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ABSTRACT  

This study arose from the observation that tuberous, rhizatomous and bulbous plant 

species seemed under-represented in post-mining rehabilitation of Jarrah (Eucalyptus 

marginata Smith) forest in the southwest of Western Australia.  The geophytic life form 

is a common adaptation within the flora of the southwest (Pate and Dixon 1982).  Their 

absence in a rehabilitation program would be a significant failing and contrary to the 

objectives of the mine managers (Alcoa of Australia Ltd).  This is especially so given 

the scale and duration of the mining (bauxite) activity which involves clearing and 

rehabilitating 600 ha annually.  This project was initiated with the express purpose of 

documenting and rectifying this problem. 

Surveys of post-mining rehabilitated areas confirmed the original observations with 25 

of 70 geophytes being absent.  Those present were at very low, possibly unsustainable, 

densities.  Thirty three percent of all plant life forms present in undisturbed sites were of 

this class. 

A review of the literature showed that the species of interest were both difficult to 

propagate and to establish as self-sustaining populations in mine rehabilitation.  

Furthermore, few scientific studies were found that dealt with the biology of their 

propagation.  No work was discovered that reported the development of industrial scale 

methods suited to mine rehabilitation.  The emphasis in this study was to identify 

features of the biology/ecology of selected species that may be an impediment to field 

establishment and to devise practical means for resolving those. 

The species selected for this study were: Clematis pubescens Endl, Drosera eythrorhiza 

Lindley, D. stolonifera Endl, Pteridium esculentum (L.) Kuhn, Hyopolaena exsulca 

R.Br., Lepidosperma squamatum Labill., L. tenue Benth., Loxocarya cinerea R.Br., L. 

flexuosa R.Br. and Tetraria capillaris F. Muell.  The basis for the evaluation of 

successful propagation of a taxon was the cost per surviving propagule in a restored 

minesite.  A plant was regarded as having survived if it were present two or more years 

after planting without significant loss and optimally, if it were spreading or reproducing. 
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For each taxon, the following aspects were studied: viability, maturity and storage life 

of the propagule, propagation practice and its optimisation, growth conditions and 

‘hardening’ prior to replanting and, if a plant, the optimal size of the propagule at 

planting.  Finally, the conditions at planting were considered, especially exposure to 

environmental stress and protection from herbivores.  For seed and spores, the role of 

light/dark was investigated.  Developing protocols for establishing geophytes within the 

first year of mine rehabilitation was considered important for restoration success; as the 

restored Jarrah forest species composition is strongly influenced by ‘initial floristic 

composition’ succession (Egler  1954, Norman et al. 2006b). 

As a consequence of this study novel revegetation protocols were developed, at an 

industrial scale, for four Jarrah forest geophytes: Clematis pubescens, Drosera 

erythrorhiza, D. stolonifera and Pteridium esculentum; and six geophytic rush and 

sedge species: Hypolaena exsulca, Lepidosperma squamatum, L. tenue, Loxocarya 

cinerea, L. flexuosa and Tetraria capillaris. 

Seed maturity at harvest proved to be vital in re-establishing Clematis as was propagule 

size at planting for this species and for Pteridium. 

Light was identified as the key ex situ seed germination factor for both Drosera species.  

Each performed well in vitro, had high greenhouse survival and high mine revegetation 

establishment.  Both species flowered in the third spring after planting.   

An analysis of wild Pteridium esculentum DNA, using the AFLP (amplified fragment 

length polymorphism) method, identified very low genetic diversity in the northern 

Jarrah forest.  I recommend that propagation for restoration use at least 5 individuals.  

A novel system was invented for Pteridium esculentum, utilising in vitro gametophyte 

cultures to generate sporophytes for revegetation experiments.  The ability of 

rhizatomous geophytes to increase rapidly in revegetation cover was demonstrated.  

Increase in total cover was a useful restoration success measure for all species studied.   

Tissue cultures of rhizatomous dryland rush and sedge species were established using in 

vitro seed embryo germination, but the cultures grew slowly and had low root initiation 

compared to wetland rushes and sedges.  In contrast, their revegetation establishment 

and growth was high, despite extensive grazing by kangaroos.   
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As a consequence of this research ex situ geophyte horticulture and restoration now 

supplies 8.5% of the restored Jarrah forests biodiversity (18 species).  The concepts are 

now being applied to other species in order to maximise representation of this life form 

in rehabilitated mine sites and to sustain genetic diversity in the Jarrah forest ecosystem 

as a whole. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 

 

TABLE OF CONTENTS 

Abstract                                                                                                                                i                                                                                                                                                                                   

Table of Contents                                                                                                                v 

Acknowledgements                                                                                                            ix                                                                                              

Statement of Candidate Contribution                                                                                xi 

Chapter 1.  General Introduction and Study Objectives 

1.1 Introduction                                                                                                              1 

    1.2  Study Location                                                                                                         3 

1.3 Definitions: Disturbed Land Repair                                                                         5 

1.4 The Jarrah Forest                                                                                                      7 

1.5 Bauxite Mining and Restoration in the Northern Jarrah Forest                             11 

1.6 Defining the Problem                                                                                             15 

1.7 Species Selection                                                                                                    19 

1.8 Objectives and Hypothesis                                                                                     20 

1.9 Thesis Structure                                                                                                      22 

Chapter 2.  Wild geophyte biology, propagation and restoration:                                

a literature review                                                                                                   

2.1 Introduction and Objectives                                                                                   25 

2.2 Geophyte Biology                                                                                                  27 

2.3 Geophyte Propagation                                                                                            36 

2.4 Wild Geophyte Revegetation and Restoration                                                       44 

2.5 Conclusion                                                                                                              64 

Chapter 3.   Clematis pubescens: propagation and restoration 

3.1 Introduction                                                                                                            65 

3.2  Review                                                                                                                    66 

3.3 Objectives and Hypothesis                                                                                     75 

3.4 Methods and Materials                                                                                           77 

3.5 Results and Observations                                                                                       85 

3.6 Discussion                                                                                                             103 

 



vi 

 

Chapter 4.   Geophytic Rushes and Sedges: propagation and revegetation 

4.1 Introduction                                                                                                          113 

4.2 Methods and Materials                                                                                         116 

4.3 Results                                                                                                                  119 

4.4 Discussion                                                                                                             128 

Chapter 5.  Austral Bracken Fern (Pteridium esculentum):                         

propagation and restoration                                 

5.1 Introduction                                                                                                          135 

5.2 Methods and Materials                                                                                         143 

5.3 Results                                                                                                                  148 

5.4 Discussion                                                                                                             163 

Chapter 6.  Austral Bracken Fern (Pteridium esculentum) provenance genetics 

                                                  in the Jarrah forest of Western Australia and 

                                                  implications for propagation and revegetation 

6.1 Introduction                                                                                                          171 

6.2 Methods and Materials                                                                                         176 

6.3 Results                                                                                                                  184 

6.4 Discussion                                                                                                             187 

Chapter 7.  Drosera stolonifera and D.erythroriza: propagation and revegetation   

7.1 Introduction                                                                                                          197 

7.2 Methods and Materials                                                                                         210 

7.3 Results                                                                                                                  223 

7.4 Discussion                                                                                                             252 

Chapter 8.  Jarrah forest geophyte biology, horticulture and restoration:      

summary and general discussion 

8.1 Principal Concepts                                                                                                265 

8.2 Species Investigations: Principal Findings                                                           269 

8.3 Extension                                                                                                              274 

8.4 Further Investigation                                                                                            276 

8.5 Conclusion                                                                                                            284 

References                                                                                                                       287                                                                      



vii 

 

 

APPENDICES 

Appendix 1: Geophytes of the upland Jarrah forest (list)                                           343 

Appendix 2: Non-Geophytes of the upland Jarrah forest (list)                                   345 

Appendix 3: Geophyte broadcast seedmix: germination percentages                        349 

Appendix 4: Bracken (Pteridium esculentum) AFLP data matrices                           351 

Appendix 5: Effect of benzoic acid on geophyte seed germination in bauxite mine  

             rehabilitation                                                                                           355 

    Appendix 6: Effect of in vivo container size on Xanthorrhoea preissii (Grasstree)  

                         tuber and shoot sizes                                                                               359 

    Appendix 7:  Geophyte seed added to the mine rehabilitation broadcast seedmix       

isn’t producing many surviving plants                                                  363 

     

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 

 

 

 

 



ix 
 

ACKNOWLEDGEMENTS 
 

Assistance to this research investigation was provided by many people, to whom I extend 

my sincere gratitude.  I particularly wish to thank my supervisors Professor John 

Considine, Dr Ian Colquhoun and Dr Kingsley Dixon for their invaluable guidance and 

encouragement.   

Alcoa of Australia Ltd provided significant financial assistance and logistical support 

throughout the 8 years of this part-time, extramural PhD investigation.  The Plant 

Biology Department of University of Western Australia is thanked for providing me with 

the opportunity to investigate Jarrah forest geophytes and for the continuing friendly 

relationship.  The staff at Kings Park and Botanic Gardens Plant Biodiversity Centre 

provided great support and advice throughout the study. I especially need to 

acknowledge the excellent technical training provided by Dr Grace Swartz and Dr Seigy 

Krauss during the bracken fern genetic analysis.  Dr Grace Swartz generated and 

analysed the bracken fern AFLP profiles.  Dr Eric Bunn is thanked for very helpful 

discussions of plant tissue culture technologies.  All the staff at both the Mine 

Environmental Research Department and Marrinup Nursery of Alcoa of Australia Ltd 

have provided significant assistance, encouragement and resources during this study. 

This investigation has deeply enriched my understanding of plant biology, horticulture 

and ecological restoration.  The improvements made to Alcoa’s restored Jarrah forest are 

a credit to the passion and assistance of all of the people who provided support. 

 

The original impetus for commencing this thesis came following a discussion in early 

2003 with John Gardner and Dr John Koch (Alcoa of Australia Ltd) about the occurrence 

of tuberous plants in the Jarrah forest.  This brief discussion referred to Professor John 

Pate and Professor Kingsley Dixon’s 1982 book: Tuberous, Cormous and Bulbous Plants 

(Pate and Dixon 1982).  My research proposal made intense use of the plant biology 

information contained in this book, but added extensive elements relevant to propagation 

and disturbed land restoration.  Dr John Koch provided valuable guidance throughout 

this study.  During the research proposal preparation I discovered that most of the major 

plant species absent from Alcoa of Australia’s bauxite mine revegetation at that time 

were geophytes.  Proving this required searching the Alcoa Mine Rehabilitation database 

and assistance with accessing this information was provided by Melanie Norman.  



x 
 

Collections of bracken fern fronds from beyond the Jarrah forest were made by Elise 

Jeffery (Anglesea Mine, Alcoa of Australia Ltd, Victoria), Warren Harris (Govenor’s 

Bay, New Zealand) and Ryan Butler, Geoff Passmore and Allan Rose (Department of 

Environment and Conservation, Government of Western Australia).  These were used to 

provide controls and further information in the bracken fern provenance DNA analysis. 

Dr Mark Dobrowlski made valuable comments on the bracken fern provenance chapter. 

 

Professor John Considine and Dr Ian Colquhoun provided critical assessment of the 

Clematis pubescens experimental design, especially with reducing the original plan to a 

manageable size.  

 

Assistance and good company when planting and monitoring the large revegetation 

experiments was provided by Glynn Hill, Sharon Carroll (Alcoa), Chloe Rawlinson, Kyla 

Italiano (Fairbridge landcare trainees) and Ben Croxford (Nuts about Natives Nursery). 

 

A very small part of this thesis consists of preliminary phenological, germination and 

revegetation scoping tests done by the author prior to acceptance of the degree proposal.  

These were required to assess the viability of the proposed experiments and to indicate 

how best to design them.  This thesis was an additive learning experience about 

geophytes biology, propagation, revegetation and restoration; with new concepts and 

methods developed as each successive species was investigated.  This meant that each 

species studied owed some acknowledgement to the previous species studied and that the 

quality of the work improved substantially during this investigation.   

 

Sincerest thanks to my family for their support during this long period.  Especially thank 

you to my wife Saowalux whose patience, understanding and gentle prodding was 

essential throughout this endeavour. 

 

With the above provisos the work in this thesis is entirely my own except where 

specifically noted to the contrary.  

 

 

David Willyams. 



xi 

 

Statement of candidate contribution 

 

This thesis contains work prepared for publication.  Publications arising from this thesis 

are original work undertaken by the student (David Willyams), with guidance from his 3 

supervisors (John Considine, Ian Colquhoun and Kingsley Dixon). The bibliographical 

details and location of the work are outlined below. 

 

Chapter 2: 

 

Willyams, D.C. Wild geophyte propagation and ecological restoration: a review  

(in preparation for publication). 

 

Chapter 3: 

 

Willyams, D.C. and Considine, J.A. Clematis pubescens biology, propagation and 

bauxite mine restoration (in preparation for publication). 

 

Chapter 4: 

 

Willyams, D.C. Geophytic rushes and sedges: propagation and revegetation  

(in preparation for publication). 

 

Part of this chapter was published as: 

Willyams, D.  (2005). Tissue culture of geophytic rush and sedge species for revegetation 

of bauxite mine sites in the northern jarrah forest of Western Australia.  In: Bennett, I.J., 

Bunn, E., Clarke, H. and McComb JA (Eds.) ‘Contributing to a Sustainable Future’. 

Proceedings of the Australian branch of the IAPTC&B, Perth, Western Australia, 21-24th 

September 2005. pp. 226-241. 

 

Chapter 6: 

 

Willyams, D.C. Austral bracken fern (Pteridium esculentum) propagation and bauxite 

mine restoration (in preparation for publication). 

 

Chapter 7: 

 

Willyams, D.C. Drosera stolonifera and D. erythrorhiza botany and propagation  

(in preparation for publication). 

 

Willyams, D.C. Drosera stolonifera and D. erythrorhiza bauxite mine restoration  

(in preparation for publication). 





1 
 

CHAPTER 1 

General Introduction and Study Objectives 

 

1.1  Introduction  

 

This study focused on research into the propagation of wild geophytes and their 

subsequent revegetation in disturbed lands. This anatomically based plant grouping 

captured most of the Jarrah forest understorey species that were absent from the restored 

Jarrah forest growing on Alcoa of Australia’s rehabilitated bauxite mines.   

 

Geophytes are terrestrial plants that have their perennating buds below the soil surface 

and have underground storage organs such as tubers, rhizomes, bulbs and corms 

(Raunkiaer 1934).  Raunkiaer life form has been shown to be of value in assessing a 

vegetations response to disturbance (McIntyre et al. 1995).  Mining is an extreme form of 

disturbance and focusing on Raunkiaer’s geophytic life form was seen as a powerful tool 

for propagation and restoration research.  

 

Bauxite is the principal ore of Aluminium.  Alcoa of Australia (hereafter Alcoa) operates 

2 bauxite mines in the northern Jarrah (Eucalyptus marginata) forest of Western 

Australia.  As surface-mining operations this entails clearing around 600 hectares of 

forest each year.  A core company value is the re-establishment of a self-sustaining Jarrah 

forest community (Elliot et al. 1996, Ward 2000, Gardner 2001).  The northern Jarrah 

forest is a ‘node’ within one of the top 25 global biodiversity hotspots and is particularly 

rich in endemic plant species (Hopper and Gioia 2004).  There is an internationally 

recognized high value placed on returning the full biodiversity of the pre-mining forest.   

 

The number of geophyte species found in Alcoa’s bauxite mine rehabilitation was 

identified as significantly deficient (section 1.6) during the start of this project.  

Geophyte species that had high frequency and density in the pre-mining forest, but were 

absent from the post-mining restored forest, were selected for study (section 1.7).  

The study plants were: Clematis pubescens (Ranunculaceae), 6 dryland rush and sedge 

species (Restionaceae and Cyperaceae), Pteridium esculentum (Dennstaedtiaceae), 

Drosera stolonifera and D. erythrorhiza (Droseraceae).  
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There were few previous scientific studies published for most of these species, beyond 

taxonomic classification and geographic distribution.  Each species study highlighted one 

or more aspects of geophyte propagation and revegetation.  The specific attributes and 

research challenges for individual study species, genera or family are described in 

separate chapters.  A range of families and life forms were investigated and compared 

with the aim of revealing universal concepts and methods for application to geophytes in 

other ecosystems.  This study involved holistic investigation of species biology, ecology 

and horticulture to maximise revegetation sustainability (i.e. restoration). 

 

A comprehensive literature review at commencement identified that little work of a 

similar scope to that proposed had been published when the study was initiated.  This 

emphasized the value of pursuing this PhD investigation as a contribution to native 

geophyte horticulture and restoration.   

 

Following disturbance the Jarrah forest vegetation regenerates consistent with the State 

and Transition model (Hobbs and Norton 1996, Grant 2006).  In Alcoa’s restored Jarrah 

forest it is the ‘initial floristic composition’ (Egler 1954) rather than the classical ‘relay 

floristics’ succession of Clements (1916) that largely determines the longer term species 

composition of the vegetation (Noble and Slater 1981, Koch and Ward 1994, Norman et 

al. 2006b).  If plant species are not established early then restored ecosystems can remain 

dissimilar to wild reference sites for decades (Chambers et al. 1994, Murphy and Ough 

1997, Holl 2002).  Alcoa’s mine rehabilitation understorey is dominated by short-lived 

woody legumes during its first decade and competition for space and water is especially 

high by the third year.  Any geophytes absent in mine rehabilitation after the first year or 

two will either fail to establish over time or will take decades to self-colonise.  To ensure 

geophytes are present in the restored Jarrah forest created on the mined lands, they need 

to be established within the first year or two of rehabilitation. 

 

The revegetation experiments were located in the bauxite mine rehabilitation sites of 

Alcoa of Australia (hereafter Alcoa) and also in adjacent wild sites for one species 

(Drosera stolonifera).  The general study location and situation is outlined in this 

chapter.  The key problems that needed investigation and the study objectives are defined 

in section 1.8. The final section is the thesis structure.  
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1.2 Study Location 

 

Alcoa mines bauxite (the ore of aluminium) in the Darling Plateau of Western Australia. 

The mine lease is in the South Western Australia region (Fig. 1.1 and Fig. 1.2).  The 

mining lease is entirely within the northern Jarrah (Eucalyptus marginata) forest, which 

consists of the forested parts of the Darling Plateau north of the town of Collie (Figure 

1.2).  Alcoa’s Huntly and Willowdale mines are located approximately 80 km and 120 

km south-east of Perth, Western Australia, respectively.   

The biological studies were made throughout this region but focused on plant populations 

in the Dwellingup area (Fig.1.2).  The propagation research took place at Alcoa’s 

Marrinup Nursery, Dwellingup, Western Australia.  The revegetation trials were located 

in Alcoa’s bauxite mine rehabilitation sites at the Huntly mine (Fig. 1.5). 

 

 

 

 

Figure 1.1  South-West Australia region, State of Western Australia, Australia. 
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Figure 1.2  South-West Australia: forested area 2004 (Map supplied by Arthur Nions). 
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1.3  Definitions: Disturbed Land Repair 

 

There is some overlap between the various terms used by researchers and practitioners 

working on the repair of disturbed lands.  These terms need defining to avoid confusion.  

The primary objective determines which term is the most appropriate to use for each 

situation.  Throughout this thesis previous work will be referred to using the terminology 

favoured by the original authors, where possible.  The broad term ‘reclamation’ will 

however be replaced by whichever of the component terms of rehabilitation, revegetation 

or restoration most represents the original intent.  In its purest form reclamation has been 

used where human disturbed land was reclaimed for nature.  It has also been used to 

describe processes that have improved land quality from a previously degraded 

condition.  Allen (1988) proposed that reclamation establishes ecosystems that are 

similar to the pre-disturbance ecosystem, but may have a different species composition. 

The term reclamation has been less commonly used when the principal objective was to 

return the pre-disturbance natural vegetation; which was this studies intent. 

 

Rehabilitation will be used to define the process of returning disturbed sites to a stable 

condition that satisfies a pre-determined land use (not necessarily the pre-disturbance 

land use).  Rehabilitated sites are expected to sympathetically integrate with the 

surrounding landscape (Bell 1996). The processes involved in disturbed land 

rehabilitation can lead to a stable self-sustaining ecosystem; which, if similar to the pre-

disturbance ecosystem, may then qualify as restoration. 

 

Where the stated main objective was vegetation return (particularly where large scale 

landform and soil return were not required or not part of the study) then the broad term 

revegetation will be used.  This definition will facilitate comparisons between a wide 

range of practices with the aim of revealing general concepts.  These ideas and practices 

can then be tested on wild geophyte species propagation and revegetation.  The term 

revegetation will include work that used the terms reafforest, reforestation and 

afforestation.  Revegetation projects often rate soil protection and erosion control as 

primary environmental values for protection.  Biodiversity values are increasingly seen 

as equally important elements.  
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The term restoration will be used here very tightly to define where a disturbed 

ecosystems landform, soil, vegetation, fauna and ecological functioning have been 

returned to the pre-disturbance condition or is on a path that is considered will lead to 

this state.  Allen (1988) used the broader term reconstruction (which included 

restoration) to define where constructed ecosystems were similar to the pre-disturbance 

ecosystem. Restoration of disturbed lands can be categorised as applied ecology.  It 

includes consideration of ecosystem ecology, soil and earth sciences, hydrology, 

landscaping and land rehabilitation, fauna, whole plant biology and ecology, population 

biology and genetics, plant reproduction, plant production and conservation.  All of these 

elements and more need to be included in any revegetation research and practice if the 

resulting vegetation is intended to be self-sustainable over the foreseeable future (i.e. 

truly restored).  Developing scientific rigor in restoration programs is the objective of the 

emerging scientific discipline of restoration ecology. 

 

Reintroduction focuses on returning species to undisturbed parts of their original wild 

range (Maunder 1992, Guerrant and Kaye 2007).  Translocation has been traditionally 

defined as transferring plant materials from one part of the species wild range to the same 

site or to adjacent new sites within the original range (Falk and Olwell 1992, Gordon 

1994, Akeroyd and Wyse Jackson 1995, Menges 2008 modified from Wolf et al. 1996).  

Translocation usually requires propagating and revegetating plant materials collected 

from the in situ planting sites or from nearby populations (Jusaitis 1997).  Translocation 

has also been used to define the transfer of mature wild plants from an area of impending 

disturbance to undisturbed similar sites; often with existing but depleted populations of 

the same species. The two similar conservation biology terms of reintroduction and 

translocation are best retained for when ex situ grown plants are established in relatively 

undisturbed natural sites; where the original soil profile remains mostly intact.   

 

The practical objective of this thesis was to develop concepts and methods for 

establishing geophytes in disturbed land revegetation.  The focus was on the field 

establishment of ex situ propagated plants, within a broader post-mining forest 

restoration effort.  The plant establishment research reported in this thesis is best 

described as revegetation, as the required landforming, topsoil return and tree 

establishment processes were already in place and the primary objective during the study 

period was the return of selected individual understorey species.    
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Alcoa’s bauxite mine rehabilitation is considered to result in a restored Jarrah forest 

ecosystem (Bell and Hobbs 2007).  Therefore where medium term monitoring indicated 

that the population of a geophytic species planted into this restoration appeared to be 

sustainable, then the term ‘species restoration’ has been used.   

 

1.4  The Jarrah Forest  

 

Vegetation 

 

The northern Jarrah forest is dominated by Eucalyptus marginata (Jarrah), a 30 to 40 

metre tall broadleaf, evergreen tree restricted to the south-west of Australia.  In the more 

fertile areas of the upland Jarrah forest the 25 to 35m tall tree Corymbia calophylla 

(Marri) can be co-dominant with Jarrah.  Below the tree canopy the second tier trees are 

present in low densities, giving the forest an open look.  The main small trees (4-7m) 

include Allocausuarina fraserii, Banksia grandis, Persoonia longifolia and P.elliptica. 

There is a species rich shrub layer (1-3m) dominated by woody legume genera (esp. 

Acacia, Bossiaea, Chorizema, Hovea and Kennedia ),  over 1000 plants per hectare of a 

large geophytic cycad (Macrozamia reidei), the large bracken fern Pteridium esculentum, 

3 geophytic grasstrees (Xanthorrhoea gracilis, X. presisii, Kingia australis) and other 

woody shrubs, especially from the Proteaceae (e.g. Grevillea and Banksia species).   

 

On the forest floor is a rich diversity of herbs, grasslike plants and groundcovers.  The 

richness and densities of Lomandra, Hibbertia, Drosera, terrestrial orchid and dryland 

rush and sedge species are especially high.  Many of the understorey shrubs, climbers, 

grass-like plants and herbaceous groundcover plants are termed resprouters. Bell and 

Koch (1980) defined resprouters as plants where the above ground vegetation can die off 

during drought or be removed by forest fire and subsequently produce new shoots from 

below ground structures (e.g. the lignotubers of woody plants and the fleshy underground 

storage organs of herbaceous plants).  The concept of an underground bud bank (Harper 

1977) can be seen in action following a fire in the northern Jarrah forest, with rapid 

resprouting from these underground buds.  Many of these resprouter species are 

geophytic (section 1.6) and some can also cover large areas by clonal spread. The term 

resprouter is very broad being based on plants response to disturbance events rather than 

on well defined anatomy, physiology or functional group. 
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Climate 

 

The climate is Mediterranean with winter rainfall (1200 - 1400 mm per annum) and a 

summer drought (Gentilli 1989). The average daily temperature range from 1995 - 2005 

was 14.3 – 29.6°C in summer and 6.1 – 16.0°C in winter (Australian Bureau of 

Meteorology 2006).  The annual rainfall during the main field experimentation period 

(2004 to 2008) was reasonably consistent, except during the 2006 drought year (Fig. 1.3).  

 

A Mediterranean-type climate has hot, dry summers and cool, wet winters (Trewartha 

1954, Flohn 1969).  Mediterranean-type climates and floras occur in at least five areas: 

the Mediterranean basin, the North American west coast from southern Oregon to 

northern Baja California, the coast of central Chile, South Africa’s Cape Region and 

some parts of the south-east and south-west Australian coasts (Raven 1971, Barbour and 

Major 1977, Cody and Mooney 1978). 

 

 
Figure 1.3 Annual and average rainfall 2000 to 2009 at Huntly Mine (data from Alcoa of 
Australia). 
 

 

The monthly rainfall pattern was quite variable each year (Fig 1.4) and this may have 

influenced revegetation survival and growth.  There were also noticeable flowering and 

seed production responses to this rainfall variation in both forest and revegetation sites.   
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Figure 1.4 Monthly rainfall patterns at Huntly Mine for the six main field experiment years of 
2004, 2005, 2006, 2007, 2008 and 2009. Historical average rainfall data is for the period 1991 to 
2009. (data from Alcoa of Australia). 
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Landform and soils  

 

The northern Jarrah forest occurs on the Darling Plateau, a dissected and uplifted 

peneplain between 250 and 400 metres in elevation (Mulcahy et al. 1972).  Northern 

Jarrah forest soils are derived from heavily weathered elements of the lateritic profile.  

Coarse ferruginous gravel (>2mm diameter), in a matrix of yellow-brown coarse sand, 

forms about 80% of the soil mass.  This gravelly topsoil is less than 1 metre deep.  

Underlying the topsoil is a friable bauxite layer, on average 4.5 metres thick.  In upland 

forest this is capped by a concreted bauxite layer, 1 metre thick on average (Churchward 

and Dimmock 1989). Below these porous upper layers is a sandy clay subsoil (pallid 

zone) on average 20 metres thick (up to 40 metres). These deeply weathered Kaolinitic 

sandy clays are derived from gneissic granites (Sadler and Gilkes 1976). Below the pallid 

zone are weathered parent materials lying above the granite bedrock.  

 

The topsoil, lateritic and subsoil layers are very nutrient deficient and these nutrients are 

not in a form readily available to plants. (Hingston et al. 1981).  A higher than normal 

proportion of the total nutrients in the Jarrah forest are incorporated in the plants and 

litter, compared to other Australian Eucalyptus forests (Ward et al. 1990). The bauxite 

mining process first requires vegetation and soil removal, which leads to the loss of 

nutrients from the forest and soils.  A more detailed description of the landform and soils 

is provided by Churchward and Dimmock (1989). 
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1.5  Bauxite Mining and Restoration in the Northern Jarrah Forest 

 

Alcoa of Australia Limited’s bauxite mining and forest restoration process 

 

Alcoa started a mine rehabilitation problem within 12 months of starting mining in 

Western Australia and steadily improved the revegetation quality (Tacey 1979).  

Numerous research studies were undertaken of both the mine rehabilitation processes and 

the surrounding Jarrah (Eucalyptus marginata) forest (Gardner 2001).  From 1988 

onwards all mine rehabilitation solely utilised Jarrah forest plant species.  

 

 
 

Figure 1.5  The northern Jarrah forest and Alcoa of Australia’s bauxite mining lease. 
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The following 10 step process is an abbreviated version of Alcoa of Australia Limited’s 

current Bauxite Mine restoration process.  It focuses and comments on those elements 

that influence the successful revegetation of geophytes.  Koch (2007a) details the broader 

rehabilitation and restoration processes, while a more detailed description of the soils, 

geology, mining and restoration process is contained within Restoration Ecology: 

Supplement 15 (2007).  The mine rehabilitation and forest restoration process is 

continuously changing as research and development identifies worthy improvements. 

A key point is that Alcoa’s open-cast mining process does not consist of a single large 

quarry but instead consists of numerous small pits surrounded by unmined forest.  This 

meant that during the geophyte revegetation experiments the forest still influenced the 

mine rehabilitation to a degree, including hydrology, shading and wind.  Revegetation 

experimental sites were chosen away from forest shading which also minimised the 

forest hydrology and wind shelter influences. 

 

Alcoa of Australia Limited’s current bauxite mine restoration process 

 

1. Forest vegetation surveys are made in prior to mining. As well as species presence a 

value is obtained for each plant species density.  This data then forms part of the 

restoration objectives.  

 

2. The Western Australia state government then logs and clears the forest areas to be 

mined.  All timber harvested belongs to the state.  An average of 600 ha of forest is 

cleared every year, with an equivalent area of completed mining being rehabilitated. 

 

3. The soil above the ore is removed in 2 layers, a process termed double stripping.  The 

top 15 cm of soil is removed first.  This is then placed as the final surface on 

restoration sites, as this layer contains most of the seeds, nutrients, organic matter and 

soil microbes.  The subsoil is the second layer removed, from 15 cm depth down to 

the top of the lateritic duricrust.  The subsoil ranges from 10 to 80 cm deep across the 

mining region, with an average depth of 40 cm.  Alcoa calls the subsoil layer 

overburden and this is often stockpiled for later return to mine pits ready for 

restoration. 
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4. The lateritic duricrust averages 1m thick and forms part of the bauxite ore deposit, 

which ranges from 2 to 10 m in total depth.  The mining process requires the blasting 

of the typically hard duricrust layer, or where softer it can be broken by bulldozer 

ripping.  Hydraulic excavators are used to load broken duricrust and the underlying 

friable bauxite into 190-tonne trucks.  At each mine the ore is then delivered to a 

central rock crusher that feeds a conveyor that transfers crushed ore to one of three 

alumina refineries.  The two mines at Huntly and Willowdale supply a total of around 

20 million tonnes of bauxite each year to the Kwinana, Pinjarra and Willowdale 

refineries. 

 

5. Once the ore has been removed from a mine pit, the steep pit walls are battered down 

and sloped by bulldozers.  The new surface is landscaped to fit in sympathetically 

with the surrounding topography.  The compacted pit floor is deep ripped at 1.6 m 

spacing by a bulldozer fitted with a 1.5 m long winged tine.  This facilitates water 

infiltration through the restored soil and helps plant root growth (Kew et al. 2007; 

Szota et al. 2007).  Most large rocks are buried but a few are left on the surface to 

provide fauna refuges.  The stockpiled subsoil is then returned using scapers, 

followed by up to 15 cm of fresh topsoil.  The fresh topsoil usually comes directly 

from a nearby area that is being cleared for mining.  This direct-return topsoil holds 

many seeds, nutrients, and soil microbes (Koch 2007b, Jasper 2007), which 

accelerates the restoration of soil functioning and the pre-mining flora. 

 

If direct-return topsoil is not available then screened topsoil may be substituted.  This 

is fresh topsoil that has been screened during the dry summer to remove the gravel 

(up to 60% of the topsoils volume), without reducing the seed and soil microbe 

components or vitality.  The topsoil return occurs during the annual dry season to 

avoid spreading Phytophthora cinnamomi (Rands), a water-requiring forest disease 

(Colquhoun and Kerp 2007).  The new soil has been exceedingly disrupted and 

modified compared to the pre-mining soil.  The original soil profile, fertility and 

chemical structure have been altered well outside of the normal range, taking at least 

8 years to reach levels similar to those found prior to mining (Ward 2000).  The 

suitability of the new soil for the initial establishment of each ex situ propagated 

geophyte species was unknown.  
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6. Wastewood and rocks are put on the mine rehabilitation soil surface to provide 

habitats for vertebrate and invertebrate animals, fungi and cryptogams. 

 

7. The finished mine rehabilitation surface is then ripped by bulldozers using three tines 

to 0.8 m depth, following contour.  This contour ripping further reduces soil 

compaction and improves water infiltration and rainfall erosion protection.  A tree, 

shrub, legume and groundcover seedmix is broadcast either mechanically during 

ripping or by hand-sowing immediately after.  The seedmix is typically applied at 

1kg/ha, during the annual summer and early autumn drought.  The seedmix has from 

78 to 113 species with their seed collected within 20 km of each mine.  Some species 

seeds need germination promoting pre-treatments (e.g. smoke, gibberellic acid, hot 

water) before being added to the seedmix. 

 
8. Alcoa terms plants that do not return from the soil seed bank or from the broadcast 

seed as ‘‘recalcitrant’’.  Where methods exist these plants are grown at Alcoa’s 

Marrinup Nursery from seed (small collections can be made most years) from 

cuttings, or by tissue culture.  The ex situ propagated plants are hand planted during 

the short winter wet season (mid June to late August).  The number of ex situ 

propagated species has been increased as a result of the studies reported here.  From 

an initial 3 species in 1992, up to 28 species are now propagated and planted, 

including the species investigated during this PhD thesis.  Around 200,000 plants are 

grown and planted each year.  Some of these species are heavily grazed by kangaroos 

and temporary mesh guards are used to protect the young plants.  One of the 

constraints on geophyte revegetation is that Alcoa’s mining operation requires all 

mine rehabilitation and revegetation works to be completed within one year (a 

‘single-pass’ system).  This means planting into fresh rehabilitation before any 

vegetation, litter layer and shade exists. 

 
9. The new restoration is only fertilised once, near the end of the peak wet season (late 

winter).  229 kg/ha of diammonium phosphate sulfur extra® fertilizer (17.5% N, 

20.0% P, 1.2% S), with micronutrients (Cu, Zn, Mo and Mn) and 51 kg/ha of 

potassium chloride is spread by helicopter, to avoid soil compaction and contour 

damage.  This is the final restoration establishment process. 
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10. The early stage of the subsequent restoration management process includes 

monitoring the number of trees and legumes established after 9 months, monitoring 

the plant species richness after 15 months, remediating any eroded or bare areas and 

weed control where necessary.  Longer term studies assess the restorations growth 

and water use, its integration into the unmined forest and its resilience (particularly 

after government prescribed forest burns) and ultimately its self-sustaining ability, 

 

1.6  Defining the Problem   

 

The observed low number of geophytes in Alcoa’s mine rehabilitation was investigated 

at the start of this study, to determine the extent of the problem.  Koch and Ward (1994) 

identified that many resprouting plants were absent from Alcoa’s early 1990’s mine 

rehabilitation.  Why they were absent was not fully defined, but the combination of very 

low viable seed production (Pate and Dixon 1982) and the underground storage organs 

being incapable of surviving soil disturbance (Murphy and Ough 1997, Burrows et al. 

2002) was a fundamental impediment.  Geophytes are a botanically-defined subset of the 

functionally-defined resprouters group of plants.   

 

Geophyte presence in Alcoa’s restored Jarrah forest had not been well defined.  Analysis 

of Alcoa’s pre-mining and post mine rehabilitation vegetation survey data revealed that 

many of the native geophyte species were absent or in low numbers in 15 month old 

rehabilitation compared to the pre-mining forest.  In total there were 45 upland jarrah 

forest geophyte species present in the Jarrah forest Alcoa restored from 2000 to 2005 

(when monitored after 15 months), which represented 64.3% of the pre-mining geophyte 

species richness.  

 

70 of the 213 plant species in the pre-mining forest were geophytes (32.9%), (Table 1.1 

and Appendix 1).  143 of the 213 plant species in the pre-mining forest were not 

geophytic (Appendix 2).  Many of the geophytes species growing in the restored forest 

were present in very low numbers, including some of the larger iconic geophytes. 25 

geophyte species were completely absent from all areas of the restored Jarrah forest 

(35.7% of the total geophytic flora present in the pre-mining forest).  The under-

representation of geophytes in the revegetated Jarrah forest was less pronounced at the 

generic level (Table 1.2). 
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Table 1.1 The number of geophyte species present in bauxite mine rehabilitation, 2000 to 2005, 
compared with the number of geophyte species in each family in the pre-mining forest. 
 

 
During the preparation of Table 1.1 the following species were identified as not being present in 
the target analogue ecosystem (pre-mining upland forest), so were removed from the mine 
rehabilitation prescription: a Thysanotus anceps, T. manglesianus, T. patersoni, b Lepidosperma 
tetraquetrum c Juncus holoschoenus, J. pallidus, J. subsecundus (genus not present in pre-mining 
upland forest), d Stylidium bulbiferum. 
 

Each geophyte species was recorded as present in the 2000 to 2005 mine rehabilitation 

when monitored 15 months after establishment, even if only one plant was recorded per 

annum.  The frequency and density of most geophytes species were of concern.  There 

were 45 upland forest species of geophytes recorded in 15 month old mine rehabilitation 

during the period 2000 to 2005 compared to 70 geophytic species in the pre-mining 

upland forest. 

 
 

Rehabilitation 
2000-2005 

Upland Forest 
 

Family 

No. of 
Geophyte 

species 

No. of 
Geophyte 

species 

Total 
No. of species 

in family 

Geophytic 
species 

per family 
( % ) 

Anthericaceae 14 a 12 12 100.0 

Apiaceae 1 1 10 10.0 

Asteraceae 1 1 4 25.0 

Colchicaceae 1 2 2 100.0 

Cyperaceae 7 b 8 8 100.0 

Dennstaedtiaceae 1 1 1 100.0 

Droseraceae 2 10 10 100.0 

Haemodoraceae 2 3 6 50.0 

Iridaceae 3 5 5 100.0 

Juncaceae 3 c 0 0 n/a 

Lindsaeaceae 0 1 1 100.0 

Orchidaceae 8 15 15 100.0 

Phormiaceae 1 1 1 100.0 

Polygalaceae 1 2 2 100.0 

Ranunculaceae 1 2 2 50.0 

Restionaceae 3 3 3 100.0 

Stylidiaceae 1 d 0 0 n/a 

Xanthorrhoeace 2 2 2 100.0 

Zamiaceae 1 1 1 100.0 

TOTALS 53 70 85  
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The absent or rarely present geophytes species of highest priority to restore (based on 

pre-mining forest density) were Tetraria capillaris, Pteridium esculentum, Clematis 

pubescens, Loxocarya cinerea, Drosera erythrorhiza and D. stolonifera, Lepidosperma 

squamatum and L. tenue; which formed the core species this thesis investigated (species 

listed in declining priority).  The absent geophytes highlighted by the investigation 

reported in this chapter were of great concern to Alcoa.   

 

During the course of this study the author also carried out propagation and revegetation 

experiments at Alcoa’s Marrinup Nursery with an additional 16 absent geophytes as an 

extension of this thesis concepts and methods (Agrostocrinum scabrum, Burchardia 

conjesta, Comesperma virgatum, Chamaescilla corymbosa, Dianella revoluta, 

Haemodorum laxum, H. paniculatum, H. spicatum, Hypolaena exsulca, Loxocarya 

flexuosa, Orththrosanthus laxus, Ranunculus colonorum, Trichocline spathulata, 

Wurmbea dioica, Xanthorrhoea gracilis and X. preissii).  The outcomes from these 

experiments influenced and reinforced the development of the general concepts 

contained here within. 

 

Twenty nine upland forest geophytic genera were recorded in the 15 month old 

rehabilitation during the period 2000 to 2005 compared to 36 genera with geophytic 

species in the pre-mining upland forest (Table 1.2).   

 

Of the 45 families contained within the flora of the upland forest 37.8% (17 families) 

have geophytic species present in the upland forest.  Most of the geophytic species are 

from the Anthericaceae (17.1%), the Cyperaceae (11.4%), the Droseraceae (14.3%), the 

Haemdoraceae (4.3%), the Iridaceae (7.1%), the Orchidaceae (21.4%) and the 

Restionaceae (4.3%).  

 

As the revegetated Jarrah forest matures and develops well formed leaf litter and duff 

layers (soil ‘A’ horizon) then most of the terrestrial orchids are able to self-establish 

(Collins et al. 2005).  This restores the number of geophytic orchid genera to a level 

close to that of the pre-mining forest, without the need for propagation and revegetation 

research.  
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Table 1.2 The number of geophyte genera present in bauxite mine rehabilitation, 2000 to 2005, 
compared with the number of geophytes genera in the pre-mining forest. 
 

 
During the preparation of Table 1.1 the following two genera were identified as not being 
present in the target analogue ecosystem (pre-mining upland forest), so all genus members 
were removed from the mine rehabilitation prescription:  e Juncus (Juncus holoschoenus, J. 
pallidus, J. subsecundus) and f Stylidium (S. bulbiferum).  
 

 

Correcting the major under representation of geophytes species in the restored Jarrah 

forest was the immediate and urgent applied objective of this study.   

 

 

 

 
Rehabilitation 

2001-2005 
Upland Forest 

Family 

No. of 
Geophyte 

genera 

No. of 
Geophyte 

genera 

Total 
No. of genera 

in family 

Geophytic 
genera per 

family 
( % ) 

Anthericaceae 5 6 6 100.0 

Apiaceae 1 1 6 16.7 

Asteraceae 1 1 4 25.0 

Colchicaceae 1 2 2 100.0 

Cyperaceae 2 4 4 100.0 

Dennstaedtiaceae 1 1 1 100.0 

Droseraceae 1 1 1 100.0 

Haemodoraceae 1 1 2 50.0 

Iridaceae 2  1 1 100.0 

Juncaceae 1 e 0 0 n/a 

Lindsaeaceae 0 1 1 100.0 

Orchidaceae 7 11 11 100.0 

Phormiaceae 1 1 1 100.0 

Polygalaceae 1 1 1 100.0 

Ranunculaceae 1 2 2 100.0 

Restionaceae 2 2 2 100.0 

Stylidiaceae 1 f 0 0 n/a 

Xanthorrhoeace 1 1 1 100.0 

Zamiaceae 1 1 1 100.0 

TOTALS 31 37 47  
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1.7  Species Selection  

 

The study species are found throughout the Jarrah (Eucalyptus marginata) forest of 

South Western Australia.  They often occur together, but have different life forms, life 

histories, morphologies and flowering and seed release times.  The species selected for 

study have a range of underground storage organs types.  Species were selected from the 

3 major underground storage organ types present in the upland Jarrah forest (Table 1.3, 

Pate and Dixon 1982).  All selected species have a high density in the pre-mining forest 

but were completely absent from the post-mining restored forest.  They are all 

understorey plants, adapted to the lower light levels on the forest floor but also adapted to 

the high light levels occurring following the periodic removal of the canopy and shrub 

layers by wildfires.  The previously recorded in vivo seed germination rates were low for 

all these species (Appendix 3).  A range of species from different families were chosen to 

demonstrate a representative sample of the range of geophytic life histories in the forest.  

This also facilitated investigation of a range of propagation and revegetation techniques.   

The detailed description of each study species has been placed within the relevant 

chapter.  Throughout this thesis plant classification has followed the taxonomic system 

used by the Western Australian Herbarium (Cronquist 1981, Green 1985, Marchant et al. 

1987 and Wheeler et al. 2002). 

 

 

Table 1.3 Underground storage organ types present in the upland northern Jarrah forest. 

Underground storage organ type No. of species Proportion of total 

Root tubers 38 53.6 % 

Stem tubers 15 21.1 % 

Rhizome 14 19.7 % 

Bulb 3 4.2 % 

Corm 1 1.4 % 

Total 71 100 % 
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Study species and underground storage organ type 

 

Clematis pubescens (Ranunculaceae) has fleshy root tubers (Pate and Dixon 1982).  

  

The selected dryland rush and sedge study species were Loxocarya cinerea and L. 

flexuosa (Restionaceae), Hypolaena exsulca, Lepidosperma squamatum, L. tenue and 

Tetraria capillaris (Cyperaceae).  These all have networks of rhizomes (Meney 1993, 

Sieler 1996).   

 

Pteridium esculentum (Austral Bracken Fern, Dennstaediaceae) has very long and 

spreading fleshy rhizomes (Brownsey 1989).  The above ground vegetation of both 

Clematis and bracken was observed to partly die back during the summer drought (semi-

deciduous).  The dryland rushes and sedges replaced their above ground vegetation in 

spring, with rapid new shoot elongation following flowering.   

 

Drosera stolonifera and D. erythrorhiza (Droseracea) have true tubers that are dormant 

during the summer drought (Pate and Dixon 1982, Lowrie 1987) while their above 

ground vegetation died back completely (deciduous) following flowering.   

 

1.8  Objectives and Hypothesis 

 

The primary objective of this thesis was to develop propagation methods for selected 

Jarrah forest geophytes and test their revegetation performance in bauxite mine 

rehabilitation.  As these species had not previously been commercially propagated an 

investigation of critical elements of their biology and ecology was also required. 

 

Comparing different genera, storage organ types and life-histories was to be a key 

enabler towards developing general concepts about native geophyte propagation and 

revegetation.  There was little published about native geophyte revegetation at 

commencement so developing methods that could be applicable in future studies was a 

major objective.  As this work will be on-going, (beyond thesis completion) developing a 

good understanding of what wasn’t known and could be worthwhile to pursue in the 

future formed an important part of the thesis. 
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The prioritized primary objectives of this thesis, explored in subsequent chapters, were: 

 
1. To develop propagation methods for the study species (all new to commercial 

horticulture), to develop in vitro propagation methods for species unable to be 

produced by any other method and develop general geophyte propagation concepts. 

2. To develop field establishment methods for the study species, that lead to 

sustainable revegetation (i.e. restoration) and develop general geophyte restoration 

concepts. 

3. To test the hypothesis that ex situ produced plants would have higher revegetation 

survival and growth if the underground storage organs were of a larger size than 

conventionally produced by wholesale nurseries. 

4. To demonstrate that nursery growing conditions could influence ex situ plant size 

by developing methods for producing same age ex situ plants with different size 

underground storage organs.   

5. To improve the research plan by reviewing the scientific literature on ex situ 

propagation and in situ revegetation of wild geophytes (Chapter 2).  This was 

essential to avoid repeating proven results or experiments that didn’t work.  The 

review aimed to reveal the thinking and actions of current and previous researchers.  

6. To compare the size of wild plants and their underground storage organs with ex 

situ plants, both in the nursery and after planting in the revegetation experiments. 

The objective was to identify whether ex situ propagation or revegetation had any 

effect on plant size. 

7. To test the concept that studying wild plant phenology and identifying the optimal 

time to collect ripe seed or spore, would be beneficial for in vivo germination or 

tissue culture initiation experiments. 

8. To assess the reproduction of ex situ origin plants in revegetation experiments by 

comparing seed or spore production or vegetative spread with that of wild plants. 

9. To assess how far apart plants should be when planting new populations by 

measuring the density of wild plants. 
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10. To assess medium term plant growth rates in the revegetation experiments, by 

monitoring for several years. 

This is an emerging field of study. The major aims of this investigation were to fill some 

of the knowledge gaps, start developing global concepts and methods, and to identify 

areas requiring further research.  The ultimate success criteria were to demonstrate the 

ability to propagate wild geophytes and then sustainably re-establish them in field sites. 

 

1.9  Thesis Structure  

 

This thesis comprises 8 chapters, with this first chapter outlining the real world problem 

and the scope of the research investigations. 

 

Following a review of the general literature on geophyte biology, propagation and 

restoration in chapter 2, this thesis then covers five investigations of selected Jarrah 

forest geophytes.  For each species the research strategy was to first investigate wild 

plant biology and phenology.  This was considered to be critical enabling information for 

the successful propagation and revegetation of any wild geophyte new to commercial 

horticulture.  The second stage was to develop cost-efficient mass propagation methods 

for each target species.  In the third stage revegetation experiments were established and 

monitored.  Finally each investigation was reviewed to see if any broad concepts and 

methodologies had been revealed, that could be universally relevant for geophyte 

horticulture, revegetation and restoration.  The applied aim of working on a range of 

plant forms was to progressively enrich the functional groups and biodiversity found 

within Alcoa’s restored Jarrah forest. 

 

In Chapter 3 a model species for understanding the propagation and restoration of seeder 

species of Jarrah forest geophyte is described (Clematis pubescens). The implications 

from this study influenced later investigations into why geophytes with high seed 

production were absent from the Jarrah forest restoration, even though their broadcast 

seed germinated well in situ. 
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The Jarrah forest has few grass species, present in low densities; unlike Eucalyptus 

forests in eastern Australia where grasses typically dominate the understorey. The 

ecological role of grasses is instead filled by plants from the more ancient Restionaceae 

and Cyperaceae families.  These dryland rushes and sedges have very low viable seed 

production and required a different propagation research approach to the seeder 

geophytes. They are slow growing perennial monocots, with fibrous rhizomes (Meney et 

al. 1990) that only partly die back during the summer drought.  Chapter 4 investigated 

the introduction of 6 species to commercial horticulture and their sustainable 

establishment in mine rehabilitation. 

 

Spreading rhizatomous ferns can be a significant geophyte group in some floras but in 

the Jarrah forest of Western Australia the only common and widespread species present 

is Pteridium esculentum (Austral Bracken Fern). As a member of the Filicopsida it 

represented an opportunity to explore a different sexual strategy to the Magnoliopsida 

species covered in the other chapters. Chapter 5 investigated how this different sexual 

strategy could be used to develop a propagation system and the impact of the plants 

spreading ability on its restoration.  

 

Considerable debate exists on what constitutes the correct size provenance area for 

sourcing plant materials for restoration projects. There is also concern that any ex situ 

produced plants that are established in revegetation sites adequately capture the genetic 

diversity of the wild populations. Chapter 6 attempts to answer this question for 

Pteridium esculentum by using AFLP analysis to look for DNA variations between wild 

plants and the propagated plants.  The complex sex life of ferns needed to be reviewed to 

provide possible explanations for the unexpected findings.  A set of new questions and 

future research requirements were identified. 

 

A comparison between two species within the same genus is covered in Chapter 7 

(Drosera stolonifera and D. erythrorhiza).  Both species co-occur throughout the Jarrah 

forest, often growing side by side in the same ecological microenvironments. These two 

common and widespread species have evolved different life forms and life histories to 

allow close co-habitation and this impacted on their propagation and revegetation. 
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Chapter 8 is a synthesis of the thesis findings and discusses the key elements identified 

that influence the horticulture and restoration of wild geophytes. For every question 

investigated during this thesis study several new questions were revealed. The 

considerable research still required is the focus of this last chapter. 
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CHAPTER 2 

Wild geophyte biology, propagation and revegetation: 

literature review 

 

2.1  Introduction and Objectives    

 

Literature on geophyte biology, propagation and revegetation was dissected for concepts 

and methods relevant to wild geophyte horticulture and restoration.  Each section of this 

review starts with general global concepts then focuses on methods and factors relevant 

for this studies research, concluding with any information available on Jarrah forest 

geophytes.  

 

At first review in 2003 relatively few publications on wild geophyte propagation and 

revegetation were identified.  This emphasized the value of pursuing this PhD 

investigation as a contribution to native geophyte horticulture and restoration.  There is 

an increasing need to restore disturbed lands as human impacts on the natural 

environment intensify.  Geophytes play an important functional role in ecosystems and 

need to be included in restoration projects.  Many also have high aesthetic value (e.g. 

geophytic orchids, Drosera species and numerous lily-like geophytes). 

 

It was not feasible to review every mention of wild geophytes in the literature as every 

flora has geophytes present (except Antarctica).  Many papers listed geophytes as present 

in the study vegetation but without further investigation.  Broadening the scope of the 

review to include key relevant literature from both geophyte crop studies and non-

geophyte restoration studies identified a range of useful research concepts and methods.   

 

There is a comprehensive body of literature on geophytic crop species, as they form a 

large part of the human diet (e.g. Potatoes, Cassava, Sweet Potato, Yams, Taro, Onions, 

Garlic, Turmeric, Cardamom and Ginger) or their storage organs accumulate chemicals 

of medicinal value (e.g. Drosera spp, Ginseng: Panax spp, Crocus sativus, Gloriosa 

spp).   
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Many geophytes are grown as floriculture crops (e.g. Tulipa, Narcissus, Canna, Iris, 

Gladiolus, Agapanthus, Anigozanthus) although these are mostly highly bred cultivars 

rather than wild species.  Several geophyte species have become major weeds (e.g. the 

bracken fern species Pteridium aquilinium in United Kingdom heathlands, Watsonia 

meriana var. bulbillifera and Zantedeschia ethiopica in south-western Australia).  

Substantial literature exists on their control and biology, but only the latter was relevant 

for this study.  

 

As the study area has a Mediterranean-type climate special attention was placed on 

geophyte studies from regions with this climate type, especially the Mediterranean basin, 

South Africa, Western Australia, California and central Chile.  The floras of 

Mediterranean-type climatic regions have various similarities, including all having a high 

proportion of geophytic species compared to other regions (Naveh 1967, Raven 1971, 

Barbour and Major 1977, Cody and Mooney 1978, Cowling and Campbell 1980, Pate 

and Dixon 1981, Shmida 1981, Pate and Dixon 1982, Cowling et al. 1996, Rundel 1996, 

Rundel et al. 1999, Proches et al. 2005, Proches et al. 2006).  The pronounced summer 

dry season in these regions has favoured the development of underground storage organs 

in the flora as a drought survival mechanism (Pate and Dixon 1982, Parsons and Hopper 

2003). 

 

For each Jarrah forest geophyte study species the most applicable concepts and methods 

in the literature were selected for testing.  Where literature was absent or scarce then new 

concepts and methods were developed.  The literature was scanned throughout the study 

period for new papers filling out our knowledge of wild geophytes biology, propagation 

and revegetation.  By tracking a wide range of geophytic species and life-forms an 

insight was gained to more global concepts on wild geophyte horticulture and restoration.   
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2.2  Geophyte Biology  

 

Geophytes are terrestrial plants that have their perennating buds below the soil surface 

and have underground storage organs, such as tubers, rhizomes, bulbs and corms 

(Raunkiaer 1934).  Geophytes are thus a clearly defined anatomically based plant 

grouping.   

 

Underground storage organ types 

 

There are numerous variations, but they can be grouped into 5 main types based on 

which part of the plant develops into an underground storage organ: stem tubers, root 

tubers, rhizomes, bulbs and corms (Rees 1992).  De Hertogh and Le Nard (1993) defined 

6 groups: tubers, tuberous roots, rhizomes, bulbs, corms, and enlarged hypocotyls. For 

this treatise Rees (1992) terms are adopted and defined here, with the addition of the 

enlarged hypocotyls grouping. 

 

a. Stem tubers 

 

Stem tubers develop by stem enlargement, either from rhizomes or stolons.  The tops or 

sides of the tuber produce shoots that grow into typical stems and leaves. The tuber 

undersides produce roots.  Stem tubers most commonly start by enlargement of the 

seedling hypocotyls.  In some geophyte species they can also include the upper part of 

the root and the bottom node or two of the epicotyl.  Stem tubers are vertical in the soil, 

with fibrous roots on their base and one to several shoot buds (or “eyes”) at the top.  

Once the period of unfavourable growing conditions ends the shoot buds sprout and grow 

into the new above ground stems and leaves.  

 

Less commonly the first buds can develop into flowers prior to the emergence of new 

stems and leaves (e.g. Drosera erythrorhiza subsp. squamosa, in the Jarrah forest 

[Lowrie 1987]).   

 

Most stem tubers have a round or oblong shape; e.g. as typified by the range of shapes 

found in the large variety of Potato cultivars (Rees 1992).  Potatoes actually represent a 

group of specialised stem tuber plants that produce tubers by the enlargement of their 
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stoloniferous stems into storage organs.  Stem tubers commonly form on the sides of the 

parent plant, providing access to different soil resources and assisting population spread.  

In most plants with stem tubers, the tubers only last until the new seasons stems and 

leaves are full size, then they shrivel up to a dry husk.  Replacement tubers are produced 

during the growing season, for plant survival during the following adverse season.   

 

The term tuber as defined by De Hertogh and Le Nard (1993) focused on thickened 

underground stems serving as the primary storage organ.  For this review the term tuber 

is considered to be analogous to Rees (1992) term of stem tuber. 

 

Wild stem tuber species in cultivation include tuberous Begonia species (e.g. Begonia 

boliviensis and B. veitchii) and Cyclamen species (Cyclamen persicum and 22 other wild 

species).  In the upland northern Jarrah forest stem tubers are the second most prevalent 

type of underground storage organ (21.1% of all geophytes, appendix 1).  In this flora the 

genera with the most stem tuber species are Drosera and Patersonia (Droseraceae and 

Iridaceae). 

 

b. Root tubers 

 

Root tubers are similar in function and appearance to stem tubers but have a different 

origin.  Root tubers are modified lateral roots.  The enlarged fleshy storage area can form 

in the middle or end of a root, or can be the entire root.  Primary storage is in root tissue. 

Dahlia (Dahlia juarezii and 29 other wild species), Cassava (Manihot esculenta) and 

Sweet Potato (Ipomoea batatas) are examples of plants with well developed root tubers. 

  

Root tubers are the most common type of underground storage organ (53.6% of all 

geophytes, appendix 1) in the upland northern Jarrah forest flora.  In this flora two 

families have large numbers of root tuber genera and species, the Anthericaceae and the 

Orchidaceae. 

 

For this review the term Tuberous Root (De Hertogh and Le Nard 1993) is considered to 

be analogous to the term Root Tuber (Rees 1992). 
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c. Rhizomes 

 

Underground rhizomes are modified stems.  The above ground shoots arise from rhizome 

nodes. Shoots can also develop from rhizome scale leaf axils, where present.  Rhizomes 

are typically horizontal, with adventitious roots emerging along their length.  Primary 

storage is in stem tissue.   

 

Not all rhizatomous plants are geophytes.  There are species where the rhizomes creep 

along soil, rock or tree surfaces, particularly in the Filicales and Orchidaceae, which are 

best termed hemicryptophytes rather than geophytes (Raunkiaer 1934).  Rhizatomous 

wetland plants are not geophytes (even though their perennating buds are below the soil 

or water surface) rather they are termed halophytes (Raunkiaer 1934).    

 

The largest group of terrestrial rhizatomous plants are the rhizatomous grass species, 

which even includes the woody-stemmed bamboos.  While some rhizatomous grasses are 

clonal, a large number have very high seed production.  Recent papers on geophytic 

perennial grasses highlight how well this life-form is adapted to regions with summer 

drought (Volaire and Norton 2006, Volaire et al. 2009, Ofir and Kigel 2010).  The 

paucity of such species in the upland Jarrah forest is surprising. 

 

In the upland northern Jarrah forest the two families with large numbers of rhizatomous 

genera and species are the Cyperaceae and Restionaceae.  Rhizomes are the third most 

common type of underground storage organ present in the flora (19.7% of all geophytes, 

Table 1.3, Appendix 1).  The species in these two ancient families fill the ecological role 

that the more modern grasses perform in eastern Australian forests.  True grasses are 

poorly represented in the upland Jarrah forest flora (5 species, Appendix 1).  Rhizomes 

extend through the soil and can enable plants to spread vegetatively over large areas.  

Many rhizatomous species have highly organized and repetitive subterranean branching 

patterns which assist resource acquisition and soil extension (Bell and Tomlinson 1980). 

Rhizomes are especially efficient underground storage organs (Yetka and Galatowitsch 

1999), being well adapted to the low fertility soils of the upland Jarrah forest. It is likely 

that the specialized rhizomes of the Cyperaceae and Restionaceae species (capable of 

nutrient aquisition in low nutrient soils, Shane et al. 2005) give them a competitive 

advantage in the upland Jarrah forest. 
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d. Bulbs  

 

Bulbs are short underground stems consisting of a central stem covered by overlapping 

thick fleshy leaves or scales (Rees 1971, Rees 1972, Le Nard 1983, Rees 1992).  These 

fleshy leaves or scales are the primary storage organ for nutrients, carbohydrates and 

water.  The best known examples are onion (Allium cepa) and garlic (A. sativum or A. 

vineale) and all other members of this Lilliaceae genus.  The scales enclose a bud for the 

following season’s growth and originate from either swollen leaf bases or underground 

leaves (Pate and Dixon 1982).  Bulbs may be covered by dry, papery outer scales 

(tunicated) or the outermost scales may be fleshy (non-tunicated). Surprisingly, bulbs are 

poorly represented in the south-west of Australia, whereas in the Mediterranean region 

bulbs are a dominant geophyte group.  Only one bulbous genus occurs in the upland 

Jarrah forest (Haemodorum) with 3 species present (4.2% of all geophytes, Table 1.3, 

appendix 1). 

 

e. Corms  

 

Corms are also modified stems like bulbs, but differ from true bulbs by having distinct 

nodes and internodes.  The primary storage area for food and water is stem tissue, 

especially in the basal plate.  Most corms are covered by a number of dry scale-like 

leaves, termed a tunic.  Gladiolus species (e.g. Gladiolus carmineus) and Saffron 

(Crocus sativus L.) are among the most common wild cormous species in cultivation. 

There is only one cormous species in the upland Jarrah forest flora (Wurmbea dioica). 

 

f. Enlarged Hypocotyls 
 

The term Enlarged Hypocotyls (De Hertogh and Le Nard 1993) defines a sixth general 

underground storage organ type.  It is useful for describing those species where only the 

portion of stem below the cotyledon and above the roots enlarges to form the major 

storage tissue for nutrients, carbohydrates and water.  Radish, Beets and Gloxinia species 

are well known examples.    

 

 

 



31 
 

Taxonomy and utility 

 

One of the earliest known botanists to report scientifically on geophytes was 

Theophrastus (Singer 1921, Einarson and Link 1976, Negbi 1989); who recognized and 

described the geophyte species cultivated in Greece during the 4th century B.C.  The term 

geophyte is from the Greek elements ge (earth or land) and phyton (plant).  However the 

term geophyte is of more recent origin being first defined by the Danish botanist Christen 

C. Raunkiaer (Raunkiaer 1934).   

 

Geophytes are not a taxonomic unit and examples occur in many families of plants, with 

the majority being in the Magnoliophyta and the Pteridophyta.  Examples are also known 

from other taxa as the geophytic life form has developed numerous times throughout 

plant evolution. Geophytes are also found in the Bryophyta (e.g. Dawsonia superba, 

Gigaspermum mouretii), Equisetaceae (Equisetum giganteum L., giant horsetails), and 

Cycadaceae (e.g. Macrozamia reidlii in the northern Jarrah forest).  The plant 

classification used in this PhD follows the Flora of Australia system (Kanis 1981).  The 

flowering plant families are classified using A.J. Cronquist’s system (Cronquist 1981).   

 

Underground storage organs have been known by humans and utilised as foods for 

thousands of years (Alexander and Coursey 1969, Crawford 1982, Hawkes 1989, Thoms 

1989, Anderson 1997, Brand-Miller and Holt 1998, Moerman 1998, Acuña 2006, 

Winterhalder and Kennett 2006).  The indigenous Nyungar people of south-west 

Australia used many of the Jarrah forest geophytes for food (e.g. Pteridium esculentum 

rhizomes, Macrozamia reidlei seeds, Pyrorchis nigricans tubers) and tools (e.g. 

Xanthorrhea spp. for spearhead glue and Lepidosperma spp. for rope) (Bird and Beeck 

1988).   

 

In chapter 1 it was shown that geophytes species are used as vegetation type indicator 

species in the northern Jarrah forest (Havel 1975).  No examples of geophyte taxonomy 

being used for this purpose in any other ecosystems were found in the literature.  

Certainly the potential to do so should be present in other geophyte rich floras.  
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Geophytic life histories, functional traits and ecological value  

 

Patterns of growth, reproduction and longevity are termed ‘Life history patterns’ 

(Barbour et al. 1987).  Understanding the life history pattern of a plant species can shed 

light on how it survives in the wild.  This information can then provide clues as to its ex 

situ propagation and restoration.  Raunkiaer life form (Raunkiaer 1934) has been shown 

to be of value in assessing a vegetation’s disturbance responses (McIntyre et al. 1995).  

Open-cast bauxite mining in the upland northern Jarrah forest is an extreme disturbance, 

so Raunkiaer life form was considered a powerful tool to apply to research on 

propagation, revegetation and restoration in these studies.  

 

Investigating plant functional traits can also help reveal each species ecosystem role and 

their disturbance responses (Gitay and Noble 1997, Lavorel et al. 1997, Lavorel and 

Garnier 2002, Gondard et al. 2003, Hérault and Honnay 2007).  This knowledge can then 

be used to improve restoration outcomes.  

 

Where environments are highly stressful plants often adapt by having very long life 

spans, long lived stress tolerant roots and leaves, and only reproducing sexually in 

favourable years (Grime 1979).  “Winning is a matter of both short term success plus 

then staying in the game as long as possible” (Slobodkin and Rapoport 1974).  

Geophytes are perennials, typically long-lived and frequently slow growing.  Their 

underground storage organs act as environmental buffers, allowing geophytes to store 

nutrients, carbohydrates and water during growth periods and to then persist during 

conditions hostile to plant growth (van Groenendahl and de Kroon 1990).  The above 

ground portions of many geophytes die back fully or partly during environmental 

conditions unfavourable to growth; especially snowfall, frost, shade, fire or drought.  

Such geophytes are termed deciduous (Rees 1989).  Deciduous geophytes then resprout 

from their underground buds when favourable conditions return (Pate and Dixon 1981, 

Pate and Dixon1982, Rees 1989, Procheş et al. 2005).   

 

Having seasonal growth and development enables the underground storage organs of 

geophytes to survive long periods of drought, cold, snow or shade in a dormant state 

(Pate and Dixon 1982, De Hertogh and Le Nard 1993).  However, the underground 
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organs are seldom fully dormant, with physiological and biochemical changes continuing 

during periods unfavourable for above ground growth. (De Hertogh and Le Nard 1993).   

 

In ecosystems where favourable plant growth is only possible for short annual periods, 

then geophytes often preform their leaves and flowers during the previous season (Weger 

and Huber 2006).  This enables rapid emergence and reproduction once the new growing 

season starts (Inouye 1986, Zimmerman and Whigham 1992, Geber et al. 1997a,b).  

 

It has been suggested that ephemerism and persistence represent two major strategies to 

overcome a dry season (Evenari et al. 1975).  In seasonally dry climates the major 

advantage of the persistent geophytic life form is short-term drought survival and the 

ability to rapidly resprout from their underground organs when the rain returns (Dafni et 

al. 1981, Rees 1989).  Geophytes in ecosystems with Mediterranean-type climates are 

typically well adapted to the combination of annual drought (Pate and Dixon 1981, Pate 

and Dixon 1982, Procheş et al. 2005), frequent fires and grazing (Kahmen et al. 2002, 

Pignatti et al. 2002); often responding positively to these disturbances. 

 

All Mediterranean-type climate ecosystems experience frequent wildfires which favours 

fire tolerant plant species (Naveh 1975, Pignatti et al. 2002).  Geophytes are the Raunkier 

life form least affected by fire (Chapman and Crow 1981). Much of their above ground 

growth occurs outside the normal fire season and being underground protects the 

perennating buds from fire damage.  Fire promotes the rapid resprouting, vegetative 

expansion, seed production and seed germination of many geophytes from fire prone 

Mediterranean-type ecosystems, such as the Mediterranean basin, South Africa, Western 

Australia and California (Stone 1951, Bell and Koch 1980, Pate and Dixon 1982, Keeley 

1984, Pignatti and Pignatti 1985, Keeley 1991, Le Maitre and Brown 1992, Johnson et 

al. 1994, Naveh 1994, Pleasants 1994, Taylor et al. 1998, Lesica 1999, Kahmen et al. 

2002, Tyler and Borchert 2003, Crosti et al. 2006, Procheş et al. 2006, Tyler and 

Borchert 2007).  The morphology, physiology, size and depth of the below-ground 

structures of fire-tolerant species are believed to be critical elements for fire survival and 

post-fire regrowth (McGee et al. 1995). 

 

Plant species that are both long-lived and resprout vigorously following fire dominate the 

Jarrah forest understorey (Bell and Koch 1980, Bell et al. 1987).  The flora of south 
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western Australia has a higher proportion of resprouter species compared to the floras of 

other Mediterranean-type climate regions (Bell 2001); a typical response to more 

frequent or more intense wildfires (Keeley and Zedler 1978, Bell 2001).  Geophytes are 

the largest life-history group of Jarrah forest understorey resprouters (Pate and Dixon 

1982, Chapter 1 this thesis).  Having developed under the influence of frequent forest 

fires the Jarrah forest geophytes are both resilient to this key ecological stress and reliant 

upon it for reproduction (both vegetative and sexual).  

 

Geophytes are common in forest understorey floras, but their density and species 

richness declines as soil fertility increases (Grime 2007).  Grime (2007) supported the 

hypothesis that it is the ability to retain resources rather than competitive ability that 

determines success in infertile soils.  This gives the geophytic life form an advantage 

where seasonal drought is also combined with low nutrient soils (Pate and Dixon 1981, 

Rundel 1996, Parsons and Hopper 2003, Procheş et al. 2006, Lambers et al. 2010).  

These two conditions are both pronounced throughout the upland northern Jarrah forest. 

 

As most geophytes are long lived perennials their underground storage organs also 

enable them to store reserves from several growing seasons, until conditions are optimal 

for sexual reproduction.  However Verboom et al. (2002) suggested that clonal geophytes 

only flower when available external resources are high (e.g. post-fire) as their study 

recorded only small reductions in vegetative storage during sexual reproduction.  Other 

studies considered underground storage during previous favourable years to be a major 

influence on plant growth and reproduction in any current year (Geber et al. 1997a,b). 

 

Geophytes are of value for disturbed land soil protection and soil development.  During 

the expansion of their underground storage organs geophytes have the ability to improve 

soil structure especially rhizatomous spreading species, e.g. bracken fern (Johnson-

Maynard et al. 1997).  Plants with soil binding rhizomes are especially effective for 

reducing soil erosion (Wright 2008), e.g. Loxocarya cinerea (Restionaceae) in the 

northern Jarrah forest.  Having rhizomes, stolons or subterranean buds capable of 

producing new stems has been postulated as being advantageous when soil disturbance 

rates are high (Schmid 1985, Bertness and Ellison 1987).  In the northern Jarrah forest 

soil disturbance rates were very low prior to European settlement yet there are a number 

of plants with these features.  In this forest it is more likely that the advantage lies in 
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being able to rapidly resprout following the frequent dry season forest fires (Bell and 

Koch 1980, Meney and Dixon 1988, Pate et al. 1991, Meney et al. 1993) or the annual 

drought.  The ability to rapidly resprout at the start of the winter wet season has an 

important role in reducing soil erosion. This valuable ecological service needs to be 

present in the Jarrah forest restored after bauxite mining.  

The geophytes of the northern Jarrah forest strongly show all these life-history patterns, 

having long lived stress-tolerant underground organs, capable of rapidly resprouting 

when favourable growing conditions return.  Probably the most extreme example 

amongst the species studied in this project is Loxocarya cinera (Restionaceae), which 

rarely produces viable seed, has extensive very long-lived rhizomes that can survive both 

drought and fire, and mostly reproduces by vegetative spread.   

 

Prolonged absence of fire, drought and grazing in Mediterranean type ecosystems may 

lead to declines in geophyte populations (Coates et al. 2006; Kull and Hutchings 2006, 

Cruz-Fernández et al. 2011).  The absence of these environmental processes would also 

impact on geophyte species sustainability in revegetation sites. 

 

Geophyte phenology, seed production and vegetative reproduction 

 

In order to maximise the sustainability of geophyte revegetation efforts it is worthwhile 

to first investigate the wild phenology and reproductive biology of each target species 

(Willyams 2005a,b, 2010).  Studying populations of wild geophytes and measuring key 

environmental elements can help identify propagation source materials, propagation 

techniques and field establishment systems worth testing.  Without this knowledge 

propagation and revegetation activities are less likely to be successful.   

 

Kariuki and Kako (1999) supported the concept that studies of wild bulb phenology and 

growth should prove useful for improving ex situ bulb production.  While this may be 

appropriate for domestication of a wild plant, it would be critical to consider the impact 

of any ex situ bulb growth improvements on plant survival, growth and reproduction in 

natural area revegetation projects.   
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As long lived plants geophytes typically produce few viable and germinable seeds in any 

one year (Bell et al. 1987, Sebahattin et al. 2005).  Compared to other plant forms total 

production of viable seed is commonly very low for geophytes.  Possibly the 

underground storage organs enhance plant longevity thus reducing the pressure for rapid 

sexual reproduction.  Vegetative growth can be of greater adaptive significance for 

geophytes than sexual reproduction. This is particularly so for geophytes occurring in 

fire-prone Mediterranean type climates (Bell and Koch 1980, Bell et al. 1987).   

                                                                                                                                                                                        

The biology’s of Jarrah forest geophyte species are relatively poorly known, especially in 

comparison with the Mediterranean region geophytes (many of which have been 

propagated and domesticated for centuries, e.g species of Tulipa, Muscari, Narcissus, 

Crocus and Cyclamen).  In general the soil seed bank in the Jarrah forest is deficient in 

geophytes species seeds and is dominated by reseeder species seed (Bell 2001).   

 

2.3  Geophyte Propagation     

  
Ex situ plant storage and production has become critically important for the biodiversity 

conservation and restoration of wild plants (Maunder et al. 2004).  Used in this manner 

ex situ plant studies and methods are deployed at their best; as a means to maintain wild 

biodiversity rather than as an end in themselves (Rolston 2004).  Ex situ geophyte storage 

and production for conservation can also help develop new crops (Hadas et al. 2009). 

 

When the objective is restoration of disturbed natural lands then this should drive plant 

propagation in different directions to propagation for retail sales or cropping.  Plant field 

survival needs to be the primary driver of all propagation research and development. 

What happens to the plants after leaving the nursery is not of secondary or little concern. 

High attention needs to be given to plant health, size and vigour at the time of planting.  

The objective of propagation for wild plant restoration is for the revegetated plants to 

become fully reintegrated with the wild processes. 

 

For geophytes that spread clonally, vegetative propagation methods can be the most 

effective for plant production.  For example, Leszczyñska-Borys et al. (2000) found the 

most effective method for establishing an ex situ collection of 29 species of wild 

Mexican bulbous geophytes to be in ground propagation and cultivation of the bulbs.  



37 
 

This leads to the principle that vegetative propagation needs to be a key part of any 

research program investigating the propagation of wild geophytes. 

 

Underground storage organ division and offsets 

 

Plant production by dividing clusters of underground storage organ into individual 

organs is commercially viable for several geophytes, e.g. Dahlias and Calla Lilies (Welsh 

and Clemens 1992).  For some geophytes individual tubers can be divided into several 

planting units (e.g. Potatoes) however yields and growth rates can be reduced (Panda and 

Mohanty 1981).  With some geophytes the storage organ side buds can be removed and 

grown into new plants e.g. Tulips (Rees 1992).  Dividing existing ex situ plants can be a 

cost-effective method to produce new plants for revegetation.  The successful 

propagation of wetland rushes and sedges by rhizome division (Chambers et al. 1992) 

indicated the potential of using this method with rhizatomous Jarrah forest geophytes.  

Rhizatomous geophytes can be especially suitable for division propagation as they 

typically grow well after being cut into rhizome sections and may contain several 

perennating buds in each section.  Successful geophyte division can be season dependant, 

e.g. two kangaroo paw species had their highest success if divided in autumn (Watkins 

and Shepherd 1984).  In vivo division propagation was not commercially viable for three 

other kangaroo paw species in this study; showing that species within a genus can 

respond differently.  It has recently been suggested that underground storage organs of 

geophytic orchids could be produced and stored ex situ, then planted in revegetation sites 

when dormant (Batty et al. 2006b). 

 

In vitro propagation 

 

In vitro propagation may be the only vegetative plant production option if cuttings 

propagation or division is precluded due to biological or operational difficulties.  

Geophytes mostly have slow growth in propagation (Ziv and Lilien-Kipnis 2000) and 

this reflects their naturally low wild growth rates. This can slow down plant propagation, 

breeding and conservation research and production. Using in vitro techniques can 

alleviate this obstacle (Sebahattin et al. 2005).  As in vitro propagation can increase plant 

production costs (Willyams 2005a, Pence 2011) it is often the last-resort choice for large 

scale revegetation. 
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Major food geophytes have been micropropagated and established as commercial field 

crops, for example Ginger (Smith and Drew 1990), Cassava (Azcón-Aguilar et al. 1997), 

Tumeric (Salvi et al. 2002), Bamboo (Sanjaya et al. 2006) and numerous papers on 

Potato tissue culture (e.g. Espinoza et al. 1984, Jones 1994, Xu et al. 1998, Aksenova et 

al. 1999, Donnelly et al. 2003).  Not being a taxonomic group, developing tissue culture 

propagation of geophyte crops required using a wide variety of in vitro methods 

(Krikorian 1994).  In vitro methods have been used to conserve valuable germplasm of 

crop geophytes e.g. Potato (Dodds et al. 1991), Cassava (Villegas and Bravato 1991), 

and Sweetpotato (Xiaoding et al. 1999).  Tissue cultured plants can be successfully 

established in field conditions and some have been reported to grow faster than seedling 

origin plants (Drew and Vogler 1993).   

 

A wide range of floral crop geophytes have also been successfully propagated using 

tissue culture techniques (Krikorian and Kahn 1986, van Aartrijk and van der Linde 

1986, Halevy 1990, Kim and De  Hertogh 1997, Ziv and Lilien-Kipnis 2000) for 

example Gladiolus (Ziv et al. 1970), Narcissus (Squires and Langton 1990), Tulipa 

(Taeb and Alderson 1990a,b,c, LeNard and Chanteloube 1992), Cyclamen (Karam and 

Al-Majathoub 2000), Lilium (Ramsay and Galitz 2003), Zantedeschia (Chang et al. 

2003) and in Western Australia the Anigozanthos (kangaroo paw) species (McComb and 

Newton 1981, Oliver et al. 1996) .  

 

Application of these commercial in vitro technologies to wild geophyte species is 

increasingly becoming part of their conservation and restoration.  

 

In vitro techniques have been used internationally for the propagation and conservation 

of wild native plants for several decades (e.g. Wochok 1981, Rubluo et al. 1989, Fay 

1992, Maunder 1992, Rossetto et al. 1992b, Rubluo et al. 1993, Fay 1994, Willyams 

2001, Nalini and Murali 2002, Maunder et al. 2004, Willyams et al. 2004, Sarasan et al. 

2006, Bunn et al. 2007, Offord and Meagher 2009, Ashmore et al. 2011, Bunn et al. 

2011, Pence 2011, Reed et al. 2011).  Tissue culture media developed for other floras did 

not however suit many Australian native plants, which required the development of 

specific media (e.g. McComb 1985, Williams and Taji 1985, Willyams et al. 1992a, 

Bunn and Dixon 1996, Gorst 1996, Johnson 1996, Taji and Williams 1996, Nand et al. 

2004, Bunn et al. 2010).   
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There have been few reports in the scientific literature on the successful restoration of 

wild geophytes propagated by tissue culture.  Ramsay (1998) restored populations of 

Lady’s Slipper Orchid (Cypripedium calceolus L) using in vitro produced plants.  Kent et 

al. (2000) used tissue culture propagation in the successful restoration of a wild geophyte 

(Nolina brittonia, Britton’s Beargrass).  Over 90% of tissue cultured rhizatomous 

geophytes survived 1 year in sand mine restoration experiments (Meney 1997). Dryland 

rush and sedge plants produced in vitro averaged 87% survival after 1 year in bauxite 

mine restoration (Willyams 2005a).  Fifty in vitro origin plants of the Malabar Daffodil 

Orchid (Ipsea malabarica) flowered after all surviving one year in undisturbed natural 

habitat (Martin 2003).  Micropropagation was an effective plant production system for 

disturbed land restoration of two rhizatomous berry species that were intolerant of soil 

disruption (Wright 2008).  Tissue culture methods have recently been used to produce 

native plants tolerant to mine residue soils (Kalmbacher et al. 2004, Johnston and 

Prodgers 2009, King et al. 2009).  Using in vitro produced plants of Ranunculus 

aestivalis for wild population supplementation was effective in reducing the conservation 

threat to this species (Pence et al. 2008).  So far few in vitro origin geophyte revegetation 

experiments have been monitored long enough to definitively confirm long term 

sustainability and reproduction of the new populations.   

  

In vitro propagation methods have been used to germinate seed, produce shoot cultures 

and produce mycorrhizal infected seedlings of geophytic orchids for both revegetation 

experiments and successful restoration to wild habitats (Ramsay et al. 1989, Rubluo et 

al.1989, Collins and Dixon 1992, McKendrick 1995, Ramsay 1998, Zettler and Hoffer 

1998, Backhouse et al. 1999, Shimada et al. 2001, Dixon et al. 2003, James 2003, Martin 

2003, Ramsay and Dixon 2003, Stewart 2003, Batty et al. 2006a, Batty et al. 2006b, 

Scade et al. 2006, Brundrett 2007, Steele 2007, Swarts 2007, Smith et al. 2009, Swarts 

and Dixon 2009, Wright et al. 2009).  These studies demonstrated that even specialized 

geophytes such as terrestrial orchids are able to be reintroduced to disturbed lands using 

in vitro technologies, when combined with knowledge of a species biology and ecology.  

Most of the geophytic orchid species found in the upland Jarrah forest self-establish in 

Alcoa’s bauxite mine restoration, once a leaf litter develops (Grant and Koch 2003, 

Collins et al. 2005, Collins 2007).  Propagation and restoration of Jarrah forest orchids 

was considered less urgent than the species selected for this study. 
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The often slower growth of geophytes compared to non-geophytes (even in vitro) can 

increase the ex situ production costs per geophytic plant.  Multiplication in vitro can be 

highly variable (Willyams et al. 1992b), hence considerable empirical research is needed 

to diagnose suitable media for in vitro propagation.  Similarly in vitro root induction can 

be highly variable particularly between genotypes within a species (Willyams et al. 

1992b, McComb et al. 1996) as can acclimatisation ability of in vitro grown plantlets.  

To reliably and repeatedly produce large numbers of wild species for restoration 

plantings requires identifying the optimal in vitro propagation requirements of each 

target plant (Bunn et al. 2010).  This can be a lengthy and detailed process for plant 

species which are new to commercial horticultural production.  Some initial propagation 

guidance may be obtained from species in the same genus that are already in horticultural 

production; but this cannot always be relied upon, as species evolve to occupy different 

ecological niches. 

 

If collection of propagation source material is legally restricted (e.g. conservation 

protection) then tissue culture is ideal for restoration propagation as it requires only a 

small amount of initial tissue to enable large scale mass plant production (Maunder et al. 

2004, Wright 2008).   

 

Establishing cultures free from microbial contamination is critical to in vitro propagation 

(Leifert and Cassells 2001, Bunn and Tan 2002) but this is difficult when underground 

organs (growing in contact with innumerable soil microbes) are the source material.  

Contamination-free in vitro cultures of wild geophytes can be initiated from seed 

embryos (Meney and Dixon 1995) and inflorescence tissues (Ziv et al. 1970, Collins and 

Dixon 1992, Oliver et al. 1996, Ziv and Lilien-Kipnis 2000, Dimech et al. 2007). 

 

Potato field production relies on in vitro generated disease free mini-tubers as starter 

material (Harvey et al. 1991, Simco 1991, van den Berg and Ewing 1991, Pelacho et al. 

1994, Xu et al. 1998).  There were no records in the literature of this having been tested 

on any Jarrah forest geophytes.  In vitro produced tubers would be lighter and easier to 

transport to the revegetation sites, may prove cheaper to produce than entire seedlings 

and may have higher survival rates (due to sprouting in situ and perhaps by avoiding 

early grazing).  Priority and resource constraints prevented detailed investigation of in 

vitro tuber production during the research reported here, but will be a future focus. 
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For bulb species it may be viable to induce new bulbs directly from immature embryos. 

This method has been demonstrated to work with both Sternbergia candida and Muscari 

muscarimi (Sebahattin et al. 2005). This method can then be used to test the 

establishment of large scale bulblet production in bioreactors.  If this works then large 

numbers of propagules can be produced, at a low cost per final plant.  This should not be 

necessary for Haemodorum (the sole bulb genus in the upland Jarrah forest), as all 

species present in the flora produce large quantities of viable seed.  

 

A newer in vitro plant propagation technique is somatic embryogenesis.  This involves 

the asexual generation of new embryos from callus cultures and their subsequent 

convertion into plants.  Somatic embryogenesis research is complex, resource intense and 

needs to be focused on individual species if useful results are to be achieved.  There are 

relatively few reports of Australian native geophytes somatic embryogenesis research 

(e.g. Sieler 1996, Panaia et al. 2004, Panaia et al. 2009).  There has been a concerted 

effort to propagate wild cultivars of North American Ginseng using somatic 

embryogenesis as this wild harvested and crop geophyte has proven to be difficult to 

propagate using more traditional tissue culture methods (Brown et al. 2001, Punja et al. 

2004, Zhou and Brown 2006).  Plants produced during these three experiments were 

reported as having been successfully established in the wild and crop field environments.  

This an emerging field and further work is justified where large numbers of plants are 

needed and are unobtainable by any other method (e.g. restoration of degraded 

agricultural land where very little native vegetation remains as a source of propagules).  

There is however a need to maintain a large number of somatic embryo lines; to ensure 

adequate genetic diversity in the revegetation, as these are clonal propagules.   

 

One considerable concern with in vitro propagated geophytes is their field growth 

compared both to plants produced by other propagation methods and to wild plants.  

Salvi (2002) found that micropropagated Tumeric plants produced taller shoots and 

heavier rhizomes compared with plants propagated by tuber division, however they did 

not compare micropropagated crop plant sizes with wild plants.  For wild geophyte 

restoration projects the aim should be to return plants within the size ranges found 

naturally.  For this reason it is essential to define the sizes of both the wild and 

propagated plants (especially their storage organ sizes), both at planting time and 

following successful field establishment. 



42 
 

A bottleneck with all in vitro propagation can be the transfer of tissue-cultured plants 

from highly controlled in vitro environments into the greenhouses. This acclimatization 

process can be improved, for example using ventilated vessels (Rosetto et al. 1992a), 

anti-transpirants and greenhouse humidity tents (Sutter and Hutzell 1984).  

 

The assessed research literature demonstrated that with diligence in vitro propagation 

technologies can produce robust plants suitable for revegetation experiments in disturbed 

wild habitats.  There were either no reports of commercial propagation of the geophytes 

selected for study or they had never been propagated at all.  The best tissue culture and 

acclimatization treatments to test had to be derived from previous experience with non-

geophytic plants combined with information from this literature investigation.  New 

methods needed to be developed after building knowledge of each species anatomy, life 

history and field biology. 

 

Provenance genetics 

 

With vegetative propagation a concern arises regarding the genetic diversity of the initial 

plant materials.  Incorporating genetic assessment with in vitro propagation can facilitate 

the retention of most of the wild genetic diversity of a clonal species (von Perger et al. 

1994).  

 

Dormancy and sprouting of underground storage organs  

 

Underground storage organs of many geophytic species have a dormant period, (e.g.   

Tulips, Rees 1971).  The dormant storage organs sprout when the unfavourable season 

ends (after receiving environmental cues) and then develop new above-ground shoots.  In 

commercial propagation of such geophytes it may be necessary to artificially promote 

sprouting at the start of the growing season (e.g. if the storage organs have been cool 

stored and are in a deeper dormancy than occurs naturally).  Another reason for needing 

to artificially promote dormancy breaking is where there is a need to have the crop 

sprouting synchronously. Gibberellins are commonly used underground storage organ 

dormancy breaking agents, for example with potato mini tubers (van Ittersum and 

Scholte 1993, Salimia et al. 2010), and East Asian Dioscorea (Okagami and Tanno 

1993). 
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In vivo seed germination and seedling propagation 

 

While most geophytes in commercial horticulture are propagated vegetatively, members 

of the Allium genus are propagated by seed germination and seedling production.  For 

wild geophytes restoration seedling production is preferred to vegetative propagation as 

seedlings provide higher genetic diversity.  Seedlings are usually the cheapest ex situ 

plant production method. Pursuing seed and seedling research is thus recommended, 

where promising.  Few commercial flower crop geophytes are propagated by seed, one 

recent exception being Cyclamen alpinum (Bürün and Şahin 2009).   

 

Wild geophytes commonly produce dormant seed and there was not a lot of information 

on their germination at the commencement of this study (Baskins and Baskins 1998).  

Jarrah forest geophyte seed germination research success requires first identifying the 

optimum wild seed collection time and condition that maximises seed viability 

(Willyams 2005a, Willyams 2009, Willyams 2010).  Optimising seed storage conditions 

is also critical for wild geophyte seed germination (Budelsky and Galatowitsch 1999).  

Effective wild geophyte seed germination has recently been reported in the scientific 

literature.  Rhizatomous wetland rush and sedge species seedlings have been successfully 

produced by in vivo seed germination (Kettenring and Galatowitsch 2007).   In contrast 

there were no reports of successful in vivo seed germination of Jarrah forest dryland 

rushes or sedges.  Phillips et al. (2010) successfully germinated dormant seed of 3 

species of wild geophytes; all 3 being wild Allium species.  An important consideration 

with geophyte species seedling production is that they may need one temperature for 

seed germination and a different temperature for subsequent tuber formation (Corbineau 

et al. 1989). 

 

Where enough seed can be sourced for operational scale revegetation then it is 

considered worthwhile pursuing direct seeding, ex situ seed germination and seedling 

production research, alongside vegetative propagation experiments. 

 

Ex situ plant pre-conditioning 

 

It is important to condition nursery grown plants to the expected field conditions 

(McClain 1986).  Producing plants ex situ at a nursery adjacent to the restoration site 
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adapts them to the local environment.  Bringing plants from a milder climate directly to a 

harsher climate planting site can stress the plants and reduce revegetation survival.  Any 

remotely grown plants need to be brought to a simple onsite holding nursery 2 or 3 

months prior to planting.  Ideally plants should be held outside without any shade 

protection or artificial irrigation prior to planting.  Ex situ chemical pre-treatment 

applications may improve subsequent revegetation field survival e.g. anti-transpirant 

coatings (Turner et al. 2006) or benzoic acid application (Seneratna et al. 2000.) 

 

Field Propagation 

 

It may sometimes be possible to produce plants of wild geophytes by row cropping in 

field sites and then harvesting for transfer to revegetation sites. This can be especially 

viable and cost-efficient for species that have rapid vegetative spread in the wild; for 

example by rhizome expansion (Sieler 1996). 

 

 

2.4 Wild Geophyte Revegetation and Restoration 

 

Vegetation establishment and growth in disturbed land rehabilitation is influenced by a 

wide range of above and below ground abiotic, biotic and management practices.  Major 

influences include the return of the original topsoil and its seedbank, relief of soil 

compaction, matching rock substrates with the native soils, soil nutrient levels, 

competition from weeds or competitive groundcovers and time since establishment 

(Tacey 1979, Bradshaw and Chadwick 1980, Bradshaw 1987, Wali 1999, Torbert and 

Burger 2000, Ward 2000, Hüttl and Weber 2001, Burger 2004, Rodrigue and Burger 

2004, Grant et al. 2007, Kew et al. 2007, Koch 2007a, Galatowitsch 2008, Standish et al. 

2009, Tibbett 2010).  Significant elements influencing the establishment of individual 

plant species within revegetation sites are discussed, after a conceptual review.  

 

Revegetation and restoration research principles  

 

There is a large and growing body of literature on the science and practice of ecosystem 

restoration. This is beyond the scope of this review but restoration science concepts and 

methods are used throughout the species chapters.  The current general principles and 
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practices of ecological restoration have recently been published online (SERI 2004, 

Clewell et al. 2005) and in print (Clewell and Aronson 2007).  Aronson et al. (2006) 

emphasized the importance of landscape function in restoration outcomes but there is 

also a need to consider individual species absences.  To achieve sustainable outcomes 

restoration science needs to be working concurrently at the large, medium and small 

scales.  This thesis aimed to enhance ecosystem restoration programs by developing 

concepts and methods for the propagation and sustainable return of individual 

recalcitrant wild geophyte species.   

 

The various terms used in disturbed land repair were defined in detail in Chapter 1.  

Specifically relevant for the following chapters will be the use of the term ‘species 

revegetation’ to describe the establishment of ex situ grown plant species in heavily 

disturbed sites (e.g. mine rehabilitation).  Central to restoration science is the concept that 

revegetated populations and ecosystems are only considered restored when they are self-

sustaining over the longer term (Menges 2008).  For individual geophyte species this 

outcome can be defined as ‘species restoration’. 

 

Restorations are best established when set up to test specific hypothesis and concepts 

(Jordan et al 1987, Sarrazin and Barbault 1996).  This is equally valid for individual 

species restorations.  Jusaitis (1997) stated that experimental in situ plantings can reveal 

the critical attributes of species that influence their longer term field restoration.  In 

practice globally applicable concepts may only become apparent after assessing a series 

of scientific restorations.  The concept of adaptive management whereby we learn from 

our success and failures and continuously improve (Holling 1978) can be applied well to 

both ecosystem management (Walters and Hilborn 1978) and restoration research and 

practice (Folke et al. 2004, Burger 2009).  However to be effective restoration adaptive 

management and research requires detailed literature analysis, extant data collection and 

conceptual development prior to experimental design; to optimize the quality of 

knowledge used in experimental decision making. 

Field trials are notorious for producing conflicting results due to the large number of 

uncontrollable environmental variables (Grime 1979).  It is advisable to establish at least 

five replicates, spread several kilometres apart where possible.  Any clear patterns that 

emerge can then be more convincingly interpreted as treatment effects rather than 

environmental variation. 
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Propagule type and handling: influence on revegetation performance 

 

The type of propagule used can influence establishment, cost, subsequent growth and 

reproduction (Jusaitis and Val 1997, Menges 2008).  Broadcast seed typically has lower 

establishment success than ex situ origin seedlings (Guerrant 1996; Jusaitis and Val 

1997, Bowles et al. 1998; Jusaitis et al. 2004, Guerrant and Kaye 2007, Reckinger et al. 

2010).  However it is a lower cost revegetation method and can lead to lower-cost-per-

surviving plant for some species.  Seeds typically have the highest genetic diversity of 

any propagule source and are preferred for wild plant restoration.  Where habitat quality 

is low ex situ plants can have an advantage over broadcast seed as an establishment 

method (Colling et al. 2002). This can often be especially salient for disturbed sites, 

including mine rehabilitation. Guerrant (2001) compared planted small bulbs of Lilium 

occidentale with broadcast seed and found the bulbs had significantly higher revegetation 

establishment during the first four years.  The type of propagule to use will be influenced 

by each species biology, conservation status, seed quantities available, vegetative 

material available, size of the revegetation sites and the available resources.  For 

example, Alcoa of Australia’s Marrinup Nursery employs a hierarchical propagule 

selection protocol with propagation methods ranked by the effort required (Koch and 

Taylor 2000a).  Nonetheless the biology of each geophyte species needs to be the major 

determinant in propagule selection. 

 

When field planting nursery grown tree seedlings it is essential to minimise transplant 

shock.  In particular the roots need to be kept moist and the planting-hole soil must be 

tamped down after planting, as roots exposed to air pockets will die (Burger and Zipper 

2002).  Taking ex situ origin plants out to the revegetation sites in their nursery growth 

container, with moist potting mix, can reduce transplant shock.  Field survival can often 

be improved if the plants are planted while still in their (biodegradable) nursery growth 

containers.  For example, Alcoa’s Marrinup Nursery produces most of its mine 

restoration plants in Fertil® brand biodegradable fibre pots (Willyams pers.com.).  These 

pots are planted 2 centimetres deep to assist pot decay and minimize moisture loss from 

the pot wall.  Below surface burial can also improve root establishment and plant 

survival (Burger and Zipper 2002, Chalmers et al. 2007).  In a climate with a very short 

favourable planting and growing season, early season planting maximises the field root 

growth period and can improve overall revegetation survival and growth.   
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For geophytes it may be possible to bare-root certain species either near the planting site 

or prior to leaving the nursery producer, without reducing survival (e.g. Clematis 

pubescens, Chapter 3).  Where viable this method reduces the weight per plant, thus 

increasing the number of plants that can be carried by planters.  Apart from the planting 

cost savings this also reduces the number of days required for revegetation planting.   

 

Broadcast seed and seedling establishment 

 

The size of Mediterranean-type climate geophytes species seeds and how rapidly the 

seedlings grow after emergence was postulated to be a key factor for successful seedling 

survival during their first summer drought (Bell 2001). In the Jarrah forest, seed and 

seedling size were considered to be the critical plant establishment factors rather than 

fire-response strategy (Bell 2001); with seedling leaf type and ecophysiology also having 

an important role in early survival.  The selected study species were all failing to 

establish from broadcast seed, or adequate seed quantities could not be collected for this 

revegetation method. 

 

It was noted that Jarrah forest plant species that have resprouting as a fire-response 

tended to have slower growing seedlings than species that had a reseeder strategy (Bell 

2001).  All the species in this thesis were resprouters and had relatively slow propagule 

growth either in the propagation or revegetation experiments, or in both.  

 

Relieving soil compaction in disturbed lands is critical for successful seedling 

establishment by a wide suite of species (Galatowitsch 2008). Without soil compaction 

relief then only a small range of colonising species can establish (Galatowitsch 2008).  

For example, to improve plant establishment, growth and long term survival Alcoa of 

Australia’s bauxite mine rehabilitation process includes deep ripping of mine pit floors 

(prior to overburden and topsoil return) and deep contour ripping of the final surface 

(Koch 2007a). 
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Ex situ origin geophytes: effect of initial plant and storage organ size on establishment 

 

In both the forest tree propagation and crop geophytes literature underground storage 

organ size was postulated to have a strong influence on plant field survival, above ground 

growth and reproductive capability.  There were no detailed reports of how ex situ plant 

and storage organ size influenced the field survival and growth of wild geophyte species 

planted in revegetation sites.  The manipulation of wild geophytes tubers during in vitro 

and in vivo propagation had not been reported in the scientific literature.  This was 

considered to be a promising research approach.   

 

The major initial hypothesis of this thesis was that revegetation survival and growth of 

planted wild geophyte species would be higher for larger ex situ propagated plants with 

larger size underground storage organs, compared to smaller plants with smaller 

underground storage organs.  As south-western Australia has a short wet season, it was 

also postulated that rapid early growth following planting (especially root growth) would 

be critical to field survival during the subsequent summer drought.  In a benchmark study 

of tomato transplants Weston and Zandstra (1986) reported that seedlings with larger root 

systems had less transplant shock and faster initial growth, leading to higher field 

survival.  They stated that larger rooted vegetable transplants generally have higher 

survival and reach maturity faster than smaller rooted transplants. No literature was 

found addressing this concept for wild geophytes during the initial review in 2003.  A 

2004 report demonstrated that tuber size was critical for the successful in vivo growth 

and field establishment of the terrestrial (geophytic) orchid Habenaria radiata (Shimada 

et al. 2001); with tubers needing to be over 101 mg wet weight for acceptable seedling 

survival.   

 

North American forest nursery researchers have investigated the impact of growing 

container size on both nursery tree seedling sizes and subsequent field performance.  For 

each revegetation tree species there was an optimum sized plant that maximised field 

survival and growth, without being too costly to produce or too large to carry.  Tree 

seedling nurseries have demonstrated that increasing the size of growing containers leads 

to proportional increases in both above ground and below ground biomass (Scarratt 1972, 

Endean and Carlson 1975, Appleton and Whitcomb 1983, Landis 1990, Simpson 1991, 
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Kariyappa et al. 1997).  The constricting effect of small plant containers on tree seedling 

size commences very early, within the first 2 or 3 months (Scarratt 1972).   

 

More recent research has demonstrated convincingly that nursery grown tree seedling 

size also influences subsequent field survival and growth.  Tree seedlings that develop in 

situ from seed can have ten times larger root systems than those with similar sized shoots 

grown in standard forest nursery containers (Burdett 1990).  This provides greater access 

to soil water and nutrients. Nursery grown tree seedlings with larger root-mass have been 

demonstrated to have a higher field survival than seedlings with smaller root-mass 

(Dierauf 1996, Frampton et al. 2002, Grossnickle 2005, Hines and Long 1986, Jobidon et 

al. 1998, Rodgers 1994, South et al. 2005).   

 

Several authors have shown that tree seedlings with larger root-mass in the nursery 

subsequently had a greater ability to grow new root-mass in the field (Grossnickle and 

Major 1994, Grossnickle 2005, Johnsen et al. 1988, Williams et al. 1988).  Indeed, an 

indicator of root growth potential is used in tree planting operations to predict the field 

survival of nursery grown tree seedlings (Ciccarese 2005, Ritchie and Dunlap 1980). 

Reports of reforestation, revegetation and restoration failures, often cite poor initial 

nursery-grown plant quality as a major cause (Radoglou 1999, Ciccarese 2005).  

 

It has been widely reported that herbaceous seedling size can also be controlled by using 

different sized pots in the nursery environment (Richards and Rowe 1977a, Weston and 

Zandstra 1986, Latimer 1991, Ray and Sinclair 1998).  Each herbaceous plant species 

will respond differently but typically shoot size, root size and leaf area should increase as 

container size increases (Cantliffe 1993).  Smaller containers were associated with root 

restriction by NeSmith and Duval (1998).  The number of potato tubers per plant was 

reduced in smaller containers (Bandara and Torina 1995).  It was postulated that wild 

geophyte tuber size would also be reduced in smaller growing containers. 

 

Restricting root growth reduces plant growth rates and plant size (Krizek et al. 1985, 

Richards and Rowe 1977a, Townend and Dickson 1995).  It was predicted that wild 

geophytes grown in smaller containers would be slow growing and small compared to 

plants grown in larger containers.  Plant growth restriction in smaller plant containers is 

not simply a result of potting mix water stress, with physical constraint, lower nutrition, 
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crowding competition, photosynthesis rates and other factors also implicated (Carmi et 

al. 1983, Krizek et al. 1985, Robbins and Pharr 1988, Huang et al. 1996).  Growing 

same-age plants of different sizes can reveal the relationship between plants roots and 

tops (Richards and Rowe 1977b).  Smaller roots typically means lower plant water 

uptake (Richards and Rowe 1977b, Townend and Dickson 1995).  This may confer a 

revegetation survival advantage particularly in a climate with a pronounced dry season.   

 

Nicola and Cantliffe (1996) noted that ex situ lettuce seedlings from larger growing cells 

had higher field growth than those from smaller cells. Initially smaller tubers resulted in 

lower plant growth and reproduction throughout a 4 year field trial of Bunium 

bulbocastanum, compared to plants with initially larger tubers (Werger and Huber 2006).  

A general concept is proposed that smaller plants do poorly in the field and larger plants 

have higher survival and growth rates, especially in the first few years following 

revegetation.  As restoration projects desire the highest plant establishment rates for the 

lowest cost (Miller and Hobbs 2007) then optimising ex situ plant size and health prior to 

planting should both increase revegetation survival and lower costs.   

 

Guerrant (1996) hypothesised that ex situ grown seedlings would have higher 

revegetation establishment rates than broadcast seed, as the vulnerable seedling 

emergence stage would be bypassed. He also reported that initially larger seedlings had 

greater revegetation survival and growth than smaller seedlings. Initial plant size was 

based on the seedlings above ground plant size.  It is suggested that for geophytes, 

having the optimal below ground biomass size at planting will improve revegetation 

success.  Ex situ produced Carex plants needed well developed rhizomes in order to 

survive and grow in revegetation sites (Galatowitsch 2008).  Higher initial plant and 

underground storage organ size improved the revegetation establishment of rhizatomous 

Jarrah forest geophytes (Willyams 2009, Willyams 2010). 

 

Geophyte seedling size when planted in the field may also affect flowering and seed 

production.  Geophytic crop plant seedlings grown in larger nursery production 

containers subsequently had significantly higher flowering and seed set in the field 

(Lescovar and Vavrina 1999).  Larger bulbs produced more flowers in a study of three 

species of Brodiaea (Han 2001).  Bigger bulbs of Triteleia laxa, a wild Californian 

geophyte, produced more flowers than small bulbs (Schlising and Chamberlain 2006).  
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Werger and Huber (2006) recorded that smaller tubers resulted in less reproduction 

during a field trial of the geophytic weed Bunium bulbocastanum, compared to plants 

with initially larger tubers.  Maximising the ex situ size of wild geophyte species shoots 

and underground storage organs may also improve their field reproduction, a key 

restoration success measure. 

 

Clematis pubescens was selected for experiments into the effect pot size has on in vivo 

plant size and the influence of ex situ plant size on wild geophyte restoration (Chapter 3). 

 

Planted geophytes: pre-planting treatments  

 

The effect of nursery growing and handling conditions on subsequent field establishment 

has been well investigated for reafforestation tree species (Close and Beadle 2004, 

McKay 1997, Wightman et al. 2001).  Nursery plant and seed pre-treatments to improve 

field establishment have been extensively tested for horticultural crops (Grassbaugh and 

Bennett 1998, Scott 1989).  For propagation and revegetation of native understory plants 

literature on these concepts and methods was scarce.  

 

A review of kangaroo grassland restoration highlighted the need for further research on 

field treatments to improve plant establishment, including geophytic species (Cole and 

Lunt 2005).  Smoke can be an effective pre-treatment to promote broadcast understory 

seed germination (Brown and van Staden 1997).  Elseroad et al. (2003) tested a range of 

soil and seed pre-treatments on the establishment of roadside revegetation by seeding.  

They found that mulch did not increase understorey establishment.  While a thin layer of 

mulch (1-2 cm depth) placed on top of broadcast seed did not reduce seedling 

establishment, any greater depth of mulch was deleterious (Olson 1980).  In this 

experiment 1 to 2 centimetres of mulch also reduced soil erosion on slopes, providing a 

more stable surface for seedling survival and growth.  Soil cover can act as a type of 

mulch and protect seeds. Soil cover likely contributed to greatly increased American 

Ginseng seedling emergence by protecting the seeds from predation, freezing and drying 

(Nadeau et al. 2003). 
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Dole (2002) discussed the cold requirements for forcing geophytes. There are no reports 

on Jarrah forest geophytes requiring cold stratification to promote germination or 

sprouting; even though near freezing conditions do occur on several nights each winter. 

 

Tordoff et al. (2000) considered irrigation to be of the highest value in establishing 

nursery grown native plants on arid land mine wastes.  This can be viable for small scale 

plantings, especially single sites, with good access.  The use of irrigation during the dry 

season as an operational tool by open-cast mining companies would often be 

prohibitively expensive and logistically difficult; due to very large areas rehabilitated 

each year, often spread over multiple rehabilitation sites.  Sourcing water for revegetation 

irrigation can be problematic in arid environments. 

 

Planting depth  

 

The optimum planting depth that maximises establishment needs to be determined for 

each geophyte species.  Burial depth is a critical emergence factor for the propagules and 

seeds of many plants (Heydecker 1956, Harper 1977, Spencer 1987, Blackshaw 1990, 

Galatowitsch 2008).  If a geophytes storage organs are planted too deep then delayed 

shoot emergence, a reduced number of emergent plants, reduced flowering and a 

lowering of new storage organs weights and numbers should be expected (Hagiladi et al. 

1992, Kariuki and Kako 1999).  Deep planting of long-stem plants is a relatively new 

method being used to increase field survival of tree species (Chalmers et al. 2007). It 

could be used to improve the revegetation survival of species that have deep tuberous 

roots in the wild, for example Clematis pubescens Endl in the northern Jarrah forest.  

 

Planting season 

 
The time of year when ex situ grown plants are planted in revegetation sites can have a 

major impact on survival.  The optimal planting season needs to be determined for each 

plant species.  The plants need to be planted at the time of year optimal for root growth, 

in preference to shoot growth (Burger and Zipper 2002).  Once in soil the plants need to 

establish a good root system prior to the favourable shoot growth season; as root growth 

declines while new shoots are elongating (Burger and Zipper 2002). The risk of 

transplant failure can be higher in seasons where the wild plants are already initiating 
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new shoots (Yetka and Galatowitsch 1999).  Ideally, nursery grown plants are planted in 

revegetation sites just prior to the beginning of a growing season.  Reintroduction 

plantings in southern Spain (an area with a pronounced, prolonged hot dry summer 

similar to that in the northern Jarrah forest) had higher survival when planted at the start 

of the wet season in autumn and early winter (Sainz-Ollero and Hernandez-Bermejo 

1979).  Following from this, the hypothesis was developed that to survive in 

Mediterranean-type ecosystems planted geophytes need to successfully establish and 

expand their underground storage organs prior to the onset of the first dry season. 

 

Planting year 

 

In some regions there can be significant climatic variations between years.  South-east 

Australia is an example, as during El Ninõ years both winter and summer rainfall is 

typically well below average (Trenberth and Hoar 1996).  It is advisable to avoid 

planting revegetation research experiments during predicted drought years; unless testing 

the effect of prolonged drought is a primary objective.  For example, Fraga et al. (2001) 

reported poor revegetation establishment of Lysimacha minoricensis in Minorca due to 

an uncommonly dry year.     

 

Soil and site conditions 

 

The properties of the post-mining soils probably have the strongest influence on plant 

growth in mine rehabilitation (Rodrigue and Burger 2004).  Soil and site preparation 

prior to seed sowing and seedling planting can significantly affect geophyte species 

germination and establishment.  American Ginseng planted into forest sites that had been 

ploughed to 15 centimetres depth had double the seedling emergence of unploughed sites 

(Fournier et al. 2008).  The presence of either the original or returned topsoil is highly 

influential on revegetation success (Ward et al. 1990, Rokich et al. 2000, Ward 2000, 

Jasper 2007, Koch 2007a and 2007b).  The return of the top 10 cm of topsoil is critical in 

all disturbed land rehabilitation in Western Australia, due to the high concentrations of 

seed and nutrients in this layer compared to the generally infertile soils (Rokich et al. 

2000, Hopper 2009, Lambers et al. 2010).  If no topsoil has been returned then soil 

organism biodiversity and densities can be low, which can reduce or inhibit plant 

establishment success (Kardol et al. 2009).  Good quality mine rehabilitation soils can be 
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at least as productive as adjacent un-mined reference sites (Rodrigue and Burger 2004).  

It is best-practice to benchmark plant growth in mine rehabilitation soils against growth 

in undisturbed sites.  

 

Fertilizer 

 

While applying a general fertilizer to a revegetation site can suit a wide range of species 

it doesn’t always meet the precise needs of individual geophyte species.  For example, 

American Ginseng forest establishment and persistence was enhanced by testing and then 

optimising soil pH, Ca, Mg, and K (Konsler and Shelton 1990, Slak 2004).  The addition 

of Ca, Mg, and K was beneficial at all forest sites in Maryland whereas lime addition 

only improved ginseng production in eastern Maryland (Slak 2004).  In the eastern 

Maryland sites Ginseng did not occur naturally, as the soils had an initial pH lower than 

that required by American Ginseng for tuber growth.  Improved winter survival of 

American Ginseng in limed plots in Quebec was attributed to the physiological role of Ca 

in cold hardening and resistance to diseases (Nadeau et al. 2003).  This highlights the 

need to test disturbed lands soils prior to native geophyte revegetation projects, to ensure 

that soil factors critical for the target species growth are still intact.  

 

Conversely some early coloniser geophytes species may require soil fertility conditions 

that mimic natural disturbance. In the Jarrah forest this disturbance is most likely to be 

fire.  Similar to the nearby Tuart (Eucalyptus gomphocephala) forest an ashbed may be 

needed before understorey revegetation can be successful (Ruthrof et al. 2009).  The 

aforementioned report also found that using more specific fertiliser application including 

chelating agents improved understorey establishment and survival. 

 

Fertilizer is not always beneficial for geophytes revegetation survival, especially those 

species adapted to low nutrient soils. As an example the high fertilizer salts in standard 

potting mix can be toxic to Drosera species in vivo.  Long term restoration of natural 

nutrient concentrations and cycling can be negatively influenced if excessive fertiliser is 

applied (Standish et al. 2009).  Excessive fertiliser can also encourage weed growth 

whereas low fertiliser levels may reduce planted geophytes survival and growth.  

Identifying the correct fertiliser type and concentrations to apply to revegetation 

experiments and operations often requires detailed investigation. 
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Mycorrhizae     

 

Some geophytic plants have critical associations with mycorrhizal fungi (especially 

geophytic orchids).  It is essential to ensure that these species ex situ grown plants have 

been infected with an effective mycorrhizal fungi before field planting (Batty 2006a).  

Mycorrhizal fungi mycelium can branch out into the soil to harvest nutrients more 

effectively than plant roots and can also access nutrients inaccessible by plants (Bending 

and Read 1995).  Mycorrhizal fungi also benefit from these symbiotic associations as 

they obtain carbohydrates from their plant host (Smith and Read 1997).  Not all 

geophytic species have a need for mycorrhizal associations while other geophytes are not 

fungal species specific, readily forming associations with whatever mycorrhizal species 

are present in the planting site soils. In such situations investigating mycorrhizae to 

improve plant survival in revegetation projects is unnecessary.  Geophytes can have 

improved growth from mycorrhizal association under conditions of water stress or 

nutrient deficit soils (Bolandnazar et al. 2007).   

 

As the Jarrah forest occurs on low nutrient soils mycorrhizal associations are expected to 

be important for plant species establishment survival and growth (Churchward and 

Dimmock 1989).   Glen et al. (2008) found the diversity of mycorrhizae species in 12 

and 16 year old mine restoration in the northern Jarrah forest was similar to that in pre-

mining forest but suggested that fresh mine rehabilitation may be species deficient.  The 

application of fresh topsoil to mine rehabilitation should ensure sufficient mycorrhizae 

are present (Colquhoun and Hardy 2000).  If unknown mycorrhizal associations do exist 

then adequate inoculums for planted geophytes may be present in the applied topsoil. 

 

Review of the literature indicated that none of the study species were considered to have 

mycorrhizal associations, so this area of research was not pursued.  While Drosera 

species have been considered to not require mycorrhizal associations due to their ability 

to obtain nutrients from captured insects (Juniper 1989, Brundrett 2009) a recent study of 

Drosera rotundifolia indicated the presence of arbuscular mycorrhizal associations 

(Quilliam and Jones 2009).  Applying arbuscular mycorrhizae during propagation or at 

planting could examine whether Drosera establishment can be improved.  Mycorrhiza 

treated plants have recently been shown to produce larger underground storage organs 
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than untreated controls (Bolandnazar et al. 2007).  Ex situ testing of this, with each Jarrah 

forest geophyte may improve revegetation survival and growth. 

 

Weeds 

 

The field establishment of terrestrial (geophytic) orchids was severely reduced when pre-

planting weed cover was high (Scade et al. 2006).  This is a common outcome when 

attempting to restore post-agricultural sites or degraded urban bushlands. As weed 

densities are extremely low in Alcoa’s bauxite mine rehabilitation they are insignificant 

as a restoration limiting factor. This is due to the very low weed levels in the pre-mining 

forest and Alcoa’s use of fresh direct return topsoil from recently cleared forest sites for 

their mine rehabilitation.  

 

Competition 

 

Competition from other plant species in revegetation can reduce geophyte survival and 

growth. For example, if too many legumes established in Alcoa’s bauxite mine 

rehabilitation then other understorey species had reduced density and richness (Koch and 

Davies 1993), especially geophytes (Norman et al. 2007).  However, increasing tree 

density did not significantly impact on geophytes species densities or richness. 

 

Introduced perennial grasses can form a natural biological barrier to the revegetation of 

native understory plants (Brown and Bugg 2001) including geophytic species.  

Conversely native understory plantings have been used to reduce the density of exotic 

invaders as well as increasing the biodiversity of weed infected ecosystems (Vance et al. 

2006).  Where exotic plants have become well established in natural ecosystems then 

planted rhizatomous native geophytes may be capable of spreading between, and slowly 

replacing, the exotic species. Repeat plantings and a variety of treatments may be 

necessary before the native species become dominant (Vance et al. 2006). 
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Herbivore grazing and guarding 

 

Herbivore grazing can modify the proportion of geophytes present in revegetation 

(Kahmen et al. 2002).  In highly open sites, such as mine rehabilitation, grazing typically 

has a greater initial impact on planted geophytes survival than competition (Parsons et al. 

2007) or fertilizer.  If plants are heavily grazed soon after planting then they often die, 

negating any other influences.  The oldest and perhaps most effective grazing protection 

has been to use guard dogs, but in well developed economies high dog-handling labour 

rates preclude this method.  There are a few reports that suggest using synthetic ornatural 

repellents might reduce grazing pressure on revegetation plantings (Woolhouse and 

Morgan 1995, Parsons et al. 2006).  Dingo urine (Canis dingo, Australian wild dog) was 

not an effective long term grazing repellent for geophytic rushes and sedges in a Western 

Australian revegetation experiment (John Koch, pers.com.).  Once grazers realize there is 

no actual threat they ignore scent and sound repellants.  Even ultrasonic transmitters have 

failed to deter unwanted kangaroo grazing (Bender 2003).   

 

Various forms of mechanical guarding remain as the most effective and affordable plant 

protection.  The most effective grazing guard needs to be determined for each plant 

species with consideration of potential grazers and the planting environment (Opperman 

and Merenlender 2000, Close and Davidson 2003, Lai and Wong 2005, Close et al. 2009, 

Ladd et al. 2010).  Only two publications were located on experimental testing of 

different guards to reduce herbivore grazing of geophytes.  Alcoa changed to flexible 

plastic mesh tubes to reduce Kangaroo grazing of the geophytic dryland rushes and 

sedges (Willyams 2005a) and grass-tree seedlings (Koch 2007b); to replace plastic film 

tree guards which had proved ineffective.  

 

Faunal disturbance of underground storage organs  

 

The concept of ‘ecosystem engineering’ was introduced and defined by Jones et al. 

(1994, 1997). Ecosystem engineers are plant or animal species that alter the physical 

environment thus influencing the availability of resources to other species.  Beaver dam 

building is an extreme example.  One aspect of this concept is particularly relevant to 

geophytes.  As geophytes species life history strategies rely heavily on their underground 

storage organs, then any disturbance of the soil or hydrology, in particular, can be 
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expected to  have an influence (either positive or negative) on plant survival, growth and 

reproduction.  Digging rodents have been shown to play a role in the dispersal and 

resprouting of geophytes storage organs (Galil 1967, Gómez-Garcia et al. 1995, Borghi 

and Giannoni 1997) and to influence geophytes seed germination (Gutterman 1982).  

No reports of Australian native animals influence on Jarrah forest geophytes storage 

organs were found in the literature and this would be a useful field for further 

investigation.  The influence of feral pigs on the distribution and densities of Jarrah forest 

geophytes in both the forest and in mine rehabilitation is of concern, but has not been 

reported in the scientific literature. 

 

Density 

 

It will seldom be possible or affordable to plant a species at its pre-disturbance density. 

The impact of lower density needs to be considered in revegetation planting and 

monitoring.  Planting wiregrass (Aristida beyrichiana) at lower than wild density did not 

prevent high revegetation survival (Mulligan et al. 2002).  In this same study, overstorey 

thinning increased planted wiregrass survival, by favourably altering the forest floor 

environment.  Measurement of pre-disturbance density can thus only be a guide to the 

minimum effective revegetation density in disturbed habitats.  To ensure reproductive 

success may require establishing plants at the same spacing as undisturbed populations.  

Knowledge of the pollination system and effective pollination distances is valuable in 

determining planting densities.  Some plant species may best be planted far apart, spread 

over the entire revegetation site whereas other species will be best planted in scattered 

patches; with plants within patches in similar density to undisturbed populations. 

 

For plants with the ability to resprout from dormant underground organs surveying wild 

density can however be misleading.  Where only a single count is made of a population 

fire can influence the recorded number of plants (Auld 2004).  Geophyte species in fire-

prone Mediterranean ecosystems have been observed to dramatically decrease in 

observed densities in the years after fire events, only to be recorded in high levels again 

in the season following a fire, having resprouted from their dormant underground storage 

organs (Keeley 1986).  Geophytes population counts can also underestimate densities 

where the plants only flower following fire, being otherwise difficult to find and measure 

(Pleasants 1994). 
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Spread  

 

In disturbed sites with large areas of bare soil, planted geophytes can significantly reduce 

soil erosion (and assist soil development), if they spread rapidly after establishment. 

Rhizatomous and stoloniferous geophytes are especially capable of covering large areas 

through vegetative ramet expansion (Lowday and Marrs 1992, Meyer and Hellwig 1997).  

Rapid vegetative spread also lowers the cost-per-surviving plant.  Growth can be 

measured and reported in multiples of the original plant size.  For example if a 6 cm² 

tissue culture origin plant cost $5 when planted and had an area of 12 cm² when survival 

was assessed then the cost-per-surviving plant could be considered as $2.50.  Area spread 

can also indicate superior treatments when comparing the effect of different plant sizes 

and propagation origins on field establishment.  Knowledge of geophyte spread rates can 

be used to predict the time required until a newly revegetated populations density reaches 

the pre-disturbance state.  The ability to spread by clonal rhizome expansion is 

considered to be critical to the development and maintenance of seagrass meadows and 

the rhizomes are up to half the biomass of these plants (Duarte et al. 1998, Marbá and 

Duarte 1998).  This highlighted the value of comparing the biomass of above and below 

ground vegetation, which was tested in several studies (Chapter 3: Clematis pubescens, 

Chapter 5: Pteridium esculentum and Chapter 7: Drosera species).   

 

Transplants, whole plants and whole sods 

 

Transplanting plants from one wild site to another has been successful with several 

geophyte species and families (Guerrant 2003, Steed and DeWald 2003, Winterhalder 

2004, Batty et al. 2006a, Batty et al. 2006b, Mottl et al. 2006, Scade et al. 2006).  

Bulbous and rhizatomous geophytes are especially amenable to transplantation. Bulb 

transplantation is exploited horticulturally at a large scale (eg. Tulipa and Narcissus).  

Testing various sized transplants is recommended, for example Steed and DeWald (2003) 

found that wild Carex spp. plants with larger rhizomes had higher transplantation 

survival than smaller rhizome plants.  Wild transplantations can have high initial success, 

but gradually decline over several years (Scade et al. 2006).  Survival, growth and 

reproduction should be monitored until the new populations demonstrate sustainability.  
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For example, in a wild Jarrah forest geophyte transplantation trial first year survival was 

good, but after 7 years most plants had died (Lim-Nunez and Koch 1999).  A recent 

multi-season transplantation utilising large sods of geophytic plants also had a poor 

result; except for wet season transplantation of two rhizatomous geophytes, Pteridium 

esculentum and Cyathochaeta avenaceae (Norman and Koch 2007). Alcoa’s bauxite 

mine rehabilitation topsoil return is carried out during the dry season, to maximise 

seedling establishment from the topsoil seedbank (Koch 2007a).  It is considered that all 

Jarrah forest geophytes are incapable of summer transplantation survival, precluding this 

restoration method.  Steed and DeWald (2003) found that Carex spp transplants had 

higher survival in summer compared to autumn. Thus identifying each species optimum 

season for transplantation survival and subsequent growth is worthwhile.  Within a 

family or even within a genus there will be species that transplant well (typically species 

with natural high colonization ability) and species that fail to survive (Scade et al. 2006). 

This supports the present author’s principle that propagation and revegetation methods 

for restoration projects are best developed on a per species basis. 

 

Self reintroduction  

 

Long term monitoring of rehabilitated disturbed lands can indicate whether geophytic 

species are capable of self reintroduction or will need assistance.  For example geophytic 

orchids are absent from Alcoa’s bauxite mine rehabilitation for several years, but start to 

self establish once adequate cover, leaf litter and mycorrhizae have developed (Grant and 

Koch 2003, Collins et al. 2005).  Thus there was no urgent priority to establish a 

propagation and revegetation strategy for the Orchidaceae.  However Alcoa’s long term 

mine rehabilitation monitoring indicated that most Jarrah forest geophyte species and 

families did not self establish in any age rehabilitation and probably required ex situ 

propagation followed by planting.  For example, Drosera species were seldom recorded 

in Alcoa’s mine rehabilitation even after 15 years and following tree thinning and 

understorey burns (A. Ruschmann 2006, pers. com.).   

 

Knowledge of clonal plants underground growth rates and patterns can be used to predict 

their population extent, density and spread over time (Sobey and Barkhouse 1977, Bell 

and Tomlinson 1980, Cain 1990, Duarte et al. 1998).  Clonal plants with rapid vegetative 

spread capabilities typically have an advantage in colonising any ecosystem disturbance 
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gaps; compared to plants relying on seed dispersal for spread (Insausti and Grimoldi 

2006).  Where disturbance occurs in relatively small areas within undisturbed natural 

vegetation then these areas are analogous to natural disturbance gaps, e.g. Alcoa’s 

bauxite mining in Western Australia.  There has however been surprisingly little 

vegetative spread from the unmined Jarrah forest into Alcoa’s Jarrah forest restoration by 

any geophyte species, including bracken which is often considered an invasive species.  

A number of possible causes are postulated including very low rainfall, nutrient poor 

soils, excessive compaction or clay soils at the forest and restoration interface.   

 

Impact of climate change 

 

Global climate change is expected to cause changes in weather patterns, average 

temperatures, water availability and the cycling of elemental N and S (Malcolm et al. 

2006, McMichael et al. 2007).  These changes are predicted to impact on geophyte 

distribution, speciation and extinction.  For example climate change models suggest 

many Cyclamen species could become extinct in their current range within the next 50 

years (Yesson and Culham 2006).  Rossa and von Willert (1999) demonstrated that 

unseasonal summer rains were important for geophyte survival and abundance in 

Namaqualand, South Africa. Increased summer rain from tropical depressions is a 

predicted global warming response for southwestern Australia.  The effect of summer 

rainfall events on Jarrah forest geophyte survival and growth may need consideration.  

However, being fixed in location means plants are often adapted to cope with wide 

ranges in their key environmental requirements, especially species with the ability to 

store water and nutrients.  The impact of climate changes on geophyte flowering times 

and on their pollinators is unknown and could be of more immediate impact.     

 

All of the current study species also occur well inland and to the north of the Jarrah 

forest, in regions with significantly lower rainfall and higher average temperatures to the 

northern Jarrah forest.  This suggests that in the near future, at least, further rainfall 

decline and increased temperature in the northern Jarrah forest should not affect 

establishment and survival of the study species in mine rehabilitation.  It would instead 

be worth testing the hypothesis that these geophytes are preferentially suited to drier, 

warmer conditions.  Predicted climate changes need to be considered when selecting 

geophyte species for restoration projects.  
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Revegetation monitoring 

 

The objective of all revegetation is to establish self-sustaining populations (Griffith et al. 

1989, Maunder 1992, Gordon 1996, Guerrant and Pavlik 1997, Gardner 2001, Menges 

2008) which can only then be assessed as fully restored.  Detailed long term monitoring 

is required to assess whether this has been achieved and to identify aspects needing 

improvement.  How restoration success is monitored and assessed varies depending on 

the situation and flora but can include measurement of survival, vegetative growth, 

flowering, seed set, new seedlings, genetic integrity, vegetation structure, species 

diversity, ecological processes and integration with the surrounding vegetation (Falk et 

al. 1996, Pavlik 1996, Guerrant and Pavlik 1997, Ruiz-Jaen and Aide 2005, Guerrant and 

Kaye 2007, Koch and Hobbs 2007, Galatowitsch 2008, Menges 2008).  

 

Monitoring revegetation for sustainable establishment should always combine plant 

survival measurements with one or more of three key ecological process indicators: soil 

condition and site stability, hydrologic function and biological stability (Cortina et al. 

2006, Falk 2006, Herrick et al. 2006).  Falk (2006) proposed a focus on monitoring biotic 

and ecosystem processes to replace the concept of using static reference conditions as 

success markers.  This would incorporate consideration of environmental changes into 

restoration conceptual thought.  Nonetheless, seedling recruitment, plant growth and 

plant reproduction are reasonable milestones for measuring the initial stages of success 

(Guerrant and Pavlik 1997).  This seems a practical first step when monitoring the 

establishment of ex situ origin plants in disturbed lands.  Longer term monitoring should 

then measure their integration into the surrounding ecosystem including plant succession 

states and thresholds, nutrient cycling, soil development, hydrology, routine land 

management practices (e.g. controlled fires), disturbance threats (e.g. grazing, disease, 

climate change) and any changes in ecosystem state and functioning. 

 

Monitoring the abundance and density of Jarrah forest geophytes can be hampered by 

their microhabitat needs and their response to unpredictable environmental events like 

fire, drought and unseasonal rains (Gioia and Pigott 2000).  Monitoring geophytes in 

both forest and revegetation needs to be conducted when each species has above ground 

growth, rather than during dormant periods. Underestimations of Jarrah forest geophytes 
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population sizes can lead to undervaluing their contribution to the flora (Gioia and Pigott 

2000) and can diminish their revegetation importance. 

 

A literature search by Maunder in 1992 revealed over 200 published plant reintroduction 

projects, but only 42 gave any indication of post-introduction monitoring or the 

monitoring techniques used (Maunder 1992).  Since then there has been an increase in 

the number of published plant reintroductions and the quality of the monitoring methods 

has improved.  The availability of monitoring resources needs to be considered before 

committing to a propagation and revegetation program.  Frequently when project funding 

ceases it is difficult to maintain the monitoring program. One solution can be the 

establishment and use of volunteer organisations to carry out the long term monitoring 

required.  A good example is the British butterfly monitoring scheme which has involved 

groups of mostly volunteers in running over 200 long term monitoring programs since 

1976 (New 1997).  This has the added advantage of engaging a wider part of society in 

protecting the environment. 

 

One revegetation study in Oregon found that understorey plant survival declined 

throughout the three years following planting, but the survivors flowered and produced 

viable seed in the third year (Vance et al. 2006).  Further monitoring would reveal 

whether this sexual reproduction was sufficient for each species population to (as a 

minimum) return to the original planting density.  This demonstrates the importance of 

monitoring planted geophytes survival at least until sexual reproduction or significant 

vegetative spread has occurred.  Revegetation cannot be considered as successful 

restoration until it can be shown to have long term stability and to act in a similar manner 

to wild populations (Menges 2008).  The habitat itself may also require ongoing 

monitoring and management to retain the environmental conditions required by the re-

established species (Kaye 2008).  Species revegetation projects need monitoring long 

enough to demonstrate that the new population is reproducing, is self-sustaining and is 

maintaining or expanding in area cover (Godefroid et al. 2011).  This is more likely to 

require decades of monitoring rather than the typical maximum of 4 years (Godefroid et 

al. 2011).  The relatively short monitoring times reported for in vitro origin geophyte 

revegetation experiments may in part be due to the relatively recent development of this 

restoration method.  Remonitoring previous experimental plantings may be informative 

as to longer term population performance and future research directions. 
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Monitoring the long term interactions between ex situ origin plants and plants established 

from the topsoil seedbank or broadcast seed requires investigation, as to maximise 

biodiversity all species in restored vegetation need to co-exist (Pyke and Archer 1991). 

 

2.5 Conclusion 

 

There are thus many factors to be considered in a geophyte propagation and revegetation 

research project. This literature review was of necessity a fairly wide scan of topics and 

papers as there were few reports of wild geophyte horticulture followed by restoration. 

Investigating any relatively new or poorly reported field of study requires such a wide 

review. The number of papers reporting on wild geophyte horticulture and restoration has 

increased during the last decade from a previously low level.  There is a big need for 

further work and publication in this area.   

 

Wild geophytes are important for ecosystem functioning, enrich biodiversity, provide 

faunal food supplies and habitat, can be sources of novel human medicines or food, and 

many have high aesthetic value.  Due to their underground storage organs most 

geophytes may prove to be well adapted to drying climates.  Their presence in wild and 

restored vegetation improves ecosystem resilience to increased drought and fire. The 

original geophytes need to be returned to all disturbed lands where the objective is to 

restore a self-sustaining wild ecosystem.  

 

To successfully propagate wild geophytes it is essential to first study the biology and 

ecology of each species.  The combination of the wild biology and propagation 

knowledge then provides powerful guidance for restoration efforts.  A variety of methods 

exist for returning geophytes to disturbed sites, however in general the cost-per-

surviving-plant progressively rises with increased human intervention.  Identifying the 

optimum restoration system first requires testing a range of propagation and revegetation 

methods; focusing on those best suiting each target species biology.  The most promising 

methods can then be identified for scale-up and refinement.  Regular monitoring analysis 

and adaptive management can then progressively improve restoration effectiveness.  A 

general concept was proposed for experimentation: that larger-size-at-planting geophytes 

would have higher revegetation survival and growth rates, especially during the critical 

first year.   
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CHAPTER 3 

Clematis pubescens: propagation and restoration 

 

3.1  Introduction  

 

Clematis pubescens Endl. (Old Mans Beard) is a common and distinctive geophytic 

vine species found throughout the Jarrah (Eucalyptus marginata Donn ex Smith) forest 

of south-western Australia.  When this study commenced C. pubescens was absent from 

Alcoa of Australia’s bauxite mine rehabilitation and no restoration system existed.  

Natural processes were thought to be inadequate and propagules, seed and tubers, were 

considered to have senesced during the topsoil stockpiling phase of the mine 

rehabilitation process.  This is not exceptional as many endemic plant species have 

failed to self-colonize in heavily disturbed Jarrah forest restoration sites (Norman et al. 

2006b).  Intervention is thus required if this species is to be reinstated in the mined 

areas.   

 

Knowledge of species reproduction and re-establishment threats have been shown to be 

vital to the success of intervention practices (Holgate and Woodman 1978, Griffith et al. 

1989, Vallee et al. 2004, Soorae 2008).  Presently, the life-history and biology of C. 

pubescens is poorly documented and standard restoration practices have failed.  

 

Experimental investigation of seedling emergence from stockpiled topsoil showed that 

no C. pubescens seedlings emerged (Cromer 2004) despite the density of all seed in 

direct return topsoil being at 53% of the pre-mining forests seed density (Koch et al. 

1996).  C. pubescens has also been shown to have little or no establishment in bauxite 

mine rehabilitation from broadcast seed (Koch and Ward 1994) or from seed stored in 

fresh direct return topsoil (Norman and Koch 2005).   

 

This project had four phases: reviewing the biology of reproduction and barriers to 

sustainable establishment; development of an efficient, high volume and economical 

propagation method; evaluation of in situ establishment strategies; and demonstration of 

development of sustainable populations through a monitoring program. 
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3.2 Review 

 

Taxonomy and phytogeography 

 

Clematis L. (Ranunculaceae) is a genus of over 300 species (Arene et al. 2006) found 

throughout the world except Antarctica.  The Ranunculaceae family has over 500 

species, mostly found in the northern hemisphere temperate zones (Morley and Toelken 

1983).  Clematis species thus constitute the major part of this large family.  Clematis 

species are mostly climbers or groundcovers.  Three species are present in Western 

Australia but only C. pubescens is found in the northern Jarrah forest.  C. pubescens is 

restricted to the wetter parts of the south-west corner of Western Australia.  This area 

has a warm Mediterranean-type climate; with areas immediately north and inland of this 

species range having a substantially lower annual rainfall.  The name Clematis 

pubescens Endl. is current in the Western Australia Flora (Endlicher et al. 1837, Fide 

and Jeanes 2007, Florabase 2009); with a recent proposal that it was a variety of 

Clematis aristata (Wang 2004) having been rejected (Fide and Jeanes 2007)

 

. 

 

 
Figure 3.1 Distribution of C. pubescens Endl. (Florabase 2008). 

http://florabase.calm.wa.gov.au/search/advanced?id=2929�
http://florabase.calm.wa.gov.au/search/advanced?id=2929�
http://florabase.dec.wa.gov.au/search/specimen/?id=2929&type=all�
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Description, life form and life history 

 

C. pubescens Endl. is a climbing plant, up to 5 metres tall, that can be very bushy when 

adequately supported, particularly on the more fertile and moist valley slopes within the 

Jarrah forest (Jones and Gray 1988).  Like all Clematis, this species is apetalate, having 

four white sepals instead; with the anthers or pistils (comprising stigmas and styles) in 

the centre.  It is dioecious with flowers up to 5 cm in diameter grouped in small 

panicles, in the upper part of the stem (Marchant et al. 1987, Wheeler et al. 2002).  The 

seedhead comprises numerous individual small woody achenes, each having a feathery 

awn as a wind dispersal structure (Marchant et al. 1987).  The stigmas form the tails on 

the seeds.  Once the seed is ripe it is released and is wind dispersed into the surrounding 

vegetation.  

 

The reserves stored in underground storage organs assist geophytic plants to respond 

successfully to environmental variations, particularly during seasons or years 

unfavourable for growth (Suzuki and Stuefer 1999).  The tubers of C. pubescens allow 

the plant to survive the annual summer drought.  Much of the above ground vegetation 

dies back after seed release in early summer.  The plant then re-sprouts from tubers 

when the wet season rains commence in winter.  Tubers also provide an effective 

mechanism to survive the frequent wildfires of the northern Jarrah forest.  Cover and 

flowering both increase significantly following forest fires (Christensen and Kimber 

1975).  C. pubescens evolution has undoubtedly been heavily influenced by regular fire.  

Fire has been a major factor in shaping Australian flora since the climate starting drying 

during the mid-Tertiary (Walsh 1990).  

 

In their benchmark study of fleshy rooted Jarrah forest plants Pate and Dixon (1982) 

classified C. pubescens as a nanophanerophyte on the basis that the perennating buds 

were distinctly above ground level.  However in the completely disturbed sites of this 

studies field experiment most new shoots arose from the buried crown and stem nodes.  

New shoots never emerged from stem tubers, neither in vivo nor in situ.  Throughout the 

field experiment not all plants fully died back during each dry season.  Following an 

intense regional wildfire in summer 2007 (February) all the subsequent prolific forest 

regrowth arose from crown buds and buried stem nodes; as all surface vegetation had 
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been completely removed.  For the purposes of this study C. pubescens was considered 

to act mostly as a geophytic species, best fitting into Raunkaier’s (1934) stem tuber 

category.  

 

 

Figure 3.2 Rapid, prolific and widespread C. pubescens resprouting and flowering in the 
Dwellingup district of Western Australia; following an intense regional wildfire in February 
2007.   
 

C. pubescens climbs up supporting plants by twisting its petioles and petiolules around 

the host plants stems.  It was observed during this study to frequently use the cycad 

Macrozamia reidlii for support in unburnt upland Jarrah forest. Following the 2007 

summer bushfire two of the first understorey plants to recover (via resprouting from 

their protected underground storage organs) were C. pubescens and Pteridium 

esculentum (Austral Bracken Fern).  The Clematis most commonly used bracken fern 

for support (Fig. 3.2), as little else was available. 

 

Many Clematis species are deciduous (Hawkins 1994).  C. pubescens was observed 

during this study to be semi-deciduous; losing most (but not all) of its leaves at the start 

of the summer drought. 
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Investigating the effect of light on seedling establishment and reproduction is important 

for Clematis species.  Clematis species tend to prefer cool, moist, shaded conditions for 

their roots and tubers but need medium to strong sunlight for their foliage and flowers 

(Martin 2003).  The former is achieved by growing beneath shrubs and the latter by 

climbing up the shrubs to reach higher light levels.  C. pubescens forest growth fits this 

pattern.  Timmerman-Erskine and Boyd (1999) identified light as a requirement for 

successful reproduction of the endangered Alabama Clematis species C. socialis.  By 

contrast, Maschinski et al. (1997) reported that the rare Arizona Clematis species, C. 

hirsutissima var. arizonica required shading for successful fruiting.   

 

While found throughout the forest, C. pubescens plants tend to be taller and more 

floriferous in the more fertile and moist soils of the valley slopes.  C. pubescens is 

considered to be a shade-loving plant but no reports of this were found in the scientific 

literature.  It is an indicator plant for Q, T and U vegetation types in Havel’s Jarrah 

forest classification system, is present in P type vegetation and is widespread in S type 

vegetation (Havel 1975, Bell and Heddle 1989).  Alcoa mines bauxite in P, S and T 

vegetation types (Koch 2007b).  C. pubescens therefore needed to be re-established in 

all Alcoa mine rehabilitation.  

 

The rapid decline in rainfall eastwards (inland) of the western edge of the Darling 

Range influences the distribution and growth of C. pubescens.  From a high of 1300 mm 

rainfall p.a. average at the Darling Scarp the rainfall in the northern Jarrah forest 

declines rapidly to between 1100 mm and 900mm average within 10 kilometres, 

moving eastwards (inland) (Bartle and Slessar 1989). In the upland parts of this 

intermediate rainfall zone (IRZ) Clematis tends to be shorter, often growing in high 

density as a groundcover.  The lower rainfall and the sparse understorey shrub layer are 

considered to preclude greater growth.  Further inland the annual rainfall declines to 

below 600mm average and C. pubescens is not present. While some authorities have 

considered Clematis to be a rainforest relic from earlier, damper periods, its tubers 

enable it to cope with summer drought.  It may be well adapted to a drying 

Mediterranean-type climate. This would increase its value in Alcoa’s rehabilitation 

vegetation especially when mining starts further inland, in the intermediate rainfall 

zone. 
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C. pubescens is resistant to the introduced forest pathogen Phytophthora cinnamomi 

(Shearer and Dillon 1995, McDougall et al. 2001) that is a serious threat to Jarrah forest 

biodiversity.   

 

The re-establishment value of C. pubescens is classified as high, as it should increase 

the drought, fire and disease resilience of the restored Jarrah forest.  It is also the largest 

forest vine and a large post-fire resprouting geophyte; two structural elements absent 

from Alcoa’s restored Jarrah forest. 

 

Propagation 

 

Plant production costs rise as the complexity of the propagation method used increases.  

As an example, Alcoa’s plant propagation protocol ranks production methods in terms 

of increasing complexity and cost (Koch et al. 1994).  They restore over 600 hectares of 

Jarrah forest every year and any re-introduction plantings need to be cost-efficient.  The 

lowest cost ex situ propagation method is seedling production, so this was the highest 

research priority. 

 

Seed germination 

 

Seed had failed to germinate well in previous nursery tests (Bell et al. 1987, Bell 1994, 

Koch and Taylor 2000b).  The average in vivo seed germination rate for C. pubescens 

was below 1% (Koch and Taylor 2000b).  This was extremely low compared to other 

Clematis species.   

 

Some species of Clematis have shown good germination of untreated fresh ripe seed 

stored between 20º to 25º Celsius for 1 month prior to sowing (Lush et al. 1984, 

Stribling 1986).  However seed of a North American high country species (C. fremontii) 

required up to 6 months warm stratification followed by cold stratification to promote 

germination, and initial seedling growth was slow (Barnes 2004).  A New Zealand 

forest species, C. foetida, had 89 % germination in petri dishes, 26% germination when 

treated in a manner similar to wild conditions and no germination in the dark (Burrows 

1996).  Bungard et al. (1997a, 1997b) found that a sun-loving weed species of European 

origin (C. vitalba) could not germinate and establish in undisturbed New Zealand forest, 



71 
 

but in open sites or nursery environments had high germination in full sun.  Within this 

large cosmopolitan genus there are clearly a wide range of seed germination strategies 

in response to local environments. 

 

C. pubescens is classed as a fire-resprouter species so concurrent work focused on 

aerosol smoke treatment of seed to promote germination (Norman et al. 2006a).  

However aerosol smoke was shown to be inhibitory.  Smoke treatment of seed was 

therefore not tested in this study.  A Mediterranean Clematis species, C. flammula, 

exhibited no difference in germination following aerosol smoke treatment (Crosti et al. 

2006).  It has recently been suggested that the seed of many species with a geophytic 

life-history type may not be smoke responsive (Brown et al. 2003).   

 

Laboratory studies of seed can be used to predict field reproduction (Grime et al. 1981). 

Seed from Clematis hybrids have been successfully germinated in vitro (Arene et al. 

2006).  A Western Australian Clematis species, C. microphylla, germinated more 

quickly when the pericarp was removed (Lush et al. 1984).   

 

Phenological studies of wild plants combined with laboratory and nursery seed research 

can reveal essential clues as to seedling establishment in both mine rehabilitation and in 

the natural environment (Willyams unpublished, Willyams 2005a,b, Willyams 2010).   

 

Prior to this study C. pubescens seed (collected by seed merchants) had been added to 

the seed-mix broadcast onto new mine rehabilitation sites, but no plants were found 

during the 15 month revegetation monitoring.  At least one Clematis species with 

similar biology (C. vitalba) has been reported as invasive in disturbed ecosystems (West 

1988), and Clematis species typically have abundant and viable seed, so the complete 

absence of C. pubescens in the mine restoration was puzzling.  The key questions were 

whether the seed was germinating in the mine rehabilitation and if so, were the 

seedlings surviving?   

 

The low seed germination rates prior to this study were recorded with seed delivered by 

commercial seed merchants.  The seed delivery times did not match the observed period 

for seed ripeness in the forest. The awns of delivered seeds were tightly closed rather 

than open and feathery, which is the normal condition of fully ripe Clematis species 
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seeds (Willyams unpublished). The awns of Clematis species typically have tightly 

closed awns until the seed is ripe.  The awns then dry out and open to facilitate seed 

dispersal.  It was postulated that the seed was being picked green and was inviable.  

Green picked seed of C. armandii (a Mediterranean climate Clematis from California) 

resulted in poor seed germination (Stribling 1986).  Clematis species have small 

rudimentary embryos (Johri 1992) which are not fully developed in unripe seed.  

 

It was observed that Clematis flowered and set seed more prolifically after fires.  The 

seed dispersed onto the surrounding ash bed and into adjacent unburnt forest.  Wild seed 

would thus have opportunity to germinate in both open environments and below a 

shaded understory.   

 

Tissue culture and cuttings 

 

If seed germination rates are very low then vegetative propagation may be required.  

Tissue culture propagation has been used to produce plants of other Clematis species 

(Leifert et al. 1992, Kreen et al. 2002).  Ornamental and native Clematis species have 

more frequently been propagated by cuttings (Evison et al. 1977, Hatch 1980, Erwin et 

al. 1997, Bruner et al. 2001, Kreen et al. 2002, Macdonald 2003, Johnson 2006, Ozanne 

2006).  Cuttings propagation of ornamental Clematis maintains true-to-type flowering.  

After finding that wild C. patens seed had low germination, Li et al. (2004) successfully 

developed vegetative propagation methods for germplasm conservation; using both 

cuttings and tissue cultures.  Stannard and Crowder (2006) also recommended cuttings 

propagation for native Clematis species, but in native plant restoration it is important to 

retain as much of the wild genetic diversity as possible. For any plant species this is best 

achieved by establishing seedlings from the topsoil seedbank, by direct sown seed or by 

germinating wild seed in the nursery environment and then planting well developed 

seedlings.   
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Seedling growth and tuber size  

 

Conceptually for each plant species there should an optimum size for nursery grown 

plants that maximises subsequent field survival and growth (Dierauf 1996).  The impact 

of plants ex situ container size on both seedling sizes and subsequent field performance 

was reviewed in Chapter 2.  Typically smaller plants do poorly in the field and larger 

plants have higher survival and growth rates, at least in the first few years following 

revegetation.   

 

Tuber weight strongly influences the resprouting ability of tubers (Santos et al. 1997). 

Plants with larger tubers have a greater ability to produce new sprouts during the 

growing season to replace vegetative losses from abiotic or biotic attacks (e.g. grazing, 

wind and drought).  Plant size at planting has been shown to strongly influence 

subsequent survival and growth with larger size plants having a competitive advantage 

(Rodríguez-Gironés et al. 2003) 

 

Revegetation: establishment and growth 

 

Disturbed lands have altered biophysical characters to the undisturbed sites and this can 

have profound impact (both positive and negative) on plant life cycles (Hobbs 2007).  

Partial or full removal of the overstorey canopy can influence the growth and size of 

understorey geophytes (Barkham 1980, Ernst 1979, Maschinski et al. 1997).  It has also 

been reported to affect geophyte seed germination and seedling survival (Taylor and 

Zisheng 1988, Maschinski et al. 1997).  It has long been known that shade increases 

seedling survival in seasonally arid environments (Shreve 1931).  Previous reports with 

other Clematis species have indicated higher seedling survival in shadier habitats 

(Maschinski et al. 1997).   

 

Observations of C. pubescens distribution in the northern Jarrah forest indicated that 

while it can tolerate a wide range of understorey light levels and site conditions, no 

plants were observed growing in full sunlight.  Shade-tolerant species can have 

increased temperature and water stress following canopy removal (Masarovicova and 

Elias 1986, Maschinski et al. 1997, Osmond 1983).  Osmond et al. (1987) stated that if 

heat stress on seedlings is too high then a species may not survive in sites where adult 
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plants would grow well.  Planted nursery grown seedlings have considerable reserves 

compared to wild seedlings, so can often survive where the latter would fail.   

 

While the absence of a tree canopy in new Jarrah forest mine rehabilitation increases the 

quantity of light reaching seedlings, the light quality (spectral composition) is unaltered, 

as the Jarrah forest canopy is a neutral light filter (Rokich and Bell 1995). The absence 

of a canopy in new bauxite mine rehabilitation sites appeared to reduce seedling 

establishment from both broadcast and topsoil seed of the two commonest Eucalyptus 

species in the northern Jarrah forest (McChesney et al. 1995).  This was considered to 

be a result of adverse microclimatic conditions.   

 

Soil water levels are most variable and change most rapidly in the topsoil. During 

drought periods the survival of seedling is lower than adult plants; due to the shallow 

rooting, increased heat stress and limited resources of the seedlings. (Schlesinger et al. 

1982, Wellington 1984, Osmond et al. 1987, Galatowitsch 2008).  The exposed soils in 

new bauxite mine rehabilitation sites are particularly prone to drying during the summer 

drought. 

 

Manipulating the light reaching seedlings can increase understorey species 

establishment (Funk and McDaniel 2010).  Light levels below the Jarrah forest canopy 

seldom fall below 40% of full sunlight (Bell and Heddle 1989).    Jarrah forest plants 

leaf sizes are at the lower end of those typical for Mediterranean-type climate forests 

and have small leaves relative to tropical rainforest plants (Bell and Heddle 1989).  C. 

pubescens has smaller leaves than all of the ornamental Clematis cultivars in 

domestication (which require considerable shading).  A previous study of a wild 

Clematis species reported that plant growth was variable depending upon the available 

light level and that when light levels fell below 40% of full sunlight stem production 

was depressed (Maschinski et al. 1997).  However in this same report stem production 

did not change dramatically when light increased to full sunlight levels.  This supported 

the hypothesis that while growth may be depressed, planted C. pubescens seedlings 

would be capable of surviving in the full sunlight conditions of new mine rehabilitation. 
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Effect of shade on seed germination and seedling establishment in mine restoration 

 

Standard practice was to attempt to establish C. pubescens in new mine rehabilitation by 

broadcasting seed (Alcoa).  In the natural forest situation C. pubescens seedlings arise in 

sites that are heavily shaded and protected.  However in new mine rehabilitation they 

are exposed to full summer sunlight and wind. The effect of full sunlight on seed 

germination and subsequent seedling survival was unknown.   

 

 There have been few detailed studies into the effect of various light levels on the tuber 

growth rates of understorey geophytes. The most relevant were two investigations into 

forest ginseng species (Wang et al. 1995, Fournier et al. 2004).  These studies indicated 

that moderate light levels produced the heaviest tubers, followed by low light levels, 

with high light levels producing the lightest tubers.   

 

3.3. Objectives and Hypotheses 

 

C. pubescens was selected with the ambition of developing a model species for wild 

geophyte propagation and revegetation.  The aim was to use an hypothesis driven study 

to develop methods and concepts suitable for testing on other Jarrah forest geophytes.   

 

The primary hypothesis is that while initial growth may be depressed, planted              

C. pubescens seedlings are most likely to survive in the full sunlight conditions of new 

mine rehabilitation because of their developed state with functional leaves, roots and 

with some reserves.  Furthermore, to maximise genetic diversity, propagation from wild 

seedlots would be desirable. 

 

From past experience, and the review, the failure of seed-based restoration practice 

appears to be due to poor seed harvesting practice but there remains the possibility that 

postharvest practices may also have contributed to restoration failure: e.g. storage 

conditions that may be interacting with dormancy mechanisms or that may in 

themselves be detrimental.  However, it is also clear that the environmental 

circumstances, edaphic and climatic, may also be causally related to poor establishment.   
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Again from the review of the ecological niche occupied by C. pubescens, excessive 

light and water deficit stress are proposed as two key ecological factors and these will 

be explored experimentally. 

 

However, it is puzzling that there has been so little regeneration from wild tubers, given 

the observed capacity of C. pubescens to recover after fire and drought by regrowth 

from tubers. 

 

In vitro seed germination was the first propagation method chosen for testing.  This is a 

very good tool for estimating the potential germination of seed under optimal 

conditions.   

 

A key question is how large do the nursery grown tubers need to be to ensure both field 

survival and reproduction?  Discovering whether different sized, but same aged C. 

pubescens plants could be produced ex situ from a single seedlot, was therefore also a 

primary objective.  

 

The principal hypothesis to then be tested is that nursery grown plants with larger tubers 

will have higher revegetation survival.  It has been recognized that the survival of 

understory plants is lowest during the seedling stages and higher and more stable once 

plants are larger and established (Bierzychudek 1982, Galatowitsch 2008).  

 

A concept developed here is that the true cost of plants used for revegetation is the cost-

per-surviving-plant in the revegetation, rather than the cost-per-plant when collected 

from the nursery producer.  Identifying a nursery grown plant and tuber size that gave 

the highest sustainable field survival rates for the lowest cost-per-surviving plant was 

the ultimate objective.  It was postulated that larger tuber plants would have the lowest 

production and establishments costs, per surviving plant.  

 

The chosen plant size also had to be practical for carrying over rough terrain to the 

planting sites.  If bare-rooted underground storage organs were effective revegetation 

propagules then this would reduce the planting effort. 
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3.4 Methods and Materials    
 

Phenology 

 

Forest plants near Marrinup Nursery (S 32°40'38.7", E 116°00'57.6" and S 32°43' 15.4" 

E 116°01'73.8") were observed each month from July to September 1998, then weekly 

from October until the end of January 1999.  Thereafter all the seed had been dispersed 

so the plants were checked monthly until June 1999.   

 

Seed germination: in vitro 

 

Two seedlots collected at the optimal time were tested under similar conditions.  

Seedlot 1 comprised 50 ripe seeds collected at the optimum time in January 1997 and 

seedlot 2 ripe seed collected in January 2001.  Seedlot 1 was stored for 3 weeks and 

seedlot 2 for 7 months, both at 21°C.  Fifty seeds were soaked in 10% White King® 

bleach (0.4% Cl-) for 15 minutes, rinsed 3x in sterile de-ionised water and sown 

individually onto filter-paper bridges in sterile glass test-tubes.  The liquid medium was 

10 ml of half-strength Murashige and Skoog (1962) medium macronutrients (1/2 MS) 

full MS micronutrients, 100 µM zeatin, 20 g sucrose/L-.  Test-tubes were sealed with 

Magenta® test-tube caps and Parafilm® 

 

tape.  The 2 racks of test-tubes were wrapped in 

aluminum foil (i.e in the dark) and placed at 21°C in a climate controlled growth room.   

Tissue culture 

 

Tissue cultures were established by transferring sterile in vitro seedlings from test-tubes 

to Basal growth (B2) media (½ MS media, full MS micronutrients, 20 g sucrose/L-, 

solidified with 8 g/l agar [Davis J3®

Once established the shoot cultures were multiplied by the addition of 2 µM 

benzylaminopurine (BAP) to the culture media.  Shoots were rooted on quarter-strength 

Murashige and Skoog (1962) medium (¼ MS) with 2 µM indolebutyric acid (IBA) and 

solidified with 8 g/l agar (Davis J3®).  Rooted shoots were transferred to a free draining 

potting mix (perlite: coarse sand: fine pine bark at 1:1:1) and hardened in a misting 

chamber. 

], nil plant growth regulators).  The shoot cultures 

readily grew roots on the same media without plant growth regulators. 
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Seed germination: in vivo 

 

Seed was sourced from a wild population at Deer Rd, Dwellingup (S 32°40'16.48",       

E 116°00'24.73") at seed dispersal on January 14th 2003 (seedlot 030230) and January 

5th 2004, respectively.  It was either used immediately or stored unsealed in the dark at 

21° C.  Seed was sown onto the surface of a germination mix comprising composted 

fine pine bark, coarse river sand, perlite; 2:1:1 v/v/v to which was added 13 kg of 9 

month slow release Macrocote® per m3.  A thin layer of vermiculite was then added to 

minimise drying and to simulate a thin litter layer.  The trays were placed on raised beds 

with 60% shade cloth (to simulate the light environment of a forest, 3 years after fire).  

 

After evaluation plants arising from the 2003 seedlot were grown on for use in 

subsequent field and pot size experiments.  The 2004 lot was stored and sown at 

intervals for 2 to 13 months (planting times being March, July, September and 

February).  The experimental design in this instance comprised 12 replicates of 42 

‘Fertil’® pot trays and two treatments: 60% shade cloth and full sunlight.  

 

Germination was evaluated at weekly intervals for 25 weeks though experience 

subsequently showed no germination after 22 weeks. 

 

Light intensity (photosynthetically active radiation, PAR) was measured in μm-²sec-¹ 

with a Li-Cor® LI 185B photometer and a LI 190SB quantum sensor (Li-Cor, Lincoln, 

NE). 

 

Seed germination and seedling establishment in mine rehabilitation 

 

Six replicates of 100 seed were sown in 1 m² plots rehabilitation on the 24th of July 

2004.  Two replicates (with 5 metre spacing) were at each of sites 1, 2 and 3 in table 

3.1.  Seed was sourced from a wild population at Deer Rd, Dwellingup (S 32°40' 

16.48", E 116°00'24.73") at seed dispersal on January 5th 2004 (seedlot DW2004-1). It 

was stored, until the day sown, unsealed in the dark at 21°C. 

Experiment 1 
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Table 3.1 Broadcast seed experiment: plot geographic locations (WGS84). 

Site 
Mine Pit: 

Restoration 
Area 

 

Latitude 

(S) 

 

Longitude 

(E) 

 

Elevation 

(metres) 

     
1 Bandicoot 1 32°37´40.08´´ 116°05´34.18´´ 327 

2 Bandicoot 2 32°37´37.82´´ 116°07´32.12´´ 319 

3 White Rd 1 32°35´48.02´´ 116°05´08.64´´ 336 

4 Chipala 5 32°37´ 16.47´´ 116°08´33.96´´ 342 

     

 

 

In the second experiment, the effect of shade on seed germination was examined by 

sowing 100 seed in 1 m² plots for each of 3 treatments, in fresh mine rehabilitation sites, 

on the 2nd of August 2004.  The seed was from the same January 2004 seedlot used in 

experiment 1 and in the 2004 in vivo repeat sowing experiment. The 3 in situ treatments 

were: unshaded, shaded (60% shade to simulate conditions on the forest floor), and 

unshaded with a layer of vermicullite sown on top (to simulate a litter layer). Four 

replicates were established, each in a different rehabilitated mine pit (sites 1 to 4 in table 

3.1). 

Experiment 2 

 

Tuber length in vivo  

 

Twenty seedling plants (3 months old) were placed in 1 metre long Carroll Tubes at 

Marrinup nursery (Fig.3.3). The substrate used was mine rehabilitation gravel (without 

topsoil). After 9 months growth in Carroll Tubes the tuber lengths were measured 

(Table 3.6).   The aim was to identify whether the plant tubers and roots could grow 

rapidly and reach any soil water available well below topsoil depth.   
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Figure 3.3 The Carroll Tubes used to estimate C. pubescens tuber and root length potential. 

 

Tuber division 

 

To test whether tuber division was a viable plant production method 10 plants tuber 

clusters were divided into individual tubers.  The plants used had been grown for 12 

months in Masrac® plastic Olive pots (900 cc) after transfer in as 2 month old seedlings.  

Each plants separated tubers were planted in one 15 litre container of potting mix and 

placed under 60% shade in the irrigated nursery yards.  The top of each planted tuber 

was level with the surface of the potting mix. 

 

Seedling production ex situ: manipulation of plant and organ sizes 

 

Based on the literature reviewed in the previous chapter manipulating seedling biomass 

within an age cohort was attempted.   

 

The seed used for in vivo seedling production was sourced from a wild population at 

Deer Rd, Dwellingup (S 32°40'16.48", E 116°00'24.73") collected at seed dispersal on 

January 14th 2003 and stored unsealed in the dark at 21 °C (seedlot 030230). On 4th

 

 

February 2003 seed was sown into cell-less trays of the same germination mix used for 

the previously described in vivo germination experiments. 

In May, 2 month old seedlings were transplanted into one of 3 container volumes and 

grown for a further 12 months.  The 3 pot types and sizes were large (Masrac® plastic 
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Olive pots 900 cc, 82 x 82  x 180 mm deep), medium (Masrac® 440 cc plastic pots (70 x 

70 x 90 mm deep) and small (Fertil®

 

 fibre pots, 170 cc, 70 x 70 x 90 mm deep). 

After 12 months growth the stems and tubers of thirty plants from each pot type were 

harvested, measured and dried at 60 °Celsius for 48 hours, along with 30 wild plants. 

 

Revegetation: establishment and growth 

 

A preliminary revegetation experiment using small ex situ seedlings was established in 

June 2001 (10 small plants per mine rehabilitation pit, with 3 replicates).  

 

In June 2004 a very large field experiment was planted in 4 replicate pits (1800 plants 

and 360 seed total).  The experimental design consisted of 12 blocks of plants, set up as 

3 blocks per pit x 4 pits (replicates).  Each block of plants contained 150 plants (30 

plants each of 5 treatments) and 30 seed as a 6th

 

 treatment.  All blocks layouts were 

fully randomised.  The 5 plant treatments were small, medium and large size plants 

(from the afore-mentioned in vivo plant biomass experiment) plus large plants either 

bare-rooted at the nursery prior to planting or bare-rooted at the planting site.  All plants 

came from the same seedlot (030230) and were the same age (14 months).  The 

broadcast seed was from the same January 2004 seedlot used in experiment 1 and in the 

2004 in vivo repeat sowing experiment. (seedlot DW2004-1).  

Grazing guards were not used with the planted seedlings, as like all Clematis (and other 

Ranunculaceae) the plants are poisonous (Barnes 2004).  Significant wild plant grazing 

was not observed.  To remain consistent with operational mine rehabilitation practice no 

fertilizer was applied at planting.  All field plots were aerial fertilized near the end of 

the wet season with 229 kg/ha of diammonium phosphate sulfur extra® 

 

fertilizer (17.5% 

N, 20.0% P, 1.2% S), with micronutrients (Cu, Zn, Mo and Mn) and 51 kg/ha of 

potassium chloride.  

Plant survival and stem length were measured at planting, one month later, then 

quarterly for 15 months and 1 year subsequently.  Monitoring in October facilitated 

collection of flowering, seed set and end-of-growing-season survival data. 
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Table 3.2 Ex situ seedling revegetation experiment: plot geographic locations (WGS84). 

Replicate 
Mine Pit: 

Restoration 
Area 

 

Plot 

Slope 

 

Latitude 

(S) 

 

Longitude 

(E) 

 

Elevation 

(metres) 

      

1 Chipala 5 Upper 32°37´19.86´´ 116°08´38.56´´ 353 

1 Chipala 5 Middle 32°37´ 16.47´´ 116°08´33.96´´ 342 

1 Chipala 5 Lower 32°37´11.12´´ 116°08´34.44´´ 333 

      

2 Chipala 7 Upper 32°37´59.93´´ 116°09´16.63´´ 345 

2 Chipala 7 Middle 32°38´03.90´´ 116°09´15.17´´ 336 

2 Chipala 7 Lower 32°38´05.26´´ 116°09´01.97´´ 318 

      

3 White Rd 1 Upper 32°35´48.02´´ 116°05´08.64´´ 336 

3 Bandicoot 1 Middle 32°37´40.08´´ 116°05´34.18´´ 327 

3 Bandicoot 1 Lower 32°37´44.63´´ 116°05´24.66´´ 322 

      

4 Bandicoot 2 Upper 32°37´39.15´´ 116°07´28.97´´ 325 

4 Bandicoot 2 Middle 32°37´37.82´´ 116°07´32.12´´ 319 

4 Bandicoot 2 Lower 32°37´34.70´´ 116°07´36.02´´ 311 

 

Slope position and aspect 

 

In each of the 4 pits (replicates) 1 block was placed at the top of a North-facing slope, 1 

block was placed mid-slope and 1 block was placed on a South-facing lower slope.   

 

Effect of shade on seedling establishment and growth in mine rehabilitation 
 

The effect of shade on seedling growth was tested by comparing seedlings grown under 

shade tents with those grown in unshaded plots (four replicates of each), (Fig. 3.5D).  

The test plants were the standard size seedlings used for rehabilitation planting at that 

time (small 15 month old seedlings in 45 mm³ fibre pots).  Light intensity (PAR) was 

measured in μm-²sec-¹ within the tents and in the open (full sunlight) plots for 

comparison with a Li-Cor® LI 185B photometer and a LI 190SB quantum sensor (Li-

Cor, Lincoln, NE). 
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Figure 3.4 Bauxite mine rehabilitation: Alcoa. Bandicoot 2 pit 23rd

 

 January 2005. The shade 
tent experiment is visible as 4 black rectangles in the centre right of the photo, near the 
straight line of Bandicoot road. The pit slopes downhill from the south to the north. Note how 
the rehabilitation is surrounded by unmined forest, which has some influence on the 
revegetation site environment.  Image from Google Earth. 

 

Soil water 

 

Soil water at each replicate was measured monthly at 10 centimetres depth and quarterly 

at 60 centimetres deep, for the first year.  Depths were chosen based on the anticipated 

growth of tubers during their 1st

 

 year.  

Three 250 cc soil samples were collected from 10 cm depths per replicate plot per 

month.  Three 250 cc soil samples were collected from 60 cm depths per replicate plot 

per quarter.  

 

Soil samples were placed in numbered steel tins of known weights.  Soil wet weights 

were recorded, the soils were dried at 60 °C for 48 hours and dry weights then recorded.  
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Figure 3.5 Revegetation experimental design, Bandicoot 2 pit, Alcoa bauxite mine 
rehabilitation, 14th

 

 June 2004. (A) Upper-slope plot looking downhill to mid and lower slope 
plots.   (B) Mid-slope plot.   (C) Lower-slope plot. (D) Experiment: the effect of shade on 
seedling survival and growth. 

 

Rainfall 

 

Daily rainfall data was collected by Alcoa of Australia (Fig. 1.2, Chapter 1) throughout 

the study period. 

 
Statistical analysis 

 

Data were subjected to paired T-tests and ANOVA in Minitab 16. The results were 

considered significant when they were outside 95% confidence intervals. If significant 

differences were detected by ANOVA’s, Tukey’s family errors method was used as the 

multiple comparisons test to group the results.  

 

 

 

 

 

A B

C D
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3.5 Results and Observations 

 

Phenology  

 

There were clear morphological characters which indicated optimum seed ripeness in C. 

pubescens (Fig. 3.6).  In burnt and open sites (e.g. roadsites, young rehabilitation) C. 

pubescens flowers and sets seed a month earlier than plants in closed forest.  The 

optimum seed collecting time is in late November and early December in burnt and 

open sites (Table 3.3).  In closed canopy sites the optimum seed collecting time is in the 

first half of January.   

 

 
Figure 3.6 (A) Unripe seed with tightly closed awns. (B)  Ripe seed with dry, open feathery 
awns. 

 

Burnt and open sites dry out quicker than closed canopy forest sites so seedlings in the 

former sites stop active growth one month earlier than seedlings in the forest sites.  The 

closed canopy forest sites had lower understorey light levels (Table 3.5).  This shading 

is considered to keep these soils cooler and moister than soils in burnt and open sites.  It 

was postulated that seedling survival would be low in fresh mine rehabilitation due to 

the lack of protective shading. 
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Table 3.3 Phenology of mature C. pubescens plants in the northern Jarrah forest. 

 

 

 

Seed germination: in vitro 

 

All seed sown in vitro in 1997 germinated in the dark (100% germination) within 6 

months and the seedlings grew well.   

 

 

 
Figure 3.7 (A) C. pubescens seed germination in vitro.  (B)  In vivo germination of ripe-picked C. 
pubescens seed, in spring 2003. 
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Ripe seed collected during January 2001 and then stored for 7 months at 21 °C resulted 

in 67% germination within 12 months of in vitro sowing (in near dark conditions, same 

method and medium as the 1997 experiment).  This confirmed the repeatability of the 

1997 experiment, but also raised concern about seed quality decline after picking.   Ripe 

picked seed demonstrated high in vitro germination in dark conditions. 

 

Tissue culture 

 

Fifteen clonal lines of shoot tissue cultures were established, but multiplication rates 

were low (x2 per month).  One hundred shoots were placed on rooting media with both 

100% rooting and 100% survival in the greenhouse.    C. pubescens tissue cultures were 

maintained for 1 year to allow development of a basic in vitro propagation technique, as 

a back-up method in case the seedling propagation research proved unsuccessful.   

 

Seed germination: in vivo 

 

The average in vivo germination percentage was 69.7% (Table 3.4).  The low variation 

within and between the last three seed sowings indicated that the seed collection, 

storage and germination methods used were suitable for mass propagation. There was 

no significant difference between the germination results for the last three seed sowings 

(Fig. 3.9, P = 0.001).  The first seed sowing had a significantly lower in vivo 

germination rate (46.0%) than the average of the following three sowings (77.6%) (Figs. 

3.8, 3.9).   
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Table 3.4 The effect of storage time on in vivo seed germination.  Seed was picked fresh in 
January 2004 and stored at 21 °C in the dark.  Germination was measured weekly for 22 weeks 
(5 months). Values represent means ± S.E. (n = 12).   

 

Seed Age 
at Sowing 

Sowing 
Date 

Average  

 ± S.E 

Range Weeks to 
maximum 

value 

Number 
tested 

      
2 months March 11th, 2004 46.0 ± 1.9 19 - 79 20 504 

      
6 months July 28th, 2004 72.0 ± 0.8 55 - 83 17 504 

      

8 months September 8th, 2004 82.1 ± 0.8 67 - 90 18 504 

      
13 months February 8th, 2005 78.8 ± 0.8 67 - 88 22 504 

      
Average  69.7 19 - 90 19 2016 

 
 
 
 
 

 

Figure 3.8 In vivo germination of seed stored at 21 °C in dark for 2, 6, 8 and 13 months 
following collection. (n = 504, means ± S.E.). Repeat sowings of a single seedlot (DW2004-1). 
All seed shaded (except  the unshaded control, September 2004).  
 

For all sowings the germination reached the maxima plateau by week 22 (Table 3.8) and 

this data was used to calculate the final seed germination percentage. 
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Figure 3.9 Effect of seed age on germination after 22 weeks: for 2, 6, 8 and 13 month old seed 
(same seedlot, stored at 21 °C in airconditioned room). All replicates were shaded. Values are 
averages of 12 replicates per sowing. Bars indicate standard error.  Mean values denoted as a 
and b differ significantly at P <0.01, determined by Tukey's multiple range test. 
 

Operational sowing (with the same 030230 seedlot used in the research experiments) 

proved the operational reproducibility of the seed germination method.  The average 

germination in the nursery was 79% for the shaded treatment and 3% for the unshaded 

treatment.   

 

Seed germination and seedling establishment in mine rehabilitation 

 

In 2003 it was noted that treated seed was being added to the seed mix but no plants 

were being recorded in the mine rehabilitation during the 15 month botanical 

monitoring.  The germination rate of the broadcast seed in the main experiment was 

19.7 %.  Only 3.0% of these seedlings survived two and a half years after the 

experiment started (Fig. 3.15).  Broadcast seed had a surviving plant establishment rate 

of 0.6% compared to an average rate of 59.8% for the 3 large-plant treatments (large 

plants in olive pots, bare-rooted at nursery or bare-rooted in the field). 
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Experiment 1: seed germination and seedling survival in mine rehabilitation 

 

The average germination was <5%.  After two years there were no surviving plants 

(from 600 seed total).  The seed was ripe when picked in January 2004 and at least 50% 

germination would have been expected in the nursery setting.  Those seedlings that did 

germinate and grow during the first spring subsequently died during the following 

summer drought.  The plots have been monitored for over 3 years and the seedlings 

have failed to resprout.  It is considered that the seedlings failed to grow a large enough 

tuber to sustain the plants through the first summer drought. 

 

Experiment 2: effect of shade on seed germination and seedling survival in mine 

rehabilitation 

 
Figure 3.10 Mine restoration in situ seed germination: unshaded treatment compared with  
shaded and unshaded with vermiculite treatments ( n=100 x 4 replicates per treatment). 
 

Seedlings that germinated in winter died off above ground during the summer drought, 

with most failing to re-emerge in the following wet season. The second seedling 

emergence peak in the second winter wet season (Fig. 3.10) is from seed that failed to 

germinate during the first winter.  The unshaded treatments failed to germinate in the 

first winter.  The shaded treatment however had seed germination in both the first and 

second wet season following sowing.  Few seedlings survived the 3rd dry season.  Thus 

seedlings in all 3 treatments were affected by drought or heat stress, not by excessive 

light. 
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Figure 3.11 (A) Seed germination in situ, July 2004.  (B) A single Clematis monitored in October 
2006 (2 and 1/4 years old). The seed germinated under shade in July 2004.  (C) The adjacent 
unshaded control plot in October 2006.  Germination and establishment survival was 1% in the 
shaded treatment and 0% in the unshaded plot (100 seed sown per plot). 

 

Seedling production ex situ: plant and organ sizes 

 

The wild C. pubescens plants sampled had the bulk of their biomass as underground 

tubers (70.8% of dry weight, Table 3.5).  The largest size ex situ propagated plants had 

only 34.9% of their total dry weight as underground tubers (Table 3.5).  The tubers of 

the largest size ex situ propagated plants had an average biomass (dry weight) that was 

12.3% of the wild plants tubers biomass.  Additionally these largest ex situ  plants had 

an average of 6.9 tubers per plant compared to an average of 13.4 tubers for the wild 

plants (Table 3.5).  

 

The small and medium size ex situ propagated plants had 52.3% and 57.8% respectively 

of their dry weight as underground tubers (Table 3.5).  Plants from both of these ex situ 

size classes had an average of only 2.3 tubers per plant (Table 3.5).  The small size ex 

situ propagated plants had an average biomass that was 2.4% of the wild plants tubers 

biomass.  The medium size ex situ propagated plants had an average biomass that was 

0.7% of the wild plants tubers biomass.  
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Figure 3.12 (A) Same age C. pubescens seedlings with markedly different size tubers, 
depending on (B) the size of pot the seedlings were grown in.  Plant-size-at-start of 
revegetation experiment:  large, medium and small. 
All seedlings 14 months old (1 year in current container), and from the same seedlot (030230). 

B
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Figure 3.13 Average stem length. 14 month old plants from 3 ex situ pot types compared to 
wild plants (n=30, means ± SE). Data is normal and significant at P = 0.000. Mean values 
denoted as a, b and c differ significantly at P < 0.01.  

 

 

Figure 3.14 Average tuber length.  14 month old plants from 3 ex situ pot types compared to 
wild plants (n=30, means ±SE). Data is normal and significant at P = 0.000. Mean values 
denoted as a, b and c differ significantly at P < 0.01.  
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Table 3.5 C. pubescens plant sizes: 14 months old ex situ plants (grown for 12 months in 3 sizes 
of nursery growing containers) compared to mature wild tubers (n=30, means ±SE). Data is 
normal and significant at P = 0.000 (except Stem % water is significant at P = 0.001).  Mean 
values denoted as a, b and c differ significantly at P < 0.01.  

  Nursery container size  

Organ Measurement Unit Small  Medium Large   Wild plants 
  (30 F: 170cc) (70 P: 440 cc) (Olive: 900 cc)  

Tubers      

Number  2.3 ± 0.2 a 2.3 ± 0.2 a 6.9 ± 0.5 b 13.4 ± 0.6 c 

Length, all mm 39.1 ± 2.1 a 64.1 ± 3.2 b 103.8 ± 4.9 c 114.6 ± 4.5 c 

Length, longest mm 44.8 ± 2.9 a 75.5 ± 3.7 b 153.8 ± 8.6 c 176.7 ± 6.9 d 

Diameter mm 2.3 ± 0.1 a 2.7 ± 0.1 b 3.3  ± 0.1 c 5.9 ± 0.2 d 

Fresh Wt mg 149 ± 15 a 498 ± 61 a 939 ± 96 b 2519 ± 164 c 

Dry Wt mg 29 ± 3 a 116 ± 17 ab 190 ± 41 b 749 ± 60 c 

Water content % 80.6 ± 1.1 a 77.1 ± 0.9 b 81.4 ± 1.0bc 70.67 ± 0.98c 

      

Roots      

Fresh Wt mg 113 ± 14 a 508 ± 134 a 3893 ± 453 b - 

Dry Wt mg 29 ± 4 a 95 ± 16 a 837 ± 116 b - 

Water content  73 ± 2.1 a 75.2 ± 1.2ab 79.1 ± 1.5 b - 

Longest  mm 60 ± 4.8 a 88.9 ± 4.3 b 178.9 ± 8.2 c 0 

      

Stem      

Inter-node mm 8 ± 0.6 a 16.8 ± 3.6 a 92.4 ± 19.2 a 103.1 ± 6.1 b 

Stem Length mm 12.7 ± 0.9 a 32.2 ± 3.9 a 758.3 ±132.9b 1128.3 ± 111.9c 

Basal Dia. mm 0.7 ± 0.05 a 1.1 ± 0.05 a 1.8 ± 0.1 b 6.8 ± 0.3 c 

Fresh Wt mg 100 ± 18a 265 ± 347a 6736 ± 1226 b 14452 ± 1681 c 

Dry Wt mg 28 ± 5 a 71 ± 9.7 a 1385 ± 166 b 3993 ± 481 c 

Water content % 68.7 ± 1.9 a 76 ± 0.7 ab 75.5 ± 1.1 b 72.7 ± 0.5ab 

  
    

Plant      

Stems n 1 ± 0.0 a 1 ± 0.0 a 1.13 ± 0.1 a 1.6 ± 0.1 b 

Nodes n 1.7 ± 0.1 a 2.3 ± 0.21a 9.4 ± 0.7 b 10.5 ± 0.8 b 

Leaves n 3.5 ± 0.3 a 5.2 ± 0.6 a 40.3 ± 5.0 c 21 ± 1.6 b 

Leaves/Node  2 ± 0.1 a 2.3 ± 0.1 a 4.1 ± 0.2 b 2 ± 0.0 a 

Dry Wt. Total mg 128 ± 17 a 388 ± 43 a 3290 ± 368 b 13164 ± 1256 c 

Below ground/Total % 78.6 ± 2.2 a 82.2 ± 1.9 a 58.9 ± 1.8 b 70.8 ± 2.1 c 

Above ground/Total % 21.4 ± 1.4 a 17.8 ± 1.1 a 41.1 ± 1.8 c 29.2 ± 2.1 b 

Tubers/Total % 52.3 ± 2.2 a 57.8 ± 2.1 a 34.9 ± 2.6 b 70.8 ± 2.1 c 

2y roots/total % 26.3 ± 2.3 a 24.4 ± 1.7 a 24 ± 1.9 a 0 

Frac. water aerial parts % 68.7 ± 1.9 a 14.8 ± 1.1 34.2 ± 2.6 31.2 ± 2.2 

Frac. water soil organs % 68.7 ± 1.9 a 85.2 ± 1.1 65.8 ± 2.6 68.8 ± 2.2 
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Division 

 

An average of 5.8% (+/- 1.98 SE.) of individual tubers resprouted, ruling this out as a 

viable mass propagation method. Individual tubers ability to resprout was demonstrated, 

but this is vegetative reproduction strategy is not well developed in C. pubescens. 

 

Tuber length in vivo  

 

Table 3.6 Average tuber and stem sizes of one year old C. pubescens plants: nine months after 
seedling transfer to one metre long Carroll Tubes (n= 20 plants, means). 

No. of Tubers 
Tuber Length 

mm 
Longest Tuber 

mm 
Tuber Diameter 

mm 
Stem Height 

mm 

13 470 640 30 260 

 
After nine months in ideal growing conditions these plants were able to develop deep 

tubers that would allow access to plant available soil water during part or all of the 

summer drought (Table 3.6). 

 

Revegetation: establishment, survival and growth 

 

The preliminary ex situ seedling establishment experiment of winter 2001 had an 

average plant survival of 67% after 9 months, 97% after 12 months and 30% survival 

after 20 months (February 2003).  The survival rate differences related to the monitoring 

times.  Small plants died back completely during mid-summer.  The plants then relied 

on their tubers for resprouting when the winter rains commenced. The optimum survival 

monitoring time was at the end of the 2nd spring (16 months after June planting).  These 

preliminary results were promising enough to warrant a larger experiment.  Field 

observations had indicated that a larger size propagule may be required to keep a higher 

percent of plants alive, until protective shrubs were established. 

 

The major winter 2004 revegetation experiment resulted in a 30 month survival rate of 

60% for the ‘largest-size-at-start’ plants in October 2006 (Fig. 3.15). The 30 month 

survival rate of the ‘smallest-size-at-start’ plants (the previous standard size planted) 

was 15%.  
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The 30 month survival rate of seedlings that germinated from the broadcast seed was 

less than 1%.   The Clematis seed broadcast into fresh mine rehabilitation germinated, 

but then failed to survive the first summer drought (Fig. 3.15).  Clematis seed was 

removed from the broadcast rehabilitation seedmix, reducing the seedmix cost. 

 

Within 6 months it was apparent that the initially largest size plants gave vastly superior 

field survival.  Planting bare-rooted large plants had no impact on survival or growth 

compared to removing large plants from their growing container at site, so this 

propagation method was fast-forwarded into production.  42,845 large size C. 

pubescens were planted in 3,234 ha of mine rehabilitation from 2005 to 2010.  Plants 

were removed from their growing containers at each mine rehabilitation site and carried 

into the rehabilitation pits as bare-rooted plants. The 30 month establishment data (Fig. 

3.15) validates the early adoption of the chosen production method. 

 

 

 

Figure 3.15 Revegetation experiment: survival of different size plants and seedlings from 
broadcast seed, over a 2 and ½ year period.  All ex situ plants originated from the same seedlot 
(030230) and were the same age when planted (14 months) (n= 360, means ± S.E.).  The 
broadcast seed was collected in January 2004 (seedlot DW2004-1). 
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Figure 3.16 Revegetation experiment: stem length of different size plants and seedlings from 
broadcast seed, over a 2 and ½ year period (n= 360, means ± S.E.).   
 

 

Slope position  

 

 

Figure 3.17 Revegetation experiment: effect of plot slope position on plant survival. 
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The initially large plants maintained their stem length advantage over the initially 

smaller sized plants for the first 30 months after planting (Fig. 3.16). However they did 

not put on additional growth, being observed to suffer from wind damage in the open 

conditions. 

 

During the first year the plots established at the top of pits did not show reduce survival 

(Fig. 3.17).  However during the second spring the lower slope sites had better plant 

survival than the upper slopes. By the end of the third spring however there was no 

significant difference between the 3 different aspects.   

 

 

In situ light intensity: shade compared to open rehabilitation and forest sites 

 

Table 3.7 Seasonal PAR light readings in mine rehabilitation (rehab.) and nursery environments 
as a percentage of each seasons unburnt forest PAR light levels. N =4. Measured values in 
brackets are in μm-²sec-¹. All measurements taken between 12 and 12.30 pm on cloudless days.  
 
 
 
 
Season 

Unburnt 
forest 

Burnt  
forest 

New 
mine 

rehab. 
Nursery 
shade 

Mine 
rehab. 

Seedling 
shade 
tents 

Mine 
rehab. 
Seed 

shade 
tents 

Winter 

July 2004 

100% 
(518) 

177% 
(915) 

222% 
(1150) 

135% 
(700) 

122% 
(632) 

42% 
(220) 

Spring  

Oct. 2004 

100% 
(1050) 

141 % 
(1480) 

195% 
(2050) 

119% 
(1250) 

68% 
(710) 

22% 
(232) 

Summer 
Feb. 2005 

100% 
(950) 

193% 
(1830) 

209% 
(2190) 

155% 
(1470) 

84% 
(880) 

38% 
(400) 

Autumn 
April 2005 

100% 
(1020) 

136% 
(1390) 

175% 
(1790) 

116% 
(1180) 

69% 
(700) 

20% 
(210) 
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Effect of shade on seedling survival and growth in mine rehabilitation 

 

Figure 3.20 The effect of shade on the survival in mine rehabilitation of small ex situ 
propagated C. pubescens seedlings. 

 

 

 

Figure 3.21 The effect of shade on the growth in mine rehabilitation of small ex situ 
propagated C. pubescens seedlings. 
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At the start of the trial the shaded plants were 2 mm taller, on average, than the 

unshaded plants (this data was within the expected height variation for these seedlings). 

After 40 months growth in situ, this gap had grown to 10 mm.  On average the shaded 

plants were 17% taller after 40 months growth whereas the unshaded plants were 45% 

shorter.  These findings demonstrated clearly that C. pubescens seedlings survive and 

grow better in shade. The relatively little new growth of the shaded plants was 

unexpected but provided further evidence that small seedlings perform poorly in the 

mine rehabilitation. 

 

Tuber length and soil water 

 

The top 150 mm of the bauxite rehabilitation soil dries out during spring, summer and 

much of autumn and the available water falls below plant wilting point (PWP), (Fig. 

3.19).  There is still plant-available water in soil at 600 mm depth during spring (Fig. 

3.18).  The large-size-at start plants had average tuber lengths of 150 mm and would be 

predicted to grow tubers and roots down to at least 600 mm depth during the first 6 

months in the field.   

There was no significant difference in soil water content at 600 mm depth between the 3 

slope positions (Upper slope: U, Mid slope: M or Lower slope: L, Fig. 3.18) in any of 

the seasons studied.  All planting sites had similar and adequate water volumes at this 

depth during the winter wet season and the spring transition period. The soil water 

contents at 600 mm depth were all above the plant wilting point (PWP) for mine 

rehabilitation bauxite gravel topsoil (0.1 m³/m³, Kew 2007 pp. 98) during winter and 

spring, but below PWP during the summer drought.  The tubers were considered 

capable of growing at least 600 mm long before the second spring and accessing the 

water at this depth (Table 3.6). 
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Figure 3.19  Soil water content at 600 millimetres depth for each season during first year after 
planting. N = 3 samples x 4 replicates per slope position. Data is normal at P < 0.005. No data is 
significant at P ≤ 0.05. 
 

 

Rainfall 

 

The rainfall during the first 12 months (June 2004 to May 2005) was average or slightly 

above average every month, except September 2004 (Fig. 1.2, Chapter 1).  The 

revegetation results in these experiments characterize the predicted outcome of 

operational plantings during non-drought years.  
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Figure 3.22 C. pubescens seed production 40 months after planting in mine rehabilitation. This 
plant had 209 seed-heads (est. 4180 seeds) which was wind dispersed into the surrounding 40 
month old restored forest (background) during January 2008.  
 

 

3.6 Discussion 

 

Clematis pubescens was successfully propagated and sustainable populations were 

established in bauxite mine rehabilitation.  Three years after establishment in the mine 

rehabilitation vegetation this species flowered and produced seed.  Results to date 

indicate that C. pubescens has been sustainably restored. 

 

Ex situ C. pubescens tubers had to reach a threshold size to ensure subsequent plant 

survival in fresh mine rehabilitation in the northern Jarrah forest.  Revegetation 

establishment was highest (60% survival after 30 months) when the planted tubers 

average dry weight was 12.3% of wild plant tuber dry weight.  Revegetation survival 

after 30 months was below 20% for ex situ propagated plants with an average tuber dry 

weight below 2.5% of wild plant tuber dry weight (Table 3.5, Fig. 3.15).  
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Phenology 

 

Phenology studies were invaluable.  Collecting seed at the optimum time enabled 

successful germination experiments.  The seed used prior to this study was unripe 

(green, with closed awns) when collected, as hypothesized.  In combination with cool 

storage this had reduced seed germination to below 1%.  Ripe seed is brown, has dry, 

open awns and needs collecting when natural dispersal starts.  C. pubescens was 

observed to mainly flower in post-burn forest sites with high sunlight levels and to 

seldom flower under a well developed canopy.  Seed is then wind dispersed into 

surrounding unburnt forest, where conditions are amenable for both seed germination 

and seedling survival.  Only low seed germination rates and seedling survival could be 

expected in the high sunlight recently burnt areas.  

 

For example wild C. pubescens plants flowered prolifically in spring (October) 2007, 

following the summer wildfire of February 2007 (Dwellingup region, Western 

Australia). Seed production was high, with seed released in early summer 2008 

(January).  By the following winter this post-fire rapid growth of C. pubescens was 

considerably reduced as was the subsequent flowering.  This fits the pattern of rapid 

resprouting following fires reported for many Jarrah forest understorey species (Bell 

and Koch 1980, Gill 2002, Grant and Koch 2003, Hoffman and Brown 1998, Slee 2003) 

which partly reflects the low presence of pioneer species in the Jarrah forest (Bell and 

Koch 1980).  Recently the fire-responsive species concept has been further refined to 

highlight that each species has its post-fire peak density early, intermediate or late in the 

post-fire period (Cargill 2005).  C. pubescens should be considered as being an early 

responder to fire.  

 

All Clematis species stems grow from a crown and are often numerous in hospitable 

environments.  They generally die back during the most unfavourable season of the 

year, but the first 1-5 metres of stem generally persist for several years (Stannard and 

Crowder 2006).  C. pubescens fitted this general pattern with new growth occurring 

during the winter and spring in both the forest and the mine rehabilitation experiments. 

Monitoring stem growth has to take into consideration both this seasonality effect and 

the influence of the developing rehabilitation vegetation. As the surrounding 

revegetation develops more vertical structure and shade then the planted C. pubescens 



105 
 

have increased support and protection; and produce longer stems.  In unburnt forest 

while C. pubescens below ground structures, seed germination and seedlings were in 

shade, the stems were observed to climb supporting shrubs so that flowering occurred in 

higher sunlight.  Three and a half years after planting the first long multi-stem plants 

were climbing over the shrubs, flowering and setting seed (Fig. 3.22).  Stem growth and 

seed production measurement is ongoing. 

 

Seed Germination: in vitro    

 

The high in vitro germination of brown seed collected at the wild dispersal time was 

convincing evidence that the green seed previously supplied was unripe and inviable.  

In vitro seed germination proved to be a useful tool for wild seed viability testing and 

for predicting whether in vivo seed germination research was worthwhile.   

 

Seed Germination: in vivo 

 

C. pubescens seed germination was demonstrated to be light-inhibited.  High levels of 

in vivo seed germination could be replicated by the use of shade cloth to reproduce 

forest floor light levels and a of vermicullite layer covering the seed, to represent leaf 

litter or soil burial.  Bell (1994) suggested that a requirement for seed burial in Jarrah 

forest species was an adaptation to using the higher moisture levels in soil, compared to 

surface germination.  The high in vivo seed germination of C. pubescens may also have 

been influenced by the high volumes of water supplied daily (compared to the natural 

state) and the open, well drained and fertilized potting mix.   

 

Two month old seed had lower in vivo germination than 6, 8 or 13 month old seed, 

agreeing with reports of embryo after-ripening in this genus (Johri 1992).  In vivo seed 

germination did not decline when seed was dark stored for 13 months at 21 °C.  This 

facilitates seed collected from good wild seed crops to be used for 2 years plant 

production.  In vivo sown seed started germinating after 6 to 9 weeks and germination 

was complete by week 22 (over 5 months).  This long germination period requires plant 

production to commence as early as possible after seed collection; to ensure adequate 

tuber growth prior to planting in the following years winter wet season. 
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Seed germination and seedling establishment: in situ    

 

Ripe-picked C. pubescens seed broadcast into fresh mine rehabilitation did germinate in 

new mine rehabilitation but at low levels, probably due to full sun conditions, no 

protective litter layer, a gravel substrate (which develops a soil crust following rain) and 

reliance on rainfall, which is irregular during the wet season and sparse to absent during 

the dry season.  While the resultant seedlings grew during the first winter wet season 

and spring, they subsequently failed to survive the first summer drought.  The 

hypothesis that seedling survival and growth would be low in fresh mine rehabilitation 

due to the lack of protective shading was demonstrated.  It was postulated that due to 

inadequate tuber development before the summer drought then broadcasting seed of C. 

pubescens is an ineffective restoration method.  This hypothesis may be a general 

concept applicable to many geophyte species in the pre-mining flora and elsewhere in 

Mediterranean-type climates.  Research in 2006 and 2007 indicated that this was correct 

for several other Jarrah forest geophyte species (Appendix 5) and these are currently in 

preliminary seedling production trials at Alcoa’s Marrinup Nursery (Willyams 

unpublished). 

 

As no seedlings of broadcast seed origin survived the second summer C. pubescens seed 

was removed from Alcoa’s Jarrah forest restoration seed-mixes.  This eliminated falsely 

counting this species addition via the broadcast seed revegetation method.  C. pubescens 

seed was removed from the broadcast seedmix and replaced with the ex situ production 

of large tuber plants for operational mine revegetation.   

 

Unlike reports for Clematis microphylla (Lush et al. 1984) germination of C. pubescens 

seed was not promoted when the seed was exposed to field weathering conditions.  

Instead seed germination was delayed and reduced when sown in mine rehabilitation.  It 

took 42 days to peak seed germination in the nursery when sown in April 2004 with an 

average germination of 70%.  In mine rehabilitation the same seedlot took 120 days to 

peak germination with an average germination rate of <5%, when sown in July 2004.   

 

The in situ broadcast seed treatment (unshaded) had higher germination and seedling 

emergence (20%) compared to the nursery sown unshaded controls (3% germination).  
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This demonstrated the value of using field (rather than ex situ) seed germination data for 

determining the seed quantities required in revegetation broadcast seedmixes. 

 

Seed Germination: wild 

 

Seed dispersal from wild plants was observed in mid-summer and seed most likely 

germinates when the first rains commence in late autumn (April/May).  Seedlings and 

their tubers can then grow through the winter wet season and following spring before 

the summer drought commences.  Sowing seed in vivo and in situ in late summer and 

autumn mimics the natural life cycle. 

 

In vitro culture       

 

Tissue culture media and methods were developed for C. pubescens and the shoot 

cultures grew well.  Once in vivo seed germination methods were developed then in 

vitro research was discontinued, as seedlings have a far greater genetic diversity and are 

considerably cheaper to produce. 

 

Seedling growth and tuber sizes: in vivo 

 

Using different sized nursery growing containers enabled the production of different 

sized, but same aged plants from a single seed-lot.  This is the first known 

demonstration of this phenomenon for a wild geophyte. This facilitated a field 

experiment, to identify the optimum ex situ plant size needed to maximize revegetation 

establishment.  

 

Tubers were larger in the larger in vivo growth containers, demonstrating the original 

hypothesis. The number of tubers per plant was also higher in the larger growth 

containers, which had not been predicted (Table 3.5).  This supported the concept that 

‘bigger is better’ regarding nursery production of geophytes for revegetation planting.  

The mass of the above ground vegetation and the below ground vegetation both 

increased as the nursery container size increased (Table 3.5).  This agreed with a 

previous observation that the shoot and root growth of containerized vines are 

interdependent (Tonutti and Giulivo 1990). 
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Revegetation: establishment, survival and growth of ex situ origin plants 

 

The large-size-at-start plants had acceptable survival rates, whereas the medium and 

small size plants did not.  This supports the concept of each species having an optimum 

in vivo plant size that maximises revegetation establishment and growth (Dierauf 1996).  

The large size plants were adopted by Alcoa as the ex situ plant production standard in 

2005.  Plant presence revived in the second winter (wet season) after a steady decline 

during the first summer and autumn (dry season), for all initial-plant-size treatments.  

Many plants absent in autumn 2005 resprouted from their tubers in the subsequent 

winter wet season. 

 

The initially large plants did not put on additional stem growth for the first 30 months 

after planting (Fig. 3.16).  Instead they adopted the tough leaved, scrambling 

groundcover form seen in the inland, drier parts of the northern Jarrah forest. It is 

predicted the surviving plants will revert to the more typical climbing form as the 

surrounding vegetation develops, providing wind and sun protection.   

All ex situ origin plants that flowered and produced seed in the revegetation experiment 

were those with initially larger tubers (i.e. grown in the largest size nursery containers).  

This supported the concept that for many geophytes it is the plants with the largest size 

underground storage organs that flower the earliest (Halevy 1990). 

 

The concept that some geophytes can be revegetated using bare-rooted large plants was 

demonstrated for C. pubescens.  Where effective, using the underground storage organ 

as the revegetation propagule is a practical method for lowering planting effort and cost. 

 

Position on the rehabilitation slope (high, medium or low) did not affect survival of 

planted C. pubescens.  This agreed with the finding that cool air drainage did not reduce 

survival or growth of Jarrah seedlings in bauxite mine rehabilitation (McChesney et al. 

1995). C. pubescens can be planted anywhere in the rehabilitated mine pits; it is not 

necessary to give field workers site specific planting instructions. 

 

Tubers and roots depths in the soil may be even more critical than plant organ sizes 

during initial establishment, especially in soils exposed to periodic drought.   
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For example, the bauxite mine rehabilitation soils stayed wet at depth once the first 

rains started, even though there were periods of 10 or more days without rain during the 

wet season.  The gravelly nature of the soils means high infiltration so during long 

periods without rain the top 50 mm of soil dries out.  In this study the soils remained 

moist throughout the wet season at 150 mm depth (Table 3.7).    The longest tubers of 

the smallest size plants were 45 mm long (ave.), so any topsoil drying would have 

impacted on their growth and survival to a greater extent than plants from the medium 

size pots (75 mm longest tuber, ave.) and the large pots (154 mm longest tuber (ave.).  It 

is likely most of the initially larger plants would have grown roots to 600 mm depth by 

the end of the first wet season (Table 3.6).  At 600 mm depth the soils retained enough 

water for plant growth, except during the peak of the dry season (Fig 3.18).  Ability to 

access this deeper water would have given the initially large tuber plants a significant 

survival advantage compared to the initially smaller ex situ origin plants. 

 

Shade improved the survival and growth of  planted seedlings in new mine 

rehabilitation (Figs. 3.20, 3.21), demonstrating the hostile nature of this environment for 

seedlings.  Operational constraints and costs preclude providing shade, whereas planting 

initially larger seedlings is an effective lower cost approach. 

 

None of the plants in the in situ shade experiment flowered, probably due to the initially 

small tuber sizes, as no seedlings of the same initial size flowered in the larger 

experiment either.  The initial hypothesis that some of the shaded plants would flower 

was disproved.  This agreed with the findings of Werger and Huber (2006) where 

shaded plants of Bunium bulbocastanum had larger stems than unshaded plants, yet 

failed to invest in plant reproduction.  The C. pubescens in situ shading experiment 

results support the concept that geophytes resource allocation favours population 

survival ahead of reproduction and dispersal. 

 

The  C. pubescens propagation and revegetation findings support the concept put 

forward by Guerrant (2001, 2003, 2005) that establishing geophytic Lilium occidentale 

plants using their underground storage organs gave higher establishment rates than 

broadcast seed.  Menges (2008) recently reported that for all types of plant, their 

transplants typically have higher revegetation survival than sown seeds.  
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Future research 

 

The propagation container size used prior to field planting has been shown to influence 

the field growth rate of some crop geophytes underground storage organs (Lescovar and 

Vavrina 1999), with plants from larger pots producing larger and more numerous 

storage organs in the field.  This has not been measured yet with the C. pubescens 

revegetation experiment, but is planned for future assessment. 

 

The effect of various fertilizer regimes on field establishment, growth and reproduction 

is worth investigation.   

 

Deep planting of long-stem plants is a relatively new method being used to increase 

field survival of tree species (Chalmers et al. 2007). This method could be tested with 

C. pubescens Endl to see if revegetation survival and growth improved.  

 

The new hypothesis that C. pubescens seedlings originating from broadcast or topsoil 

seed cannot develop large enough tubers to sustain the plants during their first summer 

drought, needs further investigation and extension to other Jarrah forest geophytes.   

 

After a forest fire passes through the restored forest it will be worth monitoring whether 

the initially larger plants have higher post-fire survival, growth, flowering, seed set.  

Seed dispersal and seedling establishment in the field experiment plots will be worth 

investigation as the surrounding rehabilitation vegetation develops.  Once a substantial 

shrub layer establishes and shade levels increase there should be greater opportunity for 

seedling survival and growth.  The ability of the planted C. pubescens to resprout from 

their tubers after forest fire will be a key measure of whether the plantings are 

sustainable.  Controlled burning of the trials cannot take place until the rehabilitation is 

at least 13 years old (in 2017).   

 

Establishing nursery propagated plants in revegetation sites is one form of artificial 

plant dispersal (Wallin et al. 2009) and the implications of this on C. pubescens 

reproduction and population genetics in the revegetated Jarrah forest warrant future 

investigation. 
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Conclusions 

 

C. pubescens proved to be a revealing case study, highlighting the need to first 

investigate the biology of any target plant, to enable effective propagation and 

revegetation research.  A reliable large scale ex situ propagation and revegetation 

system was developed.  High revegetation establishment rates were achieved by using 

large ex situ origin plants with large tubers.  C. pubescens convincingly demonstrated 

the concept that ‘bigger is better’ when producing ex situ plants for revegetation 

establishment.  As the bare-rooted large plants were effective revegetation propagules 

they were adopted for the operational planting program, which reduced planting effort 

and cost.  Medium term monitoring indicated that the new C. pubescens populations 

were stable and reproducing.  C. pubescens was considered to be restored to the Jarrah 

forest established after mining.  Whether these populations are sustainable in the longer 

term will require ongoing monitoring. 

 

At the start of this study it was hypothesised that C. pubescens was absent from the 

restored Jarrah forest due to unripe seed being collected and used in the broadcast 

seedmix.  Following the development of successful seedling production from ripe 

collected seed a new alternate hypothesis was developed and tested: that “in situ 

geophyte seedlings (established from broadcast or topsoil seed) will have very poor 

survival in new bauxite mine rehabilitation, due to inadequate tuber development before 

the summer drought”.  This hypothesis was convincingly demonstrated by C. 

pubescens.  Following on from this study additional Jarrah forest geophyte species were 

tested to see if this concept had further application (appendix 5) and similar results were 

obtained.  Surviving the first summer drought would appear to be the key hurdle for 

northern Jarrah forest geophytes to overcome in heavily disturbed restoration sites in 

this Mediterranean type climate. 

 

It was originally hypothesized that C. pubescens was shade tolerant in the forest rather 

than shade dependant and would survive well in the full sun of first year mine 

rehabilitation sites.  While the plants did survive in the two and a half years following 

mine rehabilitation planting, most surviving plants did not grow to their wild length in 

this period.  It is considered they require some shade and support from adjacent shrubs 

before they can elongate, flower and set seed.  However it may also be a maturity issue 
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as it was observed that in bauxite mine rehabilitation C. pubescens typically first 

elongates, flowers and set seeds during its 4th year after in vivo germination (the 3rd 

year after planting). 

 

Clematis pubscens is now planted in every hectare of Alcoa’s bauxite mine 

rehabilitation at both the Huntly and Willowdale mines.   Focusing on in vivo 

production of large tubers has resulted in plants that can be successfully established in 

Alcoa’s bauxite mine rehabilitation, with no need for post-planting attention or 

treatments.  This was both the first vine species sustainably established in mine 

rehabilitation and a key geophyte species addition. 

 

Clematis pubscens is considered to be a useful model species for geophyte horticulture 

and restoration.  The propagation and revegetation procedures developed will help in 

conserving and restoring this species.  The methods and concepts developed for testing 

on this species were applicable and useful in subsequent studies of other Jarrah forest 

geophyte species.  The broad concepts about geophyte horticulture and restoration are 

testable on other species and may have global application. 

 

 

 

 

 

 

 

 

 

 

 



 113 

CHAPTER 4   

Geophytic Rushes and Sedges: propagation and revegetation 

  

4.1 Introduction 

 

Alcoa of Australia (Alcoa) operates two bauxite mines in the Jarrah eucalypt forest in the 

southwest of Western Australia.  Mining is restricted to the Darling Range in the 

northern Jarrah forest.  Mine sites are rehabilitated with the aim of establishing a self-

sustaining Jarrah forest ecosystem; with over 550 hectares rehabilitated each year.  Areas 

restored in 2000 contained similar species richness to unmined forest controls (Gardner 

2001) yet still lacked certain species.  Alcoa calls these difficult to establish species 

‘recalcitrant’.  Most plant species are successfully re-established from the returned 

topsoil seed-bank and from broadcast seed (Ward et al. 1996).  By definition, recalcitrant 

plant re-establishment from these two seed sources is limited, due to a range of biological 

conditions including complex seed dormancy mechanisms and naturally low seed 

production.   

 

Dryland rushes and sedges were seldom present in Alcoa’s restored Jarrah forest prior to 

the work reported here (Koch and Ward 1994).  They are a key group of recalcitrant 

plants and form a major part of the Jarrah forest understorey.  In the south-west of 

Australia there are 55 species of Restionaceae and 107 species of Cyperaceae (Wheeler et 

al. 2002). These rhizatomous geophytes resprout and spread rapidly following 

disturbance (Meney and Dixon 1988, Meney et al. 1993) especially after the frequent 

wildfires and regular summer droughts typical of this Mediterranean-type climate region 

(Pate et al. 1991).  This rapid disturbance response means they have high value for 

ensuring the resilience of restored ecosystems.  Rhizomes are an efficient underground 

storage organ form (Yetka and Galatowitsch 1999) and facilitate rapid resprouting.  

 

The most common species in the pre-mining forest (and absent in the restored Jarrah 

forest) were selected for research: Loxocarya cinerea and L. flexuosa (Restionaceae), 

Hypolaena exsulca, Lepidosperma squamatum, L. tenue and Tetraria capillaris, 

(Cyperaceae). 
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The dryland rushes and sedges are of high grazing value for Kangaroos (Parsons et al. 

2006, Koch 2007b) particularly after wildfires, when their resprouting shoots form a 

major part of the early regrowth.  Plant densities are high, for example Tetraria capillaris 

ranges between 18,000 and 27,000 plants per hectare (Koch 2007b).  These ancient 

plants fulfil the role of the grasses found in eastern Australian forests, but unlike most 

grasses they are often clonal over large areas (Pate and Dixon 1982, Meney et al. 1990, 

von Perger et al. 1994).  

 

Most wetland rushes and sedges produce viable seed and have persistent seedbanks, from 

which seedling establishment is possible given suitable conditions (Bernard 1990, van 

der Valk et al. 1999, Leck and Schütz 2005).  Wetland rush and sedge seedlings have 

been successfully produced by seed germination (Kettenring and Galatowitsch 2007).  In 

contrast nearly all Jarrah forest dryland rush and sedge species produce very little viable 

seed and there is no persistent seed bank (Meney and Dixon 1988, Meney 1993, Dixon 

and Meney 1994, Meney et al. 1997).  There are no reports of successful seed 

germination of Jarrah forest dryland rushes or sedges.  Alcoa’s bauxite mining process 

involves the removal of the topsoil and its direct return to adjacent restoration sites (Koch 

2007a).  Whereas most plant species can be restored from the topsoil seedbank, this is 

not possible for the Jarrah forest Restionaceae and Cyperaceae.  Additionally dryland 

rush and sedge rhizome fragments transported in the topsoil appear to be inviable for 

recolonization.  This agrees with reports of limited Carex sedge restoration from rhizome 

fragments (Galatowitsch and van der Valk 1996, Yetka and Galatowitsch 1999).   

 

For resprouting species with very low set seed some type of active re-establishment is 

required (Bellairs and Bell 1993).  Vegetative propagation and planting was considered 

to be the most reliable way to re-establish the dryland Jarrah forest rushes and sedges.  

Nursery produced wetland plants had higher field survival than wild transplants or 

seeding (Hoag and Sellers 1995, Hoag 2000).  Stubbendieck et al. (2002) had a similar 

result with the dryland prairie sedge Carex filifolia.  Ex situ rhizome division was used 

effectively by Chambers et al. (1992) as a nursery propagation method for wetland 

rushes and sedges.  Vegetative propagation using tissue culture for restoration of wetland 

rush and sedge species has been well demonstrated (Sarma and Rogers 1998, Rogers 

2003, Wang et al. 2007).  Reports of tissue culture technology being used to produce 

native understorey plants for species re-establishment and disturbed land restoration 



 115 

increased during the last decade (e.g. Kent et al. 2000, Shimada et al. 2001, Kalmbacher 

et al. 2004, Batty et al. 2006a, Reyes-Vera et al. 2008, Wright 2008, King et al. 2009, Xu 

et al. 2009, Panaia et al. 2011).  

 

This paper reports on a 16 year program to develop ex situ propagation methods for the 

large scale production of dryland rush and sedge plants; for use in bauxite mine 

restoration. Very little was known about the commercial propagation of the dryland rush 

and sedge species of the Jarrah forest prior to the work reported here.  It was originally 

considered that their propagation would be uneconomic, due to the poor seed availability 

and the slow growth rates of mature plants.  The Jarrah forest dryland rushes and sedges 

are well adapted to the nutrient poor soils of the Darling Range with some species having 

specialised phosphorus capturing roots (Shane et al. 2005), but growth is still very slow 

compared to wetland species. It was postulated that if plant tissue cultures could be 

established, it might be possible to increase growth rates and reduce the cost per plant.  

 

However, Alcoa’s propagation protocol ranks tissue culture as a last resort method, partly 

due to the high costs compared to broadcast seed or planted seedlings (Koch et al. 1994, 

Koch and Taylor 2000a).  The production propagation system developed had to be 

capable of repeatedly delivering large numbers of affordable plants.  Initial research on 

wetland rushes and sedges at Alcoa’s Marrinup Nursery indicated that in vivo division of 

tissue culture origin plants may be a viable and lower cost method.  In 1994, two wetland 

rush species (Eleocharis acuta and Anarthria prolifera) were transferred from tissue 

culture to raised fibreglass troughs and then successfully divided (x4 multiplication), 

with 100% plant survival.  After the initial tissue culture plant production, these two 

wetland rushes were maintained for 4 years (1994 to 1997) by in vivo divisions.  Previous 

research had described the root morphology of the dryland rushes and sedges (Meney et 

al. 1990) and indicated their potential suitability for division.  In 1995, the concept of 

deflasking waves of tissue cultured dryland rush and sedge plants and subsequently 

dividing them in vivo was developed.  If in vivo division was successful then the final 

cost per plant would be lowered, minimizing tissue culture costs and enabling production 

of enough plants for mine revegetation. 
 

The capability to reliably root the tissue cultures and then harden the plants in the 

greenhouse had to be proven at a large scale and in a repeatable manner.  Ideally, the 
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tissue cultures would survive well when planted in bauxite mine rehabilitation and 

subsequently spread, as typical of resprouting geophytes.  Because the dryland rushes 

and sedges rapidly sprout from their rhizomes following fire and drought (Pate et al. 

1991) they are important for the long-term sustainability of rehabilitated sites.   

This paper reviews 1) the establishment of tissue cultures, 2) the key acclimatization and 

in vivo division trials, 3) the development of large-scale tissue culture plant production 

and 4) in situ survival and grazing impact.  

 

4.2  Methods and Materials   

 

Plant phenology and seed collection  

 

Two to three wild populations of three species (Tetraria capillaris, Lepidosperma tenue 

and Lepidosperma squamatum) were located in the northern Jarrah forest of Western 

Australia.  For each population, 50 seed-heads were collected weekly for seven weeks in 

late spring, from the start of seed ripening and shedding until there was minimal seed 

remaining.  Each seed-head was collected from a separate plant.  Seed-heads were dried 

in an air-conditioned room (21 ºC ± 3 ºC) for one month in open paper bags.  All fully-

formed large seed was then removed using sieves and counted.  Poorly-formed small 

seeds, typical of these species, were discarded.  Cleaned seed was stored in the dark in an 

air-conditioned room (21 ºC ± 3 ºC).  

 

In vitro culture initiation  

 

Cultures were initiated from seed embryos using modifications of the methods developed 

for Jarrah forest species (refer to Meney and Dixon 1988, Meney et al. 1993, Meney and 

Dixon 1995).  The initiation media used was 1/2 MS major and minor mineral salts 

(Murashige and Skoog 1962) supplemented with 100 µM sodium-ferric EDTA, 500 µM 

myoinositol, 3 µM thiamine HCL, 4 µM nicotinic acid, 100 µM zeatin, 10 µM gibberellic 

acid, 90 mM sucrose, pH 5.8.  Liquid media was dispensed into polycarbonate vials with 

filter paper bridges.  Extracted embryos were placed on the top surface of the filter paper 

bridges (above the media level) and the vials placed in the dark in a temperature 

controlled culture room (21 ºC ± 3 ºC).  
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Tissue culture multiplication and rooting 

 

The early cultures grew slowly, multiplied very slowly and had a tendency to be 

hyperhydric.  Following the method of Rosetto et al. (1992a) the cultures were ventilated 

in 1993.  This improved plant health and allowed further development of techniques.  

The multiplication media was 1/2 MS major and minor mineral salts (Murashige and 

Skoog 1962) supplemented with 100 µM sodium-ferric EDTA, 500 µM myoinositol, 3 

µM thiamine HCL, 4 µM nicotinic acid, 2 µM benzylaminopurine (BAP) , 90 mM 

sucrose, pH 5.8 and 0.6% agar.  The root initiation media was 1/4 MS major and minor 

mineral salts (Murashige and Skoog 1962) supplemented with 100 µM sodium-ferric 

EDTA, 90 mM sucrose, pH 5.8 and 0.6% agar.  In vitro rooting % was recorded for each 

species during 1995-6 production. 

 

Wave trial tissue culture acclimatization 

 

This experiment was commenced in 1996.  All plants in all treatments were deflasked in 

early July 1996 into peat pots (Jiffy® brand, 60 x 60 x 60 mm fibre pots), with 30 pots 

per standard nursery tray.  The potting mix consisted of fine pine bark: white sand: 

perlite® (1:1:1); with pH 6.8 ± 0.1 (post-pasteurization).  All pots had nine month 

Osmocote® slow release fertiliser at approximately 10 mg per pot (0.1 litre of potting mix 

per pot) added prior to pasteurization.  All trays of plants were placed under white 

misting cloth tents in a hard plastic walled misting house for eight weeks and then 

transferred to a plastic film igloo with fine droplet overhead sprinkler irrigation for four 

weeks.  There were four acclimatization treatments, testing the effect of +/- additional 

Benzylaminopurine (BAP) and +/- additional fertilizer on plant growth during the first 2 

months post deflasking.  Treatments requiring additional hormone had 5 ml of 1000 µM 

solution Benzylaminopurine (BAP) applied to each plant fortnightly, using 5 ml syringes.  

Treatments requiring additional fertiliser had Aquasol®
 applied at the same time, at 5 ml 

of 2 g/l‾¹ solution per plant.  Plants were then placed on the outside beds in the nursery 

for eight weeks and watered with coarse droplet overhead sprinkler irrigation.  For the 

first four weeks (October 1996), beds were covered with 50% shade-cloth, due to the 

possibility of frosts.  Survival and spread rates within the trays were assessed at the end 

of November 1996. 
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Wave trial in vivo divisions  

 

In 1994 tissue cultured plants were transplanted from peat pots into large plastic pots 

(140 mm diameter) and placed under overhead sprinkler irrigation on outside nursery 

beds.  These plants received their first division after 12 weeks, with 12 plants of each 

species each divided into 1, 2, 4, 6 or 8 plants (called x1, x2, x4, x6, x8 respectively).  

The resulting individual plants were potted into large plastic pots (140 mm diameter) 

with fresh potting mix and placed back under overhead sprinkler irrigation on outside 

nursery beds.  Six months later, further capability for division was assessed for each 

treatment. 

 

Nursery plant production from 1994 to 2009 

 

Plant production data was recorded from 1994 to 2009 to identify the trends in plant 

performance as production levels increased from experimental to mass propagation. 

 

Field plant survival and grazing impact  

 

Three replicate plots were established for each species in 1999 rehabilitated sites at 

Huntly mine.  Each plot was planted at 2 m x 2 m spacing in a 16 m x 10 m grid in July 

1999.  For each species, 20 plants were guarded using three bamboo stakes and plastic 

film guards.  Plant survival and grazing impacts were assessed in July 2000. 

  

Statistical analysis 

 

Univariate analyses of treatments were performed using Analysis of Variance (ANOVA) 

in Minitab 14.  All data exhibited normal distributions and equal variances, therefore no 

transformations were applied.  Variables with significant ANOVA’s were subjected to 

Tukey’s post-hoc test.   
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3.3  Results  
 

Seed collection phenology 

 

Most seed was released in October and November over a period of five weeks (Fig. 4.1).  

There was a peak in seed release in mid-October for both Lepidosperma species.  By 

November 20th little seed remained and almost no seeds were recovered in mid-

December (except for Lepidosperma  squamatum at Site 2).   
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Figure 4.1 Seed collection phenology for various populations (sites) of Tetraria capillaris, 
Lepidosperma tenue and Lepidosperma squamatum. 
 
 
 

       

Figure 4.2   Tetraria capillaris: (a) seedhead  (b) tissue culture  (c) field establishment. 

b c a 
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Tissue culture multiplication and rooting  

 

Initial multiplication rates were low during the research phase.  The initial tissue culture 

plants had the appearance of juvenile plants but were very slow growing.  When 

presented with high concentrations of plant growth regulators in the tissue culture media, 

all species became hyperhydric or died.  However, when the concentration of plant 

growth regulators in the tissue culture media was increased gradually, survival improved 

because the cultures had time to adapt.  Tissue culture multiplication rates varied little 

between species during trial production.  This may have reflected their very similar life-

forms (slow growing, rhizatomous geophytes).  The average in vitro multiplication rates 

was 1.7 (Fig. 4.3), lower than commercially acceptable.  An in vitro multiplication rate of 

x3 per month is the minimum desirable for cost effective tissue culture production.   
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Figure 4.3  In vitro multiplication rates over 3 months ± S.E. of clones of six species. 

 

The average in vitro rooting percentage was 69% (Table 4.1).  This was considerably 

lower than the 100% rooting of the two wetland rushes in culture at this time (Eleocharis 

acuta and Anarthria prolifera).  Rooting percentage was highly variable between batches 

for all species, particularly Hypolaena exsulca.  This high variability made it difficult to 

plan the correct size of tissue culture production batches to meet plant production targets.  

Rooting ability varied between species and even within genera (e.g. Lepidosperma spp) 

which emphasized the need to optimize media for each species. 
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Table 4.1  In vitro rooting percentage for six rush and sedge species 

 
  

Rooting % Rooting %  
Total No.  of  

Shoots Tested 
 
Species Mean ± S.E. 

 

 
Range 

 
    
Tetraria capillaris 77.7 ± 6.0 55 - 92 668 
    
Lepidosperma squamatum 85.5 ± 4.1 85 - 95 1,706 
    
Hypolaena exsulca 51.9 ± 9.0 37 - 80 1,391 
    
Lepidosperma tenue 70.6 ± 3.4 62 - 78 806 
    
Loxocarya flexuosa 65.5 ± 4.4 56 - 81 720 
    
Loxocarya cinerea 65.3 ± 4.1 54 - 78 1,237 
    
    
Average 69.4    

 

 
Wave trial tissue culture acclimatization 

 

Both applied BAP and applied additional fertilizer made no significant difference on 

either plant survival or plant multiplication in vivo for any of the species tested (Table 

4.2).  In vivo plant survival rates were good for all treatments, averaging 62%.  The 

average in vivo multiplication rate for all treatments was 0.7.  This indicated that plant 

spread during acclimatization was limited.  Loxocarya flexuosa exhibited significantly 

better health in treatments receiving additional BAP, additional fertilizer or both 

compared with the control (Table 4.2).  The remaining species displayed a similar trend 

(non-significant, P >0.05).  L. cinerea had lower survival and multiplication rates than 

the other species (Table 4.2).  
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Table 4.2 Survival (%) and multiplication rate of six tissue cultured rush and sedge species 
planted in jiffy® fibre pots and grown under greenhouse conditions for 5 months.  
 

Species Treatment Survival % 
Multiplication 

Rate 

    
Tetraria capillaris  + BAP. + fert. 88 ± 8 1.2 ± 0.3 
Tetraria capillaris  + BAP.  78 ± 8 0.9 ± 0.2 
Tetraria capillaris  + fert. 72 ± 24 0.8 ± 0.3 
Tetraria capillaris  control 75 ± 13 0.8 ± 0.1 
    
Lepidosperma squamatum  + BAP. + fert. 98 ± 2 1.3 ± 0.2 
Lepidosperma squamatum  + BAP.  72 ± 16 0.8 ± 0.2 
Lepidosperma squamatum  + fert. 85 ± 10 0.9 ± 0.1 
Lepidosperma squamatum  control 72 ± 14 0.8 ± 0.2 
    
Hypolaena exsulca  + BAP. + fert. 72 ± 16 0.8 ± 0.2 
Hypolaena exsulca  + BAP.  70 ± 11 0.8 ± 0.3 
Hypolaena exsulca  + fert. 55 ± 16 0.5 ± 0.2 
Hypolaena exsulca  control 70 ± 11 0.7 ± 0.1 
    
Lepidosperma tenue   + BAP. + fert. 75 ± 25 1.3 ± 0.5 
Lepidosperma tenue  + BAP.  70 ± 24 0.9 ± 0.3 
Lepidosperma tenue  + fert. 68 ± 24 1.4 ± 0.3 
Lepidosperma tenue  control 35 ± 24 0.5 ± 0.4 
    
Loxocarya flexuosa  + BAP. + fert. 75 ± 9 0.8 ± 0.1 
Loxocarya flexuosa  + BAP.  78 ± 6 0.8 ± 0.1 
Loxocarya flexuosa  + fert. 78 ± 8 0.8 ± 0.1 
Loxocarya flexuosa  control 48 ± 10 * 0.5 ± 0.1 * 
    
Loxocarya cinerea  + BAP. + fert. 12 ± 5 0.1 ± 0.0 
Loxocarya cinerea  + BAP.  10 ± 7 0.1 ± 0.1 
Loxocarya cinerea  + fert. 18 ± 5 0.2 ± 0.0 
Loxocarya cinerea  control 8 ± 8 0.1 ± 0.1 
    
All Species  + BAP. + fert. 70 ± 12 0.9 ± 0.2 
All Species  + BAP.  62 ± 11 0.7 ± 0.1 
All Species  + fert. 63 ± 10 0.8 ± 0.2 
All Species  control 51 ± 11 0.5 ± 0.1 
    
All Species All Treatments 62 ± 10 0.7 ± 0.1 

Treatments: Benzylaminopurine (BAP) and additional fertiliser (fert). All treatments had Osmocote® slow 
release fertiliser applied at approximately 10 mg per pot. Values represent means ± SE. (n = 30).  (*) 
Significantly different at P = 0.05.  
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Wave trial in vivo divisions 

 

The tissue cultured plants grew rapidly in the first 6 months following transfer from the 

initial acclimatization pots (60 mm diameter fibre pots) into large plastic pots (140 mm 

diameter).  A division rate of x4 or better every 6 months is required for cost effective 

use of this plant production method.  Five species were capable of x4 or better first 

division (Fig. 4.4 a-f) but Loxocarya flexuosa survival was reduced to 73% at x4 first 

division, which was not cost effective (Fig. 4.4e).  In vivo spread rates then declined 

(Table 4.3 and Fig. 4.5) and a new wave of tissue cultured material was deflasked for the 

next production trial.  Only the x2 first division treatment of Loxocarya flexuosa was 

subsequently capable of x2 division six months later (Fig 4.5e).  L. flexuosa division had 

little value in plant cost-reduction, but it helped meet plant production targets.  Only L. 

cinerea was truly capable of x4 second division six months after the first division, for all 

first division treatments (Table 4.3 and Fig. 4.5f).   

 
 
Table 4.3 First and second division rate per species. 

 

Species 1st Division 2nd Division 

Tetraria capillaris x 4 x 2 

Lepidosperma squamatum x 4 x 2 

Hypolaena exsulca x 4 x 2 

Lepidosperma tenue x 4 x 2 

Loxocarya flexuosa x 2 x 1 

Loxocarya cinerea x 6 x 4 

 
The first division occurred six months after transplanting plants into 140 mm diameter pots and the 
second division occurred six months following the first division. 
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   (a) Hypolaena exsulca, Clone 191                     (b) Lepidosperma tenue, Clone 893 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     (c) Lepidosperma squamatum, Clone 3093           (d) Loxocarya cinerea, Clone 192 
 
 
 
 
 
 
 
 
 
 
 
 
       
        (e) Loxocarya flexuosa, Clone 293                        (f) Tetraria capillaris, Clone 191 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 (a-f) First Division: survival (%) ± S.E. of each species, for each first division treatment.  
Bars with the same letter are not significantly different at P < 0.05. 
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      (a) Hypolaena exsulca, Clone 191                         (b) Lepidosperma tenue, Clone 893 
                                            
 
 
 
 
 
 
 
 
 
 
 
 
 
        
    (c) Lepidosperma squamatum, Clone 3093                (d) Loxocarya cinerea, Clone 192 
 
 
 
 
 
 
 
 
 
 
 
 
 
          
   (e) Loxocarya flexuosa, Clone 293                               (f) Tetraria capillaris, Clone 191 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 (a-f) Second Division: survival (%) ± S.E.  First division treatments capable of x2 
second division, per species.  The second division occurred six months following the first 
division.  Bars with the same letter are not significantly different at P < 0.05. 
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Field plant survival and grazing impact 
 

After one year, plant survival of three species averaged 87%, while the percentage of 

plants grazed was 76% (Fig. 4.6).  These survival rates were high and justified the scale-

up of plant production and field planting.  

 
 

0
10
20
30
40
50
60
70
80
90

100

Lepidosperma
squamatum

Lepidosperma tenue Tetraria capillaris Mean

Species

P
la

n
t 

s
u

rv
iv

a
l 

a
n

d
 g

ra
z
in

g
 (

%
)

Survival % Grazed %

 
Figure 4.6 Survival (%) ± S.E. and grazing (%) ± S.E. of guarded tissue cultured rushes and sedges, 
one year following planting. 
 

Nursery plant production 

 

On average, in vitro plant multiplication rates were consistent from 2000 to 2002 (Table 

4.4).  A monthly multiplication rate of x1.3 can produce enough plants for each year’s 

field planting.  When multiplication rates are less than x1.2 it is difficult to meet 

production targets.  By 2004 three species of dryland sedges had declined to x1.2 or 

lower (Lepidosperma squamatum, L. tenue and Tetraria capillaris) (Table 4.4).   

 

Tissue culture production of rushes and sedges for planting into mined areas increased to 

over 100,000 plants in both 2000 and 2001 (Table 4.5) and averaged 61,346 plants per 

annum during the operational production period 1999 to 2010. 
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Table 4.4 Monthly tissue culture multiplication rates, 5 years average (2000 to 2004). 

* 4 year average, species removed from production in 2004.  
 
 
 
Table 4.5 Tissue cultured rushes and sedges planted in mine restoration. 

 

Year Total number of plants Total hectares planted 

1996 2,000    (experimental) 30 

1997 13,200  (field trials) 30 

1998 7,000    (field trials) 47 

1999 52,000 220 

2000 114,385 806 

2001 107,289 929 

2002 96,474 597 

2003 95,700 520 

2004 50, 408 488.5 

2005 37, 695 432 

2006 27,905 673.1 

2007 97,272 610 

2008 74,629 624 

2009 38,010 490 

2010 32,492 404.7 

Total: 1996-2010 846,459 6,901.3 

 

Species 2000 2001 2002 2003 2004 Average 

  Hypolaena exsulca 1.26 1.46 1.46 1.47 1.32 1.39 

  Lepidosperma squamatum 1.19 1.22 1.28 1.34 1.06 1.22 

  Lepidosperma tenue 1.32 1.33 1.30 1.17 1.19 1.26 

  Loxocarya cinerea 1.47 1.54 1.48 1.43 1.42 1.47 

  Loxocarya flexuosa 1.28 1.32 1.39 1.08 N/A 1.27* 

  Tetraria capillaris 1.56 1.43 1.34 1.40 0.99 1.34 

Average 1.35 1.38 1.38 1.31 1.20 1.33 
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4.4  Discussion 

 
Plant phenology, seed collection and culture initiation  

 

This study demonstrated that seed collection of Lepidosperma tenue, L. squamatum and 

Tetraria capillaris was best in late October.  Fifty to 100 embryos were initiated per seed 

collection.  Typically 2 to 10 germinated.  Often over half the germinants were lost to 

fungal infection, usually the black smut fungi typically associated with the dryland 

rushes and sedges in South Western Australia (Websdane et al. 1994).  Investigating 

plant phenology and reproduction cycles is necessary to determine when adequate 

quantities of ripe seed are available.  This improves tissue culture initiation results.  

Previously, wild seeds of these species were harvested in late summer.  The number of 

seed collected was inadequate for culture initiation, few extracted embryos germinated in 

vitro and only after three or more months.  Also, nearly all germinants were lost to fungal 

contamination.  Incubating the extracted zygotic embryos of the Cyperaceae species at 

lower temperatures has recently been reported to increase their growth (Panaia et al. 

2009).  In vitro seed germination proved effective as a culture initiation method with 

three Victorian species of Lepidosperma (Kodym et al. 2010).  These new methods may 

be an effective method to reduce the considerable time and cost required to develop shoot 

cultures ready for production propagation. 

 
Tissue culture multiplication and root initiation 

 

None of these six of these dryland rush and sedge species performed as well in vitro as 

the wetland rush species Eleocharis acuta and Anarthria prolifera (mean multiplication 

x4 and mean rooting 100%).  While the wetland rushes multiplied and rooted well in 

vitro as typical of herbaceous plants, the dryland rushes and sedges grew slowly and 

rooted at lower levels (mean multiplication x1.3 and mean rooting 69%), more typical of 

woody plants.  Subsequently, tissue media trials commenced with the aim of raising 

multiplication rates to x3 per sub-culture interval.  Rooting percentages per species were 

highly variable between batches.  The high range meant that future research and 

development had to focus on reducing variability rather than promoting increased rooting 

percentages.  The moderate multiplication rates and variable rooting percentages had 

major impacts on both the number of plants produced and the final cost per plant.   
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In 2004 the average cost per plant was $ 3.93.  The estimated cost per plant in 2010 was 

~$5 per plant. 

 
Commercially at least one of these species (Hypolaena exsulca) would have been 

removed from production based on these initial in vitro performance figures.  However, 

Alcoa was committed to planting all six of these species into mine rehabilitation, in order 

to enhance revegetation biodiversity.  

 

To reduce the cost per plant of these slow growing dryland species, shoot production via 

somatic embryogenesis was investigated by Panaia et al. (Panaia et al. 2004, Panaia et al. 

2011).  Smoke extracts enhanced zygotic and somatic embryo growth from callus of the 

dryland rush Baloskion tetraphyllum (Ma et al. 2006) and this is worth testing with the 

Jarrah forest species.  Efficient and reliable plant production from callus cultures has 

been reported for a wetland sedge (Xu et al. 2009), with all plants establishing 

successfully in the field. 

 

Wave trial tissue culture acclimatization 

 

Additional BAP (benzylaminopurine) or fertiliser applied during the wave trial 

acclimatization phase did not increase in vivo multiplication rates.  This contrasted with 

the findings of Preece and Sutter (1991) who reported that applying growth hormones 

and fertiliser increased plant survival rates during acclimatization. The additional 

phosphorus application did not however induce a toxic response in any species; in 

contrast to experience with a Queensland species of dryland sedge (Caustis blakeii) 

where phosphorus toxicity was evident at elevated phosphorus concentrations (Johnston 

et al. 2006). This provided assurance that the routine fertilizer applied to the bauxite 

mine rehabilitation sites shouldn’t reduce field plant survival and growth. 

 

This trial demonstrated that the acclimatization resources, procedures and standards used 

were suitable for routine production runs of dryland rush and sedge tissue cultures.  

 

Misting tents can help tissue cultured plants adjust to greenhouse conditions (Sutter and 

Hutzell 1984) but Loxocarya cinerea had low survival for all treatments and appeared to 

need a lower watering rate than the other rushes and sedges.  Plants for the division trial 
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were acclimatized with a lower watering rate and without mist cloth tents.  The initial 

slow release fertilizer level used was low, because it had been reported that Jarrah forest 

dryland rushes and sedges were adapted to low fertility soils and had extremely low 

nutrient needs (Meney 1993).  Since then, for acclimatization of these species the 

fertilizer rate has been increased, misting tents are no longer used and all greenhouse 

environments have been improved.  Using improved irrigation controllers, microjet 

irrigation spray heads, permanent shading and winter gas heating in the greenhouses has 

helped raise plant survival above the levels reported here. 

 

Wave trial in vivo divisions 

 

One of the main advantages of in vitro culture is the ability to retain juvenility and the 

higher growth rates associated with this condition.  In clonal forestry one method used to 

retain juvenility in vivo is by serial propagation from cuttings hedges (Bonga and 

Aderkas 1993).  A similar effect was achieved by delivering waves of tissue cultured 

plants to the greenhouses and subsequently dividing these plants in the nursery 

environment.  Each plant produced by in vivo division of a tissue culture had a lower cost 

than the original tissue culture, due to a lower labour requirement.  More plants can be 

divided per hour in a non-sterile nursery environment than in the strict hygiene of a tissue 

culture laboratory.  However, because plant growth slowed significantly following the 

first in vivo division, continued in vivo division could not be used for production.  The 

high vigour of the newly deflasked plants is possibly due to juvenility or a carry-over of 

plant growth regulators and sugars from the tissue culture process.  A further possible 

explanation for the high initial division rates in vivo may have been that each individual 

tissue culture being deflasked consisted of multiple plants still joined in one clump.  

Since the completion of this trial Tetraria capillaris, in particular, has been divided 

further in vitro, prior to deflasking.  The wave concept of production was altered to 

include the need for a new wave of tissue cultured plants to be deflasked each season.  

All plants produced in one year now leave the nursery during the planting season (June 

and July each year).  This ensures that fresh juvenile material is available from tissue 

culture for in vivo division during each production run. 
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Wild plants of Loxocarya cinerea cover a large area and have been shown to have long 

and vigorous rhizomes (Meney 1993).  The results reported here supported the early 

prediction that this species would be suitable for division.  The two Lepidosperma 

species occur as single large tussocks in the forest and it was predicted they would be 

difficult to divide successfully and repeatedly due to their reported very slow growth 

(Meney 1993).  However they both proved capable of x4 division, 6 months after 

acclimatization.  This was not repeatable at the second division.   

 

Plants of Lepidosperma tenue from the wave trial were subsequently established in 

troughs of potting mix.  Once established in these containers the plants grew to full adult 

size and the production of new side shoots was limited.  It was not possible to further 

divide them after 12 months in the troughs.  Once the mature rhizome developed it was 

difficult to cut and the cost per surviving plant was higher than tissue cultured plants.  

Mature size plants are too bulky to carry into mine-site rehabilitation areas.  The other 

species demonstrated similar plant growth behaviour in large pots.  The concept of 

growing any of these species as a field crop or by continued division in the nursery was 

abandoned.  
 

Field plant survival and grazing impact 

 

The field survival rates for each rush or sedge species were high (Fig.6) even though 

most plants were grazed.  This agreed with the findings of Yetka and Galatowitsch 

(1999) that nursery grown sedges had higher field survival than wild transplants.  The 

plastic guards did not provide complete protection as kangaroos grazed down from the 

open top of the guard.  All three species tested in the field trial are now routinely guarded 

with a fine-mesh guard that has a closed top.  Grazing of rhizomatous rushes and sedges 

has been reported to reduce rhizome size and number (Esmaeli et al. 2009).  The study 

species were all observed to increase in area during the field trial but the impact of 

grazing on rhizome spread and seed production needs further investigation.  Tetraria 

capillaris seed-heads were especially vulnerable to grazing in both the forest and the 

rehabilitation.  Seed could only be collected from plants surrounded by protective species 

(e.g. prickly acacias).  This may have some impact on the sustainability of the 

revegetation, although much of the plant spread in the forest is by vegetative growth 

from rhizome elongation (Meney et al. 1990).  These dryland Restionaceae and 
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Cyperaceae species spread well once established in bauxite mine restoration (Lim-Nunez 

and Koch 1999) so are well adapted to colonising disturbed lands. Steed and DeWald 

(2003) successfully transplanted 3 Carex spp in a montane meadow in Arizona.  By 

contrast, in a recent trial survival of wild Jarrah forest rush and sedge transplants was 

low, even when transferred directly from the forest to the mine restoration sites (Norman 

and Koch 2007).  This confirmed the necessity for ex-situ propagation and revegetation, 

to ensure these species presence in the restored Jarrah forest. As the restoration follows 

the initial floristics model of succession (Egler 1954, Bell and Koch 1980, Koch 2007b) 

it is essential to plant these species in the early restoration; otherwise they may be 

permanently absent. 
 
Nursery plant production  

 

Plantings in 1998 were still experimental but from 1999 onwards the production and 

planting of recalcitrant species was adopted as standard practice for all mine restoration 

areas.  The variations in plant production between years, was mostly a direct response to 

variations in the annual area of mine restoration.  Over 100,000 plants were grown in 

both 2000 and 2001.  The decline in measured multiplication rates for some tissue culture 

species from 2003 to 2004 was due to several factors including workforce issues, 

increased contamination rates and slower growth in several clones.  The addition of 

vigorous new clones and increased vigilance on operator technique were two key areas 

targeted for improvement.  The decrease in dryland rush and sedge plant production in 

2004 was partially offset by an increase in production of other tissue culture plants (e.g. 

Lomandra species).  Increasing the diversity of species in the tissue culture propagation 

and planting program will be a priority. 
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Research extension 

 

This study demonstrated that tissue culture techniques can be used successfully as a core 

part of a native plant restoration program.  Areas of research needing further 

investigation include the long term sustainability of plants in restoration (including seed 

production, spread, grazing and fire survival), provenance genetics, the addition of new 

species as mining moves into different vegetation types, tissue culture cryopreservation 

and cheaper propagation (including cuttings, seed orchards and artificial seed via somatic 

embryogenesis).   

 

Plant deaths in operational plantings increased during 2009 due to destructive grazing 

during an abnormal winter drought period.  Kangaroos pulled the plants out of the 

ground during grazing, due to insufficient rhizome growth following planting.  

Galatowitsch (2008) reported that nursery grown wetland sedges needed well developed 

rhizomes when planted to ensure survival. A research trial testing two Jarrah forest 

sedges with longer rhizomes (grown in deeper pots, similar to the Pteridium esculentum 

rhizome growth experiment in Chapter 5), deeper burial and the use of water holding 

polymer gels was established in bauxite mine rehabilitation during winter 2010.  This 

new experiment is an extension of the thesis and also demonstrates how concepts 

developed for one geophyte can be applied to other geophyte species. 
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CHAPTER 5 

Austral Bracken Fern (Pteridium esculentum) 

propagation and restoration 
 

5.1  Introduction  

 

Austral Bracken Fern (Pteridium esculentum [G.Forster] Cockayne) is a widespread and 

common native species in the northern Jarrah (Eucalyptus marginata Donn ex Smith) 

forest of Western Australia. This bracken species was not recolonising bauxite mine pits 

rehabilitated by Alcoa of Australia (hereafter Alcoa), (Koch and Ward 1994, Norman and 

Koch 2005).  Alcoa operates 2 bauxite mines in the Jarrah eucalypt forest in the 

southwest of Western Australia.  The mines are rehabilitated with the aim of establishing 

a self-sustaining Jarrah forest ecosystem.  Areas rehabilitated in 2000 contained similar 

species richness to unmined forest controls (Gardner 2001).  Nonetheless, this “world’s 

best practice” mine rehabilitation (UNEP 1990) still lacked certain understorey species, 

including Austral Bracken Fern (hereafter the term ‘bracken’ refers to this species). 

 

Bracken was selected for this study as an example of a rhizatomous geophyte with a 

pronounced ability for vegetative spread by rhizome expansion.  Bracken comprised 

approximately 2% of the forests total plant cover (Norman et al. 2006b).  However re-

colonisation of rehabilitated bauxite mine pits from populations in the surrounding forest 

was not occurring by vegetative spread, or by sexual reproduction.   

 

The aim was to develop two methods for establishing bracken in new bauxite mine 

rehabilitation. It was predicted that either transplants of wild plants or ex situ produced 

tissue culture plants could be successfully established.  Comparing the field survival, 

growth, costs and effort for each propagule type developed would indicate the most 

effective system to use for large scale revegetation.   
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Taxonomy 

 

Austral Bracken Fern (Pteridium esculentum [G.Forster] Cockayne) (Cockayne 1908) is 

a member of the Filicales (Class Filicopsida, Division Tracheophyta, Kingdom Plantae) 

and the family Dennstaedtiaceae (Green 1985, Marchant et al. 1987, Brownsey 1989, 

Brownsey 1998, Tindale and Roy 2002, APNI 2003, Der et al. 2009).  All Filicales are 

leptosporangiate (one cell layer thick sporangial walls) and homosporous (only one spore 

type is produced) (Banks 1999).  A distinguishing feature of P. esculentum is a mass of 

petiolar roots arising from stipe bases (O’Brien, 1963).  Pteridium esculentum is the sole 

species of the family Dennstaedtiaceae found in the Jarrah forest (Marchant et al. 1987, 

Wheeler et al. 2002).  

 

Distribution 

 

The genus Pteridium most likely had a tropical or sub-tropical origin (Page 1976) but has 

spread throughout the world.  It is however absent from arid, alpine and arctic regions as 

well as the extreme south of South America (Page 1976). 

Pteridium esculentum is native to Australia, New Zealand, New Caledonia, Fiji and 

Tonga (Brownsey 1989, Wheeler et al. 2002).  In Western Australia it is confined to the 

south west of the State.  The main distribution is southwards from Wanneroo, Perth, 

along the coastal regions as far east as Cape Arid, and throughout the Jarrah (Eucalyptus 

marginata) and Karri (E. diversicolor) forests, with only a few small isolated populations 

north of Perth and in the drier interior (Churchill 1961).  The few previously reported 

populations found to the north of Perth could not be located by the Department of 

Conservation during the genetic sample collecting (Chapter 6).  While all Pteridium 

species have a little stomatal control (Hollinger 1987, Pitman 1989), P. esculentum 

cannot survive heat above 47.5 ºC (Bannister and Smith, 1983).  The pattern of rainfall 

steadily declining in South-Western Australia since 1980 combined with increasing 

temperatures, suggested that north of the Jarrah forest it had become too hot and dry for 

P. esculentum to survive even vegetatively and that successful sexual reproduction would 

be a rare event in the northern Jarrah forest.  
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Biology 

 

Pteridium esculentum is a perennial geophytic plant, with long black rhizomes (Marchant 

et al. 1987, Wheeler et al. 2002).  The dark green leathery fronds emerge at intervals 

along the rhizome, ranging from 0.5 to 2 metres in length, being highly divided, with 3 or 

4 divisions (Marchant et al. 1987, Wheeler et al. 2002).  In the northern Jarrah forest 

bracken was observed to behave as a nearly deciduous plant with most of the new fronds 

produced during each wet winter subsequently dying-off during the annual summer 

drought.  The rhizomes were therefore considered to be critical storage organs, both for 

survival during the dormant period and for new frond production when the rains return in 

early winter.   

 

Bracken rhizomes have a strongly defined leading meristem and poorly defined 

branching nodes.  In the northern Jarrah forest uplands (where the bauxite mining and 

rehabilitation occurs) bracken rhizomes were typically shallow rooted (10-30 cm).  In 

these locations the fronds were observed to commonly run in straight lines; much like a 

running bamboo.  By contrast the closely related species P. aquilinum has a more 

extensive rhizome network containing a larger carbohydrate store and a larger pool of 

active and dormant frond buds (Williams and Foley 1976, Lowday 1984, Lowday 1986).   

 

Pteridium species have a well known ability to spread and move widely by rhizome 

expansion, having even been termed ‘travelling geophytes” (Watt 1940).  P. aquilinum 

rhizomes are believed to be capable of indefinite growth (Smith 1955) having long-lived 

rhizomes and underground buds (Harper 1977).  The age and size of individual Pteridium 

ramets has not been thoroughly studied but P. aquilinum has been shown to occupy the 

same site in Finland for at least 1500 years (Oinonen 1967b).  It is postulated that 

Pteridium esculentum has life-spans of hundreds of years, rather than decades, which 

would make bracken one of the longer-lived elements of the Jarrah forest.   

 

P. aquilinum has lignified and mucilaginous rhizomes that store water (~90% water) and 

along with the sturdy laminas assist desiccation survival (Smith 1986).  P. aquilinum also 

restricts water loss more effectively than other ferns (Marrs 2000).  These rhizome 

characters were considered to be valid for Pteridium esculentum.  Mycorrhizal 
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associations have been reported with P. esculentum rhizomes and they improved plant 

growth (Cooper 1976). 

 

The life cycle of bracken species follows the alternation of generations pattern typical of 

ferns (Stebbins 1950, Bell 1959, Sheffield and Bell 1987, Raghaven 1989, Thomson 

1990, Robertson 2002).  The asexual diploid sporophyte generation produces and 

releases haploid spores.  In favourable conditions these spores germinate and form the 

haploid sexual gametophyte generation.  The male (antheridia) and female (archegonia) 

sex organs develop on the gametophyte prothallus.  Following fertilization by the motile 

male cells (spermatozoids) a new sporophyte arises from the fertile cell of the 

archegonia.  The gametophyte then dies as the sporophyte develops (Smith 1955, Dyer 

1979, Hoshizaki 1979, Sheffield and Bell 1987, Raghaven 1989, Banks 1999, Croft 

1999).  Bracken species gametophytes seldom produce more than one sporophyte.  While 

the gametophytes typically have numerous archegonia, most are infertile (Bell and 

Duckett 1976).  

 

P. aquilinum seldom reproduces sexually in the British Isles (Page 1976, Wolf et al. 

1988).  P. aquilinum spore production is rare (James 2003 pers.com) and highly variable 

(Conway 1957).  Temperature and light control sporangial production in P. aquilinum 

such that it is fertile in open sites but not in forests (Wynn et al. 2000).  Gametophytes of 

P. aquilinum are considered to be the most vulnerable stage of the life cycle and new 

sporophytes are rarely observed in the wild (Conway 1953).  Spore production is 

occasionally observed on P. esculentum in the northern Jarrah forest, particularly 

following forest fires.  When spore cases are present they run in continuous lines along 

the undersides of the fronds, partly covered by the recurved margins of the leaves 

(Wheeler et al. 2002).  P. esculentum gametophytes and young sporophytes have not 

been observed in the Jarrah forest.  One bracken plant was observed growing in a high 

fork of a Jarrah (Eucalyptus marginata) tree trunk and was considered to have of 

necessity have arisen from a new gametophyte (John Gardner 2005 pers.com.). 

 

Ecology 

 

In the northern Jarrah forest bracken is indicative of sites with both the highest fertility 

soils and high rainfall.  These areas are mostly restricted to the western slopes of the 
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northern Jarrah forest.  Further south such sites are more widespread in the landscape 

with a corresponding increase in bracken.  It most common grows in gravely soils but 

does spread onto other soil types where fertility and rainfall are high (Havel 1975).  The 

preferred soil type is orange to brown gravel with a sandy loam to loam matrix.  Less 

commonly bracken is found in loam, with a gravel component. (Havel 1975). 

 

While Pteridium species are reported to be intolerant of even moderate shade (Marrs 

2000) Pteridium esculentum can grow within Australian Eucalyptus forests (O’Brien 

1963).  It can outcompete light-demanding pioneer species as the forest canopy develops 

(Brockerhoff et al. 2003).  Compared to northern hemisphere temperate forests the 

northern Jarrah forest is especially open (Rokich and Bell 1995).  The high sunshine 

hours in this region may assist P. esculentum to persist in a mature forest as a dominant 

understory constituent.  

 

Austral Bracken Fern functions more like a shrub than a groundcover fern (McGlone et 

al. 2005) and is most prolific in recently burnt areas, being a dominant early post-fire 

resprouter (Christenson and Kimber 1975, Bell and Koch 1980).  Following forest fires 

there is reduced competition, increased nutrient availability and increased light (Whelan 

1995).  Pteridium species have been observed to have rapid rhizome expansion in these 

conditions; which suggested that the establishment of P. esculentum in fresh mine 

rehabilitation may be viable, if suitable ex situ propagules could be developed. 

 

Propagation 

 

While no literature was located on Pteridium esculentum propagation, there was a 

substantial body of work both on general fern propagation and for Pteridium aquilinum. 

P. esculentum prothallus had been recorded as a rare ‘contaminant’ during the in vivo 

germination of Dicksonia antarctica tree fern spore (Tony Van der Staay 2000 

pers.com.); suggesting that in ideal conditions viable spore can form and germinate.  

With no reports of in situ or in vivo propagation of P. aquilinum but numerous 

publications on in vitro propagation the latter was considered more promising for P. 

esculentum propagation research.  Reliable in vitro plant production methods have been 

developed for many ornamental fern species (Burr 1975, Padhya and Mehta 1982, Finnie 
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and van Staden 1987, Torres 1989, Hartmann et al. 1990, Fernández et al. 1993, 

Fernández et al. 1996, Fernández 2003).   

Fern spore collection and germination methods have been developed for both research 

and plant production use for a variety of fern species (Blombery 1980, Ford and Fay 

1990, Roos and Verduyn 1989).  P. aquilinum in vitro spore germination methods were 

responsive to manipulations (Conway 1949, Raghaven 1980).  P. aquilinum spores 

germinated readily on a variety of artificial media, even in the dark, but needed both light 

and temperatures above 4.5ºC for continuing growth of the gametophyte (Conway 1949).  

P. aquilinum spores had higher germination on agar solidified media than on liquid 

media and sugar significantly promoted spore germination (Sheffield et al. 2001).  The 

spore sowing density affected in vitro germination and gametophyte growth of P. 

aquilinum (Miller 1968, Ashcroft and Sheffield 2000); with the spores needing to be 

associated together for optimum germination.  

One of the earliest reports of Pteridium aquilinum propagation (Steeves et al. 1955) 

utilised in vitro gametophyte cultures derived from in vitro germinated spores.  P. 

aquilinum gametophyte cultures did not have specialised media chemical requirements.  

For most ferns in vitro prothallus growth should be adequate if nitrogen is supplied as 

both NH4+ and NO3- and all other macronutrients, micronutrients and trace elements are 

available (Miller 1968).  There were no reports that any elements were toxic or required 

in above average concentrations.  Gametophyte culture growth can be readily 

manipulated by altering media composition, light and temperature (Miller 1968, 

Raghavan 1970, Howland and Edwards 1979, Swami and Raghavan 1980).  Sucrose as a 

carbohydrate supply produced the same gametophyte survival as other sugars, for most 

ferns (Miller 1968).  However weak fern prothallus growth results in male-only sexuality 

whereas faster prothallus development is a requirement for bi-sexuality (Miller 1968). 

Bi-sexual gametophytes are a prerequisite for sporophyte production (unless apogamic 

sporophytes can form).   

 

Revegetation 

 

No literature existed on the revegetation of any Pteridium species.  Instead there was a 

comprehensive body of work on the eradication of Pteridium species, which are widely 
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considered as invasive and hard to eradicate weeds.  Once established, Pteridium 

rhizomes are notoriously persistent.  P. aquilinum rhizomes survived for 12 years in 

abandoned grasslands, even when the fronds were cut twice yearly (Marrs et al. 1993).  

Why P. esculentum fails to self-establish in Alcoa’s bauxite mine rehabilitation from 

either spores or rhizome extension from surrounding forest is unknown and was not 

investigated by this study.  Possible causes include the absence of a protective forest 

canopy, heavily compacted rehabilitation/forest boundaries, the absence of a protective 

litter layer, altered soil conditions and fertility, altered hydrology and the very dry 

condition of the topsoil during the summer drought.  Pteridium esculentum has been 

demonstrated to advance slower than P. aquilinum and this was partly assigned to low 

rainfall and infertile soils (Cartledge and Carnahan 1971). 

 

Alcoa’s standard mine rehabilitation practice requires the transfer of topsoil from donor 

sites to rehabilitation areas during the summer drought.  However bracken established 

well in a recent research experiment involving winter topsoil transfer; while the soil was 

wet (Norman and Koch 2007).  This suggested that rhizomes transplanted during the 

summer drought may not survive the dessication caused by dry soil movement. 

 

Bracken is an effective erosion control cover (McGlone et al. 2005), has soil engineering 

abilities and is a vigorous post-fire resprouter.  Successfully establishing ex situ origin 

Austral Bracken Fern plants would improve the resilience of the Jarrah forest restored 

following mining.  It would also increase the restored forests biodiversity and similarity 

to the pre-mining forest. 

 

Objectives and hypothesis  

 

The first objective was to test whether transplanting wild rhizomes into the mine 

rehabilitation could be an effective restoration technique.  The previously unpublished 

transplanting results were analysed to see if the development of ex situ propagation was 

required.  One objective was to estimate the effort and cost required to transplant each 

length of wild bracken rhizome.  If wild transplants proved to be cost-ineffective and 

logistically difficult then an ex situ plant production method would need development.  
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It was unknown whether bracken spore could be collected from forest plants.  If spore 

could be collected then propagation experiments would test whether bracken spore could 

be successfully germinated in vitro.  The aim was to then develop tissue culture methods 

that resulted in effective sporophyte production.  If gametophyte cultures were used then 

the ability to influence their production of sporophytes was desired, for efficient plant 

production.  Low sugar concentration (0.5 to 2.0%) combined with low light increased 

sporophyte formation from prothalli cultures of the moss Physcomitrium pyriforme 

(Menon and Lal 1972).  Testing this with Pteridium esculentum gametophyte cultures 

was considered promising. 

 

The major concept to test was that bracken could be successfully established in bauxite 

mine rehabilitation by planting tissue culture origin plants.  It was predicted that tissue 

cultured plants would have the same or higher survival than wild transplants and cost less 

to produce and plant.  

 

It was hypothesised that the size of in vivo plants rhizomes could be increased by 

increasing the size of the growing container (as discussed in Chapter 2). 

 

A key related hypothesis was that tissue cultured plants with larger rhizomes would 

survive at a higher rate than tissue cultured plants with smaller rhizomes.  As the Jarrah 

forest has a Mediterranean-type climate with a pronounced summer drought it was 

considered that tissue cultured plants with larger underground storage organs would have 

a drought survival advantage, due to their larger stores of food and water.   

 

It was hypothesised that if Pteridium esculentum plants could be established in Alcoa’s 

mine rehabilitation then they should thereafter have high survival and spread. 

 

It was predicted that initial losses would result in lower cover at the end of the first 

summer drought compared to the planting time cover.  It was further predicted that any 

surviving plants would subsequently spread to cover a larger area than the original total 

planting time cover.  It was unknown how long this process would take.  A secondary 

prediction was that surviving plants would produce fronds as tall as adjacent wild plants 

within 3 years.  Measuring these two elements would test the assumption that there 

would be no barriers to normal growth once plants were successfully established. 
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5.2  Methods and Materials  

 

Transplants  

 

At 3 mine rehabilitation sites 30 wild plants were excavated from adjacent forest in the 

first month of the winter wet season (June).  Two hundred to 400 mm rhizome sections 

were isolated, each with at least one frond attached.  These rhizome sections were then 

planted in new mine rehabilitation within 15 minutes.  Survival was measured 15 months 

later, after the end of the second wet season (September).  

 

Spore collection, frond forest density and height 

 

In an initial survey of spore production in unburnt forest 6 replicate populations were 

randomly selected using map reference co-ordinates.  At each location spore production 

and height were measured for all fronds in three replicate 10 x 10 metre plots.  The plots 

were 30 metres apart (measured by hip-chain) on north-south compass lines. 

A subsequent non-replicated one month survey of unburnt and open canopy areas of the 

northern Jarrah forest was required to provide a supply of viable spore.  After collection 

the spores were air-dried for 1 week at 21 °C.  The dried spore was placed in vials, on top 

of silica gel beads in a glass jar and stored in the dark at 21 °C.  All spores were used for 

tissue culture initiation or in vivo sowing within one month of collection. 

 

In vitro spore germination, gametophyte culture initiation and sporophyte production 

 

Working inside a laminar flow cabinet, small quantities of spores were poured onto 

creased sterile filter paper triangles.  The plunger from a sterile 10 ml syringe was 

removed and each collection of spores poured into the open syringe, while holding the 

syringe almost horizontally to avoid the spores falling out.  The plunger was replaced and 

inserted gently until the spores were confined to the end.  1 ml of 0.4% w/v sodium 

hypochlorite solution was slowly taken up into the syringe.  After 15 minutes a further 9 

ml of sterile de-ionised water was taken up, to dilute the solution.  The spore suspension 

was then dispersed thinly onto the surface of the germination media.  
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The Bracken Fern Spore germination media (termed FS) had 1/2 Murashige and Skoog 

(1962) major and minor mineral salts supplemented with 100 μM sodium-ferric EDTA, 

500 μM myo-inositol, 3 μM thiamine HCL, 4 μM nicotinic acid, 90 mM sucrose, pH 5.8 

and 0.6% agar.   

 

The spore cultures were placed under diffuse light or under one cool white light-tube in a 

21 ºC growth room with a 12-hour photoperiod. 

 

Gametophytes were removed from the spore germination media and placed in individual 

sealed growth vessels.  The vessels were sealed, to maintain high humidity for the 

reproductive process.  After 3 months all sporophytes that had developed from the 

gametophyte cultures were removed and placed in ventilated vessels of pre-deflasking FS 

media.  These vessels had lower humidity, assisting plants to adjust to greenhouse 

conditions.  The culture vessels for both the gametophyte and sporophyte stages were 

250 ml glass jars with Bev-Cap® opaque polyethylene lids.   

 

In vitro sporophyte production enhancement  

 

The standard gametophyte growth media (FS) was compared with a new low sugar 

media (LS) designed with the intent of increasing the number of sporophytes arising 

from every gametophyte culture.  The LS media macro- and micro- nutrients were 

identical to the FS media but with 8 g/L sucrose and 5 g/L agar (compared to 20 g/L 

sucrose and 6 g/L agar).  This experiment aimed to test the effect of low sugar 

concentration on sporophyte formation.   
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Acclimatization and in vivo growth  

 

Sporophytes were deflasked from the tissue culture vessels into a range of in vivo growth 

media (potting mixes) and growing containers (pots). 

 

Table 5.1 In vivo growing containers 

Pot code Pot name  Volume (cc) Material 

K56 Kwikpot® 56 78 Plastic 

K20 Kwikpot® 20 200 Plastic 

F42 Fertil® 42  68 Peat and Pine fibre 

70 mm Plastic 70 mm square pot 440 Plastic 

WIN Winnelle® 300 Plastic 

130 mm Plastic 130 mm round pot          1317 Plastic 

 

Three greenhouse environments were compared for their effect on sporophyte 

acclimatization survival.  Mist-irrigated beds were compared with troughs of shallow 

water (3-5 mm depth) and capillary mats.  Five replicates of 20 plants per pot type were 

placed in each of the 3 growth environments.  The potting mix was pine:coarse sand 1:1 

v/v, with 1 kg per litre of slow release native plant fertilizer pellets (Osmocote® 9 month) 

added per m³, and pH at 6.0.  Greenhouse survival was assessed after 8 weeks and the 

survivors moved to either shaded or unshaded outside nursery beds.  The nursery bed 

survival of plants in 3 pot sizes (78 cc, 200 cc and 440 cc, 3 replicates of 50 plants) was 

monitored after 3 months. 

 

Effect of growth container volume on in vivo rhizome and frond size  

 

Tissue culture origin sporophytes were deflasked into trays of potting mix and 

acclimatized in a misting greenhouse for 2 months. Same age plants were then 

transplanted into 3 different size pots: small (Kwikpot® K56 plastic pots, 78 cc), medium 

(70 mm diameter Masrac® plastic pots, 440 cc volume) and large (130 mm diameter 

Masrac® plastic pots, 1317 cc volume).  After a month in the misting greenhouse the 

survivors were transferred to a shadehouse.  After 9 months shadehouse growth the 

rhizome and frond numbers, lengths and fresh weights in each pot type were measured.  
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In vivo spore germination  

 

Six in vivo spore sowing treatments were compared.  For the first three treatments spore 

were sown onto nursery trays (4022 cc, 330 x 278 x 45 mm) filled with the operational 

potting mix.  Two treatments were then placed in the greenhouse, either into steel troughs 

with 3-5 mm of water or onto capillary mats, neither receiving overhead irrigation.  For 

the third treatment the spore trays were placed under overhead misting.  For the fourth, 

fifth and sixth treatments spore-bearing fronds were placed directly onto trays of potting 

mix (sporangia side down).  The same three irrigation methods as above were tested. 

 

Revegetation establishment and monitoring  

 

A revegetation experiment tested the establishment of tissue culture origin Austral 

Bracken Fern (Pteridium esculentum) in five rehabilitated bauxite mine pits in the White 

Road mining area of Huntly Mine.  Three different size-at-start plant treatments were 

tested: same age small, medium and large plants (grown in 78 cc, 440 cc and 1317 cc 

plastic pots respectively).  There were 20 plants per initial size treatment in each replicate 

plot.  The experiment had a total of 300 plants (60 plants per replicate). 

 

Plant survival in operational mine rehabilitation was measured after 15 months (at the 

end of the second spring after planting).  In the bracken revegetation experiment plant 

survival and spread were monitored monthly for 3 months, then quarterly for the next 

year and annually thereafter.  The aim was to identify any quarter with amplified losses 

during the first year and to assess plant performance over a longer term than standard 

operational practice.  The frond lengths of 3 year old surviving plants were measured and 

compared with wild fronds from adjacent forest plots.   

 

To remain consistent with operational mine rehabilitation practice no fertilizer was 

applied at planting.  All field plots were aerial fertilized near the end of the wet season 

with 280 kg/ha of diammonium phosphate sulfur extra® 

 

fertilizer (17.5% N, 20.0% P, 

1.2% S), with micronutrients (Cu, Zn, Mo and Mn) and 51 kg/ha of potassium chloride.  
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Table 5.2 Pteridium esculentum revegetation trial locations (WGS 84). 

Replicate Location 
(mine pit) 

Elevation 
(metres) 

Slope   Latitude 
        (S) 

  Longitude 
        (E) 

1 Banya 1 326 20° 32° 35'33.40" 116°05'40.10" 

2 Banya 4 327 0° 32° 35' 19.30" 116° 05' 17.91" 

3 Mullian 1 290 23° 32° 33' 32.23" 116° 05' 48.71" 

4 Thylacine 5 305 0° 32° 33'19.05" 116°05'14.83" 

5 Leena 6 337 0° 32° 33' 54.19" 116° 04' 43.13" 

 
 

Soil characterization 

 

At each of the 5 rehabilitation plots 3 replicates of four 250 ml soil samples were taken 

from within the 10 to 15 cm depth range.  For each replicate the 4 soil samples were 

mixed and a 250 ml subsample sent to CSBP Laboratories (Perth, Western Australia) for 

particle size analysis. 

 

Statistics 

 

The in vitro and revegetation data were analysed for statistical significance by analysis of 

variance, general linear model.  The results were considered significant when they were 

outside 95 % confidence intervals.  If significant differences were detected by ANOVA 

then Tukey’s family errors method was used as the multiple comparisons test to group 

the results.  All analyses were done with Minitab 16®. 
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5.3  Results 

 

Transplants 

 
Table 5.3  15 month survival of Pteridium esculentum wild rhizomes transplanted into mine 
rehabilitation (n=30). 
 

Replicate No. of survivors Survival % Average no. of new fronds 
per surviving transplant 

Keltee 2 7 23.3 1.6 

Keltee 7 11 36.7 0.9 

Leena 1 9 30.0 0.7 

Average  (± SE) 9  (± 1.1)           30.0  (± 3.9)                   1.1  (± 0.3)    

 

The original fronds were all dead by the end of the 2nd wet season.  The new fronds were 

all healthy and between 0.3 m and 1.0 m tall (the normal heights range in the adjacent 

upland Jarrah forest).  The plants were alive and healthy but were not spreading. 

 

Spore collection, frond forest density and height 

 

The survey of bracken populations in unburnt forest identified no spore-bearing fronds 

(653 fronds inspected).  The average number of fronds per 10 m² plot was 108.8 (±25.6), 

with an average height of 1320 mm (±154).  This provided a guide as to the frond density 

to expect in fully restored planted populations, although the number of fronds present 

was highly variable between forest plots and replicates.   

 

In seven open or burnt fertile soil sites on the forest edges a few spore-bearing fronds 

were found in mid-summer, during the annual dry season (Table 5.4).  These spores were 

likely to be of the same provenance as those in the forest (James pers.com. 2003) 

enabling their use as tissue culture explant material.  Spores dispersed during the dry 

season would be unlikely to find any locations moist enough for spore germination and 

gametophyte growth.  It is unknown if summer released spores can remain viable in the 

soil for several months until the wet season commences.   

 

 



149 
 

 Table 5.4  Pteridium esculentum spore collection locations (WGS84). 

Location  Code 
Burn 

history 
Latitude 

(S) 

Longitude 

(E) 

Elevation 

(metres) 

River road, 1 km north 
of Murray River bridge 

P1 
Burnt 

< 9 months 
32°45´14.41´´ 116°05´03.90´´ 238 

Dwellingup Cemetery P3 Unburnt 32°42´58.73´´ 116°04´34.44´´ 265 

Del Park Road          
2.2km north of 
Dwellingup Post Office,  
1 km uphill 

P9 
Burnt 

< 9 months 32°41´33.84´´ 116°03´12.87´´ 298 

Findlays road, 
Dwellingup 

P11 Unburnt 32°32´12.54´´ 116°03´06.20´´ 239 

Mt William, Waroona P13 
Burnt 

< 9 months 32°56´16.32´´ 116°01´27.51´´ 481 

Dwellingup Water Tower P15 Unburnt 32°42´59.54´´ 116°03´53.98´´ 287 

Del Park Road          
2.2km north of 
Dwellingup Post Office 

P17 
Burnt 

< 9 months 32°41´58.12´´ 116°03´17.67´´ 271 

 

 

Spores were collected, air-dried, stored at 21 °C and used for tissue culture initiation and 

in vivo germination experiments within one month of collection.  The viable storage time 

was unknown but had been reported as 1 week or less for Pteridium aquilinum (James 

pers.com. 2003). 

 

 

 
Figure 5.1 Pteridium esculentum scanning electron micrographs: (A) Spore, (B) Sporangia with 
spores visible. Photos by University of Western Australia Microscopy Centre. 
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In vitro spore germination, gametophyte culture initiation and sporophyte production  

 

Early in vitro spore germination experiments were marred by high fungal contamination.  

Reliable spore sterilization was developed (see methods) and the first gametophytes were 

visible 10 days after spore sowing.  Thirty days later, the new gametophyte cultures were 

transferred to individual growth vessels.  Optimal spore initiation and gametophyte 

growth was in sealed vessels on the growth-regulator-free FS media.  Gametophyte 

cultures were successfully established from all 7 spore collections.  Maintaining high in 

vitro humidity during spore germination and gametophyte growth was crucial for 

positive results.    

 

It was essential to avoid dispensing too many spores into each culture vessel, but spores 

needed to be visible.  Pteridium esculentum spores needed to be in association to 

promote germination, as reported for other fern species.  The experimental results were 

non-significant due to inconsistent spore germination or sporadic fungal contamination 

reducing replication. 

 

The first sporophytes developed 2 months after the gametophytes transfer to individual 

growth vessels.  Individual in vitro sporophyte cultures failed to multiply and the plants 

grew too large for in vitro handling.  Continuous sporophyte induction from gametophyte 

cultures was adopted as a plant production method.  Sporophytes were picked out of the 

gametophyte cultures and transferred to ventilated culture vessels with FS media. 

Ventilating the growth vessels enhanced in vitro sporophyte growth and pre-hardening.   

 

The number of sporophytes produced per culture vessel varied between gametophyte-

lines and between individual vessels.  The gametophyte cultures produced between 10 

and 20 sporophytes per vessel every month for 18 months (10 gametophytes per vessel).  

The gametophyte cultures health declined during the 2nd year but selective culturing of 

the best material improved cultures to near original quality.  Factors influencing 

sporophyte production were investigated.   
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Figure 5.2 Pteridium esculentum archegonia rising out of a cultured gametophyte thallus; 
scanning electron micrograph photo by University of Western Australia Microscopy Centre. 
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Figure 5.3 Effect of Low Sugar (LS) media composition on the average number of sporophytes 
produced in vitro, per gametophyte (n= 40, means ± SE). Values with different letters are 
significantly different at P = 0.001. Grouping determined by Tukey's multiple comparisons test. 
 

There was an average of 13.1 sporophytes (± 3.2) in every jar of gametophyte cultures on 

FG media (5 cultures per jar).   There was an average of 1.1 sporophytes in every 5 jars 

of gametophyte cultures on LS media (25 cultures total). 
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Figure 5.4 (A) Pteridium esculentum sporophytes, arising from 4 week old in vitro 
gametophytes. (B)  8 week old sporophyte with roots, ready for deflasking. 
 

Acclimatization and in vivo growth 

 

The acclimatization experiment identified a variety of suitable growing environments and 

containers (pots).  There was no significant difference between the 3 greenhouse growing 

environments with all 3 producing acceptable average plant survival (Table 5.6).   

Plants grown in the largest pot type (130 mm plastic, 1317 cc) had significantly higher 

greenhouse survival than plants grown in any other any pot type (Tables 5.6 and 5.7) and 

had no significant difference in survival between growing environments.   

 

For plants grown in the other pot types the best greenhouse growing environment varied.  

Plants in the 200 cc plastic pots (K20) had high survival on the capillary mat.  The small 

78 cc plastic pots (K56) produced low plant survival on the two bottom-up irrigation 

systems but 62% survival under overhead misting.  The small 68 cc peat pots (Fertil® 42) 

produced the lowest survival and the highest variation in acclimatization survival, thus 

being unreliable for production.  This was probably due to the Fertil® 42 peat pots small 

volume, plus the fibre walls becoming waterlogged on bottom-up watering systems.  

Plants in the mid-sized 440 cc (70 mm) and 300 cc (Winnelle®) plastic pots had high 

acclimatization survival in all environments, but preferred bottom-up irrigation systems.  
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Table 5.5 Effect of irrigation system on greenhouse survival of tissue culture origin plants (5 
replicates, n=100, means ± SE).  Values in rows with different letters are significantly different at 
P < 0.05. Grouping determined by Tukey's family errors multiple comparisons test. 
 

  Survival %  

Pot type Volume 
(cc) 

Overhead misting  Trough 
 

Mat 
 

P 

K56 78 62 ± 2.5 a 21 ± 4.0 b 20 ± 2.2 b 0.000 

K20 200 48 ± 2.5 a 62 ± 9.8 a 89 ± 2.9 b 0.001 

Fertil®42 68 45 ± 5.5 a 0 ± 0 b 43 ± 3.7 a 0.000 

Winnelle® 440 63 ± 10.7 a 94 ± 2.9 b 92 ± 2.5 b 0.007 

70 mm Plastic 300 74 ± 4.8 a 91 ± 2.9 b 87 ± 3.4 ab 0.021 

130 mm Plastic 1317 89 ± 2.4 a 94 ± 2.9 a 94 ± 2.9 a 0.368 

Average  76.2 ± 5.7 a 72.4 ± 4.5 a 85.0 ± 3.52 a 0.394 
 

Bracken plants had significantly lower in vivo survival rates in 78 cc (K56) plastic pots 

than in the bigger 200 cc (K20) plastic pots.  There was a non-significant increase in 

survival with the use of 440 cc (Winnelle®) and 300 cc (70 mm) plastic pots compared to 

the K20 pots (Table 5.6).  There was a general pattern of acclimatization survival 

increasing as pot volume increased (Table 5.6). 

 
 
Table 5.6 Effect of pot type on greenhouse survival of tissue culture origin plants, all growing 
environments pooled  (15 replicates, n=300, means ± SE). Values in rows with different letters 
are significantly different at P < 0.05. Grouping determined by Tukey's family errors multiple 
comparisons test. 
 

Pot  type Volume (cc) Survival %  

K56 78 34.3 ± 5.5 a 

K20 200 66.3 ± 5.5 b 

Fertil® 42 68 29.3 ± 5.9 a 

Winnelle® 440 83.0 ± 5.0 bc 

70 mm Plastic 300 84.0 ± 2.8 bc 

130 mm Plastic 1317 92.3 ± 1.6 c 

Average  64.9 ± 3.2 
 

Plants acclimatized in 300 cc pots (70 mm plastic) had higher survival on outside nursery 

beds than those grown in either 78 cc (K56) or 200 cc (K20) plastic pots (Table 5.7). 
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Table 5.7  Effect of shade and pot type on plant survival on outside nursery beds with overhead 
sprinkler irrigation (n=50, means ± SE). Values within columns with different letters are 
significantly different at P <0.05. Grouping determined by Tukey's family errors multiple 
comparisons test. 
 

Pot type Volume 
(cc) 

Unshaded 
Survival % 

   Shaded 
   Survival % 

K56 78 35 ± 9.0 a 42 ± 12.7 a 

K20 200 50 ± 5.4 ab 64 ± 6.3 ab 

70 mm plastic 300 63 ± 4.9  b 87 ± 4.2 b 

Average  49 ± 6.4 64 ± 7.7 
 

 

As the K20 pot used less potting mix and less bench space than the 130 mm pots (200 cc 

vs 1317 cc), the K20 pot and capillary mat irrigation were selected for operational 

acclimatization. Plants surviving greenhouse acclimatization were re-potted into 130 mm 

plastic pots and transferred to shadecloth-covered outside beds, until ready for 

operational mine rehabilitation planting.  

 

Average plant survival on outside nursery beds was significantly higher (P < 0.05) for 

shaded plants (64 ± 7.7%) compared to unshaded plants (49 ± 6.4%) (Table 5.7). 

 

Rhizomes grew out the sides and bottoms of the three largest pot types.  This would have 

been beneficial for plant field survival and growth.  As the rhizomes were tough and 

flexible, damage during transport to the field was minimal. 

 

Effect of growth container volume on in vivo rhizome and frond size 

 

Plants from the 3 in vivo containers had significantly different dry weights to each other 

when planted (Table 5.8).  Plants grown in the larger 1317 cc containers had significantly 

greater biomass, longer rhizomes and more fronds.  Other key characters where the large 

containers produced significantly higher values than the small (78 cc) or medium (440 

cc) containers were: rhizome number, diameter and wet weight; frond number, length, 

wet and dry weight and the basal diameter.  The large plants had six times as many 

rhizomes as the small and medium size plants and the rhizomes were thicker (Table 5.8).   
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Table 5.8 Comparison of same age Pteridium esculentum plants grown for 12 months in 3 
different in vivo growth containers (n = 10 plants per treatment, means ±SE).  Plants were of 
tissue culture origin, deflasked on the same day. Mean values denoted as a, b and c differ 
significantly at P <0.05. Grouping determined by Tukey's family errors multiple comparisons 
test. 
 
 

  Nursery container size  

Organ 
Measurement Unit Small Medium Large 

ANOVA 
P value 

   K56 (78cc)               70 P (440 cc)   130 P (1317 cc)  

Rhizomes         

Number   1.8 ± 0.2 a 2.4 ± 0.4 a 6.3 ± 0.6 b 0.000 

Length, all mm 14.1 ± 1.6 a 39.5 ±  4.6 b 41.8 ± 4.2 b 0.000 

Length, longest  mm 15.6 ± 1.9 a 64.0 ± 7.3 b 83.8 ± 12.4 b 0.000 

Diameter mm 2.4 ± 0.2 a 2.0 ± 0.2 ab 2.7  ± 0.1 b 0.021 

Wet Wt  mg 222.0 ± 59.9 a 1131.7 ± 281.8 b 2231.7 ± 323.4 c 0.000 

Dry Wt  mg  62.9 ± 11.0 a 562.9 ± 141.1 b 725.0 ± 128.7 b 0.001 
Water content % 67.3 ± 3.8 a 51.7 ± 2.6 b 68.2 ± 3.1 a 0.001 
 

 
 

     
 

Fronds         

Number   8.1 ± 1.2 a 5.3 ± 0.6 a 13.2 ± 1.4 b 0.000 
Length, all mm 41.4 ± 4.5 a 52.2 ± 6.0 a 138.9 ± 12.4 b 0.000 
Length, longest  mm 66.1 ± 6.4 a 88.9 ± 13.2 a 226.7 ± 19.5 b 0.000 
Basal diameter mm 17.4 ± 2.6 a 27.5 ± 3.3 a 65.7 ± 3.8 b 0.000 

Diameter mg 411.0 ± 67.4 a 1376.7 ± 221.3 a 5017.6 ± 550.8 b 0.000 
Wet Wt  mg 139.5 ± 24.2 a 667.8 ± 129.0 b 1934.5 ± 211.5 c 0.000 
Dry Wt  % 63.4 ± 4.2 a 54.3 ± 3.3 a 61.1 ± 2.0 a 0.144 
         
 
Plant 

 
 

     
 

Wet Wt. Total mg 633.0 ± 109.0 a 2508.4 ± 491.8 a 7249.3 ± 825.4 b 0.000 
Dry Wt. Total mg 202.4 ± 32.6 a 1240.7 ± 259.8 b 2659.5 ± 295.4 c 0.000 
Below ground/Total 
(rhizomes) 

% 

32.8 ± 3.2 ab 39.4 ± 3.8 a 26.2 ± 3.6 b 0.043 
Above ground/Total 
(fronds) 

% 

67.2 ± 3.2 ab 60.6 ± 3.8 a 73.8 ± 3.6 b 0.043 
Frac. water soil 
organs (rhizomes)  

% 
37.8 ± 6.7 a 37.9 ± 5.0 a 32.4 ± 2.5 a 0.681 

Frac. water aerial 
parts (fronds) 

% 

62.2 ± 6.7 a 62.1 ± 5.0 a 67.6 ± 2.5 a 0.681 
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In vivo spore germination and sporophyte production 

 

Other gametophyte and sporophyte propagation methods were trialled but only the 

system described proved to be viable for mass plant production.  Spreading blended 

gametophyte cultures onto potting mix in the mist house, using the method of Finnie and 

van Staden (1987), produced sporophytes but too few for a mass propagation system and 

growth rates were very slow compared with in vitro plants.  In vivo sown spore 

germinated in one treatment (spore trays placed in the greenhouse under overhead 

misting).  Nine prothalli formed in one of the three replicates of this treatment.  All other 

replicates and treatments had no prothalli formation.  In vivo spore germination was 

unreliable and ineffective compared to in vitro spore germination. 

 

Revegetation establishment and growth 

 

One year after planting the average survival of the tissue culture origin plants was 58% 

(Fig. 5.5).  This was higher than anticipated, as conditions were unseasonably dry 

following planting in June.  Once established the surviving plants spread to cover an area 

thirteen times larger than the original total cover in just over one year (Fig. 5.8). 
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Figure 5.5  13 month survival in bauxite mine rehabilitation of Pteridium esculentum tissue 
culture plants, per replicate plot (all 3 initial plant sizes pooled, n = 60, means). 
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Figure 5.6 13 month survival in bauxite mine rehabilitation of Pteridium esculentum tissue 
culture plants, per initial plant size (n= 100, means ± SE). Mean values denoted as a and b differ 
significantly at P <0.01. Grouping determined by Tukey's family errors multiple comparisons 
test. 
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Figure 5.7  13 month survival in bauxite mine rehabilitation of  Pteridium esculentum tissue 
culture plants, per initial plant size, per replicate plot n= 20, means ± SE).  Variation between 
replicate plots was more pronounced for the initially small plants and less pronounced for the 
initially large plants. 
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Figure 5.8  13 month spread in bauxite mine rehabilitation of  Pteridium esculentum tissue 
culture plants, per replicate plot (all 3 initial plant sizes pooled, n= 60, means ± SE). Original 
cover was 100%. Mean values denoted as a and b differ significantly at P <0.01. Grouping 
determined by Tukey's family errors multiple comparisons test. 
 

The total spread varied significantly between planting sites (Fig. 5.8).  The replicate with 

high clay content (Banya 1, Table 5.13) and patchy stockpiled topsoil had poor survival 

and growth, with total cover only increasing by 130%.  This site had poor understorey 

development and was assessed as below operational minimum standards.  The three sites 

that received direct return fresh topsoil (Banya 4, Thylacine 5 and Leena 6) had over 

1000% increase in area covered after 13 months (Fig. 5.8).  These sites had good 

understorey development.  Mullian 1 was a very steep pit with deep riplines and high 

erosion of the applied topsoil. This may have damaged some of the planted bracken. 

 

The initial plant size had a highly significant impact on subsequent plant spread.  The 

initially large plants had a 30-fold increase in area cover compared to the initially small 

plants (Fig.5.9, Table 5.10). 
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Figure 5.9 13 month spread in bauxite mine rehabilitation of Pteridium esculentum tissue 
culture plants, per initial plant size (n= 100, means ± SE).  Mean values denoted as a and b differ 
significantly at P <0.01. Grouping determined by Tukey's family errors multiple comparisons 
test. 
 

Calculations of survival and spread beyond the first year did not include data from the 

failed replicate (Banya 1).  40% of the initially large plants survived for three and a half 

years, even though the first winter was very dry, whereas only 9% of the initially small 

plants survived (Table 5.9).  The pit with the best quality rehabilitation vegetation had 

70% survival of the initially large bracken 3 years after planting.   

 

Table 5.9 Survival of tissue culture origin bracken fern plants in bauxite mine rehabilitation (4 
replicates, n = 80, means ± SE).  Values within columns with different letters are significantly 
different at P < 0.05. Groupings determined by Tukey's family errors multiple comparisons test. 
 

Initial plant size 1 year survival % 2 year survival % 3 year survival % 

Small 47.5 ± 6.0 a 8.8 ± 1.3 a 8.8 ± 5.5 a 

Medium 58.8 ± 6.6 ab 20.0 ± 8.7 a 11.3 ± 9.7 a 

Large 72.5 ± 4.3 b 41.3 ± 12.5 a 40.0 ±12.4 a 

P 0.038 0.074 0.086 

 

Survival was lowest for the small and medium plants.  The 3 year survival of the initially 

large plants was lower than expected.  However after 3 years the area covered by the 
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surviving plants was 10 times larger than the initial area covered by all original plants 

(Table 5.10).   

 

The high variation between replicates meant that the large differences in 3 year average 

survival and spread were not significant at the 95% confidence level. The four 

experimental replicates had large bracken plants present 3 years after planting, whereas 

this iconic Jarrah forest species was absent in the surrounding rehabilitation. 

 
Table 5.10 Spread of tissue culture origin bracken fern plants in mine rehabilitation (4 
replicates, n = 80, means ± SE).). Values within columns with different letters are significantly 
different at P = 0.05. Groupings determined by Tukey's family errors multiple comparisons test. 
 

Initial plant size 1 year spread % 2 year spread % 3 year spread % 

Small 453.2 ± 144.3 a 175.4 ± 90.6 a 71.1 ± 71.1 a 

Medium 921.1 ± 367.6 ab 812.9 ± 436.6 a 297.4 ± 196.5 a 

Large 3218.4 ± 1012.0 b 3991.2 ± 1211.7 b 2850.6 ± 1390.6 a 

P 0.027 0.012 0.070 

 

The spread % is the total increase or decrease in area covered by bracken compared to 

the area covered when the experiment was established.  The initial area covered by 

bracken plants was 100%.  A 2x increase in area covered was recorded as 200%. 

Anything below 100% was rated as poor.  Anything above 500% was considered to be 

very good (Table 5.10). 

 

The typical size of surviving bracken plants is shown in Figure 5.10 but it was observed 

that Pteridium esculentum had disappeared wherever Mirbelia dilatata (Papilionaceae, 

leguminous shrub) originating from the topsoil seedbank, had formed a monoculture 

thicket.  There was no sign of bracken becoming a nuisance species, it grew slowly but 

steadily in the mine rehabilitation and formed a valuable part of the vegetation’s 

biodiversity and visual structure.   

 

If plants did survive the first three years then their initial size-at-planting did not 

significantly affect surviving plants tallest frond heights (Table 5.11). 
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Table 5.11 Height of surviving plants tallest frond after 3 years (means ± SE). compared with 
average wild frond height (n= 653).  Values with different letters are significantly different at P = 
0.05. Groupings determined by Tukey's family errors multiple comparisons test. 
 

Initial plant size Frond height ( mm) 

Small 415.0 ± 58.3 a 

Medium 421.5 ± 89.4 a 

Large 498.8 ± 26.7 a 

Wild  1320 ± 154 b 

 

 

 

Cost of transplants compared to tissue culture origin plants 

 

The labour cost of excavating and transplanting wild rhizomes was considerably higher 

(A$10.32 per plant) than the cost of planting large size ex situ origin plants (A$3.30).  

Transplant survival was low (average 30.0%, Table 5.3) so the cost-per-surviving plant 

(after 15 months) was prohibitive (A$34.40).  The development of ex situ propagation 

was required.   

 

The large size tissue culture origin plants cost A$5 to produce compared to A$0 for the 

wild transplants.  The high 15 month survival of the large size tissue culture origin plants 

(72.5%) gave a cost-per-surviving plant after 15 months of A$11.53, compared to 

A$34.40 for the wild transplants.  

 

The negligible spread of the transplanted wild rhizomes after 15 months compared with 

the 30 times spread of initially large size ex situ origin plants further increased the cost-

per-surviving plant advantage of the tissue culture origin plants. 
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Soils Characterization 

 

Table 5.13 Soil particle size analysis. (n= 3, means ± SE). Values within columns with different 
letters are significantly different at P = 0.05. Groupings determined by Tukey's family errors 
multiple comparisons test. 
 

Plot % Coarse Sand 

200-2000 μm 

% Fine Sand 

20-200 μm 

% Silt 

>2 - <20 μm 

% Clay  

<2 μm 

Banya 1 56.9 ± 2.0 ab 28.2 ± 2.2 a 10.1 ± 2.1 a 4.8 ± 2.0 a 

Banya 4 54.7 ± 0.5 ab 29.7 ± 0.5 a 13.7 ± 1.5 ab 1.9 ± 0.6 a 

Mullian 1 61.1 ± 0.9 a 26.4 ± 0.8 a 9.9 ± 0.1 a 2.6 ± 0.3 a 

Thylacine 5 54.5 ± 1.8 b 30.9 ± 1.2 a 11.3 ± 0.8 a 3.2 ± 0.7 a 

Leena 6 51.0 ± 1.0 b 27.7 ± 1.8 a 18.8 ± 0.7 b 2.6 ± 0.3 a 

P 0.005 0.259 0.003 0.345 
 

 

Field Spore production 

 

Two of the 100 initially large plants produced spore 4 months after planting (December). 

At this time the fronds were taller than the surrounding emerging revegetation and 

exposed to full sunlight.  No initially small or medium sized plants produced spore.  

After 12 months all the fronds were shorter than the surrounding emerging revegetation 

and were permanently shaded.  No further spore production was recorded in the 

following 2 years of monitoring. 
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Figure 5.10 A typical survivor at 3 years: 1 metre long x 0.6 m tall (Thylacine 5 replicate). 
Previous year’s dead fronds lie on the ground.  Well shaded plants were up to 3 m long x 1.2 m 
tall 3 years after planting. 
 
 

5.4  Discussion       

 

The concept that bracken could be successfully established in mine rehabilitation by 

planting tissue culture origin sporophytes was demonstrated.  Only the large-at-planting 

ex situ origin propagules had good revegetation survival (40%) three years after planting. 

These initially large plants also had a 30 fold increase in area covered over 3 years. 

 

Field planting survival of 30% after 1 year would have been considered a good result.  

The higher than anticipated average first year survival of 58% (during a drought) 

justified the subsequent adoption of planting bracken tissue cultures as a routine mine 

rehabilitation operation.  The high survival and average 15 fold increase in total cover 

after 13 months meant only 10 plants needed to be propagated and planted per hectare to 

meet biodiversity and cover targets. 

 

The first postulate, that transplanting wild rhizomes into the mine rehabilitation would be 

an effective restoration technique, was not proven.  
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Spore collection 

 

Bracken was observed to produce scattered fronds underneath the fairly open forest 

canopy, with an annual cycle of new frond growth and replacement.  Most of the fronds 

slowly die back during summer, with new fronds produced in winter a few weeks after 

the first rains.  This is considered to be a response to the Mediterranean-type climate with 

the peak of summer being too dry or too hot to sustain the fronds.  During five years of 

looking spores were not found on any fronds occurring under the forest canopy.  This and 

the dry summer conditions would restrict gametophyte formation, survival and 

reproduction in mine rehabilitation.  Self-establishment in rehabilitation by this method 

would be a rare event. 

 

Persistent surveying was required before wild spore could be collected. 

 

In vitro spore germination, gametophyte culture initiation and sporophyte production 

 

Productive in vitro gametophyte cultures were initiated from wild spore.  High spore 

germination and gametophyte growth was achieved using sealed vessels (to maintain 

high in vitro humidity) and low nutrient, growth-regulator-free media.  All wild spore 

collections readily germinated so the principal difficulty for culture establishment was 

locating wild spore; which was seldom produced during the study period. 

 

The desired method of in vitro plant production by multiplying individual sporophyte 

cultures was not viable.  Instead gametophyte cultures have been maintained for over 8 

years and these have continuously supplied sporophytes.   

 

Gametophyte growth media with low sugar concentration did not increase sporophyte 

production (as reported by Menon and Lal [1972] for a moss species).  Until the monthly 

variation in sporophyte production can be reduced the production method described is 

only recommended for small production orders.  

 

The objective to develop an in vitro sporophyte production method was achieved.  The 

complete ex situ plant production system developed has proved capable of producing the 

mine rehabilitation target of 3000 plants each year.   
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If sexual recombination occurred during in vitro production then this would be a 

biodiversity benefit with each plant being genetically distinct rather than clonal copies.  

Attempting to address this required genetic analysis (Chapter 6).   

 

The simplified tissue culture initiation method described here was developed for use with 

both fern spores and orchid seed.  Overall germination rates were lower than when using 

more delicate procedures.  Where spore or seed is limited then it is best to first use a 

more common species for calibration tests.  This method is not recommended for use 

with rare or endangered plants. 

 

Acclimatization and in vivo growth 

 

Bracken survived acclimatization better in the deeper and larger pot types.  Bracken has 

an extensive rhizome and root system that was inhibited in smaller pots.  Rhizome and 

root growth constriction may have contributed to plant death in smaller pots.  Plastic pots 

are preferred to peat pots, due to higher average plant survival in the former.  As there 

were no significant differences in average plant survival on the 3 greenhouse irrigation 

systems (overhead misting, water trough or capillary mat) then all were suitable for 

acclimatization.  Plants needed to be kept on shaded nursery beds throughout the summer 

and autumn prior to planting, probably mimicking the shaded forest floor conditions.  

Planting was during the winter wet season, when light intensities at the mine 

rehabilitation sites were at their annual lowest level.  This would have assisted the 

nursery grown plants to cope with the absence of shade at the planting sites. 

 

Effect of container size on ex situ plant size   

 

Tissue culture origin sporophytes grew significantly more rhizomes and fronds when 

transferred ex situ into the largest sized container (130 mm diameter, 1317 cc volume) 

compared to the medium and small pots.  This demonstrated the hypothesis that ex situ 

plant size can be controlled by growing container size. 
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Revegetation establishment and growth      

 

The ex situ large size plants had significantly higher revegetation survival (Fig. 5.6, 

Table 5.9) and higher spread (Fig.5.9, Table 5.10) than the medium and small plants.   

 

Bracken survival after 13 months in bauxite mine rehabilitation was highest (72.5%) 

when the nursery grown plants had 6 rhizomes when planted (Tables 5.8 and 5.9, large 

containers).  Nursery plants with 2 to 3 rhizomes had lower survival (47.5% and 58.8%, 

for initially small and medium size containers).  It is postulated that revegetation survival 

of other rhizatomous species could increase with higher numbers of rhizomes at planting. 

 

Revegetation survival and growth of ex situ produced bracken plants increased with 

increasing initial total rhizome mass.  This concurs with a recent report that well 

developed rhizomes were needed to ensure revegetation survival of nursery grown 

wetland sedges (Galatowitsch 2008). 

 

The initially small and medium size plants had a higher percent of their water stored 

below ground when planted compared to the initially larger plants (Table 5.8).  This 

agrees with the key general concept that young seedlings are vulnerable to stress 

(Galatowitsch 2008) and need to allocate a higher proportion of resources to their roots 

during early establishment (Grime 1979). 

 

The revegetation experiment demonstrated the hypotheses that initially larger rhizomes 

(mass, diameter, thickness and number of rhizomes) results in both higher revegetation 

survival and subsequent spread.  Having larger rhizomes at planting is likely to have 

improved bracken’s field stress tolerance. 

 

Several factors influenced overall survival but particularly an unseasonal winter drought.  

Planting was during a rain event, but it was nearly four weeks until the next rainfall.  

Plants were irrigated twice per day in the nursery, so they were not prepared for dry field 

conditions.  The small plants were probably the most affected as their significantly 

smaller rhizomes had less total water stored (and probably also less carbohydrates) to 

assist drought survival.   
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There were also marked differences between plots for both survival (Figs. 5.5 and 5.7) 

and spread (Fig. 5.8).  It became apparent during the study that rehabilitation quality 

influenced both survival and spread of bracken to a greater extent than experienced with 

other planted understorey species (e.g. the dryland rushes and sedges).  The variation 

between replicates suggested that the topsoil composition, soil water retention, soil age 

and quality all influenced initial survival.  In particular bracken had low survival on sites 

high in clay.  The Banya 1 replicate was selected to represent high clay sites and plant 

survival was lowest here, whereas the Banya 4 and Thylacine 5 replicates had good 

quality gravely loam topsoil and had the highest survival (Fig. 5.8).  Bracken has been 

noted as preferring high fertility gravely soils in the northern Jarrah forest (Havel 1975).  

The presence of large amounts of clay at the rehabilitation surface represented a low 

quality of rehabilitation landscaping, as clay is normally buried.  The planting 

prescription for bracken was subsequently modified to state that no ferns were to be 

planted in clay areas within rehabilitated mine pits. 

 

By the third year competition from large legumes (both from the applied seedmix and the 

topsoil seedbank) was impacting on the established bracken plants.  The Mullian 1 

replicate had more than double the quantity of tall legume seed applied compared to the 

other replicates (mine operations error) and the leguminous seedlings outcompeted the 

bracken.  In the Thylacine 5 replicate plot Mirbelia dilatata from the topsoil seedbank 

formed dense thickets, which possibly reduced topsoil water below the level needed by 

bracken.  A further influence on survival in all replicates was the high quantity (since 

reduced) of Kennedia coccinea (coral pea) seed in the rehabilitation broadcast seedmix. 

This vigorous legume groundcover had smothered many of the established ferns in the 

Banya 4 replicate by the 3rd year after planting.   

 

The establishment data presented here thus represents the worst result that could be 

expected operationally. This data shows that even during drought years ex situ origin 

bracken can be sustainably established in the bauxite mine rehabilitation.  The spread 

data demonstrates that cover increases following establishment, especially if large 

individuals are planted (Table 5.10).  These results indicate that bracken has been 

restored. 
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The fronds of surviving ex situ origin plants did not grow as long as those of wild plants 

in adjacent forest (Table 5.11), during the monitoring period.  It is predicted that as the 

leguminous understorey shrubs die (typically between year 7 and 10) then the fronds will 

grow to wild plant lengths.  After 10 years the rehabilitation understorey is less dense, 

light levels increase and conditions become closer to those in the pre-mining forest. 

 

Future research 

 

Current research is investigating how to control and increase the number of sporophytes 

produced by each gametophyte culture.  Low light has been reported to increase 

sporophyte production in a moss species (Menon and Lal 1972) and this is being tested. 

 

Preliminary tests of homogenizing both in vitro gametophyte and sporophyte tissues of 

Pteridium esculentum showed that while new cultures did regenerate, a degree of 

microbial contamination reduced its effectiveness.  This method was successful with 

Asplenium nidus cultures (Fernandez et al. 1993).  Developing a commercial in vitro 

homogenization system for bracken could both increase plant production and lower costs. 

 

Monitoring bracken spread and frond heights ten years after planting (when the 

surrounding revegetation is more developed and open), and following forest fires would 

be valuable measures of longer term performance. 

 

As medium size ex situ origin plants are cheaper to produce and easier to transport into 

the field a new field experiment was established in 2010 to compare their establishment 

and spread against initially large plants.  This trial also aims to assess field performance 

in a climate which continues to dry rapidly. 

 

Why bracken fails to self-colonise the mine rehabilitation is unknown.  The possible 

causes for the decline in Pteridium esculentum north of Perth include a steadily drying 

climate (due to global warming), herbicide spraying, clearing for roads or urban 

development, weed invasion, excessive bushfires and possibly a combination of these 

factors.  These two population failures warrant investigation.  A better understanding of 

the pre-mining soil and water conditions of forest areas with high bracken cover would 

help quantify the species environmental requirements. 
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If sexual recombination was occurring in vitro then each plant would be genetically 

distinct, a major biodiversity benefit.  The genetic diversity of the in vitro origin 

sporophytes requires further investigation. 

 

Successsful cryopreservation of both spores and microbial free gametophyte cultures 

would be valuable for longer term germplasm maintainance.  This would provide a 

source of replacement cultures, if the production cultures became contaminated.  

Cryopreservation has been successfully proven for other fern species (Pence 2000a, 

Pence 2000b, Quintanilla et al. 2002, Barnicoat et al. 2011) but not for Pteridium 

esculentum.  Preliminary testing of gametophyte cryopreservation failed, indicating a 

separate research project is required.   

 

It was difficult to identify individual plants in the forest; using the fronds to estimate the 

full extent of their rhizomes can be misleading.  Excavating plants entire rhizome 

systems in hard lateritic soils was difficult and proved to be logistically prohibitive.  

DNA marker analysis has been used to estimate individual plant size (Sheffield et al. 

1989) and would be a useful research area for Pteridium esculentum. 

 

Conclusion 

 

These are the first reports of commercial propagation and of restoration of Austral 

Bracken Fern (Pteridium esculentum).  Developing a propagation system required first 

gaining a detailed knowledge of the species reproductive biology.  A commercially novel 

in vitro gametophyte propagation system was created.  The sporophytes produced in vitro 

were subsequently capable of successful establishment and spread in bauxite mine 

rehabilitation.  This was a promising indicator that the planted bracken populations may 

be self-sustainable.  This investigation highlighted the benefit of investigating species 

biology to improve propagation success and revegetation sustainability.  

 

The priority species for mine rehabilitation plantings are species that increase in numbers 

and cover following initial survival.  This enables lower planting rates, effort and costs 

per area covered.  Austral Bracken Fern demonstrated these criteria.  
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Smaller plants were preferred by Alcoa’s nursery and revegetation operations due to 

lower individual plant costs and being lighter to transport to remote planting sites.  

However the initially largest ex situ propagules proved to have the lowest cost-per-

surviving plant, due to their high spread rate following establishment.  The largest ex situ 

propagules were the most effective size to use for revegetation plantings and were 

adopted as the operational standard.  

 

For revegetation projects it is recommended that ex situ origin bracken plants be the 

largest size feasible.  For any revegetation planting program it is advisable to first 

determine the ex situ plant size that produces the lowest cost-per-surviving plant and 

consider the practicality of transporting the chosen planting units to site.   

 

26,312 bracken plants were produced by this low input micropropagation method and 

planted at 10 plants/ha in 2,630 hectares of Alcoa’s bauxite mine rehabilitation during the 

study period (2003 to 2010). 

 

The barrier to Austral Bracken Fern’s natural recolonization of the bauxite mine 

rehabilitation was successfully overcome by planting tissue culture origin sporophytes. 

Demonstrating the long term sustainability of these plantings requires ongoing 

monitoring. 

 
Figure 5.11 From tissue culture initiation to thriving large plants in mine rehabilitation: a 5 year 
process. 
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CHAPTER 6 

Austral Bracken Fern (Pteridium esculentum)  

provenance genetics in the Jarrah forest of Western Australia 

and implications for propagation and revegetation 

 

6.1  Introduction 

 

Austral Bracken Fern (Pteridium esculentum) is a key Jarrah forest understorey 

geophyte.  This species was not recolonising bauxite mine pits rehabilitated by Alcoa of 

Australia (hereafter Alcoa).  It was determined that bracken re-establishment would have 

to be achieved by propagation and planting.  A method of producing plants by in vitro 

propagation had been developed (Chapter 5).  It was considered essential to capture the 

genetic range of the local bracken population within the propagules. The objective was to 

ensure the revegetated mine population had sufficient genetic diversity to be resilient to 

environmental stresses and also did not impact negatively on the genetic resources of the 

surrounding forest populations.  

 

When revegetating disturbed lands it is important to understand the provenance genetics 

of each plant species being established (Guerrant 1996, Havens 1998, Falk et al. 2001, 

Krauss et al. 2002, Krauss and He 2006).  This information then needs evaluating based 

on a broader knowledge of each species biology, ecology, demography and reproduction 

(Guerrant 1996, IUCN 2000, Vallee et al. 2004).  Several authors have discussed both 

the negative and positive impact of introduced genotypes on the existing wild population 

(Templeton 1986, Reiseburg 1991, De Mauro 1993, Rhymer and Simberloff 1996, 

Young et al. 1996).  For over 40 years there has been a discussion on whether it is best to 

use plant propagules from local provenances for revegetation (Callaham 1964, Coates 

and van Leewin 1996, Havens 1998, Krauss et al. 2005, O'Brien, and Krauss 2010).  The 

concept that local populations sometimes have a strong advantage over plants introduced 

from outside has been intensively tested (Frankel et al. 1995; Lynch 1996; Primack and 

Kang 1989, Montalvo and Ellstrand 2000, Joshi et al. 2001, Hufford and Mazer 2003, 

O'Brien and Krauss 2010).  Lesica and Allendorf (1999) believed that in highly disturbed 

sites using plant propagules from a range of provenances may be the best strategy as the 
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altered site may no longer favour the local provenance.  Rehabilitated open-cast mines 

can be considered as highly disturbed sites, with the subsoil in particular usually very 

different to the pre mining condition.  Broadhurst et al. (2008) considered that using a 

diversity of high quality genetic source material would best ensure the resilience of 

revegetated populations.  Defining what actually constitutes a local population has been a 

topic of debate (Mortlock 2000b, McKay et al. 2005, Broadhurst et al. 2008).  

Investigating the provenance genetics of each individual species would appear to be the 

best research approach.  Genetic provenances have been defined for a number of Jarrah 

forest species (von Perger et al. 1994, Hood and Krauss 2000, Krauss 2002, Wheeler et 

al. 2003, Zawko and Krauss 2004a, Zawko and Krauss 2004b, Zawko and Krauss 2005, 

Wheeler and Byrne 2006).  This study attempted to identify geographic sizes for local 

genetic provenances of Austral Bracken Fern (Pteridium esculentum) in the northern 

Jarrah forest.  The applied objective was to estimate the number of tissue culture lines 

that would represent the genetic variation found in wild plants.   

 

Pteridium esculentum probably has a mixed-mating system very similar to that described 

for Pteridium aquilinum (Korpelainen 1995), which is considered to be the optimal plant 

reproductive system especially for survival in evolutionary timescales (Klekowski 1969). 

The cosmopolitan Pteridium genus is believed to have originated through ancient 

allopolyploidy (Thomson 2000). It is worth noting though that while Pteridium 

aquilinum has had a consistent Eurasian wide cover, Pteridium esculentum in the south-

west of Western Australia has probably been isolated since at least the end of the 

Pleistocene ice ages. Pteridium was present in the South-West of Australia throughout 

the Pliocene (Atahan et al. 2004), presumably the same species as currently extant. 

  

The use of AFLP for the assessment of genetic variations in plant species has been 

promoted since the mid 1990’s (Mueller and Wolfenbarger 1999).  This method is based 

on selective PCR amplication of restriction fragments from a total digest of genomic 

DNA (Vuylsteke et al. 2007) and has the advantage of being effective even when there 

isn’t any prior sequence information for the target species.  The selected amplified 

restriction fragments from one individual are compared on agarose gel with the 

corresponding material from other individuals. This method does not require every 

individual to be sequenced, so can be used on species which have no prior sequence 
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information. AFLP only identifies differences that are many base pairs in length (Karp et 

al. 1997). 

 

Many plant species exhibit considerable genetic variation throughout their range, which 

can be revealed by analysis with genetic markers (Hamrick and Godt 1989). Using 

genetic markers is the most accurate method to swiftly identify provenance sizes  (Krauss 

and Koch 2004).  The percentage or number of genetic markers that are polymorphic 

between individual plants tested is widely accepted as a measure of genetic diversity 

within a plant species.  For example maize is highly polymorphic while soybean is far 

less polymorphic and this is considered to be indicative of the relative genetic diversity 

of these two species (Shattuck-Eidens et al. 1990).  There have been few studies on ferns 

using PCR-based molecular techniques but these methods are considered to be more 

revealing than the earlier enzyme based methods (Gottlieb 1981, Bachmann 1994, 

Korpelainen 1995) AFLPs are particularly revealing through their ability to sample many 

loci randomly throughout the genome, unlike enzymes studies which may underestimate 

true genetic diversity, due to the limited number of loci sampled. 

The TE-AFLP assay (Vos et. al. 1995) was used to estimate the genetic relationships 

between the wild Pteridium esculentum samples.  AFLPs have become a popular method 

for identifying DNA polymorphisms by direct sequencing of PCR products extracted 

from a range of individual plants.  This method has proven reliable in recent studies 

(Travis et al. 1996, Krauss and Peakall 1998, Sensi et al. 2003, Sinclair et al. 2006, 

Moganedi et al. 2007). 

 

Genetic fingerprinting technology offers a means to reliably screen for genetic stability 

within vegetatively propagated materials obtained from the same donor plant (Moganedi 

et al. 2007).  Five bracken sporophytes produced from gametophyte tissue cultures were 

analysed.  The aim was to compare these with the wild population samples.  This could 

then identify the number of gametophyte tissue culture lines needed to ensure adequate 

genetic diversity of the arising sporophytes.  These sporophytes would then be acceptable 

for planting into northern Jarrah forest revegetation sites.  For example, in one study of 

an obligate sexually reproducing species 25 clones were needed to capture 85% of the 

assessed wild genetic diversity (von Perger et al. 1994).   
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Using the same methods reported here for several obligate sexually reproducing northern 

Jarrah forest species had previously identified genetic variation of greater than 15 

polymorphic markers between individuals and sites (Krauss 2002, Zawko & Krauss 

2004a,b).  Krauss et al. (2005) identified relatively high levels of genetic variation (with 

greater than 80% of markers polymorphic) for two obligate sexually reproducing 

northern Jarrah forest species (Xanthorrhoea gracilis, Slender Grasstree and Macrozamia 

riedlei, Zamia Cycad).  

 

However plants with a strong ability for clonal vegetative spread can have reduced levels 

of genetic variation (Loveless and Hamrick 1984).  There are reports though that some 

clonal populations contain much larger variation than previously estimated (Kreher et al. 

2000, Clark-Tapia et al. 2005). For clonal spreaders it can be difficult to identify 

individual plants (Escaravage et al. 1998) so there should be large distances (e.g. greater 

than 1 kilometre) between the plants sampled for provenance genetic analysis.  Pteridium 

esculentum is known to have considerable ability to spread vegetatively by rhizome 

extension and has been observed to rarely produce spore in the northern JarrahJarrah 

forest.  It was predicted that this species would show lower genetic variation than 

obligate sexually reproducing plants.   

 

A Finnish population of Pteridium aquilinum was reported to have a clonal size of up to 

20 hectares (Oinonen 1967a). This study used allozyme markers, which can 

underestimate population genetic variation (as they reveal less polymorphisms than the 

newer DNA analysis methods).  Reports of genetic variability in AFLP studies of other 

plants with high levels of clonal vegetative spread (Escaravage et al. 1998, Suyama et al. 

2000) indicated that using AFLPs in this study could ensure genetic variability was 

adequately measured.     

 

AFLP markers have also been successfully used to confirm the clonal fidelity of tissue 

culture raised neem clones, with the tissue cultured plants having no additional DNA 

bands than the mother tree (Singh et al. 2002).  A secondary aim of this study was to 

identify the level of genetic variation within the tissue cultures.  
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Distribution and reproductive biology 

 

In Western Australia Pteridium esculentum is restricted to the wetter parts of the south-

west. Wanneroo, Perth is the northern-most part of the main distribution, with a few 

isolated populations reported as far north as Geraldton.  Most of these northern outliers 

could not be located during this study with the northern-most population sampled being 

at Muchea. Bracken is widespread in the forest regions of South West Australia with 

outliers extending along the south coast as far as Esperance and Cape Arid.  

 

Moisture availability, soil fertility and topography have the strongest influence on plant 

distribution in the Jarrah forest (Havel 1975).  Bracken is a characteristic species of the 

fertile T type Jarrah forest (Havel 1975).  This vegetation type is found in the high 

rainfall zones and the rainfall pattern is considered to be the most critical environmental 

factor for bracken.  In the northern Jarrah forest bracken is restricted to the fertile slopes 

of the strongly dissected high rainfall western zone with the small isolated eastern 

populations occurring wherever water is in local abundance (e.g. along streamzones). 

Bracken’s distribution in the wetter southern Jarrah forest is markedly broader (Havel 

1975).  

 

Pteridium is a world-wide genus variously interpreted as including a single species with 

12 varieties, or several closely related species.  The Flora of Australia recognises two 

native and one adventive species in Australia (Flora of Australia 1998).  All plants 

measured in this study were considered to be Pteridium esculentum. Although vegetative 

spread via rhizome expansion is widespread, Pteridium esculentum does rarely produce 

spores in the northern Jarrah forest so was believed to be employing both sexual and 

asexual reproduction, as has been reported for other primarily clonal species (Eckert 

2002). 

 

Pteridium esculentum has the typical fern life-history of two distinct stages, the haploid 

gametophyte stage followed by the sporophyte stage.  Pteridium esculentum has been 

reported as a diploid species, based on a sporophyte chromosome number of 2n = 104 

(Thomson 2004).  However chromosome numbers of n = 26, 52 and 104 have been 

reported for Pteridium species in Australia (Lovis 1977, Brownsey 1989), so this is a 

variable character.  
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Objectives 

 

There were therefore two key questions to investigate with Pteridium esculentum:  

(1) how large is each local provenance for this species?  

(2) how many clones would capture the natural variation? 

Wild Pteridium esculentum population genetic diversity in the south west of Western 

Australia was assessed, by generating DNA fingerprints using the AFLP (amplified 

fragment length polymorphism) technique.    

 
 
6.2 Methods and Materials 

 

Genetic material sampling 

 

35 populations from throughout the Jarrah forest, 3 Perth populations and 4 in vitro 

sporophytes were sampled (Fig. 6.1 and Table 6.1).  The in vitro sporophytes each came 

from a separate gametophyte culture (see chapter 5).  The source spore for each culture 

came from the northern Jarrah forest.  For comparative purposes 2 outlying samples from 

Esperance, Western Australia and 6 samples from eastern Australia and New Zealand 

were also tested.  For each population, 1 sample was collected, to avoid sampling within 

potential clones.  Sampling involved the collection of leaf material from one arbitrarily 

chosen frond from each population.  For one population 2 samples were collected, to test 

clonal patch size and as a control for the DNA analysis methods used. 

 

Sampling involved the collection of leaf material for subsequent DNA analysis.  Each 

sample consisted of 4 to 8 frond tips (~20cm long).  The frond tips were placed between 

damp newspaper and put inside zip-lock plastic bags.  The sample number was written 

on bag twice, using permanent marker.  The samples were transported in cooler bins then 

placed in a 4 °Celsius fridge when received at Kings Park Botanic Gardens laboratory 

(Botanic Gardens and Parks Authority, Perth, Western Australia).    

Jarrah forest populations were sampled within an area bounded approximately by 

Jarrahdale, Boddington, Dwellingup, Augusta and Denmark. The typical distance 

between each population was 5 km, and ranged from 1 to 25 km. 
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Figure 6.1  Distribution of Pteridium esculentum populations sampled in the Jarrah and Karri 
forests of South West Australia. Precise collecting locations are in Table 6.1  
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Table 6.1  Sample Locations.  

No.  Location Latitude 
(South) 

Longitude 
(East) 

Elevation 
(metres) 

1 P1 Tissue Culture, from spore from same 
Dwellingup site as sample 3W. 

32°45´14.41´´ 116°05´03.90´´ 238 

2 Forest: 33 Km east of Dwellingup Post Office on 
Pinjarra-Williams road. 

32°48´44.77´´ 116°16´27.62´´ 323 

2A Frond 30m from sample frond 2. 32°48´44.42´´ 116°16´24.82´´ 321 

3 P3 Tissue Culture, 
from spore from Dwellingup Cemetery. 

32°42´58.73´´ 116°04´34.44´´ 265 

3W River road, burn site on edge of hilltop near 
Murray River. 1 km north of Murray River 
bridge. 

32°45´14.41´´ 116°05´03.90´´ 238 

4 Edge of Dwellingup. Del Park Road 2.2km north 
of Dwellingup Post Office.  

32°41´58.12´´ 116°03´17.67´´ 271 

5 Mine Acess Road x North Spur Road. 32°39´24.90´´ 116°00´44.86´´ 276 

6 1.2 km north on Scarp road from Del Park road 
intersection. 

32°33´20.12´´ 116°00´11.38´´ 264 

7 Corner Brockman Road and Deries Street.  
Bull Creek, Perth. 

32°03´02.45´´ 115°52´18.29´´ 15 

9 P9 Tissue Culture, from spore from Dwellingup site 
1 km uphill from sample 4 and tissue culture 17 site. 

32°41´33.84´´ 116°03´12.87´´ 298 

11 P11 Tissue Culture,  
from spore from Findlays road, Dwellingup. 

32°32´12.54´´ 116°03´06.20´´ 239 

13 P13 Tissue Culture, 
from spore from Mt William, Waroona. 

32°50´29.38´´ 115°55´10.59´´ 31 

17 P17 Tissue Culture, from spore from same 
Dwellingup site as sample 4. 

32°41´58.12´´ 116°03´17.67´´ 271 

18 Coronation road, Waroona. 32°50´27.17´´ 115°55´10.48´´ 31 

20 12.5 km east along Kingsbury Drive from South-
West Highway. 2.4 km past Karnup prison farm.  
In Jarrah/Marri forest. 

32°25´56.71´´ 116°05´18.41´´ 336 

21 16.1 km east along Kingsbury Drive from South-
West Highway. South side of Serpentine Dam. 
Hillside above top car park.  
In Jarrah/Marri forest. 

32°24´21.16´´ 116°05´52.77´´ 232 

22 1.0.km east of T junction: Kingsbury Drive x 
Jarrahdale Road.  In Jarrah/marri forest. 

32°20´14.92´´ 116°04´36.50´´ 248 

23 Jarrahdale Road, 13.1.km east of T  junction: 
Kingsbury Drive x Jarrahdale road.   
In Jarrah/marri forest. 

32°19´46.64´´ 116°07´24.97´´ 318 

24 Sullivans rock carpark, 10.3 km south of 
Jarrahdale Road on Albany Hwy. 

32°22´45.31´´ 116°14´56.48´´ 325 

26 Near North Dandalup Dam. 9.7 km south down 
Scarp Road from Kingsbury Drive. 1 frond.  
In streamzone forest below farm with 3 weirs. 

32°32´50.53´´ 116°00´32.49´´ 255 

27 1.6 km south down Del Park Road from Scarp 
Road intersection. 

32°34´41.95´´ 116°00´29.24´´ 257 

28 JayRup Bore site K4508-1A.  Huntly Minesite. 32°38´24.33´´ 116°12´19.25´´ 298 

29 JayRup Bore site J4524-1A.  North-East Road.    32°40´30.16´´ 116°14´58.88´´ 283 

30 Caves Road 8.5 km north of intersection 
"southern end of Bussell Hwy x southern end of 
Caves road (near Augusta town entrance). Half 
way between Augusta and Hamelin Bay.  

34°16´05.96´´ 115°05´06.97´´ 57 
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No. Location Latitude 
(South) 

Longitude 
(East) 

Elevation 
(metres) 

31 Alexander Bridge camping ground (riverbank). 
1frond only. Brockman Hwy. 

34°09´46.28´´ 115°11´00.00´´ 12 

32 Brockman Hwy. 29 km east of Scott River 
turnoff & 28.5 km west of Nannup Hotel (pub). 

34°07´57.57´´ 115°33´17.54´´ 54 

33 28.7 km east of Nannup on Nannup to Ballingup 
scenic road. Wrights Bridge campground. 

33°50´38.75´´ 115°54´57.00´´ 100 

35 Roadside 1.3 km east of Nannup on scenic road 
to Ballingup. 200m upslope of Blackwood river. 

33°57´52.76´´ 115°46´44.55´´ 77 

37 6.5 km north of Kirup rail-line & Tavern on 
South-Western Highway.  Bush Block on Hilltop 
above orchards. 

33°39´49.29´´ 115°52´30.39´´ 202 

38 3.9 km uphill on Honeymoon road from South-
West Hwy intersection (on ridgetop above 
blackboy picnic ground). 1 frond only. 

33°00´59.97´´ 115°56´40.97´´ 284 

39 Wellington Dam Road ,200 metres off Collie-
Bunbury Road . 

33°19´54.24´´ 116°01´42.91´´ 251 

40 Nome Road 1. Inland of Collie. 33°18´28.56´´ 116°15´14.88´´ 274 

41 Nome Road 2. Inland of Collie. 33°14´36.28´´ 116°24´13.93´´ 257 

44 Nornalup-Walpole. 34°59´55.63´´ 116°46´00.97´´ 18 

45 Whitfords Avenue, Wanneroo (close to the 
corner of Mooro Street and Whitfords Avenue). 

31°46´35.67´´ 115°47´49.59´´ 18 

46 Northcliffe. 34°38´04.42´´ 116°07´49.35´´ 118 

48 Rolystone 1, Perth. 32°06´33.44´´ 116°04´14.09´´ 241 

49 Rolystone 2, Perth. 32°06´00.39´´ 116°06´38.75´´ 293 

50 Del Park Road: south side: half way between 
South Dandalup Dam Road and  North Spur 
Road intersection. 

32°40´07.34´´ 116°02´08.08´´ 308 

52 10.1 km east along Kingsbury Drive from South- 
west Hwy. In front of Karnup prison farm. In 
roadside culvert, under Jarrah/marri. 

32°26´18.29´´ 116°04´13.89´´ 297 

53 1.1.km south of T junction: Kingsbury Drive x  
Jarrahdale Road.  Jarrah/marri forest. 

32°20´50.21´´ 116°04´20.80´´ 295 

54 JayRup Bore site J4604-1A.     32°40´46.32´´ 116°12´58.34´´ 266 

 Second test (wide samples)    
55 Anglesea, Victoria. Sample ANG001, Haggarts 

Track, Anglesea Heath Zone 55.  
38°24´23.24´´ 144°06´08.36´´ 171 

57 Anglesea, Victoria. Sample ANG002 Salt Creek 
Track, Anglesea Heath, Zone 55.  

38°24´45.82´´ 144°05´50.17´´ 16 

59 Anglesea, Victoria. Sample ANG003 Salt Creek 
Link Track, Anglesea Heath Zone 55. 

38°22´39.31´´ 144°08´12.22´´ 79 

66 Gebbies Pass, NZ. 43°41´30.14´´ 172°38´14.51´´ 129 

71 Portland, Victoria.  PTD-04-0071 38°22´43.93´´ 141°38´06.94´´ 24 

99 Canberra, ACT. Guerilla Bay. Growing in sand. 
Banksia serrata/Eucalyptus botryoides 
woodland. 

35°49´28.06´´ 150°13´24.56´´ 33 

88 Cape Le Grande National Park. Cape Le Grand 
Road. Esperance. 

33°51´58.05´´ 122°12´41.40´´ 67 

89 Cape Arid National Park: old Hill Springs 
Homestead. Esperance.  
Eastern-most location in Western Australia. 

33°56´47.40´´ 123°11´30.55´´ 26 
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Figure 6.2 Distribution of Pteridium esculentum control populations sampled from outside of 
the Jarrah/Karri forests of south-west Australia. Exact collecting locations are in Table 6.1. 
 

DNA extraction and PCR amplification 

 

DNA was isolated from fresh leaf material using a modified cethyltrimethyl ammonium 

bromide (CTAB) procedure (Doyle and Doyle 1987).  

 

1. To approximately 2 g of leaf material ground in liquid Nitrogen 4 ml hot (65 °C) 

extraction buffer (2 x CTAB: 100 mM Tris pH8, 1.4 M NaCL, 20 mM EDTA, 2% 

CTAB, 1% PEG 6000) was added and incubated at 65 °C for 60 min.  RNAse A (1µl) 

was added prior to the final 10 min of incubation. 

2. Half volume of cold 5 M Kac was added and the samples were left in freezer over 

night.  To the thawed samples 2 ml of chloroform was added, emulsified and placed on a 

rocking platform for 45 – 60 min. 

3. Following centrifugation at 10000 rpm for 15 min the top layer was collected to a 

new tube, 2 ml chloroform was added, emulsified and span at 10000 rpm for 15 min.  

4. To the top layer collected to a new tube 2/3 volume of isopropanol was added to 

precipitate DNA. 

Portland, Victoria 
 Gebbies Pass, 
 Banks  Peninsula, 
 New Zealand.  Anglesea, Victoria 

Esperance,  
Western Australia 

Perth 
Western Australia 
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5. The DNA pellet was isolated by centrifugation at 8000 rpm for 10 min  and removal 

of the liquid. 

6. In a final purification step the DNA was resuspended in 250 µl of dH2O and 250 µl 

5M NaCl, centrifuged at 10000 rpm for 5 min and transferred to a 1.5 ml tube. 

7. 1 ml of cold 95% ethanol was added to precipitate pure DNA which was then washed 

in 500 µl of 70% ethanol. 

8. DNA was resuspended in 50-100 µl of dH2O and stored in a freezer. 

 

The purity and quantity of the extracted DNA was assessed by visualisation against Low 

DNA Mass Ladder (Invitrogen company) following agarose gel electrophoresis and 

ethidium bromide staining.  

 

PCR procedure – TE (Three Enzymes) AFLP 

 

Following extraction, a DNA fingerprint was generated for each sample using the multi-

locus DNA fingerprinting technique TE-AFLP (Three Enzymes Amplified Fragment 

Length Polymorphism, van der Wurff et al. 2000).  For fingerprints 20 ng DNA was 

added to a digestion-ligation mix in a final volume of 20 µl containing digestion buffer 

(10 mM Tris-HCl, 10 mM MgCl2, 1 mM Dithioerythritol supplied as buffer L with RsaI 

restriction enzyme from Roche), 6 U XbaI, 1.25 U BamHI and 1U RsaI restriction 

enzymes incubated for 1 h at 37 °C.  To complete ligation 4 pmol of both XbaI and 

BamHI adapters, 0.5 U T4 DNA ligase and ligation buffer (660 mM Tris-HCl, 50 mM 

MgCl2, 50 mM Dithioerythritol, 10 mM ATP) was added to the digestion mix and further 

incubated at 20 °C over night.  The sequences of the BamHI adapters were 5’-

acgaagtcccgcgccagcaa and 5’-gatcttgctggcgcggg. The XbaI adapters were 5’-

acgttgtggcggcgtcgaga and 5’-ctagtctcgacgccgcc. 

 

Following digestion-ligation, 1.5 µl of 1/10 diluted template was used in a 12.5 µl PCR 

reaction containing 1 pmol of fluorescently labeled XbaI adapter primer, 1 pmol of 

BamHI adapter primer, 0.2 mM of each of four dNTP, 0.6 U Taq DNA polymerase, 1.5 

mM MgCl2, 2.5 µL 5 x PCR polymerisation buffer and DNA-free water.  The PCR was 

performed with PerkinElmer Applied Biosystems 9700 thermal cycler with heated lid 

programmed for an initial melting step at 95 °C for 4 min, followed by 10 cycles each at 
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95 °C for 30 s, 70 o C for 30 s, 72 °C for 1 min and 40 cycles each at 95 °C for 30 s, 60 °C 

for 30 s, 72 °C for 1 min.  A final extension step at 72 °C for 20 min was performed after 

40 cycles.  For PCR, two BamHI and two XbaI primers were assayed (Table 6.2). To test 

reproducibility, duplicate DNA extractions as well as PCR reactions were run. Following 

PCR the fluorescently labelled fragments were visualised on 4.8% Acrylamide/Bis 

Acrylamide 29:1 (Amresco) gels with an ABI Prism 377XL sequencer (Applied 

Biosystems).  Each of the multiplexed dyes constituted a fingerprint for each individual.  

In each line, three dyes (blue, yellow and green) represented primers used in the PCR 

reactions and fourth dye included internal size standard.  The fingerprints were analysed 

by ABI Prism Software. AFLP profiles were scored for presence (1) and absence (0) of 

bands by GeneScan™ (Applied Biosystems) software. The genetic dissimilarity between 

each pair of samples was estimated by a simple count of the number of markers which 

differed (i.e. marker present in one and absent in the second), ultimately generating a 

matrix of genetic distance for all samples. 

 
Table 6.2  Primers used in PCR reactions to generate DNA fingerprints. 

 

Primer name XbaI adapter primer BamHI adapter primer 

BamHI-CCA  5’-gtttcgcgccagcaagatccca 

BamHI-CC  5’-gtttcgcgccagcaagatccc 

XbaI-CCG fam 5’-ggcgtcgagactagaccg  

XbaI-CCA tet 5’-ggcgtcgagactagacca  

 

PCR procedure – AFLP (Vos et al. 1995) 

 

AFLP involved three steps, restriction-digestion, pre-selective PCR amplification, and 

selective PCR amplification.  Restriction digestion of genomic DNA was done at 37 oC 

for 2 hr  in a 20 µL total volume containing 250 ng of DNA, 2.5 U of each EcoR1 and 

Mse1, 2 µL of NE buffer2 (supplied with Mse1 enzyme), 0.01% BSA.  Next, 5 µL  of a 

solution containing 2.5 pMol EcoR1-adapters, 25 pMol EcoR1-adapters, 0.5 U T4 DNA 

Ligase,  0.5 µL Ligation buffer (supplied with T4 DNA Ligase) was added and the 

samples were further incubated at 20 oC for at least 4 hr, then diluted 1:10 in TE buffer. 

Pre-selective PCR was performed in a 25.25 µL total volume containing 2.5 µL10xPCR 

buffer with MgCl2, 20 µL pre-amp primer mix (Life Technologies), 1.25 U Taq DNA 
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polymerase (PerkinElmer), 2.5 ng restricted DNA template and DNA-free water.  The 

PCR was performed with PerkinElmer Applied Biosystems 9700 thermal cycler with 

heated lid programmed for an initial melting step at 72 oC for 2 min, followed by 20 

cycles each at 94 oC for 1 s, 56 oC for 2 min, 72 oC for 2 min.  A final extension step at 60 

oC for 30 min was performed after 20 cycles.  PCR products were diluted 1/50 with TE 

buffer for subsequent, selective amplification.  Selective PCR was done in a 10 µL total 

volume containing; 7 ng of fluorescently labeled Eco R1 primer, 15 ng of Mse1 primer, 

0.2 mM of each of four dNTP, 0.25 U Taq DNA polymerase (Sigma), 2.5 ul of diluted 

pre-selective PCR product, 1.5 mM MgCl2, 1.0 µL 10 x PCR buffer and DNA-free water.  

To test reproducibility, duplicate reactions were run.  The sequences of the primer pair 

used in the selective PCR were:  5’-gatgagtcctgagctc (m-ctc), fam 5’-gactgcgtaccact (e-

act). 
 

To minimise error of misidentification of dissimilar fingerprints from clones as 

genetically distinct individuals (Douhovnikoff and Dodd 2003), only reproducible bands 

within the range of 100-400bp and above a 200-peak amplitude threshold (large, clear 

bands) were scored for each primer pair.  Only individuals with reproducible AFLP 

genotypes (banding pattern) were used in the genetic analysis.  

 

Data analysis 

 
The resultant TE-AFLP and AFLP genotypes were analysed to estimate the genetic 

diversity among individuals using Manhattan (City block) distances.  Genetic similarities 

among all individuals was visualised by (i) 1-dimensional clustering (Sneath and Sokal 

1973) based on Unweighted Pair-Group Method using arithmetic Averages (UPGMA), 

and (ii) 2-dimensional ordination by Principal Component Analysis (PCA), utilising the 

program STATISTICA 5.1 (1998 Edition). 
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6.3 Results 

 

DNA extraction and PCR amplification 

 

Sufficient  high quality DNA (a requirement for successful AFLP, Zawko and Krauss 

2005) was extracted to facilitate use of the AFLP technique. 

 

TE-AFLP  
 

The two TE-AFLP primer pairs produced a total 84 markers (bands) for 35 individuals of 

fern, of which 28 (33%) were polymorphic.  The average number of polymorphic 

markers between all pairs of samples/clones was 10.6 (range 9 - 15).  Some samples 

generated identical TE-AFLP fingerprints.  

The AFLP primer pair produced a total 60 markers (bands) for 21 individuals of 

Pteridium esculentum of which 18 (30%) were polymorphic.  The average number of 

polymorphic markers between all pairs of samples/clones was 13.7 (range 5 - 16).  Some 

samples generated identical AFLP fingerprints. 
 

The principal coordinate analysis (PCA), (Fig. 6.3), showed a central cluster of most of 

the northern Jarrah forest plants, the Perth region plants and the tissue cultures.  This also 

showed clearly the outlying nature of samples from the south coast of Western Australia 

(F31, F32, F46, F88, F89), from Victoria (F55, F71) and from New Zealand (F66). 

 

There was a group of northern Jarrah forest plants and tissue cultures that were 

genetically indistinguishable using AFLP analysis (F3, F5, F6, F9, F11, F20, F35, F38, 

F40, F41, F50, F52), (Fig. 6.3).  The relationship between these plants is more clearly 

revealed by the UPGMA analysis (Fig. 6.4). 

 

Three Dwellingup region plants sampled within a 10km radius (F5, F6, F50) could not be 

genetically separated using AFLP from two tissue cultures established from spore 

collected within this area (F3 and F9).  
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Figure 6.3  Population Ordination of sampled Pteridium esculentum based on DNA analysis. (G. 
Zawko and D. Willyams). 
 

F13 tissue cultures were established from spore collected at Waroona (20 km distance) 

and could be genetically separated (using AFLP) from the Dwellingup region plants. 

 

Sample F27 is an anomalous result in that it lies outside the northern Jarrah forest cluster 

even though it came from the central area of that region.  This sample is closer to the two 

samples from the extreme south-west of Western Australia (F31 and F32).  This suggests 

that while the Pteridium esculentum plants in the northern Jarrah forest are very closely 

related there is some degree of variation. 

 
The outlying results for the samples collected in Western Australian outside of the 

northern Jarrah forest (F 31, F32, F46, F88 and F89) indicates a lack of support for a 

single state-wide provenance for Pteridium esculentum. 

 

The outlying samples from Esperance (Western Australia), Victoria and New Zealand 

grouped closer to each other than to the South-West Australian plants.  The samples from 

the extreme south-west coast of Western Australia formed an intermediate group.  
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The wide separation of the Portland and Anglesea samples in this study would suggest 

that these are two separate Victorian provenances.  The 200 km distance between these 

two populations is similar to the distance (160 km) between the northern Jarrah forest 

samples and the south-west coast samples.  This hints at similar provenance sizes for 

Pteridium esculentum populations in Victoria and Western Australia. 

 
Figure 6.4  UPGMA cluster analysis from data generated by the TE-AFLP primer pairs  b-cc/x-cca 
and b-cca/x-ccg for 35 individuals of Pteridium esculentum from wild populations and ex situ 
germplasm (G. Zawko and D.Willyams). 
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6.4  Discussion    

 

Wild Pteridium esculentum population genetic diversity in the northern Jarrah forest was 

assessed as a tool to help identify the number of tissue cultured clones required for 

restoration plantings.  The UPGMA tree linkage analysis (Fig. 6.4) showed that very few 

differences were detected between the northern Jarrah forest samples.  It was necessary 

to sample throughout the southwest of the state to find a higher level of variation.  There 

was a low level of genetic variation in the South-Western Australia samples with 33% of 

84 markers polymorphic.  The data did not support a sudden variation between 

populations, instead indicating a gradual increase in variation as the geographical 

distance beyond the northern Jarrah forest increased. 

 

From these results the answer to the initial question “how large is each provenance for 

Pteridium esculentum in the northern Jarrah forest?” would appear to be that there is a 

single provenance covering both the northern Jarrah forest and Perth regions. 

 

The ordination analysis (Fig. 6.3) showed the clustering of the northern Jarrah forest and 

Perth samples and the outlying nature of the south-west coast, Esperance, Victorian, and 

New Zealand samples.  The ordination also showed that the Victorian samples are more 

different to each other than the northern Jarrah forest samples are to each other.  This 

suggests that the Pteridium esculentum populations sampled in the northern Jarrah forest 

may have a lower genetic diversity than the Victorian populations sampled.  Testing this 

possibility would require a larger number of samples from beyond the south-west of 

Australia. 

 

The two eastern-most Western Australian samples (88 and 89) clustered together and 

somewhat away from the other Western Australian samples in the ordination (Fig.6.3). 

This indicates that the Cape Le Grande populations are genetically distinct from other 

Pteridium esculentum populations in the state and require conservation protection.  There 

had been concern that these two outlying populations of Pteridium esculentum had been 

introduced from the south-west during colonial period agricultural land clearing.  If this 

was correct then they should have clustered closer to the Jarrah forest populations.   

There is a significant and large eco-climatic barrier between the moist south-west of 

Australia and the more arid Esperance region.  This barrier may have isolated the two 
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bracken populations for many thousands of years.  The Esperance region is also isolated 

from the east coast of Australia by the large extremely arid Nullabor Plains to the east. 

 

The five tissue culture origin samples tested (F3, F9, F11, F13 and F17) were all 

developed from northern Jarrah forest spore collections.  These 5 lines captured most of 

the variation found within all the northern Jarrah forest samples analysed.  This helped 

validate that the genetic variation within the plants of tissue culture origin was adequate 

for mine rehabilitation plantings.  The maintenance of five gametophyte tissue culture 

lines, followed by the deflasking of in vitro generated sporophytes as they arise, is thus 

considered to be a suitable method for plant production.  

 

This data would indicate that to increase genetic variation in the tissue cultures it would 

be necessary to use spore collected from outside the northern Jarrah forest.  This may 

result in a bracken population with higher mine rehabilitation survival and greater 

resilience to environmental stresses.  This concept could not be supported for Jarrah 

forest restoration though, as the intent of restoration in disturbed wild lands should be to 

replace the pre-mining forest conditions, including the original genetic diversity. 

 

The results indicate that bracken in the northern Jarrah forest is probably not completely 

clonal and that genetic variation exists between populations, although at low levels.   

 

Most plant species exhibit considerable genetic variation throughout their range.  Twenty 

five parents were needed to capture 85% of the assessed wild genetic diversity in one 

study of a sexually reproducing seed plant (von Perger et al. 1994).  Pteridium 

esculentum is known to have considerable ability to spread vegetatively by rhizome 

extension and has been observed to produce spore only rarely.  It had been predicted that 

this species would show lower genetic variation than obligate sexually reproducing 

plants.  The results obtained strongly support this.  Using the same methods reported here 

for other WA species has previously resulted in higher levels of marker variation 

between individuals and populations (Krauss 2002, Zawko and Krauss 2004b).  

 

Sexual recombination must be occurring throughout the plants distribution but as a rare 

event.  It is postulated that Pteridium esculentum struggles to reproduce sexually in the 

Northern Jarrah forest and is the driest environment in which bracken can reproduce. 
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North of the Jarrah forest the vegetation rapidly becomes semi-arid and Pteridium 

esculentum no longer produces large populations, eventually disappearing completely 

~100 km north of the Jarrah forest.  South of the northern Jarrah forest conditions are 

moister in winter, possibly increasing the success of sexual reproduction and subsequent 

genetic diversity.  An investigation of sexual recombination would help increase our 

understanding of Pteridium esculentum genetic diversity in Western Australia. 

 

Genetic variation between plants may result from natural selection or drift.  The very low 

genetic variation exhibited by these samples could have two explanations.  Firstly, the 

species abandoned regular sexual reproduction in the northern Jarrah forest a 

considerable time ago.  Alternatively, the species is a recent introduction to the region.  

The results of this study lend more support to the first hypothesis than the second.  

 

Apomixis and apospory 

 

One possible explanation for the genetic analysis results reported here is that when 

sexual reproduction occurs in the wild it is in the absence of meiosis.  Limited sexual 

recombination would help explain the low genetic variation and large provenance for this 

species in the northern Jarrah forest.  The mechanisms would be apomixis, apospory or 

apogamy.  

 

Apospory is broadly defined as the process of gametophyte formation from sporophytes 

without meiosis occurring (Raghavan 1989).  Apospory has been reported as a rare event 

in wild plants of several fern species (Bell and Richards 1958) including Pteridium 

aquilinum (Whittier 1966). Apospory has occurred in Pteridium aquilinum in vitro 

cultures (Munroe and Sussex 1969, Sheffield and Bell 1981, 1987) but apospory has not 

been reported for in vitro or wild Pteridium esculentum.  Sheffield and Bell (1981) stated 

that apospory did not occur in mature fronds of in situ Pteridium aquilinum but did rarely 

occur on fronds where vascular flow had ceased.  If this was also true for Pteridium 

esculentum then apospory could be discounted as an explanation of the low genetic 

variation between the wild plants sampled.  Aposporic fern gametophytes may be 

produced in vitro from tissue cultures of sporophytic leaves (Ambrožič-Dolinšek 2002). 

This is unlikely at Marrinup Nursery as the in vitro propagation method used does not 

utilise sporophytic tissue and all sporophytes that form are removed for plant production.   
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Self-fertilization of single isolated Pteridium aquilinum gametophytes has been reported 

as being the usual condition (Robertson 2002).  This would be another mechanism by 

which genetically identical sporophytes could arise.  A less commonly reported type of 

fern apospory is the production of clonal spore.  Such spore has near identical genetics as 

the parent sporophyte, so any gametophytes arising will be identical or nearly so.  

 

Whittier (1964) defined apogamy as the process of sporophyte formation from the 

vegetative cells of gametophytes.  Around 10% of fern species include apogamy in their 

normal life cycle and it has been induced ex situ in several other ferns (Sheffield and Bell 

1987).  Pteridium aquilinum and other ferns that normally have sexual reproduction in 

the wild have been induced to produce apogamous sporophytes during in vitro 

propagation (Steeves et al. 1955, Bell 1959, Bristow 1962, Whittier and Steeves 1960, 

Whittier 1964, Whittier and Pratt 1971).  Whittier and Steeves (1960) were able to induce 

apogamy in Pteridium aquilinium gametophyte tissue cultures and create haploid 

sporophytes, by increasing the glucose concentration of the media.  Apogamy was first 

induced by light and then influenced by the media sugar concentration (Whittier 1964). 

Few of the apogamous growths in these two studies were capable of growing into 

functional sporophytes whereas all the sporophytes produced at Marrinup Nursery are 

fully developed and produce vigorous plants that establish successfully in mine 

rehabilitation (Chapter 5).  High ethylene levels in the culture vessels has been proposed 

as an apogamy inducing agent (Elmore and Whittier 1973).  The culture vessels used in 

this study were well vented (Micropore® teflon disks) so ethylene was probably not 

present in high levels. 

 

Apomixis has been defined as embryo development without fertilization.  Apomixis is 

more widespread than earlier realized and AFLP analysis has recently been used to 

confirm its presence in geophytic orchids (Sorenson et al. 2004).  If apomixis occurs in 

the in vitro gametophyte cultures of Pteridium esculentum then it would explain the lack 

of genetic variation in the arising sporophytes.   

 

Four in vitro sporophytes, each arising from a different gametophyte tissue culture, had 

identical DNA with no polymorphisms detected (F3, F9, F11, F13. Fig. 6.4).  Each 

gametophyte culture originated from in vitro germinated spore, collected from one frond 

at one location. The four spore collections were an average of 5 km apart.  This suggests 
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that the best explanation for the low levels of polymorphism in the bracken samples is 

apospory.  While some of the near clonal nature of Pteridium esculentum in the Jarrah 

forest will be due to vegetative spread, the extremely low levels of genetic variation are 

most likely due to the production of asexual spore.  

 

The AFLP results of this study suggest that apomixis or apospory is occurring both in 

wild Pteridium esculentum and in the gametophyte cultures.  Proving this would require 

a further more detailed study of in situ and in-vitro Pteridium esculentum reproduction. 

 

Spore collection: inbreeding and outbreeding depression concerns 

 

Inbreeding and outbreeding depression are less likely with plant species (like Pteridium 

esculentum) where there are no animal vectors transferring genetic material between 

individual plants (Havens 1998).  Outbreeding depression is more likely when plants 

from different evolutionary lineages are mixed (Havens 1998).  An AFLP based study of 

genetic diversity in eight natural populations of the Australian fern Sticherus flabellatus 

detected that 42% of reproducible bands were polymorphic (Keiper and McConchie 

2000). Their study used 11 primer combinations to detect a total of 1108 reproducible 

bands of which 469 (42%) were polymorphic. They attributed their findings to 

inbreeding being the dominant breeding system with occasional outcrossing. All ferns 

have a potential for inbreeding yet this is not the usual situation (Pryor et al. 2001).  Wolf 

et al. (1988) reported Pteridium aquilinum to be outcrossing.  

 

The very low number of polymorphisms detected in the northern Jarrah forest Pteridium 

esculentum samples (and their clear separation from the Victorian samples) suggested 

that the northern Jarrah forest populations were all closely related and from the same 

lineage.  As a fern with pronounced ability for vegetative reproduction it is uncertain 

whether inbreeding would be a problem in stable environmental conditions.   

 

Pteridium esculentum reproduces by air borne spores and the opportunity for genetic 

mixing between individuals is thus severely restricted.  AFLPs detected limited 

interpopulational differentiation in the northern Jarrah forest. This most likely reflects a 

predominantly vegetative reproductive system, unlike the more mixed mating systems 

typical of Pteridium species occurring in moister climates.  The low genetic 
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differentiation between the Pteridium esculentum populations sampled is considered to 

indicate severely limited successful sexual reproduction within the northern Jarrah forest 

region.   

 

The hypothesis that there are very high levels of gene flow between populations by spore 

dispersal, as reported for British populations of Pteridium aquilinum (Wolf et al. 1991) is 

less likely (given the observed very low incidence of sporulation by Pteridium 

esculentum in the northern Jarrah forest).  Spore production is seldom observed on wild 

plants in the northern Jarrah forest.  At most 1 or 2 populations with spore were located 

each year, after 2 to 4 weeks of field survey.  The few sporulating plants observed in the 

forest over a twelve year period (1996-2007) produced their spore during the last week of 

December or the first week of January.  This is during the mid-summer drought period 

and the moist conditions necessary for gametophyte formation and survival are unlikely 

to exist.  At 10 to 20 year intervals there are summer rainstorms that may provide 

suitable conditions for gametophyte growth, in a few well protected microhabitats. 

 

Klekowski (1969) noted that apogamy can be common in ferns growing in conditions 

unfavourable to gametophyte survival.  The geographic distribution of Pteridium 

esculentum (Florabase) indicates that this species is at its northern most distribution in 

the northern Jarrah forest and that further north the species is absent.  The few previously 

reported populations found to the north of Perth could not be located by the Department 

of Conservation during the sample collecting period. The recent pattern of rainfall 

decline in South-Western Australia would suggest that north of the Jarrah forest it has 

become too dry for Pteridium esculentum to survive even vegetatively and that 

successful sexual reproduction will be a rare event in the northern Jarrah forest. It is 

suggested that Austral Bracken Fern may be a useful indicator plant to monitor for the 

impact of a steadily warming and drying climate. 

 

 

The recommended number of wild seed-producing plants that should be used as source 

material for ex situ propagation and conservation ranges from 50 (Guerrant et al. 2004) 

to as low as 10 (Mortlock 2000a).  Given the low genetic variation reported here for the 

fern Pteridium esculentum in the northern Jarrah forest it was considered that 5 spore 

collections would capture most of the wild genetic diversity in this region.  
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Alcoa has an ongoing need to produce Pteridium esculentum plants by in vitro 

propagation, for mine revegetation.  The AFLP data did not indicate the presence of local 

populations within the area sampled, so this supported the collection of spore from 

throughout the Jarrah forest.  Wide collection of spore for propagation and subsequent 

revegetation is unlikely to cause outbreeding depression in this species.  A phenotyping 

investigation would provide the evidence required to address this concern. 

 

Clonality 

 

It is common for plant species to have clonal growth, also known as vegetative growth 

(Klimes et al. 1997, Kroon and van Groenendael 1997, Vandepitte et al. 2010).  Clonal 

reproduction is the asexual production of new plants and a clone consists of all the 

asexually produced progeny of an individual (Vallejo-Marín et al. 2010).  These asexual 

originating new individuals are called ramets.  All the ramets produced by a genotype are 

then called a genet (Harper 1977).  Clonal plant populations are typically dominated by a 

single or a few locally adapted genets (Loveless and Hamrick 1984). Using this 

definition then it cannot be said that Pteridium esculentum is clonal over the entire south 

west of Australia.  Some genetic variation does occur within clonal species (Ellstrand and 

Roose 1987).  Eckert (2002) stated that many plant species have both clonal and sexual 

reproduction.  The data presented here shows that while there may be large areas within 

the Jarrah forest dominated by single genotypes of Pteridium esculentum, there is genetic 

diversity at the regional scale. 

 

The comparison with samples from Victoria, ACT and New Zealand was partly made to 

prove the reliability of the method used but mainly to prove that if we sampled a wider 

geographical area then the level of genetic variation would increase.  The Eastern states 

samples did show increased variation but the variation from the Western Australian 

samples was only 5 markers at most.  

 

Based on morphological and DNA evidence Pteridium esculentum is best treated as a 

separate species but there are highly conserved genomic elements common to all 

Pteridium species.  Pteridium species are noted for being at least partially interfertile 

(Thomson 2000).  If low genetic variation exists between Pteridium species then there 

may also be low genetic variation within Pteridium esculentum populations.   
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Future studies 

 

Identifying the mechanism for the low genetic variation in both the ex situ and in situ 

samples would be a useful focus for future research.  Apospory and apomixis are the two 

key possibilities worth investigation.  If apogamy is occurring it may be possible to 

inhibit it by using media with high osmotic pressure (Whittier 1964).  The possibility that 

wild Pteridium esculentum is producing clonal spore needs to be studied.  It is possible 

that the gametophyte tissue cultures were initiated from clonal spore and are producing 

clonal sporophytes.  This could explain the very low level of polymorphism between the 

in vitro samples.  It may be possible to increase the ploidy levels of both generations in 

Pteridium esculentum’s life cycle by homogenizing the in vitro gametophytic and 

sporophytic tissue, as reported by Fernandez et al. (1993) for Asplenium nidus L. 

An important next step will be comparing the chromosome number of wild and nursery 

produced plants. 

 

Kreher et al. (2000) discussed the possibility of somatic mutations accounting for the 

observed variation between populations of the clonal species Vaccinium stamineum. 

They discounted this idea somewhat, because they couldn’t confirm rhizome connections 

existed between plants sampled.  The limited variation between Pteridium esculentum 

plants in the South West of Australia could possibly be explained by somatic mutations, 

especially as the species often dominates the understorey in very large, uniform 

appearing, patches. 

 

For the genetic analysis of any species there isn’t a single optimal molecular marker 

method (Agarwal et al. 2008).  Analysis of bracken genetics in South-West Australia 

using different methods may identify more information on the genetic diversity within 

this region.  For example, in an eukaryote where AFLPs revealed relatively low levels of 

polymorphisms, inter simple sequence repeat (ISSR) amplification was used to show 

further detail (Assefa et al. 2003).  It may be possible to detect higher levels of genetic 

variation between Pteridium esculentum populations using microsatellites, as these have 

proved of value in fern genetic studies (Pryor et al. 2001).  SSRs (single sequence 

repeats) are considered to provide more information than AFLPs (Powell et al. 1996, 

Rafalski 2002) and may help identify greater variation between samples than this study 

achieved.  
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For Pteridium esculentum would be worth testing marker systems that combine AFLP 

with microsatellites or transposons as this can improve marker detection where little 

DNA sequence variation exists (Vuylsteke et al. 2007).  Zhou et al. (2010) state that 

SRAP (sequence related amplified polymorphism markers) has several advantages over 

AFLP and SSR and was useful in assessing genetic diversity between closely related 

cultivars. Using the SRAP DNA molecular marker technique may benefit future 

investigations of Pteridium esculentum provenance genetics. 

    

Enough genetic variation was detected using AFLP analysis to validate the use of this 

technique for Pteridium esculentum genetic analysis.  Using an increased number of 

primer pairs may detect further genetic variation.  However, further investigation using 

microsatellites, single sequence repeats, single-nucleotide polymorphisms, SRAP and 

DNA microarrays is recommended as this may help reveal greater variation between 

samples.  Analysing a larger number of samples would be beneficial.  Further analysis of 

the data set (appendix 4) may reveal greater genetic variation detail.  Until such studies 

are complete a conservative approach to defining bracken provenance size is 

recommended for revegetation plantings.  The use of Pteridium esculentum plant 

materials from throughout South-West Australia for revegetation sites in the northern 

Jarrah forest is not recommended. 
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Conclusion 

 

The geographic size of local genetic provenances of Austral Bracken Fern (Pteridium 

esculentum) in the northern Jarrah forest was inferred from the detected levels of genetic 

variation.  This study identified a marked restriction of genetic variation between 

sampled populations.  The very low frequency of polymorphic fragments indicates that 

population diversity of bracken in this region is very low.  This data indicated that 

Pteridium esculentum should be considered to be genetically very homogeneous 

throughout its range in the northern Jarrah forest.  

 

This study would suggest that for Pteridium esculentum in the northern Jarrah forest 

sexual recombination does occur but is a rare occurrence.  It is postulated that most 

reproduction is by vegetative spread with any sexual reproduction being mainly by 

apospory, apogamy or apomixis. 

 

These results have application to Pteridium esculentum revegetation activities throughout 

the northern Jarrah forest.  For revegetation sites in the northern Jarrah forest it is 

suggested that Pteridium esculentum propagation materials be sourced from within the 

northern Jarrah forest; ideally within 50 kilometres of the revegetation site.  This covers 

the precautionary concept that propagation source material should come from the same 

geographic landform and climatic region as the revegetation site.  A very small number 

of plants from this region would adequately capture the measured genetic diversity of the 

species in this region.  Propagation starter material for any Pteridium esculentum 

revegetation projects need be taken from a minimum of 5 individual plants that are at 

least 5 kilometres apart.  
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CHAPTER 7 

Drosera stolonifera and D. erythrorhiza  

propagation and revegetation 

 

7.1. Introduction  

 

Two wild geophytic Drosera species, (Drosera stolonifera Endl. and Drosera 

erythrorhiza Lindley), were investigated for commercial propagation and revegetation of 

Jarrah forest bauxite mine sites.  Both species are widespread in very large numbers 

throughout the Jarrah forest understorey, yet were absent or rare in Alcoa of Australia’s 

bauxite mine revegetation. There have been few studies of Jarrah forest Drosera species 

and existing studies are largely descriptive. This study thus begins with a review of 

literature concerning this genera’s biology.  

 

Taxonomy and distribution 

 

The genus Drosera is within the family Droseraceae.  This includes also the genera 

Aldrovandra, Dionea and Drosophyllum (Cronquist 1981, Takhtajan 1997).  It has been 

postulated that the genus Drosera is ancestral to the genera Byblis, Dionea, 

Drosophyllum, Pinguicula and Triphyophyllum (Cheers 1992).  However a more 

thorough approach based on an analysis of sensory cell structure indicated instead that a 

Drosophyllum-like plant was ancestral to both Drosophyllum and Drosera (Williams 

1976).  In this theory, Dionea and Aldrovandra developed, subsequently, from a Drosera-

like ancestor.   

 

South-western Australia is one of the oldest unaltered parts of the planet, with many 

ancestoral plants in the flora (Hopper and Gioia 2004).  South-western Australia, a 

diversity centre for Drosera, also has 6 Byblis species present (Conran et al. 2002) but 

the other Droseraceae genera are absent (Marchant et al. 1982, Marchant et al. 1987, 

Wheeler et al. 2002).  Recently it has been suggested that Drosera originated in either 

Africa or Australia (Rivadavia et al. 2003).  Their data indicate that the Australian 

species expanded first into South America and then into Africa.  The subsequent spread 

of Drosera species from the Southern Hemisphere into the Northern Hemisphere was 



198 
 

less clear, probably involving several routes and species.  This indicated that the two 

study species belong to a different lineage to Northern Hemisphere species and caution 

would be required before applying propagation and revegetation methods derived from 

studies of the northern hemisphere species.  

 

D. stolonifera Endl. belongs in Drosera L. subgenera Ergaleium DC. section Stolonifera 

DeBuhr (De Buhr 1977, Lowrie 2005).  The common name is Leafy Sundew. 

 

Drosera erythrorhiza Lindley belongs in Drosera L. subgenera Ergaleium DC. section 

Erythrorhiza (De Buhr 1977, Marchant et al. 1982, Chen et al. 1997).  The common 

name is Red Ink Sundew.  For both species the chromosome number is ten (Chen et al. 

1997, Chen 1998). 

 

Life histories 

 

Drosera are carnivorous plants found in every continent (except Antarctica) with the 

highest botanical diversity of tuberous species found in the south western region of 

Australia (Pietropaolo and Pietropaolo 1986).  Two-thirds of the at least 194 named 

Drosera species (McPherson 2010) are Australian and more than one-third of all named 

Drosera spp are found in South-western Australia (Dixon and Pate 1980, Chen et al. 

1997).  Their biology has been reviewed and described by Dixon and Pate (1980). 

 

Carnivorous plants are adapted to low fertility soil as they can extract some of their 

nitrogen requirements from captured arthropods (Slack 2000).  The majority of Drosera 

spp prey consists of insects, so some authors define them as insectivorous plants.  Most 

are commonly known as sundews due to the effect of sunlight shining on the sticky 

tentacles (Slack 2000).  In Western Australia Drosera spp are also known as rainbow 

plants (Marchant et al.1987).   

 

Both Drosera spp grow during the winter wet season only, surviving during the long 

summer dry season as dormant underground tubers (Pate and Dixon 1982).  Large 

numbers of stems and leaves are produced in the winter wet season and these persist until 

late spring.  Typically, they flower following bushfires and the seed is dispersed into 

ashbeds.  D. stolonifera forms very large patches post-fire, with multiple flowers per 
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scape.  It is a highly visible component of the post-fire regrowth.  As a prostrate plant 

with single short flower stems D. erythrorhiza is a less conspicuous post-fire resprouter.  

Both species have hermaphrodite white flowers and are self incompatible (Chen et al. 

1997).  The two species can occur together, but have different flowering and seed release 

times and have different morphology (Fig.7.1). D. stolonifera has an erect, self 

supporting form with 1 to 10 stems whereas D. erythrorhiza has ground hugging rosettes 

(Marchant et al. 1982, Pate and Dixon 1982, Lowrie 1987, Schlauer 1996, Schlauer 

2002, Lowrie 2005).  D. stolonifera also spreads vegetatively, using stolons, and a large 

plant often has 3 to 5 surrounding daughter plants. 

 
A B

 

Figure 7.1 Wild plants and tubers of Drosera erythrorhiza (A) and D. stolonifera (B): (L =Litter 
surface, S= Soil surface). 

Drosera erythrorhiza, by contrast, always occurs as single stems and each year produces 

a single new tuber to regenerate the parent plant (Dixon and Pate 1978, Dixon and Pate 

1980).  D. erythrorhiza can also reproduce vegetatively by producing daughter tubers at 

the tips of horizontal rhizomes (at up to 15 cm from the parent stem).  Large plants can 

produce up to 13 daughter tubers during one growing season and this can create visibly 

circular colony formations (Dixon and Pate 1980).  The tubers of both species are similar 

in morphology and function to those of the terrestrial orchids they co-occur with (Conran 
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2008).  Both species tubers are replaced annually, with a new tuber either forming inside 

the cavity of the old expanded tuber or to one side of the old tuber.  

 

Over progressive seasons a protective sheath of dead epidermal layers develops around 

each tuber (Dixon and Pate 1978, Dixon and Pate 1980, Pate and Dixon 1982, Conran 

2008).  These sheaths are believed to increase tuber dessication tolerance (Dixon and 

Pate 1980) and may even provide an estimate of plant age (Dixon and Pate 1978).  For D. 

Erythrorhiza, up to 50 sheaths have been recorded, but 20 is more typical (Dixon and 

Pate 1980) suggesting that these plants probably live for at least one decade and perhaps 

two or more.  In new seedlings of both species the first tubers are formed at the end of 

vertical ‘dropper’ shoots, 1 to 5 cm below the surface.  Over subsequent years the 

replacement tubers form progressively deeper in the soil profile with the oldest tubers 

typically at 10 to 11 cm depth. 

 

By retreating to dormant underground tubers (the perennating organs) during the annual 

drought the two species are able to thrive on sites and soils that are very dry throughout 

summer such as is typical of the region (Gentilli 1989).  Tuberous Drosera species have 

relatively small root systems, often believed to transport water and anchor the plants, 

with little nutrient absorbing ability (Slack 2000).  However little is known about their 

functioning (Adlassnig et al. 2005).  Each of the two study species had a range of root 

like and root hair like structures present during the main growing season (Figure 7.1).  

These probably still have some ability to absorb nutrients from the soil (Adlassnig et al. 

2005).  These root-like structures can also produce new shoots and new tubers (Dixon 

and Pate 1978, Pate and Dixon 1982, Slack 2000).   

 

The tubers of several northern hemisphere Drosera species are rich in antiseptic and 

other medicinal compounds (Krishnamoorthy and Thomson 1969, Zenk et al. 1969, 

Ragazzi et al. 1993, Budzianowski 1995, 1996, 1997, Krolicka et al. 2008).  The tubers 

of D. stolonifera and D. erythrorhiza are likely to contain medicinal compounds but no 

scientific reports were found.  Such compounds are often present in geophyte storage 

organs to reduce their palatability. 
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While both study species are commonly found growing together in sandy sites, the 

largest populations of each are typically dominated by one species.  Drosera stolonifera 

has a preference for more open areas with shallow litter.  Drosera erythrorhiza has a 

preference for closed canopy forest sites with deep litter. With both species producing 

viable seed and being able to increase by tuber or stolon production their near complete 

absence from the mine rehabilitation was inexplicable.  

 

Carnivory 

 
No account of Drosera propagation or revegetation can fail to mention their ability as 

carnivorous plants to harvest nitrogen, carbon, phosphorus and other nutrients from 

captured insects and other arthropods and to use these nutrients for growth (Darwin 1875, 

Lloyd 1942, Chandler and Anderson 1976, Pate and Dixon 1978, Dixon et al. 1980, 

Shulze et al. 1991, Stewart and Nilson 1991, Ellison and Gotelli 2001, Millett et al. 

2003) and reproduction (Krafft and Handel 1991).  Many authors have investigated plant 

insectivory and Drosera insectivory in general, including detailed pioneering work by 

Francis Darwin (1878).  The carnivorous trait is rare in plants, mainly found where soils 

are nutrient poor (Lambers et al. 2008).  Captured prey can supply carnivorous plants 

with amounts of nitrogen similar to that which legumes obtain by nitrogen fixation 

(Shearer and Kohl 1989).  It is probably critical to their long term survival in nutrient 

poor ecosystems (Lambers et al. 2008) such as are typical in the Jarrah forest 

(Churchward and Dimmock 1989) and older mine rehabilitation sites (Ward 2000).  

Stewart and Nilsen (1993) reported that if inorganic nutrients could be acquired from the 

soil then insectivory was a less important nutrient source for D. binata var. multifida and 

D. capensis.  Soil fertility in new mine rehabilitation is initially higher than undisturbed 

forest due to fertilizer application (Ward 2000).  Nutrient deficiencies would thus not be 

expected during Drosera spp establishment in Alcoa’s Bauxite mine rehabilitation. 

 

The two study species commonly occur together.  Verbeek and Boasson (1993) 

demonstrated that D. stolonifera captured flying prey, mainly and the flat rosettes of D. 

erythrorhiza mainly non-flying prey. 
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Experiments on in situ D. erythrorhiza nutrition demonstrated that 15 to 21 % of nitrogen 

in new tubers had been transferred in from captured insects (Dixon et al. 1980).  Thus the 

majority of the nitrogen in new tubers came from other sources (soil or atmospheric 

nitrogen).  In D. whittakeri phosphorus is transferred from vegetative parts to tubers 

during the growing season, and vice-versa during resprouting at the end of the summer 

drought (Chandler and Anderson 1976).  In D. erythrorhiza nitrogen is similarly 

transferred seasonally between the above ground and below ground organs (Dixon et al. 

1980). 

 

Drosera erythrorhiza was not selective in its feeding capturing a wide range of 

arthropods from the orders Collembola, Diptera, Hymenoptera, Hemiptera, Coleoptera 

and Arachnids (Dixon et al. 1980, Watson et al. 1982).  A wide of arthropods are found 

in Alcoa’s bauxite mine restoration, as it forms fairly narrow patches surrounded by 

unmined forest.  By the first winter (when any revegetation plantings are made) there is 

already a diverse range of potential food sources crawling or flying in the fresh mine 

rehabilitation site (Moir et al. 2005, Majer et al. 2007).  Ants are especially common 

(Scott 1974, Majer and Nichols 1998) and these are a common prey seen on Drosera 

plants in the Jarrah forest. Arthropod food supplies were not considered to be a potential 

limiting factor to the initial establishment of Drosera species in mine rehabilitation.  

Nutrients from captured arthropods may however assist Drosera species with tuber 

enlargement for longer term survival and reproduction  

 

Drosera species can be grown in greenhouse and in vitro studies in the absence of animal 

sourced nitrogen, as long as nitrogen fertilizer is supplied (Chandler and Anderson 1976, 

Small et al. 1977, Pate and Dixon 1978, Adamec et al. 1992, Anthony 1992, Stewart and 

Nilsen 1993).  Insect capture was therefore not considered to be a requirement for ex situ 

propagation of the Drosera study species.  
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Pollination and seed production 

 

Unlike many geophytic orchids, Drosera species are assumed to not require specialized 

pollinators being pollinated by several insect families, typically small beetles (Goldblatt 

et al. 1998, Anderson 2010) but also small flies, ants or thrips (Zamora 1999, Murza and 

Davis 2005, Anderson 2010).  However one report found that a limited number of beetles 

were the principal or sole pollinators of two Drosera species (Goldblatt and Manning 

1996).  Pate and Dixon (1982) reported the seeds of all tuberous Drosera’s in Western 

Australia to be black and numerous in each flower, with recently burned areas having the 

highest seed production.  No reports could be found of Drosera seed inviability.   

 

In vivo seed germination 

 

Little information on propagation of either Drosera species was found in the scientific 

literature.  Baskin and Baskin (1998) recommended cold stratification for seed 

germination of temperate northern hemisphere Drosera species but had no 

recommendations for tuberous Drosera, except a note that fire was important in their 

natural ecosystem.  Several amateur growers reported occasional success with in vivo 

seed germination of tuberous Drosera.  The most successful reported achieving very low 

seed germination for both study species by broadcasting seed on top of a pot of potting 

mix, then covering the seed with straw and setting it alight (William Dawnstar 

pers.com.).  Previous studies indicated that smoke inhibited seed germination of Western 

Australian Drosera species (Roche et al. 1997a, Vigilante et al. 1998,) but one authority 

had suggested germination was promoted when seed was exposed to smoke for less than 

15 minutes (Lowrie pers.com. in: Vigilante et al. 1998). Conran et al. (1997) recorded 

very slow in vivo germination for both the study species under natural light and partial 

shading (105 days to first germination with D. stolonifera and 257 days to first 

germination with D. erythrorhiza).   

 

Prior to this study Alcoa had achieved 6 % seed germination in vivo for Drosera 

stolonifera and 0% germination for D. erythrorhiza (Appendix 3).  Such low and slow 

seed germination indicated that in vitro propagation methods needed development, to 

enable the rapid production of large numbers of plants for revegetation experiments. 
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In vitro propagation and plant production 

 
In vitro propagation methods have been published for D. rotundifolia, a European 

Drosera species (Simola 1978).  Kukulczanka and Czastka (1988) were able to 

demonstrate a potential for mass production of D. rotundifolia plants by in vitro 

propagation. Crouch and van Staden (1988) reported good in vitro growth on full 

strength MS media (Murashige and Skoog 1962) of D. natalensis; a South African 

species from a similar Mediterranean-type climate.  D. spathulata also had good in vitro 

growth on this media (Perica and Berljak 1996) compared with other media tested.  In 

contrast Janssens (1986) recorded rapid multiplication on 1/6th MS media for D. regia.   

Several European Drosera species have been grown in vitro and then tested for 

production of medicinal compounds (Budzianowski 1995, 1996, 1997, Krolicka et al. 

2008).  Crouch et al. (1990) were able to isolate the medicinal compound plumbagin 

from both in vitro and in vivo cultures of South African Drosera’s. With four northern 

hemisphere Drosera species in vitro growth rates were far higher than wild plant growth 

rates Kukulczanka (1991).  This was seen as a promising lead in the quest to develop a 

mass revegetation operation requiring reliable delivery of 1000’s of plants each year. 

 

Using wild vegetative tissue to establish in vitro cultures of insectivorous plants often 

results in high microbial contamination rates (Anthony 1992).  Tissue cultures of 

Drosera species have been successfully established by using both shoot tips and single 

leaves as explants (Crouch and van Staden 1988, Kukulczanka 1991, Anthony 1992, 

Bobák et al. 1995, Perica and Berljak 1996, Bobák et al. 1999, Jang and Park 1999, 

Kawiak et al. 2003, Jayaram and Prasad 2007).  Perica and Berljak (1996) lost 80 to 90% 

of their initial D. spatulata cultures to contamination when vegetative organs were used 

initiate tissue cultures.   

 

In vitro seed germination has been used for both direct plant production and initiation of 

tissue cultures of Drosera species, especially northern hemisphere species (Burger 1961, 

Kukulczanka and Czastka 1988, Fay and Muir 1990, Kawiak et al. 2003).  In vitro shoot 

cultures of Drosera were considered to have a low risk of genetic alteration (and to thus 

be acceptable for revegetation of wild populations) whereas some genetic drift was seen 

when leaf culture propagation was used (Kawiak and Lojkowska 2004).  
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Acclimatization is considered to be the most vulnerable stage in the production of tissue 

cultured carnivorous plants (Pietropaolo and Pietropaolo 1986, Hartmann et al. 1990. 

Cheers 1992) with shading and high initial greenhouse humidity being required.   

 

In situ seed germination 

 
No scientific reports were found of broadcast sowing of Drosera species seed into 

restoration sites.  Sowing seeds in situ can be a chancy restoration method with newly 

geminated seeds being at risk of high mortality (Galatowitsch 2008).  Selecting the 

optimum microhabitats for in situ seed germination may improve the success of in situ 

seed broadcasting.  Koyama and Tsuyuzaki (2010) recently reported that in a self-

revegetated abandoned peat mine, most D. rotundifolia seeds had accumulated around 

tussock grass clumps due to seed entrapment by the tussocks leaves, instead of in more 

open areas.  This was stated to have enhanced D. rotundifolia seed accumulation, 

germination and survival, and thus promoted revegetation.  

 

Revegetation 

 
Drosera stolonifera and D. erythrorhiza revegetation research had not been attempted, 

due to an inability to mass produce plants.  In the sole Drosera restoration attempt 

reported in the scientific literature, plantings of D. indica failed to establish (Nalini and 

Murali 2002).  Tandon and Pathone (1994) used tissue culture methods to mass produce 

an insectivorous plant (Nepenthes khasiana) for wild revegetation trials in India.  D. 

rotundifolia, a northern hemisphere bog species has been recorded to self revegetate 

successfully in mined peatlands (Smart et al. 1989, Robert et al. 1999, Cooper et al. 

2001, Poulin et al. 2005, Kivimäki et al. 2008, Koyama and Tsuyuzaki 2010).  D. peltata 

was noted to naturally colonize an abandoned quarry in Sydney, Australia (Morrison et 

al. 1995).  In a study of an annual Drosera’s wild seedling survival, Maeyama and Ino 

(1997) found that during a dry spell only the larger plants survived.  Larger Drosera 

plants have a significant insect capturing advantage compared to smaller plants (Shulze 

and Shulze 1991). Larger Drosera spp leaves have been reported to live longer than 

smaller leaves (Shulze and Shulze 1991).  During the first growing season of 

revegetation experiments initially larger plants should capture more prey, have longer 

lived leaves and thus be able to transfer more nutrients to their tubers than smaller plants.  
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These larger tubers should then have a higher survival rate during the first summer 

drought and resprout more rapidly when the rains return in the following winter 

compared to smaller plants tubers. 

 

Mycorrhiza 

 
Brundrett and Abbott (1991) did not detect mycorrhizal associations in Jarrah forest 

Drosera species.  Drosera spp were considered to be non-mycorrhizal (MacDougal 

1899, Peyronel 1932, Juniper et al. 1989) especially as their tissues contain droserone 

which acts as a fungicide (Conran 2008).  Under conditions of water stress or nutrient 

deficit soils however geophytes may then benefit from mycorrhiza (Bolandnazar et al. 

2007).  Quilliam and Jones (2010) recently demonstrated that fungal root endophytes are 

present in Drosera rotundifolia.  Karlsson et al. (1991) showed that for D. rotundifolia 

distribution was limited more by competition than by insect availability and soil 

nutrition.  

 

Self-colonisation 

 
Drosera erythrorhiza and D. stolonifera are not early self-colonisers of Alcoa of 

Australia (Alcoa) bauxite mine rehabilitation and are seldom found.  The tubers of both 

study species were not surviving Alcoa’s topsoil removal operation. Seedlings seldom 

established from the topsoil seedbank, even when fresh direct return topsoil was used.  D. 

stolonifera occurred in 1.1% of 80m² monitoring plots established in direct return fresh 

topsoil mine rehabilitation, 15 months after completion (Norman and Koch 2005).  No D. 

stolonifera plants were found in stockpiled topsoil mine rehabilitation, indicating that the 

seed dies during stockpiling.  D. erythrorhiza was not found in any mine rehabilitation 

(Norman and Koch 2005).  D. pallida has been considered as a colonising species in 

early Alcoa mine rehabilitation.  It was recorded in the rehabilitated pit edges, where it 

may have established following animal deposition as D. pallida seed was identified in 

Kangaroo scats (Vigilante 1996).  
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Objectives  

 

It is evident from the foregoing that the Drosera spp of interest fail to recover from seed 

or tubers in direct return or stock-piled topsoil and fail to re-invade rehabilitated sites 

from adjacent wild populations.  This is despite their being seemingly well adapted to the 

location, and having diverse propagation and perennating options.   However, it has also 

been observed that conditions experienced at a rehabilitation site are quite different from 

those experienced during natural regeneration in the Jarrah forest.  The challenges were 

thus to devise a reliable and economic propagation plan based on evidence from their 

known biology and from studies on related species.  Also, to devise a revegetation 

practice that enables sustainable establishment under a more hostile environment than 

exists naturally. 

 

Phenology and density: objectives  

 

Investigation of both species wild phenology was considered essential for assessing their 

performance in the revegetation experiments.  A further objective was to compare the 

revegetation experiments density of 6 plants per 2 m² with the wild condition.  This 

would indicate whether or not the planted populations were denser than the wild 

populations.  Higher density in planted compared to wild populations may lower survival 

rates in the planted populations due to increased competition.   

 

Propagation: objectives and hypothesis 

 

The propagation options were seed, seedlings, tubers or in vitro.  While observations 

pointed to fire and possibly light (reduced canopy post fire), there was no published 

record of seed germination in response to fire.  The published evidence that seed of 

Drosera spp may be inhibited by smoke deserved re-examination given the widespread 

positive response to this agent and its phytoactive chemicals among Jarrah forest spp 

(Roche et al. 1997a, Norman et al. 2006a).  Light (or rather dark) and cold have also 

been implicated in related spp and thus these made up the suite of seed germination 

environmental cues that were examined.  Both species are well-adapted to in situ 

vegetative propagation by offsets and ramets and tissue culture has been successful in 

related species and thus this formed a second approach to commercial propagation.  The 
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challenge was to maintain genetic diversity and conformity to extant eco-types as the 

technique lends itself towards the propagation of mono-cultures.   

 

Revegetation: objectives and hypothesis 

 

While it is evident that self-colonisation fails under the conditions present in rehabilitated 

mine sites, it is not clear that this is because in situ propagation itself fails; it may be that 

establishment fails under the harsh conditions.  Thus the hypothesis that establishment 

failure is the cause of regeneration failure was central to this study.    

 

The principal hypothesis was developed that when planting ex situ origin Drosera plants 

in revegetation sites, initially larger plants should have a greater dry season survival and 

resprouting rate than initially smaller plants.  An associated hypothesis was that the 

larger any ex situ produced tubers were when planted in the wet season then the higher 

the resprouting (survival) after the following dry season.  Timing is critical to all Jarrah 

forest revegetation experiments and they need to be established during the winter wet 

season; to maximise root and tuber growth before the start of the dry season.  It was 

proposed that establishment would be more successful if some form of protection was 

included. 

 

Ex situ produced Drosera’s planted into fresh mine rehabilitation would be exposed to 

full sunlight, to drought and to frosts due to the absence of any canopy.  The effect of this 

exposure on plant survival was of concern.  Givnish (1989) stated that most carnivorous 

plants like open habitat, possibly as the leaf traps reduce their photosynthetic abilities 

under shade.  However both study species can be found in large numbers under closed 

canopy Jarrah (Eucalyptus marginata) forest.  With its ability to grow in more open areas 

in the forest, D. stolonifera was predicted to have higher survival in new mine 

rehabilitation than D. erythrorhiza (which prefers shaded closed canopy forest).  It was 

predicted that D. erythrorhiza would also need to be well shaded during acclimatization.  

It was unknown if Drosera erythrorhiza would survive in the full sunlight of the open 

mine rehabilitation sites. The revegetation experiments would be planted in winter, when 

light and temperatures are both lower than during the summer drought.  The hypothesis 

that the ex situ plants of both species would need to be semi sun-hardened at the nursery 
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prior to planting in the mine rehabilitation was tested as one treatment in the revegetation 

experiments.   

 

Although risky it was considered worthwhile testing in situ seed sowing, as if successful 

this low cost establishment method would meet the objective of delivering the highest 

genetic diversity in restored populations, at the lowest cost per surviving plant. 

 

The revegetated bauxite mine pits are typically sloping.  The upper slopes are windier 

and the lower slopes have wetter soils.  Cold air drainage down the slopes has been 

implicated in tree seedling deaths (McChesney et al. 1995). The effect of planting 

position on the slope was tested in the revegetation experiments. 

 

Alcoa’s mining operation requires all mine rehabilitation and revegetation works to be 

completed within one year (a ‘single-pass’ system).  This constraint may not exist 

elsewhere so for D. stolonifera, revegetation plots were also established in 10 year 

restored forest and in unmined forest.  The objective of this part of the revegetation 

experiment was to demonstrate whether geophytic Drosera’s can be returned to older 

restoration (for use in sub-standard rehabilitation replenishment) or to unmined forest 

(for conservation plantings of threatened species).  It has been observed that in fire-prone 

ecosystems the removal of litter by fire can increase seedling densities and growth 

(Barker and Williamson 1988, Brewer 1999).  Compared to younger restored areas 

(which had a dense legume understorey) by year 10 the restored forests had shade, litter 

and soil water levels that were considered to be approaching those experienced by wild 

plants in unmined forest.  Removing litter, dead wood and competing understorey plants 

increased the new seedling density and reproductive success of D. capillaris but did not 

improve survival of translocated wild plants (Brewer 1998).  The influence of litter depth 

and understorey plant shading on D. capillaris plant survival was postulated to be 

minimal for larger Drosera plants (Brewer 1998).  This was in accordance with forest 

observations of D. stolonifera.  Thus only the larger size ex situ produced plants were 

used for this experiment. 
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It was considered that Alcoa’s bauxite mine rehabilitation had adequate fertilizer, topsoil 

quality and rainfall for the revegetation of the two Drosera species being tested, with 

competition below wild levels during the first two years following revegetation.  

However survival and growth may be increased if plants or tubers have access to 

mycorrhiza.  The 10 year rehabilitation and forest planting  treatments acted as tests of 

both Drosera species mycorrhizal needs and whether thick litter was required for 

successful establishment of ex situ produced plants; in addition to being controls for the 

plantings in the fresh mine rehabilitation.   

 

7.2. Methods and Materials 

 
Study region 

 
Wild plant studies were made in the Dwellingup region of the northern Jarrah forest, near 

Perth, Western Australia. The propagation work was carried out at Alcoa’s Marrinup 

Nursery, near Dwellingup. The 2006 revegetation experiments were established in 

bauxite mine restoration sites at Alcoa’s Huntly Mine, near Dwellingup. 

 

Phenology and density 

 
Four natural populations in unmined Jarrah forest that had not been burnt and four 

populations burnt by wildfires in summer 2007 were chosen for each species (Tables 7.1, 

7.2).  Each population was visited weekly from the 11th of April to the 10th of October in 

2007; which was also the first full growing season for the revegetation experiment 

established in winter 2006.  At every population plant numbers in ten 2 m² grids were 

counted each week during the growth season.   

 

For 100 plants at each site the number of plants in flower or with seed present was 

recorded during each species flowering season (D. stolonifera: June-August, D. 

erythrorhiza: May-June). 
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Table 7.1 Drosera stolonifera phenology study locations (WGS 84). 

Site Location name Burn 
History 

Latitude 
(S) 

Longitude 
(E) 

Elevation 
(meters) 

1 
Scarp road x Del 
Park rd (corner). 

Unburnt 32°33'53.9"   115°59'57.6" 281 

2 
Oro road x Pinjarra-
Williams road 
(corner). 

Unburnt 32°43'21.0" 116°02'12.1" 258 

3 
Scarp rd x North 
Dandalup Dam. 

Unburnt 32°32'09.0"  116°00'54.5" 271 

4 
Dwellingup Forest 
Heritage Centre 

Unburnt 32°42'34.1"    116°03'43.0" 281 

5 
Marrinup Nursery 
Entrance 

2007 
summer burn 

32°40'51.4"   116°01'53.7" 279 

6 
Pinjarra-Williams 
road, Mt Teesdale. 

2007 
summer burn 

32°43'13.7" 116°01'52.6" 282 

7 
North Spur Rd, 
South Side 

2007 
summer burn 

 32°39'90.2"   116°00'97.5" 279 

8 
Muja powerlines 
clearing x Pinjarra- 
Williams road. 

2007 
summer burn 

32°43'13.1"   116°01'19.3" 292 

Table 7.2  Drosera erythrorhiza phenology study locations (WGS 84). 

Site Location name Burn 
History 

Latitude 
(S) 

Longitude 
(E) 

Elevation 
(meters) 

1 
Scarp rd x Del Park rd 
(corner). 

Unburnt 32°33'53.9"   115°59'57.6" 281 

2 
Dwellingup Waste 
Transfer station  

Unburnt 32°43'02.7" 116°04'53.0 283 

3 
Oro rd x Pinjarra-
Williams rd cnr. 

Unburnt 32°43'21.0" 116°02'12.1" 258 

4 
Dwellingup Forest 
Heritage Centre 

Unburnt 32°42'34.1"    116°03'43.0" 281 

5 
Marrinup Nursery 
Entrance 

2007    
summer burn 

32°40'51.4"   116°01'53.7" 279 

6 
North Spur Rd,  
North Side 

2007    
summer burn 

32°40'10.7" 116°01'12.8" 283 

7 Deer road 
2007    
summer burn 

32°40'38.7"   116°00'57.6" 277 

8 
Muja powerlines 
clearing x Pinjarra- 
Williams road. 

2007    
summer burn 

32°43'13.1   116°01'19.3" 292 
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In vivo greenhouse seed germination and seedling propagation 

 
A single large seedlot of D. stolonifera seed was harvested from a single patch of plants 

on 25th September 2003 (Table 7.1, phenology study site 6, GPS: S 32°43'13.7", E 

116°01'52.6", WGS84).  The seed was stored at 21 °Celsius in the dark. This seed was 

used for all the seed germination tests in this thesis. The seed was 54 days old when used 

for the in vivo germination experiment.   

 

Two hundred D. stolonifera seed were soaked in each of 4 treatments (de-ionised water 

control, 100 mg/L GA3 solution, a 2% concentration solution of Regen 2000®

 

 

smokewater, and a mixture of the GA3 and the smokewater) for 24 hours.  Four replicates 

of 50 seed per treatment were then sown in 600 cc plastic punnets containing a simple 

potting mix used for cuttings propagation (coarse river sand and peat 1:1 v/v, pH 6.5, no 

added fertilizer). The punnets of treated seed were placed in greenhouse troughs 

containing 5 mm of water.   

The final germination percentages and seedling sizes were measured 126 days (18 

weeks) after first germination. 

 

In vitro (laboratory) seed germination 

 
A preliminary Drosera stolonifera in vitro seed germination experiment tested 6 media in 

sterile test-tubes. Embryo Germination (EG) medium (liquid ½ Murashige and Skoog 

1962 medium [MS] with filter paper bridges, 20 g sucrose/L-) was tested with 4 PGR 

combinations: without plant growth regulators, with 100 µM zeatin,  with 100 µM zeatin 

and  100 mg/L GA3, with 100 µM zeatin, 100 mg/L GA3 and 2% concentration of Regen 

2000® smokewater.  The other two media tested were Fern Gametophyte (FG) medium 

(agar solidified ¼ MS macronutrients, full MS micronutrients, without plant growth 

regulators, 20 g sucrose/L-) and Basal growth (B2) medium (agar solidified ½ MS 

medium, full MS micronutrients, 2 µM benzylaminopurine [BA], 20 g sucrose/L-).  For 

each media treatment there were 30 replicate vials at 1 seed per vial (a total of 180 seed).  

The seed was soaked in 15% White King® bleach (0.6% Cl-) for 15 minutes, then rinsed 

3x in sterile de-ionised water and sown individually into sterile glass test-tubes.  

Magenta® test-tube caps were placed on the test-tubes and sealed with Parafilm®.  The 
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racks of test-tubes were placed under cool white fluorescent lights at 21°C in a climate 

controlled growth room. The seed was 15 days old when used for the first in vitro 

germination experiment. 

 

The second larger Drosera stolonifera in vitro seed germination experiment tested 4 

chemical pre-treatments of D. stolonifera seed (24 hour soaks in either water, 100 mg/L 

GA3, 2% concentration of Regen 2000®

The seed used was 37 days old since collection.  120 microfibre bags of 50 seed were 

soaked in 15% White King

 smokewater or GA3 plus smokewater).  Each 

pre-treatment was tested in ten germination environments (see Table 8.8 for the growth 

environment treatments).   

® bleach (0.6% Cl-) for 15 minutes (except the no bleach 

control), then rinsed 3x in sterile de-ionised water. 30 bags of 50 seed were then soaked 

for 24 hours in each of the 4 chemical pre-treatments in a laminar flow cabinet.  Treated 

seeds were then sown onto agar solidified media in petri dishes (¼ MS macronutrients, 

full MS micronutrients, without plant growth regulators, 20 g sucrose/L-, solidified with 

8 g/l Davis J3®

 

 agar).  Three petri dishes of seed were placed in each of the 10 

germination environments for each of the 4 chemical pre-treatments above.  For each of 

the 40 treatment combinations there were 3 replicates of 50 seed (a total of 6000 seed).   

Five temperature regimes were tested, with each having both light and continuous dark 

settings. Alternating temperatures have been shown to promote geophyte seed 

germination (Stolz and Snyder 1985, Baskin and Baskin 1998).  To investigate whether 

bleach treatment alone can stimulate seed germination 2 additional treatments and a 

control (± bleach, no pre-treatments) were tested in 4 germination environments.  The 

testing of dark and light growth environments was due to conflicting reports as to 

whether or not Drosera seed needed to be buried or under mulch prior to seed 

germination in the wild.  The fluctuating temperature germination environments were 

designed to stimulate winter and spring conditions as wild seed germination was believed 

to occur during the winter wet season. 
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Only 50 D. erythrorhiza seed were found in the wild so replicated factorial seed 

germination experiments were not possible for this species.  The 50 fresh seed were 

surface sterilised with 15% White King® bleach (0.6% Cl-

 

) for 15 minutes, rinsed 3x with 

sterile deionised water and sown onto filter paper bridges in vials of liquid embryo 

germination (EG) medium and placed in semi-darkness at 21 ºCelsius.  The seed was 1 

day old when used for the in vitro germination experiment. 

In vitro culture initiation 

 
To avoid the high contamination risk when wild plant vegetative organs are used to 

initiate cultures and to maximise genetic diversity, in vitro seed germination was 

preferable for Drosera stolonifera and D. erythrorhiza tissue culture initiation. 

For both species sterile seedlings from the in vitro seed germination experiments were 

transferred to B2 medium (agar solidified ½ MS media, 2 µM benzylaminopurine (BA),  

20 g sucrose/L-, solidified with 8 g/l Davis J3®agar). Shoot cultures were developed as 

these seedlings grew and started producing multiple shoots.  

 

In vitro shoot culture multiplication  

 
Eight shoot multiplication media were investigated, ½ MS basal medium with 0, 2, 5 or   

10 µM benzylaminopurine (BA) and the same 4 media with the addition of 5 µM kinetin 

to each. 10 replicates (glass culture jars with 10 shoots per jar) were tested for each 

media. The monthly multiplication rates were recorded after each of 5 subcultures 

(performed at 5 week intervals) and the average monthly multiplication then calculated. 

 

In vitro root initiation 

 
Isolated single shoots of D. stolonifera and D. erythrorhiza were placed in 7 root 

induction media, either ¼, ½, or full strength MS basal medium, supplemented with 

indole butyric acid (IBA) in 5 concentrations (0, 5, 10, 25, or 40 µM).  In a further 2 

treatments isolated single shoots were placed in ½ strength MS basal medium, 

supplemented with either 25 or 40 µM indole butyric acid (IBA). After 7 days these 

shoots were transferred to ½ strength MS basal medium free of all plant growth 

regulators. 
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Acclimatization 

 
The first D. stolonifera acclimatization experiment identified the best potting mix and 

two suitable pot types; with the aim of producing two plant sizes. Three potting mixes 

were tested (gravel/pine-bark/sand 1:1:1, fine perlite/sand/pine-bark 1:1:1, coarse 

sand/peat/fine perlite 1:1:1).  Four pot types were tested: standard nursery trays (4022 cc, 

330 x 278 x 45 mm deep), Masrac® plastic pots (440 cc, 70 x 70 x 90 mm deep), Fertil® 

30 fibre pots (170 cc, 70 x 70 x 90 mm deep) and Kwikpot® K20 plastic pots (200 cc,   

63 x 63 x 55 mm deep).  Plant survival was scored for 10 replicates of 20 plants for each 

treatment.   

 

A standard Drosera potting mix was identified and used for all subsequent research and 

production (coarse sand-peat-fine perlite 1:1:1, nil fertilizer, pH 6.5). 

 

The second stage in the D. stolonifera acclimatization tested a range of pot and 

greenhouse conditions with the aim of producing the largest possible plants for the 

revegetation experiment.  Four greenhouse and growing environments were tested 

(climate controlled glasshouse, opaque hard plastic mist chamber, shadehouse and 

ambient temperature open end plastic tunnel house) and two irrigation systems (overhead 

misting and bottom-up capillary watering).  D. stolonifera plants in the shadehouse 

treatment were exposed to 6 hours morning sun every day.  This produced semi sun-

hardened plants for comparison with plants taken straight from greenhouse environments 

to the revegetation plots.  The shadehouse plants (semi sun-hardened) received overhead 

irrigation every second day, whereas the greenhouse plants received continuous bottom-

up watering via a capillary watering system. 
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A

B

C

 
 
Figure 7.2 (A) Drosera stolonifera quality used in 2006 field trial, semi sun-hardened in 
shadehouse. 440 cc Masrac® plastic pot, (B) 30F Fertil® fibre pot (170 cc).  Plant size and 
quality was improved for 2007 and 2008 production. (C)  Drosera erythrorhiza quality 
used in 2006 field trial, 440 cc pot, not sun-hardened. 

D. erythrorhiza plant production was low and as it is a larger plant only one pot size was 

suitable for testing (Masrac®

 

 440 cc plastic pots, 70 x 70 x 90 mm.).  The standard 

Drosera potting mix developed for D. stolonifera was used for all research and 

production. All plants were placed in the capillary watering system in the ambient 

temperature open end plastic tunnel house. 

Light measurements 

 
Light intensities (photosynthetically active radiation, PAR) in the nursery growing 

environments, mine rehabilitation and unmined forest were measured in μm-²sec-¹ with a 

Li-Cor® LI 185B photometer and a LI 190SB quantum sensor (Li-Cor, Lincoln, NE).  

All measures were made at midday (G.M.T. +12) and each record was the average of 4 

replicate measurements. 
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Tuber and shoot size measurement 

 

Plants from 20 pots of each of the propagation treatments above were measured and 

compared with 20 wild plants (wet and dry weights, stem and dropper lengths, number of 

stems and tubers). As each planting unit in the revegetation trial was the entire contents 

of one nursery pot, all the plant tissues in each of 20 pots were measured.   

 

Each nursery pot of Drosera stolonifera contained from one to five plants, with 

conjoined morphologically distinct droppers and up to fifteen tubers. The wild plants 

occurred as one to two conjoined plants, with either one or two tubers. 

 

For Drosera erythrorhiza each nursery pot contained from one to ten fused mini-rosettes, 

with conjoined underground stems and up to ten tubers. Drosera erythrorhiza wild plants 

typically occurred as single large rosettes continuous with a single underground stem and 

a single tuber.  

 

With both Drosera species these ex situ fused-plant structures were an artefact of the 

tissue culture propagation process. Ex situ produced plants were not divided into 

individual stems for planting during this study nor in the following production plantings.  

The underground stems of Drosera erythrorhiza were continuous with the above ground 

leaf rosette (Fig 7.1) so the entire above and below ground stem was compared with the 

tuber (s). All the plant tissues contained within individual nursery pots were used as a 

single unit for monitoring and recording of field survival and growth. 

 

Tuber storage 

 
To test whether in vivo produced tubers could be stored during the dry season for sowing 

during the wet season 40 tubers were cold-stored on the 1st of March 2007.  Storage was 

at 4 ºCelsius in the dark inside a 250 ml plastic container.  The 40 tubers were sown into 

a tray of Drosera potting mix after 3 months cold storage on the 1st of June 2007 and 

placed in a greenhouse. 
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Revegetation: Drosera stolonifera 

 
After developing the tissue culture plant production methods during 2003, 2004 and 2005 

a replicated field experiment was established in June 2006. 

 

Two plant sizes were field tested (small: from 30 Fertil® fibre pot [170 cc] and large: 

from 440 cc Masrac®

Table 7.3  Drosera stolonifera revegetation treatments: fresh mine rehabilitation  

 plastic pot).  Two acclimatization treatments were field tested 

(unhardened in a greenhouse and semi-hardened to full sunlight in a shadehouse).  Each 

of the 4 nursery treatments was planted in the field with or without plastic mesh grazing 

guards (Table 7.3, Fig. 7.30).  It was unknown whether the shoots or tubers would be 

attractive to foraging animals in the revegetation sites.  No grazing or tuber excavation 

was observed in the forest populations during the phenology studies.  It was assumed that 

the tubers were unpalatable, as (like many geophytes) the tubers are rich in antiseptic and 

other medicinal compounds.  As a precaution it was considered prudent to include 

guarding treatments in the Drosera revegetation experiments. 

Treatment 
Code 

Plant  
Size 

Pot Type Acclimatization treatment 
Guarding 
treatment 

A Large 440 cc plastic from greenhouse to field   Guarded 

B Large 440 cc plastic from greenhouse to field   Unguarded 

C Large 440 cc plastic from shadehouse to field   Guarded 

D Large 440 cc plastic from shadehouse to field   Unguarded 

I Small 30 Fertil fibre: 170 cc from shadehouse to field   Guarded 

J Small 30 Fertil fibre: 170 cc from shadehouse to field   Unguarded 

K Small 30 Fertil fibre: 170 cc from greenhouse to field   Guarded 

L Small 30 Fertil fibre: 170 cc from greenhouse to field   Unguarded 

 
 

There were 5 replicates (pits) in the field experiment and each replicate was divided into 

3 blocks (high, medium and low slope positions).  Plots were established in new mine 

rehabilitation, 10 year old mine rehabilitation and adjacent forest sites with D. stolonifera 

present.  Each treatment of plant size, acclimatization type and guarding type had 8 

plants per block (24 plants per replicate,).  A single clone was used (ZD 204) to minimise 

variation between treatments.   
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In fresh mine rehabilitation there were 8 treatments each with 120 plants in total (Table 

7.3).  To remain consistent with operational mine rehabilitation practice no fertilizer was 

applied at planting.  All new mine rehabilitation plots were aerial fertilized near the end 

of the wet season with 229 kg/ha of diammonium phosphate sulfur extra® 

 

fertilizer 

(17.5% N, 20.0% P, 1.2% S), with micronutrients (Cu, Zn, Mo and Mn) and 51 kg/ha of 

potassium chloride.  Initial soil nitrogen levels in the mine rehabilitation sites are low 

compared to the pre-mining forest soils (Ward 2000).  After fertilizer application the soil 

nitrogen in the top 20 cm of the rehabilitation soils is at a similar level to the lowest 

values found in forest soils.  As both Drosera species favour low fertility sites within the 

forest these soil nitrogen levels were considered adequate for revegetation trials, so no 

additional fertilizer was applied during planting.  As the newly restored vegetation 

matures the legumes and litter fall add further nitrogen to the soil. Alcoa’s mine 

rehabilitation process is described in Koch 2007a.   

The study species co-exist sympathetically in many forest sites. The two species 

revegetation experiments were therefore planted in close proximity, without concern for 

negative impacts. 

 

To test the hypothesis that D. stolonifera may need mycorrhizal association, revegetation 

plots were also established in 10 year old mine rehabilitation and adjacent forest sites 

with D. stolonifera present.  It was assumed that such forest sites would have appropriate 

mycorrhizae present, if they were required.  The full pre-mining suite of mycorrhizal 

species is probably not fully re-established until the restoration is 16 years old (Grant and 

Koch 2003, Glen et al. 2008).  Two guarding treatments (unguarded and guarded) were 

tested in the 10 year old mine rehabilitation and adjacent forest sites (8 plants per block, 

24 plants per replicate, 5 replicates). A single plant size (440 cc pots) and a single 

acclimatization type (shadehouse semi-hardened plants) were used.   

 

Seed Germination: in situ. Drosera stolonifera 

 

100 seed were sown in 1 m² plots in each of the 5 mine rehabilitation replicates, in the 5 

forest replicates and in the 5 replicates in 10 year old mine rehabilitation.  All seed had 

been treated by a 24 hour soak in a 100 mg/L GA3 solution with a 2% concentration of 

Regen 2000® smokewater. 
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Revegetation: Drosera erythrorhiza 

 
After developing the tissue culture plant production methods during 2003, 2004 and 2005 

a replicated field trial was established in June 2006 

 

Two treatments were field tested, one plant size (large, from 440 cc plastic pot) with or 

without plastic mesh grazing guards.  Each treatment had 8 plants per block (24 plants 

per replicate, 120 plants in total).  There were 5 replicates (pits) in the field trial and each 

replicate was divided into 3 blocks (high, medium and low slope positions).  Plots were 

established in new mine rehabilitation only (due to limited ex situ plant production).  A 

single clone was used (ED 204) to minimize variation between treatments.   

 

Drosera erythrorhiza only produces very small amounts of seed, typically following 

forest fires. Not enough seed was collected for a test of in situ seed sowing.   

Table 7.4 Revegetation: Drosera stolonifera and D. erythrorhiza replicate plot locations (WGS84) 

Table 7.4a    New mine rehabilitation 

Location  
(Rehab. Pit ) 

Block Latitude  
(S) 

Longitude 
(E) 

Bearing Slope 
Facing 

Elevation 
(metres) 

Keltee 2 Upper 32°35'21.4" 116°05'04.5" 212° South 296 
Keltee 2 Mid 32°35'21.7" 116°05'01.5" 218° South 282 
Keltee 2 Low 32°35'27.1" 116°05'10.7" 230° Southwest 263 

       
Keltee 2 Haul rd Upper 32°35'17.7"  116°05' 2.8" 115° E-Southeast 292 
Keltee 2 Haul rd Mid 32°35'18.8" 116°05'35.7" 115° E-Southeast 288 
Keltee 2 Haul rd Low 32°35'19.4" 116°05'37.7" 115° E-Southeast 281 

       
White Rd 1 Upper 32°35'50.9" 116°05'02.8" 0° Flat 316 
White Rd 1 Mid 32°35'49.1" 116°05'02.2" 0° Flat 314 
White Rd 1 Low 32°35'46.0" 116°05'01.2" 0° Flat 312 

       
White Rd 2 Upper 32°35'44.8" 116°05'07.8" 30° N-Northeast 314 
White Rd 2 Mid 32°35'43.7" 116°05'08.6" 30° N-Northeast 310 
White Rd 2 Low 32°35'41.9" 116°05'09.0" 30° N-Northeast 308 

       
Marri 3 Upper 32°34'41.1" 116°10'54.7" 300° W-Northwest 355 
Marri 3 Mid 32°34'38.1" 116°10'53.4" 300° W-Northwest 337 
Marri 3 Low 32°34'36.0" 116°10'52.1" 300° W-Northwest 311 
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Table 7.4b   Ten year old mine rehabilitation (1996) 

Location  

(Rehab. Pit) 

Block  Latitude      

      (S) 

Longitude  

     (E) 

Bearing Slope 
Facing 

Elevation 
(metres) 

Lookout  Near 32°36'58.2" 116°03'42.6" 0° Flat 324 
Lookout  Mid 32°36'58.3" 116°03'42.8" 0° Flat 323 
Lookout  Far 32°36'58.6" 116°03'43.3" 0° Flat 322 

       
Banya 1  Near 32°35'34.1" 116°05'39.9" 0° Flat 319 
Banya 1  Mid 32°35'33.7" 116°05'39.5" 0° Flat 313 
Banya 1  Far 32°35'34.2" 116°05'38.5" 0° Flat 326 

       
Banya 2  Near 32°35'30.2" 116°05'50.8"  Flat 334 
Banya 2  Mid 32°35'30.2" 116°05'50.3" 237° South 335 
Banya 2 Far 32°35'30.7" 116°05'50.4" 237° South 339 

       
Wuka 1  Near 32°35'59.8" 116°06'00.4" 175° East 335 
Wuka 1  Mid 32°35'59.1" 116°06'02.2" 170° East 340 
Wuka 1  Far 32°35'59.2" 116°06'02.7" 165° East 330 

       
Wuka 2  Near 32°36'04.0 116°06'06.3" 341° Flat 336 
Wuka 2  Mid 32°36'04.7 116°06'05.8" 211° Flat 336 
Wuka 2  Far 32°36' 05.3 116°06'05.9" 211° Flat 334 

 
 
Table 7.4c Unmined forest 

Location  
(Forest plot) 

Block Latitude  
(S) 

Longitude 
(E) 

Bearing Slope 
Facing 

Elevation 
(metres) 

Keltee 2 Upper  32°35'27.5 116°03'17.0" 134°   E-SouthEast 318 
Keltee 2 Mid 32°35'26.9" 116°03'16.6" 121°   E-SouthEast 317 
Keltee 2 Low 32°35'26.2" 116°03'16.6" 118°   E-SouthEast 315 

       
Keltee 2 Haul rd Upper 32°35'10.0" 116°03'31.0" 80°  E-NorthEast 293 
Keltee 2 Haul rd Mid 32°35'11.3" 116°03'30.6" 77°  E-NorthEast 286 
Keltee 2 Haul rd Low 32°35'09.9" 116°03'33.0" 64°   E-NorthEast 280 

       
North road Upper 32°36'44.8" 116°03'46.8" 0° Flat 324 
North road Mid 32°36'44.8" 116°03'47.6" 0° Flat 323 
North road Low 32°36'44.4" 116°03'47.5" 0° Flat 322 

       
Banya 2 Upper 32°35'29.1" 116°05'51.9" 115° E-SouthEast 346 
Banya 2 Mid 32°35'29.7" 116°05'52.5" 115° E-SouthEast 343 
Banya 2 Low 32°35'30.2" 116°05'52.9" 115° E-SouthEast 335 

       
Marri 3 Upper 32°34'46.4" 116°10'56.5" 225°  SouthWest 373 
Marri 3 Mid 32°34'47.0" 116°10'56.8" 225°  SouthWest 360 
Marri 3 Low 32°34'47.0" 116°10' 6.0" 225°  SouthWest 348 
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Drosera flowering and seed production in mine rehabilitation 

 

The number of plants with flowers or seedheads was counted at each monitoring, for 

both species.   

 

Statistical analysis 

 

Data were subjected to paired T-tests and ANOVA in Minitab 16.  If significant 

differences were detected by ANOVA, Tukey’s family errors method was used as the 

multiple comparisons test in Minitab 16.  The results were considered significant when 

they were outside 95 % confidence intervals. 
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7.3. Results 

 

Drosera stolonifera phenology compared with D. erythrorhiza phenology 

 
On unburnt sites both species had the bulk of their above ground growth in a five month 

period.  Drosera erythrorhiza both emerged and died back a month prior to D. 

stolonifera (Fig. 7.3).   

 

Drosera erythrorhiza plants on the four burnt sites resprouted from tubers two weeks 

earlier on burnt sites compared to unburnt sites, while D. stolonifera emerged up to four 

weeks earlier in burnt sites.  At the end of the growing season Drosera erythrorhiza died 

off two weeks earlier on burnt sites compared to unburnt sites.  On burnt sites D. 

stolonifera died off in late October, at the same time as the unburnt populations.  This 

gave D. stolonifera an extended growing season on burnt sites, in which to accumulate 

resources for tuber storage.  This suggests an increased advantage from fire events for D. 

stolonifera compared to D. erythrorhiza. 

 

Drosera stolonifera flowering started 6 weeks earlier on the burnt sites and continued 

through until near the end of flowering at the unburnt sites (yellow bars in Fig. 7.3).  This 

did not however give plants on the burnt sites a longer seed production period (red bars 

in Fig. 7.3) but did increase total population seed production (Fig. 7.4). 

 

Only one of the four unburnt populations of Drosera erythrorhiza flowered and produced 

seed in June 2007 whereas all four burnt sites flowered and two of these produced seed 

(Fig.7.5).  The two burnt sites that did not produce seed had flowered, but small grazers 

(possibly bandicoots or wallabies) had eaten the seed-heads before they opened.   
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Figure 7.3  Phenology of D. stolonifera and D. erythrorhiza from March 2007 to February 
2008 (Dwellingup region). 
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Figure 7.4  Drosera stolonifera flowering and seed production winter/spring 2007 (at peak 
for each site) n=100. 

 

 
Figure 7.5 Drosera erythrorhiza flowering and seed production 2007 June 21 (peak at all 
sites) n=100.  
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All three populations of Drosera erythrorhiza that produced seed did so in the same 10 

day period (peak in 2007 was on the 21st of June).  Seed production and release was a 

short event. Four of the seeding populations were burnt sites and one site was unburnt yet 

seed production was synchronous in all sites. By contrast seed production in D. 

stolonifera was spread out over five weeks and the timing varied between sites and also 

between individuals at each site.  

 

Only half of the D. erythrorhiza flowers produced seed (54.4%) whereas most flowers of 

D. stolonifera produced seed (92.2%).  With the exception of site 8 there weren’t enough 

D. erythrorhiza plants flowering at any sites to allow meaningful comparisons between 

unburnt and burnt sites (Fig. 7.5).  The only site where more than a handful of plants 

flowered and produced seed was a burnt site (site 8).  For D. stolonifera there was a clear 

difference between unburnt and burnt sites.  The former had few flowers and hence little 

seed production whereas most plants in the burnt sites both flowered and produced seed 

(Fig. 7.4).  In spite of having much smaller seedheads grazing pressure on D. 

erythrorhiza was more intense than on D. stolonifera.  Every non-grazed inflorescence of 

D. stolonifera successfully produced and released seed, whereas 16.2% of ungrazed D. 

erythrorhiza flowers failed to produce any seed. 

 

Wild seed of D. stolonifera and D. erythrorhiza is released into wet soils and both 

species have buoyant seed (Fig.7.7), most likely aiding in dispersal.  It was postulated 

that in vivo seed germination would therefore benefit from high moisture levels during 

germination.  This was best provided by germination on agar media.  

 
 

 

 

 

 

 

Figure 7.7 Drosera seed scanning electron micrographs: D. stolonifera (A) and D. 
erythrorhiza (B). Photos by the Centre for Microscopy, Characterisation and Analysis, 
University of Western Australia. 

 

 

A B 
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Forest seed production 

 
Seed of D. stolonifera and D. erythrorhiza was collected from two separate sites in the 

Dwellingup region of the northern Jarrah forest for in vivo seed germination and tissue 

culture initiation.  The collection sites were open woodland (having been heavily logged) 

with few shrubs and a dense carpet of forbs.  In the absence of fire D. stolonifera was 

observed to have higher seed production in open sites. D. stolonifera produced 22 x as 

many seeds per inflorescence as D. erythrorhiza (Table 7.5).  

 

Table 7.5 Seed collection and seed mass of D. stolonifera and D. erythrorhiza in unmined 
forest sites. 

Measure D. stolonifera D. erythrorhiza 

No. of Inflorescences collected 70 30 

Seed mass collected (mg) 1,748.6 212.5 

Seed mass per inflorescence (mg) 25.0 7.1 

No. of seed per inflorescence (av.) 322.7 14.2 

No. of seed per mg (av.) 12.9 2.0 

Individual seed weight av. (mg) 0.077 0.214 

Date collected 26th 9 September 2003 th

Location and GPS  

 June 2003 

Oro x Pinjarra roads 

S 32° 43' 21.0"  

E 116° 02' 12.1" 

North Spur road 

S 32°40' 51.4"   

E 116°01'53.7" 
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Density in unmined forest: Drosera stolonifera 
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Figure 7.8 Number of Drosera stolonifera plants per 2m² winter/spring 2007 (at peak for 
each site), means ±SE. Mean values with different letters differ significantly at P <0.05. 
Grouping determined by Tukey's multiple comparisons test. 

D. stolonifera density averaged 12 plants per 2 m² (16 plants in unburnt sites and 8 plants 

in burnt sites) (Fig.7.8).  Plant density varied between sites but overall there was no 

significant difference between unburnt and burnt sites. The density of 6 plants per 2m² in 

the revegetation trial was not denser than the wild condition.   

 

Density in unmined forest: Drosera erythrorhiza 
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Figure 7.9 Average number of Drosera erythrorhiza plants per 2m² (at peak season per 
site), 2007 June, means ±SE. Mean values denoted as a and b differ significantly at P = 
0.003. Grouping determined by Tukey's multiple comparisons test. 
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D. erythrorhiza density averaged 4.5 plants per 2 m² (4.7 plants in unburnt sites and 4.4 

plants in burnt sites) (Fig. 7.9).  The density of 6 plants per 2 m² in the revegetation trials 

was similar to the wild populations.  This was not considered to be significant over the 

length of the trial period, especially given the low rosette morphology and very slow 

spread rate of this species. 

 

In vivo greenhouse seed germination and seedling production 

 
The first propagation approach for Drosera stolonifera was in vivo seed germination and 

seedling production. Germination started 157 days after sowing in mid November and 

was complete by 35 weeks post-sowing.  

Table 7.6.  In vivo greenhouse seed germination % (n =200, means ± se). Data is normal. 
Mean values denoted as a and b differ significantly at P = 0.001. 

De-ionised 
water 

100 mg/L 
GA3 solution 

2% Regen 2000® 
smoke-water 

100 mg/L GA3

2% Regen 2000® smoke-water 
 and 

2.5 ± 0.3 a 7.0 ± 1.3 a 9.0 ± 1.3 a 19.5 ± 1.3 b 

 
 
The final germination was 19.5% for the best treatment (GA3 and smokewater 

combined). The seedlings were ready for transplant 18 weeks later (+/- 2 weeks, 

depending on when individual germination occurred).  Seedling plant sizes were 

measured 18 weeks after germination (Table 7.7).  

Table 7.7  Drosera stolonifera average in vivo germinated seedling size 18 weeks post 
germination (n =30, means ±SE). 

Root Length 
(mm) 

Stem Length 
(mm) 

Total  Length 
(mm) 

Diameter 
(mm) 

No. of Leaves 

8.6  ± 0.6 2.1 ± 0.1 10.7 ± 0.7 2.9 ± 0.2 4.3 ± 0.1 
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In vitro seed germination and tissue culture initiation    

 
The preliminary Drosera stolonifera in vitro seed germination experiment (using filter 

paper bridges and liquid media) supported the establishment of a larger experiment and 

the use of agar solidified ¼ Murashige and Skoog (MS) basal medium (Fig. 7.10).  The 

plant growth regulators used lowered germination compared to a PGR free medium (FG).  

The predicted promotive response of these plant growth regulators was not demonstrated. 
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Figure 7.10 Drosera stolonifera in vitro seed germination, preliminary test (6 media 
tested. n = 30. means ±SE). Mean values denoted as a and b differ significantly at P <0.01. 
Grouping determined by Tukey's multiple comparisons test. 

EG medium (liquid ½ Murashige and Skoog [MS] medium, 20 g sucrose/L-) and FG 

medium (agar solidified ¼ MS media, 20 g sucrose/L-) gave the highest germination 

results (Fig. 8.10).   Both these media were free of plant growth regulators.  All plant 

growth regulator treatments had lower germination rates (Fig. 7.10).  The addition of 

zeatin to EG medium reduced germination (EG:z and EG:z:ga3).  Gibberellic acid 

appeared to have no effect, but may have been suppressed by the zeatin.  The inclusion of 

smoke water reduced the negative impact of the zeatin and gibberellic acid 

(EG:z:ga3:smoke).  The addition of 2 µM benzylaminopurine (BAP) to agar solidifed ½ 

MS medium also reduced germination (B2).  This experiment demonstrated that fresh 

Drosera stolonifera seed germinated well and responded differentially to various media 

treatments.  



231 
 

Table 7.8  Drosera stolonifera in vitro seed germination percentages, major experiment 
(32 treatments. n = 150, means ± SE.).  All treatments soaked for 24 hr; Control – 
deionised water, GA3

Code 

 100mg/L; Smoke water – 2% Regen®. Germination environments 
with different letters are significantly different at P=0.000. There were no significant 
differences between chemical pre-treatments. 

Cold 
stratification °C 

Germination 
Temperature °C 

Light conditions 

A - 21 24 hr Dark 
B - 21 24 hr Light 
C 4°, 10 days 21 24 hr Dark 
D 4°, 10 days 21 24 hr Light 
E - 26 24 hr Dark 
F - 26 24 hr Light 
G - 15/5a 16/8 hr Light/Dark 

H - 15/5 16/8 hr Dark/Dark 

I - 25/5 16/8 hr Light/Dark 

J - 25/5 16/8 hr Dark/Dark 
a in order of light/dark treatment 

Code Control     GA3 Smoke 
water 

GA3 

Smoke water 

and Average 

A 8.7 ± 2.7 9.3 ± 0.7 13.3 ± 1.8 12.7 ± 9.0 11.0 ± 1.1  b 

B 34.7 ± 9.7 31.3 ± 10.5 21.3 ± 4.4 31.3 ± 1.8 29.7 ± 1.8  a 

C 8.7 ± 2.9 11.3 ± 2.4 9.3 ± 1.8 8.7 ± 1.8 9.5 ± 0.5    bc 

D 17.3 ± 10.4 18.7 ± 5.9 36.0 ± 8.7 21.3 ± 4.7 23.3 ± 2.0  a 

E 1.3 ± 0.7 3.3 ± 0.7 0.7 ± 0.7 2.7 ± 1.8 2.0 ± 0.3    cd 

F 15.3 ± 3.3 25.3 ± 10.07 23.3 ± 3.3 32.0 ± 6.1 24.0 ± 1.7  a 

G 2.7 ± 0.7 5.3 ± 1.8 1.3 ± 0.7 2.7 ± 1.3 3.0 ± 0.3  bcd 

H 0.7 ± 0.7 0.7 ± 0.7 0.7 ± 0.7 3.3 ± 0.7 1.3 ± 0.2    d 

I 0.7 ± 0.7 4.7 ± 0.7 0.0 ± 0.0 2.0 ± 1.2 1.8 ± 0.3    d 

J 0.0 ± 0.0 0.0 ± 0.0 0.7 ± 0.7 0.7 ± 0.7 0.3 ± 0.1    d 

Av 9.0 ± 1.2 a 11.0 ± 1.2 a 10.7 ± 1.2 a 11.7 ± 1.2 a  

 
 
The major in vitro seed germination experiment identified light as a key germination cue 

for fresh seed of D. stolonifera (bold values in Table 7.8).  Gibberellic acid and 

smokewater both appeared to have no significant effect in light at 21 °C, which was the 

best germination environment.  The first seed germination was after 9 weeks but rather 

than having a peak, seed germination then continued sporadically throughout the next 8 

months.  There was no further germination during the last 2 months of the 12 month 
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monitoring period.  Seedlings in the light environments had normal morphology and 

were green whereas seedlings in the dark environments were etiolated and pale.   

Table 7.9 Drosera stolonifera in vitro seed germination percentages (2 additional 
treatments and 1 additional control, n =  150, means ± SE.).  Treatment 1: 24 hr water 
soak and 5% NaClO, Treatment 2: unsoaked and 5% NaClO, Control: unsoaked seed.  
No control treatments (values in rows) were significant at P < 0.05. Germination 
environment averages (values in column) with different letters were significantly different 
at P = 0.000. Treatment codes as per Table 7.8. 

Code Treatment 1  Treatment 2  Control   Average 

A  8.7 ± 2.7 a 10.0 ± 4.6 a 5.3 ± 2.9 a a 

B  34.7 ± 9.7 a 28.7 ± 1.3 a 16.7 ± 2.7 a b 

I  0.7 ± 0.7 a 0.7 ± 0.7 a 0.0 ± 0.0 a a 

J  0.0 ± 0.0 a 2.0 ± 01.2 a 0.0 ± 0.0 a a 

 
 

Table 7.9 indicates that soaking in bleach (treatments 1 and 2) did not significantly 

stimulate Drosera stolonifera seed germination.  Light (treatment B) was reinforced as 

the key seed germination promoter (treatments A, I and J were dark germination 

environments).  Of the 50 fresh Drosera erythrorhiza seed collected, sterilized and sown 

onto filter paper bridges in vials with liquid embryo germination (EG) medium, 10 

germinated (20% germination).  These in vitro seedlings were used to establish shoot 

tissue cultures. 

 

In vitro shoot culture multiplication  

 

For both species the best shoot multiplication medium (of the 8 media investigated) was 

B5 medium (½ MS basal medium with 5 µM BA).  This medium produced large healthy 

shoots suitable for root initiation but differing monthly multiplication rates for each 

species (x 2.3 per month for D. stolonifera and x 1.5 per month for D. erythrorhiza).  The 

medium B10+K produced significantly higher multiplication rates for D. stolonifera (Fig. 

7.11) but excessive shoot stunting was observed.  D. erythrorhiza in vitro growth and 

multiplication was low on all BA containing media tested.  D. erythrorhiza multiplication 

increased significantly in response to the additional kinetin in the B10+K medium (Fig. 

7.12) but the shoots were misformed and tending towards hyperhydricity. 
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Figure 7.11  Monthly in vitro shoot multiplication rates for  D. stolonifera; 6 month 
averages for 8 media treatments (n = 10. means ±SE). Values denoted as a and b differ 
significantly at P < 0.05. Grouping determined by Tukey's multiple comparisons test. 

BF (½ MS basal media + nil PGR), B2 (½ MS + 2 µM BA), B5 (½ MS + 5 µM BA), 
B10 (½ MS + 10 µM BA), B2+K (½ MS + 2 µM BA+ 5 µM Kinetin), 
B5+K (½ MS + 5 µM BA + 5 µM Kinetin), B10+K (½ MS + 10 µM BA + 5 µM Kinetin). 
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Figure 7.12   Monthly in vitro shoot multiplication rates for D. erythrorhiza, 6 month 
averages for 8 media treatments (n = 10, means ±SE). Values denoted as a and b differ 
significantly at P < 0.05. Grouping determined by Tukey's multiple comparisons test. 
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In vitro root initiation  

 

The best rooting for D. stolonifera (75%) and D. erythrorhiza (34%) was achieved with a 

7 day pulse in 25 µM IBA (½ MS basal salts and full MS micronutrients) followed by 

transfer to growth-regulator-free ½ MS medium for 3 weeks.  The roots emerged after 

the first 1 to 2 weeks on this medium and elongated for the remaining 1 to 2 weeks. The 

thick main roots were black with dense black root hairs and appeared robust, with 

minimal breakage during deflasking. 

 

Acclimatization 

 
The best acclimatization survival was 95% for D. stolonifera and 94% for D. 

erythrorhiza. While there was no need for separate in vitro media for each species they 

did require different acclimatization conditions.   

 

Handling D. erythrorhiza proved more resource intensive than D. stolonifera.  For D. 

stolonifera 4 different plant sizes and conditions were successfully developed for use in 

revegetation experiments (Table 7.3).  Only 1 plant size was developed for D. 

erythrorhiza, due to lower growth rates and consequent low plant production. 

 

While capillary mats did assist acclimatization (as reported by Tran 2001 for a 

carnivorous bog plant) they also proved to be a breeding ground for weedy moss species. 

As both Drosera species had even higher survival with bottom-up watering in water 

troughs (95% for D. stolonifera and 94% for D. erythrorhiza) then the use of capillary 

mats was discontinued. 

 

In contrast to earlier reports that it is necessary to use distilled water for carnivorous 

plant irrigation (Berney 2004) and that plants would rot under overhead irrigation (R. 

Dixon, Kings Park Botanic Garden, pers.com.) the nursery water (high in calcium and 

iron before partial filtration and chlorine treated) did not cause any plant losses when 

applied as a fine mist in a well controlled greenhouse. 
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Tuber and Shoot sizes 

Table 7.11  Drosera stolonifera: comparison of 12 month old plants grown in 4 nursery 
treatments with mature wild tubers (n = 20 plants per treatment), (mean ±SE). Means 
with different letters are significantly different at P=0.000 for all values, except secondary 
roots % water (P= 0.024) and No. of stems (P= 0.001). Plant basal dia. (P=0.207). 

Value Unit Shadehouse Greenhouse Wild plants 
   170 cc pots 440 cc pots 170 cc pots 440 cc pots   
       

Tubers             
n/plant  2.2 ± 0.4 bc 3.8 ± 0.7 b 7.3 ± 0.9 a 2.7 ± 0.6 bc 1.2 ± 0.1 c 

Diameter mm 2 ± 0.3 a 2.9  ± 0.3 a 3 ± 0.1 a 3.1  ± 0.5 a 17.6 ± 1.5 b 

Widest Tuber mm 6 ± 0.1 a 6 ± 0.1 a 6 ± 0.1 a 9 ± 0.1 a 33 ± 0.1  b 

Fresh wt mg 14.7 ± 3.5 a 23.3 ± 4.1 a 23.1 ± 2.2 a 39.6 ± 13.7a 2561.9 ± 417.0 b 

Dry Weight  mg  2.9 ± 0.9 a 3.5 ± 0.5 a 4.3 ± 0.4 a 5.6 ± 2.1 a 602.5 ± 111.0 b 

Water content % 85.4 ± 2.5 a 83.7 ± 2.0 a 82.9 ± 1.4 a 86.7 ± 2.3 a 77.7 ± 1.4 b 

Secondary Roots             
Fresh wt mg 190.6 ± 45.9 a 113.7 ± 46.5 a 280.5 ± 39.1 a 299 ± 59.7 a 845.7 ± 136.0 b 

Dry wt mg 39.4 ± 8.9 a 31.9 ± 6.2 a 48.1 ± 7.3 a 51.7 ± 9.5 a 218.1 ± 30.0 b 

Water content % 79.3 ± 2.8 a 78.7 ± 2.0 ab 81.6 ± 1.6 ab 69.9 ± 1.3ab 72.7 ± 2.0 b 

Longest 
Dropper  

mm 36.7 ± 1.4 a 41.1 ± 2.1 ab 44.5 ± 2.1 ab 61.2 ± 3.3 b 113.2 ± 10.9 c 

Stems             
n/plant  9.6 ± 1.5 a 11.1 ± 1.5 a 8.8 ± 1.3 a 7.1 ± 1.1 ab 3.9 ± 0.3 b 

Total lth mm 13.1 ± 1.0 a 38.8 ± 3.0 b 43.6 ± 2.8 b 100 ± 7.0 c 130.6 ± 7.5 d 

Plant Basal dia. mm 17.6 ± 1.2 a 17 ± 1.2 a 16.5 ± 0.7 a 19.9 ± 1.6 a 19.3 ± 1.2 a 

Fresh wt mg 54.6 ± 8.0 a 106.9 ± 9.1 a 149.2 ± 22.6 a 556.9 ± 73.4 a 2250 ± 362.1 b 

Dry wt  mg 14 ± 1.7 a 24.7 ± 2.0 a 29.4 ± 6.5 a 92.1 ± 13.0a 507.5 ± 64.1 b 

Water content % 68.3 ± 3.9 a 76.2 ± 1.4 abc 71.4 ± 11.8 ab 83.3 ± 0.6 c 74.5 ± 2.1 ab 

Whole Plant: Water content          
above ground 
organs 

% 19.1 ± 4.0 ab 32.3 ± 4.0 b 25.6 ± 3.5 a 58.5 ± 2.5 c 38.4 ± 4.2 b 

below ground 
organs 

% 80.9 ± 4.0 ab 67.7 ± 4.0 b 74.4 ± 3.5 a 41.5 ± 2.5 c 61.6 ± 4.2 b 

Tubers % 14.9 ± 6.2 ab 33.3 ± 2.2 ab 31.1 ± 4.9 bc 10.1 ± 2.3 a 48 ± 3.6 c 

Whole Plant: Dry wt          
Total mg 61 ± 9.3 a 68.9 ± 9.0 a 109.9 ± 10.7 a 158.1 ± 23.0 a 1359.9 ± 158.1 b 

Tubers % 17 ± 6.2 ab 16.5 ± 2.2 ab 32 ± 4.9 bc 9.9 ± 2.3 a 43.3 ± 3.6 c 

2y roots % 52.6 ± 8.4 a 41.1 ± 3.9 b 42.5 ± 4.4 b 30.1 ± 2.3 bc 15.9 ± 1.4 c 

Above ground 
organs 

% 30.4 ± 4.0 ab 42.4 ± 4.0 b 25.5 ± 3.5 a 60 ± 2.5 c 41.8 ± 4.2 b 

Below ground 
organs 

% 69.6 ± 4.0 ab 57.6 ± 4.0 b 74.5 ± 3.5 a 40 ± 2.5 c 58.2 ± 4.2 b 
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Table 7.12 Drosera erythrorhiza: comparison of 12 month old plants grown in nursery 
growing containers (440 cc) with mature wild tubers (n = 20 plants per treatment, means 
±SE). Means with different letters are significantly different. 

Organ Measurement Unit Nursery  pots 
(440 cc) 

Wild Plants P value 

 
Tubers     

Number  2.7 ± 0.5 a 1 ± 0.0 b 0.005 

Av. dia. mm 5.6 ± 0.7 a 46.8 ± 0.3 b 0.000 

Av. fresh wt  mg 130.3 ± 21.7 a 1201 ± 184.3 b 0.000 

Av. dry wt  mg  10.1 ± 1.6 a 148.3 ± 21.1 b 0.000 

Water content % 89.9 ± 7.5 a 87.5 ± 5.9 a 0.140 

Widest Tuber mm 6.6 ± 0.7 a 13.6 ± 0.3 b 0.000 

Widest Tuber: Wet wt mg 180 ± 29.4 a 1201 ± 184.3 b 0.000 

Widest Tuber: Dry wt mg 28.6 ± 10.2 a 148.3 ± 21.1 b 0.000 

Widest Tuber: Water content % 84.1 ± 7.7 a 87.5 ± 5.9 a 0.056 

Underground stem length mm 46 ± 3.4 a 47.8 ± 2.9 a 0.695 

Leaves       

Rosette Diameter mm 44 ± 2.1 a 46.8 ± 2.4 a 0.381 

Number  20.5 ± 3.3 a 6.3 ± 0.3 b 0.000 

3 longest leaves: av. length mm 20 ± 1.4 a 23.5 ± 1.0 a 0.052 

3 longest leaves: av. width mm 13.8 ± 0.7 a 17.3 ± 0.6 b 0.000 

Rosette & underground stem:   
fresh wt  

mg 1566.1 ± 224.2 a 1435 ± 184.9 a 0.477 

rosette & underground stem:   
dry wt  

mg 159.1 ± 19.9 a 164.8 ± 22.6 a 0.087 

Leaf  rosette & underground 
stem :  Water content 

% 89.8 ± 0.9 a 88.4 ± 3.9 a 0.128 

Whole Plant 
 

     

Tubers water content % 15.6 ± 2.44 a 43.2 ± 2.2 b 0.000 

Leaf rosette & underground 
stem water content 

% 84.4 ± 2.44 a 56.8 ± 2.2 b 0.000 

Whole plant dry wt mg 189.4 ± 33.2 a 313.2 ± 42.1 b 0.027 

Tubers % 9.2 ± 2.5 a 45.3 ± 2.8 b 0.000 

Rosette & underground stem  % 90.8 ± 2.5 a 52.7 ± 2.8 b 0.000 
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The largest size ex situ D. stolonifera plants (individual 440 cc plastic pots in the 

greenhouse) had larger tubers than the smaller plants grown in the other 3 treatments. 

The wild D. stolonifera plants tubers were 100x heavier than the largest ex situ produced 

tubers (Table 7.11) 

 

The ex situ produced Drosera erythrorhiza plants and higher leaf and underground stem 

wet and dry weights than the wild plants (Table 7.12). This was due to each nursery pot 

of Drosera erythrorhiza containing from one to ten fused mini-rosettes (a 

micropropagation artefact), with conjoined underground stems and up to ten tubers. The 

single tubers of the wild plants had over ten times the biomass of all the ex situ plants 

tubers in each nursery pot.  

 

Shoot size comparison: cultivated plants vs wild plants 

 

Drosera stolonifera shoot length can be used as an indicator of tuber number and size 

both in the ex situ and forest environments.  The number of large tubers increases with 

increasing stem length (Fig. 7.13 and Table 7.13).  The larger and presumably older wild 

plants had larger tubers. 

  
 

 

Figure 7.13 Drosera stolonifera shoot length: 4 acclimatization treatments compared to 
wild plants (n=20, means ± SE). Mean values denoted as a, b, c and d differ significantly at 
P <0.05. Grouping determined by Tukey's multiple comparisons test. 
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Tuber size comparisons: cultivated tubers vs wild tubers 

 
Table 7.13  Drosera stolonifera percentage of tubers in each  tuber size class: 4 nursery 
treatments compared to wild plants (n= 20, means). Most wild plants had a single tuber. 
Mean values denoted as a and b differ significantly at P <0.05. Grouping determined by 
Tukey's multiple comparisons test. 

Tuber size class 170 cc pot 
Shadehouse 

170 cc pot 
Greenhouse 

440 cc pot 
Shadehouse 

440 cc pot 
Greenhouse 

Wild plants 

Mature:  17-33 mm 0 b 0 b 0 b 0 b 55 ± 0.0 a 

Large:  13-16 mm 0 b 0 b 0 b 0 b 30 ±8.7 a 

Medium:  9-12 mm 0 b 0 b 0 b 5 ± 5.0 ab 10 ±0.0 a 

Small:  5-8 mm 8 ±3.7 a 16 ±3.4 a 20 ±8.2 a 22 ±8.1 a 0 a 

Tiny:  1-4 mm 68 ±9.6 b 84 ± 3.4 b 75 ±9.0 b 53 ±10.3 b 5 ± 0.0 a 

Tubers absent 24 ±9.9 a 0 a 5 ±5.0 a 20 ±9.2 a 0 a 

 
All ex situ propagated Drosera stolonifera had significantly smaller tubers than the wild 

plants (Table 7.13). Most of all wild plants tubers were in the medium to mature tuber 

size ranges (95%) compared to 5 % of the tubers of the ex situ plants grown in 440 cc 

pots in the greenhouse. None of the other 3 ex situ plant treatments had any tubers in the 

medium to mature tuber size ranges. This meant that ex situ grown plants used in the 

subsequent revegetation experiment had a marked tuber resource deficit compared to 

mature wild plants. 

Table 7.14  Drosera erythrorhiza percentage of tubers in each  tuber size class: ex situ 
propagated plants compared to wild plants (n= 20, means). 

Tuber size class Greenhouse 
440 cc pot 

Wild plants P value 

Mature :  16-20 mm 0 a 40 ± 11.2 b 0.001 

Large:  11-15 mm 3 ± 2.5 a 30 ± 10.5 b 0.015 

Medium:  6-10 mm 54 ± 9.4 a 30 ± 10.5 a 0.092 

Small:  1-5 mm  28 ± 8.4 a 0 b 0.020 

Tubers absent 15 ± 8.2 a 0 a 0.075 

Total % 100 100  

 

Both species had significantly smaller in vivo tubers compared to their wild tubers 

(Tables 7.13 and 7.14).  Their in vivo tubers had lower dry weights and smaller diameters 

but D. stolonifera had significantly more tubers in vivo compared to wild plants.  
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Figure 7.14  Drosera tubers.  (A) D. stolonifera in vitro produced tuber.  (B) D. erythrorhiza 
sectioned wild tuber (cm scale).  (C) D. erythrorhiza size range of in vivo produced tubers. 

Tuber storage 

 
Fifty percent of the cold stored tubers had sprouted 2 months after in vivo sowing (1st 

August 2007).  By late spring (21st October 2007) most of the cool stored tubers (97.5%) 

had sprouted and grown into new seedlings. 

 

Revegetation:  Drosera stolonifera establishment and growth in mine rehabilitation 

 
For the best four Drosera stolonifera treatments (C, J, K, L, see table 7.3 for detailed 

treatment descriptions) average survival in fresh mine rehabilitation was 85% after 27 

months (September 2008, Fig. 7.15).  There was no significant difference between any 

treatments, with all having high survival rates.  The increase in survival after the 3rd wet 
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season compared to the 2nd wet season is attributed to the later monitoring period.  It is 

believed that some tubers didn’t resprout until early August. 
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Figure 7.15  Drosera stolonifera: average survival % in mine rehabilitation of the 8 treatments 
after 27 months (at the end of the 3rd

Treatments (described in more detail in Table 7.3, page 27): 

 spring), n= 120, means ±SE. There were no significant 
differences between any treatments, Tukeys multiple comparisons test. (P=0.339). 

Large plants: Greenhouse to Field: A (Guarded) & B (Unguarded), Shadehouse to Field: C 
(Guarded) & D (Unguarded). 
Small plants: Greenhouse to Field: I (Guarded) & J (Unguarded), Shadehouse to Field: K 
(Guarded) & L (Unguarded).  

 

 

The best Drosera stolonifera research treatment ( L ) had average survival of 89% after 

27 months; at the end of the 3rd spring (Fig. 7.15).  Treatment L was non-sun hardened 

small size plants (30F fibre pot, 170 cc) taken straight to the revegetation trial from the 

greenhouse. Treatment L was unguarded and when all the treatments were compared 

there wasn’t a significant difference in survival between guarded and unguarded plants in 

all replicates (Fig. 7.18). The guarded treatments (A, C, I, K) either had higher survival 

than the unguarded treatments or the same survival rate. The unguarded plants never had 

higher survival than the guarded plants.  The hypothesis that guards would be beneficial 

for survival was not well supported in fresh mine rehabilitation.   
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Figure 7.16  Drosera stolonifera: average height per treatment in mine rehabilitation, 
after 27 months (at the end of the 3rd

 

 spring), n= 120, means ±SE.  Wild plant average 
heights shown for comparison.  Mean values denoted as a, b and c differ significantly at P 
<0.01. Grouping determined by Tukey's multiple comparisons test.   

The height data (Fig. 7.16, Fig. 7.18) does however show a significant difference 

between the unguarded and guarded treatments.  Guarded plants (A, C, I, K) were taller 

than unguarded plants (B, D, J, L), (P = 0.01).  It is predicted that this increased growth 

of guarded plants will lead to higher longer term survival.  

 

Drosera stolonifera establishment and growth in 10 year old mine rehabilitation and 

unmined forest 

 

Drosera stolonifera average survival in 10 year old mine rehabilitation was not 

significantly higher for guarded plants (75.8%) than for unguarded plants (56.7%) (Fig. 

7.17, P =0.118). The results were highly variable between replicates (Fig. 7.19) which 

rendered the average non-significant.  After 27 months average height in 10 year old 

mine rehabilitation was significantly higher for guarded plants than for unguarded plants 

(Fig. 7.17) and this held true at all replicates (Fig. 7.20).   

 

Guarding improved Drosera stolonifera average survival rate in unmined forest (Fig. 

7.17) and average height (Fig. 7.18).   
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There was considerable variation in survival and heights between different forest 

replicates (Fig. 7.21, Fig. 7.22).  This is typical for field trials in natural environments. 

For this reason it is recommended to use the average of at least 5 replicates to determine 

whether treatments are effective. 

 

Overall the unguarded and guarded plants in the fresh mine rehabilitation had similar 

average heights after 27 months as unguarded and guarded plants in the ten year 

rehabilitation and forest sites (Fig. 7.18).  Guards were beneficial for height in all 

planting site types, but 27 months after planting all ex situ plants were still significantly 

shorter than wild plants.  
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Figure 7.17  Drosera stolonifera: average survival in fresh mine rehabilitation (n=480) 
compared with 10 year old rehabilitation and forest (n=120), after 27 months (at the end 
of the 3rd spring) means ±SE. For each pair, values with different letters are significantly 
different at P < 0.05 (Paired T-Tests, groupings determined by Tukey's multiple 
comparisons test). 
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Figure 7.18 Planted Drosera stolonifera: average height per treatment in fresh mine 
rehabilitation (n=480) compared with 10 year old rehabilitation and forest (n=120), after 
27 months (at the end of the 3rd

 

 spring), means ±SE. For each pair, values with different 
letters are significantly different at P < 0.05 (Paired T-Tests, groupings determined by 
Tukey's multiple comparisons test). 

 

 

Figure 7.19 Drosera stolonifera: average survival % of the 10 year old rehabilitation 
treatments (unguarded and guarded) per replicate after 27 months (at the end of the 3rd

 

 
spring) means ±SE.  Values with the same letter are not significantly different at P < 0.05 
(Paired T-Test, groupings determined by Tukey's multiple comparisons test). 
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Figure 7.20 Drosera stolonifera: average height of the 10 year old rehabilitation 
treatments (unguarded and guarded) per replicate after 27 months (at the end of the 3rd 
spring) means ±SE. Values with different letters are significantly different at P < 0.05 
(Paired T-Test and Anova, groupings determined by Tukey's multiple comparisons test). 

Drosera stolonifera establishment and growth in unmined forest 

 
Figure 7.21 Drosera stolonifera: average survival rate in unmined forest of the two 
treatments (unguarded and guarded) per replicate, after 27 months (at the end of the 3rd 
spring) means ±SE. Values with different letters are significantly different at P < 0.05 
(Paired T-Test, groupings determined by Tukey's multiple comparisons test). 
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Figure 7.22 Drosera stolonifera: average height of the two forest treatments (unguarded and 
guarded) after 27 months (at the end of the 3rd

 

 spring) means ±SE. Values with different 
letters are significantly different at P < 0.05 (Paired T-Test and Anova, groupings determined 
by Tukey's multiple comparisons test). 

Drosera stolonifera: effect of initial nursery container on establishment in mine 
rehabilitation 
 

 

Figure 7.23  Drosera stolonifera: 27 month survival in fresh mine rehabilitation of initially 
small plants (170 cc pots) compared to initially large plants (440 cc pots) (n =480 plants per 
pot type) means ±SE. Values with the same letter are not significantly different at P =0.156. 

There was no field survival advantage for plants grown at the nursery in the larger (more 

expensive) 440 cc plastic pot compared to the smaller (cheaper) 30 Fertil® peat pot (Fig. 

7.24).   
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Light measurements 

 

Table 7.10 Seasonal PAR light readings in nursery and mine rehabilitation environments as a 
percentage of each seasons unburnt forest PAR light levels. N =4. Measured values in brackets 
are in μm-²sec-¹. All measurements taken between 12 and 12.30 pm on cloudless days.  

 

Environment Light level at winter planting (July)  

Shadehouse partly sun-exposed                 135%  (700) 
Greenhouse opaque hardplastic                 118%  (610) 

New mine rehabilitation                 222%  (1150) 
Unmined and unburnt forest                   100%  (518) 

 
 

Drosera stolonifera flowering in mine rehabilitation 

 

The number of plants flowering was counted at each monitoring. The average flowering 

in the 3rd spring (27 months after planting) was 3.3% ± 0.7. There were no significant 

differences between any of the 8 field treatments (P = 0.705).   Based on the number of 

plants initially established, in the 3rd spring there were no significant differences in 

flower production between guarded and unguarded plants (P = 0.141), shadehouse-grown 

and greenhouse-grown plants  (P = 0.559)  and plants grown in the larger pots compared 

to plants grown in the smaller pots (P = 0.559).   

 

Drosera stolonifera in situ seed germination in mine rehabilitation and forest sites 

 

No broadcast seed germinated during the 30 month monitoring period in either fresh 

mine rehabilitation, 10 year old mine rehabilitation or in the forest plots. This indicated 

that early mine rehabilitation and 10 year old mine rehabilitation do not contain the 

conditions that would allow wild Drosera stolonifera seed to germinate. This helped 

explain why we rarely see this species in young mine rehabilitation. The absence of any 

seed germination in the forest sites perhaps indicates that an environmental cue may have 

been lacking in the trial sites (e.g. smoke, ash or smoked water from a forest fire). 
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Drosera erythrorhiza establishment and growth in mine rehabilitation 

 
The survival rate in mine rehabilitation for the best Drosera erythrorhiza treatment 

(Guarded) was 65% after 27 months (September 2008), (Fig. 7.24).  Over 8% of 

surviving plants flowered in the third spring (Fig. 7.26).   While there was an initial small 

survival advantage for the guarded plants, the end of the 3rd growing season this was no 

longer significant (Fig. 7.25). It was believed that the guards provided limited frost 

protective at the end of the first growing season. The frost damaged plants leaves were 

black and were scored as dead. These plants subsequently resprouted from their tubers in 

the following season.   

 
Figure 7.24  Drosera erythrorhiza: average survival of the unguarded and guarded 
treatments after 30 months (at the start of the 3rd

 
 dry season), means ±SE. 

The highest recorded average survival rates for the 2nd and 3rd wet seasons were 58% 

and 59% survival, respectively.  This is a good survival rate and the slight increase from 

the 2nd to the 3rd wet season indicated establishment sustainability.  The annual increase 

in the number of plants in flower (Fig. 7.25) was a further indicator that the Drosera 

erythrorhiza planting were sustainable. 
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Figure 7.25  Drosera erythrorhiza: average survival of the unguarded and guarded 
treatments  after 30 months (at the start of the 3rd

 
 dry season); bar graph means ±SE. 

Drosera erythrorhiza flowering in mine rehabilitation 

 
The number of plants flowering was counted at each monitoring.  Flowers were only ever 

present in the July monitoring (the last week of July).  During this trial wild Drosera 

erythrorhiza was observed to only flower in this same period (early to late July and the 

first week of August).  Based on the number of plants initially established the guarded 

plants of Drosera erythrorhiza had significantly higher flowering than unguarded plants 

(Fig. 7.26); probably because the guards partly protected plants from frost, wind and sun 

damage.  Once the flowering rate of surviving plants only was analysed (Fig. 7.27) the 

impact of survival on the flowering rate became clearer.  9% of surviving plants flowered 

in the third spring, compared to 5% of the initial number planted. 
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Figure 7.26 Drosera erythrorhiza: average flowering % (based on the initial number of 
plants in trial). Guarded plants versus Unguarded plants, means ±SE. Values with different 
letters are significantly different at P < 0.05 (Paired T-Test, grouping determined by 
Tukey's multiple comparisons test). 
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Figure 7.27 Drosera erythrorhiza: average flowering % (based on the surviving number of 
plants in trial). Guarded plants versus Unguarded plants, means ±SE. Values with different 
letters are significantly different at P < 0.05 (Paired T-Test, grouping determined by 
Tukey's multiple comparisons test). 
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Figure 7.28 Drosera erythrorhiza: average flowering % per position in the landscape (% of 
the initial plants). High slope versus mid and low slope planting positions, means ±SE. 
There were no significant differences between position on the slope (P = 0.388). 

 

Slope position did not have a significant impact on Drosera erythrorhiza flowering.  

However for guarded D. erythrorhiza plants the highest flowering rate recorded was on 

the high slope positions (Fig. 7.28).  While this was possibly due to the observed less 

frost on the high slopes, it was significantly due to the guarding (Fig. 7.26, Fig 7.27).  

Cold air drainage led to an observed increase in frost damage in the mid and low plots.  

For guarded plants the second highest flowering rate recorded was on the low slope 

positions with the mid slope positions having the lowest flowering rate.  The low slope 

plots were believed to have higher soil water levels than the mid and high plots.  Plant 

growth following frost damage would then have been greater in the low plots compared 

to the mid slope plots. 

 

For unguarded Drosera erythrorhiza plants the highest flowering rate was on the low 

slope positions, which was unexpected (Fig. 7.28).  Possibly the higher wind exposure on 

the high slope positions is a problem for unguarded plants. 
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For both guarded and unguarded plants the highest flowering rate recorded was in the 3rd 

wet season following planting. The flowering rate increased each year for both 

treatments, after having both recorded nil flowering in the first spring (Fig. 7.28). 

 

A B

 
 

C
 

D
 

         
 

Figure 7.29 Drosera stolonifera (A) a single wild plant showing its ability to spread 
vegetatively by sending out new above ground stems (stolons).  These each produce new 
tubers.  (B) Tissue-culture origin plant: spread in forest replicate plot (13 months post-
planting). This species also produces large numbers of seed following bushfires.  It is seldom 
grazed and the tubers are toxic.  It extracts nitrogen from the insects it catches (C).  Not 
surprisingly Drosera stolonifera is very common and widespread in unmined Jarrah forest. 
(D) Flowering in mine rehabilitation (15 months post-planting). 
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A B

 
Figure 7.30 Drosera erythrorhiza (A) spread in rehabilitation (3 years post-planting). 
(B) Flowering in mine rehabilitation (15 months post-planting). 

7.4. Discussion 

Drosera stolonifera and Drosera erythrorhiza were successfully established in bauxite 

mine rehabilitation sites using in vitro propagated plants.  The new populations had 

stable numbers in the third growing season following planting, with no decline in 

numbers from the previous season. 

 

Phenology and density 

 

The phenology studies identified when each annual growth stage occurred in the forest. 

Comparing the plants in each species revegetation experiments with the forest plants 

revealed the same life cycle patterns and very similar timings.  Drosera stolonifera and 

D. erythrorhiza both died off during the summer drought and resprouted, flowered and 

produced seed during the next wet season in the same manner as the forest plants.  This 

demonstrated that the planted populations were capable of integration into the restored 

Jarrah forest.  

 

Both species emerged and flowered a month earlier on burnt forest sites compared to 

unburnt sites. Both species persisted above ground for an additional month on burnt sites 

compared to unburnt sites. Plants thus had an additional month’s growth on burnt sites, 

implying higher resource production and subterranean storage.   

Forest fires stimulated D. erythrorhiza reproduction, with flowering and seed production 

high on burnt sites and very low on unburnt sites.  



253 
 

 Drosera stolonifera seed production was higher on burnt sites than on unburnt sites.  

These findings agree with the hypothesis of Pate and Dixon (1978) that burn events 

improve geophytic Drosera resource storage and subsequent flowering, seed production 

and survival.  The optimum period between fires to maximise this gain is unknown and is 

worth investigation. 

 

These observations provided evidence that both species have limited seed production in 

unburnt forest.  Thus in the years between fires there is potential for some seedling 

establishment, in favourable conditions. 

 

With all deciduous geophytes a good understanding of the wild phenology provides 

guidance as to which month will provide the optimum monitoring period.  It was shown 

that mid-winter monitoring was too early to collect survival data as some tubers didn’t 

resprout until later in the wet season.  The end of the wet season proved to be the optimal 

survival monitoring time.  Mid dry-season monitoring of D. erythrorhiza confirmed that 

no live plants are visible during this period (Fig. 7.23).  Monitoring revegetation survival 

during a geophytes dormant period would give misleadingly negative data. 

 

The ability of Drosera stolonifera to spread using stolons plus its high post-fire seed 

production gives it both a vegetative and sexual reproduction and spread advantage over 

D. erythrorhiza.  In the Dwellingup area the largest visible populations of D. stolonifera 

were always full sun sites or those sites with a thin canopy, whereas the highest densities 

of D. erythrorhiza were in shaded unburnt forest sites, under the thickest canopy.  In the 

context of colonising newly rehabilitated bauxite mines this favours D. stolonifera.  It is 

predicted that longer term monitoring of the planted Drosera’s in Alcoa’s restored Jarrah 

forest should demonstrate a significantly higher spread rate for Drosera stolonifera than 

for D. erythrorhiza, until such time as a dense canopy establishes.  This pattern should be 

especially evident following prescribed burning or wildfires in the restored forest. 

 

In unburnt sites Drosera erythrorhiza flowered 2 to 3 weeks after the first leaves 

emerged, whereas Drosera stolonifera flowered 4 to 6 weeks after resprouting.  The 

compact 2 week flowering and seed production period of Drosera erythrorhiza in mid-

wet season was complete 2 months before Drosera stolonifera started flowering in late 

wet-season. This early and rapid growth by D. erythrorhiza may be due to the reserves 
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stored in its larger solitary tuber compared to the multiple but smaller tubers of Drosera 

stolonifera.  The temporal separation of each species flowering will be one of the factors 

allowing them to co-exist on many sites.   

 

In burnt forest sites Drosera erythrorhiza emerged prior to the rainy season starting. This 

strategy may prove deleterious if the rainy season continues to contract in length due to 

climate change. It will be worth monitoring this species to see if it starts emerging later, 

if the previously reliable May rains continue to fail. 

 

Drosera erythrorhiza leaves continued to grow and function for two months after 

flowering was finished, allowing a greater accumulation of nutrients in the sole tuber 

than D. stolonifera.  By contrast less than 1 month after flowering finished D. stolonifera 

rapidly died off above ground, as the dry season intensified.  Drosera stolonifera had 

however produced more above ground vegetative growth, flowers and seeds by the end 

of the wet season, compared to D. erythrorhiza.  

 

In vivo greenhouse seed germination and seedling propagation 

 

The slow in vivo seed germination and seedling growth rates of Drosera stolonifera 

proved a barrier to the production of affordable and reliable seedlings.  The 157 days to 

first in vivo germination for D. stolonifera was longer than the 105 days recorded by 

Conran et al. (1997).  This propagation method would not be suitable for large scale 

mine revegetation plantings.  In vitro propagation and field planting was selected for 

investigation as a potentially faster and lower cost plant production procedure. 

 

The very low seed production of wild D. erythrorhiza precluded the testing of in vivo 

seedling propagation.  
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Seed Germination  

  

For both species the key factor for ex situ seed germination was the presence of light. 

Alternating temperatures further promoted Drosera stolonifera seed germination. This 

agreed with Burger (1961) who reported that alternating temperatures and light were both 

required for germination of D. intermedia seed.  Baskin et al. (2001) also found light to 

be promotive for D. angelica seed germination.  Unlike this cold climate species, for 

Drosera stolonifera there was no requirement for cold stratification or for fluctuating 

diurnal temperatures.  

 

Smoke treatments did not improve Drosera stolonifera in vitro seed germination. 

Vigilante et al. (1998) indicated that smoke was inhibitory to Drosera seed germination 

but this study found that smoke was neither inhibitory nor promotive.  Agar based media 

reduced D. stolonifera in vitro seed germination compared to liquid media.  In vivo seed 

germination and seedling growth were slow compared to the in vitro environments; 

where germination was also more synchronous.  No germination occurred in situ neither 

in full sun in the new mine rehabilitation nor in the shaded forest sites.  The latter had 

well developed litter layers and wild populations of both species but broadcast seed still 

failed to germinate.  This agrees with Miles (1972), who recorded non-germination of 

Drosera rotundifolia seed sown into either mature heathland or bare soil sites.  As this 

studies Drosera species mostly set seed after forest fires then possibly their seed can only 

germinate in the wild on a post-fire ashbed.  This would be worth further investigation. 

 

Berney (2004) reported that it is necessary to use distilled water for carnivorous plant 

propagation as they dislike the chemicals in tap water.  This may apply to Drosera seed 

germination as in these studies the germination rates were much higher on agar media 

(made using de-ionised water) than for greenhouse sown seed irrigated with nursery 

water (high in calcium and iron before partial filtration and chlorine treatment). 

 

In vitro seed germination was a more rapid seedling production method than in vivo seed 

germination, for both study species.  The number of days to first in vitro germination for 

both study species (71 days to first germination with D. stolonifera and 127 days to first 

germination with D. erythrorhiza) were considerably faster than those recorded in vivo 

by Conran et al. (1997), (105 days to first germination with D. stolonifera and 257 days 
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to first germination with D. erythrorhiza).  In vitro seed germination often exceeds in 

vivo germination rates (Willyams 2005a) and this was demonstrated with Drosera 

stolonifera. 

 

The absence of in situ seed germination means Drosera stolonifera cannot be added to 

the operational mine rehabilitation broadcast seedmix.  Whenever the tiny Drosera 

stolonifera seed germinate in the nursery the seedling plants are very small (< 2mm 

diameter), grow very slowly and would be very unlikely to survive the first summer 

drought in mine rehabilitation.   

 

In vitro propagation and acclimatization 

 

D. stolonifera plants were efficiently produced by in vitro propagation.  D. erythrorhiza 

could only be effectively produced by in vitro propagation as each wild plant only 

produced small amounts of seed and only following forest fires.  For any geophyte 

species, in vivo propagation is unlikely to be viable for mass propagation if only small 

quantities of seed can be collected.  Low wild seed production also precludes broadcast 

seed as a revegetation option.  Seed orcharding can sometimes be used to produce 

adequate seed but the small amount of seed produced per plant would make this a very 

costly way to produce D. erythrorhiza plants. For both species, tissue culture is the only 

proven large scale propagation method to date.   

 

The excessive stunting of D. stolonifera in vitro shoots on multiplication media with high 

concentrations of BA or Kinetin parallels a recent similar report for Drosera indica 

(Jayaram and Prasad 2007). 

 

While both species shoot cultures grew well on the same in vitro multiplication media 

there was a difference in their growth rates. In the forest D. stolonifera exhibits more 

rapid growth and spread, especially following forest fires. It typically occurs in high 

density large patches of several hectares. D. erythrorhiza occurs in low density small 

groups and is considered to be slower growing and possibly longer lived. 

 

The higher shoot multiplication and rooting of D. stolonifera demonstrated the 

hypothesis that this species has more vigorous and rapid growth than D. erythrorhiza. 
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Tuber and shoot sizes  

  

While a substantial part of wild D.stolonifera plants underground biomass is in the 

dropper and the secondary roots, the majority of the water is stored in the tubers (Table 

7.11).  The original hypothesis was that maximising ex situ tuber size and number would 

increase subsequent revegetation survival. The individual 440 cc pots held in the 

greenhouse during ex situ acclimatization (treatments A and B) produced the largest 

tubers (Table 7.11) but this pre-planting treatment did not have a significantly higher 

field survival (Fig. 7.14).  The original hypothesis that larger plants with larger tubers 

would have higher revegetation survival was not supported. 

 

Plants grown in community trays in the greenhouse had more tubers (7.3 ave) than both 

plants grown in 440 cc pots and plants grown in community trays in the shadehouse.  The 

ex situ propagation methods stimulated tuber production rather than tuber storage 

accumulation.  The wild plants had the lowest number of tubers per plant (1.2 ave) but 

these tubers were 100x heavier (dry weight) than the largest ex situ tuber production 

method (Table 7.11). The size of the in vitro plants compared to mature wild plants may 

have had an effect on subsequent in vivo tuber production. Chen et al. (2000) reported for 

calla lilies that the larger the in vitro plants were then the higher the in vivo tuber 

production and size. 

 

As the total dry weight of ex situ D. stolonifera plants increased, then the percent of dry 

weight allocated to below ground structures reduced (Table 7.11). This agrees with the 

key general concept that young seedlings are vulnerable to stress (Galatowitsch 2008) 

and need to allocate a higher proportion of resources to their roots during early 

establishment (Grime 1979). Newly germinated or planted Drosera species need to 

allocate a higher proportion of their first season resources to their underground storage 

organs, in order to survive the ensuing summer drought. This may be generally true for 

all Mediterranean climate geophytes.  
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These two tuberous Drosera species had a higher resource allocation to their 

underground vegetative reproduction organs than that reported for pygmy Drosera’s 

(Karlsson and Pate 1992). The average percentage of total dry weight allocated to tubers 

by wild plants of D. stolonifera (43.3%, Table 7.11) and D. erythrorhiza (45.3%, Table 

7.12) was higher than the percentage of total dry weight allocated to asexual gemma 

production by eight pygmy Drosera species (22%, Karlsson and Pate 1992).  This is 

postulated to provide both D. stolonifera and D. erythrorhiza with a competitive survival 

advantage over the pygmy Drosera’s during periods of prolonged drought. 

 

As ex situ produced Drosera erythrorhiza plants had higher leaf numbers and biomass 

than the wild plants (Table 7.12) it was predicted that field survival would be good for 

the first spring following planting. This was demonstrated to be true (Fig. 7.23). What 

was of concern was whether the ex situ produced plants numerous small tubers would 

grow large enough during this first spring to facilitate resprouting after the summer 

drought. This is the most critical question for all deciduous geophyte restoration 

programs. Resprouting in the second wet season (and the 3rd

 

 wet season) averaged over 

60%, so the ex-situ origin plants were able to produce and store enough nutrients and 

water in their tubers in the first wet season to enable summer drought survival and 

effective resprouting. 

Tuber storage 

 

Cool storage worked for in vivo Drosera stolonifera tubers harvested when dormant 

(during the dry season) and then planted into potting mix at the start of the wet season. 

This is an area deserving further investigation as planting tubers would be easier 

(lighter/less bulky) and more practical than planting whole plants. The ideal situation 

would be to develop systems for machine sowing of cool stored tubers while the mine 

rehabilitation bulldozers spread seed (during the final mine rehabilitation soil surface 

scarification and contour ploughing). 
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Revegetation 

 

It was not surprising that Drosera stolonifera survival increased from 73% in 2007 to 

85% in 2008.  Assessing the true survival of plants that resprout every wet season from 

tubers (Geophytes) is difficult.  Not every plant resprouts every year; the tubers can 

remain dormant for several years before resprouting.  Over 3.2% of all plants flowered in 

their third spring, with the best treatment having 5.8% flowering.  The best (but non 

significant) treatment was adopted as the production propagation and planting method for 

all subsequent mine rehabilitation.  There wasn’t a significant difference between the 8 

treatments (pots or trays x greenhouse or shadehouse x guarded or unguarded).  The 

additional cost of guarding could not be warranted for operational planting.  This species 

established well in mine rehabilitation, as predicted during the species selection process.  

It also proved to be a reliable, lower cost species to propagate. 

 

For Drosera stolonifera the largest size ex situ plants (440 cc pots in the greenhouse) did 

have larger tubers than the smaller plants grown in smaller containers and while this 

resulted in higher field survival, as postulated, it was not a dramatic difference. There 

was not enough field survival evidence to justify producing the more expensive larger 

plants. The smaller size plants were also lighter to carry into the rough mine 

rehabilitation 

 

The best Drosera erythroriza treatment followed the same pattern as D. stolonifera with 

an increase in measured survival rate from 59% (after 13 months) to 65% (after 27 

months).  Over 8% of surviving D. erythroriza plants flowered in the third spring, which 

is at the high end of the wild plants flowering rate. The flowering rate increased each 

year as the plants increased in size; in agreement with the observations of Nordbakeen et 

al. (2004) for wild D.anglica and D. rotundifolia.  It was considered that recording the 

flowering % based on the initial number of plants was the best approach for measuring 

the cost-per-successfully established plant (Fig 7.25).  However for longer term 

monitoring it may be more appropriate to record the flowering % of the surviving plants 

only (Fig. 7.26). 
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Initial plant size: impact on field establishment 

 

For successful field establishment it was hypothesised that we would need to produce 

large plants in the nursery; to ensure the development of large tubers prior to planting.  

With Drosera stolonifera the hypothesis was not demonstrated.  The successful 

establishment of smaller size plants and tubers grown in the 30 fertil® fibre pots indicated 

that these plants can survive during the summer drought as fairly small tubers.  The lower 

survival % after 2 years for the larger Drosera stolonifera plants grown in 440 cc plastic 

pots is probably due to disruption of the stem/tuber union during removal from the pot at 

planting time.   For both Drosera species it was recommended that tuber disturbance at 

planting time be minimised by growing the plants in fibre pots (which are planted in the 

soil and breakdown over time). The 440 cc plastic pots were removed from nursery 

production for Drosera stolonifera, after the 2007 winter assessment of the revegetation 

experiment. The current propagation planting unit for both species is a 216 cc Fertil® 

fibrepot without guarding.  

 

There is no need to guard these plants in operational planting as grazing was minimal.  

The frost and wind protection provided by guards, while beneficial in the first season, did 

not influence medium term survival. 

 

The ex situ produced plants and tubers of both Drosera stolonifera and D. erythroriza 

were large enough to support successful revegetation in new bauxite mine restoration 

sites. The propagation and planting method that resulted in the highest revegetation 

survival for each species was adopted as the production system for all subsequent mine 

revegetation plantings. 

 

Future research  

 

The next research phase will investigate the in vitro production of Drosera tubers, such 

as is done commercially for seed potatoes (Espinoza et al. 1984, Hussey and Stacy 1984, 

Simco 1991, Pelacho et al. 1994, Xu et al. 1998). If a tuber production system can be 

developed then the assumption made at the start of this study (that entire plants would 

have higher field survival than isolated tubers) can to be tested.  These tubers could be 
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sprouted in vitro on shoot multiplication media, sprouted in vivo in potting mix or 

planted directly into mine rehabilitation sites.  

 

If dormant tubers planted during the summer drought had high sprouting rates in the 

winter wet season, it may then be cost effective to add dormant tubers to the operational 

mine rehabilitation seedmix (broadcast during summer).  This would both eliminate the 

planting labour and facilitate a higher sowing density.  

 

While it would be desirable to produce in vitro tubers all year, the problem arises of how 

to prevent tuber sprouting prior to the annual wet season planting in late June. Wild and 

nursery origin tubers left at room temperature sprouted during the dry season. A 

preliminary trial of cool storing tubers was successful. 50 small in vitro tubers (produced 

in February 2007 as a by-product of the in vitro shoot culture system described above) 

were stored at 4 °Celsius for 4 months and then sown in potting mix in late June and 

placed on a non-irrigated outside nursery bed. There were no sprouts on the tubers when 

they were removed from cool storage. 36 of these tubers sprouted (72%) and grew into 

small plants. These plants survived the entire wet season then died off above ground 

during late spring, in line with the wild plants in the surrounding forest.  The following 

wet season all 36 tubers resprouted, indicating that cool storing tubers is worthy of 

detailed investigation. It will be worthwhile to study how to increase the size of the in 

vitro produced tubers, to maximise the size of the arising seedlings when sown or planted 

in the mine rehabilitation. 

 

Both species seed was highly buoyant, with the seed coat containing many air-pockets 

(Fig. 7.7). Field observations and the report of Koyama and Tsuyuzaki (2010) would 

suggest that the seed is water dispersed. Investigating the impact of this on the 

demography of both study species populations may be revealing. 

 

Neither Drosera species needed mycorrhizal inoculation to establish in the mine 

restoration.  The mine restoration was fertilized, had good quality topsoil applied and had 

adequate rainfall for the two Drosera species tested.  Geophytes can however benefit 

from mycorrhiza under conditions of water stress or nutrient deficit soils (Bolandnazar et 

al. 2007).  The survival, plant growth rates and tuber production of both Drosera species 
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may be increased if the plants or tubers are treated with mycorrhiza and this needs to be 

tested both in vivo and in situ. 

 

In an ecological investigation of the Spanish carnivorous plant Pinguicula vallisneriifolia 

there was an increase in plant survival and growth as both light and prey capture 

increased (Zamora et al. 1998).  It would be valuable to measure this with the revegetated 

Drosera populations, as the surrounding revegetation grows. 

 

The ability of the revegetated Drosera species to survive as the surrounding restoration 

grows, competition increases and a canopy forms is unknown.  It will be necessary to 

monitor both species survival until the after first fire moves through the mine restoration.  

Monitoring the regrowth of the planted Drosera’s after the first fire will help identify 

whether they are fully re-integrated into the normal forest management regime.  At this 

time it will be interesting to see if the planted Drosera’s have increased in number and if 

they produce viable seed.  

 

The pollinators of these two Drosera species are unknown and worthy of investigation in 

both the unmined forest and the restored forest.  A comparison between the percentages 

of flying and non-flying prey caught by both Drosera species may help explain their 

successful co-existence.  Comparing the catch of plants in unmined forest with those in 

restored forest would indicate whether the restored forest has an adequate range and 

density of invertebrate prey. 

 

Carnivorous plants are considered to be useful indicators of environmental changes, 

including global warming (Brewer 1999, Ellison and Gotelli 2001, Nordbakken et al. 

2004).  Long term monitoring of the two Drosera species planted in these trials could 

provide insight to the sustainability of the mine revegetation if the climate in the northern 

Jarrah forest continues its current trend of steadily declining rainfall.  A wider 

investigation of global work on Drosera biology, propagation and revegetation would 

improve our understanding of Jarrah forest Drosera species.  Wild insectivorous plants 

are threatened by both habitat destruction and over-collection (Fay 1994).  The methods 

and concepts developed in this study need sharing with the scientific and general 

communities as they may be useful for translocation projects and commercial plant 

production; to help reduce wild plant collection. 
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Conclusions 

 

Effective propagation and revegetation techniques were developed for both Drosera 

stolonifera and D. erythrorhiza.  

 

While there was no need for separate in vitro media for each species they required 

different acclimatization conditions.  Handling D. erythrorhiza proved more resource 

intensive than D. stolonifera.  D. erythrorhiza grew slower than D. stolonifera at every 

stage of propagation and in the revegetation experiment.  One of this studies aims was to 

identify which of the two species would have the lowest cost surviving plants in mine 

rehabilitation.  This proved to be Drosera stolonifera due to higher ex situ growth rates, 

ease of propagation handling and higher field survival. As this species also has high seed 

production after fires, can spread by using stolons and is rarely grazed then it is ideal for 

sustainable revegetation (i.e. restoration).   

 

As predicted Alcoa’s bauxite mine rehabilitation had adequate fertilizer, topsoil quality 

and rainfall for the revegetation of these two Drosera species.  Neither species required 

added Mycorrhizae.  There were no significant differences in D. stolonifera average plant 

height in fresh mine rehabilitation, 10 year old rehabilitation and forest sites.  Ex situ D. 

stolonifera was established in all 3 site types, so this species can be planted in a range of 

disturbed forest types and ages.  Revegetation survival after 3 years was high for the best 

treatment of both D. stolonifera (89%) and D. erythrorhiza (59%).  The major area 

requiring further investigation is longer term survival as the restored Jarrah forest 

develops.  It is unknown if the new Drosera populations can grow large enough tubers to 

successfully resprout, flower and set seed following forest fires.  

 

At the start of this study Drosera stolonifera and D. erythrorhiza were absent from 

Alcoa’s restored Jarrah forest. Propagation and revegetation planting of these common 

Jarrah forest species has become an ongoing operational activity. Since 2007 they have 

been planted in every hectare of mine rehabilitation. 28,280 plants of Drosera stolonifera 

and 5,120 plants of D. erythrorhiza were planted in 2801.8 hectares during the 5 year 

period from 2006 to 2010.   
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Figure 7.31 A patch of Drosera stolonifera plants showing its ability to resprout strongly from 
its numerous and widespread long-lived tubers following an intense bushfire in February 
2007.  Few plants had been observed at this site in the 5 years prior to the fire.  It is a 
distinctive and highly visible part of the Jarrah forest understorey. 
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CHAPTER 8 

Jarrah forest geophyte biology, horticulture and restoration:  

summary and general discussion  

 

8.1   Principal Concepts 

 

The two principal concepts, that Jarrah forest geophytes could be mass propagated and 

then established in bauxite mine rehabilitation, were demonstrated for all study species.   

 

Holistic investigation of species biology, ecology and horticulture was essential for both 

propagation success and revegetation sustainability (i.e. restoration).  For example, 

identification of the optimum time to collect ripe seed or spore was crucial for 

germination research success.  One surprising discovery was that different propagation 

methods needed to be developed for each geophyte species, even within a genus.  Each 

species studied identified one or more critical aspects of geophyte propagation and 

revegetation.  Comparing different families, genera, species, storage organ types and life-

histories facilitated the identification of general concepts about native geophyte 

horticulture and ecological restoration.  Synthesis of all these investigations identified 

concepts and methods worthy of testing on other geophytes.  This was a primary 

objective of the thesis.   

 

The major hypothesis tested and demonstrated was that underground storage organ size 

at planting time was the key controlling factor in geophyte plant survival and growth in 

revegetation.  Plants with big underground storage organs when planted survived well, 

while those with small storage organs died.  This was particular well proven for the long 

lived species Clematis pubescens and Pteridium esculentum.  It wasn’t so well 

demonstrated for the more herbaceous and shorter lived Drosera species.  It is likely that 

for many smaller, shorter lived and faster growing herbaceous geophytes it isn’t 

necessary to produce near-wild-size plants for establishment success.  

 

The concept that same age ex situ plants could be produced with different size 

underground storage organs, was demonstrated for Clematis pubescens and Pteridium 

esculentum.   
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The concept that some geophytes can be revegetated using bare-rooted large plants was 

demonstrated for C. pubescens.  Where effective, using the underground storage organ as 

the revegetation propagule is a practical method for lowering planting effort and cost. 

 

The ex situ propagation of geophytes may impact on the size and growth of in vivo and in 

situ stems and underground storage organs.  This could be of serious concern for natural 

land restoration projects.  Vreugdenhil et al. (1998) investigated this for potatoes 

produced by tissue culture, but no reports were found for wild geophytes.  The 

propagated geophytes in vivo underground storage organs were compared with wild plant 

storage organs for Clematis pubescens, Drosera stolonifera, and D. erythrorhiza during 

this study.  The tissue culture process did not permanently impact on shoot size and 

growth of the two Drosera species.  In contrast Clematis pubescens seedlings grown in 

small nursery containers had severely stunted storage organs and stems, the latter 

persisting during the revegetation experiment.  Plants from the largest ex situ size class of 

Clematis pubescens and Drosera erythrorhiza had functional storage organ dry weights 

that were 20-25% that of the mature wild plants storage organs.  This was considered 

adequate for revegetation establishment and survival, which was borne out by high in situ 

establishment rates. By contrast, the tuber dry weights of the largest ex situ Drosera 

stolonifera plants were only 1% of the wild tubers dry weight, yet the plants had high 

revegetation establishment for the first 3 years.  The propagation and revegetation 

benefits of developing and comparing a range of nursery grown plant sizes with wild 

plants were demonstrated. 

 

For all planted geophytes studied larger underground storage organs ensured higher 

survival during the first dry season and higher growth rates during the second wet season.   

Plant size at the start of the field experiments also influenced medium term revegetation 

survival, for all the Jarrah forest geophyte species tested.  This agrees with the field 

survival results recently reported for Ranunculus aestivalis plantings in Utah (Pence et 

al. 2008).  The standard wholesale nursery practice of producing small size plants (to 

minimise production costs) needs to be challenged and tested when producing geophytes 

for revegetation purposes. This is of particular concern in climates with short growing 

seasons.  It is predicted that the need for ex situ produced geophytes to have large 

underground storage organs when planted in revegetation, to enable optimum plant 

survival and growth, will prove to be a globally applicable concept.   
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Clematis pubscens seedlings arising from in situ broadcast seed had poor establishment 

survival (Chapter 3).  The hypothesis was developed that for geophyte revegetation 

success in Mediterranean-type climates any seedlings that germinated from broadcast 

seed would need to rapidly grow underground storage organs large enough to survive the 

first dry season.  If they couldn’t produce adequate storage organs, then these species 

plants would fail to resprout when the following rainy season commenced.  Long term 

revegetation establishment would thus be poor and seed broadcasting would be an 

ineffective restoration method.  In such instances high in vivo seed germination would 

provide a misleading predictor for subsequent in situ establishment success from 

broadcast seed.  This hypothesis is worth testing on geophyte restoration in other floras. 

 

Plant survival data was extracted from Alcoa’s long-term botanical monitoring database.  

It was apparent that many Jarrah forest geophytes in the mine rehabilitation broadcast 

seedmix were performing in agreement with the above hypothesis (Appendix 7).  These 

geophyte species were removed from the seedmix and ex situ propagation research 

commenced.  

 

Mine restoration vegetation surveys made during the annual drought can underestimate 

geophyte species densities and presence.  Monthly monitoring during the first year 

following field planting revealed that assessing performance during the first summer dry 

season produced misleadingly low results, as all the study species were deciduous; 

partially or completely dying back above-ground.  For example both Drosera species 

established in the mine restoration (by ex situ propagation and planting) had completed 

their above-ground growth period by early spring.  Their above-ground shoots had 

completely died off by late-spring and the plants could not be seen.   

It is recommended that revegetation experiments success be gauged at the end of the 

second wet season for all deciduous geophytes in Mediterranean-type ecosystems 

(following resprouting and new growth).  This is the earliest point that trustworthy 

survival, growth and reproduction results can be collected. 

 

Increase in cover was identified as a suitable character for monitoring the revegetation 

sustainability of clonal geophytes with strong vegetative growth.  For geophytes with 

high wild seed production then restoration of seed production was a first indicator of 

sustainable establishment. 
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For all species studied, if the plants resprouted after the first dry season then they 

survived at least 2 more years without further significant loss.  It was proposed that this 

monitoring pattern may be seen with all planted geophytes.  After 3 years the 

surrounding restored Jarrah forest was over 1.5 metres tall and provided adequate 

shading for the geophytes.  It was predicted that no significant geophyte losses would 

occur after this but growth could be reduced due to competition from the developing 

vegetation.  

 

Prior to this study it was standard practice for Alcoa to plant ex situ origin plants in 

revegetation soon after the first rain of the wet season; to ensure plants could establish a 

deep root system prior to the onset of the annual summer drought.  During this study the 

monthly rainfall pattern was quite variable each year.  This influenced survival in some 

of the revegetation experiments established in early June (the historical annual start of 

regular weekly rainfalls).  June rainfall became increasingly unpredictable and unreliable 

each subsequent year of this study.  The annual start of regular weekly rainfalls shifted 

into early July.  For operational revegetation plantings Alcoa has had to compensate for 

this by delaying planting until a favourable monthly rainfall forecast is made by the 

Bureau of Meterology.  Future geophyte revegetation plantings in the northern Jarrah 

forest are probably best planted in early to mid July.  It will be increasingly important to 

factor changing rainfall and climate patterns into geophyte restoration projects. 

 

The concept is proposed that for plant restoration projects identifying the optimum 

propagation and revegetation methods should be carried out on a per species basis.  This 

requires a strong emphasis on first understanding the wild biology and life history of 

individual species and their interrelationships with the surrounding flora, fauna and 

environment.  Falk and Holsinger (1991) stated that to evaluate and ensure plant 

population viability knowledge of each species life-history, reproductive capacity and 

genetic variability is required.  This has been demonstrated to also be valid for wild 

geophyte ex situ plant production and the creation of new populations by revegetation 

plantings. 
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8.2  Species Investigations: Principal Findings 

 

Clematis pubescens 

 

Clematis pubescens produces large seed crops yet previous seed germination research 

had failed.  A detailed phenological study revealed that previous research had used seed 

that was green and unripe when collected.  The discovery that C. pubescens seed fully 

ripens and is dispersed during the very hot period between Christmas and New Year 

explained why seed had previously been collected earlier in the summer.  100% seed 

germination was recorded in vitro when ripe seed was used.  C. pubescens is known as a 

shade-loving vine and deep shade proved to be the key factor necessary for in vivo seed 

germination, along with frequent watering.  This replicated the conditions on the forest 

floor during early winter, when wild seed germination and seedling establishment would 

commence. 

 

Two month old seed had lower in vivo germination than 6, 8 or 13 month old seed, 

supporting the reported requirement for embryo after-ripening in this genus (Johri 1992).  

Seedlings started to emerge 6 to 9 weeks after in vivo sowing and emergence had 

finished by week 22.  Such lengthy germination and emergence needs to be accounted 

for when scheduling operational plant production for revegetation; especially in climates 

with brief annual planting seasons. 

 

Transplanting same age seedlings (germinated from a single seedlot) into small, medium 

and large growing containers resulted in the production of in vivo plants with 3 very 

different stem and tuber sizes.  This is the first record of this phenomenon for a wild 

geophyte.  The larger plants with larger tubers then had higher revegetation survival and 

growth.   

 

Clematis pubescens survival after 30 months in bauxite mine rehabilitation was highest 

(60%) for ex situ propagated plants whose tubers at planting time had an average total 

dry weight that was 12.3% of average wild plant tuber total dry weight.  For ex situ 

propagated plants with initial tuber total dry weights below 2.5% of average wild plant 

total tuber dry weight then revegetation survival rates fell to below 20%. 
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Using bare-rooted large plants as the revegetation propagule had no significant effect on 

subsequent survival and growth so was adopted for operational revegetation, to reduce 

planting effort and cost. 

 

The initially largest plants were considered to have achieved ‘species restoration’ (as 

defined in chapter 1) after 30 months, with 60% revegetation survival and the first seed 

being produced. 

 

C. pubescens seed broadcast in mine rehabilitation did germinate in situ during the winter 

wet season (when sunlight was lower), but the seedlings then died during the summer.  

The new hypothesis was developed that geophyte species seeds would germinate in the 

mine rehabilitation but the seedlings would not grow large enough tubers during the wet 

season to ensure survival over the following summer drought.   

 

The smallest size in vivo plants of C. pubescens had inadequate tuber production and 

subsequently had low revegetation survival and growth. This was shown to be an artefact 

of the ex situ propagation process.  

 

Dryland rushes and sedges 

 

Rhizatomous dryland rushes and sedges form a major part of the Jarrah forest 

understorey biomass and diversity but were seldom present in Alcoa’s restored forest, 

prior to the work reported here.  Rhizomes are an efficient underground storage organ 

form (Yetka and Galatowitsch 1999) which facilitates rapid post-fire resprouting.  This 

means they have high value for ensuring the resilience of restored Jarrah forest.  Six 

species were successfully propagated and revegetated in Alcoa’s bauxite mine 

rehabilitation (Hypolaena exsulca, Lepidosperma tenue, L. squamatum, Loxocarya 

cinerea, L. flexuosa and Tetraria capillaris).  

 

The phenology study demonstrated that seed collection of Lepidosperma tenue, L. 

squamatum and Tetraria capillaris was best undertaken in late spring (late October and 

early November), when wild seed release occurs.   
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In vitro seed embryo germination proved effective as a tissue culture initiation method.  

All six species of dryland rush or sedge investigated grew slowly in vitro (mean 

multiplication x1.3 per month) and had lower root initiation (mean rooting 69%) 

compared to wetland rushes.  When combined with variable in vitro root initiation 

between batches the average cost-per-tissue cultured plant was high.   

 

Greenhouse and nursery acclimatization survival of the tissue cultured plants was high 

(ave. 62%).  All species could subsequently be divided in two at least twice, with 

Hypolaena exsulca and Loxocarya cinerea capable of 4x division.  Fertilizer and 

benzylaminopurine applications had no effect on in vivo spread.  Jarrah forest rush and 

sedge species with limited seed production and slow wild growth rates were cost-

effectively propagated for restoration planting by a combination of tissue culture 

production and subsequent in vivo divisions.     

 

Revegetation survival rates were high for all species, in spite of extensive Kangaroo 

grazing.  Dryland rush and sedge species are now propagated by tissue culture, divided in 

vivo at least once and planted in every rehabilitated bauxite mine pit.  Assessing the 

impacts of declining rainfall and grazing on survival and rhizome spread are future 

research priorities. 

 

Pteridium esculentum (Austral Bracken Fern) 

 

Pteridium esculentum (Austral Bracken Fern), a rhizatomous geophyte with a 

pronounced ability for vegetative spread by rhizome expansion, was not recolonising 

rehabilitated bauxite mine pits.  Transplanting wild rhizomes worked initially, but 

medium term survival was low, with little growth or spread and the labour cost was 

prohibitively high.  

 

Bracken spore was rarely produced by wild plants but was collectable by very extensive 

surveying.  Due to high microbial contamination and handling difficulties in vitro spore 

germination required development of a combined sterilization and spore sowing method. 

Bracken spore germination required high humidity, light and for the spores to be 

associated together.   
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A novel commercial tissue culture system was invented, utilising in vitro gametophyte 

cultures to generate sporophytes for revegetation.  Low sugar media suppressed in vitro 

sporophyte production by the bracken fern gametophyte cultures; in contrast to low sugar 

promoting sporophyte formation from moss prothalli cultures (Menon and Lal 1972).   

 

All greenhouse environments were suitable for acclimatization, with overhead or 

capillary irrigation both successful. Three different size but same aged in vivo plants 

were produced, by using different size growth containers.  The largest plants had 6x as 

many rhizomes as the small and medium size plants, and also had thicker rhizomes.   

 

The key hypothesis that large tissue culture origin plants with larger rhizomes would 

survive in revegetation at a higher rate than small tissue cultured plants with smaller 

rhizomes was demonstrated.  The initially larger plants also achieved a 28 fold increase 

in cover 3 years after planting, compared with the initially smaller plants which had 

declined in cover.  Bracken was considered to have achieved ‘species restoration’. 

 

An analysis of wild Pteridium esculentum genetic diversity in the south west of Western 

Australia was undertaken to answer the questions “how large is each local provenance?” 

and “how many clones would capture the natural variation?”  DNA fingerprints were 

generated using the AFLP (amplified fragment length polymorphism) technique.  The 

geographic size of local genetic provenances in the northern Jarrah forest was inferred 

from the detected levels of genetic variation.  The very low frequency of polymorphic 

fragments indicated that population diversity of bracken in this region is very low.  For 

revegetation projects in the northern Jarrah forest it was recommended that propagation 

starter materials come from a minimum of 5 individual plants, which are at least 5 

kilometres apart. 

 

Drosera stolonifera and D. erythrorhiza 

 

The key factor for ex situ seed germination was the presence of light, for both Drosera 

species studied.  Alternating temperatures further promoted Drosera stolonifera seed 

germination.  Tissue culture was the best propagation method for D. erythrorhiza as each 

wild plant produced small amounts of seed and only following forest fires.  Both species 

grew well in vitro and had high root initiation and greenhouse survival.  
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As the total dry weight of ex situ D. stolonifera’s plants increased, then the percentage 

allocated to their below ground structures reduced.  This agreed with the key general 

concept that young seedlings are vulnerable to stress (Galatowitsch 2008) and need to 

allocate a higher proportion of resources to their roots during early establishment (Grime 

1979).  For Drosera stolonifera the largest size ex situ plants did have larger tubers than 

the smaller plants grown in smaller containers and while this resulted in higher field 

survival, as postulated, it was not a dramatic difference. With the smaller size plants 

being both cheaper to produce and lighter to carry into the rough mine rehabilitation they 

were selected as the optimum production unit.   

 

Revegetation survival after 3 years was high for the best treatment of both D. stolonifera 

(89%) and D. erythrorhiza (65%).  Drosera erythroriza revegetation followed the same 

pattern as D. stolonifera with an increase in measured average survival from 59% (after 

13 months) to 65% (after 27 months). 

 

Geophytes typically have a long juvenile period before they produce flowers, with a 

requirement for the storage organs to first reach an optimum size (Harper 1977). This 

was demonstrated by Clematis pubescens but Drosera stolonifera proved to be an 

exception that flowered in both the first spring post-planting and every spring thereafter. 

More than 3.2% of all Drosera stolonifera plants flowered in their third spring following 

revegetation, with the best treatment having 5.8% flowering.  Over 8% of surviving D. 

erythroriza plants flowered in the third spring, which is at the high end of their normal  

flowering rate in the forest.  These flowering results are promising indicators that the 

new populations may be sustainable.  There was minimal grazing of unguarded plants of 

both species.  The frost and wind protection provided by guards, while beneficial in the 

first season, did not influence medium term revegetation survival.  To reduce operational 

planting costs it was recommended that guarding was not required. 

 

As predicted Alcoa’s bauxite mine rehabilitation had adequate fertilizer, topsoil quality 

and rainfall for the revegetation of these two Drosera species.  Neither species required 

added Mycorrhizae.  There were no significant differences in D. stolonifera average plant 

height in fresh mine rehabilitation, 10 year old rehabilitation and forest sites.   

Ex situ D. stolonifera was successfully established in all 3 site types, so this species can 

be planted in a range of disturbed forest types and ages.  The major area requiring further 
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investigation is longer term survival as the restored Jarrah forest develops.  It is unknown 

if the new Drosera populations can grow large enough tubers to successfully resprout, 

flower and set seed following forest fires.  

 

For all species studied the variation between different plots was sometimes larger than 

the variation between treatments (e.g. Drosera stolonifera forest plantings Figs. 8.20 and 

8.21, bracken spread Fig. 5.8).  The mine rehabilitation environment is quite variable 

between pits.  Those treatments that did emerge as significantly better, did so against this 

background of high inter-site environmental variation, so are considered reliable for 

operational adoption. 

 

8.3  Extension 

 

The finding during the Clematis pubescens study that ex situ tuber size can be influenced 

by growing container size was tested on Xanthorrhoea preissii (Grasstree, 

Xanthorrhoeaceae).  The plants and their tubers being produced at Alcoa’s Marrinup 

Nursery in 2004 were too small, leading to poor field growth and excessive grazing 

damage.  Transferring small seedlings into larger containers dramatically increased ex 

situ shoot and tuber growth (Appendix 6) and produced less palatable leaves.  The 

influence of larger in vivo plants on revegetation establishment success is being 

monitored. 

 

Propagation and revegetation methods were developed for Agrostocrinum scabrum, 

Dianella revoluta and Trichocline spathulata during this thesis. The results were very 

similar to those reported here within so were not seen as adding benefit to the thesis. 

These results will be submitted for publication in a horticultural journal, as the species 

are of great interest for commercial ornamental horticulture. 

 

Operational propagation and revegetation methods were developed for Ranunculus 

colonorum (Native Buttercup, Ranunculaceae) during this study. This work requires 

further development, monitoring and analysis prior to publication. Ranunculus 

colonorum plants produced by both tissue culture and in vivo seed germination are now 

planted in Alcoa’s annual mine rehabilitation. 



275 
 

Orthrosanthus laxus (Iridaceae) was removed from the broadcast seedmix, due to poor 

revegetation establishment (Appendix 7, Table 2).  As this species is present in the pre-

mining forest in low densities it was not included in this thesis investigation. This study 

focused on geophyte species absent from Alcoa’s restored Jarrah forest in 2003 and with 

a high forest density.  In 2010 a new research project investigated the seed germination 

and seedling production of Orthrosanthus laxus, resulting in the production of 37,000 

plants.  The first O. laxus revegetation experiment was established in winter 2011.    

 

The only 3 bulbous geophytes present in the pre-mining forest (Tables 1.1 and 1.3) are 

all members of the Haemodorum genus (blood lilies, Haemodoraceae).  These bulbous 

geophyte species (Haemodorum laxum, H. paniculatum and H. spicatum) showed similar 

propagation and revegetation patterns to the geophytes species reported in this thesis.  

These were believed to establish well in Alcoa’s restored Jarrah forest prior to this study 

as they had in vivo high germination rates. In situ seed germination experiments 

(Appendix 5) indicated that H. laxum seed did have high field germination but 

subsequently died during the first summer drought.  All three species were removed from 

Alcoa’s mine rehabilitation broadcast seedmix and were added to seedling production at 

Marrinup Nursery.  Limited wild Haemodorum species seed can be collected, so ex situ 

seedling production and planting provides a better revegetation outcome from this 

valuable resource. As an extension of this thesis seed germination and seedling 

production methods have been developed for all 3 species. An H. paniculatum 

revegetation experiment was established in winter 2010. 

 

During Clematis pubescens operational plant production a fungal disease (Phoma 

clematidina) was detected, analysed and reported (Golzar et al. 2011) to assist future 

propagation efforts. 

 

As the study species are new to commercial horticulture then transfer of the propagation 

and cultivation methods to the nursery industry is a useful service.  Extension in this area 

is a priority and has so far occurred for Clematis pubescens, the dryland rushes and 

sedges, Agrostocrinum scabrum and Xanthorrhoea preissii.  

 

There are two other companies currently mining in the northern Jarrah forest that have 

already benefited from this study (Boddington Bauxite Mine, BHP Billiton and 
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Boddington Gold Mine, Newmont Mining).  The former has contracted Alcoa’s 

Marrinup Nursery to carry out tissue culture production of 5 dryland rush and sedge 

species, a successful extension to geophytes species beyond those reported here. 

Boddington Bauxite Mine also produced Clematis pubescens by collection and 

germination of ripe seed during 2010, using the information from this current study.  

There are several mining and logging operations in the southern Jarrah forest that impact 

on the geophyte species examined in this study that would benefit from geophyte 

horticulture and ecological restoration information and assistance. 

 

8.4   Future investigations 

 

During this thesis it became apparent how much was unknown about Jarrah forest 

geophytes biology, horticulture and restoration.  For every question posed, investigated 

and answered, several new questions and avenues for research were revealed.  A 

summary of the most promising areas for further investigation follows. 

 

Comparing the Jarrah forest geophytes with other floras geophytes could improve the 

general applicability of the concepts and methods developed in this thesis. It could also 

provide insights for improving the propagation and restoration of Jarrah forest geophytes.  

Of particular interest are comparisons with the biology horticulture, conservation, 

revegetation and restoration of geophytes from other regions with Mediterranean-type 

climates. Sharing and extending this thesis principal concepts and methods will be a 

focus, following completion. 

 

The concepts and methods described in this treatise were developed on widespread 

common species of geophytes, testing these on less common or rare species with more 

specialised resource needs, morphologies, reproductive strategies or life histories should 

reveal further insights. 

 

It would benefit the State of Western Australia if geophyte biology, horticulture, mine 

restoration and conservation in the states semi-arid and tropical northern regions could be 

investigated.  Comparisons with the Jarrah forest geophytes should indicate whether the 

ideas developed in this thesis are applicable to geophytes in other climate types.  
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Ex situ propagation 

 

For geophytes species where sufficient quantities of viable seed can be collected or 

produced every year, then ex situ propagation research should focus on seedling 

production.  Where viable then developing ex situ seed orcharding would reduce the need 

to harvest seed from wild geophytes and provide a more reliable and controllable seed 

supply.  If large quantities of viable seed are available and the species is widespread in 

the undisturbed vegetation then future research should also focus on revealing the 

requirements for in situ seed germination and seedling establishment.  

 

Can we speed up the in vivo production of larger tubers by altering the fertilizer regime 

and growing conditions? This has been successfully demonstrated for Cyclamen 

hederifolium (Mueftueoglu et al. 2009) and could be a cost-effective research area. 

Onion plants treated with smoke-water and butenolide had significantly higher bulb 

diameters and weights than untreated plants (Kulkarni et al. 2010), which will be tested 

on the ex situ Jarrah forest geophytes. The mechanism involved may be mimicking the 

effect of forest fires in wild environments. 

 

The production of in vitro produced wild geophytes tubers for revegetation plantings has 

not been reported in the scientific literature and this may be a fruitful propagation 

research area.  In vitro produced tubers would be lighter and easier to transport to the 

revegetation sites, may prove cheaper to produce than entire seedlings and may have 

higher survival rates.  The ultimate objective would be to sow in vitro produced tubers as 

part of the seedmix broadcast on bauxite mine rehabilitation sites.   

 

In vitro storage organ yield can be increased using plant growth regulators.  For example, 

Gladiolus corm production was doubled by using Chitosan (Ramos-Garcia et al. 2009).  

In vitro produced potato tubers growth and dormancy breaking has long been controlled 

with hormones (Hussey and Stacey 1984, Harvey et al. 1991, Simco 1991, van Ittersum 

and Scholte 1993, Pelacho et al. 1994, Donnelly et al. 2003).  The size of in vitro 

produced Calla Lily plants influenced subsequent in vivo tuber growth (Chen et al. 

2000).  Using hydroponics during acclimatization was an in vivo method for producing 

and harvesting minitubers (Duong et al. 2004).  Before these ex situ produced organs 

could be used for revegetation it would be critical to demonstrate a neutral effect of the 
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production processes on plant genetics, morphology and reproduction.  Drosera 

stolonifera occasionally produces in vitro microtubers in the current production system 

and when put into potting mix these sprout and grow into full size plants.  Investigation 

of Drosera stolonifera in vitro tuber production will follow this current study. 

 

Plant tissue cultures are difficult and expensive to initiate and maintain.  Initiation using 

a range of explants needs testing on Jarrah forest geophytes.  Immature inflorescences or 

ovaries have been use to initiate wild geophytes e.g. Bowiea volubilis (Hannweg et al. 

1996), Doryanthes excelsa (Smith 2000) and Lilium longiflorum (Ramsay and Galitz 

2003). Stem nodes were a successful tissue source for establishing contaminant free 

cultures of two Harpogophytum species (Levielle and Wilson 2002). Miyazaki and Tan 

(2005) regenerated shoot cultures of the Western Australian geophyte Macropidia 

fuliginosa (Black Kangaroo Paw) using stem callus cultures.  For long-term ex situ plant 

production a range of technologies need utilising, including slow-growth culture storage 

and cryopreservation of vegetative organs, seeds, pollen and spores (Drew et al. 2005, 

Ashmore and Drew 2006, Engelmann 2011, Kaczmarczyk 2011).  This is particularly the 

case for those Jarrah forest geophytes with extremely low seed or spore production.  

Developing cryopreservation methods for the study species tissue cultures is a high 

priority; especially Loxocarya cinerea and Pteridium esculentum.  An Australian Federal 

Academic Research Council (ARC) funded project is currently investigating this area. 

 

A recent paper on Taro propagation (Deo et al. 2009) demonstrated successful plant 

production from somatic embryos induced from in vitro cultured underground storage 

organs.  For some geophyte species large numbers of plants can be produced by 

cultivation of embryogenic cultures in bioreactors.  This has recently been demonstrated 

for Cyclamen persicum hybrids (Lyngved et al. 2008).  These two techniques may be 

worth pursuing where large numbers of geophyte species with very low seed production 

are needed for regional scale disturbed land restoration.  The somatic embryogenesis of 

Jarrah forest dryland rushes and sedges is being investigated, but is not reported within 

this thesis, as the focus is on operational development rather than on research.  Somatic 

embryogenesis has the potential to greatly increase in vitro multiplication rates of 

geophytic species that grow too slowly to produce adequate plant numbers for 

revegetation.  Due to the inherent low genetic diversity these technologies should only be 

used for revegetation and restoration as a last resort. 
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Revegetation and restoration 

 

Investigating the optimum storage organ planting depth may improve Jarrah forest 

geophyte restoration results. Storage organ planting depth has been shown to 

significantly affect some geophytes emergence and growth (Hagiladi et al. 1992, Kariuki 

and Kako 1999).  

 

The hypothesis that newly germinated or planted geophytes allocate a higher proportion 

of their first season resources to their underground storage organs is worth measuring 

with the Jarrah forest geophytes. 

 

For American Ginseng (Panax quinquefolius) larger plants with larger tuberous roots had 

greatly increased flower and seed production (Anderson and Loew 2009).  Testing this in 

more detail with the Jarrah forest geophytes will be a priority, especially as the initially 

larger Clematis pubescens had the highest flower and seed production (Chapter 3). 

 

For the optimum ex situ size plants there was no strong reason for concern that the 

propagation processes had reduced plant growth potential.  However in this thesis only 

the above ground sizes of the geophytes planted in mine rehabilitation plant were 

measured and compared with wild plant sizes.  Excavating the tubers and rhizomes of ex 

situ origin geophytes after 5 and 10 years growth in the restored Jarrah forest and 

comparing their size with those from unmined forest plants will provide information on 

their in situ growth since establishment.  

 

Initially high revegetation success rates have been reported to decline after a few years 

(Primack et al. 2009, Godefroid et al. 2011).  This thesis revegetation experiments need 

to be remeasured at year 5, year 10 and after the first prescribed burn or wild fire (at 

least).  By year 10 the legumes will have senesced and the understorey will have light 

levels comparable to unmined forest.  Of special interest is whether competition from the 

vigorous legume understorey reduces the planted geophytes medium term survival, 

growth or reproduction.  Revegetated plants can produce seed, but the seed then fails to 

germinate or the seedlings fail to establish (Primack and Drayton 2011).  For geophyte 

species dominantly reproducing by seed, second generation survival and reproduction in 

the revegetation needs to be confirmed, before they can be considered as truly restored. 
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No supplementary fertiliser was used in any of the revegetation experiments in this 

thesis.  Reliance was placed on the general mine rehabilitation fertiliser, but this wasn’t 

helicopter broadcast until near the end of each planting season.  The effect on 

revegetation survival of applying fertiliser to the nursery crop just prior to planting will 

be tested.  Using water holding polymer gels containing fertilizers may improve planted 

geophytes establishment in revegetation. One such product (Seasol Planting Gel®) was 

tested on two Jarrah forest geophytic sedges in a winter 2010 revegetation experiment.  

Applying slow-release fertilizer pellets to the plants once in the ground may speed 

growth during the crucial first few years of the new vegetation (Burger and Zipper 2002).  

Given that Egler’s (1954) initial floristics composition succession model best describes 

the development of Alcoa’s restored Jarrah forest (Koch and Ward 1994), then it is 

critical to maximise survival and growth in the first few years following planting; before 

competition restricts establishment. 

 

Coating Jarrah forest species seeds with polymers and chemical treatments has produced 

inconsistent results, but does not appear to negatively affect germination and has been 

shown to increase field emergence from 17% to 55% (Turner et al. 2006).  Applying this 

technology to the geophytes in this study may reduce the high revegetation seedling 

losses reported here (e.g. Clematis pubescens). 

 

Mycorrhizae treated plants have recently been shown to produce larger underground 

storage organs than untreated controls (Bolandnazar et al. 2007).  In situ testing of this 

may improve Jarrah forest geophyte field survival and growth.   

 

A review of geophytic orchid self-establishment in Alcoa’s restored upland Jarrah forest 

revealed that one species is failing to self-establish (Collins et al. 2005).  Pyrorchis 

nigricans is a common and widespread fire-responsive orchid species, considered to 

occur in near clonal patches.  Developing ex situ propagation and revegetation methods 

has become a priority.  This would expand the current geophyte research to include the 

Orchidaceae; the largest geophytic family in the Jarrah forest.  Co-encapsulation of 

geophytic orchid seed and their Mycorrhizal partners (Sommerville et al. 2008) may be 

worth testing as a new revegetation method for geophytic Jarrah forest orchids.   
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The influence of native and feral animals on Jarrah forest geophyte distribution, density 

and reproduction requires investigation, as little has been published. The influence of 

feral pigs on Jarrah forest geophyte populations is of particular concern.  Areas of barren 

pig diggings were observed during this study, in locations once rich in geophytic orchids. 

 

In overstocked restored forest (more than 2500 stems/ha) thinning the number of tree 

stems has been tested as an amelioration (Bartle and Slessar 1989, Grant and Koch 2007, 

Grigg and Grant 2009). The aim is to improve catchment water yield (for Perth 

metropolitan drinking water reservoirs) and to return such areas to a desired successional 

condition (Grant 2006).  However the impact of this on the understorey geophytes has 

not been studied and requires investigation. 

 

It became apparent during this investigation that vegetation surveys made in Jarrah forest 

that has not been burnt for several years produce significant underestimates of geophyte 

species densities and presence.  Some of the geophyte species appear to have the ability 

to lie dormant in unburnt forest and then resprout prolifically after forest fires.  Such 

dormancy assists survival in variable environments (Osborne 1981, Orshan 1986, Okubo 

2000).  The estimated pre-mining forest densities of Drosera stolonifera and Ranunculus 

colonorum were increased as a by-product of this thesis.  Both species were observed in 

high numbers in the Dwellingup district following the intense 2007 wildfires, whereas 

prior to this they were considered to be present in low density.  This concept is worth 

investigating for other Jarrah forest geophytes and in other fire-prone ecosystems. 

 

The restored Jarrah forest is resilient to forest fires and prescribed burns by the time there 

is enough fuel to support a fire (Grant and Loneragan 2001, Smith 2001).  The prediction 

that geophyte growth and reproduction will increase post-fire will require monitoring.  

However the effects of fire on geophytes can be complex. For example, habitat burning 

in years with below average rainfall slowed the growth of a geophytic Prairie orchid; 

probably through increased drought stress caused by litter removal.  Conversely, in a 

wetter than average year litter layer removal by burning, increased plant growth in the 

following year (Pleasants 1994).  Burning can thus affect plant growth for at least two 

years post-burn so repeat monitoring will be required.   
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All plants in the revegetation experiments grew in the absence of a protective litter layer. 

Planting Drosera stolonifera in litter-rich forest sites did not confer any advantage or 

disadvantage compared to the bare mine rehabilitation sites.  For all other Jarrah forest 

geophyte species it is unknown if the absence of a litter layer has a negative, positive or 

neutral effect on plant survival and growth.   

 

Producing artificial sods containing multiple species is a new concept (Stott et al. 2010), 

that may be an effective way to establish geophytes, but the impact of summer drought 

and controlling grazing would both need to be considered. 

 

Mapping the underground storage organs distribution, measuring their biomass and 

estimating spread rates would reveal the full scale of the geophytes within the upland 

Jarrah forest.  This would assist in quantifying geophytes value in both modifying and 

protecting forest and restoration soils.  Measuring each geophyte species underground 

storage organs age would reveal whether the plants are very long lived.  Preliminary 

investigations indicated such studies would require very large resources. 

 

Establishing nursery propagated plants in revegetation sites is one form of artificial plant 

dispersal (Wallin et al. 2009) and the effect of this on the planted geophytes population 

genetics, plant reproduction and long term sustainability warrants future investigation. 

 

Loxocarya cinerea provenance genetics needs investigation.  This rush is believed to be 

very long lived and clonal over large areas (hinted at by the extreme rarity of seed 

production and multi-hectare patches of male plants alone).  However, a recent report for 

a purportedly clonal Restionaceae species indicated that occasional sexual reproduction 

was contributing to higher than expected genetic variation (Sinclair et al. 2010).   

 

Before the Trichocline spathulata (Native gerbera) revegetation research can be 

publicized it requires a pollination, reproduction and seed dispersal study to help reveal 

why it is recalcitrant in Alcoa’s bauxite mine rehabilitation.  It is surprising that such a 

widespread large daisy doesn’t produce significant quantities of viable seed. 

 

It was postulated that Jarrah forest geophyte species underground storage organs may not 

survive dessication during summer dry soil movement and this accounts for their low 
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establishment rate in bauxite mine rehabilitation via topsoil transfer.  This needs to be 

investigated in detail.  An alternative proposal was to translocate wild plants during the 

wet season.  In a recent experiment the only geophyte to show a positive response to 

winter soil movement was Pteridium esculentum (Norman and Koch 2007). 

 

Understanding how climate change will affect Jarrah forest geophyte restoration is a 

research priority.  Rainfall in the northern Jarrah forest has steadily declined by 21 to 24 

mm per decade during the last 100 years (Gallant et al. 2007).  All the study species also 

occur well inland and to the north of the Jarrah forest; regions with significantly lower 

rainfall and higher average temperatures.  These geophytes may be preferentially suited 

to drier, warmer conditions, increasing their restoration value during a period of 

declining rainfall.  While this suggests their mine rehabilitation establishment rates 

should not reduce (at least in the near future) this does warrant monitoring.   

 

Vaughn and Young (2010) recently highlighted that few restoration experiments are 

replicated over separate years.  While the current studies phenology, seed germination 

and tissue culture work had replication over 2 or more years, the revegetation trials did 

not.  The species revegetation experiments were established in different years, which had 

advantages but reduced the ability to compare species performances.  Big variations in 

annual rainfall distribution (chapter 1) were of concern during these studies.  Repeating a 

multi-species geophyte revegetation experiment during a wet year, an average rainfall 

year and a drought year may reveal to what extent annual rainfall variations affect ex situ 

produced geophytes revegetation.  An alternate approach would be to test the effect of a 

range of artificial irrigation applications on establishment, growth and reproduction. 

 

Ecological restoration outcomes are being improved by the increased application of 

ecological physiology research methods (Chown et al. 2004, Carey 2005, Ehleringer and 

Sandquist 2006, Grigg et al. 2010).  This approach has been shown to benefit geophyte 

restoration (Iannone and Galatowitch 2008).  Ecological physiology measurements 

should also be used to assess restoration sustainability (Cooke and Suski 2008).  Such 

studies are required to improve Jarrah forest geophyte restoration.  The large scale 

geophyte propagation and revegetation systems developed here will facilitate a range of 

in situ ecophysiological, reproductive and ecological studies on the new populations. 
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8.5   Conclusion    

 

This study highlighted geophytes significance in the pre-mining forest and their 

deficiency in the restored Jarrah forest established on rehabilitated bauxite mines.   

 

As a result of the research reported here 10 species of geophytes that were previously 

absent in the post-mining restored Jarrah forest have been successfully re-introduced.   

 

These are the first known reports of successful propagation and disturbed land 

revegetation for four species of Jarrah forest geophytes: Clematis pubescens, Pteridium 

esculentum, Drosera erythrorhiza and D. stolonifera.  These are also the first reports of 

successful commercial propagation and large scale disturbed land revegetation of six 

Jarrah forest geophytic rush and sedge species: Hypolaena exsulca, Lepidosperma 

squamatum, L. tenue, Loxocarya cinerea, Tetraria capillaris and T. octandra.  

 

The major hypothesis tested was that the size of the underground storage organs 

produced ex situ would be critical for successful in situ revegetation.  A related concept 

was that the size of geophytes underground storage organs could be manipulated during 

ex situ propagation to ensure maximum revegetation success.  These hypotheses were 

demonstrated with Clematis pubescens and Pteridium esculentum. 

 

The initially-large-size Clematis pubescens had high revegetation survival during the first 

3 years and then commenced sexual reproduction.  Over the same time period the area 

cover of the initially-large-size Pteridium esculentum increased 30 fold, but only one 

replicates plants produced spores.  While using different strategies both Clematis 

pubescens and Pteridium esculentum populations were considered to have achieved self-

sustaining ‘species restoration’ (as defined in Chapter 1). 

 

The other revegetated geophyte species had stable population sizes at the end of their 

monitored period, but either hadn’t expanded in area enough or hadn’t reproduced. 

Further monitoring of these species will be required to assess their long term survival and 

reproduction in the restored Jarrah forest.  A crucial test will be all species ability to 

recover after forest fires. 

 



285 
 

Jarrah forest rush and sedge species with low wild seed production and slow growth were 

cost-effectively propagated by a combination of tissue culture production and subsequent 

in vivo divisions.  First year revegetation survival was high for all species. 

 

A novel large scale in vitro propagation system was invented for Pteridium esculentum, 

using gametophyte cultures to generate sporophytes for revegetation.  DNA analysis 

indicated that Pteridium esculentum population genetic diversity is very low in the south 

west of Western Australia.  For revegetation projects it was recommended that 

propagation starter materials come from a minimum of 5 individual plants, which are at 

least 5 kilometres apart. 

 

By using a combination of in vitro and in vivo seed germination and propagation research 

ex situ plant production systems were developed for Drosera stolonifera and D. 

erythrorhiza.  Revegetation survival after 3 years was high for both species, with steadily 

increasing flowering indicating the new populations may be sustainable. 

 

The study species are now planted into Alcoa’s entire annual bauxite mine rehabilitation 

area.  Geophyte production gathered pace during this study with a total of 492,820 plants 

produced at Alcoa’s Marrinup Nursery and planted in 3,722.3 hectares of bauxite mine 

rehabilitation; an average 132 plants per hectare (winter 2004 to winter 2010 plantings).   

 

As a result of this research and its extension ex situ geophyte propagation and 

revegetation now supplies 8.5% of the biodiversity of Alcoa’s restored Jarrah forests (18 

species).  Geophyte species are now well represented in the restored Jarrah forest. 

 

A thorough knowledge of previous and current research into the biology, horticulture and 

ecological restoration of wild geophytes has been absorbed.  A range of useful whole 

plant study, propagation and revegetation concepts and methods have been developed.  

These are well suited for testing on other Jarrah forest geophytes and on geophytes in 

other regions.  Further geophyte species propagation and revegetation experiments are 

underway. Transferring information to external groups has been a priority during the 

study, to facilitate widespread testing and improvement of the findings.  The ultimate 

objective is to increase the appreciation and protection of wild geophytes. 
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Appendix 1:  Geophytes of the upland northern Jarrah forest (70 species) 

The flora impacted by Alcoa of Australia’s bauxite mining operations 

 2000 to 2005 

Family Species  Storage Organ 

Anthericaceae Agrostocrinum scabrum Root tuber 
Anthericaceae Chamaescilla corymbosa Root tuber 
Anthericaceae Dichopogon capillipes Root tuber 
Anthericaceae Johnsonia lupulina Root tuber 
Anthericaceae Ptilotus drummondii Root tuber 
Anthericaceae Thysanotus dichotomus Root tuber 
Anthericaceae Thysanotus fastigiatus Root tuber 
Anthericaceae Thysanotus multiflorus Root tuber 
Anthericaceae Thysanotus sparteus Root tuber 
Anthericaceae Thysanotus thyrsoides Root tuber 
Anthericaceae Tricoryne elatior Root tuber 
Anthericaceae Tricoryne humilis Root tuber 
Apiaceae Pentapeltis peltigera Root tuber 
Asteraceae Trichocline spathulata Root tuber 
Colchicaceae Burchardia conjesta Root tuber 
Colchicaceae Wurmbea dioica Corm 
Cyperaceae Cyathochaeta avenacea Rhizome 
Cyperaceae Lepidosperma gracile Rhizome 
Cyperaceae Lepidosperma leptostachyum Rhizome 
Cyperaceae Lepidosperma squamatum Rhizome 
Cyperaceae Lepidosperma tenue Rhizome 
Cyperaceae Mesomelaena graciliceps Rhizome 
Cyperaceae Tetraria capillaris Rhizome 
Cyperaceae Tetraria octandra Rhizome 
Dennstaedtiace Pteridium esculentum Rhizome 
Droseraceae Drosera bulbosa Stem tuber 
Droseraceae Drosera erythrorhiza Stem tuber 
Droseraceae Drosera glanduligera Stem tuber 
Droseraceae Drosera macrantha Stem tuber 
Droseraceae Drosera menziesii Stem tuber 
Droseraceae Drosera microphylla Stem tuber 
Droseraceae Drosera pallida Stem tuber 
Droseraceae Drosera platystigma Stem tuber 
Droseraceae Drosera pulchella Stem tuber 
Droseraceae Drosera stolonifera Stem tuber 
Haemodoraceae Haemodorum laxum Bulb 
Haemodoraceae Haemodorum paniculatum Bulb 
Haemodoraceae Haemodorum spicatum Bulb 
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Family Species  Storage Organ 

Iridaceae Orthrosanthus laxus Stem tuber 
Iridaceae Patersonia babianoides Stem tuber 
Iridaceae Patersonia occidentalis Stem tuber 
Iridaceae Patersonia pygmaea Stem tuber 
Iridaceae Patersonia rudis Stem tuber 
Lindsaeaceae Lindsaea linearis Rhizome 
Orchidaceae Caladenia flava Root tuber 
Orchidaceae Caladenia macrostylis Root tuber 
Orchidaceae Cryptostylis ovata Root tuber 
Orchidaceae Cyanicula sericea Root tuber 
Orchidaceae Cyrtostylis robusta Root tuber 
Orchidaceae Diuris longifolia Root tuber 
Orchidaceae Eriochilus dilatatus Root tuber 
Orchidaceae Lyperanthus serratus Root tuber 
Orchidaceae Microtis media Root tuber 
Orchidaceae Pterostylis nana Root tuber 
Orchidaceae Pterostylis recurva Root tuber 
Orchidaceae Pterostylis vittata Root tuber 
Orchidaceae Pyrorchis nigricans Root tuber 
Orchidaceae Thelymitra crinita Root tuber 
Orchidaceae Thelymitra macrophylla Root tuber 
Phormiaceae Dianella revoluta Rhizome 
Polygalaceae Comesperma calymega Root tuber 
Polygalaceae Comesperma virgatum Root tuber 
Ranunculaceae Clematis pubescens Root tuber 
Ranunculaceae Ranunculus colonorum Root tuber 
Restionaceae Hypolaena exsulca Rhizome 
Restionaceae Loxocarya cinerea Rhizome 
Restionaceae Loxocarya fasciculata Rhizome 
Xanthorrhoeace Xanthorrhoea gracilis Root tuber 
Xanthorrhoeace Xanthorrhoea preissii Root tuber 
Zamiaceae Macrozamia riedlei Root tuber 
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Appendix 2:  Non-Geophytes of the upland northern Jarrah forest 

(143 species) 

The flora impacted by Alcoa of Australia’s bauxite mining operations  

2000 to 2005 

 

Family Species  

Apiaceae Daucus glochidiatus 
Apiaceae Hydrocotyle callicarpa 
Apiaceae Platysace compressa 
Apiaceae Platysace tenuissima 
Apiaceae Trachymene pilosa 
Apiaceae Xanthosia atkinsoniana 
Apiaceae Xanthosia candida 
Apiaceae Xanthosia ciliata 
Apiaceae Xanthosia huegelii 
Asteraceae Lagenifera huegelii 
Asteraceae Millotia tenuifolia 
Asteraceae Senecio hispidulus 
Caesalpiniaceae Labichea punctata 
Casuarinaceae Allocasuarina fraseriana 
Dasypogonaceae Lomandra brittanii 
Dasypogonaceae Lomandra caespitosa 
Dasypogonaceae Lomandra drummondii 
Dasypogonaceae Lomandra hermaphrodita 
Dasypogonaceae Lomandra integra 
Dasypogonaceae Lomandra micrantha 
Dasypogonaceae Lomandra nigricans 
Dasypogonaceae Lomandra odora 
Dasypogonaceae Lomandra preissii 
Dasypogonaceae Lomandra purpurea 
Dasypogonaceae Lomandra sericea 
Dasypogonaceae Lomandra sonderi 
Dasypogonaceae Lomandra spartea 
Dilleniaceae Hibbertia acerosa 
Dilleniaceae Hibbertia amplexicaulis 
Dilleniaceae Hibbertia commutata 
Dilleniaceae Hibbertia glomerata 
Dilleniaceae Hibbertia ovata 
Dilleniaceae Hibbertia quadricolor 
Dilleniaceae Hibbertia racemosa 
Dilleniaceae Hibbertia silvestris 
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Family Species  

Epacridaceae Andersonia latiflora 
Epacridaceae Astroloma ciliatum 
Epacridaceae Leucopogon capitellatus 
Epacridaceae Leucopogon nutans 
Epacridaceae Leucopogon oxycedrus 
Epacridaceae Leucopogon propinquus 
Epacridaceae Leucopogon verticillatus 
Epacridaceae Styphelia tenuiflora 
Euphorbiaceae Monotaxis grandiflora 
Euphorbiaceae Monotaxis occidentalis 
Euphorbiaceae Phyllanthus calycinus 
Euphorbiaceae Stachystemon vermicularis 
Goodeniaceae Dampiera linearis 
Goodeniaceae Goodenia eatoniana 
Goodeniaceae Lechenaultia biloba 
Goodeniaceae Scaevola calyptera 
Haemodoraceae Conostylis serrulata 
Haemodoraceae Conostylis setigera 
Haemodoraceae Conostylis setosa 
Haloragaceae Gonocarpus benthamii 
Lamiaceae Hemigenia rigida 
Lauraceae Cassytha glabella 
Lauraceae Cassytha racemosa 
Lobeliaceae Isotoma hypocrateriformis 
Lobeliaceae Lobelia gibbosa 
Loganiaceae Logania serpyllifolia 
Mimosaceae Acacia alata 
Mimosaceae Acacia drummondii 
Mimosaceae Acacia lateriticola 
Mimosaceae Acacia pulchella 
Mimosaceae Acacia urophylla 
Mimosaceae Acacia varia 
Mimosaceae Acacia willdenowiana 
Myrtaceae Calothamnus quadrifidus 
Myrtaceae Corymbia calophylla 
Myrtaceae Eucalyptus marginata 
Myrtaceae Eucalyptus patens 
Myrtaceae Hypocalymma angustifolia 
Myrtaceae Hypocalymma robustum 
Myrtaceae Kunzea recurva 
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Family Species  

Papilionaceae Bossiaea aquifolium 
Papilionaceae Bossiaea laidlawiana 
Papilionaceae Bossiaea ornata 
Papilionaceae Chorizema rhombeum 
Papilionaceae Daviesia costata 
Papilionaceae Daviesia decurrens 
Papilionaceae Daviesia physodes 
Papilionaceae Daviesia preisii 
Papilionaceae Gompholobium capitatum 
Papilionaceae Gompholobium confertum 
Papilionaceae Gompholobium marginatum 
Papilionaceae Gompholobium polymorphum 
Papilionaceae Gompholobium preissii 
Papilionaceae Hovea chorizemifolia 
Papilionaceae Hovea trisperma 
Papilionaceae Kennedia coccinea 
Papilionaceae Mirbelia dilatata 
Papilionaceae Sphaerolobium medium 
Pittosporaceae Billardiera floribunda 
Pittosporaceae Billardiera variifolia 
Pittosporaceae Pronaya fraseri 
Pittosporaceae Sollya heterophylla 
Poaceae Agrostis avenacea 
Poaceae Amphipogon amphipogonoides 
Poaceae Austrodanthonia caespitosa 
Poaceae Danthonia setacea 
Poaceae Tetrarrhaena laevis 
Proteaceae Adenanthos barbiger 
Proteaceae Banksia grandis 
Proteaceae Conospermum flexuosum 
Proteaceae Dryandra lindleyana 
Proteaceae Dryandra nivea 
Proteaceae Dryandra sessilis 
Proteaceae Grevillea quercifolia 
Proteaceae Grevillea synaphea 
Proteaceae Hakea amplexicaulis 
Proteaceae Hakea lissocarpha 
Proteaceae Hakea ruscifolia 
Proteaceae Persoonia elliptica 
Proteaceae Persoonia longifolia 
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Family Species  

Rhamnaceae Trymalium floribundum 
Rhamnaceae Trymalium ledifolium 
Rubiaceae Opercularia apiciflora 
Rubiaceae Opercularia echinocephala 
Rubiaceae Opercularia hispidula 
Rutaceae Boronia crenulata 
Rutaceae Boronia fastigiatus 
Rutaceae Philotheca spicata 
Santalaceae Leptomeria cunninghamii 
Stackhousiaceae Stackhousia monogyna 
Stackhousiaceae Tripterococcus brunonis 
Sterculiaceae Lasiopetalum floribundum 
Sterculiaceae Lasiopetalum glabratum 
Sterculiaceae Thomasia pauciflora 
Stylidiaceae Levenhookia pusilla 
Stylidiaceae Stylidium amoenum 
Stylidiaceae Stylidium brunonianum 
Stylidiaceae Stylidium calcaratum 
Stylidiaceae Stylidium diuroides 
Stylidiaceae Stylidium hispidum 
Stylidiaceae Stylidium junceum 
Stylidiaceae Stylidium piliferum 
Stylidiaceae Stylidium schoenoides 
Thymelaceae Pimelia suavoelens 
Thymelaceae Pimelia sylvestris 
Tremandraceae Tetratheca hirsuta 
Violaceae Hybanthus debilissimus 
Violaceae Hybanthus floribundus 
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Appendix 3:  In vivo seed and spore germination data for the 70  geophyte 

species in the upland Jarrah forest mined by Alcoa, as at September 2003 

 
(data from Koch and Taylor [2000b] and the Marrinup Nursery propagation 
database May 2000 to September 2003) 

  

Family Species  

Germination 
% 

(Average) 

No. of 
Tests 

Anthericaceae Agrostocrinum scabrum 0.13 11 
Anthericaceae Chamaescilla corymbosa 46.01 8 
Anthericaceae Dichopogon capillipes 28.77 16 
Anthericaceae Johnsonia lupulina 0 1 
Anthericaceae Ptilotus drummondii 2.42 15 
Anthericaceae Thysanotus dichotomus - 0 
Anthericaceae Thysanotus fastigiatus 1.30 10 
Anthericaceae Thysanotus multiflorus 1.41 10 
Anthericaceae Thysanotus sparteus 0 1 
Anthericaceae Thysanotus thyrsoides 5.0 4 
Anthericaceae Tricoryne elatior 0 1 
Anthericaceae Tricoryne humilis - 0 
Apiaceae Pentapeltis peltigera 0 5 
Asteraceae Trichocline spathulata 3.39 5 
Colchicaceae Burchardia conjesta 44.44 6 
Colchicaceae Wurmbea dioica 66.07 1 
Cyperaceae Cyathochaeta avenacea 55.22 2 
Cyperaceae Lepidosperma gracile - 0 
Cyperaceae Lepidosperma leptostachyum - 0 
Cyperaceae Lepidosperma squamatum 0.22 2 
Cyperaceae Lepidosperma tenue 0 1 
Cyperaceae Mesomelaena graciliceps 0 1 
Cyperaceae Tetraria capillaris 0 1 
Cyperaceae Tetraria octandra 0 1 
Dennstaedtiace Pteridium esculentum - 0 
Droseraceae Drosera bulbosa - 0 
Droseraceae Drosera erythrorhiza 0 1 
Droseraceae Drosera glanduligera - 0 
Droseraceae Drosera macrantha 0.93 2 
Droseraceae Drosera menziesii - 0 
Droseraceae Drosera microphylla - 0 
Droseraceae Drosera pallida - 0 
Droseraceae Drosera platystigma - 0 
Droseraceae Drosera pulchella - 0 
Droseraceae Drosera stolonifera 5.67 1 
Haemodoraceae Haemodorum laxum 79.88 17 
Haemodoraceae Haemodorum paniculatum 39.44 16 
Haemodoraceae Haemodorum spicatum 43.57 2 
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Family Species  

Germination 
% 

(Average) 

No. of 
Tests 

Iridaceae Orthrosanthus laxus 5.37 4 
Iridaceae Patersonia babianoides - 0 
Iridaceae Patersonia occidentalis 4.07 10 
Iridaceae Patersonia pygmaea 0 1 
Iridaceae Patersonia rudis 0 1 
Lindsaeaceae Lindsaea linearis - 0 
Orchidaceae Caladenia flava 0 1 
Orchidaceae Caladenia macrostylis - 0 
Orchidaceae Cryptostylis ovata - 0 
Orchidaceae Cyanicula sericea - 0 
Orchidaceae Cyrtostylis robusta - 0 
Orchidaceae Diuris longifolia - 0 
Orchidaceae Eriochilus dilatatus - 0 
Orchidaceae Lyperanthus serratus - 0 
Orchidaceae Microtis media - 0 
Orchidaceae Pterostylis nana - 0 
Orchidaceae Pterostylis recurva - 0 
Orchidaceae Pterostylis vittata - 0 
Orchidaceae Pyrorchis nigricans - 0 
Orchidaceae Thelymitra crinita 0 1 
Orchidaceae Thelymitra macrophylla - 0 
Phormiaceae Dianella revoluta 0.42 10 
Polygalaceae Comesperma calymega 8.67 3 
Polygalaceae Comesperma virgatum 4.95 2 
Ranunculaceae Clematis pubescens 14.25 13 
Ranunculaceae Ranunculus colonorum - 0 
Restionaceae Hypolaena exsulca - 0 
Restionaceae Loxocarya cinerea - 0 
Restionaceae Loxocarya fasciculata - 0 
Xanthorrhoeace Xanthorrhoea gracilis 36.18 34 
Xanthorrhoeace Xanthorrhoea preissii 44.41 37 
Zamiaceae Macrozamia riedlei 33.89 3 

Average of the 40 species tested 12.3  

 

The routine germination testing consisted of 3 replicates of 50 seed sown in Jarrah forest 

topsoil, placed in a greenhouse at 20° Celsius +/- 3° and monitored for 40 days. 
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Appendix 4:  Bracken (Pteridium esculentum) AFLP data matrices 

4a. Te AFLP Data Matrix 

Marker Fern (F) sample number 
(band) F2 F7 F20 F21 F23 F24 F27 F29 F31 F32 F37 F38 F41 F45 F48 F50 F11 F17 F71 F89 FJK 

99 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
102 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
103 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
112 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
113 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
115 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
117 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
118 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
120 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
128 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
130 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
133 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 
136 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
138 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
158 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 
161 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
166 1 0 0 1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 1 0 
167 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
170 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 
177 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
182 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
184 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
190 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
193 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 
203 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
206 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
215 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
217 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 
229 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
233 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 
240 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
245 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
251 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
254 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
259 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 
264 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 
266 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
282 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
286 1 0 0 0 0 1 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 
290 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 
300 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
303 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
313 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
337 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
362 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
367 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 
374 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
377 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
383 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
386 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 
399 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
402 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
419 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 
431 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
448 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 
454 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 
463 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
466 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 
475 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
488 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
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Appendix 5:  Effect of benzoic acid on geophyte seed germination in 

bauxite mine rehabilitation. 

 

Alcoa of Australia Internal Memorandum 11th January 2008. 

 

 

Summary 

 

Seeds of four geophyte plant species were treated with benzoic acid (Clematis pubescens, 

Orthrosanthus laxus, Chamaescilla corymbosa and Haemodorum laxum).  Benzoic acid 

(BZA) is a salicylic acid analog.  Salicylic acid treatment is hypothesised to help plants 

survive drought stress (Seneratna et al. 2000).  The treated seed and untreated control 

seed were sown in 3 replicate plots in new mine rehabilitation on the 3rd

 

 of August 2006 

(the winter wet season).  The plots were monitored for germination during winter and 

spring, then for subsequent seedling survival following the ensuing summer drought.   

Benzoic acid treated seeds did not have significantly increased germination rates.  There 

was a slight increase for Haemodorum laxum, believed to be due to the high potassium 

content of the benzoic acid solution. 

Field survival was poor for seedlings that grew from both treated and untreated seed.           

Germinants of all four geophyte species died off during the summer drought, as 

predicted. There was a reduction in plant numbers for Clematis pubescens and 

Chamaescilla corymbosa after the summer drought.  Orthrosanthus laxus and 

Haemodorum laxum both demonstrated delayed germination, with new seedlings 

emerging 10 months after sowing. 

 

The working hypothesis is that the new seedlings were not able to grow a large enough 

tuber prior to the annual drought commencing.   

Geophytes die back to soil level during the dry season, then the plants resprout from their 

tubers once the wet season rains commence. 

 

This trial was further evidence that some geophytes are not suited for inclusion in the 

broadcast seed mix.  It was recommended that these four species be removed from the 

broadcast seedmix, until the field germination and survival rates can be improved. 
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It was recommended that nursery propagation research commence for these four species; 

with the aim of adding them to the annual recalcitrant planting program.  The 

recommendation was to trial the production of plants at the nursery by germinating seed 

and then transferring the seedlings into deep pots. This would allow the growth of large 

enough tubers to keep the plants alive during the annual summer drought.  

 

Methodology 

 

The control seed was untreated wild collected seed, as used for operational broadcast 

seeding of the bauxite mine rehabilitation. 

 

The benzoic acid treated seed was soaked for 24 hours in 0.5 mM potassium salicylate (K 

salt of 2-hydroxy benzoic acid) solution. 

 

4 blocks of 100 seed were sown per replicate, per treatment, for each species.  

Each block was a 1m² area of fresh rehabilitation soil, with pegs in each corner. 

3 replicates were sown: Keltee 2, Keltee Haul road and White road 1 (rehabilitated 

bauxite mine pits at Huntly Mine). 

 

The germination and establishment % values and the 12 month germination and survival 

% values represent the average number of seedlings present on the date of monitoring.    

 1200 seeds were sown in total per treatment, for each species. 
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Results 
 
Table 1  Effect of benzoic acid treatment on seed germination and seedling survival of 
four geophyte species, sown in bauxite mine rehabilitation.  

 
          1a Clematis pubescens                                      1b  Chamaescilla corymbosa  

 
          1c Orthrosanthus laxus                                        1d  Haemodorum laxum  
 
Figure 1 Benzoic acid treated seed experiment: Seedling establishment after 12 months. 
 

 

 
Species 

Treated Seed 

Germination & 
establishment % 

1st spring 
(Average) 

Control Seed 

Germination & 
establishment % 

1st spring 
(Average) 

Treated Seed 

Germination & 
survival % 
12 months 
 (Average) 

Control Seed 

Germination & 
survival % 
12 months 
 (Average) 

Clematis pubescens 1.42 1.83 1.25 0.25 

Orthrosanthus laxus 0 0 0.17 0.25 

Chamaescilla corymbosa 1.83 5.75 0.08 2.33 

Haemodorum laxum 0.33 0 3.58 0 
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Discussion 

 

Benzoic acid treatment had no significant effect on Clematis pubescens, Orthrosanthus 

laxus, Chamaescilla corymbosa or Haemodorum laxum germination and survival. 

Benzoic acid treatment had a slightly negative (but non significant effect) on 

Chamaescilla corymbosa.  Benzoic acid treatment had a slightly positive (but non 

significant effect) on Haemodorum laxum. There was further germination of 

Haemodorum laxum seed in late autumn, 10 months after sowing, one month after the 

wet season had started. 

Orthrosanthus laxus didn’t germinate for 10 months, until after the following wet season 

had started. 

 

The Keltee Haul road replicate had much better germination and survival than the other 

two replicates (Keltee2 and White road1).  The Keltee Haul road site was considered to 

have wetter soil (e.g. as indicated by greater moss growth and adjacent ponded water 

during winter). 

 
 

    

Figure 2 Left: Chamaescilla corymbosa seedlings (control plot)   Right: Keltee2 replicate plot 

 
 

 

References 
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Appendix 6: Effect of in vivo container size on Xanthorrhoea preissii 

(Grasstree) tuber and shoot sizes. 

 

Introduction 

 

The ability of the in vivo growing container size to control ex situ plant shoot and 

underground storage organ sizes was tested with Xanthorrhoea preissii (Grasstree, 

Balga). This was an extension of the experiments conducted on Pteridium esculentum 

and Clematis pubescens. 

 

Xanthorrhoea preissii (Endl.) is a long-lived understorey species of the upland northern 

Jarrah forest.  It grows over 3 m tall with a fire blackened trunk (caudex) that has a large 

mass of grass-like leaves at the top (Marchant et al. 1987).  X. preissii has been aged at 

over 300 years (Lamont and Downes 1979).   

 

Western grey kangaroos (Macropus fuliginosus) graze on wild plants (Rafferty 1999) and 

were targeting the small ex situ origin plants being established in Alcoa’s bauxite mine 

rehabilitation.  X. preissii seedlings were being grown from seed at Alcoa’s Marrinup 

nursery.  Seed germination averaged 36% (Bell et al. 1993, Koch and Taylor 2000) with 

optimum germination at 15 oC in the dark (Bell et al. 1995).  Seedlings were being grown 

in small fibre pots (Fertil® fibre pots, 68 cc) (Fig.1) for 9 months to one year and then 

planted during the winter wet season, with a plastic mesh tube used to reduce the impact 

of grazing.  It was proposed that the severe grazing of the small ex situ origin plants 

could be reduced if larger, older and tougher ex situ plants could be produced.   

. 

Methods and Materials 
 

Seed was sown into 3 different size pots. The potting mix was fine pine bark: coarse river 

sand: perlite at 2:1:1, with 13 kg of 9 month slow release Macrocote® fertiliser per m³ of 

mix and pH at 6.0.  The three pot types and sizes were large (Spring-Ring® plastic pots, 

5,090 cc, 180 mm x 180 mm x 200 mm deep), medium (Masrac® plastic Olive pots 900 

cc, 82mm x 82 mm x 180mm deep) and small (Fertil® fibre pots, 68 cc, 42mm x  42mm 

x 45mm deep).  The seedlings were grown in the nursery for 15 months and then 10 

plants from each pot size were measured.  
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Results and Discussion 

 

Xanthorrhoea preissii seedlings were grown in a range of containers and the size of the 

resulting tubers and above ground vegetation was controlled by the container volume 

(Table 1). 

 

If seedlings were left in the small 68 cc Fertil® pots then there was little new growth after 

the first year.  After 15 months all in vivo Xanthorrhoea plants had developed functional 

root tubers (Fig. 1a and 1c) but the size and number varied depending on the growing 

container volume.  Seedlings grown in the larger Olive and Spring-ring® pots had both 

larger and more numerous tubers (Table 1).   They also had longer and more numerous 

leaves (Table 1).  The differences in growth due to container size became even greater 

after 3 or 4 years of ex situ growth (Fig. 1d and 1e). 

 

 

Table 1. Effect of in vivo container size on the size of same age X. preissii plants 15 
months after sowing in the nursery. N = 10 (Means ± SE).  Within rows, values with 
different letters are significantly different at P = 0.05. 
 

 Container type and volume 

 
Measure 

Fertil®  
68 cc 

70mm  
440 cc 

Olive  
900 cc 

Spring-ring® 
5090 cc 

Base diam (mm) 3.4 ± 0.3c 4.4 ± 0.4c 8.1 ± 0.7b 10.3 ± 0.5a 

Number of leaves 4.4 ± 0.3b 4.7 ± 0.4b 11.0 ± 1.9a  12.7 ± 0.7a 

Leaf width (mm) 1.0 ± 0c 1.2 ± 0.1c 1.9 ± 0.1b 2.4 ± 0.1a 

Leaf length (mm) 235 ± 9a 233 ± 16a 369 ± 20b 446 ± 19c 

Top dry wt (mg) 335 ± 70c 435 ± 55c 1905 ± 472b 3405 ± 432a 

Tuber dry wt (mg) 73 ± 17b 221 ± 72b 833 ± 198a 884 ± 242a 

Number of tubers 4.4 ± 0.3b 4.7 ± 0.4b 11.0 ± 1.9a  12.7 ± 0.7a 
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Figure 1 (A) 15 month old X. preissii seedling in a 68 cc fertil® fibre pot, with a mesh kangaroo 
grazing protection tube.  The mesh and pot are planted together to the depth of the top of the 
pot.  A root tuber is emerging from the bottom of the pot. (B) 15 month old X. preissii plants in a 
Spring-Ring® pot (left) and an Olive pot (right) and (C) their tubers. (D)The root tubers of a 3 
year old plant of X. preissii (grown ex situ in a 2660 cc polyethylene bag(E). Wild grasstrees (F). 
 

A

B

C
D

E F
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It was postulated that in the absence of grazing protection these larger X. preissii plants 

would have higher survival in bauxite mine rehabilitation than the smaller plants.  Their 

larger root tubers when planted (compared to the smaller plants tubers) should increase 

the larger plants ability to survive and resprout following grazing and the summer 

drought.  

 

The full report on Xanthorrhoea preissii horticulture and the revegetation establishment 

results will be published as: 

 
Koch, J. and Willyams, D. (2011). Re-establishment of Grasstrees (Xanthorrhoea 

preissii) in rehabilitated bauxite mines in the Jarrah forest of south-west Western 
Australia. Alcoa of Australia Research Bulletin. 
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Appendix 7: Geophyte seed added to the mine rehabilitation broadcast 

seedmix isn’t producing many surviving plants . 

 

Alcoa of Australia Internal Memorandum,  26th May 2006.  David Willyams. 
 

 

Summary 

The key message is that for most geophyte species added to the mine rehabilitation 
seedmixes the seed hasn’t been producing many (or any) surviving plants in the 15 month 
Botanical Monitoring. 

There is a considerable cost saving involved if we cease adding seed to the broadcast 
seedmix of geophyte species where there are nil or very low numbers of plants recorded 
during the 15 month Botanical Monitoring. 

For many of these species seed supply is limited and expensive.  As we are getting few 
surviving plants in the mine rehabilitation then this precious resource is not being used 
effectively. 

It is recommended that we investigate this further,  with the possibility of producing these 
geophytes by germinating the seed at Marrinup Nursery and planting seedlings with well 
developed tubers, rhizomes, bulbs or corms. 

 
Background and Method 

The deciduous geophyte species die back above the ground during summer and survive 
until the winter rains as a dormant underground storage organ.  

The seed may germinate well in the nursery but germinate at a lower level in mine 
rehabilitation.  The seedlings that do emerge during the winter wet season appear to often 
fail to survive the subsequent summer dry season.  This is considered to be due to 
insufficient tuber development to allow survival over summer.  This has been 
demonstrated for Clematis pubescens.   

The question was asked if this concept was applicable to other deciduous and semi-
deciduous geophyte species being added to the broadcast seedmixes.  Three databases 
were searched for data on all other geophyte species in the understorey seedmix (Alcoa 
seed database: MNP, Alcoa plant propagation database: MNP and the Mine 
Rehabilitation database: HU).  A new table of summary data was created. 

 
The raw summary data is in the worksheet : ‘SeedQuantity vs Plant S%-Summary’ in the 
Excel file: ‘geophyte species summary 2000-2004 SeedQ & rehab S%.xl. 

After discussion of what parameters are of most use for decision making, further 
summary tables can be produced for wider circulation. 

The species code names in Table 1 and 2 are listed fully in Table 3. 

 



364 
 

Results and Discussion 

The key columns in tables 1 and 2 are the “expected number of plants per hectare” and 
“actual number of plants per hectare at 15 month Botanical Monitoring”. 
 

Sample Summary Data Extract  

Table 1.  Huntly Mine Rehabilitation 2004.  Broadcast Understorey SeedMix. 

Geophyte 
SPECIES 

Code 

Total  
Seed Cost 

 $ 

Expected  
number of plants  

per hectare 

Actual  
number of plants  

per hectare  
at 15 month Botanical 

Monitoring 

$ Cost  
per  

surviving plant 
 

ChaCor $ 2,125.93 1,486 0.00 Nil survivors 

ClePub $ 723.60 284.79 13.89 $52.10 

CraVar $ 356.50 460.70 0.00 Nil survivors 

HaeLax $ 53.25 8.4 0.00 Nil survivors 

HaeSpi $ 36.10 0.84 0.00 Nil survivors 

OrtLax $ 1, 177.98 44.80 0.00 Nil survivors 

ThyMan $ 129.36 3.11 0.00 Nil survivors 

TriSpa $325.24 12.39 0.00 Nil survivors 

Total $ 4,927.96    

 
Note: The seedcosts above are the prices paid to the seed merchant and do not include the 
labour and overhead costs incurred during handling, storage and mixing at Marrinup Nursery 
and broadcasting at the Mine (including some high cost hand sowing). 

 

Two other upland Jarrah forest deciduous geophytes (Drosera stolonifera and D. 

erythrorhiza) and three perennial geophytes (Dianella revoluta, Patersonia juncacea and 

P. rudis) were not listed in table 1 and table 2, as no seed was available for broadcast 

seedmix addition and no plants were recorded during the 15 month botanical monitoring. 

 

The full cost of producing Clematis pubescens plants at Marrinup nursery and planting 

them in the mine rehabilitation is predicted to be well below $10 per surviving plant.  

They should also have higher and more reliable establishment year to year. 

 

Research is required to test if this is true for other geophytes species currently in the 

broadcast seedmix. 



365 
 

Table 2.  Mine rehabilitation performance of geophyte species in the broadcast seedmix.     

         Where “expected plants/ha” is blank then no seed was added to the seedmix. 

Database: Expected Actual Actual $ Cost Expected Actual Actual $ Cost 

in vivo Plants/ha Plants/Ha  Plants/Ha  per Plants/ha Plants/Ha  Plants/Ha  per 

Germinants per from after per gram of surviving from after per gram of surviving 

YEAR SPECIES gram of seed seed sown 15 months seed sown plant seed sown 15 months seed sown plant

2000 AGRSCA 0.50 0.72 31.250 0.090 28.17$     0.05 0.000 0.000 no survival
2001 AGRSCA 0.50 0.27 31.250 0.117 15.95$     187.500
2002 AGRSCA 0.50 0.31 31.250 0.117 15.95$     31.250
2003 AGRSCA 0.50 93.750 93.750
2004 AGRSCA 0.50 41.667 0.000
2000 BURCON 720.00 0.000 0.000
2001 BURCON 720.00 0.000 0.000
2002 BURCON 720.00 15.625 0.000
2003 BURCON 720.00 0.000 0.000
2004 BURCON 720.00 0.000 0.000
2000 CHACOR 1982.98 790.10 31.250 0.326 8.79$       1,878.32 31.250 0.115 24.80$      

2001 CHACOR 1982.98 96.54 31.250 1.302 2.42$       74.63 0.000 0.000 no survival
2002 CHACOR 1982.98 1,503.58 0.000 0.000 no survival 1,563.13 0.000 0.000 no survival
2003 CHACOR 1982.98 2,989.27 0.000 0.000 no survival 114.40 0.000 0.000 no survival
2004 CHACOR 1982.98 2,049.43 0.000 0.000 no survival 365.66 0.000 0.000 no survival
2000 CLEPUB 167.71 636.20 0.000 0.000 no survival 726.88 0.000 0.000 no survival
2001 CLEPUB 167.71 25.52 0.000 0.000 no survival 0.000
2002 CLEPUB 167.71 0.000 0.000
2003 CLEPUB 167.71 0.000 0.000
2004 CLEPUB 167.71 284.79 13.889 0.023 52.10$     447.23 31.250 0.083 14.44$      

2000 COMVIR 53.42 0.000 0.250
2001 COMVIR 53.42 0.000 0.000
2002 COMVIR 53.42 0.000 0.000
2003 COMVIR 53.42 0.063 0.000
2004 COMVIR 53.42 0.000 0.000
2000 CRAVAR 1055.45 0.000 0.000
2001 CRAVAR 1055.45 0.000 0.000
2002 CRAVAR 1055.45 1,188.23 0.000 0.000 no survival 260.00 0.000 0.000 no survival
2003 CRAVAR 1055.45 0.000 155.61 0.000 0.000 no survival
2004 CRAVAR 1055.45 460.70 0.000 0.000 no survival 314.39 0.000 0.000 no survival
2000 HAELAX 198.76 0.000 59.05 0.000 0.000 no survival
2001 HAELAX 198.76 0.000 42.74 0.000 0.000 no survival
2002 HAELAX 198.76 0.000 61.20 0.000 0.000 no survival
2003 HAELAX 198.76 0.000 99.38 0.000 0.000 no survival
2004 HAELAX 198.76 8.40 0.000 0.000 no survival 15.51 0.000 0.000 no survival
2000 HAESPI 30.00 1.87 0.000 0.000 no survival 0.000
2001 HAESPI 30.00 0.00 0.000 0.000
2002 HAESPI 30.00 16.92 0.000 0.000 no survival 0.000
2003 HAESPI 30.00 8.51 0.000 0.000 no survival 17.31 0.000 0.000 no survival
2004 HAESPI 30.00 0.84 0.000 0.000 no survival 1.06 0.000 0.000 no survival
2000 ORTLAX 23.50 3.90 0.000 0.000 no survival 1.64 0.000 0.000 no survival
2001 ORTLAX 23.50 4.24 0.000 0.000 no survival 3.79 0.000 0.000 no survival
2002 ORTLAX 23.50 10.87 0.000 0.000 no survival 8.25 0.000 0.000 no survival
2003 ORTLAX 23.50 12.63 0.000 0.000 no survival 20.34 0.000 0.000 no survival
2004 ORTLAX 23.50 44.80 0.000 0.000 no survival 24.83 31.250 0.210 8.30$       

2000 PATOCC 21.35 0.000 0.000
2001 PATOCC 21.35 0.000 3.21 0.000 0.000 no survival
2002 PATOCC 21.35 0.000 0.66 0.000 0.000 no survival
2003 PATOCC 21.35 0.000 0.000
2004 PATOCC 21.35 0.000 0.000
2000 PATPYG 0.00 62.500 0.000
2001 PATPYG 0.00 0.000 125.000
2002 PATPYG 0.00 0.000 31.250
2003 PATPYG 0.00 0.000 0.000
2004 PATPYG 0.00 13.889 93.750
2000 PTIMAN 7.25 0.000 0.000
2001 PTIMAN 7.25 4.41 0.000 0.000 no survival 7.80 0.000 0.000 no survival
2002 PTIMAN 7.25 0.84 0.000 0.000 no survival 2.23 0.000 0.000 no survival
2003 PTIMAN 7.25 0.000 0.000
2004 PTIMAN 7.25 0.000 0.000
2000 THYDIC 0.00 0.000 0.000
2001 THYDIC 0.00 0.000 0.000
2002 THYDIC 1.00 0.10 0.000 0.000 no survival 0.000
2003 THYDIC 0.00 0.000 0.000
2004 THYDIC 0.00 0.000 0.000
2000 THYMAN 50.17 0.000 0.000
2001 THYMAN 50.17 0.000 0.000
2002 THYMAN 50.17 0.000 0.000
2003 THYMAN 50.17 0.45 0.000 0.000 no survival 1.61 0.000 0.000 no survival
2004 THYMAN 50.17 3.11 0.000 0.000 no survival 1.07 0.000 0.000 no survival
2000 TRIELA 4.80 0.000 0.000
2001 TRIELA 4.80 0.93 0.000 0.000 no survival 0.000
2002 TRIELA 4.80 0.67 0.000 0.000 no survival 1.48 0.000 0.000 no survival
2003 TRIELA 4.80 0.000 0.000
2004 TRIELA 4.80 0.000 0.000
2000 TRISPA 93.60 3.11 0.000 0.000 no survival 15.70 0.000 0.000 no survival
2001 TRISPA 93.60 0.000 0.000
2002 TRISPA 93.60 0.000 0.000
2003 TRISPA 93.60 0.000 0.000
2004 TRISPA 93.60 12.39 0.000 0.000 no survival 0.000

398 657

398 plants/$14,071.83 seed 657 plants/$7,877.61 seed
equals $35.39 per surviving plant equals $12.00 per surviving plant

Huntly Mine Rehabilitation Willowdale Mine Rehabilitation
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For most geophyte species included in the mine rehabilitation broadcast seedmix no 

surviving plants were recorded (Table 2) during the 15 month botanical monitoring (for 

every year in the 5 year period from 2000 to 2004). 

 

It is noteworthy that Agrostocrinum scabrum (AGRSCA) established solely from seed in 

the direct return topsoil in 2003 and 2004 at Huntly and 2001, 2002 and 2003 at 

Willowdale (as no seed was added to the broadcast seedmix).  Chamaescilla corymbosa 

(CHACOR) established in good numbers (thus low cost per surviving plants) solely from 

seed in the direct return topsoil in 2001 at Huntly.  For these species ex situ propagules 

may not be required in mine rehabilitation pits receiving direct return topsoil.  If plentiful 

seed of these common species is available then consider putting in the broadcast seedmix. 

 

There is limited seed supply for most of the species in Table 3 so in vivo seed 

germination and seedling planting will be the most reliable and lowest cost revegetation 

method. It is worth establishing ex situ seed orchards for species where this is viable. 

 

Table 3.  Geophyte species in the broadcast seedmix 2000 to 2004. 

Species code name Species scientific name 

AGRSCA Agrostocrinum scabrum 

BURCON Burchardia conjesta 

CHACOR Chamaescilla corymbosa 

CLEPUB Clematis pubescens 

COMVIR Comesperma virgatum 

CRAVIR Craspedia variabilis 

HAELAX Haemodorum laxum 

HAESPI Haemodorum spicatum 

ORTLAX Orthrosanthus laxus 

PATOCC Patersonia occidentalis 

PATPYG Patersonia pygmaea 

PTIMAN Ptilotus manglesii 

THYDIC Thysanotus dichotomus 

THYMAN Thysanotus manglesianus 

TRIELA Tricoryne elatior 

TRISPA Trichocline spathulata 
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