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ABSTRACT

A small population of tall slender conifers was discovered in 1994 in a deep rainforest canyon of the Wollemi National Park, New South
Wales, Australia. The living trees closely resembled fossils that were more than 65 million years old, and this ‘living fossil’ was
recognised as a third extant genus in the Araucariaceae (Araucaria, Agathis and now Wollemia). The species was named the Wollemi pine
(W. nobilis). Extensive searches uncovered very few populations, with the total number of adult trees being less than 100. Ex situ
collections were quickly established in Sydney as part of the Wollemi Pine Recovery Plan. The majority of the ex situ population was later
transferred to our custom-built facility in Queensland for commercial multiplication. Domestication has relied very heavily on the species’
amenability to vegetative propagation because seed collection from the natural populations is dangerous, expensive, and undesirable for
conservation reasons. Early propagation success was poor, with only about 25% of cuttings producing roots. However, small increases in
propagation success have a very large impact on a domestication program because plant production can be modelled on an exponential
curve where each rooted cutting develops into a mother plant that, in turn, provides more rooted cuttings. An extensive research program
elevated rooting percentages to greater than 80% and also provided in vitro methods for plant multiplication. These successes have

enabled international release of the Wollemi pine as a new and attractive species for ornamental horticulture.
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Abbreviations: AFLP, amplified fragment length polymorphism; BA, benzyl adenine; IBA, indole-3-butyric acid; ITS, internal trans-
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INTRODUCTION

During a bushwalking and canyon expedition in September
1994, an off-duty field officer from the National Parks and
Wildlife Service of New South Wales, Australia, encoun-
tered an unfamiliar population of tall slender conifers. The
trees were growing in the base of a deep rainforest ravine in
the Wollemi National Park, about 150 km north-west of
Sydney (Woodford 2002). Branches, leaves, and male and
female strobili were collected from the trees in October and
November 1994 (Jones et al. 1995; Woodford 2002), and it
was soon realised that the previously-unseen living speci-
mens closely resembled Araucariaceae fossils from the Cre-

taceous period (Hill 1996; Chambers et al. 1998; Hill and
Brodribb 1999). This southern conifer family was wide-
spread in both northern and southern hemispheres during
the Jurassic (205-145 million years ago) and early Cretace-
ous periods but it contracted in distribution during the
Cretaceous (145-65 million years ago) and Tertiary (65-2
million years ago) periods, and was thought to include only
two surviving genera, Agathis and Araucaria, each compri-
sing about 20 species (Enright et al. 1999; Kershaw and
Wagstaff 2001; Dettmann and Clifford 2005). Instead, the
number of extant genera in the Araucariaceae was three.
The new genus and species was named the Wollemi pine,
Wollemia nobilis (Jones et al. 1995), with the specific epi-
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thet referring both to the trees’ stature and to their dis-
coverer, David Noble.

Fossil records indicate that the oldest and most wide-
spread species in the Araucariaceae belong to Araucaria.
Analyses of rbcL gene sequences suggest that Wollemia
may have derived prior to Araucaria and Agathis (Seto-
guchi et al. 1998), although other cladistic analyses place
Wollemia and Agathis in the same clade, descended from a
common ancestor (Gilmore and Hill 1997; Stefanovi¢ et al.
1998; Wagstaff 2004; Dettmann and Clifford 2005). The
genus Wollemia was once widely distributed in Australia,
Antarctica, and possibly New Zealand (Chambers et al.
1998; Hill and Brodribb 1999; Kershaw and Wagstaff
2001). Searches of the Wollemi National Park have un-
covered very few surviving populations. Their coppicing
and multi-stemming habit (Hill 1997; Offord et al. 1999;
Burrows et al. 2003) makes it difficult to precisely deter-
mine the number of living Wollemi pines, but the total
number of adult trees is considered to be less than 100
(Offord and Meagher 2001; Benson 2002; Woodford 2002).

The species has been dubbed a pine dinosaur (Anderson
1994), a lonesome pine (Anderson 1995, 1997; Jamieson
2005), a living fossil (Hill 1996; Raven et al. 1999; Wood-
ford 2002) and a dinosaur tree (Woodford 2005). The dis-
covery is regarded as one of the most significant botanical
finds of the twentieth century, akin to rediscoveries of other
ancient species like the gingko tree (Gingko biloba) and the
dawn redwood (Metasequoia glyptostroboides) (Woodford
2002; Offord and Meagher 2006). The Wollemi pine has
attracted enormous international media interest, featuring in
thousands of newspaper articles as well as film and televi-
sion documentaries. As such, it is a flagship species for
plant science, ornamental horticulture, and biological con-
servation.

EX SITU COLLECTIONS

The New South Wales National Parks and Wildlife Service
recognised that the widespread publicity surrounding the
Wollemi pine’s discovery created a new and significant
series of threats to the species’ survival, including from un-
authorised seed collection, introduction of pathogens or
weeds, trampling of seedlings, compaction of soil, and in-
creased likelihood of fire. It prepared a recovery plan (Anon.
1998) with specific objectives that included: (a) protection
of natural populations and habitat from human-induced
threatening processes; (b) greater understanding of the spe-
cies’ ecology; (c) assessment of genetic variability of natu-
ral populations; and (d) establishment of representative ex
situ populations in botanic gardens.

Ex situ plants were established between 1995 and 1999
at the Royal Botanic Gardens at Mount Annan in Sydney
from both seeds and cuttings collected from the Wollemi
National Park (Fensom and Offord 1997; Anon. 1998;
Offord et al. 1999; Offord and Meagher 2001). Emphasis
was placed on minimising collection of plant material from
wild populations and maximising propagation from stock
plants. Seed collection involved the dangerous practice of
suspending a national parks ranger from a helicopter cable,
so that mature cones could be clutched from their terminal
positions on very high branches before seeds were scattered
naturally by wind or birds (Offord et al. 1999; see photo-
graph in Woodford 2002). Some seeds were gathered from
nets suspended beneath the canopy (Offord et al. 1999).
Given optimal temperature, light, and stratification treat-
ments, up to 80% of seeds germinated (Offord and Meagher
2001). Plants were then propagated as rooted cuttings by
collecting orthotropic shoots from the juvenile seedlings.
Vegetative propagation of conifers is much easier when
cuttings are taken from juvenile stock plants (Thorpe and
Harry 1990; Greenwood and Hutchison 1993; Mitchell ef al.
2004), but a core objective of the Wollemi Pine Recovery
Plan was to ensure that as many as possible of the wild
adult trees were represented in the ex sifu collections.
Therefore, rooted cuttings were also raised from the more-

Table 1 Some international public gardens, museums and theme parks
featuring living specimens of the Wollemi pine.

Country Location
Australia Royal Botanic Gardens, Sydney
Taronga Park Zoo, Sydney
Adelaide Botanic Garden, Adelaide
Australian National Botanic Gardens, Canberra
Royal Tasmanian Botanic Gardens, Hobart
Kings Park and Botanic Garden, Perth
Austria Schonbrunn Palace, Vienna
Belgium National Botanic Garden of Belgium, Brussels
Canada Kingsbrae Garden, St Andrews
France National Museum of Natural History, Paris
Botanic Gardens of Bordeaux, Lille and Nancy
Germany Botanic Gardens of Berlin-Dahlem, Bonn, Hamburg,
and Munich
Palmengirten, Frankfurt
Zoological and Botanic Garden, Stuttgart
Ireland National Botanic Gardens of Ireland, Glasnevin
Italy Botanic Gardens of Florence, Palermo, Cagliari and
Pisa
Trauttmansdorff Castle, Merano
Japan Disneyland, Tokyo
Monaco Saint Martin Gardens
Netherlands Hortus Botanicus, Amsterdam, Haren and Leiden
Arboretum Trompenburg, Rotterdam
Botanic Gardens of Delft, Utrecht and Wageningen
Taiwan National Museum of Taiwan, Taipei
United Kingdom Royal Botanic Gardens, Kew

Royal Botanic Gardens, Edinburgh

The Eden Project, Cornwall

Cambridge University Botanic Garden, Cambridge
United States of  United States Botanic Gardens, Washington DC
America

A listing of other locations is available at the official Wollemi pine web site
(www.wollemipine.com)

mature plants that had been raised from wild cuttings.

During establishment of the conservation collection in
Sydney, several feature trees were transferred to major bota-
nic gardens in other Australian states and to the Royal Bota-
nic Gardens at Kew, United Kingdom (Hanson 2001;
Woodford 2002). These transfers acted as part of a risk
management strategy to ensure that not all ex sifu speci-
mens were housed in the one location, and they allowed
preliminary assessment of the range of climatic conditions
under which the species could be grown successfully. Fur-
ther plantings and displays have been installed in major
international botanic gardens, museums and theme parks
since 2004 (Table 1). These feature displays provide an im-
portant educational experience for the public, giving visi-
tors the chance to read about, view, photograph and touch
the ‘living fossils’, albeit sometimes through the bars of a
large protective cage (Fig. 1A).

Growing interest in the Wollemi pine’s horticultural po-
tential, coupled with concerns for protection of the natural
populations from illegal plant and seed collection, provided
strong impetus for development of a commercial propaga-
tion program. Several species of Araucariaceae have a long
history as ornamental and amenity trees, particularly the
Pehuén or Monkey Puzzle tree from Chile and Argentina
(Araucaria araucana) and the Norfolk Island pine (4rau-
caria heterophylla) and Bunya pine (Araucaria bidwillii)
from Australia (Matschke et al. 1993; Bekessy et al. 2002;
Haebich 2005; Huth and Holzworth 2005). Many also have
great value as forestry species, including the kauri pines
(e.g. Agathis australis from New Zealand), the Parana pine
(Araucaria angustifolia) from Brazil and Argentina, and the
hoop pine (Araucaria cunninghamii) from Australia, Papua
New Guinea and Indonesia (Guerra et al. 2000; Duarte et al.
2002; Sousa and Hattemer 2003; Boswijk 2005; Huth and
Holzworth 2005; Scott et al. 2005; Stewart and McKinley
2005).

A large proportion of the ex situ Wollemi pine collection
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Fig. 1 (A) Feature specimen of Wollemi pine at the Royal Botanic Gardens, Mt Annan, Sydney. (B) Hedged stock plants in a 50%-shadehouse. (C)
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Cuttings under glasshouse mist irrigation. (D) Soft, pruned cuttings, used initially by the commercial program. (E) Firm, unpruned cuttings, used as part
of the refined propagation method. (F) New orthotropic shoots developing after collection of cuttings. (G) In vitro shoots after subculture (left) and at the

end of an 8-week passage (right). (H) Ex vitro plants.

in Sydney was transferred to the Queensland Department of
Primary Industries and Fisheries in 1999 and 2000, with the
aim of propagating commercial quantities of the species by
2006. Only limited information was available about condi-
tions required for optimal multiplication of Wollemi pine
but this organisation was selected to undertake the commer-
cial program, in part, because of its long-standing expertise
in large-scale propagation of the related hoop pine (4rau-
caria cunninghamii) for forestry plantations (Woodford
2002; Huth and Holzworth 2005).

COMMERCIAL PROPAGATION
Genetic diversity

The Royal Botanic Gardens in Sydney ensured that plants
transferred to the commercial collection in Queensland
comprised a wide range of the potential genetic diversity of
the species, to contribute to the aim of establishing repre-
sentative ex situ collections in other gardens. The commer-
cial collection was made up of approximately 1000 stock
plants, with about 300 plants raised from cuttings of wild
adult trees, 500 seedlings raised from wild seed, and 200
rooted cuttings that had been collected from these seedlings.
At the time of establishing the commercial collection, it was
considered that at least 26 of about 40 wild trees were
represented among the 300 plants raised from wild cuttings,
including 18 trees from the population discovered in 1994

and eight trees from a second population discovered in 1995.

The number of commercial stock plants from each wild tree

ranged from 1 to 47. The exact number of wild trees repre-
sented in the commercial collection is not entirely clear
because their multi-stemming and coppicing habit makes
identification of individual wild trees difficult, and because
a survey of trees and stems has revised higher the number
of wild trees since the commercial collection was estab-
lished (Anon. 1998; Benson 2002).

In addition to the problem of identifying individual
trees from among the large number of wild stems, surveys
encompassing 13 allozyme, 20 SSR and more than 800
AFLP loci (Hogbin et al. 2000; Peakall et al. 2003) have
failed to detect genetic polymorphism in Wollemi pine,
leading to some suggestions that the adult natural popula-
tion is actually a single clone that has only been reprodu-
cing asexually via coppice stems (Anderson 1997; Banks
2003). If this were the case, then all of the 300 commercial
stock plants raised from cuttings of wild adult trees would
be just one clone (i.e. ramets of the same genet). Extensive
clonality within remnant or endangered populations has
been found for several woody plant species (e.g. Warburton
et al. 2000; Bartolome et al. 2002; Weekley et al. 2002;
Jusaitis and Adams 2005). However, an important point to
note is that Hogbin et al. (2000) and Peakall ef al. (2003)
failed to detect genetic variation not only among 26 wild
trees but also among plants raised ex situ from seeds. They
concluded that there is ‘exceptionally low’ rather than no
genetic variation within Wollemi pine.

Even if the natural Wollemi pine populations were just a
single clone, genetic variation should be expected among
the hundreds of wild and ex situ seedlings unless either (a)
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the clone was producing seeds asexually (i.e. by apomixis)
or (b) the clone was completely homozygous at all loci
across its genome. Apomixis is common among many fami-
lies of flowering plants (Hanna and Bashaw 1987; Carneiro
et al. 2006) but it has not been identified in conifers (Dogra
1966, Sedgley and Griffin 1989; Mogie 1992; Bicknell and
Koltunow 2004). It is likely that Wollemi pine seedlings
have arisen from sexual reproduction and will therefore ex-
hibit genetic variation, even if they are progeny of a single
clone, provided their parent possesses some level of hetero-
zygosity. However, genetic theory predicts that heterozygo-
sity can be lost from small populations if they have a low
mutation rate and little or no selection against homozygo-
sity (Peakall ef al. 2003; Scott et al. 2005). Low, but non-
zero, levels of heterozygosity have been detected in Agathis
robusta and Araucaria cunninghamii (Peakall et al. 2003;
Scott et al. 2005), but high levels have been found in Arau-
caria araucana and Araucaria bidwillii (Bekessy et al.
2002; Pye and Gadek 2004). The Wollemi pine could, just
possibly, be an extreme case of a single clone completely
lacking heterozygosity, with all plants in the ex situ collec-
tions being, effectively, ramets of the same clone. More
likely, there is some genetic variation among the seedling
populations both in situ and ex situ, whether or not there is
clonality in the adult natural populations. We have observed
considerable variation in proliferation rates among seed-
lings that have been germinated and multiplied in vitro,
where environmental differences between plants have been
negligible. These phenotypic differences in vitro suggest
strongly that there are genotypic differences among Wol-
lemi pine seedlings.

Germplasm multiplication

Domestication of the Wollemi pine has relied heavily on its
amenability to vegetative propagation, because ongoing col-
lection of seed from the species’ natural populations would
be very expensive, dangerous, and undesirable for conser-
vation reasons. Methods used initially for cuttings propa-
gation were based on those employed for commercial hoop
pine. Briefly, newly developed orthotropic shoots of Wol-
lemi pine were collected from hedged stock plants grown in
a 50%-shadehouse (Fig. 1B). Shoots were dissected into 8-
cm cuttings, and the position of each segment on the shoot
(i.e. tip, second, third or fourth) was recorded. Cuttings
were pruned to remove about 60% of their branch lengths.

They were dipped in a commercial rooting gel containing 3
g IBA per litre, and set 2-cm deep in 220-cm’ propagation
tubes containing 50% shredded pine bark and 50% perlite.
Tubes were placed under automatic misting in an adjacent
glasshouse, custom-built for Wollemi pine propagation (Fig.
1C). Mist intervals during the night were 120 mins. Day-
time mist intervals were progressively decreased from 15-
30 mins (June 2000 collection) to 10 mins (December 2000
and subsequent collections). Rooting was assessed after 6
months, and rooted cuttings were then hardened for several
weeks under mist irrigation in the shadehouse before being
transplanted to larger pots with drip, rather than mist, irriga-
tion.

Rooting percentages were higher for cuttings collected
from seedling stock plants (Fig. 2) than for those collected
from stock plants raised from wild cuttings (Fig. 3). Tip
cuttings, in most instances, were more likely than lower
segment cuttings to form roots, and so cuttings were collec-
ted frequently to increase the proportion of tip cuttings in
each setting. The use of tip cuttings is particularly advisable
when rooted cuttings are to be raised directly for sale,
because retention of the apical shoot helps to produce a
symmetrical plant without visible wounding on the main
stem. Plant form per se is not a major consideration when
raising rooted cuttings as stock plants for further collection
of cuttings.

Many of the stock plants raised from wild cuttings pos-
sessed adult foliage but all of the seedling stock plants had
juvenile foliage, indicating that the lower rooting percenta-
ges from wild-cutting plants could have been a consequence
of donor maturation commonly encountered in conifer pro-
pagation programs (Greenwood and Hutchison 1993; Men-
zies et al. 2004; Mitchell et al. 2004). Plant production via
vegetative propagation can be modelled on an exponential
curve where each rooted cutting develops into a stock plant
that, in turn, provides more rooted cuttings and more stock
plants. In this situation, lower rooting percentages associ-
ated with mature stock plants can have a very large effect
on the final number of domesticated plants. Although this
could be viewed as a major limitation to a domestication
program, it provided an opportunity to segregate the com-
mercial collection into two product groups:

(1) Many of the rooted cuttings from mature stock
plants were not used as mother plants, but were grown as a
premium collection of large specimen trees bearing the
highly unusual adult foliage. Approximately 300 of these
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feature trees, between 70-cm and 225-cm height, were auc-
tioned internationally by Sotheby’s in October 2005 as ‘The
First Generation Wollemi Pines: Collectors Edition’. Each
of the auction trees could be traced to one of 15 individual
wild trees, with an authentication certificate providing pro-
venance information on each wild tree’s height, girth, num-
ber of major coppice stems, and approximate location with-
in the natural population. The average price per auction tree
was approximately $US 2700.

(2) Rooted cuttings from all juvenile and some mature
stock plants were used to raise more stock plants, so that
plant numbers in this system rose exponentially until a se-
lection was prepared for the first release of routine potted
plants in April 2006. Most of these plants were raised from
seed, and they were presumed to be genetically distinct
from the wild trees. Their foliage is usually juvenile, and
any available pedigree information (e.g. maternity of seed)
has not been retained to point-of-sale. Prices have depended
on geographic location and associated transport costs; e.g.
40-cm potted Wollemi pines have retailed for $US 45 in
Australia and 25-cm potted plants for $US 100 in North
America.

The initial rooting percentages from juvenile stock
plants (Fig. 2) were considered poor in comparison with
hoop pine, and so a research and development program was
implemented to raise rooting percentages to at least 70%.
Fifty experiments were conducted over a three-year period,
concentrating on four factors considered to affect rooting
ability (Leakey et al. 1994; Leakey 2004): (a) the stock
plant environment (e.g. irradiance, potting media, substrate
pH, stock plant nutrition, and plant growth regulator ap-
plications); (b) the origin of the cutting within the stock
plant (e.g. cutting length, shoot diameter and stem anatomy,
and cutting position); (c) post-severance treatments (e.g.
rooting hormones, foliage pruning, foliar fertilisers, and
fungicides); and (d) the propagation environment (e.g. ir-
radiance, temperature, propagation tubes, propagation
media, and non-mist propagators).

No factor was found singularly responsible for the ini-
tially poor rooting of Wollemi pine cuttings, but incremental
gains of about 10% from each of several experiments led to
refined methods with greater than 80% rooting. A major
change to the original hoop pine method has been a move
from soft, pruned cuttings (Fig. 1D) to firm, unpruned cut-
tings (Fig. 1E). By allowing branch expansion and develop-
ment of secondary xylem in orthotropic shoots, and then not
pruning foliage from the cuttings, root formation and root
growth rate are increased in our mist-propagation system
(Pohio et al. 2005). Use of unpruned cuttings also saves
time in preparing cuttings, and allows cuttings to retain
their full complement of branch apical meristems (Cameron
et al. 2001).

Another method that greatly increases root growth, and
hence decreases the time that cuttings remain under mist
irrigation, is the incorporation of slow-release fertiliser into
propagation medium (Pohio ef al. 2005). Methods that im-
prove root growth have a major impact on the exponential
plant production model because they accelerate the phase
from root formation to collection of cuttings from the resul-
tant stock plant, even if they do not affect the percentage of
cuttings that forms roots. Other experimental results provi-
ded time and cost savings to the commercial program. For
example, application of rooting hormones was found un-
necessary when more than 70% of cuttings were forming
roots without exogenous hormones, and most cuttings were
being transferred from the propagation environment with an
extensive root system within four months (Trueman and
Peters 2006).

Some issues relating to health and vigour of potted
stock plants were addressed outside the experimental prog-
ram. Extensive growth of weeds (especially liverworts) be-
came a major long-term problem in irrigated and fertilised
potting medium, but this was easily controlled using weed
matting. Stock plants were also found to retain their vigour
when a small portion of the shoot (including two or three
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Fig. 4 Projections for plant production of Wollemi pine before and
after research-based refinements in the propagation method. Initial
projections were based on 25% rooting and post-R&D projections were
based on 80% rooting.

branches) was retained on the mother plant when each cut-
ting was collected. Several new orthotropic shoots often
form on this remaining portion of shoot (Fig. 1F), without
the usual appearance of dieback at the cut stump. Retention
of these shoot portions leads to a gradual increase in the
size of stock plants. Although this might be expected to
counteract the maturation-delaying effect of stock plant
hedging (Aimers-Halliday et al. 2003; Mitchell et al. 2004;
Trueman 2006), rooting percentages appear to have re-
mained high after six years of harvesting cuttings.

A modest investment in research and development
elevated average rooting percentages of Wollemi pine from
about 25% to 80%. As a result, the number of plants expec-
ted to be produced by the initial public release (including
stock plants) was revised in 2003 from 99,000 to more than
1,000,000 (Fig. 4). Since then, the research program has
focused on developing somatic embryogenesis and shoot
culture methods for in vitro propagation (Grace et al. 2005).
Somatic embryogenesis allows long-term cryopreservation
of embryogenic cell lines and it can provide exceptionally
high proliferation rates (Cyr and Klimaszewska 2002; Jones
2002). However, despite success in initiating embryogenic
cultures, it has proven difficult to convert embryogenic tis-
sue into germinated plantlets (i.e. emblings) for Araucari-
aceae species (Aitken-Christie and Platt 1992; Steiner et al.
2005; Silveira et al. 2006), including Wollemi pine.

Attempts to propagate Wollemi pine by shoot culture
have been more fruitful (Grace et al. 2005, Woodford 2005).
Methods are based on those developed for Pinus radiata in
New Zealand (Horgan 1987; Aitken-Christie et al. 1988),
using orthotropic shoots from Wollemi pine seedlings that
have been raised in vitro (Fig. 1G). Shoots are subcultured
at intervals of approximately 8 weeks (at 25°C with cons-
tant irradiance of 70 pmol photons m™ s™). Some seedlings
provide a two-fold multiplication each passage, but prolifer-
ation rates have consistently varied greatly among indivi-
dual seedlings. Rooting occurs readily ex vitro and plantlets
are progressively conditioned for use as nursery stock
plants (Fig. 1H). Plantlets are initially smaller than rooted
cuttings, but high proliferation rates during in vitro culture
provide greater flexibility for the commercial program in
managing plant production to meet expected horticultural
demand. /n vitro plant material also has potential advanta-
ges for overcoming some of the export quarantine restric-
tions associated with ex vitro plants or rooted cuttings.

Pests and diseases

The commercial propagation program in Queensland imple-
mented a regular program of pest and disease inspections as
soon as plants arrived from the Royal Botanic Gardens in
Sydney. Refined methods for Wollemi pine propagation,
and the resulting rapid increase in stock plant numbers, cre-
ated a new series of challenges for the domestication prog-
ram. A dense canopy of wet leaves above a high-nutrient
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substrate in a warm glasshouse or shadehouse can provide a
suitable incubation environment for pathogens and pests.

Minor pathogens

A large number of potential pathogens was identified from
the commercial program. However, many of the fungi de-
tected were considered as secondary colonisers of dead leaf
and stem tissue and not primary pathogens. These included
species of Pestalotiopsis, Fusarium, Glomerella, Phyllo-
sticta, Phoma, Epicoccum and Alternaria.

Some fungi were identified as minor pathogens and im-
pacted on tree quality, particularly from an aesthetic pers-
pective, and had the potential to affect domestic and inter-
national plant sales. These included Colletotrichum acuta-
tum, which was identified from leaf blight symptoms on the
foliage of cuttings and young ex vitro plants growing within
climate-controlled polythene chambers and glasshouses.
High humidity and extended periods of leaf wetness created
ideal conditions for C. acutatum to become established,
along with high levels of algae, on young Wollemi pine foli-
age. The disease was not detected as readily on older trees
located in the shadehouse environment. A species of Nectria
was found to be associated with death of cuttings, causing
blackened and decayed stems, especially during the warmer
summer months. The disease was typified by the presence
of orange-red coloured, superficial fruiting bodies (perithe-
cia) on dead and decaying stems of cuttings. The fungus
was associated with cuttings that had failed to produce suf-
ficient root systems in polythene chambers, where moisture
and humidity levels remained high for extended periods of
time. It was not clear whether Nectria caused the lack of
root formation or whether it occurred as a secondary agent
accelerating the decay of cuttings. A new species of Myco-
sphaerella, M. wollemiae, was identified as the causal agent
of leaf spotting and blighting on older Wollemi pine foliage
(Sivanesan and Shivas 2002). Its impact on tree health was
limited and it appeared to be restricted to mature foliage in
the lower branches.

Two fungal agents, Fusicoccum (anamorph of Botryo-
sphaeria) and Phytophthora cinnamomi, were identified as
having a significant impact on the successful establishment
of Wollemi pine cuttings and their health and survival
during commercial propagation.

Fusicoccum dieback - Fusicoccum spp.
(Botryosphaeria spp.)

Fusicoccum dieback was the most severe disease within the
commercial propagation program in Queensland. Species of
Fusicoccum were found to be associated with stem and
branch dieback, cankers, wilting and death of older potted
trees and stem cankers and decay of cuttings (Fig. SA-C).
Pathogenicity tests, using isolates of Fusicoccum taken
from disease samples, confirmed that Fusicoccum was the
causal agent. The disease could be recognised by the visible
mass of black fruiting bodies (pycnidia) on the upper and
lower leaf surfaces and young green stems as well as dying
and dead foliage of older potted trees. These fruiting struc-
tures were less common on woody stems and symptoms
were usually confined to internal tissue discolouration or
decay, which on occasions resulted in girdling of the stem,
wilting, and tree death.

Fusicoccum dieback was generally associated with
plants under stress, with symptoms more readily detected
during the warmer wetter months. Water logging appeared
to be one of the main triggers for the development of the
disease in established plants. The disease was also com-
monly detected on senescing branches and foliage in the
lower canopy particularly in areas where stocking rates
were high, leading to elevated humidity levels and in-
creased water logging of the potting mix. Branches affected
by other stress events, such as sunburn, also became symp-
tomatic and covered with masses of pycnidia.

Cuttings were also found to be susceptible to infection,

with necrotic areas appearing along the stem rapidly be-
coming covered in pycnidia. This was generally followed
by rapid decay of the entire stem and death of the cutting.
These symptoms were also reported by Bullock et al.
(2000), who artificially inoculated Wollemi pine with Bot-
ryvosphaeria. The frequency of disease was highest during
the summer months with minimal deaths apparent in the
cooler winter period.

Slippers et al. (2005) determined that two species of
Botryosphaeria were associated with Wollemi pine. Using
ITS and B-tubulin sequence data, Slippers et al. (2005)
showed that both species were previously undescribed, with
one closely related to B. ribis but sharing unique sequence
polymorphisms with B. parva. The other grouped with B.
australis but varied slightly in the gene regions sequenced.
The two new species are yet to be described and it is not
known whether they occur on other hosts, such as Agathis
and Araucaria. More research is required to determine the
origin of these pathogens, host range, and general biology
in relation to the infection process of Wollemi pine.

Maintaining tree health and avoiding water logging
appeared to aid in the reduction of Fusicoccum dieback and
death. Hygiene strategies, including alcohol swabbing of
pruning equipment and the use of copper sulphate paste on
plant wounds, were implemented to limit the spread of
Fusicoccum spp. within the propagation facilities. Con-
trolled inoculation experiments demonstrated that tebucona-
zole (Folicur™), applied as a foliar spray prior to infection,
was effective in reducing the size of Fusicoccum-induced
lesions. It has now been adopted as part of a standard treat-
ment regime within the program. This regime also includes
removal of infected material from glasshouse and shade-
house areas to reduce the levels of fungal inoculum.

Phytophthora root rot - Phytophthora cinnamomi

Bullock ef al. (2000) found that Phytophthora cinnamomi
causes significant root rot disease on Wollemi pine. They
reported that symptoms become obvious 3 weeks after
inoculation, with wilting of new tip growth and browning of
stems and leaf bases occurring after only four weeks.

Phytophthora cinnamomi was detected in the early
stages of the commercial program in Queensland. It was
identified as the causal agent of wilting and dieback of
some of the original trees transferred from Sydney. Strict
hygiene strategies were implemented to eliminate its spread
to new cuttings, including disposal of the infected plants
and sterilisation of all material used in collecting cuttings.
The disease was also detected in association with wilting
and death of trial stock plants that were planted in the
ground. Patches of trees were dead or dying, with advanced
root decay and cankers forming at the root collar (Fig. 5D).
Trees in the infected area were treated with metalaxyl
(Ridomil®), and the area was cordoned off to limit vehicle
and pedestrian traffic and prevent spread to other areas of
the nursery. Growing of stock plants in the ground was dis-
continued, and all other stock plants were maintained in
pots to avoid infection and spread of P. cinnamomi to plants
destined for horticultural release. However, given the ap-
parent susceptibility of Wollemi pine to P. cinnamomi, this
pathogen poses a threat to trees that are planted in gardens,
potentially influencing the range of environments where the
trees can be grown successfully.

Insect pests

Several insect species were collected while they were feed-
ing on or damaging Wollemi pine plants in the glasshouse,
shadehouse or polythene propagation chambers in Queens-
land. Their effects ranged from minor damage and loss of
aesthetic value to defoliation, stem damage, and death.
These insects were pests in protected situations, and little
information is yet available about insect damage to Wollemi
pines in home gardens and amenity plantings.

Pests were active throughout the year, but more in sum-
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Fig. 5 (A, B) Fusicoccum dieback on stems and foliage of dead and dying Wollemi pine. (C) Cuttings affected by Fusicoccum. (D) Root collar lesion
associated with infection by Phytophthora cinnamomi. (E) Early instar brown looper caterpillar. (F) Castor oil looper caterpillar. (G) Latania scale on
dying cutting. (H) California red scale on the ventral surface of a Wollemi pine branch.

mer than in winter. Most pests were collected from plants in
glasshouse or shadehouse situations where pesticides were
applied only as necessary. Very few insects were detected
where a routine program of regular insecticide application
was in place, with the exception of two species of scale
insects that show significant pesticide resistance (Smith et
al. 1997). All the species collected are known polyphagous
insects, some with a wide variety of hosts. Most belonged
to two insect orders, Lepidoptera (moths and butterflies)
and Hemiptera (bugs), and a single species belonged to
order Thysanoptera (thrips).

Lepidoptera
In most Lepidoptera only the larvae (caterpillars) feed on

and damage plant tissues. Moths laid eggs on Wollemi pines.

The larvae chewed young foliage and soft stems, and larvae
of larger moths also chewed mature foliage. Larvae of very
small species webbed needles at the growing tips together
with silk and fed inside the shelter. The severity of damage
depended on the moth species and ranged from minor dis-
tortion of the growing tips to defoliation. The loss of tissues
stressed and weakened the plants and interfered with
growth and form.

Brown looper or Sinister moth (Pholodes sinistraria,

Geometridae) (Fig. 5E) was the most common and most
damaging of the lepidopteran pests. Brown loopers were a
constant problem in summer in one of the shadehouses.
Their larvae caused extensive loss of foliage, they were
voracious feeders, and mature larvae stripped entire stock
plants. Castor oil looper (Achaea janata, Noctuidae) (Fig.
5F) and banana fruit caterpillar (Ziracola plagiata, Noctui-
dae) were sporadic pests but, when present, the larvae
caused extensive defoliation, similar to the brown looper.

Several outbreaks of Tussock moth or Painted pine
moth (Orgyia australis, Lymantriidae) occurred throughout
one of the shadehouses, resulting in defoliation of the trees.
Newly hatched larvae disperse by ‘ballooning’; i.e. they
spin a long silken thread, which is picked up and carried by
air currents. They can rapidly colonise plants in a confined
space. Larvae of the closely related brown tussock moth
(Olene mendosa, Lymantriidae) were collected once in the
same shadehouse.

Some of the plants that arrived from Sydney were
infested with light brown apple moth (Epiphyas postvittana,
Tortricidae). At the growing tips the needles were webbed
together and chewed, and the plants were effectively tip
pruned. This small leaf-tier is not known to occur in coastal
Queensland.
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Minor lepidopteran pests, detected only once or very
few times during six years of commercial propagation,
were:

[Nlustraria looper (Cleora illustraria, Geometridae);
Repetita looper (Cleora repetita, Geometridae);

Bark moth (Ectropis sp., Geometridae);

Twig looper (Ectropis excursaria, Geometridae);
Orange fruitborer (Isotenes miserana, Tortricidae); and
Green leaf-tier (Acropolitis canana, Tortricidae).

Hemiptera and Thysanoptera
Both adults and nymphs (immatures) of bugs and thrips
damaged the Wollemi pine. They fed by piercing or scra-
ping leaf tissues and stems of the host plant and sucking the
sap. They often fed together, developing large, localised
populations on the host. The loss of water and nutrients
stressed the plants, affecting growth. The associated tissue
damage could interfere with nutrient uptake, cause distor-
tion, allow entry of pathogens through wounds, and some-
times result in plant death.

Among the pests causing significant damage were scale
(Fig. 5G-H), including the California red scale (donidiella
aurantii, Diaspididae) and Spanish red scale (Chrysom-
phalus dictyospermi, Diaspididae). These two species are
serious pests of other horticultural crops, such as citrus.
They occurred together, with very high populations deve-
loping mainly on foliage but also stems. Some plants died
due to a combination of water and nutrient loss and exten-
sive tissue damage. Infestations were persistent and difficult
to control because of the humid atmosphere and crowded
canopy in the shadehouses. Citrus trees in the vicinity of the
propagation facility were a probable source of the infesta-
tion, and were removed.

Long tailed mealy bugs (Pseudococcus longispinus,
Pseudococcidae) were a particularly difficult problem on
cuttings in the glasshouse, where they thrived in the warm
moist conditions and caused significant stress and tissue in-
juries. There were also sporadic infestations in the shade
house. These bugs are recognised as severe pests of a
variety of horticultural crops and ornamentals (Smith et al.
1997). Populations build rapidly, and can be difficult to
control chemically because of resistance to many insecti-
cides. Latania scale (Hemiberlesia lataniae, Diaspididae)
also infested cuttings in the glasshouse. Outbreaks were
patchy, but heavily infested cuttings died. This pest, too,
was recorded occasionally from potted stock plants in the
shadehouse.

Minor hemipteran and thysanopteran pests were:

e Golden mealybug (Nipaecoccus aurilanatus, Pseudo-
coccidae). Golden mealy bug is a pest of several Arau-
caria species including A4. bidwillii, A. cunninghamii
and A. norfolkensis. It was recorded several times on
Wollemi pine in a shadehouse that was located close to
mature A. bidwillii and A. cunninghamii trees.

e Spiraea aphid or apple aphid (Aphis spiraecola, Aphi-
didae) and cotton aphid or melon aphid (4phis gossypii,
Aphididae). Low level infestations of spiraea aphids
were occasionally recorded from the shade house. Cot-
ton aphids were collected several times in the glass-
house and shadehouse, but they were heavily parasitised
by wasps.

e Greenhouse thrips (Heliothrips haemorrhoidalis, Thri-
pidae). These thrips were initially present in large num-
bers on some stock plants in a glasshouse, but they dis-
appeared when the plants were moved into a shade-
house.

CONCLUSION

The domestication program for Wollemi pine represents a
case of the environmental, economic, and social value of
plant science. This conifer genus had survived as a small
population of less than 100 adult trees in deep ravines of the
rugged Wollemi National Park, but its discovery and subse-
quent international publicity created a new series of threats

to its existence. A Wollemi pine recovery plan was formu-
lated, which included plans for establishment of ex situ
plantings in botanic gardens. The attractiveness of the spe-
cies, and the extensive media interest, also encouraged its
development as an ornamental plant.

Commercial plant production was initially difficult but,
by assembling a diverse team of scientists with expertise in
plant propagation, tissue culture, physiology, nutrition, pa-
thology, and entomology, refined methods were developed
that allowed stock numbers to be raised from 1,000 to
several million in five years. However, a note of caution is
warranted. Domestication of a poorly-understood species
requires a commitment to investment in research, develop-
ment and routine production, and it may also require major
investment in infrastructure and marketing. One advantage
of investing in plant propagation research is that small gains
in rooting percentage or rooting rate can result in very large
gains in final stock numbers because of the exponential
nature of the cuttings — stock plant production curve. These
gains have their own costs. Expenditure on labour, further
infrastructure, and marketing also rise rapidly as the number
of stock plants rises, but revenue must be postponed until
plant numbers have reached a level sufficient to allow a
coordinated market release. Nevertheless, the returns on in-
vestment can be more than just economic.

The Wollemi pine can now be viewed, experienced and
appreciated in botanic gardens, books, television documen-
taries and films, making plant science, ornamental horticul-
ture and biological conservation more accessible to many
millions of people. The Wollemi pine is also available in
many countries as an indoor potted plant or outdoor feature
tree, reducing the risk of poaching from the wild population
and, most importantly, alleviating the threat of absolute ex-
tinction of the species.

ACKNOWLEDGEMENTS

We thank Rodger Peters, Grant White, Bob Scott, Jaimie Cook,
Karina Pohio, Rob Lamont, Tracey Shears, Donna Richardson,
Debra Cook, Murdoch DeBaar, Manon Griffiths, Bruce Brown,
Michael Ivory and Glenn Comrie for assistance and photographs,
Tim Smith, Cathy Offord, Patricia Meagher, Cathy Hargreaves,
Lynette Grace, Kathy Horgan and Helen Wallace for research col-
laboration, and Mary Carver, Marianne Horak, John Donaldson
and Christopher Freebairn for assistance with insect identification
and pest management. Research funding was provided by Forestry
Plantations Queensland. We dedicate this review to our friend and
scientific colleague, Lynette Grace, who passed away in Rotorua,
New Zealand, on 27 August 2006.

REFERENCES

Aimers-Halliday J, Menzies M1, Faulds T, Holden DG, Low CB, Dibley MJ
(2003) Nursery systems to control maturation in Pinus radiata cuttings, com-
paring hedging and serial propagation. New Zealand Journal of Forestry Sci-
ence 33, 135-155

Aitken-Christie J, Platt GC (1992) Agathis australis: a new era for kauri pro-
pagation. Combined Proceedings of the International Plant Propagators’ So-
ciety 42, 321-326

Aitken-Christie J, Singh AP, Davies H (1988) Multiplication of meristematic
tissue: a new tissue culture system for radiata pine. In: Hanover JW, Keathley
DE (Eds) Genetic Manipulation of Woody Plants, Plenum Publishing, New
York, pp 413-432

Anderson I (1994) Pine ‘dinosaur’ lurks in gorge. New Scientist 1957, 5

Anderson I (1995) Lonesome pines at risk from collectors. New Scientist 1967,
4

Anderson I (1997) On the trail of the lonesome pine. New Scientist 2111, 36

Anon. (1998) Wollemi Pine (Wollemia nobilis) Recovery Plan, National Parks
and Wildlife Service, Sydney, Australia, 58 pp

Banks JCG (2003) Wollemi pine: tree find of the 20th century. In: Dargavel J,
Gaughwin D, Libbis B (Eds) Australia’s Ever-changing Forests V. Proceed-
ings of the Fifth National Conference on Australian Forest History, Centre
for Resource and Environmental Studies, Canberra, Australia, pp 85-101

Bartolome M, Walsh NG, James EA, Ladiges PY (2002) A new, rare species
of Acacia from north-eastern Victoria. Australian Systematic Botany 15, 465-
475

Bekessy SA, Allnutt TR, Premoli AC, Lara A, Ennos RA, Burgman MA,



Domestication of the Wollemi pine. Trueman et al.

Cortes M, Newton AC (2002) Genetic variation in the vulnerable and ende-
mic Monkey Puzzle tree, detected using RAPDs. Heredity 88, 243-249

Benson J (2002) Population ecology of the Wollemi pine. In: Landsberg J (Ed)
Ecology 2002: Handbook of the Second Joint Meeting of the Ecological Soci-
ety of Australia and the New Zealand Ecological Society, Ecological Society
of Australia, Canberra, Australia, p 25

Bicknell RA, Koltunow AM (2004) Understanding apomixis: recent advances
and remaining conundrums. The Plant Cell 16, S228-S245

Boswijk G (2005) A history of kauri. In: Dargavel J (Ed) Australia and New
Zealand Forest Histories. Araucarian Forests, Australian Forest History
Society, Kingston, Australia, pp 19-26

Bullock S, Summerell BA, Gunn LV (2000) Pathogens of the Wollemi pine,
Wollemia nobilis. Australasian Plant Pathology 29,211-214

Burrows GE, Offord CA, Meagher PF, Ashton K (2003) Axillary meristems
and the development of epicormic buds in Wollemi pine (Wollemia nobilis).
Annals of Botany 92, 835-844

Cameron RWF, Harrison-Murray RS, van Campfort K, Kesters K, Knight
LJ (2001) The influence of branches and leaf area on rooting and develop-
ment of Cotinus coggygria cv. Royal Purple cuttings. Annals of Applied Bio-
logy 139, 155-164

Carneiro VTC, Dusi DMA, Ortiz JPA (2006) Apomixis: occurrence, applica-
tions and improvements. In: Teixeira da Silva JA (Ed) Floriculture, Orna-
mental and Plant Biotechnology. Advances and Topical Issues (Vol I), Global
Science Books, Isleworth, UK, pp 564-571

Chambers TC, Drinnan AN, McLoughlin S (1998) Some morphological fea-
tures of Wollemi pine (Wollemia nobilis: Araucariaceae) and their compari-
son to Cretaceous plant fossils. International Journal of Plant Sciences 159,
160-171

Cyr DR, Klimaszewska K (2002) Conifer somatic embryogenesis: II. Applica-
tions. Dendrobiology 48, 41-49

Dettmann ME, Clifford HT (2005) Biogeography of Araucariaceae. In: Dar-
gavel J (Ed) Australia and New Zealand Forest Histories. Araucarian For-
ests, Australian Forest History Society, Kingston, Australia, pp 1-9

Dogra PD (1966) Observations on Abies pindrow with a discussion on the
question of occurrence of apomixis in gymnosperms. Silvae Genetica 15, 11-
20

Duarte LS, Dillenburg LR, Rosa LMG (2002) Assessing the role of light
availability in the regeneration of Araucaria angustifolia (Araucariaceae).
Australian Journal of Botany 50, 741-751

Enright NJ, Ogden J, Rigg LS (1999) Dynamics of forests with Araucariaceae
in the western Pacific. Journal of Vegetation Science 10, 793-804

Fensom G, Offord C (1997) Propagation of the Wollemi pine. Combined Pro-
ceedings of the International Plant Propagators’Society 47, 66-67

Gilmore S, Hill KD (1997) Relationships of the Wollemi Pine (Wollemia nobi-
lis) and a molecular phylogeny of the Araucariaceae. Telopea 7, 275-291

Grace L, Cook J, Hargreaves C, Meagher P, Menzies M, Offord C, True-
man S (2005) Somatic embryogenesis in Wollemi pine (Wollemia nobilis).
Proceedings of the 16" Biennial Meeting of the New Zealand Branch of the
International Association for Plant Tissue Culture and Biotechnology, p 45

Greenwood MS, Hutchison KW (1993) Maturation as a developmental pro-
cess. In: Ahuja MR, Libby W (Eds) Clonal Forestry 1. Genetics and Bio-
technology, Springer-Verlag, Berlin, Germany, pp 14-33

Guerra MP, Silveira V, dos Santos ALW, Astarita LV, Nodari RO (2000)
Somatic embryogenesis in Araucaria angustifolia (Bert) O. Ktze. In: Jain SM,
Gupta PK, Newton RJ (Eds) Somatic Embryogenesis in Woody Plants (Vol 6),
Kluwer, The Netherlands, pp 457-478

Haebich A (2005) Assimilating the bunya forests. In: Dargavel J (Ed) Australia
and New Zealand Forest Histories. Araucarian Forests, Australian Forest
History Society, Kingston, Australia, pp 27-31

Hanna WW, Bashaw EC (1987) Apomixis: its identification and use in plant
breeding. Crop Science 27, 1136-1139

Hanson L (2001) Chromosome number, karyotype and DNA C-value of the
Wollemi pine (Wollemia nobilis, Araucariaceae). Botanical Journal of the
Linnean Society 135, 271-274

Hill K (1996) The Wollemi pine: discovering a living fossil. Nature and Re-
sources 32,20-25

Hill KD (1997) Architecture of the Wollemi pine (Wollemia nobilis, Araucari-
aceae), a unique combination of model and reiteration. Australian Journal of
Botany 45, 817-826

Hill RS, Brodribb TJ (1999) Southern conifers in time and space. Australian
Journal of Botany 47, 639-696

Hogbin PM, Peakall R, Sydes MA (2000) Achieving practical outcomes from
genetic studies of rare Australian plants. Australian Journal of Botany 48,
375-382

Horgan K (1987) Pinus radiata. In: Bonga JM, Durzan DJ (Eds) Cell and Tis-
sue Culture in Forestry (Vol 3). Case Histories: Gymnosperms, Angiosperms
and Palms, Martinus Nijhoff, Dordrecht, pp 128-145

Huth J, Holzworth P (2005) Araucariaceae in Queensland. In: Dargavel J (Ed)
Australia and New Zealand Forest Histories. Araucarian Forests, Australian
Forest History Society, Kingston, Australia, pp 41-50

Jamieson V (2005) The sale of the lonesome pine. New Scientist 2522, 43-45

Jones N (2002) Somatic embryogenesis as a tool to capture genetic gain from
tree breeding strategies: Risks and benefits. Southern African Forestry Jour-

nal 195, 93-101

Jones WG, Hill KD, Allen JM (1995) Wollemia nobilis, a new living Austra-
lian genus and species in the Araucariaceae. Telopea 6, 173-176

Jusaitis M, Adams M (2005) Conservation implications of clonality and limi-
ted sexual reproduction in the endangered shrub Acanthocladium dockeri
(Asteraceae). Australian Journal of Botany 53, 535-544

Kershaw P, Wagstaff B (2001) The southern conifer family Araucariaceae: his-
tory, status, and value for paleoenvironmental reconstruction. Annual Review
of Ecology and Systematics 32, 397-414

Leakey RRB (2004) Physiology of vegetative reproduction. In: Burley J, Evans
J, Youngquist JA (Eds) Encyclopaedia of Forest Sciences, Academic Press,
London, UK, pp 1655-1668

Leakey RRB, Newton AC, Dick JMcP (1994) Capture of genetic variation by
vegetative propagation: processes determining success. In: Leakey RRB,
Newton AC (Eds) Tropical Trees: Potential for Domestication, Rebuilding
Genetic Resources, HMSO, London, UK, pp 72-78

Matschke J, Grofle S, Richter K (1993) Araucaria heterophylla vegetativ zu
vermehren. Gartenbau Magazin 2, 62-64

Menzies M1, Faulds T, Holden DG, Kumar S, Klomp BK (2004) Maturation
status and genetic improvement effects on growth, form, and wood properties
of Pinus radiata cuttings up to age 12 years. New Zealand Journal of Fores-
try Science 34,255-271

Mitchell RG, Zwolinski J, Jones NB (2004) A review on the effects of donor
maturation on rooting and field performance of conifer cuttings. Southern
African Forestry Journal 201, 53-63

Mogie M (1992) The Evolution of Asexual Reproduction in Plants, Chapman
and Hall, London, UK, 276 pp

Offord C, Meagher P (2006) Wollemi pine: from the wild to the world. Chro-
nica Horticulturae 46, 10-13

Offord CA, Meagher PF (2001) Effects of temperature, light and stratification
on seed germination of Wollemi pine (Wollemia nobilis, Araucariaceae). Aus-
tralian Journal of Botany 49, 699-704

Offord CA, Porter CL, Meagher PF, Errington G (1999) Sexual reproduc-
tion and early plant growth of the Wollemi pine (Wollemia nobilis), a rare and
threatened Australian conifer. Annals of Botany 84, 1-9

Peakall R, Ebert D, Scott LJ, Meagher PF, Offord CA (2003) Comparative
genetic study confirms exceptionally low genetic variation in the ancient and
endangered relictual conifer, Wollemia nobilis (Araucariaceae). Molecular
Ecology 12, 2331-2343

Pohio KE, Wallace HM, Peters RF, Smith TE, Trueman SJ (2005) Cuttings
of Wollemi pine tolerate moderate photoinhibition and remain highly capable
of root formation. Trees 19, 587-595

Pye MG, Gadek PA (2004) Genetic diversity, differentiation and conservation
in Araucaria bidwillii (Araucariaceae), Australia’s Bunya pine. Conservation
Genetics 5, 619-629

Raven PH, Evert RF, Eichhorn SE (1999) Biology of Plants (6" Edn), Worth
Publishers, NY, 944 pp

Scott LJ, Shepherd MJ, Nikles DG, Henry RJ (2005) Low efficiency of pseu-
dotestcross mapping design was consistent with limited genetic diversity and
low heterozygosity in hoop pine (4raucaria cunninghamii, Araucariaceae).
Tree Genetics and Genomes 1, 124-134

Sedgley M, Griffin AR (1989) Sexual Reproduction of Tree Crops, Academic
Press, London, UK, 378 pp

Setoguchi H, Osawa TA, Pintaud J-C, Jaffré T, Veillon J-M (1998) Phylo-
genetic relationships within Araucariaceae based on rbcL gene sequences.
American Journal of Botany 85, 1507-1516

Silveira V, Santa-Catarina C, Tun NN, Scherer GFE, Handro W, Guerra
MP, Floh EIS (2006) Polyamine effects on the endogenous polyamine con-
tents, nitric oxide release, growth and differentiation of embryogenic sus-
pension cultures of Araucaria angustifolia (Bert.) O. Ktze. Plant Science 171,
91-98

Sivanesan A, Shivas RG (2002) Studies on Mycosphaerella species in Queens-
land, Australia. Mycological Research 106, 355-364

Slippers B, Summerell BA, Crous PW, Coutinho TA, Wingfield BD, Wing-
field MJ (2005) Preliminary studies on Botryosphaeria species from Sou-
thern Hemisphere conifers in Australasia and South Africa. Australasian
Plant Pathology 34, 213-220

Smith D, Beattie GAC, Broadley R (1997) Citrus Pests and Their Natural
Enemies: Integrated Pest Management in Australia, Department of Primary
Industries, Brisbane, Australia, 272 pp

Sousa VA, Hattemer HH (2003) Pollen dispersal and gene flow by pollen in
Araucaria angustifolia. Australian Journal of Botany 51, 309-317

Stefanovi¢ S, Jager M, Deutsch J, Broutin J, Masselot M (1998) Phyloge-
netic relationships of conifers inferred from partial 28S rRNA gene sequen-
ces. American Journal of Botany 85, 688-697

Steiner N, Vieira FDN, Maldonado S, Guerra MP (2005) Effect of carbon
source on morphology and histodifferentiation of Araucaria angustifolia em-
bryogenic cultures. Brazilian Archives of Biology and Technology 48, 895-
903

Stewart GA, McKinley RB (2005) Plantation-grown New Zealand kauri: a
preliminary study of wood properties. New Zealand Journal of Forestry Sci-
ence 35, 35-49

Thorpe TA, Harry IS (1990) Special problems and prospects in the propaga-



Tree and Forestry Science and Biotechnology 1(1), 1-10 ©2007 Global Science Books

tion of woody species. In: Rodriguez R, Sanchez Tamés R, Durzan DJ (Eds)
Plant Aging. Basic and Applied Concepts, Plenum Press, NY, pp 67-74

Trueman SJ (2006) Clonal propagation and storage of subtropical pines in
Queensland, Australia. Southern Afiican Forestry Journal 208, 49-52

Trueman SJ, Peters RF (2006) Propagation of Wollemi pine from tip cuttings
and lower segment cuttings does not require rooting hormones. Scientia Hor-
ticulturae 109, 394-397

Wagstaff SJ (2004) Evolution and biogeography of the austral genus Phyllo-
cladus. Journal of Biogeography 31, 1569-1577

‘Warburton CL, James EA, Fripp YJ, Trueman SJ, Wallace HM (2000) Clo-

10

nality and sexual reproductive failure in remnant populations of Santalum
lanceolatum (Santalaceae). Biological Conservation 96, 45-54

Weekley CW, Kubisiak TL, Race TM (2002) Genetic impoverishment and
cross-incompatibility in remnant genotypes of Ziziphus celata (Rhamnaceae),
a rare shrub endemic to the Lake Wales Ridge, Florida. Biodiversity and Con-
servation 11, 2027-2046

Woodford J (2002) The Wollemi Pine (2" Edn), Text Publishing Company,
Melbourne, Australia, 212 pp

Woodford J (2005) Prehistoric miracle: our dinosaur tree. Australian Geogra-
phic 80, 50-57




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


