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;dqnsity and fibre length of. frm'
“-tremuloldES Michx.) -were eu;, v

Abstract
Patterns of intra- and inter clonal Varlation of wood,

a}spen (Populus

th-central Alberta..
The study was conducted aé,t‘, L 3 %Fﬁperiments, thef
first dealing wlth withln.clone variation of wood density

and the second wlth among cloné varlat1on and her1tab1lity.

 of wood dens1ty and fibre. length

Four trees from each of. three clones were sampled to

determ1ne the patterns of wood dens1ty var1at1on w1th1n

s

stems and w1th1n clones Sample d1sks were removed at f1ve

he1ghts from each tree to examine var1at10n among card1nal

A»d1rect1ons and across the southern rad1us at each he1ght
’;gAlthough only three clones were sampled there were

.'s1gn1f1cant dlfferences (P<O 05) among clones. Wood density

tends to‘be hvgh at fhe bottom of- the tree decreases to a
m1ntmum at mid- he1ght< the? increases aga1n near the top of‘
the tree. In the rad1al d1rect1on wood dens1ty is high near
the pith (at all he1ghts) decreases substant1ally, then
1ncreases aga1n in the mature wood zone: (after rings
15-20+) . Average wood dens1ty values var1ed from 0.348 g/cc
to 0. 402 g/cc. Although some genet1c control over. wood
dens1ty_1s edeent among clones, numerous factors such as

tensidn wood organization and‘relative cell proportions and

' d1str1but1on probably contr1bute to the large w1th1n tree

var1at1on in wood dens1ty In the secondtstudy f1fteen

putative trembling aspen clpones were sampled to examine



; patterns of variatipn and determine the heritability of wood
edensity and fibre length ‘among clones. Large 1ncrement cores
from the southern radius at breast height of each of five ﬁ?*

nine trees in' each clﬁhe were ‘divided 1nto four»year
sections from the pith outward A}l trees sampled | were at
least 36 years of age. wood density measurements were made .

'~ on eachefour-year section, and fibre lengths were measured.

on every second four- year 1ncrement per1od _
~s1gn1f1cant (P<0 Q;) clonal d1fferences for bot
density and fibre length Broad- sense her1tab1l1t1es for
~ wood dens1ty and fibre length were 0.35 and 0\)3
respect1vely WOod dens1ty is genera11y7h1gh nearvfhe pith.~
decreases substant1ally a short d1stance from the p1th then
1ncﬁeases in the mature wood zone Fibre length is short |
near the pith and 1ncreases‘marked1y across the radfﬁs.'
There was a siight negative correlation‘between‘wood density.
| and growth rate and a slight positive correlafionhbetween

fibre length and growth rate.
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I. Introduction

A Trembling Aspen “

Trembl1ng aspen (Populus tremuloidés Michx. ) 15 the
most wwdely d1str1buted tree\spec1es in North America
(Cottam 1963). It occurs on a varjety of sites and soil

}Atypes 1n its ]arge geographic range, with best growth being-

‘ aitained‘on moist well-drained loamy sands (Fowells 1965 .
In the pra1r1e prov1nces, trees at age 70 will vary in
heIth from 16'm on poor sites to 24 m on good sites

(Steneker 1976) . Tremb11ng aspen usua]ly occurs in young
A even aged. stands, but in the absence of disturbance, more .

l shade tolerant and long 11ved tree species tend to suppress,
kill and replace-the shade-1nto]erant aspen. With periodic .
d1sturbances, aspen clones w111 be maintained and under
certain cond1t1ons expand and increasé in acreage (Barnes'
1975, Kemperman and Barnes 1976) . | \

,Q; Aspen is typically dideciousv(Einsphar and Winton

1976) . Although~1arge‘seed crops are pro&uced annua]ly

{(Maini 1972), itsvprimary method,of‘reproduction is by

vegetative suckering df‘the lateral root system, which
resnlts in trembling aspen having a‘clonalrgronth habit

(Barnes 1966, Schier 1973).,An aspen clone is initiated by

the estab]isnment of a_seedling'(the ortetf, and suckers

dramets) arise from the root system of this ortet (Barnes

&

1966).fVegetative reproddction in this manner allows

imultiple stems of the same genotype to grow in proximity.



Sucker1ng in aspen is controlled pr1mar1ly by apical

"~ dominance of stems, throughout the grow1ng season varying

~ concentrations of growth. inhibitors produced by‘the trees

suppress sucker formation (Maini 1972, Schier 1976).
Disturbances such as loggjng or ftre7nemove the apical
dominance, and suckering usually increases dramatically.

Initial stocking -of suckers after such disturbances’ is quite’

high (up .to 200,000 stems/ha), but dominance i% quickly
{ . .

restablished and stocking levels‘abe reduced s bstantially
through natural morta]ity during the first seuéral years
(Steneker.1976)., : i ‘ - |
Tremb11ng aspen is a*relat1ve1y short lwved spec1es In

the Rocky Mountains, stems commonly reach 100 years of age,
whereas stands of aspen in the Great Lakes reg1on break up
by age 60 (Jones and Markstrom 1973). Because of its large
geographic distribution aspen occurs with a 1ange number of

tree and shrub spgeies, Fowells (1965) indicated that it is

the minor component of 27 forest associations and the major

tree species in six forest types'throughoutvNorth Amerioa.

. /'
B. Variation ; v /

13

Cons1derable intra- spec1f1c variation is Known to ex1st

in trembling aspen Among western populations of aspen

- ‘Barnes (1975) found large among clone differences for leaf,

bud and twig characters. The amount of fungal wood decay

(wall 1971), the inoidenoe of hypoxylon canker (Copony and

Barnes 1974), rooting and suckering ability (Schier 1374),

~



nutrient and. b1omass content (Bartos and dohnston 1978) and |
resistance to air pollutants (Karnosky 1977) an have been
shown to ‘exhibit great 1nter clonal variation

| The inter- -clonal variation in a number of characters
**typ1ca11y has been found to exhibit cl1nal “patterns of
'variat1on For. example Barnes (1975) reported that the

leaf, bud and tw1g Qharacters of western aspen exH1b1ted
.cl1nal patterns of vartation Geographic variation in a
\number of leaf and wood characters also has been found for
aspen in W1scons1n (Elnsphar and Benson 1966) .

Clone size was, 1nvest1gated by Kemperman ‘and Barnes
(1976) They reported. that clonés in the west were generally
~1arger in size than clones 1n the east and north wtth the

latter averaging. 0 1 acres (0 04 ha) in size. They suggested:
that these geograph1c d1fferences may be a function of the
'age of the c]ones (pr1mar1]y a funct1on\8? ast glaciation
in the area), rate of seed11ng establ1shmenf\\d7stu\pances
by f1re and compet1t10n with conifers_ or other vegetat1on
South of the g]ac1al boundary, very large clones were found
in the west. Average clone size 1s quite small, but
individual clones occupying mere than 100 acres have been
reported (Kemperman and Barnes 1976).

- Trembling aSpen~{s typically diploid (2n=38) (Einsphar
and Winton 1976)' however there are reports of tr1p101d |
clones in na\ural stands (Every and Wiens 1971)/ These
triploid clones also have been found to exhibit better‘

growth and Qbod QUality_characteristics than comparable-



R : :

| diploids (Einsphar et,al 1963 E1nsphar et al 1568)
Although their occurrence in nature is relat1ve1y rare.
t\triploids are probably also present in Alberta _aspen
epopu1at1ons Thus triploids could prove to be quite valuab}e
in the future for genet1c 1mprovement of aspen. | |

C. Utility

Aspen, ih‘comparison to other‘hardwood'treéyepecies in
North America, should be partxcular]y attracttve t0pthe\~
forest 1ndustry Along with its clonal growth hab1t fast
rates of growth and relat1ve ease of propagat1on it cen be
‘used as a source of pulpwood (newsprwnt, spec1a1ty papers)
or 1umber‘ where it.is manufactered 1nto boxes, patlets,
furn1ture parts, excelsior, partic]ebdard and turned
products (Jones and Markstrom 1973). | |

Einsphar (1972),pointed out the pcssibilities of aspén
~ competing favourably in the~hardwdod fibre market, .
oarticulary as{a_shortvrotatﬁbn species. Furthermore,’by
reducihg'rotation aéeSVOf aspen to ten to 20 years, he
expected only a sllght decrease in wood- and pulp qua11ty
using such mater1al This decrease 1s pr1mar11y due to the
1nclus1on of the larger percenthge of juvenile waod from
young trees. Wood obta1ned from Juven1le trees is typlcally
of lower quallty and utility than wood harvested from older

trees (Bendtsen 1978 Zobel 1976).

R



'1D. Wood Prop@rtieé

P

Of all the angtomical prqbert es of wood usually
: invegfigéied'(e.g;, proporfion of ¢ 11s,¢moi§ggre content;

étc.), Speéific‘gravity (or wéod‘den.ity‘f is ugahlly
| considered the moSt'iﬁportant parameQLr djrgdtly influencing
'~ wood quality, ﬁgrtfcularly in con%ferq'(ZObel 1961) . Wood
density is a\measupé of the‘a66unt of Mood spbétanée'per
unit volume: Wood is a complei‘chemical material largely
. made of cellulose, hemicellu]ose} lignin and a humber of .
 Aextraneous compouﬁa§. The type and amount of these
extraneous ¢ompounds (usuaily refﬁefed to as extractives)
are often dfstincfive in certain tree specie§ énd can have a
pronounced effect on wood'propertiés (Maréa.1981). The basic
density of the céllﬁfbse—lignin matrix that makes up the
substance of woOd,Eemains relétively constant ffom‘species
to specfes at approximately_1.53'g/cc.’Therefore, the major
diffenencé between ‘the wood of a-"light-wooded" species -and
the wood' of a very“"dense-wooded"'spécies is: 1) the
thickness of the woody éei] walls; 2) size of fhe wood
cells, and;'3) the interrelationship between the various
Kinds»of cell in terms of 1) énd Zf:(Pénshin and DeZeeuw
1970) . | |

~ Mitchell (1963) pointed out the practieal significance

-of wood sbecific_gravity for various southern pines. An

'Wood density and specific gravity are terms which can be
used synonymously. The first.is usually expressed in units
and the latter expressed as a pure number indicating -
relative density. Wood density will be the only term used in
the results and discussion of this text. -

N



;

i

increase of 0.02 inaspecifté gravity leads .to a dry weight

,inCrease of l00 pounds of pulp per cord of wood, and. an

increase of 1000 psi in modulus of rupture in solid‘wood.;
Namkoong et al. (1969) and Zobel (1961) reviewed the -

~ practical appllcétions of wood density and its overall

importance in: tree improvement .

In Populus a few anomalies may alter wood dens1ty
w1thout actually enhancing or decreasing the" qual1ty of the
wood . Zones of tension wood, which are extremely variable
and common in Populusleennedy 1968, Wahlgren 1957), change
the structural properties ofmwood (Panshin and DeZeeuw
1970) Tension wood typ1cally is associated w1th the upper

side of lean1ng stems however, its pattern of occurrence

~seems to be fairly random (Kennedy 1968). The tension-wood

,fibres are characterized by a’G-layer loosely attaohed to

the 1ns1de of the cell walls (usually repla01ng the normal

S1 and S2 layers) and by a number of cell surface fa1lures,

which contribute to the overall lower strength of pulps
containing large amounts of tension wood (Isebrands and
Parham 1974, Mia 1968).

Wood deoay is very common in natural stands of

‘fnembling aspen. Although many pathogens attack aspen, the

most jmportant merchantable losses are due to only a few
paﬁesitic fungi which primarily destroy heaftwood Wet wood,
another problem in aspen‘wood is primarily caused by a

pockets of bacterial 1nfect1on scattered. throughout ent1re

logs. The infected areas typ1cally collapse when dried,



resu]t%ng in\{educed quality of solid wood produéts _
(Anderson 1872). ‘ R I

-Dinwoodie (1965) reported the three principle factors
controlling paper strehgth are fibre (or tracheid) density,
fibrg stfength and fibre length. The first two are primarily
related to overall wood density; therefore, fibre length
could be considered as thg'second most important wood
character affecting wood quafity, particularly in a.pulpwood‘
spepies. |

In trembling aspen, fibres are primarily of the
libfifohm type and average about 1.2 mm in length. Vessel
elements are numerous and relatively small in diameter ahd
are approximately 0.7 mm long (Panshin and DeZeeuw 1970).
Tbemb]jng aspenLKraft pulp compares favourably in quality
with mosl hardwood kraft pulps.-It is also reported to give
higher  yields and pulps at a faster.rate than most other -
hardwoods (Hatton 1974).

With the fncreasing interest and,uée of aspen in many
areas of the conffnent; research pertaining to fts wood and
fibreiQUality,'uti]ization and'growth also has increased
(Einsphar 1872, Keays 1972, Maini and Cayford 1968, Neilson
1975, Neilson and McBridé 1974) . However, because of the
large geograph}c distribution'of‘the speéies, information
gathered concerning various aspects of aspen grqwth and
utilizgtion"may not be reliable or relevant in other parts
-oflifg'geographic range. Furthermore, because of the large

"phenotypic variability exhibited by the species, important



characters may differ‘significantly in other parts of its
range.

‘Within a épecid‘ both wood density and fibre length
have been shown to vary not only within trees, but also
among 1nd1v1dua1 trees and geograph1c locations. Because of
-the large natural variation in both of these wood -
properties, -a review of genera} patterns of wood property

variation, particularly within trees, is appropriate.

E. Variation Within Grqwth Rings

FibrenLength

Angiosperms tend to exhibit,varying.pqgterns of fibre
length variation within,aﬁnual growth'increments; whereas
K ggk{yood species display a more consistent pattern of
variation within rings. Kennedy (19866) reported that
.tracheid length of Nprway'spruce increased 6nly slightly
‘across increments. Others have also noted this pattern of
fibre length variation. in other softwoods (Anderson 1951
Bannan 1964, Dinwoodie 1960, McGuinnes 1963, Wellwood and
“Juraz 1968).

As mentioned previodsly, somé~spécies of hardwoods
dev1ate from this trend of fibre length 1ncreas1ng across an
individual increment. Taylor (1963, 1975a) found that fibre
length of sweetgum and hickory was rélatively short in i//
ear lywood, gradually increased in the middle of the ring
then decreased to its original length in the latew/_ , or;

increased until the midpoint of the ring and maintained the

//



same length throughout the latewood (oaks). Johnson (1942) .
"looked at fibre length variation within growth rings in
Populus.tremuloldés (Michx. ) and'notedwthat fibres of
ear lywood were shorter than those of latewood, and those of
m1d-season were of intermediate length. Blsset et al. (1950)
reported that latewood fibres averaged approximately 32-180
percent longer than earlywood fibres in the same growth ring
of several‘angiospepms. They found that mean fibre length
for ear lywood fibreé of aépen was 0.83 mm and fof latewood
fibres 1.28 mm. Kennedy (1957), Kennedy and Smith (1953) and
Smith and Rumma (1971), reported similar results in fibre
length variation in Populus. These suggest that when
sampling for fibre'length, entire;rings or composites of
rihgs should be used to average the affect of withiq-ring
variation. |

| The effect of rate.of grwth on fibre length is an
1mportant question that must :E)addressed before any attempt
is made to breed for either fibre length or vo]ume growth.
For P. tpichdcarpa (Torg. and Grey) and P. x regenerata,
faster growing sprouts had lohger fibres than did s lower
growing material (Kennedy and Smith 1959). Kennedy (1957) C
noted that fast-grown black cottonwood generélly had ldnger
fibres than slow grown trees and growth-rate class proved to
be a s1gn1f1cant factor 1nf1uenc1ng f1bre tength. Spurr and
Hyvarlnen (1954) dnd Kennedy 1{1968) also concluded that
faster grown trees usually produced longer Fibres. However ,

they do cite several papers which indicate an inverse or no
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relationship to growth rate and its effoct on wood fibre
length.
" Wood Density

Due to the difficulty of obtaining reliable estimates
of wood density from small samples within rings, relatively

;”11ttle information is available for diffuse porous

hardwoods. Smith and Rumma (1971) found an increase in
specific gravity from 0.248 to 0.318 within an annual ring
of Italian hybrid poplar (1-214). |

Ifju et al. (1965) found a large increase.in specific |
gravity from earlywood to latewood in conifers. The
prominent latewood zone in the’pines accounts for this ‘
well-documented increase in wood density within annual r1ngs
(Kennedy 1966, Larson 1957, McGu1nnes 1963 Paul 1939).

The greatest controversy concernlng specific gravity
and annual growth rates is the effect ring width {or rate of
growth) ‘has “on wood dens1ty Guiher (1968) found that on1y
2‘e1ght percent of the: total variation in specific gravity of
P. deltoides (Bart.)‘related to rings-per-inch. In s1mpler
terms® rate of growth had only a limited effect on wood |
density. Cech et al. (1960), Kennedy and Smith {1959), Paul
(1956) and Smith and Rumma (1971) reported that slight
decreases in specific grav1ty occurred as ring width
increased. However, Kennedy and Smith (1959) suggested that
the influence of growth rate on specific gravity could |
]argoly.be countered by the selection of individuals haQing

both traits at the desirable levels. It is obvious that the

i



"

question has not\t;«n thoroughly answered, but it seems that
growth rate generally does not affect wood. density as
directly as has been assumed.

F. Variation Across a Radial Soction

Fibre Iiongth

Substantially more information is available on fibre
length variation across a radial sectﬂon of secondary xyjed.
For many softwood species, tracheid léngth typically
increases from the pith outward (dbggans 1961, Krahmer 1966,
Panshin and DeZeeuw JQ?O), This pattern of fibre length
increase has.also been noted-in.angiosperms (Saucier and
Hamilton 1967, Taylor'1968) Van’BQijtenen (1960) found that
direct1ona] var1ation of fibre length in aspen was not
51gn1f1cant and probab]y fa1rly random (i.e., f1bre length
.w1th1n an annual ring w1th card1nal direction is rather
constant). He alsoﬂnoted that differences in fibre length
not only'exisfed4across radial sections, but that
significantvdifferences existed among trees In addition, he
suggested that initial fibre length of juven11e wood and its
' re}atlve 1ncrease in length with age shbuld be taken into
account f@r selgct1on purposes. N '

Einéphar et al. (1972) reported that at all sampling
heights fibre length of trembling aspgn'increased from the

pith outward. |
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Wood Density |
Both fibre length and wood density varfation typically
are studied together. Most of the literature previously
mentioned also contains. information on vartation of wood
density within stems (e.g., Goggans 1981, 1fju et al. 1965,
Krahmor 1966, McGuinnes 1563.‘M1tehéll 1963). Most of these
studies of softwoods, as well as studies of Ropulus (Brown
and Valentine 1963, Guiher 1968, Johnson 1942, Kennedy and
Smith 1959, Valentine 1962, Walters and Bruckmann 1965),
indicate that wood density tends to increase from the pith
outward. Brown and Valentine (1963) indicated that wood
- density dropped raptdly for the first 1.5 cm from the pith;
then increased to approximately 4 cm fromythe pith and
thereafter remained constant or increased only slightly
A1though exceptlons to th1s pattern have been reported
(Taylor and Wooten 1973, lelwood and Jurazs 1968), most
tree species exhigit a8 general or gradual fncrease in wood

density with age. : '

G. Fibre Length and Wood Density Variation Among Trees
Typically there is marked variation in fibre length and
wood density among individuals within any tree species.. In
many studies of softwoods (Dadswell et al. 1961, Jackson énd
Greene 1958, Lee 1978, etc.) and hardwoods (Saucier and
Hamilton 1967, Taylor and Wooten 1973, Van Buijtenen 1960
etc.), substantial among-tree variatioﬁ of fibre length and

wood density relative to within-tree variation have been
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repor ted,f\ |

', In addition to tree to-tree variation W1th1n stands,
there are substan¢1al d1fferences be tween stands as well.

Echols (1958), Elnsphar and Benson (1966), Farmer and Nance

(1969), Goddard and Strickland (1962) have reported

geograph1c patter/§«of flbre Iength and spec1f1c grav1ty

var1at1on f///both hardwood and softwood spec1es Although a
N T

S AREaLE T T
~ AL

- maJor1ty of "the studies report. cont1nuous or c11na1 s

d1ffeﬁbnt1at1on patterns for these two wood properties, some

reporfé‘éndiCate a random distribution of pOpUIations or
_ ‘ k1 .
stands exhibiting higher or lower jthan average wood density.

' Ledig et al. (1975) suggest that geéoclimatic influences may

_account for a large proportion of this variatioh. Larson

(1957) also indicated that various environmental factors .

~account for geographic differences in specific gravity of

slash pine.

Many factors are respons1ble for this variation in

. natural populations and it is d1ff1cult to determine what

'actually causes specific patterns of wood property

variation. A.majority of studies suggest that climatic
variables play an important role in controlling wpod /
property variation. It is uncertaianhether these clinal
patterns are a resuit'of'gene flow émoﬁg different
populat1ons or a reflect1on of a contlnuous gradient of

selection pressure (Endler 1977, . Guries .and Ledig 1982).



H. Inheritance of WOod Density and Fibre Léngth
It has been well established that wood dens1ty and
fibre length exh1b1t moderate,to strqng«her1tab1l1t1es
(Goggans 1961, Zobel 1961). Herifabil%ties for thése two
.wood“pgggert1es of softwood species, part1cu1ar1y the
;&southeran1nes, frequently have: been reported (Kennedy 1966

962*.Stonecypher and . Zobel 1966, Van
f”\\\\ Bu13tenen 1962, “Zobel” "and Rhodes 1957, Zobe! 1961)

\\\\ Only a few reports of heritabilities of these traits
//’ﬂzlsiaﬁe#—handwcod’spec1es, usueTTy*wn—peplan+‘ian_ﬁujJtenen.

et al. (1959) estimated broad-sense heritabilities of 0.17
and 0.35 for wood density and fibre length, respect1ve]y,
‘for trembling aspen in Wisconsin..Einsphar et al. (1967)
found high to modenate narrow-Sense’heritabilitﬁes for both
wood density end fibre length of five year-old asben;
Similarly, Einsphar et al. (1963) reported moderate to high
neritabf1ities for these—properties in'tﬁiploid clones of
aspen. Similar heritabilities for wood dgpSity and fibre
length have been reported for eastern cotienwéod (Farmer and
Wilcox 1965, Wilcox and Farmer 1967).

From these studies, it is apparent.that both genetié
and environmental influences cause wood properties to vary
within andnamong trees. Most wood properties are metric
characters; therefore, sampling inteneity and design Wil1»
dictate the success or implications that can be drawn from |

 ‘such studies.
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| 1. Ob ject ives
Little information is:aQailable on variation and
heritebility of wood density -and fibre 1ength of aspen in -
areas.other than eastern North‘AmeEica. Furthermore, little
information is available on the patterns of wood dens1ty
:var1at1on w1th1n trees of trembl1ng aspen.
. The obJectlves of this study were to investigate wood
‘density variation within trees and wood density and fibre
length variation among clones &f trembling aspen in

" north-central Alberta.

(2]
.

The specific objectives are: = - -
1) To describe fhe pafferns of wood denéity variation
i within stems of aepen trees. Specifically, how does wood
density vary in the axial and.naoial dinectioné in stens?
Are there significant differences among sampling positions
at a sampling height? . |

2) To determineltHe‘extent‘of'variation among c]onesmof,
aspen for both wood dens1ty and fibre length. Spec1f1ca11y,
are there diffekences among ciones for both wood properties?
What are the patterps of fibre length variation at breast
heightrin steme of aspen? Does rate of growth affect wood -
density or f1bre len*Th7 What 1s the extent of genet1c
control as derived from broad-sense her1tab1l1ty estimates?

The 'study wes conducted as two seoarate exper iments.
The first was concerned with variation of wood dens1ty
within stems. Establ1sh1ng the patterns of wood density

variation within trees is important,’becaUSe among-tree
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variation has little practical value if within-tree
. variation is not defined. |

| - Because the clone is,the'basid genotypic‘unit of aspen,
it_é]so was important to‘examine.the“extent of inter-clonal
variatibn for the ‘E;,WOOd properties. Little information is
presently available describing variation‘pf these two wood
characters outside of eastern North Aﬁerica. Theﬁefone, the
second study»was primarily concerned w}th wood density and
fibre length variétion among clones at one site in:

, _ N
north-central Alberta.



k.

I Intra-clonal Variation in WOod Density
- X ‘ . / -

.

T

A. Materials and Methods
Samp]jng_ | |
| The sanple area was-located approximately'five miles
north.of.BIUe Ridge indnorth4centra1 ‘Alberta (SE1/4 Sec-10
760, R10, W5). The soils of the area are described as be1ng
in the Luvisolic order (Orth1c Grey Wooded) (Wynnyk et al.
1969) Understory spec1es 1n~the stand were primarily Rosa
woodsii (Lindl.); Conylus cornuta (Marsh ), Copnus
stolonrfena,(Mmchx ) Alnus spp. and Salix Spp The ‘area was
chosen because of easy access, abundance of commercial’ aspen
and previous mapp1ng of clones in the area A]] clones were
’naturally occurr1ng trembling aspen clones and clone‘
de11neat1on was based on phenotypic and phenolog1cal_‘
d1fferences as described by Barnes: (1969). |
Four stems - from each of three adjacent clones wer%

selected for study Five 6 cm thick d1sks were removed from .
each tree at heights of 0.6, 3.0, 5.5, 7.9, and 10 4 m above
ground (approx1mate]y 2.4 m [8 foot ] 1ntervals) Exact
height intervals were not always used since it was‘necessary
ato ayoid branch stubs and knots. The 12 stems sampled were
betweenv11 and 13 m in height and varied in age at the s tump
- from 40 to 47 years, A11’ trees had straight, non-leaning
stems without advanced or incipient decay. Four 10 degree
wedges were removed from the north, south, east and west

cardinal d1rect1ons of each disk. Wood density of all 240

17



wedges (four wedges per disk, fiverdisks per: tree, from 12
trees) was. determined uS%ﬁg the ovensdry/green volume
method. Green volumes ‘were obtained by soaking the trimmed
wedges for 24 hours in water; removiﬁg éxcess moisture from
the:sUPface of the samples with a damp cloth, and displacing
each sample in water (measured to 0.001 g/ccm), which gave
green volume in cubic céntimeters. The wgdges were dryed for
a period of &4 hours at 103 degrees C, placed in désiécétors,
to cool (approximatelgb15 minutes), and weighed. Basic wood
density of éach sample (in g/dc)‘was then determined b§ _
dividing.fhe 6ven-dry’weight‘by'gfeen_volume. _}_

After wood density determination on all four 10-degree
wedges from each.samplé disk, ohfy wedgeé removed from the
southern cardinai diréction'were used for fuﬁther analysis.
Thesé sixty wedges were then divided into five-yeaq
increments or sections from the pith outwards. FThis was done
so that r1ngs formed at similar anatomical (or cambial) ages
at certa1n he1ghts up the stem tould be compared Wood
density (measured and calculated as descr1bed4above) values
for the con;ecuthe five-yeaPVSections'along the southern
radius were used to 1ndicate‘wood density variation with
age. One radius at each sampling height was'Used to -
represeﬁt wood density at a location, bécéuse of resh!fs
from the analysis carried out on the 10-degree wedges (See
Table 1). W1dths of the five-year sections and the phys1cal
d1stance from the p1th to the m1dp01nt of each sect1on were

recorded. These two values were measured using a dissecting
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m1croscope fitted with an eyepiece micrometer

Benzene- alcohol extracttves in aspen wood are known to
~comprise approximately five percent of the dry weight of
wood (Pear 1 and Harrocks 1960) . Removal of WObd extractives
~in wood density surveys is a commenly used technique (e g. .
Taylor 1974) Al] wood samples were subjected to extraction
in benzene- alcohol so1ut1ons (50: 50 benzene-ethanol and 95
' percent‘ethanol) in soxhlet apparatus for per1ods of elght
hours.'After organic chemical extraetton samples wefe‘ |
boiled in a large volume of distilled water (for e1ght
hours) to remove h@t water- soluble extract1ves
JStatist1cal Ana1yses .

Data were analyzed u51ng a split- plot analys1s of
vériance and covariance (Steele and Tcrr1e 1980) . Sources of
Vafiatioﬁ for the within-tree study were “clehes', "trees

within clones” and "height". The basic linear model was:

Ko

v

YCijkl) = u + Ci + Tj(i) + Hk + el (ijk) ,

where C = c]ones(random)
{>= trees/clones (random)
H = hetght(fixed)
e = error

-y

The split in the model occurred between "trees/c/a"
and "height" because of the change in unit size (i.e., trees ,
'1were considered as_tHe,whofe plot and within trees was

o'

PRl
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cons1dered as the split plot). Analyses of variance and

. covar1ance were computed using AOV5 (Sm1l]1e 1969) and

Harvey s LSM76 (1977) program. Harvey s program is a
mixed-model least- squares program capable of handl1ng data
~with unequalrpumbers.'Thie was required'because unequal
numbers of five-year sections were present. among fhe five
sample- heights. Means presented in Figures 1 through 6 are
simple means calculated for the four treee in each clone.
Significance was tested in all cases.at P<.05.’

The source of variation "trees_within clones”" (e.g.,
see Tables 1 and 2) typically is tested against‘theberror
mean square term to determine if there is signifieant'
,varietion among trees within clones. This test, however, is
imperer_in this sblit-plot design (Anderson and MclLean
1974), because there is no valid error term for "trees
within'clenes" This F ratie if ca]cu]ated would only
"1nd1cate whether or not the variation among trees is greater
“than the.var1at1on within trees; it indicates nothlng about
intre-clona] variation. Therefore, the amount of variation
among clones is the onﬁy parameter which should be
,emphasized. Also, broad-sense heritability estimates
typically are calculeted from ah analysis such as this;
however 2n_this first study heritability estimates for wood
density were not obtained, because variance components were
all close to-zero. This was probably due to the the large
number of observations withih trees relative to the number

\

of clones and. trees within clones sampled.



B. Results and Discussion

The gesults of the analysis of variance indicated that
significant differences existed among theyghree samp led
clones (Table 1). This is somewhat surprising in view of the
small number of clones used iq this study. Brown X1961) also
found significant differences in wood density among four
clbnes of trembling aspen in New York. If clonal differences
are ;ppérent with such small samples sizes, it is likely
that inter-clonal variation is an important cohponent of
phenotypic variation of wood densjty of aspen in‘natufal
stands. ‘ |

There also were siénificant di?ferences among the five
sampling heights within trees (Table 1). Wood density is
qu{te'high at the bgée of tﬁe tree, decreases substantiale'
at mid-height and then increaées near tHe top of the treé
(F{gure 1). This pattern of wqod densjty variation has”been
reported in Eucaiyptus grandis ex Maiden (Taylor .1973) and ‘
Celtis laevigata Willd. (Taylor and Wooten 1973). The most
common pattern of wood density variation in hardwoods is a
genera]vdecréase from the base to the top of the tree. There
is some evidence to indicate that wobd density is highef ih
thehcrown, but reasons for this are not“élear (Panshin and
DeZeeuw 1970). | | “

Four trees in clone 2 exhibited large differences in
wood density at the various sampling heightS'(Fngre12).‘
Although clear or precise patferns of variation are not

indicated, the variable nature of wood density at higher
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sampling locations in proximity to the crowns is quite
evident.‘The varyinglwood densities at higher heights may be
due to variation in size and structure of the crowns.
Interaction ferms for the'varioué sources of variation were
not significant, with the exception of “clone x height"
(Table 1). This variation (evident in Figure 1) may not be
very meaningfdl. because the samples at fixed height
intervals did mot correspond to similar crown 5ositions in
all trees. The interactioh, therefore, may be due to the
confounding effects of samples containing crown-formedb
versus non-crown-formed wood.

No significant differences among radial directfons
within sampling height were found (Table 1). Walters and
Bruckmann (1965) also found no differences between north and
south samples of wood at the same height in Populus
dettoides (Bartr.). These suggest that sampiing from one
radius adequately represents wood densjty at any height in
the tree. - i} . x |

In all three clones, wood density'was»high near thez
pith, drdpped substantially a'short‘distance from the pith,
and again inéﬁeased near rings 15-20 (approximately 30mm
from the pith) (ngure 3). Variation across the southern

radius at five sampling heights for the three clones was

. generally quite similar (Figures 4, 5 and 6). This pattern

of high wood density near the pith and decreasing wood

density throughout rings 15-20 usually occurred at all

.sampling heights.
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The presehce of ﬁigh wood density near the pith also
has been'fouhd in other tree species. Panshin and,DeZeeOw
(1970) described this type of variation as typical of |
Populus. lsebrands (1972) found that wood produced by the
juveniTé'crown of -.eastern cottonwood usUally'had a lower
percentage.of vessels than did the wood formed by a‘hore
mathe crown. Further, he reported a noticable decrease in
the_peréentége of fibres as distance from the»pith increased
and as tree height increased. If similar diffenenceé exist
in aspen, the percentage_and'size of vessels and fibrés‘may
beAfhe ma jor underlying cause o¥‘wood density vgriatiOn with
height and diameter. |

The analysis of var iance model‘gresented ear]ier'had”a
regression added as a source of yariatibn‘to'explain

variation across the radius (usipg the wood 'ityvdata

obtained from the five-year sections from the™8outhern
radius). The covafiate "distance from the pith", which
accounts for«the_physical number of ce1T divisions from fhe
pith irrespective of incremental age, was not significant in
the model, indicating some non-linear relationship (Table
2); however, "clones" and "height" were significant. Brown
and Valentine (1963) found tHat using "distance from the
pith’ did not increase the prechtabiIity of their linear
model for wood density variation in aspen.. This non-1inear
‘relationéhip is quite evident when éxamining wood deﬁsity |
yariatigﬂ}«w%th distance from the pith (Figures 3, 4, 5 and
o, m |
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To better understand the variafion.across the radius,
the five;year "sections” repléced the covariate ﬁdistance
from the pith" in the model. In this analysis, “clones",:
"height” and, "sections" were.significant. This analysis,
while explaining more of the vaﬁiatign within trees, also
increased the F statistic among the three clones (Table 3).
This is perhaps the reason why Vah‘Buijtenen et al. (1959)"
may have sgggested'that a méjorfty'of the'phenotypic
variation preéent in wood density is among thees within
clones. While this is true to some degree, thé}variation.for

trees within clones is still comparatively émall. AccoUntiné

for within-tree variation, particularly variation across the

radius,\w111 undoubtedly make the model more appropriate
(i.e., reduce the various error terms),'and thebefore
increase ipter-c]dnal differences.

| The width of the five year sections (tHe covariate
“section width" represented growth rate of the five-year
sections) was significant, suggeétiﬁg»that as ring width
increases wood density also iﬁcreases (b=0.014698). This is
in contrést to other reports, which gedera]]y indicate thét
a slight negative relationship exists betwéen rate of growth
and wood density in Poprus (Kennedy and.Smith 1959,'Kennedy
1968) . However, this positive regression coefficient may
simply be due_to fhe interaction of two variables. qu
examp}e, the inherently wider rings and corresponding High
wodd'densities néaf the pith are representeq more than wood

from other locations in the trees. This probably is the
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reason for theuoverall positive regression coefficient from
-the model in Table 2. .The compariéon of anatomically-'
dfffereni wood (i.e;, wood formed at d{fferent ages and
‘heights) with an indqpendeﬁt'variabfe such as growth rate
incorrectly may imply a relatjonship between these two
~traits. Although the regression coefficjent may not
 accurate1y-explain the growth rate relationship, it does
indicate the overall average effect of differences in growfh‘
rate among the five-yéar samples withinltrees. Removing the
covariété "section widths"~from the analysis did not
signifjcantly change F ratios for."clones" and "sections”
(Table 4).

The pattern of variation in wood deﬁsity within stems
of aspen probably is portrayed best’schematica}ly‘(Figure
7). The values inreach‘cell répresent the averagé wood
density (adjusted for section width) for each five-year
,section‘at a particular sample height and increment period
for all 12 stems-examined. Large differences in wood density
areﬁpresent.among the sampling positions, with a mjnimum _
average value of 0.348 g/cc at 3.1 m (rings 11-15) and a
maximum average wood density of 0.402 g/cc at~the top of the
tr;e (rings 1-5) (Figure 7).

- Similar wood densities exist in many places’in the
schematic drawing of the aspen stem. Because of theb
continually changing crowﬁ structure throughout a tree”s‘
1ife; it is unlikely that samples of‘simi]ér density near

the bottom and top of the tree are anatomically alike. As
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mentioned earlier, Isebrands (1972) found large differences
~in percent: cell composition at vgrious heights and locations
within stéms'of eastern cottonwood. Presumably, this
difference is also present in aspen, and may be the major
cause‘bf this large within-stem wood density variation.
'Investigations spécifically looking at cell compoStion\and
i§; effect on wood density iﬁ proximity to the crown would
be quite beneficial in'clarifying'withinFtree variation of

wood density'in aspen.



III. Variation and Heritability of Wood Density and Fibre
Lehgth Among Clones

A. Materials and Methods

Sémpling

Fifteen naturally occurring clones (located in the same
 general vfcfnity as the clones used in the first study) were
delineated by the criteria outlined by Barnes (1963). The
clones occurred in two stands located approximately five
mifes apart. Twelve clones were sampled in one area and °
three clones in the other. Since the effect of sampfe areas
was not-of\concern, no attempt was made to sample more areas
or.discuss in detail the effects of areas. _

Sample trees in each putative clone were at least 36
years of age at breast height and were se]ecteq for stem
straightness' and lack of decay. Ten trees initially were
sampled in each clone. Due to an unusually high number of
- candidate trees containing some unacceptable amounts of rot,
the number of acceptable trees }n eaeh clone varied from
four to nine.

Whole cores from the pith to the bark were extracted
from the southern radius at breast height of each tree using
a large di;meter (11 mm) increment bdrer. To account for the
Variation presenf in the radial dﬁrecfion,-increment cofes
were segmentedAinto four-year increments or sections (i.e.,
rings'1-4,‘5-8, 9-12 etc.). The major assumption, therefore,

‘was that one core taken at breast height gave an accurate

38 -
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estimate of wood properties for the whole stem. Ranking an
individual tree’'s wood properties on the basis of one core
taken at a particular sampling location has been commonly
used in wood prbperty sfudies (Gonzalez and ke]logg 1978,
Maeglin and Wahligren 1972). |

Becéuse aspen is a diffuse-porous species, ring counts
are usually quite difficult to make. A razor was used to
trim wood frém one of the cross-sections of the core. The
terminal axial parenchyma "band" (which is typically
indicative of termination of annual growth) showed up quite
well, and ring counts were made by examining the cores under
low (10x) magnification.

The width (indicat{ve of rate of growth over a
four-year period) and physical distance from the pith
(measured at the mid-point;bf each four-year seétion) of
each section were measured using a dissecting microscope
fitted with an eyepiece micrometer. .

Because the actual size of the wood samples used in
this study was relatively small (i.e., in the order of 0.5
to 2 cc), the Maximum Moisture Content (MMC) method of
determining wood density was used (Smith 1955). Wood‘samples
were submerged in distilléd water far a period of two to
four weeks depending on the relative size of the sémples.
During the period of saturation, samples were pléced under
vacuum to assist in attainihg'total saturation. The MMC
method assumes that a]l=intra- and inter-cellular space in

the wood sample is filled with water. The formula used was;

-~
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Wood Density(g/cc) = -==-=--=c-comomonaun
Mm

where Mm is the wéod sample weight plus the weight of ’
bound and free water, and Mo is the oven-dry weight of the
specimen. Oven-dry (Mq) and wet (Mm) weights were recorded
to three decimal places. The basic density of wood substance
(1.53 g/cc) remained -constant in all calculations. This
value has been shown to vary across the radius of aspen; @??
however , its significané; in changing Fhé final wood,density

value is minimal gBrown 1961#¥>A_change of 0.01 only altefs

the wood density lalue of (Fkyi'mple by 0.001 g/cc. Brown

(1961) found that that vari of wood substance across a
radius rarely varies more than 0.01; therefore, error due to
a natural é%ange in the constant across phe~radius wou 1d
have a very sma]1 affect on the final wood density value
obtained. This variation across the hédius is caused

brimari]y by a change in the ratio of cellulose to lignin in

the wood cells from the pith outward (Panshjh and DeZeeuw

N

1970) . | %
Fibre length measurements were made\Qp every seqpnd
four-year section, from fhe pith outward ud to ring 36.
NTherefohe, each tree is represented by five fibre length
values (i.e., rings 1-4, 9-12, 17-20, 25-28 and 33-36). The
'four-year sections were maceratéd in a 50:50 mixture of
glacial acetic acid énd hydrogen peroxide (30%) for a 24

hour period at 60 degrees (C). The pulping solution then was

J
%
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removed from the Yials, énd the samples were washed with
_watér. Vigorbus-ghaking separated the‘wood cells and also
provided a means for randomizing fibfes-within'tﬁe vials.
Small samples of fibres were removed from each viél with
forceps, and the cells were stained with a two pércent
solution of Acridine Orange.

‘ To obtain an unbiased estimate of fiber length from a
repﬁésentatiﬁb sample, glass slides with etched "sampling
zones" were used (Taylor.j975b). Thé stained fibres were
placed on the sampling slides, dislributédvacross the
sampling boundries using’a disseCting needle, and made into
temporary slides. Fifty whole fibres in each four-year
sample were meésured'using a micro-computer digitizer
apparatus (Micko et al. 1982). The pfepared sample slides
were projected through a light miéroscope'onto the digitizer

screen (25x). Since fibres were traced with a hand-held

_; cursbrd bent or distorted fibres posed no problem in

measurement. The averagevlength of 50 fibreé was used to
represent each four-year cdmposite sample.
Statistical Analyses

The sources of variation in the split:plot
o

least-squares analysis of covariance (ANCOVA) model were =

"areas”, "clones within areas", "trees within clones within
. . ‘

areas” and "sections”. The linear model in this study was

therefore: - xR

o W,
X

5
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Y(ijkIm= u + Ai + Cj(1) + Tk(ij) + SI,+ em(ijkl) ,

y
1

where A éreas(fixedyA
C = clones/areas{random)
T = trees/clones/areas(random)
S = sections(fixed)
e ='error \

The split between the whole-plot and the sp]ft-plot is
between "trees/c/a" and "sections". The two ANCOVA's used -
are the models which best accounted for the within-tree»
variation for wood density and fibre length. As in~‘the
within-tree study, the covariate "distance.from pith" was
not used in the model, because the pattern of variation

acrossNthe_radius is not lineaf. To obtain a statistically
| balanced design (using "séctions;.as a source df variation),
on1y the fifst 36 ihcrements (counting from the pith |
outward) in each core were used. Using rings from the pith
cutward'a{]owed*?ér the comparison of wood formed by the
cambium at éjmilar'physiological ages. |
e Thevnatural'élonal growth habit of aspens facilitates
J'the,estimationycf the amount of genetic control of various'
morphological and anatdmical chéracters.'Allxbroad-sense
herifabilitiés (which is the ratio of the genotypic'variance
over the phénotypic‘variance) wefe calculated from variance

components derivéd from Harvey’'s program. Standard ernq;Ai

0F
Y \ ‘
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heritabilities were also obtained from Harvey's program. 2
Broad-sense heritabilities were calculated as descr ibed by

Zsuffa (1975) as follows:

where V(g)= genotypic variance

V(p)= phenotypic variance

V(c)= variance among clones
V(t)= variance among trees
withinh clones

V(e)= error variance

L4
| 4

"Areas" was considered a fixed effect and‘"clones
within areas (nestedJ" .and "trees within c]énes; (nested)
were considered QandomJeffects. The latter two effects in
the model (i.e.,"clones within areas’ and "trees within

clones") were considered random because they were
S S . !
2Harvey(1977%)"indicated that these standard errors should be
considered .ag, minimum estimates of true standard errors.
.. Betause Harvey's programacalculated-heritaQi]itiés as
paternal), half-sibs[i.e., 4V(c)/V(p)], the heritability from
Harvey’s program was four times the "true" broad:-sense
heritability. Therefore the standard error of the.
heritability also was assumed to be multiplyed by four, and
standard errors presented here were derivq@%by dividing the
paternal half-sib standard error by four. “* '
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representative of trees and c]one# in the area and there is
no interest in the specific dffferences among the 15 clones.
Sjn;e error is always considered random, with a mean of 0
~and a varijance (02)(Searle 1971a), clones and trees within
clones also had the same d1str1but1on

For graph1ca1 purposes only, least-squares means used

in Flgurec 8 and 10 ‘?erubta1ned by considering c]ones as

fixed effects. Plots preseﬁted in Figures 9 and 11 were -

der ived by calcu1gt}ng s1mp]e means at various age intervals
from the pité. Significance Wag determinéd at P<0.05.
Expectéd mean squares used for deriving variance components
for random effects in Tab1es 5, 6 and 8 are given in

Append1x (Table A1).

B. Results and Discussion
‘Because rate of gfthh dqta were recorded in the

”'investigatioﬁ, varﬁation‘among clones for growth rate also

'was anélyzed. The ovéra]l averageaannual increment at breast
height for the 103 trees examined (only using the first 36
rings) was 1.86 mm. Avérage growth rates among the nine
four-year sectioﬁs4varied from 1:3 mm/year to'2.55 mm/year .
Thereforé;the average DBH for the 100 stems af 36 years of
age was approximately 14.0 cm. A]though_the average growth
‘rate exhibited by 15 clones seems relatively low, a few
clonesvshowed.superiof'growth. For example, clones 1 ahd 15
had ayérage annual increments of 2.5 mm/year, whereas clones

2 and 6 averaged'incréments of 1.3 mm/year. Since rate of
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growth was shown to vary among clenes and its effect on both
wood properties was uncerta1n, it was necessary in the B
analyses of the wood property data to adJust for growth rate
us1ng covariance analysis.

There were significant differences in rate of grewth
~amona~clones (Table 5). The broad-sense heritabiTity
obtained for rate of growth was only 0Q23,‘indiCating that
substantial within-clone variatjon is present:FVan Buijtenen
et al. (1959), Farmer (1970) and others also have found that .
diameter growth in PopUIUs is-under relatively low genetic ?
control. }

WOod Density _ ‘

. Mean wood density varied from 0.32 g/cc to over 0.40
g/cc among the fifteen clones (Figure 8). In addition to the
large d1fferences observed for average clone wood dqn51ty,
there were substantial differences among clones in tme range
.of average wood dens1t1es for trees w1th1n c1ones F\r 4
example, the highest wood density tree measured in cl eb4
was 0,3619/cc, whereas the lowest wood density‘tree in clone
13 averaged 0.39 g/cc. Most cleneS'exHibited narrdw ranges
similar to clones 4'and 13, deever, largelvariation was
present in a few cases (“ e., clones 2, 3 and 6). The cause
of such large var1at1on may be due to the presence of
tension wood or fungaT/BEEter1al infections, which is often
quite difficult to detect. Therefore a more iRggrmative

_approach in looking at 1ntra clonal variation may be to

consider the standard error of the wood character, in this
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‘case wood density, for each clone. The standard errors
indicated that intra-clonal variation was relatively small
pempafed\to'inter-clonel variation (Figure 8).

There were significant inter-clonal differences in wood
density (Table 6).'The estimated variance components suggest
that the effect of clones accqunted for apphoximateiy 35
percent of the va;iafion in wood density. This ie‘similar to
the values. reported for wood densify’elsewhere (Van |
“Buijtenen et al. 1959, Einsphar et al. 1963), confirming
that heritabilifies for wood density ere moderate to low in
tremb11ng aspen. ’ |

As expected from resu]ts of the W1th1n stem study, the
effect of the four- year sectjons 1n the model also was
s1gn1f1cant 1nd1cat1ng that large variation is present in
the rad1a1 d1rect1on at breast height (Table 6). Cloqes 11
and 4 represent clones 9f\h1gh and low wood density,
respectively, while clones 2 and 5 represent clenes of
intehmediatefdensity (Figure 9). Except for the large,
erratic var1at10n ‘exhibited by clone 2 (wh1ch was very
atypxca] and probably due to a combination of incipient
decay and small numbers of trees in a clone); wood density
near the pith was always high, then decreased to a minimum
at 30-40 mm froﬁ the pith and increased {n the "mature wood"
zone. | | ‘

The magnitude of this decrease inewood dégeity over the
transition from juvenile to mature wood would seem to be the

ma jor fac%gr-contribhting to average wood density for a
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_ -
clone. The high wood density near the pith of most of the

clones may indicate that some type of inherent growth
" pattern may consistently influence the types of wood cells
producgd at breast height near the pith. This inherent
growtﬁ factor, however, may be substantially inf]genced be
environmental variables, since clonal wood densit; values
near the'pith.did not exhibit the variation that was evident
at lat;r stages (i.e., farther across the radius). As |
ment ioned prevfously; possib]e‘anatbhica].reaspns fér this
high wood density, such as cell composition and tension wood
distribution, can only be clarified by detailed anatomical
study similar to that done by IsebrandS/(1972) for eastern
cot tonwood .’ |

The covariate "section width" (X1-in Table 6) accounted
for the variafién in growth rate among the four-year
sectioﬁs, suggesting that a weak positive‘cofrelation exists
for rate of growth and Wood densify. However, the overall
negressioh coefficient*fb=5000730), does not account for the
known differences exhibited between juvenile and mature
wood. Statistical comparisons between grdwth rate and wood
density fromwdifferen{ locations in a tree may Tead to
incorrect conclusions about the actual relationship.
Therefore each four-year section, which represents a
specific increment period‘in each tree, was analyzed
separately. Averaging the specific increment peribds over a
large number of trees from 15 different putative genotypés

should give a good indication of what the actual
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relationship might be. A1l but two of the sections from 100
trees showed slight negative correlations between wood
density and rate of growth (Table 7). These correlations
correspbnd to those reported earlier for Populuév(Kennedy
1968, Kennedy and Smith 1958, Smith and Rumma 1971). While
the statistical significance of the correlations is
re]afive]y wéak in most cases, the overail trend of a
negative rélationship between rate of growth and wood
density is evident (Table 7).

Fibre Length . o ‘ , «

Mean fibre ]engths for the 15 clones also showed a
Harge range of_variation (Figure 10). Clone t had a mean
fibre.length of 0.97 mm, whereas clone 6 had a r=.i- fibre
length of 0.67 mm. Relative to wood density, a comparatively
large amount of within-clone variation was present for fibre
length. However, this wés not. unexpected because fibre
lengtH differences between juvenile and mature wood exhibit
much more variation. Evem.though the variation present
within clones for fibre length is 1arge, the range of
variation in each clone is relatively similar (the open bars
in.Figure 10 represent one standard errof on each side of
the mean.

As was the case for wood density, there were
significant differences among clones for fibre length (Table
8). The effect of clones acqoﬁnted for 43 percent of the
phenotypic variation (as calculated from the variance

components given in Table 8). This heritability for fibre
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Table 7 - Simple correlations for rate of growth
(of four-year increment samples) on wood density
and fibre length. Section number represents a four-
year increment from the pith outward for 100 aspen
trees from 15 clones in north-central Alberta.

2

years fibre || wood

Section (rings) length density
number represented (r —(r) v
i 1-4 504+ =, 143 |
T 2 | s8 | |l -.093
o 3| 912 | .19+ || -.128
"""" T N N TR
o 5 | 17-20 | .207% || .007
"""" 6 | 21-24 | || .272%s
''''''' 7| 25-28 | .401xx || -.186 " L
"""" N T
"""" o ] 33°36 | .288ex || -.266%x B
¥

**x gignificant at the 1% level
* significant at the 5% level
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-y - . . .
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length is within the range of heritabilities reported
earlier for fibre length in trembling as-eq (Einsphar et al.

1963, Van Buijtenen et al. 1959).

The source of variation, "secti&%#® was ver
X o

significant in the analysis (Table 8), indicating that there

‘were large differences in'fibre length;across the radius.
Fibre length 1s 1n1t1ally quite short near the pith,
'stead11y 1noreases, and then levels off near 40- 50 mm from.
the pith (Figure 11). The clones uSed in Figure 11 represent
“ahhighp 1ntermed1ate and Tow range of vartat1on in mean
clone fibre length. C]ones which had long fwbresgnn the
first four years,also had 1ong fibres later. This may have
practical app]ications since it would permlt selection of

~clones with long ftbres at an early age

For the five four~year sections, there was a stight :

positive" corre]at1on between f1bre tength and rate of growthn.

(Table 7). Th1s pos1t1ve re]at1onsh1p between rate of growth
and f1bre length corresponds to that generally reported for
Populus (Kennedy;1957,vSpurr and Hyvarinen 1954). The
strength ofjtme Lorrelations between rate of growth and
- fibre length are somewhat stronger than those between growth
rate and wood dens1ty ‘
Because the stems were of varying age, it is unlikeT?
that similar four-year increments otriginated under'similar
environmental conditions. Th1s undoubtedly would have
1ncreased both var1ances 1n "the denom1nator of the

her1tab111ty calcu1at1on. Assum1ng‘that a majority of

i -

/o_
N
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similar four-year sections did arise under different

'envirbnmental conditions, it may bg reasonable to suggest -
that the heritabilitiés reported may be conservative .
éstimates for aSpen.

[l

The inclusion of the four-year sections as a source of
o ”

variation (for both wood density and fibre‘length) also
substantially reducéd the error variance [V(e)], thereby
decreasingythe overall pheﬁbtypic variance component [V(p)].
This would increase the heritabi]ify value obtained;
however, the variance combonent for "trees within clones”
[V(t)] was separated and added to the total phenotypic
variance fV(p)i. Although this may not change the final
heritability value a gheat deal, it should increase the
réliablity of the heritabi]ity because within-clone and
‘amOngrclone var iances have been separated.
Namkoong and Sduil?éoe (1970) indicated'that estimating
her{tabilitfes from c]ohal métebial‘in this manner may force
- ‘the inclusion bf special genetic and non-genetic effects
which make each experiment quife sepahate'and site specific.:
These spec{al effects are prbbably due to lack of
repliéation among ciones and unegqual growing spaces and age
for all ramets in a clone (Barnés 1966) . Therefore, the
heritabilities estimﬁted-here m?y only be app]icable to the
two stands sampléd; however,*ff‘%é likely that thesge results

could be repedted if carried out in other. stands or areas.
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IV. Discussion of“Aspen Wood Property Variation Study

A Sampling for Wood Properties 1n Aspen

a

The measurement of characters which affect wood quality

is involved and time consuming compared Io measurement of a

~trait such as growth rate. .Therefore, it is 1mportant that
: stud1es 1nve§f1gat1ng variation of wood propert1es be

.des1gned so that valid conclusions can be drawn from the

results. In this(spudy the main effec%, "areas”, was not;
significant in the analyses for rate of growth, wood density
and fibref}eégth‘(Tab1es 5, 6 and 8). Since this study was
not desigmed to make any implications about variatiQn |
between stands or.areas, "areas" was left in only to account
for variatipn'caused by sampling error between areas (i.e.,

only three clones in one area). If geographic,differences:in

wood properties are to be ascertained properly, a large

number of "areas" (with a large number of clones within eaqb“
area) need to be sampled. Einsphar and Benson (1966) '
reported-that'wo;d density appeared to decrease in a
northerly d1rect1on ,and fibre length" exh1b1ted an increase
from west to east for aspen in Wisconsin. Their samp]1ng

AN
scheme, however, only included four sample areas, so thdt

'these geognaphic'differences could be due to chance and may

not demonstrate any clinal pattern
Even if geograph1c patterns of phenotyplc var1at1on are
present fOr these wooc! propert1es of aspen, w1thout common

garden or simllar tests one cou]d not concJude that they A

59 T _
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have a genetic basiS; The geographic variation observed in
.wood density of slash pine by Larson (1957) and Goddard and
Str{¢Klahd (1962) was found to be closely associated with
regional precipifation pattebns at criticai beriodé of the
groWing season. Such environmental influences may result in:
1) direct phenotypic p]asficitylof_the tra$¥, or 2) ghangesJ
in gene freqﬁencies which result in a genetic and phenotypic
Eesponse.\However, selective pressure exerted by ”
~environmenfal differences over a largé geographiclrange wi}]
hot‘have\an;impontant role in‘changes.in"gene frequencies, of
a trait that is neutral in itgkeffecfs on fitness (Falconer
1960).vfhebquestion then’becohés how important, or how
neutral, is the\effect‘of wood density on fifness?
Intuitively, it would seem unlikely that traits such as.
fibre length or wood density are closely related to fitness
in forest trees, Traits that have low heritabilities
typicaf1y are closely related to fitness; however, it is not
heritability that is relevant, but the proportion of genetic
variance that is additive (Falconer 1960). Therefore,
hefitabi]ities reported here do not give an indication.of
vhowvwbod properties would be fe]atéd to fitness, becauée
they were calcuﬁated using the total genotypic varianée.
HOWever; previoué wood property'studieé in softwoods
(Squillace et al. 1962 and others), indicate that additivei::
gehetic variance jn wood density is relqtive]y large.
Therefofe, it is likely either that wood density affects

fitness to some degree or is I§ﬁked;to . that affects

SRV
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fitness. Hence{ clines‘observed in the field possibly haCe
some genetic basis, although that genetic basis cannét be
determined thhout further study. Since studies such as
Larson’'s (195&5 only deal with phenpotypic variation,
nothing can be concluded’about genetic}differencés; The only
practical method of ascertéining what /roportion of the
phenotypic variation in wood broperties is due to genetic
variation in geographic-éurveys is through common garden
experiments. The observation of phenotybic clines, howévér,
- does prévide a'basis for pursUing,the genetic causes of the
clinal variation patterns. |

Related to the intra-clonal study, the patterns of wood7
/property variation within stems indicated. that sampling
intensity could be reduced and ahong-tree differences,still
adequately detected. For example, the high wood density
hoted for the fjrst few growth rings hear the pith 1argely
could be ignored s{nce its occurrence is variable and does
not represent much volume in the stem. It also appears
feasible to Eeduce the sampling intensitg from nine /
four year sections to perhaps three or four four- year
sections and still detect the large var1at1on across the
.rad1us. Therefore, more stems or clones could be studied
with the same amount of laboratory work. | \

A]though a precise relat1onsh1p be tween the size of the
crown and its effect on;wéad density variation was not
.identifiéd here, the gehﬁral péttern of woqd density

’ variation-wi th height remained ratner'cémstant.‘This

w0
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relatively ¢onsistent patterJlgf variation for a wood
property within stems is one of the assumptions behind the
use of small wood samples ag a fixed stem 1ocatioﬁ to
reprgéent the trait for the entire tree. While this
technique of.ranking individuals from small samples is
subject to large error (because of the-variable nature of
within-stem wood properties), samb]ing a large number of
individuals should minifize the effect of this type of
;rrork Conversion'equatigns usually have been developed
betheén core sample and whole tree wood properties (Maeg]in
and Wah19ren'1972). However, they only change the/va1ue
 associated with each tree; final ranking among all
individuals probably changes very little. Also, weigﬁtihé
wood property valQes by'the proportion of volume they

" represent in the~stem is quite common, th its effect on the
ranking of a particular individual %s agaihﬂbrobably quité
small. Therefore, on the basis of the results of this study,
the values obtained from one core at a fixed location in a
stem.iS‘quite-suitab1e for detecting amongjindividUal or

clonal differences in wood density or fibre length.

B. The Statistical Models for. Wood Properties in Aspen

| Tﬁe aspen stems in the clonal study were chosen so that
inferences about clonal variation for the fwo wood
_properties in north-central Alberta could be made.‘
Therefore, clones and trees-within-clones had to be

consideréd random effects {(except when least-squares means
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in Figures 9 and 11 were calculated for each élone).
However, clones and trees-within-clones were not selected in
a typically random manner. Because the selected trees had to
meet certain criteria for the wood property measuremeﬁts, a
true random selection procedure was nof possible. Searle
(1971b) indicated that one of the.primary concernsbof'én
effect which is considered random is to estimate variance
components and make inferences about the population mean.
Therefore the assumptions of randomness, although not
following a strict random selection ptocess, are valid.
Broad-sense heritabilities (which are calculated
similar to repeatibility and intra-class correlation
‘estimates [Falconer 1960]1) for growth, wood density and
fibre length had standard errors of 0.08, 0.09 and 0.11,
héspectively. These values {ndicag; that from the population
sampled, heritability estimatés are subject to an .
approximate flucqgtion of 25 percent.
! The basic lifear models used in the within-tree and
clonal study (from pages 19 and 42) are repeated here for

the readers convenience:

Y(ijkl) = u + Ci + Tjli) + Hk + el(ijk) , [ 1]
| I
' : - /
where C = clones(random) I i>
T = trees/clones(rando@f-
H = height(fixed) P
e = error : - |
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and : ~

YOijkl)= u + Ai + Cjli) + Tk(ij) + el(ijk) , [ 2 ]

where A areas(fixed)
C = clones/areas(random)
T = trees/clones/areas(random)

e = error

In models 1 and 2, the error term accounted for
all of the variation withfn trees [éfceﬁt for "height* in,
(1)], this variation primarily being variationyacross the
radius: The covariates "distance from the pith" and "section
width" were included in both‘analyses initially to reduée
the sizg'of the error term. "Distance from the pith" was not
significant when used in model 1 with “section width"‘ (Table
A2). In model 2, which was used strictly to examine
variation at breést height in the trees (to detect clonal
differences), "distance froh the pith" was significant for
wood density and fibre length (Table A3, A4}, but since
variation across the radius is typically non-linear (Figures
3, 4, 5, 6 and 9), it was not included. Furthermore, it did
not reduce the error mean square term véry much when |
compared to the ahalysis with»"sections" as a source of
variation (Table 6). Also, the two effects "distance from -

the pith" ahd "sections" account for the same variation.
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Therefore, in the anaiyses of both wood characters,
"sections" (fixed) was used as a main effect since it was
not fitting a straight line in a non-linear relationship.
" As discussed earlier for both wood density and fibre
length in the clonal study, the regression coefficient for
"section width", while adjusting all means for the average
effect of growth rate differences, did not accurately
explain the relationship between both wood properties and
growth rate. Since clonal differences were noted for growth
rate, it was thdught that some type of adjustment should be
made for differenceé in rate of growth among trees for the
two wood properties. However, rate of growth did not have a
b]arge effect on ond density br fibre length when
differences due to the juvenile or mature wood effect:were
considered separately (Table }). Therefore, the appropriate
model for analyZing‘these wood property data in aspen need
not include an adjustment for variation'in growth rate. The
final analyses presented in Tables 6 and 8,.théﬁefore, were
only slight modifications of (1) and (2). The alterations
included the addition of "sections" and the covariate
“section width" in the split-plot of both (1) and (2), and

an interaction term "sections x areas” in (2). All other
interactions were assumed to be unimportant and were pooled

in the error term.
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C. Some Considerations for Selection and Breeding

As stated garlier, wood density and fibre length are
under moderate denetic control. The remaindér of the
unexplainéd variation, therefore. must be due to
venvironmenta] influences. These influences may be caused by
factors such as-soil, micro-site, water availability,
- stocking, and competitio&; however, these should only be
considered as indirect effects. Laréon (1962) emphasized the
importance of ihdirect effects altering gr8wth, resulting in
variability in wood propertiés. Factors of the environment
“tend to modify crown structure, which in turn affects growth
and hence wood %ormation;‘A few studies have indicated‘an
association between various séi]fcharacterist{cs aﬁd wood
density in aspen, but no strong gelationships have been
" found (Van Buijtenen et al. 1959, Wilde and Paul 1959).
Considering the report of Larsoh (1962), such results are
not unexpected. It is doubtful that soil differences could
directly‘affect wood densify or fibre length, simply because
they first must influence growth. The interaction between
such indirect effegtS‘and wood propérties is probdbly too»
complex to be explained by studying phenotypes in natural
stands. Therefore, thevremainder of the phenotypic variation
that could not be explained by the effect of clones is
probably due to a combination of those environmental factors
which affect crown formation, crown structure and the;trée’s
ability to maximize growth. Some of these%factofs possibly.

~-.could be separated out by a replicated and regularly spaced



field trial using clonal material. .

The actual relationship between wood density and wood
quality in aspen probably is not as goqd as the association
in softwoods. Softwoods have a much more uniform cell
composition (i.e., primarily longitudinal tracheids) than
hardwoods, and an increase in wood density in conifers
indicates an almost direct increase in cell wall thickening.
However, in hardwoods high wood density may be due to
variations in cell composition as well as cell wall
thicknes. Consideration of the proportion and size of cell
types is probably as importaft as wood density in hardwoods.

Although relatively high wood densities were found in
tHe first few growth rings, Einsphar et al. (1972) showed
thai fibres are extremely short in the juvenile portions of
aspen stems. This may suggest that young aspen may be
unsuitable for many uses, particuiar]y those involving
pulping. However, a number of reports suggest that although
juvenile poplar does exhibit low wood quality (i.e., low
wood dehsity, shbrt fibres and a high proportion of bark
[Anderson and Zsuffa 1975]), most concern about the uée of
juvenile wood for kraft pulps is unfounded (Bella and Hunt
- 1973, Cech et al. 1960, Hunt and Keays 1973). These studies
suggest that'aspen can be manaQed on a short rotation, but

discussion and analysis of various alternatives to improve
future crops is needed.

The occurrence of tension wood, as described earlier,

is quite prevalent in Populus and usually is associated with
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leaning stems. However', it has also'geen found in many
Qertlcal stems and also.has been associated with
fast- growihg stems of Populus (Isebrands and Bensend 1972).
Parham et al. (18%7 emphas1zed the inferior strength of .
tension wood pulp was due primarily to fibre morphology.
Furthermore, clonal variation in tension wood content has
bq?n shown to vary from zero to 45 percent in hybrid
cottonwood (Anderson and Zsuffa 1975). It would be expected,
thebefore, that substantial gains could be obtained over
natural populations of aspen by selection for growth, wood
density,‘ceﬁi composition fibre gingih and tension wood.
Wh11e 1t is. .easy to suggest and speculate that these
-characters should all be considered, it may be uneconomical
to 1nvest‘the money and time on such intensive screening for
':wood qua11ty Whether or not it 1s economically sound or
avlable to: 1nclude characters 11ke wood density or fibre
1ength in genet1c improvement programs can only be
determ1ned by some type of cost-benefit analys1s Derivation
of a- good selection 1ndex equation 1nclud1ng some of these
f‘wood:qual1ty characters without information on the1r

1econom1c value would be difficult.
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< Conclusions

Large inter-clonal var1at1on has been found for .wood
den51ty and fibre length of tremb11ng aspen in north- central
A1berta. The\broad serse her1tab111t1es reported here
'generally confirm those reported for aspen e]sewhere As
expected rate of growth exh1b1ted a lower her1tab111ty than
-did the two wood characters. \ )

_ gRate of gnowth does not have‘an important effecq on
e1ther wood dens1ty or flbre length Generally it may be-
‘concluded that a sl1ght negative and a s]1ght pos1t1ve

~re1at1onsh1p exists between rate of growth and wood dens1ty

for fibre length respect1ve1y

' g There were no s1gn1f1canb dlfferences between stands or.
areas for either wood dens1ty or fibre ]ength however ,
samp11ng 1n this study was not 1ntended to c]ar1fy these
potent1a1 d1¥ferences Dther reports suggest geograph1c
var1at1on of these tra1ts of aspen is qu1te large but 1t isl

&y

11ke1y that inter- clona] variation w11] exceed

"

1nter popUlatlon dwfferences,- U

Varvat1on of wood density w1th1n stems is-quite large.

ix)

Even . though patterns of ‘wood dens1ty var1ation have been
exam1ned here an understand1ng of the factors caus1ng such
var1at1on need to" be 1nvest1gated The causes of such
varlat1on are 1mportant for determ1nrng the ut111ty of aspen'/

istems at yar1ous agesu

Lo L
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Implications and Future Research

There are two fundamental and practical implications of

this study..First, Clonal(differencee‘and the extent of
- within-clone variation indicate that selection of superior
\ phenotypes in the field for the three traits examined is
feaSible From the correlations between growth rate and the
two wood properties, it seems that any negative effedﬁ rate .
of growth may have on wood density can be largeﬁﬁ ignbged }?
The slight p051t1ve relationship between fibre length -and
growth rate indicates that selection for fast growth also
;may be benefiCial to'the qualify of fibre obtained.
RealistiCally, whatﬂneeds_towbe considered are the products
forwwhich aspen is going to be used‘tor, and what are the .
growth and wood quality charadQers that will be selected.
Clearly, rate of growth branching patterns, stem formhgnd 3
,rot aﬁé the gharacteré ghat need to be con51dered before
wood‘properties However it should be p0551ble to select
clones exhibiting better than'aVerage attributes for the
-de51red characters _ | ’

Secondly, the resulls of the w1th1n ‘tree study indicate
that a substantial amount of low denSity wood is formed in
all trees at certain~agesl The proportion of this Tow ‘
’ denSityonod iS'strongly influenced by genotype_and poSition
in the stem. This may have practical implications,.asrjtk* “
SUQQeste drowth'and:wood_quality may_be manipdlated bybh‘

silvicultural practises. S o . R



‘'be directed at geographic or clinal variation of these wood /

&5@

‘non- genet1c effects that are 1ncluded in th1s study by lack

£, Th1s study provided some bas1c information of how wood

dens1ty and fibre length vary within stems and among b #

naturally occurring cIones.-Practica]'research'extending

" from findings pre%ented here should deal with the causes of -

wood.density variation within stems. A quantitative
investigation into the proportion of cells and cell types,
cell lengths and tension wood occurrence within stems and

. f
branches would be beneficial in understanding, som? of the

. /
causes of wood density variation w1th1n stezé. Thesé stud1es
should also 1nclude or account for the effect of crown size
and structure .on percent cell comp051t1on

Future studies dea]1ng with phepotypic variation shou 1d

properttes in aspen'clones. Replicated , field studies’, or
controlled crosses among genotypes will give a much better
indication of the genetic control of growth wood density -

and fibre length These tests w1]l remove some of the

- of rep]1catton‘and unequal growing space‘among trees.

s
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