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SUMMARY 

The variation in the soil binding capacity of the root systems 

of six Popul_~~ and Sal ix clones was investigated , and the characteristics 

of the root systems causing this vari at ion determined. 

There wete significant differences between clones in soil binding 

capacity, as mea sured by the load req uired to remove the root systems 

vertically from the soil. This was due more to differences in the morphology 

of the root systems, particularly the amount of fibrous roots, than to the 

variation in the tensile strength of individua l roots. The variation in 

the amount of fibrous roots and the tensile strength of individual roots 

accounted for 71.3% of the variation in the soil binding capacity of the 

root systems. 

There was considerable variation in the mo rphology of the root 

systems of tre es grown on the same site. The poplar clon es genera lly had 

more l arge horizontal root s near the ground surface, with few deep pene­

trating roots or fibrous roots, while the wi llows had mostly deeper root 

sys tems, and more fibrous roots. An excep tion was P. yunnan ensis, which 

had both vertical and horizontal roots well developed, and a large number 

of fibrous roots. 

There was more variation within clones than between clones in the 

tensile strength of individual roots. Intra-clonal variation in anatomy 

had a significant effect on tensile strength, variation in specific gravity 

accounting for 79% of the variation in the tensile strength of the stele 

of P. I488, and variation in microfibril angle accounting for 31% of the 

vari ation in fibre wall strength and 19% of the variation in specific 

tensile strength. In general, tensile strength was negatively correlated, 

with the diameter of the roots. 

There was relatively little difference between clones in the 

tensile strength of the woody part of the roots, only those of P.I78 being 

significantly greater in the tensile strength of the stele and specific 

tensile strength. Differences noticeable in the field were due mainly to 

variation in the amount of stele present in the roots, which ranged from 

25.1% of the cross-sectional area in P. deltoides to 50.3% in S. matsudana. 

There was some variation between clones in specific gravity and the size 

. \ 
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and number of vessels present. Gelatinous fibres were present only in 

the roots of th e willow clones. There was some variation between clones 

in cellulose and lignin contents. The variation in tensile strength of 

the stele was correlated with percent fibre wall area and specific gravity, 

and variation in fibre wall strength and specific tensile strength with 

cellu l ose content. There 1AJen~ some significant differences bet1AJeen cl ones 

in Young 1 s modulus and strain at failure . 

Ther~ was considerable seasonal variation i n the specific gravity, 

chemical composition, and tensile strength of the roots . The tensile 

strength of the stele was highest i n the winter months and was corre l ated 

with variation in specific gravity. Seasonal variation in fibre wal l 

strength and specific ten sile strenth was correlat at a significant 

level with lignin content and the lignin/cellulose ratio . 
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INTRODUCTION 

Man-induced changes in the vegetation of New Zealand over the last 
century have resu1ted in large areas of active·ly eroding land, both in the 
steep l ands which still retain a form of forest cover, and in large areas of 
moderate to steep hill country cleared for pastoral use. 

By 1941, the seriousness of the problem had been recognised, and 
Catchment Authorities were constituted, under the JUSpices of the Soil 
Conservati on and Rivers Control Council, to undertake river and erosion 
control programs. 
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Many techniques were used in erosion control work, but most emphas is 
has been placed on the planti~g of trees, largely Populus and Salix species. 

The planting of trees has proven to have a beneficial effect on 
counteracting erosion Liy slumping and gu~lying, both in ,retired areas and in 
those still grazed. It may be assumed that this effect is due primarily to 
the reinforcing and binding effrct of their root systems. The reduction 
of soil rroisture by evapotranspiration is considered to be of secondary 
importance, as v.iater l oss from these deciduous trees is very lov, in \vinter, 
which is the period of maximum soil moisture content and thus maximum 
instability. 

In the past, the selection of poplars and willows for erosion control 
purposes has been based on the growth and characteristics of the shoot of 
the tree, while almost nothing was known of the root systems. Variations 
in morphology and strength of root systems obviously are important factors 
in the selection of the most suitable species or varieties for soil stabilis­
ation purposes. 

Objectives of the study 

The primary objective of the study was to investigate the morphology 1 

anatomy, and soil binding capacity of the root systems of a representative 
number of Populus and Salix clones, in order to determine w~ether any of the 

clones were likely to be superior for soil stabilisation purposes, and to 
determine which characteristics of the root systems were most important for 
this purpose, as a basis for the selection of improved varieties. 



2 

This involved, firstly, the investigation of the morphology and 

soil binding capacity of the complete root systems of six clones, and the 

relation betv-,een morphology and soil binding capacity . As the soil binding 

capacity was likely to depend to a considerable extent on the strength of 

the individual roots comprising the root system, it was also int2nded to 

investigate intra-clonal, inter-clonal, and seasonal variation in anatomy , 

composition , and tensile strength of individual roots, and the relation · 

between these features. 
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1.1 Use of po.2.]ars and \\lillovJS in ernsion control 

Popl ars and wil l ows are us ed extensively for the contro l of erosion 
in l arge areas of farmed hill country in New Zealand. They have proven to 
be the most suitabl e trees for planting on unstable slo pe s and gu lli es under 
farming condit·ion.s . Thi s is due mainly to 

i) Ease of establishment from unrooted pol es 
ii) Rapid growth rate 

iii) Rapid development of an extensive root system 
iv) Ability to withstand soi l movement 

(van Kraayenoord , 1968) 

Ov er the l ast 20 years, the pl anting of pop l ars and willows has 
increased greatly , and in 11970, the number planted was estimated at 324,000 
poles, and 500,000 stakes. (van Kraayenoord, 1971 ). 

Pol es are 3-4m. l ong and 5-lOcm. in diameter at th e base, while 
stakes (usually willows ) are only 1~. long, and 2-3cm . in diameter . Poles 
may e established in the presence of stock (wtih suitable protection ). 
(Edwa rds, 1968). 

Poplars and ~-1illows are planted in a vari ety of patterns and 
situations dependin g on the type and se ver ity of the erosion problem. On 
seriously eroded unstable slopes, large numbers of trees may be planted at 
a close spacing and the whole area retired from grazing. Where erosion is 
less serious, trees are planted at a wider spaci ng , and grazing is still 
practised. They may also be planted alongside streams in pairs or blocks, 
and around the periphery of unstable gullies. Willows are often used to 
stabilise actively eroding gullies and protect stream banks. 

In most situations, the trees are functioning to prevent soil move­
ment, and this is achieved by the reinforcing action of their root systems. 

The use in erosion control of poplars and tree willows grown from 

unrooted poles in the presence of stock appears to be unique to New Zealand. 
-Rooted trees are used in several countries. e.g. P. simonii, S. matsudana 
and P. yunnanensis in China (Richardson, 1965), and P. ciliata in West 
Pakistan (Ahmad, 1962). Various species are used in gully bottoms and 
on spoil dumps in the United States (Maisenhelder, 1960) and in Germany 
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(Hochhausen, 1964). Willows, both tree and shrub types, are used in 
revegetation and erosion control work in many countries. e.g. Japan (Endo 
and Tsuruta, 1968; Higashi, 1962, 1964)~ Austria (Pruckner, 1967; Schiechtl, 
1958); U.S.S.R. (Rokita, 1970; Terebuka, 1971). 

1.2 Soil binding capacity of root systems 

The capacity of root system to bind the soil and prevent soil 
movement is related in general, to two factors. 

i) The morphology anJ extent of the root system i.e. the branching 
pattern, distribution of large and small roots, number of fibrous 
roots, and the depth and spread of the root systems. According 
to Dittmer (1948), root hairs also play an important part. Esau 
(1965) states that the firm attachment of the plant to the soil 
(which is similar to the soil binding capacity, as far as root 
morphology is concerned) is dependant on the number of branches, 
and the number of adventitious roots. 

ii) The tensile strength of individual roots, which is related to the 
anatomy, 1ultrastructure, and chemical composition of the roots. 

The importance attached to each of these factors is determined by the 
particular environment in which the root system~ is to function. Thus where 
a slip plane is present several feet below the surface, as in the tertiary 
mudstone country of the North Island, the number of deeply penetrating roots 
and their individual tensile strengths will possibly be the most important 
factors. Where the whole soil -mass is very wet and earth flows are 
characteristic, the number of fibrous roots will possibly be the most important 
factor. 

Very little research has been published on the ability of tree root 
systems to bind the soil. The paucity of work in this field is surprising, 
as large areas of land throughout the world are afforested specifically for 
this purpose . 

. Higashi (1964) has determined the "soil binding power" of four year 
old Salix sachalinensis trees under nursery conditions, by measuring the 
maximum load required to remove the root system vertically from the soil. 
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Lo ads req uired varied from 132-600 kg. 

An exponential rel at ionship vrns derived between the size of the root 
system and load required . 

Si milar types· of studi es have been carr ied out with herb aceous pl ants 
such as maize and rice (Miyasaka, 1970) but with the alternative aim of 
measuring the soil ho 1 ding capacity as ,rn aid in the se 1 ecti on of plants 
re sistant to wind throw and lodging. 

Endo and Tsuruta (1968 ) invest i gated the effect of tree roots on the 
shearing and tensile strength of soil; For shearing strength , they measured 
the load required to move a bl ock of soil with or wi thout roots across a 
shear plane. 

Sheari n9 strength of the soil inc reased considerably with the bulk 
wei ght of roo~s. The tensile strength of the soil was measured us ing necked 
moulds containing soil with or without vegetation, and was shown to in crease 
proport: nate ly with the weight of roots. The binding effect of grass roots 
was much l ess than that of tree roots, due to their concentration near the 
gro und surface. 

1.3 Root systems of poplars an d willows 

Root sys tems of pl an ts in genera l have been studied relatively little 
in comparison with above ground features, Qnd this lack of informa tion is 
doubtless related to the difficulty in studying underground structures, some 
of which may be quite extensive. The root systems of poplars and willows 
are no exception, and there is relatively litt~e work reported in the litera­
ture on this topic. 

1.3.1 Morphology of root systems 

Before briefly reviewing the few studies that have been carried out 
with regard to morphology of the root systems of poplars and willows, it 

should be emphasized that the form of the root system of a tree is integrally 
related to the site where the tree is growing. This relationship appears to 
be considerably more important than the effect of the environment on the 
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morphology of the above ground parts of the tree. 

The depth to which the roots penetrate illustrates the effect of the 
environment on the morpho logy of the root system. There are two schools of 
thought regarding the relative i mportance of genotype and environment with 
regard to root system morpho logy. This is discussed by Sutton (1969), who 
used sp ruce as an example of th e variability in root system morphology that 
can occur over a range of sites. He quotes many workers who consi der the 
root system of spruce to be under rigid genetic control, being ch aracterist­
ically shallow and plate like. He refers to others, however, who have 
investigated the variability more carefully, over a range of sites, and have 
observed both shallow and deep rooted trees. The conclusion follows that 
the spruces are not ch aracteristically shallow rooted, but this observation 
arises from their ability to occupy sites where the root system is restricted 

' 
to surface layers, thus emphasising the influence of the environment. 

Bibelreither {1966 ), in discussing the relation of root systems to 
soil characteristics, thinks j:hat the widely us~d terms "shallm'I rooted" and 
11 deep rooted" are misleading, and given unrestricted development, all trees 
reach about the same depth with their roots. 

Fraser (1966), investigated the morphology of the root systems of a 
number of species, and found the development of the main roots was large,y 
determined by the soil type, and no major differences occurred between species 
on the same soil type. 

However, Kozlowski (1971) says there are many examples of v1oody plants 
that have an inherent capacity for unusually deep root penetration, and gives 
a number of examples. Zimmerman and Brown (1971), agree that many woody 
plants possess a characteristic pattern of root development, even if grown 
under different environmental conditions, and that inherent differences in 
the pattern of root development are especially noticeable during seedling 
growth. 

Root systems often became modified in later years by enviromental 
influences such as overall nutrition (Bibelreither, 196,0; Zimmerman and Brovm, 

1971). 

It appears then that in general, the morphology of the root system 
is under genetic control, but can be greatly influenced by the environment. 
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This means that the results of any investigation of root system morphology 
must be re l ated to the site where the tree is growing , and any generalis ations 
treated with caution. 

The root systems of trees grown from pol es or cuttings will possibly 
be quite different iii morphology from those grovrn from seed. Cuttings an d 
poles normally produce a number of adventitious roots, while seedlings usua lly 
produce only a sing l e tap root in the initi al stage of root developmen t. 

Little work has been reported on the morpho logy of the root systems 
of the varieties investigated i n this study, but some related varieties are 
mentioned , together with genera l feaiures of the species . 

Kestler et al (1968 ) review studi~s on the root systems of poplars 
cond ucted by several German authors. Most work has been done on poplars by 
Joachim (1953, 1957) who studied the root sys tems of 12 poplar clones growing 
on diffe rent sites in North Germany. The hori zona 1 spread of the root sys terns 
ap peared to be controll ed by soil characteristics and the tree. spacing. He 
fou nd t' 1t on poor soils the poplars tended to have a more extensive root 
system chan on better soils. On poor soils th e spread was many ti me s the 
width of the crown, while on fertile soils, it WbS only slightly greater than 
the crown. width. Where a humus rich top soil was present, the roots preferred 
to stay in thi s 1 ayer . Th e depth of the root sys tern v1as very dependant on the 
ground v1ater level and soil condit·;ons. For example, a 40 yer1.r old P. robus ta 
formed many sinker roots which originate d in strong horizontal roots, and 
formed dense 11 brushes 11 i mmediately above the 50cm. deep 1t1ater table. Deeper 
going roots were killed by the water table. In flood plains, with young, 
loamy soils, poplars developed intensive and deep heart root systems. 

Hoffman (1966) compared the root systems cf 2 year old P. robusta 

and P. trichocarpa, growing in experimental containers. P. trichocarpa 
developed fewer roots, but had more thicker roots in deeper soil layers than 
P. robusta. 

Joachim (19.57) observed that P. trichocarpa developed a very wide 

and flat, horizontal root system, and a less extensive vertical root system. 

Both Joachim (1953) and Hoffman (1966) call the euramericana poplars 
intensive rooting, and the trichocarpa type poplars extensive rooting. 



Kastler et al (1968) state that in genera l po plars can in no way be 
called flat rooting, and there are inherent differences in their rooting 
patterns. They are only flat rooting on sites vJith high water t ables or 
soils with a high calcium content. 

Joachim found that the area between close spaced trees contained 
relatively few roots.near the surface, with most roots going downwards. 
\~ith trees planted at a wide spacing, r11c1ny roots were found in the humu s 
rich topsoil. 
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Da genbach (1971) studied the root systems of several popl ar varieties 
growing on diff erent sites, and found P. Oxford ha~ a deeper root system on 
all sites. Androscooqin, I 214 and Jacometti 786 all had strong root systems 
100cm. or more deep. That of P. robusta was less deep, and P. reg,enerata 
shallowest. 

The root systems of four pop lar vari et ies growing on the same site 
were investigated by Visy (1 965 ). The vari eties were recognisably distinctive . 
P. marilandica was sha llow rooting , with roots ma inly in the humus layers. 
The roots of P. serotina occupi ed moi ster zones , thos e of P. robu sta preferred 
the drier l aye rs near t he surface, and P. I 214 was the only variety with 
roots almost equa lly distributed in all horizons. 

Steubling (1960 ) found P. alba had a deep and penetrating root system. 

The lateral extent of the root system is also affected by soil 
physical properties and moisture, and Koslowski (1971) gives an examp le of 
lateral roots of P. deltoides extending for more than 60 metres. 

Ortmann (1958) studied the root systems of young willows grown from 
seed and cuttings, and reported genetic differences between species and 
hybrids. All plants showed a heart root system and he found there were 
horizontal 11 feeder 11 roots in the well aerated superfi-cial layers, and deeper 
going 11 drinkers 11 and supporting roots. 

Higashi (1964) investigated the growth and distribution of the roots 
of three Salix varieties, finding S. viminalis had the largest spread, 
followed by S. sachalinensis. Schiechtl ~ (1958) describes the root systems 
of several willow varieties and their suitability for revegetation and erosion 
control work. Morphology of the root systems depended largely on the site, 
although the ratio of root volume to shoot volume showed considerable 



differences between species e.g. Sali x incana, 1.8, S. purpurea 1.5, 
S. triandra , 0.4. 
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A preli minary investigation of several of the poplar and willow 
vari eties used in the present study showed marked differences in rooting 
depth between the varieties growing on the same s i te . (Hath away, 1970). 
Pol es were planted .75 metres deep in to a sandy loam soi l , and the root 
systems examined after 2 years by sluicing away the soi l. The pop l ar clones 
I-488 and I-78 showed considerable differences in r0ot morphology. Both 
clones developed the l argest and lon gest roots in the top 30cm. below ground 
level. Hovrnver, I-78 developed fewer roots, but these 1t1ere l arger and deeper 
penetrating roots than in I-488, which formed many shorter, more fibrous 
roots in a zone 30 to 50cm. below ground level. Root systems of S. matsudana 
and S. Booth developed more de.ep ly penetrating root systems than the poplars, 
reaching 2-2.5 metres below ground l evel. The roots of the wi llows appeared 
to have considerably greater tens ile strength than those of the poplars, 
altho ug h no measurements were made . 

It can be seen from the above studies that considerable genet ic 
vari ati on in roo t system morpho logy exists in the Populus and ~alix genera, 
even though site conditions may have a large influence. 

1.3.2 Anatomy of roots 

Relatively little work has been reported on the anatomy of rootwood 
of poplars and willows. The secondary xylem of woody roots in general is 
similar to that of stems, although minor differences may occur. (Esau, 1965; 
Fahn, 1967). According to Es au , roots generally have a smaller number of 
fibres, larger vessels of more uniform size, and a higher ratio of bark to 
wood. The fibres are generally shorter in roots than stems (Panshin and de 
Zeeuv,1, 1970). Patel (1965) compared the anatomy of rootwood v,1ith that of 
stemwood of several hardwood species, including P. canadensis (P. x euramericana). 
Growth rings were less distinct, parenchyma more abundant, and rays occasionally 
biseriate in the roots, while in the stem, vessels were smallest and more 
numerous, rays uniseriate, radial pore multiples more frequent, fibres 
narrower, and gelatinous fibres were occasionally found. He ~uggests that 
some of these differences may be due to the existence of a longer juvenile 
period in the root than in the st2m. 
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Gelatinous fibres were not found in th~ roots of any of the species, 
but in an earlier study (Patel, 1964) they we re present in the rcots of 
P. tremul oi des_, where they vvere abundant on a 11 radii irrespective of the 
orientation of the organ with respect to gravity. Gelatinous fibres in 
stemwood are normally associ ated 11/ith eccentri c development. 

Ruggeri (1963) examined the anatomy of roots of one year old trees 
of several P. x euramericana clones, and found that few differences were 
evident between clo~es. Only P. I 214 differed to any extent, due to the 
cons tant presence of a pith. Th ere werP some differences in the amount of 
cortex in the roots, P. I 45/51 having the least (54.1% ) and P. I 214 the 
most (63.3% ). 

1.3.3 Tensile strength of in~ividual roo ts 

Very little work has been reported in the literature specific&lly on 
the tensile strength of tree roots. 

Turmania (1 965) investigated the tensile strength of roots of five 
tree species, in order to caiculate the "soil stabilisation value" of the 
vegetat ion in the Moscow area. The species selected were Populus deltoides, 
Betula pen~_ul a, Tilia cordata, Quercus robur, and Picea abies. Roots \vere 
taken from trees growing under similar ecological conditions and of the same 
age. Only roots from 0-30cm. below the ground surface were sampled. About 
400 tests were carried out, on roots of varying diameters. Roots with 
diameters less than lcme were broken complet~, while with larger roots, 
samples .3 x .5cm. in cross-section were tested. 
The following results w~re obtained : 

1) The load required to break the stele together with the cortex \<Jas very 

close to that required to break the stele alone. Failure began in the 
cortex, which often broke completely at a load much less than that 
required to break the stele. e.g. a poplar root of diameter 5.2mm. lost 
its cortex at a load of 28 kg. while the stele broke at 41 kg. He 
conc~uded from a number of such tests, that the cortex played little 
part in contributing to the tensile strength of the root. 

2) In thin roots (0.7-1.5cm.) he found a marked dependence of the strength 
of the root on the diameter, smaller roots sustaining higher stresses. 
Turmania attributed this to the "scale effect", seen also in the strength 



of crystalline substances. He thinks that in roots, this is caused by 

the crystalline nature of cellulose. 
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In roots greater than 1.5cm. in diamete r, the "scale effect'' dis­
appeared and he thinks this may be due to the greater li gnification of 

these roots. 

3) The tensile strength values of the five spec i es studied were as follows 

mean of a 11 mean of samples in diam. 
samples cl ass 0.2 - 0.7cm 

poplar 3.91 kg/.mm2 2.35 
birch 3.82 2.23 

linden 2.65 2.05 

oak 3.24 2.25 

spruce 2.78 1.89 

The strength of roots in winter was 1½ - 2 times that of roots in 
summer, and this was correlated with differences in moisture conten t. Th e 

moi ~ .ure content of su mmer samples was from 1½ - 2 times that of winter 
samples. The strength of trunk wood was from 2 - 4 times grea ter than that 

of root wood of the same species. 

Schi echtl (1958) investigated the tensile strength of some tree 

and herbaceous plants in relation to their suitability for erosion control 

work. He mentions a number of species with "strong" roots, but the only 

detailed test results given were : 

Populus nigra 

Arternisia campestris 

Medicago sativa 

.493 to 1.20 kg/mm2 

.91 to 2.64 kg/mm2 

2.54 to 6.65 kg/mm2 

Stiny (1947) gives the tensile strength of roots of a number of 

herbaceous species. 

e.g. Agroptrum repens . 72 2.53 kg/mm2 

Tr·l fol i um pra tense 1.09 2.85 kg/mm2 

Atriplex patulurn .93 3.06 kg/mm2 



1.4 Factors affecting the tensile strength of roots 

1.4.1 Di amete r of the root 

As mentioned above, Tu rmania found that in thin roots (0.7 -1 .5cm. 
in diameter), the smaller the diameter of the root, the greater the tensile 
strength (in terms of load per unit area). 

The same rel~tionsh ip also appears to be present when the resu l ts 
of Stiny (19 47 ) are studied. A large number of roots of herbaceous species 
were tested, and in most cases, particularly in roots between 0.1 and 0.5 cm . 
in diameter, smaller roots withstood greater tensile stresses. 

Schiechtl (1958 ) conclu des the reverse relationship, but as he-only 
tested a sma ll number of roots of thfee species only, his conclusion may be 
doubtful. 
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In most materia ls, there is a strong dependence of strength on size 
(Mark, 1967 ). This effect has been seen in tensile tests on wood (Sumiya and 
Sugihana, 1957). A sn1all specimen of wood could sustain applied stresses 
substanti ally greater than those a large specimen from the same tree could 
resist, other things being equal. The dependence of strength on size is very 
pronounc ed in small crystalline filamen ts (Brenner , 1965) . Timoshenko (1956) 
has proposed a form~la relating the strength to the size of geometrically 
similar specimens. 

Why roots of the relatively large size of 0.7 to 1.5cm. in diameter, 
compared with crystalline filaments, should exhibit this dependence of 
strength on diameter is not clear. It is possibly related to anatomical 
features present in younger, sma~ler roots, that are not present in larger 
roots. 

1.4.2 Relative amounts of stele and cortex 

The results of Tur~ania (1967) show that the ultimate tensile 
strength of a root depends almost entirely on the strength of the stele, 
and this seems quite reasonable, as the cortex is composed mainly of parenchyma, 
with some schlerenchyma (Esau, !965). As differences have been shown to 
occur in the proportions of cortex and stele (Ruggeri, 1963), the relative 
amounts of these tissues will be an important factor in contributing to the 
overall strength of the root. 
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1.4. 3 Tensile strength of the ste l e 

Anatomi cally, rootvwod is very similar t o stemwood (see sec tion 1. 3. 2) 
and factors affecting the strength of stemwood are l i ke ly to have a si mil ar 
ef f ect i n rootwood. No reference cou l d be found i n the literature to fa ctors 
specif i ca l ly af fecting the tensile st rength of rootwood . 

The tensile strength of stemwood has been the subject of a considerable 
amount of research over the l ast decade, and many factors have been shown to 
be i nvolved. These include specific grav i ty, f ibre dimens ions, mi crofib r il 
an gl e , percent fibre wa l l area , s i ze and number of vesse l s, chemica l compo­
sition and moi sture conten t. 

Ul tima t ely, i t i s t he fi bre cell wa ll wh ich bears t he load when a 
wood sample i s subject to ten,i l e stress, and consequent ly t he strength of a 
parti cu lar wood samp le will depend on two majo r f act ors. 

a) th e amount of cell wal l mate ri al present in t he samp l e and, 
b) the strength of the cel l wa ll itself . 

a) Amount of cell wa ll mate r ia l present 

Speci f ic gravity is an approximate meas ure of the amou nt of cell wall 
mate ri al present , but can be af fe cted by other subs t an ces no t presen t in the 
cell wall such as extr~ctives and starch, and variation in the specific 
gravity of the cell wa ll itself. 

The specific gravity of the cell wall substance is thought to be 
relatively constant, at about 1.53 (Jane, 1970). Specific gravity has been 
correlated wi th various strength parameters on many occasions (e.g. Clarke, 
1937; Desch, 1968; Jane, 1970), and is probably the most widely us ed para­
meter indicating the overall strength of wood samples. 

A number of workers have studied the relation of tensile strength 
to speci f ic gravity. Well wood (1962) found the most important fac t or 
affecting t ensile strength of small parallel to the grain sections of 
\~estern Hemlock and Douglas fir was specific gravity (r = _.90). 

Kellog and If ju (1962), in a study relating the physical character­
istics of 20 tree species to differences in the properties of wood in 
tension parallel to the grain found that specific gravity was the single 
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most important factor, and was linearly related to both tensile strength and 
modulus of elasticity. 

Van Vliet (1959 ) , working wi th Douglas fir, found that 33.1% of the 
var iation in ultimate tensi le strength was accounted for by differences in 
specific gravity, bu~ he concl11derl that other variables may affect tensile 
strength more than spec ific gravity does . 

Hill (1949), i n a study of tens il e strength variation in Balsa: 
established a fairly high correl at ion between tensile strength and specific 
gravity. 

Specific gravity is, i n itself, determined by anatomica l characteristics 
such as the percent cell wall area, ce ll lumen,or vessels, and fibre wa ll 
thic kness. It is therefore c~ear that it wil l be more highly co rre lated 
with strength than any of these anatomical measurements individually. How­
ever, such fa ctors have been correlated with tensile strength . e . g. in the 
work by Hill (1949 ) 86~,; of the variation in tensile strength was accounted 
for by differences in specific gravity, with an improvement to 89% where the 
additional factors of percent fibre wall area and percent earlywood pore area 
were D.dded . 

The effect of specific gravity may be modif i ed by ot her anatomical 
or chemical characterist i cs . e.g. Wilson and Ifju (1965 ) found speci fic 
gravity explained up to 92% of the vari ability in strength propert ies in 
Dougl as fir. However, they also found that although earlywood showed a 
constant specific gravity, strength properties inc reased progressive ly 
across it, and this was due to differences in cellulose content and tracheid 
length. Desch (1968) gives examples of wood of the same specific gravity 
exhibiting large ranges in strength values. 

The amount of cell wall material present is related to the time of 
the year when the cells were formed, spri~gwood having larger fibres and 
vessels, with thin walls, and summerwood having smaller fibres with thick 
walls. The vessels in summerwood may also be much reduced in size in ring­
porous species (Jane, 1970). Thus Wellwood (1962) found that the position 
in the annual ring where a samp le was taken from was highly correlated with 
specific gravity (r = 0.84). The tensile strength of summer wood was 2-~ 
times greater than that of springwood. 
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b) Strength of the cell wall 

The basis of the tensile strength of cell walls is partly anatomical, 
partly chemical and partly due to their molecular arrangement. The present 
understanding of the ultrastructure and composition of the woody cell wall 
is given by Harada (1 965 ); Muhlethaler (1965 ); Preston (1952); Roelofson (1959); 
Wardrop (1 951, 1962,.1964 ) and Wardrop and Harada (1965 ). Only a brief 

outline need be given here. 

The wall of a typical fibre consists of a thin primary wall, (P), 
inside of which are a thin outer layer (S 1), broad central layer (S2), and 
thin inner layer (S3), comprising th~ secondary wall. The s3 layer adjoins 
the cell lumen. Pri mary and secondaiy wall layers consist of long chain 
cell ulo se molecu l es, variously arranged, rind interspersed and encrusted with 
hemicelluloses, lignin, and other substances. The orientation of the cellulose 
chains has been shown to be the same as that of the microfibrils (Wardrop and 
Davies, 1964), which varies from layer to layer. In the primary wall, they 
are irregul ar ly arranged in a loose network; in the s1 and s3, at large angles 
to the long axis of the cells and in the s2 at a much narrower angle to the 
long axis of the cell. Fibres are bonded together by inter-cellular substances 
consisting mainly of pectopolyuronides and lignin in the middel lamella between 
cells. Various models of a typical fibre have been proposed, all showing the 
above structure in general, but differing slightly in further detai ls (e.g. 
Wardrop and Bland, 1959; Harada, 1965). 

The relation between the structure of ce~l walls and their mechanical 
behaviour was studied over 70 years ago by Schwender (1894), and since then, 
many workers have investigated tile problem. Due to the complexity of the 
arrangement of the cell wall, no simple relationships can be obtained, and 
many factors have been shown to be involved. Tensile strength of fibre walls 
has been highly correlated with cellulose content, microfibril angle, fibre 
length, moisture content, and to a lesser extent, size, and lignin and 
hemicellulose contents. 

(i) Cellulose content 

Cellulose is the princi~al structural component of wood, and the 
work of Klauditz (1952, 1957) indicates that the tensile strength of wood 
depends mostly on cellulose content. Many other authors have found very 
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high correlations between cellulose content and tensile strength (e.g. Bare­
foot (1965); Ifju and Kennedy (1962); Kennedy and Javorsky (1960); We llwood 

(196 2). Ifju (1964) investigated the effect of cellulose chain ·1 ength on the 

tensile stren gth of wood, by systematic depolymerisation of cellulose, and 

concluded that the mechanical properties of wood depend mostly on cellulose 

content. The cellulose molecule in wood is an oriented, long-chain, unbranched 

polymer which is pack.ed into a crystalline l att ice over lilU Ch if not all of 

its l ength (Mark, 1967). The chains in the l attice are strongly attracted 

laterally by secondary bonds , which are important in determining the elastic 

and strength properties of wood. 

(ii) Microfibril angle 

Almost every property of wood or fibres that has been studied in 

conn ection with the microfibri l ang l es shows high correlation with these angles 
• 

(Mark, 1967) . Usually the broad central layer (S 2) is considered exc lusively 

in such studies. 

Tests relating the s2 microfibri l angle to tensile strength almost 
( ' 

invari ably show high correlation. (Berkley, 1939; Betrabet and Iyenga~, 1964; 

Frey-11y . .; ling, 1959; Gar l and, 1939; Ifju and Kennedy, 1962; Meredith, 1956; 

Preston, 1960; Wardro~, 1951; and Wellwood, 1962). The sma ll er the angle the 

s2 microfibrils make with the fibre axis, the greater is the tensile strength, 

stiffness, and resistance to creep. 

(iii) Fibre len91b_ 

Fibre or tracheid length has also been high correlated with tensile 

strength. (Ifju and Kennedy, 1962; Wardrop, 1951; Wellwood, 1962), longer 
fihres showing higher strength values. 

Wellwood's (1962) results also showed a high correlation between fibre 

length and microfibril angle. Mark (1967) discusses the relation between cell 

length and microfibril angle, and proposes the formula 

L =· a+ b cot g where a,b = 
L = 

constants 
cell length 

g = s2 winding ~ngle 



(iv) Moisture content and li gn in content 17 

Moisture content has been shown to influence the strength of wood by 
many workers. (e.g. Klauditz et al, 1947; Wardrop and Addo-ashong, 1963; 

Zodorin a and Cernova, 1965 ). Wood and other fib res show decreased moduli 

and increased elon gation when tested under conditions of increased moisture 

content. Th e effect }s only noticeab l e when the moisture content is below the 

fibre saturation point (25-30%), (Desch , 1968 ). 

Moisture car.te nt appears to in terac t with lignin in affecting strength. 

Klauditz et al (1947) fo und the removal of lignin incre ased dry strengths, but 

wet strengths decreased by almost 80%. He concluded that lignin protects hydro­

philic subs tances th at can bear load .vJhen · dry but not v1 hen wet, and that "the 

specia l bio logical function of lignin is to endow wood with the necessary 

strength when wet 11 
• • 

Lignin is deposited in association with the mat rix substances in the 

inter-c ellul ar l ayer and inter-microfibrillar spaces of th e wall (Wardrop, 1965 ). 

It is more hea vily concentrat ed in th e region of the middle lamell a and primary 

vrnll, and is deposited in l esser concrntrations througho ut the secondary v1all 
(Albers heim , 1965; Ba il ey, 1936 , a,b; Mark , 1967; Me i er , 1964). 

Meier (1964 ) states th at 90% of the lignin is localised in the region 

of the midd l e l amell a and primary wall, but Mark (19 67) dis agree s with this. 

Lignin has commonly been regarded as bulking and rigidising material. 

It is depos ited throu gh out the wall to a large extent after the structural 
carbohydra te framework has been formed by the living cell (Freudenb erg, 1964; 

Kratzl, 1965), and the deposition continues until the death of the cell and 

continues in the inter-cellular layer while deposition takes place in the 

secondary wall (Wardrop, 1965). Lignification of the wall may be associated 

with an increase in wall thickness (Wardrop, 1965). 

Lignin conttnt has more often been related to compressive strength, 

and cellulose content to tensile strength (Desch, 1968; Kollmann, 1967). 

Runger and Klauditz (1953), investigating the relationship between the chemical 

composition of poplar sten-r,,.;ood, and its strength properties found this to be 

the case. Dadswell and Wardrop (1955) suggest that the piincipal function of 

lignin is to act as a reinforcement of the cellulose framework. 
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Grozdits and Ifju (1969 ) found that an increase in l ignification of 

eastern heml ock tracheids duri ng de velopment did· not result i n any increase 

in t ens il e strength. 

(v) Hemice ll ul oses 

Leopo l d and McIntosh (1961 ) found a re l ationship between te ns il e 

strength and xy l an containing hemice llul os es and suggest t hat bi nding between 

mic rofibrils is al so important . 

(iv) Seasona l variation i n chemica l compositi on 

It has been shovm on severa l ·occasions that spri ng1vood and summenmod 

differ i n ch em i ca l compos i t i on, as t hi s presumab ly affec t s t he s t reng th of 

t he cell wa ll s of these t issues . 
' 

Wi se (1944 ) investigated the composition of springwood and sunfflerwood 

of a number of Amer i can ha rdwoods and softwo ods . The spr in gwood contai ned a 

grea t er proport i on of li gnin than the summervmod, and he thought this vJas due 

to th e greater proportion of midd l e l ame ll a in spr in gwood cell wa lls. In 

genera l, the ce ll ul ose conten t of summerwood was greater t ha n t hat of t he 

sp r in gv1ood . 

Wa rdrop (1965 ) fo und the Cress and Bevan cell ulose content of sprin gwood 

of P. radi at a to be 45% , whil e that of summe rwood was 57.7%. 

Allso pp and Mi sr a (1 940 ) found new wood had hi gher lignin and lower 

cellulose contents t ha n ordinary sapwood in elm and ash. 

Stewart et al (1953), working on Eucalyptus regnans found lignin 

inc reas ed from 12% in developing sapwood to 25% in heartwood. 

Phillips (1954) noticed that earlywood of English ash was less 

lignifi ed than the remainder of the ring. 

As lignification follows cellulose deposition (Freudenberg, 1964; 

Kratzl, 1965) it would follow that the lignin content of o.lder tissues would 

be greater. However, the very high proportion of lignin in the middle lame lla 

and primary wall appears to modify this, causing variation in the results 

obtained. The sequence of lignification will affect lignin content. According 
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to Stewart et al (19 53 ) li gnification commences in the developing sapwood 

and is completed in the mature sapwood. Northcote (1958 ) also found that 

ligni fication was not complete till the sapwood was mature. 

Schneidwind (1966 ) found differences in tensile strength between 

earlywood and la~ewood, bu t this was due to differences in microfibri l angle 
within the s2 l ayer, and the proportion of this layer in the tota l cross 

section. 

1.5 Stress/strain relation shi_Rs and extens i bili ty of roots 

There does not appear t o be any reference in the literatu re to work 

on stress /strai n relationships and extensibi lity of tree roots, although 

Turmania (1967) did meas~re t he l engths of the roots he tested before and 
after breaking, thus givi~g a measure of pl asti c deformation. 

From a soi l s t abi li sat ion viewpoint, the elast ici ty and extensibility 

of roots may be an important factor in determining a tree 's suitability for 

thi s purpose. 

The modulus of el asticity is obtained from a stress/stra in diagram, 

and is def ined as the strain divided by the stress at the proport io na l li mit . 

The anpeara nce of a proportional limit in a load -deformat ion t est is evi dence 

that the sample possesses a visco-elastic rather than simple elast ic nature. 

Its mechanical properties are time dependent. The value of the proportional 
limit relative to max i mum strenth will be dependent on the elapsed time of 

the load-deformat ion test (Jayne, 1959) . . A t es t conducted over n period of 
a few seconds may exhibit linea rity to failure, whereas a test conducted 

over a; period of severa 1 hours wi 11 probably show curvi 1 i near ity from zero 

to failure. 

At normal strain rates, such as the 1% elongation per minute used by 

Jayne (1959), and Kellogg and lfju (1962), small wood samples characterist­

ically show a proportional limit. The stress/strain diagram, is however, 

essentially linear, with only a slight fall off of the curve beyond the 

proportional limit. 

Wet samples show a decreased modulus of elasticity and greater 

elongation than dry samples (Jayne, 1959). 



1.6 Measuring the tensile strength of roots and small wood samp les 

Turmania (1 965 ) does not describe in detai l the method used for 

testing woody roots, other than 20cm samples were used, which were broken in 

a tensile testing instrument of a particular type. 
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Grips have been descr ibed by McGowan (1 968 ) for testing larger samples 

of timber in tension, but are not suitable for small roots. 

Most work · on the tensile properties of wood has been done on small 

sections, having the advantage of being edsier to handle and also of being more 

representative of a particular cell type. Most test specimens have been of the 

necked down type, ranging from 20 microns in thickness (Runger and Klauditz, 

19 53) to 80 microns (I fju and Kennedy, 1~62; Schniewind, 1959; Wardrop, 1951; 

Wellwood, 1962). Mark (1967) used test specimens 20-25 microns thick, containing 
' a single cell type. Rect:1ngular section samples have been used (e.g. Ifju, 1954), 

and these appear to give 2-12% higher strength values than necked down specimens 

(Ifju et al, 1965; Wellvwod E. t al, 1965). 

Tensil e properties have also been investigated by glueing small samples 

of wood approximately 2 x 2mm. in cross-section into l arger blocks of wood or 

metal, and inserting a small pin through the block and the samp le to give additional 
holdin g power (Mey lan, B.A. pers. comm.). 

Tensile tests are usually carri ed out on an Instron or similar testing 

instrume nt (e .g . Jayne, 1959 ; Kennedy and Ifju, 1962; Wellwood, 1962), whereby 
a constant rate of strain may be applied, and the load automatically recorded 

via a load cell and moving chart. The crosshead speed selected depends on the 

sample size. Mark (1967) used a speed of .05mm/min., giving about 6.6% elonga­

tion per minute with his particular samples. Hartler et al (1963) have 

determined the optimum strain rate to be of the order of 50% elongation per 

minute. Very slow speeds (.005-.0lmm/min.) have usually been used with small 

samples (Ifju, 1964; Kennedy and Ifju, 1962) and individual fibres (Jayne, 1959). 

1.7 The measurement of anatomical characteristics 

1.7.1 Specific gravity 

The specific gravity of wood is defined as the weight of the oven dry 

wood divided by the weight of a volume of water equal to the volume of wood. 



21 

The vol ume may be t hat of the wood when oven dry, green or at some i ntermed i ate 

mo i sture cond i t i on. The problem when dea l ing with very smal l samples of wood 

i s the accurate determi nation of the volume . Smith (1954, 1955 ) has revi ewed 

the methods available for small samples, and bas i cally, there are three approaches. 

(i) v/e i_g_h t - vo l ume method 

If t he metric system is used, then lgm . is the weight of lee . of water 

and the formu l a for specific gra vity becomes : 

or 

SG (fresh) = ovendry v1ej__g_h_t._lgD]2_) 
green volume (ccs) 

SG (ovendry ) = ovendry we i ght 
ovendry vol ume 

There are severa l methods ava il ab l e for obtain i ng the volume of sma ll 

wood samples , such as the mercury - displacement, water-immersion , and photo­

metric methods . The vo l ume determinations are usua ll y the l east accura t e a~d 

most di fficu l t to obtai n, and t hese are discussed further by Smith . 

(i i ) Standard water -i mmers i on method 

Vi" nt ill a (1 939 ) descr i bed a technique for obt ain i ng the spec i fi c gravity 

of sma ll samp l es rang in g in vo l ume from 200 to 1000 cub i c mm . by the standard 

water i mmers i on method . Thi s met hod requ i res the determination of t hree we i ghts 

for ea ch samp l e, from v1 hi ch the specifi c gravity is calcul ated : the soaked 

weight; t he we i ght held submerged in wate r; and the ovendry we igh t . 

(iii) Max i mum mo is t ure con t en t method 

Smith (1954) describes a method developed by Keylwerth (1954) based on 

the specific gra vity and t he maxi mum moisture content of wood. This met hod has 

the advantage of requiring only two wei ght determinations: the weight of the 

completely water saturated sample, a~d its ovendry weight. From these t wo 

weights, toge t her with a constant that represents the density of cell wall 

substance, the specific gravity is calculated. 

SG = 

M max - Mod 
Mod 

1 

1 
density of cell wall substance 

M max - wt . of water saturated sample 

Mod - wt. of ovendry sample 
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A comparison of t his method with the standard water immersion method, 

by Smi th (1 955), gave a mean difference of l ess th an 1%, and she conc lu ded that 

from th e standpoint of the technique and time involved, the maximum moisture 

con tent method is far superior . 

1. 7. 2 . Ce 11 tyQe percentages and ce 11 v1a 11 c1.rea 

Two methods are avai l ab l e, depending on the measure requ i red . 

(i) One procedure involves taking photomicrographs or making drawings using 

a camera l ucida . The area requ i red may be planimetered, or cut out and 

weighed. Alternatively, the i mage may be projected onto a screen and 

the area required pl an i me tered. 

These methods have been ijSed for the ·determination of the area and volume 

occupi ed by various cell el ements such as r ays (Myer, 1922), and for the 

determination of cell wa ll areas of si ng l e wood fibres (J ayne, 1960; 

Leopo ld, 1966) and sma ll sections of wood (Mark , 1967). 

(ii) The sampl i ng of microtome sections at selected po in ts has been app l ied 

to the measurement of the relative proportions of var i ous cell el ements 

(Mark, 196 7) arid cell v,all areas (Lade ll, 1959 ; Tsoumis, 1964). 

This method in vo lves t ak ing point samples on transverse sections, and 

recording the cell ty pe or lume n etc. on whi ch they fall. The propor tion 

of points fa 11 i ng on the ce 11 type is consi dered to give the percentage 

of that cell type in the area samp l ed. 

The sampling points are determined by grid intersections, the grid either 

being placed in random pnsitions over the section or at regular intervals. 

Tsoumis (1964), found there was little difference between the two methods. 

Mark (1967), found that placing the grid in alternate positions across 

the section gave satisfactory results. It is clear that the size of the 

grid, the size of the section~ and the accuracy required will determine 
the number and spacing of grids necessary. 

1.7.3 Fibre dimensions 

The maceration of wood samples to enable individual fibres to be 

measured may be achieved by several methods. 
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(i) Nitric acid and chromic acid 

Treat with equa l parts of 10% nitric acid and 10% aqueous chromic acid, 

for 24 hours at 35°c. (Johansen, 19 40 ). 

(ii) Acet i c acid and sodium chlorite 

This method i s ~escribed by Spearin and Isenberg (1947), and modifications 

by Winton and Dickey,(1968l Fibre separation is ach i eved by treating 

the s2mple with a mixture of 1:6 wt ./vol . sodium chlor i te and acet ic acid 

(lM) at 90°C for 7-8 hours. 

(iii) Hydro gen peroxide and gl ac ial acetic acid 

Samples may be macerated by tr~ating with a 1:1 mixture of gl ac i al acetic 

acid and 30% hydrogen peroxid e at so0 c fo r 48 hou rs . This method has been 

used suc cessfu lly for Pqpulus sp . by Farmer and Wilcox (1 968 ). 

As a l arge nu mbe r of samples may be treated si mu l taneous ly with stab le 

reagents, this method appears the most satisfactory. 

Fibres may be st ained with a numbe r of s tains , e.g. Con go red (Win ton and 

Dickey, 1968 ), methyl fast blue (Joh ansen , 1940 ). Slides are prepared 

in the normal manner, either with or without a coverslip. 

The measurement of f i bre di mens ion s may be carri ed out usin g an automatic 

recorder, (as des cribed by Win ton and Dickey, 1968 ), or directly, using 

an eyepi ece micrometer . 

1.7.4 Microfibril angle 

A number of methods have been used to determine the mean microfibril 

angle in cell walls. 

(i) Measurement of pit aperture angles, cell wall striations, and mechanically 

induced cracks 

These features have been used in the determination of microfibril angle 

by a number of workers (e.g. Bailey, 1938 ; Kellogg ahd lfju, 1962; 

Wardrop and Davies, 1964). According to the latter authors, the angle 

of these striations etc. is the same as the angle of the microfibrils 



( i i ) 

in the s2 l ayer. They are often more easily distinguished under 

polaris ed light. 

Depos ition of crystals in the ce ll wal l 
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Thi s method was originally described by Bailey and Vesta l (1937 ) , 

whereby crystal? of i odine are induced to form in the "elongated 

poros i ties 11 of the cellu l ose matrix. It is assumed in using this method 

th at the iodine crystals are alli gned parallel to the microfi bri l s in 

the s2 layer . Bailey and Berl<ley (1 942 ), have po in ted out that thi s 

technique can also show the orientati on of microfibril s in the other 

two layers (S 1 and s3) of the secondary wall. Meylan (1 967), reported 

that th e method failed most frequentl y when samples had sma ll microfibri l 

angles. 

(iii) The study of X-ray di a gram s_ 

( i V) 

X-ray diffraction has been us ed by Preston (1 952 ), Frey-vJyss ling (1959), 

and Mey l an (19 67), amongst others . Mey lan describes the method as 

follows . An x-ray be am is directed alon g the direction of the rays ~nd 

pe~oend icul ar to the long axis of the trach eids and fibres . The x- ray 

di .gram is obtained photograph i ea l ly and the mi crofi bri l angle may be 

obtained from the interpreta tion of the diagram . Th e method is fairly 

quick, in vo lvin g littl e observer time, compared with the l arge number of 

measurements necessary with all the other methods. The mai n disadvantage 

is that whereas the other methods may be supposed to give a direct measure 

of angle, the x-ray diagram must he interpreted. Vario us empirical methods 

for interpreting the diagram have been proposed, all con~i deri ng the 

distribution of intensity around the most intense arc of the diagram . 

Meylan (1967), compared the method with several other methods, and 

obtained a highly linear relationship. 

Polarising microscopy 

The major extinction position of the wall has been used for some time in 

the measurement of microfibril angle (Frey-Wyssling, 1959; Preston, 1952; 

Wardrop and Preston, 1951). 

The fibres must be sectioned in such a way that a single wall may be 

examined. 



(v) 
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E1ectron mi cros<;_QQY 

Thi s has been used to measure rnicrofibr il ang l e directly (F rey-Wyss1·ing, 

1959; Roelofsen , 1959 ), although el ectron mi crographs often show many 

over l apping rnicrofi bri ls or i enta t ed over a range of ang l es . 

(v i ) Recently, the planes of enzyma tic hydrolys i s by soft-ro t f ungi have been 

used to determ i ne mi crofib r il ang l e (Cow l ing , 1965 ). 

1. 8. Determining the ch em ical compos ition of wood 

In inves ti gat i ng the effect of ch emi ca l compos iti on on strength 

properti es, it is pr i mari ly the cell wa ll components, cel lu lose, hemicel l ul oses, 

and l ign i n that are of i nterest. Howevet, i t may be necessary t o determine 

other substances such as extracti ves and st arch wh i ch, al though not s i t uated in 

t he cell wa l l, can affect the i el ijtive con t ents of the ma jo r components when 

i nvestigating var i eta l and seas ona l var i at i on. 

Browni ng (1967 ), has comprehens ively re viewed methods of det erm ining 

th e chemical composit i on of wood , and the fol lowing general statements, unl ess 

otherw i s~ indicated , are from his review . Th e quantitative determination of 

wood composition cannot . be ach i eved by any s i mp l e scheme, as the majo r componen t s 

exi st as i nter - penetrating systems of high po lyme r s , whi ch wi t hout chemica l 

mod i f icatirin , are i ns olubl e in all common sol ve nts . 

Th e ex t racti ves th at are sol ub l e in water and in neu tral organic solvents 

can be r emoved fai rly eas il y . Fo r t he investiga tion of the pol ysa cchar ide and 
l i gni n component s, 11 extracti ve fr ee II wo od is generally accepted as a satisfactory 

starting material. 

The majcr part of the lignin cannot be removed in unchanged fo rm by any 

solvent. Lignin preparations are obtained as insoluble residues after hydrolysis 

with strong mineral acids. 

1.8.1. Polysaccharides 

The determination of the polysaccharide portion of the wood is accomplished 

either by the removal of lignin, or the hydrolysis of the cellulose and hemi­

celluloses to simple sugars, the amount of which may then be determined. The 

process of delignification requires the use of strong oxiding agents or acidic 

or basic solutions at elevated te mperatures, and these treatments produce some 



26 

oxidation and hydrolysis of cellulose and other polysaccharides. When 

delignification is carried out under conditions such that essentially all 

the polysaccharides are retained in the preparation, the product is called 

holocellul ose . Treatment of th e holocellu l ose with strong aqueous alka line 

soluti ons dissolves the major portion of the herni cellulos es and l eaves a 

residue of alpha-ce ll ulose, composed mainly of cel l ulose. The hemicellu l ose 
portion of the polysac·charides consists of many different polymers, which vary 

in th e kind and amount of sugar units present. 

The standard method for holocellulose is probab ly the sodium chlorite 

procedure developed by Wise et al (1946 ). Various modifications have been used 

e.g. the chlor i ne ethanolamine and peracetic acid procedure (Leopold, 1961 ). 

Another classical method is that of c;oss and Bevan (1911), whereby lignin is 

chlor i nated with chlorine gas or chlorine water, and oxidation products formed 

are removed with sodium sulphite. A modif i cat i on for small samp l es has recent ly 

been used by Watson (1962). 

Mark (1967), considers the Cross and Bevan type method to be a superio r 

procedure when studying strength properties, due to the higher content of al pha­

cellulos e contained in C & B cellulose than in chlorite holocellulose . The 

method a, so seems to avoid the danger of degrad ing some cellulose to a so l uble 

state, as might occur ih alpha-cel lulose determination. It also eli minates 

those hem1~el l ulose frac tions not closely assoc i ated with the microfibri l s. 

Hydro lysis of the polysaccharides to si mp le sugars can be carried out 

progress ively, most of the hemicellulose fraction being hydrolysed by weak 

mineral acids, while the resistant hemicelluloses and cellulos e are only hydro­

lysed by strong mineral acids (Wenz l, 1970). The cellulose is converted quanti­

tatively into glucose , by splitting the beta-glucosidic linkage by the addition 

of water. Hemicelluloses, however, give a mixture of sugars and sugar derivatives 

(Wenzl, 1970). The acid to wood ratio appears to b2 critical in the hydrolytic 

methods. Sakai (1965), concludes that an effective concentration must be between 

60% and 75% for the hydrolysis of cellulose. It is also necessary that a uniform 

distribution of the highly concentrated acid is achieved, and the material must 

be extensively reduced in size and mixed thoroughly. 

1. 8. 2 . Li gn i n 

The quantitative determination of lignin in wood presents difficulties 

due to the indefinite concept of lignin, differences in the chemical nature of 

materials accompanying lignin, and the fact that chemical reactions of lignin 
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affect the validity of lignin determinations (Browning, 1967). Brauns and 

Brauns (1960 ) , agree with this and state that no definite formula for lignin 

i s kno\'m, so it appears that no definition of lignin in a quantitative sense 

can be given . 

Desp ite these problems, several methods have been devised that are 

suitabl e for comparittve purposes . The general ly most usefu l methods have 

been based on hydro lysis and so lution of the polysaccharides wi th strong minera l 

acids, l eaving a residue which after washing and drying, is weighed as lignin. 

Extraneous material which might remain i nsoluble along wi th the lignin must be 

removed before the acid treatment. Th e methods are summari sect by Pearl ( 1967). 

(i) Th e su lphur i c acid method 

The use of sulphuric ac id for the determi nation of lignin was f i rst 
' 

applied by Kl asen (1923 ), (ci ted oy Pear l, 1967). The original method has been 

modified extens ively by variou s workers, but the li gnin isolated with this acid 

is usually referred to as "Kl asen" lignin. In genera l , the hydrolysis of the 

polysaccharides i s accomp li shed effect ively by an initial trea t ment wi th strong 

sulphuri r ac id (68-72%) until the partially hydro lys ed polysaccharides fir st 

formed a, 2 no longer precipitated upon dilution. The acid mixture i s then 

dil uted with water and boiled to complete the hydralysis . Suita ble pre-extractions 

are necessary to remove extraneous J11aterials th at othen<1ise wou l d appear wi th 

the li gnin. 

The dete rm i nation i s affected by acid concentration, time of treatmen t 

and temperature . If these factors are too great, humification of the carbohy­

drates may lead to the formation of partially insolubl e degradation products 

that appear with the lignin. If th e concentration is too small, time too short, 

or tempera ture too low, the polysaccharides may be incompletely hydrolysed and 

remain in part with the residue cf lignin. The optimum concentrat ion appears 

to be in the range 72-74% for most woods (Browning, 1967). 

(ii) Modified sulphuric acid methods 

Various modifications have been proposed e.g. Jayme et al (1958) , have 

obtained rapid hydrolysis by application of a mixture of sulphuric acid and 

phosphoric acid. 



(iii) Methods have also been used utilising hydrochloric or hydrofluoric 

acids (e . g. Willstatte r & Zechmeister , 1913). 
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(iv) Many v1orkers have observed that the filtrate from wood treated with 
strong acids contains substances that possess many of the properties which 
characterise li gnin, although their nature is not clear, and have been termed 

soluble l ignin . The filtrates of hardwoods often show u.v absorption at 

210-280 m p, which is ch aracteristic of so l uble li gnin preparations. Hardwoods 
may contain from 1-4% solub l e lignin. It has been found that the lignin of 

Eucalz'.ptus regnans was acid so luble to the extent of 16% of the Kl asen li gnin 

(Browning. 1967). 

1.8.3. Extractives 

Extractives inc l ude those compounds so luble in organic solven ts, 

(e.g. resins, fatty ac i ds, waxes ) or water (inorgani c salts, sugar, water soluble 

carbohydrates, some pheno lic substances ). Some of the materia ls so l ub l e in 

water are more or l ess soluble in many organic so l vents, and vice versa . 

l~trac tive free wood is prepared by extracting the samp l e successive ly 

with ethanol-benzene and 95% ethanol for 4 hours each, in a Soxhlet extractor, 

then with 3 or 4 portions of distilled water at 100°c (Brow ning, 1967 ). 

1.8.4. Starch 

Starch is often found in th e sapwood of angiosperms, usually in the 
form of si mp le granules up to 10-12 microns in diameter. According to Browning 

(1967)' starch contents in wood from 0.5% to 5% have been reported, but the 
amount is subject to wide seasonal fluctuations, and there is much uncertainty 

in the methods of determination. 

A method for the quantitative determination of starch in plant tissues 

has beer. developed by Nielson and Gleason (1945), whereby the starch is dis­

persed by perchloric ·acid and the iodine complex determined ~Y spectrophotometry. 

This method was later modified by Puchner et al (1948), to allow for species 
differences in the ratio of amylase to amylopectin. 

The method has been applied to the determination of starch in wood (Humphreys 

and Kelley, 1961). 
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CHAPTER 2 MATERIALS AND METHODS 

2.1. Species used in the stud_y 

Fo ur Populus and two Sa li x clones were used in the study. These were 
chosen to be representative of sec tions of the genera, and also to be repre­
sentativ2 of the commonly used poplar and willow speci es pl anted for erosion 
control in N.Z . 

A description of th e characteristics and classification of the Po pu lus 
and Salix clones used in th e invest i ga tion is pro vided in Ap pend i x 1 as a back ­
gro und to the selection of the six clones used. 

Speci es and clones used were 

1. Po pul~_ x euramer·i cana cv. I- 78 

2. P. x euramericana cv. I- 488 
P. yunnanensis 

4. P. deltoides cv. A60/129 

5. Sali x matsudana 
6. · S. purpurea cv. Booth. 

At this point, the terminology used regarding specie s , varieties, and 
clones should be clarified. As almost all members of the Populus and Sal i x 
gen era are propagated vegetatively, and in New Zealand exist often as the resu lt 
of a single introduction, many species are r-epresented by only one clone. How­

ever, some species and nybrds are present as a number of clones, and to avoid 
confusion, the species, varieties, or clones used in this study are referred 
to as clones, even if they are the only form present. 

Thus inter-clonal variation refers to the variation present between the 

clones used in this study, and not to variation betvJeen clones of the same 

species. 

Intra-clonal variation refers to variation between roots of the same 
tree or trees of the same clone. 



2.2. Procedures 

2.2.1. Study of th~ morpho lo~d so il binding capacity of the complete 
root systems 
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Fifteen cuttin gs of each of the six clones were planted in a randomi sed 

bl ock layout (4 replica t ions, 6 blocks, 1 cutting per plot), in August, 1971. 

At the end of the first seasons growth, the trees were 3-4m . high. Because some 

cuttings did not strike, on ly the 10 largest trees of each clone were used, and 

were removed from the ground in July, 1972. The l oad required to pull the trees 

from the ground was measured using the procedure outlined in Section 2.3.1. 

Th e trees were removed in July, as soi l mo i sture during this time of the year 

was at a high level, thus simulating as cl osely as possible actual conditions 

wh en so il movement is most li kely to occur. Th ree trees of ea ch clon e with the 

most typical root systems were se l ected for morphological investigation. The 
• 

general morphology of the root sy5tems was recorded photographica ll y . Th e 

following quantitative data were obtained : 

1) The size and number of roots originating on the upper and lowe r 10cm. of 

2) 

3) 

4) 

the c11tti ngs. 

The , ; r-dry v,ei ght 

high er order roo ts 

The a~r-dry we i ght 

were deciduous, the 

The diameter of the 

the point v,here the 

of fibrous roots, which were defined as all secondary or 

less than l~n. in diameter . 

of the total roots and shoots separate ly (as the trees 

shoot weight did not inclu de the weigh t of the leaves ). 

stele of all roots greater than 1mm. in diameter , at 

roots had broken. 

Root/ shoot ratios were calculated for the three selected trees per 

clone, and were defined as : 

air-dry weight of roots 

air-dry weight of shoots (v.Jithout leaves) 

The root/shoot ratios were less than the true values, as the extremities of 

many roots remained in the ground. However, the roots of all clones appeared 

to break at about the same diameter, and the ratios were adequate for the 
purpose of compa rison. The small size of the root extremities remaining in 

the soil meant that the ratios were only slightly lower than their true values. 

In order to investigate the effect of variation in the morphology of 

the root systems on soil binding capacity, it was necessary to remove the effect 



of the size of the root system. This VJas achieved by using a "root system 

strength index" being defined as 

maximum load attained when removing root system (kg ) 

air-dry we ·i ght of roots ( g) 
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Th e effect of fibrous roots on soi l binding capacity was investigated 

by comparing th e measured load required to remove the root system with the 

predicted load required. The predicted load was obtained by calculating the 

total cross- sectional area of the steles over all the breaks for roots greater 
than 1mm. in diameter, and the mean diameter of the steles at the brea ks. By 

multiply in g the tota l cross sectiona l area of the ste l es by the t ensil e strength 

of roots of this diameter typica l of the clone, the load required to break all 

the roots together was estimated. The typical tensile strengths of roots of the 

required diameter for each clona were obta ined from tensile t ests of individua l 

roots (see section 3.3.3). The diffe rence between the predicted l oad and the 

actual l oad reau i red to remove the root system was theoretically due to the 
effect of the roots l ess than 1mm. in diameter, and to friction between the soi l 

particles and the region of the roots prox i ma l to the breaking points . 

2.2.2 . Study of intra -c l ona l variation in the anatomy and tensi l e strength 
of i ndi vi dua 1 roots 

For th e study of in tra -clona l and inter-clonal variation, 20 trees of 
each clone were grown from cuttings in a randomised block l ayout , with 5 trees 

of each clone per block. The cuttin gs were planted during August, 1971. 

For the study of int ra -clonal variation, roots of one clone only 

(P. I 488) were used. 40 roots (10 from each block) were coll ected in June, 

1972> after the trees had been growing for one season . Those collected were 
mainly lateral roots of 4-8 mm. diaeter, shovling minimum taper, and from a 

depth of 0-30cm. below the soil surface. From these roots, 30 were selected 

with diameters of the steles evenly spread over a range of 2-4 mm. Test samples 
were prepared and broken in the testing instrument, and the load at failure 

recorded (see section 2.3.2). Some t2st samples broke unevenly due to slight 

kinks in the roots, and several pulled out of the blocks used for gripping the 

ends of the roots. 20 samples giving satisfactory test results were selected 

for the calculation of the tensile strength of the stele, fibre wall strength, 

and specific tensile strength (see section 2.3.4). 



The following anatomical data were determined for each sample. 

(as described in sections 2.3.7-11). 

1) specif·ic gravity 
2) percent fibre wall area (of total cross-sectional area) 

3) percent vesse l area (of total cross-sectional area) 

4) mean ves se l diamete r 
5) percent parenchyma and rays (of total cros s-sectional area ) 

6) mean fibre length 

7) mean fibre width 
8) s2 microfibril angle 
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The chemical composition of the individual samples was not determined. 

2.2.3. Study of inter-clona l variation in anatomy_1..._chemica_l composition, 
tensile stren_gj_h, and stress/strain behav_iour of individ ua l roots 

The results of the study of intra-clonal variation shovJe;d it was 

necessary to use at least 20 roots of each clone to show significant differences 

in tensile strength between clones (see section 3.3). 

Thus roots of each clone were collected as in the intra-clonal 

investigation, and 30 test samples of each prepared . These were broken in 
the testing in str~ment, and 20 samples se l ected for the calculation of the 

tensile strength of the stele, fibre wa ll strength, and specific tensile 

strength. For these calculations i t was necessary to determine the cross­

sectional area of the test sample, fibre wal l area, and specific gravity 

(sections 2.3.3, 2.3.7, 2.3.11). 

It was not possible in the ti me available to determine quantitatively 

all the anatomical features of all the test samples of each clone. For 

example, to measure microfibril angle alone for all the samples of the six 
clones would have required three weeks of microscope work. 

To enable comparisons of anatomical characteristics to be made between 

clones, one sample of eac~ clone with a value for the tensile strength of the 

stele typical of the clone was selected. The selection of samples with 
' 'typical I tensile strength values was complicated by the fact that tensile 

strength was significantly correlated with the diameter Df the test sample. 
It was thus necessary to use samples of the same diameter for the comparison, 

3mm. being selected as an average value. Typical samples were selected by 
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calculating the adjusted means of the tensil e strength of the ste l e by a 

covar i ance analysis , whereby t he regression of strength on the diameter of 

the ste l e v-1as taken into account . The 3mm. di ameter sample with a value for 

the t ens il e strength of the stele closest t o the adjuste d mean f or the cl one 

was used for the compar i son . 

. 
Th e fo ll owing anatomica l data were determined . 

1) percent vessel area (o f tota l cross-s ectiona l area ) 
2) mean vesse l ·diameter 

3) percent parenchyma and rays (of total cross-secti onal area ) 

4) mean f ib re l ength 

5) mean f i bre width 
6) mi crofibri l angle 

Specifi c gravity and, percent fibre wa 11 area were de t ermined prev ious ly 

for all samp l es tested. 

In ter-clona l var i at i on i n chemi ca l compos i tion was determined by 

ana lys i ng bu l ked samp l es of all the roots of each clone t ha t were used in 

the tens il e tests. (see secti on 2.3. 12 ) . 

Equal vol umes of eac h root were used, irrespecti ve of di ame t er and 

specific gra vity . Th e cellul os e content was det ermined by hydro ly si s , and 

also by the method of Cross an d Beva n (see section 2.3.12). 

For th e exami nation of stress / s t ra in behaviour , load/extension curves 
were produced for four of t he above samp l es, co ver ing the ran ge of diamet ers, 

for each of the 6 clones. Young's modulus, ultimate strain, and the ratio 

of ultimate stres s to ultimate strain were obtained f rom the stress/strain 
diagrams (see section 2.4.3). 

2.2.4. Study of seas onal variation in specific gravity, chemical composition, 
and tens il e strength of individual roots 

For the study of seasonal variation, two clones, P. I 488 and 

S. matsudana were used. As with the other trees used in the study, cuttings 
were planted in August, 1971. However, trees for this part of the study were 

grown in single rows. Root samples were collected (as in section 2.3.2) at 

monthly intervals, from February, 1972 to January, 1973, representing the 
period of growth of the trees from near the end of the first growing season 

to near the end of the second. It is pointed out that as roots of a given 

size range were sampled (4-8mm. in diameter), the samples did not represent 

roots of different ages, but roots that had developed over a particular 
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period during the year. 

Each month 20 roots per clone were collected from trees in different 

position s in the rows, t es t samples prepared and broken in the testing 

in strument. Ten samples giving satisfactory test results and a range of 

diameters were selected, and used for the determination of cross-s ectional 

area, fibre wall area, and specific gravity. Tens ile strength of the stele, 

fibre wall strength, and specific tensile strength were calcul ated . 

The chemical compos ition of each monthly sampl es was determined, 

carbohydrates being determined by hydrolysis. 

2.3. Techniques 

Th e numerous techniques used in carrying out the above investigations 
• will be described together in this section, as several of the investigations 

involved the use of the same techniques. 

2.3.1. Measurement of soil binding capacity 

To obtain an estimation of soil binding capacity, the max·imum load 

reached vJhen the trees were pulled vertically from the ground 1>Jas measured. 

Th e trees were pulled from the ground using a block and tackle supported by 

a tripod, as shovm in fig. 1. A dynonometer, which was capab le of measuring 

loads of up to 4000 kg, and could be read with an accuracy of ±10 kg, was 

linked between the block and the tripod. The tackl e was attached to the 
base of the stem of each tree with a ch ain, after removing the bark to obtain 

a better grip. Th e load was increased at a constant rate, and the maximum 

load reached as the root system was removed recorded. 

2.3.2. Tensile testing of individual roots 

It was found when removing complete root systems that the roots, in 

general broke where their diameter was between approximately 4 a~d 8 mm. 

It appeared that a 11 critical zone 11 existed in the root, proximal to which 

the root was too strong to be broken by tension, and distal to which was 

capable of resisting being pulled through the soil, due to the greater 

number of fibrous roots. Thus roots for tensile testing were selected from 

this range. 

No satisfactory method for testing the roots in the fresh conditions 

could be devised. The major problem was that of gripping the ends of a 

root in such a way that the root was not damaged, or weakened, but still 

able to withstand the load required to break the root without slipping. 



Fig. 1 Equipment used for measuring the load required to remove 
the root systems from the soil 
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If the rootswere of unifo rm diameter for some distance, the method used 
in testing textile fibres could be used, whereby the fib re is wound round 
a drum several times, utilising its own friction to susta in the load. How­
ever, the roots were not of uniform diameter for any distance, tapering 
from the base to the tip, and they v,ere ;ilso of insuffi cient l ength to wind 
around a drum and th is method could not be used. 

It was thus necessary to use a method developed for the tensile 
testin g of small wood samples, whereby the root was glued into small wooden 

blocks wh~ ch could then be clamped in the t es ting instrumen t without damaging 
the root itself. This necessitated removal of the cortex, and drying the 
roots, in order to glue th em satisfactorily into the blocks, and then 
resatu rati ng t hem before testing. 

The removal of the cortex was considered not to reduce the ultimate 
tensil e strength. When roots were broken in the field, the cortex always 
broke before the stele, and often broke much closer to the bas e of the root 
than did the stele, which then pulled out of the remaining cortex. 

The drying of the roots before testing may be criticised on the basis 
that some irreversible change in the cell wall structure may have occurred, 
which had an effect on th e tensile strength. However, after resaturating, 
the rocts regained their fle xibi lity and elasticity, and appeared to be in 
a similar condition to that before drying. Microscopic examination of the 
roots after drying and resaturating did not show any checks or distortion. 
Most of the fibres and vessels of the stele would have been dead (see 
section 1.3.2); and thus the drying would not have affected them physiologically. 

The test samples were prepared as follows. After collection of the 
roots from the field, the cortex was removed and the samples air dried. 
Lengths of roots with ste l es: 2-4mm. in diameter, and as uni form a diameter 
as possible, were selected, and small wooden blocks 3 x 4 x 0.8cm, glued 
to the ends using Araldite adhesive. The roots were glued into closely 
fitting holes drilled across the grain of the blocks. The length of the 
test samples bet~een the blocks was 5cm. (see fig. 2). 

In order to simulate the roots in the fresh condition as closely as 
possible, it was necessary that the moisture content of the test samples 
be above fibre saturation point. This is the moisture content at which 
theoretically the cell walls are saturated, but there is no water in the 
lumens of the cells. In practice, the fibre saturation point is at 25-30% 



Fig. 2 A typical tensile specimen 

Fig. 3 Method of gripping the sample in the tensile testing 
instrument. The transducer used for determining 
stress/strain relationships is also shown. 
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moisture content, depending on the wood (Panshin and de Zeeuw, 1970). 
Above the fibre saturation point, the moisture content of the wood samples 
has little effect on strength properties (Jane, 1970). 

A pilot inves tigation (s ee appendix 3) showed that a soaking period 
of 1 hour before testing resulted in a moisture content of the samples of 
50-60%. Thus the samp les were soaked for this period, to ensure that the 
moisture content was above fibre saturation point right through. 

Preliminary t ests of samp l es prepared in the above manner resulted 
in many of the roots being pulled out of the blocks without break ing. To 
achieve satisfactory results , it was necess ary to seal the blocks before 
soaking, and this was done by applying two coats of poly~rethane varnish. 

Tensile tests were carried out on a floor model Instron universal 
testing instrument. A 500 kg load cell was used, the load being recorded 
continuous ly on a moving chart. Using this load cell, a full scale range 
on the chart could be selected from 10 to 500 kg, depending on the expected 
load required to break a particular test specimen. The range could be 
incrf sed during a test. 

To determine whether the rate of extension of the sample during 
testing· had any effect on the tensile strength, an investigation was carried 
out using two crosshead speeds - 20 cm/min. and .05 cm/min. (see appendix 4) 
As this showed paired samples tested at each speed not to differ significantly 

in tensile strength, an intermediate crosshead speed of lcm/min. was selected 
as a satisfactory rate. This resulted in a sample elongation rate of 20% 
per minute, and failure occurred in most samples after 1-2 minutes of 

extension. 

A chart speed of 2cm/min. was used. Provided no slippage occurred 
within the blocks or at the grips, the distance travelled by the chart before 
failure occurred would be proportional to the actual extension of the 5cm. 

test sample, and the shape of the plot drawn on the chart would be equivalent 
to a stress/strain diagram. However, it appeared from the chart record and 
observations during testing that some slippage and strain was occurri11~1gwithin 

the blocks. For the accurate determination of stress/strain relationships, 
it was necessary to utilise a separate extensometer attached directly to the 
test specimen. No extensometer was readily available that would measure the 
degree of extension that was occurring. 
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To overcome this, an extensometer was constructed using a Phillips 
PR 9314A/10 transducer with a range of± 10mm. (see fig. 3). When used 
with a 4cm. test sample, this arrangement was capable of measuring strains 
of up to 25% with the core of the transducer moving only in a positive 

direction. 

The output from this type of transducer was not acceptable to the 
X-Y Servo Chart Drive system of the Instron and a separate X-Y recorder 
was used. The signal from the strain transducer was recorded on the X-axis, 
and the signal from the load cell of the Instron on the Y-axis of the recorder. 

2.3.3. Determination of cross-sectional area of test samples 

Due to the irregular shape cif many of the roots in cross-section, 
it was necessary to use tran sverse sections for the determination of cross-

' sectional area. Sections we:e prepared as described below (see 2.3.5.). 

The area was determined using a Reichert visopan microscope with 

the image appearing on a ground glass screen 20cm. in diameter. For this 
purp0se it was fitted with a grid of 5 x 5mm. squares. A 4 x objective 
was . 1sed, resulting in a magnification on the screen of 50 x. The number 
of grid intersections which fell on th e image of the transverse section 
was counted, and as each grid intersection represented the mid-point of a 
square of known area, the actual area could be calculated. 

Some distortion of the image was evident using this type of micro­
scope, a known distance at the objective appearing slightly greater in the 
centre of the screen than at the edges. To allow for this distortion a 
number of concentric circles were drawn on the grid, and the number of 
grid intersections within each circle converted to an area by a factor 
appropriate to that part of the screen. The cross-sectional areas of the 

section within each circle were then summed to give the total cross-sectional 
area of the root. 

The mean diameter was calculated from the cross-sectional area. 

2.J.4. Calculation of tensile strength 

i) Tensile strength of the stele was defined as 
load at failure (kg) 

total cross-sectional area of the stele (mm2) 
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ii) As the tensile strength of wood depends mostly on the strength of 

the fi bre walls, an estimate of the strength of the fibre walls 
was obtained from the formula. 

fibre wall strength = 
load at failure (kg ) 

cross-sect·iona l area of fibre wa lls (m1n2 ) 

This estimqte was belovJ the true value, due to the proportion of the 
load that was brone by the vessel and parenchyma walls. However, 
as these components have relatively thin walls and are considerably 
weaker the error involved was probably quite minor. 

iii) Specific tensile strength was used to remove the effect of differences 

in specific gravity on ten$ile strength, and was defined as : 

tensile strength of the stele (kg/ mm2) 

s peci fi c gravity 

As specific gravity is a measure of the amount of cell v1a ll substance 
present, specific tensile strength is also a measure of the strength 

of the cell wa ll s. 

However, it is based on all the cell wall mater ial present, whether 
from load b~ar ing cells or otherwise . 

2.3.5. Preparation of sections for anatomical study 

After tensile testing, a small section of each sampl e was ta ken 

immediately adjacent to the break, for the preparation of transverse sections. 
Sections were cut from unembedded material 15 microns thick on a sliding 
microtome, as close to the break as possible. They were stained in 1% 
safranin, dehydrated in alcohol, and mounted in Canada Balsam. 

A common criticism of many quantitative anatomical studies is that 

a certain amount of distortion of the cells is caused by the mounting medium. 
To minimise any such distortion in the sections to be used for the deter­

mination of cross-sectional area, one thicker section (30-40 microns) was 
cut at the sam~ time as the thinner sections, and was used for this purpose. 
Little distortion was apparent with the thin sections, and as all measure­
ment on these sections were as percentages, any slight distortion would be 

of little consequence. 



2.3.6 Photomicrographs 

All photomicrographs were taken using a Leitz microscope fitted 
with planochromatic lenses, and attached camera, with ordinary light. 
The film used was Ilford FP4. 

2.3.7 Determination of fibre wall area 

A grid was also used for the determination of fib re wall area. 
The principle of the grid method is based on the assumption that the 
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number of grid intersections which fall on the particular cell type or 
structure, divided by the total number of grid intersections, is an estimate 
of the proportion of the particular cell type or structure present in the 
area covered by the grid. 

For the measurement of fibre wall area, a 10 x 10 grid was used on 

the screen of a Reichert Visopan microscope, the lines being 1.3cm apart. 
A 63 x objective was used, giving a ma gnific ation on the screen of 800 x. 
The grid was placed in 50 positions evenly spaced over the image of the 
section (by moving the sl ide under the objective), and a record made of 
the nunber of grid intersections per grid position which fell on fibre wa lls , 
thus involving 5000 determinations per section. 

When ever a grid intersection fell on the boundary between a fibre 

wall and the cell lumen, which was not often, the point was assigned 
alternately to fibre wall or lumen. 

The average of the number of grid inter-sections per grid which 

fell on the fibre walls was an estimate of the fibre wall area as a per­
centage of the total cross-sectional area, and from this an estimate of 
the actual fibre wall area was calculated. 

The error involved when this method was used was 3% (see Appendix 2). 

2.3.8 Determination of proportions . of other cell types 

The-areas of the cross-section occupied by parenchyma and rays, 
and vessels, w~r.edetermined by the same method. It was not necessary to 
use such a high magnification for these cell types, as the range of values 
resulting from the grid determinations was much less than those for the 
fibre wall area determinations. This meant that the same accuracy could 
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be achieved with only 2500 determinations (see appendix 2) . 

. The 40 x objective was used, giving a magnification of 500 x. 

2.3.9. Determination of fibre dimensions 

Macerations were prepared by treating small pieces of the test 
samples with a mixture of 1:1 sodium peroxide and glacial acetic acid at 
5o0c in an oven for 3 days. Each sample was then washed twice with water, 
reduced to fibres by mild shaking, and stained with a few grains of cresyl 
fast violet . . 

Fresh slides were prepared for each series of fibre measurements. 

a) fibre length 
100 fibres were measured for each test sample. This number was 
necessary as there was a considerable range in fibre lengths. All 
unbroken fibres)350µ were measured. Measurements were made to the 
nearest 1mm. on the screen of the microscope, representing a fibre 
distance of 7.58µ. at a magnification of 50 x. The error involved was 
less than 2% (appendix 2). 

b) fibre diameter 
Fibre diameter was measured in a similar manner but as the range of 
diameters was considerably less than the range of fibre lengths, it 
was only necessary to measure 50 fibres to achieve the same accurancy. 
{see appendix 2). A magnification of 800 x was used. The error in­
volved was less than 1.5%. 

2.3.10. Measurement of microfibril angle 

The macerated fibres showed in nearly all cases easily seen slit 
-

pits and helical fractures, which could be used for the measurement of 
microfibril angle. The angle of the pits or fractures of 50 fibres was 
measured at the mid-point of each fibre. A magnification of 500 x was 
used, and the angle measured to the n~arest degree with a protractor on 
the screen of the microscope. 

2.3.11. Determination of specific gravity 

The maximum mqisture content technique (see section ~.7.1) was 
used. A section of root with a volume of approximately 15mm3 was taken 
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from each test sample immediately adjacent t? the break, trimmed of any 
rough edges with a scalpel, and soaked in distilled water under in ter ­
mittent vacuum for 10 days. The distilled water was changed twice during 

this period . 

Each of the saturated samples were weighed to the nearest .OOO lgm 
in t ared vials, remov ing any excess moisture by wiping with a damp piece 
of muslin before weighing. They were then dried in an oven at 105°c for 
12 hours, removed from the oven, and placed immediate ly in a dessicator to 
cool. Afte r 10 mi nutes they v,1ere rev.Jei ghed to obtain the oven-dry weight. 

Calcul ation 

Specific gravity = 1 

where 

. Mm-Mo + 1 

Mo Gso 

Mm = wt of saturated sample. 
Mo = oven dry wt . 
Gso = density of \vood substance = 1. 53 

The method assumes that the density of wood substances rema ins constant 
from sample to sample. 

Later in th e study, it was found that the roots contain ed a 
considerable quantity of starch during the win ter months (up to 25% of 
the dry wt.) and that highly elevated specific gravity determinations 
·were resulting. 

These were corrected by subtracting the weight of starch estimated 
to be present in the sample from the saturated and oven dry weights, and 
recalculating the specific gravity. 

The amount of starch estimated to be present in the sample was 
derived by using the percentage of starch determined for the whole group 
of samples (s~~ section 2.3.12), and multiplying by the oven-dry weight. 
Slight errois have resulted due to varying amounts of starch present in 
roots of the same group of samples. However, starch analyses of individual 

roots were not considered due to the time involved in analysising such a 
large number of samples. 
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2.3.12 Determination of chemical composition 

A representative sample of each group of roots to be investigated 
was obtained by collecting, from each sample, a section adjacent to that 
being used for the tensi le test specimen . Equal volumes of root material 
from ea ch samp l e were obtained, irrespective of the diamter of the roots. 
It was not possible to use the actual test sample after it had been broken, 
as insufficient material remained after samples had been taken for specific 
gravi ty determinations and sectioning. However, it is unli ke ly that 
adjacent sections of the same root would differ marked ly in composition. 
The bulked sample was reduced to sma ll segments, and ground in a mill to 

pass a 40 mesh sieve. 

Extractives ,,.Jere determined by the loss in weight after successive extract­
ions with 1:2 ethanol benzene and 95% ethano l in a soxhlet extraction 
apparatus, and washing with hot water. 

Hemicelluloses were determined collectively by hydrolysis of extractive 
fre e material to si mple sugars with 5% H2so4, and the amount of sugar 

determined by Ne l son's (1944 ) colori,r.etric method . The dete rminations were 
affr ~ted by the presence of starch, which \<Jas also hydro lys ed to simple 
sug~~s , and it was necessary to determine starch separate ly (s ee below). 
The hemicellu lose content was then estimated by sub tra ction. 

Cellulose Two methods were used for th e determination of cellulose. 

a) By hydrolysis (see Section 1.8.1). The residue remaining after the 
hemicellulose fraction had been removed was hydrolyse~ to glucose by 
the action of 72% H2so4, and the amount of glucose determined by 
Nelson's method. 

b) By delignification "Cross and Bevan" cellulos~ was determined by 

the semi-micro method of Watson (1962). Lignin was chlorinated with 
chlorine water, the reaction stopped by the addition of sulphurous 
acid, and the chlorinated lignin removed by hot sodium sulphite. 
Several cycles were necessary (usually 5) to completely remove the 
lignin and the end point was indicated by the absence of a red colour­
ation on the addition of sodium sulphite. 

Lignin was determined gravimetrically by the loss of weight upon ashing 

the residue after the extractive, hemicellulose, and cellulose fractions 
were removed. 
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The hydrolysis method had the advantage that the same sample coul d 
be extracted successively with different solvents for the determination of 
the major constituents, thus minimizing the amount of root material required, 

and the time involved. 

Starch A combination of the methods of Pucher et al (1948) and Humphreys 

and Ke lly ( 1960) v.Jas found to give satisfactory results. 

Th e materi al was ground as finely as possib l e with the available 
grinder, and t he starch dispersed by the action of perchlori c acid. At 
the same t i me , the suspension of wood material and perchloric aci d was 
macerated with a close fitting glass mortar and pestle to obtain a more 
comp l ete dispersa l of the starch. After centrifuging, the starch was 
determined by starch-iodine spectrophotometry . 

Detailed procedures of all the above ana lytical methods are given 

in Appendix 5. 

2.4. Experimenta l design and an alysis 

Trees used in the in'1estigation of soil binding capacity and inter­
and ir1tra-clonal variation in tensile strength of roots were grovm in 
randomi sed block designs as described in the r ele vant sections. Th ose used 
for the i nvestigat ion of seasonal variation were grown in rows, and at each 
sampling date , roots were collected from different positions in the rows. 

Si mp le t wo -way analyses of variance were used in the study of inter­
clonal variation in the morpho logy and soil binding capacity of the root 

systems. 

Inter-clonal and seasonal variation in the tensile strength of 
individual roots was analysed by covariance methods, due to the significant 

correlation between tensile strength and the diameter of the stele of the 
roots. The relation between anatomical characteristics, chemical composition, 

and tensile strength provided problems in analysis as none of the variables 
could be controlled and selected for by the investigator. This meant that 
statistically efficient designs could not be used, and the analyses were 

restricted to simple correlations and regress ions. 

The relation between intra-clonal variation in anatomy and tensile 

strength of roots of P. I 488 was analysed by multiple regressions. The 
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standardised partial regression coefficient~ were calculated and 

indicated the importance of each anatomical characteristic in predicting 

tensile strength. Analyses of variance of the multiple regressions 

indicated the significance of the contribution of the anatomical variables. 

The proportion of the va r iance in tensile strength due to anatomical 

characteristics ysed in the regressi ons was calculated. 
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CHAPTER 3 

RESULTS 

Th e morphology of the root systems, and the anatomy, composition, 

and tensile streng~h of individual roots will be given first, and then the 
relationship of these factors with soil binding capac ity discussed . 

3.1. Morphol ogy of the root~tems 

Th e ten trees of each cl one were removed f rom the ground (as des­

cribed in section 2.3.1), and the morpho l ogy of the root systems investigated 

using the three trees of each cl one with root systems most typical of the 

clone. There were distinct differences in morphology between clones, but 
only minor differences within clones , and these were mainly due to differences 

' in th e size of th e trees. 

Th e general characteristics of a representative root system of each 

clone are shown in fig 4. Th e root systems of the willows differed in J 

number of respects to those of the poplars although P. yunnanensis showed 

char~ ter i stics of both genera. Differences between clones were apparent 

in the following. 

( i ) Pos i tion on the cutting where the majority of roots originated 

All the clones had a majority of roots originating from the base of 

the cutting. However, S. matsudana , P. I488, and P. yunnanensis also had a 

considerable number of roots ori ginating from the upper par t of the cutting, 

while the other clones had relatively few. These roots were mainly small 

and fibrous in S. matsudana, but quite large in P. yunnanensis. The mean 

number of roots originating from the upper and lower regions of the cutting 

and their size classes, for the three trees sel2cted as being ·typical of 

each clone, is given in fig 5. 

(ii) Depth and spread of the root systems 

The willqws characteristically had deeper root systems than the 
poplars. Both S. matsudana and S. Booth had most large roots originating 

at the base of the cutting, and these were oriented downwards at an angle 

of approximately 45°. Most large roots of the poplars were restricted to 

the surface layers. P. yunnanensis was an exception, and had both vertical 



Fig. 4 Morphology of the root systems 
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Bottom P. deltoides 
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Fig. 4 cont. 

Top P. yunnanensis 

Centre S. matsudana 

Bottom S. Booth 
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Fig. 5 Number and size of roots originating from the upper 
and lower regions of the cuttings 
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and horizontal roots well developed, although the horizontal roots were 
larger than the deeper penetrating roots. This indicates that the depth 
of rooting, at least in young trees, is :genetically controlled in these 
species. 
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In general, the root systems of the poplars had a greater horizontal 
spread, and the willows a greater depth. The actual dimensions of the root 
systems were not determined and a quantitative comparison of the spread and 
depth of the root systems, to be of any real significance, would need to be 
undertaken on older trees grown at a wider spacing than those used in this 
study. Also, the one year old trees investigated showed considerable dif­
ferences between clones in the size of the trees, and in the root systems. 
This was partly due to differences in the time of shoot initiation from the 
cuttings, and the effects would possibly disappear after several seasons 
growth. Also, initial differences in growth rate might not be maintained. 
The purpose of this part of the study was to determine whether there were 
any differences between clones in the form of their root systems, and if 
so, the effect of this on their soil binding capacity. 

(iii) Amount of fibrous roots 

There were large differences between clones in the amount of fibrous 
roots present in the root systems. 0 The air-dry weight of fibrous roots (as 
a percentage of total air-dry weight of the root systems), of the three 

' trees selected per clone, is given below. 

% 
s. matsudana 10.6 A 

s. Booth 7.4 B 

P. yunnanensis 7.1 B 

P. 1488 0.90 C 
,,;-----

P. 178 0.65 C 

i'. deltoides 0.33 C 

Values bearing the same letter were not significantly different at 
the 1% level. The analysis of variance is given in Appendix 13. 

It can be seen that the two willow clones and P. yunnariensis had a 
considerably higher percentage of fibrous roots than did the other poplar 
clones. 
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It is of interest that the clones wit~ the more deeply penetrating 
roots also had the highest percentage of fibrous roots. These features may 

be adaptations to drier sites, the deepe r penetrating roots able to reach 

lower water tables, and the l arge number of fibrous roots providing a 

greater absorbing surface. However, the members of the genus Salix are 

characteristicall~ found in regions of high soil moisture, and it appears 

then, that the willows may require a high water uptake, and these features 

are adaptation s for this purpose. If this is so , it would be expected that 

greater transpiration rates would also occur, and these clones wou ld be 

better suited than the others for erosion control purposes. 

The root/shoot ratios were . calculated to give an indication of 

whether this proporticn was likely to be constant in a range of clones. 

If the root/shoot ratios were known, and were constant between clones, then 

an observation of the size'of the shoot could provide an indication of the 

size of the root system. This wou ld be very useful where a l arge number of 
clones were being examined for their suitability for erosion control purposes. 

The investigation was not specifically designed for this purpose, 

and ideally would need to be replicated over a number of sites, using trees 

of various ages. However, as the data required for this calculation was 

available, ratios are given as an indication of the variability present. 

The air-dry weights of roots and shoots and root/shoot ratios, for 

each of the three selected trees per clone are given in Appendix 8 together 

with the analysis of variance. Means are given below. 

p. 178 .170 a 
s. Booth .146 ab 
P. 1488 .121 ab 

P. deltoides . 115 b 

s. matsudana .074 be 
P. yunnanens is .063 C 

Values bearing the same letter were not significantly different at 

the 5% level. 

It can be seen that quite large differences existed. For example, P. I78 

had almost three times the weight of roots as P. yunnanensis per unit weight 

of shoot. 
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Although these results are of interest in themselves , obviously 

the size of the tree must also be ta ken into account when determining the 
value of the clone for soil conservation purposes. 

The root/shoot ratios may also be taken as a measure of the effic i ency 
of the tree in t erms 0f root production . Most trees that are pl anted for 
erosion co~tro l purposes are subject to stress conditions for a large part 
of their li fe, espec i al ly in the initial stages of estab lishment in t erms 
of wate r stress ·and nutri tion. Trees that can utilise the available resources 
more efficiently in t erms of root growth would possib ly estab lish more quickly 
and also be more useful as an aid in soil stabi lization. 

3. 2. Intra-clonal variation in the anatomy and tensile strength of 
indivi dual roots 

• 
The anatomy and tensile strength of 20 r oo ts of P, 1488 wa s investi-

gate d as described in Secti on 2.2.2. 

3.2.1. Anatomy 

Anatomical measuremen ts were obtained from microtome sections made 
clos e· to where the root had broken during tensile testing, and from macerations 
of part of the t est sample. 

Th ere were considerable differences in anatomy between individua l 
roots, and quantitative data for each test samp le are given in Appendi x 9, 
together with the tensile strengths of the samples. Th e variation in percent 
fibre wall area, (15.1 - 25.6%), percent parenchyma and rays (5.2 - 10.2%) 

percent vesse l area (36.8 - 49.5%), and vessel diameter (117-182 µ) is 
reflected in the variation in specific gravity (.210-.260). Mean fibre length 
varied from 727-913)1, and microfibril angle from 34.5 - 39.3°. 

3.2.2. Tensile strength 

A large amount of variation was seen in the tensile strength of the 
stele (2.38 - 4.96 kg/ mm2), while fibre wall strength and specific tensile 

strength showed approximately the same range (13.2 - 21.5 and 11.0 - 19.1 

kg/mm2 respectively). 

3.2.3. Relation between tensile strength and anatomy 

Correlation coefficients between the three tensile strength parameters 
and anatomical characteristics are given in Appendix 16. The three measures 



of tensile strength were correlated with specific gravity at a highly 
significant level, tensile strength increasing with an increase in 

specific gravity . The high correlation of the tensile strength of the 
stele with specific gravity was anticipated, but the significant cor­
relation of fibre wal l strength and specific strength with specific 
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gravity was unexp~cted, as these measures of tensile strength were designed 

to remove the effect of variation in the amount of cell wall material 
present. The tensile strength of the stele and specific strength were also 
highly correlated with percent fibre wall area, percent vessel area, and 
vessel diameter. Fibre wall strength and specific strength were signifi­
cantly correlated with microfibril angle, strength increasing as the angle 

decreased. As the strength of th~ stele was highly correlated with fibre 

wall strength and specific strength, it appears that microfibril ang l e had 
an effect on the tensile strength of the stele, although this effect was 
1 arge ly over shad01•1ed by the effect of specific gravity. 

There was no indication of any relation between fibre dimensions 
and the measures of tensile strength. Even when the effects of variation 
in t · ~ amount of cell wall material were removed, no trends were evident. 

All three tensile strength parameters were negatively correlated 

with .the diameter of the stele, although none reached significant levels. 

The regressions of the tensile strength of the stele on specific 
gravity and percent fibre wall area, specific gravity on percent fibre wall 
area, and fibre wall strength and specific strength on microfibril angle 

are shown graphically in fig. 6. 

Multiple regressions of tensile strength on anatomic3l characteristics 

The multiple regression analyses were carried out to determine the 
effect of a number of anatomical variables acting simultaneously to 
determine tensile strength and to determine the amount of variation in 

tensile strength that could be accounted for by these factors in combination. 

i) Tensile strength of the stele 

The simple correlation coefficients showed that the anatomical 

characteristics significantly correlated with the tensile strength of the 

stele were specific gravity, percent fibre wall area, percent vessel area, 
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and vessel diameter. The correlation between diameter of the stele and 
tensile strength was not significant in the case of I 488 but other clones 
showed significant correlations (see Section 3.3.3), and the effect may 

have been masked by the other variables. As specific gravity and percent 
fibre wall area are essentially measures of the same parameter, only specific 

gravity was used in the multiple regression analysis. 

The proposed model was 

y = a + b1 x1 + b2 x2 + b3 x
3 

+ b
4 

x
4 

+ b
5 

x
5 

+ E 

where 
y = tensile strength of the stele 

x1 = specific gravity 

x2 = diameter of the stele 

X3 = % vesse l ai·ea 

X4 = vesse 1 diameter 

X5 = % rays and parenchyma 

b1 t ~ b5 are the corresponding regression coefficients, a is a constant, 
and Eis the error tenn. The regression coefficients are given in Table 1. 

The standardized partial regression coefficients (B) provide an indication 
of the importance of any particular anatomical feature in predicting the 

tensile strength of the stele. 

Table 1 

b 

B 

Regression coefficients for the multiple regression of tensile 
strength of the stele on selected anatomical characteristics 
(see text). 

1 

2.4249 
.4881 

2 

- • 2796 

-.1826 

3 

-1.0255 

-.4485 

4 

-.2216 
-.0592 

5 

.4963 

.0890 

The analysis of variance of the multiple regression (Appendix 24) 
indicates that the diameter of the stele, vessel diameter and percent rays 
and parenchyma did not contribute significantly to the fegression, while 
the contributions of specific gravity and percent vessel area were high1y 

significant. The variance of the tensile strength of the stele attributable 



to differences in specific gravity was 79 .0%, and there was an increase 
to 85.5% when diameter and percent vesse l area were included. 
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Th e purpose of the mult ipl e regression analysis was not to construct 
a predicting equation for tensile strength, but to determine which anatomical 
features had the gre3test influence on strength . Hence the value of the 
constan t 11 a 11 in the above equation 'tJas not determined. 

(ii) Fibre wa i 1 strength 

The simp le corre lation coefficients showed that of th e anatomical 
features l ikely to affect fibre wa ll strength, only microfibril angle was 
significantly correlated. 

The fo ll owing an&tomica l characteristics were used in the multip le 
regression . 

Table 2 

b 

B 

y = tensile s trength of the fibre walls 

x1 = mic rofibr il angle 

x2 = diameter of stele 

X3 = fibre length 

X4 = fib re width 

The regression coefficients are shown in Table 2. 

Regression coefficients for the mu ltiple regression of fibre 
wall strength on selected anatomical characteristics (see text). 

1 2 

-.8783 -.1661 

-.4917 -.3254 

3 

.1527 

.0842 

4 

.0329 

.0600 

The standardised regression coefficients indicate that microfibril 
angle and the diameter of the stele had the most effect on fibre wall strength. 
The analysis of ~ariance, (Appendix 25) showed that only microfibril angle 
Dad a significant effect on fibre wall strength, although the contribution 
of the diameter of the stele reached a nearly significant level. The variance 
of fibre wall strength attributable to microfibril angle was 31.3%, and the 
addition of the diamter of the stele to the regression increased this to 36.7%. 
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(iii) Specific tensile strength 

The same anatomica l variables as in ( ii ) were used for the regress ion 

on specific strength, as these two strength parameters are essentially 

measuring the same thing. 

Table 3 

b 

B 

Regression coefficients are given i n Table 3. 

Regression coefficients for the multiple regression of specific 

tensi le strength on selected anatomical characteristics (see 

text). 

1 2 

-.9844 -.2957 
-.3504 -.4053 

3 

.4637 

.1789 

4 

.1307 

.1666 

The standardised regression coefficients indicate that microfibril 

angle and diameter of the stel e have the largest effects on specific strength. 

The analysis of variance (Appendix 26) showed that only microfibril ang le 

contributed significantly to the regression . Th e individua l contributions 
of rliameter of the stele, fibr e length, and fibre width did not even approac h 

significance . Th e variance of specific strength attributable to microfib r il 

angl e was only 19.3%. 

3.3. Inter-clonal variation in anatomy, chemical compos ition, tensile 
strength , and stress/strain relationships of individual roots 

The objective of this part of the study was to investigate the 

anatomy and chemical composition of roots of the six clones, and to determine 
whether any variation present was correlated with any differences between 

. clones in the tensile strength of the roots. The stress/strain behaviour 
of a number of roots was also investigated. 

The methods and procedure followed in the investigation are 

described in Section 2.2.3. 

The number of samples required to give significant differences in 

tensile strength was determined from the results of the study of intra­

clonal v~riation in the tensile strength of the stele in P. 1488. It was 
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assumed for this purpose that all the clones would show similar standard 

deviations to that of P. 1488 in the tensile strength of the stele. It 

was calcul ated that for a 10% difference in the means between clones to 
be significant at the 5% level, 10 samples of each clone were required. 

If 20 samples were used , a 6.8% difference in the mean s would be significant 

at the 5% l eve l. It was th us decided that 20 samp les wou ld be adequate 

to determine any differences in the tensile strength of the stele that 
would be of any practi ca l significance , and as the coefficients of variation 

of fibre vJall _strength and specific tensile strength were less than that 

for the strength of the stele, would a1so show adequately the differences 

between these parame ters. 

3. 3. 1. An atomy 

As the cortex appeared to have little effect on the loads required 

to break the roots, only tne anatomy of the stele was investigated . How­

ever, there was considerable variation in the proportion of stele to cortex 

between clones, and this explained much of the variation in the overall 

tensile strength of the roots noticea ble in the field. 

The means of the percentage of the cross-sectional area of each root 

that was stele, for all the roots of each clone tested for tensile strength, 

are given below. 

S. matsudana 
S. Booth 
P. yunnanensis 
P. 1488 
P. 178 
P. de ltoi des 

50.3 A 
47 .1 AB 
46 .1 B 
30.7 C 
27.5 CD 
25.1 D 

Values bearing the same letter were not significantly different at the 1% 

level. 

Transverse sections of the steles of all the roots tested were 

prepared (Section 2.3 . 5) and typical sections of each clone are shown in 

fig. 7. 

Roots of all clones showed a fairly even distribution of vessels 

throughout the stele, although a number of roots showed fewer vessels 

nearer the cambium. Early wood and late wood were not clearly differentiated, 



Fig. 7 Typical transverse sections of 
the steles of the roots (X60) 
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and small vessels and thick walled fibres occurred only in the outer few 
cell layers of most samples, accounting for only a small percentage of the 

total cross-sectional area . Small vessels and fibres occurred near the 

centre of the stele, but there was no pith as such. 

Most fibres were of the libriform type, with simple slit pits, and 

only occasional fibre tracheids were seen, with bordered pits. Fibres 

shm<Jed the three layers of the secondary wall typical of stemwood fibres. 

(Figure 8). Gelatinous fibres were common in the ste1es of S. matsudana 

and S, Booth roots (Figures 9 & 10), but none were seen in any of the poplar 

clones. In the two willow clones, they were usually fo und in the cent ral 

half of the stele. They did not appear to be more common in roots with 
eccentric development. 

Rays were fine and uniseriate, and most parenchyma was of the para­

tracheal type. In the poplars, only the rays and parenchyma v1ere filled 

with starch grains, but in the willows, many fibres were also used as 

stora ge sites for starch. (Fig. 10). 

All clones showed multiple vessel groups, although these tended 

to be more numerous · in the poplars. There were differences between clones 

in the sizes and number of vessels. The willows had vessels with the 

smallest diameter (mean of tangential and radial measurements), while 
P. 1488 and P. deltoides had the largest. P. 178 had considerably less 

of the total cross-sectional area of the stele occupied by vessels. 

P. 1488 and P. deltoides had the largest area occupied by rays and parenchyma. 

Quantitative anatomical data was obtained from single roots of 

each clone, with steles of the same diameter (3mm), and values for the 

tensile strength of the stele closest to the adjusted mean for the clone 

from the covariance analysis - see Section 3.3.3. Results are given in 

Table 4. It was not possible in the time available to determine quantita­
tively all the anatomical characteristics of all the samples used in the 

investigation. 



Fig. 8 Transverse section of root of P, I-488, showing the 
three"layered structure of the secondary wall (X600) 

Fig. 9 Transverse section of a root of S. matsudana, showing 
gelatinous fibres (X600) 

Fig. 10 Transverse section of a root of S. Booth, showing 
gelatinous fibres, and presence of starch grains 
in both parenchyma and fibres (X240) 





Table 4 ~ Anatomical data of roots of each clone with steles of the same diameter (3mm ) and values fo r the tensile 
strength of the stele closest to the adjusted mean for the clone. 

P. !488 

P. yunnanensis 

P. I78 

S. matsudana 

S. Booth 

P. de ltoi des 

ten s i l e f i b re 
strength wall specific 
of ste2e streng~h streng2h 
(kg/mm) (kg/mm) (kg/mm) 

3.10 14.9 14.l 

4.15 19.0 17.6 

4.89 18.9 18.1 

3.82 15.4 14.4 

3.67 16.7 15.2 

3.20 16.7 13.1 

specific 
gravity 

.221 

.236 

.270 

.264 

.241 

.245 

% fibre % vessel 
wall area 
area 

20.7 45.5 

21. 9 44.4 

25.9 30.0 

24.8 44.8 

22.0 40.3 

19.1 37.2 

vessel % microfibril fibre fibre 
diameter parenchyma angie length width 

(jJ ) + rays ( ) (y) ~) 

158 10.2 36.3 89 1 22.7 

. 
142 6.8 37.0 725 19.3 

125 7.8 36.0 806 27.2 

122 4.5 39.7 760 20.4 

112 6.0 38.1 732 23.9 

164 10.5 36.1 818 25.3 

0) 
u, 
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3.3.2. Chemical composition 

Th e chem·i ea 1 composition typi ea 1 of the roots of each cl one v,as 

determined from bulked samp les of all the roots tested for tensile strength 

(s ee Section 2.3.12). Table 5 shows the compos ition of the roots of each 

clone on a total dry weight basis, and Table 6 shm<Js the composition cor­

rected for starch r,ontent. This v,as necessary due to th e large amount of 

starch present in the roots during the dormant period, when the samples 

were coll ected (s ee Appendix 15). The starch was not a component of the 

cell wall, and thus had no structural function. 

The difference in cellulose content as determined by hydrolysis 

to glucose and by the method of Cro ss and Bevan, was due to the methods 

of determinat-ion. Cellul ose determined by hydrolysis is essentially pure 

cellulose, 1,1hi1e that determined by the method of Cross and Revan contains 

other resistant non-celluldsic po lysaccharides that may have a structural 

function (see Section 1.8.1). There was some discrepancy in the ranking 

of clones v-1ith re spect to cellulose content as determined by the t \<JO me thods. 

S. Booth and f_:_ _ _!_78 1vere highest -in both cellulose by hydrolysis and by the 

Cross and Bevan meth od , and ~tltoid~~ had the lovies t. However, S. matsudana 

and r yunnanens is v1ere high in "Cross and Bevan" cellulose, but 101·,1 in 

cellulose by hydrolysis, v1hile f_:_I488 was lov1 in "Cross and Bevan" cellulose, 

but high in cellulose by hydrolysis. This discrepancy was possib ly due to 

some difference between cl ones in the amount or type of non-cellulosic 

polysaccharides included in the detennination by the method of Cross and Bevan. 

Th ere was considerable variation in the hemicellulose and lignin 

contents between clones, although the hernicellulose determination could not 

be relied upon to be accurate (see Section 1.8.1). 



Table 5 - Chemical composi tion expressed as a percentage of the total dry weight 

extractives cellulose cell ul ose Lignin Hemicellulose Starch Lignin Lignin 
(by (Cross & cel lulose ce llulose 

hydrolysis) Bevan ) (hyd ) (C&B) 

S. matsudana 8.2 34.1 48. 7 15.5 15.6 16.5 .455 . 404 
S. Booth 4.3 42.0 54.6 13. 7 13 .0 10 . 3 .326 . 251 
P. 1488 7.7 39.2 44 .2 17.9 12.1 9.8 .457 .405 

P. 178 5.6 41.8 56.7 17.7 16 . 5 5.9 .423 .312 . 
P. de ltoi des 9.2 35.5 46 .6 16.3 16.0 8 .0 . 459 . 349 
P. yunnanensis 7.4 38.7 54.2 17.7 17.4 6.0 . 457 . 326 

Table 6 - Chemical compos ition expre ssed as a percentage of the starch free dry weight 

extracti ves cellulose cellulose Lignin Hemicellulose Lignin Li~ 
(by (C ross & ce llulose cell ul ose 

hydrol ysis) Bevan) (hyd) (C &B) 

S. matsudana 9.8 40.8 58.3 18.6 18 . 7 . 456 . 319 

S. Booth 4.8 46.8 60 .9 15.8 14.5 . 338 .259 

P. 1488 8.5 43.5 49 .0 19 .8 13.4 . 455 . 404 

P. 178 6.0 44.4 60.2 18.8 17 . 5 . 423 .312 

P. de ltoi des 10.0 38.6 50.6 17.7 17.4 .458 .349 

P. yunnanensis 7.9 38.7 57.6 18.8 18.5 .486 .326 

0) 

-....J 



3.3. 3. Tensile streQ_g_th 

Th e tensile testing of the roots was carried out as described 

in Section 2.3.2, and the tensile strength of the stele, fibre wal l 

s t rength, and specific strength of individua l roots of the six cl ones 

are given in Appendix 10. 
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I t was found that in al l cases the strength of the stele, fibre 

wal l strength, and specific strength were negatively correlated with the 

diameter of the test samples, although not always at a s i gnificant leve l . 

The correlation coefficients and regression equations are given in 
Appendix 18 . 

As there was some va r iat i on between clones in the spread of the 

diameters of the test samples, th i s correlation between s i ze and strength 
• 

meant that the means of al l the samples tested could not be used for a 

comparison between clones, as they were like ly to be biased. To overcome 

th is, the adjusted means from analyses of covariance (Appendix 21 ) , wi t h 

t he diameter of the samples being taken into account, were us ed i n com­

paring cl ones. The adjusted means of tensile strength of th e s tele, fibre 

wa ll strength, and specific strength are shown i n Fig . 11. The ste l e of 

root s of P. 178 was sign i f i cantly greater i n overal l tensi l e strength, but 

there were no significant differences between the re ma ining clones . There 

were no signifi cant di fferences between cl ones i n fibre wa ll strength , 

although P. 178 sti ll appeared t o be strongest i n this respect. P. 178 

wa s al so s i gnifican tl y greater i n specific tens il e strength. P. de l toides 

was s ign if i cant ly weaker than P. 178 and _P. yunnan ens i s. 

3.3.4. Rela t ion be t v~een anatomy , composit i on and tensi l e st rength 

The relationship of mechanical properties of plants to anatomical 

featu res is obviously complex, but in this study some correlations were 

evident. Table 7 shows the correlation coef ficients between anatomical 

cha rac teristics and tensile s t rength paramete rs of the sampl es selected 

as being representative of the clones used in the study. Because the 

number of samp l es used in the anal ysis was so sn@ll, a large corre lation 

coefficient (r = .73) was requi red to indicate a si gni f icant re lationship 

(5% level). 



Fig. II Inter- clonal variation in the tensile strength of roots 
(means adjusted for root diameter) 

Tensile strength of the stele 

P..- 1-488 I 

S.matsudana I 

P. yunnanensis I 

P. 1- 7 8 I 

S. Booth I 

c 5%} P. deltoides I LSD 
I • 

I I 
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Table 7 - Correlation coeffici ents between interclonal variation in anatomical 
characteristics and tensile strength 

tens i 1 e fibre specific specific % fibre % vessel vesse l % Microfibril mean mean 
strength wall tensile gravity wall area di ameter parenchyma angl e fibre fibre 

of strength strength area and rays ·1 ength width 
stele 

tensile strength 
of stele 1 .78* .91** .70 . 83* -.58 -.57 -. 45 -. 03 -. 41 . 20 

fibre wall strength 1 .85* . 33 . 30 -.55 - .19 -. 10 -. 38 -. 47 .17 

specific strength 1 .33 .62 -.38 -.43 -.33 -.18 -. 40 .02 

specific gravity 1 .73* -. 61 -. 54 . - . 47 .28 .13 .34 

% fibre wall area 1 -.34 -.74* -.65 . 36 -.24 .08 

% vessel area 1 .16 -. 21 . 49 -. 07 -. 89 

vessel diameter 1 .86* -. 63 . 65 .01 

% parenchyma 
and rays 1 -. 86* .79* . 46 

microfibril angle 1 -. 56 -. 57 

fibre length 1 . 40 
'-I 
0 

fibre width 1 
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Variation between clones in th e tensi l e strength of the ste l e 

was significantly correlated with fibre wall strength, specific strength, 

and percen t fibre wall area, and al most sign ificant ly with specific gravity. 

Fib re wa ll strength was significan tly correlated with specific strength , as 

both are measures of the strength of the cell walls. Specific grav ity was 

significant ly correlated with p~rcent fibre wal l area, as was expected. 

The other significJnt correlations between percen t vessel area, percent 
parenchyma and rays , microfibri l ang l e, and fibre dimensions were probably 

coinci dental . 

It can be seen that t rends evident in the relation betvJeen anatomy 

and tensi l e strength in the investigat ion of intra-clonal variation in 

P. I488 also existed betvJeen clones, but the correlations fa il ed to reach 

significant l evels. This was probably due to the sma ll number of samples, 

and in the case of fibre wa~l strength and specif i c tensile streng th, lack 

of variation in t ensile streng th between clones. 

Th e alternatives to us in g a re~res en t at i ve sample of each clone to 

study the re l atiun of strength to anatomy were, firstly, to measure all 

the anatomica l characteristics of all the roots of each clone t ested . This 

was not done in this study, due to the ti me involved to obtain accurate 

quantitative data for all t he samples. Secondly, a l arger range of clones 

could have been used. 

The relation between inter-clonal var iation in composition and 

tensile strength was obtained using the composit ion of the bulked samples 

of th e roots (see Section 3.3.2) and the adjusted means from t he covariance 

analysis (App2ndix 21). The adjusted means were us ed as the bul ked sampl es 

consisted of equal amounts of root material cf the roots tested, irrespective 

of the diameter of the root. Correlation coefficients are shown in Table 8. 

Table 8 Correl ation coefficients between inter-clonal variation in 
composition, and tensile strength. 

extract- cellulose ce 11 ul ose Lignin Hemi- Lignin/ Lignin/ 
ives (by hydro- (by C & B) cellulose cellulose cellulose 

lysis) (Hyd) (C & B) 

tensile 
strength 
of s te 1 e -.39 .09 .61 .03 .53 -.05 - .41 
fibre wa 11 
strength - . 78* .57 .87* .24 .17 -.50 -.69 
specific 
strength -.39 .20 .50 .23 .33 .02 -.20 



Th e inter-clonal variation in the tensi le strength of the stele 

was not significant ly correlated with any particular chemical component, 

and this was probably due t o t he over-riding effect of specific gravity. 

Fibre wall strength v-1as significantly correlt1ted vrith 11 Cross and Bevan '' 

ce"llulose content, and fairly highly conelated v,i ith cellulose as deter­

mined by hydrolysis. Specific strength was also positively corre lated 
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v1ith cellulose as determined by both methods, but not at significant levels. 

None of the strength parameters were correlated with li gnin conten t at any­

where near significant levels. The significant correlation of fibre wall 

strength with extractive conten t was not expected, as most extractives are 

not present i n the cell wall. 

It appears from these resu l ts tha t inter-clonal variation in the 
t ens ile strength of the ste le depends ma i nly on differences in specific 

gravity, and variation i n lhe strength of the cel l wa ll s, as indicated by 

fibre 11Jall strength and specific strength, depends mostly on differences 

in cellulose content. However, thes e rel ationships cannot be conclusive, 

due to the smal l number of clones used in the in vestigation, and the effect 

of inter-act ions between anatomica l variab l es and composition. 

3.3.5. Stress/strain behaviour 

Th e mai n purpose in invest i gating the st re ss/strain behaviour of 

individual roots was to give an indication of differences between clones 

of the el ast i city of the roots, and the amount of extension th at was 

possible before failure occurred. A root with elastic proper ti es and a 
high degree of elongation before failure occurs is possibly more suitable 

for soil stabilisation purposes than a root that will not give with the 

soil movement. 

Load/extension curves were obtained as described in Section 2.3.2 

for four roots of each clone covering a range of diameters and these were 
converted to stress/strain diagrams. Young's modulus, ultimate strain 

(strain at failure) and ultimate stress/ultimate strain were obtained from 

the diagrams and are given in Appendix 12. Mean values 3re given in 

Table 9,and typical stress/strain cJrves in fig. 12. 



Fig. 12 Stress/ strain behavior. 73 

The solid I ines are typical stress/ strain curves and the 
broken lines the extreme curves. 

7 
I 
I 
I 

I 

6 P. 1-78 I 
I 

I 
I 

I 
5 I 5 I 

N 
I E 

E I - 4 I 
4 P. I- 488 

O> I / 
::f. I ,, 

I / 
V') I / 
1/) 3 I / 3 w I " - / a::: I " ,, 
>-- " ,, 
V) I ,, ,, 

I ,, ,, 
2 I 

,, 
2 

,, 
/ ,; 

I / .,,,,,,. 
I / ,, 

I. ,, 

" 'I 

0 0 
0 5 I 5 20 0 5 10 15 20 STRAIN (percent) 

5 5 

4 4 
P. deltoides " ,, ,, .,,, 

3 3 
,, ,, ,, 

,," ,, ,, ,,,, 
2 2 

,, 

- 00 5 10 15 20 5 10 15 20 

5 
I 
I 5 I 

S. matsudana I S. Booth 
I 

4 I 
4 I 

J 
I 

I 

3 
I 

/ 3 ,, 
/ ~" 

// 
,,,, .,, 

/ ,,,, 
2 " ,; 

2 / 
,, 

/ 
,,,,. .,,, 

/ .,,, 
I / 

,, 
I ,, 

l / 
I 

I 
I 

00 
'I 

5 10 15 20 00 5 10 15 20 



Table 9 Stress / stra in characteristics of roots of the six clones . 

cl one Yo ung's m~d ul us ul timate ul t i mate stress 
(kg/mni ) st rain ultimate strain 

(%) 

p . I 78 1. 67 a 17.1 a .326 a 
s. 1300th 1. 61 a 17. 3 a . 248 a 
p. yunnanensis 1. 23 b 18 . 7 a .226 a 

s. matsudana 1. 10 be 16 .9 d . 254 a 

P. de lto ides 0. 92 be 12 . 4 b . 220 a 

P. ! 488 0. 89 C 16. 8 a .209 a 

Val ues with the same l e t ter (wi thin each column ) are not sign i ficant ly 

di fferent at the 5% level . 

Yo ung ' s modu l us vJas s i gnif i cant ly higher i n roots of L_I78 and 
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S. Booth than thos e of the other cl ones, indicating that they could be 

extended to a les se r degree than roots of the other cl ones be fo re incurring 

permanent deformation . Roots of P. d2ltoides were signif i cantly less in 

ul ti n te strain, extend i ng considerab ly l ess than roots of t he other cl ones 
before breaking . Hov1ever, t here were no significant differences betv1een 

cl ones i n the ratio of ul t i mate stress / ul timate stra in. 

fh ere appeared to be some decrease in ul t i mate strain and modu l us 

of el ast i city wi th an i ncrease in th e diameter of the ste l e , but th ere we r e 

in su f ficient samp l es cover i ng a range of diameters for stat i stica l ana lys is . 

A decrease i n t hese parameters with increas ing di ameter wo ul d be expec t ed 

(see Section 1.5). 

As well as diffe rences between clones in Young's modulu s and ulti ma te 

strain, there were furth er di f ferenc es in th e sn ape of stress/ strain curves. 

For example, P. I78 and S. Boot h both showed simi lar moduli of elasticity, 

but roots of S. Booth yielded more easily beyond the proportional limit 

than those of P. !78. 

It was considered li kely that the vari ation shown to be present in 

foung's modul us and ulti ma t e strain was re lated to the anatomi cal and 

chemical characteristics of the clones. 

The correlation coefficients between the means of Young's modulus 

and ultimate strain and the composition a~d specific gravity typical of 

the clones are given in Table 10. 



Tabl e 10 Co rrelation coefficients between inter-clonal variation in 

Young's modulus and ultimate strain, and specific gravity 

and composition of in dividual roots. 
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specific 
gravity 

Cellulose 
(Cross & 

Bevan) 

Cell ul ose 
(Hydrol .) 

Li gnin Li gil_j_!l 
cel1u ·1ose 

( C&B) 

1ill_n_j_lJ_ 
cellulose 

( Hydro l.) 

Youn g ' s 
modulus .47 . 87* .64 -.47 -.80* -.67 
ulti mate 
strain - . 20 .57 .34 . 17 -.27 . 44 

Young's modulus v1as correlated v1ith cellulose content (a s determined 

by the Cross & Be\'an method) and negatively correlated with the ratio of 

li gn in to cellulose, both at a significant l evel . Thi s indicates that roots 

of cl ones with higher cell~lose con tents and l ower lignin/cellulose ratios 

were l ess elastic (i.e . could susta in l ess elongation without incu rring 

permanent deformation). Clon es with roots with high lignin con tents and 

li gnin/cellulose ratios were more e l astic. 

3.4. Soil binding capacity of the ro~_stem~ 

The load requ ired to remove the root system of each t ree vertically 

from the soil was used as a measure of soil binding capac ity (see Section 

2.3.1) . This method has severa l disadvan tages. and can only be regard 2d 

as an estimate. The feature mos t open to criticism is that the l oad was 

not distributed even ly over the who l e root system in those trees with a 

nu mb2r of l arge horizonta l roots close to the ground surface . These 

hori zonta l roots occas i ona lly broke sometime after the maximum load had 

been reached, and thus were not contributing in full to the estimate of 

soil binding capaci ty. 

The loads required to remove each of the 10 trees per clone are 

given in Appendix 6 together with the analysis of variance. Means are 

given below: 

s. matsudana 366 kg a 

P. yunnanensis 351 ab 

P. I78 337 b 

s. Booth 249 C 

P. I488 209 d 

P. deltoides 108 e 



Values bearing the same l etter are not significantly di fferent 

at th e 5% l evel. 
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It i s apparent th at there were considerable differe nces in the l oads 

requi red to remove the trees from the so il, and th e few roots that did not 

break at the max i mum load could not have created such l arge differences. 

It v-ias tht1s assumed that this measu rement was a satisfactory indi cat"ion of 

soil binding capac i ty . However, it was obvious that differences in tree 

si ze \-Jere causing much of the var i ation in soil bindin g capacity. To enable 

cornpar·isons of so il binding capacity to be made l'Jith regard to the morpho l ogy 

of the root systems, a "root system streng th index" 111as calculated. Thi s 

was defined as the load required to remove the root system divided by the 

total air-dry v1eight of roots, and so removed the effec t of th e size of the 

root system on soil binding capacity . 

Th e root system strength indices were ca l culated fo r the three 

selec ted trees per cl one, and are given in Appendix 7 together with the 

analysis of variance . Means for each clone are given below : 

S. matsudana 8.42 a 

s. Booth 6.53 ab 

P. yunnanensis 5.33 be 

P. 178 4.93 bed 
P. 1488 3.55 cd 
P. de ltoi des 2.61 d 

Values bearing the same le t ter v1ere not significantly different at the 5% 

1 eve 1 . 



3.5. Effect of variatfon in root system morphology, and anatomy and 
tensile strengj,h of individual roots, on soil bindin9..~2acity 

To enable any such relationship to be determined, the above 

morphological, anatomical and tensile strength data are summar i zed in 

Tab l e lI . 

Tab l ~_J_T_ Ranking of morphologica l , anatomical, tensile strength 
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characteristics, and soi l bind i ng capac i ty of each cl one. 

Depth Ang l e of Amount Ratfo Tens il e Load Root 
of ma j or of of strength required system 

root roots with f i brous s te 1 e of the t o strength 
system horizonta l roots to s te l e r emove i ndex 

cortex t he root 
sys tern 

P. I78 4 3 5 5 1 3 4 
P. I488 5= 5= 4 4 6 5 5 

p. yu nnanensis 3 4 2= 2= 2 2 2 

P. de l toides 5= 5= 6 6 4 6 6 

s. ma t s uda na 1 1 1 1 3 1 1 
s. Booth 2 2 2= 2= 5 4 2 

Ranki ng Greatest val ue = 1 

Sma 11 est va lue = 5 

It appeRrs fr om the ra nki ng in Tabl e 10 th at th e fea tu res mos t 

close ly ass oci ated wi th the roo t sys t em strength indi ces are amoun t of 

fibrous root s , de pth of the rcot sys t em, the angle of the ma jor roots, 

and the ratio of stele to cortex. 

The three clones with the highest root system strength indices 

(S. matsudana , S. Booth, and P. yunnanensis) were also found to have the 

highest percentage of fibrous roots (see Section 3.1.1) and it is possible 

there is a relationship between these factors. The regression of root 

system strength index on percent fibrous roots is shown in fig. 13. 

It can be seen from fig. 4 that these th ree clones also had more 

deeply penetrating roots, and the effect of the amount of fibrous roots 

on the root system strength index may in fact be confounded with the number 

of deeper penetrating roots. However, the root system of S. Booth con sisted 
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Fig.13 Relation between Root System Strength Index and 
proportion of fibrous roots 
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mostly of large deeply penetrating roots, v,hile that of _E.~unnanensis had 

fewer and smaller deeper penetrati ng roots, but the proportion of fibrous 

roots pres ent and the root system strength index of the two cl ones were 

approximately equal . If the effect of the l arge deep roots of S. Booth 

on the root system strength index had been substantial, it wou ld be expected 

that the strength index would have been considerably higher than that of 

f..:.._3-unnanen..::c;_ is. · 

The contribution of the fibrous roots in the root systems to the 

soil bi nding capacity was also determi~ed by comparing the pred ic ted loads 

r equired to remove the root systems (based on the strength of roo ts grea ter 

th an 1mm. in diameter ) \vith the actua l loads that were measured . The 

predicted l oads were calculat2d is described in Section 2.2 . 1, and as the 

fibrou s roots were not tijken i nto account in the calcul at ion, the difference 

between the predicted and ,actual loads was an estimate of the contribution 

to th e soi 1 binding capacity of the fibrous roots togetl1er with the friction 

between all the roots uµ to the breaking po int, and the so il part icl es . 

Th e predicted l oads required, and the data used in the cal cu l ation, 

are ~iven i n Appendix 13 . Fig. 14 shows th e predicted and actual l oads 

req i. ,red to remove th e root systems for the fibrous and non - fibrous clones. 

It can be seen that in the clones with a high percentage of fibrous roots, 

the n1easured l oad 1·ias about the same or less than the pred icted l oad 

r equired. In the clon es with few fibrous roots, the measured loads were 

considerab ly l ess th an the predicted loads. This indi cates that t he fibrous 

root s contributed substanti ally to the soil binding capacity of th e root 

systems. 

The contribution of the roots greater than 1mm . in diameter is 

given below for the purpcses of comparison. 

P. 1488 164% ) 
P. deltoides 193% ) non-fibrous 
P. I78 163% ) 

s. matsudana 84.3 ) 
s. Booth 63.7 ) fibrous 
P. yunnanensis 52.6 ) 

The contribution of roots greater than 1mm. in diameter was con­

siderably over estimated, and this was no doubt due to the fact that all 

roots did not break at the same time . If allowance is made for this over 
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Fig. 14 Predicted ana actual loads required to remove the root systems 
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estimation, it appea rs that in t he fibrous clones, the roots greater than 
1mm. in diameter contribu ted l ess than 50% to the total soil binding capaci ty . 

The critici sm that an uneven distribution of the l oad duri ng removal 

from th e ground may have existed in root systems with a number of large 

horizonta l roots may also app ly to the compar ison between the pred ic ted and 

actual l oads requ ired . The cl ones which required higher loads than were 

pred i cted to r emove the root systems, as we ll as hav ing more fibrous roots, 

alsc had more deeply penetrating roots. It is possible that a more even 

dist r ibuti on of the load in the root systems with deeper penetrat in g roo t s 

may have resulted in the hi gher measured loads . Th e clones wi th genera ll y 

shall ov1er root systems and f e1v fibrous roots all too k lower l oads to r emo ve 

the root system than were predicted . 

Hmve ver, it i s consi dered that thi s effect of load di s t ribu tion could 

not account fully for the differences between the fibrou s and non-fibrous 

cl ones, for the fol lowing reasons . Firstly, the very l arge di fference s in 

the actual lo ads requ i red between the fibrous clones (average of 151% pre­

dicted load ) and the non-fib rous clor.es (average of sm; predicted load), 

whil on ly a small per centage of the horizonta l roots failed to break at the 
max i mum 1 oad . Secon dly, th e act11a 1 1 oad measured for ~unnc1nens i2. (average 

of 192% pred i cted lo ad ) was considerably greater th an that of S. 111atsudana 

(1 2m; ;:iredicted l oad) even though S. matstidana had a cons iderab ly greater 

number of l arger dee per penet rat ing roots than ~nnanensis. 

As most of the roots broke some wh ere along their length during 

remo val from the soil, the variation in the tensile strength of these roots 

must have had some effect on the soil binding capacity of the root systems. 

However, the correl ation coefficient between the adjusted mean values of the 

tensile strength of the stele and the root system strength indices is .09. 

There may be several reasons for the lack of any relationship. 

(i) Although the tensile strength of the stele of P. I78 was significantly 

greater, there was little variation between the other clones in 

this respect. 

(ii ) There may be a con found;i.ng effect by the va ri a ti or1 in the amount of 

fibrous roots. 

(iii) The root system strength indices are based on the load required to 

remove the root system, divided by the air-dry weight of the roots, 



inclu ding the cortex. Thus to be strictly accurate, the cor­

rel ation should be between the root system strength index and 

th e overall tensile strength of the roots, including the cortex. 
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As there was con siderabl e variation in the ratio of stele to cortex 

be tv.:een the clones., this thfrd reason v1as investigated further. The vari­

ation in the overa ll tensil e strength of the roots would be considerably 
greater than that of the tensile strength of the ste le. Thus an estimate 

of the actua l tensile strength of the roots, in cluding the cortex, wa s 

calculated for each clone, (Append ix 14) and these figures used in a 

correlation analysis with the root system strength index. Thi s resulted 

in a correlati on coefficient of .7_4* . Thus the overall tensile strength 

of the roots uppeared to have a significant effect on soil binding capac ity, 

even though the variation in the tensile strengtl1 of the stele apparently 

had no si gn ifi cant effect.' 

As th e sample size was so small, (n = 6 clones ), the relative 

contributions of the amount of fibrous roots, and the ·tensile strength of 

individual root s could not be quantified with any degree of accuracy . How­

ever, a mu lt iple regression analysis was carr i ed out (see App endix 27), and 

thi s i~dicated that these two factors together accounted for 71 .3% of the 

variation in soil binding capac ity, the contribution being almost signi fica nt 

at the 5% l evel. 

The standardised partial regression coeffic i ents, indi cat ing the 

rel at ive i mportance of each factor, (prov ided they are not corre l ated 

themse lves) are : 

Bl (overall t ensile strength cf the roots) = .13 
B2 ( percent fi hrous roots) = . 81 

The analysis of variance of the multiple regression indicated that 

there was no significant contribution of either factor to the regression 

when the factor was placed second i~ the regression equation. This is 

probably due to the very small number of samples, and hence few degrees of 

freedom. 

It appears from these results that the amount of fibrous roots in 

the root system is of most importance in determining the soil binding 

capacity, although the overall strength of the individual roots, which 

depends to a large extent on the amount of cortex present, has some effect. 



3. 6. Seus ona 1 va ri at ·i 0:1 in CO!!_!J)OS it ion, s pe_c if j_~_g_!"a vi ty, afJiL tens_ik 
strength of i ndi vi dua 1 roots 

83 

The main purpose of this part of the study was to investigate the 

effect of any seasona l var iat ion in chemical compos-ition on t ens'ile strength . 

I t v-1as considered that an in crease in li gnification over the dorman t period 

was possible, whi~h wo uld possibly affect the tensile strength . Specific 

gravity \'Jas a l so determ'ined, as this v-1as li kely to show variation due to 
the form ation of 1 ear lyl'1ood ' and 1 latev10od 1

• Roots of two clones (~88 

and S. matsu da na), were used in the investigation to determine whether 

commo n trends existed . 

3.6.1. Chemica l composit ion and ~ecif ic gravity 

Th e ce llulose, he111i cellulose and li gnin contents of month ly surnples 

of roots of both clones were determi ned as described in Sect i on 2.4.12. 

Th e cellulose contents were determined by hydrolysis to gl ucose . Resu l ts 

are sh ovm on a percent starch - free dry we ight basis in fi g. 15 and as th e 

actual amounts of ch emical components present per vo l ume of root together 

with sp eci fic gra vi ty in f ig. 16. 

Th e seasona l variat ion in sta rch content is given in Appendix 15. 

Th e hem ice llulose contents given are almost c~r tainly l ess than th e actua l 

contents, due to the extract ion procedure (s ee Section 1. 8 .1) but are 

inclu ded for t he purpose of comparison . 

The r esults on a starch fr ee dry weight basis will be discuss ed 

firs t. In both clones cellu lose contents were highest in the early part 

of the year, and in P. I488, were also high in the Augu st and September 

samples. There were no common trends between the two clones in hemicellulose 

content, which in P. I488 decreased gradually from a high value in the~Ma rch 

samples, and in S. matsudana rose to a peak in the July and August samples. 

The lignin contents in both clones were highest in the September to February 

samples. The lignin/cellulose ratios showed highest values in the September 

to January samples. 

The basis assumption in the investigation was that roots sampled 

?ta particular time of the year had developed over a particular period of 

the year preceding the samp ling date. The l ength of this period no doubt 

varied with seasonal fluctuations in growth, and this must be taken into 

account in the interpretation of the results of the vari ation in composition. 

Roots examined were all of approximately the same size and were not the 
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Fig.16 Seasonal variation in specific gravity and actual amounts -­
of chemical components per unit volume of root 
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"same" roots sampled progressively. Thus roots sampled in February 

were, of necessity, l ess th an five months old, as the cut tings were 

planted in August of the preceding year. Roots sampled in August wou ld 

have developed over a longer period, due to the lack of growth during the 

wi nter months . Roots co ll ected during the period September to January 

co nta i ned decreasing amounts of latewood in the inner part of the roots, 

and increas ing amounts of ear lywood . 

The variation in cellulose content did not appea r to be related to 

early1vood and latev,ood formation, espec i ally in S. mats ug_ana. The reason 

for the high cellulose content during the ear ly part of the year in both 
clon es i s not obvious . It would be expected that the high lignin concentra­

tions known to exist in the middle lamella (see Section 1.4.3) and the 

relati vely thin secondary wa ll in these young roots would re su l t in higher 

lignin and lower cellulose,contents during this part of the year . 

The roots with th e highest li gnin contents (September to December 

samp l es ) consisted ma inly of latewood , and had probably deve l oped most ly 

duri ng the autumn and poss ibly ear ly winter . 

It appears that th ere was no increase in li gnification during these 

months . The relatively high li gni n contents of the root s coll ected in 

February cou ld on ly be exp l ain ed by the hi gh concentrations of lignin known 

to exist in the middel lame lla, and the thin secondary wal l consisting main ly 

of cellulose (Sect i on 1.4.3). Phl~rog l ucino l tests of the monthly samples 

showed l igni n to be present throughout the stele of the roots in all cases, 

and there was no observable differences between earlywood and l atewood. 

The middle lamella (and pri mary wa ll) stained darker than the secondary v,all. 

The seasonal variation in the actual amounts of the major chemical 

components per unti volume of root closely followed the variation in specific 

gravity, although there was some irregularity in the case of lignin. (see 

fig. 16). Specific gravity was highest in the April and May samples in 

both clones. It would be expected that the highest amount of latewood and 

hence the highest specific gravity would have been present in the August 

and September samples, just before the new seasons growth began. This 

apparent anomaly (an only be attr ibuted to sampling variation, although care 

was taken, in selecting roots for investigation, to collect roots from the 

same depth and position. 
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3.6 .2. Tensile strength 

There was considerable seasonal variation in an threE: measures 

of tensile strength. Results of individual tests are given in Appendix 11. 

The three tensile strength parameters were negatively correlated 

with the diameter.of the stele, and correlation coefficients and regress ion 

equations are given in Append·ix 19. As there v1as some variation betvJeen 

monthly sampl es in the spread of the diameters of the test samples, this 

co rrelation between size and strength mea nt that the means of all the samples 

t ested could not be used for compari~ons. 

To overcome this, the adjusted means from a covariance analysis were 

us ed, with the diametRrs of the test samples being taken into account. 

(Appendix 23 and 24). Fig. 17 shOl'iS seasona l variation in the tensile 

strength of the stele, fib~e wal l strength, and specific tensile strength, 

bas ed on the adjusted means . 

The roots of both clones were strongest in all the tensi le stre ngth 

parameters in the September to November samples. The tensile strength of 

the ste le, and fibre wa ll strength also showed relatively high values in 
the March to May samples, while specific strength was lowest during this 

period. 

3.6.3. Rel at i on betwee n seasona l yariation in composition, spec ific 
gravity, anJ tensile stren'.llb_ 

The correl at ion coefficients and regression equations between 
seasona l variation in the tensile strength parameters and compos ition 

are given in Appendix 20. 

The tensile strength of the stele was negatively correlated with 

cellulose content (significant in S. matsudana) and positively correlated 

w~th the lignin/cellulose ratio. Fibre wall strength was also positively 

correlated with lignin content and lignin/cellulose ratio. The correlations 

with cellulose content were not significant. Specific tensile strength was 

correlated with lignin content (significant at 5% level) and with the lignin/ 

cellulose ratio (significant at 1% level) in both ciones. The correlations 

between all strength parameters and hemicellulose content were generally 

low and non-significant. 
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Fig.17 Seasonal variation m tensile strength 
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Fig. 18 shows the regressions of specific strength of lignin 

content and lignin/cellulose ratios for both ~lanes. 
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The negative correlations of tensile strength with cellulose content 

were also unus ual. In the case of S. matsudana, the correlation i s probably 

exaggerat ed , du e to the relatively h·i gh cellulose contents of the Febr uary 

and March sampl es ~n comparison with those of samples taken during the 

remainder of the year. 

These aspects will be discussed further in Chapter 4, in relation 

to previous work. 

Th e correlations and regressions of tensile strength of the stele 

on the actual amo unts of ch em ical compon ents present, on a weight per unit 

volume basis, are gi ven in.Appendix 21. Only the correlation between the 

seasonal variation in tensile strength of tile stele and the weight of lignin 

present in P. 1488 reached a significant level. In both clones, tensile 

strength ~as more highly correlated with lignin content than with cellulose 

content, showing a similar trend to the correlations with percentage composition 
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CHAPTER 4 

D I S C U S S I O N 

The ma in aims of the in vest i gation v1ere to determine : 

(1) whethfr the root systems of severa l popl ar and wi llow clon es 

varied in so il bin ding cap ac ity. 

(2) v1hat characterist i cs of the root systems \'/ere most important 

in determining so il bindin g capacity . 
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It v,1as shovm that there i s con siderab le d·ifference bet1·1een clones 

in soi l binding capacity, as m~asured by the l oad requ i red to pu ll t he root 

systems vertically from the so il. Th ere were al so differences in the 

morphology of th e root systems , and in the anatomy , chemical compos iti on, 
• 

and t ens il e streng th of indi vidua l roots. 

The variati on in the morpho lo gy of the root sys t ems and the 

characteristics of individu al roots, wi ll be discu ssed first, and then th e 

re l ai--ionsh ip of th ese factors v,ith soi l binding ca pac ity . 

MORPHOLOGY 

· The root systems of the clon es in vest i gated showed con s i derab le 

variation in morphology, when grown under the same environmental condi tions. 

Th e form of the root systems ra nged from the sha ll ow and non-fibrous type 

of P. delto ides to the deep root sys t em with many fibrous roots of 

S. matsudana . In genera l the pop l ar clon~s had root systems with f ew fibrous 

roots and large surface roots with a wide l atera l spread, wh il e the willow 

clones had more dee ply penetrating roots, with many fibrous roots, but a 

small er latera l spread. P. yunnanensis was an exception, showi ng fe atures 

of both types of root system. The presence of thi s degree of variation 

between clones growing 0n the same site indicates that the variation is 

genetic. It would be expected that the variation present in these young 

trees would persist for several years at least, but may be modified con­

siderably by site conditions. Further work is necessary to determine 

whether similar variation exists in mature trees. 

The variation between clones in the morphology of th e root systems 

agrees in general with the results obtained previously with both poles and 

stakes (Hathaway, 1970). 



INDIVIDUAL ROOTS 

It was shown that although there was considerab l e vari ation in 

th e tensile strength of roots within a clone, there was littl e variat i on 

in mean t ens i le strength betvJeen clon es. 
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In dividual roots of the same clone varied cons iderably in th e 

t hree tens il e strength parameters, and this was shown to be due to a number 

of factors . 

Th e variation in th e tensile strength of the stele was due mainly 
to diffe~ences in spec ific gravity (79%). Although the range in specific 

gravity vJas only .210 to . 260, (ci one P. I488 ), some roots vJere more th an 

twic e as strong as others . 

Th e dependence of ~he tensi l e strength of th e ste l e on spec ific 

gravity i s in agreement with the behaviour of stemwoo d, where spec ific 

gravity is taken as a good indicati on of strength in genera l. The only 

other sign i fica nt effect of anatom i ca l ch aracter i sti cs on the strength of 

the ste le was that of th e area occup i ed by vessels, a factor clos ely cor­

r el ated with spec i fic gravity anyway. 

The t ensile strength of the ste l e was und ers tandab ly corre l ated 

with th e strength of the fi bre walls and spec ific tensile strength (al so 

a measure of cell wall strength). Th ese strength parameters varied con­

siderab ly within the clone, and this was shown to be partly du e to variation 

in microfibril angle. This has been shown to occur in stemwood on many 

occasions (see Sec tion 1.4.3). Th e smaller the angle betwee n the micro­

fibrils of the S2 wall layer and the long axis of the cell, the greater is 

the tensile strength. Variation in microfibril angle accounted for only 

31% of the variance in fibre wall strength and 19% of the vari ance in 

specific tensile strength, and in the case of fibre wall strength, the 

additional factors of the diameter of the stele accounted for a further 

5.4%. This means that other factors not taken into consideration in the 

investigation must have been important in determining the strength of the 

cell walls. The only other likely factor is that of variation in chemical 

composition, which was not studied on an individual root basis. 

The ~ffect of the diameter of the stele on the tensile strength 
parameters in material of the size used is surprising, considering this 



effect is usually associated v.iith very small crystalline filaments . 

However, th e effect has been noted previously in roots (Turmania, 1965 ) 

and i n sma 11 wood samples ( Sumiya and Sugi hana, 1957). 

As there was no correlation between microfibril ange l, spec ific 

gra vity, or fibre climensions, \'Jith the diarneter of the stele, th e effect 

could not be attributed to any of these factors . Also, vih en the effect 
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of vari ation in specific gravity vias removed, by utilising specific tensile 

strength, the .correl ation was even greater in some cl ones. The fact that 

t he strength of the cell walls themselves was also related to the dia meter 

of the t es t sample (highly significant in some cl ones) i ndicates that the 

cause li es at an ultrastructural or molecular l eve l. 

The high strength values characteristic of small crystalline fi l a­

ments such as glass fibre~ have been attributed to the fact that th e 

probability of structural defects occurring is greater in l arger samp l es 

(Hear l e and Peters, 1963). It is possible that a simil ar situation exists 

in ce ll vJa ll s, defects, or "weak li nks " i n the crysta l line structure of t he 

ce ll ulose microfibrils being more likely to occur i n l arger mater i al . 

Turman i a attributed the correlation of tensil e strength of roots with 

diameter to this rea son, but thought that the effect disappeared in l arge r 

samp l es due to th e increas i ng l ignification of the roots . 

Th e effect may not only he due t o the probabi li ty of defects in the 

crystalli ne structure of cell ul osE: bein g greate r in l arge r samp l es . It is 

poss i bl e t ha t in roots, the effect is due t o the probab~ l i ty of "weak lin ks " 

in t he bonding between ce ll wa ll l ayers, -or i n t he midd l e l ame ll a, be ing 

grea t e r in larger s amp l es . Suc h an exp l anati on coul d a l so account for th e 

large amou nt of vari at ion presen t in th e tensi l e strengt h of the cell walls 

of roots of the same clone . 

Variation in chemical composition, and the variation in the amount 

of juvenile wooci be tvJeen small and la r ge di ameter samples could possibly 

explain the pheno me no n. Howe ver, the proportion of juvenile wood present 

in the sma ller sampl es was high er , and as juvenile wood is usually weaker 

than matu re wood, under norma l conditions, (Panshin and de Zeeuw, 1970), 

it would be expected that the smaller samp l es would in general be weaker. 

The reason may possibly be related to the aspect of lignification . Juvenile 

wood is known to be lowe r in cellulose con te nt and hi gher in lignin content 

than mature wood. It is pos s ibl e that as the seasonal variation in fibre 
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wall strength and specific tensile strength was significantly corre l ated 

wi th the lignin content and l ignin/cellulose ratio , that the higher lignin 

content knovm to be present in juven i 1 e vmod could account for the greater 

t ensile strength of the sma l ler samples. This will be discussed in more 

detail wi th th e results of seasona l variation in tensi l e strength . 

If the vc1riation in chemica l composition betv,een samples 1vas the 

cause of th e con siderab le variation in tensile strength then an additional 

complicating factor would be that of variation caused by season~l differences 

i n the rate of grmvth . It \'Jas assumed during the study that roots sampled 

at a particular time during the yea r had developed over a similar season al 

period. Howeve r, it is possible that if some roots grew fa ster than others, 

due to local var iation i n soil conditions, then the slower growing roots 

could have con tained tissues developed at a time during the year different 

to those of fast growing reots. It has been shown by oth er workers that 

early wood and l ate 1·mod may di ffer in composition, and that tensi l e strength 

is related to composition (see Section 1 . 4 . 3) . 

The var i at ion between cl ones in the tensile strength of roo t s was 

not · .bstantial, although the tensi le strength of the ste l e and srecific 

tensi le strength of roots of P. 178 was shown to be significantly greater 

t han that of roots of the other clones . There were no significant differences 

betwee1 clones in fibre wa ll strength . Because of t hi s l ack of sign i ficant 

di fferences between cl ones in tensile strength, i t was di ff i cul t to relate 

inter-c l onal variat i on in anato1cy and compos i t i on to tensi l e strength, and 

any re l ~tionsh i ps must be regarded as t entat i ve . 

As far as anatomy is con cerned the re were fev, di fferences betv,ee n 

cl ones, and thi s wo ul d be expected from pre vi ou s work (e .g. Ruggeri, 1963 ). 

The ana tomy was si mil ar in most res pects to that r eported fo r stem vmod, 

ta kin g into co ns ideration the presence of most ly juvenile woo d in roots. 

Fibres were sho r te r in the roots than those repor ted for stem wood. Th e 

juvenile wo od in the centre of the r oots cons i ste d of sma ll er vessel s and 

fib r es as would be expected. The most signifi cant f eatu r e was the va r i at ion 

in the ratio of stele to cortex. The two willow clones had approximat ely 

twice the amount of stele, on a per cross-sectional area of root basis, as 

-the poplar clones (except P. yunnanensis ). As the cortex appeared to con­

tribute very little to the overall t ensile s tre ngth of the roots, this 

variation in the amount of cortex would be extremely impor t ant in accounting 

for obs erved variation in t ensile strength between clones in the field. 



In the preliminary invest i gation, roots of the willow clones 

appeared to be cons i derably greater in tensile strength than pop l ar roots 

of the same size. 

The es tinia tcd over a 11 tensile strength va 1 ues determined in the 

i nves ti ga ti on were 1 O\<Jer than those determined by Tu rnwn i a (1967) for 

f:_g_gJJoi de~, but .high er than those determined by Schiecht l (19 58 ) for 
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P. niqra. HovJeve r, they i<J ere of a similar order. The difference may easily 

be du e to differences in the environmenta l conditi ons under which the trees 

were grown. Trees grown under more severe conditions would no doubt grow 

more slowly, and thus the roots would be of greater specific gravity, and 

hence greater strength. Converse ly , fa ster grown trees, with roots of lower 

specific gravity, would probably show l ower streng th values. 

Th e presence of geJatinous f i bres in the roots of the willow cl ones 

does not appear to have been reported in the literature previo~sly, althou gh 

i t i s wel l known that they are abundant in stern wood . They have been seen 

i n the roots of P. euramericana, (Patel, 1965) and the root s of P. tremu loi des 

(Pate l , 1964). None were seen in the roots of the poplar cl ones used i n 

t he present study. 

Gel atino~s fibres have been reported to be present in stern wood but 

absent i n root v;ood of many species (Patel, 1964) . In general, gelatinous 

f i bres in ang i osperms are character i stic of tens i on wood, and are associated 

with stems and branches of eccentr i c form, the tens i on wood occurring on 

th e upper s i de of the branches (Wardrop, 1965 , . Thi s di d not appear t o be 

the case in the roots exami ned and t he ge l at i nous fibr es were evenl y di s­

tributed ar ound the pith. Th -is was al so noticed by Patel (1 964 ) , in th e 

roots of the speci es exam in ed by him. 

The fo rmation of t ens ion wood may be induced experimen t ally by 

applied stresses, or auxin t reatment, but the function al significance is 

not clear. It is generally thought that reaction wood is formed in the 

branch or stem to resist gravitational or other stresses acting on the 

tree, or as a mechanism for growth movement (Wardrop, 1965). In roots, 

the gravitational force would not cr ea t e any ten;ion in the root, as it 

is su ppor t ed by soil. Two other fo rces are possibly acting on the root 

during de velo pment ; the press ure of the soil as the root expands , and the 

t ensil e stress created in the root as a result of wind acting on the shoot. 

The presence of gelatinous fibres in the roots of the Salix clones is 

possibly due to either of these factors. 
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The r oots of t he cl ones exami ned were shown to di ffer qu i te 

markedl y i n chemica l compos i t i on and thi s var iat ion was somewhat grea t er 

t ha n wou l d be expected from the l ite rature on stem wood (e . g. Anon, 1958 ). 

Some of this variation was possib ly due to errors i n the determ i nat i ons, 

as th e f i gures given are the means of only two determi nat ion s per cl one . 

However, as the determinat i ons were se l dom greater than 2% different, 

considerable var i it1on i n the comp os i t i on of th e roots mus t ex i st . 

It is of i nterest tha t inter- cl onal var iation in f i bre wa ll st rength 

was si gnificantly correlated with Cross and Eevan ce ll ul ose content, but 

not s i gnifica nt ly 1•1ith cellu lose as deter.mi ned by hydro lys i s t o gl ucose . 

If t hese corre l ations are acc urate, thi s wou l d in dicate tha t the non-cel l ul osic 

po lysaccharides i ncluded i n the Cross and Bevan determinations have a f unction 

in de t ernrining the tens il e strength of t he roo t s . 

The study of i nter -clona l var i at i on in the stress / stra i n behav i our 

of the roots showed signifi cant differences between severa l cl ones in 

Youn g' s modu lu s and ulti mate stra in. Yo ung ' s modu l us vJas sho1·m to be 

si gn i f i cantly correlated with the Cross and Bevan ce ll ulose content and 

nega·~ve ly corre l ated with the li gni n/ ce ll ul ose r at io , indicat i ng that 

rootJ of clones wi t h highe r cell ul ose co ntents and lower li gnin/ ce llul ose 

rati os extende d l ess befoi ·e break in g. Th is m2,y be due t o th e l arge r fo rce 

requi red t o sh ift a greater number of cell ul os e chain s into ali gnme nt wi th 

th e di rrct ion of pri nc ipl e stress , in order tha t chain s li ppage and bond 

breakage may occur. 

The sh ape of t he stress / s t ra in curves was con siderably different 

to those normally obtained with stem wood (e.g. Jayne, 1960). 

This was possibly due to a large proportion 0f juvenile wood present 

in the roots, and the very low specific gravities of the samples. 

Soil Binding Capacity 

The results show that there was considerable variation between 

clones in soil binding capacity, when this was expressed as the load 

required to remove the root systems vertically from the soil per unit 

-weight of root material. It is not proposed that this measure is an 

accurate determination of soil binding capacity, but at least gives some 

indication of the tenacity with which the roots are attached to the soil. 



Thi s measure of soil binding capacity appeared to depend l argely 

on the amount of fibrous roots i n the root system, although morphologica l 

features, such as the depth of the major roots, may have had some effect. 
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The variation in overal l tensi l e strength of individua l roots 

appeared to have less effect than the amount of fibrous roots, under the 

conditions of the i nvestigation . However, the re l ative importance of these 

t wo factors is not absolutely cl ear, and further work needs to be carried 

out under varying soil types and soi l moisture conditions . Althnugh the 

investigation provided a quantitative measure of the importance of the amount 

of f ib rous roots, in different soil conditions, this may not app ly . 

\,Jhen tension is applied to a root in a so il mass, the major force 

act i ng to res i st the movement of the root through the soi l i s that of fr i ction 

between the root surface a~~ the soil partic l es. Thi s cou l d possibly al so 

be termed the shear stress, or yie l d stress . It s magnitude will depend on 

both soi 1 factors and root factors . 

a) Soi 1 Factors : 

Of mos t i mportance wi l l be the consistence of the soil , wh i ch i s 

defi ned as 11 the inherent q~al i ties of soi l mater i al that are expressed by 

t he resistance to deformation or rupture '1 (Taylor and Poh l en, 1962 ). As 

r oots i nvariab ly have i rregu larities and branches al on g the i r l eng t h , th e 

movement of t he root th rough t he so il by an app li ed fo rce will requ ire th e 

soil to be compressed or di sp l aced to a certa in extent . As soil cons i s t ence 

varies directl y wi th t he mois t ure content of a so il , be i ng high in a dry 

soil and low in a wet soil (Koh nke , 1968 ), t he moi s tu re content of th e soil 

will directly affect the shea r stress. The coef f ici ent of f r iction of th e 

soil ma terial will influence the shear stress and this also va r ies with 

soil moisture content. 

The shear stress will also be influenced by the compaction and 

bulk weight of the soil. 

b) Root Factors · : 

The magnitude of the frictional force will also depend on the area 

of contact between the root and the soil, and thus the amount of fibrous 

roots will be important. The morphology of the root will also have an effect. 

Irregularities and branches along the root will cause the soil to be deformed 

or compressed as tension is applied. 
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If the frictional force below a given point is greater than the 
load required to break the root at that point, with increasing tension, 
the root will break. Within each root, or its branches, there will occur 
a critical point of failure, above which the root is strong enouyh to 
resist the load required to overcome the frictional force occurring below 
the point. The position of this point will depend to a large extent on 
the soil physical properties at the time and situation under consideration. 
For example, in a soil with a very low consistence, and high moisture 
content, the frictional force will be so small that the entire root and its 
branches could be pulled through the soil without breaking. At the other 
extreme, the soil could be so compressed and unyielding that the load 
required to overcome the frictional force would be so high that the root 
may break near its base. However, although the two factors are inseparable, 
under high moisture content, and low soil consistence, which are the 
conditions of maximum soil instability, it would appear to be the area of 
roots in contact with the soil, and hence the amount of fibrous roots that 
will be of most importance. 

Seasonal variation in the tensile strength of roots 

The chemical composition, specific gravity, and tensile strength 
of roots formed at different times during the year were shown to vary 
considerably. This was almost certainly due to the varying rate of growth 
occurring at different times during the year, resulting in the formation 
of early wood and late wood. These tissues were not clearly defined, and 
there was a gradual transition from large fibres and vessels in the early 
wood to smaller cells in the late wood. 

The variation in specific gravity followed the pattern generally 
found in stem wood, with highest values occurring during the winter period. 
However, the highest values were found to occur in the samples collected 
in May, while it would be expected that specific gravity would increase 
or at least remain constant throughout the winter until new growth commenced 
in the spring. The actual specific gravity determinations of the samples 
were corrected for starch content which was quite considerable during the 
winter months, and it was assumed that the total starch content of the 
samples was taken into consideration. However, it was possible that the 
method of determination did not measure the total amount of starch present 

. . . 

even though repeat extractions of the same samples indicated no further 
starch to be present. Some starch may have been tightly bound inside fibres 



that were not ruptured by the extract ion procedure. This cou l d have 

accounted for the elevated specific gravity figures of the April and 

May samples, wh i ch was also the period of highest starch content. 
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Th e cellulos e content of the roots did not appear to be direct ly 

related to the presence of ear ly wood or l atewood, al though that of roots 

of P. 1488 showe d generally lower values in the June to No vember samp l es , 

which consisted ma inly of l atewood . 

Thus the situation found in these roots do es not seem to fol l ow 

t he genera l pattern r eported for stem wood, wh ere t he cell ulose content 

of latewood is usua l ly greater than t hat for early wood (Sect ion 1.4. 3) . 

The reason for th is may be that the wood in th e roots was essentia ll y 
j uvenile 1·i0od, being only a fev, months ol d. Th e compos iti on and structure 

of juvenil e wood may be cq nsiderab ly different from th at of mature wood . 

In stems, wood close to the pi th is dis t inctly different t o wood near th e 

bark, and al so the cellul ose con tent of wood from nea r th e pith is reported 

to be we l l below the l ev el i n mature wood . The j uven il e per i od may l as t 

5-20 years (Pa nsh in and de Zeeuw, 1970). Th i s means th at the compar i sons 

between the compos ition of mature stem wood and j uveni l e r oot would are 

not str i ct ly va li d. 

In s tem wood it i s usual ly reported that ear ly wo od i s hi gher i n 

li gn in content and lower in cell ulose content tha n l ate wood (Pa nsh in and 

de Zeeuv, , 1970; \>/a rd rop, 1965; Wi se , 1944). (See Secti on 1. 4 .3). The 

var ia tion is li gnin content of both clones showed a s imil ar trend, with 

lowes t values in t he May, J une and J uly samp l es and highes t values in 

September and October. This indicat es that there was an inc rease in lignin 

content over the winter per iod , which decreased as the amount of early wood 

increased . 

The process of lignification occurs from some time after the 

formation of the cell by the cambium, until the death of the cell (North­

cote, 1958; Wardrop, 1957). According to Lobzanidze, 1958, lignification 

of earlywood cells of many species was not complete until eleven weeks 

after cambial growth began. As the roots used in the present study were 

only up to 6 months old, a large proportion of the cells would not be 

completely lignified at the time cambial growth s lowed down in the autumn. 

If lignification continued in thes e cells after the growth was reduced or 

LIGR.'.RY 
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stopped, this may have accounted for the increased l ign in content of the 
roots in winter. The decrease in lignin content in the spring was possibly 

due to a rapid increase i n wall material consisting mainly of cellulose, 

and the l ag before l ignification of the cel l s was comp l ete . The high lignin 
content of earlywood of stems is often attributed to the high proportion of 

t he cell walls of earlywood that is middl~ lamella and primary wall (e.g. 

Wise, 1944 ) . The thickness of the cell walls in these roots did not show 

great variation, except those in the outer 5-10 rows of cells of the sampl es 

collected in the 11inter vJere slightly thicker. Thus the variat"ion in vrnll 

t hickness was not l i kely to affect the proportion of middle l amella and 

pr i mary v:all present to any great extent, and this cou l d explain the anoma ly 

wi th results obtained from ste~'lood. 

Th e tensile strength of the stele of the roots v1as shO\•m to vary 
I 

considerably with the season, and was correlated with var i ation i n the 

specific grav i ty of the roots al though not at a signif i cant leve l. The 

l ack of significance could be due to the possibly el evated spec i f i c grav i ty 

fi gures resu l ting for the Apri l and May samp l es, as discussed above. How­

ever, the tensile strength of the stele showed two peaks, one i n May and 

t he other i n September . The peaks in May correspond wi th the hi gh spec i f i c 

grav i ty figures f or th i s month , and this means that t he high speci f ic 

gravity f i gures for May may be rea l . Converse ly, the peaks i n May appear 

i ncongruous when the overal l seasonal variat i on i s studied, and do not f i t 

t he genera l pattern . I t is poss i ble t hat as th e months preceed ing May when 

these roots fo rmed were qu i te dry t he rate of grm1th s l owed s uffi ci ent ly 

to cause an increase i n the specific gra vity. The rate of diameter grovJth 

of t he r oo ts may have inc rease d wi t h hi gher soil mo i stu re levels in Au tumn, 

resulting in l arger cells with lower specific gravities (even though shoot 

growth stopped in March and April, it is known that root growth proceeds 

longer into the Autumn than shoot growth (Kolov,s ki, 1971). Alternative"iy, 

it is possible that sampling variation caused this apparent anomaly. 

The va~iations in the tensile strength of the roots are almost 

certainly of secondary importance from an adaptation aspect and are the 

result of seasonal variation in growth rate rather than direct adaptations 

to such environme ntal influences as str esses within the root systems as a 

result of wind fo rces acting on the shoot. 

The significant correlations between the strength of the cell walls 

(as measured by fibre wall strength and specific tensile strength) and the 

lignin content and lignin/cellulose ratio of the roots were unexpected when 
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the work on stemvmod is con sidered . In stemwood ten s 'il e strength has 

often been correlated with the ce ll ulose cor1tent of th e t es t samp l e and 

the compress ive strength wi th the li gn in content (see Section 1.4.4 ). The 

t ensile properties of sma ll wood samples have genera lly been studied using 

air -dry mate rial (e .g. Barefoot, 1965; Grozd'itz and Ifju, 1969 ; Jayne, 1966; 

Van Vliet, 1959) and tensi l e strength has been corre l ated with cellulose 

con tent rather than l igni n content. Grozditz and Ifju (1 969 ) concluded that 

li gn"ificat ion alone doe: s not appear to in fluence the tens"ile strength . Ifju , 

(1964 ) found that the degree of polymenisation of cellulose had le ss affect 

on t ens i le strength at a high mo is ture content than at a 10\'1 mo istu re content. 

Thi s 1'/ould indicate that cellulose content wa s l ess importa nt at a hi gh 

mo·isture content. Kl aud itz et al (1947) found that l ign in seemed to affect 

strength properties more at hi gh mo i sture contents, and t ho ug~that li gnin 

protects hydrophilic substances that can bea r loads vJhen dry but not when 

wet. 

It is thus poss ible that lignin i s i mportant in determining t ensile 

strength at hi gh moisture con tents. As the t ensil e ~trength of the roots 

us ed in the present study was determined using mater i a l above the fibre 

saturation point the results wou l d support this hypot hes is. According to 

Ifju (1 964 ) water diminishes coh es ion betwee n microf i bri ls and the molecu l ar 

bun dl es in wood , and the function of li gnin i s to reinforce the cell ulose 

microfib ri ls. It appea rs from this study that it's prese nce may protec t 

the bending between microfibrils from breakage by water mo lecul es, especi ally 

un der saturated cond iti ons . 

Pra et i ea 1 s i_g n if i cance of th e study_ 

Of the most significance as far as soil conservat ion work is con­

cern ed is that the clones used in the study showed considerab l e variation 

in soil binding capacity, if the load required to remove the root system 

vertically from the soil is an acceptable measure. 

There was a large amount of variation between clones in the amount 

of fibrous roots present, and this appeared to be very important in deter­

mining the soil binding capacity of the root systems. The amount of 

vat ation present indicated that there is considerable scope for the selection 

of improved varieti es. 
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Al though the vari ation between clones in the tens il e strength 

of the stele did not appear to have any great effect on soi l binding 

capacity, it i s possible that i t cou l d be important 1n the se l ection of 

su perior cl ones from those with a similar morphology. The variation i n 

t he amount of stele present was much greater and as this i s an important 
f actor in detenn-ining the overall tensi l e strength of the root, would be 

on e of the main factors to be considered during selection . 

It is_ probably not nov; necessary to conduct actua l tensile tests 

of roots to determine which clones are li kely to have roots of greater 

t ens il e strength . The preparation of test sampl es for t esting is very 

t ime consuming , and to obtain accurate strength values, expensive eq ui pment 

i s necessary. The results of the study show that the ma i n factor effecting 

the tensi l e strength of the stele i s specific gravity, and this can be 

det ermined qui te simp ly 1vHh a minimum of equ i pment and time. The amount 

of stele present in the roots is al so easily measured, and by us i ng the 

results of the tensi l e tests given, a good ind i cat ion of th e overa ll tensi l e 

strength may be obtained . 

Th e var iation present i n the morphology of t he root systems indicates 

that i s may be possib l e to select trees with part i cu l ar types of root 

systems for part i cular eros i on contro l problems . Fo r examp l e, deeper 

root in g cl ones could be more usefu l when a s l i p pl ane ex is ts severa l f ee t 

below the soi l surface . However, fu rther work must be carr i ed ou t to 

determi ne whethe r t he morpho l ogi cal variat i on present in t hes e young t rees 

conti nues in 01 der trees. 

Future \i/ork 

From the results of th e present study, a number of questions arise 

which require further investigation. 

Firstly, is the need to establish whether the load required to 
pull the root systems vertically from the ground is an accurate measure 

of soil binding capacity. An alternative method would be to measure the 

load required to pull individual roots from the soil, the load being 

applied parallel to the axis of the root. This would overcome any con­
founding due to the angle at which the roots of a complete root system 

penetrate the soil. The results could then be compared with those obtained 
by measuring the vertical load. 
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It \vould also be desirable to determine under v1hat soil conditions 

the amount of fibrous roots in the root system is most i mportant, relative 

to the variation in the strength of individua l roots. Both of these 

qu estions could be invest i gated by growing individual roots from a cutting 

i nto long containers fi l led with a range of soil types . When the root had 

grown to the end_cf the container it could then be cut from the tree, and 

the container removed to the l aboratory for th e measureme nt of soil binding 

capacity. This vmuld overcome the difficulty of setting up accurate l oad 

measur in g equipment in the fie ld, and also would enable the soi l binding 

capacity of roots of a particular clone to be determined over a range of 

predete~mined soil mo i sture conditions, simply by wett ing or dry in g the 

soil in the con ta iners. It wo uld al so enable all t he fibrous roots to be 

recovered with a minimum of effor t. 

Th e fun ct ion of ttees pl anted for soil cons erva tion purposes is 

often to prevent surface s li pp ing where t he up pe r soil l ayers move downhi ll 

on a shear pl ane a short distance below the soil surface . To detErmi ne 

whether the results of the present investigat ion app ly in this s i tuat ion, 

it would be desirab l e to simulate the situation by measuring the loads 

required to move blocks of soil pl anted wi th trees of variou s clones across 

a shear pl ane . Preliminary investigations in dicate that this type of 

exper i ment may be practicable, and a pilot trial has been l aid down , usin g 

t he same clones as in the present study . The shear strength of the soil 

bloc ks with and without roots will be meas ured after one growing season . 

In a wider sense, the question still to be answered concerning th e 

soil binding capacity of root systems is; "What is mos t importan t, the 

mechanical reinforcing action of the root systems, or the reduction in soil 

moisture levels by evapotranspiration in the growing season?". As no data 

is available as yet on the rates of transpiration of poplars and willows 

growing in New Zealand, and the reduction in soil moisture that can be 

expected, this is a difficult question. Various methods of estimating 

transpiration a:e available, and it should not be too difficult to get 

some data on this aspect . Possibly, a long term field experiment may 

provide some answers. A uniform slope that is subject to slipping and 

slumping could be planted in blocks with and without trees, and soil 

moisture determinations made through the year to deter~ine the reduction 

in soil moisture that occurs in the areas planted with trees. However, 

a problem with this type of experiment is to obtain a large enough area 

of uniform soil type, slope, and aspect. 
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CHAPTER 5 

C O N C L U S I O N S 

1) There is cons1derab le variation in the morphology of the root systems 

of one year old poplars and willows wh en grown under the same 

environmental conditions. This vari at ion is mainly in the depth of th e 

root sys t ems, and in the amount of fi brous roots present. Under the 

particular conditions of the investigation, the willow clones are 

generally deeper rooting, and the root systems have a greate r amount of 

fibrous roots than the po plars, which have more l arge hori zo ntal roots 

near the surface, and few fibrous roots. Th ere are exceptions to this 

genera lization, as in __P_____:__J_t_unnanensis, 11ith large horizontal roots and 

a nu mbe r of deeper penetrat ing roots as well . This clon e also has a 

considerable amount of fibrous roots . 

2) Individual roots of the same cl one vary considerab ly in t ensile strength. 

The variation in the tensile strength of the ste l e is due l argely to 

differences in specific gravity. Th e variation in cell wall strength is 

due partly to variation in microfibril angle . 

3) In genera l , there i s little variation between clones in the tensi ~e 

strength of the stele, fibre wa ll strength, or specific tensile strength . 

However, roots of P. 178 are significant ly greater in the tensile 

strength of the ste le and spec ific tensile strength. Alth ough inter­

clon al var iatio n in the t 2ns il e strength parameters was signif ic ant ly 

correlated with anatomy and chemical composition in some fea tures , the 

lack of significant differences in t ens ile strength between clones 

indicates that these relationships may not be accurate. 

The varying amounts of cortex present in the roots is li ke ly to cause 

quite large diffe re nces in overall tensile strength, and this is likely 

to be the major cause of the differences in tensil e strength noticeabl e 

in the field. 

There is some variation bet wee n clones in Young's modulus depend ing on 

the cellulose content of the roots, but little difference in strain at 

failure. 



4-) Th e root systems vary con s·iderably in soil b·inding capacity, as 

measured by the l oad required to pull the root systems vertically 

from t he so il , and this vari ation is caused mai nly by the variation 

in the amount of fib ro us roots present. Of the cl ones stud i ed, 
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S. matsudana, S. Booth, and ~~nane_nsi2._ have th e greatest amount of 

fi brous roots·, and are the high es t in soil bind in g capacity for the ir 

size. 

The variation in t he tensil e strength of the stele of i ndividua l roots 

ha s littl e effect on the soi l bind in g ca pacity, but the estimated 

overa 11 tens i 1 c strength of the roo t s , v:h ere the effect of the amount 

of cortex present i s taken into account, has some effect . 

5) Tensi l e testing i s not now necessa ry to determine differe nces between 
• 

clones in the tens i le strength of the roots. There is li ttle variat ion 

in the tensi l e streng th of the cell walls, so from the spec ific gravity 

of the ste l e, and the amount of cortex present, a good i ndicat ion of 

the overall strength of the root can now be obta i ned . 

6) . ·here i s considerable seasonal var i at i on in the tensile st rength of 

i ndividual roots, whi:h are strongest during the wi nter period . 

Vari at i on in the t ens il e strength of the ste l e i s caused ma inly by 

differences in specifi c gravity resulting from varying rates of grow th. 

Seasonal vari ation in f i bre wall strength and specif i c tensile strength 

appears to be correl ated with li gnin content and the li gn in /cel l ulose 

ratio , and li gnin appears to have an i mpor t an t role in protecting 

hydro ph ilic bonds between cellulose microfibrils in saturated samples. 
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APPENDIX 1 

Poplar and willow clones used in the investigation 

The following briefly outlines the characteristics of the clones 
used in the investigation, and their use in soil conservation in N.Z. 

A) Poplars 

1. Populus x euramericana (Dade) Guinier cv. 'I 78 1
. 

(Section Aigeiros) 

This is a hybrid between the European P. nigra, and the North 
American P. deltoides, and as a result of its vigorous growth 
and good form, has been pl anted in many countries. It is the 
most widely used poplar for soil conservation planting in N.Z. 

2. P. x euramericana (Dade) Guinier cv. 'I 488 1 

(Section Aigeiros) 

This is again a black hybrid clone of unknown parenta9e, selected 
in Italy, and introduced into N.Z. in 1960. It is not as widely 
used as P. I 78 as yet, but shows very good growth and excellent 
form in many districts. 

3. P. deltoides Marsh cv. 'A 60/129 1 

(Section Aigeiros) 

This is a Texas clone of the North Ame rican P. deltoides, and was 
chosen to be representative of the species. 
N.Z. in the early 1960 1s, and is planted to 
North Island. An old clone of P. deltoides 

It was introduced into 
a limited extent in the 
has been planted in 

N.Z. for many years but this is now being phased out. 

4. P. yunnanensis (Dode) 
(Section Tacamahaca) 

This is representative of the balsam poplars, which are less site 
demanding than the Aigeiros poplars. P. yunnanensis is grown 
throughout the country, and is valuable as a soil conservation 
tree because it can tolerate drier sites and is fairly resistant 
to damage by opossums. 



1rg 

B) Willows 

Salix matsudana Koidzo 

This is a tree willow, and being of vigorous growth and upright habit, 
is being increasingly used in soil conservation work. It was intro­
duced into N.Z. about 20 years ago, and in this study, was chosen to 
be representative of the tree willows. 

S. purpurea L. cv. Booth 

This is one of the osi0rs, wmch are shrubby, multiple stemmed willows, 
and was chosen in this study to be representative of these lower 
growing willows. It is the most extensively used of the lower growing 
willows in N.Z., and this is due to its greater vigour than related 
clones, and to its opossum resistant foliage. 
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APPENDIX 2 

Accuracy of anatomical measurements 

1. Fibre wall area (percent of total cross-section area) 

To determine the number of determinations required to obtain the 
desired accuracy, the grid was placed ir. all possible positions over a 

typical section, a total of 250, and thus 25,000 determinations of fibre 

wall or otherwise were made. The mean percent fibre wall area based on 

these 25,000 determinations was 28.6%. When the grid was placed in 50 

positions at regular intervals over the section, involving 5,000 determin­
ations, the mean was 29.3%. Thus, the error involved was less than 2.5%. 

This was considered to be satisfactory for the purpose. 

2. Vessel area 

Because it was possible to use a lower magnification, there was 

less variation in the results from each grid. When the grid was placed 
in all possible positions over the section (25,000 determinations), the 

mean was 47.3%. When placed in 25 positions eve~ly spread over the section 

(2,500 determinations), the mean was 48.5%, and thus the error involved 

was 1. 7%. 

3. Fibre length 

100 fibres of each of 5 slide preparations of fibres of P.178 were 

measured, and the following mean fibre lengths were obtained. 

Slide 1. 
2. 
3. 
4. 
5. 

801µ 
821µ 
790µ 
797µ 
824µ 

The maximum error was thus 2.0%. 

was approximately 30 microns. 

The typical standard error of fibre lengths 

4. Fibre width 

Me3surements of 100 fibres of each of 5 slide preparations of P.178 

gave the following mea~ fibre widths. 

Slide 1. 21.8 
2. 21.7 
3. 22 .0 
4. 21.3 
5. 21. 3 

overall mean 21.6 

The maximum error involved was thus 1.45%. 
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5. Percent parenchyma and rays 

As the same magnification as that used in the determination of 
vessel area was used it was assumed that the same accuracy would occur, 
and the measurement was made from 25 grid positions evenly spaced over 
the section. 
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APPENDIX 3 

Moisture content of test samples after various periods of soaking 

To determine what soaking period was required to ensure that 
the moisture content of the test samples was above fibre saturation point, 
groups of 10 t est samples were immersed in water for the following periods, 
and the moisture content determined gravi me trically. 

Length of % Moisture Standard 
soaking per iod content deviation 

30 mi ns 45.6 4.0 

1½ hrs 60.0 5.2 
4 hrs 66.4 4.2 

24 hrs 75.6 2.2 

As the fibre saturation point is .between 25% and 30% moisture 
content, a soaking period of one hour was considered adequate to ensure 
the test samples were above fibre saturation point right through. 
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APPENDIX 4 

Effect of rate of extension during testing on tensile strength of roots 

To determine whether the rate of extension during testing had any 
effect on the tensile strength of the roots, 10 paired samples of roots 
of S. matsudana were tested at crosshead speeds of .05 cm/min. and 20 cm/min. 
These speeds represented sample extension rates of 2.5% and 1000% clorgation 
per minute respectively. 

Each pair of test samples was prepared from adjoining sections 
of the same roo t , and were 2cm. in length between the blocks. This pro­
cedure minimised the effect of any anatomical and chemical variation 
between samples. Tensile strength was calculated on a total cross-sectional 
area basis, and results are given below. 

Tensile strength at crosshead speed of 

sample no. . 05 cm/min. 20 cm/min . 

1 3.50 4.52 
2 3.22 3.79 
3 3.67 3.54 
4 3.34 3.27 
5 4.35 3.66 

6 3.56 3.18 
7 4. 71 3.54 
8 4.78 4.50 
9 3.87 3.59 

10 4.21 4.60 

means 3.87 3.82 

Although there was some variation in tensile strength of samples 
of the same root tested at different extension rates, there was no pattern 
to the variation, and the analysis of variance (Appendix 16), showed that 
the means were not significantly different. 



APPENDIX 5 
Analytical methods 

1. Determination of extractive content 
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A 4.5g. sample of material, ground to pass a 40 mesh sieve, and 
of known moisture content, was extracted in a Soxhlet extraction apparatus 
for 4 hours each with 95% ethanol and a 1:2 mixture of ethanol and benzene. 
The material was then washed with distilled water twice, sucked dry, and 
left overnight to dry out completely. After removal from the extraction 
thimble, the material was reweighed and a sample taken to determine the 
percent dry weight. The extractive content was calculated as the loss in 
oven-dry weight due to the extraction procedure. 

2. Determinat ion of hemicellulose and cellulose contents by hydrolysis 
to simple sug ars 

From the ground material, a lg. sample was taken for the deter­
mination of moisture content, and a 0.5g. sample for the analysis. The 
0.5g. sample was extracted with ethanol and ethanol benzene as described 
above, and the material in the extraction thimble sucked as dry as possible 
and left overnight to dry out completely. After removal from the thimble, 
the sample was placed in a 500ml. flask with 200mls. of 5% H2so4, and 
boiled for 2 hou rs under reflux. It was then filtered through a No.I 
filter paper covered with a layer of asbestos (suitably treated - see 
below) in a Buchner funnel, and the filtrate made up to 250mls. The 
filtrate was as sumed to contain the major part of the non-structural poly­
saccharides (bemicelluloses) hydrolysed to simple sugars, and the amount 
was determined by the method of Nelson (1944), (see below). 

The residue was dried by rinsing with ethanol, scraped off the 
filter paper together with the asbestos, and left in a warm place overnight 
to dry out completely. The sample was then placed in a beaker with lOmls. 
of 72% H2so4, and left for 2 hours with occasional stirring. This mixture 
was diluted with 330mls. of distilled water to a 3% concentration of H2so4, 
transferred to a 1000ml. flask, and refluxed for 2 hours. It was then 
filtered through a Gooch cricible covered with a layer of asbestos, and 
the filtrate made up to 500mls. The filtrate was used for the determination 
of the cellulose content of the sample, by determining the amount of glucose 
present using Nelson's method. 



Nelson's method for the determination of simple sugars 

Reagents 

1. Copper reagent A - 25g. Na 2co3 (anhydrcus) 
25g. Rochelle salt, 20g. NaHC0 3, and 200g. Na 2so4 (anhydrous) 
dissolved in about 800mls. of water and made up to 1 litre. 

2. Copper reagent B - 15% Cuso4 "5H20 containing one or two drops 
of cone. H2so4 per lOOmls. 

3. Copper reagent C - Just before use filter 25mls. of Reagent A, 
add 1ml. of Reagent B, and snake. 
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4. Arsenomolybdate colour reagent - Dissolve 21g. ammonium rnolybdate 
in 450mls. of distilled water, add 21mls. cone. H2so4, mix, add 
3g. Na 2HA5o4·7H20 dissolved in 25mls. water, mix, and inc~bate at 

37°c. for 24-48 hours. 

Method 
The filtrate was prepared by placing a 10ml. aliquot with 2 drops 

of phenolpthalein in a 50ml. volumetric flask, and neutralising with 
5N NaOH, then 2N HCl and finally O.lN NaOH. 

For the determination of sugar in the filtrate, 1ml. of the 
neutralised solution was placed in a 25ml. graduated test tube, together 
with 1ml . of Reagent C. These solutions were mixed, the test tube covered 
with aluminium foil, and heated in a boiling water bath for 20 minutes. 
After coo)ing, 1ml. of the arsenomolybdate solution was added, mixed until 
all gases were expelled, and made up to 25mls. The absorbance was read 
at 520mµ against a blank prepared by using distilled water instead of the 
filtrate. The value found for the blank was subtracted from the value 
found for the filtr&te. Eight sugar samples were run simultaneously. 

f 

Calculation ofsugarcuntents after hydrolysis 

ThP. amount of sugar present was ea 1 cul a ted from a refer.ence · ·cur:ve 
of sugar content against absorbance. The reference curve was obtained 
from the absorbance of 5 standard solutions of glucose. These were pre­
pared in concentrations necessary to supply the quantities required in 
the 1ml. aliquot covering the range of 0-200mg. 

To obtain the am~unts of hemicelluloses and cellulose present in 
the original sample, it was necessary to correct for loss on hydrolysis. 



The factors recommended by Saeman et al (1954) were used 
(Cellulose 2.6%, Hemicellulose 8.8%). 

12. 7 

As there was a considerable amount of starch present in many of 
the samples, and starch is also hydrolysed to simple sugars by weak acids, 
the hemicellulose content above was due partly to the starch content of 
the material. Thus to obtain a better indication of the hemicellulose 
content, the starch content was determined separately (described below), 
and the hemicellulose content determined by subtraction. However, the 
hemicellulose contents could not be relied upon as being accurate, as 
these compounds are not hydrolysed quantitatively to simple sugars · and 
results were only suitable for comparitive purposes. 

3. Determination of "Cress and Bevan" cellulose 

The semi-micro method of Watson (1962) was followed. 

Reagents : 
1. Chlorine water, approximately 0.16N, freshly prepared each day . 

2. Sulphurous acid, approximately 0.16N. 
3. Sodium sulphite, 20g. per litre of Na 2so3 in water. 

Method 
An accurately weighed 0.4 - 0.5g. sample of extrar.tive free root 

material (milled to pass a 40 mesh sieve) was placed in a tared sintered 
glass crucible of G2 porosity. The oven-dry weight factor was calculated 
from a duplicute sample. The crucible was placed in the neck of a filter 
flask, and partly filled with chlorine water. The material was chlorinated 
for 15 minutes using applied suction to ensure that 50mls. of chlorine 
water passed through the crucible. At the end of the 15 minute period 
the chlorination was stopped by the addition of 10-15mls of sulphurous 
acid, the sample filtered, washed twice with cold water, and sucked dry. 
The crucible was then placed in a beaker half-filled with sodium sulphite 
solution, covered by a watch-glass, and placed in a boiling water bath 
for 30 minutes. It was then transferred to the filter flask, filtered 
and washed twice with hot water and twice with cold water. The chlorination 
cycle was repeated several times, reducing the chlorination period to 
10, 5, and 3 minut~ periods, and then by 1 minute periods until no colour­
ation was obtained on the addition of sodium sulphite. At this point the 
crucible was filtered, washed and sucked dry as before, and then half 
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filled with distilled water and heated in the water bath for 30 minutes. 
It was then filtered and washed successively with 30mls. hot water, 20mls. 
cold water, 20mls. 0.1% ammonia, 20mls. 1% acetic acid, 20mls. cold water, 
50mls. hot water, 20mls. ethanol, and 20mls. ether. After oven-drying for 
2½ hours at 105°c. the crucible was reweighed. 

Calculation 
% "C + 811 cellulose= wt. of crucible+ residue - wt. of crucible xlOO 

oven-dry weight of sample 

4. Lignin 

After the hemicellulose and cellulose fraction had been removed by 
acid hydrolysis, as described above (section 2) the crucible, together with 
the residue, was dried overnight at 105°c, allowed to cool for 10 minutes 
in a dessicator, and weighed. It wa s then ashed for 3 hours at 500°c., 
allowed to cool in a dessicator for 15 minutes and reweighed. The difference 
in weight was taken as the ash-free lignin co~tent of the sample. 

Preparation of asbestos for use in Gooch crucibles 

The asbestos used in the above procedures was t reated before use 
with cone. H2so4 for 2 hours, washed to remove fine particles, and ashed at 
soo 0c for 16 hours. 

5. Starch 

Method 

perchloric acid 
potassium iodide 
potassium iodate 

(7.2M) 
(10% w/v) 
(0.01 N) 

An accurately weighed 0.4g. sample of root material (ground as 
finely as possible with the available grinder) was placed in a glass mortar 
with a close fitting pestle, together with 4.7mls. of perchloric acid. The 
oven-dry weight factor of the ma teri a 1 was determined from a dup 1 i ea te 
sample. The mixture was allowed to react for 10 minutes and ground with 
the pestle for 10-20 seconds each minute. The contents were then trans­
ferred to a 50ml. volumetric flask and brought to volume with Gistilled 
water. The solution was centrifuged, and a 1ml. aliquot together with 
4mls. of water placed in a 50ml. volumetric flask, a drop of phenolphthalein 
added and the solution made alkaline with 2N NaOH. Acetic acid (2N) was 
added until the colour was discharged, and then a further 2.5mls. 5mls. of 

potassium iodate and 0.5mls. potassium iodide were added, and the colour 
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allowed to develop for 15 minutes. The solution was brought to volume 
and the absorbance measured at 650 mµ with a blank prepared without starch 

as zero. 

A standard reference curve of starch concentration against absorbance 
was set up using potato starch of known moisture content. Weighed quantities 
of starch from .05g. to lg. were treated according to the above procedure 
to construct the reference curve, which was linear, and passed through the 
origin. 

Due to the difference ratio of amylase to amylopectic in potato 

starch compared with wood starch, and the fact that the iodine method depends 
on the reaction of the amylase in the starch with iodine, the weight of 
potato starch was then converted to the corresponding weight of wood starch 
by the factor of 25.5/23.2, as recommended by Humphreys and Kelly (1961). 
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APPENDIX 6 

Load required to remove each of 10 trees per clone vertically 
from the ground, measured in kg. 

Tree p. s. s. P. P. P. 
No. yunnanens is Booth Matsudana deltoides I488 178 

1. 364 227 386 136 205 386 

2. 364 318 352 114 114 295 

3. 455 341 398 68 227 341 

4. 364 239 375 114 227 318 

5. 398 477 295 114 91 386 

6. 364 182 364 132 182 250 

7. 295 193 329 79 182 386 

8. 273 159 365 152 341 318 

9. 295 170 365 91 273 330 

10. 341 182 432 102 250 364 

Analysis of variance 

Source of 
variation SS df Ms F 

Clones 509399 5 101879 25.5 ** 
Blocks 22380.8 9 2486.7 .62 NS 

Residual 179338 45 3985.3 

Total 711119 59 



APPENDIX 7 

Root sys tern strength index (I oad/ai r dry weight of roots) 
of the 3 trees per clone selected as having typical root 
systems 

Root system strength index 

Tree No. 
Clone 1 2 3 

s. matsudana 7.15 11.30 6.81 
C: Booth 6.41 8.06 5.12 ..,. 

P. yunnanensis 6.10 5.13 5.96 
P. 1488 3.45 2.39 4.80 

P. de ltoi dEs 1. 77 2.16 3.90 

P. 178 6.53 3.13 5.13 

Analysis of variance 

Source of 
variation SS df Ms 
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F 

Clones 5155272 5 1011054 41.9 ** 
Residual 287228 12 23935.7 

Total 5442501 17 
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APPENDIX 8 

Root shoot ratios of the 3 trees per clone selected as 
having most typical root systems 

Clone 

S. matsudana 

S. Booth 

P. yunnanensis 

P. I488 

P. de ltoi des 

P. 178 

Tree 
No. 

1 
3 
7 

3 
5 
7 

3 
5 

10 

1 
3 
8 

1 
5 
6 

3 
4 
7 

Analysis of variance 

Source of 
variation SS 

Clones 25152 

Residual 10120 

Total 35274 

Root weight 
(air dry) 

(g) 

54.0 
35.2 
48.3 

53.2 
59.2 
37.7 

74.6 
77 .6 
57.2 

59.4 
94.8 
70.9 

76.8 
52.8 
33.8 

52.2 
101.6 
75.3 

df 

5 

12 

17 

Shoot weight 
(air dry) 

( g) 

689 
500 
665 

305 
545 
242 

1094 
1212 
985 

645 
520 
797 

727 
417 
299 

328 
496 
519 

Ms 

5030.4 

843.3 

Root/shoot 
ratio 

.078 

.070 

.073 

.174 

.109 

.156 

.068 

.064 

.058 

.092 

.182 

.089 

.106 

.127 

.113 

.159 

.205 

.145 

F 

5.96 ** 
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APPENDIX 10 

Tensile strength of individual roots of each clone 

tensile fibre specific 
(mm) % fibre strength wall tensile 

Sample diameter specific wall of s te2e streng2h streng2h 
No. gravity area (kg/mm) (kg/mm) ( kg/mm ) 

P.178 

1 2.22 .265 25.6 5.22 20.4 19.7 
2 2.39 .281 25.0 5.08 20.3 18.1 
3 4.09 . 243 25.4 4.37 17.2 18.0 
4 3.78 .256 24.3 3.74 15.4 14.6 
5 2.00 .295 23 . 1 7.24 31. 3 24.5 
6 2.00 .322 28.6 7.45 26.1 23.1 
7 3.37 .250 25.2 4.86 19.4 19. 4 
8 3.23 .284 28.3 5.12 18.1 18.0 
9 2.70 .266 25.0 3.91 15.6 14.7 

10 2.94 .312 27.0 5.15 19 .1 16.5 
11 2.97 .270 25.9 4.89 18.9 18.1 
12 3.44 .244 23.8 3.80 16.0 15.6 
13 2.75 .292 29.4 4.45 15.2 15.2 
14 3.43 .233 24.8 3.58 14.4 15.4 
15 3.23 .251 26.3 4.52 17.2 18.0 
16 3.70 .255 25.0 4.55 18. 2 17.8 
17 4.49 .228 21. 3 3.16 14.8 13.9 
18 2.80 .260 23.1 4.89 21.2 18.8 
19 3.60 .252 25.0 3.12 12.5 12.4 
20 3.73 .250 21. 6 3.45 14.9 13.8 

P.I488 

1 2.54 .260 23.6 4.96 21.0 19 .1 
2 2. 77 .217 18.0 2.38 13.2 11.0 
3 3.28 .221 20.7 3.10 14.9 14.1 
4 3.26 .231 22.4 3.45 15.4 15.0 
5 2.68 .233 18.4 3.23 17.5 13.9 
6 2.62 .234 19.8 3.17 16.0 13.5 
7 2.51 .228 19.4 3.52 18.1 15.4 
8 3.55 .212 15.1 2.83 18.8 13.3 
9 3.00 .223 19.5 2.92 14.9 13.1 

10 3.23 .214 15.7 2.70 17.1 12.6 
11 3.47 .223 20.8 3.05 14.7 13.7 
12 3.17 .207 20.8 2.97 14.3 14.3 
13 4.25 .235 20.8 2.84 13.6 12.1 
14 3.11 .210 15.2 2.57 16.8 12.2 
15 2.52 .227 20.8 3.11 14.9 13.7 
16 3.76 .215 17.2 2.59 15.1 12.0 
17 2.88 .233 20.5 3.96 19.3 17.0 
18 2.54 .244 19.4 4.17 21.5 17.1 
19 3.38 .258 25.6 4.91 19.2 19.0 
20 3.08 .227 19.7 3.28 16.6 14.3 
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APPENDIX 10 continued 

tensile fibre specific 
% fibre strength wall tensile 

Sample ( fllm) specific wall of ste~e streng2h streng2h 
No. diameter gravity area (kg/mm) (kg/mm) (kg/mm) 

P. deltoides 

1 2.35 .267 4.17 18.0 15.6 
2 2.52 .255 21.1 3.55 16.9 13.9 
3 2.28 .226 19.3 2.74 14.2 12.1 
4 2.05 .276 24.8 5. l4 20.7 18.6 
5 2.80 . 239 23.0 4.16 18.2 17.4 
6 2.79 .254 20.3 3.33 l6.6 13.1 
7 1. 71 .289 20.0 4.50 22.5 15.6 
8 1.97 .274 23.9 4.43 18.5 16.1 
9 2.59 .245 18.4 2.84 15.4 11.6 

10 2.78 .256 23.6 4.40 18.7 17.2 
11 2 .11 .284 22.8 5.07 22.3 17.8 
12 2.79 .283 23.3 4.17 17.9 14.7 
13 3.25 .242 19.9 2.60 13.1 10. 7 
14 2.20 .268 21. 5 4.54 21.1 16.9 
15 2.60 .223 18.4 2.59 14.1 11.6 
16 3.37 .246 19.6 3.23 16.5 13.1 
17 2.90 .245 19 .1 3.20 16.7 13.1 
18 3.65 .265 24.5 4. 71 19.2 17.8 
19 3.99 .281 23.5 3.57 15.2 12.7 
20 4.21 .263 22.2 2.79 12.6 10.6 

P. yunnanensis 

1 3.48 .247 21.8 3.15 16.1 14.2 
2 3.81 .Z41 20.0 2.92 14.6 12.1 
3 4.41 .262 27.1 3.90 14.4 14.9 
4 4.28 . 239 22.1 2.92 13.2 12.2 
5 2.61 .252 23.2 4.66 20.1 18.5 
6 2.87 .270 23.5 4.92 20.9 18.2 
7 2.51 .229 17.6 2.81 16.0 12.3 
8 3.02 .226 23.1 3.01 13.0 13.3 
9 2.45 .266 22.8 5.24 23.0 19.7 

10 2.30 .222 17.0 2.13 12.6 7.6 
11 2.90 .213 17.0 2.63 15.4 12.4 
12 2.20 .259 21.2 5.04 23.8 19.5 
13 3.07 .275 28.5 5.59 19. 7 20.3 
14 2.78 .243 19.6 3.22 16.4 13.3 
15 2.44 .236 21. 9 4.15 19.0 17.6 
16 3.52 .295 29.4 5.09 17.;3 17.3 
17 3.15 .214 19.5 3.75 19.2 29.2 
18 3.46 .287 34.4 5.37 15.6 18.7 
19 3.87 .242 18. 7 3.63 19 .4 15.0 
20 2.56 .224 23.9 3.68 15.6 16.4 
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APPENDIX 10 cont~nued 

tensile fibre specific 
% fibre strength wall tensile 

Sample (mm) specific wall of s te2e streng2h strengzh 
No. diameter gravity area (kg/mm) (kg/mm) ltgj~ ----

s. Matsudana 

1 3.29 . . 265 19 .8 3.32 16.8 18.7 
2 3.53 .282 23.5 3.05 13.0 10.6 
3 2.94 .264 24.8 3.82 15.4 14.4 
4 3.43 .281 24.4 4.74 19.4 16.9 
5 3.53 .264 23.3 3.39 14.5 12.8 
6 4.07 .250 14.8 2.63 17.8 10.5 
7 2.30 .185 19.9 3.37 16.9 18.2 
8 4.12 .262 22.8 3.21 14.1 12.2 
9 3.26 .294 19.5 3.75 19.2 12.7 

10 2.86 .230 19 .1 2.18 11. 5 9.3 
11 2.69 .290 21. 2 4.10 19.4 14.1 
12 2.79 .339 2S.8 5.08 19.7 15.0 
13 2.53 .332 26.7 3.79 14.2 11.4 
14 2.92 .263 21.5 3.76 17.~ 14.3 
15 2.65 .295 22.2 5.06 22.8 17.1 
16 2.90 .293 23.2 4.70 20.3 16.0 
17 2.73 .322 23.0 4.33 18.8 13.5 
18 3.99 .241 19.9 3.35 16.8 13.9 
19 3.91 .134 19.1 2.78 14.5 20.7 
20 3.66 .245 19.8 3.06 15.4 12.5 

S. Booth 

1 2.69 .215 16.1 2.58 16.0 12.0 
2 3.22 .235 17.8 3.12 17.4 13.3 
3 4.45 .262 20.3 2.84 14.0 10.8 
4 2.67 .255 23.5 3.71 15.8 14.6 
5 2.38 .258 21.7 4.66 21. 5 18.0 
6 2.96 .228 15.6 3.12 20.1 13.7 
7 3.13 .267 20.6 4.51 22.0 16.9 
8 3.45 .2S2 24.0 3.91 16.3 13.9 
9 3.59 .256 20.0 3.35 16.7 13.1 

10 3.28 .240 19.2 3.60 18.8 15.0 
11 3.51 .252 20.9 3. 72 17.7 14.8 
12 2.23 .255 22.7 3.32 14.6 13.0 
13 3.17 .226 17.9 3.05 17.0 13.5 
14 3.24 .318 26.2 4.73 18.1 14.9 
15 2.06 .254 18. 7 4.16 22.2 16.4 
16 3.23 .241 22.0 3.67 16.7 15.2 
17 2. 77 .267 18.5 3.99 20.4 15.0 
18 3.97 .273 20.3 3.21 15.8 11.8 
19 3.75 .275 23.2 3.08 13.3 11. 2 
20 2.55 .256 22.1 4.45 20.1 17.4 
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Tensile strength of individual roots collected at monthly 
intervals throughout the year 

tensile fibre specific 
% fibre strength wall tensile 

Sample (mm) specific wall or' ste~e s treng~l1 streng~h 
No. diameter gr,wity area (kg/mm) ( kg/mm ) (kg/mm) 

P. I488 - February 
1 2.02 .239 14.0 3.21 22.9 13.1 
2 2.70 .217 13.7 2.93 21.4 13.1 
3 2.67 .181 10.4 2.53 24.4 13.5 
4 1.88 .215 12.9 3.25 25.2 14.7 
5 2.14 . 210 13.2 3.96 30.0 18.3 
6 2.22 .205 13.3 3.03 22.9 14.8 
7 2.82 .206 12.7 3.29 25.9 15.5 
8 2. 39 .265 15.7 3.96 25.2 14.5 
9 3.24 .223 13.5 2.72 20 .1 12.2 

10 3.01 .211 11. 9 2.69 22.6 12.7 

March 

1 1. 93 .213 12.1 3.52 29.0 15.4 
2 2.86 . 236 12.9 3.43 26.6 13. 5 
3 3.17 .184 11.1 2.41 21. 7 12.2 
4 2.50 .227 12.8 4.38 34.2 18.0 
5 3.06 .191 10.6 2.86 27.0 14. 1 
6 3.24 .202 11. 6 2.66 22.9 12.3 
7 2.09 .283 15.9 4.55 28.6 15.1 
8 1. 70 .219 13. 5 4.36 32.4 19.9 
9 2.43 .223 13 . 5 3.65 27.1 16.4 

10 3.52 .215 12.8 3.18 24.9 14.8 

A[!ri l 
1 1. 55 .237 17.8 3. 70 20.8 13.5 
2 1. 92 .275 20.8 4.36 21.0 13.9 
3 2.63 .247 14.6 3.25 22.3 11.8 
4 2.54 .244 19. 8 3.56 18.0 12.6 
5 1.82 .248 19.7 4.23 21. 5 14.8 
6 2.02 .297 18.7 4.55 24.3 13.3 
7 2.11 .270 22.6 4.67 20.1 14.1 
8 2.25 .252 20.1 4.19 20.8 14.4 
9 3 .12 .260 20.2 3.48 17.2 13.4 

10 3.32 .248 17.6 2.64 15.0 10 .6 

May 

1 2.00 .293 10.8 5.41 27.3 16. 3 
2 2.40 .263 21. 3 4.19 19.7 14.1 
3 1.77 .284 19.6 5.33 27.2 16.5 
4 2.75 .262 24.2 4.70 19.4 15.8 
5 2.40 .297 23.1 5.03 21.7 15.0 
6 2.33 .274 19. 8 5.12 25.9 16.5 
7 2.83 .324 29.2 7.03 24.0 19.2 
8 4.22 .250 22.1 3.51 15.9 12 .4 
9 3.05 .255 21.0 3.17 15.1 10.9 

10 2.86 .252 21. 9 4.17 19.1 14.0 
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tensile fibre specific 
% .fibre strength wall tensile 

Sample (mm) specific wa 11 of ste~e streng~h streng~h 
No. diameter gravity area (kg/mm) (ky/mm) (kg/mm) 

June see results of between clone tests. 

~ 
1 2.40 .278 20.2 4.57 22.6 18.5 
2 2.62 .265 22.6 3.65 16.2 15.5 
3 2.26 .280 19.9 4.28 21. 5 17.2 
4 2.49 .281 25.9 4.50 17.4 18 . 1 
5 2.16 .255 23.9 4.21 17.6 18.6 
6 3.34 .244 18. 3 2.59 14.1 12.0 
7 3.52 .280 24.3 4.60 18.9 18.5 
8 3.56 .258 21. 6 3.81 17.6 16.7 
9 2.56 .266 22.8 5.13 22.5 21.8 

10 2.37 .250 19. 3 3.87 20 .0 17.4 

August 

1 2.64 .269 20.4 4.04 19.8 16.0 
2 2.48 .291 21. 3 5.01 23.5 18.4 
3 3.15 .252 18.3 3.85 21.0 16.4 
4 2. 46 .273 23.3 4.45 19. 1 17.4 
5 3.09 .257 24.9 4.85 19.5 20.1 
6 2.12 .267 16.8 4.25 25.3 17.0 
7 2.28 .256 18 . 1 3.87 21.4 16.1 
8 2.46 .244 18.8 4.25 22.6 18.6 
9 2.78 .265 23.9 4.38 18.3 17.6 

10 2.15 .278 18.1 4.31 23.8 16.6 

Se~tember 

1 2.73 .226 18.4 5.03 27.5 22.3 
2 3.06 .226 17.8 5.49 30.8 29.3 
3 2.83 .236 18. 5 4.12 22.2 17.5 
4 2.37 .229 17.9 4.40 24.6 19.2 
5 2.87 .209 16.1 3. 77 23.5 18.0 
6 2.44 .214 15.5 5.06 32.7 23.6 
7 3.20 .217 22.6 2.82 22.9 13.0 
8 3.09 .225 23.9 5.80 24.2 25.8 
9 2.61 .245 17.3 5.36 31.0 21.9 

10 3.46 .226 19.3 4.94 25.6 21.9 

October 

1 3.26 .205 18.3 4.48 24.5 21.9 
2 3. 44 .250 21.2 4. 77 22.5 19 .1 
3 3. 71 .205 19.6 4.71 24.1 23.0 
4 2.14 .213 16.2 4.39 27.1 20.6 
5 2.20 .240 25.4 5.84 23.0 24.3 
6 1.74 .221 19 .1 4.69 24.6 21.2 
7 2."49 .212 19.2 4.07 21.2 19.2 
8 2.49 .190 18.8 4.83 25.7 25.4 
9 2.68 .206 16.4 4.00 24.4 19.4 

10 2.71 .205 17.0 3.96 23.3 19.3 



APPENDIX 11 continued 

Sample 
No. 

November 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

December 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

January 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

(mm) 
diameter 

2.94 
2.07 
2.63 
2.95 
3.32 
3.36 
3.00 
4.62 
4.08 
3.43 

3.00 
3. 85 
2.07 
1.96 
2.84 
3.01 
3.08 
2.59 
2.91 
4.29 

2.33 
2.36 
2.64 
4.36 
2.16 
2.02 
4.33 
3.42 
4.30 
3.26 

specific 
gravity 

.190 

.163 

.173 

.l7b 

.216 

.182 

.254 

. 169 

.156 

.201 

.186 

.159 

.257 

.197 

.147 

.189 

.158 

.162 

.227 

.163 

.222 

.177 

.157 

.186 

.208 

.239 

.189 

.160 

.176 

.207 

% fibre 
wa 11 
area 

17.3 
14.4 
14.2 
15.2 
21. 2 
18.0 
21. 6 
14.7 
14.3 
18.1 

19.5 
16.0 
22.4 
19.6 
13. 7 
18.0 
13.2 
14.3 
17.9 
14.4 

18.9 
20.3 
16.2 
18.2 
19.1 
22.1 
17.7 
14.2 
13.3 
16.0 

tensile 
strength 
of ste2e 
(kg/mm}_ 

3.84 
3.20 
3.31 
3.69 
4. 73 
3.52 
4.91 
2.86 
2.63 
4.01 

3.34 
2.42 
4.65 
4.38 
3.10 
2 .85 
2.25 
3.21 
3.50 
2. 30 

3.67 
3.06 
2.57 
2.98 
3.57 
4.15 
3 .10 
2.83 
2.61 
3.68 

fibre 
wall 

s treng2h 
(kg/mm) 

23.0 
24.6 
23.2 
?.4. 0 
24.0 
16.4 
19. 9 
16.0 
19.3 
27.6 

20.2 
16.4 
19.9 
23.6 
18.0 
16.3 
16.7 
23.0 
18.6 
17.2 

19.0 
19.6 
17.3 
16.4 
20.4 
21. 6 
15.7 
18.1 
14.3 
17.6 
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specific 
tensile 
s treng2h 
( kg/mm ) 

20.2 
19.6 
19 .1 
21. 0 
21. 9 
19.3 
19. 3 
16.9 
16.8 
20.0 

18.0 
15.2 
18.1 
22.2 
21. 1 
15.l 
14.2 
19.8 
15.4 
14.1 

16.5 
17.3 
16.4 
16.0 
17.2 
17.4 
16.4 
17.7 
14.8 
17.8 
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tensile fibre specific 
% fibre strength wall tensile 

Sample (mm) specific wall of ste2e · s treng2h stren~th 
No. d·i ameter gravity area ( kg/mm ) (kg/mm) (kg/mm) 

S. matsudana 

February 
1 3.87 .233 14.1 2.30 16.3 9.6 
2 2.85 · . 236 15. 3 2.57 16.8 10.5 
3 2.00 .222 13.0 2.98 23.0 13.1 
4 3.94 .221 13.6 2.38 17.5 10. 5 
5 3.00 .219 14.7 2.23 15.2 9.9 
6 2.89 .199 12.2 1. 76 14.4 8.6 
7 2.98 .220 13 . 5 2.47 18.3 10.9 
8 2.34 .234 15.2 3.00 19. 7 12.5 
9 2.90 .220 12.9 2.82 21.8 12.8 

10 3.31 .226 15 .1 2.80 18.5 12.4 

March 
1 2.86 .260 15.0 3.58 23.8 13.3 
2 2.43 .205 12.2 3.4-2 28.(J 16.0 
3 2.45 .272 14 .1 4.14 29.4 14.6 
4 4.18 .250 13.9 2.70 19. 5 10.4 
5 2.57 .218 12.4 3.76 30.3 16.5 
6 2.36 .241 13.4 3.43 25.6 13.7 
7 2.90 .244 14.3 3.02 21.1 12.4 
8 3.17 .248 13.5 3.24 24.0 13.1 
9 3.33 .238 13.6 2 .. 84 20.9 11. 9 

10 3.43 .234 13.5 2.60 19.2 11.1 

Arril 
1 1. 97 .336 24.6 5.08 20.7 12.5 
2 1.88 .277 16 .8 4.42 26.3 13. 2 
3 1.88 .300 19.6 4.80 24.5 13.2 
4 1.87 .296 19.1 4.31 22.6 12.0 
5 1. 99 .259 15.1 4.53 30.0 14.4 
6 2.57 .321 19. 0 4.42 23.3 11.4 
7 3.49 .257 15.6 3.50 22.4 11. 2 
8 3.11 .246 16.0 3.31 20.7 11. 2 
9 2.58 .354 23.2 4. 77 20.5 11.2 

10 3.53 .294 18.5 3.19 17.2 10.9 

~ 
1 1.90 .320 14.6 4.56 31. 3 11. 6 
2 2.16 .270 14.7 3.42 23.2 10 .1 
3 2.45 .273 15.2 3.58 23.6 10.5 
4 3.94 .334 19.1 4.00 20.9 9.6 
5 1.92 .381 27.6 6.08 22.0 13.0 
6 2.88 .338 16.1 3.98 24.7 9.5 
7 2.46 .342 19 .1 5.03 26.4 12.0 
8 2.11 .428 25.8 7.31 28.3 14.1 
9 2.95 .378 28.5 4.31 15.1 9.3 

10 2.66 .351 22.4 4.50 20.2 10.4 
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tensile fibre specific 
% fibre strength wall tensile 

Sample (mm) specific wa 11 of ste2e streng2h streng2h 
No. diameter gravity area ( kg/mm ) (kg/mm ) (kg/mm) 

June see results of between clone tests 

MY 
1 3.01 . 272 21. 7 3.86 17.8 14.2 
2 3.25 .241 16. 1 3.17 19.7 13.1 
3 2.77 · . 239 18.7 3.09 16.6 12.9 
4 3.25 .28() 22.5 4.36 19.3 15.6 
5 3.34 . 235 16. 4 3.09 18.8 13.1 
6 3.81 .262 19.5 3.87 19.8 14.5 
7 2.94 .256 19.6 3. 71 18.9 14.5 
8 2. 59 .294 22.7 4.29 18.9 14.6 
9 2.76 .250 20.5 2 .98 14.5 11. 9 

10 3.36 .293 21. 9 4.65 21.2 15.9 

August 
1 2.93 .246 17.6 3.07 17.5 12.5 
2 2.35 .263 23.1 4.27 18. 5 16.2 
3 2.66 .250 18.0 3.78 21.0 15.1 
4 3.05 . 289 22.5 4.44 19. 7 15.4 
5 3.15 .246 22.3 3.79 17.0 15.4 
6 3.27 .275 21.1 3.80 18.0 13.8 
7 2.62 .277 21.4 4.48 20.9 16.1 
8 2.98 .252 21.0 4.23 20.1 16.8 
9 2. 77 .243 18.8 3.36 17.9 13.9 

10 4.49 .290 23.3 3.99 17.1 13.8 

Se~ternber 
1 3.51 .223 16.9 4.51 26.7 20.2 
2 3.06 .249 25.9 5.43 20.9 21.8 
3 3.27 . 320 28.2 7.84 27.8 24.5 
4 2.83 .234 21. 3 4.18 19.6 17.9 
5 2.99 .269 21. 9 4.88 22.2 18.l 
6 2.24 .236 23.1 5.19 22.5 22.0 
7 2.45 .246 19.4 4.28 22.0 17.4 
8 2.34 .254 20 .1 5.98 29.7 23.5 
9 4.02 .231 18.7 4.01 21.5 17.6 

10 3.63 .217 20.6 3.95 19.2 18.2 

October 
1 2.82 .258 21.2 5.94 28.0 23.0 
2 2.39 .214 22.9 5.53 24.2 25.8 
3 4.43 .236 21.0 4.25 20.2 18.0 
4 3.40 .224 18.9 4.58 24.3 20.4 
5 3.36 .213 16.2 3.28 22.4 15.4 
6 3.35 .268 25.2 5.26 20.9 19.6 
7 3.52 .227 1~.2 4.11 21.4 18.1 
8 2.97 .220 16.2 3.55 21.9 16.1 
9 2.89 .192 14.7 3.95 26.9 20.6 

10 4.33 .261 21. 5 4.75 22.8 18.2 
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tensile fibre specific 

% fibre strength wall tensile 
Sample (mm) specific wa 11 of ste2e streng2h streng2h 

No. diameter gra vi t,z'. area {kg/mm } { kg/mm } {kg/mm} 

November 

1 3.23 · .188 16.4 3.32 17.0 17.7 
2 3.04 .279 24.2 4.89 16.7 17.5 
3 1. 92 . 218 17.9 4.01 20.5 18.4 
4 2.01 .236 19.7 4.85 21. 6 20.6 
5 2.60 .226 18. 7 4.21 18 .1 18. 6 
6 2.69 .266 23.8 4.50 17.4 16.9 
7 2.41 . 211 17.9 3.83 20.4 18.2 
8 4.65 .251 18.3 4.31 14.7 17.2 
9 2.02 . 347 25.1 6.24 23.5 18.0 

10 2.83 .252 20.6 4. 54 19 .1 18.0 

December 

1 3.65 .267 25.2 4.42 21. 0 16.6 
2 3.98 . 256 20.6 3.75 16.5 14.6 
3 4.59 .177 18.3 2 .05 15.2 11. 6 
4 2.42 .198 18.3 3 .14 18.2 15.9 
5 3.08 . 219 17.4 3.53 19. 5 16.1 
6 2.06 .184 19. 6 3.42 24.0 18.6 
7 2.56 .164 19.5 3.61 23.9 22.0 
8 3.43 .291 26.5 4.95 21.0 17.0 
9 2.nO .197 17. 5 3.00 19 .8 15.2 

10 2.03 .204 20.1 4.23 20.9 20.7 

Januar1 

1 4.01 .186 20.9 . 2.30 16.9 12. 4 
2 2.66 .197 18.4 2.64 18. 3 13.4 
3 4.44 .193 18.3 2.32 15.1 12.0 
4 2.14 .218 20.8 3.60 22.4 16.5 
5 3.00 .152 14.6 2.51 21.0 16.5 
6 3.10 .213 17.4 2.97 19 .2 13.9 
7 2.68 .187 16.9 2.42 17.2 12.9 
8 2.30 .237 22.4 4.01 21. 4 16.9 
9 3. 30 .214 21. 6 3 . .52 20.5 16.4 

10 1.97 .200 21.0 3.51 20.0 17.6 



APPENDIX 12 

STRESS/STRAIN RELATIONSHIPS 

The following data were obtained from the stress/strain diagrams, and 
were used for the comparison of the stress/strain relationships of the 
six clones. 

Clone 

P. I78 

P. I488 

P. de l to i des 

P. yunnanens is 

S. Matsudana 

S. Booth 

Sample 
No. 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
·2 
3 
4 

Diameter 
of stele 

(mm) 

2.16 
2.80 
3.05 
3.35 

2.67 
2. 77 
3.33 
4.00 

2 .18 
2.39 
2.95 
3.11 

2.36 
2.59 
2.88 
3.05 

3.00 
3.22 
3.25 
3.32 

2.45 
2.87 
3.28 
3.73 

Ultimate 
strain 

(%) 

15.9 
17 . 8 
17.2 
17.6 

16.0 
16.6 
18.5 
16.0 

13.8 
10.9 
13.3 
11.4 

18.2 
25.2 
17.3 
14.0 

18.2 
17.5 
15.5 
16.6 

18.5 
16.6 
17.5 
16.5 

Ultimate 
s tres2 (kg/mm) 

7 .19 
6.00 
4.96 
3.98 

4.30 
3.68 
2.88 
3.06 

3.43 
3.08 
2.12 
2.15 

4.15 
3.68 
4.34 
3.92 

4.10 
3.05 
5.03 
4.85 

4.85 
3.50 
4.54 
4.24 

Ultimate 
stress/ 

Ultimate 
strain 

.452 

.337 

.290 

.226 

.268 

.222 

.156 

.191 

.249 

.283 

.159 

.189 

.228 

.146 

.250 

.289 

.225 

.174 

.324 

.292 

.262 

.214 

.260 

.257 

Young's 
modulus 

1. 97 
2.10 
1.44 
1.18 

1.10 
0.85 
0.88 
0.76 

1.07 
1.18 
0.62 
0.80 

1. 10 
1. 24 
1.27 
1.32 

1.18 
0.86 
1.29 
1.08 

1.76 
1. 26 
1. 59 
1.81 



APPENDIX 13 

Ca lcul ati on of predicted loads required to remove the 
root sys terns of the three selected trees per clone. 

Total Typi ea 1 
cross tensile 

sectional Mean strength 
area of diameter of root Predicted 

s te 1 es at of steles of this load 
Tree brefs at breaks diamet2r* required 

Clone No. (mm) (mm) (kg/mm) (kg) 

P. I78 3 76.8 2.0 6.1 468 
4 78 . 1 2.0 6.1 476 
7 119. 6 2.5 5.5 655 

P. I488 1 103. 3 2.3 3.69 381 
3 96.7 2.4 3.63 351 
8 146.5 2.7 3.48 510 

p. yunnanensis 3 62.6 1. 5 4.14 259 
5 56.9 1.6 4.13 235 

10 55.6 1. 5 4.14 230 

P. deltoi des 1 74.1 2.3 4.03 299 
5 50.0 1.6 4.40 220 
6 53.5 2 .1 4.13 221 

S. matsudana 1 89.1 2.3 4.32 384 
3 46 . 1 1. 7 4.74 219 
7 72.3 2.1 4.46 322 

s. Booth 3 47.2 1.9 4.15 196 
5 61. 4 1.8 4.19 257 
7 39 .6 1. 9 4.15 164 

* From regression of tensile strength of the stele on diameter of the 
test sample (Appendix 18) 
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APPENDIX 14 

Calculation of estimated overall tensile strength of 
a 5mm. diameter root, including cortex, for each clone 

s.. 
OJ 

OJ+-' 
..c. "'O ...- OJ 
+-' C OJ ,,- E 
CJ) QJ s.. 

1/) '° C> •r- C•r-
V) ro OJ •r- ::, OJ "'O ,,- QJ 4-- s.. CJ) cr- +-' 

C s.. 0 ,.-... +-' OJ . 
0+-' ,o "'O 1/) s.. s.. ...- E ,.-... ,,- m +-' OJ 0 ,-- E£'J 
+-' ..c ,-- 0 +-' OJ 4-- "'O Em~ U+-' ro 0 '° r- '° OJ C s.. ...- ,,- " 0 .µ 

OJ '° -V) +-' 0 E ::, (/) QJ ,-- 0 > CJ) 
I 0 ,,- 4-- E 4-- u C ,- 0 0 4--..:,,: 

V) 0 .µ OLO 0 ,-- QJ QJ "'O s.. o-
V) s.. u '° .µ .µ OJ -0 
0 QJ QJ s.. s.. u 1/) s.. .µ~ QJ ..c. s.. 4-- (/) ,-- QJ QJ ..._.. r- Q.J ro ro +-' +-' uo I Q.J .µ +-' ro QJ .µ ,- QJ '° CJ) 

Q.J (/) +-' QJ Q.J OJ u ..c QJ ::, s.. E C 
4-- '° ,- VJ VJ E E.--- ,,- .µ E u.a ,,- Q.J +-' 

Clone 0 QJ QJ 0 ro ro Cl) 0. '° ,-- +-' s.. 0 s.. +-' s.. 4-- .,... . ,... +-' >, 4-- .,... ro o U l +-' 0 
~ - <u Ul U 'OU "'O V) +-' 0 "'O U+-' Cl) V) s... 

P. 178 27.5 5.40 2.62 5.69 30.73 1.57 

P. I488 30.7 6.03 2.77 3.44 20.74 1.06 

P. deltoides 25.1 4.94 2.51 3.87 19.12 0.98 

p. yunnanensis 46.1 9.05 3.33 4.33 39.18 2.00 

S. matsudana 50.3 9.87 3.43 3.43 33.85 1.72 · 

S. Booth 47.1 9.25 3.52 3.52 32.56 1. 66 

* From regression of tensile strength on the diameter of the stele. 
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Appendix 15. Seasonal variation in the starch content 
of roots of P. 1-488 and S. matsudana 

S. matsudana 
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A. 

B. 

c. 

D. 

E. 

F. 

Source of 
variation 

Pro12orti on 

Total 
Clones 
Blocks 
Residual 

Por12ortion 

Total 
Clones 
Blocks 
Residual 

APPENDIX 16 

MISCELLANEOUS ANALYSES OF VARIANCE 

SS df MS 

of fibrous roots in the root systems 

287.05 17 
273.44 5 54.68 

3.66 2 1.80 
9.96 10 .996 

of the cross-sectional area of the roots that was 

1263731 93 
1069600 5 213920 

39582 16 2473 
154548 72 2146 

Effect of rate of extension on tensile strength of roots 

Total 5.39 19 
Rate of Extension .052 1 .0521 
Blocks 3.55 9 .394 
Residual 1. 79 9 .0198 

Inter-clonal variation in ultimate strain 

Total 178.53 23 
Clones 92.87 5 18. 57 
Blocks 13.59 3 4.53 
Residual 72.06 17 4.24 

Inter-clonal variation in ultimate stress/ultimate strain 

Total 104982 23 
Clones 35324 5 7064 
Blocks 9213 3 3071 
Residual 60445 17 3555 

Inter-clcnal variation in Young's modulus 

Total 3.379 23 
Clones 2.243 5 .4486 
Blocks .153 3 .0508 
Residual .983 17 .0578 

14.8 

F 

54.89 ** 
1.80 NS 

stele 

99.6 ** 
1. 15 NS 

2.63 NS 
19.89 ** 

4.38 ** 
1.07 NS 

1. 99 NS 
.86 NS 

7.76 ** 
.878 NS 
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1. 

2. 

3. 

APPENDIX 18 

Regression analyses of tensile strength on the diameter 
of the test sample for each clone. 

signi-
r ficance b sd 

Tensile strength of the stele 
P. I78 -.783 *~'·: -1. 322 .247 
P. 1488 -.336 NS - . 514 .376 
P. deltoi des -.429 * - .539 .267 
P. yunnanensis -.092 NS .147 .376 
s. matsudana -.489 * - . 712 .299 
s. Booth -.400 NS - .420 .226 

Fibre wall strength 
p. 178 - . 717 ** -4.555 1.040 
P. 1488 -.403 NS -2.056 1.101 
P. de ltoi des -.613 * -2.619 . 796 
p. yunnanens is -.411 NS -2.040 .532 
s. matsudana -.315 NS -1.617 1.147 
s. Bootl1 -.541 * -2.379 .871 

Specific tensile strength 
P. 178 - .672 ** -2.992 . 777 
P. I488 -.352 NS -1. 682 1.053 
P. deltoi des -.488 * -1. 729 .812 
p. yunnanensis -.052 NS - .245 1.556 
s. matsudana -.141 NS - . 761 1.258 
s. Booth -.617 ** -2.063 .620 

150 

a 

8.784 
4.868 
5.266 
4.362 
5.955 
4.949 

32.63 
22.98 
24.61 
23.56 
22.08 
25.14 

26.68 
19.50 
19.26 
16.05 
16.68 
20 .65 

Abbreviations 

r 
b 
s.d. 
a 
NS 

* 
** 

= 
= 
= 
= 
= 
= 
= 

correlation coefficient 
regression coefficient 
standard deviation of the regression coefficient 
constant in the regression equ~tion 
not s i gni fi cant 
significant at 5% level 
significant at 1% level 
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APPENDIX 19 

Regression analyses of tensile strength on the diameter 
of the test sample, for each group of monthly samples. 

signi-
r ficance b sd a 

1. Tensile strenth of the stele 

(a) P. 1488 

February -.550 NS -.6044 .324 4.673 
March - . 774 * - . 9437 .273 6.001 
April -.737 * -.8344 .270 5.805 
May -.490 NS -.7944 .499 6.880 
June -.336 NS -.5139 .340 4.868 
July -.361 NS -.4792 .429 5.403 
August -.077 NS -.0817 .373 4.116 
Septemher -.102 NS -.2694 .926 5.451 
October -.092 NS -.0967 .371 4.843 
November -.303 NS - . 3114 .347 4.679 
December -.858 * -.9931 .209 6 .139 
January -.562 NS -.3094 .161 4.187 

(b) s. ma t sudana 

February -.467 NS -.3005 .202 3.435 
March -.792 * - . 6772 .184 5.283 
April -.846 * -.8290 .185 6.245 
May -.413 NS -.8055 .628 6. 725 
June -.489 * - . 7119 .299 5. 955 
July -.187 NS -.3099 .576 2.743 
August -.055 NS -.0434 .278 4.052 
September -.221 NS -.4479 .699 6.384 
October -.248 NS -.3327 .459 5.633 
November -.294 NS -.2851 .327 5.251 
December -.184 NS -.1747 . 329 4.141 
January -.662 * -.5243 .209 4.532 

2. Fibre wall strength 

(a) P. 1488 
February -.505 NS -3 .115 1.881 31.88 
March -.731 * -4.613 1.522 39.67 
April -.733 * -3.454 1.134 28.14 
May -.790 * -5.179 1.418 35.31 
June -.403 NS -2.055 1.102 22.97 
July - .~50 NS -2.360 1.654 25.28 
August -.647 * -4.183 1.741 32.14 
September -.365 NS -4.001 3.614 37.97 
October -.225 NS - . 715 1.094 26.03 
November -.582 * -3.049 1. 505 31. 68 
December -.656 * -2.433 .989 26.10 
January -.902 * -2.119 .357 24.61 

Abbreviations : As in Appendix .18 
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APPENDIX 19 continued 

signi-
r ficance b sd a 

Fibre wall strength 

(b) s. matsudana 

February -.524 NS -2.406 1.382 25.39 
March -.800 * -5.905 1.463 42.13 
Apri 1 -.614 * -3.208 l.459 30.80 
May -.533 NS -3.925 2.203 33.55 
June -.315 NS - .863 1.148 20.15 
July -.616 * -3.167 1.433 8. 71 
August -.504 NS -1. 326 .802 22.78 
September -.203 NS -1. 237 2.112 26.96 
October -.581 * -2.314 1.144 31.04 
November -.865 * -2.825 .579 26.64 
December -.695 * -2.309 .897 27.02 
January -.730 * -2 .112 .698 25.45 

3. Specific tensile strength 

(a) P. 1488 

February -.506 NS -2.002 1. 205 19.26 
March -.720 * -2.848 .970 22. 72 
Apri ·1 -.710 * -1. 580 .554 16.92 
May -.524 NS -1.820 1.044 19. 91 
June -.152 NS - .790 1.054 17.08 
July -.386 NS -1.817 1. 595 22.38 
August -.069 NS - .173 1.207 17.55 
September -.079 NS - .873 3.921 23.25 
October - .105 NS - .456 1. 526 22.61 
November -.587 NS -1. 307 .636 23.64 
December -.715 * -2.978 1.029 26 . 14 
Jan •,ary -.565 NS - .548 .283 18.46 

(b) s. matsudana 

February -.507 NS -1. 302 .783 14.99 
March -.846 * -2.929 .652 21. 99 
April - . 771 * -1. 327 .387 15.42 
May -.659 'n -1. 734 .699 15.42 
June -.141 NS - . 761 1.258 16.68 
July .387 NS 1.358 1. 143 9.84 
August -.401 NS - .932 .752 17.72 
September -.301 NS -1. 358 1.523 24.24 
October -.566 NS -2.756 .930 28.74 
November -.560 NS - .710 . 371 20.05 
December -.799 * -2.596 .834 24. 72 
January -.710 * -1. 895 .664 20.46 
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APPENDIX 20 

Regression analysis of seasonal variation in tensile strength 
on chemical composition of roots. 

signi-
r ficance a sd b 

A. Tensile strength of the stele 

P. 1488 
cellulose -.158 NS -.0686 .135 6.933 
lignin .306 NS .1378 .135 .8082 
hemicenuloses - . 311 NS -.0849 .0819 5.166 
lignin/cellulose ratio .356 NS 6.421 5.331 .6601 

S. matsudana 

cellulose -.684 * -.2319 .078 13.65 
lignin -.094 NS - . 0461 .154 4. 778 
hemicelluloses .211 NS -.0703 .103 2.628 
lignin/cellulose ratio .370 NS 7 .672 6.093 .2544 

B. Fibre wall strength 
P. 1488 
cellulose .375 NS .8828 .689 -17.61 
l i gn in .612 * 1.494 .610 
hemicelluloses .058 NS .0856 .466 20.34 
lignin/cellulose ratio .382 NS 37.28 28.56 2.932 

s. matsudana 
ce 11 ul o::;e -.042 NS -.0460 .064 22.57 
lignin .102 NS .1634 .503 17.39 
hemicelluloses -.252 NS .2740 .332 25.45 
lignin/cellulose ratio .149 NS 10.11 21.13 15.88 

C. S~ecific tensile strength 
P. 1488 
cellulose .491 NS -.9840 .551 60.54 
lignin .687 * 1.428 .477 -15.05 
hemicelluloses -.694 * - .8728 .286 30.00 
lignin/cellulose ratio .858 ** 71.38 13.49 -19.01 

S. matsudana 

cellulose -.461 NS -.6440 . 392 42.36 
l i gni n .541 * 1.094 .538 -6.52 
hemicell:.iloses -.303 NS - .4163 .414 22.50 
lignin/cellulose ratio .865 ** 73.93 13. 54 19.59 

Abbreviations As in Appendix 18 
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Regression analysis of seasonal variation in the tensile 
strength of the stele on the actual amounts of chemical 
components present per unit volume of root. 

f Significance b sd 

P. I488 

Cellulose .393 NS 17.23 3.36 2.15 

Hemi ce 11 ul ose -.063 NS 5.08 23.56 4.11 

L~gnin .671 * 71.24 22.29 0.32 

Specific Gravity .474 NS 8.70 5.82 1.89 

S. matsudana 

Cellulose .205 NS 10.29 15.04 2.78 

Hemicellulose .355 NS 24.33 18. 71 2.78 

Lignin .533 NS 81. 24 41.38 -0.13 

Specific Gravity .516 NS 10. 57 5.96 1.2Q 

Abbreviations As in Appendix 18 
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Covariance analyses of inter-clonal variation in tensile 
strength, with diameter of the stele as the concomitant 
variable. (Method of Snedecor & Cochran, 1967) 

A. Tensile strength of the stele 

x2 :i Redn 
Deviations from Regression 

df xy_ df SS MS 
Clones 5 2.62 1. 34 21.17 
Error 114 42.03 -11. 58 188.98 3.19 133 185.8 1. 64 
C+E 119 44.65 -10 .24 210. 15 2.35 118 207.8 

5 22.01 4.402* 

B. Fibre wa 11 strength 

x2 y_2 
Deviations from Regression 

df xy_ Red" df SS MS 
Clones 5 2.62 .033 37.85 
Error 114 42.03 -112.65 1100.75 301.9 113 799 .8 7.078 
C+E 119 44.65 -112.62 1138.6 284.1 118 354.5 

5 54.7 10. 94 NS 

c. Si2ecific tens i 1 e strength 

x2 Y..2 
Deviations from Regression 

elf xy_ Redn df SS MS 
Clones 5 2.62 4.07 243.6 
Error 114 42.03 -75.26 836.6 134.8 113 701.8 6.21 
C+E 119 44.65 -71.19 980.2 113. 5 118 866.7 

3 5 164. 9 33.0** 

Adjusted means 

tensile fibre specific-
strength wall tensile 
of ste~e 
(kg/mm) 

streng2h 
( kg/mm ) 

streng2h 
( kg/mm ) 

P. 178 4.65 18.6 18. 5 
P. :i:488 3.29 16. 7 14.3 
P. yunnanens is 3.91 17.4 15.7 
P. deltoides 3.70 16.6 13.9 
s. matsudana 3.71 17.3 14.5 
s. Booth 3.66 17.9 14.3 

LSD (5%) 0.81 1.68 1.57 
LSD (1%) 1.07 2.28 2.08 
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Covariance analyses of seasonal variation in tensile strength 
with diameter of the stele as the concomitant variable. 

P. I488 

A. Tensile strength of the s te 1 e 

x2 Y._2 Red" 
Deviations from Regression 

df xy__ df SS MS 

Months 11 8.44 -4.90 39.79 
Error 108 40.32 -21.85 57.31 11.84 107 45.47 .425 
M+E 119 48.76 -26.75 47 .10 14.68 118 82.42 

11 36.95 3.359** 

B. Fibre wa 11 strength 

x2 Y._2 
Deviations from Regression 

df xy__ Redn df SS MS 
M0nths 11 8.44 -33. 77 1223.4 
Error 108 40.31 -117.13 1018.0 340.3 107 677. 7 6.33 
M+E 119 48.75 -150.90 2241. 4 467.1 118 1774. 3 

11 1096 .6 99.7** 

c. Specific tens i 1 e strength 

x2 Y._2 
Deviations from Regression 

df xy_ Redn df SS MS 
Months 11 8.44 34.04 738.3 
Error 108 40.32 -60.04 563.6 91.20 107 472.4 4.41 
M+E 119 48.76 -26.60 1301. 9 14.51 118 1287.4 

11 815.0 74.09** 

Adju~ted means 
tensile fibre specific 
strength wal 1 tensil-e 
of ste2e 
( kg/mm ) 

streng2h 
( kg/mm ) 

streng2h 
(kg/mm) 

February 3.01 23.3 13.8 
March 3.42 27.0 15.0 
Apdl 3.61 18.8 12.5 
May 4.70 21.1 14.9 
June 3.60 17.9 15.1 
July 4.14 18.6 17.3 
August 4.20 20.7 17.1 
September 4. 72 26.7 20.9 
October 4.57 24.0 21.3 
November 3.91 23.1 18.7 
December 3.29 19.4 17.6 
January 3.40 19.0 17.3 

LSD (5%) 0.58 2.25 1.88 
LSD (1%) o. 77 2.98 2.49 
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Covariance analyses of seasonal variation in tensile strength, 
with diameter of the stele as the concomitant variable. 

s. matsudana 

A. Tensile strength of the stele 

x2 Y._2 
Deviations from Regression 

df XY._ Redn df SS MS 

Months ll 6.29 -4.16 64.57 
Error 108 45.16 -11.57 102.31 2.96 107 99.35 .929 
M+E 119 51.45 -15.73 4.81 118 162.07 

11 62. 72 5.701** 

B. Fibre wa 11 strength 

x2 ? 
Redn 

Deviations from Regression 
df xy_ t ;. df SS MS 

Months 11 6.29 -13.14 723.0 
Error 108 45.16 -112.46 1307.3 1307. 3 107 1027. 3 9.60 
M+E 119 51.45 -125.60 2030.3 306.6 118 1723.6 

11 696.3 63.30 

c. S~ecific tensile strP.ngth 

x2 Y.2 
Deviations from Regression 

df xy_ Redn df SS MS 
Months 11 6.29 42.84 1029. 9 
Error 108 45.16 -67.81 512.8 101. 84 107 410. 95 3.84 
M+E 119 51.45 -24.97 1542.7 12.12 118 1530.58 

11 1119.63 101. 78** 

Adjusted means 
tensile fibre specific 
strength wall tensile 
of ste2e 
(kg/mm) 

streng2h 
(kg/mm) 

streng2h 
(kg/mm) 

February 2.51 18.4 11. 2 
March 3.28 24.3 13.3 
April 4.11 21. 7 11. 4 
May 4.58 22.6 11.6 
June 3.78 17. J 15.1 
July 3.75 19.0 14.4 
August 3.94 19.0 15.0 
September 5.05 23.4 20.2 
October 4.62 24.3 20.1 
November 4.42 18.4 18.4 
December 3.66 20.2 17.1 
January 2.66 19.2 14.4 

LSD (5%) 0.86 2.76 1.54 
LSD (1%) 1.14 3.66 2.04 
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Multiple regression analyses of tensile strength of the stele (y) 
on specific gravity (Xl), diameter of the stele (X?)' percent vessel 
area (X 3), vessel diameter (X 4), arid percent rays and parenchyma (X5) 

1. Regression coefficients 
N.B. b = true regression coefficients 

B = standardised partial regression coefficients 

a. Regression of Yon Xl, X2, X3, X4, X5 
bl = 2.4249 Bl 
b2 = -.2796 B2 
b3 = -1.0255 B3 
b4 = -.2216 B4 
b5 = .4963 B5 

b. Regression of Yon Xl, X2, X3, X4 only 

bl = 2.0361 Bl 
b2 = -.3840 82 
b3 = -1.0312 B3 
b4 = -.4302 B4 

c. Regression of Yon Xl, X2, X3 only 
bl = 2.5285 Bl 
b2 = • 4428 B2 
b3 = 1.0034 B3 

d. Regression of Yon Xl, X2 only 
bl = 
b2 = 

4.3087 
-.1615 

Analysis of variance of multiple regression 
Source of variation SS 

Bl 
B2 

= 
= 
= 
= 
= 

= 
= 
= 
= 

= 
= 
= 

= 
= 

cif 

Total 96968.6 18 
Regression on Xl, X2, X3, X4, X5 
Regression on Xl, X2, X3, X4 
Regression on X5 after Xl, X2, X3, X4 
Deviations 
Regression on Xl, X2, X3, X4 
Regression on Xl, X2, X3 
Regression on X4 after Xl, X2, X3 
Deviations 
Regression on Xl, X2, X3 
Regression on Xl, X2 
Regression on X3 after Xl, X2 
Deviations 
Regression on Xl, X2 
Regression Xl 
Regression on X2 after Xl 
Deviatior:s 
Variance of Y attributable 

II 

II 

II 

II 

to Xl, 
Xl, 
Xl, 
Xl, 
Xl 

X2, 
X2, 
X2, 
X2 

85179.6 
85542.1 

362.5 
11789 .1 
85542.1 
85260 

282.1 
11426. 5 
85260 
78713.4 
6546.6 

11708.6 
78713.4 
77710. 5 
1002.9 

18255.6 
X3, X4, X5 
X3, X4 
X3 

15 
4 
1 

13 

4 
3 
1 

14 
3 
2 
1 

15 
2 
1 
1 

16 
= 
= 
= 
= 
= 

.4881 
-.1826 
-.4485 
-.0592 

.0890 

.4098 
-.2507 
-.4510 
- .1150 

.5089 

.2761 

.4388 

.8672 
- .1055 

MS 

5387.14 
17035.9 

362.5 
906.85 

21385.5 

282.1 
816.2 

28420 

6546.6 
780.6 

39356.7 

1002. 9 
1140.9 
83.2% 
84.5% 
85.5% 
78.8% 
79.0% 

F 

18.8 ** 

.399 NS 

26.2 ** 

.345 NS 

36.4 ** 

8.39 ** 

34.5 ** 

.879 
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Multiple regression analysis of tensile strength of fibre walls (Y) 
on microfibril angle (X 1), diameter of stele (X2), fibre width (X 3), 
and fibre length (X4). 

1. Regression coefficients 

a. Regression of Yon Xl, X2, 

-.8783 

X3, and X4. 
b 1 = 
D2 = 
b3 = 
b4 = 

- .1661 
.1527 

-.0329 

Bl 
B2 
B3 
B4 

b. Regression of Yon Xl, X2 and X3 only 

bl = -.8949 
b2 = -.1705 
b3 = .1226 

c. Regression of Yon Xl and X2 only 

bl 
b2 

= 
= 

-.9547 
-.1530 

d. Regression of Yon Xl only 

bl = -1.0578 

Bl 
B2 
B3 

Bl 
B2 

Bl 

Analysis of varia~ce of multiple regression 

Source of variation 
Total 
Regression on Xl, X2, X3, X4 
Regression on Xl, X2, X3 
Regression on X4 after Xl, X2, X3 
Deviations 
Regression on Xl, X2, X3 
Regression on Xl, X2 
Regression on X3 after Xl, X2 
Deviations 
Regression on Xl, X2 
Regression on Xl 
Regression on X2 after Xl 
Deviations 
Regre!:>sion on Xl 
Deviations 

Regression on Xl, X2, X3, X4 
Regres~ion on Xl 
Begression on X2, X3, X4 after Xl 

SS df 
10774. 7 18 
4773.6 4 
4739.6 3 

34.0 1 
6001.2 14 
4739.6 3 
4710.1 2 

29.5 1 
6035.2 15 
4710.1 2 
3778. 2 1 
931. 9 1 

0064.6 16 
3778.2 1 
6996.6 17 

4773. 6 
3778. 2 
995.4 

4 
1 
1 

:: 

= 
:: 

= 

= 
= 
= 

= 
= 

= 

Deviations 6001.2 
X2, X3, X4 
X2, X3 

14 
Variations in Y attributable to 

II 

II 

II 

Xl, 
Xl, 
Xl, 
Xl 

= 
= 

X2 = 
= 

-.4917 
-.3254 

.0842 
-.0600 

- . 5010 
.3340 
.0675 

-.5345 
-.2997 

-.5922 

MS 
598.6 

1193 .4 

34.0 
428.7 

1579.9 

29.5 
402.3 

2355.1 

931.9 
379.0 

3778. 2 
411.6 

995.4 
428.7 

28.4% 
32.8% 
36.7% 
31.3% 

F 

2.78 NS 

.079 NS 

3.93 

.073 NS 

6 .21 ** 

2.46 NS 

9.18 ** 

2.32 NS 
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Multiple regression analysis of specific tensile strength (Y), on 
microfibril angle (XJ), diameter of stele (X2), fibre width (X 3)-, 
and fibre length (X4 . 

1. Regression coefficients 

a. Regression of Y on Xl, X2, X3, and X4 
bl = -.8944 Bl = -.3504 
b2 = -.2957 B2 = -.4053 
b3 = .4637 B3 = .1789 
b4 = .1307 B4 = .1666 

b. Regression of Y on Xl, X2 and X3 only 

bl = -.8284 Bl = -.3245 
b2 = -.2783 B2 = -.3814 
b3 = . 5833 B3 = .2251 

c. Regression of Yon Xl and X2 only 

bl = -1. 1126 Bl = -.4358 
b2 = -.1952 B2 = -.2675 

d. Regression of Yon Xl only 

bl = -1. 2441 Bl + -.4874 

Analtsis of variance of multi~le regression 
Source of variation SS df MS F 

Total 22004.8 18 1222.6 
Regression on Xl, X2, X3, X4 7938.8 4 1984.7 1.98 NS 
Regression on Xl, X2, X3 7407.5 4 
Regression X4 after Xl, X2, X3 531. 3 1 531. 3 .528 NS 
Deviations 14067.0 14 1004. 8 

Regression on Xl, X2, X3 7404.5 3 2469.2 2.54 NS 
Regression on Xl, X2 6743.2 2 
Regression on X3 after Xl, X2 664.3 1 664.3 .683 NS 
Deviations 14598.3 15 973.2 

Regression on Xl, X2 6743.2 2 3371.6 3.54 NS 
Regression on Xl 5226.5 1 
Regression on X2 after Xl 1516.7 1 1516.7 1. 59 NS 
Deviations 15262.6 16 953.9 

Regression on Xl 5226.5 1 52.26. 5 5.29 * 
Deviations 16779. 3 17 987.0 

Regression on Xl, X2, X3, X4 7938.8 4 
Regression on Xl 5226.5 1 
Regression on X2, X3, X4 after Xl 2712.2 3 904.1 1.11 NS 
Deviations 14067.0 14 1004.8 

Variation in Y attributable to Xl, X2, X3, X4 = 17.8% 
II Xl, X2, X3 = 20.4% ~ 

II Xl, X2 = 21.3% 
II Xl = 19.3% 



APPENDIX ·28 

Multiple regression analysis of soil binding capacity (as the 
root system strength index) (Y) on the estimated overall tensile 
strength of individual roots (X

1
) and the proportion of fibrous 

roots in the root system (as percent of total air-dry weight) (X2) 

1. Regression coefficients 

bl 
b2 

= 

= 

2. Analysis of variance 

Source of variation 
Total 

Regression on Xl + X2 

Regression on Xl alone 
Regression on X2 alone 
Regression on X2 after Xl 
Regression on Xl after X2 

Devi a ti on3 

.674 

.381 

df 

5 

2 
1 
1 
1 
1 

3 

SS 

Bl 
B2 

21.65 

17. 92 
11. 71 
17.76 
6.21 
0.16 

3.73 

= 

= 

MS 

.130 

.808 

4.33 

8.96 
11. 71 
1'.76 
6.21 
0.16 

1. 24 

F 

7.23 NS 
9.44 NS 

14.32 * 
5.01 NS 
0.13 NS 
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