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Introduction
Pulp yield is an important indicator of wood quality 

in plantation eucalypts (Downes et al. 1997).  Even small 
changes of less than 1% can, over a large resource base, 
translate into millions of dollars in profitability over the 
course of a rotation.  In addition, homogeneity of pulp yield 
throughout a chip pile, and ideally throughout a single 
chip, will contribute to more uniform and optimal pulping 
conditions, and improved digestor efficiency. 

Wood properties are a function of genotype and 
environment (climate, site and silviculture): they can 
vary between individual trees and be influenced by 
silvicultural practice (Raymond et al. 2001).  Within an 
individual tree the scale of variation in pulp yield is large, 
and generally greater than that which exists between site 
means (Schimleck and Michell 1998). Within an annual 
ring of Eucalyptus nitens (shining gum) cellulose content 
ranged between ~39% in spring and ~46% in autumn 
(Downes et al. 2000).  The causes of this variability are 
related to the heterogeneous nature of wood chemistry in 
cell walls, as well as the ratio of tissue types (fibres, vessels, 
rays, parenchyma).

One of the important factors driving wood property 
variation is growth rate (Zobel and van Buijtenen 1989).  
Given that the major economic driver for growing wood in 
plantations is volume production (Greaves et al. 2000), the 
effect of increasing growth rate on wood properties needs to 
be considered.  A major determinant of varying growth rate 
is soil water availability and rainfall (Blake and Tschapinski 
1992).  Previous work examining the effect of irrigation and 
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drought on stem growth and wood properties of these same 
species has shown that changes in soil water availability can 
have marked and immediate effects on both density and 
microfibril angle (Beadle et al. 2001, Wimmer et al. 2002a, 
b).  The study reported here examined the effect of growth 
rate on kraft pulp yield of trees grown on the site used by 
Wimmer et al. (2002a, b)

Experimental
Study site and environment

In August 1990 a two hectare experimental plantation 
was established on an ex-pasture site in a low rainfall zone 
of south-east Tasmania (42o 49’ S, 147o 36’E). The site was 
gently sloping and the soil was shallow (0.6m to bedrock) 
with a loam A horizon and medium clay B horizon, derived 
from basalt.  The long-term (35 years) meteorological 
averages at Hobart airport, 9 km west of the site, indicate 
the mean January maximum/minimum temperature to be 
22.3/11.8°C, mean July maximum/minimum temperature 
12.2/4.0°C and mean annual rainfall, 512 +/- 115 mm. Mean 
Class A pan evaporation for seven years (1992 - 1998) at the 
study site was 1351 mm a-1.

Plantation establishment and species
The experiment was set up across two adjacent 1-hectare 

blocks, one irrigated (I) and the other rain-fed (R) (Figure 
1).  Within each block three adjacent replicates were laid 
out: irrigated (I, 1-3) and rainfed (R, 4-6).  Prior to planting, 
rows were ripped in both directions to a depth of 0.5 m and 
3.5 m apart.  Seedlings were planted 2 m apart within the 
rip-lines to give a stocking rate of 1428 stems ha-1.  Planting 
rows were sprayed with herbicide and the site fenced to 
exclude browsing animals.  Four seedlots, two each of E. 
globulus and E. nitens (White et al. 1994, White 1996), were 
planted in separate plots in each replicate.  The King Island 
and Rheban provenances of E. globulus and one seedlot of 
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E. nitens were included in this study; a second seedlot of 
E. nitens planted in the experiment was not. The E. nitens 
seedlot was a second generation improved seedlot derived 
from a juvenile-persistent provenance of E. nitens (Pederick 
1979, Table 1).  In each replicate, the plots containing the 
King Island provenance of E. globulus and the studied E. 
nitens seedlot had 209 trees (11 rows by 19 trees), and the 
plot containing the Rheban E. globulus was a single row 
planting of 19 trees.

The I and R treatments were not truly replicated,  For 
management and cost reasons there was only one large plot 
of each treatment.  However, the soil characteristics had 
been evaluated in detail in previous studies (Beadle et al. 
2001, Honeysett et al. 1996,  White et al. 1994) and were 
relatively uniform across the experimental site.  

Six weeks after planting phosphorus was applied as 
triple superphosphate at 120 kg ha-1 elemental P.  Nitrogen 
was applied as urea at 100 kg/ha elemental N per annum 
in 1990/91 and 1991/92 and at 60 kg ha-1 N a-1 from 1993 
to 1998.  Post-planting weed control was carried out by 
hand hoeing and application of glyphosate with hand-held 
wick-wipers.  The inter-row area was slashed periodically 
to prevent shading of trees and interference with sprinkler 
irrigation by long grass.  Subsequent annual control was 
by herbicide applied by a backpack sprayer.

Juvenile foliage of both species was attacked by autumn 
gum moth (Mnesampela privata) and that of E. globulus 
by bluegum psyllids (Ctenarytaina eucalypti).  A range of 
chrysomelid beetles and larvae, and sawfly larvae attacked 
adult foliage of both species.  The trees were sprayed with 
insecticide as required to prevent severe damage.

An irrigation system of microsprinklers was installed in 
October 1991 in the I replicates. Irrigation was scheduled on 
the basis of weekly pan evaporation and fortnightly neutron 
moisture meter readings so that available soil water was not 
limiting growth. The soil profile in the irrigated replicates 
was returned to near field capacity.  The rainfed replicates 
were exposed to continual water stress cycles, which were 
only interrupted by rain or supplemental irrigation to 
prevent tree death (Worledge et al. 1998). For the period 
August 1990 to October 1995, the three rainfed replicates 
were treated identically.  However from October 1995 to 
November 1998 replicates 4 and 5 were exposed to opposing 
stress cycles and received significantly more irrigation than 
replicate 6.  Replicate 6 continued to be rainfed and only 
received small amounts of irrigation to prevent tree death.  
In this study, trees from the irrigated hectare (replicates 
1-3) were compared with trees that had been repeatedly 
exposed to water stress (replicate 6).

Monitoring Growth rate and pattern
Rates and patterns of growth within the irrigated and 

rainfed  treatments (E. nitens and E. globulus, King Island 
provenance only) were examined using point dendrometers 
mounted at around 3 m above-ground, which logged stem 
growth hourly over the period March 1995 to November 1998 
when the trees were harvested (Downes et al., 1999b).  

Sampling, data acquisition and analysis
Within each seedlot and treatment (I,R), trees were 

selected for sampling on the basis of diameter at breast 
height (1.3 m). Diameter classes were determined from 
long-term growth plots in each block that had been 
measured regularly since plantation establishment.  Growth 
plots for King Island E. globulus and E. nitens contained 30 
trees, while those for Rheban E. globulus contained 15 trees.  
Growth plot trees within each provenance and treatment 

Figure 1. Field layout of the experiment showing irrigated and 
rainfed treatment plots, replicates within treatments plots and 
provenance sub-plots within replicates.

Table 1. Seedlots included in this study.

Species Provenance Description

Eucalyptus 
globulus

King 
Island (KI)

A random planting 
of four single tree 
collections. 11 rows 
included in each 
replicate.

Eucalyptus
globulus

Rheban 
(CSIRO 
Seedlot 
16589)

A single row block 
in each replicate.

Eucalyptus nitens Forest 
Resources 
Improved
seed

Second generation  
E. nitens from Forest 
Resources. 11 rows 
included in each 
replicate.
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were ranked into five diameter classes containing equal 
numbers of trees.  Trees were then harvested on the basis 
of these diameter classes from the area outside the growth 
plots but within replicates 1-3 (I) or 6 (R) except in the case 
of the single row planting of Rheban E. globulus, from which 
the harvesting of growth plot trees was required.  For each 
seedlot, between three and five trees were harvested for each 
of the five diameter classes in the continuously irrigated 
treatment, while three to five trees were harvested from 
diameter classes 1 and 3 in the rainfed treatment. A total of 
21 irrigation treatment x seedlot x diameter class categories 
were sampled, with 3-5 trees per category (Table 2).  

In November 1998, the eighty-nine selected trees were 
harvested manually. All trees were felled at 20 cm above 
ground level and branches removed. Merchantable length 
(ML) was defined as length to small end diameter under 
bark of 10 cm for trees of ML > 5 m, and length to 8 cm 
for trees of ML < 5 m.  The merchantable logs were cut 
into 5 - 6 m billets and de-barked. 

Individual whole trees comprising 1, 2 or 3 billets were 
chipped in an 84 inch slant Acrowood chipper (6 knives, 
1800 hp belt-driven electric motor, Everett Wa., USA). 
Woodchips from the 89 trees were collected as 20 kg sub-
samples and stored in hessian bags. The sub-samples were 
air-dried at 30oC to constant weight.

The 21 composite samples from each diameter class 
of the six provenance and treatment combinations were 
prepared as dry commercial chips.  In each composite 
sample, every sampled tree was equally represented. Chips 
were thoroughly riffled to ensure adequate mixing prior 
to sub-sampling for testing. All samples were stored in 
sealed plastic bags. Laboratory pulping properties were 
measured using a Haato 12 autoclave air pulping digester 
and associated equipment. Pulping conditions are given in 
Table 3. Each pulping value used in this study was based on 
3-4 separate cooks to allow the calculation of a pulp yield 
corrected to kappa 18, together with chemical demand 

(Table 3). Kappa number was measured as per conditions 
specified in Australian, New Zealand standard AS/NZ 
1301.201. Basic density of wood chips was determined in 
duplicate as per Australian, New Zealand standard AS/NZ 
1301.001 using the seven-day soaking option.  

A sub-sample of the air-dried chip samples from each 
tree and from each composite sample was milled in a Wiley 
mill No. 4 through a 1.0 mm screen for 3 min.  The wood 
meal was mixed, and a sample removed and placed in a 
NIRSystems sample cup (NR-7070) (Downes et al. 1997).  
The NIR spectra were measured in diffuse reflectance 
mode from samples held in a spinning sample holder in an 
NIRSystems Inc. Model 5000 scanning spectrophotometer 
(Foss NIRSystems, Silver Spring, Maryland). The spectra 
were collected at 2 nm intervals over the wavelength range 
1100-2500 nm. The instrument reference was a ceramic 
standard. Fifty scans were accumulated for each sample 
and the results averaged. After the spectrum had been 
obtained, the sample cup was emptied, repacked and a 
duplicate spectrum obtained.

The duplicate spectra were averaged and converted to 
the second derivative; a segment width of 10 nm and a gap 
width of 20 nm were used for the conversion.  Calibrations 
for basic density and pulp yield were developed using the 21 
composite samples of E. globulus (14) and E. nitens (7) as per 
Michell and Schimleck (1998) and Schimleck et al. (2000).  
Pulp yield and basic density calibrations were created using 
the second derivative spectra and Vision® software (version 
3.1).  Partial Least Squares (PLS) regression was used with 
full cross validation (i.e. leave-one-out) and a maximum of 
ten factors. The software recommended the final number of 
factors for each calibration.  For pulp yield 7 factors were 
recommended. This was considered excessive considering 
the number of samples used for calibration. A 5 factor 
model was used that explained slightly less variation.

The Standard Error of Calibration (SEC) (determined 
from the residuals of the final calibration), the Standard 
Error of Cross Validation (SECV) (determined from the 
residuals of each cross validation phase), the coefficient 

Table 2.  Diameter classes (diameter at breast height over bark, 
mm) and number of trees sampled from each treatment x seedlot x 
diameter class category. Number in parentheses indicate Rainfed 
Rheban E. globulus.

Diameter 
class

Irrigated 
King 
Island 

E. globulus 
and 

E. nitens

Irrigated 
Rheban 

E. globulus

Rainfed 
(All)

Number 
of trees

1 100 - 150 100 - 145 100-150 5 (3)

2 155 - 170 155 - 190 3

3 175 - 190 200 - 220 175-210 5 (3)

4 195 - 215 225 - 240 3

5 220 - 280 245 - 280 5 

Table 3. Pulping digestion data.

Nominal time to/at 
temperature

90/90 mins

Cook temperature 170°C

Liquor ratio 3.5:1

Sulphidity 25%

%NaOH charge variable to give kappa 18

‘H’ factor 2865

Activation energy 147.5 kj/mole

Wood charge 300 o.d. equivalent

* The ‘H’ factor program controls actual times.
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of determination (R2), and the ratio of performance to 
deviation (RPDc) (Williams and Sobering 1993) calculated 
as the ratio of the standard deviation of the reference data 
to the SECV, were used to assess calibration performance. 
Determination of the RPDc allows comparison of 
calibrations developed for different wood properties that 
have differing data ranges; the higher the RPD the more 
accurate the data fitted by the calibration.

Statistical analysis was carried out using Genstat 
(Genstat 2002).  Basic density and kraft pulp yield of  
the multiple-tree bulked samples were analysed using a 
generalised linear model which specified treatment (I, R), 
seedlot (two provenances of E. globulus, one seedlot of E. 
nitens) and diameter class as main effects, and the three two-
way interactions of the main effects, all as fixed effects in 
the model.  A similar model was used for the individual-tree 
NIR-predicted data, with the exception that the treatment.
replicate effect (relating to the three replicates within the 
irrigated plot) and the three-way interaction (treatment.
seedlot.diameter class) were also fitted as fixed effects. 

Results
The rainfed trees exhibited a more variable growth 

pattern than irrigated trees (Figure 2) over the three-year 
period before harvest with, on average, slower growth rates 
and smaller annual increments.  The periodic drought 
stresses resulted in significant shrinkage events in the 
stems (Downes et al. 1999a).  After rainfall or irrigation 
the stems expanded. If the soil water deficit increased 
above -40 to -50 mm, net stem growth occurred (Downes 
et al. 1999a).  In the irrigated treatments growth was more 
uniform over the period (Figure 2b).  Within treatments 
the temporal pattern of growth was similar between trees. 
This is particularly evident in the irrigated E. globulus 

(Figure 2b).  Thus, although the volume of wood produced 
within a year varied from tree to tree, the proportions of 
wood produced within a given time interval (e.g. day, week, 
month) were consistent within treatments, for the trees that 
were studied with dendrometers.

Evaluation of multiple-tree samples
The diameter range and mean diameter of the sampled 

trees in rainfed diameter class 3 was similar to that of 
irrigated diameter class 3 (Table 2, Figure 3a).  Every 
effort was made to keep the diameter range as consistent 
as possible across species, provenances and treatments (I, 
R) within the constraint of trees available for destructive 
sampling.

Total kraft pulp yield for E. nitens composite samples 
ranged from 48.6 - 48.9% for rainfed and 51.6 - 53.2% for 
irrigated trees (Figure 3b).  E. globulus samples ranged from 
49.2 - 50.1% and 49.4 - 50.4% for rainfed and 55.3 - 56.7% 
and 53.5 - 55.5% for irrigated E. globulus King Island and 
Rheban provenances, respectively (Table 4).  The analysis 
of variance (Table 5) indicated that both treatment and 
seedlot main effects had significant effects on pulp yield, 
when the residual (treatment.seedlot.diameter class) was 
used as the denominator means square for the variance 
ratio test.  Comparing trees of similar diameter (growth 
rate), rainfed bulked samples in all cases had a considerably 
higher basic density than those from the irrigated treatment 
(Figure 3c, Table 4), and the treatment effect was significant 
using the residual as the denominator mean square (Table 
5).   The F-probabilities in Table 5 must be interpreted 
with caution because there is no genuine replication 
of the (I, R) treatments (Snedecor and Cochran 1989). 
However, for both kraft pulp yield and diameter, it was 
clear that the treatment difference (I, R) contributed most 

Figure 2. The pattern of growth in adjacent trees to those sampled in (a) rainfed and (b) irrigated treatments.  Growth patterns in three 
trees from each of E. nitens (thick lines) and E. globulus (thin lines) are included. 
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of the variance in the data set, and that differences among 
diameter classes within treatments were not significant, nor 
were the interactions between treatment (I, R), seedlot and 
diameter class (Table 5).

The relationship between pulp yield and basic density 
was examined for the 21 composite samples (Figure 4).  
The samples in the two treatments were clearly grouped 

into two separate populations: high density and low pulp 
yield (rainfed samples) and low density and high pulp yield 
(irrigated samples). Density and pulp yield were positively 
correlated within each of these two treatment groups.

The amount of active alkali required to produce pulp 
at kappa 18 was calculated and the relationship with pulp 
yield and basic density examined (Figure 5) for the irrigated 
and rainfed composite samples.  Active alkali was negatively 
correlated with pulp yield with both the irrigated and the 
rainfed samples having the same trend, despite clustering 
at different ends of the pulp yield continuum (Figure 5a).  
The rainfed samples, having higher basic density, required 
more active alkali (Figure 5b) but within the two groups 
no clear relationships were evident. 

NIR prediction of pulp yield
NIR spectra from the 21 composite samples allowed a 

calibration model to be developed for pulp yield, covering 
a range of 48-57%, and chip basic density, covering a 
range of 420-550 kg/m3 (Figure 6).  These models were 
used to predict individual tree values, enabling a more 

Figure 3. The pattern of growth in trees adjacent to those sampled 
in (a) rainfed and (b) irrigated treatments.  Growth patterns in 
three trees from each of E. nitens (thick lines) and E. globulus 
(thin lines) per irrigation treatment are shown. 

Figure 5. The relationship between Alkali demand to achieve kappa 18 and (a) kraft pulp yield and (b) basic density in irrigated 
(closed symbols) and rainfed (open symbols) treatments. 

Figure 4. The relationship between basic density and kraft pulp 
yield across the full set of 21 composite samples (solid line).  

feature
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detailed statistical examination of the effect of growth rate 
by providing an estimate of the residual variance within 
each treatment.seedlot.diameter class combination, and 
comparison of the three irrigated replicates within the 
irrigated plot.

The analysis of the NIR-predicted individual-tree pulp 
yields and NIR-predicted basic densities is summarised in 
Table 6.  As with the bulked laboratory-determined samples, 
most of the variance is accounted for by the treatment 
(I,R) effect. Using either the interaction (treatment.
seedlot.diaclass) or the residual mean square as the error 
(denominator) mean square to generate the variance ratio 
for error testing, this difference is highly significant 
(P<0.001).  The three seedlots also differed significantly 
(P<0.001) in their predicted pulp yield and there was 
some indication that there was a significant interaction 
between treatment and seedlot.  Diameter class did not 
significantly affect predicted pulp yield.  The analysis of 
individual-tree predicted density (Table 6) showed that 
while the differences between treatments and between 
seedlots were highly significant (P<0.001), the interaction 

between treatment and seedlot was not.  As with predicted 
Kraft pulp yields, the differences between diameter classes, 
and the treatment.diameter class and seedlot.diameter 
class interactions were not significant, although there 
was an indication that the three-way interaction between 
treatment, seedlot and diameter class was significant at 
P<.05. As with the analysis of the bulked samples, caution 
is required in interpreting the F-probabilities because of 
the lack of replication of the (I,R) treatment comparison. 
However, differences in predicted pulp yield and predicted 
basic density between the irrigated replicates (replicates 
1, 2 and 3 in the irrigated plot) were not significant, with 
mean squares less than 1% of those associated  with the 
treatment (I, R) effects for both predicted pulp yield and 
predicted density.    

Discussion
Effects of growth rate and seasonal growth pattern on 
wood properties

In this study all trees were 8 years old and individual 
tree growth was measured as diameter (mm) over bark at 1.3 

Table 4. Basic density (BD) kraft pulp yield (KPY) and alkali demand (AA) of 21 multiple-tree composite samples.

Diameter Class BD (kg/m3)
KPY
(%)

AA
(%)

E. nitens
1 505 48.6 18.8

Rainfed 3 507 48.9 19.1
1 424 52.2 17.2
2 412 51.6 17.4
3 432 52.8 17.1
4 439 53.2 17

Irrigated 5 474 53 17.5

Mean 456.1 51.5 17.7

E. globulus (King Island provenance)  
1 557 50.1 17.8

Rainfed 3 524 49.2 19.3
1 459 55.7 15.5
2 428 56.3 16.1
3 484 56.7 16.2
4 457 55.3 16.4

Irrigated 5 468 55.9 16.5
Mean 482.4 54.2 16.8

E. globulus (Rheban provenance)  
1 519 49.4 17.9

Rainfed 3 538 50.4 17.9
1 464 53.5 16.4
2 480 55.5 15.6
3 455 53.7 16.3
4 477 54.6 16.7

Irrigated 5 485 54.2 16.5

Mean 488.3 53.0 16.8
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m  height to that age. Of prime interest is the finding that 
growth rate (diameter class) within species and provenance 
grown at the same site, and under the same soil water 
conditions, had no significant effect on kraft pulp yield 
or density.  However, trees with similar diameters grown 

under contrasting soil water conditions had significantly 
different pulp yields and densities. Statistical analysis was 
compromised by the lack of true replication of the irrigation 
treatments in the experimental design, there being only one 
rainfed and one irrigated plot. However, the uniformity of 
the site, revealed by detailed mapping of site characteristics 
in previous, related studies, together with the uniformity 
in NIR-predicted wood properties of the three replicates 
within the irrigated plot, give us confidence that the 
response of wood properties to irrigation was genuine.  At 
this water-limited site, irrigation significantly increased 
kraft pulp yield and reduced basic density for both species, 
and for both provenances of E. globulus. Trees with similar 
diameters (those in diameter classes 1 and 3) from irrigated 
and rainfed treatments differed greatly in their pulp yields 
and basic densities (Figure 3). Clearly these trees had 
similar average annual growth rates and were exposed to 
the same temperature conditions, but the availability of 
water to facilitate growth was limited at critical periods of 
the growing season in the rainfed treatment. The volume 
of wood produced was the same, but the physical and 
chemical composition of the wood was markedly different 
(Wimmer et al. 2002a,b).  

During the three-year period before harvest, stem 
growth in 24 trees had been monitored hourly (Downes et 
al. 1999a,b, 2001, Wimmer et al. 2002a,b).  Figure 2 shows 
that, while the absolute annual increment varied markedly 
between the studied trees within treatments, the temporal 
pattern of growth during an annual cycle was similar for 
these trees within a treatment, for both E. globulus and 
E. nitens.  An earlier study (cited in Downes et al. 2000) 
had examined the variation in cellulose content across a 
single annual ring from the irrigated E. nitens treatment.  
This showed that cellulose content varied over the year 
from ~39% in spring to ~46% in autumn.  Given that 
cellulose content is a major determinant of pulp yield, 
mean pulp yield would be strongly influenced by the 

Table 5.  Analysis of variance of composite samples for kraft 
pulp yield and basic density.  

Kraft Pulp yield

Change d.f. s.s. m.s. v.r. F pr.
treatment 1 100.6722 100.6722 218.46 0.005
seedlot 2 25.7438 12.8719 27.93 0.035
diaclass 4 0.7473 0.1868 0.41 0.799
treatment.seedlot 2 4.9635 2.4818 5.39 0.157

treatment.diaclass 1 0.1633 0.1633 0.35 0.612
seedlot.diaclass 8 4.5377 0.5672 1.23 0.523
residual 2 0.9217 0.4608   

total 20 137.7495 6.8875

Basic Density

Change d.f. s.s. m.s. v.r. F pr.

treatment 1 20483.2 20483.2 43.67 0.022
seedlot 2 4103 2051.5 4.37 0.186
diaclass 4 2002.4 500.6 1.07 0.536
treatment.seedlot 2 447.4 223.7 0.48 0.677
treatment.diaclass 1 108 108 0.23 0.679

seedlot.diaclass 8 2149 268.6 0.57 0.765
residual 2 938 469   
total 20 30231 1511.5   

d.f.= degrees of freedom, s.s= sum of squares, 
m.s.=mean square, v.r.=variance ratio (using residual s.s. 
as denominator), F.pr = F=probability.

Figure 6. Plot of laboratory determined (a) basic density and (b) kraft pulp yield against NIR predicted values for the 21 E. globulus 
and E. nitens composite samples.  

feature
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relative proportions of wood produced at different times of 
the year.  If growth rates of individual, genetically similar 
trees vary, but the relative proportions of wood produced 
with a given pulp yield range are similar, then one would 
not expect mean pulp yield to differ between such trees.  
However if two genetically similar trees have markedly 
different seasonal growth patterns as a result of growing 
on contrasting sites, then one might expect their pulp 
yields to differ.  As cellulose content appears to increase 
from earlywood through to latewood, a growth pattern 
that favoured latewood production would give a higher 
pulp yield.  Both treatments in our experiment produced 
similar amounts of wood during spring and early summer. 
However the irrigated treatment produced more of the  

‘higher cellulose’ wood in the late summer and autumn 
period, resulting in the higher pulp yield.

There were contrasting patterns in basic density, with 
rainfed trees having significantly higher density.  Density 
differences in eucalypts are largely driven by changes in cell 
wall thickness and vessel size (Downes et al. 1997).  Vessel 
size is restricted under drought conditions and higher 
density driven by reduced vessel area is associated with 
increasing soil water deficit (Wimmer et al. 2002b).  The 
more erratic growth patterns of the rainfed trees reflect 
the fluctuating soil water conditions during their growth 
(Downes et al. 1999a).  Clark et al. (1997) also reported 
the effect of drought to increase density and irrigation 
to increase pulp yield for several eucalypt species grown 

Table 6.  Non-orthogonal analysis of variance tables for NIR predicted pulp yield and NIR predicted basic density.  
NIR predicted Pulp yield

d.f. s.s. m.s. v.r. F pr.

treatment 1 338.025 338.025 132.53 <.001

treatment.replicate 2 5.001 2.501 0.98 0.381

seedlot 2 112.187 56.093 21.99 <.001

diaclass 4 5.868 1.467 0.58 0.682

treatment.seedlot 2 30.852 15.426 6.05 0.004

treatment.diaclass 1 0.826 0.826 0.32 0.571

seedlot.diaclass 8 10.191 1.274 0.5 0.852

treatment.seedlot.diaclass 2 0.379 0.19 0.07 0.928

residual 63 160.685 2.551

total 85 664.013 7.812  

NIR predicted Basic density

d.f. s.s. m.s. v.r. F pr.

treatment 1 108337.2 108337.2 272.34 <.001

treatment.replicate 2 1334 667 1.68 0.195

seedlot 2 8816.2 4408.1 11.08 <.001

diaclass 4 3526.7 881.7 2.22 0.077

treatment.seedlot 2 576.8 288.4 0.73 0.488

treatment.diaclass 1 32.5 32.5 0.08 0.776

seedlot.diaclass 8 2088.5 261.1 0.66 0.727

treatment.seedlot.diaclass 2 3040.7 1520.4 3.82 0.027

residual 63 25061.6 397.8  

total 85 152814.3 1797.8  
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in irrigated and non-irrgated treatments in southern 
Australia.  Raymond et al. (1998) reported that there is 
an inverse relationship (r2 = 0.59) between mean annual 
rainfall and basic density of E. globulus and E. nitens across 
a wide range of plantaiton sites in souterhn Australia.  

Our results highlight the value of understanding the 
detailed patterns of wood formation when evaluating 
relationships among sites, genotypes and wood property 
variables.  This knowledge may find application in providing 
a more uniform wood supply, by sourcing wood from sites 
with similar growth patterns to meet mill demands at 
any one point in time.  However, within-tree patterns of 
variation need to be understood, as these also affect the 
uniformity of harvested wood (Downes et al. 1997).

Cost effectiveness of NIR with traditional pulping
Several studies have demonstrated that NIR 

spectroscopy provides an inexpensive and rapid alternative 
to the traditional method of pulp yield assessment (Michell 
1995; Olsson et al. 1995; Michell and Schimleck 1998; 
Schimleck et al. 2000). An NIR determination of pulp 
yield costs approximately 5% of traditional pulp analysis 
(G. Downes, unpublished data).  Relatively few studies 
have made practical use of pulp yield data based on NIR 
spectroscopy.  Raymond et al. (2001a,b) used NIR-predicted 
pulp yield to identify the optimal sampling height for E. 
globulus and E. nitens growing on a range of sites in Tasmania 
and Victoria, and to determine genetic parameters and 
examine genotype-by-environment interactions in E. 
globulus, respectively.  An assumption in both studies was 
that the pulp yield calibrations used were effective for the 
larger sets of samples to which they were applied.  In our 
study the use of the bulked samples for calibration meant 
that the 89 trees studied were all represented, albeit in part, 
in that calibration.

A partial objective of this study was to explore the cost 
effectiveness of NIR in combination with traditional kraft 
pulping.  While a single pulp yield value on one bulked 
sample from each treatment-by-seedlot-by-diameter class 
enabled the importance of the irrigation treatment and 
the lack of effect of diameter class on pulping properties 
to be determined, the use of NIR to generate individual 
tree values enabled more detailed statistical analysis to 
be conducted at modest additional cost.  Thus the two 
assessment technologies can be used together to provide 
greater interpretative value, assuming NIR predicted values 
are accurately produced from good calibrations. 

Conclusions
Trees grown under water limited conditions produced 

wood with higher basic density but lower pulp yield, 
compared with those of similar diameter grown under 
rainfed conditions at a water-limited site.  Growth rate, 
when considered within the context of irrigated or rainfed 
conditions, had no observable effect on kraft pulp yield 
or basic density. Dendrometer growth data indicated that 
irrigated trees produced more wood in the second half of 
the growing season. Differences between the rainfed and 
irrigated trees were thus attributed more to differences in 

the pattern of growth over the year rather than to growth 
rate per se.  
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