[image: Commonwealth Coat of Arms]

Environment Protection and Biodiversity Conservation (National Recovery Plan for the Wollemi Pine (Wollemia nobilis)) Instrument 2025
I, Tanya Plibersek, the Minister for the Environment and Water, make the National Recovery Plan for the Wollemi Pine (Wollemia nobilis) in the following instrument, jointly with New South Wales.
[bookmark: _Hlk109252961]

Dated 18/03/2025




Tanya Plibersek
Minister for the Environment and Water






	Environment Protection and Biodiversity Conservation (National Recovery Plan for the [Common name] ([Scientific name])) Instrument 2024

	





1 Name
This instrument is the Environment Protection and Biodiversity Conservation (National Recovery Plan for the Wollemi Pine (Wollemia nobilis)) Instrument 2025.
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3 Authority
This instrument is made under subsection 269A(3) of the Environment Protection and Biodiversity Conservation Act 1999.

4 Jointly made recovery plan
The National Recovery Plan for the Wollemi Pine (Wollemia nobilis) in this instrument is jointly made with New South Wales, as agreed by the Minister for the Environment (New South Wales).
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[bookmark: _Toc183503834]Executive summary
This ‘National Recovery Plan for the Wollemi Pine (Wollemia nobilis)’ presents conservation and management actions necessary to halt decline and support recovery of the Wollemi Pine in its only known natural occurrence.
The Wollemi Pine is listed as Critically Endangered under both the NSW Biodiversity Conservation Act 2016 (BC Act) and the Commonwealth Environment Protection and Biodiversity Conservation Act 1999 (EPBC Act). This plan has been prepared in partnership with the Wollemi Pine Recovery Team, which consists of land managers, researchers and specialists in the biology, ecology, and management of the species. This plan builds on the previous 2006 recovery plan for the species and is designed to align with the Saving Our Species strategy for the Wollemi Pine under the NSW Government’s Saving Our Species (SoS) program.
Population structure and threats
The Wollemi Pine is a long-lived, slow-growing rainforest tree belonging to the 200-million-year-old Araucariaceae family. As of June 2024, it is known from a single wild population in Wollemi National Park that consists of four discrete stands, totalling 45 adult plants and 46 juveniles.
[bookmark: _Hlk156751485][bookmark: _Hlk156796616]The Wollemi Pine is threatened by demographic and environmental stochasticity due to its extremely small population size and geographic distribution; fire regimes that cause declines in biodiversity (particularly high severity fire and high frequency fire); dieback from the pathogens Phytophthora cinnamomi and P. multivora; unauthorised (illegal) visitation to the wild population resulting in damage to the species and its habitat through trampling of seedlings and juveniles, soil compaction and erosion, introduction of weeds and/or novel pathogens, and spread of existing pathogens; and anthropogenic climate change, including changes to rainfall, temperature, and disturbance regimes such as fires, floods, heatwaves and storms.
[bookmark: _Hlk156796762]The wild Wollemi Pine population and a further three translocated stands of Wollemi Pine were impacted by the 2019–20 bushfires. These fires were mainly active in the understorey, resulting in severe impacts on, and extensive mortality of, seedlings and juveniles. Several adult trees in the wild population also suffered significant damage. Population recovery is being closely monitored and research into tolerable fire regimes for the Wollemi Pine is ongoing. The influence of anthropogenic climate change on the severity and scale of these bushfires together with known sensitivities of Wollemi Pine to other phenomena worsening under climate change (such as heatwaves and droughts), highlights the need to develop greater understanding of the nature of climate change impacts on the wild Wollemi Pine population. Additionally, following the 2019–20 bushfires, feral pig and deer populations increased significantly in the wild Wollemi Pine population’s catchment area. Disturbance by feral animals and the associated dispersal of weed propagules and soil pathogens are seen as emerging threats.
Recovery objectives
In support of the long-term conservation and recovery of the Wollemi Pine, the objectives of this plan are that by 2034:
[bookmark: _Hlk156762794]the wild Wollemi Pine population and its habitat are protected from threatening processes to the extent practicable, and have not decreased in size or quality
understanding of the biology of the Wollemi Pine and co-occurring species in its natural habitat has been improved and informs the conservation of the species and its habitat
representative ex situ collections are established and maintained
translocated stands of Wollemi Pine are maintained, and additional translocations are undertaken, as required
community and Indigenous awareness of the Wollemi Pine and engagement with recovery efforts is maintained and improved.
The implementation of this recovery plan will be monitored and reported on by the members of the Wollemi Pine Recovery Team.
[bookmark: _Toc183503835]Acronyms
	[bookmark: Title_Acronyms]Term
	Definition

	ABGMA
	Australian Botanic Garden, Mount Annan

	AIS
	Asset of Intergenerational Significance

	AOBV
	Area of Outstanding Biodiversity Value

	BC Act
	NSW Biodiversity Conservation Act 2016 

	BCD
	Biodiversity and Conservation Division (NSW DCCEEW)

	BGCI
	Botanic Gardens Conservation International

	BGOS
	Botanic Gardens of Sydney

	BMBGMT
	Blue Mountains Botanic Garden, Mount Tomah

	CAP
	Conservation Action Plan

	CSIRO
	Commonwealth Scientific and Industrial Research Organisation

	Cwlth DCCEEW
	Commonwealth Department of Climate Change, Energy, the Environment and Water

	DBH
	Diameter at breast height

	EPBC Act
	Commonwealth Environment Protection and Biodiversity Conservation Act 1999

	GBMWHA
	Greater Blue Mountains World Heritage Area

	IUCN
	International Union for the Conservation of Nature

	KTP
	Key Threatening Process

	NGS
	National Geographic Society

	NPW Act
	NSW National Parks and Wildlife Act 1974

	NPWS
	NSW National Parks and Wildlife Service

	NSW DCCEEW
	NSW Department of Climate Change, Energy, the Environment and Water

	RBGDT
	Royal Botanic Gardens and Domain Trust

	SID
	Science and Insights Division (NSW DCCEEW)

	SoS
	NSW Saving our Species program

	TAP
	Threat Abatement Plan

	TSC Act
	NSW Threatened Species Conservation Act 1995

	UNSW
	University of New South Wales

	WNP
	Wollemi National Park
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[bookmark: _Toc183503838]Introduction
Wollemia nobilis W.G. Jones, K.D. Hill & J.M. Allen (Wollemi Pine) is a large tree endemic to Wollemi National Park (WNP) in central eastern New South Wales. It is currently known from just one wild population of 45 mature individuals and 46 juveniles occurring across four discrete stands (Mackenzie et al. 2021; Mackenzie & Auld in press). Conservation of this single population is critical for the species’ persistence in the wild.
The Wollemi Pine is threatened by demographic and environmental stochasticity due to its extremely small population size and geographic distribution; high severity and high frequency fire; dieback from the pathogens Phytophthora cinnamomi and P. multivora; unauthorised site visitation resulting in trampling of seedlings and juveniles, soil compaction and erosion, introduction of novel pathogens and weeds, and spread of existing pathogens; disturbance by feral pigs and deer; and the effects of anthropogenic climate change, including changes to temperature, rainfall, and disturbance regimes (fires, floods, heatwaves, and storms) (NSW TSSC 2015).
This document is the third National Recovery Plan for the Wollemi Pine and has been prepared in accordance with the NSW Biodiversity Conservation Act 2016 and the Commonwealth Environment Protection and Biodiversity Conservation Act 1999. It describes the current conservation status, documents past and ongoing management actions, summarises current biological and ecological knowledge, and details the research and management actions necessary to halt decline and support recovery of the Wollemi Pine.
[bookmark: _Toc151476438][bookmark: _Toc151564128][bookmark: _Toc151719680][bookmark: _Toc152756459][bookmark: _Toc153269985][bookmark: _Toc153276393][bookmark: _Toc153363203][bookmark: _Toc153457732][bookmark: _Toc153457874][bookmark: _Toc153983148][bookmark: _Toc154060760][bookmark: _Toc154060947][bookmark: _Toc183503839]Historical context
The Wollemi Pine was discovered in 1994 by NSW NPWS Officer David Noble who, whilst off-duty and canyoning in Wollemi National Park, found a single stand of Wollemi Pine consisting of 19 mature individuals within a remote rainforest gorge (Jones et al. 1995; Mackenzie et al. 2021; Mackenzie & Auld in press). The significance of this rare species, which belongs to the 200-million-year-old Araucariaceae family, was quickly recognised, and the Wollemi Pine was subsequently listed as Endangered in NSW in 1995 due to its restricted distribution and small population size. In 1998, the species was also listed as Endangered by the Commonwealth and the first recovery plan for the Wollemi Pine was released, produced by the Wollemi Pine Recovery Team (Nash & Ravallion 1998).
Due to the rarity of the Wollemi Pine and the fragility of the species and its habitat, the exact location of the wild population has never been publicly released. The Wollemi Pine Access Strategy, which was first implemented under the 1998 recovery plan, remains in place to this day and restricts access to the wild stands to the minimum essential staff (Nash & Ravallion 1998; NSW DEC 2006a). However, public interest in the species has remained strong due to the species’ rarity, the history of its discovery and its connection to the age of the dinosaurs. Therefore, in 2005, a commercialisation strategy was launched to release Wollemi Pine cuttings to the public for sale and propagation. The purpose of this strategy was primarily to reduce the risk of damage to the wild population through illegal collection. Commercialisation has also increased community engagement in the conservation of the species, increased its prevalence in international botanic gardens, and has raised funds through royalties for the species conservation (NSW DEC 2006a).
In 2005, Phytophthora cinnamomi, a water-borne mould, was detected within Stand 1 of the wild Wollemi Pine population, representing a significant new threat to the species. It is thought that the mould was brought into the stand by unauthorised visitors via contaminated footwear or equipment (Mackenzie et al. 2021). Following this discovery, a second, updated recovery plan for the species was published in 2006 (NSW DEC 2006a) and adopted under the EPBC Act in 2007. Under the 2006 recovery plan, the establishment of new Wollemi Pine stands using translocation was prioritised to improve the long-term viability of the species in the wild by increasing its population size and geographic range, and thereby reducing its risk of extinction due to stochastic events (NSW DEC 2006a). In 2012, a pilot experimental translocation site was established off-park, on land managed by BMBGMT, with the goal of learning what was required for successful Wollemi Pine translocation into more remote areas (Zimmer et al. 2016). During this time, the Wollemi Pine was also uplisted to Critically Endangered in NSW in 2015 and nationally in 2018, in part due to an inferred projected decline in population size caused by the threat of dieback from Phytophthora infection (NSW TSSC 2015; Cwlth TSSC 2018).
The results of the 2012 pilot translocation informed two remote-area translocations into WNP conducted in 2019, with the long-term goal of increasing the size and geographic distribution of the wild population, although translocated stands will only be considered part of the wild population once they have produced second-generation seedlings and are self-sustaining (Mackenzie 2021; Mackenzie et al. 2021). Unfortunately, during Australia’s catastrophic 2019–20 ‘Black Summer’ bushfire season, the wild Wollemi Pine population and all three translocated stands were heavily impacted by fire. The impacts of these fires on the wild Wollemi Pine population were mitigated by an intensive, multi-agency fire suppression effort which involved the installation of irrigation systems, active water bombing, laying of fire retardant around the catchment, and active fire suppression by remote-area firefighters. This nationally recognised emergency effort likely limited the severity of the blaze to understory fires which primarily impacted juvenile plants (Mackenzie et al. 2021). The impacts of the 2019–20 fires, the early success of the three translocations, the species’ up-listing to Critically Endangered, and a review of the previous recovery plan (Appendix 2: Evaluation of progress towards objectives from previous recovery plan) all provided the impetus for the development of this updated recovery plan.
[bookmark: _Toc150425678][bookmark: _Toc150425754][bookmark: _Toc150866688][bookmark: _Toc183503840]Legislative, policy and planning context
Conservation status
The Wollemi Pine is listed as a Critically Endangered species under both the NSW Biodiversity Conservation Act 2016 (BC Act) (NSW TSSC 2015) and the Commonwealth Environment Protection Biodiversity Conservation Act 1999 (EPBC Act) (Cwlth TSSC 2018). The species is also listed as Critically Endangered on the IUCN Red List of Threatened Species (Thomas 2011; Mackenzie & Auld in press).
The species is listed under Criteria B1ab (iii) (v), B2ab (iii) (v) and C2a (ii) under the EPBC Act. The main reasons for the species’ eligibility are:
A highly restricted geographic range with an area of occupancy and extent of occurrence of 4 km2 AND known to exist at only one location AND continuing decline inferred in geographic distribution (extent of occurrence and area of occupancy), area and extent and quality of habitat, and the number of mature individuals.
Fewer than 250 mature plants known AND 90-100% of individuals in one population.
Additionally, in 2021, 5,000 ha of land surrounding the wild Wollemi Pine population was declared as an Asset of Intergenerational Significance (AIS) under the amended NSW National Parks and Wildlife Act 1974 (NPW Act) (NSW NPWS 2022; 2023). This same area is also registered as an Area of Outstanding Biodiversity Value (AOBV) under the BC Act, having been previously declared as Critical Habitat under the repealed NSW Threatened Species Conservation Act 1995 (NSW DEC 2006b).
The Wollemi Pine is identified as one of 110 priority species under the Australian Government’s Threatened Species Action Plan 2022–2032 and the Greater Blue Mountains is identified as one of 20 priority places (DCCEEW 2022).
Recovery planning
Commonwealth
[bookmark: _Hlk57113513]The EPBC Act allows for the development of a recovery plan to provide for the research and management actions necessary to stop the decline and support the recovery of a listed threatened species, so that its chances of long‑term survival in nature are maximised. This document has been drafted in partnership with the Wollemi Pine Recovery Team and replaces the previous recovery plan for the Wollemi Pine (NSW DEC 2006a).
NSW
The BC Act provides for the development of strategies to promote the conservation of threatened species and threatened ecological communities. The BC Act specifically requires the NSW Environment Agency Head to establish a Biodiversity Conservation Program delivering strategies, actions, monitoring and reporting to maximise the long-term security of threatened species and threatened ecological communities in nature, and to minimise the impacts of Key Threatening Processes on biodiversity and ecological integrity. In NSW, Saving our Species (SoS) is the adopted program that fulfills these requirements. This recovery plan has been developed to be consistent with the NSW SoS program; ongoing strategies and actions for the conservation of the Wollemi Pine under the SoS program will be informed by this plan.
The NSW NPW Act allows the NSW Minister for the Environment to declare any area of exceptional value within a national park as an Asset of Intergenerational Significance (AIS). A 5,000 hectare area of the catchment surrounding the wild Wollemi Pine population was declared as an AIS in 2021, recognising the area as important habitat for the Wollemi Pine. In accordance with the obligations of the National Parks and Wildlife Regulation 2019, a Conservation Action Plan (CAP) was developed in 2021 (NSW DPE 2022). NPWS has a statutory obligation to implement this CAP. The CAP identifies environmental values of the land, the key risks to those values, management activities to address and mitigate the risks, and requirements to measure and report on the condition of the AIS.
[bookmark: _Toc123914306][bookmark: _Toc123914427][bookmark: _Toc123914536][bookmark: _Toc145620116]Assessment and approval
The known wild population of the Wollemi Pine occurs entirely within Wollemi National Park, which is managed by the NSW NPWS. The security of the Wollemi Pine population is aided by National Park tenure and is governed by the provisions of the NSW NPW Act as well as amendments to the Act which allowed for the declaration of the Wollemi Pine habitat as an AIS. These provisions offer a strong level of legal protection to the Wollemi Pine against activities which could negatively impact the species. Additionally, Commonwealth and NSW legislation detail assessment and approval pathways for activities that may impact on listed threatened species such as the Wollemi Pine.
NSW NPWS are responsible for the assessment and approval of all actions under this plan via the appropriate NSW and Commonwealth pathways. Where required, these processes will be completed prior to commencement of any action.
Commonwealth process
The EPBC Act additionally regulates actions that may result in significant impacts to Matters of National Environmental Significance (MNES). It is an offence to undertake any such actions in areas under State or Territory jurisdiction, as well as in Commonwealth-owned areas, without obtaining prior approval from the Federal Minister for the Environment. As the Wollemi Pine is listed nationally under the EPBC Act, any person proposing to undertake actions likely to have a significant impact on this species must refer the action to the Federal Minister for the Environment for consideration. The Minister must then decide whether the action requires EPBC Act approval.
Matters of National Environmental Significance relevant to this plan include:
a listed threated species, the Wollemi Pine
the Greater Blue Mountains World Heritage Area
the Greater Blue Mountains National Heritage Place.
NSW process
Within NSW, the Environmental Planning and Assessment Act 1979 defines the primary pathway for assessment and approval of activities. This includes activities related to the management of a threatened species and its habitats. The obligations of the Act are extended though additional NSW legislation including, but not limited to:
Biodiversity Conservation Act 2016
Fisheries Management Act 1994
Heritage Act 1977
National Parks and Wildlife Act 1974
Native Title Act 1993
Rural Fires Act 1997
State Environmental Planning Policy (Transport and Infrastructure) 2021
Wilderness Act 1987.
Key Threatening Processes
Both the BC Act and the EPBC Act provide for the identification and listing of Key Threatening Processes (KTPs). A KTP is a process that threatens, or has the capability to threaten, the survival or evolutionary development of species, populations or endangered ecological communities. The listing of KTPs does not regulate or prevent actions directly.
Three KTPs currently listed under the BC Act are known to threaten the Wollemi Pine. These are:
anthropogenic climate change
infection of native plants by Phytophthora cinnamomi
high frequency fire resulting in the disruption of life cycle processes in plants and animal and loss of vegetation structure and composition.
Three KTPs listed under the EPBC Act are known to threaten the Wollemi Pine. These are:
loss of climatic habitat caused by anthropogenic emissions of greenhouse gases
dieback caused by the root-rot water mould (Phytophthora cinnamomi)
fire regimes that cause declines in biodiversity.
In addition to these listed KTPs, a Threat Abatement Plan (TAP) for P. cinnamomi is in place under the EPBC Act (DoEE 2018). The TAP for P. cinnamomi establishes a national framework to guide and coordinate Australia’s response to the pathogen. This recovery plan contributes to the objectives of the TAP for P. cinnamomi by:
identifying the Wollemi Pine as a biodiversity asset affected by the pathogen and prioritising its protection
reducing the spread and mitigating the impacts of the pathogen to protect the Wollemi Pine
including the impact of the pathogen on the Wollemi Pine in public information to increase awareness of the pathogen.
The actions targeting P. cinnamomi in this recovery plan are consistent with those outlined in the TAP.
International obligations
Under the EPBC Act recovery plans should assist in the co-operative implementation of Australia’s international environmental responsibilities (Object E) and must have regard to meeting Australia’s obligations under international agreements. Australia is signatory to two international agreements relevant to this recovery plan:
United Nations Convention on Biological Diversity
World Heritage Convention.
Biological diversity
Under the Convention on Biological Diversity, all parties are required to have a National Biodiversity Strategy and Action Plan in place. This recovery plan has been prepared to be consistent with the current edition of this national plan, Australia’s Strategy for Nature 2024-2030 (Commonwealth of Australia 2024). This recovery plan contributes to the achievement of the objectives of the Strategy for Nature by:
contributing to the conservation management of Australia’s landscapes
setting out actions to protect and secure the Wollemi Pine in the wild
describing actions to reduce threats to the Wollemi Pine
increasing Australians’ understanding of the value of the Wollemi Pine
improving and sharing knowledge of the Wollemi Pine to aid decision making.
World heritage
The wild Wollemi Pine population and the two translocated stands exist within the Greater Blue Mountains World Heritage Area (GBMWHA), which was inscribed on the World Heritage List in November 2000. The area supports outstanding biodiversity values, including over 100 eucalypt species occurring in sclerophyll ecosystems in an extraordinarily diverse area rich in natural and cultural values. The Wollemi pine is listed in the Statement of Outstanding Universal Value under Criterion (ix): be outstanding examples representing significant on-going ecological and biological processes in the evolution and development of terrestrial, fresh water, coastal and marine ecosystems and communities of plants and animals (NSW NPWS 2000).
The GBMWHA Strategic Plan was developed in 2009 to assist in meeting Australia’s international responsibilities under the World Heritage Convention (NSW NPWS 2009). The plan ensures that appropriate consideration is given to the GBMWHA’s World Heritage values by managers when developing management prescriptions for the GBMWHA reserves, and that they are developed and implemented in a consistent and coordinated way. This recovery plan has been prepared to be consistent with the objectives of the Strategic Plan through:
conserving and transmitting to future generations the Wollemi Pine and its habitat as a key value of the GBMWHA
coordinating with existing plans including the NSW SoS program, the NPWS AIS CAP and the Wollemi National Park Plan of Management as part of an integrated planning program for the GBMWHA
giving the GBMWHA a function in the life of the Australian community by providing for the commercial propagation of the Wollemi Pine and planting of Wollemi Pine in botanic gardens (such as Botanic Gardens of Sydney, Australian Botanic Garden Mount Annan, and Blue Mountains Botanic Garden Mount Tomah)
strengthening appreciation and respect for the GBMWHA’s World Heritage values through educational programs surrounding the Wollemi Pine
taking the appropriate scientific, technical, legal, administrative and financial measures necessary for implementing these principles
providing for continuing community and technical input in managing the Wollemi Pine through collaborations with a diverse range of groups and organisations.
[bookmark: _Toc151564130][bookmark: _Toc183503841]Evaluation of previous recovery plan
The previous recovery plan (NSW DEC 2006a) guided conservation management action for the Wollemi Pine, including the continuation of in situ ecological monitoring and site surveillance, expansion of the ex situ collection, establishment of translocated stands, and research into Wollemi Pine ecology and environmental tolerances. A detailed evaluation of the former recovery plan is included in Appendix 2. The current plan is informed by the previous recovery plans, with additional key considerations including the impacts of the 2019–20 bushfires, and expansion of the ex situ collections and translocation program. Key learnings since the previous recovery plan which have informed updated recovery actions include:
an improved understanding of the wild Wollemi Pine population structure and the fire response of different life history stages
the resolution of population monitoring that is required to detect change
the discovery of new wild individuals
an improved understanding of the genetic diversity of the wild Wollemi Pine population
the importance of establishing multiple ex situ collections to provide failsafe backups
the importance of considering recurrent disturbances such as fire and drought when conducting recovery actions (such as translocations).
[bookmark: _Toc183503842]Stakeholders
Implementation of recovery planning is a collaborative effort involving a range of stakeholders including:
NSW Department of Climate Change, Energy, the Environment and Water (NSW DCCEEW), including NSW National Parks and Wildlife Service (NPWS)
Royal Botanic Gardens and Domain Trust (RBGDT)
Australian Government, including the Commonwealth Department of Climate Change, Energy, the Environment and Water (Cwlth DCCEEW)
universities and other research organisations.
These organisations are responsible for and/or involved in the protection, rehabilitation and management of Wollemi Pine and its habitat, including via public education, survey, research and monitoring. NSW NPWS have statutory responsibility for the protection of the Wollemi Pine in WNP.
Other groups that may be involved in the implementation of recovery actions that may also be affected by this recovery plan, include:
Traditional Owners and Indigenous Land Councils
local government councils
commercial horticultural groups
tourism organisations operating in WNP
private individuals using WNP recreationally.
[bookmark: _Toc183503843][bookmark: _Hlk168999370]First Nations connections
Wollemi National Park contains an extensive representation of Aboriginal sites and places with links to traditional and spiritual life. The inter-connection between places and stories within the park are a significant part of regional Aboriginal cultural identity. The park also occurs at the junction of Land Council boundaries, including the Wanaruah, Bathurst, Deerubbin and Metropolitan Local Aboriginal Land Councils (LALCs) and is partly included in a Native Title claim (Warrabinga Wiradjuri #7 (NC2018/002)). There is a recognised need for free, prior and informed consent from Aboriginal interest groups regarding WNP land management matters, including the management of the Wollemi Pine.
The on-going involvement of the Aboriginal community with the management of WNP is encouraged and supported by NPWS at multiple levels. In early 2024, a series of facilitated workshops were held with Aboriginal interest groups and Traditional Owners of the GBMWHA as part of the development of a Strategic Plan for the GBMWHA (NSW NPWS 2024). The GBMWHA property spans the Country of the Darkinjung, Dharawal, Dharug, Gungungurra, Wiradjuri and Wonnarua peoples and includes WNP, which is the largest reserve in the World Heritage Area. Furthermore, NPWS are considering options for models of Aboriginal joint management for national parks across NSW, including WNP (NSW DCCEEW 2024). As part of the ongoing development of this joint management model, targeted consultation has been undertaken in 2022 and 2023 with Traditional Owners and Aboriginal interest groups across NSW. The Blue Mountains Branch of NPWS works to establish and maintain relationships with Aboriginal stakeholders to facilitate ongoing engagement on the natural and cultural heritage values of WNP. Additionally, the Aboriginal Park Partnerships Program has funded a cooperative program with the North East Wiradjuri Company to undertake protection of Aboriginal sites within Wollemi National Park.
Ensuring that Wollemi Pine land management issues are included, where appropriate, in these ongoing consultation processes with Aboriginal stakeholders is an important aim of this recovery plan. NPWS Blue Mountains Branch will continue to maintain relationships with Aboriginal stakeholders to ensure consultation can occur as necessary, especially when management may impact on the Aboriginal natural and cultural heritage values of the park.
[bookmark: _Toc150866692][bookmark: _Toc183503844]Benefits and impacts
Ecological
The history of the discovery of the Wollemi Pine highlights the importance of habitat conservation and the integral role that national parks play in the conservation of biodiversity. It also demonstrates the importance of conserving areas of diverse vegetation types and the crucial role that refugia locations (like the canyon habitat the Wollemi Pine occupies) play in the environment by providing relatively stable conditions through periods of great climatic change (Hill 1995).
The wild population of Wollemi Pine exists within warm temperate rainforest, among species typical of the canyons and gorges of the Blue Mountains region. This recovery plan encourages the study and conservation of the species and its habitat that will directly benefit local species and communities. Numerous EPBC Act-listed species occur across the Blue Mountains region and may benefit from the actions detailed in this recovery plan, although significant benefit or impact for any one co-occurring listed species is not expected. It is hoped that findings from this work will also provide insights to improve management of similar ecosystems and unique species across NSW.
[bookmark: _Toc150866693]Social and economic
The Wollemi Pine is a flagship species for conservation. People are inspired by the story of its discovery and its connection with the age of the dinosaurs. These stories raise interest and awareness of threatened plant conservation and biodiversity conservation in general. The world-wide concern for the fate of the Wollemi Pine during the 2019–20 bushfires demonstrated its global appeal.
Since the commercial release of the species commenced in 2005, Wollemi Pine has continued to be keenly sought after as a horticultural plant. A proportion of the profit from sales was initially directed to various conservation activities, however the commercial partnership ceased in 2010 and royalties no longer contribute to conservation activities (B. Summerell, pers. comm).
Ecotourism opportunities have been created in NSW through the planting of Wollemi Pine in botanic gardens, such as BGOS, ABGMA, and BMBGMT. The Wollemi Pine has contributed to the public perception that NSW has unique biodiversity and high conservation values and is a destination for tourists wanting to experience the Australian natural environment.
The social effects of controlling impacts on the wild Wollemi Pine stands (including restricting visitation) are minimal as the species’ habitat is reserved within a national park. It is noted that the declaration of the Wollemi Pine habitat as an Area of Outstanding Biodiversity Value and associated regulations apply to 1% of Wollemi National Park. The RBGDT and others have created opportunities for the public to view and appreciate the species by establishing plants in a variety of local, national and international public gardens. Through the commercial partnership, plants have also been made available for private horticulture.
[image: A grove of adult wollemi pine trees in a gorge.]
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The Wollemi Pine is of significant scientific interest because of its long evolutionary history and its phylogenetic distinctiveness. Despite the common name ‘pine’, the species does not belong to the Pinus genus, nor to the pine family Pinaceae. Instead, it belongs to the ancient conifer family Araucariaceae, which evolved approximately 210 million years ago, and Wollemi nobilis is the sole extant species within the genus, Wollemia.
Wollemia
Wollemia was confirmed to be a distinct genus by Gilmore and Hill (1997) through DNA sequencing of the plastid gene rbcL. This sequence data combined with different ranges of other conifer taxa suggests that Wollemia is ancestral to Agathis and Araucaria and may be the earliest derived genus in Araucariaceae (Setoguchi et al. 1998) or, alternatively, that Wollemia is a sister group to Agathis, with these two forming a clade that is sister to Araucaria (Gilmore and Hill 1997; Stefanović et al. 1998). Analysis by Liu et al. (2009) supported Wollemia being a sister group to Agathis. The most recent study concluded Agathis and Wollemia formed a separate clade to Araucaria that was distinct by the Cretaceous or Palaeogene period (Escapa & Catalano 2013).
Evolutionary history and fossils
The Wollemi Pine is of considerable significance in the study of the evolutionary relationships of early Gondwanan flora, and the species has contributed to the understanding of structures in fossil Araucariaceae (Macphail et al. 1995; Chambers et al. 1998; Dettmann & Jarzen 2000). Fossil evidence suggests that major gymnospermous (non-flowering) forests or woodland strata were once widespread in Australia, and Araucariaceae fossils from the Tertiary period have been found in every Australian state (Lange 1982). A decline in the distribution of Araucariaceae occurred in the late Quaternary, coinciding with increasing temperatures, dryness and incidence of fire (Kershaw and Wagstaff 2011). Understanding of the prehistoric distribution of the Wollemi Pine has previously been informed by the distribution of the fossil pollen Dilwynites, understood to be very similar to the pollen of Wollemi Pine. Dilwynites pollen has been identified in sediments from Australia, New Zealand, Antarctica, and Patagonia, from the late Cretaceous to the late Tertiary (Macphail et al. 1995; Chambers et al. 1998; Dettmann & Jarzen 2000; McLoughlin & Vajda 2005; Macphail et al. 2013). However, more recent analyses (Macphail & Carpenter 2014; Seyfullah et al. 2023) have demonstrated that Dilwynites pollen may represent other members of the Araucariaceae, in addition to Wollemi Pine, and that Wollemi Pine pollen is more variable than had previously been reported.
[bookmark: _Toc183503847]Species Description
The Wollemi Pine is a long-lived, monoecious conifer which can grow in excess of 40 metres in height (NSW DEC 2006a); however, the mean height of adult trees in the wild population is presently c. 20 m (Mackenzie, Clarke and Auld, unpubl. data). The Wollemi Pine has an unusual growth habit of reiteration, whereby vertical branches (with their own lateral branches) develop from epicormic shoots on the trunk and partially reiterate the architecture of the young adult plant, and new trunks develop via coppicing from the base of the tree (Figure 1) (Hill 1997). This pattern of architecture and reiteration is unlike any other extant Araucariaceae species and is possibly unique among all plants (Mackenzie et al. 2021). Individual trunks range up to 90 cm in diameter at breast height (DBH). There are very few single-stemmed trees in the wild population; instead, mature trees are usually multi-trunked and may comprise more than 40 stems greater than or equal to 2 m tall and/or with a DBH greater than or equal to 2 cm, in addition to numerous smaller coppice stems (Mackenzie, Clarke and Auld, unpubl. data).
[bookmark: _Ref170124296][bookmark: _Toc153879714][bookmark: _Toc183515550][bookmark: _Toc183515813][bookmark: _Toc183516466][bookmark: _Toc183516633]Figure 1 Self-coppicing habit of Wollemi Pine
[image: Photo of a wild Wollemi Pine tree, with numerous coppice trunks growing from the base.]
[bookmark: _Hlk163059021]Source: © Copyright, Patricia Meagher, Royal Botanic Gardens and Domain Trust
Primary branches are plagiotropic (grow laterally) and are short lived and cleanly abscising (Hill 1995; Hill 1997). New primary branches are produced on epicormic shoots from the trunk which creates a branched crown that is slender and columnar (Hill 1997; Burrows et al. 2003). The Wollemi Pine produces three different types of foliage depending on its position on the tree (along the stem, on juvenile branches, or on mature branches; see Growth habit under section 2.5). Leaves range from 3–‍80 mm in length and 2–8 mm in width and tend towards a linear shape but can be narrowly oblong or narrowly triangular (Jones et al. 1995). Depending on the type of shoot, leaves can be arranged helically or opposite to subopposite in rows of two (juvenile branches) or four (mature branches). The bark on younger stems peels in thin, fragile, equidimensional dark red-brown scales, while the bark on older trunks becomes densely covered with soft and spongy nodules up to 10 mm in diameter and 15 mm in length, forming a layer up to 20 mm deep (Jones et al. 1995).
The Wollemi Pine is monoecious (male and female reproductive organs are borne on the same individual). Reproductive organs are arranged in cones or cone-like structures called strobili (Harden 1990), with male cones developing before female cones. Male cones are cylindrical, up to 153 mm long and 25 mm wide, and turn from green to dark red-brown as they mature (Figure 2). At maturity they can bear more than 500 scales which are helically arranged (Jones et al. 1995). Each scale has 4–9 microsporangia in which the oval-shaped, granular, unwinged pollen is formed (Jones et al. 1995). Female cones are spiny, globular to broadly egg-shaped, 125 mm long and 100 mm in diameter. Each cone has between 250 to 300 bract-scales flattened, with a lateral wing, which turn from mid-green to brown as they mature (Figure 3). Seeds are produced in the female cones and have a single wing, are flat, light brown, 7–11 mm long and 5–‍9 mm wide including the wing (Jones et al. 1995).
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[image: A photo of the male cone which hangs from the tip of a Wollemi Pine branch. See text for description of cone.]
Source: © Copyright, Jaime Plaza, Royal Botanic Gardens and Domain Trust
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[image: A photo of the female cone which hangs from the tip of a Wollemi Pine branch. See text for description of cone.]
Source: © Copyright, Jaime Plaza, Royal Botanic Gardens and Domain Trust
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Wollemi Pine is a relict species currently known from just a single wild population, which occurs as four discrete stands in a single catchment in Wollemi National Park on the Central Tablelands of New South Wales in southeastern Australia (Figure 4). These four stands, along with any as-yet undiscovered wild stands in Wollemi National Park, are all important populations as defined by the EPBC Act, that are necessary for the long-term survival and recovery of the Wollemi Pine.
The Wollemi Pine has a very highly restricted geographic distribution; both the extent of occurrence and area of occupancy (sensu IUCN Standards and Petitions Committee 2024) are only 4 km2 each. Extensive ground and helicopter searches of the Wollemi Pine catchment and adjacent areas since the species’ discovery have not found any additional stands. The exact location of the wild Wollemi Pine population has never been publicly released due to the risk of damage to the species and its habitat from unauthorised visitation and/or illegal collection.
The historic decline of the Wollemi Pine is likely to have occurred alongside the decline of other rainforest flora in Australia, with the climate becoming increasingly dry into the late Quaternary (Kershaw and Wagstaff 2011). Hence, the rarity of the Wollemi Pine, as distinct from many other threatened plant species, is not attributed to human impact, rather to natural changes in climate over a geological time scale.
[bookmark: _Ref170124321][bookmark: _Toc183515553][bookmark: _Toc183515816][bookmark: _Toc183516469][bookmark: _Toc183516636]Figure 4 Location of Wollemi National Park, New South Wales, Australia.
[image: A map of Wollemi National Park, indicating its location on west of Sydney, NSW and showing surrounding National Parks]
Source: Base map Geoscience Australia.
Wild population structure
The prolific coppicing habit of wild Wollemi Pine makes it difficult to delineate genetically distinct individuals in the field. In lieu of completed population genomic analyses, putative individuals have been defined as discrete clumps of stems or trunks inferred to share a common base. The wild population is composed of adult, juvenile and functionally juvenile individuals. Male pollen cones develop on juvenile trees several years before the first female seed cones, and individuals are regarded as adults once they produce female seed cones. Adult trees that suffer complete loss of their mature trunks after fire, windthrow or impacts from falling rocks and trees, may enter a secondary juvenile phase while replacement stems resprout and mature (Mackenzie & Auld, in press). Such functionally juvenile individuals are expected to have higher survival and faster growth and maturation than true juveniles (those yet to produce a mature trunk since establishing from seed) due to well-developed adult root systems in the former (Mackenzie & Auld, in press).
A comprehensive demographic inventory of the wild population was undertaken in 2020 and 2021 (after the 2019–20 bushfire season). This entailed updated assessments of the boundaries between putative individuals and their reproductive status (adult, juvenile or functionally juvenile) (Mackenzie & Auld, in press). In addition, a number of previously undetected juvenile and adult trees were identified on high cliffs adjacent to known stands(Mackenzie et al. unpubl. data).
[bookmark: _Hlk162531252]As of June 2024, 45 adult trees remain in the wild with 19 of these in the largest stand (Table 1; Mackenzie & Auld, in press). The population includes a further 34 true juveniles and 12 functional juveniles; however, 47% and 75% of these, respectively, were completely top-killed in the 2019–20 fires and currently persist as vulnerable basal resprouts (Mackenzie, Clarke and Auld, unpubl. data). A further 113–183 immature individuals (seedlings, juveniles and functional juveniles) were killed in the fires including 92–95% of the pre-fire bank of smaller juveniles (those < 2m tall), among which were many individuals over 20 years old, with some up to 60 years old (Mackenzie, Clarke and Auld, unpubl. data). This small juvenile bank is expected to re-establish over the next 20–30 years via ongoing annual seed production in adult trees (Mackenzie et al. 2021); However, the losses of larger juveniles will take many more decades to recover. The first systematic post-fire seedling surveys are scheduled for summer 2024-25 (B. Mackenzie, pers. comm.).
[bookmark: _Ref170124202][bookmark: _Toc183515660][bookmark: _Toc183516143]Table 1 Wollemia nobilis post-fire population structure
	[bookmark: Title_1]Stand
	No. adults
	No. f. juv
	No. juv
	Total

	1
	19 (15-23)
	1 (1-2)
	8 (7-10)
	28 (23-35)

	2
	11 (10-12)
	8 (8-8)
	17 (17-19)
	36 (35-39)

	3
	2 (2-2)
	1 (1-1)
	1 (0-2)
	4 (3-5)

	4
	13 (12-13)
	2 (2-1)A
	8 (8-11)
	23 (22-25)

	Total
	45 (39-50)
	12 (12-12)
	34 (32-42)
	91 (83-104)


Note: Data are best estimate (lower bound-upper bound), reflecting uncertainty in the exact number of genetic individuals and their reproductive status. f. juv – functional juveniles; juv – true juveniles. A The lower bound is higher, as an individual comprising three juvenile ramets, has been interpreted as a single functional Juvenile in the lower bound and as three juveniles (and therefor one less functional juvenile) in the upper bound.
Source: Reproduced in full from the latest Wollemi Pine IUCN Red List Assessment (Mackenzie & Auld, in press).
Translocations
In addition to the wild population, three translocated stands of Wollemi Pine have been established, as described below.
Mount Tomah stand
In 2012, 191 Wollemi Pine cuttings of varying size, age and origin were planted in different microsites, from deep in rainforest to woodland ecotones in an area of natural forest near BMBGMT (Zimmer et al. 2016). This semi-wild, off-park stand was maintained as an experimental translocation with the dual aims of learning what is required for successful Wollemi Pine translocation and testing the effect of available light on Wollemi Pine growth and survival. Prior to the 2019–20 bushfire season, survival of translocated individuals was high (80%); however, the entire stand was impacted by the fires and had declined to just 28 resprouting individuals (18% of the pre-fire population) as of May 2024 (Allan & Allan, unpubl. data) (Figure 5). With the focus of the translocation program now on two remote-area stands in Wollemi National Park, the role of the Mount Tomah stand in the conservation program is being re-evaluated and it is likely to be maintained as a research and/or educational site.
Wollemi National Park stands
Following the success of the 2012 pilot translocation, two remote-area translocated stands were established in WNP in mid-2019, in deep, steep sided rainforest canyons with perennial watercourses (Mackenzie et al. 2021). Known respectively as T1 and T2, the aims of these translocations are to:
use an adaptive management framework to experimentally address uncertainty in the optimal planting strategy to accelerate maturation and maximise longevity of translocated Wollemi Pine saplings (specifically, where to position saplings along gradients in vegetation, available light, fire and drought risk, and which type of source material – cuttings or seed-grown plants – to use)
address knowledge gaps in the ecology of Wollemi Pine (including its persistence and regeneration niches) that are relevant to conservation management of the wild population
ultimately, to increase the size and geographic distribution of the wild population (which requires the translocated stands to first become self-sustaining and is indicated by the appearance of second-generation seedlings).
These plantings extended the learnings from the 2012 pilot translocation and incorporated advances in propagation techniques and population genomics to produce large numbers of high quality and genetically diverse Wollemi Pine saplings. Additionally, the ecological experiments underlying the WNP translocations explicitly address the effects of disturbance regimes such as fire and drought on trade-offs between longevity, growth and lifetime reproductive output of translocated saplings over different timescales (Mackenzie 2021; Mackenzie et al. 2021).
Both T1 and T2 had an initial population size of 218 saplings each (Figure 5); however, they were heavily impacted by the 2019-20 fires soon after establishment and before the saplings had time to develop fire resistance. No saplings resprouted successfully post-fire at either site but 64 (30%) and 6 (3%) saplings escaped burning at T1 and T2, respectively.
In 2021 both T1 and T2 were augmented with c. 250 saplings each (Mackenzie et al., 2021), although 25% of the total population at T2 was impacted by a landslide in 2022, resulting in 13% mortality. As of May 2024, from the original 2019 planting, only 53 (24% pre-fire population) and 3 (1% pre-fire population) individuals persisted at T1 and T2, respectively (Mackenzie et al., unpubl. data). Survival of the 2021 augmentation cohort remains high, attributable in part to three years of favourable La Niña conditions from 2021 to 2023, with 210 (84%) saplings persisting at T1 and 187 (75%) saplings persisting at T2 as of May 2024 (Mackenzie et al., unpubl. data). These populations were augmented with c. 180 saplings each in April and June of 2024, bringing the total population size of T1 to 456 saplings and that of T2 to 379 saplings (Figure 5).
[bookmark: _Ref170124329][bookmark: _Toc183515554][bookmark: _Toc183515817][bookmark: _Toc183516470][bookmark: _Toc183516637]Figure 5 Population size of translocated stands
[image: A bar graph showing the year to year population sizes of all three translocated stands. The major population trends are discussed in the text.]
Source: Mackenzie et al. (2021) Figure 3a, updated with 2022, 2023 and 2024 monitoring data.
Ex situ collections
The translocation program is supported by an active ex situ conservation program which centres around a potted living collection and seed bank maintained at the Australian PlantBank at ABGMA. The bulk of the living collection consists of plants produced by vegetative propagation using material collected from wild individuals and currently captures 60% of the known genets in the extant wild population that are currently large enough to collect propagation material from (Mackenzie et al. 2021; Mackenzie et al. unpubl. data). Many of the wild individuals yet to be incorporated into the collection have only recently been discovered and/or accessed by field teams and are in a vulnerable state of post-fire recovery (Mackenzie et al. 2021).
From 2020-21, all known extant individuals in the wild Wollemi Pine population were sampled for their DNA, with the exception of two newly discovered juveniles in Stand 2 (B. Mackenzie pers. comm.). Several recent collections of wild seeds have also been made, the largest of which was collected by helicopter in 2016 and consists of over 500 seeds from Stand 1 and over 100 seeds from Stand 4. These are held in the seed bank at the Australian PlantBank. Seed collection remains problematic due to the height of the cones on the trees and, therefore, most seeds have been collected by helicopter. Good seed crops are reported for many cultivated plants, but their genetic diversity is low due to the limited number of genotypes initially propagated for commercial release.
Work is underway to create a comprehensive in-ground, cooler climate backup of the ABGMA potted collection at BMBGMT, and a smaller living collection is maintained at BGOS. To provide maximum climate change resilience, a genetically diverse metacollection (Griffith et al. 2020) of Wollemi Pine is being developed by the RBGDT, BGCI, Forestry England, and various national and international partner agencies. To date, genetically diverse samples of plants have been distributed under agreement to botanic gardens and arboreta in Australia, Europe, the UK and the USA. 
[image: A greenhouse full of juvenile wollemi pine trees in pots.]
[bookmark: _Toc183503849]Habitat
The vegetation communities in which the Wollemi Pine occurs were described by Benson and Allen (2006) and are summarised here. Most Wollemi Pines grow in warm temperate rainforest within deep sandstone gorges and gullies, while a few individuals grow on high ledges where they mix with dry sclerophyll vegetation. All four Wollemi Pine stands are characterised by a closed canopy vegetation structure with an understorey of shrubs or juvenile trees, and a dense layer of ferns. Vines are common in all of the stands. The dominant trees are Wollemi Pine, Ceratopetalum apetalum (coachwood), Doryphora sassafras (sassafras) and Syzygium smithii (lilly pilly). Eucalypt species, including E. piperita (Sydney peppermint), E. punctata (grey gum) and Angophora costata (smooth barked apple) occur in small numbers.
Geology and soil characteristics
The gorge walls are composed of Triassic sandstones from the Narrabeen Group. Soils are sandstone-derived boulder alluvium, with high organic matter and some shale component (Jones et al. 1995). The soil is very shallow. In some areas there is little or no soil layer. Roots of Wollemi Pine grow into rock fissures or extend for tens of metres away from the main groups of trunks. Nutrient levels are low and the soil is extremely acidic, often in the range pH 3–4, with low levels of most elements although high in aluminium, sulphate and iron (Offord et al. 2014; Zimmer et al. 2016 S2 Table). There are patches of highly saline soil (Offord et al. 1996; Offord unpubl. data).
Senescent Wollemi Pine branches fall and contribute substantially to the litter layer (Hill 1995). Decomposition of these fallen branches may contribute to the low pH of the soil. Acidity has not been found to inhibit growth of potted seedlings; indeed, potted plants exhibit higher growth rates in pH 4.5 soil compared to pH 6.5 soil (Offord et al. 2014).
Climate
The climate is typical of locations in the low altitude areas of the Blue Mountains. Air temperature data was recorded in Stand 1 for one year (1997–98) and showed that the highest average air temperatures occur in the stand from November to February with a maximum average of c. 30°C. In winter (June to August), the maximum average temperature ranges from 10–15°C with average minima near freezing (Offord and Meagher 2001).
Habitat dynamics and disturbance
The rainforests of the deep sandstone gorges are relatively protected from fire and drought compared to the surrounding woodlands and forests which occur on the ridges above the gorges. For this reason the habitat of the Wollemi Pine is sometimes referred to as a refuge or refugium. Disturbance regimes are also key to Wollemi Pine habitat (see Responses to disturbance regimes section).
Habitat critical to the survival of the species
Habitat critical to the survival of the Wollemi Pine is equivalent to the Wollemi Pine declared Area of Outstanding Biodiversity (AOBV) (NSW DEC 2006b), approximately 5,000 ha of the 500,000 ha Wollemi National Park which is registered under the BC Act. This area provides for natural range extension of the wild population and contains suitable habitat that is necessary for the ongoing survival and recovery of the species. Factors including topography and drainage as well as adjacent land use were considered in determining the extent of the area.
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Significant advances have been made in our understanding of the biology and ecology of the Wollemi Pine since the publication of the previous recovery plan, particularly regarding population dynamics, seedling and juvenile growth and survivorship, responses to fire and drought, and translocation requirements.
Growth habit
Wollemi Pine produces three types of shoots:
Juvenile and lower canopy plagiotropic shoots: this type of shoot forms the lateral branches on juvenile Wollemi Pine or in the lower canopy on adult trees. This shoot is horizontal, and leaves begin as short scale-like leaves only 3 mm long but grow to 20–80 mm long and 2–5 mm wide. Leaves are linear to narrowly triangular, opposite or subopposite and grow in two opposite ranks (Jones et al. 1995).
Adult orthotropic shoots: this type of shoot grows vertically and includes the primary trunk and additional, subsidiary vertical shoots which develop from the trunk or adventitiously arise from just below the cotyledons (Burrows et al. 2003). These shoots exhibit a helical arrangement of leaves, which are small, only 3–10 mm long and 2–4 mm wide at the base, taper to an acute angle at the tip, have a sharp point and are narrowly triangular (Jones et al. 1995). Primary branches arise at the apex of these vertical shoots and are plagiotropic (lateral) and short-lived.
[bookmark: _Toc153270020][bookmark: _Toc153276430]Adult upper canopy plagiotropic shoots: this type of shoot forms the lateral branches of adult Wollemi Pine, primarily in the upper canopy. Initially these branches grow nearly vertically, before becoming horizontal and later pendulous. Leaves begin as short scale-like leaves only 3 mm long but increase to 10–40 mm long and 4–8 mm wide (Jones et al. 1995). Leaves are narrowly oblong, opposite or subopposite decussate (each opposite pair occurs at right angles to the previous pair) and longer leaves are twisted at the base, giving the appearance of four flattened ranks of leaves (Jones et al. 1995; Chambers et al. 1998). Male (pollen) and female (seed) cones can develop at the tip of these branches when the branches are between 1 and 10 years of age. Typically, female cones occur on higher branches of the same trunk than males, which is thought to promote greater outcrossing (Jones et al. 1995, Hill 1997, Offord et al. 1999). After initially bearing cones, branches may continue to grow vegetatively and produce further cones. Branches grow for up to 11 years before cleanly abscising (Burrows et al. 2007).
[bookmark: _Toc153270021][bookmark: _Toc153276431][bookmark: _Toc153270022][bookmark: _Toc153276432][bookmark: _Toc153363234][bookmark: _Toc153270023][bookmark: _Toc153276433][bookmark: _Toc153363235][bookmark: _Toc153270024][bookmark: _Toc153276434][bookmark: _Toc153363236][bookmark: _Toc153270025][bookmark: _Toc153276435][bookmark: _Toc153363237]The combination of these three shoot types, along with regular self-coppicing, from both the base and epicormically in undamaged individuals—an unusual trait for a member of the Araucariaceae family—contribute to the Wollemi Pine’s unique growth habit (Burrows et al. 2003).
[bookmark: _Toc150866699]Reproduction and recruitment
Vegetative regeneration
The Wollemi Pine is capable of vegetative regeneration (re-sprouting) which occurs through undifferentiated, actively dividing plant tissues (meristems). These are carried in the upper axils between vertical shoots and their leaves and slowly develop into young buds (primordia) within the thickening bark. This is an unusual characteristic in conifers which are usually devoid of bud-forming potential (Burrows 1999, Burrows et al. 2003). These buds can replace the leading shoot if it is damaged but may also spontaneously develop into secondary orthotropic shoots. New shoots may also arise from the basal region possibly through adventitious bud formation, but this form of vegetative regeneration is poorly understood (Burrows et al. 2003). It appears that this unusual long-lived meristematic potential exists in most (if not all) leaf axils and many will develop into bud primordia. This slow but continued development provides a ready source of additional or replacement leaders and thus new branches and leaves. Basal coppicing can lead to a number of trunks of various ages on a mature tree.
Sexual reproduction
[bookmark: _Hlk170302812]The Wollemi Pine is a gymnosperm with its reproductive organs borne on modified leaves called sporophylls, which are arranged in cone or cone-like structures called strobili (Harden 1990). Male cones appear in early to mid-summer and mature in spring when pollen is shed (Zimmer et al. 2015a). Female cones can first be observed in mid to late summer, and they are pollinated in the following spring. Fertilisation occurs approximately one year after pollination. Several months later, in late summer and early autumn, seed cones mature and female cones disintegrate, shedding their seed and individual bract-scales (Offord et al. 1999; Zimmer et al. 2015a; Prakash et al. unpubl. data).
[bookmark: _Hlk170302826][bookmark: _Hlk163046240]Embryo development follows a similar pattern to Agathis australis (Owens et al. 1997), extending over almost 2 years from pollination to seed maturity. Interestingly, in Wollemia many ovules are destroyed by active pollen tubes (Prakash & Clarke unpubl. data). This may contribute to the relatively low rates of seed viability observed in Wollemi Pine—generally, less than 10% of the c. 250 ovules in female cones develop into viable seeds (Offord et al. 1999).
The Wollemi Pine is a monecious species (male and female cones occur on the same tree). Some level of self-pollination is likely to be occurring and may explain the production of seeds reported from single cultivated individuals. This may be contributing to inbreeding and the low diversity found in individuals stands (Stevenson et al. 2023 preprint). Seeds may also be produced by apomixis (asexual reproduction via seeds), although this is not known to occur in this family. The production of seeds follows a similar pattern to other members of the family, taking 18-24 months from the first emergence of female cones to seed maturity and cone dehiscence. Controlled studies on the breeding system of the Wollemi Pine are in progress at BMBGMT (Offord & Phelan, unpubl. data).
Seed dispersal and germination
Seeds of Wollemi Pine are relatively light compared to other gymnosperms (ranging from 10–44 mg; Meagher & Offord unpubl. data) and winged and are dispersed short distances within existing stands by gravity and wind. Aerial dispersal appears to be in a downslope direction as seedlings occur up to 30 metres downslope of the nearest tree but are more limited upslope, likely because of the high cliffs subtending most stands. It is possible that there may be very rare longer-distance movement of seeds by birds if they feed on cones and move the cones to another feeding tree. This could account for the current distribution of Wollemi Pine. There may also be movement of seeds downstream by water if floods coincide with seed fall (Offord et al. 1996). It appears likely that a proportion of seed is lost to predation. Crimson Rosellas (Platycercus elegans) have been observed foraging Wollemi Pine cones; a rat (Rattus rattus) skull has been found in one of the wild Wollemi Pine stands, indicating their presence (and potential to act as seed predators); and insect damage to seeds has also been observed (Offord et al. 1999).
For the first 20 years after the species’ discovery, the only source of cones and seeds for seed banking, propagation and research was the wild population. This has changed in recent years, as Wollemi Pines in cultivation have begun to mature and provide alternative sources of seed.
Laboratory trials suggest that seeds of Wollemi Pine germinate in the temperature range 24–30°C. However, the rate of germination is somewhat protracted unless the seeds are subjected to a period of cold moist stratification, at < 10°C, followed by incubation in the optimal range. This period of stratification is analogous to the temperature regime experienced after autumn seed fall, with seeds that survive winter germinating quickly in spring and early summer, presumably to take advantage of the moister conditions (Offord and Meagher 2001). In the field, seed emergence phenology is bimodal, with peaks in autumn and spring.
Seeds are orthodox or intermediate with regard to their storage capability; they can be dried down to less than 10% moisture content and stored at low temperature (-18°C) for up to five years, and possibly longer (C. Offord, pers. comm.). Wollemi Pine seeds contain around 40% oil, including a short chain omega-3 fatty acid not commonly found in plants. Seeds stored at sub-optimal temperatures (> 0°C) show decreased germinability and viability, which correlates with an increase in lipid degradation (Ng et al. 2024).
Seedling establishment and growth
Seedlings have been identified in the wild population by the presence of cotyledons and cotyledon scars. They occur in the wild on a variety of substrates including rocks, logs, tree ferns and in the soil litter layer (W. Jones, J. Allen, field obs.). Seedlings and juveniles occur in all four wild Wollemi Pine stands. It appears that the Wollemi Pine maintains a slow growing juvenile bank, as is common in rainforest trees, and other Araucariaceae (Zimmer et al. 2014). Seedlings germinate in most years, but most of these seedlings die during their first year. Potential explanations for this mortality include fungal attack and soil pathogens, adverse microclimates (too dry, too hot) and herbivory. However, once seedlings become established their survival rates are high, although growth rates are low.
Light mediates the growth of seedlings under glasshouse conditions, with best growth rates in cultivation between 25-75% ambient light (Offord et al. 2014). Glasshouse trials demonstrated increasing growth rates from 5%, 15% to 50% sunlight (Offord et al. 2014). Growth rates of seedlings in the wild are very slow, with less than < 1 cm growth in height per year (Zimmer et al. 2014), compared with up to 60 cm per year under glasshouse conditions (Offord et al. 1999) and in translocated seedlings (Mackenzie et al. unpubl. data). This can, to some extent, be attributed to light availability. However, Wollemi Pine can exhibit symptoms of photoinhibition (sunburn) and are susceptible to heat stress (Offord 2011). High growth rates of Wollemi Pine in cultivation suggest that Wollemi Pine seedlings in the wild are resource-limited by light, nutrients and rooting space. Increases in availability of these resources may coincide with canopy gap openings (such as via treefall) (Zimmer et al. 2014). The understorey of wild Stand 1 receives about 3% full sunlight and, in cultivation, increasing growth has been recorded in up to 50% full sunlight (Offord et al. 2014). Resource availability may play a role in limiting the transition from juvenile to mature tree, although fire return intervals are also likely to be key (Mackenzie et al., unpubl. data).
Mycorrhizal associations
Although mycorrhizal associations have been identified (McGee et al. 1999), as yet no mycorrhizal association appears necessary (symbiotic) for seedling growth and survival in the wild (Rigg et al. 2016a), or in cultivation (Offord et al. 1999).
Longevity and tree rings
The wood of the Wollemi Pine produces distinct and annual growth rings (Banks 2002) and, like other members of Araucariaceae, has alternate bordered pits in the walls of tracheids (Heady 2002). The annual growth rings visible in Wollemi Pine wood make it a candidate for dendrochronological study. However, the Wollemi Pine also exhibits strongly asymmetric radial growth, which means that rings may not be visible on all axes every year (Baker & Simkin 2010), leading to a ‘wedged’ appearance of rings when the trunk is viewed as a cross section. This means that the best samples for dendrochronological analysis are complete discs taken from fallen Wollemi Pine trunks, rather than less invasive core samples, to ensure a complete tree ring record. The longest chronologies recorded are in the order of 500 years (from an 18m trunk killed in the 2019-20 fires; Mackenzie et al. unpubl. data) and 400-450 years (from the widest known fallen trunk in the wild with a DBH of c. 90 cm; Banks 2002; Backer & Simkin 2010). A second challenge is using tree rings to estimate tree age as it is likely that stems or trunks originating from seed would have grown for many years before reaching the height at which the sample was taken (often at breast height, 1.35 m for example) although coppice stems on established plants can reach this height within a shorter time (Mackenzie et al. unpubl. data); hence, age estimates of trunks should be considered as minimum estimates only (Baker & Simkin 2010). In the case of coppice trunks on larger individuals, there is no way of knowing how old the individual tree (the genet or subtending rootstock) was before it produced a particular trunk (ramet) and therefore it is impossible to age an individual tree (this is not the case for smaller saplings originating from seed). Nevertheless, the abovementioned chronologies indicate that individual trunks can reach over 500 years old (Banks 2002; Baker & Simkin 2010; Mackenzie et al. unpubl. data).
[bookmark: _Toc150866700]Genetic variation
The Wollemi Pine’s exceptionally low genetic diversity (Peakall et al. 2003), reported in the previous recovery plan (NSW DEC 2006a), was confirmed by Greenfield et al. (2016). The Wollemi Pine chloroplast genome has also since been sequenced (Yap et al. 2015). More refined population genetic studies based on reduced representation genome sequencing approaches are currently in progress. Preliminary analyses have detected low-level variation within and between stands (Bragg et al. unpubl. data) and the genome of the Wollemi Pine has recently been mapped (Stevenson et al. 2023 preprint). Analysis of the Wollemi Pine genome indicates that its population expanded rapidly 8-6 million years BP, before shrinking to approximately 20% of its size 7-3 million years BP (Stevenson et al. 2023 preprint). Wollemi Pine has existed as a relictual population since 120,000 years BP (Australia’s last major glacial/drying period). Population genomic analysis revealed high levels of inbreeding and clonal propagation with extremely low heterozygosity, even for a gymnosperm genome (Stevenson et al. 2023 preprint). This low genetic diversity may contribute to low rates of seed viability in the Wollemi Pine. Implications for the Wollemi Pine’s ability to adapt to changing conditions are the subject of ongoing research; this is also likely to have implications for the adaptability, or lack thereof, of the species to respond to invasive pathogens and pests.
[bookmark: _Toc150866702][bookmark: _Hlk162534273]Responses to disturbance regimes
The Wollemi Pine is restricted to specialised habitats in rainforest communities in deep sandstone gorges, which maintains a closed canopy vegetation structure with an understorey of shrubs or juvenile trees, and a dense layer of ferns. Disturbance events in this community are important for producing canopy gaps that may be necessary for successful regeneration in Wollemi Pine.
Fire
The summer of 2019–20 was the first opportunity since the discovery of the Wollemi Pine to study the response of wild individuals to fire (Mackenzie et al. 2021). Fire scars on the trunks of most mature adults at the time of the species’ discovery indicate that the groves have been impacted by, and survived, past wildfires (NSW DEC 2006a). The coppicing habit of the Wollemi Pine may have helped it survive previous fires as it allows for the development of new shoots to replace fire-killed trunks (Burrows et al. 2003).
[bookmark: _Hlk162531386]Field surveys of the wild Wollemi Pine population after the 2019–20 bushfires revealed that most adult trees survived the fires with their upper canopies intact (Mackenzie et al. 2021). Of the fire-affected trees greater than or equal to 2m tall, two-thirds suffered partial canopy loss and one-third (predominantly juvenile trees) were completely top-killed (Mackenzie et al. unpubl. data). Of these top-killed individuals, approximately one-third were killed outright with the remainder (c. 20% of the post-fire population) reduced to vulnerable basal resprouts (Mackenzie et al. unpubl. data). The pre-fire bank of seedlings and smaller juveniles < 2m tall has been 92–95% eliminated with only 4–7% of pre-fire individuals successfully resprouting (Mackenzie et al. unpubl. data). However, this bank of smaller juveniles is expected to re-establish from seed over the next 20-30 years (Mackenzie et al. 2021).
Drought
Wollemi Pine is susceptible to the impacts of drought, exhibiting crown-death when under water-stress and tissue damage when exposed to high temperatures (Offord 2011; Zimmer et al. 2015a). However, the steep-sided sandstone gorges which the Wollemi Pine occupies provides some refuge from the impacts of drought (NSW DEC 2006a). Although drought events may contribute to canopy gap formation via crown-loss and mortality in competing canopy species, it is likely that any significant drought event which impacts the Wollemi Pine’s habitat would result in declines in population health and size due to the species sensitivity to these events.
Windstorms
Banks (2002) noted a “horseshoe-shaped flaw” in the wood of a fallen Wollemi Pine trunk from the wild population, which he suggests was similar to flaws in Araucaria cunninghamii (hoop pine) wood that have been attributed to wind storms (“which bend trees until the bole elasticity is exceeded, causing internal failures”). The shattered base of the fallen Wollemi Pine trunk in question provided further evidence for the impact of severe wind on the wild stands (Banks 2002). Whether emergent species such as the Wollemi Pine are generally more likely to be damaged by wind has not yet been resolved, as damage can be influenced by multiple and interacting factors including stem size, species, stand conditions and plant health, not to mention abiotic factors including topography, disturbance history and soil (Everham and Brokaw 1996).
Rock and tree falls
Little is known about the influence of rockfall and surface instability on the population dynamics of the Wollemi Pine, but it is thought to be an important factor. The sandstone on which Wollemi Pine occurs is known to be unstable. Indeed, rockfalls have been observed in situ. Rockfalls may cause mortality and injury to different plant species at different rates, mediating competitive interaction and influencing community composition. Injury through rockfall may also trigger coppicing. That Wollemi Pine exists on steep slopes may indicate it is more tolerant of, or better able to withstand, substrate instability than co-occurring species (such as, via physical protection from bark, or differences in root deployment and penetration into the sandstone). Tree and rock falls damaged several Wollemi Pine individuals during the 2019–20 fires, and the incidence of such disturbances has increased since the fires. 
[image: Immature wollemi pine stems sprouting from the base of the burnt trunk of adult wollemi pine trees.]
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The Wollemi Pine is listed as Critically Endangered because of its very small population size and very limited geographic distribution – these characteristics mean that it is at an increased risk of extinction due to catastrophic events, such as bushfires or disease outbreaks. The wild Wollemi Pine population is also threatened by disturbance via site visitation, both from authorised essential management and research as well as unauthorised visitation resulting in trampling, soil compaction or erosion and spread of pathogens. This disturbance can impact habitat stability, recruitment and cause dieback and mortality, although numerous strict regulations currently govern access to the wild population and mitigate unauthorised visitation. Other threats include dieback caused by Phytophthora infection, fire regimes that cause declines in biodiversity (especially high frequency fire), pest and weed incursion, and loss or restriction of habitat due to anthropogenic climate change.
Small population and restricted geographic distribution
The wild Wollemi Pine population consists of just 45 mature individuals and 46 juveniles (Table 1) which occur over an area of only 4 km2. These characteristics increase the species risk of extinction due to a catastrophic event, such as a severe bushfire, drought or disease outbreak.
The bimodal size structure of the wild Wollemi Pine population is indicative of an apparent recruitment bottleneck that remains a serious concern for the population’s long-term viability. Zimmer et al. (2014) suggested that the infrequency of successful transitions between juvenile and adult Wollemi Pine is typical of many rainforest species that maintain banks of seedlings and small juveniles that respond to stochastic increases in resource availability (often via canopy gap formation; Whitmore 1989). However, subsequent research suggests that this recruitment bottleneck is fire-related (Mackenzie et al. unpubl. data). The near-complete loss of the seedling and small juvenile bank in the 2019–20 bushfires is a significant concern. Re-establishment of this juvenile bank from seed will require a fire-free period of at least 20–30 years (Mackenzie et al. 2021), and many more decades without fire for replacement of larger individuals, which may be unlikely without management intervention due to increasing trends in fire risk along the east coast (Dowdy et al. 2015).
[bookmark: _Hlk163028092]Unauthorised visitation
Unauthorised visits to the wild Wollemi Pine population are illegal and have the potential to damage Wollemi Pine individuals (especially seedlings and small juveniles which are very difficult to discern in the understorey), trample and erode fragile soils, and result in further introduction and spread of pathogens that may affect the health and viability of the population. Additionally, following its discovery, the species was at a high risk of damage from illegal collection by unauthorised visitors; however, this risk has declined significantly following the successful cultivation and commercialisation of Wollemi Pine cuttings.
Knowledge of the location of the wild population is restricted to the minimum essential staff. All visits to the population by NSW DCCEEW and NPWS employees, or by other approved persons, are conducted in accordance with the ‘Wollemi Pine Access Strategy’ developed by the Wollemi Pine Recovery Team and NPWS. The strategy details policies and procedures that include site hygiene protocols and within-stand access protocols to mitigate the risk of pathogen introduction or spread, and limit site access to activities critical to the conservation of the species and its habitat. The strategy also includes a requirement for NPWS to maintain a register of all personnel visiting the stands and the purpose of the visits.
Site surveillance is conducted to discourage and detect illegal, unauthorised visitation to the stands, and any breaches of notified closures under the National Parks and Wildlife Regulation 2019 (NPW Regulation) are investigated by NPWS. The known stands of Wollemi Pine are protected under both state and federal legislation, including through the declared AIS and AOBV, which provide legal protection for the Wollemi Pine and its habitat from damage and unauthorised visitation. Further legal protections for the Wollemi Pine are provided via the restriction of access through the AOBV declaration and associated clauses in the BC Regulation.
Infection by pathogenic Phytophthora species
Infection with pathogenic Phytophthora species is generally understood to be one of the greatest threats to the Wollemi Pine. Phytophthora is a genus of water mould, spread primarily by contaminated soil, plant material or water and commonly infecting the roots of susceptible plants, causing dieback and death (DoEE 2018). Since initial research showed severe impacts of P. cinnamomi on seedlings under laboratory conditions (Bullock et al. 2000) and the discovery of P. cinnamomi and P. multivora in Stand 1 in 2005 (Salleh 2005) and 2015 (Puno et al. 2015), respectively, significant effort has been invested in preventing the introduction and spread of soil-borne pathogens within and between the wild stands (such as, through the use of the site hygiene policy), and in the treatment of P. cinnamomi at Stand 1. The effects of infection by Phytophthora spp. can vary through time, and among individuals and may vary with climate, as additional stressors may increase the effects of the infection (Davison 2011).
Research has been undertaken on cultivated Wollemi Pine plants to develop treatment methods to mitigate the impacts of pathogenic Phytophthora. Laboratory and greenhouse experiments have found that painting phosphonate onto the bark of mature Wollemi Pines can reduce the impacts of P. cinnamomi (Liew & Phelan, unpubl. data). While these results are promising, they have important limitations: primarily that the experimental work was conducted on only 20 trees, and that these trees, while the largest available in the ex situ collection, were only 22–24 years old. As such they were relatively young and small compared with most trees in the wild population. Results showed that the technique is effective and provides protection to Wollemi Pine up to 55 weeks or more (E. Liew, pers. comm). However, this estimate could be refined for Wollemi Pine of different sizes by further testing.
Since the previous recovery plan was published, another species of pathogenic Phytophthora has been detected in Stand 1: P. multivora (Puno et al. 2015). No pathogenic Phytophthora species have been detected in soil samples from the other stands (E. Liew, pers. comm.); however, new diagnostic developments which allow better detection and differentiation of Phytophthora species are yet to be used on soil samples taken from the wild stands (B. Summerell, pers. comm.).
Fire regimes that cause declines in biodiversity
While the Wollemi Pine has some capacity to resprout after low severity fires, this capacity varies markedly between life history stages (Mackenzie et al. unpubl. data) and the consequences of high severity fire are likely to be catastrophic. The species (especially smaller individuals) is vulnerable to high frequency fire (Mackenzie & Auld in press; Mackenzie et al. unpubl. data). Repeated short-interval fires will lead to increased rates of mortality due to reductions in protective tissues around meristems and reduced rates of resprouting due to reductions in availability of photosynthates for resprouting. Short fire intervals also mean less time for seedlings and juveniles to develop fire resistance and grow to heights beyond which their canopies may survive fire impacts (Mackenzie et al. unpubl. data).
The risk of unplanned fire in the wild population was substantially (albeit temporarily) reduced as a result of the 2019–20 fires which consumed surface fuels that had accumulated on site. This risk was expected to remain low for approximately five years (until 2024) until significant re-accumulation of surface fuels (Mackenzie et al., 2021). Beyond this, long-term fire exclusion in the order of 50–100 years is required to facilitate population recovery and persistence (Mackenzie et al. 2021).
The ongoing risk of fire is managed by NPWS, and the declaration of 5,000 hectares of the Wollemi Pine catchment as an AIS triggers the integration of spatial information into NPWS fire management systems. This facilitates the rapid identification and protection of environmental and cultural assets (such as the Wollemi Pine) during planned and unplanned fires.
Pest and weed incursion
The 2019–20 bushfires were followed by three years of above average rainfall which resulted in a significant increase in feral herbivore populations and range expansions for feral pigs and deer. These conditions also resulted in significant growth of perennial weeds within the Wollemi Pine catchment area, including blackberry (Rubus fruticosus agg.), tree of heaven (Ailanthus altissima) and Madeira vine (Anredera cordifolia). While restricted populations of a range of pests and weeds existed within the catchment before 2019, expansion of pest and weed populations following ideal growing conditions requires significantly more effort to manage potential risks.
Previous recovery plans did not identify pest incursion as a threat to the Wollemi Pine. Additionally, changing climate and increased storm severity (per climate change projections) has seen stream bank damage and disturbance that provides ideal growing conditions for a range of weed species that may not have been a threat until recently.
Feral deer and pigs, while not yet detected in the wild stands, are present in the immediate catchment area. These species are vectors for weeds and soil pathogens, and funded control is essential to ensuring populations do not increase significantly and directly impact the Wollemi Pine.
Climate change including drought and temperature extremes
Understanding the physiological limits of the Wollemi Pine is particularly important in the context of climate change, where extreme weather events (such as heat waves and droughts) are predicted to occur more frequently and with increasing intensity (Seneviratne et al. 2012; Ukkola et al. 2020).
Wollemi Pine is known to incur tissue damage at and above 37.5 °C, which is the lowest temperature for damage initiation among its Australian Araucariaceae relatives (Offord 2011). By contrast, the Wollemi Pine has the greatest tolerance for cold, with damage only beginning at -6.8 °C (Offord 2011), and cultivated Wollemi Pines growing in cooler regions, such as at BMBGMT, appear to suffer less heat-stress related damage and mortality than those growing in hotter regions, such as at ABGMA (C. Offord, pers. obs cited in Offord & Zimmer 2023; see Offord & Zimmer 2023 for climate profiles of these locations). Additionally, the response of Wollemi Pine to drought in laboratory experiments was noted as remarkably different to other Australian species within the Araucariaceae (Zimmer et al. 2015b). These other Australian Araucariaceae species were isohydric, meaning they close stomata in response to water stress, ceasing gas exchange and photosynthesis, with the aim of maintaining leaf water potential and avoiding damage. The Wollemi Pine, by contrast, continued to photosynthesise as water stress increased, leading to declining leaf water potentials, and eventually damage—manifested in crown mortality (both stem and branch mortality) (Zimmer et al. 2015b). A contributing factor to the inability of the Wollemi Pine to avoid damage may be the vasoconstriction at its branch bases, as described by Burrows et al. (2007). However, the species is also able to resprout after drought-induced damage, providing some post-drought recovery potential. Furthermore, Lewis et al. (2015) examined the interactive effects of increased CO2 and temperature on Wollemi Pine growth and physiology in glasshouse conditions. While elevated CO2 increased plant growth, they concluded that increasing temperatures may offset these effects by affecting respiration rates.
This research, and the Wollemi Pine’s restricted distribution in a refugia habitat, indicates that the species is vulnerable to the impacts of temperature extremes and drought. Anthropogenic climate change is projected to result in increases in average temperatures, the severity and length of fire seasons and the intensity of extreme weather events, and a decrease in cool season rainfall across much of eastern Australia (CSIRO & Bureau of Meteorology 2022). These changes, which are likely to include a substantial increase in the peak temperature on hot days along the east coast (Dowdy et al. 2015), could severely impact the Wollemi Pine and its habitat. In combination with the increased risk of extreme fire seasons (Canadell et al. 2021; van Oldenborgh et al. 2021), this highlights the need for greater understanding of the nature of climate change impacts on the wild Wollemi Pine population. 
[image: A wollemi pine seedling growing in leaf litter]
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[bookmark: _Toc183503853]Vision
By 2050, the wild Wollemi Pine population will exist as a resilient network of stands throughout numerous gully locations within Wollemi National Park, including translocated stands that are on track to become self-sustaining and which occur in habitats that are resilient to the impacts of a changing climate. Within all stands, the threats to the species will be understood and well managed to the extent practicable. Additionally, the full range of genetic diversity in the wild population will be represented and backed up in multiple national and international ex situ living collections and supplemented by genetically diverse seed accessions.
[bookmark: _Toc150866709][bookmark: _Toc183503854][bookmark: _Hlk156829233]Recovery objectives, performance criteria and actions
The objectives of this recovery plan are that by 2034:
the wild Wollemi Pine population and its habitat are protected from threatening processes to the extent practicable, and have not decreased in size or quality
understanding of the biology of the Wollemi Pine and co-occurring species in its natural habitat has been improved and informs the conservation of the species and its habitat
representative ex situ collections are established and maintained
translocated stands of Wollemi Pine are maintained, and additional translocations are undertaken, as required
community and Indigenous awareness of the Wollemi Pine and engagement with recovery efforts is maintained and improved.
The actions listed under each recovery objective below detail the activities required to achieve recovery of the Wollemi Pine. The performance criteria will be used to evaluate the degree to which each objective has been successfully achieved.
[bookmark: _Hlk156803084]Recovery objective 1: The wild Wollemi Pine population and its habitat are protected from threatening processes and have not decreased in size or quality.
Performance criteria for recovery objective 1:
By 2034, the size of the wild Wollemi Pine population has been maintained or increased compared to current population estimates with no loss of genetic diversity and no declines in plant health.
By 2034, the extent of pathogens such as Phytophthora spp. in the wild stands is being controlled, further infections are being halted, and infected trees are being effectively treated to the extent practicable.
By 2034, the risk of damage to the wild Wollemi Pine stands from bushfire and bushfire management activities has been reduced.
By 2034, the wild Wollemi Pine population remains free of invasive woody weeds, vertebrate pest impacts, and adverse changes in water quality and hydrology.
[bookmark: _Toc183515661][bookmark: _Toc183516144]Table 2 Actions to protect and maintain the wild population and its habitat
	[bookmark: Title_2]Action
	Description
	Detail

	1.1
	Protect the wild population from unauthorised visitation by continuing to implement the Wollemi Pine Access Strategy.
	The Wollemi Pine Access Strategy aims to minimise damage to Wollemi Pines through trampling, soil compaction or erosion, spread of pathogens, which impact habitat stability, recruitment and cause dieback and mortality. The Strategy describes the circumstances in which authorised personnel may lawfully visit the Wollemi Pine wild population to conduct essential research, monitoring or management activities. 

	1.2
	Develop and implement a disease management plan to reduce the spread and impact of pathogens, particularly Phytophthora cinnamomi and P. multivora, on the wild Wollemi Pine population.
	To protect the Wollemi Pine from the impacts of pathogenic Phytophthora species and other microbial pathogens, it is necessary to prevent the introduction of novel pathogens and the spread of existing pathogens within stands. This is to be achieved by the development and implementation of a disease management plan and risk mitigation protocols developed in line with the requirements of the CAP. These documents will be utilised in conjunction with pre-existing standard operating procedures for hygiene management and the Wollemi Pine Access Strategy to protect the species from the spread of pathogens. The following guidelines are to be used in development of the management plan and risk mitigation protocols.
Prevention:
Restrict visits to the wild stands as per Action 1.1.
All authorised personnel visiting the wild Wollemi Pine population will be required to thoroughly disinfect all footwear, clothing and equipment in accordance with the adopted Site Hygiene Protocol prior to entering the area.
Reduce populations of disease vectors as per Action 1.5.
Control/mitigate impacts:
Conduct soil sampling and analysis in response to observations of symptomatic Wollemi Pine or co-occurring species.
Any further outbreaks of pathogens in the stands will be treated as an emergency and dealt with promptly and effectively using expert advice available through the RBGDT, NSW Department of Primary Industries and the national Phytophthora Threat Abatement Plan working group.
Where practical, symptomatic trees will be treated according to the disease management plan.
Research, consultation and improvement:
Research outcomes will inform future treatment methods as per Action 2.5.
In accordance with the CAP, the Recovery Team will regularly review approved procedures for minimising the risk of introducing pathogens to the wild Wollemi Pine population, and to translocated stands, as appropriate.
The Recovery Team will maintain a list of appropriate contacts within NSW DCCEEW, RBGDT and other organisations with Phytophthora and other pathogen management expertise.

	1.3
	Develop and implement the Wollemi Pine Fire Management Strategy.
	The Wollemi Pine Fire Management Strategy, which is being developed under the CAP, provides additional actions to deliver tailored wildfire suppression critical to the conservation of the Wollemi Pine and its habitat. The strategy details advanced fire suppression actions including broadscale catchment hazard reduction activities and continuation of rapid aerial response programs for early detection and suppression of wildfires, many of which are already being implemented. Data logging of site conditions of the wild population will be used to inform appropriate responses to drying conditions and increasing fire danger. As this technology continues to advance this may be able to occur remotely.

	1.4
	Manage weeds in the Wollemi Pine catchment.
	Annual monitoring of blackberry and other woody perennial weed incursions in the catchment of the wild Wollemi Pine population will be carried out and treatment of infestations will occur when NPWS, in consultation with the Recovery Team, concludes that the infestation could adversely affect the wild Wollemi Pine population.
Weed control within the Wollemi Pine catchment will be carried out using best practice and low-impact methods.

	1.5
	Manage pest species in the Wollemi Pine catchment.
	Pest management operations are undertaken for feral pig (Sus scrofa), feral goats (Capra hircus), fallow deer (Dama dama) and red deer (Cervus elaphus). Aerial shooting of both deer and pigs has been undertaken annually and numbers culled between 2019 and 2023 have significantly increased, indicating that populations have also significantly increased. NPWS will continue to work with neighbours and Local Land Services to prioritise and coordinate pest animal control within the Wollemi Pine catchment and identify additional pest species.

	1.6
	Manage the risk of adverse changes in water quality and hydrology in the Wollemi Pine catchment.
	NPWS will seek the co-operation of all relevant authorities and stakeholders, if appropriate, in the management of water quality and hydrology in the catchment. Through this action, NPWS will ensure that the risk of pollution (including chemical, oil and fuel spills) and other adverse changes to water quality and the hydrology of the catchment of the Wollemi Pine stands are minimised.

	1.7
	Conduct further systematic surveys to detect previously unknown stands of Wollemi Pine.
	Surveys will be conducted throughout WNP and surrounds to detect any undiscovered Wollemi Pine stands and facilitate their active management and conservation. Where applicable, new technologies and advanced survey techniques will be used to identify suitable locations to survey.
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Recovery objective 2: Understanding of the biology of the Wollemi Pine and co-occurring species in its natural habitat has been improved and informs the conservation of the species and its habitat.
Performance criteria for recovery objective 2:
By 2034, the Wollemi Pine monitoring and research programs yield rigorous data that support effective in situ management via:
increased understanding of Wollemi Pine ecology and population dynamics, including population genetics; recruitment dynamics of seedlings (new genets) and of stems (new ramets) on juveniles and adults; and the impact of fire on the species and its habitat
early detection of declines in plant health and loss of stems (ramets) or entire individuals (genets), thereby maximising opportunities for intervention, including disease treatment
evaluation of the efficacy of management interventions.
[bookmark: _Toc183515662][bookmark: _Toc183516145]Table 3 Actions to improve understanding of Wollemi Pine biology and ecology
	[bookmark: Title_3]Action
	Description
	Detail

	2.1
	Continue to undertake monitoring that will assist with the management and conservation of the species and its habitat.
	The aims of the current monitoring strategy are fourfold:
Population structure: census the number of established adults, juveniles, and seedlings every 5 years, and after any fire or other significant disturbance event affecting the population.
Stem health: annually assess the proportion of individual genets and ramets showing signs of disease at their bases.
Canopy health: annually assess canopy health to identify canopy dieback, disease and disturbance impacts through high resolution photography and drone imagery.
Recruitment: count, measure and map seedlings and vegetative recruits (coppices ≥ 2 m tall and/or ≥ 2 cm DBH every 5 years.
Site conditions: monitor wild site conditions, including temperature, rainfall and fuel loads.
Any additional in situ monitoring and research programs will be subject to review and approval by the Wollemi Pine Recovery Team.

	2.2
	Conduct research to improve understanding of the population dynamics of the Wollemi Pine, including the species’ persistence and regeneration niches, its response to fire, the dynamics of the rainforest community, the impacts of climate change and the drivers of cone production.
	There have been significant advances in our understanding of Wollemi Pine ecology since the species’ discovery, however, some important aspects require further research. These include:
Characterising the persistence and recruitment niches, respectively, of Wollemi Pine.
The dynamics of the rainforest community inhabited by Wollemi Pine, including functional relationships between Wollemi Pine and other key rainforest species that are relevant for habitat management, such as how the 2019–20 bushfires have impacted canopy cover, the amount of light reaching the understorey and its influence on growth and survival of seedlings and juveniles.
How different life history stages of Wollemi Pine respond in situ to fires of varying severity, frequency and seasonality, and how these responses vary between wild and translocated individuals (and, in the case of the latter, seed- versus cutting-grown plants), thereby improving our knowledge of the fire regimes that Wollemi Pine can tolerate and improving fire management strategies for conservation of the wild population and translocated stands.
Other fire-related research questions, including:
· How can the risk of future wildfires impacting the wild stands be predicted effectively (what are the key drivers of fire risk in that habitat, including the impact of a changing climate on fire risk)?
· What are the most appropriate, effective, and ecologically sustainable measures to suppress fires approaching the wild stands and to mitigate fire impacts within the stands (such as, irrigation, manual fuel removal, wrapping vulnerable trunks with fire-retardant material)?
· What are the effects of fire-retardant chemicals on Wollemi Pine and co-occurring species?
· What are the effects of fire suppression on co-occurring species?
The long-term impacts of climate change on the Wollemi Pine and co-occurring species.
Factors affecting the timing and quantity of cone production in Wollemi Pine.
The impact of vertebrate and invertebrate herbivores on Wollemi Pine seedlings and small juveniles (exclosure study).

	2.3
	Continue research on the genetic diversity of the wild Wollemi Pine population.
	The species’ genome has recently been mapped (Stevenson et al. 2023 preprint). Ongoing research (Bragg et al. unpubl. data) aims to characterise the genetic variation among wild Wollemi Pine individuals. This research will further guide the development of ex situ collections (Actions 3.1 & 3.2) and translocated stands (Actions 4.1–4.5) to maximise their genetic diversity (Mackenzie et al. 2021). Research will aim to address the following knowledge gaps:
genetic variation and gene flow within and between Wollemi Pine stands
delineating distinct genetic individuals within the larger stem clusters
extent of cross-pollination versus selfing
morphological and other character variations.

	2.4
	Undertake further research into treatment methods to mitigate the impacts of pathogenic Phytophthora.
	Ex situ research has been undertaken on Wollemi Pine to develop treatment methods to mitigate the impacts of pathogenic Phytophthora. Early work highlights the potential for phosphonate bark painting to reduce the impacts of P. cinnamomi.
The next stages of this work include:
Development of a disease management plan, including appropriate triggers for field application of phosphonate and/or other treatments to wild Wollemi Pine (as per Action 1.2).
Monitoring the response of field-treated individuals.
Utilising research outcomes to inform the development of a disease management plan as per Action 1.2.
Refining the duration of protection for Wollemi Pine of different sizes/ages, thereby facilitating optimal timing of booster applications.
Continue to investigate the effectiveness of alternative treatment methods.



Recovery objective 3: Representative ex situ collections of Wollemi Pine are established and maintained.
Performance criteria for recovery objective 3:
By 2034, representation of extant wild individuals in the main ex situ potted collection at ABGMA is increased towards 100% with a minimum of three replicate clones per genotype; the diversity of maternal lines represented in the seed bank is increased; and the collection is being maintained in line with ex situ collection risk management requirements.
By 2034, a comprehensive in-ground backup of the ABGMA living collection has been established at BMBGMT and the collection is being maintained in line with ex situ collection risk management requirements.
By 2034, resilience of the ABGMA and BMBGMT living collection and seed accessions to climate change has been achieved through the establishment of additional national and international backup collections, as required.
[bookmark: _Toc183515663][bookmark: _Toc183516146]Table 4 Actions to establish and maintain ex situ collections
	Action
	Description
	Detail

	3.1
	Maintain a representative seed bank and off-site living collection of the wild population at ABGMA
	The further development and maintenance of representative off-site collections is considered critical for the long-term conservation of the Wollemi Pine, in case of severe decline of the wild population, and to provide material for translocation, research and education. Cuttings of all putative individuals in the wild population will be collected as soon as practicable after they are identified, followed by propagation and addition to the main living collection at ABGMA.
Ex situ collections are to be maintained in line with Australian best practice guidelines (Commander et al. 2018; Martyn et al. 2021) and the Botanic Gardens of Sydney Living Collections Strategy (BGoS 2023).
Wild individuals containing significant new genetic variation that is not currently represented in the ex situ collection should be prioritised for collection and propagation. Exceptions will be made where collection places undue risk to individual Wollemi Pines or staff safety.
Cutting collection and propagation priorities will be informed by the results of ongoing population genomics research.
Increasing the diversity of maternal lines represented in the ABGMA seed bank and backing up this collection is a high priority. Sourcing seeds from genetically diverse collections of cultivated plants, such as mature Wollemi Pines at BMBGMT, should be prioritised over collecting seeds from the wild population of Wollemi Pine wherever possible. 

	3.2
	Establish comprehensive backups of the ABGMA seed bank and living collection
	BMBGMT provides the main local backup of the ABGMA living collection in a contemporaneously favourable climate, as well as providing the most genetically diverse source of seeds with known material lines currently available for seed banking, propagation and research.
Priority actions include:
Increasing representation in the BMBGMT living collection towards 100% of known extant genotypes in the wild population (such as via conservation hedges and/or growing trees to maturity to provide additional sources of seeds).
Ongoing seed collection from mature Wollemi Pine at BMBGMT and banking seed accessions at ABGMA, including developing sustainable methods of seed harvesting (such as via seed baskets and/or the use of drones).
Establishing representative backup seed accessions at other national and international institutions.
Additional national living collections at higher (southern) latitudes (such as Vic or Tas) are also desirable to provide climate change resilience while enabling relatively easy repatriation of material to NSW, if required. Priority actions in this respect include identifying appropriate locations and partner organisations, curation arrangements, and the support required.
While international collections such as the BGCI metacollection provide the greatest resilience to climate change and other stochastic disturbances potentially impacting the ABGMA and BMBGMT living collections, repatriation of material to NSW is expected to be difficult due to Australian biosecurity and quarantine restrictions; hence, such collections are considered a lower conservation priority.

	3.3
	Conduct research to support the ex situ conservation of Wollemi Pine, including growth in cultivation and seed storage.
	Recent increases in the availability of cones, seeds and seedlings have created new research opportunities, including:
Investigating the advantages and disadvantages of using clones vs seed-grown plants in maintaining and maximising the genetic diversity of ex situ collections and in translocations.
Optimal methods for long-term storage of Wollemi Pine seed.
Improving understanding of the species breeding system.
Priorities for future studies involving seeds and cultivated plants are:
How to maximise the storage capacity in conventional seed banks at -18 °C and/or develop alternative seed banking techniques (such as higher temperature but sub-zero storage such as -5 to -10°C).
The feasibility of storing seeds or embryonic axes cryogenically (in liquid nitrogen at less than -180°C).
Environmental and genetic factors involved in seed viability. This includes understanding whether this species has ‘mast’ events.
Understanding the embryological processes in seed production.
Management of seed production in cultivation (maximising seed production, genetic diversity and viability).
Capitalising on the opportunities presented by the recent metacollection distribution.
Working with the International Conifer Conservation Programme and partner gardens to monitor plants in the international metacollection to understand environment adaptability and growth factors in cultivation under different climates, and to guide future translocation and assisted migration efforts.



Recovery objective 4: Translocated stands of Wollemi Pine are maintained and additional translocations are undertaken, as required
Performance criteria for recovery objective 4:
By 2034, established translocated stands are progressing towards becoming self-sustaining and contributing to increasing the size and geographic distribution of the wild Wollemi Pine population. Indicators of success include ≥ 50% survival and sustained growth of translocated saplings, and, potentially, maturation of at least some individuals.
By 2034, options for further increasing the size and geographic distribution of the wild Wollemi Pine population and protecting it against climate change impacts using translocation have been evaluated and progress is made towards their implementation, where appropriate.
[bookmark: _Toc183515664][bookmark: _Toc183516147]Table 5 Actions to establish and maintain translocated stands
	Action
	Description
	Detail

	4.1
	Continue management and monitoring of the pilot translocation site at BMBGMT.
	Key ongoing tasks are to:
Continue annual monitoring.
Understand the impacts of the 2019–20 fires on plant survival.
Maintain the site hygiene protocol and revise where appropriate to prevent infection with pathogenic Phytophthora species.
Maintain the access track.
Include the translocation site in BMBGMT site management plans, including for public access, weed control and fire.
Investigate opportunities for continued research and education at the pilot translocation site.

	4.2
	Continue monitoring of T1 and T2 translocated stands in Wollemi National Park and conduct further augmentations using adaptive management.
	Key ongoing tasks are to:
Continue annual monitoring (number of established juvenile and adult individuals, height and number of branches per plant, canopy health, cone production, and seedling recruitment).
Continue population augmentation as per the 2019 translocation plan.
Implement the site hygiene protocol and site access policy to minimise impacts (such as trampling of plants, compaction and erosion of soils, and the introduction and spread of pathogens and weeds).
Quantify the impacts of any disturbances (such as wildfire, drought, flood) on the translocated stands.

	4.3
	Evaluate and plan for further translocations, as required
	Progress towards a self-sustaining wild population of the Wollemi Pine, increasing its geographic distribution and total population size, and increasing its resilience to the impacts of climate change (including fire and drought) are key goals of this recovery plan.
Due to the species’ limited dispersal capacity and the current recruitment bottleneck, key mechanisms to achieve these goals include, conducting augmentation of the wild population and/or existing translocated stands and/or establishing additional translocated stands within and beyond WNP. However, translocation (including augmentation, reintroduction and introduction) can be complex procedures which pose numerous ecological and philosophical challenges and considered planning and consultation are required to conduct these actions appropriately. An ongoing translocation review process will be implemented to identify and evaluate translocation options, update guidelines, and prepare and consult on translocation plans, as required. As part of this translocation review process, efforts will be made to identify potential translocation sites which are likely to remain suitable under various climate scenarios.

	4.4
	Prepare material for translocation, as required.
	Custom-produce healthy, acclimatised plants of known genetic provenance for any additional translocations, as required. Given stewardship of the main ex situ collection and the associated staff expertise, ABGMA is the best source of plant material for translocation.

	4.5
	Undertake further translocations, as required
	Augment the existing wild population and/or translocated stands, and/or establish additional translocated stands, especially in habitat resilient to climate change. Any translocation work should be conducted in accordance with the translocation review process (Action 4.3) and established translocation guidelines.
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Recovery objective 5: Community and Indigenous awareness of the Wollemi Pine and engagement with recovery efforts is maintained and improved
Performance criteria for recovery objective 5:
By 2034, community appreciation of and support for the conservation and protection of the Wollemi Pine is enhanced.
By 2034, a representative recovery team continues to coordinate and report on the implementation of the recovery plan and its effectiveness.
[bookmark: _Toc183515665][bookmark: _Toc183516148]Table 6 Actions to improve community and Indigenous engagement with recovery efforts
	Action
	Description
	Detail

	5.1
	Develop and maintain relationships with First Nations to facilitate consultation and allow free prior informed consent to be obtained regarding Wollemi Pine land management matters, where appropriate.
	NPWS are working with Aboriginal groups across NSW to develop a range of joint management and partnership agreements. This will help ensure the continuing practice of traditional and contemporary culture in the management of the land, foster stronger relationships between the NPWS and Aboriginal communities, and provide benefits to the parks system and broader community of NSW. NPWS will work to include, where appropriate, Wollemi Pine land management matters in these ongoing consultation processes. Additionally, NPWS will continue to maintain relationships with Aboriginal interest groups and consult, where appropriate, on Wollemi Pine land management matters that impact Aboriginal natural and cultural heritage values.

	5.2
	Identify opportunities for community and First Nations involvement in Wollemi Pine conservation activities in ex situ locations.
	Existing ex situ conservation projects for the Wollemi Pine, such as cultivation in botanic gardens, will be reviewed to identify opportunities for engagement with community and First Nations.

	5.3
	Develop educational displays at botanic gardens, targeted interactions with media, and advocates for dispersal of conservation messaging across social media and other platforms
	Numerous articles (including peer-reviewed scientific articles, magazine and newspaper articles), webpages, TV and radio interviews, and educational materials (brochures, posters and videos) have been produced since the discovery of the Wollemi Pine in 1994. Many of these materials are summarised and cited in this recovery plan, while others can be found through internet searches.
Priorities for ongoing communication include:
The importance of not attempting to locate or visit the wild stands;
A focus on the ex situ collection of Wollemi Pines, highlighting that people can see and enjoy Wollemi Pines in botanic gardens or grow their own;
The risk posed by pathogenic Phytophthora species and other pathogens, and the phytosanitary measures required to prevent the spread of Phytophthora (as per the Phytophthora TAP) and other diseases; and
Leveraging the status of the Wollemi Pine in media interactions to raise the profile of other threatened species and ongoing efforts to conserve them.

	5.4
	Maintain an effective and representative recovery team to oversee coordination and implementation of the recovery plan and coordinate reporting.
	An effective and representative governance model is critical to coordinate implementation of actions, facilitate collaboration between partners, adaptively manage the recovery program, raise awareness, and communicate implementation progress through regular reporting. Governance arrangements should be agreed to by recovery team members and recorded for reference.



[bookmark: _Toc150866710][bookmark: _Toc183503855][bookmark: _Hlk156829177]Implementation, costs and monitoring
The Wollemi Pine Recovery Team will be the key governance mechanism to coordinate recovery effort; provide advice; ensure appropriate progress in, and reporting on implementation; share and review information; and identify funding opportunities. Table 7 provides estimated costs, timelines and priorities for each of the Actions in the recovery plan for the first five years of its implementation. The Wollemi Pine Recovery Team will be responsible for reviewing and updating these costs, timelines and priorities as necessary.
Prioritisation
While all recovery actions are deemed necessary to halt decline and support recovery of the Wollemi Pine, priorities are assigned to actions in Table 7 to indicate the difference in their urgency. Definitions for priority ratings are:
Priority 1 (very high) – Action is critical to mitigate key threats and ensure the viability of the wild population.
Priority 2 (high) – Action will inform the management and recovery of the Wollemi Pine.
Priority 3 (moderate) – Action is desirable, enhances broader engagement and will contribute to long-term recovery.

[bookmark: _Ref170124250][bookmark: _Toc183515666][bookmark: _Toc183516149]Table 7 Indicative priorities, timings and costs ($k) for the implementation of recovery actions
	Action
	Detail
	Priority
	Lead agency
	2024/25
	2025/26
	2026/27
	2027/28
	2028/29
	Total

	1.1
	Protect the wild population from unauthorised visitation by continuing to implement the Wollemi Pine Access Strategy.
	1
	NPWS
	62.0
	54.0
	56.7
	59.6
	62.5
	294.8

	1.2
	Develop and implement a disease management plan to reduce the spread and impact of pathogens, particularly Phytophthora cinnamomi and P. multivora, on the wild Wollemi Pine population.
	1
	RBGDT
	8.4
	8.8
	9.3
	9.7
	10.2
	46.4

	1.3
	Develop and implement the Wollemi Pine Fire Management Strategy.
	1
	NPWS
	31.5
	50.5
	52.5
	36.5
	38.3
	209.3

	1.4
	Manage weeds in the Wollemi Pine catchment.
	1
	NPWS
	36.8
	38.6
	40.5
	42.5
	44.7
	203.1

	1.5
	Manage pest species in the Wollemi Pine catchment.
	1
	NPWS
	42.0
	44.1
	28.9
	48.6
	51.1
	214.7

	1.6
	Manage the risk of adverse changes in water quality and hydrology in the Wollemi Pine catchment.
	2
	NPWS
	5.3
	5.5
	5.8
	6.1
	6.4
	29.1

	1.7
	Conduct further systematic surveys to detect previously unknown stands of Wollemi Pine.
	2
	NSW DCCEEW SEID
	36.8
	0.0
	0.0
	0.0
	0.0
	36.8

	2.1
	Undertake monitoring that will assist with the management and conservation of the species and its habitat.
	1
	NSW DCCEEW SEID
	43.5
	23.6
	24.8
	26.1
	27.4
	145.4

	2.2
	Conduct research to improve understanding of the population dynamics of the Wollemi Pine, including the species’ persistence and regeneration niches, its response to fire, the dynamics of the rainforest community, the impacts of climate change and the drivers of cone production.
	1
	NSW DCCEEW SEID
	10.5
	11.0
	11.6
	12.2
	12.8
	58.1

	2.3
	Continue research on the genetic diversity of the wild Wollemi Pine population.
	1
	RBGDT
	20.0
	21.0
	22.1
	23.2
	24.3
	110.6

	2.4
	Undertake further research into treatment methods to mitigate the impacts of pathogenic Phytophthora.
	2
	RBGDT
	In-kind
	In-kind
	In-kind
	In-kind
	In-kind
	0.0

	3.1
	Maintain a representative seed bank and off-site living collection of the wild population at ABGMA.
	1
	RBGDT
	105.0
	121.3
	115.8
	133.7
	127.6
	603.4

	3.2
	Establish comprehensive backups of the ABGMA seed bank and living collection.
	1
	RBGDT
	15.8
	0.0
	17.4
	0.0
	19.1
	52.3

	3.3
	Conduct research to support the ex situ conservation of Wollemi Pine, including growth in cultivation and seed storage.
	2
	RBGDT
	30.0
	31.5
	44.1
	46.3
	48.6
	200.5

	4.1
	Continue management and monitoring of the pilot translocation site at BMBGMT.
	2
	RBGDT
	5.0
	5.3
	5.5
	7.5
	7.9
	31.2

	4.2
	Continue monitoring of T1 and T2 translocated stands in Wollemi National Park and conduct further augmentations using adaptive management.
	1
	NSW DCCEEW SEID
	31.5
	33.1
	34.7
	36.5
	38.3
	174.1

	4.3
	Evaluate and plan for further translocations, as required 
	1
	NSW DCCEEW SEID
	0.0
	11.6
	0.0
	0.0
	0.0
	11.6

	4.4
	Prepare material for translocation, as required.
	1
	RBGDT
	0.0
	0.0
	21.5
	22.6
	23.7
	67.8

	4.5
	Undertake further translocations, as required
	1
	NSW DCCEEW SEID
	0.0
	0.0
	57.9
	18.2
	19.1
	95.2

	5.1
	Develop and maintain relationships with Aboriginal interest groups to facilitate consultation and allow free prior informed consent to be obtained regarding Wollemi Pine land management matters, where appropriate.
	3
	NPWS
	0.0
	2.8
	2.2
	0.0
	0.0
	5.0

	5.2
	Identify opportunities for community and Indigenous involvement in Wollemi Pine conservation activities in ex situ locations.
	3
	RBGDT
	0.0
	5.3
	5.5
	0.0
	0.0
	10.8

	5.3
	Develop educational displays at botanic gardens, targeted interactions with media, and advocates for dispersal of conservation messaging across social media and other platforms
	3
	NPWS/RBGDT
	5.3
	11.0
	0.0
	0.0
	0.0
	16.3

	5.4
	Maintain an effective and representative Recovery Team to oversee coordination and implementation of the recovery plan and coordinate reporting.
	1
	NPWS
	1.4
	1.5
	1.6
	1.6
	1.7
	7.8

	
	
	
	Totals:
	490.5
	480.5
	558.4
	530.9
	563.7
	2624.3


[bookmark: _Toc150866711][bookmark: _Toc183503856]
Evaluation of the recovery plan
Implementation of recovery actions described in the recovery plan will be carried out by the nominated lead agencies identified in Table 7, and the implementation of recovery actions will be monitored and reported on by the Wollemi Pine Recovery Team.


[bookmark: _Toc154060918][bookmark: _Toc154061105][image: An adult wollemi pine with browning female cones.]
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[bookmark: _Toc150866713][bookmark: _Toc183503858]Appendix 1: Summary of research into the Wollemi Pine
Research into the Wollemi Pine has been ongoing since its discovery in 1994. Research has been conducted both in the wild and using ex situ material. Major themes of research and key publications, in approximate order of occurrence, are described below. Publications particularly relevant to the conservation management of the Wollemi Pine are highlighted in bold font.
Wollemi pine anatomy and morphology:
Formal species circumscription (Jones et al. 1995).
Branching and coppicing habit (Hill 1997).
Leaf and branching anatomy:
Leaf anatomy (Burrows and Bullock 1999), leaf axil anatomy (Burrows 1999).
Branch abscission. The Wollemi Pine has a very unusual branch connection which is associated with branch abscission (Burrows et al. 2007; Heady et al. 2008).
Branching and vasculature of the Wollemi Pine (Tomlinson & Murch 2009).
Debate on axillary meristems (Burrows et al. 2003, Tomlinson and Huggett 2011, 2012).
Wood anatomy (Heady et al. 2000)
Habitat:
Vegetation associated with the Wollemi Pine (Benson and Allen 2007).
Phylogeny:
Context within Araucariaceae (Gilmore and Hill 1997).
Revised by Stefanovic et al. (1998).
Revised by Setoguchi et al. (1998).
Revised by Liu et al. (2009).
Revised by Escapa and Catalano (2013)
Fossil evidence linked to the Wollemi Pine:
Pollen and palynology (Macphail et al. 1995; Hill 1996, Dettmann & Jarzen 2000), and links between Dilwynites fossil pollen and Araucariaceae other than Wollemia (Macphail et al. 2013; Macphail & Carpenter 2014; Seyfullah et al. 2023).
Comparison to Creteacous plant fossils (Chambers et al. 1998).
Macrofossils (Pole 2008).
Recruitment, reproduction and seed ecology:
Reproductive biology and ecology and early plant growth (Offord et al. 1999).
Seed ecology and germination requirements (Offord & Meagher 2001).
Inter-annual variation in cone production (Zimmer et al. 2015a).
Population structure and recruitment limitation (Zimmer et al. 2014).
Tree rings/dendrochronology:
Pilot study on five trees by Banks (2002).
Follow-up study by Baker and Simkin (2010) who highlight the potential for chronologies of <300 years, and the challenges associated with missing rings and ring wedging.
Mycorrhizae, soil microbiota, endophytes and soil pathogens:
Pestalotiopsis guepinii – a taxol producing endophyte of the Wollemi Pine (Strobel et al. 1997).
Mycorrhizae of the Wollemi Pine (McGee et al 1999).
Soil microbiota associated with the Wollemi Pine (Rigg et al. 2016a; Rigg et al. 2016b).
The importance of Phytophthora cinnamomi and Botryosphaeria as pathogens of the Wollemi Pine (Bullock et al. 2000).
Phytophthora multivora as a pathogen of the Wollemi Pine (Puno et al. 2015).
Genetic variation in Wollemi Pine:
Extremely low genetic variation of the Wollemi Pine (Peakall et al. 2003).
Chloroplast genome of the Wollemi Pine (Yap et al. 2015).
[bookmark: _Hlk163047060]Chloroplast DNA confirms low genetic variation (Greenfield et al. 2016).
The genome of the Wollemi Pine (Stevenson et al. 2023 preprint).
Physiological tolerances of the Wollemi Pine, and predictions for response to changing climate:
Response to high temperatures (Offord 2011).
Response to CO2 (Haworth et al. 2011).
Response to temperature and CO2 (Lewis et al. 2015).
Drought intolerance (Zimmer et al. 2015b).
Resprouting response to fire and litter flammability (Zimmer et al. 2015c).
Propagation and cultivation of the Wollemi Pine:
Propagation of juvenile orthotropic shoots (Fensom and Offord 1998).
Wollemi Pine growth responses to soil pH and light (Offord et al. 2014).
Factors affecting establishment and growth in cultivation around the globe (Offord & Zimmer 2023).
Translocation:
Establishment of a pilot translocation site (Zimmer et al. 2016).
Establishment of Wollemi Pine microbial communities in a translocated stand (Rigg et al. 2017).
Other:
Essential oil of Wollemi Pine (Brophy et al. 2000).
[bookmark: _Toc183503859][bookmark: _Ref183504894]Appendix 2: Evaluation of progress towards objectives from previous recovery plan
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Performance criterion 10.1.1: The known stands of the Wollemi Pine are protected from damage by visitation to the stands. Enforcement of area closures, under the NPW Act Land Management Regulations and regulations in accordance with critical habitat occur.
Access to the wild Wollemi Pine stands continues to be highly restricted for both NSW DCCEEW staff and the public to minimise the risk to the remaining plants and their habitat. It is illegal to visit the Wollemi Pine wild population without authorisation from NPWS. The Wollemi Pine Access Strategy outlines the protocols for site access and restricts access only to essential personnel authorised by NSW DCCEEW. These measures have been further codified in the Wollemi National Park Plan of Management (2001), the Wollemi National Park Fire Management Plan (2006) and the Wollemi Pine Conservation Action Plan (2021).
Authorised visits to the wild stands for research purposes have also been monitored and approved by the Wollemi Pine Recovery Team. Only essential on-site work has been authorised. Wherever possible, use of plant material from the off-site populations at the ABGMA and the BMBGMT is prioritised over visits to the wild population. A registry of all approved site visits is maintained by NPWS. Illegal visitation has been minimal and on-ground site surveillance is continuing.
The declaration of Critical Habitat for the Wollemi Pine was made in 2007 under the NSW Threatened Species Conservation Act 1995 (TSC Act) (now repealed). The identification report for the declaration of Critical Habitat for the Wollemi Pine also included regulations in accordance with Section 51 of the TSC Act to prohibit access to the critical habitat area and penalties for failure to comply with a direction given by a designated officer to leave the critical habitat area. Upon the repeal of the TSC Act, the Critical Habitat for the Wollemi Pine became an AOBV under the BC Act. The regulations to prohibit access to the declared area were substantially replicated in the Biodiversity Conservation Regulation 2017.
The Wollemi Pine was declared an AIS under the NPW Act in 2021 and a CAP was developed. The activities described in the Wollemi Pine CAP include “Implement law enforcement and compliance action to prevent unauthorised access, to the extent practicable” and “Ensure all authorised access occurs in accordance with risk mitigation protocols which avoid significant impacts arising from trampling of plants, compaction and erosion of soils and the introduction and spread of pathogens.”
Performance criterion 10.1.2 The known stands of the Wollemi Pine are protected from the detrimental impacts of pathogens or other threats to plant health.
Phytophthora cinnamomi and P. multivora have been detected in Stand 1. The sources of introduction are unknown but are suspected to be the result of unauthorised visitation. Strict quarantine measures (including the Site Hygiene Protocol) have been, and will continue to be, enforced during all authorised site visits. The Site Hygiene Protocol has been updated and expanded since the previous recovery plan.
Performance criterion 10.1.3 A monitoring program is designed and implemented, and treatments are investigated and used, leading to the extent of P. cinnamomi in the site being controlled, further infections being halted and infected trees being effectively treated.
Monitoring of the Phytophthora spp. infection in Stand 1 is ongoing. Repeated soil testing has revealed the detectability of the pathogens along fixed transects varies over time. It is noted that absences may sometimes be detection failure, rather than true absences. Ridomil fungicide treatments have been discontinued following review of the wider environmental impacts associated with the application of the product and limited suppression success.
Wollemi Pine health monitoring is also ongoing, particularly around trees which have shown symptoms of Phytophthora infection. A non-destructive method of using phosphonate to treat Phytophthora infection has been developed based on glasshouse trials but has yet to be applied and tested on wild trees. The method involves painting phosphonate solution in conjunction with a penetrant onto the bark tissue, which allows chemical uptake by the tree. This reduces disease severity in infected trees and protects healthy trees from infection. Because the introduced chemical triggers energy-demanding defence mechanisms within treated trees, the treatment is only to be applied on trees that are free of, or have recovered from, severe stress ,such as extreme environmental conditions or fire damage.
Performance criterion 10.1.4 The stands of the Wollemi Pines are protected from the detrimental impacts of pollution, flooding, weed infestation, sedimentation and other adverse changes to the hydrology of the catchment wild population.
The wild Wollemi Pine population has been protected from pollution and weed infestation. Several flood events have occurred since the last recovery plan with no major impacts on the population or its habitat. Control of invasive weeds within the catchment is undertaken on a routine basis.
Performance criterion 10.1.5 The risk of damage to Wollemi Pine stands from wildfire and bushfire management activities will be minimised.
A Wollemi Pine Fire Management Strategy (FMS) was prepared in 2022 as a requirement of the CAP. Proposed actions under the FMS include continuation of the Rapid Aerial Response Team program for rapid suppression of fires within the Wollemi Pine catchment, in-grove protections in response to anticipated catastrophic fire conditions, hazard reduction burning at a landscape scale to limit bushfire spread and intensity, and inclusion of species experts in fire incident management teams.
Performance criterion 10.1.6 Guidelines for translocation of Wollemi Pine are prepared.
Guidelines for translocation were prepared as part of the 2019 translocations in Wollemi National Park. These will be updated as part of a review of the translocation program.
 Performance criterion 10.1.7 Critical Habitat and associated regulations are declared and enforced as required.
A 5,000 hectare area of Wollemi National Park was declared as an AIS in 2021, supporting the declaration of the habitat of the Wollemi Pine as Critical Habitat in December 2007 under the TSC Act. Although the TSC Act has been repealed, the Critical Habitat for the Wollemi Pine became an AOBV upon enactment of the BC Act. The CAP describes the conservation activities required to control, abate or mitigate key risks to the environmental values of the AIS, and maintain, restore and remediate the environmental values of the AIS.
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Performance criterion 10.2.1 Aspects of the stand dynamics of the Wollemi Pine are documented and the age structures of the standing trunks in known stands are estimated. Ecological data gained is used to modify the management program outlined in Section 10.1 and assists in the tasks outlined in Section 10.3 and 10.4.
The stand dynamics of the Wollemi Pine were documented in a peer reviewed scientific paper, which described evidence for the Wollemi Pine having a recruitment strategy of maintaining a juvenile bank (Zimmer et al. 2014). This study highlighted the rarity of recruitment events, and hence the importance of protecting all seedlings and juveniles. Size structures of the standing trunks (diameters at breast height) were documented in 2003 and 2013. Growth rates have not yet been reliably estimated; hence, ages have not been estimated.
Monitoring has been ongoing at the wild stands since 1995. At Stand 1, each individual seedling, juvenile and mature tree stem greater than or equal to 2 cm DBH was tagged. Results of pre-fire monitoring of seedling and juvenile growth and survival at Stand 1 are presented in Zimmer et al. (2014). The majority of seedlings were killed in the 2019–20 fire and tags on individual coppice stems at Site 1 were lost. However, since 2020, fire-resistant tags have been applied to all stems greater than or equal to 2 m tall on all accessible juvenile and mature trees across all four wild sites, the relative positions of stems on individual trees mapped, and stem height, DBH and reproductive status recorded (Mackenzie, Clarke and Auld, unpubl. data). Canopy photography is also utilised to monitor tree health and major changes in canopy cover and structure.
Performance criterion 10.2.2 The fire history of the sites and impact of fire, rock-fall and wind shake on Wollemi Pines is examined. Key gap forming processes are identified. This information is used to modify existing management practices outlined under Section 10.1.
Field surveys of the wild Wollemi Pine population after the 2019–20 bushfires revealed that most adult trees survived the fires with their upper canopies intact (Mackenzie et al. 2021). Of the fire-affected trees greater than or equal to 2 m tall, two-thirds suffered partial canopy loss and one-third (predominantly juvenile trees) were completely top-killed (Mackenzie et al. unpubl. data). Of these top-killed individuals, approximately one-third were killed outright with the remainder (c. 20% of the post-fire population) reduced to vulnerable basal resprouts (Mackenzie et al. unpubl. data). The pre-fire bank of seedlings and smaller juveniles less than 2m tall has been 92–95% eliminated with only 4–7% of pre-fire individuals successfully resprouting (Mackenzie et al. unpubl. data). However, the juvenile bank is expected to re-establish from seed over the next 20-30 years (Mackenzie et al. 2021).
Earlier experimental studies of the impact of fire (under nursery conditions) on Wollemi Pines and three co-dominant rainforest angiosperms found that that cultivated cuttings of all four study species had the capacity to resprout after a single, low intensity fire.
There have been no further studies into rock fall or windshake.
Field observations suggest fire, rock fall and wind are likely to be the main canopy gap forming processes, along with natural senescence of dominant trees.
Performance criterion 10.2.3 Qualified individual/s are found to initiate a study/studies to increase understanding of evolutionary history of Wollemi Pine.
The evolutionary history of the Wollemi Pine has been well studied, including by Gilmore and Hill (1997), Stefanovic et al. (1998), Setoguchi et al. (1998), Liu et al. (2009) and Escapa & Catalano (2013).
Performance criterion 10.2.4 New techniques for the analysis of population genetics are investigated and, where appropriate, applied.
The chloroplast genome of the Wollemi Pine has been sequenced (Yap et al. 2015). Whole-chloroplast analysis has revealed low but detectable genetic diversity (Greenfield et al. 2016). More refined population genetic studies, based on reduced representation genome sequencing approaches are currently in progress, but preliminary analyses have detected low-level variation within and between subpopulations (Bragg et al. unpubl., Stevenson et al. 2023 preprint). These data are being used to guide the development of ex situ collections and translocated populations to maximize their genetic diversity (Mackenzie et al. 2021).
Performance criterion 10.2.5 Embryology and cone production cycles are better understood providing information for establishing evolutionary relationships within Araucariaceae and enabling estimation of seed production in different years. Knowledge gained is used to modify the management program outlines in Section 10.1.
Inter-annual variation in cone production was described by Zimmer et al. (2015a). Evolutionary relationships within the Araucariaceae have been explored, mainly using genetic analysis (see Performance criterion 2.3). Further research into the embryology of the Wollemi Pine is required.
Performance criterion 10.2.6 Knowledge of species associated with the Wollemi Pine and its habitat is gained and this information is used in the management of the wild population (Action10.1).
The rainforest community of the Wollemi Pine was described in detail by Benson and Allen (2007).
The soil microbiota associated with the Wollemi Pine was described by Rigg et al. (2016a).
Performance criterion 10.2.7 Potential habitat is identified and field searched.
Potential habitat for Wollemi Pine has been modelled, based on environmental characteristics such as geology, climate, vegetation type and fire history. However, the highly remote and dissected nature of the Wollemi National Park landscape meant that there were limited on-ground data to inform these models, leading to uncertainty in the reliability of predicted habitat. 
Extensive helicopter and ground surveys have been undertaken within Wollemi National Park, and no additional stands have been found.
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The living collection at ABGMA is a key component of the Wollemi Pine conservation program, providing important insurance against loss of genetic diversity in the wild population, and enabling a wide variety of ex situ research. However, like the wild population, a single, concentrated collection is highly vulnerable to stochastic events. Hence, propagation is ongoing to support the maintenance of a comprehensive backup in-ground collection at BMBGMT, and global distribution of a genetically diverse, dispersed living collection under the Botanic Gardens Conservation International (BGCI) metacollections program (Griffith et al., 2019) to further back-up and protect this vital resource.
Performance criterion 10.3.1 Material is available to allow: commercial propagation; dispersal to other conservation agencies, principally botanic gardens; establishment of a representative off-site collections at BGT; any potential future translocation; and scientific research.
A potted ex situ living collection has been established and maintained at ABGMA. Work is underway to create a comprehensive in-ground backup of this collection at BMBGMT, and a smaller collection is also maintained at the Botanic Gardens of Sydney BMBGMT. Material has been made available to support commercial propagation and distribution; dispersal to other conservation agencies (principally botanic gardens); three recent (2019, 2021 and 2024) translocations into Wollemi National Park (Mackenzie et al. 2021; Mackenzie et al. unpubl. data); and ongoing scientific research.
Performance criterion 10.3.2 Determination of the optimum conditions for seed germination and storage is achieved, providing a means of low-cost off-site conservation. This knowledge is used to inform management of the wild population.
Research has been undertaken into the optimum conditions for seed germination (Offord and Meagher 2001). Wollemi Pine seeds have been banked at the ABGMA PlantBank and research into optimum conditions for storage is ongoing. As more Wollemi Pine individuals in the BMBGMT in-ground collection reach maturity, they will provide the most genetically diverse source of seed available (given collocation of trees from all four wild stands), reducing the need to collect seed from the wild population.
Performance criterion 10.3.3 The optimum conditions for the cultivation of the Wollemi Pine are determined and knowledge gained is used to inform management of the wild population.
An extensive program of research into the propagation and horticulture of the Wollemi Pine has, in large part, been led by the RBGDT. The Wollemi Pine has been successfully germinated from seed (Offord & Meagher 2001), propagated from cuttings (Fensom & Offord 1998, Trueman & Peters 2006) and grown in cultivation (Offord et al. 1999; Offord 2011; Offord et al. 2014). Multiple studies have defined optimal conditions for Wollemi Pine growth in cultivation including:
Reproductive biology and ecology and early plant growth (Offord et al. 1999).
Temperature tolerances (Offord 2011).
Response to CO2 (Haworth et al. 2011).
Response to temperature and CO2 (Lewis et al. 2015).
Intolerance of drought (Zimmer et al. 2015b).
Wollemi Pine growth responses to soil pH and light (Offord et al. 2014).
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Performance criterion 10.4.1 Community appreciation of and support for the conservation and protection of the Wollemi Pine is enhanced. This has been measured by surveys of audiences of Wollemi Pine presentations / lessons conducted by RBGDT Community Education, off site collections are planted and interpreted, Wollemi Pine website is maintained, exhibitions at field-days around Wollemi National Park are attended and educational information for general release is produced.
While there has been no formal survey of audiences at Wollemi Pine presentations, observations of researchers and Recovery Team members suggest that interest and support for the Wollemi Pine remains strong. During the 2019–20 bushfire season, the interest in the Wollemi Pines and potential impacts of the fires was intense, and this interest continued in the period after the fires. Citizen Science projects including ‘I Spy a Wollemi’ raised community awareness and support for the species both nationally and internationally
Ex situ collections have been planted at ABGMA and BMBGMT with associated interpretative material. The RBGDT Wollemi Pine webpages were updated in 2024 and remain important sources of information on the Wollemi Pine. NPWS also maintain several webpages dedicated to the Wollemi Pine conservation project, including a series of educational videos. Since the last recovery plan, there have been myriad TV news segments, newspaper and magazine articles, documentaries, radio interviews and podcasts on the Wollemi Pine.
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Performance criterion 10.5.1 The known stands of Wollemi Pine are protected from damage caused by illegal visitation. Revenue from the commercialisation program is returned to the conservation of the Wollemi Pine.
A commercialisation strategy was developed to manage the release of the plants into cultivation. This strategy was launched in October 2005 at an international auction conducted by Sotherby’s at the BGOS. The strategy involved the development of a commercial release scheme that is sensitive to the conservation concerns of this and other Australian species, ensuring minimal material is collected from the wild, discouraging illegal collection, and communicating the importance of conservation. Upon commercial release of Wollemi Pine, messages regarding plant conservation were provided with packaging, printed, and web-based documentation, and other publicity efforts, in concert with the community relations strategy. Wollemi Pines continue to be sold commercially, although the Wollemi Pine Recovery Team and RBGDT have little control over the market because of the ability for suppliers and individuals to propagate their own Wollemi Pines.
Communication around the Wollemi Pine maintains robust messaging against illegal visitation. A proportion of the initial revenue from the commercialisation program was returned to the conservation of the Wollemi Pine. However, relationships with the commercial sector ceased in 2010 and royalties no longer contribute to conservation activities (B. Summerell, pers. comm.).
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