates soli water content (0.) at depths of 200, 400 and 1000 mm In the soli profile for

the six different competition regimes. Note how closely soli moisture trends followed rainfall events. This

was especially eVident at the depth of 200 mm, while responses were more buffered at 400 and 1000

mm. Initially, the o. at all three depths decreased from December 1988 until September 1989. The

Increase In soli moisture during October 1989 corresponded to an Increase In the monthly rainfall and

this correlation with rainfall continued throunhout the duration of the trial.
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Figure 4.,22, Cumulative total biomass production of S, megaphyl/a as a function of
radiant energy absorbed.

In conclusion, the values for e: for P. plJtula appear to be llrnlted by water and/or nutritional stress. Over

short periods, the effects of water stress would be physiological, causing stomatal closure, Over longer

periods water stress would cause a reduction In ceil division and expansion leading to a decrease In the

leaf area and hence tp ubI' Reduction In productivity Is proportional to the water stress Integral (Myers

1(88), and will be examined In the fol/owlng sectlol1. Nutritional stress could reduce the quantity of the

carbon assimilation enzyme, ribulose blsphospate carboxylase (Bidwall 1974, Long and Htlilgl'en 1993),

which In turn would affect the rate of photosynthesis and consequently the value of e. Landsberg (1995)

cites examples where I1lgh leaf N concentrations Increase the radiation use efficiency of crops, There

Is also evidence to suggest that N fartilisatioll lncreases e: In plantations (Raison and Myers 1992).

Changes In the dynamics of the leaves (e.g., phyllotaxls, leaf Initiation, senescence and shedding) could

also occur,
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carbon content of plant tissues (Brown and Lugo 1982. Harmon at al. 1990), aboveground E values for

P. tadlata ranged from 1.14 to 1,34 g MJ·1 (Raison and Myers 1992). P. radlat" n"nwlng under

conditions (,I water stress had aboveground f! values of 0.72 g MJ·1 (Myers and Talsma 1992).

Table 4,8. Esttme.1esof the light-use efficiencies of P. pattJla growing
under different competition regimes,

Treatment II (g MJ'I) R2 SE of coetf.,
I rntrol

0,82 0.99 0,029
0,86 0,99 0.029
0,69 0,99 0.012

C 0,68 0,97 0.036
D 0,68 0,99 0.018
E 0,36 0,98 0,016

If one assumes that the trees growing In treatment A or the Control are suffering no serious growth

restrictions. and that the slopes of the upper two lines can be taken to define the highest efficiency In

terms of radlant-enerqy conversion and biomass production, then all remaining treatments whose lines

fall below that of treatment A and the Control are less productive, Those differences In productivity may

have been ca.rssd not only by differences In leaf production, but also by dlfferetices In energy

conversion efficiency. Figure 4,21 shows that, for a given amount of radiant energy absorbed by the

needles of a particular treatment, productivity varlas with the level of competition, The results show

clearly that the efficiency of light-use Is reduced as a result of water or nutritional stress, Also that

radiant energy (light) It')ell Is not limiting the growth of P. paWla, In theory, If light was limiting the

growth of p, patula undel' different competition regimes, lor a given time, values for Ii! lor all treatments

would lall upon the same line, but lend closer to zero as the level of light oompetltlon Increased,

The relationship, between biomass production and radiant energy absorbed for S, megaphylla for

treatments A, B, C, and D Is Illustrated In Figure 4.22. The values for I! are higher than those for

P, pfltula, and range from 1.15 g MJ·1 In treatment D to 2,68 9 MJ·1 In treatment S. No trends In the

values of e: with respect to competition regimes was observed, The light-use efficiency values fall within

the range cited by Cannell et el. 1987 for non-woody plants. From Figure 4,22, It can be clearly seen

that the greatost cumulative production occurred In treatment D, followed by treatment Band C, and

then treatment A, Compared to p, patula, for a oartaln amount of radiant energy absorbed by

S, megaphylla, there Is less differentiation In biomass production between treatments, The decrease In

the cumulative biomass production Is primarily determined by the frequel~:::yof clippings, This frequency

obviously dcterrnlnes the amount of leaf area present In a certain treatment at a given time, and

consequently rp G,abl'
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4.2 The light-use efficiency of P. patu/a and S. meqRphvlla

The relationship between biomass production and radiant energy absorbed for P. patu/a Is Illustrated In

Figure 4.21. The differences In the slopes Indicate differences In the energy-conversion efficiency, It.

Thera Is an Inverse relationship between the level of competition and e. Treatment A and the Control

which had little or no restriction on growth from S. megaphylla, have the highest growth efficiencies of

0.85 and 0.82 9 MJ" respectively. Their energy conversion efficiency Is reflected by the upper two lines.

The lowest line reflects the growth efficiency of trees growing In treatment E, the highest competition

regime. Treatment E has a light use efficiency of 0.35 g MJ", less than half that of treatment A and the

Control.
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Figure 4.21. Total biomass production of P. patu/a as a function of radiant energy
absorbed.

~stlmates of I! for all treatments are shown In Table 4.8. VE.luesfall within the rClngesfor woody species

cited by a number of authors. Most studies on the relationship between biomass production and

absorbed radiant energy have used aboveground ccmponents. Cannell at el. (1(87) cites aboveground

values of 0.5 g MJ" for eucalyptus globulus, 0.7-0.9 9 MJ" for P. sylvastris, and 1.6 g MJ" for Irrigated

and fertilised P. sylvestrls. Cannell at al. (1988) recorded total values of 1.58 and 1.5 9 MJ·1 for Salix and

Populus clones respectively. Landsberg and Wright (1989) working on Populus clones In the United

States, recorded aboveground values of 0.32 g MJ·1 and 1.4 9 MJ'\ In the second year. A number of

authors cite II In terms of carbon content. Assuming a conversion factor of 50% to estimate the organic
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The simulated values of RGRp,I'.' for treatments A, B, C, and 0 as a function of their actual values are
shown In Figure 4,20,
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Figure 4.20. The simulated values of RGRp.I.", as a function of the
actual values of RGRp.lo.' for treatments A, B, C, and D, The dotted line
represents a 1:1 relationship between actual RGRp.I ••, and simulated
RGRp,leal'

Figure 4,20 Indicates that the simulated values for treatment A are slightly overestimated, However, the

most that RGRp,leal Is overestimated In treatment A Is by 0,003. Simulated RGRp,I •• ' values for treatments

8, C and 0 are underestimated. The greatest underestimation occurs In treatment D. It Is recognizee!

that if a better function describing the relationship between RGR~" •• , and WI',lenf Is developed, the degree

of over and under sstlrnatlon would be reduced.

The objective of this study was to determine which w.rllloies had a significant Impact on foliage

production of P. patu/a. We can conclude that both the r~GRS,'enl and Wa,IO.f were the most important

variables used to determine RGR~" •• , and consequently wP•I•n,' With the knowledge of WP.IJnl' 7)'001' n.'.m'
7)b,anch and 7Jno.d'. It Is possible to determine the mass of each biomass component.
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Figure 4,18. The relative growth rates of P. petule (a) and S. megaphyl/a (b) as a
function of the mass of P. patula, Mass of P. pc:.~ulaIs expressed on a logarithmic
scala.

The relationship between RGRs,' •• f and wP•1en' can be expressed as:

(36)RGR S,/ellf=exp( -3,006-(O.273In(wp,/IlBf)))

No observable trends Were observed between RGRp,I.,tf and WS,I•• " RGRp•loB' and W',I." were simulated
using the mean mass of S. megaphylla, (Wa,I •• ,l, and Equations 35 and 36. The actual and .)imulated

values of RGRp,r•• , for treatments A, 8, C, and D growing under different levels of S. megaphyl/a

competition are Illustrated In Figure 4.19.
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Figure 4,19. The actual (a) and simulated (b) values of RGRp,I ••l for treatments A, B, C, and D growing
under different levels of S. megaphylJa competition as a function of the mass of p, patula.
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Figure 4.39. Differences In soli Ilutrlel levels between the various
treatments 21 months after establlahrnent.

The treatment means (/-IgN g" day") and standard deviations for nltrC""en mineralization rates are given

In Tabl4\ 4.11. The rates of N mineralization were low and arrattr . .vIm the majority of samples showing

no net mineralization at all. rrea. lent E, wh!ch underwent no Clippings, had the hlqhnst mlnerallzatlcn

rate of 0.13 /-Ig N g.1 day I. This was significantly different to the remaining treatments.

Table 4.11. Moans (/-Ig N g" day") and standard deviations for
nitrogen mineralization rates for the six competition regimes.

Treatment Mean Std. Deviation

Control 0

U!~......~·!~_
Mineralization Is generally high In substrates with high nltmJen contents and under environmental

conditions favourable for microbIal activity. Microbial Immobilization tends to be high (Ioworlng net

mineralization) when nltrognn concentrations In organic matter are low. This Is because a relative

abundance of carbon compounds provides energy for using nltrogf\n 10 synthesize new rnlcrobla'

biomass (Srady ~l:)74). The pooled organic carbon and nitrogon COnlerl( of the A horizon (Table 3.2)

Is approximately 0.0118 9 g" and 1290 mg kg' respectively. Tho C:N r<ltlo I" approxlrnately 9: t, whlch
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4.4 Competition for nutrients

1\.4.~ 5011nutrlants

The changes In soil nutrient status between September 1989 and July 1990 are Illustrated In Tabls 4.10.

Decreases In soli nitrogen were recorded In treatments A, B, C and E. This decrease was (.lIlly

sir;nlflcant for treatment B. There were Increases In phosphorus In all treatments although this Increase

....as not significant In treatment E. An Increase In soli phosphorus might be due to the greater

colonization of the soli profile by roots with a resultant Increase In phosphorus- mineralization.

PotaSSium decreased In all treatmants. Differences In potassium content were Significant In treatments

A. C, and D. Grey et al. (1979) and Payn (1985) Identified potassium as one of the major elements

Influencing the growth of P. patu/a. Potassium Is known to be important In osmotic adjustment and

turgor maintenance (Sands and Muiligun 1990).

No significant changes occurred In soil calcium lovels between the September 1989 and July 1990

enumaraUons. Magnoslum concentrations docredsed In all treatments althollgh not significantly so In

treatment D.

Table 4.10. Changes In soli nutrient status over time. Nutrient levels (mg kg") are presented for
September 1989 (d1) and July 1990 (d2). Double and single asterisk denote significance dlfferenOes at
the 5 and 10% levol respectively. rho sample slzes (N), means (mg kg·1) and standard deviations are
prosented In Appendix 14.

1-- Nitrogen Phoophorull PollI~olum Calcium Mngnoaium

Troatmont 09/1l9 07/90 09/89 07/90 09/89 07/90 09/139 07/90 09/139 071;;0.
COntrol 1833.8 1979.5 8.2 22.0" 71.7 46.6 369.1 440.3 91.4 47.3"

A 2065.8 1816.3 8.8 2S.Il' 54.2 39.0" 3S0.S 394.5 107.9 41.0"
El 1843.3 1403.5' r.e 18.0" 49.0 38.S 361.4 387.8 94.8 43.S"
C 1949,e 1844.8 7.4 1e.S" 64,2 S6.S" S59.9 388.5 96,8 44.S"
0 1643.3 1659.3 9.4 16,;)" 60.4 20,S" ,'316,6 414.8 82.3 46.5
e 2095,3 20B5.0 10.2 14,6 57,4 46,6 440,4 4a4.~ 109.7 67.S"--

In July 1990, 21 months after establish mont, analysiS of variance (ANOVA) between the different

treatments showed that no slgnlflcut1t dlfferencos In soli nutrient levels for nitrogen (F~.1a '" 0.40),

phosphorus (rD. 10 ::'l 0.25), p0tass1urn (PO. 10 '" 0.25), calcium (FD"o '" 0.84) and magnesium (FD.'6 c

0.34) occurred between the various treatments, Figure 4.39 IllUstrates the dlfff..loncas In soli nutrient

levels between the vancus treatments :21 months after oatabllshment,
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S. megaphylla. at any particular time, the water-use efficiency would Increase to approximately 1.97 9

kg·1, This derived value for water-use efficiency Is lower than that of P. patu/a, Indicating that P. patu/a

Is a more eftlclent user of water than S. megaphyl/a.
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Figure 4.38. The water use efficiency for S. megaphylla. Treatment E
Is excluded as a result of Insufficient samples.
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Figure 4,37, Regardless of the level of competition, a distinct linear relationship exists, Tllere Is

extensive evidence that for anyone species, the seasonal water-use efficiency Is constant over a wide

range of treatments such as sowing date, planting density, and water and nutrient supply (Jones 1983),

This linear relationship provides strong e' 'Idence that competition for water Is the main causal factor

limiting the productivity of P, pa tula , The water-use efficiency of P. patula Is approximately 2,68 g kg·1

(g of biomass per kg of water used).
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Figure 4,37, The water use efficiency for P. patula.

The cumulative aboveground biomass In relation to transpiration (I:T) of $, megaphylla Is III\Jstrated In

Figure 4,38, As with p, pa IUla, there Is a strong linoar relationship between the two variables, The

highest I:T occurs In treatment D, which has the highest cumulative biomass, Treatment E was not

Included In this study as there were lnsultlclent biomass samples. As with P. patula, the distinct linear

relationship between the two variables provides strong evidence that competition for water plays an

Important role In reducing the productivity of P. palUla .

The water-use efficiency of $, megaplwlla W,,;\S approximately 1.48 g kg 1 (g of aboveground blomass

per kg of watolr), Root masses for the sampling periods were unavailable, and therefore no dlrect

comparisons between the water usa efflcloncles of P. patula and S, megapl1ylla are possible. However,

sampling of root mass was carried out at elgl1t, 20 and 32 months of ago (Figure 4.15), Although not

the same dates, those root proportions can be used to estimate the total biomass of S, megapl1y/la,

From the blomasa samples, assuming that the 11'001 contributes 33% to the total biomass of
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from the soli surface In treatmert E contributed to 18% of the water balance, The low evaporation from

treatment E Is understandable as In this treatment S, megap/1ylla rapidly achieved canopy closure and

was never clipped,

I0,8
!0,0 .

!0.4

Ttoalmonl

Figure 4,36, The proportions of water loss attributed to drainage,
runoff, soli evaporation dnd transpiration from P, patu/a and
S, megaphylla,

The peak rateS of water use for p, patu/a occurred In the summer months of November to February and

ranged from 6,2 mm day" (Control) to 1,i' min day" (treatment E), Maximum transpiration rates for

p, patu/a corrosponc closely with the 4·5 mm day" measured In five year old P. patu/a using the heat

pulse velocity technique (bye5 pers comm 1995), The peak rates of water use for $, megaphylla

occurred In the same months, Dally transpiration rates ranged from 2,7 mm day" (treatment A) to 5,7

mm day" (treatment E), The transpiration of P. potula as a proportion of the water balance clearly

refiectec:1t!1(J competition regimes, Proportionally, treneplranen was highest for p, patula In the Control

(26% of thEI total water balance), and lowest In treatment E (6%), Expectedly, the transpiration as a

proportion (If the water balance demonstrated the reverse trend, namely lowest In treatment A (4%) and

highest In treatment E (40%), OVer the study period the soli water declined by approximately 1%,

4,3,7 Water·use efficiency

The relatlonsnlp between tho total biomass (W) and the transpiration (BT) for p, patuN Is Illustrated In

Sp.J, Dye, FORESTEK, Private Bag X11227, Noisprult, South AfrlcQ,
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Figure 4,35, Simulated and measured soli water contents In the upper 1,5 m of the SOil profile,
exprass-d as depth sculvalants over 947 days for (a) Oonlrol and (b) Treatment E.

The water balance for the treatments over a pElrlod of 947 days Is presented In Tabb 4,9. The

proportional contribution of runoff, drainage, and transpiration by P. palU/a and S. magc.phyiia are

presented In Figure 4.36. Rainfall for the period was 4043 mm. This equates to 1122 rnrn for first year,

Hi48 mm for the second year and 1374 mm for the latter 7 months. The slmulatlorl Indicated that no

runoff occurred. Drainage until May 1991 was approximately 1500 mm for all treat nsnts.

Table 4.9. The water balance (mm) from 18 October i988 until 24 May 19!!1.

Tmt Rain Runoff Drainage Evap. Transp. Transp, Soli
(soil) (P. patula) (S. megaphyl/a) store--

Control 4043 0 1500 1507 1054 0 ·16,8
A 4043 0 1499 1";84 931 146 ·16.7
B 4043 0 1500 1461 741 358 ·16.8
0 4043 0 1498 1475 708 379 ·16.7
D 4043 0 1499 1401 426 734 ·16.8
r.: 4043 0 1497 714 247 1603 ·17.0

Drainage accounted for approximately 37% of the water balance, The granite derived salls on which

this trial Is laid out are vary well drained. The surface horizons tend to have a low water holding

capacity. This is mainly due to a high content of medium to cosrse sand and a strong aggreQatlol1 of

clay particles Into water stable mlcro·aggregates. This results In a high frequency of macro-pores. In

comblnatlon with the non.expandlng propertles of the I<aollnlteclays, this causes rapid drainage (Schutz

1990).

Evaporation from the soli surface Is Influenced by the combined leaf area of P. potu/a and S. mogl3phylla.

Simulated ovaporatlon ranged from 1507 mm In the Control, to 714 mm In treatment E, Evaporation

from the soli surface was approximately 37% for ali treatments except for treatment E. The evaporation
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4.3.6 Watnr Balance

The dally nat radiation over the study period Is shown In Figure 4.34. Where there are missing values,

the 10 day average prior to the misSing values was calculated and substituted. A definite cyclic trend

Is apparent, with the greatest amount of net radiation occurring during the summer.

20~------------·------------------~

Q 0 100 ::00 300 ~oo 600 flOO 700 flOO goo 1.000

"rno (days)

Figure 4.34. The dally net radiation for the study period.

The simulated and measured soli water contents In the top 1.5 m of the soli profile for the Control and

treatment E, with their respective Land 11,001' are shown In Figura 4.35. Generally, although not a good

fit, the simulated root zone water storage follows the same trends as th, measured values. The seasonal

decreases In toot zone water storage are clearly apparent for both treatments. These decreases

correspond to decreases In the annual rainfall (Figure 4.23). The simulated winter decreases are more

pronounced than the actual values. ihe decreases are greater and for a longer duration In treatment

E: compared to the Control. This Implies that not only Is ths available water less under the highest

compstltlon re~llme, but the soli profile of the root zone takes longer to "recharge". Treatments A, a, C
and 0 follow the same trends, also having decreasing amounts of water In the root zone dllrlno the

winter months.
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variable than P. patula. This Is most probably due to the different clipping schedules and the resultant

variability In leaf ontogeny. As with P. paWla, stomatal conductances for S. rnegaphylla In March were

higher than those recorded for July. Although difficult to ascertain due to the variability, maximum

stomatal conductance appeared to occur over a longer period of the year. Stomatal conductances for

P. patula were much lower than S. megaphylla. If It Is assumed that stomatal behaviour reflects the rate

of supply of water to the leaves and subsequent biomass production, then S. megaphylla Is more

ettlcleht In this respect than P. paWla.
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Figure 4.33. Stomatal conductances measured over the course of a day for (0) P. patula In March, 1989,
(b) S. megaphylla In March 1989. (0) P. patula In July 1989 and (d) S. megaphy!la In July 1989.

An attempt was made to examine the relationship between diurnal plant water potential tlnd stomatal

conductance. This relationship was poorly defined and Is thorefore not Illustrated. The variability In tha

data probably relates to the Elffectsof variations In vapour saturation deficit and mean air temperature

(Beadle et al. 1885).
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The relationship of do and aboveground biomass to S~ provides strong evidence that competition for

water Is occurring, The correspondingly greater accumulated water stress In P. patu/a growing under

high competition regimes therefore results In lower productivity,

As a comparison, the cumulative aboveground blc nass of S, megaphylla biomass Is shown In Figure

4,32, There Ir; a very poor relationship between the aboveground biomass of S, megaphylla and the

cumulative S~, and It appears as If water Is not affecting the growth of S, megapl1ylla. Root studies

(Section ".1) Indicate that S, megapl1ylla Is able to access water from far greater depths In the soil

profile,
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Figura 4,32, The cumulative biomass of S. megaphylla In each
treatment as a function of the cumulative SIP, for the first year of the
study.

4.3.5 Stomatal conductances

Figures 4.33a and c show the diurnal stomatal conductances for ,0. patu/a In March and July

respectively. No distinct trends between the Various competition reglmos for P. patu/a are observable,

Stomatal conduotances for P. patula were highest In March, and reached their maximum levels of 0.09

to 0.16 moles m·a S·, between 08hOOand 10hOO,The highest stomatal conductances for P. oetu« In July

W!:.lrebetween 0.03 and 0.05 moles m·a S·I, and occurred between 08hOOand 11h30.

The diurnal stomatal conductances for S. megapllyt/a for the same months are Illustrated In Figures

4.33b and d. 'lilo stomatal conductances of S. megaphylla. for tha cllffarent treatments were more
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Figure 4.30. The root collar diameter (dQ) of P. paW/a In each
treatment as a function of the cumulative 51/1,for tho first year of the
study.

Figure 4.31 shows the aboveground biomass of P. paW/a for each treatment and replication 336 days

after establishment as a function of the cumulative 51/1.Although the coefficient of determination Is low

(0.39), a linear trend Is also apparent. Th- larger the cumulative 51/1,the smaller the biomass becomes.

Highest blomasses and lowest 5~ occur In the Control, followed by treatment A. Lowest blomasses and

51/1occur In treatment n followed by treatment E.
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Figure 4.31. The biomass of P. patu/a In each treatment as a function
of the cumulative 5tjJ, for the first year of the study.
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highest. Generally, for the same sampling date. the St/ifor S. megaphy/la was much lower than the SI/!,

Indicating far less cumulative water stress.

,'>50 ,.---------------------,

600 mm

300

200 mm

150
I!/

•
1oo~ " .,.. x ...·x'"* +.,
50 ~x + .'r++ + ..,... ,.....

*+*-+ II!-! .O~'~"~'~1~~.~.~I,~,,~~,,~!.~.~!!~!I~,~.t~, ~,,~,,~!I~,!~,,~,~.~~
') 10 20 30 40 50 50 70

.'~"'',.. +' '

Soli wale' dencll·Umo (m3 m·3 days)

I+A·+ia.cXD~

Figure 4.29. The cumulative S.. of S. megaphy/la In each treatment as
a functlon of the cumulative soil water-deflclt-tlme for the first year of
the study. The different treatments for a particular sampling date are
encircled.

As 8., and consequently ad.f.tlme Ii .ictuates within the soli profile, the use of Gd.""me In conjunction with St/i
as an Indicator of the response of trees to changes 1.18, Is not always reliable. A more reliable Indicator

appears to be between SI/!and some measure of plant productivity.

Figure 4.30 shows mean de as a function of cumulative St/i atter 336 days, for all replications and

treatments. Although the coefficient of determination Is only 0.57, there Is a linear relationship between

de and SI/i. Trees with the highest de have the lowest St/i values, and occur either In the Control or

treatment A. Treatment E has the lowest de and the h'lghest S'" values.

The value of the linear relationship between S~ and Bd."tlme Is In the fact that the soli water deficits can

be calculated from atmosphcrtc conditions. rainfall and an understanding of soli water retention

characteristics. They can therefore be used In a predictive sense. I.e.

(37)
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potential values close to those at pre-dawn were much faster for S. megaphylla (Figure 4.27.d) than for

P. patula, (Figure 4.27c).

4 ~ A Water stress Integrals

Figure 4.28 shows the relationship between the cumulative water stress Integral (Sip) and the cumulative

soli water deficit (Sd.,.t/mo) for P. palUla at depths of 200 and 600 mm for the sampling Intervals shown

In Table 3.6. For a particular treatment and position In the soli profile. the S", lncreasas with time and

with Increasil,g Bd•Mim•• These differences become more apparent with time. For ; .; Ijst two sampling

dates, the SI/! for the Control and treatment A are much lower than the remah11ngtreatments, wIth the

SI/JIn treatment E being the highest. The differences betwnen the highest and lowest 8de,.tlmo for the 200

and 600 mm Intervals Is approximately 6 and 7 m3 m"3days reLpectively, and no clear trends are

apparent. The higher sdeMlme values In the trE;atments growing under the low~)st competition are a result

of earlier, lower O. values. For the same SI/i values, differences In Bd.'.'I"'. occur at the two depth classes.

The Bde"I!I"" for any particular sampling date Is higher at the 600 mm than at the 2(J0mm depth, This Is

obvious as the e. at the 600 mm level Is always lower than at the 200 mm level.
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Figure 4.28. The cumulative SI/! of P. palUta In each treatment as a function of the
cumulative 5011 watur-deuolt-urne for the first year of the study. The different treatments
for a particular sampling date are encircled, with the earliest sample dates closest to the
origin.

Similar relationships occur for S. megaphylla (Figure 4,29). For the last two sampling dates at batt' the

200 and 600 mm depth, treatments A. Band C had the lowest SIiJ and the treatments 0 and E the
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sampling are notoriously difficult. Methods for determining conflguratlon such as the use of rubidium

should be appraised. Root periscopes In conlunctlon with vldsoqrarnmetry should be considered for

(.:etermlnlng root donsltles.

Plant water potential measurements do provldJ some measure of the plant water status and the degree

of stress that a plant experiences. The use of plant water potential Is not always satisfactory, both from

a logistics poln' of view (frequency and Intensity of sampling) and because measurements fall to

Integrate easily between water stress and growth over time. Water studios should focus on more

effective ways of determining transpiration rates of young trees. Heat pulse velocity techniquos should

be nvaluated.

Tho conventional approach to nutrient analyses In this trial yields basollno Information and boars little

relation to the capacity of tho soli to provide nutrients or Indications of tho blogoochomlcal cycles of

each element. Futuro research should focus on rates of mlnorallzatlol" tho dynamics of translecutlon

and rotrenelooatlcn In n~ocJles and shoots and tho complex Interactions botwoen nutrlont uptako and

soli mcleturo content.

In conclusion. tho approach followed In this study has led to a far ~oro dotallod understanding of tho

effocts and undorlylll\:J precesses botwoon P. patu/a GI1d S. megapllyl/a. It Is hoped that this study will

contrlbute to a sound. SIIGspecific wood manaqerncnt strategy for plantation fl.l,·ostry In Sout!'1 Africa.
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The studies of soil water content, pre-dawn plant water potential, water stress Integral and water-use

efficiency provide strong ovldence that competition for water Is the most limiting factor In the growth of

P. potu/a and that even small differences In water stress can effect the early growth of P. patu/a. As

ccmpetltlon for water occurs at specific times, the timing of weed control could be an lmportant

component of a weed management strategy.

No significant difference In the soil maoronutrtents, nitrogen, phosphorus, potassium, calcium and

magl19slum occurred between treatments 21 months after establishment. In all treatments, soil

potassium and magnesium decreo~ed by as much as 60% over time. Soil calcium Increased slightly and

phosphorus status more than doubled. Significant dlffer~nc(ls between the treatments with respect to

foliar' concentrations of phosphorus, potassium and magnesium for P. patu/a occurred 21 months aftelr

establishment. Lowest potassium levels occurred In the treatments subjected to highest competition

regimes (treatments C, 0 and E). Foliar magnesium levels Increased with lncre ilng compotltlon.

Vector analyses supports the hypotheses that competition for water Is tho most Important foetor with

respect to reducing the growth of p, patu/a and that secondary to competition for water Is competition

for nutrtents and for light.

Tho approach followed In Ihls study has led to a greater understanding of the competitive effects of

S. megapllylla on the growth of p, patu/a. ill addition It has provided Invaluable guidance as to the

design and methodology of future compotltlon trials. Trlol design should always focus on the creation

of a range of competition regimes In order to elicit responses and develop an understanding of tI n

reasons for Ihe responsee. In addition to a Control where P. patu/a were kept free of any weed

competition, a treatment with only S. mogaphylla should be considered. This would the" provldo a

complete range of ccrnpontlon regimes. Better techniques should be adopted for asseSSing the leaf area

of S. megaphylla and P palUla. Mora frequent biomass sampllno of treatment E In the destructive

sampling zone Is also recommended.

Tho frequency of measurements Is most Important. In many competition trlole, the effect of woed

competition Is most eomrno-sy measured on a quartor... six monthly or annual basis. A higher

frequency of meaeure ants, especially during tile first year aftor establishment Is recommended as

Infrequent measurements could conceal the dynamics of competition.

Priority for futuro ronoarch on growth should focus on Issues pertaining to carbon allocation,

bolowground dynamics (root studios), ond foliage dynamics. By for the biggest challenges lie In root

studies. Without a better understanding of the contribution roots make to the totul biomass of a tree

IIttio progross con be made In developlno mcdola of carbon allocation. The practlcalltlos In root
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reduced by either competition for water or for nutrients.

Values for light-use efficiency for S. megaphylla are greater than for P. patu/a. In addition, there Is IS$s

differentiation In light-use efficiency between treatments Indicating that competition for light Is an

Important factor In determining the growth of S. megaphylla.

Soli moisture trends closely follow rainfall evants. Approximately one year after establishment, clear

differences In soli water content In the lower levels of the soli protlla were recorded for the different

treatments. Trees growing under the highest competftlon regimes (treatments D and E) had the lowest

soli water contents, As the trees grew older, the dlfferen,)os In tho soli watel content betwcsn the

various treatments decreased. It Is suggested that at this stage. Intraspecific competftlon for water In

the low competition regimes Is having a similar effect when compared to Interspoclflc competition at the

high ccrnpetltlon regimes.

Patterns In soli water content at different depths were remarkably consistent. In all treatroents. and at

all depths, as the dry season progressed decrenaes In soli moisture occurred. The decreases In 5011

moisture were greatest under the highest cornpennon regimes.

Those differences In soli moisture were manifested In pre-dawn plant water potential roadlngs.

Decreases In the pre-dawn plant water potential colncldeo wl1l1 rlf'croClses In soli wator content. The

greatest decrease In nre-dswn plant water potential for P. patuta occurred uncler the highest competition

regimes. The pre-dawn plant water potentials for P. patu/a wore more negative than for S. megllpl7ylla.

In order to assess the cumulative effect of water stress on the growth of P. potu/a, tho water stress

Integral as a (unction of soil water content, root collar diameter and biomass was examined. For a

particular treatment and depth In the soli profile, the water stress Integral Increased with time and with

the cumulative sc)1Iwater deficit. The differences became more apparent with time. A linear relationship

exists between root collar diameter and the water stress Integral. Trees with the greatest root collar

diameters have the lowest water stress Intogral. The same trends are apparsru for biomass. This Implies

that trees growing under lower water stress have greater rates of growth.

Water-use efficiencies for .0. potu/a growing under the different competition regimes was determined by

examining the relationship cetwoon cumulative Iran6plratlon and biomass productfon. The water-use

eHlclency was constant over the rango of treatments. For example, the higher the transpiration, the

great(lr the biomass production and visa versa. Tho water-use efficiency for P. potu/o was approxlrt1ately

26% greator than that of S. megap/wlla.
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more site specific approach to weed management and ttllnnlngs should be considered,

With respect to belowground parameters, the different cornpstltlon I'eglmes are clearly expressed by the

dlffel'encas In the root mass, langth and configurations of P. paW/a and $, megaphylla, As an example,

root densities of P, paW/a 32 months after establishment, growing under low competition regl"19S were

between three and four times greater than under the highest competition reglm(;, The density of

S, megaphylla growing In the highest competition regime (treatment E) was more than eight times that

of p, paW/a growing In the Control. In absolute terms, after 32 months, S, megaphylla was able to

'colonize' a far greater proportion I')f the soli profil!' compared to p, paw/a, Whereas after 32 months

following estebllshrnent between 38 and 78% of p, paW/a roots' "'urred In the top 300 mm of the soli

profile, the p!:!rcentage of S, megapl1ylla roots In the top 100 mrn ranged from 66 to 88%,

The biomass studies and more apeclflcally the proportion of carbon allocated to each of the biomass

components of P. palu/a demonstrates the dynamics of the carbon allocation strategy, Carbon

allocation tepends on the levels of competition at any particular time, ThIs dynamic situation Is reflected

In the chang a In coefficient values In the allometric equations with different levels of competition, the

difference In root conflgul'ations and the changes In the proportions of root, stem, branch ol1d needle

biomass In relation to the total blomass of P. potu/a, The biomass studies also demonstrate the

Importance of IncludinG the belowgrolll1.:l component. Excluding tl1e roots from biomass allocation

studies can lead to the rnlslnterpretatton of results,

There Is a hnear relationship between RGRr'unt and RGRs".nfwhich provldes for Interpretive problems,

For a given RGRs,ldllf'the RGRp,IORfIncreases with decreasing lavels of competition, No relationships wer~

found between the RGRp,IOftfand wO,leal at any particular time, It was hypothesized that the differences

are a result of either the frequfll1cy of cllppll,g carried out for each treatment, or the moan mass of

S. megapl7ylla that occurs for a particular treatment over the duration of the study period,

A function describing the lnteractlon between P. paw/a and S, megap/7y/la was developed. Tho mean
,

mass and relative growth rate of S, megapl1y/la foliage were the most Important variables In describing

the relative growth rate of p, patu/a leaves, With the knowledge of the foliar mass of

p, patu/a and the proportions of each biomass component at a specific time, It Is possible to determine

the mass of each of the component.

The possible causal effects of competition were also Investigated, For p, patu/a there Is an Inverse

relationship between the level of competition and light use efficiency, Treatments with little or no

competition from S, megapllyl/a had the highest growth efficiencies, ResLllts Indicate that for

P. putula, competition for light Is not limiting the groWth of trees and that tho efficiency of light use Is
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5. CONCLUSION

Most research In plantation weed management In South Africa has focused either on the autecology of

the weed spacles or the empirical comparison of dlffereht control methods. Although such studies can

help researchers d,welClp new technologies and demonstrate the Impact of weed control on survival and

growth, the studies have not provided a quantitative basis by which plantation managers can make

effective weed management decisions, Neither has the research provided much Insight Into the

mechanisms of competition,

Four main objectives were set In the three year study of the competitive effects of S, megaphyl/a on the

growth of P. patu/a, namely:

• the degree to which S. megaphylla suppresses the growth of P. patu/a;

• the level of S. megaphylla Infestation necessary for the suppressive effect to occur;

• the duration of the suppressive effect by S. fTtegap/wlla on P. patu/a; and

• the possible reasons why S. megaptlylla. InhibIts the growth of P. peuite,

The ffeld tr:ql showed that $. megaphy/{a does suppress the growth of P. patu/a and that suppression

was strongly correlated w ~h the biomass of $. me 7aphy/la, The Impact was most IJI~arly reflected In

the aboveground growth parameters of P. parula, namely height, root collar diameter. volume Index,

needle length and biomass.

As examples, after three years, the height of P. patu/a growing under the lowest competition regimes

was approximately :~5%greater than for tress growing under the lowest competition regimes, This Is

a difference of more than 2 m In height. Root collar diameter was approximately 40% greater In

P. patu/a growing under low competition regimes, a difference of almost 60 rnrn,

The relative growth rates of p, patu/a provldec Interesting Insights Into the responses of P. patu/a to

c.llfferent levels of competition, Relatively small differences In relative growth rate can lead to much

larger, Absolute exponential differences In early growtl" Perhaps of more relevance Is how relative

growth rates caloulated at frequent Intervals can provide Indications of the transition from Interspecific

to Intraspecific cornpetltlon. Indloatlons are that depending on the leVi'll of weed competition,

Intraspeclflo competition can occur as early as two years after establishment on this particular site, This

sugr;asts that the effect of early weed control might be negated by the onset of Intraspecific competition,

Current thinning regimes In South Africa tend to be presorlptlve. Normally first lhlnnlngs take place

between seven and eight years of age, Irrespective of the .slte Index or level of weed competition. The

early re-conaes achieved from weed control would therefore be nullified. The study suggests a much
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The vector analyses support the hypothesis that competition for water Is the most Important factor

reducing the growth of P. patu/a. Secondary to competition for water Is competition for nutrients and

light.
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The contents of magnesium In all treatments relative to the Control are less and clearly reflect the

competition reqlrne, The relative content Is greatest In treatment A and lowest In treatment E, This

Implies that growth reductions are a result of reduced nutrient uptake. This reduced uptake Is most

likely due to Increased competition for water,
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Figure 4.42, Vector analysis diagrams for (a) nitrogen, (b) phosphorus, (c) potassium,
(d) calcium and (a) magnesium.
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4.4.3 Vector analyses

Figure 4.42 shows the vector analyses for nitrogen, phosphorus, potassium, calcium and rnaqneslurn

for September 1989. The relatlve masses reflect the different competition regimes. The mass of toliagtJ

In treatment A relative to the Control Is the highest. Treatment E has the lowest mass relative to the

control.

There Is little difference In the concentration of nitrogen for treatments A, 8 and C relative to the Control

(Figure 4.42a). The relative nitrogen content of these treatments Is lower due to the decrease In foliage

mass. This Implies that nutrient uptake, but not concentratlon, Is reduced by moisture stress, and that

growth Is more likely to be lin ',:cj by competition for water rather than nutrients. Treatments D and E,

subject to the highest competition regimes, show a decrease In the concentration and content of

nitrogen relative to the Control. Growth reduction Is caused by both competition for water and

secondarily by competition for nitrogen.

The relative concentrations and relative contents for phosphorus (Figure 4.42b), display slmllm trends

as shown for nitrogen. Relative to the Control, the growth of trees In treatments A, 8 and C are reduced

as a result of decreases In the uptake of phosphorus. These reductions In the uptake of phosphorus

can be ascribed to Increased water stress. Treatments D and E have lower concentrations and contents

of phosphorus relative to the Control. In these treatments, ccmpetltlon for both water and phosphorus

Is llfi'lltlng growth.

For all treatments, the concentration and content of potassium shows decreases relative to the Control

(Figure 4.42 c). The greatest decreases In relative content occur In treatments C, D and E. No trends

between treaunents In the relative concentrations of potassium are apparent. As discussed earlier, the

availability of potassium depends on the e. (Grey at 0,/. 1979, Payn 1985 and Sands and Mulligan 1990).

Reductions In growth In the treatments are likely to be a result of competition for both water and

potassium.

The relative concentrations of calcium (Figure 4.42 d), are greater than or equal to the Control. No

trends In relative concentration with respect to competition reglm0s are apparent. The relative contents

of calcium In all treatments are lower than the Control. A trend which conforms with the competition

regimes Is apparent, namely the highest relatlvtJ content occurs In treatment A and the lowest In

treatment E. In all treatments, growth Is reduced as a result of decreased nutrient uptake caused by

Increased competition for water.

The vector analyses for magnesium (Figure 4.42 e) show greater concentrations relative to the Control.

112



The differences In S. megaphylla foliar nutrient levels between the various treatments 21 months after

establishment are Illustrated In Figure 4.41. For comparative purposes the respective nutrient analyses

are grouped toge~her.
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Figure 4.41. The differences In S megapllvlla foliar N. p, K, Ca and Mg levels for the
various treatments 21 months after plan,lng.

Significant differences occurred In foliar nitrogen for S. megaphylla (F4•11 '" 7.45'''). Foliar nitrogen In

treatment E was significantly lower than all the other treatments. This same trend was observed 11

months after planting (Table 4.12b). The highest potasslurn concemratlons occurred In treatment A (43.0

mg g.l) and the lowest In treatment D (20.1 mg g.I). These potassium concentrations were not

significantly different due to the high degree of variation within samples. No significant differences In

foliar phosphorus (F4•11 = 2.34), potassium (F4, 11 = 1.70), calcium (F4•11 = n.56) or rnaqneslum (F4•11

= 1.38) occurred.

There Is a strong suggestion that potassium Is a Ihnltlng nutrient to the growth of P. patu/a. The levels

of foliar potassium In P. patu/a are below known critical levels reported In the literature (Schutz 1989).

Except for treatment E, there Is a distinct relationship between the degree of competition and levels of

potassium.
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Table 4.12. Foliar nutrient levels (rng g.1) for September 1989 (dt) and July 1990 (d2) for (a) P. peun«
and (b) S. megaphyl/a. Double and single asterisks denote significance differences at the 5 and 10%
level respectively. The sample sizes (N), means (mg g.1) and standard deviations are presented In
Appendix 15 and 16.

Table 4.12a. rlnus patula

Nitrogen Phosphorl.ls Potassium Calcium Magnesium

Treatment 09/B9 07/90 09/B9 0'1/90 09/89 07/90 09/B9 07/90 09/B9 07/90

Ocntrol 17.5 13.7" 1.2 1.0" 4.1 4.6 1.9 2.4 0.8 0.6"
A 17.8 13.S" 1.3 1.1" 2,9 3.B" 2.2 2.6 1,0 O.B
B 17,2 14.0" 1.4 1.3 2.7 3.4" 1.9 2.4 0.9 O.S"
C 17.8 13.2" 1.4 1.2' 2,3 2,5 2.1 2.3' 0,9 O.B'
0 15.6 13.7 1.5 1.2 2,9 1,B 2.4 2.7 1.1 1.0
E 13.7 13.5 1.5 1,2 2.2 3.2' 2.0 2.6 1.0 1,0,

Table 4.12b. Setaria megaphyl/a

NItrogen Phosphorus Potllsslllm CalcIum Mllgneslllm

Treatment 09/B9 07/90 09/89 07/90 09/89 07/90 09/89 07/90 09/B9 07/90

A 31,3 32,2 2.0 2.1 33.5 43,2 2,2 3,0 2,6 3,2
B 31.8 27.3' 2,3 1.8" 51.7 33,7" 1.5 3.3" 2.1 3,9"
C 26.4 2B.6 2,0 1.9 47.4 29,0 2.2 3.3' 2.9 3.9
0 23.4 29.5 1.5 2.0' 20.0 20,1 2.9 3,B 3.0 4,7
E 19.5 20,7 1.0 1.4 19,5 20.3 2,2 3.3" 1.8 2,5'

16~----------------------------------------~
14

12

10
OJ
OJ 8

-.S 6

Figure 4.40, The differences In P. patuls foliar N, p, K, Ca and Mg
levels for the various treatments 21 months after planting.
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suggests Immobilization of nitrogen. The nitrogen Immobllisatlon was most probably due tc the largfl

amount of freshly dead organic material, such as severed roots, In the Incubation tubes.

4.4.2 Foliar nutrients

Tables 4.i2a and b Illustrate the chanqes In foliar nutrlent levels of P. patu/a and S. megaphylla between

September 19B9 and July 1990. In all treatments, decreases In foliar nitrogen, phosphorus and

maqneslurn and Increases In foliar potassium and calcium for P. patu/a occur. Significant decreases In

foliar nitrogen are apparent for P. patu/a growing under the lower competition regimes (Control and

treat.nants A, S and C), Similar trends were observed for foliar phosphorus and magnesium, Significant

decreases In phosphorus levels occurred for the Control and treatments A and C, Magnesium

concentration decreased significantly for treatments G,C and Control. Increases In foliar potassium for

P. patu/s were significant for treatments A, Sand E, These Increases are In direct contrast to soli

potassium content. The Increases In foliar calcium for p, patu/a was only significant for treatment C &.

the 10% level,

No definite conclusions can be drawn from the foliar nutrient analysis of S, megaphylla, SlgnlflcElnt

decreases In foliar nitrogen, phosphorus and potassium concentration occurred In treatment S,

Significant increases in calcium occurred In treatments S, C, and E.

The differences In P. patu/a foliar nutrient levels between the various treatments 21 months after

establishment are Illustrated In Figure 4.40. No significant differences occurred In foliar nitrogen (F5,15

= 0,27) and calcium (F5, 15 = 0,48) between the various treatments. The level of foliar phosphorus In

treatment B was significantly higher than In treatment A and the Control (F5, 15 = 2,71'), Which In turn

were lower than treatments C, D and E, Levels of foliar potassium In the Control were slgnlflcElntly

greater than treatments S, C, D and E (Fs,15 = 11,96"'), Potassium levels In treatment A were

significantly less than In treatments C and D, Lowest foliar potassium levels In p, patu/a appear to occur

In treatments under the highest cornpetltlon regimes namely treatments C, D and E. Levels of foliar

magnesium for P, patu/a Wf:lrs significantly different (F5,15 := 4.90"'). In contrast to potassium, levels of

magnesium Increased with Increasing competition, Levels of magnesium In treatments D and E were

'Jignlflcantly greater than In treatments Sand K, Differences In magnesium levels between treatments

A, 8 and Control; were not significant.
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Appendlx 6, Samplo size (N), means, standard deviations and minimum and maximum values for w'lom'

\I"brnnch' and Wno•dl• and n,l.m' "bronch' and "Modi.'
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PFINE 4 16.05 5.26 2.63
PTOTAL 4 798.24 309.44 ·\04.72
STOTAL 4 10B.71 23.85 11.93

._. __ ._._ ••••••• _. __ • ___ •• _ •• A ••• _ •••••••••••• ~_._

0 PCOAR£E 4 6i2.40 ;145.27 \72.63
PFIIIE 4 23.22 8.86 ~. 4.,
PTOTAL 4 695.62 .153.60 l'l6. tlO
STOTAL 4 183.78 93.43 46.71."...~.~.fl.......~A.~.~.•._',D_..~._.M..~__~.•Q_.__
PCOARSE 4 146.28 183.81 91.91
PFINE 4 9.86 3.25 1. 6?
PTOTA~ 4 156.13 182.36 91.18
STOTA~ 4 25.1. sa 105.53 sus

•• __ • ___ ._ •• __ ._.~~_ •••••• N •••• ,•••••••• __ ._~ ••••• ti
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Appendix 5. Sample size (N), means, standard deviations and errors for course, fine and total root mass
(g m'2) for P.patula (P) and total root mass (g m·2) for S. megaphylla (8) for the three sampling periods.

contlnued/ ...

1989
Tmt Variable N Hean Std OilY Std ErrorM _____ .~ __ ~_" ________ ". ______ ~ __ ~ ___________ • ____

Contr. PCOARSE 4 36.56 22.54 11.27
PFINE 4 2.32 0.51 0.26
P1'OTAl 4 38.88 22.27 11.13
STOTAL 4 V 0 0~_.-M_._._~._.___.________________________________

A PCOARSE 4 5.06 3.19 1.59
PFINE 4 1.09 1.17 0.59
prOTAL 4 6.17 4.33 2.16
STOTAl 4 17.23 9.40 4.70

.--~~----~-------------------------. ---_.--._----a PCOARSE 4 11.13 12.29 6.14
PFINE 4 0.97 1.03 0.51
PTOTAl 4 12.10 11.78 5.89
STOTAL 4 17.35 7.53 3.76

---------------------------~----~--.-----~-------C PCOARSE 4 12.00 11.28 5.64
PFiNE 4 \.01 0.89 0.44
PTOTAL 4 13.60 11.81 5.90
STOTAL 4 33.71 1~.53 6.77-------------------------------------------------

0 PGOARSE 4 23.33 22.68 11.34
PnNE 4 3.66 2.54 1. 27
PTOTAL <I 26.D7 23.00 11. SO
STOTAl 4 34.40 10.17 5.09_.ft ___ .. _._ .. _...... _. ____ ·_·~_· ____ ~_· __··_·· __·

[ PCOARSE 4 9 79 4.79 2.40
PFIN~ 4 4.92 2.31 1.16
PTOTAl 4 14.72 6.79 3.0\0
STOTAL 4 58.91 19.06 9.53_•._••~._•••._•••__._.___._.~____w_.____________ •

1990
Tmt Variable N Henn Std Doy Std Error
••••••.•••••••• _ ••• ____ •• ________________ ••.• ______ n

Contr, PCOARSE 4 223.93 IG2.26 81,13
PFINE 4 3.93 3.14 1.57
PTom <I 227.86 161.22 80,61
STOTAl 0 0 0 0

~ __ •• _. __ .~ ••• _. __ ••• _ ••• _~~. ____ • ____ ._._._ •••• ~n

A PCOARSE 4 237.13 160.73
PFINE d 6.34 3.34
PTOTAL 4 243.46 159.81 7D.91
STOTAl 4 26.89 7.81 3.90_..•__G.____.d_~______.,_.•___._._~__·__··a•.••q._
PCOARSE <I 81. 23 6G.75 33.38
PFINE <I 4.32 1.34 0.67
PTO'lli\ 4 BUS 67.78 33.B9
STOTAl 4 48 79 10.82 5.41.__ ~.~ __ .. _.w •... ~_.. Qft_ ••••• __ D.__"__~_.~~_.~~_~_·_

C PCOARSE <I 136.Z5 95.03 "7,G~
PFINE <I 5.98 3.78 l.SB
PTOTAl. 4 142.23 94.41 l120
STOTAL 4 72.69 Z3.57 11.78.~--.-.~......"..~.~..~q-.~.-.~.-.-------.-..~~-.~

0 PCOARSE 107.26 I02.G2 51.31
flF1NE 'I 4.32 1.19 0.90
PTOTAl. 4 111.58 104.07 52.03
STOIAL 4 138.47 78.83 39 J2~W._QMU~."._u••~.__•••____.n___.g.____~U".~.__.~._
PGOARS~ .\ 18.12 21.51 10.70
pm~ 4 .1.23 1.OB O,~I
PTOTAL 4 ?U5 21.% 10,77
STOTAL 4 ies.es 55.02 21S1_._.~""__n_.._.._~.~.~~_.~_._~~~un_u.._.,~.~~__M •• _'.
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1991
TI~t V3riable N Mean Sld Ocv Std Error•___._•••__~__('___._.__••____..__W._______•________
Centr, PCOARSE 1394,45 484,54 242,27

PFINE 4 71B,91 278,26 139.13
PTom 4 2113,36 748.82 374.41
STOTAL 0 0 0 0___.~___ ~. ____ •___ .W__••_•••__ ••••• _____ •___ •__•__

A PCOARSE 989,74 25US 125,48
PFINE 4 569 47 108.09 54,05
PTOTAL 4 1559,21 310.6a 155,34
STOTAl 4 1026,05 403.72 201,8~._____•____•__._.w••••••..••••_____•••_•••~_••__.~.

B PCOARSE 989,64 448.90 224,49
PFINE 4 550,38 Z39.g0 119.95
PTom 4 1540,02 sea.OB 333,04
STOTAL 4 2596.61 1116,24 sse. 12..--------.-.-.---~--~---- ..----.-..--..-----.- ..-.C PCOARSE 699,28 212,62 106.31
PFINE 4 545,90 208.55 104.28
PTOTAl 4 1245.18 243.36 121. 68
STOTAL 4 3694,40 654.65 327,33..-.-..-.-......~-.......~.-.-...-...~~.--.--~...-

0 PCOARSE 4 946,47 234. ,18 117.24
PFINE 4 702,30 306,23 153,11
PTom 4 1648,77 508,40 254.20
STOTAL 4 da4S.0S 3307.42 1653.71
PCOMSE
PFINE
PTOTAL
S10rAL

4 361,13 85.36 42,68
4 361,86 107.32 53,66
4 122,99 67.88 33,94
4 8785,17 3180.70 1590.35
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Appendix 4. Sample size (N). moans. standard deviations and errors for course. fine and total root
donslty (m m ') for P.patula (P) and total toot density (m m·3) for S. megapl1ylla (8) for the three
sampling periods.

1969
Ttnt Varillble N Honn Std 00'1 Std Ert'or
._._. _______ ••• __ ~q.n •••••••• _._.·_··~.··_·····_

Contr. PCOARSE 4 74.87 34.20 17.10
PFiNE 4 65.47 12.B3 6.42
PTOm 4 140.34 24.04 12.02
STOTAL 4 0 0 0.-..-....-.-..-....-...-...~......----.- .......-

A PCOARSE 4 24.48 7.58 3.79
PFlNE 4 3L86 28.14 14.07
PTOTA~ 4 56.36 33.84 16.92
STOTAl 4 727.33 273.99 13B.D9

_~ •••••• ~ •••• ~d •••• _ ••• _~.~_.~ ••• _. __ ._.~·· __ ··_

PCOARSE 4 33.80 15.06 7.53
PF'INE 4 27.61 24.07 12.04
PTom 4 6' .49 W 3~ 15.47
STOTAL 4 1031.79 223.87 11l.94_.~." .....• __•• __... _~._._._ .. _.. _.~_a •....•....

C PCOARSE 4 50.10 40.1)2 20.48
PF'INE 4 42.70 32.11l 16.08
PTOTAl 4 92.80 65.51 32.76
STOTAL 4 1208.43 456.25 228.12.a_*~..•.M •• e.~~~~~A_~~~Q~n_...•a~~Q~~~.~~.~_.__a_

0 PCOARSE 4 12.88 13.86 6.94
PrINE 4 118. D9 89.94 ,14.97
PTOTAL 4 191.87 103.10 SUS
STOTAI. 4 1.161.78 303.21 151.61__. __.• _._._. __~.. ft._ ..•. ~__•..... ~_~... M.M._._.
PCOARSF. 58.93 30.85 15.43
PFINE V3.7G all.74 34.81
PTOTAL 202.69 90.01 49.51
STOTAl 1805.44 33il.CO 169.00._.auua••••~.~••u._•••a._~.~~_A~__~_.__..~__•___

1990
Ttnt V.nrillll 10 tl Honn Std Dev Std Error.A__.___.,....__~.•_~~••......···m.~.a.....•..•....
C'lntl·. PCOARSE 4 146.11 24.43 lUI

PFINE 4 163.78 100.89 50.45
PTOTAL 4 311. 90 119.22 59.61
STOTAL 0 , 0 0

._ •• ___ ••••• __ • ___ ••••••••••••••• ua •••••••••••••••

A PCOAI\SE ~ 166.15 SU~ 32.31
PFINE " 257.22 157.45 78.73
PTOm 4 423.37 156.92 78 ,0
STOTAL 4 1671.75 563.09 ~81.SS...".".~..~......-~..-.--.~.-..-.-....-...-.~.-..-
PCOARSE 4 155.67 100.68 50.34
PrINE 4 106.70 76.14 38.07
PTOTAL <1 m.4S 176.55 88.28
STOTAL ,1 279a.9S 1122.09 561. 04.u...__.•_.....•.__.___•.._··__··N.•.•...~.._~~.n•..

C PCOARSE 4 102.69 56.02 <:S.Ol
PrINE 4 207.09 147.80 73.95
PTOTAI. 4 309.78 184.51 nus
STOTAl 4 3942.22 865.27 432.64__._..."_~.._•......_.•_._~H.__..•_______________.

0 PCOARSE 102.67 28.85 14.42
PFIN: 199.26 76.19 38.10
PTOTAL 302.12 101.85 50.82
STOTAL 5525.00 1704.21 852.10-.q--.~.. ~-.-~".".. ~_~~d.$._.....···~.·__G_.__.._
PCOARSE 4 58.41 30.00 15.33
PFINE 4 154.32 71.51 35.75
PTOTAl " 212.72 79.74 39.87
STOTAL "8137.27 1343.09 611.54

••••.•••••••••••••••••••••• " contlnued/ .
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19.12.91 100 0.085322 0.040814 0.004081
06.07.92 99 0.13421 0.064963 0.006529
14.06.93 99 0.27252 0.139035 0.013974

------------------------.~- ..--...-..--.-------------.--------
D 31.10.88 99 7.OSH7 6.01E-07 6.04E·08

05.12.89 97 1.04E-06 G.82E-07 S.92E-08
09.01.89 97 2.26E-06 2.02E-06 2.0SE-07
14.02.89 97 1.01E·OS 8.m-OB a.33H7
26.03.89 97 USE-OS 2.m-os 2.26E-OB
15.05.89 97 U6E-OS S.6SE-OS S.m-06
17.07.89 97 0.000172 0.000132 1.34E-OS
15.09.89 97 0.000275 0.000219 2.22E-05
20.02.90 98 0.001864 0.001405 0.000142
11.06.90 97 0.004701 0.003236 0.000329
22.10.30 97 0.008656 0.005776 0.000587
16.01.91 97 0.014552 0.009018 0.000916
23.05.91 97 0.03292 0.021643 0.002196
19.12.91 97 0.059613 0.037508 0.003608
06.07.92 96 0.09999 0.061516 0.006279
14.06.93 96 0.21329 0.127032 0.012965

.--------.-- ..-------.---~-------- ...-------------~--------~--E 31.10.88 100 1.36E-07 5.32E-07 5.32E-06
OS.12.88 100 1. 09E-06 G.m-07 6.75E-08
09.01.89 100 2.02E-06 i.aer-ce 1.35E-07
14.02.89 100 6. 39E-06 5.891:-06 5.S9E·07
28.03.89 100 2.22E-05 1.6E-05 1.SH6
15.05.89 100 4.76E·05 3. 76E-OS 3.76£-06
17.07.89 100 a.77E-OS 7.m-os 7.m-06
15.09.89 100 0.000114 0.000116 1.l6E-05
20.02.90 98 0.000471 0.000469 4.94E-05
11.06.90 95 0.001103 0.001138 O.000117
22.10.90 92 0.002382 Q.002326 0.000242
16.01.91 91 0.004727 0.004307 0.000451
23.05.91 90 O.013217 0.011112 0.001165
19.12.91 90 0.032704 0.022922 0.002456
06.07.92 67 0.06927 0.042658 0.004573
14.06.93 97 0.18932 0.104989 0.011321• ________ • ___________ • __ •• _~_ •• M __ • _____ ._. ___________ • _______
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Appendix 3. Sample size (N). means (m3 per tree). standard deviations and errors for volume Index
for P. patu/a.

Tmt Date N Hean Std Dev Std Error_______ • ____ ~ ____ •• ___________ K ____________ ". _______ M_._-._- __

Contr. 3UO.B8 100 6.73E-07 S.3E·07 5.3E-08
05.12.88 97 LOSE-06 7.07E-07 7.1SE-08
09.01.89 94 1.9SE-06 l.7E·06 1.75E-07
14.02.89 93 9.37E-06 5.74£-06 S.9SH?
28.03.89 93 3.2lE-OS 1.71E-OS 1.77E-06
15.05.89 92 9.mo05 4.91E-OS S.12E-06
17.07.89 92 0.000279 0.000136 1.44E-05
lS.0B.B9 92 0.000639 0.00033 3.44E-05
20.02.90 99 0.005134 0.002473 0.000249
11.06.90 99 0.012466 0.00544 0.000547
22.10.90 99 0.023227 0.009797 0.000985
16.01.91 99 0.03461B 0.012704 0.001277
23.05.91 99 0.084669 0.033.276 0.003344
19.12.91 99 0.145733 0.054685 0.005496
06.07.92 97 0.21921 0.075867 O.007703
14.06.93 94 0.3906 0.13749 0.014181

---------~----------.----------~----~.---------.----.-~------.
A 31.10.88 99 S.48E-07 4.29E-07 4.31E-Oa

05.12.88 99 9.81H7 B.24E-07 8.28E-OS
09.01.89 08 2.m-oe 1.99E-06 2.0lf:·07
14.02.89 93 USE-OS 9.14E-06 9.47E-07
28.03.89 95 3.SSE-05 2.m-OS 2,94E-06
15.05.89 94 9.38E-OS 7.m-OS 8.12E-OG
17.07.89 95 0.00026 0.000204 2.1£-05
15.09.89 95 0.00055 0.000384 3.94£-05
20.02,90 98 0.004548 0.00257 0.00026
11.06.90 98 0.010804 0.00511 0.000516
22.10.90 98 0.020951 0.008692 0.000878
16.01.91 9a O.031313 0.011668 0.001179
23.05.91 98 0.077272 0.031501 0.003182
19.12.91 98 0.132536 0.051924 0.005245
OS.07.92 98 0.18319 0.069269 0.00e907
14.06.93 97 0.35218 0.128458 0,013043

__ " ___ • _______ • ___ • __ •• M~ __ ._._._ ••• _M •• _." •• _~.~ ••• _.~ ••• ,.~.

B 31.10.88 100 6.17E-07 4.02E-07 4.02~·u8
05.12.88 99 1.03E-06 7.41E-07 7.45E-Oa
09.01.89 98 2.lE-06 1.70E-06 1.77E-07
14.02.(19 97 USE-06 5.44E-06 5.52£-07
28.03.89 98 2,44£-05 1.77E-OS l.79E-06
15.05.89 98 6.24£-05 4.46E-05 4.51E-06
17.07.89 98 0.000148 0.000105 1.06E-05
15.09.89 98 0.000287 0.000214 2.16£-05
20.02.90 100 0.002408 0.001453 0.000145
11.06.90 100 0.006744 0.0\)383 0.000383
~2.10.90 100 0.014048 0.007029 0.000703
lG.01.91 100 O.U22857 0.010347 0.001035
23.05.91 99 0.055347 0.025909 0.002604
·19.12.91 98 o 097122 11.041934 0.004236
06.07.92 97 0.15604 0.067886 0.006891
14.06.93 96 0.30195 0.m558 0.013019"~~-~.~....-..-..--- ..-.-..--.".-.- ...-..~....-.~.....-----_.-

C 31.10.88 100 6.m-07 4.78E-07 4. 78E-OB
05.12.a8 99 9.66E-07 U9E-07 6.m-oa
M.01.89 97 1.97£-06 1.62F.-06 U5E-07
14.02.89 96 a.06E"OB S.7E-06 S.81E-07
28.03.89 96 USE-OS 2.35E-05 2.4E-06
15.05.89 96 S.92E-QS 4.47E·OS <I.S6E·06
17.07.89 96 0.000142 0.000113 1.15E-05
15.09.89 97 0.00026 0.\)00201 Z.04E-OS
20.02.90 100 o 002087 11.001434 0.000143
11.06.9Q IDa 0,C05801 0.003597 0.00036
2210.90 100 0.011464 0.006618 0.000662
16.{Jl.91 100 0.019284 0.010003 0.001
23.05.91 100 0.046486 0.025419 0.002542
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06.07.92 99 6.~5 1.19 0.12
14.06.93 99 8.65 1.37 0.14------------------------_._-------_.----------------

0 31.10.88 99 0.0952 0.0417 0.00419
05.12.88 97 0.1249 0.Q4672 0.00474
09.01.89 97 0.1742 0.05292 0.00537
14.02 89 97 0.2607 0.08303 0.00843
28.03.89 97 0.3743 0.12643 0.01284
15.05.89 97 0.4868 0.17663 0.01793
17.07.89 97 0.6196 0.20563 0.02088
15.09.89 97 0.7624 0.24439 0.02481
20.02.90 97 1.5934 0.47337 0.04782
11.06.90 97 2.037 0.5395 0.0548
22.10.90 97 2.285 0.6485 0.0658
16.01.91 97 2.858 0.7293 0.074
23.05.91 97 3.675 0.8595 0.0873
19.12.91 97 4.569 1.0944 0.1111
06.07.92 96 5.67 l.31 0.13
14.06.93 96 7.89 l.62 0.17_______ ~ ____________________ " _____________ ~ __ w _____ ~

E 31.10.88 100 0.1034 0.03585 0.00359
05.12.88 99 0.1202 0.04025 0.00405
09.01.89 100 0.1628 0.04517 0.00452
14.02.89 100 0.2489 0.07052 0.00705
28.03.89 100 0.3602 0.12598 0.0126
15.05.89 100 0.5202 0.18858 0.01SS6
17.07.89 100 0.666 0.26394 0.02639
15.09.89 100 0.7398 0.2942 0.02942
20.02.90 98 1.3647 0.41313 0.04173
11.Q6.90 95 1.728 0.5499 0.0564
22.10.90 92 2.028 0.5943 0.062
16.01.91 91 2.386 O.724? 0.0759
23.05.91 91 3.048 0.9319 0.0977
19.12.91 87 4.127 1.026 0.11
06.07.92 87 5.39 1.2 C.13
14.06.93 86 7.74 1.38 0.15

------------------------------------------------~---
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Appendix 2. Sample size (N), means (m), standard deviations and errol's for height of P. patu/a.

Tmt Date N Hean Std Dev Std Error___________ M_~ __ ~ __ ~ _________ ~ ______________ ~ _______

Contr. 31.10.88 100 0.0922 0.04084 0.00408
05.12.88 97 0.1177 0.0407 0.00413
09.01.89 94 0.163 0.04111 0.00424
14.02.89 93 0.2363 0.05723 0.00593
2B.03.89 93 0.3411 0.09117 0.00945
15.05.89 92 0.4784 0.13775 0.01436
17.07.89 92 0.6865 0.18377 0.01916
15.09.89 92 0.9777 0.25022 0.02609
20.02.90 99 2.0075 0.49483 0.04973
11.06.90 99 2.74 0.5694 0.0572
22.10.90 99 a.an 0.86B5 0.0672
16.01.91 99 4.033 0,7498 0,0754
23.05.91 99 5,01·16 0.9373 0,0942
19,1, ,91 99 6.351 !.l09S 0.1115
OS.07.92 97 7.B 1.13 0.11
14.06,93 94 10.03 1.23 0.13

--~-----------------------.------~------------------
A 31.10,88 99 0,0875 0.03659 0,00368

05.12.88 99 0.1172 0.04465 0.00449
09.01. 89 98 0.1699 0.04674 0.00472
14.02,89 93 0.2589 0.07498 0.00777
28.03.89 9S 0.3641 0, J14S1 0.01175
15.05.,;9 94 0,4957 0.15199 0,01568
17.01.69 95 0.6683 0.20839 0.02138
15.09,89 95 0,9126 0,25487 0.02615
20,02,90 98 1.9386 0.4563 0.04609
11.06,90 98 2.634 0.5432 0,0549
22.10,90 98 3.292 O.642~ 0.0649
16,01.91 98 3.978 0.693 0.07
23.05,91 98 5.027 0.0252 0.0834
19.12,91 98 6.345 1.0204 0.1031
06,07,92 98 7.36 1.28 0.13
14.06.93 97 9.83 1.04 0,11_______ ~w ___ u.__~_____________~_____~~_____M ______ ~_

B 31.l0 .86 100 0.1006 0.03862 0,00386
05.12.88 99 0.1191 0.04118 0.00414
09.0).89 98 0.1524 0.03923 0,003%
14.02,89 97 0.2406 0,06799 0,0069
28.03,8D 98 0.3281 0.10629 0,01074
15.05.89 9a 0,4301 0.14231 0,01438
17.07,89 98 0,5641 0.17859 0.01804
15.09.89 98 0,7406 0,22095 0,02232
20.02,90 100 \.6028 0,41526 0,04153
11.06.90 100 2.219 0.5699 0.057
22.l0.90 100 2.744 0.6654 0,0665
16.01.91. 100 3.435 0,7481 0.0748
23.05,91 99 4.383 0,9239 0.0929
19.12.91 98 5.607 1.0221 0.1033
06.07,9Z 98 G.83 1.26 0.13
14.06,93 97 9.08 1.54 0.16

-~~~---~-.-----------"-----~--~-----.---------.---~-
C 3Uo.BS 100 0,0933 0.03753 0,00375

05,12,88 99 0.1165 0,04132 0.00415
09.01.89 97 0,1608 0.OS119 0.0052
14.02.89 96 0.2422 0.08295 0,00647
28 03.89 96 O. tl04 0.11656 0.0119
Is.0S.89 96 0,4396 0.16029 0.01636
17.07.89 96 0,5641 0.20501 0,02092
15.09.89 97 0.7275 0.2396 0,02433
20.02.90 100 \,6189 0,3966 0.03966
11.06.90 100 2.176 0.5185 0,0518
2, 10.90 100 2.572 0.5995 0,0599
16. n .~1 100 3.203 0.6943 0,0694
23.05.91 100 4.141 0.8195 0,0819
19.12.91 100 5,205 0.9825 0,0982

136



16.01.91 100 73.4 16.31 1.63
23.05.91 100 100.2 22.56 2.26
19.12.91 100 123.0 24.28 2.43
06.07.92 100 138.0 27.60 2.80
14.06.93 100 169.0 37.10 3.70

-------------~----------~-----------------------"-----
0 31.10.88 99 2.5 0.60 0.06

05.12.88 97 2.7 0.54 0.05
09.01. 89 97 3.4 1.12 0.11
14.02.89 97 5.7 1.46 0.15
28.03.89 97 8.4 2.13 0.22
15.05.89 97 10.8 3.04 0.31
17.07.89 97 15.1 4.18 O.~2
15.09.89 97 16.9 5.24 0.53
20.02.90 97 30.6 D.84 0.99
11.06.90 97 44.0 12.56 1.27
22.10.90 97 56.8 IS.ge 1.62
i6.01.91 97 66.0 17.38 1.76
23.05.91 97 87.5 23.76 2.41
19.12.91 97 105.6 28.44 2.89
06.07.92 96 123.0 32.40 3.30
14.06.93 96 153.0 41. 20 4.20

------------------------.--------------------------~--
E 31 10.88 100 2.6 0.51 0.05

05.12.88 100 2.8 0.64 0.06
09.01.89 100 3.3 0.98 0.10
14.02.89 100 5.4 I.41 0.14
28.03.89 100 7.2 1.77 0.18
15.05.89 100 8.6 2.55 0.26
17.07.89 100 10.1 3.25 0.33
15.09.89 100 10.6 3.84 0.38
20.02.90 98 15.8 6.79 0.69
n.os.so 95 21.2 9.24 0.95
22.10.90 92 29.5 11.64 l.21
16.01.01 91 38.4 14.89 1.56
23.05.91 91 57.7 20.70 2.17
19.12.91 87 81. 5 23.13 2.48
06.07.92 87 106.0 26.30 2.80
14.06.93 87 148.0 34.00 3.60

-------------------------.--------------~-------------
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7. ,~PPENOICES

Appendix 1. Sample size (N), means (rnrn), standard deviations and errors for root collar diameter.

Tmt Oate N Mean std Dev Std Error__ ~ ____________________ ~ _____ M ________________________

Contr. 31.10.88 100 2.5 0.59 0.06
05.12.88 97 2.9 0.54 0.06
09.01. 89 94 3.2 1.10 0.11
14.02.89 ~3 6.0 1.24 0.13
28.03.89 93 9.3 1.92 0.20
15.05.89 92 13.2 2.93 0.31
17.07.89 92 19.1 4.18 0.44
15.09.89 92 24.1 5.8B 0.61
20.02.90 99 48.1 9.77 0.96
11.06.90 99 64.9 iz.ro 1.22
22.10.90 99 80.3 13.53 1.36
16.01.91 99 90.3 13.06 1.31
23.05.91 99 125.9 20.69 2.08
19.12.91 99 146.7 27.27 2.74
06.07.92 98 163.0 24.80 2.50
14.06.93 97 193.0 28.00 2.80

---> -----------------------------------------~--------
II 31.10.88 99 2.4 0.54 0.05

05.12.88 99 2.7 0.60 0.06
09.01. 89 98 3.3 1.10 0.11
14.02.89 93 6.1 1.62 0.17
28.03.89 95 9.2 •.22 0.23
15.05.89 94 12.6 3.23 0.33
17.07.89 95 18.2 4.65 0.48
15.09.B9 95 22.8 5.25 0.54
20.02.90 98 46.2 9.70 0.98
11.06.90 ~B 61.8 10.62 1.07
22.10.90 98 77.4 11.65 1.18
16.01.91 98 8G.6 12.43 1.26
23.05.91 98 120.5 19.63 1.98
19.12.91 98 '40.8 21.54 2.18
06.07.92 98 bl.O 23.00 2.30
14.06.93 97 186.0 26,90 2.70

----------------------~--------------------~----------
B 31.10,88 100 2.4 0,42 0,04

05,12.88 99 2.8 0.57 0.06
09,01.89 98 3.3 1.01 0.10
14,02.89 97 5.4 1.26 0,13
28.03.89 88 8,1 1.91 0.19
15,05,89 96 11.2 2.80 0.26
17.07,89 98 15.0 ' "' 0,38~, 1\01

15.09.89 9B 18.0 0.50
20.02.90 100 .ic.U 0.93
11.06,90 100 51 " 1. 24
22.10,90 100 67,8 ....• t,JoJ 1.4G
16.01.91 100 71.B '5.93 1.59
23,05.91 99 107,2 2,43 2.25
19.12.91 98 126.8 24 6D 2. ~9
06,07,92 97 145.0 26.10 2.60
14.06.93 97 175,0 31.70 3.20__ ~ ____ " ___ W ____ " __ ~ ________________ ~ _________________

C 31.10,88 100 2.6 0.53 0.05
05.12.88 99 2.7 0.53 0,05
09,01. 89 97 3.2 1.00 0.10
14.02.89 96 5.3 1.39 0,14
28.03.89 96 8,0 2,62 0.27
15.05.89 96 10.5 2.87 0.29
17.07.89 96 14.2 4.13 0.42
15.09.89 97 17,0 4.98 0.51
20.02.90 100 32,9 9.96 1.00
11.06.90 100 47.g 12.82 1.28
2UO.90 100 62.5 15.10 1.51
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0.67 years

il j A B C 0 f. ;,

A 0.6174 0.1464 0.0101 O. 009, '(.2

B 0.6174 0.3363 0.0352 0.0338 , .,ao
c 0.1464 0.3363 0.2403 0.23J7 C 'JOl
0 0.0101 0.035? 0.2403 0.:l864 0.~12S
~ 0.0096 O. 0338 0.2337 0.9864 0.5017
K 0.0502 0.1398 0.6Ml 0.5125 0.5017

1.76 years
i/j A B C 0 E K
A O.0020 0.6305 0.0002 0.0001 0.3454
B 0.0020 0.0079 0.4377 0.0123 0.0261
C 0.6305 O. 0079 0.0008 0.0001 0.6419
0 0.0002 0.4377 0.0008 0.0769 0.0033
E 0.0001 0,0123 0,0001 0,0769 0.0001
K 0.3454 0.0261 0.6419 O.flOS3 0.000:

2.72 yoars

II j A B C 0 E K
A 0.1053 0.4605 0.3778 0.0001 0.3607
B 0.105,3 0.0201 O. 0138 0.0001 0.0128
C 0.4605 0.0201 0.8846 a.oacs 0.S592
0 0.3778 0.0130 0.8846 ~ 0010 0.9742
E 0.0001 0.0001 0.0006 0.0010 0.0011
K 0.3607 0.0128 0.8592 0.9742 0.001:

Noodles CPr> iii HO: LSMEAN(1).LSMEA~(J))]

0.67 years

il j A B C 0 E K
A 0,8067 0.8953 0.0001 0.0001 0.0001
8 0.8067 0.9099 0.0001 0.0001 0.0001
C 0.8953 0.~0&3 O.000.1 0.0001 0.0001
0 0.0001 O.OOQ, 0,0001 0.3915 0.0686
E 0.0001 0.0001 0.0001 0.3915 0.3256
K 0.0001 0,0001 0.0001 0.0686 0.3256

1.76 years

il j A Il C 0 E K
A 0.0353 0.8804 0.0455 0.003J 0.3390
B 0.0353 O. 0254 O. 0001 0.0001 0.0028
C 0.8904 0.0254 0.0616 0.0051 0,4124
0 0.0455 0.0001 0.0616 0.3169 0,2849
E 0.0034 0.0001 0.0051 0.3189 0.0414
I<. 0.3390 0.0028 0.4124 0.2849 0.0414

2.72 yo~rs
II j A 0 C 0 E K
A 0.0781 0.7617 0.3815 o.om Q,.1044
6 0,0781 0.1420 0.3659 0.6913 0.0108
C 0.7617 0.1420 USBI 0.0640 0.2570
0 0.3815 0.3659 0,5661 0.1951 O.0903
E 0.0323 0,6913 0,0640 0.1951 0.0036
K 0.4044 0.0108 0.2570 0.0903 0, 0036
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Appendix 9. The probability values for 'Il".tn' flu•anctl, and 1IIlOedl'" 0.67, 1.76 and 2.72 years after
establishment.

Stem CPr> ITI HO: LSMEAN( l)oLSMEAN(J))J

i/ j A
A
B 0.6040
C 0.1835
o 0.0001E 0.0001
K 0.0001

1/ j A
A
B 0.9402
C 0.5000
o 0.0001E 0.0001
K 0.2555

1/.1 A
A
B 0.0141
C 0.3454
o O.GOlO
E 0.0137
K 0.5624

0.07 yoaro
BCD

0.6040 0.1835 0.0001
0.4131 0.0001

0.0001

E
0.0001
0.0001
0.0001
0.23400.4131

0.0001 0.0001
0.0001 0.0001 0.2340
0.0001 0.0001 0.0101 0.1511

1.70 ytlarn

BCD
0.9402 O.SOOO 0.0001

O.S48G 0.0001
0.0001

E
11.0001
0.0001
0.0003
0.79690.5486

0.0001 0.0001
0.0001 0.0003 0.7909
0.2877 0.6404 0.0007 0.0015

2.72 yoors
BCD

0.0141 0.3454 0.6910
0.1200 0.0374

0.5833

E
0.0137
U914
0.11/5
0.03650.1200

0.0374 0,5833
0,0914 0.117S 0.0365
0.0029 0.1304 0.3300 0.0028

K
0.,)001
0.0001
0.0001
0.0101
0.1511

K
O.255Susn
0.6404
0.0007
O.0015

K
?S624
0.0028
0.1304
0.3300
0.0028

Stem (Pr , ITI HO: ~SMEAN(1)oLSMEAN(j))l

1/j A
A
B .8643
C ".9545o 0.0016
E 0.0201
K 0.0288

I/j A
A
B O.151n
C 0.75/0
o 0.Q6S0
E O.QOOI
K 0.4316

1/ j A
A
3 0.5780
C 0.0189
o a.40GB
e 0.0001
K O.llolll

Q.07 yoarn
JeD

0.8643 0.9545 0.0016
a.S!:l7 0.0009

0.0019

E
0.0201
0.0130
c.caaa
o. J5870.8197

0.0009 0.0019
0.0130 0.0232 0.3587
0,0189 0.0330 0.2877 0.0831

1.76 yours

BCD
0.1519 0.1570 0.6050

0.0831 0.3130
0.4593o.oS31

0.3130 O.4S!l3
0.0004 0.0001 0.0001
0.5119 0.2746 0.7218 0.0001

2.72 yoarn
B C [)

0,5780 0.0169 0.46GO
0.0042 0.2014

0.03780.0042
0.2014 0.0979
0.0001 0.0001 0.0001
0.0347 0.•197 0.3884 0,0001

E
0.0001
0.0004O.OOO~
0.0001

E
~ 0001
0.0001
0.0001
0.0001

K
0.0288
0.0180
0.0330
0.287"
0.a831

K
O.431G
O. S119
o mr.
0.7218
0.0001

K
0.11(10
0.03'170,4197
0 ..,884
a,OOCI

Urnnoh09 (Pr, ITIIiO: bSMf:~N(I)"L5MEAN(.l))J

'.
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------.-.----.- .••---.--.-.-- •• AGEo2.72 TMT~C ••-•.••---•.•-•..-.-••-.-.----
Variable N Moan Std Dav Minimum Maximum
.----.--------~Q_-------------------"----~~.-----.-----~----.-------TOTALM 4 19957.89 3745.U:! 15332.72 24471.56
ROOTM 1 4894.39 326.7913070 4476.76 5275.57
STEMM 4 4527.18 1302.04 3433.94 6383.81
BRANCHM 4 5266.52 2135.68 2465.67 7538.40
NEEOLM 4 5269.80 607.9689955 J520.76 6009.92
ROOTPR02 4 0.2496674 0.0317905 0.21557(16 0.2919743
STEMPR02 4 0.2267141 0.0417960 0.1682830 0.2608665
BRCHPR02 4 0.2551945 0.0668425 0.1608110 0.3080474
NEEOPR02 4 0.2684240 0.0373253 0.2155061 0.2948440_u_._ .._~_ ... u~"~_ ..~__..__.._,'____ ~.__ G ___ •••• _"_. __ -- ••• - •••• -.~ ••

••---_ ••-•••-.-••••• --- •••••-•• AGEo2.72 TMToD •••-••-••••••••• --••-•••••••••
Variablo N Heun St::J Dov Minimum Maximum
._. ____ h~ ___ • __ ._._ ••• __ ._._ •••• _ •••••• _·~~_. ___ • __ • __ .~.---~----.~~

TOTALM 4 ll.D71.99 2195.85 8883.96 11915.69
ROOTM 4 3178.26 191.1409603 2GB4.96 3415.92
STEMM 4 2231.32 311.3980459 1951.83 2631.10
BRAtlCHM 4 3107.83 12S8.06 1321.30 4289.66
NEEDLM 4 3448.58 920.3503458 2619.87 4356,52
!lOOTPII02 <\ 0.2714371 0.0447666 0.2329759 0.3359943
STEMPR02 4 0.1901878 0.0354227 0.1456981 0.2197027
GRCflPR02 <\ 0.2504872 0,0703452 0.1494041 0.308.607
NEEDPR02 4 0.2872880 0.0316028 0.2412986 0.3130653

••••••••••••••••••••••••••••••• AGEQ2.72 tMroE ._•••••••••••••••••••••• -•••••
Varlablo N floa" Std Dav Minimum t~,1xlmum
__ a. _____ ~_~. __ aQ ••_••• « ••• _~~"~ __ ftb. _______ .,~ ___ • ________ •••• ft ••• _.

TOl'ALM <\ 3433.96 S24.S2B12S8 2527.88 396UG
ROOTM 4 E26.9800000 24.2095679 592.3100000 047.7200000
SWIM 4 1166.92 m.D720892 958.9800QOO 1402.01
BRANCHM 4 490.4825000 ;:06.4576593 258.6800000 m .3600000
NEED~M 4 1149.58 35S.a904H17 677 .8300000 1531.;;3
ROOTPR02 <I 0.1869895 0.0324000 0.1612369 0.2343110
SW1PR02 <I 0.3442503 0.0605679 0.2644419 o.assaae
6RCHPR02 <I 0.1386438 0.0382513 0.1023308 0.19WOO
NEF:OPR02 4 0.3301155 0.0653021 0.2681417 O.422W7-.-- .. -.~~--.--•. -*.- .. ---.-.-Q-.---.--.-.~-.-.--.- ..---- ... _--_ ....

••••••••••••••••••••••••••.•••• AGEo2.72 TMTuK •••••••••••••• --•••_••••••••••
Voriablo N Moan Std Dav Minimum MaXImum
•• a. __ ••• "_ •• aa~_ •• _ •• ,.__ •••••• _____ .4.- ..U_•..•.• -.- .• q ••••••••••••

TOTAW 4 2G229.72 3569.09 21708.04 30422.03
ROOTM 4 U029.98 ~~U66a8al 7786.11 am.98
STEMI~ 4 5517.39 1033.48 3996.40 6301,61
ORANCHM 4 60,17.71 1890.26 4287.04 8906,18
NEED~M 4 11034.64 901.2130415 5066.63 721~.92
ROOTPR02 4 0.31019$4 0.04OlS19 0.2630249 0.3573571
STeMl'~02 o.aooma 0.0191633 O.11'J3·1217 0.2271815
ORCliPR02 0.2494381 O.03u6131 ~.1967GI2 O.2n7485
NEf':OQR02 0.2310134 0.0260972 0.1971395 O.26245911.__•___....~_.~.__...~._G..u~.a•••u••~••no.~~_. ___••~_--"---~ ••-••••
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------------------------------- AGE~I.76 TMTnO ---------.---------------.----Variable N M~an Std Dey Minimum Maximum_______________________._.__._w.~y______*_· ____·_____·-.----- ••. ~---
TOTALf.I 4 2621.79 392.1797178 2252.16 3175.80
ROOTM 4 1178.14 64.0096651 1128.73 1267.78
STEMM 4 396.4\25000 66.9072873 307 0200000 465.!Jl00000
BRANCHM 4 365. 7~0000O 118.6455713 2PO.5500000 542.9100000
NEEDLM 4 681.4575000 159.4529978 518.9900000 899.3100000
ROOTPR02 4 0.4540476 0.0432863 0.3992002 0.5042271
STEMPR02 4 0.1610622 0.0123050 0.1363225 0.1650558
8RCHPRQ2 4 0.1372217 0.0225922 0.1239947 0.1709522
NEEDPR02 4 0.2576703 0.0231779 0.23a44t0 0.2831759.~___ .._.__.._.".d ••..• "._•._.N__•••. _.•• ·__·········_ .•---.--------

-- __________ ••_••__._. _________ AGEel. 76 TMTaE .----.- ••--••.--•..•---•••.--.
Variable N Mean Std Doy Minimum Maximum
...... u......................- ........... 011 ............. _- ........................... --_ ........... - ......... _ ...... __ ..... "" .. ",_ ..

TOTALH q 608.5500000 69.1127591 526.9200000 692.3200000
ROOTM 4 267.8400000 11.9016245 253.87QOOOO 282.8100000
STEMM 4 152.9825000 15.3165975 138.0000000 170.3500000
BRANCHM 4 49.5000000 23.9442644 29.8000000 79.0300000
NEEDLM 4 138.2275000 33.8015546 104.8100000 177 . 2100000
RQOTPR02 4 0.4438436 0.0466310 0.3838254 0.4817999
STEMPR02 4 0.2522607 0.0198125 0.2277364 0.2733503
BRCHPR02 4 0.0790781 O.030241~ 0.0305613 0.1141524
NEEOPR02 4 0.2248176 0.0315750 0.1963528 0.2559654
___ •• __ • ___ o ___ ~_ •••• _____ ~~ __ ••• __ " •• ·•• ___ ····_· ___ M- •• ~.- ••• ~~•••-

••••• _._ ••• _•••••••••• -••• -•••- AGEal.76 TMTmK ••-.--.---- ••••-••••••••••••••
Variable N Moan Std Day Minimum MaxHllum_•._.•.._..~_.._..____._•.•_._~__.,_____._..__M_~._.______u __ ._ ••••• ~

TOTAlM 4 9181.61 1477 .51 7468.44 1l06:LG8
ROOTM 4 2814.05 97.5551957 2689.08 2911.08
STEM~I 4 14G8.31 373.1719593 1193.74 2019,53
8RANCH~1 4 21Q9.00 611. 6570727 1342.57 2782.68
NEEOLM 4 2700.26 540.9322616 2143.66 3393. S5
ROOTPR02 4 0.3)22048 0.0490903 0.2591677 Q.3733Ail
STEMPR02 4 0.1587076 0.0171908 0.1445566 0.1825423
URCHPR02 4 0.2361454 0.0377647 0.1191656 0.2(\00201
NEEOP~02 4 0.2929424 0.0\61789 0.2727398 0.3087560

•••• _-••••••••••••• -•••-••••-•• AGE=2.72 TMT>A •••••••••• - ••• - ••••••••• -.---.
Variable N Mean Std Dey MinImum Maxllnum
_~~~ •• n•• ~ •• "._._ ••• _._ ••••• ~._ ••• _ ••••••• _._ •• ___ .~_ ••• _._--_. ___ ·0.

TOTALM 4 26558.12 5337.57 20499.72 31151,79
ROOTM 4 7496.47 883,7758953 6438.98 8598,09
STEMM 4 4138,83 l892.02 2438.66 6398. ~9
BRANCHM 4 7396.63 1435.47 5472.59 8815.55
NEEOLM 4 6920.)9 2011i.l4 4644.62 9513.65
ROOTPR02 4 0.2872033 0.0378106 0.2376252 0.3191623
STEMPR02 4 0.1751365 0.04836;)3 0.1031307 0.2068186
BRCHPR02 0.2791937 0.0210112 0.2587601 0.3061012
NEEOPR02 0.2584664 0.0373517 0.2265609 0.3053966_••_".A.~.__~~...~•.••_•••P~•.•."_.w*•••••_••·········~•••••-•••••~•

••• .............. _" ••• , ••••• - •• AGEa, , 72 TMTnO •••••--•••-.-••.••••••-••••••••
Varlablo N MaM Std Doy MinImum M~~\mwITI.u.•"•••A~&N ••_._N.~ ••___ ••••••••• ~•••• ___ •• _.w._ ........• ____ b.n •••

TO'TAL1~ 4 15754.98 1873.D4 14092.26 18382.47
ROOTM 4 2930.11 90.0730376 2852.91 3060.25
STEMM <I 255].75 887.5479501 \308.33 3381. 54
BRANCl1ft 4 Sm.IO W7.D2 3210.15 6501.81
NEEOLM 4 5010.94 866.9084040 4102.08 6109,36
ROOTP:;02 4 0.1874160 0.0165155 0.1664765 0.2060585
STEMPR02 4 0.1031850 0.0606867 0.0923005 0.2399573
BRCHPR02 4 0.3323270 0.0860990 0.2277953 0.4385766
NEEOPR02 4 0.3170710 0.0270863 0,2767052 0.333Om

152



------------------------------- AGE~O.67 TMT=E -------.-------- ------.------•.Variable N Mean Std Dey Minimum Maximum
TOTALM 5
ROOTM 5
STEMM 5
BRANCIIM 5
NEEOLM 5
ROOTPR02 5
STEMPR02 5
BRCHPrlO2 5
NEEDPR02 5

145.4220000
114.9560000

8.0900000
2.0840000

20.2920000
0,7994280
0,0527449
0,0129148
0,1349095

32.54;10610
17.9735536
4.3843301
1.7133972
8,7740680
0.050e.\86
0,0184991
0.0080008
0.0277216

110 3200000
95.6500000
3.2900000
0,4100000

10,9700000
0.7265279
0.0298223
0.0037165
0.0994380

196.5100000
142.7700000
14.2600000
4.8000000

34.6900000
0.8670232
0.0725663
0.0244262
0.1765305

------------------.--.-.- ••---- AGE-0.67 TMT=K --•••-•.-----.----------------Variable N Mean Std Dey Mlolmum Maximum
------"--~---.----- ...-----------.------------.-------._--_-- ..-----TOTALM 5 372,0540000 32,8203067 328.1400. 407.2900000
ROOTM 5 280.0760000 58.2808306 184.7800000 331. 5500000
STEMM 5 20,6700000 5,6845316 13.5000000 27,5100000
BRANCHM 5 11.6840000 7.211S~00 2.9000000 22.4600000
NEEDLM 5 59.6200000 2C.2165339 28.4000000 98.4400000
ROOTPR02 5 0,7480928 0.1181470 0.5631133 0.8809619
STEMPR02 5 0.0555676 0.0143845 0.0358109 0.0691536
ORCHPR02 5 0.0324474 0.0225754 0.0077056 O.068~~64
NEEOPR02 5 O.163~870 0.0840971 0.075461i 0.2999939
__ w __ ._." __ • ___ • ____ •• ____ M~._.__"______.____k_.__..__----------.---

.---------------------_.------- AGEal.76 TMT~A .--••--•••-•••--••-••--••-----
Variable N Moan Std Doy MInimum MaXln1Um
__._. ___•••• u•• _•• _••••••••• ~._·b__._.~________....__·--...-........
TQTALM 4 6131.13 460.3229188 5475.92 6,'SB.48
ROOTM 4 Hi33.55 77.'l87&SeS 1528.73 1703.'2')
STEMM 4 668.2800000 100.1373367 780.0200000 IOIC.70
BRANCH:~ 4 1646.97 404.2377096 1208.46 2l7:l.70
NEEOLM 4 1982.33 219.4975311 1723.05 224~.87
ROOTPR02 4 0.2668909 0.0083639 0.2604055 0.2791732
STEMPR02 4 0,1417893 0.0141903 O.lm512 0.1567981
6RCHPR02 4 O. ~G68700 0.052001)6 0.2206662 0.3365653
NEEDPR02 4 0.3244495 0.0390704 0.2660126 0.3495303

____•__• •••••••__•• • AGEol.76 TMTaS ------.-••-----.--••••••••-•••
Variabl0 N Mean Std Oav Minimum MaxImum
TOTALM
ROOTM
STEMM
llRANCHM
NEEDLM
ROOTPRO~
STEM?R02
8RCHPRQ2
NEEDPR02

4
4
4
4
4
4
4

"4

3080.71
829,2800000
526.4350000
515.4175000

1209.57
0.2698651
0.1728067
0.1624633
0.3948642

237.0101802
44.6.:19601
75.5575253

362.6950633
162.8919536

0.()170732
0.\1353101
0.1107(141
0.0680478

2865.29
790,3300000
427 .7400000

o
1074.53

O.25903~5
0,1252207

o
0.3515085

3415.99
884,8300000
597.0000000
HSL950COQO

142H3
\U952092
o 2083559
0 •.~494079
O. 4 ~G~349

.---•••••----.------.--- ••-••-- AGE-I.76 TMree -••--••----•••--••-.---••-.---Variable N Moan St.d Doy Minimum Max~I'um
TOTALM
ROOTM
STEMM
BRANCHM
NEEDLM
ROOTPR02
STEMPR02
BRCHPR02
NEEOPR02

4
4
4
4
4
4
4
4
4

3302.73
990.6600000
457.9775000
851.8150000

1082028
0.2936766
0.1351481
0.2512487
0,3199269

234.5402482
114.7696589
63.6224711

126.6276047
12l.7182759

0.0379178
0.0137415
0.0282665
0.0289899

3202.69
830.mOOOo
374.3900000
690.6400000
974.6300000

O.2'~G6'\96
0.1154303
Q.2156437
0,3004936

3718.78
1081.63

517.2600000
990.1100000

"l.2.l4
').mlzss
O,~,17378"
O.28CC523
0,363:805
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Appendix 8. Sample size (N), means, standard deviations and minimum and maximum values for w,'e,"'
wblanch' and WO•• dl• and 1I.'.m' l)bl""ch' and 7)n•• dl.'

••••••.•.•..•••••.••.•.•.•••••.~GEaO.67 TMTaA ••••••••••••••..••••.••• -••.••
Variable N Mean Std Oev MinImum Maximum..-_ ............... - ...... _-_ ...... -- ..................... "" ....... -_ ..- ..-_ ... _ - ......... __ - ---_ ...... - ... _ .................
TOrALM 5 165.1320000 71.4645354 58.9300000 222.1700000
ROOn, 5 79.2140000 40.7305681 23.7500000 128.3600000
SWIM 5 15.1160000 5.7126246 8.0800000 21.1100000
BRANCHM 5 15.5840000 9.5060418 4.6900000 25.5400000
NEEOLM 5 55.2180000 20.9727685 22.4100000 74.6600000
ROOTPIl02 5 0,4640727 0.0665579 0.4030205 0.5777558
STEMPR02 5 0.0983854 0.02539ZJ 0.0658758 0.1371118
uRCHPR02 5 0.0902006 0.0278332 0.0654092 0.1241674
NEEDPR02 5 0,3473413 0.053B120 0.2621416 0.3997410--- ..-..--- .............. - .....--....--- ..- ..........~.... - ..------~-- ....... -- ..-------_ ........ - ....... _-

••••-.,••••••••••••••••.••••••••MEaO, 67 THTaB ••••••••••••••••••••••••••••••
Variable N Mean Std Dev Minimum Maximum_M ___ ......___ ....__ ..__ .._______ ..._ ..........____ ...____ ..........._._ ...- ...._ ................_
TOTALM 5 186,7260000 12,2375010 170.2700000 200.5100000
ROOTM 5 89,5280000 17,2108896 61.2700000 102.7400000
StEMM 5 19,1360000 5.4920879 13,8400000 26.6700000
BRANCHM 5 14,1660000 4,4614437 9.0000000 21. 2400aOa
NEEO~M 5 63,8940000 16.3889804 42.4700000 a8.5700000
ROOTPR02 5 0,4824805 0,103G877 0.3133374 0.5832501
STEMPR02 5 0,1016662 0.0239166 Q,0735310 0.1280235
BRCHFR02 5 Q,0756889 0.0219439 0.0478164 0.1086223
NEEOPR02 5 0,3401538 O,07~8038 0,2494274 0.4528508___ M _______ • __ • ______ •• g~_.a._ ....•.• _____.• _•• ______. ______._ ... ___

••••••••••••••••••••••••••••••• AGEoO.87 TMToe ••-•••••••••••••••••••••••••••
VarIable N MOM <td D!)v Minimum Maxll11um...,.--------.----- ..---.---"-- ...-~~..-------- ..---.- __ ..._-.-" ......TOiALM 5 10o.s780000 ~., .253872 94.0100000 302.80COOOO
ROOTM 5 81,1880000 19,m0024 50.0300000 146,6000000
STEMM 5 15.1200000 6.2495160 9.6100000 24.76COOOO
BRANCHM 5 8,4820000 0.8221859 3.5600000 19,4900000
NEEDLM 5 55,7900000 32.2591080 30.8200000 Ill.9500000
ROOTPR02 5 ~,5115738 0.0202912 0.4841480 0,5321774
STEMPR02 5 0.0972899 0,0007520 0.0817701 0,1054129
BRCliPR02 5 0,0476796 0.0150984 0,0358572 0.0643659
NEEDPR02 5 0.343477:J 0,0282490 0.3068714 0,3735218
•••• ___ .~ •• __ .~ ____ • __ ~. ___ ••• ___ ._ •••• ~ ••• _._ •••••• w~ ••• ___ •• _ •••••

•••••••• -•••••••••••••••••••••• AGE-a.G7 TMT~D •....•.....•...•.•.•••••••••• -
Variablo N Mean Std Dev Minimum MaxImum
TOTALM
ROCTM
SlEI-IM
6RANCliM
NEEOLM
ROOTPR02
STEMPRC:
ef<CHPRO~
NFlC 'ril~;

5
5
5
5

231.0860000
194,7220000a.oasocoo
3, 1940"')0
25,np",,~~
,1,h tlij~~1
(,J3r;j651
(),OI34D77
0.1096733

39.3444631
36.3640333
3.G3~a391
2 0342148
6,6125478
0.0535641
0,0139.155
0.0078528
0.0346040

16.),£200000
136.8~OOOOO

2.&1)00::00
0.8000t-OO

13,1700000
0.7879580
0.0109456
0.0032919
0,0541931

269,moooo
226,3900000
10.77COC~O
$,1900000

, 33,7800000
0,9315694
0,0450396
0.0222413
Q,1W611

s
5
5
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Needlos CPr > ITI HO: LSMEAtl(I)~LSMEAN(j))J
0.67 years

1/ j A B C 0 E K
A 0.7670 0.0919 0.0770 0.2d95 0.9076
B 0.7670 0.1621 0.1384 0.4437 0.6802
C 0.0919 0.1621 0.9315 0.5217 0.0723
0 0.0770 0.1384 0.9315 0.4677 0.0601
E 0.2895 0.4437 0.5217 0.4677 0.2406
K 0.9078 \1.6802 0.0723 Q.0601 0.2406

1.76 years
jfj A B C 0 E K
A 0.0081 0.7876 0.4299 0.2795 0.6616
B 0.0081 0.0164 0.0564 0.0003 0.0023
C 0.7876 0.0164 0.6021 0.1783 0.4802
0 0.4299 0.0564 0.6021 0.0641 0.2218
E 0.2795 0.0003 0.1783 Q.0641 O.S1/?
K 0.6616 0.0023 0.4802 0.2218 0.5172

2.72 years
II j A B C 0 E K
A 0.4459 0.9397 0.3633 0.2443 0.47Dl
B 0.4459 0.4024 0.8822 0.6843 Q.1443
C 0,9397 0.4024 0.3251 0,2155 0.5271
0 0.3633 0,8822 0.3251 0.1959 0.1087
E 0.2443 0,1 \3 0,2155 0.7959 0.0639
K 0.4791 o. " 0.52:'1 0,1087 0.0639
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Appendix 7. The probability values for !1.I.m' I)bt.nChl and nn •• dll' 0.67, 1.76 and 2.72 years after
establishment.

Stem CPr> ITI HO: LSMEAN(1)QLSMEAN(j))l

0.67 years

l/j A B C 0 E K
I. 0.6725 0.6263 0.3353 0.0214 0.0847
2 0.1i72S 0.9488 0.5867 O. 0573 0.1891
3 0.6263 0.9486 0.6316 0.0659 0.2113
4 0.3353 0.5867 0.6316 0.1692 0.4375
5 0.0214 0.0573 0.0659 0.1692 0.5442
6 0.0847 0.1891 0.2113 0.4375 0.5442

1.76 yOurs

1/j A B C 0 E K
A 0.2156 0.9544 0.0197 0.0001 0.2874
B 0.2156 0.1955 0.2563 0.0001 0.8593
C 0.9544 0.1055 O.0171 0.0001 0.2626
0 0.0197 0.2568 0.0171 0.0001 D.W09
E 0.0001 0.0001 0.0001 0.0001 0.0001
K 0.2874 0.8593 0.2626 0.lQ09 0.0001

2.72 yoarn

l/j ABC ~ F. K
A. 0.2221 0.1024 O.·;uO 0.0001 0.0975
n 0.2221 0.0053 0.0780 0.0001 0.0050
C 0.1024 0.0053 0.2761 v.0009 0.9801o 0.5780 0.0780 0.2761. 0.0001 0.2A54E 0.0001 0.0001 0.0009 0.0001. 0.0010

K 0.Q975 0.0050 0.0801 0.2854 0.0010

Branclhos EPr ~ ITI HO: ~SMEAN( 1)aLSMEAN(J))J

0.67 yOolro

1/j A Il C 0 E K
A 0.5414 O. om 0.0208 0.0051 0.1770
B 0.5414 0.2043 0.0834 0.0255 0.4561
C 0,0626 0.2043 0.63..9 0.3180 0.5959
D 0.0208 0.08.34 0.6349 0.5984 0.3163
E 0.0051 0.0255 0.3180 0.598,1 0.1286
K 0.1776 0.4561 O. SOo9 U163 0.1288

1.76 yoarn

1/l A (I C 0 E K
A 0.0011 0.8521 0.0091 0.0001 0.0078
B O.0011 0.0019 O.46GZ 0.oG04 0.0050
C 0.8521 0.0019 0.01,18 C.OOOI 0.7436
0 0.0091 0.4662 O.0148 0.0103 0.0332
E 0.0001 0.0604 O.0001 0.0103 0.0001
K 0.6078 O.0050 0.74:15 0.0332 O.OOUI

2.72 yMrs

11j A B C 0 E K
,\ 0.7162 0.1913 0.2109 0.0001 0.4329
a 0.7162 0.0968 0.10801 O.OCOI 0.2527
C 0.1013 0.0968 0.95,16 0.0002 U967
0 0.2109 0.1084 0.9S46 0.0001 0.6386
f 0.0001 0.0001 0.0002 0.0001 O.QOOl
K 0.4329 Q.2527 0.5067 Q (l3Gt, 0.0001
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Appendix 7. The probability values for ?)'Iom' 'lbtnnch' and 'In..dle' 0.67, 1.76 and 2.72 years after
establishment.

Stem CPr> I'rl HO: LSMEAN( 1)"LSMEAN(j)))

0.67 years

l/j A B C 0 E K
1 0.6725 0.6263 0.3353 0.0214 0.0847
2 0.6725 0.9486 0.5867 0.0573 0.1891
3 0.8263 0.9486 0.6316 0.0659 0.2113
4 0.3353 0.5861 0.6316 0.169~ 0.4375
5 0.0214 0.0573 O.0659 0.1692 0.5442
6 0.0847 0.1891 0.2113 0.4375 0.5442

1 'r fears
1/j A B C 0 E K
A 0.215G O.f:S44 0.0197 0.0001 0.2874
e 0.2156 0.1955 0.2568 0.0001 0 ..8593
C 0.9544 0.1955 0.0171 0.0001 0.2626
0 0,0197 0.2568 0.0171 0.0001 0.1909
E 0.0001 0.0001 0.0001 0.0001 0.0001
K 0.2874 0.8593 0.2626 0.1909 0.0001

2.72 yoaro
II j A B C 0 ~ K
A 0.2221 0.1024 0.5780 0.0001 0.0975
B 0.2221 0.0053 0.0780 0.0001 0.0050
C 0.1024 0.0053 0.2761 0.0009 0.980)
0 0.5780 0.0780 0.2761 0.0001 0.2654
E 0.0001 0.0001 0.0009 0.0001 0.0010

K 0.0975 0.0050 0.9801 Q.2654 0.0010

Dranchus CPr> ITI HO: LSM~AN(;loLSMEAN(J))J

0.67 years
II j A B C 0 E K
A 0.5414 0.0626 0.0208 0.0051 0.1776
B 0.5414 0.2043 0.0834 0.0255 0.4561
C 0.0626 0.2043 0.G3';9 0.3180 0.5959
0 0.020a 0.0834 0.6349 0.5984 0.3163
E 0.0051 O. 0255 0.3180 0.5984 0.1288
K 0.1776 0.4561 0.5959 0.3163 0.1288

1. 76 yc~rs

l/j A e C 0 E K
A 0.0011 0.9521 0.0091 0.0001 0.6078
6 O. 0011 O. 0019 O. 466~ 0.0604 0.0050
C 0.8521 0.0019 O.014B 0.0001 0.7435
0 0.0091 0.4662 0.0148 0.0103 0.0332
E 0.0001 0.0604 0.0001 0.0103 0.000\
K 0.607ll 0.0050 0.7435 o.om 0.0001

2.72 yoar~l
l/j A a c 0 E K
.4 0.7162 0.1913 0.21('9 0.0001 0.4329
6 0.7)62 0.09G13 0.1084 0.0001 0.2027
C 0.1913 0.0968 0.9548 0.0002 0.5967
0 0.2109 0.1084 0.9546 0.0001 0.6366
E 0.0001 0.0001 0.0002 0.0001 0.0001
K 0.4329 0.2527 0.5967 Q.631)6 a.aOOI
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------------------------------- AGE=2.72 TMT=K ------------------------.-----
Variable N Mean Std De' Minimum Maximum

ABOVEM
STEMM
8RANCHM
N~EDLM
STEMPRDI
BRCHPRDI
NEEOPROI

4
4
4
4
4
4
4

18199.74
5517.39
6647.71
6034.04

0.3036913
0.3GOuti80
0.3362202

3501.18
1033.48
1896.28

901.2130415
0.0256232
0.0385337
0.0502595

147

14001.93
3996.40
4287.04
5066.63

0.2810619
0.3061749
0.2916759

22420.72
6301. 61
8906.18
7212.92

0.3351242
0.3972290
0.4084066



------------------------------- AGE=I.76 TMT=K ------------------------------Variable N Mean Std Dev I~inimum Maximum-~-.._ ... _ ...... -_ -- _-_ -_ .. ---- ..------------_ .. _---_ ..... ----_ ..---- ----------_ ..
ABOVEfi 4 6367.57 1455.94 4679.97 8196.11
STEMM 4 1468.31 373.1719593 1193.74 2019.59
BRANCHIol 4 2199.00 611. 6570727 1342.57 2782.68
NEEDLM 4 2700.26 540.9322618 2.t43.66 3393.85
STEMPROI 4 0.2311472 0.0237917 0.2036516 0.2550743
BRCHPROI 4 0.3421352 0.0399206 0.2868758 0.3758350
NEEDPROI 4 0.4267175 0.0233574 0.4047103 0.4580499-_ .._- ..... _ ....... _ •___________________ w _________________________________

------------------------------- AGE=2.72 TMTcA ------------------------------Variable N Mean Std Dev Minimum Maximum
ABDVEM 4
STEMM 4
BRANCHM 4
NEEDLM 4
STEMPROI 4
BRCHPROI 4
NEEDPROI 4

19061.65
4738.83
7396.63
6926.19

0.2445940
0.3932128
0.3621930

4708.36
1892.02
1435.47
2016.14

0.0630927
0.0450606
0.0436214

14060.74
2438.66
5472.59
4644.62

0.1514894
0.3394132
0.3189451

23749.34
6398.29
8815.55
9513.65

0.2864225
0.4495949
0.4005859

------------------------------- AGEc2.72 TMT~B ..-----------------------------Varlab1e N Mean Std Dev Minimum Maxim~m
ABOVEM
STEMM
BRANCHM
NEEDLM
STEMPROI
BRCHPROI
NEEDPROI

4
4
4
4
4
4
4

12824.87
2557.75
5266.18
5010.94

0.2012884
0.4085349
0.3901765

1792.74
887.5478551

1477.92
866.9084040

0.0772724
0.1048424
0.0321272

11188.43
1368.33
3210.15
4102.08

0.1142921
0.21369169
0.3426332

15m.22
3381.54
6501.81
6109.36

0.3022354
0.5430747
0.4108467

------------------------------- AGE=2.72 TMT~C ------------------------------Variable N Mean Std Dev Mlnlr,\um Maximum
ABOVEM
STEMM
BRANCHM
NEEDLM
STEMPROI
BRCHPROI
NEEDPROI

4
4
4
4
4
4
4

15063.50
4527.18
5266.52
h269.80

0.3028103
0.3377689
0.3594205

3420.10
1302.04
2135.68

607.9689955
0.0587494
0.0775551
0.0611948

10855.96
3433.94
2465.67
4520,76

0.2216426
0.2271259
U747329

19195.99
6383.81
7538.40
6009.92

0.3564420
0.3927070
0.4164312

------------------------------- AGE=2.72 TMT=D ----------------------------.-Variable N Mean Std Dev Minimum Maxlm~m___ ~M ______ ~ ____ U~ ________________ • _____ • __ • __ • __ • __ • _______________

ABDVEM 4 8793.74 2052.67 5899.00 10673.68
STEMM 4 2237.32 311.3980459 1951. 83 263L10
BRANCHM 4 3107.83 Im.06 1327.30 4289.66
NEEDLM 4 3448.58 820. 3S034'~~ 2619.87 4356.52
STF.MPROI <I 0.2642305 O.061(; ~'.' 0.1899523 o 3308747
BRCHPROI 4 0.3401658 0.07962b9 0.2250042 0.4018914
NEEDPR01 4 0.3956034 0.0509141 0.3238347 0.4441210~ ________ • __ ~ ______ M _____ ~_~B~ __________ ~ ___________________________

------------------------.------ AGEe2.72 TMTcE ----.-------------------------Variab 10 N Mean Std Dev Minimum Max Imu,n---~-.-------.-*--- ______.~_______________~__.._~_______~_~_u____. ___
ABOVEM 4 2806.99 602.2744015 1935.57 3321.72
STEMM 4 1166.92 220.9720892 958.9800000 1402.01
BRANCHM 4 490.4825000 206.4576593 258.6800000 757.J600000
NEEDLM 4 1149.58 355.6904917 677.8300000 1531.23
ST~MPROI 4 0.4253190 0.0865705 0.3199704 0.51S1m
BRCHPROI 4 0.1696024 0.0415778 0.1336454 0.22800,4
NEEDPROI 4 0.4050766 0.07190JO 0.3501966 0.5108056
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------------------"------------ AGE-0.67 T~r-K ------------------------------Variable N Mean Std Oe~ Minimum I~aximum~~---~----------------~.--~---~~----.------~----~-------------~-~---ABOVEM 5 91.9720000 37.25B6603 44.8000000 143.3600000
SWIM 5 20.6700000 5.6845316 13.5000000 27.5100000
BRANCHM 5 11.6840000 7.2115900 2.9000000 22.4000000
NEEDLM 5 59.6200000 26.2165339 2B.4000000 98.4400000
STEMPROI 5 0.2397385 0.0565745 0.1566685 0.3013393
BRCHPR01 5 0.1174268 0.0351172 0.0647321 0.1566085
NHDPROI 5 0.6428611 0.0267522 0.6181561 0.6866629
....... _ .................... _ ..------- ........ _ ...... - ... _ ........... _ ...... ---- .._------ -_ ..... - ...... ----"'''-'''--'''

------------------------------- AGE.l.76 TMT-A ---------------"--------------Variable N Mean Std Dey Minimum Maximum.._ ........... ---- .......... .,; ........ -_ ....~................................ -_ .................................................................. _ .._-
ABOVEM 4497.58 384.1032055 3947.19 4767.33
STEMM 4 B68.2800000 100.1373367 780.0200000 1010.70
8RANCHfi 4 1646.97 404.1377096 1208.46 2173.70
NEEDLM 4 1982.33 219.4975311 1723.85 2244.S7
STEMPROI 4 0.1934649 0.0199363 0.1725494 0.2120055
BRCHPROI 4 0,3637761 0.0691141 0.3061570 0.4571177
NEEDPROI 4 0.4427585 0.0550921 0.3625166 0.4849019~----~--------~-.--------~-----~-------~-------..----------.~-----~-

------------------------------- AGf=1.76 TMT=S ---------------.--------------Variable N ilean Std Dev Minimum Maximum_ ...-- ..._ ...-- ......... - ...... -- ...... - ...._ ..-- ..... - ...... -- .._ .._--- ... _ .................. _ ......- ...... - ...._ ....... _ .. _
ABOVEM 4 2251. 43 212.4126033 2019,43 2531. 06
STEMM 4 526.4350000 7S.5575253 427.7400000 597.0000000
BRANCHM 4 515.4175000 362.8950833 0 851. 9500000
tlEEDLM 4 1209,57 162.8919536 1074.53 142?43
STEMPROI 4 0.2373956 0.0527470 0.168996,1 0.2956280
BRCHPROI 4 0.2199136 0.1497836 0 0.33659Bl
NEEDPROI 4 0.5426898 0.1082147 0.4752854 0.704.1720

------------------------------- AGE~I.76 TMT-C ------------------------------Variable N Menn Std Dev Minimum Maximum
ABOVEM
STEMM
BRANCHM
NEEDLM
STEMPR01
BRCHPROI
NEEOPROI

4 2392.07
4 457.9775000
4 851.8150000
4 1082.28
4 0.1914477
4 0.3559229
4 0.4526284

24~. 5629257
63.6224711

128.6276047
121.7182759

0.0183231
0.0387375
0.0250384

2121.06
374.3900000
690.6400000
974.6300000

o . 165853B
0.3224150
0.4317585

2654.08
517.2600000
990.7100000

1222.14
0.2094142
0.4023878
0.4819544

------------------------------- AGE·I.76 TMT-O ------------------------------
Val \able N Mean Std Dey Minimum Maximum
ABOVE~'
STEMM
BRANCHM
NEEDLM
STEMPROI
BRCfWROl
NEEDPROI

4
4
4
4
4
4
4

1443.65
396.4125000
365.7BOOOOO
681.4575000

0.2775827
0.2506771
0.4717433

332.7187171
66.9072873

118.6455713
159.4529978

0.0261313
0.0269989
0.0121404

1116.56
307.0200000
290.5500000
518.9900000

0.2441327
0.2271051
0.4618692

1908.02
465.8100000
542.9100000
899.3100000

0.3072874
0.2845410
0.4889610

------------------------------- AGE·l.7e TMr·E ------------- ..----------------Var1able N Mean Std Dey Minimum Maximum
ABOVEM
STEM~I
BRANCHM
NEEOLM
STEMPROI
BRCHPROI
NEEDPROI

340.7125000
4 152.9825000
4 49.5000000
4 138.2275000
4 0.4574174
4 O.139f 1
4 0.40295ti4

66.7305459
15.3165975
23.944:641
33.8{11S546
0.U674503o 0423413
0.0271433
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273.0600000
13B.OOOOOOO
29.80uOOOO

104.8100000
0.3993296
0.0971665
0.3774169

426.5900000
170.3500000
79.0300000

177.2100000
0.5254165
0.1852599
0.4351631



Appendix 1G. Sample size (N), means (mg g.l) and standard deviations for nitrogen, phosphorus,
potassium, calcium and magnesium for S. megaphylla. for January (1) and September (2), 1989.

Tmt Nutrient N Hean Std De"
_ ... _ .......... - ....................... _ ..... ---_ ....... ----_ ..-- ...........

A Nl 4 ? .13 0.09
N2 4 . 22 0.11
PI 4 0.20 0.02
P2 ,I 0.21 0.02
Kl 4 3.35 0.74
K2 4 4.32 1.18
Cal 4 0.22 0.05
Ca2 4 0.30 0.03
Mgl 4 0.26 0.06
Mg2 4 0.32 0.14

.. _ ......... ' ............................... _ ....--_ ....--_ .. --- .._- .....
B Nt 3 :US IUS

~12 4 2.71 0.43
PI 3 0.23 0.03
P2 4 0.18 0.03
Kl 3 5.17 1.31
K2 4 3.37 1.59
Cal 3 0.15 0.01
Ca2 4 0.33 0.09
Mgl 3 0.21 0.03
Mg2 4 0,39 0.16

............. --- ..---_ ....... - .... _------ ..... ---_ .............
C Nl 3 2,64 0,70

N2 4 2.86 0,30
PI 4 1).20 0,10
P2 4 0,19 0.04
KI 4 4,74 3,14
K2 4 2,90 1.63
Cal 4 0,22 0, 06
Ca2 4 0,33 0,02
Mgl 4 0,29 O.IS
Mg2 4 0.39 0,10....-_ ...... -------_ .._----_ ............................ _ .... - ......

0 NI 4 2,33 0,42
N2 4 2,95 0,26
PI 4 0.15 0,04
P2 4 0.20 0.04
Kl 4 2.00 US
K2 4 2,01 1.13
Cal 4 0.29 0,08 .f
Ca2 4 0,38 0, 08
MgI 4 0,30 0, II
Mg2 4 0.47 0,14

......................................... _ ..............................................
E Nl 4 1.95 Q.25

N2 4 2,07 0,30
PI 4 0,10 0.03
P2 4 0,14 0.03
KI 4 1.95 0.79
K2 4 2.03 0,89
Cal 4 0,22 0.04
Ca2 4 0.33 0,09
Mgl 4 0,18 0,04
Mg2 4 0.25 0,07_~_._"_"_." ..•M___._.~M~ _______ M_________
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Appendix 15. Sample size (N), means (mg g.l) and standard dovlatlons for nitrogen, phosphorus,
potassium, calcium and magnesium for P, patula for Janur ".oldSeptember (2), 1989.

Tmt Nutrlont H Mean Std Dev
-------~------~----~----.---~------------Contr, Nl 4 1. 75 0.08

N2 4 1.37 0,11
PI 4 0,12 0,01
P2 4 0.10 0.0
Kl 4 0.41 0,02
K2 4 0,46 0,07
Cal 4 0,19 0.02
Ca2 4 0.24 0.06
Mgl 4 a.as o .M
l~g2 4 0.06 0.01______ •• _._. _____ .______________ ~_~ __ a ___

A NI 4 1. 78 0.07
N2 " 1.36 0,08
PI 4 0.13 O.al
P2 " 0.11 0.002
KI 4 0.29 0.04
K2 4 0,38 0.06
Cal 4 0.22 0.01
Ca2 4 0.26 0.06
Mgl 4 0.10 0.01
Mg2 4 O.OS 0.02

-----.-~.---.----~---------------"-.--- ..
NI 4 1.72 0,09
N2 4 1.40 0,12
PI ·1 0,14 0,01
P2 4 0.13 O. 03
Kl 4 0,27 o,oe
K2 4 0,34 0,05
Cal 4 0.19 0,01
Ca2 4 0,24 0,04
MgI 4 0,09 0,01
Mg~ 4 0,08 0,13

------------------ ..-~-----------------.-C NI 3 1. 78 0.10
N2 4 1.32 0,06
PI 3 0,14 0,01
P2 4 0,12 a.Oal
Kl 3 0,23 0.05
K2 4 D.2S 0,05
Cal 3 0, ~l 0,02
Ca2 4 0, ~3 0,01
MgI 3 0,09 0.01
Mg2 4 0,08 0,02_-----------.-.-------".-._ ...-----------

0 NI 1.56 0,09
H2 ,I 1.37 0,09
PI 4 0.15 0.04
P2 4 0.12 0,004
Kl 4 0,29 0.14
K2 " 0.18 0,53
Cal 4 0,24 0,11
Ca2 4 0.27 0.03
MgI " 0,11 0,05
Mg2 4 0,10 0.007

.............. _ .............. -_ ..._-----_ ............ - ..-._ ... __ .............
Nl 4 1,37 0.06
112 4 1.35 0.10
PI 4 0.15 0,04
P2 4 0,12 0
KI 4 0,22 0.02
K2 4 0,32 0.09
Cal 4 0.20 0.03
Ca2 4 0.26 0.03
Mg' 4 0,10 0
MOl 4 0.10 0.02
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Appendix 14. Sample size (N), means (mg kg·1) and standard deviations for soli nitrogen, phosphorus, potassium,
calcium and magnesium for January (1) and September (2), 1989.

Tmt Nutrient N Ilean Std Dcv
..... _ ........................................... --_ ............ _ ...... - _ ....
Contr. Nl 4 1833.75 307.45

NZ 4 Hl7S SO 595.(;2.
PI 4 8.18 1.33
P2 4 22.00 6.06
KI 4 7l.l7 12.18
K2 4 46.50 5.20
Cal 4 369.12 139.96
Cil2 4 440.25 170.51
Mgt 4 91.38 24.78
Mg2 4 47.25 23.94

.. _ ........................... _ ............... - ..... __ ..... -- ........... _ ..
A Nl 4 2085.75 357.75

N~ 4 1810.25 364.61
PI 4 8.83 1.63
P2 4 23.75 10.14
Kl 4 S4.lS 3.44
K2 4 39.00 6.48
Cal 4 360.82 63.00
Ca2 4 394.50 83.69
Mgl 4 107.87 15.02
Mli2 4 41. 00 9.66~-------....---- ....-----.- ......--...~------
Nl 4 1843.25 346.12
N2 4 1403. SO 473.63
PI 4 1.57 ? .04
P2 4 18.00 2.l6
Kl 4 48.95 7.79
K2 4 38. SO 17.71
Cal 4 361.39 173 .33
Ca2 4 361.75 115.90
MgI 4 94.83 39.71
Mg2 4 43.50 17.33

_ ..~ .._ ........._ ...M .....~ .._ .._ ..~ ....__ ..._~·, ..~_ .......

C NI 4 1949.75 510.24
N2 4 1844.75 770.26
Pl .1 7.35 1.09
P2 4 16.25 4.99
KI 4 64.l6 24.21
K2 4 36.25 15.41
Cal 4 359.92 203.22
Ca2 4 388.50 222.74
Mgt 4 96.84 26.7S
~i92 4 44.7S 25.20

....... "' .....................................................................
0 Nt ,I 'd43.2S 375.39

N2 4 1859.25 '193.88
PI 4 8.42 1.17
P2 4 !B.OO 2.94
K1 4 5D.35 14.40
K2 4 28.75 2.87
Cal <I 316.58 15/.54
CaZ 4 41US 167.90
Mgt 4 ea.n 36.38
Mg2 4 46.50 31.29

..__ ~..__ ................ a ...___ .... __ ._ ......... ~...... _

~ Nl 4 ~095.il5 290.0S
N2 <I 2085.00 204.00
PI <I 10.22 4.11
P2 4 14.SO 1.91
K1 <I 57.38 8.50
K2 <I 46.50 10.0B
Cal 4 '140.42 65.78
Ca2 <I 484.25 72.12
~Igl 4 109.69 17.01
Mg? 4 67.75 11.&2
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Aopendlx 13. Example of dataset, (treatment 0), for P. patu/a and S. megaphyl/a for the water balance study.

No. DOY Month Voor PIno Plno Plno root proportions for treolmont C Solorln Solorln Solorln root proportions for tronlmont C
helghl LAI hel9ht LAI

(em) 0·10 10·20 20·30 30·40 40·5050·6060·7070·80 80·90 90·100 (em) 0·1010·20 20·30 30·40 40·50 50-60 60-70 70-00 00-90 90·100

1 10 10 88 8,33 0.0008 0.59 0.31 0.06 a a a 0.04 a a a 1.04 0.001 0.16 0.17 0.12 0.12 0.1 0,07 0,06 0.07 0.07 0.06
2 19 10 88 8.41 0,0008 0,69 0,31 0,06 0 a a 004 a a a 1.09 0,001 a 16 017 0.12 0.12 0.1 0.07 0,06 0,07 0.07 0,06
3 20 10 SS 8.4S 0.0008 0.59 0.31 006 a a a 0.04 a a a 1.13 0,001 0.16 0,17 0,12 0.12 0.1 007 0,06 0.Q7 0.Q7 0.06
4 21 10 88 8,56 0.0008 0.69 0.31 0,06 a a a 004 a a a 1.18 0,001 0.16 0.17 0,12 0.12 0.1 0.Q7 0.06 0.07 am 0.06
5 22 10 88 8.64 0.0008 0,59 0.31 0.06 0 0 a 004 a 0 a 1.23 0.001 0.16 0.17 0.12 0.12 0.1 0.07 0.06 0.07 0,07 0.06
6 23 10 88 8.71 0.0008 0.69 0,31 0.06 a 0 a 0.04 a a a 1.28 0.001 0.16 0.17 0.12 0.12 0,1 0.07 0,06 0.07 0.07 0.06
7 24 10 88 B.79 o.ooos 0.69 0.31 0.06 a a a 0,04 a a a 1.33 0.002 0.16 0,17 0.12 0.12 0.1 0,07 0.06 0.07 0,07 0.06
B 26 10 66 a,67 0.0006 0.69 0.31 0,06 a a a 0,04 a a a 1.39 0,002 0.16 0.17 0.12 0.12 0,1 0.07 0.06 0.Q7 0.07 0.06
9 26 10 88 8.95 0.0008 0.69 0.31 0,06 a a a 0.04 a a a 1.45 0.002 0.16 0.17 012 0,12 0,1 0,07 0.08 0.07 0.07 0,00
10 27 10 88 9.02 o.oooa 0.69 0,31 0.06 a a a 0.04 a a a 1.51 0,002 0.16 0.17 0.12 0,12 0.1 0,07 0.06 0,07 0.07 0,06
11 2S 10 SS 9.10 0,0008 0.69 0,31 0,06 a a a 004 a a a 1.67 0,002 0,16 0.17 0.12 0.12 0.1 0,07 0,06 0.D7 0.07 0.06
12 29 10 88 9.18 0.0008 0.69 0.31 0,06 a a a 0,04 a a a 1.63 0,002 0.16 0.17 0.12 0.12 0.1 0,07 0.06 0.D7 0.07 0.06
13 30 10 88 9.33 0.0009 0.69 0,31 0,06 0 a a 0,04 a a a 1,70 0,002 0.16 0.17 0.12 0.12 0.1 0.07 0.06 0.07 0.07 0.06
14 31 10 BB 9,39 0,0009 0.59 0,31 0.06 a a a 0.04 a a a 1.77 0002 0.16 0.17 0,12 0.12 0.1 0.Q7 0,06 0.07 0,07 0.06
15 1 11 8B 9.46 0,0009 05!) 0,31 0.06 a a a 0.04 a a a 185 0,002 0.113 0.17 0.12 0.12 0.1 0.Q7 0.06 0.07 007 0.06
16 2 11 88 9,52 0,0009 0,69 0.31 0,06 a a a 0.04 a a a 1.93 0.002 0.16 0.17 0,12 0.12 0.1 0.07 0.03 0.07 0.01 0.06
17 3 11 88 9,59 0.0009 0,69 0,31 0,06 a a a 0,04 a a a 2,01 0,003 0.16 0.17 0.12 0.12 0.1 0,07 0.06 0.07 0,07 0.06

1070 24 9 91 473.51 2,65Bl 0.20 0.18 0.12 0,11 0.06 0.11 0.1 0,04 0.02 0,06 11.31 0.019 0.31 0.17 0,12 0.13 0.08 0,07 0.06 0,02 0.02 0,02
1071 25 9 91 474.19 2.5664 0.20 0,18 0,12 0.11 0,06 0.11 0,1 0.04 0.02 0,06 11.45 0.Q19 0,31 0,17 0.12 0.13 0,08 0.07 0,08 0.02 0.02 0,02
1072 26 9 91 474.87 l!,5748 0.20 0.18 0.12 0,11 0,06 0.11 0.1 0,04 0.02 0,06 11.60 0.020 0.31 0.17 0,12 0.13 0,08 0.07 0.06 0,02 0.02 0.02
1073 27 9 91 476.55 2.5032 0,20 0.10 0.12 0.11 0.011 0:11 0.1 0,04 0,02 0,06 11.76 0.020 0,31 0.17 0.12 0.13 0,08 am 0.06 0.02 0.02 0.02
1074 28 9 91 476.24 2.5916 0,20 O.lB 0.12 0.11 0,06 0.11 0.1 0.04 0.02 0.06 11,91 0.020 0,31 0,17 0.12 0.13 0.08 0,07 0.08 0.02 0.02 0.02
1075 29 9 91 476.92 2,13000 0.20 0.18 0.12 0.11 0,06 0,11 0.1 0,04 0.02 0,06 12.07 0,1)21 0,31 0,17 0,12 0.13 0.08 0.07 0.06 0.02 0.02 0.02
1076 30 0 91 477.60 2,1;]0850.20 O.IB 0.12 0.11 0,06 0,11 0.1 0.04 0.02 0.06 I? ~'l 0.021 0.31 0.17 0.12 0.13 0.08 0.07 0,06 0.02 0,02 0.02
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Appendix 12. Example of the dataset of climate variables and values for the water balance study (No
== sample day, TMax = maximum dally temperatue, TMln = minimum dally temperature, Wind = wind
velocity, Rne! = net radiatlon and VPD '" vapour pressure deficit).

No Oay Honth Year Rain THax THax Wind Rnet VPD
(1TII1) (Oe) (Oe) (tn/s) (MJ/tJay) (kPiI)

1 18 10 S8 24.7 17.4 15.4 1. ,1 15.69 1.071
2 19 10 88 24.4 15.7 13.4 1.2 15.69 1.063
3 20 10 88 23.6 16.1 12.9 1.2 15.69 1 ~55
4 21 10 8S 0 19.2 13.6 1.2 15.69 1.047
5 22 10 88 18 27.7 14.3 1.2 15.69 1.039
6 23 10 8S 0 10.4 12.1 1.19 15.69 1.031
7 24 10 S8 3 21.6 10 1.19 15.69 1.023
8 25 10 88 0.5 17.7 a 1.19 15.69 1.015
9 26 10 88 6 15.1 0 1.18 15.69 1.007

10 27 10 88 0.3 17.1 10.4 1.18 15.69 0.999
11 28 10 8S a 24.5 11.5 1.18 15.69 0.991
12 29 10 88 3.7 31.5 15.5 1.17 15.69 0.983
13 30 10 88 . 1.4 15 11.5 1.17 15.69 0.975
14 31 10 88 0 25 11.7 1 17 15.69 0.967
IS 1 11 6a ? 28.4 14.2 :.17 15.69 0.959
15 2 11 88 0 27 14.9 ).16 15.69 0.951
17 3 11 88 1.5 28.5 15.9 1.16 15.69 0.943
18 4 11 88 0.9 17.7 11.6 1.16 15.69 0.935
19 5 11 BS 1.9 23 13.2 1.15 15.69 0.927
20 6 11 88 0 22.2 15 1.15 15.69 0.919
21 7 11 88 0 25.7 14.4 1.15 15.69 c. 911

1055 9 9 91 0.2 20.1 13.4 1.21 8.01 I.222
1056 10 9 91 2.4 24.3 12 1.21 7.13 1.225
1057 11 9 91 a 17.9 12.8 1.21 4.40 l.227
1056 12 9 91 0 20.6 12 1. 21 7.94 1.23tJ
1059 13 9 91 1.2 26.6 13.0\ 1.2 1.70 1.233
1060 14 9 91 a 17.2 13.S 1.2 6.52 1.228
lLul 15 9 91 0 24.7 13.4 1.2 S.26 1.223
1062 16 9 91 a 33.7 13 1.2 1.48 1.218
1063 17 9 91 0 24.8 9.9 1.2 7.01 1.213
1064 18 9 91 0 31.9 11.6 1.2 11.02 1.200
1065 19 9 91 0 31.2 15.9 1.2 10.09 1.203
1066 20 9 91 0 22 12.2 1.21 8.36 1.198
1067 21 9 91 0 24.3 14,5 1.ei 7.79 1.193
1066 22 9 91 0.3 26.4 13 1.21 5.99 1.18i
1069 23 9 91 0 29.3 12.5 1.21 7.07 1.182
1070 24 9 91 22.5 29.5 15.4 1. 21 7.64 1.\77
1071 25 9 91 7.3 16.6 13 1.21 8.57 1.112
1072 26 9 91 0 19.9 11.5 1.21 5.17 1.167
1073 27 9 91 0 25.3 11.4 1.21 3.38 1.162
1074 ~8 9 91 12.3 29.6 13.4 1.21 9.78 1.157
1075 29 u 91 3 21.3 13.9 1.21 5.37 1.152
1076 30 9 91 0 29.9 10.7 l.21 4.46 1.147
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Appendix 12. Example of the dataset of climate variables and values for the water balance study (No
:: sample day, TMax = maximum dally tamporatue, TMln = minimum dally temperature, Wind = wind
velocity, Rnet '" net radiation and VPD = vapour pressure deficit).

No Day Month Year Rain THax THax \lInd Rnet VPO
(nrn) (OC) (OC) (m/s) (HJ/day) (kPa/

1 18 10 88 24.7 17.4 15.4 1.21 15.68 1.071
2 19 1.0 88 24.4 15.7 13.4 1.2 15.69 1.063
3 20 10 88 23.6 16.1 12.9 1.2 15.69 1.055
4 21 10 88 0 19.2 13.6 1.2 15.69 1.047
5 22 10 8S 18 27.7 14.3 1.Z 15.69 1.039
6 23 10 88 0 19.4 12.1 1.19 15.69 l.031
7 24 10 88 3 21. 6 10 1.19 15.69 1.023
8 25 10 88 0.5 17.7 0 1.19 IS.69 1.015
9 26 10 88 6 15.1 0 1.18 15.69 1.007

10 27 10 88 0.3 17.1 10.4 1.18 15.69 0.999
11 28 10 88 0 24.5 11.5 1.18 15.69 0.991
12 29 10 88 3.7 31.5 15.5 1.17 15.69 0.983
13 30 10 88 1.4 15 11.5 1.17 15.69 0.975
14 31 10 88 0 25 11.7 1.17 15.69 0.967
15 1 11 88 2 28.4 14.2 1.17 15.69 0.959
16 2 11 88 0 27 14.9 1.16 15.69 0.951
17 3 11 88 1.5 28.5 15.9 1.16 15.69 0.943
18 4 11 88 0.9 17.7 11.6 1.16 15.69 0.935
19 5 11 88 1.9 23 13.2 1.15 15.69 0.927
20 6 11 88 0 22.2 15 1.15 15.69 0,919
21 7 11 88 0 25.7 14.4 1.15 15.69 ' .911

1055 9 9 91 0.2 20.1 13.4 1.?1 8.01 1.222
1056 10 9 91 2.4 24.3 12 1.21 7,13 1.225
1057 11 9 91 0 17.9 12.8 1.21 4.40 1.2Z.
1058 12 ~ 91 0 20.6 12 1.21 1.94 1.230
1059 13 9 91 1.2 26.6 13.4 1.2 l.70 1.233
lOGO 14 9 91 0 17.2 13.5 1.2 .52 1.228
1061 15 9 91 0 24.7 13.4 1.2 .26 1.223
1062 16 9 91 0 33,7 13 1.2 1. 48 1.218
1063 17 9 91 0 24.6 9.9 1.2 7.01 1. 213
1064 18 9 91 0 31.9 11,6 1.2 11.02 1.208
1065 19 9 91 0 31.2 15.9 1.2 10.09 1.203
1066 20 9 91 Q 22 12.2 1.21 8.36 1.198
1067 21 9 91 0 24.3 14,5 1.21 7.79 1.193
1068 22 9 91 0.3 26.4 13 i.u 5.99 1.187
1069 23 9 91 a 29.3 12.5 1.21 7.~1 1.182
1070 24 9 91 22.5 29.5 15.4 1.21 7.64 1.177
1071 25 9 91 7.3 16.6 13 1.21 8 57 1.172
1072 26 9 91 0 19.9 11.5 1.21 5.17 1.167
1073 27 9 91 0 25.3 lU 1.21 3.38 1.162
1074 28 9 91 lU 29.6 13.4 1.21 9.78 1.157
1075 29 9 91 3 21.3 13.9 1.21 5.37 1.152
1076 30 9 91 0 29.9 10.7 1.21 4.46 1.147
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Appendix 11. Sample size (N), means and standard deviations for pre-dawn plant water potential for
S. megapfwl/a,

Tmt Date N Mean Std Dev-~-~--~--~----,.~~-~~-~----~-~--------
A 06/12 12 0.11 0.05

12/01 12 0.02 0.04
21/02 6 0.13 0.08
29/03 12 0.12 0.04
16/05 12 0.08 0.04
18/07 12 0.29 0.07
19/09 12 0.33 0.14

........... _ .... __ ..... _ ...... __ ... - --- ....... --_ ..----_ ..... _ ...

B OS/12 12 0.09 0.04
12/01 12 0.03 0.05
21/02 5 0.10 0
29/03 12 0.17 0,09
16/05 12 0.04 0.02
18/07 12 0.28 0.09
19/09 12 0.28 0.10- ..-..--- ..--- ...-- ..~-----..-- ..--- ..--- ..-- ......

C 06/12 12 0.16 0.17
12/01 12 0.03 0.04
21/02 1 0.10
29/03 12 0.10 o 04
16/05 12 0.08 ll.114
18/07 12 0.20 0.06
19/09 12 0.44 0.16

........ - ..- ...- ...... ------ ..--.-----------~
0 06/12 12 0.14 0.11

12/01 12 0.05 0.06
21/02 7 0.11 0.04
29/03 12 0.14 0.06
16/05 12 0.08 0.05
18/07 12 o 44 0.29
19/09 12 0.42 0.14

-........ -_ ........ _ ................ - .................. --_ ....... _ ..... - ....

06/12 12 0.10 0.03
WOl 11 0.06 0,07
21/02 7 0.71 1.63
29/03 12 0.15 0.09
16/05 12 0.11 0.05
18/07 12 0.51 0.28
19/09 11 0.82 0.51

....... _ ....... --_ ......................... __ ..... _---_ ......... _
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Appendix 10. Sample size (N), means, standard deviations and errors for pre-dawn plant water pptsnttal
for P.patula.

Tmt Date N Mean Std Dev Std Et'ror
........ -----_ ....... ----- ...-- ... - ... _-_ ..----_ ..... - .._---_ ....... __ ....
Centro OEi/! ~ 12 0.33 0.09 0.02

12/th 11 0.33 0.13 0.04
21/02 12 0.26 0.13 0.04
29/03 12 0.40 0.20 0.06
16/05 12 0.35 0.10 0.03
18/07 12 0.51 0.24 0.07
19/09 12 0.56 0.31 0.09...... _ ............. _ ......... ~..................... -_ ......................... , .......................

A 06/12 12 0.32 0.11 0.03
12/01 12 0.32 o.u 0.03
21/02 12 0.26 C.07 0.02
29/03 12 0.40 0.07 0.02
16/05 12 0.37 0.08 0.02
18/07 12 o .. 0.23 0.07.' -
19/0~ 11 0.47 0.21 0.06

--- ..-----~----- ..------------------ ....--- ....-- ..-- .... -
B 06/12 12 0.33 0.11 0.03

12/01 12 0.43 0.13 0.04
21/02 12 0.29 0.10 0.03
29/03 12 0.42 0.14 0.04
16/05 12 0.38 0.13 0.04
18/07 12 0.65 0.27 0.08
19/09 12 0.73 0.21 0.06___ ..___ ~_____ .._____ ..____ ....__.._~M ..__.._.._..__.._....___

C 06/12 12 0.39 0.19 0.05
12/01 12 O. ?9 0.13 0.04
21/02 12 0.27 0.17 0.05
29/03 12 0.49 0.1~ 0.04
16/05 12 0.49 0.10 0.03
18/07 12 0.85 0.29 0.08
19/09 12 0.75 0.30 0.09---- ..---------- ..--------- ....-..--- ..-- ..-- ..-- ....--- ..~-
06/12 12 0.33 0.09 0.03
12/01 12 0.3. 0.12 0.03
21/02 12 0.24 0.09 0.03
29/03 12 0.41 0.10 0.03
16/05 12 0.40 0.07 0.02
18/07 12 0.81 0.41 0.12
19/09 12 0.64 0.35 0.10......_-----_ ......_---_ .._---- ........... _ .......... _-_ .. -_ .......... -_ ..
06/12 12 0.30 0.07 0.02
121C. 11 0.36 0.12 0.04
21/02 12 0.30 0.10 0.03
29/03 12 0.39 0.11 0.03
16/05 12 0.35 0.07 0.02
18/07 12 0.94 0.31 0.09
19/09 12 1.57 0.-13 0.12___ M_________ ~___ ~________________ •________ "·M_ ••
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