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Abstract

After the critically endangered conifer Wollemia nobilis (Wollemi pine) was discovered in late
1994, an urgent task was to determine its cultivation requirements so that an ex situ population
could be established. Propagation from extremely limited material was the first challenge,
followed by development of a genetically representative ex situ conservation population.

While the ex situ population was developed for insurance against loss of diversity in the wild
population, it has also been used for research, and as the source of material for translocations,
dispersed garden plantings and a botanic garden metacollection. Here, we report how these
challenges were approached, based on nascent understanding of W. nobilis — as an Araucarian
and as a rainforest emergent. As studies into the morphology and biology of the species
progressed, these findings were used to refine propagation techniques. The establishment

of this species in gardens around the world has expanded our knowledge of its biology and
ecology. Insights concerning its behaviour in cultivation include its intolerance of extreme
heat, extreme cold, high light and drought, and a preference for free-draining and acid soils —
conditions approximating to its temperate rainforest origin. Now that these garden plants have
begun to produce seeds, there is the opportunity for deeper research into factors influencing
seed viability and plant establishment from seeds. This paper reviews many of the published
studies aimed at understanding various aspects of W. nobilis biology, particularly those relevant
to informing its requirements in cultivation. We also present data and conclusions drawn from
unpublished studies which cumulatively aid efforts to conserve the species ex situ.

Introduction Wollemia nobilis currently exists in the
Wollemia nobilis W.G. Jones, K.D. Hill & wild as several stands comprising fewer than
JM. Allen (family Araucariaceae) was 100 trees and juveniles (Mackenzie et al.,
discovered in late 1994 in a remote canyon 2022). They grow from the sides or floors of
in Wollemi National Park (New South Wales deep canyons to become canopy emergent
(NSW), Australia). It was described as ‘the trees, with a maximum height of around
botanical discovery of the century’, akin to 42 m, and are typically multi-stemmed.
‘finding a small dinosaur still alive on earth’ Individual stems can live for at least 400 years
(Professor Carrick Chambers, in Woodford, (Banks, 2002), with rootstocks persisting for
2005). possibly thousands of years.

' Catherine A. Offord is Head of Australian PlantBank Research, Botanic Gardens of Sydney, NSW, Australia.
Address: Australian Botanic Garden locked bag 6002, Mount Annan, 2567 Australia.

Email: Cathy.Offord@botanicgarden.nsw.gov.au

2Heidi C. Zimmer is Botanical Research Scientist at the Centre for Australian National Biodiversity Research.
Address: Centre for Australian National Biodiversity Research (Joint Venture between Parks Australia and CSIRO),
Canberra, ACT, Australia.

DOI 10.24823/Sibbaldia.2024.2086


https://orcid.org/0000-0002-9553-6590
https://orcid.org/0000-0002-8496-7360
mailto:Cathy.Offord@botanicgarden.nsw.gov.au

2 | Catherine A. Offord & Heidi C. Zimmer

With origins in the Cretaceous, Wollemia
nobilis has been through many changes of
climate, including several ice ages (MacPhail
etal.,, 1995; Chambers et al., 1998; Kershaw &
Wagstaff, 2001). It evolved in a high carbon
dioxide (CO,) environment (Haworth et al.,
2011), and while CO, is stimulatory for growth,
increasing temperatures, predicted to occur
with climate change, are expected to limit its
ability to persist in its current location (Lewis
etal, 2015; Offord, 2011). Furthermore, the
limited genetic variability in the wild (Peakall
et al., 2003; Greenfield et al., 2016; Stevenson
etal, 2023), means it is likely that W. nobilis
has limited capacity to adapt to change.

The current location of the wild population
provides a climate micro-refuge, the cooler
and moister canyon environment buffering
this species from climatic extremes (Ashcroft
etal, 2012; Selwood & Zimmer, 2020).

Discovery and ‘recovery’
planning

The recognition of Wollemia nobilis as a species
new to science broke as front-page news in the
Sydney Morning Herald on 14 December 1994.
While this species constitutes the monotypic
genus Wollemia of the southern hemisphere
gymnosperm family Araucariaceae, the
common name ‘Wollemi pine’ was quickly
adopted and has persisted despite the species
not being from the Pinaceae.

From the time of its discovery, it was
recognised that there were multiple threats
to the survival of Wollemia nobilis, including
its extremely small population size and
geographic distribution, unauthorised site
visitation and collection, introduced disease
and adverse fire regimes (Jones et al., 1995;
NPWS, 1998). To understand and manage
these threats, a ‘recovery team’ of experts was
assembled from the NSW National Parks and
Wildlife Service, Botanic Gardens of Sydney

(BGS) and elsewhere. When legal protection
for threatened species was enhanced in NSW
(NSW Threatened Species Conservation Act,
1995), W. nobilis was the first species in the
state to have a comprehensive ‘recovery plan’
developed (NPWS, 1998). Currently, W. nobilis
has the highest level of Australian state and
federal legal protection (NSW Biodiversity
Conservation Act, 2016, Australian
Environment Protection and Biodiversity
Conservation Act, 1999) and is listed as
Critically Endangered in the IUCN Red List of
Threatened Species (Auld & Mackenzie, 2024;
IUCN, 2024).

Cultivation for conservation
Such was the scientific and public interest
generated by the discovery of Wollemia nobilis,
and the ensuing demand for plants, that the
BGS, primarily at its Australian Botanic Garden
Mount Annan (ABG), developed a programme
of propagation for conservation. Araucariaceae
species, such as Araucaria heterophylla (Norfolk
Island pine) and A. araucana (monkey puzzle),
are extremely popular in cultivation around

the world, and the thousands of requests for

W. nobilis plant material alerted the recovery
team to the threat of illegal collection of plant
material for horticulture (Benson, 1996). While
W. nobilis now has strong legal protection, there
was an awareness of previous examples of
inappropriate and highly damaging exploitation
of desirable threatened species, such as
Wodyetia bifurcata (foxtail palm) in North
Queensland, Australia (Dransfield, 1997). Hence,
the programme of research and propagation
for conservation of W. nobilis sought to ensure
minimal disturbance to wild plants, enabling
firstly the establishment of a representative ex
situ population, and secondly the release of this
population for widespread cultivation, backed
by strong conservation messaging (Offord,
1996; Offord & Zimmer, 2024).
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Realising the horticultural
potential of Wollemia nobilis:
first, how to propagate?
Early propagation attempts for this species
were necessarily painstakingly slow and
frustrated by lack of knowledge of suitable
material and techniques specific to this
species. Wollemia nobilis is a large tree,
with its main canopy elevated on one or
more substantial stems (trunks). The first W.
nobilis to be established in cultivation were
several small wild seedlings (plants with
cotyledons) transplanted from rocks or logs.
They were collected by NSW National Parks
and Wildlife staff and sent to a BGS nursery
in November 1994. While these plants were
easily established, they had limited value
for propagation and establishment of a
genetically representative ex situ population.
Araucariaceae, such as Norfolk Island pine,
are predominantly propagated from seed
for wide-scale horticulture (see, for example,
Fullaway, 1972; Whitmore, 1977). However, this
was not an option for Wollemi pine initially.
Within a year of the tree’s discovery, it was
recognised that although the wild Wollemia
nobilis trees produce an annual crop of seed
cones, few viable seeds are produced, and
these are extremely difficult to collect (Offord
etal, 1999). The few seed cones available
for research in the early years were primarily
gained through hazardous helicopter
collection (Fig. 1). For this reason, most seeds
were reserved for conservation seed banking
or seed biology research (see, for example,
Offord et al., 1999; Offord & Meagher, 2001).
The breakthrough in establishing a
genetically representative ex situ population
of this species occurred when the wild trees
were assessed by horticulturists skilled in
propagating threatened species. The use
of material collected from Site 1, Tree 19 by
Graeme Errington in February 2006 enabled
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Fig. 1 Collection of Wollemia nobilis seeds by helicopter
for early seed biology studies. Photo: J. Plaza, Royal
Botanic Gardens and Domain Trust.

staff at ABG to establish the basic parameters
for propagation from vegetative cuttings
which has formed the basis for all subsequent
programmes.

Vegetative propagation of
Wollemia nobilis: which branch
and why?
With very little published information
available on vegetative propagation of
members of Araucariaceae, the work of
Whitmore (1977) and Bowen & Whitmore
(1980) on Agathis species indicated that while
vegetative propagation might be possible,
the choice of material is important.

The architecture of the Wollemia nobilis
tree is unique in the Araucariaceae in that
it most closely follows the Massart model
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but has other features, such that Hill (1997)
assigns it a modified Cook model where

an individual plant develops from a single
orthotropic leader, with a crown of whorled
plagiotropic branches (Fig. 2). These branches

Fig. 2 Tree architecture of Wollemia nobilis. lllustration:
Lesley Elkan © Royal Botanic Gardens and Domain Trust.

mostly do not branch further, do not extend
indeterminately and are blastotelic (having
no terminating reproductive structures)

when juvenile, often dropping off completely.
Mature branches are terminated by a male

or female strobilus after four to ten years

(Hill, 1997). Clean abscission of all branches

is extremely unusual in trees, as is absence of
permanent structural branches (Burrows et al.,
2007).

Wollemia nobilis has a constant
coppicing habit (Hill, 1997), producing
multiple stems, some of which develop
into trunks. Some trees have >20 trunks,
and the closeness of the trees means that it
can be difficult to define individuals. Over
time, one or more trunks become dominant,
giving the tree its distinctive multi-crowned
appearance. We suspect that individual
trees may have many dominant leaders
over their lifetime, as individual trunks are
killed and damaged - for example by fire
or rockfall - and are replaced (Mackenzie
et al., 2022). They also produce multiple
epicormic shoots from the lower regions
of larger trunks (Hill, 1997; Burrows, 2021;
Fig. 3). This resprouting trait is uncommon
in gymnosperms (Burrows, 2021) and is an
advantage for propagation as it provides
a source of vegetative cuttings capable of
producing adventitious roots (Bonga, 2016)
and was successfully used to propagate
W. nobilis (Fensom & Offord, 1997).

Branches of Wollemia nobilis display
distichous (two-ranked) grading to
tetrastichous (four-ranked) leaf arrangements
(Jones et al., 1995) as they mature. Each
branch exhibits rhythmic annual or seasonal
growth extension (Hill, 1997; Fig. 4), with
leaflets increasing in size over the warmer
months and then decreasing in size over
the cooler months in a pattern similar to
that found in myristicaceous trees such

DOI 10.24823/Sibbaldia.2024.2086
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Plaza, Royal Botanic Gardens and Domain Trust.

as Myristica fragrans (nutmeg) (Halle et al.,
1978). This growth pattern easily dates the
age of the branch, which may persist for
five to approximately fifteen years (Hill,
1997; Burrows et al., 2007). The branch leaf
axils have buds or meristems — a rare trait

in conifers, but typical of Araucariaceae
(Burrows, 1999) — and may continue to
branch, usually if damaged (Offord et al.,
1999), once a strobilis has fallen (Burrows

et al., 2007) and sometimes without obvious
stimulus (Hnatiuk, 2023), a characteristic that
enables propagation of functional plants
using plagiotropic branches (Meagher &
Offord, 2009). When these branches are used
for propagation, the resulting plant has a
decumbent habit. Often, five to seven years
after propagation, as the branch diameter
increases, one or more of the plagiotropic
branches on these plants may revert to
orthotropy (Meagher & Offord, 2009).

DOI 10.24823/Sibbaldia.2024.2086

Refining vegetative propagation
of Wollemia nobilis
An understanding of the shoot and branching
arrangements of Wollemia nobilis, and testing
the propagation potential of various plant
parts (Fensom & Offord, 1997), enabled the
usefulness of these parts to be ranked (from
least to most useful): mature orthotropic <
mature plagiotropic shoot < juvenile branch
< juvenile orthotropic shoot (Fig. 5). The
majority of vegetatively propagated plants
in cultivation have been produced from
orthotropic shoots (Fig. 6). Plants propagated
from orthotropic shoots generally maintain
upright growth, similar in shape to seedlings,
but produce one or more orthotropic stems,
sometimes spontaneously and commonly
after removal of the apical meristem, for
example by pruning.

The initial research into propagation of
Wollemia nobilis at ABG included trialling the
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Fig. 4 Juvenile Wollemia nobilis showing seasonal
rhythmic growth of leaves. Photo: M. Phelan, Royal
Botanic Gardens and Domain Trust.

effects of a range of commonly used plant
growth regulators (PGR) and concentrations/
formulations, including indolebutyric acid
(IBA), length of cuttings, as well as different
humidity and temperature regimes. We found
no discernible effects on cutting strike rates
using PGR of any type or concentration, a
result that was later confirmed by the work
of Trueman & Peters (2006). We did find

that root establishment (striking of roots on
cuttings percentage and root growth) was
favoured by a lower root-zone temperature
(18 °C vs 24 °C) and a drier fog environment
rather than in mist, and that longer cuttings
(8 cm) were more successful than shorter
cuttings (4 cm). Strike rate also varied by
source tree, and these differences were also
noted by Trueman et al. (2007), indicating a
genetic component to propagation success.

Material from the wild Wollemia nobilis
trees is very slow to strike roots, often
taking six to twelve months, or often not
striking at all. In spite of this, an effective
propagation protocol was developed at
the ABG nursery, resulting in the majority
of known, mature (putative) individuals
from the wild stands eventually being
represented in the ex situ population. Each
of these individuals has been replicated over
the years, and we maintain at least three
replicates of each individual of each wild
tree in the ex situ population at ABG. Since
the ex situ programme’s inception, record-
keeping for individual trees and their clones
has been meticulous, and this approach
has paid off in terms of conservation and
research into W. nobilis. Examples include
production of plants for the horticultural
release programme (Trueman et al., 2007),
maximum diversity of plants in translocations
to new wild locations (Zimmer et al., 2016b;
Mackenzie et al., 2022), reliable provenance
for genetic studies (for example, Peakall et al.,
2003; Greenfield et al., 2016; Yap et al., 2015;
Stevenson et al., 2023) and plant growth and
survival studies (for example, Offord, 2011;
Zimmer et al., 2015; Zimmer et al., 2016a,
2016b).

Other vegetative propagation
techniques

Other vegetative propagation methods have
been assessed for Wollemia nobilis, including
tissue culture (somatic embryogenesis, shoot
culture). These methods, while having some
success for Araucariaceae species of forestry
significance (Burrows et al., 1988; Aitken-
Christie & Platt, 1992), have limited potential
in large-scale production of W. nobilis (Grace
et al., 2005; Trueman et al., 2007), but may be
of use in ex situ conservation of this species
(Niu etal., 2013).

DOI 10.24823/Sibbaldia.2024.2086
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Fig. 5 Struck cuttings from three branch/shoot types of Wollemia nobilis. Left to right: adult plagiotropic branch, juvenile
orthotropic shoot, juvenile plagiotropic branch. Photo: J. Plaza, Royal Botanic Gardens and Domain Trust.

Air layering has successfully produced
Wollemia nobilis potted plants (Offord et al.,
2021). The bark is wounded to expose the
cambium and then a plant growth regulator
applied (for example, IBA at 500 ppm). The
plant is then wrapped in sphagnum moss
and encased in an air-layering pot. Once
adventitious roots form (three months if set
in spring, six months in autumn and twelve
months in winter) the shoot can be removed
and treated as a rooted cutting (M. Phelan,
pers. comm.).

In preliminary trials at ABG, Wollemia
nobilis seedlings and mature scions have
been successfully grafted by the cotyledon
micrograft technique (Hartmann et al., 1990)
onto Agathis atropurpurea and A. robusta
seedlings. Similar attempts using Araucaria
bidwillii and A. cunninghamia seedlings
failed after six months (E. Mills, pers. comm.),

Fig. 6 Growth form of Wollemia nobilis plant grown
from an orthotropic shoot. Photo: J. Plaza, Royal Botanic
Gardens and Domain Trust. compatibility of Wollemia with Agathis, but

suggesting tissue, cambium bark and wood
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possibly not Araucaria. These results align
with the closer phylogenetic relationship
between Wollemia and Agathis (Escapa &
Catalano, 2013). The long-term compatibility
of grafted plants is unknown (the current
oldest plant in the Wollemia-Agathis
grafting trial is seven years old) and should
be carefully considered for any amenity
plantings, as graft failure is common and can
happen without warning (Offord, 2021).

Commercial propagation

While the development of preliminary
propagation techniques enabled the
establishment of the ex situ conservation
population at ABG, further refinements were
required for domestication and commercial
release. From 1999 these refinements were
made by the Queensland Department of
Primary Industries and Fisheries (QDPIF), which
was part of a consortium (Wollemi Australia
Pty Ltd) contracted to deliver the horticultural
propagation and release programme (Lake,
2000; Trueman et al., 2007). The refinements
were based on techniques used for production
of elite clones of Araucaria cunninghamia
(hoop pine), described by Trueman et al.
(2007) as follows. The system developed used
orthotropic cuttings taken from ‘hedged’
potted plants (pruned to produce the growth
of multiple orthotropic shoots/cuttings).
Cuttings were placed into a propagation

mix in tubes and maintained under mist for
six months, at which time their strike rate
was assessed. Higher strike rates were found
on plants propagated from seedling ortets
(the original plant from which a clone is
derived) when compared to mature plant
ortets, probably due to the higher propensity
for juvenile plant material (plants < 3 m, as
defined by Zimmer et al., 2014) to produce
adventitious roots (Bonga, 2016). Further
incremental refinements raised the level of

rooted cuttings to 80 per cent, enabling an
exponential increase in stockplant numbers.
Most plants distributed from 2006 were from
seedling ortets. The slower-rooting plants
from mature wild ortets (which can be traced
back to their original source tree in the wild)
were used for the elite plants that went to
an auction conducted by Sotheby’s in 2005
(Trueman et al., 2007). These plants were
assigned names associated with significant
botanists, such as the late Dr John Banks
from the Australian National University,
who conducted some of the original
wood-anatomy research into Wollemia nobilis.
While the majority of Wollemia nobilis trees
growing in cultivation today were produced
from cuttings, there are many now being
grown from seeds produced by established
garden plants (Offord & Zimmer, 2024).

Seed biology and germination of
Wollemia nobilis

Wollemia nobilis is monoecious, with male
and female strobili (cones) on each plant,
although not necessarily at the same time.
A third type of cone has been described

as a teratological bisexual unit (Dorken &
Rudall, 2019). In cultivation, the male cones
often appear first, sometimes as early as
five years after propagation, and female
cones thereafter, from around eight years.
In general, however, productive seed cones
may not be present until 12-15 years post
propagation. As with many plants, it is
likely that cone production is associated
with plant size rather than with plant age.
Moreover, anecdotal observations suggest
that W. nobilis trees planted in deep shade
may be less likely to produce cones than
similar-sized trees planted in situations
with more light availability. For example, W.
nobilis trees planted at the Blue Mountains
Botanic Garden Mount Tomah (BMBG) first

DOI 10.24823/Sibbaldia.2024.2086
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produced female cones after 24 years despite
the relative health and growth of the plants
(Table 1; Fig. 7 A). While the reproductive
biology of W. nobilis, from cone initiation

to seed production, is not well understood,

it appears to be similar to that of other
Araucariaceae (Goeten et al.,, 2020), taking
20-24 months from the appearance of female
cones on the branches to seed maturation,
which is characterised by browning of the
scales and disintegration of the cone from the
axis. Variation in cone production in the wild
has been linked to variation in temperature
and rainfall, although the relationship with
seed viability remains uncertain (Zimmer et
al., 2015). In the global survey of cultivated
W. nobilis (Zimmer & Offord, 2019) it was
reported that seed cones generally mature in
mid-to-late summer (January to March in the
southern hemisphere, June to September in
the northern hemisphere).

Wollemia nobilis appears to produce
seeds through sexual reproduction (Offord
etal., 1999), but this is yet to be confirmed.
Pollen is produced in spring on wild and
cultivated trees and observed to be borne
by wind to female cones. Reports of viable
seeds being produced on isolated cultivated
W. nobilis (C. Offord, pers. obs.) indicate
that this species may have some level of
self-compatibility or apomixis. While this
phenomenon is not known to occur naturally
in the Araucariaceae family (Mogie, 1992),
it is a possibility in other gymnosperms,
for example, Pinus spp. (Tretyakova &

Mineev, 2021). Monoecious trees of

Araucaria angustifolia produce seeds after
self-fertilisation, albeit at low rates (7 per cent)
and with decreased heterozygosity (Danner
et al.,, 2013). If self-fertilisation is occurring in
cultivated W. nobilis, this may explain findings
indicating inbreeding (Peakall et al., 2003;
Stevenson et al., 2023).

DOI 10.24823/Sibbaldia.2024.2086

Female cones contain around 250
potential seeds which are held freely on the
scales. In the wild we have observed low seed
viability, often less than 10 per cent (Offord
et al., 1999), but viability has been observed
to be as high as 15-20 per cent in seeds from
cultivated trees. Other Araucariaceae, such
as Agathis spp., have similarly low viability
rates in the wild (Whitmore, 1977). Research
has not yet uncovered the reason for low/
variable viability in Wollemia nobilis seed, and
potential explanations range from pollen
limitation to climatic factors. Rather than
relying on regular seedling establishment
from seed, this species instead may have
maintained a bank of juvenile plants growing
very slowly in the dark understorey, a
common strategy for rainforest trees (Zimmer
etal., 2015).

Despite early low seed availability
after the discovery of the species, the seed
germination parameters for Wollemia nobilis
were established with carefully designed
experiments using just 58 seeds (Offord
etal., 1999). Further exploration of seed
biology (Offord & Meagher, 2001) was
enabled by development of a low-impact
collection technique using purpose-made
nets suspended between trees to catch seeds
falling from nearby trees. With the maturation
of cultivated W. nobilis in gardens in many
parts of the world, widespread propagation
by seeds is now occurring.

Viable Wollemia nobilis seeds are
characterised by weight (7-44 mg) (Ng et
al., 2024) and possess a ‘filled’ appearance,
like a flattened pea. They bear small wings
(Fig. 8), and make a distinct ‘plinking’ sound
when dropped onto a hard surface from
30 cm. They are often darker in colour than
unfilled seeds, due to the high oil content
(c. 40 per cent) (Ng et al., 2024). A viable seed
of W. nobilis consists of an embryo within a
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Fig. 7 Wollemia nobilis growing in various botanic and private gardens. A. Blue Mountains Botanic Garden, Mount Tomah,
Australia (Photo: Stuart Allen); B. Royal Botanic Garden Edinburgh, UK (Photo: David Knott); C. Huntington Botanical Gardens,
San Marino, USA (Photo: Sean Lahmeyer); D. Private garden, Millthorpe, Australia (Photo: lan Rogan); E. Royal Botanic Garden,
Sydney, Australia (Photo: Maureen Phelan); F. Wakehurst Place, West Sussex, UK (Photo: Ellen McHale ©RBG Kew).
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Fig. 8 Viable seeds of Wollemia nobilis. Length of seed ~10 mm. Photo: Royal Botanic Gardens and Domain Trust.

megagametophyte, surrounded by a papery
testa (Fig. 9).

Viable Wollemia nobilis seeds display
non-deep physiological dormancy (Offord &
Meagher, 2001; Baskin & Baskin, 2014). They
can germinate over a range of temperatures,
but germination may be prolonged (months).
Seeds that are aged for six months or more,
or which are stratified for several weeks in
cold moist conditions (5-10 °C), germinate
more rapidly and uniformly at 26 °C than
fresh seeds (Offord & Meagher, 2001).

Seed size in Araucariaceae species
is predictive of seed storage potential
(Tompsett, 1984) and, given the small
size of Wollemia nobilis seed (Ng et al.,

2024) compared with other Araucariaceae
(Whitmore, 1977; Tompsett, 1984), it

might be predicted that Wollemia exhibits
intermediate, if not orthodox, seed storage
behaviour at low temperatures. Seeds of

W. nobilis appeared to demonstrate orthodox

Fig. 9 X-ray image of viable seeds of Wollemia nobilis.
Length of seed ~10 mm. Photo: Royal Botanic Gardens
and Domain Trust.

or intermediate seed storage behaviour in a
study by Ng et al. (2024) with seeds stored
for five years at -18 °C showing no loss of
viability. Seed stored at 5 °C for the same
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period lost around 50 per cent of viability,
possibly associated with lipid peroxidation
(Ng et al., 2024). The long-term seed viability
of this species at =18 °C (the standard
temperature for storing orthodox seeds)
(Martyn Yenson et al., 2021) is unknown and is
under examination.

Cultivation of Wollemia
nobilis

How and where are they
growing?

The first Wollemia nobilis to be planted were
seedlings, some of which can be seen at

the Royal Botanic Garden Sydney (planted
in February 1998), the BMBG (August 1998)
and the ABG (September 1998) (Table 1;

Fig. 7 E, A). Since then, many thousands of
cutting-grown plants have been planted
around the world (Offord & Zimmer, 2024;
see profiles of selected plants in Table 1

and Fig. 7), and there have been several
translocations where cultivated material has
been planted in wild locations (Zimmer et
al., 2016b; Mackenzie et al., 2022). Cultivated
trees have so far conformed to the growth
of juvenile plants in the wild, initially
developing a single leader and, after 5-15
years, secondary shoots from the base or
lower-to-mid stems of the leader (Figs 3 and
7 F). The tallest trees in cultivation at the
time of writing are 12-15 m in height and
are growing in a range of soil types (Offord &
Zimmer, 2024).

The now-matured first-planted Wollemi
pine seedling in the Royal Botanic Garden
Sydney has developed a pronounced ‘lean’
to the north (Fig. 7 E), reminiscent of the
directional lean (angle of vertical growth) of
Araucaria columnaris (Cook pine) towards the
equator, regardless of hemisphere, which is
increasingly pronounced with latitude (Johns
etal, 2017).

DOI 10.24823/Sibbaldia.2024.2086

Factors influencing cultivation of
Wollemia nobilis

Soil environment

Wollemia nobilis grows naturally in a
temperate rainforest in soils derived primarily
from sandstone with shale and basalt
components (Jones et al., 1995), low in
nutrients, with low pH (c. 3.5) (Offord et al.,
2014; Rigg et al., 2016a), and with soil air-filled
porosity and total water-holding capacity of
25 per cent (Rigg et al., 2016b).

Wollemia nobilis, as with other species
that grow in nutrient-poor natural soils, often
relies on the presence of, and relationships
with, a range of microorganisms, such
as mycorrhizae, to establish in disturbed
landscapes (Bellgard, 1991). W. nobilis plants
form mycorrhizal associations (where the root
forms a symbiosis with a fungus) (McGee et al.,
1999), as well as relationships with free-living
soil microorganisms. These microorganisms
are associated with W. nobilis in its wild
location (Rigg et al., 2016b), in a translocation
(Rigg et al., 2017) and in cultivation (McGee
etal., 1999; Rigg et al., 2016a), and appear
to contribute to the plant’s growth. There is
evidence that W. nobilis may influence the
soil microbial assemblages, as well as abiotic
factors such as pH, possibly lowering soil pH
via root exudates (Rigg et al., 2016b). In one
study, inoculation of W. nobilis with a range
of mycorrhizal species did not find evidence
of root colonisation, but endophytic fungal
structures were detected (Biggs, 2009).
Further investigation is required of the role of
microbial partners in the establishment and
growth of W. nobilis, including interactions
with other biota such as pathogens, and
abiotic factors such as soil pH, moisture and
nutrient availability (Rigg et al., 2017).

Little is known about the fertiliser
requirements for cultivated Wollemia nobilis.
Pohio et al. (2005) found that incorporation
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of slow-release fertiliser into propagation

mix increased root growth of cuttings.

Potted stock plants in the ABG nursery

have been maintained for 5-20 years using

a slow-release fertiliser (such as N:P:K:18-
3.9-8.3, 1.2 Mg, plus trace elements), and

no problems with phosphorus toxicity
(commonly found in some Australian species)
have been observed (M. Phelan, pers. comm.).
It was commonly noted in the ‘l Spy a Wollemi
Pine’ survey (Zimmer & Offord, 2019; Offord

& Zimmer, 2024) that many W. nobilis plants
growing in the ground (for example, plants
growing on basalt-based soil at the BMBG)

do not require fertiliser (I. Allen, pers. comm.),
and that growth is favoured by well-drained,
acidic soils.

Light, temperature and rainfall

Young wild Wollemia nobilis seedlings and
juveniles experience extremely low levels
of light (as low as 3 per cent full sunlight in
midsummer) (Offord et al., 2014). In early
horticultural growth studies at ABG, cutting-
grown plants which were approximately 12
months old were grown under 25 per cent,
50 per cent and 100 per cent full sunlight
for six months (Aug-Jan). We observed

that the plants growing in the 100 per

cent full sunlight conditions were shorter
and exhibited leaf damage (yellowing

and poor growth), probably as a result of
photoinhibition (impaired photosynthesis
which can result in poor growth), which is
experienced by seedlings of some rainforest
species such as Agathis robusta when
transferred from lower light to full sunlight
(Langenheim et al., 1984). In a glasshouse
experiment, seedling plants grown at 5

per cent, 15 per cent and 50 per cent full
sunlight had greater growth in height as
light increased, but invested in greater stem
production at low light (Offord et al., 2014).

DOI 10.24823/Sibbaldia.2024.2086

We conclude that young W. nobilis plants
grow faster in higher light situations, to

a point (which will be determined by the
ambient conditions) beyond which poorer
growth can be expected. In areas where
high levels of light are experienced, younger
plants in cultivation should be protected
from strong sunlight, as in Australia during
summer. Paradoxically, when planted as part
of a translocation, W. nobilis survival was
poorer in low light conditions, with mortality
attributed to Botryosphaeria infection
(Zimmer et al., 2015).

Temperature is a critical factor in
Wollemia nobilis growth and establishment.
W. nobilis is the most southerly occurring,
cold-tolerant and heat-sensitive of the
Australian Araucariaceae species. They are
predicted to grow optimally in temperatures
between -11 °C and 37 °C (Offord, 2011),
and while they can suffer leaf and stem
damage during periods at lower or higher
temperatures, plants may survive and reshoot
(Offord & Zimmer, 2024). The temperature
tolerance range of W. nobilis places it in Plant
Hardiness Zone 2 for Australia (the tablelands
of south-east Queensland, New South Wales
and Victoria) (Dawson, 1991), which equates
to USA Plant Zone 8a (-9.4 °C to -12 °C).
Factors other than temperature, such as
soil moisture, however, may affect plant
hardiness, influencing the suitability of a
species for a location (McKenney et al., 2007).

The effect of drought on Wollemia nobilis
is not well understood; observing water
stress is complicated by its relationship with
other edaphic and biotic factors such as
temperature - drought is often accompanied
by increased temperature (Adams et al.,
2017) and interactions with pathogens (for
example, pathogenic impacts can be more
visible when a plant is moisture-stressed)
(Cahill et al., 2008). Cultivated W. nobilis
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grows in a wide range of environments and
care regimes, from well-watered ones to
those reliant only on natural rainfall (Offord
& Zimmer, 2024). In a nursery trial, we found
that plants grown over summer at ABG
required watering at least twice a week, and
that plants watered less frequently (once a
week, fortnight or month) had less branch
growth extension and a higher number

of shed branches. Results of a pot-based
experiment suggest that W. nobilis is more
drought-sensitive than Araucaria bidwillii,

A. heterophylla and A. cunninghamia, more
naturally widespread and commonly
cultivated species (Zimmer et al., 2015). W.
nobilis plants under extreme water stress in
this experiment exhibited crown mortality,
which may be related to the unusual xylem
structure and branch shedding habit
(Burrows et al., 2007). W. nobilis plants often
shed their lower branches, and sometimes
upper branches, possibly in response to
drought. The shedding is facilitated by the
highly constricted cross-sectional area of the
xylem at the base of the branch (Burrows

et al., 2007) in addition to the weak wood
due to a high proportion of ray parenchyma
found in the constricted zone (Heady &
Burrows, 2008). The Huber value (measure of
the water supply capacity) is in the low-to-
normal conifer range for the W. nobilis branch
xylem, but in the constriction zone includes
values amongst the lowest ever recorded
(Burrows et al., 2007). This shedding habit
appears to give W. nobilis the ability to drop
its branches during times of water stress, and
this may have contributed to the species’
survival of continental drying. Paradoxically,
the low vascular water supply may limit
photosynthesis and hence reduce the plant’s
competitiveness — contributing to the overall
decline of this species in the wild (Burrows
etal., 2007).

Pests and diseases

A wide range of pests and disease-bearing
organisms have been found in association
with Wollemia nobilis, the majority of which
cause few problems. Some fungi - for
example, Pestalotiopsis (Trueman et al., 2007)
- may act largely as secondary colonisers

on dead plant material. The diseases of

most concern in W. nobilis are phytophthora
root rot (Phytophthora cinnamomiand P.
multivora) (Bullock et al., 2000; Puno et al.,
2015) and fusicoccum dieback (Fusicoccum
spp. or Botryosphaera spp.) (Slippers et al.,
2005). These dieback diseases are often
found in association with stressed plants in
warmer and wetter conditions. Phytophthora
is particularly pernicious and can result in
significant loss of plants. Plant hygiene is

an essential line of defence against these
diseases (Summerell & Liew, 2020). Insect
pests of W. nobilis have been studied less
than microbial disease. Trueman et al. (2007)
describe a range of Lepidoptera (butterflies or
moths) and Hemiptera (bugs), and one species
of Thysantoptera (thrips) associated with this
species which mainly cause defoliation, stem
damage and occasional death.

Securing the future of
Wollemia nobilis in the

wild and in cultivation:
developing translocated and
metacollection populations
What emerges from 30 years of study and
cultivation of Wollemia nobilis is that it is a
fragile survivor with a number of unique
traits which influence its survival in situ and
ex situ. It is an extremely long-lived species,
but establishment of plants is tenuous and
requires particular conditions, many of
which are yet to be fully understood. Early
horticultural ventures with this species met
with mixed success, but key factors have
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emerged over time, in particular the limiting
effects of temperature, drought and soil-borne
disease. The sum of horticultural knowledge,
teamed with recent advances in genetic
techniques, has enabled us to identify diversity
in W. nobilis (J. Bragg, pers. comm.; Stevenson
et al., 2023), and this combined knowledge

is being used to establish translocated
populations in suitable wild habitats
(Mackenzie et al., 2022). These populations are
being monitored to gauge establishment and
growth and will no doubt contribute to our
understanding of this species.

The need for a dispersed, documented
and well-managed ex situ collection of
Wollemia nobilis germplasm was highlighted
by the scale of the Black Summer fires in
eastern Australia in 2019-2020 that burnt
through over 10 million ha in an event that
was unprecedented in extent and severity
(Nolan et al., 2020; Collins et al., 2021). The wild
population as well as a number of botanic
gardens were affected by these fires (see case
study in Biggs et al., 2023). While fire-fighting
efforts largely contained the fire in the wild
population of W. nobilis, damage occurred
to adult and in particular to juvenile trees;
only the short-term effects of this event are
yet known (Mackenzie et al., 2022; Price et
al., 2023). Climate change also means that
the frequency of such fires is predicted to
increase in Australia (Canadell et al., 2021). It
is clear from this event that ex situ repositories
in botanic gardens or arboreta of genetically
distinct individuals of W. nobilis need to be
geographically dispersed and held on several
different continents as a metacollection.
Work towards this goal is under way. In late
2023 we embarked on a programme of
metacollection of W. nobilis, partnering with
Botanic Gardens Conservation International
(BGCI) and Forestry England to distribute
genetically identified plants to international

DOI 10.24823/Sibbaldia.2024.2086

gardens and arboreta. The initial sets of six
vegetatively propagated plants were sent
from ABG to locations in Europe, the United
Kingdom, USA and Australia. Each set has a
different mix of individuals so that, across

the global collection, species diversity will be
maintained. We are monitoring the progress of
these plantings and will report on the growth
of plants in various location and cultivation
regimes as these plantings establish.
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