SUCCESSFUL REJUVENATION OF RADIATA PINE
Dale R. Smith 1
Abstract:--Clonal forestry with radiata pine (and other pine species) has been constrained by the
phenomenon of physiological ageing. Well-replicated trials in New Zealand have demonstrated that
vegetative propagation from ortets older than three years results in volume loss in plantations compared
to that expected from seedlings with the same genetic background. In order to take advantage of the
benefits of clonal forestry, research and development has centred on techniques such as hedged cutting
stool beds, cool-stored micropropagules, and cryopreserved embryogenic tissue from immature zygotic
embryos. These methods, while all effective, require that a significant up-front investment is made to
store material, much of which will give genetic gain no greater than that from seedlings. Data is
presented which indicates that trees with superior growth and form, as well as a combination of valuable
wood properties, are present at low frequency in a mature stand. Only 5 trees in a 15 hectare stand of
Pinus radiata had diameters in the top 10 percent, no reaction wood, ring 16-20 basic density greater
than 470 kg / m 3 , and ring 20 mean tracheid length greater than 4.0 mm. This represents 0.03% of the
trees initially planted.
Embryogenic tissue was induced from the apical meristems of vegetative buds of the 5 select trees.
Mature somatic embryos formed in all 5 clones, and were converted to plants. Somatic seedlings were
used as a source of rooted cuttings for use in field trials. This is the first demonstration of apparent
rejuvenation of a commercial pine species, and the operational significance cannot be overstated. It is
now possible to select mature trees in the field on the basis of their individual fiber properties, and
through rejuvenation, make available to the forest establishment manager planting stock which will not
show the growth rate penalty shown with cuttings were taken from old trees.
INTRODUCTION
There is in the wood utilisation community within New Zealand a general and increasing (but difficult to
document) disenchantment with some of the wood properties of fast-grown radiata pine. Unacceptable
levels of dimensional instability of both sawn timber and mouldings, particularly of clear-wood resulting
from pruned, heavily thinned stands, is frequently reported by saw-millers and manufacturers. Changes
in kiln-drying schedules and processing plant design have helped alleviate the problem, but there are a
number of new tree improvement and wood property research initiatives in train to find other solutions.
Clonal forestry research and development is one possible route to improvement of the crop.
Enthusiasm for clonal pine forestry in New Zealand has waxed and waned over the last 50 years, and the
evidence for greater economic gain through clonal forestry has been questioned, compared to a controlpollinated orchard strategy coupled with vegetative multiplication (Carson, 1986). Cutting techniques
were first demonstrated by Field in 1934 (Field, 1934), and techniques for vegetative propagation of
sexually mature radiata pine (Pinus radiata D. Don) were demonstrated over 30 years ago in New
Zealand (Thulin and Faulds, 1968) but attempts at that time to establish commercial stands with ramets
from elite, mature trees were not successful. Although clones displayed the expected improvements in
form and intra-clonal uniformity in replicated field trials, stem volumes at ages 6-10 were more than
20% lower than seedling controls. In the mid-seventies Sweet and Wells published evidence that trees
established from cuttings taken from ortets aged between 10 and 43 years showed incremental loss of
ramet stem volume with advancing age of the ortets (Sweet and Wells, 1974). During the 1980's,
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Menzies and co-workers (Menzies et al., 1991) established extensive ortet age effect field trials on a
number of sites. Well-replicated trials were planted using ramets from ortets ranging in age from 1 to 5
years. These trials showed conclusively that cuttings from 4 and 5 year old ortets showed average stem
volume losses of 8% and 19% respectively compared to seedling controls when measured five years
after planting. Figure 1, which was constructed using published data (Sweet and Wells, 1974; Menzies
et al., 1991) illustrates the relationship between ortet age and ramet stem volume growth. This effect,
often referred to as 'physiological ageing' has since been confirmed in a number of tree improvement
trials in New Zealand (New Zealand Forest Research Ltd, unpublished data).

Figure 1. The effect of ortet age on the stem volume growth of ramets relative to seedlings. Data for
years 1-5: ramets 5 years after planting (Menzies et al., 1991). Data for years 10-43: ramets 6 years
after planting (Sweet and Wells, 1974)
When the implications of physiological ageing became apparent, research effort and management
practise in New Zealand was redirected towards the use of vegetative propagation from ortets aged 3
years or less. Stem cuttings from seedlings are currently used widely in New Zealand (1996, 10% of
all plantings. Smith, 1997) to enable the realisation of genetic gain from limited amounts superior seed
over a greater land area than possible if planted directly as seedlings. In most instances the cuttings are
not used for clonal forestry, other than to enhance the efficiency of progeny testing. Research effort has
also been directed towards developing techniques for maintaining the juvenile state of representative
examples of each clone. The intention is that clonal forestry could eventually be possible with superior
genotypes which became apparent from well-replicated clonal field trials (Smith, 1997). Pine
micropropagation research initiated in the 1970s in New Zealand (Smith, 1986) was later adopted by
industry, with more than 2 million radiata pine plantlets produced each year by Fletcher Forests in New
Zealand (Nairn, 1992; Gleed, 1993). A general pine somatic embryogenesis protocol developed at the
New Zealand Forest Research Institute (Smith, 1996) was subsequently licensed to Carter Holt Harvey
Forests for radiata pine (Smith et al., 1994) and has since been evaluated by forestry companies in the
Southern USA for application to loblolly and slash pine. Pine somatic embryogenesis techniques
depend upon capture of the zygotic embryo during its polyembryonic state, and like micropropagation,
are effective only with juvenile clones which are untested genotypes with respect to their properties as
crop trees. For a period, somatic embryogenesis enjoyed a comparative advantage over
micropropagation. Samples of each embryogenic clone could be stored in liquid nitrogen in a juvenile
state while clonal field trials were carried out with somatic seedlings regenerated from other samples of
the same clones (Hargreaves and Smith, 1992; Smith et al., 1994). This advantage has since been
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negated by the development of protocols for cryopreservation of a high percentage (82%) of
micropropagated clones (Hargreaves, et al., 1999).
Although somatic embryogenesis and micropropagation are used by two major forestry companies in
New Zealand, the total plantings represent less than 2% of the land area planted in 1996 (Smith, 1997).
Micropropagation works for a wide range of genotypes, but the cost of production per plant is 5-7 times
that of a seedling (Smith, 1986, 1997). This reflects the high labour cost, with approximately 50 people
working part time to produce 2 million plants at Fletcher Forests in 1995 (B. Nairn, pers comm). While
production of embryogenic tissue from immature zygotic embryos is effective for all radiata pine
families tested, on average only 15 % of genotypes within a family will form plants from embryogenic
tissue (Smith et al., 1994). While somatic embryogenesis shows potential for automation through the
use of bioreactor technology (Smith et al., 1991), in practise, pine embryogenic cell lines typically have
a finite life before losing plant regeneration capacity - currently a serious obstacle to industrial-scale
plant propagation. Somatic embryogenesis currently offers the unique advantage of genetic
transformation (Walter and Smith, 1995; Walter et al., 1998).
Current uncertainty with respect to economic advantage over conventional tree breeding is perhaps the
greatest obstacle to the widespread adoption of pine micropropagation and / or somatic embryogenesis
in production-scale tree improvement operations. The most important economic questions are:
• How many juvenile clones must be tested in order to identify some that far outperform
both their siblings, and the following breeding generations, with respect to both
volume and added value (higher density, disease resistance, fiber quality, & etc)?
• What is the cost of maintaining many clones in a juvenile state for the years during
which field trials are carried out?
Radiata pine differs somewhat from the case given for interior spruce in British Columbia. The testing
of juvenile spruce clones from resistant families may well be economically justified in the case of insect
resistance, where lack of resistance means that new plantings will fail (Sutton et al., 1993). No such
threat currently constrains radiata pine utilisation in New Zealand, and a new technology is judged only
on the additional volume and / or value of wood produced. There is little data available from which an
informed decision can be made, however computer models suggest that 5% or less of the top trees in any
generation will outperform the mean of the generation that follows (King and Johnson, 1991).
Kibblewhite and co-workers have recently shown in New Zealand that certain individual clones have
fiber properties significantly better for Kraft pulp than run-of-the-mill radiata pine fiber (Evans et al.,
1999). There appear to be no published studies of a similar nature showing information on selection of
superior pine phenotypes, based on wood properties, in stands old enough to produce commercial saw
logs.
Assuming that superior clones can be detected in a mature stand of pines, due to the "physiological
ageing" effect, those clones will be of little economic value unless "rejuvenated" to a state equivalent to
the vigorous growth habit of natural seedlings. Rejuvenation of conifers has been an elusive goal,
compared to angiosperms and monocotyledonous plants. There have been two claims of rejuvenation of
spruce in recent years (Westcott, 1994; Paques et al., 1997), and one claim for pines (Smith, 1997). In
the present paper the author reports on the screening of a 20 year old stand of radiata pine for unusual
wood properties, and the rejuvenation of a select few clones to collect information on field performance
in the future.
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METHODS
Operational strategy
Having access to rejuvenation technology (MetaGenetics New Zealand, unpublished data), this project
was founded on exploring the concept of selecting individual trees from a 20-year-old stand of radiata
pine, based on their stem diameter and wood properties. The trees were selected according to the
specifications of a client, based on their experience with machining radiata pine timber. Clones selected
for propagation were chosen by following these specifications:
• Measure all stem diameters to identify largest 10% of trees with required form, sample wood
from these trees.
• Eliminate all trees with reaction wood.
• Eliminate all trees with ring 16-20 basic wood density less than 470 kg / m3.
• Eliminate all trees with ring 20 tracheid mean length less than 4.0 mm.
• Rejuvenate all remaining trees to produce experimental plantings.
Wood property sample collection
Screening was carried out in 15 hectares of twenty-year-old radiata pine growing in the coastal Eastern
Bay of Plenty, at an altitude of 100 metres. The trees were planted at 3m x 3m spacing on a farm site in
1977 using open pollinated progeny of the '268' series seed orchard. Trees were pruned to 3.4 metres,
and thinned to waste at 5 and 11 years, giving a final crop density of 330 trees / hectare (thinning ratio
1:3). All trees in the stand were measured (diameter at breast height) and scored for stem and branch
form. Trees were ranked based on stem diameter, and all large trees with butt sweep, or with branch
size estimated to be greater than 25 mm in the first unpruned log were excluded from further sampling.
After exclusion of those trees, two 5mm core samples were taken from each of the 33 trees in each
hectare with greatest diameter, a total of 495 trees. The core samples were taken at right angles to the
downhill side (if any) of each tree. The whole 5mm cores were assessed for reaction wood according to
the method of Harris (Harris, 1977), with each core being rated from 0 (none) to 5 (severe). A further
10mm X 10 mm sample was cut with a sharp chisel from the outermost ring of a sub-sample of 70 trees,
at breast height on the uphill side.
Basic wood density was assessed gravimetrically for each tree using the mean of two 5 mm cores. The
maximum moisture content method (Smith, 1954) was used for lengths comprising 2 sets of
consecutive growth rings (1-5, and 16-20) after Soxhlet extraction in methanol. Wood samples (10mm
x 10mm) from the outermost growth ring of 70 trees (Table 2) were macerated in 50:50 glacial acetic
acid: hydrogen peroxide. Fiber sample preparations were assessed for tracheid length according to the
method of Harris (Harris, 1966) using a 0.8 objective on a Reichert Diavar microscope. The mean for
each tree was determined from 20 randomly selected fibers from each of 5 sub-samples of the macerate.
Vegetative propagation
Vegetative bud samples were taken in May 1997 from 5 trees selected after determination of their wood
properties. Some of the buds were grafted to seedling rootstocks as a future "gene bank". The
remaining vegetative buds were used as a source of apical meristems. Following an induction treatment
on meristem fragments or protoplast preparations, (MetaGenetics, proprietary technology), tissue
containing immature somatic embryos was observed to arise from each clone. Mature somatic embryo
production was achieved using a protocol reported for P. strobus (Klimeszewska and Smith, 1997), and
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plants from each of the 5 clones were eventually established in a greenhouse in September 1997
Somatic seedlings in Spencer Lemaire rootrainers were transferred to a Rotorua nursery in Decembe
1997 where they were subsequently used as stool-beds. Shoot sections 120 - 150 mm long were set in
June 1998 into a friable pumice soil augmented with sedge peat and containing magnesium ammonium
phosphate. Rooted cuttings will be used to plant field trials in July - August 1999.
Gene fingerprinting
Needle samples from 2 of the 5 original ortets, and from somatic seedlings from each clone were used as
a source of DNA. The extracted DNA was amplified by the Gene Mapping research group at New
Zealand Forest Research Institute Ltd., using 8 RAPD primers for '268' series seed orchard clones that
are used routinely in NZFRI commercial seed orchard fingerprinting services.
RESULTS AND DISCUSSION
Stand and wood properties
The mean breast-height diameter over bark (DOB) for the whole stand was 480 mm (Table 2). The
mean DOB of the top 10% trees was 595 mm, which was significantly higher (p<0.01) than the whole
stand mean. From the 5 mm core samples, it was determined that the breast-height diameter under bark
(DUB) of the top 10% of trees was 535 mm (Table 2). The whole stand DOB indicates an average ring
width of 10.1 mm (using a bark thickness of 30 mm) and this value is 11% higher than that previously
published for the '268" families at age 20 (Cown et al., 1992). The greater values for the stand
described in the current paper will be due to the higher site fertility, and the lower altitude of 100 metres
compared with more than 300 meters for trees in the Cown et al. study.
Of the top 495 trees 68.7% were rejected on the basis of reaction wood in the 5 mm core samples,
leaving 155 trees (31.3%) with no observed reaction wood Table 1). The mean value for the 495-tree
sample was 1.75%, somewhat higher than the value of 1.52 reported for similar material in the Central
North Island (Cown et al., 1992).
From the 5 mm core samples, it was determined that the mean outer 5 growth ring density of the trees
sampled was 420 kg /m 3 . Of the 495 trees sampled, there were 70 tree with a ring 16-20 basic core
density equal to or greater than 470 kg / m 3 Samples of the outermost growth ring (ring 20) were taken
from these 70 trees, and the mean fibre length determined. The mean tracheid length for these 70 trees
was 3.65 mm. This is close to the mean of 3.70 mm reported by Cown and co-workers for the '268'
families in the Central North Island. Of the 70 trees samples in the Eastern Bay of Plenty site, only 5
were found to have ring 20 mean tracheid length equal to or greater than 4 mm (mean 4.13, Table 2).
Table 1. Stand description
Stand area - hectares
Initial stocking - total number of trees
Final stocking - total number of trees
Number of trees in top 10% DOB
Number of trees in top 10% with no reaction wood
Number of trees with ring 16-20 basic density >470 kg/m3
Number of trees with ring 20 mean tracheid length > 4.0 mm

1 62

15
16667
4957
495
155
70
5

Table 2. Wood properties
Reaction
wood

16-20
Ring
density
kg / m 3

Ring 20
mean tracheid length
mm

DOB mm
+/-SD

DUB mm
+/-SD

Whole stand

480

-

Top 10% of trees

595

535

1.75

420

3.65 (1)

5 select trees

570

510

0

476

4.13

Sample

-

DOB - breast-height diameter over bark.
DUB - breast-height diameter under bark.
(1)
From 70 trees with ring 16-20 basic density. 470 kg / m3.

Propagation and molecular verification
Embryogenic tissue was established from less than 5% of the vegetative bud explants placed in vitro
from the 5 selected 20-year-old trees. Despite the low response, however, embryogenic tissue was
established for all 5 clones, with meristem fragment samples and protoplast preparations giving similar
results (data not shown). Mature somatic embryos were harvested from this tissue following transfer to
maturation medium, and more than 50% of these converted to plants established in soil. Between 17
and 47 plants were established in soil for each of the 5 clones. The somatic seedlings had stems
containing whorls of primary needles identical with that of seedlings, and, after 1 year in the nursery
bed, their form continues to be similar to that of seedlings. Stem cuttings established from 10 somatic
seedlings of each clone, set directly in the nursery bed, all formed adventitious roots and are identical in
form with stem cuttings from seedlings 1 year old or younger.
DNA gels run using the products of 8 different primers were used to compare two ortet and two ramet
samples for two different clones. Results for all 8 primers indicate that the ortet and ramet samples are
probably genetically identical (Fig 2).

Figure 2. Comparison of somatic seedling needle tissue (ramet) with source tree (ortet) for two clones.
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Significance and application of results
Two novel contributions to pine improvement technology are explored in this paper. The first of these is
the demonstration of rejuvenation of 5 twenty-year-old Pinus radiata clones, selected for their wood
properties and apparent high growth rate. This rejuvenation, when verified by field plantings which will
be established this year, will offer a new tool in the quest for establishing stands of pines with known
wood properties.
The second feature of this study is a preliminary investigation of the concept of phenotypic selection in a
final crop once the growth and form, as well as the wood properties have become apparent. From the
viewpoint of stem diameter, there is a risk in selecting unreplicated genotypes, as the genetic superiority
of a tree cannot be taken for proven on the basis of single tree performance. However it is unlikely that
inferior genotypes would survive two thinnings-to-waste and be represented in the top 10% of stem
diameters after 20 years of growth. The risk inherent in selecting trees on the basis of the wood
properties of individual trees is small, since studies in New Zealand have shown that ramet-to-ramet
variation in wood properties is negligible ( C.J.A. Shelbourne and R.P. Kibblewhite, New Zealand
Forest Research Institute Ltd., pers comm).
There appear to be no published studies of fast-grown radiata pine sawn timber that pinpoint the cause
of dimensional instability increasingly experienced with this species. There is, however, anecdotal
evidence from saw-millers in New Zealand, which indicates that dimensional instability is often
associated with severe reaction wood. On the other hand, reaction wood is rarely seen in pinewood,
which saws and machines well. On this basis, only 31.3% of the sample in the present study would be
expected to have high dimensional stability following sawing.
Owing to the number of interacting factors, there are few definitive studies of the relationships between
wood characteristics and product values (Cown et al., 1992). Wood density is a predictor of hardness,
ease of drying and machining, strength, and stiffness (Panshaw and de Zeeuw, 1980; Megraw, 1985).
For New Zealand radiata pine wood chips, the basic density has been shown to be strongly correlated
with pulp coarseness and handsheet properties (Kibblewhite, 1985; Kibblewhite and Bawden, 1992). In
the present study, the mean basic density of rings 16-20 of the 10% of trees with greatest diameter was
420 kg / m 3 , which is lower than the mean value of 435 kg / m 3 reported elsewhere for the same families
(Cown et al., 1992). The low altitude Bay of plenty site sampled in the present is warmer than that
sampled by Cown and co-workers, and a higher outer ring wood density would have been expected,
based on the very substantial surveys carried out by Cown's group (Cown, 1980). The lower than
expected result may be a consequence of limiting density measurements to the 10% of trees with largest
diameter, but this explanation implies a negative relationship between density and diameter. There is
ongoing debate in New Zealand on the relationship between diameter and wood density. Burdon and
Low reported a "negative association (both genetic and within-family phenotypic correlations) with ring
width" (Burdon and Low, 1993). On the other hand, Cown and co-workers interpreted their study of the
`268' families as showing that there is "no indication of change in average wood density" of the '268'
families compared to the control population (Cown et al., 1992). Close analysis, however, reveals a
negative correlation (-0.6) when their data for mean ring width of 30 individual families (their Figure 1)
is analysed against growth ring 16-20 density (their Figure 4b).
The present study does not resolve the question of the relationship between diameter and wood density
in radiata pine, nor add information to the role played by reaction wood. However this study does
provide new information on intensive clonal selection. King and Johnson have calculated that intensive
clonal selection (top 5% of trees in a stand, selected on the basis of form and volume) may give
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substantially greater gains than seed orchard options King and Johnson, 1991). The present study
indicates that, when other phenotypic characteristics are also taken into consideration, the selection
intensity needs to be much greater than that indicated by King and Johnson. In the present study only 5
trees met the criteria set at the beginning of this study. This represents 0.1% of the crop trees (4957
trees) or 0.03% of the trees originally planted (16667 trees)
Economic comparison of propagation methods
The total cost of assaying wood properties in this study was less than NZ $45,000. This cost is actually
quite low when compared with the alternative of screening trees using propagation technologies.
Embryogenesis and micropropagation are expensive and may be totally impractical when very intensive
clonal selection is required. Somatic embryogenesis and micropropagation of radiata pine have both
been available for over 10 years, and the costs of plant production are well established.
Table 3. The cost of juvenile planting stock for clonal field trials (1)
Cost of Propagation Option
NZ$ per Production Clone
Embryogenesis (2)

Micropropagation

$245

Cost of 5 ramets at nursery

$65

gate (3)
Clone selection intensity

5%
$4,900
1%
$24,500
0.03%
$816,683
(1) Cost to produce one production clone at indicated selection intensity.
(2) Using immature zygotic embryos and cryopreservation.
(3) Includes cost of cryostorage for 5 years.

$1,300
$6,500
$21,6671

The production cost for 5 ramets each of somatic seedlings or micropropagated plants are NZ$245 and
NZ$ 65 respectively, including the additional cost of cryogenic storage for 5 years while clonal tests are
carried out (Table 3; MetaGenetics New Zealand - unpublished data). The cost of producing enough
clones to lead to the identification of just one elite tree, at the selection ration used in the study reported
in this paper (0.03%), would be NZ$ 816,683 using somatic seedlings, or NZ$ 216,671 using
micropropagated plants (Table 3). Added to this would be the considerable cost of establishing clonal
field trials, and still having to screen for wood properties at the end of the exercise. When a cost
comparison of this type is carried out, it becomes evident that rejuvenation of select clones, following
the screening of individual mature trees for desirable wood properties, becomes an extremely attractive
option.
CONCLUSION
Tissue culture techniques have been used to rejuvenate five 20-year-old clones of radiata pine following
screening of a stand of trees for wood properties. Of the 495 trees selected for superior diameter in a 15
hectare stand, only 5 met the specification of no reaction wood, ring 16-20 wood density equal to or
greater than 470 kg / m 3 , and ring 20 mean tracheid length greater than 4.00 mm. This is a preliminary
report from an ongoing study of rejuvenation and clonal propagation in radiata pine, but indicates that
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powerful new tools will soon be available to the industry for the improvement of wood quality of radiata
pine, without sacrificing wood volume production.
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