Er-KassaBy, Y. A,, D. G. W. Edward and D.W. Taylor
(1992): Genetic control of germination parameters in
Douglas-fir and its importance for domestication. Silvae
Genet. 41(1): 48-54.

Hawkins, C. D. B. (1998): Interactions of Forest seedling
Nurseries and Seed Orchards. In: Tree Improvement:
Applied Research and Technology Transfer, Sunilpuri
(ed.), Oxford and IBH publishing Co. Pvt. Ltd. pp
126-139.

Hoopa, M. S. and R. BAHADUR (1993): Variability, correla-
tion and path co-efficient analyses for some seed traits
in Subabul (Leucaena leucocephala L.). Seed Research
21(1): 49-51.

INDIRA, E. P, S. CHAND BasHA and K. C. CHACKO (2000):
Effect of seed size grading on the germination and
growth of teak (7Tectona grandis) seedlings. Journal of
Tropical Forest Science 12(1): 21-27.

International Seed Testing Association (1993): Interna-
tional rules for seed Testing 1993. Seed Sci. Technol. 21
suppliment, Zurich, Switzerland, 288 p.

JOHNSEN, O., J. DIETRICHSON and G. SKARET (1989): Phe-
notypic changes in progenies of northern clones of Picea
abies (L.) Karst. grown in a southern seed orchard. III.
Climate changes and growth in a progeny trial. Scand.
dJ. For. Res. 4: 343-350.

JyortHr, P. V., J. B. ATLURI and C. SuBBA REDDI (1991): Pol-
lination ecology of Santalum album (Santalaceae).
Tropical Eco. 32: 98-104.

Long, E. M. and B. A. PEOPLES (1991): Nursery manage-
ment and tree improvement. In: Nursery Management
Workshop Proc., Texas, A. and M. Univ. Austin, TX,
Texas For. Serv. Publ. No. 148 pp 119-126.

Nacaveni, H. C. and H. S. ANANTHAPADMANABHA (1986):
Seed polymorphism and germination in Santalum
album L. Van Vigyan 24: 25-28.

PErRrY, T. O. and W. L. HAFLEY (1981): Variation in
seedling growth rates: their genetic and physiological

basis. In: Proc, 16 S. For. Tree improve. Conf., Blacks-
burg, V.A, May 26-29, 1981 Athens, GA, USDA-USFS,
For. Sci. Lab. pp 200-204.

PHANSE, V .G. and P. V. SUKHATME (eds.). (1978): Statisti-
cal methods of agricultural workers. ICAR Pub. New
Delhi, pp. 327.

REIcH, P. B., J. OLEKSYN and M. G. TJOELKER (1994): Seed
mass effects on germination and growth of diverse
European Scots pine population. Canadian Journal of
Forest Research 24: 306-320.

SrIMATHI, R. A., H. D. KULKARNI and K. R. VENKATESAN
(1995): Recent advances in Research and Management
of Sandal (Santalum album L.) in India. SRIMATHI, R.
A., H. D. KULKARNI and VENKATESAN, K. R. (eds.) Pub-
lished by the Associated Publishing Company, New
Delhi. P416.

SRINIVASAN, V. V., V. R. SIVARAMAKRISHNAN, C. R. RAN-
caswaMy, H. S. ANANTHAPADMANABHA and K. H.
SHANKARANARAYANA (1992): Sandal (Santalum album
L.). Published by the Director, Institute of Wood Science
and Technology (ICFRE), Bangalore, pp 233.

Toon, P. G., HAINES, R. J. and DIETERS, M. J. (1991): Rela-
tionship between seed weight, germination time and
seedling height growth in Pinus caribaea Morlet var.
hondurensis Barret and Golfari. Seed Sci. & Tech. 19(2):
397-402.

VEERENDRA, H. C. S. and H. S. A. PADMANABHA (1996): The
breeding system in sandal (Santalum album L.) Silvae
Genet. 45(4): 188-190.

VEERENDRA, H. C. S. and C. R. SARMA (1990): Variation
studies in sandal (Santalum album L.): 1. Time of emer-
gence and seedling vigour. Ind. Forstr. 119(7): 568-571.

VEERENDRA, H. C. S., S. Ramalakshmi and B. B. MALLE-
SHA (1999): Variation in seed characterstics in prove-
nances of sandal (Santalum album L.). Ind Forstr.
125(3): 308-312.

Genetic Variation of Physical and Chemical Wood Properties
of Eucalyptus globulus
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Abstract

This study considered the degree of genetic variation
for diameter (DBH), basic density (BD), predicted pulp
yield (PPY), fibre length (FL), microfibril angle (MFA)
and cellulose content (CC) amongst eight subraces of
Eucalyptus globulus growing in a field trial in NW Tas-
mania. There were significant subrace effects for BD, FL.
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and CC. This variation affected the relative profitability
of the subraces for pulp production. On average, the
most profitable subraces (on NPV/ha over the base
population mean) were Strzelecki Ranges ($862.04),
Western Otways ($657.80) and Strzelecki Foothills
($576.81). The genetic control (heritability) of variation
in DBH, FL and MFA was moderate (0.15<h2<0.27),
while control for BD, PPY and CC was high (h%>0.40).
Genetic correlations between growth and wood proper-
ties were not statistically significant, except for DBH-
MFA (-0.86). Most genetic correlations amongst wood
properties were outside the parametric space (<-1 or
>1), but there were significant correlations between BD-
MFA (-0.70) and PPY-CC (0.82). The empirical response
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to selection on an index based on a pulp wood objective
(which included volume and basic density) resulted in a
gain of 4.3% for DBH, 7.9% for BD and marginal
changes for all other traits, with a net impact in profit of
$1,270/ha. However, future profit calculations will need
to consider the effect of FL,, MFA and CC on the econom-
ics of wood processing to fully evaluate the economic
impact of breeding.

Key words: BLUP, racial variation, heritability, genetic correla-
tions, breeding, profit.

Introduction

Eucalyptus globulus Labill is the foremost pulpwood
eucalypt in temperate regions, and it is widely planted
in Spain, Portugal, Chile, Australia and South Africa,
with an estimated total estate of over 2 million ha
(DouGHTY, 2000; PoTTS et al., 2004). Previous research
has shown that there is considerable genetic variation in
E. globulus for multiple traits (e.g., DUTKOWSKI and
Ports, 1999), and wood properties are no exception
(MuNERI and RAYMOND, 2000; MIRANDA et al., 2001a;
MIRANDA et al., 2001b). Furthermore, considerable gain
for commercial plantations can be obtained exploiting
the genetic variation within natural populations of E.
globulus.

Tree breeding has evolved simultaneously with the
forest industry. Breeding programs have progressed
from improving mostly growth and form (e.g., THULIN,
1957; BANNISTER, 1959) to tailoring genetic material
towards end-products requirements (e.g., BORRALHO et
al., 1993; GREAVES et al., 1997; ArioLAZA and GARRICK,
2001). The direction of genetic progress for a breeding
program is dictated by its breeding objective; i.e., by the
linear combination of traits and their relative economic
importance (HAZEL, 1943; PONZONI, 1986; GODDARD,
1998). The current breeding objective for Eucalyptus
globulus in Australia includes volume (VOL [m?hal),
basic density (BD [kg/m?]) and pulp yield (PY [%]),
where all traits are considered at rotation age. This
objective is based on economic modelling of a vertically
integrated pulp production industry (GREAVES et al.,
1997).

Breeding objectives are periodically updated, reflect-
ing changing economic circumstances, new knowledge
about industrial processes and incorporation of addition-
al industrial systems to be served by material from the
breeding program (ApioLAZA and GREAVES, 2001). Addi-
tional processes under consideration for E. globulus are
paper production, sawn timber, veneers and reconstitut-
ed wood. The closer one gets to final products, the
greater the influence of wood properties on the econom-
ics of the process (RAYMOND and APIOLAZA, 2004). There
are many other wood properties that either provide
extra information on objective traits (i.e., may act as
selection criteria) or influence products not considered
by the current breeding objective. Cellulose content (CC
[%]), calculated as grams of cellulose per mass of wood,
is considered to be a reliable predictor of pulp yield in
E. nitens (KUBE et al., 2001; RAYMOND and SCHIMLECK,
2002). Microfibril angle (MFA [degrees]) measures the
angle of the miscelles (aggregations of microfibrils) with

respect to the longitudinal access of the cells. The small-
er the angle the greater the tensile strength of the fibre
and the smaller its shrinkage (BooTLE, 1983). Fibre
length (FL [mm]) measures the total length of wood
fibres, which represent 66 % of the wood tissue (MIRANDA
et al., 2001a). In general terms, final users will want to
increase VOL, BD, PY and CC, and to reduce MFA (Dr
Bruce Greaves, personal communication). These traits
may be either included in alternative objectives, or to be
considered in the deployment phase objective. The latter
is an objective used only for the production populations
(e.g. seed orchards or clonal propagation systems),
which includes extra traits as well as non-additive
genetic effects.

The objective of this project is to provide insights on
the degree of variation amongst natural populations of
E. globulus for physical (basic wood density, fibre length,
and micro fibril angle) and chemical (pulp yield and cel-
lulose content) wood properties and their relationship
with growth. This research also offers a first approxima-
tion for the degree of additive genetic control (heritabili-
ty), the genetic association (genetic correlations)
between these traits and the expected response to selec-
tion.

Materials and Methods

The study was based on an open pollinated progeny
test at West Ridgley in North Western Tasmania (for
details see MACDONALD et al., 1997). The trial was estab-
lished in 1989 and included families from the CSIRO
1987-88 base population collection. The test has an
incomplete block design, with 451 families in 5 repli-
cates, with 17 incomplete blocks each, using two-tree
row plots. Although West Ridgley contains material
from 22 subraces, sampling focused on eight subraces
(as defined by DuTkowski and PotrTs, 1999) already
sampled for wood density and growth in trials at Massy
Greene, Mt Worth and Flynn (MUNERI and RAYMOND,
2000).

In 2000, all 2662 surviving trees were assessed for
diameter over bark (DBH [cm]) and 188 trees were sam-
pled for wood properties. The latter represented 35 fami-
lies from 8 subraces, choosing mostly one, and only a
few times two, tree per plot. Three increment cores (at
around 1.1 m height) were taken from each tree. The
first one was used to estimate basic density using the
water displacement method. This core was then macer-
ated to determine average core fibre length (FL [mm]).
The second core was analysed to determine pith to bark
variation for density and microfibril angle (MFA
[degrees]) using SilviScan (EVANS et al., 2000). The third
core was used to estimate predicted pulp yield (PPY [%])
using Near Infra-Red Analysis (NIRA) and cellulose con-
tent (CC [%]) from a laboratory digest (RAYMOND and
SCHIMLECK, 2002).

The most generic model equation used in the trial
was:

y=Xf+Zb+Z,p+Za+e Equation 1

where y is the vector of phenotypic observations, fis the
vector of fixed effects (subrace and replicate), b is the

161



vector of random incomplete block effects, p is the ran-
dom vector of plot effects, a is the vector of random addi-
tive genetic effects and e is the vector of random residu-
als (environmental and non-additive effects). X, Z,, Z,
and Z, are design matrices linking the phenotypic obser-
vations with the fixed and random effects.

The expected value and dispersion matrices, assuming
a multivariate normal distribution (MVN) are:

y X[V 2B z,p ZG R

b 0 BZ' B 0 0 0

pl~MWN o ||PZ;, 0 P o0 o0

a o6z, o o G o .

e 0 R 0 0 0 R Equation 2

where B = 0,21, P = OPZI, G=o02?AandR= o2LIis
an identity matrix, 0 is a null matrix and A is the
numerator relationship matrix for the trees. In addition,
0,2 is the incomplete block variance, o ? is the plot vari-
ance (only fitted for DBH), 0,2 is the additive genetic
variance and 0 ? is the residuals variance. The A matrix
was modified to take into account 30% average selfing
in E. globulus (DUTKOWSKI et al., 2001).

This model was fitted for each trait using ASReml
(GILMOUR et al., 2002), testing significance of both fixed
effects with a Wald test, and random effects using a
Likelihood Ratio Test (LRT). The analyses of all traits
started with the full model equation, but the final model
was fitted after dropping non-significant random effects
(Table 1).

Table 1. — Factors included in the analysis and number of
observations for each trait. An x indicates the inclusion of the
factor in the final model for a trait. The number of observations
for wood properties varies because of problems processing a few
wood cores.

Trait N rep subrace iblock plot tree
DBH 2662 X X X X
BD 188 X X X
PPY 184 X X X
FL 169 X X X
MFA 173 X X X
CC 184 X X X

The heritability (h?), or degree of additive genetic con-
trol, was calculated for each trait using:

o

W=t
(aa2+a€2)

This assumes that predicted breeding values are
adjusted by replicate, subrace and incomplete block
before selection.

Additive genetic covariance components (o, ,) and
genetic correlations (r,) between two traits were
obtained from bivariate analyses:

ag

a5,

rg= 2 2
\/oal Gaz

where 0% and 0%, are the additive genetic variances for
traits 1 and 2. Bivariate models extend equations 1 and
2, where each of the vectors now contains values for two
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traits and the covariance matrices are B = . B, P =
2oPy G = A®G,, and R = > R . Now B, P;, G, and R
are matrices of dimension 2x2 containing the variances
for each trait and the covariance between traits; , and
® are the direct sum and direct product operations
respectively.

While the current E. globulus breeding objective traits
includes volume, basic density and pulp yield, selection
is currently carried out based on stem diameter and core
basic density (KERR et al., 2002). A selection index I
[$/ha] was obtained maximising the correlation between
selection criteria and genetic-economic value using:

I = GSS_l GSO w

where G and G, are the additive genetic covariance
matrices for selection criteria (DBH and core BD), and
between selection criteria and objective traits (VOL, BD
and PY) respectively, and w is the vector of economic
weights (see Table 2) estimated by GREAVES et al. (1997).
The overall breeding values used in the calculations
included both subrace effects and additive genetic
effects.

In principle, it is possible to estimate algebraically the
correlated response to selection on I for non-objective
traits (FL, MFA and CC). However, given the low preci-
sion of the estimated genetic correlations (see results
and discussion section), it was preferred to obtain an
empirical response to selection as the difference between
the population mean and the top 10% based on index
value.

Results and Discussion

Subrace differences

Differences between subraces means were significant
for BD, FL and CC (see Table 3). The magnitude of the
differences between the best and worst subrace can be
as high as 33% for growth (DBH), 15% for physical (FL
and MFA) and 9% for chemical (CC) wood properties. In
terms of average pulp productivity (BD*PPY in kg
pulp/m?), Strzelecki Ranges is the best, while King
Island is the worst subrace, mostly reflecting differences
on BD. However, King Island can partially compensate
for this with additional growth, making it on average
the third highest producer of pulp per ha (Results not
shown). The subrace rankings for BD are similar to
those presented by (MUNERI and RAymOND, 2000), while
the significant differences for FL are consistent with the
findings of MIRANDA et al. (2001a).

Figure 1 presents the subrace distribution of economic
values for individual trees, which summarises the
breeding values for DBH, BD and PPY. During the early
1990s planting of King Island stock in Australia was
quite popular due to its higher growth rate; however,
concerns about its low basic density prompted industry
to switch to mainland stock (mostly from the Strzelecki
and Otways areas; POTTS et al., 1999). It is clear that, in
financial terms, the superiority of Strzelecki Foothills,
Strzelecki Ranges and Eastern Otways for a pulp wood
breeding objective at the West Ridgley site is consistent
with that decision. When selecting the top 10% of trees
(22 out of 224 including parents and progenies), which is



Table 2. — Additive genetic variances (Uza), genetic correlations (rg) and economic weights (w)

used for the construction of the selection index.

Correlations ( r, )

Unit (,3 w DBH core BD VOL BD PY
DBH Cm 5.15 1 0 0.95 0 0
core BD kg/m’ 516.63 0 1 0 1 0.15
VOL m*/ha 3183.86 12.56
BD kg/m’ 516.63 23.77
PY % 1.057  279.59

Table 3. — Subrace means for diameter at breast height (DBH), basic density (BD), predicted pulp yield
(PPY), fibre length (FL), microfibril angle (MFA), cellulose content (CC) and index value (I). There are sig-
nificant (P <0.05) differences between subraces for BD, FL. and CC?3. All traits were assessed at age 11

years.

Subrace DBH (cm) BD (kg/ton)  PPY (%) | FL(mm) MFA(°) CC (%) I ($NPV/ha)
King Island 24.27 a 458.86 c 51.75 2 (0.74 ab 1593 24220 ab [231.16 be
Southern Tasmania 20.76 a 486.54 abc 52.04 2 (0.81 a 1795 a4278 a |160.74 b
South-Eastern Tasmania 20.27 a 484.49 be 51.96 a (0.75 ab 18.83  a41.89 ab L671.88 c
North-Eastern Tasmania 18.21 a 486.26 abc 50.51 2 0.68 b 19.55 2 40.19 b }1267.41 d
Flinders Island 21.08 a 485.22 abc 50.98 2 (0.74 ab 1628 241.89 ab l16388 b
Strzelecki Foothills 21.24 a 518.67 ab  50.79 210.78 ab 16.02 24184 ab [57681 a
Strzelecki Ranges 20.62 a 531.90 a  51.29 2 0.75 ab 17.15 24219 ab [g62.04 a
Western Otways 23.07 a 49533 abc 52.21 210.78 a 1706 24339 a 65780 a
Overall mean 21.53 491.60 51.57 .76 17.21 42.20 0

§ Same letter within a trait indicates that subraces are not significantly different at a = 0.05.

a common sampling intensity in breeding programs,
only four subraces are represented: Strzelecki Ranges
(12 trees), Western Otways (6 trees), Strzelecki Foothills
(3 trees) and King Island (1 tree).

Nevertheless, it is important to highlight that subrace
profitability will depend on the industrial process tai-
lored by the breeding program. There are indications
that E. globulus solid wood products may benefit of
lower wood density (making drying the wood easier); a
situation that could favour subraces like King Island
(Peter Volker, personal communication).

Genetic parameters

Estimated genetic parameters are presented in Table
4. Heritabilities were low to moderate for DBH, FL and
MFA (but not significantly different from zero for the
last two), and high for BD, PPY and CC. Genetic para-
meters for DBH and BD are in the range of those previ-
ously published elsewhere (e.g., MUNERI and RAYMOND,
2000). The genetic correlations are associated with very
large standard errors. Genetic correlations between
growth (DBH) and all wood properties were non-signifi-
cantly different from zero, except for DBH-MFA (r, =
—0.86). There were high significant correlations for BD-
CC (r, = 0.61) and PPY-CC (r, = 0.82). The correlation
BD-MFA was non-significant, while estimates for corre-
lations BD-PPY, BD-FL, PPY-FL, PPY-MFA, FL-MFA
and MFA-CC were outside the parameter space
(although tested significant), probably due to the small
sample size for wood properties (see Table 1). Figure 2
presents a scatter matrix of the overall breeding values
for all individuals with wood property measurements,
predicted using univariate analyses and accounting for

subrace differences. The scatter matrix confirms the
results for the significant genetic correlations (BD-CC
and PPY-CC), with the slopes of the linear regressions
being close to the correlation values. However, it does
not support the high values of genetic correlations out-
side the parameter space, indicating potential conver-
gence problems in the analyses for those traits.

The level of additive genetic variation in the popula-
tion is presented as the coefficient of variation (Table 4),

King Island ‘( | “ I —} +
S Tasmania | % b
SE Tasmania [ } H +

NE Tasmania -

Subrace

Flinders Island -
Strzelecki Foothills + [
Strzelecki Ranges | *

Western Otways + [

1 I
1500 1000  -500 0 50 1000 1500
NPV/ha
Figure 1. — Distribution of economic values in each subrace.
The box plots display the median value (-0O-), interquartile
range (IQR, the box), values no more than 1.5 IQR beyond the
quartiles (vertical lines) and outliers (—e—) for each subrace.
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to allow comparisons between traits. There is more addi-
tive variation to be exploited within subraces for growth
(11%) than for wood properties (<9%). Despite this,
given the higher heritabilities for wood properties, simi-
lar responses to selection would be expected for both
growth and wood properties.

There is evidence suggesting that genetic parameters
for growth traits are upwardly biased for open pollinat-
ed E. globulus (POTTS et al., 1995). Although the numer-
ator relationship matrix was modified to account for an
average selfing, there is variation from family to family
on selfing rates or inbreeding depression levels likely to

affect the estimates, thus the correction is only an
approximation (BORRALHO, 1994; HARDNER et al., 1996).

Response to selection

Table 5 shows the effect of selection on the selection
index:

I=296.68 BV,

ope + 25.67 BV,

where BV, and BV, refer to the overall (including
subrace effects) breeding values for DBH and BD
respectively. This index emphasises basic density, with
an empirical gain of 7.9% on basic density, 4.3% on

Table 4. — Heritabilities (bold diagonal), genetic correlations between traits
(below diagonal) and additive coefficients of variation (last column). Standard

errors are between parentheses.

DBH BD PPY MFA CC AddCV
DBH  0.20 (0.04) 11.19
BD  -0.58"(0.44) 0.44 (0.22) 4.67
PPY -0.16" (0.48) 1.08%(0.24) 0.43(0.22) 2.04
FL  -0.027(0.57) 1.21%(0.58) 1.03"(0.28) 0.16" (0.17) 3.74
MFA -0.86 (0.40)-0.70" (0.41)-1.11% (0.34) -1.11% (0.41) 0.27" (0.24) 8.36

CC  0.617(0.34) 0.61(0.25) 0.82(0.11) 1.128(0.22)-1.10° (0.27) 0.84 (0.27)2.99

T Parameter is not significant using a Likelihood Ratio Test (P >0.05).

§ Correlation is outside the parameter space. Sample size is too small to deter-

mine an accurate value.

‘ 4104?54?04‘855? 05§5 5§0

36 3|8 4‘0 4? 4|4 4‘6

. AAD A 25

ARREST o3
21
-19
-17
15

T T T T T T T T T T T T T T T
15 17 19 21 23 25 45 47 49 51 53

Figure 2. — Scatter matrix of overall breeding values (including subrace effects) for the traits under analysis. Triangles
depict the top 10% of individuals for the selection index and lines provide an indication of correlation between traits.
Selected trees are mostly in the centre of the distributions of PPY, FL, MFA and CC, confirming the small responses to

selection for those traits.
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Table 5. — Complete and selected population breeding value means. Absolute gain is the dif-
ference between complete and selected means. Profit per ha is expressed as difference from

the complete population mean.

Traits
Population DBH BD PPY FL MFA CC $/ha
Complete 21.02 493.09 50.97 0.74 18.04 41.78 0
Selected 21.91 532.22 51.00 0.75 17.76 42.19 1270.62
Absolute 0.89° 39.13% 0.03 0.01 -0.28 0.41 1270.62°
gain
a Gain is statistically significant (P <0.05)
diameter and marginal changes on all other traits. Con- References

sidering the economic objective, the predicted profit is
significant with an additional $1270.62 per ha obtained
above using the average of the population under study.
Figure 2 shows that the selected trees (triangles) are
mostly in the centre of the distributions of PPY, FL,
MFA and CC, confirming the minor changes on the aver-
age of those traits.

Conclusions

The economics of plantations and forest products
depend on the combination of multiple traits. Initial
selection in most breeding programs has focused on a
single trait (usually growth) or a small number of traits
without regard for wood properties. Current selection on
DBH and BD resulted in marginal changes in other
traits for which there is significant genetic variation.
Including other wood properties in profit calculation will
likely change the trees used for breeding. Profit due to
changes of FL,, MFA and CC will need to be ascertained
to study the impact of changes on these traits on the
economics of wood processing.

The significant subrace effects for BD, FL and CC was
not only reflected on individual traits, but it also affect-
ed the relative profitability of the subraces with respect
to the base population mean. On average, the most prof-
itable subraces (on NPV/ha over the base population
mean) were Strzelecki Ranges ($862.04), Western
Otways ($657.80) and Strzelecki Foothills ($576.81).
Therefore, careful selection of subraces (and potentially
even collection sites within subrace) will improve profit
with little, if any, additional cost.

Despite changes in sampling methods and estimation
of wood properties, small sample size remains an issue
for the estimation of genetic parameters, especially
genetic correlations. If confirmed, the lack of significant
correlations amongst growth and most wood properties
will facilitate tailoring selection towards alternative
objectives without major loss of growth productivity. The
reported genetic parameters should ideally be confirmed
with a larger sample size and in a controlled pollination
situation.
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