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Abstract 

 Androcalva perlaria is a rare and threatened perennial obligate seeder shrub, 

pollinated by generalist invertebrates and seed germination stimulated by fire. The 

species is known from eight populations amounting to less than 400 individual plants. 

 The species was determined to be gynodioecious with hermaphrodite and female 

flowers on separate plants. Within a population, the proportion of gender was variable 

from 1: 4 to 16: 1 female: hermaphrodite plants. Across the species as a whole an 

average of 1.43 female plants were present to one hermaphroditic plant. Androcalva 

perlaria exhibited sexual dimorphism with hermaphroditic flowers significantly larger 

on average than female flowers. Hermaphroditic flowers of the species were self- 

compatible. 

 To combat self- compatibility and prevent self- pollination, flowers of 

A. perlaria dehisced pollen from the anthers while the central staminode obscured the 

stigma. Following pollen dehiscence, the central staminode opened and exposed the 

receptive stigma. The time a single flower was open was variable across the flowering 

season. At the onset of the floral season, the time a flower was open was approximately 

twice that observed at the conclusion. Ex situ flowers exhibited a longer display in the 

reproductive floral stages (anthers dehiscing pollen and stigma exposed) than that 

observed in situ. Ex situ, the floral season was extended, between July and February, in 

comparison an in situ season spanning September to December. The species was visited 

by a high diversity and abundance of potential invertebrate pollinators. The most 

common of these potential pollinators were from the orders Hymenoptera and Diptera. 

Ex situ, the potential pollinator abundance and diversity was reduced, however, 

visitation between A. perlaria individuals was increased. In situ, fragmentation by 

agricultural land would be likely to prevent pollination between A. perlaria populations. 

Androcalva perlaria pollen germinated to the highest percentage at 25 °C and viability 

was reduced above 30 °C.  

 Larger populations of A. perlaria were capable of producing increased quantities 

of fruit and seed. Within a population, female plants were capable of producing an 

increased quantity of seed in comparison to hermaphroditic plants. However, a greater 
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proportion of females within a population reduced the quantity and quality of seed, 

potentially due to pollen limitation. Seed of A. perlaria were dispersed by common ant 

species within population boundaries.  

 Ex situ seed produced in a seed orchard was not significantly different in terms 

of seed weight to in situ seed. Ex situ seed was produced in quantities approximately 

twice that observed in situ (due to an increased seed per fruit ratio). Seed produced ex 

situ was likely to be of greater genetic diversity due to a genetic pool comprised of 

plants from four in situ populations. Seed may be conserved ex situ in a seed bank or 

utilised for in situ conservation (direct seeding or grown in to seedlings and planted as 

greenstock) either to bolster extant populations or for translocation. 

 Androcalva perlaria seed exhibited physical dormancy broken by treatment in 

hot water (98 °C for 60 sec). The optimal germination temperature for seed was 15 °C. 

Germination was reduced in water stressed environments, with an accumulated 

reduction in germination in non- optimal temperatures and water stressed environments. 

Seedlings of A. perlaria were able to emerge from depths up to 50 mm beneath the soil 

surface. However, the maximum emergence percentage was observed when seeds were 

buried less than 20 mm beneath the soil surface. Hydropriming of A. perlaria seed for 

four to six days exhibited an increased rate of germination although there was no benefit 

to the total percentage of seed germination. 

 Tissue cultures of A. perlaria were maintained in excess of four years. Callus 

material was cryopreserved in liquid nitrogen through droplet vitrification following 

desiccation in 1.2 M glycerol for 48 h. Explants were able to be removed from culture 

(following cryopreservation) and established in soil. In this manner in vitro 

conservation can be utilised to mass produce explants for in situ conservation and 

restoration of A. perlaria. 

 Knowledge of the life history of the rare and threatened A. perlaria may permit 

targeted conservation at bottlenecks during reproduction. Ex situ conservation (seed 

banks, living collections, tissue cultures or cryopreserved material) may be utilised to 

bolster extant in situ populations or create new translocated populations. 
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6.2: Life cycle stages of Androcalva perlaria ex situ and in situ, with the ratio of each 

stage showing the positive response for each situ state. The floral time comprised the 

time a single flower was open with anthers dehiscing pollen and the stigma exposed, 

floral season the total number of months in the floral season, floral display shows the 

number of flowers on a representative branch, pollinator diversity is the diversity of 

potential pollinators orders, pollinator abundance is the number of potential pollinator 

visitors, cross pollination is the number of times insects were observed to travel 

between Androcalva perlaria individuals, pollen viability shows the temperature at 

which pollen viability decreased (°C), pollen germination compares the temperature of 
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peak Androcalva perlaria pollen germination of in situ and ex situ plants (°C), fruit 

quantity indicates the number of fruit on a representative branch, seeds per fruit 

indicates the average number of seed per fruit, seed quantity indicates the average 

number of seed produced by a representative branch, seed viability indicates the average 

viability of seed (%) and seed weight compares the average weight of an Androcalva 

perlaria seed (mg). 

  



xxiv 

 

 

 

List of tables 

1.1: Count and percentage (of total Malvaceae species at each taxonomic level) of 

Malvaceae species at various taxonomic levels listed as under threat or of concern by 

the State Government of Western Australia (Western Australian Herbarium 1998-). 

Alien species are considered foreign to the state, Priority 1 are species known from less 

than five locations on land not managed for conservation, potentially at risk and in 

urgent need of further study, Priority 2 are species known from less than five locations 

on land managed for nature conservation and in urgent need of further study, Priority 3 

are species known from several locations not under imminent threat and in need of 

further study, Priority 4 species are those that not considered currently under threat but 

could be in changing circumstances, those that are close to being considered vulnerable 

or those removed from the list of threatened species in the past five years for reasons 

other than taxonomy, Threatened species are those that have been adequately searched 

for and are deemed to be either rare, at risk of extinction or in need of special protection 

in situ (Coates and Atkins 2001; Department of Parks and Wildlife 2014a). 

1.2: Androcalva perlaria and its most closely related species (adapted from Whitlock, 

Hale et al. 2011; Wilkins and Whitlock 2011). 

2.1: Number of Androcalva perlaria of each gender, the ratio of female plants to one 

hermaphrodite plant (calculated without genotype 73) and the approximate year of 

germination in in situ populations. 

2.2: Summary of effects of population, gender and location (in situ or ex situ) on the 

breeding system of Androcalva perlaria. 

3.1: Pollination syndromes and the associated vector (Armstrong 1979); with specified 

invertebrate order and where useful family to separate the invertebrate classes. 

3.2: Pollen media assessed for pollen viability and germination ex situ. 



xxv 

3.3: Determining optimal pollen germination media across two sucrose concentrations 

and the viability assessment methodology, cellophane (based on Brewbaker and Kwack 

1963; M. Crowhurst pers. comm.) or droplet method (Bots and Mariani 2005). 

3.4: Summary of effects of population, gender and location (in situ or ex situ) on the 

floral and pollination biology of Androcalva perlaria. 

4.1: Mean fruit (± SE) for one replicate branch of Androcalva perlaria in each 

population with gender ratio of females to one hermaphrodite (as determined in chapter 

2) and the reproductive efficiency index of the percentage of flowers setting fruit across 

two years of in situ collections. 

4.2: Mean seed (± SE) produced for one branch (per replicate) of Androcalva perlaria 

in each population with gender ratio of females to one hermaphrodite (as determined in 

chapter 2) across two years of in situ collections. 

4.3: Mean viability (± SE) of a typical in situ Androcalva perlaria seed across 

populations and years (2014 and 2015). 

4.4: Fruit and seed set (± SE) calculated for the mean produced by each in situ 

Androcalva perlaria plant by gender assessed across a representative flowering season, 

averaged from the 2014 and 2015 flowering seasons. 

4.5: Fruit and seed set (± SE) calculated for the mean produced by each in situ 

Androcalva perlaria plant assessed across a representative flowering season, averaged 

from the 2014 and 2015 flowering seasons. 

4.6: Summary of effects of population, gender and location (in situ or ex situ) on fruit 

and seed of Androcalva perlaria. 

5.1: Summary of seed characteristics and cryopreservation of Androcalva perlaria, with 

a focus on the effect of variable conditions. 

  



xxvi 

 

 

 

List of appendices 

1: Conservation methodologies established in Recovery Plans for threatened species of 

the south west of Western Australia from 2009, with additional species added where 

other literature was available. Recovery plans are only established for threatened 

species, with the additional conservation status defined by the Federal Government of 

Australia. 

2: Cryopreservation 

3: Assessment of cost, time, training requirements, impact on the original in situ 

populations and success of in situ, ex situ and in vitro conservation methodologies.  

4: Androcalva, Commersonia and Rulingia species. 

5: Distribution of Androcalva species. 

6: Androcalva perlaria genotype, location, gender, diameter measurement across 12 

months and the calculated growth rate per plant across the assessed year. 

7: Androcalva perlaria genotype, location, gender and the number of replicates assessed 

for in situ fruit and seed production. 

8: In situ dispersal of seed. 

9: In situ Androcalva perlaria produced fruit, seed, seed viability and viable seed 

weight per replicate branch (± standard error), assigned by population and gender. 

10: Androcalva perlaria fruit and seed production per replicate branch of each genotype 

in situ in 2014 and 2015, the total and mean (± standard error; SE) fruit and seed per 

replicate branch and the mean viable seed (± SE) and percentage of viable seed (± SE). 

11: Soil profile data for in situ Hall population of Androcalva perlaria from April 2014 

to July 2014, arrows indicating rainfall events greater than 10 mm. 

12: r
2 

values and time to 50 % germination for Figures 5.6 and 5.13 



xxvii 

13: Springer license 4195681280286 terms and conditions. 

14: Mean annual rainfall per decade (± standard error) in the south west of Western 

Australia since 1880. Data obtained from the Bureau of Meteorology; Albany Airport 

station (number 009999). 

 

 

 

  



xxviii 

 

 

 

This page has been intentionally left blank. 

 

 



 

 

 

 

  Chapter 1
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a South West Australian threatened species 
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Chapter 1 image: Flowers of Androcalva perlaria.  
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Restoration and conservation in the South West Australian Floristic Region 

In recent years, restoration has begun to lean towards restoring the ecosystem as 

a functional representation of ecosystem and habitat types (Hobbs and Harris 2001; 

Hobbs and Norton 1996; Olson and Dinerstein 1998; Sharrock and Jones 2011; 

Simberloff 1998). While it is important to restore ecosystem function, it is also 

important to conserve rare and unique species that may be vital ecosystem keystones 

(Manning, Fischer et al. 2006; Mills and Soule 1993; Palmer, Ambrose et al. 1997; 

Young, Petersen et al. 2005). As stated by Hopper (2009) “every remnant of native 

vegetation, no matter how small, is worth retaining”. As the natural habitat of the rare 

flora of Western Australia, including South West Australian Floristic Region (SWAFR) 

species, is threatened on many fronts, restoration and conservation is currently being 

attempted for many of these threatened species to preserve the species in situ or ex situ.  

 

In situ conservation and restoration 

In situ conservation comprises the conservation and restoration of a species in its 

natural habitat (Heywood and Iriondo 2003; Rice, Smith et al. 2006; Secretariat of the 

Convention on Biological Diversity 2009). In situ methodologies include monitoring of 

the species, fencing of the threatened plants, translocation to suitable sites where the 

species has never been recorded, or reintroduction to areas known to have supported the 

species (Godefroid and Vanderborght 2011; Heywood and Iriondo 2003; Vallee, 

Hogbin et al. 2004a). In Western Australia, Interim Recovery Plans for the conservation 

and restoration of threatened flora species comprise many of these methods (Appendix 

1). Most Western Australian threatened species are monitored (Figure 1.1), with 

ongoing monitoring of the current state of the species and individual populations used to 

direct conservation. Fencing has been used to protect 41.0 % of assessed Western 

Australia threatened plant species (Figure 1.1) from predation and grazing pressures 

from invasive pests or agricultural livestock. In situ translocation has been used to move 

approximately 50.0 % of the 61 assessed species to a protected (but ecologically 

similar) niche (Figure 1.1; Vallee, Hogbin et al. 2004a). As these species are considered 
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to be at such risk that conservation within the natural populations would not be 

sufficient for survival.  

 

Ex situ conservation 

Ex situ conservation of a species comprises the establishment of subset populations of 

germplasm disjunct from in situ populations (Maunder and Byers 2005). This 

germplasm may comprise pollen, seed or vegetative tissue. This germplasm may be 

stored in seed banks, as living individuals, in tissue culture or cryopreserved. In contrast 

to in situ conservation, species conserved ex situ will not experience the environmental  

 

 

Figure 1.1: Percentage of species undergoing conservation methodologies established in 61 

Recovery Plans for threatened species of the south west of Western Australia from 2009, with 

Plans prior to 2009 included where further literature was available, summarised from Appendix 

1. The average combines all three threatened states. Critically endangered species are those 

facing an extremely high risk of extinction in the wild in the immediate future, Endangered 

species are those not critically endangered but are facing a very high risk of extinction in the 

wild in the near future, and Vulnerable species are those not critically endangered or 

endangered but are facing a high risk of extinction in the wild in the medium term future (Office 

of Parliamentary Counsel 2015). 
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variation present in situ (Maunder and Byers 2005). This form of conservation permits 

greater control of the species and its health, through germplasm storage (Bunn, Turner 

et al. 2011; Cochrane, Crawford et al. 2007; Engelmann 2011; Fay 1994). 

 

Seed banks 

Seed banking is the most common form of ex situ conservation and has been 

undertaken for approximately 85.0 % of assessed Western Australia species (Figure 1.1; 

Appendix 1). Seed banking involves collecting and storing seed in a controlled ex situ 

environment (dried at 15.0 % relative humidity at 15 °C and stored at -20 °C; Schoen 

and Brown 2001; van Slageren 2003). While this collected seed provides a 

representative sample of the species (Cochrane, Crawford et al. 2009), collection from 

in situ plants can have a negative impact on the in situ population. The collection of in 

situ seed may remove excessive quantities of seed from in situ populations, reducing the 

genetic diversity of future populations and affecting key demographic processes 

(Cochrane, Crawford et al. 2009; Menges, Guerrant et al. 2004). Long term seed 

collections must also be carefully maintained as prolonged storage may induce a 

reduction in viability and deleterious mutations that reduce seed fitness (Schoen and 

Brown 2001; Schoen, David et al. 1998).  

Stored seed utilised for in situ restoration may be grown ex situ into greenstock 

(seedlings approximately 15 cm in size) for in situ planting or directly seeded into the 

soil in situ (Cochrane, Crawford et al. 2007). Seed treatment may be utilised to improve 

the rate of seed germination (Brancalion, Tay et al. 2010; Madsen, Davies et al. 2012; 

Madsen, Kostka et al. 2012). Seeds may be aerated in a free- water or a free- water 

limited environment, then dried back to their original water content (Brancalion, Tay et 

al. 2010; Peterson 1976). This priming process increases the seed germination potential 

(Brancalion, Tay et al. 2010; Peterson 1976). Seeds may also be coated in polymers to 

better prepare the seed for sowing (Madsen, Davies et al. 2012; Madsen, Kostka et al. 

2012). These polymers include soil surfactants that allow water to infiltrate the soil 

around the seed (Madsen, Kostka et al. 2012). In other cases, multiple seeds are coated 

together to increase mechanical strength, improving seedling emergence in water- 

stressed soils with a soil crust (Madsen, Davies et al. 2012; Sikhao, Taylor et al. 2015). 

These treatments may improve seed germination and seedling establishment to increase 

restoration success from conservation seed banks. 
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Living collections 

An alternate method of germplasm storage is the establishment of living 

collections of plants through vegetative means. This method has been used less 

frequently in the conservation of West Australian threatened species with 23.0 % of 

threatened species contained in living collections (Figure 1.1). Living collections 

contain representative genotypes of in situ plants maintained in vivo but isolated from 

the natural population (Offord and North 2009). These plants are frequently kept in 

botanic gardens, glasshouses or nurseries and maintained under strict horticultural 

conditions (Offord and North 2009). Compared to seed banks, living collections require 

more space, time and are more cost intensive (Offord and North 2009; Volis and 

Blecher 2010). Collection sizes will fluctuate, with plants perishing due to equipment 

failure, pests, diseases, or natural life span limits (Offord and North 2009). These risks 

can be significantly lowered through phytosanitary conditions and careful management, 

but cannot be completely mitigated (Offord and North 2009; Vallee, Hogbin et al. 

2004c).  

The purposes of living collections vary. Some will be maintained for scientific 

research, some for seed production and others for horticultural interest, education and 

public display (Offord and North 2009). Scientific living collections permit research to 

be conducted on behaviour in response to controlled environmental, permit intensive 

study of the species’ biology changes or act as the source of material for in vitro 

conservation (Offord and North 2009). A living collection utilised for seed production, 

is often termed a seed orchard (Offord and North 2009). These seed orchards are 

capable of producing large quantities of seed for storage, research or in situ restoration 

through direct seeding or the production of greenstock (Offord and North 2009). The 

dissemination of plants from a living collection increases the public interest in rare and 

threatened native flora and allows the species to be propagated and displayed without 

compromising natural populations (Offord and North 2009).  

 

Biotechnology (tissue culture and cryostorage) 

Biotechnology has become increasingly useful in the conservation of rare and 

threatened flora worldwide (Benson 2008; Bunn, Turner et al. 2011; Bunn, Turner et al. 

2007; Maunder and Byers 2005). Tissue culture utilises small cuttings of representative 

genotypes to generate large quantities of explant material through aseptic 
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micropropagation (Pence 2011). The use of cuttings (approximately 1 cm long) makes 

this process ideal for the small population sizes of rare and threatened flora. A small 

cutting makes relatively little difference to the survival of the plant but permits the 

genotype to be conserved (Reed, Sarasan et al. 2011). These cuttings are sterilised (Fay 

1994) and placed on media containing sucrose, a combination of macro- and micro- 

nutrients and plant growth regulators (Bunn, Turner et al. 2011). After several months a 

sterile culture is established in vitro. This process can be time intensive as the in vitro 

environment must be optimised to suit individual species (Bunn, Turner et al. 2011).  

Explants maintained in tissue culture must be subcultured regularly 

(approximately monthly) due to space and media exhaustion (Kaczmarczyk, Turner et 

al. 2011). At this time explants must be divided into smaller segments and placed on 

fresh media, generating a larger quantity of explants with each subculture. The risks of 

accidental contamination (fungal or bacterial) and somaclonal variation (genetic or 

epigenetic change) increases with long term serial subculturing (Kaeppler, Kaeppler et 

al. 2000; Smulders and Klerk 2011; Wu, Wu et al. 2012). Explant cultures may be 

stored in the medium term in cool storage. These cultures are incubated at a reduced 

temperature (usually ranging from 2 to 15° C, depending on the species and degree of 

cold tolerance) and are able to be maintained without any further action for longer time 

periods (six to 12 months; Engelmann 2011; Fay 1992; Sarasan, Cripps et al. 2006). 

However after this time subculturing is required, during which explants are exposed to 

the risks associated with normal tissue culture. In the short- to medium term, tissue 

culture may be highly useful in supporting in situ conservation by permitting the storage 

and multiplication of multiple plant genotypes for translocation, establishing new 

populations while retaining the original populations intact (Vallee, Hogbin et al. 

2004b). 

Ultra- low cold storage suspends explant material in stasis (Li and Pritchard 

2009) permitting long term storage of genetic lines (Benson 2008; Engelmann 2004). 

This stasis may be established by cryopreservation in the liquid or vapour phase of 

liquid nitrogen (LN; -196 and -140 °C respectively). Various tissue types may be stored 

in LN such as pollen, seed, callus lines, cell suspensions and shoot tips (Benson 2008; 

Berjak and Pammenter 2014; Crisp and Grout 1984; Pammenter and Berjak 2014; 

Touchell and Dixon 1993; Touchell and Dixon 1994). For most explant species, the 

ultra- cold temperatures used during cryopreservation are highly stressful. The most 

damaging factor for cryopreserved tissue is the formation of ice crystals within or 
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outside the cell (Benson 2008). To reduce ice crystal formation tissues can be desiccated 

to remove extraneous free water without compromising the regenerative potential of the 

tissue (Benson 2008; Engelmann 2011). Following desiccation, tissues are incubated in 

a cryoprotective solution (Appendix 2) to further reduce intracellular and extracellular 

water and prepare the tissue for LN temperatures (Sakai and Engelmann 2007; Sakai, 

Hirai et al. 2008). The physical process of cooling may be slow and controlled in a 

programmable freezer or rapid vitrification through the direct immersion of tissue (in 

cryovials) in LN (Appendix 2; Benson 2008; Engelmann 2011; Sakai and Engelmann 

2007). Desiccation, cryoprotectant incubation and rapid or controlled cooling promotes 

the formation of a metastable glass within the cell at LN temperatures (Wolfe and 

Bryant 1999); in effect placing the cell in stasis (Bruni and Leopold 1991; Day, Harding 

et al. 2008; Fahy, MacFarlane et al. 1984). Explant tissues may be maintained in ultra- 

low cold storage for decades without a reduction in viability (Benson 2008). However, 

every species reacts differently to these stressful conditions, and cryopreservation must 

be optimised for each species and occasionally across clonal lines to maximise survival 

and regeneration (Harding, Johnston et al. 2009; Kaczmarczyk, Turner et al. 2011; 

Sakai and Engelmann 2007). Cryopreservation preserves the existing genetics of a rare 

species and can be utilised to target conservation of individuals with rare or unusual 

alleles (Benson 2008; Engelmann 2004). 

 

Conservation in practice 

 In situ conservation alone is unable to conserve many critically endangered 

species (Bunn, Turner et al. 2011; Cochrane, Crawford et al. 2007; Havens, Vitt et al. 

2006; Li and Pritchard 2009). As part of an integrated conservation program, ex situ 

conservation has been utilised to support in situ conservation of threatened species 

(Appendix 3; Bunn, Turner et al. 2011). Ex situ germplasm storage provides an 

effective insurance policy against extinction and can be used to mass produce plants for 

reintroduction or translocation in situ.  

 The cost of ex situ conservation varies, with the cost of orthodox seed storage 

estimated to cost less than 1.0 % of the price of in situ conservation (Li and Pritchard 

2009). Seed conservation is low in cost, not exceedingly time- consuming and requires 

moderate maintenance but comes with a greater risk of failure and may impact the in 

situ population, in comparison to other conservation methodologies (Appendix 3; 
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Cochrane, Crawford et al. 2009; Pammenter and Berjak 2014). In vitro conservation is 

time intensive, relatively more expensive and requires trained technicians and 

equipment, that are often not available to conservation bodies such as botanic gardens 

and government departments (Appendix 3; Benson 2008; Bunn, Turner et al. 2011; 

Bunn, Turner et al. 2007; Engelmann 2011; Kaczmarczyk, Turner et al. 2011; Reed, 

Sarasan et al. 2011; Reed 2008), but has the potential to produce large quantities of 

individuals without impacting the in situ population (Appendix 3; Benson 2008; Bunn, 

Turner et al. 2011; Bunn, Turner et al. 2007; Engelmann 2011; Kaczmarczyk, Turner et 

al. 2011; Reed, Sarasan et al. 2011; Reed 2008). However, the undertaken conservation 

methodology requires a balance of the rarity of the species, the likelihood of success of 

the process, the time available and the cost of conservation efforts (Figure 1.2). Ideally, 

all conservation methods would be employed for all species. Unfortunately, cost and 

time restraints limit conservation choices. Usually species most at risk are prioritised for 

the more time intensive and expensive biotechnologies while those species at less risk 

are conserved in situ and in an ex situ seed bank (Figure 1.2).  

 Numerous rare and threatened West Australian flora species have been 

conserved through various conservation methodologies. These comprise monitoring, 

invasive species control, fencing, translocations, cutting and tissue culture propagation 

and cryopreservation. These technologies have been applied to conserve rare species 

under threat. Androcalva adenothalia C.F. Wilkins is a critically endangered species 

which is thought to be extinct in situ (Department of Environment and Conservation 

2013; Nikabadi, Bunn et al. 2010). Monitoring of the species identified the species 

decline and in vitro conservation was implemented before the last plant perished 

(Department of Environment and Conservation 2013; Nikabadi, Bunn et al. 2010).  

 Conostylis micrantha Hopper is an endangered species conserved in situ through 

rabbit and weed control and an appropriate fire regime (Department of Conservation 

and Land Management 2004). Seed has been collected and stored ex situ (Department of 

Conservation and Land Management 2004) and plants have been propagated by cuttings 

and tissue culture (Department of Conservation and Land Management 2004; Turner, 

Senaratna et al. 2001). Plants from tissue culture have been transferred back to soil and 

into LN (Department of Conservation and Land Management 2004; Turner, Senaratna 

et al. 2001).  



 

 

 

 

 

 

 

1
0

  

Rarity and threat Rare and threatened In situ  Is active conservation required?   No   Monitoring 

         Yes 

       Will removal of grazing protect the population?  No Can the species be conserved in situ?  

         Yes       No       Yes 

         Moderately rare and threatened           Fencing        Translocation 

 

 Ex situ     Is adequate seed able to be collected and stored?  Yes   Seed storage 

        No 

      Is cutting propagation possible?     Yes   Living collection 

 Extremely rare      No 

 and highly threatened 

                In vitro  Can the species be cryostored?  Yes   Cryostorage 

           No 

                 Maintain in tissue culture 

Figure 1.2: Deciding methodology for the conservation of rare and threatened species for the future (both threatened and priority species), each species would go 

through each level depending on level of rarity and threat. Moderately threatened species would progress through both the moderately rare and threatened pathway 

and the rare and threatened pathway. Extremely are and threatened species would progress through the three pathways as far as was possible (Bunn, Turner et al. 

2011; Farnsworth, Klionsky et al. 2006; Offord and Makinson 2009; Pence 2011). 
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 In situ seed of the endangered Eremophila resinosa (Endl.) F. Muell has been 

collected and stored ex situ (Department of Environment and Conservation 2008). 

Individuals have been micropropagated and plants grown from seed derived from 

micropropagated plants have been translocated in situ (Bunn, Turner et al. 2011). 

 Grevillea dryandroides subsp. dryandroides Olde & Marriott is a critically 

endangered Wheatbelt species conserved in situ through monitoring of the extant 

populations, fencing and translocation (Department of Environment and Conservation 

2012). Ex situ the species has been micropropagated and cryopreserved (Bunn, Turner 

et al. 2011). 

 In vitro propagation has provided source plants of the critically endangered 

Grevillea scapigera A.S. George to produce seed for ex situ storage (Bunn, Turner et al. 

2011; Department of Environment and Conservation 2006). Highly successful in situ 

translocations from germinated ex situ seed have been established and fenced (Bunn, 

Turner et al. 2011; Department of Environment and Conservation 2006; Krauss, Dixon 

et al. 2002).  

 The endangered Stylidium coroniforme F.L. Erickson & J.H. Willis has been 

micropropagated, cryopreserved (Bunn, Turner et al. 2007) and the seed stored ex situ 

(Department of Conservation and Land Management 2003). In situ, the habitat of the 

species has been managed (Department of Conservation and Land Management 2003). 

 Symonanthus bancroftii (F. Muell.) Haegi was thought to be extinct but a single 

male plant was rediscovered in 1997 and a single female in 1998 (Bunn, Turner et al. 

2011; Department of Conservation and Land Management 2006). Fragmentation 

prevented natural pollination and cutting propagation was unsuccessful (Bunn, Turner et 

al. 2011). Hence micropropagation was utilised to produce thousands of individuals 

utilised as greenstock for population translocation (Bunn, Turner et al. 2011; Panaia, 

Senaratna et al. 2000). A stable translocated population was established that has been 

shown to be capable of seed production (Bunn, Turner et al. 2011; Ye, Bunn et al. 

2007). As the habitat for many threatened species is reduced through human actions, ex 

situ conservation becomes increasingly beneficial to support and bolster natural 

populations, preventing the loss of threatened species (Offord and North 2009; Schoen 

and Brown 2001). 
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Malvaceae in the South West Australian Floristic Region 

The Malvales contains a number of important species, utilised in medicine, 

agriculture and restoration worldwide (Banzouzi, Prado et al. 2004; Contin, Soriani et 

al. 2014; Gilani, Bashir et al. 2005; Jain, Katewa et al. 2005; Karou, Dicko et al. 2003; 

Sreedevi, Latha et al. 2009). The widely utilised Theobroma cacao L. (source of 

chocolate) and Gossypium L. species (cotton) are two species in this order (Argout, 

Salse et al. 2011; Wendel, Rowley et al. 1994). The Malvales once comprised four 

families with approximately 3 000 species (Alverson, Whitlock et al. 1999), but more 

recently these families have been combined to form one larger Malvaceae family, 

comprising the Malvoideae, Bombacoideae, Sterculioideae, Dombeyoideae, Tilloideae, 

Brownlowioideae, Helicteroideae, Grewioideae and Byttnerioideae (Judd and 

Manchester 1997; Whitlock, Bayer et al. 2001). Within the Byttnerioideae, the tribe 

Lasiopetaleae occurs in subtropical, temperate and semi-arid zones (Wilkins and 

Chappill 2002). The majority of the species in this tribe are endemic to Australia and 

genetic evidence indicates that non- endemic species may have dispersed from Australia 

(Whitlock, Bayer et al. 2001). Western Australia contains 559 species from this family, 

with approximately 140 priority listed and 13 listed as threatened (Table 1.1; Western 

Australian Herbarium 1998-).  

 

Androcalva, Commersonia and Rulingia 

 Perennial species of the Androcalva, Commersonia and Rulingia genera (within 

the Malvaceae) are found across Western Australia, Eastern Australia, south east Asia, 

the western Pacific Islands and Madagascar. These populate a wide variety of habitats, 

from shrubland to forests, rainforest or otherwise (Appendix 4; Wilkins and Whitlock 

2011; Wilkins and Whitlock 2012). Of the 59 species in these genera, 83.0 % are 

shrubs, 5.0 % are dwarf shrubs, 7.0 % are trees and 5.0 % are small trees (Appendix 4; 

Wilkins and Whitlock 2011; Wilkins and Whitlock 2012). Over half of the species are 

known to have an association with disturbance in the natural habitat, such as fire 

(37.0 %) or physical disturbance such as road grading (14.0 %). In the years following 

disturbance, an increase in population size is commonly observed (Wilkins and 

Whitlock 2011; Wilkins and Whitlock 2012). 
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Table 1.1: Count and percentage (of total Malvaceae species at each taxonomic level) of 

Malvaceae species at various taxonomic levels listed as under threat or of concern by the State 

Government of Western Australia (Western Australian Herbarium 1998-). Alien species are 

considered foreign to the state, Priority 1 are species known from less than five locations on 

land not managed for conservation, potentially at risk and in urgent need of further study, 

Priority 2 are species known from less than five locations on land managed for nature 

conservation and in urgent need of further study, Priority 3 are species known from several 

locations not under imminent threat and in need of further study, Priority 4 species are those 

that not considered currently under threat but could be in changing circumstances, those that 

are close to being considered vulnerable or those removed from the list of threatened species in 

the past five years for reasons other than taxonomy, Threatened species are those that have 

been adequately searched for and are deemed to be either rare, at risk of extinction or in need 

of special protection in situ (Coates and Atkins 2001; Department of Parks and Wildlife 2014a).  

Class 

Malvaceae 
Androcalva, 

Commersonia and 
Rulingia genera 

Androcalva 

Total Percentage 
(%) 

Total Percentage 
(%) 

Total Percentage 
(%) 

Extinct 1 0.2 0 0 0 0 
Threatened 13 2.5 5 12.8 3 18.8 
Priority 1 52 10.7 1 2.6 1 6.3 
Priority 2 20 3.9 1 2.6 1 6.3 
Priority 3 33 6.4 1 2.6 0 0 
Priority 4 5 1.0 0 0 0 0 
Alien 28 5.4 0 0 0 0 
Total 152 29.5 8 20.5 5 31.3 

  

 Western Australia contains approximately half (48.0 %) of the species from the 

Androcalva, Commersonia and Rulingia genera. Almost all of the Western Australia 

species are endemic (42.0 %; Appendix 4; Whitlock, Hale et al. 2011). Approximately 

40.0 % of the threatened West Australian Malvaceae species are from the Androcalva, 

Commersonia and Rulingia genera (Table 1.1). Twenty three precent of the threatened 

Malvaceae are within the Androcalva genus itself (Table 1.1). An additional 12.5 % of 

Androcalva species are priority listed (Table 1.1). The density of Androcalva, 

Commersonia and Rulingia species is higher in the SWAFR (Figure 1.3), one of 35 

worldwide biodiversity hotspots, the location of many species listed as of concern and 

under threat and an area of high population density (Mittermeier, Turner et al. 2011; 

Myers 1990; Myers, Mittermeier et al. 2000; Western Australian Herbarium 1998-; 

Williams, Ford et al. 2011). While disturbance is associated with seedling emergence 

and population growth this may become reduced due to human encroachment. With the 

movement of human influence into these areas, fire disturbance will become reduced 

along with the available species niches (Yates and Broadhurst 2002; Yates, Elith et al.  
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Figure 1.3: Distribution of Androcalva and closely related genera, Commersonia and Rulingia, 

across Western Australia. Colours indicating priority listed taxa, red: threatened, dark blue: 

Priority 1, light blue: Priority 2 and green: Priority 3 (adapted from Western Australian Herbarium 

1998-). 
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2010; Yates and Ladd 2005). In contrast, physical disturbance may be increased, 

however this is often for road grading, construction, agricultural areas or mining 

(Coates and Atkins 2001) which will either remove the soil seed bank of the species or 

obscure the soil surface preventing germination, seedling growth and population 

recruitment (Hopper 2009; Hopper and Gioia 2004).  

 Recent genetic analysis has isolated the Androcalva genus from the 

Commersonia and Rulingia genera (Whitlock, Hale et al. 2011). The distribution of the 

Androcalva genus is remarkably similar to that of the three genera combined. However, 

the distribution of species of the three genera in the most south westerly corner of the 

SWAFR is not present in Androcalva (Appendix 5). Androcalva species at greatest risk 

fall within a band across the south west of the country, from Shark Bay in the north to 

Albany on the south coast. These species are threatened predominately by human 

mediated disturbance, such as agriculture and road maintenance and in some places, 

urban expansion (Department of Environment and Conservation 2013; Department of 

Parks and Wildlife 2014b; Nikabadi, Bunn et al. 2010). The three threatened West 

Australian endemic species of Androcalva fall within one genetic clade (Table 1.1; 

Whitlock, Hale et al. 2011; Wilkins and Whitlock 2012). These three species comprise 

A. adenothalia C.F. Wilkins (nee Commersonia adenothalia C.F. Wilkins), Androcalva 

bivillosa C.F. Wilkins (nee Commersonia bivillosa C.F. Wilkins) and Androcalva 

perlaria C.F. Wilkins (nee Commersonia sp. Mt Groper; Western Australian Herbarium 

1998-; Whitlock, Hale et al. 2011; Wilkins and Whitlock 2011). This genetic clade 

comprises shrubs, flowering from late winter to summer, occurring amongst open 

woodlands, associated with a wide variety of vegetation (Table 1.2). The species of this 

clade have been observed to increase their population sizes following disturbance by 

fire or road grading (Table 1.2; Wilkins and Whitlock 2011; Wilkins and Whitlock 

2012). 

 

Androcalva perlaria 

Androcalva perlaria is a threatened perennial species occurring on the south 

coast of Western Australia (Figure 1.3; Western Australian Herbarium 1998-). The sole 

species in its genus restricted to seasonally waterlogged wetlands, in combination with 

dense sedgeland, in white, grey or black, moist sandy loam or peaty mud (Table 1.2; 

Whitlock, Hale et al. 2011; Wilkins and Whitlock 2011). Androcalva perlaria is known  
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Table 1.2: Androcalva perlaria and its most closely related species (adapted from (Whitlock, Hale et al. 2011; Wilkins and Whitlock 2011). 

Genus Species Locality 
Conservation 
status 

Flowering period 
Disturbance 
association 

Habitat 

Androcalva adenothalia WA threatened August to October Physical Orange–brown, sandy, gravelly soil; adjacent to 
Acacia and Allocasuarina shrubland with occasional 
mallee species of Eucalyptus. 

 aphrix WA not at risk August to January Fire Open, tall shrubland, on sandplain, in brown or yellow 
or red sand or sandy clay, over granite, often with 
lateritic gravel. 

 bivillosa WA threatened July to October Physical Remnant kwongan Acacia and Grevillea shrubland, 
or Callitris (Actinostrobus) woodland, in reddish-
brown or yellow sand with lateritic gravel. 

 crispa WA not at risk March, and July 
to November 

Fire Eucalypt woodland, open mallee, low forest over 
sedges, low heath, in brown loam over quartzite, 
reddish-brown clay–gravel, or grey, sandy soil with 
outcropping granite. 

 cuneata WA not at risk September to 
January 

Fire Open low woodland of Allocasuarina and Acacia in 
sand dunes beside a lake, in a depression with 
Melaleuca shrubland, in brown or pale yellow sand or 
sandy clay, often with lateritic gravel. 

 incillis WA not listed July to October Physical White, grey or brown sand with gravel over granite, in 
heath or open mallee woodland. 

 perlaria WA threatened September to 
December 

Fire Seasonally waterlogged wetlands, in dense 
sedgeland, with Eucalyptus occidentalis or Melaleuca 
cuticularis in white, grey or black, moist sandy loam 
or peaty mud. 

 pulchella WA not at risk July to November Fire Grey sand over sandstone at Yandanooka, although 
mainly on granite, or grey, or yellow, or white sand 
over laterite on lateritic hills or valley floor, red soil in 
schistose greenstone rock. It grows in heath, open 
mallee with dense shrubs, rarely in red clay soil with 
wandoo. 
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to respond to fire disturbance (Turner, Best et al. 2013; Whitlock, Hale et al. 2011; 

Wilkins and Whitlock 2011). The species was originally known from one specimen 

within a population which has not been located since it was first discovered in 1993 

(Department of Parks and Wildlife 2014b). 

 At the onset of the study four fragmented populations were identified, estimated 

to contain less than 250 individuals. These populations were located in a 15 km radius 

around the tiny settlement of Wellstead (Figure 1.3; Appendix 5; Department of Parks 

and Wildlife 2014b). Three of these populations had dwindling numbers of individuals. 

One of these dwindling populations had decreased from approximately 80 individuals to 

less than 10 over five years (pers. observation). A new population of over 200 

individuals was established through natural recruitment following a prescribed burn in 

an area once known to contain the species (pers. observation; Turner, Best et al. 2013). 

During the course of this study, three new small populations were located; one of which 

appeared to have arisen when a new firebreak disturbed the habitat (S.R. Turner pers. 

comm.). In addition 54 plants were discovered in one of the original four populations 

during the course of this study. Only three populations were located within 1 km of 

natural bushland (Appendix 5). It must be noted that the two closest populations of 

these three were separated by the major road along the south coast of Western Australia 

(pers. observation). These population fluctuations have resulted in an estimated current 

total population size of less than 400 A. perlaria individuals, mostly within relatively 

small, disjunct populations.  

 The habitat of A. perlaria is presently threatened primarily by agriculture and 

mining with threats such as climate change a future risk (Department of Parks and 

Wildlife 2014b). All known populations of this species are either surrounded by or 

located adjacent to agricultural farmland. The occurrence of A. perlaria amongst 

farmland may result in inappropriate fire regimes or a lack of fire and altered hydrology 

and water quality (Department of Parks and Wildlife 2014b). An inappropriate fire 

regime may affect population recruitment (Department of Parks and Wildlife 2014b). 

The species’ seasonal wetland habitat may indicate sensitivity to altered hydrology 

(Department of Parks and Wildlife 2014b). One of the private farms on which A. 

perlaria occurs has been acquired by the resource company Grange Resources. The 

development of this proposed mine site (Southdown) will result in the extinction of this 

population. This population was the only original population noted to increase in 

population size. As a result of the species’ small population sizes and low numbers A. 
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perlaria has been listed as endangered (Department of Parks and Wildlife 2014b) and 

specifically as threatened, one of the highest categories in the Western Australian 

priority flora listings (Minister for the Environment 2014). As a threatened species, 

conservation would be required to preserve the species for posterity (Coates and Atkins 

2001). 

 

Rationale for the study of Androcalva perlaria 

 Little is known about the threatened species A. perlaria. At the onset of the 

study the only publications related to this species were the taxonomic description 

(Wilkins and Whitlock 2011) and a study of the role of fire in population recruitment 

(Turner, Best et al. 2013). This study was undertaken to better understand this rare 

species and its life history, the breeding system, floral biology, pollination biology, 

reproductive biology and seed germination. An understanding of the stresses throughout 

the life cycle of A. perlaria may permit targeted conservation to the stages most at risk, 

to improve the life cycle of a plant and maximise the maintenance of the species in situ 

(Cochrane, Crawford et al. 2009; Menges, Guerrant et al. 2004). All known populations 

of A. perlaria are currently at risk mainly due to human induced environmental 

disturbance and two populations retain less than 15.0 % of the original plants. The loss 

of the closely related A. adenothalia in situ may indicate the eventual fate of A. perlaria 

if appropriate conservation is not undertaken.  

 Attempts to conserve A. perlaria in situ have been undertaken through 

monitoring, population fencing and the establishment of a translocated population 

(Department of Parks and Wildlife 2014b). The translocation does not appear to have 

been highly successful with only 20.0 % of the introduced individuals retained (pers. 

observation). Androcalva perlaria has also been conserved ex situ in three separate seed 

banks comprising approximately 10 000 wild seed held in the Threatened Flora Seed 

Centre maintained by the West Australian Department of Biodiversity, Conservation 

and Attractions, 170 000 seed derived from a living collection held by the West 

Australian Botanic Gardens and Parks Authority (Department of Parks and Wildlife 

2014b) and seed stored in the United Kingdom in the Millennium Seed Bank (S.R. 

Turner pers. comm.). In vitro micropropagation of the species has also been established 

(Nikabadi, Bunn et al. 2010). However, much remains to be completed, as neither the 

living collection nor tissue culture collection can be maintained indefinitely. This work 
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may comprise storing large numbers of seed sourced from a seed orchard, 

cryopreserving multiple genotypes of genetic importance or preserving pollen of genetic 

importance. 

 Limiting factors in the life cycle stages of A. perlaria are unknown and the 

effects of these factors during conservation are not understood. An improved 

understanding of the species in regards to the breeding system, pollination biology and 

seed germination will provide an optimised framework to facilitate targeted 

conservation of A. perlaria in the aim of conserving this species and potentially other 

similar rare and threatened species for future generations. 

 

Project aims 

Further study of A. perlaria may improve targeted conservation and provide the 

potential for an assessment of conservation methodologies for this species. This study 

aimed to: 

 investigate the breeding system of the species, to determine the gender and sexual 

dimorphism of individual plants, the gender composition of populations and the 

compatibility of plants, 

 determine the reproductive biology of the species, the temporal stages of flowers in 

situ and ex situ, the potential pollinators in situ and ex situ to determine the impact 

of in situ and ex situ conservation and the pollen capabilities under altered 

temperatures, 

 investigate quantity and quality of in situ fruit and seed production across 

populations to determine whether there is a relationship between population size, 

gender composition and fecundity, 

 determine if there are consequences in seed quantity and quality from a seed 

orchard, 

 investigate germination characteristics of A. perlaria seed, 

 develop a rapid screening protocol for in vitro conservation and 

 determine the suitability of ex situ conservation to support A. perlaria conservation 

in situ. 

Improved conservation for A. perlaria may provide a framework for the conservation of 

similar rare and threatened south west Australian species in a changing environment. 



 

20 

Thesis structure 

The thesis is presented as a series of chapters addressing parts of the 

conservation biology of A. perlaria. This introduction summarised the nature of this 

rare and threatened endemic study species, emphasising the limited current knowledge 

and the scope for the utilisation of conservation methodologies to aid species recovery. 

The second chapter describes an investigation into aspects of the breeding system of 

A. perlaria, including the gender strategy, the gender proportions within populations, 

floral morphology and plant compatibility. Chapter three deals with investigations into 

the in situ and ex situ pollination biology of A. perlaria, namely floral chronology, 

pollinator activity and pollen viability and germination. Chapter four describes the study 

and assessment of the fruit and seed production and seed characteristics across in situ 

populations and ex situ sources. Included in chapter 4 is a brief study of in situ 

A. perlaria seed dispersal vectors. The fifth chapter investigates conservation 

methodologies for A. perlaria, seed germination and potential methods for improvement 

and assessment of biotechnology (in vitro propagation and cryopreservation) for 

providing ex situ conservation options. Finally, chapter 6 summarises key outcomes 

from chapters 2 to 5, with overarching conclusions of the study providing a model for 

the effective conservation of a rare and threatened endemic species in the context of a 

changing environment. 
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Chapter 2 image: A flower and buds of Androcalva perlaria.  
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Abstract 

 Androcalva perlaria exhibited two floral morphologies, female and 

hermaphroditic, with sexual dimorphism in floral size, and an additional flower type (a 

putative mutant) found on one plant, genotype 73. Flowers of A. perlaria were small 

(with white petals) averaging 5.9 ± 0.1 mm in diameter, 2.5 ± 0.05 mm in height with a 

calyx length of 2.1 ± 0.05 mm, an anther width of 0.7 ± 0.02 mm and the central 

staminode 1.6 ± 0.03 in diameter by 0.9 ± 0.03 mm high. All aspects of floral 

morphology were larger on plants bearing only hermaphroditic flowers with an average 

diameter of 7.1 ± 0.1 mm, height of 2.7 ± 0.06 mm, calyx 2.5 ± 0.05 mm, anther width 

0.8 ± 0.03 mm and central staminode height and width 1.7 ± 0.05 mm and 1.1 ± 

0.04 mm respectively, compared to plants bearing only female flowers (4.9 ± 0.1 mm in 

diameter, 2.7 ± 0.06 mm in height, calyx 1.7 ± 0.06 mm, anther width 0.6 ± 0.03 mm 

and central staminode height and width 1.4 ± 0.03 mm and 0.8 ± 0.03 mm respectively). 

The loss of anther function in female plants appeared to coincide with a reduction in 

overall floral size. Flowers of genotype 73 were generally larger than the female plants 

but smaller than the hermaphrodites (5.3 ± 0.2 mm in diameter, 2.4 ± 0.2 mm in height, 

calyx 1.8 ± 0.1 mm, anther width 0.7 ± 0.08 mm and central staminode height and width 

1.3 ± 0.09 mm and 1.0 ± 0.08 mm respectively). The ratio of plants bearing only female 

flowers to plants with hermaphroditic flowers within in situ populations varied; 

however, only the South Coast and Tyler populations recorded ratios with a bias 

towards female only flowers. Genotype 73 was found in only one population (Hall 

population site) and may be a natural aberrant or mutation however this remains to be 

verified. Androcalva perlaria was observed to be capable of self- pollination and 

therefore determined to be self- compatible. Decreasing population size and increasing 

habitat disturbance and fragmentation could render inbreeding depression more likely in 

the future. 
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Introduction 

 The breeding system of a species (sex and mating systems) affect the genetic 

diversity and evolution of a species (Charlesworth 2006). The flower, the sexual organ 

of the plant, may exhibit multiple gender morphologies comprising a combination of 

male, female and hermaphrodite (both male and females) flowers. Amongst angiosperm 

plant species, hermaphrodites have been noted to be the most frequent type (Eckert, 

Kalisz et al. 2010; Sjöström and Gross 2006); however, within dicotyledonous species, 

combinations of genders other than hermaphroditic are frequently observed (Barrett and 

Case 2006; Yampolsky and Yampolsky 1922). The commonly understood gender 

strategies comprise populations with both male and female gender strategies on all 

flowers, termed hermaphrodite. Those with the male and female strategies found in 

separate flowers on the same plant are termed monoecious. While dioecious refers to the 

male and female strategies found on different plants. The less common gender strategies 

comprise mixes of female, male and hermaphrodite within a population. 

Androdioecious populations are those with hermaphroditic and male flowers. 

Gynodioecious are those with hermaphroditic and female flowers. Polygamodioecious 

populations are those with male and female flowers on different plants and a few 

flowers of the opposite gender or hermaphrodites. While a trioecious population 

contains male, female and hermaphroditic strategies on different plants. Polyecious 

populations are those exhibiting two or more gender strategies (Yampolsky and 

Yampolsky 1922). 

 The transition to dioecy from hermaphroditism or monoecy has been observed in 

a number of plant species (Pannell, Dorken et al. 2008). It has been noted that 

androdioecy and gynodioecy are stages leading to two different pathways in the 

transition from monoecy to dioecy; comprising the loss of female or male function 

respectively in a portion of the population (Barrett and Case 2006; Delph and Wolf 

2005). It can be expected that with the loss of male or female function in some plants, 

the remaining plants will compensate for this loss, functioning as the lost gender 

strategy. However, the expression of the gender strategies of a plant can be complicated 

by plasticity, with individuals able to modify the gender strategy in altered 
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environmental conditions (Barrett and Case 2006). Environmental stress has been 

implicated in the transition of species from monoecious to dioecious. Case and Barrett 

(2004) identified an association of decreased rainfall with a higher frequency of female 

plants in populations of Wurmbea dioica (R.Br.) F. Muell.. Phenotypic plasticity in 

sexual expression, such as androdioecy and gynodioecy may affect genetic structure 

through the alteration of the distribution of sexes in a population in space and time 

(Loveless and Hamrick 1984), impacting the gene pool of a species. The presence of 

different gender strategies may alter the effective population size of a species. 

Conservation may require a minimum population size to ensure effective conservation 

of the genetic diversity of a species. A gender strategy such as dioecy may increase the 

effective population size, where a monecious plant may produce both pollen and seed, a 

dioecious plant may only produce one or the other. Therefore, two plants are required 

for reproduction in a dioecious species, increasing the number of individuals required 

for effective conservation (Loveless and Hamrick 1984). 

 Gender strategy has been tied to floral morphology (Caruso, Maherali et al. 

2003; Delph, Galloway et al. 1996; Eckhart 1992; Miller and Venable 2003). Delph, 

Galloway et al. (1996) determined sexual dimorphism in flower size to be a widespread 

phenomenon, in 97.1 % of families and 85.0 % of predominately temperate species 

investigated. A loss of male function in temperate gynodioecious species has frequently 

resulted in a reduced floral size (Caruso, Maherali et al. 2003; Delph, Galloway et al. 

1996; Miller and Venable 2003). The floral size may impact pollinator visitation and 

hence the distribution of pollen (Worley, Baker et al. 2000). 

 Sexual reproduction in most higher plants is determined by the successful 

fertilisation of an ovule by a pollen grain (Figure 2.1) as only the successful pollen grain 

will influence the genetics of the next generation (Eckert, Kalisz et al. 2010; Loveless 

and Hamrick 1984). Rare species are known to exhibit extremes in floral strategies, 

exhibiting unusually large flowers if self- incompatible or unusually small flowers if 

compatible (Kunin and Shmida 1997). Self- incompatibility, temporal or spatial 

separation can prevent self- pollination and therefore reduce inbreeding (de Nettancourt 

1997). Should the species be self- compatible, separation of the pollen grain and stigma 

makes fertilisation less likely as pollen is unable to reach the stigma or is dehisced from 

the anther at a time when the stigma is not receptive (Loveless and Hamrick 1984). 

Prevention of self- pollination promotes outcrossing (Maurice and Fleming 1995; 

Ornduff 1969), and can directly affect progeny vigour and population dynamic (Eckert, 
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2012). Hence, individual plant fitness may increase while reducing species fitness  

(Gyllenberg, Parvinen et al. 2002; Jacquemyn, De Meester et al. 2012; Metcalf and 

Pavard 2007). Small localised populations of endemics can be more susceptible to 

genetic drift and limited gene flow; increasing inter- population differentiation (Eckert, 

Kalisz et al. 2010; Frankham 1998; Hopper 2009; Loveless and Hamrick 1984). With 

increasing fragmentation, pollen limitation increases (Eckert, Kalisz et al. 2010; 

Jacquemyn, De Meester et al. 2012); resulting in a gradual decline in population size, 

and therefore a reduced mean outcrossing rate (Hopper 2009; Jacquemyn, De Meester et 

al. 2012). 

 

 

Figure 2.1: Sexual reproduction of Androcalva perlaria. 
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The breeding system of the rare and endangered Malvaceae species Androcalva 

perlaria C.F. Wilkins is undefined, however, the following basic morphology of the 

flowers was quantified during the taxonomic description of the Androcalva genus: an 

inflorescence with three to nine flowers, with each flower four to ten mm in length, 

buds rounded at the apex and graduate from pale pink at the base to a white apex, calyx 

white with a pinkish- green base, petals white with a pale pink tinged base, staminal 

tubes and staminodes between each stamen, anthers dark red with a paler red 

connective, extended on short filaments, styles 0.7 to 0.8 mm long, ovary noted to be 

ovoid and four or five loculate, each locule noted to contain three to five ovules 

(Wilkins and Whitlock 2011). As noted in chapter 1, A. perlaria is found in eight 

natural in situ populations along the temperate south coast of Western Australia. These 

populations amount to less than 400 individuals, with only two populations containing 

more than 10 individuals. For the purposes of this study and for subsequent chapters A. 

perlaria plants exhibiting only hermaphrodite flowers will be referred to as 

‘hermaphrodite plants’ or ‘hermaphrodites’ while plants bearing only female type 

flowers (i.e. no discernible functional stamens providing viable pollen) will be referred 

to as ‘female plants’ or just ‘females’. The term ‘gender’ will be used to refer to plants 

bearing these floral morphologies. While the general floral morphology of A. perlaria 

has been quantified (as detailed above), details pertaining to gender strategy have not (to 

the best of the author’s knowledge), been previously defined. 

The objective of this particular study was to investigate seminal aspects of the 

breeding system of A. perlaria with the aims of determining the putative gender 

strategy, gender proportion in each natural population, morphology of flowers across 

genders and whether A. perlaria demonstrated selfing or self- incompatibility within or 

between individuals of extant populations. Such information would be crucial for the 

conservation of the remaining extant populations, to permit a quantification of the 

effective population size and hence the genetic diversity present in the population. 

 

Materials and methods 

In situ growth of Androcalva perlaria 

 Across one year from January 2015 to January 2016 the diameter of whole in 

situ A. perlaria plants were measured. As this was an estimation of plant growth rate, 

the longest diameter was used as a base measure. Plants from the Hall, Healy, 
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Southdown, South Coast and South Coast fire populations were measured twice across 

this period. Three plants were measured at the Hall population, three at the Healy 

population, five at the Southdown population, eight at the South Coast population and 

seven at the South Coast fire population. This data was used to calculate the mean 

growth rate of in situ populations. 

 

Gender and floral characteristics of Androcalva perlaria 

 Androcalva perlaria individuals were categorised according to gender. This 

assessment was carried out through observation of the colouration and pigmentation of 

the anther of each flower, and confirmed for five hermaphrodite and five female 

genotypes through pollen assessment. Pollen assessment comprised the placement of an 

A. perlaria anther onto a piece of cellophane (5 mm length by 5 mm width), incubation 

in pollen germination media for 24 h, staining with decolourised aniline blue and 

assessment under 40x magnification (Nikon Eclipse 80i; filter UV-2E/C) for the 

presence or absence of pollen grains (for complete pollen assessment see chapter 3 

pages 75 to 77). The initial determination of gender was undertaken on 20 flowers of 

different ex situ genotypes. In situ, flowering plants were examined to determine 

gender; seven plants at the Hall population were observed, five at the Healy population, 

17 at South Coast, 115 at South Coast fire, 58 at Southdown, six at the Tyler population 

and 22 at the firebreak population. One population discovered in 2016 was excluded 

from this study due to later discovery (S. Barrett pers. comm.). From this assessment the 

total proportion of each gender at every population was calculated, as a ratio of female 

plants to one hermaphroditic plant. 

 Ex situ, 100 flowers from the genders of A. perlaria plants were assessed for 

floral characteristics to determine if there was an effect on exhibited morphological 

differences due to the gender or source population. At the onset of the study only four of 

the natural populations were identified. As a result of this the ex situ collection utilised 

for experimentation contained individuals only from the Hall, Healy, South Coast and 

Southdown populations. The diameter of the flower was measured (STAR No 107 

callipers; 15 cm measuring down to one twentieth of a mm) followed by the height of 

the flower and the length of one valvate calyx lobe. Finally the width of an anther and 

the diameter and height of the central staminode were measured (Figure 2.2; Dufay, 

Lahiani et al. 2010; Miller and Venable 2003). The stigma was covered by the central  
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Aerial view 

 
 
Side view 

 
Figure 2.2: Location of floral measurements on the Androcalva perlaria flower. Measurements 

were taken for a) flower diameter, b) calyx length, c) central staminode diameter, d) anther 

width, e) flower height and f) central staminode height. 
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staminode and hence unable to be measured, however, the height of the central 

staminode was used as a substitute for the height of the stigma. These 100 flowers 

assessed comprised 45 hermaphroditic, 50 female and five genotype 73 flowers, with 60 

from the Hall population, 15 from South Coast and 25 from Southdown. Across the 

assessed populations the distribution of genders was uneven due to the limited number 

of plants available for assessment. The Hall population comprised of 40 hermaphroditic, 

15 female and five genotype 73 flowers. The South Coast selection included five 

hermaphroditic and ten female flowers. The final Southdown population contributed 25 

female flowers. 

 

Controlled crosses 

 Controlled crosses were performed ex situ with pollen transferred from one plant 

to another. While in bud flowers to be utilised in crossing were bagged to prevent 

uncontrolled pollination, these flowers remained bagged throughout the experiment. 

Pollen crosses were performed within and between plants grown from material sourced 

from four in situ populations (Hall, Healy, South Coast and Southdown). Mature pollen 

(dehisced for less than 48 h from flower opening; see chapter 3 for experimentation on 

floral stages) from one plant was transferred (through rubbing of the anther against the 

stigma) to another plant within the same population (n= 19), to a plant from a different 

population (n= 20) and in the case of hermaphrodite plants the pollen was crossed with 

a flower from the same plant (n= 7) and a cross with a different plant of the same source 

genotype (n= 7), a clone (Dufay, Lahiani et al. 2010; Young, Miller et al. 2000). Once 

fruit had matured, the fruit and seed quantity was counted and the seed assessed for 

viability estimation by x-ray (Faxitron X-ray Corporation specimen radiography system; 

Dufay, Lahiani et al. 2010). Viable seed was quantified by a solid filled endosperm 

within the seed under x-ray (further defined in chapter 4 page 124). 

 

Data analysis 

 Data regarding the floral characteristics, gender ratios and self- compatibility of 

A. perlaria was analysed utilising R version 3.0.1 (R Core Team 2013). The gender 

ratios for each population were analysed for statistical significance through a binomial 

test, to determine the deviation from the null hypothesis of a one to one ratio within 
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each population. Initially, one- way analysis of variance (ANOVA) was performed to 

assess the effect of the mother population genotype and pollen donor on the 

compatibility of crosses of A. perlaria, based on the variables of fruit and seed 

production and seed viability. A mixed factor ANOVA was performed to determine any 

statistically significant interaction between the mother and pollen source populations on 

the fruit and seed set and seed viability. Floral characteristics were assessed for 

statistical significance through one- way ANOVA to determine the effect of gender and 

population on the floral morphology (flower diameter, calyx length, central staminode 

diameter, anther width, flower height and central staminode height) of A. perlaria 

separately. A mixed factor ANOVA was applied to determine the interactive effects of 

gender and population  on A. perlaria floral morphology. Following ANOVA analysis 

post hoc pairwise comparisons were performed with Tukey HSD test to determine the 

levels of observed significance on gender and population. Where needed, throughout the 

study the hermaphroditic gender strategy was considered the statistical control as this 

strategy was likely to be the evolutionary default, with differing gender strategies an 

evolution from this state (Barrett and Case 2006; Charlesworth 2006; Delph and Wolf 

2005; Wolf and Takebayashi 2004). 

 

Results 

In situ growth rate of Androcalva perlaria 

 Over one year, the mean growth rate of plants varied across populations. The 

South Coast fire population, known to have germinated in late 2012 to 2013 following 

wildfire (Turner, Best et al. 2013), had a growth rate of 0.3 ± 0.08 m across 12 months 

(Appendix 6). The older populations, Hall, Healy, South Coast and Southdown likely to 

be at least eight years old (Department of Parks and Wildlife 2014; Turner 2014), had 

variable growth rates less than 0.1 m (0.05 ± 0.1, 0.06 ± 0.03, -0.02 ± 0.1 and 0.07 ± 0.2 

m respectively; Appendix 6). Within the three years from germination, plants at the 

South Coast fire site were approximating the size of plants at older populations, Hall, 

Healy, South Coast and Southdown (1.7 to 3.0 m). 
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The genders of Androcalva perlaria 

 Androcalva perlaria plants exhibited two dominant floral morphologies; 

hermaphrodites which performed male and female functional roles, females without the 

ability of the male functional role (Figure 2.3) and an aberrant genotype 73 (Figure 2.4). 

The aberration of genotype 73 was clearly visible with an additional two anthers formed 

on the curve of the central staminode (Figure 2.4). The variation in the colour of the 

anther was the defining factor for the difference between hermaphrodites and females. 

The female anther exhibited a less pigmented anther, a pink rather than the deeper 

maroon of the hermaphrodite, and was incapable of pollen production (Figure 2.3). In 

addition the hermaphroditic blooms exhibited a wash of yellow radiating up the 

spathulate petals from the anther which was reduced or absent in the females (Figure 

2.4). Throughout assessment of multiple genotypes the gender of flowers on plants was 

not observed to differ whether in situ or ex situ. 

 

 

 

Representitive anthers on a flower 

  
Hermaphrodite Female 

  

Figure 2.3: Flower of Androcalva perlaria with anthers and anthers of hermaphrodite and female 

flowers with a lack of pollen production in the anthers of female plants.  
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Figure 2.4: Floral morphologies of the two dominant genders of Androcalva perlaria, 

hermaphrodite and female, and aberrant genotype 73, with insert of central staminode open, 

exposing the stigma. 
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Gender ratios in situ 

 The proportion of hermaphroditic to female plants varied across the populations 

(Table 2.1). The largest two populations in terms of the number of plants quantified 

were South Coast fire and Southdown. These two populations exhibited approximately 

40.0 % hermaphroditic plants, with the remaining plants female (Figure 2.5). The South 

Coast fire population was established following a prescribed burn in September 2012, 

with germination occurring from this burn through 2013 (Turner, Best et al. 2013). The 

Southdown population was discovered across multiple years. The germination year of 

the first 10 plants was unknown, with nine female plants. The second group of plants 

were found and logged (via Global Positioning System) in 2015. This second group of 

54 plants was a ratio of 1.0 hermaphroditic plants to one female plant. The combination 

of these two resulted in the 40.0 % hermaphroditic plants at Southdown. The Hall and 

firebreak population exhibited a higher percentage of hermaphroditic plants, 

approximately 58.0 % (Figure 2.5), while the Healy population exhibited the highest 

proportion of hermaphroditic plants, approximately 80.0 % (Figure 2.5). At the time of 

gender assessment the South Coast population had reduced in numbers from 79 

(December 2013; Turner 2014) to 16 (January 2016) over eight years. Gender 

assessment of 14 ex situ genotypes originally from the South Coast population, 

comprised seven female and seven hermaphrodite plants, suggesting that this population 

once comprised an even proportion of female and hermaphrodite plants. Of the 

remaining 16 in situ plants, one individual was hermaphroditic, with the remaining 15 

plants being female. The Tyler population exhibited only female plants (Figure 2.5) 

whereas the firebreak population comprised 26 known individuals (S. Barrett pers.  

 

Table 2.1: Number of Androcalva perlaria of each gender, the ratio of female plants to one 

hermaphrodite plant (calculated without genotype 73) and the approximate year of germination 

in in situ populations. 

Population Hermaphrodite Female Genotype 73 Ratio Approximate 
germination year 

Hall 4 2 1 0.5:1 unknown 
Healy 4 1 0 0.3:1 unknown 
South Coast 1 16 0 16.0:1 unknown 
South Coast fire 49 66 0 1.4:1 2012 to 2013 
Southdown 24 34 0 1.4:1 original unknown 

additional 2013 
Tyler 0 6 0 6:1 2014 
Firebreak 11 11 0 1:1 2015 
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Figure 2.5: Gender composition of in situ populations of Androcalva perlaria.  marks statistical 

significance (P≤ 0.05). 

 

comm.). However, only 22 of these individuals were flowering at the time of 

assessment, with an even proportion of female and hermaphrodite plants (Table 2.1). In 

addition, the presence of approximately ten individuals of another species, Androcalva 

cuneata (S. Barrett pers. comm.) at this firebreak population may have affected the 

gender determination as the two species are similar and could have potentially been 

confused. Statistical ANOVA tests revealed a significant variation from a hypothesised 

ratio of one to one (female to hermaphrodite) within the South Coast (P< 0.001) and 

Tyler (P= 0.031) populations. 

 Over 15 years, rainfall at the Mettler Bureau of Meteorology weather station 

(009754) fluctuated. Years of lower rainfall occurred in 2004, 2006, 2014 and 2015, 

with monthly rainfall infrequently greater than the monthly average rainfall. Higher 

rainfall occurred in 2001, 2003, 2005, 2008, 2012 and 2013 (Figure 2.6). The 

germination year for some populations was known (Table 2.1). Populations that 

germinated in years of higher or more consistent rainfall (Figure 2.6) exhibited a 

proportion of female to hermaphrodite plants closer to one to one, namely the South 

Coast fire, the additional plants at the Southdown and the firebreak populations (Table 

2.1). A greater consistency of rainfall in the earlier two thirds of 2015 (Figure 2.6) may  
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Figure 2.6: Rainfall at Mettler station (weather recording station central to the natural 

populations) from 2000 to 2015, as a surrogate for rainfall at in situ populations. Data obtained 

from the Bureau of Meteorology; Mettler station (number 009754). 

 

have contributed to the more even proportion of female and hermaphrodite plants at the 

firebreak population.The Tyler population that was composed of only female plants 

germinated in 2014 (Table 2.1), a year of decreased rainfall (Figure 2.6). 

 

Floral characteristics 

 Flowers of A. perlaria were small, white and grew amid grey green foliage. The 

average diameter of one A. perlaria flower was 5.9 ± 0.1 mm, height 2.5 ± 0.04 mm, 

calyx length 2.1 ± 0.05 mm, anther width 0.7 ± 0.02 mm and the central staminode 

diameter and height 1.6 ± 0.03 mm and 0.9 ± 0.03 mm respectively. When the floral 

characteristics were separated by plant gender, gender was statistically significant for 

flower diameter (P< 0.001) and height (P< 0.001), calyx length (P< 0.001), anther width 

(P< 0.001) and central staminode diameter (P< 0.001) and height (P< 0.001). 

Hermaphroditic flowers were larger in all floral traits than female and genotype 73 

flowers (Figure 2.7). Hermaphroditic flowers were 7.1 ± 0.1 mm in diameter, 2.7 ± 0.06 

mm high, calyx 2.5 ± 0.05 mm in length, anther 0.8 ± 0.03 mm wide and the central 



48 

staminode diameter and height were 1.7 ± 0.05 mm and 1.1 ± 0.04 mm respectively. 

The female flowers were 4.9 ± 0.1 mm in diameter, 2.2 ± 0.06 mm high, calyx 1.7 ± 

0.06 mm in length, anther 0.6 ± 0.03 mm wide and the central staminode diameter and 

height were 1.4 ± 0.03 mm and 0.8 ± 0.03 mm respectively. The flowers of genotype 73 

were 5.3 ± 0.2 mm in diameter, 2.4 ± 0.2 mm high, calyx 1.8 ± 0.1 mm in length, anther 

0.7 ± 0.08 mm wide and the central staminode diameter and height were 1.3 ± 0.09 mm 

and 1.0 ± 0.08 mm respectively. Gender derived statistical significance was driven in all 

aspects by the relationship between the hermaphroditic and female flowers, with 

hermaphroditic flowers larger than those of the female. In addition, the hermaphroditic 

flowers were significantly larger than the genotype 73 in the flower diameter, calyx 

length and central staminode diameter. 

 

 

 

Figure 2.7: Floral characteristics (± standard error; SE) of ex situ Androcalva perlaria plants 

separated by gender. n= 45 hermaphrodite, n= 50 female and n= 5 genotype 73.  marks 

statistical significance (P≤ 0.05).  
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 Assessment of A. perlaria flowers by population revealed that the Hall 

population had the largest flowers on average. The Southdown population in contrast, 

exhibited the smallest flowers on average, while the South Coast population fell 

between the two (Figure 2.8). The source population was statistically significant for all 

aspects of flower characteristics; flower length (P< 0.001) and height (P< 0.001), calyx 

length (P< 0.001), anther length (P< 0.001) and central staminode diameter (P= 0.007) 

and height (P< 0.001). The plants available for quantification from the Southdown 

population were all female, resulting in the smallest floral size, those from South Coast 

were 75.0 % female and the population which exhibited the largest floral size was Hall 

with a combination of 66.7 % hermaphroditic, 25.0 % female and the remaining 8.3 % 

was genotype 73. Therefore it was probable that any statistical significance may be due 

to the proportion of genders assessed in each population. 

 

 

Figure 2.8: Floral characteristics (± SE) of ex situ Androcalva perlaria plants separated by in situ 

source population; with variable gender ratios: Hall population with 0.4 females to one 

hermaphrodite, South Coast population with two female to one hermaphrodite and Southdown 

with 25 females only. n= 60 Hall, n= 15 South Coast and n= 25 Southdown.  marks statistical 

significance (P≤ 0.05). 
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 Gender was significant for all floral aspects in combination with population; 

flower diameter (P< 0.001) and height (P< 0.001), calyx length (P< 0.001), anther width 

(P< 0.001) and central staminode diameter (P< 0.001) and height (P< 0.001); with 

hermaphrodites larger than female flowers and those of genotype 73 at each population. 

However, the population effect was not significant in all aspects in the mixed factor 

ANOVA; rather it remained significant only for the flower height (P= 0.007) and anther 

width (P= 0.003), with the flower height greatest at Hall and smallest at South Coast, 

while the anther width was smallest at Southdown and greatest at Hall. The interaction 

between gender and population was significant for anther length (P= 0.009), with all 

three populations contributing to the statistically significance.  

 To elucidate any effect on floral morphology due to population, the genders 

were separated prior to assessment of all aspects of morphology. Female plants across 

the three populations assessed exhibited smaller flowers in comparison to the 

hermaphrodites with little variation between the populations (Figure 2.9). The 

hermaphroditic flowers sourced from the Hall population were significantly larger on 

average (P= 0.008) than those found on South Coast sourced plants (Figure 2.9). The 

anther width (P< 0.001) and central staminode height (P= 0.020) were found to be 

significantly smaller for the female plants. Within the female flowers, the anther width 

was driven by the relationship of the Hall population with the other two populations; 

with a larger anther quantified within the Hall population (Figure 2.9). The central 

staminode height was driven by the differences between the Southdown and South 

Coast populations, with a smaller central staminode observed within the Southdown 

sourced plants (Figure 2.9).  

 While not assessed quantitatively, observation of flowers in situ did not 

elucidate any significant changes in size in comparison to ex situ flowers. In situ, female 

flowers were smaller in size and exhibited anther discolouration in comparison to 

hermaphroditic flowers.  
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Figure 2.9: Floral characteristics (± SE) of ex situ Androcalva perlaria plants separated initially 

by gender, and in situ source population. The South Coast population contained hermaphrodite 

and female plants and the Southdown population only female plants (as specified on page 41). 

 marks statistical significance within gender (P≤ 0.05). 
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Compatibility of Androcalva perlaria 

 Androcalva perlaria was determined to be capable of self- fertilisation; and 

hence is self- compatible. Seed was produced following controlled crosses in ex situ 

plants between flowers on the same clone, between two individuals of the same 

genotype, a pollen donor from the same population and a pollen donor from another 

population (Figure 2.10). All crosses apart from that with a pollen donor from another 

population produced only one mean fruit (Figure 2.10). This outcrossing was capable of 

producing a greater mean number of fruit (Figure 2.10). Few seed were produced in the 

controlled crosses; the mean number of seed varied from three to one (Figure 2.10). The 

cross within one genotype but between two individuals, produced fruit and seed in only 

one replicate, while the cross within one individual produced fruit and seed in only two 

replicates; resulting in little statistical power and a lack of validity. The data indicated 

that the cross within one individual produced a higher number of seed, than the one seed 

observed in a cross between individuals of the same genotype (Figure 2.10). However,  

 

 

Figure 2.10: Average number of fruit and seed (± SE) produced from controlled plant crosses of 

ex situ Androcalva perlaria; with pollen donors from the same clone as the mother (n= 2), a 

different clone of the same genotype (n= 1), another genotype within the population of the 

mother (n= 3) and a genotype from a different population (n= 7). 
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viability of the seed produced from the cross within one individual was reduced in 

comparison to the seed in a cross between individuals of the same genotype (Figure 

2.11). The number of seed produced in crosses within and between populations was the 

same, at an average of two seed (Figure 2.10). However, the seed produced in a cross 

within a single population was of a lower estimated viability at 66.7 ± 19.2 % than that 

observed from the cross between two populations, 91.4 ± 3.2 % (Figure 2.11). Statistical 

analysis revealed no significant effect of the type of cross, mother or pollen donor, nor 

any relationship between these factors on the quantity of fruit and seed or the viability 

of the seed. However, this may be due to the small size of the data set, preventing true 

significance determination. 

 

 

 

 

Figure 2.11: Viability estimation of seed (± SE) from controlled plant crosses of ex situ 

Androcalva perlaria; with pollen donors from the same clone as the mother (n= 6), a different 

clone of the same genotype (n= 1), another genotype within the population of the mother (n= 6) 

and a genotype from a different population (n= 14). 
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Gender and compatibility of Androcalva perlaria 

 Androcalva perlaria exhibited plants with two dominant floral genders, 

hermaphrodite and female, with an additional aberrant genotype (Table 2.2). Larger 

populations comprised a more even proportion of hermaphroditic and female plants 

(Table 2.2). Older populations and those that germinated in years of reduced rainfall 

comprised a higher proportion of female plants (Table 2.2). Sexual dimorphism was 

present in A. perlaria with hermaphroditic flower larger than female flowers (Table 

2.2). The species was determined to be self- compatible with higher seed viability from 

out- crossed populations (Table 2.2). 

 

 

Table 2.2: Summary of effects of population, gender and location (in situ or ex situ) on the 

breeding system of Androcalva perlaria. 

Variable Gender Population Location 

Gender Not applicable Each population 
comprised plants with 
female and 
hermaphroditic flowers 
(Figure 2.4). The Hall 
population contained an 
aberrant genotype (73). 

The gender did not vary 
between in situ and ex 
situ locations, rather it 
was defined by the 
genotype (page 43). 

Gender ratio Not applicable The gender ratio within 
populations was 
variable, with older 
populations comprised 
a higher proportion of 
females (Table 2.2). 
Populations established 
in years of lower 
rainfall, comprised a 
higher proportion of 
females (Table 2.2). 

Not applicable 

Sexual 
dimorphism 

Hermaphroditic flowers 
were larger in regards 
to floral characteristics 
than female flowers 
(Figure 2.7) 

Floral characteristics 
were not affected by 
population; between 
population variation 
was due to a variable 
gender proportion in 
assessed plants (Figure 
2.9) 

Not examined 

Compatibility Genotypes were self- 
compatible (Figure 
2.10). 

The viability of seed 
produced from crosses 
between populations 
was higher than 
crosses within the 
same population 
(Figure 2.11). 

Not examined 
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Discussion 

Androcalva perlaria in situ growth rate 

 Androcalva perlaria would appear to grow rapidly once germinated from a soil 

seed bank (Turner, Best et al. 2013), reaching maximum size within five years. Once 

the maximum has been reached, the growth rates slowed and little further growth was 

observed. This growth function has been commonly observed in fire stimulated species 

(Keeley 1987; Knox and Morrison 2005; Pate, Casson et al. 1985), with which A. 

perlaria would appear to align (Turner, Best et al. 2013). 

 

The gender strategy of Androcalva perlaria 

 Androcalva perlaria exhibited gynodioecy, the occurrence of either female or 

hermaphrodite flowers on separate plants. The loss of male function in the female plants 

was likely due to a partial loss of cytosolic function (Charlesworth 2006; Grant 1999; 

Klinkhamer, de Jong et al. 1997; Wolf and Takebayashi 2004). The potential exists that 

the species is currently in transition from monoecy to dioecy (Barrett and Case 2006; 

Delph and Wolf 2005). As female plants loose male function, the hermaphrodite plants 

may be expected to compensate for this loss (Barrett and Case 2006; Delph and Wolf 

2005). Unfortunately, this may alter the breeding dynamics of A. perlaria in an as yet 

unknown manner, potentially altering the effective population size. Further studies 

would be required to understand this phenomenon. However, during conservation 

female A. perlaria plants require hermaphroditic plants for successful reproduction. 

 The occurrence of a true male within the species would coincide with additional 

anthers in multiples of fives (Whitlock, Bayer et al. 2001); hence genotype 73 was most 

likely an aberration as it exhibited two additional anthers. Throughout the study 

genotype 73 was treated separately to the two common gender morphologies. The 

gender of a plant has been noted to be the product of genetic and environmental factors 

(Sarkissian, Barrett et al. 2001).  
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Gender ratios within populations 

 The ratio of male, or in the case of A. perlaria, the male functioning 

hermaphrodite to female plants will affect the probability of pollination (Cázares- 

Martínez, Montaña et al. 2010). A reduction in pollination would limit seed production 

and the completion of the life cycle. Stressful environmental conditions, in particular a 

reduced rainfall, have been observed to favour a higher frequency of female individuals 

(Barrett and Case 2006). The populations of A. perlaria known to have germinated 

during a year of reduced rainfall exhibited a ratio of genders skewed towards female 

plants, namely the Tyler population (Barrett and Case 2006). The reallocation of 

resources once used for male function in female plants may be linked to a longer life 

span (Miller and Venable 2003; Van Damme and Van Delden 1984). As stressful 

conditions shift the gender ratio towards female, the hermaphrodites may shift towards 

functioning as male only due to resource limitation (Barrett and Case 2006); driving the 

population towards dioecy. In addition, the larger percentage of female plants in the 

South Coast population where potentially it initially did not occur; may indicate an 

extended life span of female plants. 

 A deviation from an even proportion of female and hermaphrodite plants will 

result in an altered effective population size (Loveless and Hamrick 1984). Should the 

fragmentation of the species prevent pollination between populations, those with a 

higher proportion of female plants will increasingly experience pollen limitation and 

hence a reduction in fertilisation (Ramsey and Vaughton 2002). Therefore, in its current 

state and without pollination between populations the Tyler population with only female 

plants would be unable to produce seed. Barring the germination of new hermaphroditic 

plants, the Tyler population would be unable to reproduce. Throughout this study, no 

fruit were observed on plants at the Tyler population (pers. observation). Should 

populations tend towards a higher proportion of female plants over time, these would 

begin to produce less seed due to pollen limitation as the number of hermaphroditic 

plants was reduced. With reduced seed production the reliance on the seed soil bank 

would increase for the maintenance of the species. Unfortunately, a soil seed bank size 

is finite. Should reliance on the soil seed bank be substantial and without replenishment 

it may become exhausted (Leck and Schütz 2005; Turner, Best et al. 2013; van der Valk 

and Pederson 1989). Without a soil seed bank to replenish the species or population it 

may progress towards extinction. 
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Floral characteristics 

The colouration of A. perlaria flowers may be driven by environmental 

differentiation (Kevan and Baker 1983); and the small size may be a result of rarity or 

pollinator identity (Kunin and Shmida 1997). The floral characteristics of A. perlaria 

were highly correlated with the gender of the plant. On average bisexual flowers on 

hermaphroditic plants were the largest, while female flowers were the smallest. It has 

often been noted that flowers formed in dimorphic gender species exhibit floral 

structure differences between floral morphologies (Eckhart 1992). It has been observed 

for temperate species that female flowers are generally smaller than hermaphroditic 

flowers in gynodioecious species (Caruso, Maherali et al. 2003; Miller and Venable 

2003). The pollen producing hermaphroditic flowers are larger and showier (Delph, 

Galloway et al. 1996). This evidence aligned with the floral morphology of A. perlaria, 

a temperate gynodioecious species, with a larger sized flower quantified on the plants 

growing hermaphroditic flowers. Androcalva perlaria genotype 73 exhibited smaller 

flowers than individuals bearing only hermaphroditic flowers, but larger than flowers on 

plants with female flowers. When originally thought to be a male mutation, this smaller 

size was curious; however if genotype 73 is assumed to be an aberrant hermaphrodite 

this loss of stature may be associated with genetic plasticity; rather than a gender related 

size reduction (Barrett and Case 2006). Two theories can be proposed to explain this 

floral dimorphism one being the saving of resources by a reduction in female floral size 

and other features for pollinator attraction and reassignment of these resources to fruit 

and seed production (Caruso, Maherali et al. 2003; Dufay, Lahiani et al. 2010; Eckhart 

1992; Miller and Venable 2003). The second theory comprising the concept that as male 

fitness in the hermaphroditic plants is limited by female access, pollinator visitation 

may be increased through larger flowers to improve the male function of the 

hermaphroditic plants (Miller and Venable 2003).  

 

Compatibility of Androcalva perlaria 

 Self- pollination within individuals of the same genotype, determined 

A. perlaria to be self- compatible. Self- compatibility may be considered an advantage 

in fragmented species located in Mediterranean regions with annual climatic fluctuation 

(Jacquemyn, De Meester et al. 2012). The possibility of self- fertilisation may decrease 

the dependence on cross pollination in years of unfavourable environmental conditions 
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or in fragmented populations (Stebbins 1957). To promote cross fertilisation, self- 

compatible species may utilise temporal or spatial separation of flowers to prevent 

excessive self- pollination and avoid inbreeding depression and the associated decrease 

in species survival (Loveless and Hamrick 1984). The methodology of this spatial and 

temporal separation in A. perlaria has been explored further in chapter 3. The reduced 

viability of seed produced from a cross within a population may be attributed to a higher 

incidence of sibling mating as is observed in Silene nutans L. (Dufay, Lahiani et al. 

2010). As A. perlaria populations decrease and fragmentation increases, the incidence 

of sibling mating would be expected to increase, should out- breeding prove impossible 

in situ (Eckert, Kalisz et al. 2010; Keller and Waller 2002; Kristensen, Pedersen et al. 

2010). This increase in sibling mating will almost certainly drive an increase in 

inbreeding depression and therefore reduce the potential future survival of the species 

(Keller and Waller 2002; Kristensen, Pedersen et al. 2010; Sjöström and Gross 2006). 

However, the occurrence of both female and hermaphrodite plants may be able to 

promote an increased chance of cross- pollination, through the necessity for female 

plants to obtain pollen from hermaphrodites if plants are not exceedingly closely related 

(Jordano 1993). Crosses between a female and male plant of the critically endangered 

dioecious West Australian Symonanthus bancroftii (F.Muell.) Haegi resulted in seed of 

high viability despite low genetic diversity (Ye, Bunn et al. 2007). Inbreeding 

associated with increased selfing may shift A. perlaria to dioecy, with a plant able to 

produce only pollen or ovule, preventing self- pollination and rendering self- 

compatibility moot (Barrett and Case 2006).  

 

Conclusions 

 Androcalva perlaria exhibited two dominant floral morphologies and an 

additional aberrant. The species was observed to be gynodioecious and exhibited sexual 

dimorphism with the flowers of hermaphroditic plants larger on average than plants 

bearing female flowers. The larger flowers of hermaphrodites may be more likely to 

attract pollinators while a reduction in floral size in females may reserve resources for 

increased fruit and seed production. These benefits were investigated further in chapters 

3 (pollination biology) and 4 (fruit and seed set) respectively. 

 The genders of A. perlaria occurred in various combinations within in situ 

populations, rather than the expected one to one ratio of female to hermaphrodite. Two 
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populations, South Coast and Tyler exhibited a statistically significant higher ratio of 

female plant to one hermaphroditic plant. A shift in the gender proportion within a 

population towards female plants may result in pollen limitation. In response, 

hermaphrodite plants may shift towards increased male function, transitioning the 

species to dioecy. Unfortunately, a shift to dioecy would further restrict the effective 

population size of A. perlaria. Conservation in dioecious species would require two 

parental plants, in effect doubling the number of individuals that must be conserved. 

However, were gynodioecy maintained a reduction in the availability of pollen would 

decrease the probability of fertilisation and hence seed development.  

 The gender composition of a population has been noted to be linked to 

environmental stress, in particular water stress in Western Australian Wurmbea Thunb. 

(Colchicaeae; Barrett and Case 2006; Case and Barrett 2004). The noted trend of a 

declining rainfall in south west Western Australia would result in increased water stress 

(Alexander and Arblaster 2009; Indian Ocean Climate Initiative 2002; Li, Cai et al. 

2005; Pitman, Narisma et al. 2004; Yates, McNeill et al. 2010). Increased water stress 

has been noted to promote a skew towards female within populations of Wurmbea 

(Barrett and Case 2006; Case and Barrett 2004). The occurrence of a greater proportion 

of female A. perlaria plants in populations coinciding with years of lower rainfall may 

indicate this shift towards female in stressful conditions. A shift towards female plants 

within a population of A. perlaria would limit pollen availability and hence impact seed 

production and life cycle completion.  

 Androcalva perlaria was observed to be self- compatible within a plant and 

between plants in a population. As the species was self- compatible, the potential for 

temporal or spatial separation arises to prevent self- pollination, which has been 

investigated further in chapter 3 of this study. Based on observations of existing 

populations, the occurrence of the species in highly fragmented and disturbed habitats 

and the small population sizes the prognosis for increased self and sibling mating in A. 

perlaria and associated inbreeding depression would arise. In this situation a decline in 

this rare and threatened species is probable in the absence of conservation intervention.  
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Chapter 3 image: A bee visiting a branch of Androcalva perlaria.  
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Abstract 

 Studying the processes of pollination in Androcalva perlaria is essential for 

effective conservation management. Androcalva perlaria pollination occurred in two 

ways 1) the movement of pollen from a hermaphroditic flower to another 

hermaphroditic flower or 2) to a receptive female. Flowers of A. perlaria opened in 

sequence, the flowering time averaged 12.9 ± 0.5 days at the onset of the flowering 

season (ex situ or in situ), and at the conclusion it averaged 6.6 ± 0.3 days. Flowering 

time was reduced in situ by approximately 48 h. The peak floral season of A. perlaria 

was extended in ex situ plants to between July and February, in comparison to the in situ 

season, September to December. Ex situ hermaphroditic plants produced an increased 

quantity of flowers towards the ends of the season than compared to plants bearing 

female flowers. Potential pollinator vectors for A. perlaria were identified as belonging 

to the orders of Araneae, Coleoptera, Diptera, Hymenoptera, Orthoptera and 

Thysanoptera. Natural populations generally exhibited a greater diversity and higher 

frequency of visitation of invertebrate potential pollinators than observed at the sole 

translocated population. In situ, increased temperatures during the pollinator assessment 

period may have resulted in greater diversity of invertebrate vectors. Ex situ the quantity 

of potential invertebrate pollinator vectors observed was reduced, but between plant 

visitations were more frequent, possibly increasing pollen transfer between plants 

representing different populations. Optimal germination of pollen occurred at 25 ˚C 

under in vitro conditions. Germination was reduced by half if the temperature varied by 

more than 5 ˚C either side of the optimum (i.e. 20 or 30 ˚C). Further studies are required 

to ascertain whether the apparent sensitivity of A. perlaria pollen germination to 

temperature under in vitro conditions would translate to any net limiting effect in ovule 

fertilisation and hence effect seed production in in situ plants or ex situ plant collections 

under extreme heat conditions. 
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Introduction 

 Pollination is crucial for seed- bearing angiosperms to enable the transfer of 

genetic material between flowers during sexual reproduction (Figure 3.1). While, 

flowers may, on occasion, reproduce asexually through agaspermy, sexual reproduction 

is by far the more common process as it produces individuals with greater genetic 

diversity (Stebbins 1957). Therefore, theoretically, a species with greater genetic 

diversity will be better able to adapt to fluctuating environments (Muller 1932; Stebbins 

1957). 

 

 

 

Figure 3.1: Sexual reproduction in the life history of Androcalva perlaria. 
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 The floral display of a flower comprises the morphology, longevity and 

arrangement of open flowers and will affect the reproduction of a species through the 

effect on the probability of pollination, due to pollinator attraction and the availability 

of the flower for fertilisation. Through these floral components, plants are able to 

impose a level of spatial and temporal separation to promote cross pollination. The 

number of flowers open at a given time will influence the visitation rates of pollinator 

vectors through attraction (Worley, Baker et al. 2000). Many plants will display flowers 

sequentially, with only a subset of floral buds open on any given day, adding a layer of 

temporal separation to prevent self-pollination (Worley, Baker et al. 2000). A 

knowledge of the time a flower is open in situ is necessary in understanding pollination 

and hence reproductive biology. The longevity of a flower defines the number of times 

a flower is able to be pollinated (Primack 1985), as a flower open for longer will permit 

a higher number of visits by potential pollinators and increase the occurrence of 

fertilisation. However, this maintenance of floral receptivity requires a higher level of 

resource allocation (Primack 1985). Hence, a balance of the functional display of 

flowers against available resources must be reached to maximise pollination and 

fertilisation (Meagher and Delph 2001; Worley, Baker et al. 2000).  

 Altered environmental conditions may shift the balance between floral 

production and longevity (Meagher and Delph 2001; Petanidou, Kallimanis et al. 2014). 

The environmental conditions of a species will impact the longevity of a flower. For 

example, cooler temperatures at the beginning of the flowering season may result in a 

longer receptive floral time frame, particularly in Mediterranean environments, such as 

Western Australia (Petanidou, Kallimanis et al. 2014; Primack 1985; Worley, Baker et 

al. 2000) and species flowering in spring will often have a longer life span than those 

flowering in summer (Primack 1985; Worley, Baker et al. 2000). In addition, sexual 

dimorphism will affect the floral longevity, in 82.4 % of species analysed by Primack 

(1985), female flowers remained open and receptive for longer time frames than male 

functioning flowers. Presumably, male flowers contributing only pollen would have a 

reduced floral time in comparison to female flowers which must remain receptive until 

pollen has fertilised the ovary. Sexual dimorphism in rare dioecious, gynodioecious or 

androdioecious plants will result in the small number of plants split between these the 

gender strategies, either female, male or hermaphroditic. If only part of the known small 

population was capable of producing pollen, the other portion must produce seed; 

effectively reducing the population size capable of producing seed. This reproduction 

must be accomplished through the transfer of dehisced pollen from the anther to a 
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receptive stigma, and should the population become pollinator limited, pollination may 

fail (Martínez-Pallé and Aronne 2000; Wilcock and Neiland 2002).  

 Pollen transfer may be accomplished by wind, water, insect or vertebrate 

dispersal (Table 3.1; Armstrong 1979; Cox 1988; Culley, Weller et al. 2002). It is 

estimated that most plant species are pollinated by a wide range of anthophilous insects, 

including Coleoptera (beetles), Diptera (flies), Lepidoptera (butterflies and moths), 

Hymenoptera (wasps, bees and ants) and minor insect groups of Collembola 

(springtails), Plecoptera (stoneflies), Orthoptera (grasshoppers and crickets) and 

Heteroptera (true bugs; Herrera 1988; Hopper and Gioia 2004; Kevan and Baker 1983; 

Phillips, Hopper et al. 2010). The conservation of rare species without an understanding 

of the pollination syndrome may result in the conservation of the plant itself but not the 

pollinators which may be critical for long- term species survival. 

 Malvaceae pollen are generally characterised by large globular grains with 

sculpting and evenly distributed spines (Lang 1937). This exine or pollen coat has 

numerous apertures which act as germ pores, the point from which pollen tubes may 

emerge (Lang 1937). Once dispersed to the receptive stigma, a pollen grain will 

germinate and the tip of the pollen tube will begin growing down the style of the stigma 

within six to 48 h (Mascarenhas 1975). Temperature is an integral aspect of pollen 

germination. The percentage of pollen germinated is reduced at lower temperatures and  

 

Table 3.1: Pollination syndromes and the associated vector (Armstrong 1979); with specified 

invertebrate order and where useful family to separate the invertebrate classes. 

Pollination 
type 

Pollinator 
syndrome 

Pollinator vector Description 

Abiotic Autogamy Self-pollination Self- pollination of a flower 
 Cleistogamy Self-pollination Self- pollination in a closed flower 
 Anemophily Wind Pollen transfer by wind 
 Hyphydrophily Water Pollen transfer by water 
Biotic Cantharophily Coleoptera Pollen transfer by beetles 
 Myophily Diptera Pollen transfer by flies 
 Sphecophily Hymenoptera Pollen transfer by wasps 
 Melittophily Hymenoptera; Apoidea Pollen transfer by bees 
 Myrmecophily Hymenoptera; Formicidae Pollen transfer by ants 
 Psychophily Lepidoptera Pollen transfer by butterflies 
 Phalaenophily Lepidoptera Pollen transfer by moths 
 Ornithophily Aves Pollen transfer by birds 
 Therophily Mammalia Pollen transfer by mammals 
 Metatherophily Marsupialia Pollen transfer by marsupials 
 Eutherophily Placentalia Pollen transfer by placentals 
 Chiropterophily Chiroptera Pollen transfer by bats 
 Smithophily Rodentia Pollen transfer by rodents 
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at temperatures above the optimum for the species under experimentation; which is 

commonly between 20 and 30 °C (Johri and Vasil 1961). 

 The Malvaceae species, Androcalva perlaria C.F. Wilkins as stated in chapter 1, 

is found along the south coast of Western Australia. The species was known from eight 

natural populations and one translocated, amounting to less than 400 individuals. At the 

outset of this study, only four natural populations were known. Hence, the ex situ 

collection utilised for experimentation contained individuals from only these four 

populations: Hall, Healy, South Coast and Southdown. In situ experimentation was 

undertaken on these four natural populations and the translocated Mettler population. 

The floral gender (hermaphrodite, female and genotype 73) determined in chapter 2 and 

the source population were utilised to investigate the species in relation to the 

pollination biology of A. perlaria. The species has been identified as self- compatible, 

indicating a spatial or temporal separation of self- fertilisation (as determined in chapter 

2) to prevent self- pollination. 

 The overall objective of this study was an examination of key aspects of the 

floral and pollination biology of A. perlaria. These studies were aimed at a better 

understanding of the overall floral biology and pollination of in situ populations. In 

addition the study assessed the feasibility of seed production from an ex situ living 

collection, crucial to developing a targeted conservation program for this threatened 

species. Specifically, this involved identifying the following factors affecting 

pollination on in situ and ex situ plants: the developmental pathway (phenology) of an 

individual flower, temporal floral display dynamics on plants, pollinator diversity and 

activity and pollen characteristics (including germination requirements). 

 

Materials and methods 

Floral phenology 

 Tracking floral phenology (the timing of flowering) was initially completed ex 

situ on a living collection held by the Botanic Gardens and Parks Authority (Kings Park 

and Botanic Gardens, Perth Western Australia) established from cuttings of in situ 

plants from the Hall, Healy, South Coast and Southdown populations. Three replicates 

of 20 individual plants of known gender were randomly selected and one bud on each 

plant marked, by tagging the floral group and recording the specific flower location 
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through photography. This marked bud was observed every 24 h for its floral 

developmental stage. The floral stages were recorded as bud, anthers dehiscing, stigma 

exposed, central staminode closed, flower closing and finished (Figure 3.2). These 

observations were conducted until all flowers had closed (Meagher and Delph 2001). 

This experiment was replicated at the beginning of the floral season (July 2015), the 

middle (September 2015) and the end (December 2014 to February 2015). The initial 

replicate was conducted in December 2014, with further replicates added in the 

subsequent months, to encompass the environmental variation across summer months. 

The replicates at the start and middle of the flowering season were conducted 

concurrently to encompass an accurate environment. Floral tracking during September 

was continued after flowering finished to determine fruit set. In the field, two replicates 

of 60 plants from Hall, Healy, South Coast and Southdown populations were selected 

with anthers beginning to become exposed and were tracked for five days across the 

transition from anthers dehiscing to stigma exposed and flowers closing in September 

2014 and January 2016. Floral tracking data for each floral stage was converted to a 

percentage of the total time open. 

 Monthly for two years from July 2014 to June 2016, branches amounting to 

approximately 0.10 m
2
 on 38 separate ex situ plants of known gender and population 

were assessed for the number of flowers at each floral developmental stage. The plants 

were maintained throughout the experiment in pots (150 mm diameter) in an open air 

glasshouse (in Kings Park, Western Australia) with daily irrigation of 15 min. Plants 

were fertilised monthly. For the first 12 months, 15 branches were assessed. 

Unfortunately during this process, some plants died, and the data set and analysis was 

adjusted by the removal of these deceased plants from the data set. Due to the loss of 

four plants after 12 months, an additional 23 branches on 23 new plants were added to 

the trial, and subsequent changes to the number of plants within the data set were 

accounted for. These additional plants had been maintained in reserve in the same 

experimental conditions as those initially selected for the experiment. The plants 

initially selected for the experiment comprised plants from multiple populations; 

however, the additional plants were sourced from only the Southdown population, and 

added to maintain an adequate sample size. The total number of plants assessed 

comprised 19 hermaphroditic, 15 female and three clonal genotype 73 plants. The Hall 

sourced plants comprised seven hermaphroditic plants, one female and three replicate 

clones of genotype 73. The Healy sourced plants ex situ held only one hermaphrodite 

and one female. The plants sourced from the South Coast population were two  
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Figure 3.2: Floral stages of female and hermaphroditic Androcalva perlaria: bud, flower opening, 

anthers dehiscing, stigma exposed, central staminode closed, flower finishing, flower closed 

and fruit developing. 
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hermaphroditic and seven females. The Southdown sourced plants comprised nine 

hermaphrodites and six females. 

 

Pollination  

 Individual plants at three populations (South Coast, Southdown and translocated 

population Mettler) were observed for twelve 10 min intervals (with a 10 min delay 

between each replicate) on three days in the September 2014 flowering season (Hansen 

and Totland 2006; McCall and Primack 1992). Each population was assessed before and 

after noon each day by two experimenters to produce 12 replicates across six time 

periods in the day, namely, early mid and late morning or afternoon. The order in which 

the populations were assessed was alternated to produce two replicates for each time 

period in the day. The whole plant was observed and potential floral pollinators 

recorded, the number of flowers visited and the whether the next plant visited was 

another A. perlaria individual. This was repeated the following year on the same plants 

at each population for three days in August 2015. During late August 2016, 

observations of possible pollinators were performed on individuals held ex situ. The ex 

situ plants utilised were a mixture of genotypes sourced from both the South Coast and 

Southdown populations. Twelve replicates spaced evenly across morning and afternoon 

were conducted. 

 

Pollen viability 

 Four media containing 15 % or 50 % (w/v) sucrose were assessed for pollen 

germination and viability fluorescence of ex situ A. perlaria plants (Table 3.2). This was 

assessed by two methods. 1) Rubbing pollen dehiscing flowers on cellophane (5 mm in 

length by 5 mm width), placement between filter paper damped by pollen media and 

incubated within a sealed sterile plastic Petri dish (one per flower) at 25 °C in the dark 

for 24 h (Steridium Pty Ltd incubator i500.R.C.; based on Brewbaker and Kwack 1963; 

M. Crowhurst pers. comm.). The piece of cellophane was mounted on a glass slide, 

stained with 0.1% w/v decolourised aniline blue in aqueous 0.108 mole/L tri- potassium 

orthophosphate filtered through charcoal after 24 h (Currier and Strugger 1956; 

Eschrich and Currier 1964; Johnson-Brousseau and McCormick 2004; Martin 1959) 

and viewed under a fluorescent microscope (Nikon Eclipse 80
o
) with ultraviolet UV- 
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2E/ C excitation filter (excitation filter: 340 to 380 nm, barrier filter: 435 to 485 nm and 

long pass dichroic mirror of 400 nm). 2) The droplet method was the placement of a 

dehiscing anther in 100 µL of pollen media followed by agitation (Bots and Mariani 

2005). The pollen was incubated for 24 h at 25 °C in the dark before a droplet was 

applied to a slide with decolourised aniline blue and viewed under the microscope for 

fluorescence (Figure 3.3; Bots and Mariani 2005; Brewbaker and Kwack 1963). 

 Flowers from the ex situ living collection were assessed for pollen viability and 

germination. Flowers with dehiscing anthers were randomly selected from 

hermaphroditic plants across each population represented in the collection (Hall, Healy, 

South Coast and Southdown) and the cellophane method utilised (one cellophane piece 

 

Table 3.2: Pollen media assessed for pollen viability and germination ex situ.  

Media 
components 

Brewbaker and 
Kwack 

(Brewbaker and 
Kwack 1963) 

Brewbaker and 
Kwack with GA3  

(Brewbaker and 
Kwack 1963) 

Bots and Mariani 
(Bots and 

Mariani 2005) 

Max and Sophie 
(M. Crowhurst 
pers. comm.) 

Sucrose (%) 15 50 15 50 15 50 15 50 
Boric acid 
(mg/L) 

100 100 100 100 100 100 200 200 

Ca(NO3)2.4H2O 
(mg/L) 

300 300 300 300     

MgSO4 (mg/L) 200 200 200 200     
KNO3 (mg/L) 10 10 10 10     
CaCl2 (mg/L)     700 700 600 600 
PEG 6000 (g/L)     20 20   
GA3 (mg/L)   500 500     

H2O 
to 

volume 
to 

volume 
to 

volume 
to 

volume 
to 

volume 
to 

volume 
to 

volume 
to 

volume 

Abbreviations: GA3 gibberellic acid. 

 

Fluorescence Germination 

  

Figure 3.3: In vitro pollen fluorescence in the anther and germination of pollen tubes from 

multiple pollen grains of hermaphroditic Androcalva perlaria. 

200 µM 50 µM 
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and Petri dish per flower). The experiment was conducted under sterile conditions in a 

laminar flow. Plated cellophane strips were then incubated at a variety of temperatures 

(5, 10, 15, 20, 25, 30, 35, 40 and 50 °C) in the dark for 24 h (Contherm Biosyn 6000GP 

Growth Chamber or Thermoline L+M Australia refrigerated incubator). Each 

temperature was assessed with five replicates from different hermaphroditic A. perlaria 

genotypes. Further incubation experiments were conducted using a temperature gradient 

table (Grant two- way thermo- gradient plate) ranging from 7 to 35 °C. The gradient 

table experiment comprised three replicates from different hermaphroditic A. perlaria 

genotypes at each temperature. Following incubation, cellophane pieces were retrieved 

and mounted on glass slides with a drop of decolourised aniline blue stain. With 

fluorescence microscopy the total number of pollen grains, viable pollen (those that 

fluoresced; Figure 3.3) and germinated pollen (identified by the exhibition of both 

fluorescence and pollen tube growth; Figure 3.3) in each replicate (five replicates per 

temperature) were counted. These counts permitted the calculation of percentage 

viability and percentage germination (Bots and Mariani 2005; Brewbaker and Kwack 

1963). 

 For examination of pollen from in situ plants, five small (50 mm) cuttings, were 

collected from 13 plants across five populations, Hall, Healy, South Coast, South Coast 

fire and Southdown. Each cutting was selected to maximise buds which were expected 

to open and expose the anthers within 24 h. These cuttings were transported to the 

laboratory in mildly anti- microbial vase solution (0.250 g/ L sodium 

dichloroisocyanureate) and maintained in an open cool environment (15 °C incubator) 

to minimise early senescence of floral buds (Figure 3.4). Less than 24 h after collection, 

newly open buds with dehiscing anthers were utilised to determine pollen viability and 

germination through the process utilised for ex situ pollen (Bots and Mariani 2005; 

Brewbaker and Kwack 1963). 

 

Data analysis 

 The floral developmental stages of flowers were analysed for statistical 

significance through one way analysis of variance (ANOVA) in R version 3.0.1 (R Core 

Team 2013), with the effect of population, gender, month and year taken into account. 

The effect of gender and population was assessed through a mixed-factor ANOVA. 

Following ANOVA a post- hoc test (Tukey HSD) was applied to determine the factors  
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Figure 3.4: Early senescence of Androcalva perlaria. On the left, a healthy flower and right a 

flower with early senescence, the collapse and discolouration of the anthers, and the opening of 

the central staminode. 

 

driving observed statistical significance between treatments. Pollination visitation data 

was analysed through Principal Component Analysis (PCA) in the R Studio statistical 

program version 3.3.3 (R Core Team 2013). Proportional pollen viability and 

germination data was arcsine transformed and analysed using a one way ANOVA to 

determine the statistical significance of temperature in R version 3.0.1 (R Core Team 

2013). Further, a mixed factor ANOVA and post- hoc test (Tukey HSD) was utilised to 

determine significance between treatment effects of temperature and ex or in situ 

source. 

 

Results 

Floral phenology 

Development of an average flower ex situ 

 Ex situ A. perlaria flowers of both genders (hermaphrodite and female) 

progressed through the various reproductive stages over time. The flowers started as 

nominally male with visible anthers and stigma covered by the central staminode then 

becoming nominally female with an exposed stigma and non- functional anthers. This 

1 mm 
stigma exposed 

anther discolouration 
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may have imposed a temporal and physical separation putatively to prevent self- 

pollination (Figure 3.5).  

 The time the flowers were open varied significantly across the months of the 

floral season (P< 0.001), and between the years of assessment (P< 0.001). The total time 

open ex situ in July was 12.9 ± 0.5 days, in September 11.2 ± 0.4 and in December 6.5 ± 

0.3 days. Buds took approximately 7.9 days to open completely. Flowers which opened 

earlier in the season took longer to open (Figure 3.5, P= 0.001), assessed in 2015 

(P< 0.001). Buds from the Southdown population were open for the longest time (11.1 ± 

0.7 days), while flowers from Healy were open for 10.9 ± 1.66 days, Hall 10.2 ± 0.4 

days and South Coast 9.6 ± 0.5 days (P< 0.001). The interaction between the year and 

population was significant across the floral display (P< 0.001).  

 Flowers first exposed their anthers which dehisced pollen for 24 to 48 h on 

average, across the entire season, without any significant variation. Hence, the anthers 

were dehiscing pollen for a greater percentage of the floral time in December (Figure 

3.5). Following pollen dehiscence, the central staminode of the flower opened and the  

 

 
Figure 3.5: Mean percentage of time in each floral stage (± standard error; SE) based on 

tracking of individual ex situ Androcalva perlaria flowers (n= 60) randomly selected across 

source population and gender across the floral season: July 2015, September 2015 and 

December 2014.  marks statistical significance between months for total time open (P≤ 0.05). 
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stigma was exposed. The length of time the stigma was exposed was approximately half 

the total floral time open across the entire flowering season (Figure 3.5). The total time 

the stigma was exposed was reduced at the close of the flowering season (P= 0.011) and 

varied between years (P< 0.001). Flowers sourced from Southdown exhibited the 

longest time span with the stigma exposed, 9.5 ± 0.5 days, South Coast for 5.1 ± 0.3 

days, Healy for 4.7 ± 0.9 days and Hall for 3.8 ± 0.3 days (P< 0.001). The interaction 

between the month and population (P= 0.006) was also statistically significant for the 

time frame of stigma exposure. Occasionally, during the later stages of pollination, the 

central staminode would close prior to the rest of the flower (Figure 3.5). As the season 

progressed, the percentage of flowers with the central staminode closing first increased 

(Figure 3.5; P=0.011). Flowers sourced from the Hall population exhibited the longest 

time frame with the central staminode closing of 0.4 ± 0.09 days, the Healy population 

was 0.1 ± 0.1 days, South Coast 0.1 ± 0.06 days and Southdown 0.06 ± 0.04 days 

(P= 0.007). The time taken for a flower to finish reduced as the floral season progressed 

from 3.8 ± 0.3 days in July to 3.6 ± 0.3 days in September and 1.5 ± 0.2 days in 

December. The year of assessment was significant (P< 0.001) with a shorter floral 

finishing time of 1.5 ± 0.2 days in December in comparison to an average 3.7 ± 0.2 days 

in July and September. The interaction of the month and population in the time taken 

for a flower to finish was significant (P= 0.014).  

 The average time a flower was open that would eventually set fruit was 9.6 days 

± 0.7, while those that did not set fruit were open for 11.4 ± 0.4 days. However, this was 

not statistically significant (P= 0.083). The time taken for the flower to close was the 

only floral stage which was significantly associated with the development of fruit (P= 

0.029). Flowers that eventually set fruit took 2.0 ± 0.6 days to close, while those that did 

not set fruit took 3.7 ± 0.3 days to close.  

 

Development of an average flower in situ and ex situ 

 The in situ active pollination stages (anthers dehiscing and stigma exposed) were 

decreased by an average two days in situ in comparison to ex situ (Figure 3.6). The time 

span for anthers dehiscing was significantly reduced from 1.5 ± 0.07 days ex situ to 1.1 

± 0.04 days in situ (Figure 3.6; P< 0.001). The interaction between the situ state and 

population was statistically significant (P= 0.014). The anther of the flowers of the 

Healy population dehisced for the longest time ex situ while in situ the anthers of the 
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Hall population dehisced for the longest time. The time of the exposed stigma was 

reduced in situ from 4.80 ± 0.205 days ex situ to 2.7 ± 0.1 days (P< 0.001) and 

decreased as the flowering season progressed (P< 0.001). The time span of the open 

stigma was significant among the populations (P< 0.001), being longest at Southdown 

4.6 ± 0.4 days, 4.3 ± 0.2 days at South Coast, 3.6 ± 0.3 days at Hall and 3.1 ± 0.2 days 

at Healy. In addition there were significant interactions between the situ state and 

population (P= 0.019) and the interaction between the month and population (P= 0.001). 

Ex situ, the stigma was exposed for the longest time frame at Southdown, while in situ 

the stigma was exposed for the longest time at South Coast. In July, September and 

December the stigma was exposed for the longest time frame at the Southdown 

population, while in January the stigma was exposed for the longest time frame at the 

South Coast population. 

 

 

 

Figure 3.6: Ex situ and in situ Androcalva perlaria floral phenology exposing active reproductive 

stages (± SE; anthers dehiscing and stigma exposed).  marks statistical significance between 

season for active reproductive stages (P≤ 0.05). Note: in situ plants did not flower in winter. 
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 Overall, A. perlaria flowered sequentially ex situ and in situ, first opening and 

dehiscing pollen, then the central staminode opened, revealing the receptive stigma, 

prior to finishing (Figure 3.2 and 3.5). This physical separation in time may contribute 

to the prevention of self- pollination. The time a single flower was open varied across 

the floral season, with warmer months later in the season resulting in a decreased floral 

time span (Figure 3.5). Ex situ flowers that would form fruit, and hence were fertilised 

exhibited a decreased floral time span. In situ, the floral time span was reduced by 

approximately two days in comparison to the floral time span ex situ (Figure 3.6). 

 

Floral development across the season ex situ 

 The peak flowering time for A. perlaria was August to November; however, the 

species flowered ex situ from July to February, with a slight increase in the total number 

of flowers in January and February (Figure 3.7; P< 0.001). At any one time during the  

 

 

Figure 3.7: Phenology and developmental stages of flowers (± SE) on ex situ Androcalva 

perlaria plants across the two genders and aberrant genotype and four populations each month 

across two years, July 2014 to June 2016.  marks statistical significance between months for 

total number of flowers (P≤ 0.05).  
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year, the greatest percentage of open flowers (opening, anthers, stigma, central 

staminode closed and finishing floral stages) had exposed stigmas (Figure 3.7). Across 

the yearly cycle there were more flowers in bud or closed than open at any floral stage 

(Figure 3.7); early in the flowering cycle the flowers that were not open were mostly 

buds, while at the end, the majority had closed (Figure 3.7). The second flowering cycle 

across the two years of assessment, exhibited a higher number of average flowers per 

plant (Figure 3.7; P< 0.001). The effect of plant gender and source population of the 

plants were statistically significant (P= 0.010 and P< 0.001 respectively) and were 

further assessed. 

 During peak flowering times, hermaphrodite plants produced an increased 

number of flowers than female plants and genotype 73 (P= 0.010). However, during the 

slight increase in January and February female plants produced a similar average 

number of flowers as the hermaphroditic plants (Figure 3.8). Hermaphroditic plants 

began flowering earlier in the year with buds produced earlier (Figure 3.8). During the 

second flowering season genotype 73 produced approximately one quarter of the mean 

number of flowers observed for the female and hermaphrodite plants. During the middle 

of the flowering season a higher percentage of open flowers were observed across all 

plant genders and source populations (opening, anther, stigma, central staminode or 

finishing floral stages). The number of flowers with the stigma exposed (P= 0.006) and 

closed flowers (P= 0.008) was highest during the floral season. The tail ends (March to 

July) of the flowering season exhibited a greater percentage of buds (Figure 3.8; P= 

0.002). Interaction effects were significant between the year and gender for the anthers 

(P= 0.003) and stigma (P= 0.017) with hermaphroditic flowers in 2014 and 2015 open 

for longer in both stages than the female and genotype 73 flowers. The interaction 

between the source population and gender was significant for buds (P= 0.003), opening 

(P= 0.014) and stigma (P= 0.004) with genotype 73 in bud for the longest time frame at 

the Hall population, the flowers taking the longest time period to open in the 

hermaphroditic flowers of the Hall population and the stigma exposed for the longest 

time frame in the hermaphroditic flowers followed by the female flowers at the 

Southdown population. Finally, the three-way interaction between year, population and 

gender for the average number of buds (P= 0.013) was significant with the greatest 

number of buds in genotype 73 in 2014 at the Hall population.  
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Figure 3.8: Floral phenology and developmental stages (± SE) of ex situ Androcalva perlaria 

hermaphroditic and female and the aberrant genotype 73 plants, from July 2014 to June 2016.  



85 

 During the first flowering season, the Hall and Healy populations produced a 

similar peak mean number of flowers per branch sampled in September, 303.0 ± 55.1 

and 298.0 ± 22.5 flowers respectively (Figure 3.9). A greater number of flowers in the 

first season was observed from plants sourced from the Hall population than that 

quantified in the other populations; and across the two flowering seasons, only the Hall 

population exhibited flowers at all times across the two years observed (Figure 3.9). The 

Hall and South Coast sourced plants produced a higher number of flowers per branch 

sampled in the second flowering season compared to the first (Figure 3.9). In contrast, 

the second flowering season of Healy sourced plants exhibited on average, fewer 

flowers at any floral stage (Figure 3.9). The South Coast and Southdown populations 

produced the highest mean number of flowers per branch sampled during the second 

flowering season, 466.0 ± 65.9 and 453.0 ± 57.5 respectively. However, the Hall 

sourced plants exhibited on average a mean of approximately 100 flowers per plant less, 

while the number of flowers per plant from Healy sourced plants was 185.0 ± 15.0, 

which was less than half the number of flowers per plant observed from the South Coast 

and Southdown sourced plants (Figure 3.9). In addition, the Healy sourced plants 

produced fewer flowers per plant in the tail of the flowering season with minimal 

numbers of flowers in January and February (Figure 3.9). During the second flowering 

season, peak flowering in the Hall, South Coast and Southdown sourced plants was 

during August, while this occurred in September in the Healy sourced plants, as was 

observed in the first flowering season (Figure 3.9). 

 During the peak flowering time (July to November), the number of flowers open 

(opening P< 0.001, anthers P< 0.001, stigma exposed P< 0.001, finishing P= 0.021 

floral stages) was greater at the beginning of the floral season for all populations (Figure 

3.9). The tail of the first flowering season exhibited a higher percentage of closed 

flowers (Figure 3.9; P< 0.001), while the tail of the second flowering season had a high 

percentage of buds (Figure 3.9; P< 0.001). The Healy sourced plants produced a 

reduced floral display than those other from the other populations (Figure 3.9). 

Interaction effects were significant between the year and population for opening flowers 

(P< 0.001) and central staminode (P< 0.001); the population and gender for buds 

(P= 0.003), opening (P= 0.014) and stigma (P= 0.004) and finally the three-way 

interaction between year, month and population for central staminode (P= 0.002) and 

the year, population and gender for the average number of buds (P= 0.013). Hence, the 

source population was significantly different between years, the gender of the plant 

significantly different within the population and the year, month and population  
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Figure 3.9: Average number of flowers (± SE) observed on ex situ Androcalva perlaria plants, 

assigned by in situ source population; Hall, Healy, South Coast and Southdown from July 2014 

to June 2016. Note: Southdown plants were not assessed in the first floral season. 
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interacted to drive the closing of the central staminode. However, the plants utilised for 

floral tracking were unable to be balanced in genders across populations. The greater 

numbers of flowers produced from the Hall and Southdown population sourced plants 

can be attributed to the high percentage of hermaphroditic plants, which produced 

greater quantities of flowers than that observed in female plants (Figure 3.8). The Healy 

population comprised only two plants and as such had little replication, and the balance 

of one female and one hermaphrodite resulted in a lower total number of flowers, as 

there was no skew towards the hermaphrodites. The female skew in the South Coast 

plants resulted in a decreased first flowering season and the lull between main flowering 

seasons. 

 The main ex situ flowering season spanned from July to February, with peaks 

from August to November and in January and February. The greatest number of open 

flowers was observed during August and September. The second floral season exhibited 

a greater number of flowers than the first but followed the same seasonal pattern. 

Hermaphroditic plants flowered throughout the year, and hence spanned a longer time 

frame. The genotype 73 flowered at a reduced capacity, approximately one quarter of 

that observed by the other genders. The numbers of flowers produced on plants sourced 

from the different populations varied, and the plants derived from the Hall population 

exhibited a longer floral season. 

 

Abiotic ex situ conditions 

 Floral development may be linked to ex situ environmental conditions. The 

average rainfall during the first flowering season was greater than that during the second 

season (Figure 3.10). However, reticulation of the ex situ collection may have mitigated 

this lack of rainfall during the second season. The lowest average monthly minimum 

temperature was experienced earlier in the second flowering season, in May rather than 

June (Figure 3.10). A higher maximum temperature was experienced during the first 

flowering season in January 2016 (Figure 3.10), with a gradual increase in temperature 

to this peak maximum. In contrast, the second flowering season exhibited a faster 

increase in maximum temperature to October, from whence the temperature increase 

became more gradual (Figure 3.10), coinciding with an increased quantity of flowers 

per plant. However, aside from reticulation and occasional nutrient fertilisation the ex 

situ living collection conditions were not optimised. Hence, plants may not have been in  
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Figure 3.10: Weather for Perth region (Western Australia) observed during two year floral 

assessment June 2014 to July 2016; average monthly maximum and minimum temperatures (± 

SE) and total monthly rainfall. Data obtained from the Bureau of Meteorology; Perth Metro 

station (number 009225); 4.98 km from ex situ population located in Kings Park and Botanic 

Gardens.  

 

optimal condition for floral production. The living collection was rather a preliminary 

assessment to determine the success of A. perlaria under ex situ conditions. 

 

Pollination  

In situ pollination 

 Androcalva perlaria attracted multiple floral visitors which may have been 

pollinators suggesting  a generalist pollinator syndrome. Observed invertebrates were 

primarily of the order Diptera (74.3 %) with Hymenoptera (14.6 %), and numerous 

other orders of less importance (Figure 3.11). Visitation at natural sites by species of the 

less frequent orders comprised 10.5 % in comparison to 2.1 % at the translocated 

population separating the translocated site from the natural sites in the PCA (Figure 

3.12). Floral visitors in 2014 were more diverse than that observed in 2015 (Figure 

3.13). In 2014, six orders of pollinators were observed at the natural sites, with four 

orders observed at the translocation (Figure 3.13). Pollinator composition in 2015 was 
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Araneae (spider) with prey  Araneae (spider)  Coleoptera (beetle) 

   
Coleoptera (ladybird) Diptera (flies) Diptera (fly) 

   
Hymenoptera (ant) Hymenoptera (bee) Thysanoptera (thrip) 

   
Figure 3.11: Observed possible pollinator orders of Androcalva perlaria; Araneae with prey and 

without (spider; photo of spider and prey by Dr Carole Elliott), Coleoptera, Diptera, 

Hymenoptera and Thysanoptera. (Image titles read from top). 
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1 mm 

1 mm 

1 mm 

1 mm 1 mm 
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Visitation rate by number of visits 

 
Invertebrate order 

 
Detail from box in invertebrate order 

 
Figure 3.12: Principle component analysis of Androcalva perlaria pollinators; visitation rate by 

number of visits and invertebrate order.  
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Figure 3.13: Pollinator composition at the natural populations South Coast and Southdown and 

Mettler translocation in 2014 and 2015. 
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reduced, with five different pollinators observed (Figure 3.13) the majority Diptera 

(85.9 %; Figures 3.12 and 3.13). As observed the year before, the translocated site had a 

reduced diversity of pollinators, with three orders of pollinators present (Figure 3.13).

 Visitation rates at natural sites (South Coast and Southdown) was higher (86.6 

%) and more diverse than that observed at the translocated Mettler location (13.4 %) 

(Figure 3.12). At the individual visitor level, natural sites had more pollinators visiting 

multiple flowers as evidenced in the distribution of sites in the PCA, with the 

translocated Mettler site grouped together in comparison to the natural sites (South 

Coast and Southdown; Figure 3.12). However, across all sites few pollinators were 

observed to move from one A. perlaria plant to another. Amongst 216 observations, the 

pollinator in each replicate observed to travel to a flower on another A. perlaria plant on 

only two occasions (at Mettler and South Coast). During September 2014, multiple 

visitations (more than 10 flowers) at the natural sites were observed, 12 occurrences at 

South Coast and 14 at Southdown, with an increasing reduction in visits until this point 

(Figure 3.14). These multiple visitations were primarily by Hymenoptera (Figure 3.14). 

This sudden decrease was evident at the translocated site, however without the larger 

increase at the multiple visitations (Figure 3.14). During August 2015, at the natural 

sites, a much higher number of visitations were observed than those seen at the 

translocated site (Figure 3.14). Pollinators visiting one, two, three or four flowers at the 

natural sites were at least two times more frequent than those observed at the 

translocation. Again, a reduction in visits was observed across the increasing number of 

flowers visited by a single pollinator, with a spike at the natural sites for multiple floral 

visitations (Figure 3.14). 

 Potential pollinators of A. perlaria would appear to be of numerous different 

orders, Araneae, Coleoptera, Diptera, Hymenoptera, Isopoda, Orthoptera and 

Thysanoptera, however, the most frequent visitors were Dipterans and Hymenopterans. 

The first pollinator season in 2014 was more diverse than that in 2015. The natural sites, 

South Coast and Southdown experienced an increased quantity of potential pollinators 

visiting an increased number of flowers, than that at the translocated Mettler site.  

 

 

 

 



93 

 

 

 

 

Figure 3.14: Quantity of visitation by pollinators and composition at the natural populations 

South Coast and Southdown and the Mettler translocation in 2104 and 2015. No visitors 

indicated the number of replicates without potential pollinator visitation. 

 

 



94 

Abiotic conditions during in situ pollinator assessment 

 In situ temperature profiles of maximum and minimum temperatures across the 

two years of pollinator assessment were similar (Figure 3.15). However, February of 

2015 was warmer, while the following months exhibited an increased rate of 

temperature reduction than that observed in 2014 (Figure 3.15). August 2015 was 

reduced in temperature in comparison to 2014 (Figure 3.15). Rainfall in August and 

September 2014 was reduced in comparison to the quantity that fell in 2015 (Figure 

3.15). In comparison, rainfall in October and November 2014 was greater than that 

which fell in 2015 (Figure 3.15). The days of pollination assessment in situ in 

September 2014 were sunny or occasionally overcast with a slight breeze and varied in 

temperature across the day from approximately 15 °C to 25 °C during the middle of the 

day. Environmental conditions in 2015 were cooler, ranging from 10 to 20 °C, with 

greater cloud coverage, than those observed in 2014. The environmental conditions may 

have contributed to the invertebrate diversity and quantity available to act as potential 

pollinators. 

 

 

Figure 3.15: Average monthly maximum and minimum temperatures (± SE) and monthly total 

rainfall in situ; January 2014 to February 2016. Data obtained from the Bureau of Meteorology; 

temperature data from Albany Airport station (number 009999) and rainfall from the Mettler 

station (number 009754).  
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Ex situ pollination 

 The number of visits by possible pollinators was reduced under ex situ 

conditions (Figure 3.12). Only 13 possible pollinators were observed in the ex situ 

collection, of which ten visits were to a single flower, one to three flowers, one to four 

flowers and one to ten flowers (Figure 3.16). Six different types of pollinators were 

identified ex situ, from the Araneae, Diptera Hymenoptera and Isopoda orders. The 

possible pollinators of Hymenoptera were the only two species to visit multiple flowers 

(Figures 3.12 and 3.16). Ex situ two Hymenopteran pollinators were observed to travel 

from flowers of one plant to flowers upon another individual A. perlaria. In addition, a 

Hymenopteran individual was observed moving between multiple A. perlaria 

individuals, a minimum of three different plants. The composition of pollinators for 

A. perlaria ex situ was skewed towards Hymenoptera (Figure 3.12); over 50 % of the 

possible pollinators observed were Hymenoptera. The Diptera species were the next 

highest percentage of possible pollinators, with the other three possible pollinators 

exhibiting the same percentage (Figure 3.17). 

 Ex situ pollination was less frequent than in situ pollination, with a reduced 

diversity of potential pollinators. However, potential pollinators were able to travel 

between individual A. perlaria plants from multiple populations more readily. 

 

 

Figure 3.16: Quantity of visitation by pollinators and composition to ex situ living collection in 

late August 2016. No visitors indicated the number of replicates without potential pollinator 

visitation. 
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Pollen viability 

 The viability and germination was not significantly altered by the germination 

method (P= 0.531 and P= 0.168 respectively); while the media did not influence pollen 

viability (P= 0.510) or germination (P= 0.386; Table 3.3). The sucrose content of the 

pollen media did not decrease pollen viability (P= 0.132), however, a sucrose content of 

50 % did significantly decrease pollen tube germination (P= 0.045; Table 3.3). Hence,  

 

 

Figure 3.17: Pollinator composition of the ex situ living collection visitations. 

 

Table 3.3: Determining optimal pollen germination media across two sucrose concentrations 

and the viability assessment methodology, cellophane (based on Brewbaker and Kwack 1963; 

M. Crowhurst pers. comm.) or droplet method (Bots and Mariani 2005). 

Media Sucrose (%) Method Viable (%) Germinated (%) 

Max and Sophie 15 cellophane 87.8 9.76 

15 droplet 100.0 92.9 

50 cellophane 70.0 0.0 

50 droplet 0.0 0.0 

Bots and Mariani 15 cellophane 77.8 33.3 

15 droplet 100.0 85.7 

50 cellophane 91.7 0.00 

50 droplet 100.0 15.4 

Brewbaker and 
Kwack 

15 cellophane 84.6 0.0 

15 droplet 92.3 7.7 

50 cellophane 87.0 0.0 

50 droplet 85.7 0.0 

Brewbaker and 
Kwack with GA3 

15 cellophane 73.1 5.8 

15 droplet 100.0 14.3 

50 cellophane 88.9 0.0 

50 droplet 0.0 0.0 
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for further experimentation, 15 % sucrose content was utilised (Table 3.3), with the 

assessment of A. perlaria pollen viability and germination carried out with the 

cellophane method utilising Max and Sophie media with 15 % sucrose. 

 Ex situ pollen exhibited decreased viability at higher temperatures (Figure 3.18). 

At temperatures above 30 °C pollen viability decreased, eventually falling to 36.6 % 

viability at 50 °C (Figure 3.18). Temperature was statistically significant in percentage 

of viable pollen (P< 0.001). The highest observed germination percentage was 39.8 % at 

23.9 °C (Figure 3.18), bounded by germination of 34.6 % at 20 °C and 31.1 % at 25 °C 

(Figure 3.18; P< 0.001). Germination of pollen at low temperatures (below 20 °C) and 

high temperatures (above 30 °C) was minimal, with no germination evident at 50 °C, 

and little germination evident at five to 12.2 °C (Figure 3.18). 

 In situ pollen viability was maintained until temperatures exceeded 30 °C 

(Figure 3.18). In situ pollen germination increased with temperature to 33.0 % at 25 °C 

and subsequently decreased to 7.6 % at 30 °C (Figure 3.18). Temperature was 

statistically significant for pollen viability (P< 0.001) and germination (P< 0.001); 

however the source population did not influence pollen viability (P= 0.691) or 

germination (P= 0.083) and there was no interaction between temperature and 

population for either viability (P= 0.413) or germination (P= 0.892). 

 In and ex situ sourced pollen of A. perlaria exhibited similar pollen viability and 

germination profiles in response to temperature. The viability of pollen declined at 

temperatures exceeding 30 °C. Androcalva perlaria pollen germination peaked at 

approximately 25 °C, and followed a typical bell curve pattern to either side of this 

temperature. 

 

Floral biology and pollination of Androcalva perlaria 

 Androcalva perlaria flowered sequentially, with flowers first dehiscing pollen 

from the anthers while the stigma was covered by the central staminode (Figure 3.5). 

Once the pollen had dehisced the central staminode opened to reveal the active stigma 

(Figure 3.5). After approximately 50 % of the time of floral longevity with the stigma 

exposed, the flower would begin to close (Figure 3.5). The longevity of the active 

reproductive stages was reduced in situ (Table 3.4). The ex situ flowering season of 

A. perlaria spanned July to February, with peak flowering from August to November  
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Figure 3.18: Viability and germination (± SE) of ex situ (top) and in situ (bottom) Androcalva 

perlaria pollen, assessed through cellophane methodology (based on Brewbaker and Kwack 

1963; M. Crowhurst pers. comm.).  

  

(Figure 3.7). Hermaphroditic plants began flowering earlier and produced a greater 

quantity of flowers than female plants (Table 3.4). Flowering was variable between 

populations and across the two flowering seasons assessed (Table 3.4). Potential 

pollinators of A. perlaria comprised a diversity of invertebrates. In situ, natural 

populations (South Coast and Southdown) had a greater diversity and abundance of 
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potential pollinators than the translocated population (Table 3.4). Ex situ, potential 

pollinators were of reduced diversity and abundance, however, invertebrates travelled 

between plants with greater frequency (Table 3.4) .Androcalva perlaria pollen viability 

decreased at temperatures exceeding 30 °C. Peak pollen germination was at 25 °C, with 

germination decreasing at temperatures above and below 25 °C (Figure 3.18). There 

was no effect in pollen viability and germination from source population or location 

(Table 3.4). 

 

Table 3.4: Summary of effects of population, gender and location (in situ or ex situ) on the floral 

and pollination biology of Androcalva perlaria. 

Variable Gender Population Location 

Floral 
phenology 

Hermaphroditic plants 
began flowering earlier 
in the floral season and 
produced an increased 
quantity of flowers in 
comparison to female 
plants (Figure 3.8). 

The Hall and South 
Coast populations 
produced a greater 
quantity of flowers in 
the second flowering 
season in comparison 
to the first season 
(Figure 3.9). The Healy 
population comprised a 
greater quantity of 
flowers in the first 
season (Figure 3.9). 

Flower longevity of the 
active reproductive 
stages (anthers 
dehiscing and stigma 
exposed) was reduced 
in situ in comparison to 
ex situ (Figure 3.6). 

Pollination Not examined Natural populations 
(South Coast and 
Southdown) had a 
greater diversity and 
abundance of potential 
pollinators in 
comparison to the 
translocated Mettler 
population (Figures 
3.13 and 3.14). 

The diversity and 
abundance of 
pollinators was reduced 
ex situ in comparison to 
in situ (Figures 3.13, 
3.14, 3.16 and 3.17). Ex 
situ, travel between 
plants was observed 
with greater frequency. 

Pollen viability 
and germination 

Only hermaphrodite 
plants were capable of 
producing pollen (see 
chapter 2 Figure 2.3). 

The source population 
did not affect pollen 
viability or germination 
(page 97). 

Viability and 
germination was similar 
between pollen sourced 
in situ and ex situ 
(Figure 3.18). 

 

Discussion 

Floral phenology 

Typical floral development of Androcalva perlaria 

 Ex situ a typical flower of A. perlaria progressed through several distinct floral 

developmental stages. Pollen dehisced from the anther while the stigma was hidden 
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beneath the central staminode (Wilkins and Whitlock 2011). This physical barrier may 

prevent self- pollination as evidenced in Sida L. species (Solomon Raju and Sandhya 

Rani 2016). Sexual dimorphism, as exhibited by A. perlaria, has been noted to alter the 

floral longevity by extending the receptive time of female flowers in Silene latifolia 

Poir. and many species of multiple families (Meagher and Delph 2001; Primack 1985). 

Cooler temperatures at the start of the flowering season have been noted to correlate 

with increased floral longevity (Primack 1985; Worley, Baker et al. 2000), as observed 

 

in A. perlaria. When pollinated and successfully fertilised, A. perlaria flowers exhibited 

a truncated floral longevity as observed in the Malvaceae S. latifolia (Meagher and 

Delph 2001). If a flower has been fertilised its purpose has been achieved and the 

resources previously utilised for floral display may be allocated to fruit and seed 

development (Meagher and Delph 2001). As the floral season of A. perlaria progressed, 

the amount of fruit increased (determined in chapter 4) and the available resources may 

be funnelled to fruit and seed development, limiting the availability of resources for 

floral display.  

 Floral display and longevity may influence pollinator visitation (Worley, Baker 

et al. 2000). The time period of anther dehiscence controlled the length of time 

pollinators had to visit the flower to collect pollen for transfer to a receptive stigma on 

another flower. A longer floral receptive time at the onset of the floral season in 

A. perlaria may increase the potential for pollination (Primack 1985). However, a 

shorter floral receptive time later in the floral season of A. perlaria may be offset by 

increased diversity and activity of pollinators (Sinclair, Williams et al. 2012). With 

increased pollinator activity, A. perlaria flowers may not need to remain open for as 

long to maximise pollination.  

 In situ the mean receptive flowering time of A. perlaria plants was reduced 

compared to plants grown ex situ. In comparison to the ex situ conditions, in situ plants 

must compete for the available resources; namely water and nutrients. This resource 

availability controls the allocation of resources to plant functions (Meagher and Delph 

2001). It is possible that in situ available resources (especially water and nutrients) 

would be more limited at certain times of the year with variation across years. This was 

evident in the reduction in rainfall in early spring 2014 in comparison to the rainfall in 

the same months in 2015. This variation may alter the resources allocated to floral 
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display, potentially accounting for the shorter on average receptive floral display 

recorded with A. perlaria plants in situ compared to plants grown under ex situ 

conditions. A reduction in the receptive floral display may result in a decreased time for 

pollinator activity, and therefore a reduced possibility for pollination (Worley, Baker et 

al. 2000). However, this may have been offset by a greater diversity of pollinators 

observed to visit in situ plants in comparison with ex situ plants. 

 

Floral development across ex situ seasons 

 Ex situ flowers of A. perlaria opened sequentially, with only a subset of buds 

open at any given time (Worley, Baker et al. 2000). Across time on each branch flowers 

will develop and bloom in sequence, with only a few flowers blooming at a time 

(Worley, Baker et al. 2000). The higher average temperature in 2015 may have 

permitted greater floral production, and a longer flowering season (CaraDonna, Iler et 

al. 2014; Cleland, Chuine et al. 2007; Fitter and Fitter 2002; Menzel and Fabian 1999; 

Peñuelas and Filella 2001; Petanidou, Kallimanis et al. 2014). It is probable that ex situ 

reticulation was able to nullify any benefit derived from the additional rain experienced 

in the first floral season. On average, hermaphroditic plants produced a more flowers 

than both female plants and genotype 73. The low floral production of genotype 73 may 

be a result of the smaller stature of the plant (Meagher and Delph 2001). The 

hermaphroditic plants flowered for an extended time, across the whole year, while the 

female plants had a lull in floral production during April and May between the main 

flowering cycles. Female plants are unable to produce pollen, hence when a lower 

number of hermaphroditic flowers are available to donate pollen and the activity of 

pollinators is reduced the probability of fertilisation is reduced to negligible; a level not 

sufficient for female plants to justify the resources necessary to support flowering 

(Meagher and Delph 2001). These resources may be conserved for a time when 

pollinators and pollen is more readily available. 

 

Pollination 

In situ pollination 

 Invertebrates are dependent on the ambient temperature to regulate body 

temperature and metabolic activity is correlated with environmental temperature and 



102 

water availability (Bale and Hayward 2010; Block 1990; Everatt, Convey et al. 2015; 

Sinclair, Williams et al. 2012). The second in situ pollinator season of A. perlaria 

(2015) was assessed a month earlier (August) with reduced average daily maximum 

temperatures (by 2.4 °C on average) and increased rainfall. The potential pollinators in 

the second season comprised more Dipterans in comparison to the first season which 

comprised a greater abundance of Hymenopterans. This increase in Diptera in the 

second season may potentially be due to the lower thermal temperature threshold of 

Diptera in comparison to Hymenoptera permitting a greater activity level of Diptera 

(Hegland, Nielsen et al. 2009). In addition, the increased rainfall in 2015 during and 

prior to the month of assessment in combination with an associated abundance of 

organic waste, plant or animal on the adjacent agricultural land, known to support crops 

and sheep (Bishopp 1913; Ferrar 1979; Hall, Thomas et al. 1982; Hughes 1970; Vera, 

Rodriguez et al. 2002) may have resulted in an increased reproduction in Diptera. 

 The activity patterns of possible pollinators will alter the effectiveness of 

pollination. Flying insects such as Diptera would be capable of travelling more directly 

and quickly to other individuals of A. perlaria to deposit fresh pollen in contrast to 

crawling insects (such as spider, beetle and ant), resulting in an increased chance of 

multiple cross pollination events (Puterbaugh 1998; Ramsey 1995; Schürch, Pfunder et 

al. 2000). Smaller female flowers have been noted to result in a shift in pollinator 

services from bees to flies with less pollen travelling shorter distances and increasing 

self-pollination rates (Barrett and Case 2006). The larger hermaphroditic flowers of A. 

perlaria may increase pollinator visitation through increased attraction and minimise 

self-pollination through increased flower size (Dufay, Lahiani et al. 2010; Miller and 

Venable 2003), while the lack of pollen production in the smaller female flowers 

nullified the possibility of self- pollination (Jordano 1993). Higher numbers of flowers 

were visited on one plant by Araneae and some species of Hymenoptera and Coleoptera, 

as these must walk from flower to flower often through other vegetation (Kevan and 

Baker 1983), with the potential for increased self- pollination. Ant pollinated plants 

have been noted to be low, sprawling plants with demure flowers in dense populations 

intermixed in poorly vegetated habitats (Kevan and Baker 1983), a similar morphology 

and habit to that of A. perlaria. While ant pollination may reduce the viability of the 

pollen grains (Beattie 1985; Gómez and Zamora 1992), copious amounts of pollen may 

result in a larger potential for pollen transfer, mitigating any reduced viability caused by 

the ant (Gómez and Zamora 1992).  
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 A reduction in the number of visits at the translocated Mettler in comparison to 

the natural sites may be linked to a lack of pollinators or the smaller size of the plants 

and hence a reduced number of flowers. A reduction in visitation is likely to result in a 

lower quantity of pollination and hence seed production (CaraDonna, Iler et al. 2014; 

Menzel and Fabian 1999; Peñuelas and Filella 2001). Unfortunately, the fragmented 

nature of in situ populations of A. perlaria with only three populations linked by natural 

bush and the others isolated by distance and agricultural land is likely to reduce the 

frequency of effective cross pollination through a reduced frequency of pollinator 

visitation or a reduced pollen load (Cunningham 2000; Wilcock and Neiland 2002). 

 

Ex situ pollination 

 Ex situ, the number of visits by potential pollinators was reduced, as was the 

number of flowers visited. This may result in reduced potential pollination, however the 

proportion of flying invertebrates was increased, in particular feral honeybees Apis 

mellifera (Apidae), potentially increasing cross- pollination (Barrett and Case 2006). 

Pollinator movement from one A. perlaria plant to another was observed to be more 

frequent ex situ. The increased frequency was most likely due to the artificially close 

proximity of plants derived from multiple populations and genotypes in the living 

collection. Closer proximity and increased flying invertebrate pollination would be 

expected to increase the potential for cross pollination between plants sourced from 

multiple populations (Puterbaugh 1998; Ramsey 1995; Schürch, Pfunder et al. 2000). 

Other factors contributing to increased visitation may have been due to increased 

average temperatures in Perth compared to natural habitats (Hegland, Nielsen et al. 

2009), the lack of competition with agricultural crops (that is present in situ) for 

pollinators, the maintenance of the plants under nursery conditions with additional 

nutrition via regular fertilisation and regular watering (Klinkhamer, de Jong et al. 1997) 

and the maximum quantity and longevity of flowers and lengthened floral season 

(CaraDonna, Iler et al. 2014; Cleland, Chuine et al. 2007; Fitter and Fitter 2002; Menzel 

and Fabian 1999; Peñuelas and Filella 2001; Petanidou, Kallimanis et al. 2014). All 

these factors would have allowed increased invertebrate activity (Everatt, Convey et al. 

2015; Hoffmann, Chown et al. 2013) and optimal plant health to maximise pollination 

and hence increase the potential for seed production in an ex situ population of A. 

perlaria (Hegland, Nielsen et al. 2009). 
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Pollen viability and germination 

 Androcalva perlaria pollen viability decreased with increasing temperature 

above 30 to 35 °C, as observed in numerous other species (Johri and Vasil 1961; 

Kakani, Prasad et al. 2002; Oakes 1958; Rao, Jain et al. 1992). Prolonged exposure to 

high temperatures may cause additive effects (Herrero and Johnson 1980). Pollen 

germination in A. perlaria aligned with the common germination peak for many species 

between 20 ° and 30 °C (Herrero and Johnson 1980; Johri and Vasil 1961; Oakes 1958; 

Sorkheh, Shiran et al. 2011). Low temperatures result in reduced pollen germination, 

and a reduction in pollen tube length in tomato and other species (Johri and Vasil 1961; 

Smith and Cochran 1935). A shorter pollen tube has a lowered chance of reaching the 

ovule for fertilisation. On the other end of the temperature spectrum, higher 

temperatures reduce pollen viability with a consequent reduction in germination (Johri 

and Vasil 1961; Rang, Jagadish et al. 2010; Rao, Jain et al. 1992). Environmental 

stresses other than temperature such as herbivory and resource availability may also 

reduce pollen performance and fertilisation (Delph, Johannsson et al. 1997; Rang, 

Jagadish et al. 2010). However, this data was obtained under ex situ laboratory 

conditions and further study would be required to determine if this apparent sensitivity 

of pollen to temperature is similar under in situ conditions. 

 

Potential for pollination reduction and consequences for Androcalva perlaria 

 Past climatic conditions and current projections indicate an increase in 

temperature and a reduction in rainfall in the south west of Western Australia which 

could potentially impact the pollination biology of A. perlaria in situ (Bates, Hope et al. 

2008; Hoffmann, Chown et al. 2013; Smith 2004). Species occurring between the 20 

and 40 ° latitudes, of which A. perlaria is one, may be particularly susceptible to a 

warming climate (Hoffmann, Chown et al. 2013). This trend may magnify the 

pollination disruption driven by habitat fragmentation and disturbance due to agriculture 

(Phillips, Hopper et al. 2010). A shift in floral display or community structure may 

affect the composition of pollinator communities altering the relationship between plant 

and pollinator (Worley, Baker et al. 2000). A reduction or shift in the phenology may 

result in a disconnection between the plant and pollinator potentially compounded by a 

reduction in the abundance and diversity of invertebrate pollinators (Everatt, Convey et 

al. 2015; Petanidou, Kallimanis et al. 2014). With less pollinators present and a 
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reduction in floral display, a reduction in pollen movement from an anther to a receptive 

stigma may occur. Altered environmental conditions may also impact the pollinators 

themselves, potentially altering pollinator abundance and long- term or daily activity 

window (Everatt, Convey et al. 2015; Hoffmann, Chown et al. 2013). With a shift in 

time, peak invertebrate activity may become disconnected from the flowering season 

and hence cause a reduction in the floral pollination of A. perlaria (Bale and Hayward 

2010; Deutsch, Tewksbury et al. 2008; Petanidou, Kallimanis et al. 2014; Potts, 

Biesmeijer et al. 2010). Environmental stresses may reduce the germination of pollen 

and at extreme temperatures the viability of pollen; further impacting the potential for 

pollination (Delph, Johannsson et al. 1997; Johri and Vasil 1961; Rang, Jagadish et al. 

2010; Rao, Jain et al. 1992). Each factor alone would reduce the potential for 

fertilisation; however these will not be affected in isolation. The reduction of potential 

in all factors will dramatically decrease the potential for fertilisation and therefore the 

quantity of seed produced by each plant; and the overall quantity of seed added to the 

soil seed bank for the eventual maintenance of the populations and species (Wilcock 

and Neiland 2002). Ex situ a longer floral display may result in increased potential for 

pollinator activity. With an increased potential for pollination ex situ, ex situ 

conservation may be able to produce a greater number of seed for conservation than that 

able to be collected in situ. 

 

Conclusions 

 The predominant flowering season of A. perlaria was extended ex situ, spanning 

July to February in comparison to the in situ floral season, September to December. 

Androcalva perlaria flowers opened sequentially first dehiscing pollen from the anther 

for 24 to 48 h before opening the central staminode to expose the receptive stigma. 

Flowers remained open for approximately twice as long at the onset of the floral season 

than flowers at the conclusion. In situ the active reproductive stages of flowering were 

reduced in comparison to the time span ex situ. At any point during the season, only a 

portion of the flowers were open. Across an extended floral season, hermaphroditic 

plants produced a greater quantity of flowers. In comparison to female plants, 

hermaphrodites produced flowers throughout the year. Plants sourced from the Hall and 

Southdown populations flowered for extended time spans in comparison to the plants 

from Healy and South Coast. However, this difference may be accounted for by the 
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increased proportion of hermaphrodites in these populations. Hence, the gender of A. 

perlaria plants may affect the floral display over the floral season. 

 Androcalva perlaria would appear to be opportunistically pollinated by 

generalist invertebrates, predominately visited by species of the orders Diptera and 

Hymenoptera. The potential pollinator diversity and abundance varied between natural, 

translocated and ex situ populations. The abundance of potential pollinators was 

increased at the natural sites in comparison to the translocated population resulting in an 

increased rate of floral visitation. Ex situ, the potential pollinators were reduced in 

abundance, however, those that were present (mainly flying insects especially Apis 

mellifera), visited flowers of different A. perlaria individuals more frequently.  

 Pollen sourced from ex situ and in situ plants exhibited similar viability and 

germination profiles, with an optimal germination temperature of approximately 25 °C 

reduced above 30 °C and below 20 °C, and a reduction in pollen viability above 30 °C. 

 Flowers of A. perlaria opened sequentially from September to December in situ. 

Ex situ, the floral season and active reproductive floral stages were extended. 

Androcalva perlaria was visited by an abundance of invertebrate species. Ex situ, 

invertebrate abundance and diversity was reduced, however, invertebrates were 

observed to travel between A. perlaria individuals more frequently and potentially 

across a greater genetic pool. The environmental temperature ex situ was unlikely to 

reduce pollen viability and germination. Across floral and pollination biology stages in 

the life history of A. perlaria an ex situ living collection would provide a suitable 

orchard for production of ex situ seed for conservation, provided there was no 

detrimental effect on seed quantity and quality. 
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Chapter 4  

Fruit and seed production and seed viability under in situ and ex situ 

conditions. 
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Chapter 4 image: Fruit on branches of Androcalva perlaria.  
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Abstract 

 The ex situ fruiting season of Androcalva perlaria extended from August to 

February, three months longer than an in situ season. Ex situ, hermaphroditic plants 

exhibited an extended fruiting season in comparison to female plants. However, female 

plants produced an increased quantity of fruit at the height of the fruiting season (46.5 ± 

16.3 fruit in 2014 and 32.3 ± 14.2 fruit in 2015), in comparison to hermaphroditic 

plants. The plants sourced from the South Coast and Hall populations produced higher 

quantities of fruit per branch than the Southdown and Healy populations. The abundant 

fruit set of ex situ plants most likely reflected a benefit from horticultural conditions, a 

greater genetic pool and higher plant density. In situ, populations with a high percentage 

of female plants produced less fruit and seed (South Coast with a ratio of 16 females to 

one hermaphrodite produced on average 3.9 ± 1.2 fruit and 11.8 ± 4.6 seed). However, 

within any one population female plants were capable of producing seed of greater 

mean weight (1.3 ± 0.05 mg) in comparison to hermaphroditic plants (1.2 ± 0.04 mg). 

Higher quantities of fruit and seed were observed at the South Coast fire, Healy and 

translocated populations (mean fruit per replicate branch: 17.1 ± 2.0, 34.1 ± 16.4, 23.0 ± 

6.7 and seed: 48.9 ± 5.7, 74.9 ± 39.7 and 69.3 ± 18.3 respectively). The South Coast fire 

population and the smaller Hall and Healy populations exhibited a reduced seed weight 

(1.3 ± 0.03 mg, 1.3 ± 0.02 mg and 1.4 ± 0.06 mg respectively). South Coast, one of the 

oldest extant populations, had a reduced fruit and seed production (a mean of 3.9 ± 1.2 

fruit and 11.8 ± 4.6 seed). No significant difference in mean seed weight was observed 

between ex situ and in situ seed across all populations and gender. Ex situ seed could be 

produced easily and conveniently in relatively high quantities with comparable or better 

viability to in situ seed; indicating that a seed orchard may potentially be utilised for the 

conservation of A. perlaria. Preliminary experimentation of A. perlaria seed dispersal 

indicated seed were removed to ant nests of Melophorus turneri Forel (South Coast fire 

and Southdown) and Iridomyrmex bicknelli Emery (Mettler translocation), within the 

boundaries of the isolated populations. 
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Introduction 

 Following pollination and successful fertilisation of an ovum by a pollen grain, 

an embryo and endosperm will form a seed encased in a coat (testa; Mascarenhas 1975). 

As this process occurs, a fruit will develop from the ovary to protect the seed (Figure 

4.1). For sexually reproductive species, seed are fundamental to the plant life cycle, 

comprising the next generation of the species (Harper and White 1974; Nambara and 

Nonogaki 2012).  

 The maintenance of gynodioecy in a plant species requires a benefit, accounted 

to be an improved fitness derived from the female. This fitness may be through an 

increased fruit or seed production, increased seed quality or increased offspring survival 

or growth (Ågren and Willson 1991; Caruso, Maherali et al. 2003; Dufay, Lahiani et al. 

2010; Jordano 1993; Klinkhamer, de Jong et al. 1997; Morgan 1993; Ramsey and 

Vaughton 2002). Obligatory outcrossing of female plants may partially account for this 

improved fitness through increased seed quantity or mass (Ågren and Willson 1991; 

Dufay, Lahiani et al. 2010; Jordano 1993), while resources from a reduced female floral 

display may be utilised to increase seed yield (Ågren and Willson 1991; Caruso, 

Maherali et al. 2003; Ramsey and Vaughton 2002). 

 

 

Figure 4.1: Fruit and seed reproduction in the life history of Androcalva perlaria. 
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Fruit growth Seed dispersal 
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 Stresses in natural environments may not permit plant species to be effectively 

conserved in situ, hence ex situ conservation may be utilised to support in situ 

conservation (van Slageren 2003). A greater genetic diversity of conserved plant 

material will permit a greater adaptive potential (van Slageren 2003). Orthodox seed 

(able to survive an artificially applied low moisture content) can generally be for long 

periods stored ex situ efficiently and cost- effectively, requiring minimal maintenance 

(Pammenter and Berjak 2014; Pence 2010; van Slageren 2003), in conservation seed 

banks (Cochrane, Crawford et al. 2007; van Slageren 2003). Deterioration of seed is 

greatly reduced under the controlled low temperature and humidity conditions in seed 

banks (van Slageren 2003). Regions with small, isolated populations of endemic rare 

plant species such as Western Australia, can experience difficultly in collecting 

sufficient quantities of genetically representative seed; hence, ongoing collection is 

required (Cochrane, Crawford et al. 2007). An alternative source to in situ seed may be 

seed produced ex situ in a seed orchard (Offord and North 2009). Seed banks have been 

drawn upon to bolster and support in situ populations at risk, and support the species 

reintroduction (Cochrane, Crawford et al. 2007). 

 Androcalva perlaria C.F. Wilkins is a rare and threatened species on the south 

coast of Western Australia (Department of Parks and Wildlife 2014; Minister for the 

Environment 2014). The known extent of the species comprises eight natural 

populations containing less than 400 plants, and one translocated population established 

from cuttings in 2012 and 2014 (Department of Parks and Wildlife 2014). Five 

populations are located on privately held farmland, and the remaining three on roadside 

verges, bounded by farmland (Department of Parks and Wildlife 2014). Androcalva 

perlaria seed is stored ex situ in three geographically distinct seed banks maintained by 

the Department of Biodiversity, Conservation and Attractions (formerly Department of 

Parks and Wildlife, Threatened Flora Centre and the Botanic Gardens and Parks 

Authority; Department of Parks and Wildlife 2014) and the Millennium Seed Bank in 

the United Kingdom (S.R. Turner pers. comm.). The seed held by the Botanic Gardens 

and Parks Authority has been derived from a living collection sourced from four 

populations known at the onset of the study, namely the Hall, Healy, South Coast and 

Southdown populations (Department of Parks and Wildlife 2014; Turner 2014). During 

the course of this study, the South Coast fire (a second population on the opposite side 

of a road to the South Coast population) and translocated Mettler populations reached a 

suitable age and size to permit adequate sampling (A. perlaria rare flora permit issued to 

the investigator prohibited the removal of more than 10 % of vegetative material from 
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any one plant, more than 10 % of seed from any one plant and from 10 % of the total 

number of individuals in any one population), hence were included in the in situ 

assessment of fruit and seed production. 

 Androcalva perlaria fruit is ovoid, four to five mm wide and approximately 

six mm long. The outer wall of fruit measured one quarter of a mm thick with setae just 

shorter than one mm with dense stellate hairs (Wilkins and Whitlock 2011a), which fall 

along dehiscent lines from apex to apex (Wilkins and Whitlock 2011b). The seed of the 

genera Androcalva, Commersonia and Rulingia are either ellipsoid and straight or 

obovoid and straight. The seed are brown or black, and glabrous with aril form varying 

between the three genera (Wilkins and Chappill 2002). Seed of the Androcalva genus 

are glabrous and commonly obovoid, with few ellipsoid. The seed coat varies between 

smooth and rough, a range in the level of bullate or tuberculate structures and in most 

West Australian and South Australian species exhibiting prominent aculeate or 

verrucate exotesta (Wilkins and Whitlock 2011b). The seed of all species of Androcalva 

are arillate (Wilkins and Whitlock 2011b). Seed of A. perlaria are approximately 

1.6 mm by 1.3 mm, black, with a prominate aculeate or verrucate exotesta; and white 

aril cap 1.1 mm long (Wilkins and Whitlock 2011b). This aril is a type of elaiosome 

developed from the seed or fruit tissues, an adaption identified to promote the dispersal 

of seed by ants (Andersen 1988; Beattie 1985; Berg 1975; Bronstein, Alarcón et al. 

2006; Canner, Dunn et al. 2012; Hughes and Westoby 1990; Lengyel, Gove et al. 2010; 

Westoby, Rice et al. 1982; Figure 4.1). 

 The dispersal mode of a plant species is a fundamental life history trait. In 

addition to ant dispersal, dispersal may be unaided (autochory; ballistic explosion, 

creeping stem, seed falling from the plant or seed creeping along the soil), by wind 

(anemochory), water (hydrochory) or externally or internally by a vertebrate (zoochory; 

Howe and Smallwood 1982; Lengyel, Gove et al. 2010; Vittoz and Engler 2007). Seed 

dispersal is critical to the distribution of a species across the landscape, to mix gene 

pools and allow dispersal to new environments (Lengyel, Gove et al. 2010). Dispersal 

controls the movement of plant genes in space and time, linking it to colonisation, range 

expansion, isolation and speciation (Bullock and Nathan 2008).  

 Myrmecochory, seed dispersal by ants, is present in 17 % of angiosperm 

families (Lengyel, Gove et al. 2010). Two of the three worldwide origins of 

myrmecochory in the Malvaceae 65 million years ago were Australian (Lengyel, Gove 

et al. 2010). Within Australia, myrmecochory is common in relatively open dry habitats 
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of Mediterranean climate with nutrient poor soils in dry sclerophyll vegetation, 

dominated by shrubs up to two metres in height (Westoby, French et al. 1991; Westoby, 

Hughes et al. 1991). Androcalva perlaria, a small-leaved shrub in this open dry 

Mediterranean habitat (Wilkins and Whitlock 2011a), is a prime example of commonly 

myrmecochorous species (Westoby, French et al. 1991). In higher rainfall areas, severe 

vegetation clearing appeared to lead to the proliferation of opportunists (Hoffmann and 

Andersen 2003). Increased disturbance has been noted to reduce the abundance of 

cryptic species (which avoid interaction; Andersen 1995) and specialist predators 

(which prey on arthropods; Andersen 1995) while increasing the abundance of 

generalised Myrmicinae (highly abundant and competitive with dominant 

Dolichoderinae; Andersen 1995) and opportunists (Hoffmann and Andersen 2003).  

 Ant mediated seed dispersal is thought to be for one of five purposes; predator 

avoidance, competition avoidance, fire avoidance, distance dispersal or improved 

nutrition (Beattie 1985; Giladi 2006). Predator avoidance indicates that the seeds are 

removed for refuge from predators (Beattie 1985). Competition avoidance reduces 

interspecific plant competition (Beattie 1985). Fire avoidance emerged in Mediterranean 

Australian and South African regions prone to fire; where ant nests may provide 

protection from seed death by wildfire, while permitting heat stimulated seed 

germination (Beattie 1985; Hughes and Westoby 1990). Distance dispersal decreases 

parental competition (Beattie 1985). Ant nests are different to the surrounding soil, 

often richer in essential plant nutrients; providing increased nutrition for seed 

germination and plant establishment (Beattie 1985). 

 The objective of this study was to investigate the fruit and seed quality and 

quantity of A. perlaria ex situ and in situ, and determine the vector and distance of 

A. perlaria seed dispersal from plants in in situ populations. To do so the ex situ fruit 

quantity was assessed over two years to identify the time of fruit production. In situ, 

fruit and seed was collected from plants and assessed for quantity, viability and weight 

across gender strategy and populations with differing gender proportions. 
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Materials and methods 

Fruit production ex situ 

 For 24 months from July 2014 to June 2016 ex situ plants, were assessed for 

fruit set. The fruit was recorded as immature or mature in conjunction with the floral 

assessment detailed in chapter 3 pages 73 to 75 (Figure 4.2). Fruit set was monitored 

each month on branches amounting to approximately 0.10 m
2
 (aligned to an 

approximate size of bagged branch material in situ as detailed below) on 38 separate 

plants (with a mean of 369.8 ± 31.2 flowers, see chapter 3 Figure 3.7), of which the 

gender and source population of each plant was known for comparison. The plants were 

maintained throughout the experiment in pots (150 mm diameter) in an open air 

glasshouse (in Kings Park, Western Australia) with daily irrigation of 15 min. Plants 

were fertilised monthly. The plants assessed comprised 19 hermaphroditic, 15 female 

and three genotype 73 replicates. The Hall sourced plants comprised seven 

hermaphroditic plants, one female and three replicates of genotype 73. The Healy 

sourced plants ex situ held only one hermaphrodite and one female. The plants sourced 

from the South Coast population were two hermaphroditic and seven females. The 

 

  

Figure 4.2: Fruit stage of Androcalva perlaria; left) green immature fruit and right) brown mature 

fruit with seed present in some ovules. 

5 mm 5 mm 
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Southdown sourced plants comprised nine hermaphrodites and six females. For the first 

12 months, 15 branches were assessed. During this process, some plants died, and the 

data set and analysis was adjusted as necessary by the removal of these deceased plants 

from the data set. Due to the loss of four plants after 12 months, an additional 23 

branches of new plants were added to the trial, and subsequent changes to the number of 

plants within the experiment were accounted for. These additional plants of the 

Southdown population had been maintained in reserve in the same experimental 

conditions as those initially selected for the experiment. At the outset of the experiment 

plants were selected from across the populations, as the experiment progressed and the 

sample size dropped, additional plants from the Southdown population were added to 

maintain the sample size. In combination with the number of flowers, a reproductive 

efficiency index was calculated with the percentage of flowers setting fruit. The fruit of 

12 individuals (nine female and three hermaphrodite) was collected and the seed per 

fruit, seed viability and seed weight was quantified (as detailed for in situ seed). 

 

In situ fruit and seed collection 

 At the beginning of the in situ flowering season in September 2014, 

234 replicates among 42 plants (Appendix 7) were isolated in organza bags (Ribtex 

International Pty Ltd., 14.5 cm by 32 cm; Figure 4.3; based on methodology used for 

Australian native species by Dixon 2015; Harris 2013). Each replicate bag contained a 

mean of 16.0 ± 0.4 distal floral ends with 383.9 ± 8.5 flowers (aligned with the ex situ 

369.8 ± 31.2 mean flowers) across six populations (Hall, Healy, Southdown, South 

Coast, South Coast fire and the Mettler translocation). A minimum of three replicate 

branches were bagged on each plant (Figure 4.3). Hence, only plants larger than 0.6 m 

in diameter were able to be sampled due to Western Australian State Government 

legislation which permitted no more than 10 % of seed from any plant to be harvested 

for research. Ten replicates were bagged on plants larger than 1.5 m in diameter. At the 

Hall population, only three plants were able to be sampled, while the Healy population 

had four plants large enough for seed collection. At the Southdown population, five 

plants were isolated for the purposes of seed collection, the South Coast population 

contained 12 plants large enough for isolation with 15 at the South Coast fire 

population. At the translocated site, Mettler, three plants were isolated and bagged for 

seed collection. In November of 2014, half of the replicates contained immature fruit. 

The replicates without immature fruit were collected, while those that did contain  
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Figure 4.3: Growth form and bagged replicates of in situ Androcalva perlaria with the floral 

display concentrated on the outer layer of the plant and bare branches within (upper) and a 

typical branch which was bagged with a mean 16.0 ± 0.4 distal floral ends (lower). 

 

mature fruit remained on the plants for an additional two months. At this time, the 

height and diameter (in two perpendicular directions) of bagged plants were measured, 

and the gender assessed. 

 A second year of assessment was undertaken in August 2015 with 137 branches 

bagged on 42 in situ plants; where possible this assessment utilised genotypes from the 

previous year (Appendix 7). However, of the four plants bagged in 2014 at Healy, only 

two were suitable for isolation in 2015 due to a reduced floral display hence another 

plant was added. The Southdown population increased in 2015 as four new individuals 

were discovered. These plants were located a short distance from the original plant 

grouping utilised for sample collection in 2014. Branch isolation at the South Coast 

population in 2015 added only one individual with three replicates to maintain a strong 

sample size in the presence of a lower number of replicates. At the South Coast fire 

population six individuals were eliminated from 2014 to 2015 due to a reduced floral 

display, but a further four were added as compensation. The 2015 isolation samples, 

plant measurements and gender were collected in January of 2016. 

10 cm 10 cm 

1 cm 1 cm 
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 During isolation the mean number of flowers on each branch was noted for 

plants of each gender. When bagged, the number of branches was recorded to produce a 

mean number of flowers for each in situ female and hermaphrodite plant. This number 

was utilised to calculate in situ reproductive efficiency index for the conversion of 

flowers to fruit. 

 

In situ fruit and seed assessment 

 Following collection from the field, the number of fruit produced on each 

replicate branch was assessed separately to maintain genotypic identity. Fruit were 

passed over a 1.70 mm laboratory sieve (Endecotts Ltd. laboratory test sieve) to extract 

the seed. The number of seed was quantified and divided by the number of fruit to 

calculate the number of seed per fruit. Where possible, five replicates of ten seed were 

weighed, if seed quantity was below 50 seed the maximum possible number of 

replicates of ten seed was weighed. If less than ten seed were produced the total number 

of seed was weighed (Sartorius GMBH Göttingen scales type 1712). The seed weight of 

these replicates was divided by the number of seed, to obtain the mean weight of one 

seed per replicate branch. Seed viability was determined by x-ray (Faxitron X- ray 

Corporation specimen radiography system). Under x- ray viable seed exhibited a solid 

fill, while non- viable seed showed the seed outline or an incomplete fill (Figure 4.4). 

The number of viable seed was counted and a viability percentage for each replicate was 

calculated. Non- viable seed were retained for seed dispersal experimentation. Viable 

seed was weighed as above to calculate the mean weight of one viable seed. These 

results were compared across the variables of annual variation, population, plant gender 

and size.  

 The plant architecture of A. perlaria across in situ populations and genders was 

of a shrub with flowers and leaves on the distal portions of the plant, with bare branches 

within this outer layer (Figure 4.3). Therefore, while all flowering branches of an 

A. perlaria plant could be bagged to quantify the total fruit and seed set, this was not 

possible due to license and legislation restrictions. Consequently a calculation was 

utilised to quantity the total fruit and seed set of an average A. perlaria plant, across in 

situ population and gender. To quantity this, the three dimensions measured (height and 

two perpendicular diameters; length and width) for each plant were used to calculate the 

flowering area of each plant (Equation 4.1). The surface area of the bags applied to the  
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Figure 4.4: Seed viability of in situ Androcalva perlaria. Viable seed exhibited a solid fill under x-

ray while non- viable seed did not (appeared hollow; example marked by arrow). Left: All seed 

from genotype 65 (Hall population) replicate 1 and right: only viable seed from this replicate.  

 

plant was calculated (Equation 4.2) and the number of bags able to be applied to each 

plant was calculated (Equation 4.3). The mean number of fruit, seed and viable seed 

produced per replicate for each individual plant was multiplied by the number of bags 

able to be applied to each plant in question (Equation 4.4). In this manner the mean 

number of fruit, seed and viable seed produced by each A. perlaria plant was calculated. 

From these values, as the gender and population of each plant was known, the mean 

fruit, seed and viable seed quantities produced across an entire A. perlaria plant in each 

population and across the genders was calculated. 

 

Equation 4.1 

                       (             )   (            )  (            ) 

Equation 4.2 

                                 

Equation 4.3 

                         
                     

                   
 

 

10 mm 
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Equation 4.4 

                                             

                                                       

 

In situ dispersal of seed 

 The seed dispersal vector and the distance seed was dispersed in situ was 

unknown, however, the presence of an aril indicated that ants were likely the main 

vector. A preliminary assessment of the dispersal of A. perlaria seed by ants was 

undertaken (Appendix 8). In situ, at two natural populations (South Coast fire and 

Southdown) and the translocated site (Mettler), non- viable seed were placed in seed 

cafeterias for collection at the end of the flowering season, between 12.30 and 15.30 in 

the afternoon on three consecutive days. When an insect visited the seed, the time was 

recorded and the seed followed (Gove, Majer et al. 2007; Hughes and Westoby 1990). 

The direction and distance carried was recorded and the insect collected for 

identification (Heterick 2009), confirmed through AntWiki (AntWiki 2017). 

 

Data Analysis 

 Data collected was analysed utilising R version 3.0.1 (R Core Team 2013). Ex 

situ fruit production and in situ fruit and seed production was assessed for significance 

with a one way analysis of variance (ANOVA) to analyse the effect of population (Hall, 

Healy, Southdown, South Coast, South Coast Fire and Mettler), gender (hermaphrodite, 

female and mutant), year (2014, 2015 and 2016) and month (January to December) 

individually. Following this a mixed-factor ANOVA was performed, with the impact of 

population, gender, month and year taken into account. Following the ANOVA a Tukey 

HSD was applied to determine which factors were driving significance. The adjustment 

of data required the removal of replicates containing no collected seed, to produce a 

data set reflecting the mean number of fruit and seed produced by reproductively active 

branches. The ant data was analysed with one way ANOVA (for the touching and 

removal of seed) with a Tukey HSD test applied to determine significance levels 

between treatments. 
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Results 

Fruit production ex situ 

 Ex situ plants produced fruit from August to February with a peak during 

October and November in 2014 and in September and October in 2015 (Figure 4.5). 

However, during the peak flowering season, approximately 3.0 % of flowers set fruit 

(Figure 4.5). At the beginning of the fruiting season in August the majority of the fruit 

on the ex situ A. perlaria was immature, with the quantity of mature fruit increasing as 

the season progressed (P< 0.001). At the end of the 2014/ 2015 flowering season, there 

was a greater percentage of mature seed on the plants, 75.0 ± 25.0 % and 50.0 ± 50.0 % 

(some plants did not produce seed) compared to a mean of 14.8 ± 3.5 % mature seed 

throughout the earlier months of the flowering season (Figure 4.5). The second 

flowering season (2015/ 2016) exhibited a lower fruit set than the previous year 

(P< 0.001), with the majority of fruit produced between August and October, and an 

increased quantity of fruit in January (Figure 4.5). During the months of maximum fruit 

production, the ratio of immature to mature fruit was skewed towards immature fruit. In 

the months following the peaks, namely November, December and March, the 

 

  

Figure 4.5: Mean fruit production (± standard error; SE) and average number of total flowers (as 

determined in chapter 3) of ex situ Androcalva perlaria plants on a nominal sample ‘branch’ over 

24 months, from July 2014 to June 2016.  marks statistical significance (P≤ 0.05). 
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composition percentage of fruit shifted towards mature over immature fruit (Figure 4.5). 

One fruit produced on average 4.1 ± 0.5 seed. Hence, ex situ plants were calculated to 

produce 158.1 ± 46.8 seed per sample branch. Plant gender did not significantly affect 

the total quantity of fruit produced across the sampling period (P= 0.125) while the 

source population significantly impacted fruit quantity (P< 0.001). 

 

Fruit set in hermaphrodite and female ex situ Androcalva perlaria 

 Despite a lack of statistical significance when gender was the sole factor 

(P= 0.125), in conjunction with year, month and source population, gender was 

significant in the total fruit production (P< 0.001). Hermaphroditic plants produced a 

similar number of fruit across both years, with a peak production mean of e 29.5 ± 

16.8 fruit in November of 2014 and 29.2 ± 6.4 fruit in October of 2015 (Figure 4.6). The 

later peak in fruit production was in February of both years with 16.8 ± 3.9 and 12.4 ± 

3.9 fruit in 2014 and 2015 respectively (Figure 4.6). In addition, the fruiting season of 

hermaphroditic plants was longer (June to May) than that observed in female plants 

across the two seasons (August to March; Figure 4.6). In contrast to the shorter fruiting 

time, female plants were able to produce a higher mean number of fruit (46.5 ± 16.3 

in 2014 and 32.3 ± 14.2 in 2015; Figure 4.6) than hermaphroditic plants and genotype 

73 (1.0 ± 1.0; see chapter 2; Figure 4.6). In 2015, the peak fruit production of 

A. perlaria was a month earlier than that experienced in 2014 by the hermaphroditic 

plants (Figure 4.6). The shift to a greater ratio of mature fruit at the end of the flowering 

season was extended longer in the hermaphroditic plants due to the longer 2014 fruiting 

season (Figure 4.6). During the second fruiting season, two shifts towards mature fruits 

occurred in November 2015 and March 2016 following the two months exhibiting peak 

fruit production (Figure 4.6). The mean number of seed per fruit was 3.8 ± 1.3 

in hermaphroditic plants reduced from that observed in females 4.1 ± 0.5. Hence, the 

peak number of seed produced by hermaphroditic plants numbered 113.4 ± 64.7 and 

females produced 191.6 ± 67.2 seed per sample branch. 

 Prior to November 2015, it was thought that genotype 73 was a male plant, due 

to the presence of an extra anther on the central staminode and a possible lack of 

stigmatic function. One fruit was set in November of 2015, however no seed was 

collected. Two more fruit were also produced, but these did not mature and seed was 

unable to be collected (Figure 4.6).  
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Figure 4.6: Monthly mean fruit production per branch of immature and mature fruit (± SE) from 

the different genders of ex situ Androcalva perlaria (hermaphroditic, female and genotype 73) 

over 24 months from July 2014 to June 2016. 
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Ex situ fruit set amongst source populations of Androcalva perlaria 

 Across two years the source population was statistically significant (P< 0.001), 

such that the order of fruit production in the populations (highest to lowest) was South 

Coast > Hall > Healy > Southdown (Figure 4.7). The highest mean number of fruit 

produced by one plant occurred in ex situ plants sourced from the South Coast 

population (Figure 4.7). During peak fruit season, plants from the Hall population 

produced a higher quantity of fruit than observed from both the Healy and Southdown 

derived ex situ plants (Figure 4.7). Plants sourced from the Healy population, produced 

a much higher number of fruit in the first fruiting season than that observed on the same 

plants in the second season (Figure 4.7).  

 The fruiting season commenced within a three month window in the first 

assessed year; initially in the Hall population in July, in September from Healy and 

August for South Coast sourced plants (Figure 4.7; P< 0.001). In the first year, South 

Coast sourced plants exhibited a mean number of fruit approximately threefold that seen 

in the other two fruit producing source populations, Hall and Healy (Figure 4.7). In 

contrast, only Hall sourced plants had an increased peak in the number of fruit in 

February 2015 (Figure 4.7). Following this peak, Hall sourced plants exhibited a longer 

tail at the conclusion of the first fruiting season (Figure 4.7). The second fruiting season 

exhibited a marked reduction in the fruiting capabilities of Healy sourced plants, with 

one or less than one fruit observed on each plant (Figure 4.7). In contrast the peak mean 

number of fruit produced by Hall and South Coast sourced plants in the second season 

was greater per plant than that exhibited in the first season (Figure 4.7). Once again the 

peak mean number of fruit produced by South Coast sourced plants was greater than 

that from Hall sourced plants, with approximately a twofold increase (Figure 4.7). 

Across Hall, South Coast and Southdown sourced plants in the second season, the onset 

of fruiting began in June and July, while onset occurred in September of Healy sourced 

plants (P< 0.001). The second fruiting season exhibited a second peak fruit production 

in February for the three population sourced plants exhibiting large amounts of fruit 

production, Hall, South Coast and Southdown (Figure 4.7). Of the four populations 

examined ex situ, Hall and South Coast produced the highest numbers of fruit. Healy 

sourced plants had a greatly reduced capacity for fruit production during the second 

fruiting season (Figure 4.7). 
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Figure 4.7: Monthly mean fruit production per ex situ branch of immature and mature fruit (± SE) 

from the different source in situ populations of Androcalva perlaria; Hall, Healy, South Coast 

and Southdown, over 24 months from July 2014 to June 2016. Note: Southdown plants were 

not assessed in the first floral season. 
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Ex situ seed production and set 

 Ex situ, the 12 plants assessed produced a mean of 2.8 ± 0.7 fruit, containing a 

mean 11.9 ± 3.5 seed. Hence the number of seed in a mean ex situ fruit was 4.1 ± 0.5. 

The known mean number of fruit produced across a replicate branch ex situ was utilised 

to calculate a mean quantity of 40.7 ± 9.5 seed. The viability of ex situ seed was 80.2 ± 

8.5 %. The mean weight of one ex situ seed was 1.2 ± 0.01 mg. 

 

Abiotic conditions ex situ 

 The average seasonal temperature across the two years (June 2014 to July 2016) 

was similar (see chapter 3 Figure 3.10). The winter of 2015 was cooler with lower 

minimum temperature extended across multiple months, followed by a warmer spring in 

both maximum and minimum temperatures compared to 2014. Monthly rainfall was 

higher in the first of the two years tracked, and especially during July, September, 

October and February (see chapter 3 Figure 3.10), however irrigation may have 

mitigated any water stress experienced by the A. perlaria plants of the living collection 

held by the Botanic Gardens and Parks Authority in Kings Park, Western Australia. 

 

In situ fruit production and set 

 Across two years of in situ collection, 3 029 fruit was collected from 51 plants, 

with a higher quantity of fruit collected in first year than the second (Table 4.1; 

P< 0.001). The gender of the plants did not significantly influence the quantity of fruit 

(P= 0.662). The interaction between population and gender was evidenced by the 

increased production of fruit by the female plants in comparison to the hermaphrodites 

at the Healy population (P= 0.019; Appendix 9). The mean quantity of fruit within a 

population varied from zero in 2015 at Southdown to 37.1 ± 17.6 per replicate branch in 

2014 at Healy (Table 4.1, P= 4.91 x 10
-10

). The mean quantity of fruit within a replicate 

varied from none to 53.3 ± 9.1 (Appendix 10). The highest quantity of fruit produced 

per replicate within a population across both years was observed at Healy, with a mean 

of 34.1 ± 16.4 fruit. However, the quantity of fruit at the translocated Mettler and South 

Coast fire populations were not greatly reduced (Table 4.1). The South Coast population 

comprised a high proportion of female plants to hermaphrodites and exhibited a 

decreased mean yield of 3.9 ± 1.2 fruit per replicate branch in comparison to the highest  
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Table 4.1: Mean fruit (± SE) for one replicate branch of Androcalva perlaria in each population with gender ratio of females to one hermaphrodite (as determined in 

chapter 2) and the reproductive efficiency index of the percentage of flowers setting fruit across two years of in situ collections. 

Population Year 
Number of plants 

(replicates) 
Gender 
ratio* 

Number of flowers 
per bag ± SE 

Total number  
of fruit 

Mean number of 
fruit 
± SE 

Reproductive 
efficiency  

(% fruit set) 

Hall both years 3 (7) 0.40 233.3 ± 18.6 106 15.1 ± 4.0 6.5 
 2014 2 (6)  200.0 ± 29.9 102 17.0 ± 4.2 8.5 
 2015 1 (1)  266.7 ± 17.2 4 4.0 1.5 
Healy both years 5 (12) 0.25 315.8 ± 24.3 409 34.1 ± 16.4 10.8 
 2014 4 (11)  334.5 ± 36.4 408 37.1 ± 17.6 11.1 
 2015 1 (1)  282.7 ± 17.3 1 1.0 0.4 
Southdown both years 3 (23) 1.42 411.9 ± 22.8 182 7.9 ± 1.3 1.9 
 2014 3 (23)  442.1 ± 36.3 182 7.9 ± 1.3 1.8 
 2015 no fruit set  372.4 ± 21.0 0 0 0.0 
South Coast both years 11 (60) 16.0 370.6 ± 16.5 194 3.9 ± 1.2 1.1 

2014 10 (44)  346.7 ± 23.7 183 4.2 ±1.3 1.2 
 2015 6 (6)  402.4 ± 21.4 11 1.8 ± 0.4 0.4 
South Coast fire both years 19 (85) 1.35 436.6 ± 11.1 1457 17.1 ± 2.0 3.9 
 2014 15 (53)  454.0 ± 17.5 1228 23.2 ± 2.6 5.1 
 2015 13 (32)  413.9 ± 11.0 229 7.2 ± 1.9 1.7 
Mettler both years 3 (13) 2.10 278.7 ± 17.2 299 23.0 ± 6.7 0.7 
 2014 3 (9)  229.3 ± 18.4 286 31.8 ± 8.1 13.9 
 2015 2 (4)  328.0 ± 17.4 13 3.3 ± 0.8 1.0 

* Ratio of female plants to one hermaphrodite plant 
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fruit yield at the Healy population with the lowest ratio of female plants to one 

hermaphrodite (Table 4.1). In 2014, a mean of 31.8 ± 8.1 fruit were produced at Mettler, 

23.2 ± 2.6 fruit at South Coast fire and 37.1 ± 17.6 fruit at Healy per replicate branch 

(Table 4.1). The other three populations produced between 3.9 ± 1.2 and 15.1 ± 4.0 

mean fruit per replicate branch across both years (Table 4.1). The second year of in situ 

fruit collection was lower than the first, with the mean quantity of fruit varying between 

zero fruit and 7.2 ± 1.9 fruit per replicate branch (Table 4.1). The highest fruit yield in 

2015 was observed at the youngest population, South Coast fire (Table 4.1). Mettler 

exhibited a higher fruit set of 3.3 ± 0.8 than the Hall, South Coast and Southdown 

populations (Table 4.1). The reproductive efficiency index indicated that no more than 

15 % of flowers set fruit (Table 4.1). Only two populations, Healy and Mettler, had 

more than 10 % of flowers setting fruit (Table 4.1). The first season (2014/ 2015) 

exhibited a greater efficiency in fruit set per flower than the second season (Table 4.1). 

 

Comparison of in situ and ex situ fruit production 

 Ex situ and in situ, the reproductive efficiency was low, with a low percentage of 

flowers setting fruit. Ex situ branches of A. perlaria plants that were matched to the 

same genotype as in situ plants with approximately the same size of sampled branches 

produced higher quantities of fruit in most cases (Figure 4.8), across the same time 

frame. Ex situ genotypes, except genotype 106, produced approximately two to 28 times 

the quantity of fruit than what was produced by in situ plants (P= 0.005; Figure 4.8). 

The Hall population sourced genotypes 65 and 68 produced the greatest number of fruit 

ex situ. Ex situ fruit production from the South Coast sourced genotype five, increased 

by approximately 30 times to in situ levels.  

 

In situ seed production and set 

 Throughout two years of collection, 14 322 seed were produced from 51 plants, 

with a higher quantity in 2014 than 2015 in all populations (Table 4.2; P< 0.001). 

Within each populations the gender effected the seed quality (P= 0.041; Appendix 9). 

The Healy population produced the highest quantity of seed, (74.9 ± 39.7; Table 4.2; 

P< 0.001) with greater seed production in female plants than in hermaphrodites within 
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Figure 4.8: Mean in and ex situ Androcalva perlaria fruit (± SE) produced across the same 

genotype and month time frame averaged across two years of sampling.  marks statistical 

significance (P≤ 0.05). 

 

the Healy population (P< 0.001; Appendix 9). The South Coast population which 

exhibited a high ratio of female to hermaphrodite plants produced the lowest number of 

seed (Table 4.2). The seed set across populations was highest at the Mettler translocated 

site in 2014, and in 2015 at the youngest natural South Coast fire population 

(Table 4.2). In 2014, the Mettler site was followed by South Coast fire, Healy, Hall and 

Southdown in relation to seed set size (Table 4.2). The original South Coast population 

produced the lowest quantity of seed (Table 4.2). In 2015, South Coast fire was 

followed by Mettler and then the Hall population, with 11.0 ± 3.0 and 4.0 seed per 

branch respectively on average (Table 4.2). The remaining populations produced a 

mean number of seed per branch that varied from 3.2 ± 0.4 to 1.3 ± 0.3 (Table 4.2). In 

2014, one individual genotype at Healy was able to produce a mean of 292.0 ± 

131.0 seed per branch, with three South Coast fire genotypes and two Mettler genotypes 

producing more than 100 mean seed (Appendix 10). 
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 Seed viability was highly variable among populations and between years 

(Table 4.3). The viability of seed fluctuated between genotypes, from 0.0 % at 

Southdown and South Coast in 2015 to 100 % at many populations (P< 0.001), across 

both years (Appendix 10; P< 0.001), with an interaction between the year and 

population (P=0.010). Among populations, the highest mean viability of seed was 

observed in 2014 at Hall (79.9 ± 3.9 %), with the second highest observed at Mettler 

(76.9 ± 6.7 %), in the same year. The lowest mean seed viability was observed at Healy 

in 2015, with 50.0 % (Table 4.3). The percentage of viable seed was higher at Hall, 

Healy, Southdown, South Coast fire and Mettler in 2014 than that observed in 2015, but 

higher in 2015 at South Coast in comparison to 2014 (Table 4.3). 

 

Table 4.2: Mean seed (± SE) produced for one branch (per replicate) of Androcalva perlaria in 

each population with gender ratio of females to one hermaphrodite (as determined in chapter 2) 

across two years of in situ collections. 

Population Year 
Number of plants 

(replicates) 
Gender 

ratio 
Total 
seed 

Mean seed ± SE 

Hall all years 3 (7) 0.4:1 319 45.6 ± 11.4 
 2014 2 (6)  315 52.5 ± 10.8 
 2015 1 (1)  4 4.0 
Healy all years 5 (12) 0.3:1 952 74.9 ± 39.7 
 2014 4 (11)  950 60.5 ± 42.4 
 2015 1 (1)  2 2.0 
Southdown all years 3 (23) 1.4:1 489 19.6 ± 3.8 
 2014 3 (23)  485 22.0 ± 84.0 
 2015 3 (3)  4 1.3 ± 0.3 
South Coast all years 11 (60) 16.0:1 555 11.8 ± 4.6 
 2014 10 (44)  523 14.1 ± 5.8 
 2015 6 (6)  32 3.2 ± 1.3 
South Coast fire all years 19 (85) 1.4:1 3945 48.9 ± 5.7 
 2014 15 (53)  3391 65.2 ± 8.1 
 2015 13 (32)  554 16.3 ± 3.3 
Mettler all years 3 (13) 2.1:1 901 69.3 ± 18.3 
 2014 3 (9)  857 95.2 ± 21.3 
 2015 2 (4)  44 11.0 ± 3.0 

 

Table 4.3: Mean viability (± SE) of a typical in situ Androcalva perlaria seed across populations 

and years (2014 and 2015). 

Population 
Mean seed viability ± SE (%) 

2014 2015 Both years 

Hall 79.9 ± 3.9 75.0 ± 0.0 79.2 ± 3.4 
Healy 69.4 ± 6.3 50.0 ± 0.0 66.5 ± 6.2 
Southdown 74.8 ± 5.8 66.7 ± 33.3 72.2 ± 6.3 
South Coast 68.6 ± 6.1 76.4 ± 13.0 70.2 ± 5.5 
South Coast fire 64.6 ± 5.3 56.9 ± 5.9 63.4 ± 3.8 
Mettler 76.9 ± 6.7 67.9 ± 9.6 74.1 ± 5.4 
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 The mean weight of collected seed ranged between 0.7 mg and 1.3 ± 0.05 mg 

across the two years assessed (P= 0.0228). The seed weight in 2015 at Hall, Healy and 

Southdown was reduced to that observed in the prior year (Figure 4.9). The mean 

weight of one viable seed (1.3 ± 0.03 mg) was approximately triple that observed for 

non-viable seed (0.4 ± 0.03 mg) from the Healy and South Coast populations. The mean 

weight of one viable seed across all populations (P< 0.001) and years (P= 0.033) was 

1.3 ± 0.05 mg; although the viable seed weight ranged from 1.2 mg at Hall in 2015 to 

1.5 ± 0.04 mg at Southdown in 2014 (Figure 4.9; P= 0.004). The weight of a mean 

viable seed from female plants across all populations was 1.3 ± 0.05 mg higher than the 

1.2 ± 0.04 mg mean viable seed weight in hermaphrodite plants (P= 0.826); and across 

each individual population (Appendix 9). However, plants from the South Coast and 

Mettler populations, which both comprised a higher ratio of female to hermaphrodite 

plants (with more than two female plants to each hermaphrodite) resulted in a reduced 

mean weight of viable seed (Figure 4.10). 

 

 

Figure 4.9: Mean weight (± SE) of a single representative viable seed across Androcalva 

perlaria populations in situ, across two seasons. 
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Figure 4.10: Mean weight (± SE) of a single representative in situ viable seed across two 

seasons of Androcalva perlaria from each population, with the gender ratio of the number of 

female plants to one hermaphrodite plant (right ‘Y’ axis) indicated by filled triangles. 

 

Comparison of ex situ and in situ seed 

 The number of seed per fruit produced in situ was approximately half (2.2 ± 0.2) 

that observed ex situ (4.1 ± 0.5). The viability of ex situ seed (80.2 ± 8.5 %) was greater 

by approximately 10 % than the viability across all in situ collected seed (67.8 ± 2.4 %). 

The mean weight of one viable in situ seed (1.3 ± 0.04 mg) was not significantly 

variable (P= 0.437) from the weight of an ex situ sourced seed (1.2 ± 0.01 mg). 

 

Fruit and seed set across each individual in situ Androcalva perlaria 

 The estimated mean fruit and seed production of an average plant of the two 

gender morphs were similar (Table 4.4); hermaphrodites in 2014 produced an estimated 

mean of 1 897.9 ± 610.6 fruit, 2.85 times as many seed and 1.59 times as many viable 

seed in comparison to females (1 820.9 ± 573.1 fruit, 2.79 times as many seed and 2.18 

times as many viable seed). The results were also similar for 2015, with 962.0 ± 448.7  
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Table 4.4: Fruit and seed set (± SE) calculated for the mean produced by each in situ 

Androcalva perlaria plant by gender assessed across a representative flowering season, 

averaged from the 2014 and 2015 flowering seasons. 

Gender Year 
Mean number of fruit 

± SE 
Mean number of 

seed ± SE 
Mean number of 
viable seed ± SE 

Hermaphrodite 2014 1 897.9 ± 610.6 5 647.1 ± 1 902.8 3 145.5 ± 1 345.0 
 2015 962.0 ± 448.7 1 583.1 ± 679.1 1 386.5 ± 507.5 
Female 2014 1 820.9 ± 573.1 6 036.8 ± 1 802.1 4 712.3 ± 1 320.6 
 2015 779.1 ±349.8 1 246.6 ± 529.1 923.3 ± 366.3 

 

estimated mean fruit, approximately the same number of seed and 0.881 times less 

viable seed for hermaphrodites and an estimated mean of 779.1 ± 349.8 fruit, 

approximately the same number of seed and 0.7 times less viable seed for female 

individuals (Table 4.4). Across two years, hermaphroditic individuals produced a 

greater estimated mean number of fruit and seed; however, individual plants bearing 

only female flowers appeared to be able to produce estimated higher mean numbers of 

viable seed than plants with hermaphroditic flowers (Table 4.4). The higher estimated 

mean numbers of fruit and seed produced by hermaphroditic plants in comparison to 

female plants in 2014, however the lower estimated mean numbers of fruit and seed in 

2015 may be attributed to a lower yield. 

 The largest South Coast fire population was the most reproductively prolific. On 

average the plants at this population were able to produce an estimated mean of 3 720.2 

± 898.3 fruit, approximately triple the number of total seed and 1.68 times as many 

viable seed in 2014 (Table 4.5). In 2015 this population produced an estimated 2 577.8 

± 684.0 mean fruit, approximately the same number of seed and three quarters as many 

viable seed (Table 4.5). This population contained the largest number of known plants, 

and should be able to produce more a higher mean quantity of seed than the other 

populations, all other conditions being equal. The population able to produce the next 

highest estimated level of seed in 2014 was Healy, with a mean of 2 006.2 ± 1 537.1 

fruit, 2.5 times as many seed and 1.8 times as many viable seed. However, in 2015, the 

South Coast population produced the second highest estimated mean fruit and seed, 

closely followed by the Mettler population. In 2014, the Hall, Healy and Mettler 

populations exhibited similar estimated levels of fruit and seed production; however, the 

levels were greatly reduced at South Coast, with only 420.1 ± 226.9 estimated mean 

fruit, triple the number of seed and 2.3 times as many viable seed. The estimated 

numbers of mean fruit and seed produced in 2015 at Hall, Healy and Southdown was  
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Table 4.5: Fruit and seed set (± SE) calculated for the mean produced by each in situ 

Androcalva perlaria plant assessed across a representative flowering season, averaged from 

the 2014 and 2015 flowering seasons. 

Population Year 
Mean number of 

fruit ± SE 
Mean number of 

seed ± SE 
Mean number of 
viable seed ± SE 

Hall 2014 758.1 ± 379.8 3 954.8 ± 797.2 3 160.4 ± 395.3 
 2015 32.9 ± 32.9 98.7 ± 0.0 222.0 ± 0.0 
Healy 2014 2 006.2 ± 1 537.1 5 026.8 ± 4 097.6 3 690.6 ± 2 768.9 
 2015 19.5 ± 19.5 58.5 ± 0.0 87.8 ± 0.0 
Southdown 2014 894.4 ± 565.4 3 076.1 ± 1 696.5 3 209.7 ± 1 310.0 
 2015 30.0 ± 17.1 89.9 ± 28.6 2 36.0 ± 1 19.1 
South Coast 2014 420.1 ± 226.9 1 530.9 ± 1 100.9 1 154.2 ± 536.6 
 2015 150.3 ± 69.7 275.7 ± 104.3 435.6 ± 217.6 
South Coast fire 2014 3 720.2 ± 898.3 10 486.2 ± 2 688.1 6 261.9 ± 2 136.7 
 2015 2 577.8 ± 684.0 2 585.3 ± 681.8 1 931.9 ± 499.7 
Mettlers 2014 878.1 ± 426.2 2 633.5 ± 1 228.9 1 735.5 ± 0.0 
 2015 140.6 ± 126.6 210.9 ± 182.23 177.0 ± 125.42 

 

below 100 viable seed, 74.0 ± 74.0, 29.3 ± 29.3 and 78.7 ± 52.2, respectively (Table 

4.5). 

 

Environmental conditions in the natural populations of Androcalva perlaria 

 Cyclic climate conditions were exhibited across the years of in situ fruit and 

seed collection (see chapter 3 Figure 3.15). The winter of 2014 had decreased rainfall 

and minimum temperatures in comparison to 2015. Increased rainfall occurred in 

September and November 2014, during the fruiting season, that was not observed in 

2015 (see chapter 3 Figure 3.15). The temperature increase from July to September in 

2014 was more rapid than that in 2015 (see chapter 3 Figure 3.15). 

 

Effects of gender, population and plant location 

 The effects of each individual population were evident on fruit and seed 

production and the seed weight (Table 4.6). The effects of gender where not evident 

alone, rather only once the viability and seed weight data had been separated into the 

source populations (Table 4.6). Ex situ fruit and seed was able to be produced in higher 

quantities, with an increased number of seed per fruit at a comparable mean weight and 

higher mean viability in comparison to in situ produced fruit and seed (Table 4.6). 
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Table 4.6: Summary of effects of population, gender and location (in situ or ex situ) on fruit and 

seed of Androcalva perlaria. 

Variable Gender Population Location 

Fruit quantity Limited effect, only 
Healy females 
produced higher 
quantities of fruit (page 
132). 

Populations of larger 
size produced a greater 
quantity of fruit (Table 
4.5). 

Ex situ plants produced 
higher quantities of fruit 
than in situ plants 
(Figure 4.8). 

Seed quantity Limited effect, only at 
the Healy population 
did the females 
produce higher 
quantities of seed 
(page 134). 

Larger populations 
produced more seed 
(Table 4.5). 

Ex situ plants produced 
greater quantities of 
seed (by calculation 
from fruit quantity and 
seed per fruit; page 
138). 

Seed per fruit Not examined Not examined Ex situ plants had a 
higher number of seed 
per fruit (page 135). 

Seed viability No effect (page 136). No effect (Table 4.3). Ex situ plants produced 
more viable seed (page 
138). 

Seed weight When the proportion of 
female and 
hermaphrodite plants 
was in balance, the 
seed of female plants 
was of greater weight. 
However, when the 
proportion of female 
plants was greater than 
hermaphrodites, the 
seed weight of all 
plants was reduced 
(Figure 4.10). 

Larger populations 
produced heavier seed 
(Figure 4.9). 

Mean weight of in situ 
and ex situ seed was 
comparable (page 138). 

 

Seed dispersal 

 In situ seed dispersal was observed at the South Coast fire, Southdown and 

Mettler populations; with ants being the main vector (Appendix 8). The seed carried to 

nests at South Coast fire and Southdown were borne by Melophorus turneri Forel, of 

the Formicinae which are widespread in country areas of the South West Botanical 

Province of Western Australia (Heterick 2009). This species carried A. perlaria seed 

between 10 mm and 1 350 mm, seed carried further were removed to an ant nest. The 

seed carried at the translocated Mettler site was Iridomyrmex bicknelli Emery, part of 

the Dolichoderinae. The species can be commonly observed in south west Australia, 

distributed across heathlands and sandplains; early colonisers of newly rehabilitated 

habitats (Heterick 2009). These seed were carried up to 500 mm (Appendix 8). 
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Discussion 

Ex situ fruit production in Androcalva perlaria 

 Ex situ living collections utilised as seed orchards are frequently grown in 

environmental conditions different to those found in the natural habitat of the species 

(Offord and North 2009; Vallee, Hogbin et al. 2004c). In the case of A. perlaria, the 

living collection is growing approximately 380 km north by north- west of the natural 

populations (near Albany, Western Australia) under warmer average temperatures. The 

flowering period and hence fruit production in situ ran from September to December 

(Wilkins and Whitlock 2011a); whereas, for ex situ plants (in Perth, Western Australia) 

this period was extended by several months with flowering from July or August and 

continuing into January and February. The ex situ population had a more consistent 

growth environment and the plants were supplied with adequate daily water and 

fertilised on a regular basis. This ex situ environment may have provided improved 

growing conditions at all developmental stages. A link between the fruiting time and 

temperature may account for the earlier onset of fruit ex situ, as in Perth July and 

August were warmer than on the south coast of Western Australia (see chapter 3 Figures 

3.10 and 3.15). Ex situ rainfall in the winter of 2015 was lower than that observed in the 

previous year; and fruit production was reduced. The trend in the south west of Western 

Australia of a decreasing rainfall (Bates, Hope et al. 2008; Smith 2004) may cause a 

reduction in fruit set of A. perlaria over time.  

 Hermaphroditic plants were capable of providing and accepting pollen for fruit 

and seed production, whereas female plants were capable of only the latter (Ågren and 

Willson 1991; Dufay, Lahiani et al. 2010; Jordano 1993). The reduced fruiting season 

of female plants in comparison to hermaphroditic plants may be accounted for by the 

lack of pollen in the environment. Without the presence of hermaphroditic plants, 

female plants were unable to be fertilised, and hence resources given to flowering in 

female plants prior to the flowering of hermaphroditic plants would be lost (Meagher 

and Delph 2001; Ramsey and Vaughton 2002). In contrast, the retainment of these 

resources and those that would have been destined for pollen production may have 

allowed female plants to produce greater quantities of fruit when hermaphrodites were 

flowering at the same time (Ågren and Willson 1991; Morgan 1993).  

 Fruit production at the population level was greatest in the plants sourced from 

the South Coast population. In situ, the South Coast population was the largest in terms 
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of A. perlaria plants at the time of sampling, while the other in situ populations each 

had less than 15 plants represented in the ex situ collection. It has been observed that 

there is little genetic difference among the populations (Turner 2014). However, a larger 

source population indicates a greater genetic pool for future plants and hence may 

indicate a more diverse and less inbred population (Godefroid, Piazza et al. 2011; 

Krauss, Dixon et al. 2002; Vallee, Hogbin et al. 2004b) translating to greater 

outcrossing and an associated improved reproductive output.  

 

In situ fruit production in Androcalva perlaria 

 In situ fruit production was higher in 2014 than that observed in 2015. Rainfall 

in 2014 was higher than that observed in 2015 during the months of fruit production. A 

higher rainfall may have contributed to the increased fruit production observed in 2014. 

In addition, the decreased temperature at the onset of the flowering season in 2015 may 

have reduced the quantity of flowers and pollinator activity and hence seed formation 

(CaraDonna, Iler et al. 2014; Menzel and Fabian 1999; Peñuelas and Filella 2001). 

 Plant gender in situ did not appear to influence the quantity of fruit; however 

without hermaphroditic plants producing pollen, no fruit production would be possible 

(Cázares-Martínez, Montaña et al. 2010). Within the population, the gender impacted 

the fruit set. Within the South Coast and Southdown population, there were a greater 

number of females than hermaphrodites in comparison to other populations which had a 

reduced fruit set. A skew in the ratio of female to hermaphrodites towards female plants 

could potentially result in a reduction of pollen available and hence an eventual 

reduction in fruit production (Cázares- Martínez, Montaña et al. 2010; Ramsey and 

Vaughton 2002), given a lack of pollen movement between populations. 

 The South Coast fire population, established following a fire event in 2012 

(Turner, Best et al. 2013), produced a high mean quantity of fruit per plant, which may 

be related to the high number of young plants available (two or three years old at the 

time of assessment; Turner, Best et al. 2013). As plants age and senescence occurs, the 

number of plants available for reproduction reduces (Ally, Ritland et al. 2010). Hence, 

the largest South Coast fire population would be capable of producing more fruit than 

the other examined populations which are likely to be much older, despite the lack of an 

exact known age (Department of Parks and Wildlife 2014; Turner 2014). Fruit was also 

produced in great quantities in the Healy population. The plants in this population on 
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small bushland remnants on privately held farmland were in good health and have 

grown significantly since regular monitoring was implemented in 2011. Obligate seeder 

species can produce relatively large quantities of fruit (Knox and Morrison 2005), a trait 

observed in a healthy population of A. perlaria. For conservation efforts, it is 

encouraging to observe the translocated population, Mettler, producing high quantities 

of fruit (Godefroid, Piazza et al. 2011; Menges 2008; Vallee, Hogbin et al. 2004a). The 

average distance between translocated plants was smaller, frequently one to five m apart 

in comparison to five to 20 m or more observed at the natural populations. With a more 

condensed population, the potential for effective pollinator movement between 

A. perlaria individuals may be increased, and hence increasing the chance of successful 

pollination and subsequent fruit production; but this must be verified through further 

study. In addition, the translocated Mettler population possessed a range of genotypes 

from across the natural populations known at the time to maximise genetic diversity and 

create as large a genetic pool as possible (pers. observation). This increased genetic pool 

and plant density may have contributed to a greater fruit set through decreased 

inbreeding (Godefroid, Piazza et al. 2011; Krauss, Dixon et al. 2002; Vallee, Hogbin et 

al. 2004b). Inbreeding tends to lead to a reduction in plant fitness, and hence a further 

decrease in the genetic diversity of a population (Frankham 1998; Frankham 1995; 

Krauss, Dixon et al. 2002). It is possible that a greater genetic diversity (compared to 

other smaller populations) might be expected to result in a greater proportion of 

outcrossing and hence an increased production of viable seed (Frankham 1998). Plants 

within smaller sized populations would be less likely to be able to maintain a high 

outcrossing rate, unless there is a high degree of pollen flow from other extant 

populations (Frankham 1995; Krauss, Dixon et al. 2002), a situation that remains to be 

definitively determined for A. perlaria. 

 

In situ seed production in Androcalva perlaria 

 An increased rainfall in 2014 may have contributed to an increased fruit and 

seed production as has been evidenced in other plant species (CaraDonna, Iler et al. 

2014; Menzel and Fabian 1999; Peñuelas and Filella 2001). Reduced rainfall in 2015 

may have resulted in a decreased seed production in A. perlaria, however, this drop 

coincided with an increase in the number of A. perlaria seed per fruit. As noted in other 

species this may be a means to conserve energy and resources through more efficient 

utilisation of the energy and resources required to produce fruiting structures 
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(CaraDonna, Iler et al. 2014; Menzel and Fabian 1999; Peñuelas and Filella 2001). The 

population age, size and gender ratio, may have affected the seed set of A. perlaria, as 

observed for the fruit set in other species (Ally, Ritland et al. 2010; Cázares-Martínez, 

Montaña et al. 2010; Godefroid, Piazza et al. 2011; Krauss, Dixon et al. 2002; Ramsey 

and Vaughton 2002; Vallee, Hogbin et al. 2004b). The populations of A. perlaria which 

produced less fruit, produced less seed.  

 The weight of a mean viable A. perlaria seed was highly variable across 

population and season. In 2015, following the lower winter rainfall, the weight of a 

mean viable seed A. perlaria was lower than in 2014 as has been evident in other 

species (CaraDonna, Iler et al. 2014; Menzel and Fabian 1999; Peñuelas and Filella 

2001). The low seed weight exhibited in Hall and Healy seed may also be due to the 

lower numbers of plants found at these populations resulting in increased inbreeding 

(Godefroid, Piazza et al. 2011; Krauss, Dixon et al. 2002; Vallee, Hogbin et al. 2004b). 

The weight of seed produced ex situ was not significantly different to in situ seed, 

which may indicate that seed from both sources were filling adequately under the 

conditions of this study. Should seed germination characteristics be unchanged, ex situ 

seed could potentially be used as a substitute for in situ seed in conservation. 

 

Comparison of ex situ and in situ fruit and seed production 

 Fruit and seed production ex situ was greater than that in situ for A. perlaria. 

This potential may be due to some benefit from exposure to a greater ex situ gene pool 

or horticultural conditions, comprising increased temperature, irrigation and 

fertilisation. Ex situ, plants from four populations (Hall, Healy, South Coast and 

Southdown) were held within the same common area (Botanic Gardens and Parks 

Authority glasshouses), permitting pollination across different plants from multiple 

populations. When fruit was collected in situ, the South Coast population had reduced 

from 74 genotypes to 12 due to plant death. Ex situ, the South Coast sourced plants held 

many of the original genotypes no longer found in situ at the time of sampling and were 

potentially able to be fertilised by many other genotypes from numerous populations. A 

greater ratio of hermaphrodite plants may result in a higher proportion of pollen in 

circulation (Ågren and Willson 1991; Caruso, Maherali et al. 2003; Ramsey and 

Vaughton 2002; Yampolsky and Yampolsky 1922) resulting in plants with a greater 

potential of fertilisation with fresher pollen, producing seed of a higher quality and 
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mean weight (Cázares-Martínez, Montaña et al. 2010). This created ex situ conditions 

with an increased potential for pollination and hence increased fruit production. In 

addition, a higher potential of cross pollination (as described in chapter 3, but 

undetermined without genetic analysis), increased environmental temperature, 

decreased water stress and additional nutrients may have permitted ex situ plants to 

produce greater quantities of fruit and seed than that observed in situ. 

 

Fruit and seed set across individual in situ Androcalva perlaria plants 

 For the maintenance of gynodioecy within A. perlaria, female plants must 

confer a benefit through improved fitness (Ågren and Willson 1991; Caruso, Maherali 

et al. 2003; Dufay, Lahiani et al. 2010; Jordano 1993; Klinkhamer, de Jong et al. 1997; 

Morgan 1993; Ramsey and Vaughton 2002). Across individual plants as a whole, 

female plants, incapable of producing pollen and with a reduced floral morphology (as 

determined in chapter 2) may be able to reserve these resources for increased seed 

production and improved seed quality in comparison to hermaphroditic plants (Ågren 

and Willson 1991; Caruso, Maherali et al. 2003; Ramsey and Vaughton 2002); in 

A. perlaria the increased fruit yield in female plants within a population and the 

increased seed quality (viability and weight) from female plants may indicate this 

conservation of resources. In addition, obligatory outcrossing of female plants may 

contribute to improved fitness due to a lack of inbreeding (Ågren and Willson 1991; 

Dufay, Lahiani et al. 2010; Jordano 1993), maintaining gynodioecy within A. perlaria. 

 The already small and fragmented populations of A. perlaria may be subject to 

pollen limitation, which has been reported to reduce the potential for pollination and 

seed set (Cunningham 2000; Morgan 1993; Wilcock and Neiland 2002). Pollen 

limitation has been noted to be a greater risk in female plants compared to 

hermaphrodites (Ramsey and Vaughton 2002). The declining South Coast population 

contained the highest ratio of female to hermaphroditic plants and produced the lowest 

number of seed, potentially due to pollen limitation as reported in Wurmbea 

biglandulosa (R.Br.) T.D.Macfarl. (Ramsey and Vaughton 2002). In contrast, the 

largest and youngest population, South Coast fire may have experienced less pollen 

limitation due to a gender ratio of 1.35 female plants to one hermaphrodite resulting in 

the production of the highest number of fruit and seed observed in this study. A younger 

population such as the South Coast fire population was capable of producing larger 
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quantities of seed per plant, in comparison to a senescing population such as South 

Coast. 

 

In situ dispersal of Androcalva perlaria seed 

 The movement of A. perlaria seed by ants was localised inside the population 

boundaries as has been observed in other species (Hughes and Westoby 1992). 

However, new populations of A. perlaria have continually been found in relatively 

isolated areas, so either some dispersal is occurring or a soil seed bank is persisting for 

many years after the death of the original plants. The occurrence of this soil seed bank 

was supported by the hundreds of plants now found at the South Coast fire population 

following prescribed burning in 2012, prior to which only one adult plant was known at 

the locality in 2006 (Turner, Best et al. 2013). Although, if the assumption of a long 

lived soil seed bank is accurate, it is possible that fragmentation driven genetic 

differentiation has not yet occurred, as the land has been cleared for approximately 50 

years (B. Healy and M. Gorman pers. comm.). Clearing of the land in the known habitat 

of A. perlaria has resulted in highly disturbed environments, with all extant populations 

occurring in remnant vegetation on privately held farmland or on roadside verges 

(Department of Parks and Wildlife 2014). In the time since clearing it is highly probable 

that the ant cohort typical of undisturbed habitats has been altered (Hoffmann and 

Andersen 2003). The two natural sites of A. perlaria supported the hot climate specialist 

M. turneri, while the translocated population supported the dominant Dolichoderinae 

species I. bicknelli (Andersen 1995). Melophorus turneri are known to be widespread in 

country areas of the South West Botanical Province of Western Australia, in paddocks 

incapable of supporting most other ant species (Heterick 2009). Iridomyrmex bicknelli 

can be commonly observed in the same region, as early colonisers of newly 

rehabilitated habitats (Heterick 2009). The translocated site of A. perlaria exhibited a 

higher percentage of shade coverage than that observed at the natural populations with a 

greater number of trees and moderate height shrubbery. A higher percentage of shade 

may restrict the abundance of M. turneri at the translocated site, resulting in the 

presence of I. bicknelli (Hoffmann and Andersen 2003). The highly disturbed land 

where extant populations of A. perlaria are known and the presence of ant species 

common to disturbed environments, indicated that it was improbable that a suitable 

undisturbed environment was available (within the time frame of this study) to permit 
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an assessment of the natural dispersal of seed (Andersen and Yen 1985; Bisevac and 

Majer 1999; York 2000).  

 

Conclusions 

 A number of characteristics regarding A. perlaria fruit and seed production were 

determined in this study. Ex situ, maximum fruit production occurred for A. perlaria 

when individual plants received adequate water and nutrients and occurred in close 

proximity to another plant or plants capable of producing pollen. In situ, the female 

plants were capable of producing seed of greater quantity and quality than 

hermaphrodite plants within a population. However, populations comprising a greater 

ratio of female plants to one hermaphrodite had a reduced quantity and quality of fruit 

and seed. Larger populations of A. perlaria produced increased quantities of fruit and 

seed, however, quality in terms of viability and weight was more variable. The 

translocated Mettler population produceds a high number of seed per plant, however, 

the small size of the plants reduced the total seed production by the population as a 

whole.  

 Population fragmentation due to land clearing for agriculture has likely resulted 

in a lack of between- population gene flow by the invertebrates that disperse pollen and 

seed. Infrequent travel by invertebrate pollinators between distal populations of 

A. perlaria (as determined in chapter 3) may limit population outcrossing. Ant 

dispersed seed as far as could be ascertained from a limited study, was unlikely to be 

able to travel the considerable distances between populations, preventing the influx of 

new genotypes and the potential for population expansion beyond current ranges. 

Therefore, in situ population fragmentation resulting from native vegetation clearing for 

agriculture would be likely to increase the chances of inbreeding. Due to the small 

number of plants and poor recruitment prospects, the species is likely to decline further 

without adequate conservation efforts. 

 In terms of seed quality and quantity, ex situ seed may be an adequate substitute 

for in situ seed, should seed germination characteristics not alter between locations. In 

addition, the longer reproductive season ex situ permitted a longer seed production 

window, permitting a higher quantity of fruit production and hence more seed through 

an increased number of seed per fruit. Without difficulties associated with in situ seed 

collection (for example dispersed natural populations, highly variable plant numbers in 
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various populations, potential lack of genotypic variation, collection restrictions, 

unpredictable environmental conditions and distance to sites) this study has shown that 

there is a strong case for the development of a seed orchard for the future conservation 

of A. perlaria. 
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Chapter 5 image: Ex situ living collection of Androcalva perlaria.  
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Abstract 

 In a changing environment, the knowledge of seed germination characteristics 

and the development of biotechnology methods (specifically tissue culture and 

cryopreservation) may permit improved and extended ex situ conservation options for 

the rare and threatened Androcalva perlaria.  

 Hot water treatment (98 °C) for one min was sufficient to break seed dormancy 

and stimulate germination in Androcalva perlaria (a rare and endangered species). Seed 

germination was 98.7 ± 1.3 % at 15 °C, while that at temperatures above and below, 

exhibited reduced germination( 94.7 ± 3.1 % at 10 °C and 97.3 ± 1.2 % at 20 °C); with a 

reduction of approximately 20 % at 25 °C. At decreased water potentials seed 

germination was reduced; approximately halved at -0.7 MPa and reduced to 0.0 ± 0.0 % 

at -1.0 MPa at 15 °C. The combination of non- optimal temperatures and reduced water 

potential resulted in a greater reduction of germination than each factor separately. At 

25 °C, germination approximated 0.0 ± 0.0 % at -0.35 MPa, not reached until -0.7 MPa 

for 10 and 20 °C. The highest percentage of seedling emergence (57.3 ± 10.9 %) was 

obtained from seed buried less than 20 mm beneath the sand surface. Hydropriming of 

A. perlaria seed did not increase the maximum percentage of germination 

(hydropriming for one to six days fell between 91.8 ± 2.8 % and 98.0 ± 1.2 % while the 

control was 97.0 ± 1.0 %). However, six days of hydropriming resulted in a slightly 

increased rate of germination. Enhancement of seed germination may permit increased 

success in the use of seed stored in seed banks in in situ conservation. 

 In addition to the conservation of seed, ex situ biotechnologies (tissue culture 

and cryostorage) were investigated to assist with conserving the current genotypes of 

A. perlaria. Sterile tissue cultures were able to be maintained throughout the duration of 

the study and were utilised in cryopreservation development. In vitro callus material 

was cryopreserved, through desiccation in 0.5 MS basal salts medium (Murashige and 

Skoog 1962) with 1.2 M glycerol for 48 h, incubation in Plant Vitrification Solution 2 

(Sakai, Kobayashi et al. 1990) for 30 min at 0 °C, before immersion in liquid nitrogen. 

This biotechnology permitted the initiation of explant material directly from in situ A. 
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perlaria into tissue culture, derivation of callus culture lines, cryopreservation, recovery 

and growth of viable callus tissues and regeneration of plantlets. This provided a rapid 

(6 month) method for preliminary screening of multiple A. perlaria genotypes for cryo- 

capability, prior to the more time intensive apical shoot tip cryopreservation and 

eventual return of explants to soil for future conservation. 
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Introduction 

 Following dispersal seed must germinate and grow into a mature plant capable 

of sexual reproduction to produce seed for the continuation of the species (Figure 5.1). 

This seed or other germplasm may be utilised to support the in situ conservation of rare 

and threatened species at risk of being lost in the absence of conservation (Bunn, Turner 

et al. 2011; Bunn, Turner et al. 2007; Cochrane, Crawford et al. 2007). Seed may be 

collected from the natural populations in situ or from living collections such as seed 

orchards and stored ex situ in conservation seed banks (Cochrane, Crawford et al. 

2009). Seed banks enable large quantities of seed (with moisture content lowered to 

below 10 %) to be stored in either the short term (less than 5 years; Bonner 1990) in a 

low temperature (0 to 5 °C) and humidity environment, or the long-term (centuries) in 

freezers kept at -20 °C (Bonner 1990; Schoen and Brown 2001; van Slageren 2003). In 

situ seed is thought to be a more representative subset of a species with natural  

 

 

Figure 5.1: Seed dispersal, germination and establishment, and the subsequent growth of 

Androcalva perlaria. 
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pollination, unlike that presumed to be found in a seed orchard (Cochrane, Crawford et 

al. 2009). However, in small fragmented populations this pollination may be disrupted 

(Phillips, Hopper et al. 2010). Indiscriminate collection from in situ plants may 

negatively impact the future genetic diversity of the populations, due to the removal of 

seed from natural populations preventing the germination and recruitment of new 

individuals (Cochrane, Crawford et al. 2009; Menges, Guerrant et al. 2004). In addition, 

indiscriminate collection may affect the demographic processes of already stressed 

populations. Long term conservation seed banks must be carefully established and 

maintained with adequate genetic representation to prevent the accumulation of 

deleterious mutations which may affect stored seed fitness (Schoen and Brown 2001; 

Schoen, David et al. 1998). Ex situ seed conservation has been undertaken for the rare 

and endangered Androcalva perlaria C.F. Wilkins with three distinct seed collections 

held by the Threatened Flora Centre of the Department of Biodiversity, Conservation 

and Attractions (formerly Department of Parks and Wildlife; approximately 10 000 in 

situ seed), the Botanic Gardens and Parks Authority (within the Department of 

Biodiversity, Conservation and Attractions; 170 000 seed derived from a living 

collection; Department of Parks and Wildlife 2014) and seed held in the United 

Kingdom in the Millennium Seed Bank (S.R. Turner pers. comm.). 

 While the physical attributes of the seed of the rare and endangered A. perlaria 

are known (Wilkins and Whitlock 2011) only limited knowledge exists on seed 

germination (Turner, Best et al. 2013). Seed often require specific germination cues 

such as light, temperature, fire and nutrients (Baskin and Baskin 2004; Bell, Plummer et 

al. 1993). There are various types of dormancy found in seed, including morphological, 

physiological, morphophysiological, physical and combinational (Baskin and Baskin 

2004). Dormancy is exhibited when a seed cannot germinate under environmental 

conditions that would otherwise be optimal to support the germination process (Baskin 

and Baskin 2004; Baskin, Baskin et al. 2000). Physical dormancy is caused by the 

prevention of water uptake by an impermeable palisade layer of cells commonly located 

in the outer testa of the seed coat. Until some factor breaks this dormancy, allowing 

water to reach the seed, germination will not occur (Baskin, Baskin et al. 2000). 

Physical dormancy is thought to occur in nine orders and 18 angiosperm families 

(Baskin, Baskin et al. 2000; Gama-Arachchige, Baskin et al. 2013). In the Malvaceae, it 

has been found that seed with physical dormancy have a chalazal plug preventing water 

entry (Baskin 2003; Baskin, Baskin et al. 2000). Without cues to break dormancy seed 
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will be unable to be utilised for the purpose for which it was stored, namely the 

conservation and restoration of the species and its community.  

 Effective pre-treatment of seed breaks dormancy in preparation for germination. 

Pre-treatment to break physical dormancy may involve temperature cues, wet or dry 

heat, fire, scarification, light, nutrients and hormones (Baskin 2003; Bell, Plummer et 

al. 1993; Cochrane, Kelly et al. 2002; Flematti, Ghisalberti et al. 2004; Keeley 1987; 

Shea, McCormick et al. 1979; Turner and Merritt 2009). Many species in the South 

West Australian Floristic Region are adapted to germinate following fire, which acts as 

a natural pre- treatment (Bell, Plummer et al. 1993; Bell, Rokich et al. 1995; Flematti, 

Ghisalberti et al. 2004). Fire stimulated seed germination may be linked to either heat or 

smoke (Bell, Plummer et al. 1993; Bell, Rokich et al. 1995; Bell, Vlahos et al. 1987; 

Chawan 1971; Flematti, Ghisalberti et al. 2004; Floyd 1976; Rokich, Dixon et al. 2002; 

Shea, McCormick et al. 1979). An iconic Australian species within the Malvaceae, 

Adansonia gregorii F. Muell has been found to exhibit physical dormancy which may 

be partially broken with the treatment of hot water for one min stimulating germination 

through heat shock (Turner and Dixon 2009).  

 Technologies for enhancing seed germination may benefit the conservation of 

species in altered habitats or at risk of decline and, in extreme cases, extinction. 

Enhanced seed germination would produce a greater percentage of seed germinating 

and a greater potential for the establishment of new seedlings (Rokich, Dixon et al. 

2002). Various methodologies arise depending upon the natural germination potential of 

a species. Priming is one such process that aerates seed in pure water or a water limited 

environment over time. Once complete, seed are dried back to the original water 

content, however with an increased germination or rate of germination when later sown 

(Brancalion, Tay et al. 2010; Peterson 1976). Priming may be utilised to improve 

germination and seedling establishment from seed for conservation activities, to 

increase the success of restoration from conservation seed banks under stressful 

conditions.  

 Seed banking conserves the future genetic potential of a species. In the case of 

A. perlaria, a declared rare species with few individuals remaining, the current genetic 

pool within the species may be important. To permit the conservation of unusual or 

important genetic variation, biotechnologies have become increasingly useful in the last 

few decades (Benson 2008; Bunn, Turner et al. 2011; Bunn, Turner et al. 2007; 

Maunder and Byers 2005). An alternate ex situ conservation storage for germplasm is in 
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the liquid or vapour phase of liquid nitrogen (LN; -196 and -140 °C respectively). This 

germplasm may include recalcitrant seed which cannot be conserved effectively under 

seed bank conditions, as well as pollen or vegetative tissue. Recalcitrant seed and pollen 

are pre- treated and immersed in LN for long term storage (Benson 2008; Berjak and 

Pammenter 2014; Bingfang, Hongmei et al. 1997; Crisp and Grout 1984; Ganeshan, 

Rajasekharan et al. 2008; Pammenter and Berjak 2014; Touchell and Dixon 1993; 

Touchell and Dixon 1994), whereas vegetative tissue is usually established in tissue 

culture (Fay 1994) prior to cryopreservation (Benson 2008).  

 Tissue culture utilises small cuttings of in situ plant material to establish sterile 

explant cultures which may be micropropagated under aseptic conditions to generate 

large quantities of clonal material (Pence 2011). The use of small quantities of 

vegetative material is ideal for the conservation of rare and threatened flora since a 

cutting is unlikely to significantly harm the survival of a plant (Reed, Sarasan et al. 

2011). In situ cuttings must be sterilised (Fay 1994) and initiated into culture on a sterile 

media containing sucrose, macro- and micro- nutrients and plant growth regulators. 

Once initiated in vitro explant cultures of in situ genotypes are established, isolated 

from environmental conditions and stresses (Bunn, Turner et al. 2011). Explants must 

be sub- cultured regularly generating larger quantities of explant clonal material with 

each successive subculture (Kaczmarczyk, Turner et al. 2011). Sub- culturing 

introduces the potential for accidental fungal or bacterial contamination and the risk of 

somaclonal variation (genetic or epigenetic change; Bunn, Turner et al. 2011; Kaeppler, 

Kaeppler et al. 2000; Smulders and Klerk 2011; Wu, Wu et al. 2012). Androcalva 

perlaria tissue culture protocols have been developed during the conservation of the 

rare and endangered Androcalva adenothalia C.F. Wilkins (previously Commersonia 

adenothalia; Nikabadi, Bunn et al. 2010). This protocol maintained sterile explant 

cultures of A. perlaria on multiplication media containing 6- benzylaminopurine (BAP) 

and 6- furfurylaminopurine (kinetin; Nikabadi, Bunn et al. 2010). The risks of tissue 

culture result in a short-term process useful to produce large quantities of clonal 

material for translocation, scientific study or horticultural displays, without impacting 

the original population (Vallee, Hogbin et al. 2004), however it is of little use for long 

term storage (Bunn, Turner et al. 2011; Engelmann 2011; Fay 1994). 

 Cryopreservation requires the explant to contain minimal free water without 

compromising the regenerative potential of the plant (Engelmann 2011) to prevent ice 

formation during LN immersion, which would compromise explant regenerative 
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capability (Day, Harding et al. 2008). To minimise free water, explants are desiccated 

on sugar or sugar alcohol mediums and treated with cryoprotective solutions 

(Nishizawa, Sakai et al. 1993; Sakai and Engelmann 2007; Sakai, Kobayashi et al. 

1990; Suzuki, Tandon et al. 2008; Uragami, Sakai et al. 1989) prior to LN immersion. 

In addition, the rate of cooling may be manipulated with the aim of bypassing the ice 

formation temperature. The first protocol developed for cryopreservation was controlled 

rate cooling in a programmable freezer to a point below the ice formation temperature 

when the explant would be immersed in LN (Engelmann 2004; Engelmann 2009). 

Vitrification protocols treat explant material with cryoprotective solutions, prior to 

direct immersion in LN (within sterile cryovials; Benson 2008; Engelmann 2004). 

Many vitrification protocols are utilised, including vitrification itself, droplet 

vitrification, encapsulation vitrification and vacuum infiltration vitrification. Traditional 

vitrification involves the immersion of explant material in 1 ml of cryoprotective 

solution (Sakai and Engelmann 2007). Droplet vitrification is the immersion of explants 

in 1 µL of cryoprotectant on a strip of aluminium foil (Panis, Piette et al. 2005; Sakai 

and Engelmann 2007). Encapsulation vitrification is the cryoprotection and immersion 

in LN after the encapsulation of explants in a calcium alginate solution (Sakai and 

Engelmann 2007). Vacuum infiltration utilises the application of a vacuum during 

cryoprotectant incubation to further imbue explant material with the cryoprotectant 

before LN immersion (Funnekotter, Whiteley et al. 2015). Androcalva perlaria apical 

shoot tips have been cryopreserved through droplet vitrification with desiccation on 1.2 

M glycerol media for 48 h and incubation in Plant Vitrification Solution 2 (PVS2; 

Sakai, Kobayashi et al. 1990) for 30 min at 0 °C before LN immersion (Sakai and 

Engelmann 2007; Whiteley, Bunn et al. 2016). Rather than ice formation, these 

treatments and protocols aim to form a metastable glass within the cell (Bruni and 

Leopold 1991; Wolfe and Bryant 1999) where cellular processes are minimised and 

stasis is established (Bruni and Leopold 1991; Day, Harding et al. 2008; Fahy, 

MacFarlane et al. 1984; Li and Pritchard 2009). Theoretically, the time duration of this 

stasis may be indefinite provided the LN temperatures are maintained (Benson 2008; 

Engelmann 2004), preserving the existing genetics of the population (Benson 2008; 

Engelmann 2004). 

 The aim of this study was to investigate seed germination characteristics and the 

development of biotechnology methods (specifically tissue culture and 

cryopreservation) to improve and extend ex situ conservation options for the rare and 

threatened species A. perlaria. Ex situ seed was assessed for germination in response to 
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different water potentials, temperatures and seed burial depths, with methods for 

improving seed germination assessed. Callus tissue from in situ A. perlaria material was 

used to develop cryopreservation protocols to establish preliminary estimation of 

A. perlaria cryo- capability, and assess the potential of expanding cryogenic shoot tip 

methodology across multiple genotypes for long term cryopreserved ex situ collections.  

 

Materials and methods 

Seed germination 

 The presence of physical dormancy in A. perlaria seed was tested by the 

treatment of 12 replicates of 30 ex situ seed of three accessions (2011/ 2012, 2012/ 2013 

and 2013) with boiling water (98 °C) for 60 sec. An equivalent number of seed received 

no hot water treatment (control). Seed were then surface sterilised for 30 min in 1 % 

(w/ v) calcium hypochlorite (Ca(ClO)2) solution, prepared by dissolving 3 g of 

Ca(ClO)2 granules (65 % available chlorine; Hy- Clor granular pool chlorine) in 

200 mL of acidified water (21 ml of 1 M hydrochloric acid + 179 ml water) with several 

drops of Tween® 80 (EMD Millipore). The first and last 10 min of this sterilisation was 

performed under vacuum (generated by a Thomas vacuum pump Model No. 915BD23- 

194). Sterilised seed were washed thrice in sterile de- ionised water. The seed were then 

plated in sterile Petri dishes (Techno Plas 90 mm) on sterile de- ionised water dampened 

germination papers (Whatman®) in a sterile environment (laminar flow cabinet) and 

incubated in a growth chamber at 15 °C in the dark. Seed were monitored weekly and 

considered germinated when the radicle had emerged from the seed (more than 1 mm). 

After dormancy break and sterilisation 150 seed were dried and held for 40 months 

prior to plating (10 replicates of 15 seed) and germination assessment. 

 Prior to all further experiments, ex situ seed of the 2012/ 2013 accession (this 

accession was utilised in all further experimentation) were treated with boiling water 

(98 °C) for 60 sec to break physical dormancy in the seed and surface sterilised as 

specified above. Following sterilisation seed was transferred to a sterile laminar flow 

environment and washed in three replicates of sterile de- ionised water for three min 

each. Once washed, seed were plated on germination papers (Whatman®) in 90 mm 

sterile Petri dishes (Techno Plas) dampened with sterile de- ionised water or 

polyethylene glycol 8000 (PEG 8000; BioUltra). The Petri dishes were sealed and 

transferred to a temperature controlled growth chamber or incubator (Contherm Biosyn 
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6000 CP Growth Chamber, Thermoline L+M Australia refrigerated incubator and 

Thermoline L+M Australia illuminated refrigerated incubator). 

 

Osmotic potential experimentation 

 To determine germination across water potentials, polyethylene glycol solutions 

were prepared with polyethylene glycol solution in sterile de- ionised water (Michel 

1983). Solutions of 0 (control), -0.03, -0.1, -0.2, -0.35, -0.5, -0.7 and -1.0 MPa were 

prepared for four temperatures: 10, 15, 20 and 25 °C. Five replicates of 30 sterilised 

seed for each water potential across the temperatures were plated in 7 mL of these 

polyethylene glycol solutions and incubated in darkness (a total of 160 plates with 4 800 

seeds). Seed were monitored for germination weekly for ten weeks. 

 

Seed burial experimentation 

 Three replicates of 50 seed were observed for seedling emergence from white 

quartz sand (Westbuild) at depths of 0, 10, 20, 30, 40, 50, 70 and 100 mm below the 

sand surface. The replicates were planted in pots (50 mm long, 50 mm wide by 120 mm 

deep) and incubated at 15 °C with daily wetting to maintain dampness and a light/ dark 

time period of 12 h each. Seedling emergence was assessed twice a week, with 

emergence quantified once the open cotyledons appeared above the sand surface. A 

further study of four replicates of ten A. perlaria seed were buried at various seed 

depths: at the surface, 5, 10, 15, 20, 25, 30, 40 and 50 mm below the surface in white 

quartz sand (Westbuild). The replicates were planted in pots (50 mm long, 50 mm wide 

by 70 mm deep) and placed in a glasshouse in the late winter and spring of 2015 (July 

to September) to mimic fluctuating field temperature conditions as best as possible. Pots 

were watered daily for 10 min. 

 

In situ environmental conditions of Androcalva perlaria populations 

 Environmental soil temperature and moisture content measurements were 

collected in situ from December 2013 to January 2016 with HOBO Micro Station 

Logger (Onset Computer Corporation, serial number 2385456). Temperature probe (S- 

TMB- M002 serial number 2367595) and two soil moisture probes (S- SMC- M003, 
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serial numbers 2386304 and 10326045) were buried 10 mm below the soil surface and 

2 m distant from one another at in situ sites (Hall, Healy, South Coast fire, Southdown 

and Mettler) with variable levels of vegetation cover. Data was collected hourly and 

retrieved from the field in January 2015 and 2016. Technical difficulties resulted in a 

soil moisture measurement which fell below zero, hence the lowest soil moisture data 

point was approximated to 0 m
3
/m

3 
and all other data points were calibrated from this 0 

data point (Chia, Koch et al. 2016).  

 

Enhancing the germination of Androcalva perlaria seed 

 Dormancy was broken in A. perlaria seed (utilising hot water treatment detailed 

above) and seed were then primed for up to seven days in aerated (Aqua One 7 500 

precision air pump) de- ionised water or a -0.7 MPa at 20 °C PEG 8000 solution at 20 ± 

2 °C; a non- primed control treatment was included in this experiment (based on method 

from Brancalion, Tay et al. 2010; Peterson 1976). Each treatment comprised four 

replicates of 25 seed. The term ‘hydroprimed’ was applied to water primed seed while 

seed termed ‘osmoprimed’ were primed in a -0.7 MPa solution (at 20 ± 2 °C). During 

priming four replicates of 25 non- sterile seed were removed, rinsed and towel dried 

before being weighed from the commencement of priming (0 h), then at 0.5, 1, 2, 4, 8, 

24, 48, 96 h and at seven days (Sartorius GMBH Göttingen scales type 1712). After 

being weighed all seed replicates were returned to the appropriate priming solution. 

After primed for an exact time period, seed replicates were removed from the priming 

solutions and desiccated at 20 ± 2 °C for seven days to remove all moisture gained 

through priming. The desiccation of four replicates of 25 A. perlaria seed was assessed 

through weighing (as above) from removal from the priming solution (0 h), then at 0.5, 

1, 2, 4, 8, 24, 48, 96 h and at seven days. The primed seed were plated in sterile de- 

ionised water and incubated in the dark at 15 °C. Germination was assessed twice a 

week for two weeks, then once a week for the remaining eight weeks. A second trial of 

hydropriming for 0 to 7 days was undertaken (as above) with four replicates of 25 seed 

for each time period. This seed was plated in sterile de- ionised water and assessed for 

germination daily for two weeks, then twice a week for the remaining weeks. 

Androcalva perlaria seed was hydroprimed for six days and plated in polyethylene 

glycol solutions of -0.03, -0.1, -0.2, -0.35, -0.5, -0.7 and -1.0 MPa at 15 °C. In 

conjunction, a control treatment without hydropriming was conducted across identical 

polyethylene glycol solutions. Each treatment comprised four replicates of 25 seed. 
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These treatments were incubated in the dark at 15 °C, with germination assessed as 

radicle emergence twice a week for seven weeks, then once a week for the remainder. 

 

Biotechnology 

 Stem segments derived from in situ A. perlaria maintained in the ex situ living 

collection at the Botanic Gardens and Parks Authority (Kings Park and Botanic 

Gardens) were previously initiated into sterile tissue culture (Whiteley, Bunn et al. 

2016). Material was plated (90 mm Petri dish) on solidified basal medium (BM) of 

0.5 MS (Murashige and Skoog 1962) macro- and micro- elements with 100 µM 

ethylenediamine- tetraacetic acid ferric sodium salt (NaFeEDTA), 3.0 µM thiamine 

hydrochloride, 2.5 µM pyridoxine hydrochloride, 4.0 µM niacin, 0.5 mM MES buffer, 

0.5 mM myo-inositol, 60 mM sucrose, 0.8 % w/v agar, pH of 6.0 prior to autoclaving at 

121 °C for 20 min with 2.5 µM 1- naphthaleneacetic acid (NAA) and 2.5 µM BAP to 

induce callus (Whiteley, Bunn et al. 2016). Following induction, cultures were 

maintained under standard in vitro culture conditions of 23 ± 2 °C with a 16 h light/8 h 

dark photoperiod with a photosynthetic photon flux density of ~30 µmolm
-2

s
-1

 at culture 

level supplied by 21 W cool white fluorescent lamps (Whiteley, Bunn et al. 2016). 

 The cryopreservation protocol comprised desiccation of small callus segments 

(1 to 2 mm in diameter) on desiccation media for 48 h and incubation in PVS2 (0.5 MS 

nutrient salts; Murashige and Skoog 1962; + 0.4 M sucrose, 30 % w/v glycerol, 15 % 

w/v ethylene glycol and 15 % w/v dimethyl sulfoxide; DMSO; Sakai, Kobayashi et al. 

1990) for a controlled time frame at 0 °C before transfer of callus segments to 20 µL 

droplets of PVS2 on three aluminium foil strips (20 mm x 4 mm, with five callus 

segments per foil) and LN immersion in cryovials (total of 15 callus pieces per 

cryovial). Explant material was maintained in LN for a minimum of one h. Raising of 

callus segments was accomplished by immersion of cryovials in a 40 °C waterbath for 

ten sec, followed by immediate addition of 1 mL of washing solution (1.0 M sucrose in 

0.5 MS) to each cryovial. Contents of each cryovial (washing solution, foil strips and 

callus segments) were then transferred to a 55 mm petri dish containing an additional 

2 mL of washing solution for a total of 20 min in room temperature washing solution. 

The segments were then plated onto recovery medium (BM with 1.0 µM zeatin, 0.5 µM 

gibberellic acid (GA3) and 2 mM choline chloride) and incubated in the dark for two 
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weeks and then moved to low light conditions (Figure 5.2; Sakai and Engelmann 2007; 

Whiteley, Bunn et al. 2016).  

 Callus segments from genotype 90 were used for the first experiment (due to 

rapid growth resulting in a high quantity available in tissue culture), with desiccation 

performed on BM with 0, 0.6 or 1.2 M glycerol, for 48 h with incubation in PVS2 for 0, 

10, 20, 30, 40, 50 or 60 min. Each treatment comprised four replicates of 15 segments 

of callus. For each treatment a negative control (with four replicates of 15 segments) 

that was not immersed in LN but processed through each of the other steps of 

cryopreservation. Survival of callus following cryopreservation was assessed three 

weeks following raising and regeneration into shoot explants a further three weeks later 

(totalling six weeks). Callus segments from multiple genotypes were assessed through  

 

 

Figure 5.2: Cryopreservation of Androcalva perlaria callus (based on Whiteley, Bunn et al. 

2016), with droplet vitrification (derived from Sakai and Engelmann 2007). Steps: 1) Initiation of 

callus, 2) isolation of callus segments, 3) incubation on desiccation media for 48 h, 4) incubation 

in PVS2 (0.5 MS nutrient salts; Murashige and Skoog 1962; + 0.4 M sucrose, 30 % w/v glycerol, 

15 % w/v ethylene glycol and 15 % w/v DMSO; Sakai, Kobayashi et al. 1990) for 30 min at 0 °C, 

5) transfer onto aluminium foil strips in a 20 µL droplet of PVS2 and 6) into a cryovial before 7) 

immersion in liquid nitrogen (LN). On raising, 8) rewarming at 40 °C for 10 sec and 9) washing 

in 0.5 MS + 1.0 M sucrose media for 20 min. 10) Recovery in BM media + 1.0 µM zeatin + 0.5 

µM gibberellic acid + 2 mM choline chloride for two weeks in dark and subsequent weeks in 

light, before 11) regeneration of callus into explants. Abbreviations: PVS2 Plant Vitrification 

Solution 2, DMSO dimethyl sulfoxide, LN liquid nitrogen. 
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the optimised cryopreservation protocol. Following regeneration, the callus generated 

shoot cultures were maintained on BM with 1.25 µM kinetin and 0.125 µM BAP until 

root formation after which explants were deflasked to soil in a glasshouse, maintained 

in a water immersed pot for three months before the removal of the pot from water 

(Whiteley, Bunn et al. 2016). 

 

Data analysis 

 Seed and seedling germination data was assessed through generalised fitted 

models (GLMs), determined in R version 3.0.1 (R Core Team 2013) and fitted to graphs 

through SigmaPlot version 13.0 (Systat Software 2014). Callus cryopreservation data 

was analysed through one- way analysis of variance (ANOVA) and mixed factor 

ANOVA for all data, and the negative control and LN immersed experimental 

treatments separately in R version 3.0.1 (R Core Team 2013). 

 

Results 

Seed germination 

 The physical dormancy of A. perlaria seed was broken with hot water treatment 

(98 °C) for 60 sec (Figure 5.3). Treatment with hot water resulted in a mean 

germination of 96.9 ± 0.9 % while the control mean germination was 2.4 ± 0.9 % 

(Figure 5.3). Once dormancy was broken, 50 % of seed had germinated in 7.72 days 

with an extremely high level of germination observed within 14 days. Within 35 days, 

the germination plateau had been reached (Figure 5.3). The different accessions 

produced differing germination percentages, 97.5 ± 1.6 % for 2011/ 2012, 98.3 ± 1.0 % 

for 2012/ 2013 and 94.2 ± 2.1 % for 2013 seed (P= 0.212). Dormancy broken seed  held 

for 40 months prior to plating germinated with a statistically significant decrease (10 %) 

in the total percentage germination from 96.9 ± 0.9 % to 86.1 ± 3.4 % (P= 0.004). 
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Figure 5.3: Mean percentage germination (± standard error; SE) of ex situ Androcalva perlaria 

at 15 °C over time following experimental heat treatment (water at 98 °C for 60 sec) breaking 

dormancy. Exponential rise to maximum model, experimental r
2
= 0.956, control r

2
= 0.978. 

 

 Soil temperature and moisture content varied cyclically across a year (Figure 

5.4). Summer soil temperatures approximated 30 °C, while winter temperatures were 

approximately 12 °C (Figure 5.4). Soil moisture varied throughout the year with 

temporary peaks in moisture content following rainfall events (Appendix 11). The mean 

soil moisture was greater in winter and early spring than at the onset of summer (Figure 

5.4). With the onset of summer, soil moisture fluctuation was greater, with the soil 

moisture reaching 0 m
3
/ m

3
 more frequently than that observed during winter (Figure 

5.4; see also Appendix 11). 

 



173 

 

Figure 5.4: Soil profile data for the in situ Hall population of Androcalva perlaria as a 

representative of in situ abiotic soil conditions; from December 2013 to January 2016. Two soil 

moisture probes were present and the lowest negative value from each was approximated as 0 

m
3
/ m

3
. 

 

Osmotic potential experimentation 

 The optimal germination temperature for A. perlaria was 15 °C with a mean 

germination of 98.7 ± 1.3 %. However, an incubation temperature of 20 °C did not 

adversely affect germination with a mean of 97.3 ± 1.2 %. A lower germination of 94.7 

± 3.1 % was observed at 10 °C, while 25 °C reduced germination to 76.7 ± 2.8 % (P< 

0.001; Figure 5.5). A germination of 50 % was observed at -0.54 MPa at 10 °C, -0.674 

MPa at 15 °C, -0.535 MPa at 20 °C and -0.20 MPa at 35 °C. Reduced water potential 

decreased germination (P< 0.001). At 15 °C and a water potential of -0.2 MPa 

germination was 94.0 ± 1.6 % which further decreased to 68.0 ± 2.5 % at -0.5 MPa, 

52.0 ± 6.8 % at -0.7 MPa and 0.0 ± 0.0 % at -1.0 MPa (Figure 5.5). When the 

germination temperature was not optimal and the water potential was decreased seed 

germination was at a rate increased to that experienced at 15 °C (Figure 5.5). At -0.2 

MPa, the germination percentage was 95.3 ± 3.3 % at 10 °C, 96.7 ± 1.8 % at 20 °C and 

54.0 ± 4.0 % at 25 °C (Figure 5.5). 
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Figure 5.5: Mean germination percentage (± SE) of ex situ Androcalva perlaria seed across 

differing water potentials (0, -0.03, -0.1, -0.2, -0.35, -0.5, -0.7 and -1.0 MPa) at four 

temperatures (10, 15, 20 and 25 °C). Sigmoidal 3 parrameter models, 10 °C r
2
= 0.9989, 15 °C 

r
2
= 0.9723, 20 °C r

2
= 0.9930, 25 °C r

2
= 0.9814. 

 

 At -0.7 MPa, the germination percentage of seed was 8.7 ± 3.3 % at 10 °C, 2.0 ± 

1.3 % at 20 °C and 0.0 ± 0.0 % at 25 °C (Figure 5.5). With a decreasing water potential, 

the rate of germination was reduced (Figure 5.6). This reduced rate was compounded by 

non- optimal incubation temperatures, with the lowest rate of germination at the highest 

germination temperature (25 °C; Figure 5.6). Germination of 50 % of seed at 0.0 MPa 

was reached in 18.32 days at 10 °C, 9.42 days at 15 °C, 9.72 days at 20 °C and 36.91 

days at 25 °C (Figure 5.6; Appendix 12 Table 1). As the water potential decreased, the 

time taken for seed to reach 50 % germination increased (Figure 5.6; Appendix 12 

Table 1). At 10 °C and 20 °C, 50 % germination was not reached at -0.7 and -1.0 MPa 

(Figure 5.6; Appendix 12 Table 1). At 15 °C, 50 % germination was not reached at -1.0 

MPa, and at 25 °C 50 % germination was not reached at -0.35, -0.5, -0.7 and -1.0 MPa 

(Figure 5.6; Appendix 12 Table 1). 
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Figure 5.6: Mean rate of germination (± SE) of ex situ Androcalva perlaria seed across differing 

water potentials (0, -0.03, -0.1, -0.2, -0.35, -0.5, -0.7 and -1.0 MPa) at four temperatures (10, 

15, 20 and 25 °C). Sigmoidal 3 parrameter models, r
2
 > 0.94, see Appendix 12 Table 1 for r

2
 

values of each treatment. 
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Seed burial experimentation 

 Androcalva perlaria seed germinated and emerged from different soil depths. A 

seed burial depth of 10 mm resulted in the highest emergence percentage of 57.3 ± 10.9 

%. Seed buried beneath > 30 mm experienced no emergence (Figure 5.7). In controlled 

conditions germination of seed on the sand surface occurred in seven days, seed 10 mm 

below the sand surface germinated in 28 days, seed 20 mm below the sand surface 

germinated in 35 days and seed 30 mm below the sand surface germinated in 42 days. 

Seed buried 0.70 mm below the soil surface exhibited 50 % emergence in controlled 

conditions. In fluctuating environmental temperatures, the emergence percentage of 

seed was highest (52.5 ± 11.8 %) at 5 mm, with no emergence from below > 20 mm 

(Figure 5.7). Seed 5 mm below the sand surface germinated in fluctuating conditions in 

28 days, seed 10 mm below the sand surface germinated in 35 days and seed 15 to 20 

mm below the sand surface germinated in 42 days. Seed buried 4.952 mm below the 

soil surface exhibited 50 % emergence in fluctuating conditions. 

 

  

 

Figure 5.7: Mean seedling emergence (± SE) of ex situ Androcalva perlaria seed from a 

specified depth (0, 5, 10, 15, 20, 25, 30, 40, 50, 70 and 100 mm) in white sand germinated at 

controlled (15 °C) or in fluctuating glasshouse temperatures from July to September 2015. 

Gaussian peak 3 parrameter models, controlled temperature curve r
2
= 0.9989, Fluctuating 

temperature curve r
2
= 0.9594. 
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Enhancing the germination of Androcalva perlaria seed 

 During priming of A. perlaria seed, the mean weight of a seed increased rapidly, 

with a plateau reached after four days. Hydropriming resulted in a significantly higher 

mean weight 2.3 ± 0.1 mg compared to the 1.8 ± 0.1 mg seed weight typical of 

osmopriming (P< 0.001; Figure 5.8). Following priming, desiccation plateaued after 24 

hours, with the majority of the gained seed weight lost within the first 12 h (P= 0.475; 

Figure 5.9). Priming for one to six days resulted in similar rates of germination, 

however priming for seven days resulted in a decreased total germination rate (P< 

0.001; Figure 5.10). Seed primed for seven days germinated during the priming process, 

prior to plating for experimentation. Hydropriming resulted in 12.1 % of seed 

germinating prematurely during the priming process itself. Seed hydroprimed for more 

than four days while not germinating to a higher percentage, germinated at a 

significantly faster rate (P < 0.001; Figure 5.11). Hydroprimed seed germinated to 50 % 

across 12 days. Seed hydroprimed for seven days reached 50 % germination at 8.55 

days. Seed hydroprimed for six and five days reached 50 % germination at 7.59 days.  

 

 

Figure 5.8: Mean imbibition profile (± SE) of ex situ Androcalva perlaria seed undergoing 

hydropriming and osmopriming (-0.7 MPa) across seven days at 20 ± 2 °C. Sigmoidal 3 

parrameter models, hydropriming curve r
2
= 0.9903, Osmopriming curve r

2
= 0.9771. 
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Figure 5.9: Mean desiccation profile (± SE) of ex situ Androcalva perlaria seed across seven 

days following removal from hydropriming and osmopriming (-0.7 MPa) at 20 ± 2 °C. 

Exponential decay models, Hydropriming curve r
2
= 0.9872, Osmopriming curve r

2
= 0.9979. 

 

 

Figure 5.10: Total mean percentage germination (± SE) at 15 °C following hydropriming and 

osmopriming (-0.7 MPa) at 20 ± 2 °C of ex situ Androcalva perlaria seed, the control line sits 

along the total germination percentage of seed without priming. 
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Seed hydroprimed for four days reached 50 % germination at 8.56 days. Seed 

hydroprimed for three days reached 50 % germination at 11.81 days. Seed hydroprimed 

for two days reached 50 % germination at 9.27 days. Seed hydroprimed for one day 

reached 50 % germination at 10.70 days. Seed that was not hydroprimed reached 50 % 

germination at 10.39 days. The optimal priming time was six days as determined by an 

increased rate of germination, closely matched by five days hydropriming (Figure 5.11). 

Seven days hydropriming, resulted in a rate reduced from that exhibited following six 

days hydropriming (Figure 5.11). While hydroprimed seed germinated slightly faster 

than non- primed seed, these did not frequently germinate to a higher percentage in 

comparison to non- primed seed at lower water potentials (P= 0.371; Figure 5.12). 

Hydroprimed seed germinated to 50 % at -0.52 MPa, while non- primed seed 

germinated to 50 % at -0.58 MPa. The only exception to the higher germination in  

 

 

Figure 5.11: Mean germination percentage (± SE) of Androcalva perlaria seed at 15 °C 

following hydropriming for various time periods, from 0 to 7 days at 20 ± 2 °C. Data was 

collected for 70 days, only the first 28 days until the germination plateau are shown. Sigmoidal 3 

parrameter models, hydropriming r
2
 values: 7 days 0.9969, 6 days 0.9964, 5 days 0.9960, 4 

days 0.9937, 3 days 0.9864, 2 days 0.9970, 1 day 0.9952, 0 days 0.9925. 
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Figure 5.12: Mean germination (± SE) of six day hydroprimed (20 ± 2 °C) and control ex situ 

seed of Androcalva perlaria across water potentials at 15 °C. Sigmoidal 3 parrameter models, 

primed seed curve r
2
= 0.9984, control seed curve r

2
= 0.9902. 

 

hydroprimed seed was hydroprimed seed germinated at -0.35 MPa which germinated to 

92.0 ± 3.7 % in comparison to 86.0 ± 1.2 % without hydropriming (Figure 5.12 and 

Figure 5.13). Hydroprimed seed germinated at an increased rate in -0.1, -0.2 and -0.35 

MPa compared to non- hydroprimed seed (Figure 5.13). The rate of seed germinated to 

50 % was faster in hydroprimed seed at -0.03 and -0.5 MPa, 9.04 and 27.26 days 

respectively in comparison to 10.13 and 37.10 days respectively in non- primed seed 

(Figure 5.13 and Appendix 12 Table 2). 
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Figure 5.13: Mean rate of germination (± SE) of ex situ Androcalva perlaria hydroprimed seed (6 

days at 20 ± 2 °C) and control seed across differing water potentials (0 MPa from Figures 5.6 

and 5.11, -0.03, -0.1, -0.2, -0.35, -0.5, -0.7 and -1.0 MPa) germinated at 15 °C. Sigmoidal 3 

parrameter models, r
2
 > 0.95, see Appendix 12 Table 2 for r

2
 values of each treatment. 
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Biotechnology 

 Cryopreservation of A. perlaria callus tissue was successful with survival 

following exposure to LN in most desiccation and PVS2 treatments (Figure 5.14). 

Treatment with desiccation on BM without incubation in PVS2 resulted in a 76.7 ± 

10.0 % survival (Figure 5.14). BM with 0.6 M glycerol followed by PVS2 incubation of 

40 min resulted in 81.0 ± 3.0 % callus survival (Figure 5.14). Desiccation in BM with 

1.2 M glycerol followed by incubation in PVS2 for 30 min resulted in a survival rate of 

70.0 ±16.7 % (Figure 5.14). No statistical significance was derived from the application 

of different glycerol concentration or PVS2 incubation times, when all the data was 

assessed or the negative control or LN experimental data was assessed separately. The 

sole statistical significance was derived from the variation between the negative control 

and the LN immersed callus (P< 0.001).  

 The regeneration rate of callus genotypes was highly variable across genotypes 

(Figure 5.15; Whiteley, Bunn et al. 2016), with seven genotypes exhibiting 0 to 3 % 

regeneration (Whiteley, Bunn et al. 2016). The best overall callus cryopreservation 

protocol was established to be desiccation of 1 to 2 mm segments of callus tissue in BM 

with 1.2 M glycerol for 48 h (Whiteley, Bunn et al. 2016), PVS2 incubation at 0 °C for 

30 min, transfer of five callus pieces to five droplets of 20 µL of PVS2 on an aluminium 

foil strip, movement to a cryovial at 0 °C (two foil strips per vial) and immersion into 

LN. To raise callus tissue from LN temperatures, cryovials were warmed (40 °C) in a 

stirred water bath for 10 sec. Cryovials were then opened in a laminar flow cabinet and 

1 mL of sterile washing solution added. Following this, cryovial contents (callus tissue, 

foil strips and washing solution) were emptied into a prepared 55 mm petri dish with 2 

mL washing solution. The total time of incubation in the washing solution at room 

temperature was 20 min. The washed callus tissue was then plated onto recovery media 

for two weeks in the dark at 25 °C and subsequent weeks incubated under light. After 

approximately six weeks, when regeneration of shoot cultures has been established, 

explants were transferred back to regular multiplication medium (BM with 1.25 µM 

kinetin and 0.125 µM BAP) for growth. Once cultures had established roots, they were 

able to be deflasked from tissue culture into soil in the glasshouse, with an 80 % success 

rate (Figure 5.16).  
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Figure 5.14: Percentage survival (± SE) of genotype 90 callus of Androcalva perlaria following 

cryopreservation, with desiccation in basal media with various concentrations of glycerol for 

48 h and incubation in PVS2 for 0 to 60 min. 
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Figure 5.15: Percentage regeneration (± 95 % CI) from cryogenically preserved callus from 13 

different genotypes of Androcalva perlaria following preculture on 1.2 M glycerol for 48 h, PVS2 

exposure for 30 min at 0 °C and LN immersion (Whiteley, Bunn et al. 2016); permission 

obtained September 24 2017, license number 4195681280286; Appendix 13). 

 

Explants in tissue culture Explants in soil 

  

Figure 5.16: Androcalva perlaria explants roots in sterile tissue culture (left) and plants derived 

from cryopreservation conditions growing in soil (right). 

 

Seed characteristics and cryopreservation of Androcalva perlaria 

 Androcalva perlaria seed germinated to a high percentage following dormancy 

break through the application of wet heat (Table 5.1). Germination was similar at 10, 15 
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and 20 °C (Table 5.1). However germination at 25 °C was reduced (Table 5.1). In an 

increasingly water limited environment seed germination was reduced, compounded by 

a temperature differing from the optimal 15 °C (Table 5.1). Seed buried 40 mm below 

the soil surface did not emerge in controlled environments (Table 5.1). In fluctuating 

temperature environments, the maximum depth of emergence was reduced (Table 5.1). 

Hydropriming seed improved the rate of germination but not the percentage of 

germination (Table 5.1). Cryopreservation of A. perlaria callus was achieved with 

variable success across genotypes (Table 5.1). Cryopreserved callus material was grown 

into tissue culture plants and deflasked into soil (Table 5.1). 

 

 

Table 5.1: Summary of seed characteristics and cryopreservation of Androcalva perlaria, with a 

focus on the effect of variable conditions. 

Variable Characteristic Variable conditions 

Seed 
germination 

Dormancy was broken by the 
application of wet heat (98 °C) for 
60 sec, with > 95 % of seed 
germinating at 15 °C (Figure 5.3). 

Germination at 25 °C resulted in 
reduced germination (Figure 5.5). A 
decreasing water potential reduced 
germination. This reduction was 
compounded by a non- optimal 
temperature at water potentials 
below -0.35 MPa (Figure 5.5). 

Seedling 
emergence 

Seed buried more than 40 mm below 
the soil surface did not emerge 
(Figure 5.7), with maximum 
emergence from 10 mm below the 
soil surface (Figure 5.7). 

In a fluctuating temperature 
environment the maximum depth 
from which seedlings emerged was 
20 mm (Figure 5.7). 

Enhancing 
germination 

Hydropriming increased the rate of 
germination (Figure 5.11), however, 
did not affect the percentage of 
germination (Figure 5.11). 

Hydropriming seed conveyed no 
benefit in an increasingly water 
limited environment (a decreasing 
water potential; Figure 5.12).  

Cryopreservation Optimal callus cryopreservation 
protocol comprised desiccation for 
48 h, incubation in PVS2 for 30 min 
at 0 °C before transfer to cryovials 
and LN immersion. Raising, 10 sec 
in a 40 °C waterbath, 20 min 
incubation in washing solution and 
recovery in the dark for two weeks 
and subsequent weeks in low light 
(page 182). This protocol produced 
variable regeneration, with most 
genotypes exhibiting regeneration 
(Figure 5.15). Cryopreserved plants 
were able to be removed from the 
tissue culture environment and 
planted in soil (page 182). 

Not applicable 

Abbreviations: PVS2 Plant Vitrification Solution 2 (Sakai, Kobayashi et al. 1990). 
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Discussion 

Seed germination 

 Heat broke dormancy in A. perlaria seed presumably by opening the chazal plug 

(Turner 2014) and permitting water to imbibe the seed (Baskin 2003; Baskin, Baskin et 

al. 2000). In situ, fire events are known to break dormancy in A. perlaria seed (Turner, 

Best et al. 2013). The high temperatures determined to break dormancy in a high 

percentage of seed were not observed in the natural environment (Figure 5.4), 

suggesting that without the extreme heat associated with a fire event, little germination 

is to be expected. High germination may be expected after a fire event with little 

germination occurring between fire events (Keeley 1987). Throughout this study, few 

seedlings were observed at established populations. However, given the discovery of 

new populations with no recent fire, some seed must lose dormancy in the soil between 

fire events (Christensen and Kimber 1975; Hughes and Westoby 1992; Whitlock, Hale 

et al. 2011; Wilkins and Whitlock 2011). A dry heat treatment of 100 °C for five min 

has been previously identified to promote approximately 45 % germination of A. 

perlaria seed (Turner, Best et al. 2013), although this temperature was not observed in 

situ. Hence, rare events of high temperature in situ must be able to promote germination 

of a small number of seed. The new populations were rarely larger than 10 individuals, 

while the fire event in 2012 promoted germination and establishment of over 200 plants. 

Therefore, without a fire event to break dormancy of soil stored seed, limited A. 

perlaria plant emergence was evident. Population germination without fire may also be 

related to habitat disturbance such as fire breaks and clearing of road verges (Whitlock, 

Hale et al. 2011; Wilkins and Whitlock 2011). 

 The optimal germination temperature for A. perlaria seed coincided with the 

environmental temperatures experienced during winter and early spring, which is also 

the time of highest rainfall (see chapter 3 Figure 3.15). It was likely that should 

dormancy be broken in a summer wildfire or by the high summer soil temperatures 

(Christensen and Kimber 1975; Hughes and Westoby 1992). Winter rain will begin to 

promote seed germination, with a maximum observed in late winter and early spring 

prior to the onset of drought conditions with a high amplitude soil moisture fluctuation. 

These two factors of rainfall and appropriate germination temperature may result in the 

best conditions for seedling establishment (Bell, Rokich et al. 1995). With rainfall, 

individual seedlings may have the best chance for successful establishment prior to the 

harsher, hotter and drier conditions of summer (Cochrane 2016). Further to this, should 
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germination occur at higher temperatures, the percentage of seed germination was 

reduced (Cochrane 2016). This may be a method to prevent seed from germinating later 

and attempting to establish at times when water is less likely to be available (Bazzaz 

1979; Cochrane 2016). In conjunction with sub- optimal temperatures, reduced water 

potential compromised germination. This may also contribute to preventing germination 

and seedling establishment in unsuitable environmental conditions (Bazzaz 1979). In 

situ rainfall was approximately twice the amount in winter, the early months of spring 

and the later months of autumn than that experienced in summer during this study. More 

rainfall was likely to result in a higher water potential and hence an increased chance of 

seed germination. The high germination percentage of A. perlaria seed at 15 °C and in 

the presence of free water was likely to indicate an inherent bias of seed to germinate at 

the time best for seedling establishment and plant survival in situ. 

 Androcalva perlaria seedling establishment was greatest for seed buried in the 

top layers (0 to 20 mm) of the soil. As previously determined in chapter 4, the seed of 

A. perlaria was distributed by ant species (Lengyel, Gove et al. 2010; Westoby, French 

et al. 1991; Westoby, Hughes et al. 1991). Plant species have been noted to utilise 

myrmecochory for one of five reasons; predator avoidance, competition avoidance, fire 

avoidance, dispersal for distance and removal to an ideal nutrient microsite (Beattie 

1985; Giladi 2006). The knowledge of fire promoted seed germination in A. perlaria, 

indicated that the most likely purpose for myrmecochory was the fire avoidance 

hypothesis. This hypothesis emerged from Mediterranean Australian and South African 

regions prone to fire, exactly where A. perlaria is known to occur (Hughes and Westoby 

1990). Seeds taken into ant nests are safe during wildfires, protected from lethal 

temperatures during fire but able to receive sufficient heat to stimulate germination 

(Beattie 1985; Hughes and Westoby 1990; Hughes and Westoby 1992). The seed may 

then emerge from the soil for establishment. The seed depth of A. perlaria may be 

optimised to permit the requisite level of heat to break dormancy to reach the seed, and 

still permit the seed reserves to allow the seedling to breach the soil surface and 

eventually establish a new plant. It has been identified that seeds buried in the top 10 to 

30 mm of the soil will have the greatest chance of survival during a fire and successful 

germination, whereas with increasing depth the chance of dormancy breakage decreased 

with the further problem of being too deep in the soil for emergence (Hughes and 

Westoby 1992; Scifres 1974). 
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Enhancing the germination of Androcalva perlaria seed 

 Hydropriming promoted a higher rate of germination. An increased rate of 

germination may permit speedier establishment of seedlings. Seedlings that are more 

advanced would be likely to have a competitive advantage with other species for the 

available water and nutrients in the environment (Grime 1977; Schwinning and Weiner 

1998). Furthermore, an increased rate of establishment may result in plants that are 

more advanced with an increased chance of surviving challenging summer conditions of 

increased temperature and decreased rainfall. In this study, hydropriming did not 

significantly improve the already high germination (> 90 %) of A. perlaria. In addition, 

extended priming (> six days) caused premature germination, resulting in seed that are 

unable to be utilised for conservation. Androcalva perlaria may have little capacity for 

adaption to water limited environments as it appears to occur only in seasonally 

waterlogged soils (Wilkins and Whitlock 2011). Hence, priming may not be of any 

benefit in a species adapted to water abundant environments. Should the noted trend of 

a decrease in rainfall and more frequent drought in the south west of Western Australia 

continue (Appendix 14; Bates, Hope et al. 2008; Smith 2004), priming may be of some 

benefit to conservation efforts with A. perlaria by permitting direct seeding with a faster 

germination rate in situ provided an adequate quantity of water was available. However, 

should the annual rainfall decrease and the drought frequency increase, extra stress may 

be imposed on established plants of A. perlaria, in addition to affecting seed 

germination. 

 

Biotechnology 

 For long term conservation, tissue culture plants may be cryopreserved. Apical 

shoot tip cryopreservation required longer time frames in tissue culture for sufficient 

quantities of tips to become available for freezing (Whiteley, Bunn et al. 2016). In this 

study, regenerative A. perlaria callus tissue was able to be generated in a much shorter 

time frame, permitting a greater range of genotypes to be conserved more rapidly 

(Whiteley, Bunn et al. 2016). In addition, rapid screening of callus genotypes can 

identify genotypes (namely A. perlaria genotypes 56, 72 and 96) with the greatest 

regenerative potential (Kaczmarczyk, Turner et al. 2011) enabling rapid modification of 

various stages of the cryo- protocol to improve post- LN recovery and regeneration. 

Such modifications can then be applied to genotypes of reduced regenerative potential, 
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to rapidly improve the cryopreservation of A. perlaria. The time and optimisation 

required for successful cryopreservation of each genotype, and the ability of seed to be 

stored in a seed bank results in a species that may be conserved using a palette of 

methods. A comprehensive genetic survey of the plants of A. perlaria could identify 

individuals of wide or unique genetic variation, which could be targeted for 

micropropagation and cryopreservation, thus conserving such genotypes for future 

translocation or restoration of extant in situ populations to encourage outbreeding 

(Bunn, Turner et al. 2011; Bunn, Turner et al. 2007; Krauss, Dixon et al. 2002). While 

sufficient genetic variation might be conserved in a seed bank, individuals considered to 

be of high genetic importance would be better cryopreserved for future use in restocking 

natural populations with low genetic variation. 

 

Conclusions 

 The physical dormancy of seed of A. perlaria may be broken ex situ by hot 

water treatment and in situ by high soil temperatures or wildfire. The highest 

germination of A. perlaria seed was observed at 15 °C at higher water potentials. The 

germination of A. perlaria seed may be determined by seed characteristics to permit the 

highest chance for seedling establishment and resilience prior to the harsh conditions of 

summer. The timing of this germination was aligned with the cooler temperatures and 

abundant rainfall of winter and early spring. A greater rainfall would result in more 

abundant free water, to allow seedlings to grow as large as possible with minimal 

competition. Androcalva perlaria seed buried less than 20 mm beneath the sand surface 

exhibited the highest seedling emergence. Hydropriming seed increased the rate of 

germination and may enhance plant establishment in a declining annual rainfall 

environment (Bates, Hope et al. 2008; Smith 2004). However, in a dramatically drier 

environment priming may not be enough to combat reduced germination. 

 Ex situ biotechnologies may be of benefit to combat this potential reduction in 

overall germination and plant establishment. In situ A. perlaria plant material can be 

initiated into tissue culture and mass propagated for reintroduction or translocation. 

Biotechnology may be utilised to preserve specific genotypes of genetic uniqueness. 

From tissue culture, in situ material was able to be cryopreserved. When required this 

material can be raised from LN for use in in situ conservation (Bunn, Turner et al. 2011; 

Bunn, Turner et al. 2007; Krauss, Dixon et al. 2002).  
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The life history and conservation of Androcalva perlaria. 
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Chapter 6 image: Cryopreserved juvenile Androcalva perlaria.  
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Rare species conservation in a fragmented environment (Introduction) 

 A trend has emerged in the literature in recent years promoting restoration on an 

ecosystem scale rather than focussing on individual rare or threatened species (Hobbs 

and Harris 2001; Hobbs and Norton 1996; Olson and Dinerstein 1998; Sharrock and 

Jones 2011; Simberloff 1998). However, species abundance is not necessarily the only 

measure of ecological importance and rare species may also play key roles in ecosystem 

function and as such should not be unduly marginalised in pursuit of rapid ecosystem 

restoration (Manning, Fischer et al. 2006; Mills and Soule 1993; Palmer, Ambrose et al. 

1997; Young, Petersen et al. 2005). In an old climatically buffered infertile environment 

(Western Australia) threatened by genetic effects of small or declining populations 

(inbreeding depression), habitat fragmentation, invasive weeds, grazing, disease, 

mining, drought, climate change, land clearing and altered hydrology (Coates and 

Atkins 2001), every natural vegetation remnant including the species therein, is 

potentially of conservation value (Hopper 2009). An understanding of the life history of 

a species may help to identify the effect of threats at each stage of the life cycle and 

permit targeted conservation and management during those stages identified to be most 

at risk. 

 Conservation in situ was commonly the first conservation action undertaken for 

species identified as at risk of extinction (Appendix 1). In situ conservation involves 

conserving and restoring a species in its natural habitat where it is exposed to 

threatening environmental factors that are managed where possible (Heywood and 

Iriondo 2003; Rice, Smith et al. 2006; Secretariat of the Convention on Biological 

Diversity 2009). Once threats are identified, a recovery plan can be established to 

identify appropriate actions to conserve the species at risk. The main conservation 

methodologies utilised comprise monitoring of the extant species, fencing of plants, 

population augmentation or reintroduction and translocation to a new site (Godefroid 

and Vanderborght 2011; Heywood and Iriondo 2003; Vallee, Hogbin et al. 2004). In 

Western Australia, all extant rare species undergoing conservation are monitored to 

track changes in population status. This monitoring permits the known extent and health 

of a species to be quantified and guide management decisions. Approximately half the 



202 

61 West Australian species assessed for conservation actions have translocation 

initiatives in place or in development (Appendix 1). These translocation initiatives 

move the species to an ecologically similar niche protected from the threats experienced 

by natural populations (Vallee, Hogbin et al. 2004). 

 In many cases, in situ conservation alone cannot successfully conserve species 

which are critically endangered (Bunn, Turner et al. 2011; Cochrane, Crawford et al. 

2009; Havens, Vitt et al. 2006; Li and Pritchard 2009). In such cases, ex situ 

conservation may be utilised to store subset populations of a species at risk disjunct 

from the threats experienced in the natural environment (Maunder and Byers 2005); 

permitting increased control over the health of the species through germplasm storage 

(Bunn, Turner et al. 2011; Cochrane, Crawford et al. 2009; Engelmann 2011; Fay 

1994). This germplasm may comprise seed stored in seed banks (Cochrane, Crawford et 

al. 2007; Schoen and Brown 2001; van Slageren 2003), living collections of plants 

(Offord and North 2009), or explant material stored through sterile tissue culture and 

cryopreservation biotechnologies (Benson 2008; Bunn, Turner et al. 2011; Bunn, 

Turner et al. 2007; Engelmann 2004; Engelmann 2011; Li and Pritchard 2009; Maunder 

and Byers 2005; Pence 2011). The various germplasm stored ex situ may be utilised to 

bolster and support species at risk in situ (Offord and Makinson 2009; Schoen and 

Brown 2001). 

 

Life history and conservation of Androcalva perlaria (Chapters 2 to 5) 

 Androcalva perlaria C.F. Wilkins would appear to fit the life history of a 

generalist pollinator and obligate seeder shrub species with germination promoted by 

fire in an environment fragmented by agricultural land clearing. This statement is based 

on data from plant growth rates, seed production and germination, floral morphology 

and the diversity of potential invertebrate pollinators as described in chapters 2 to 5. 

Androcalva perlaria plants appear to mainly germinate following fire, taking only three 

years to reach three meters in diameter (chapter 2). Many fire stimulated species have 

fast growth rates and are capable of relatively rapid reproduction (Keeley 1987; Knox 

and Morrison 2005; Pate, Casson et al. 1985). Such species typically produce large 

quantities of seed destined for the soil seed bank often with little or sporadic 

germination until the next fire event. This has been observed in some other species in 

the south west of Western Australia (Keeley 1987; Knox and Morrison 2005; Pate, 
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Casson et al. 1985). Androcalva perlaria seed germinated following sufficient heat 

capable of breaking dormancy. Androcalva perlaria seedlings quickly establish into 

mature plants and set numerous small, white flowers akin to other obligate seeder 

species with similar ecological attributes (Kevan and Baker 1983; Kunin and Shmida 

1997), often flowering and fruiting within 12 months of germination (S.R. Turner pers. 

comm.). Androcalva perlaria flowers dehisced pollen over 24 to 48 h while the stigma 

was obscured by the central staminode. Once pollen had dehisced, the receptive stigma 

was exposed for pollination by a diversity of invertebrate pollinators. Mature seed of A. 

perlaria may be dispersed by ants into the soil seed bank but this aspect has been 

difficult to assess given that this species now grows in highly disturbed habitats 

(Figure 6.1; Hughes and Westoby 1990; Hughes and Westoby 1992). 

 

Breeding system of Androcalva perlaria (Chapter 2) 

 Androcalva perlaria exhibited gynodioecy unknown in this species prior to this 

study (Yampolsky and Yampolsky 1922). Plants expressed either a female or 

hermaphroditic floral morphology. A single genotype (labelled genotype 73) exhibited a 

possible mutation in the flower comprising an additional two anthers on the central 

staminode. This separation of genders would be expected to alter the effective 

population size (Loveless and Hamrick 1984) and should therefore be considered during 

future conservation management actions. Gynodioecy in A. perlaria may indicate that 

the species is in transition to dioecy (from monoecy), with the separation of female and 

male attributes on different plants as observed in other species (Barrett and Case 2006; 

Delph and Wolf 2005). Should progression to dioecy in A. perlaria proceed further, it 

would limit inbreeding through forced outcrossing as observed with other species 

(Barrett and Case 2006; Jordano 1993). However, in tandem with forced outcrossing 

this transition would further reduce the effective population size (Loveless and Hamrick 

1984) and would need to be factored into future conservation efforts, as plants of both 

genders would be required for reproduction.  

 The genders of A. perlaria occurred in a variable proportions (or ratios) across 

the examined populations. Only two populations, South Coast and Tyler, deviated from 

the one to one ratio of female to hermaphrodite plants observed in other populations. 

These two populations were skewed towards female. Environmental stress, in particular 

water stress, has been linked to an increase in female plants in gynodioecious 
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Figure 6.1: Life history of Androcalva perlaria.  

  

Seedling emergence 
(during Winter and 
Spring) 

Juvenile 

Mature plant 
(within 3 years) 

Gynodioecious 
flowers with sexual 
dimorphism 
(flowering for 12.0 
days in September 
to 6.5 days in 
December) 

Pollen dehiscence from 
anther while stigma covered 
by central staminode (across 
24 to 48 hr) 

Pollen dispersal to 
receptive stigma by an 
array of invertebrates 

Fertilisation (with 
fruit forming within 
14 days) 

Seed germination 
following disturbance 
(fire or physical) 

Fruit growth (< 15 % of 
flowers convert to fruit) 

Seed dispersal 
(putatively by ants) 

Rapid growth 
(flowering within 
6 months) 



205 

populations of Wurmbea Thunb. species (Barrett and Case 2006). Should the trend of 

decreasing rainfall in the south west of Western Australia continue (Alexander and 

Arblaster 2009; Bates, Hope et al. 2008; Pitman, Narisma et al. 2004; Smith 2004; 

Yates, McNeill et al. 2010), emerging populations of A. perlaria may face increased 

environmental pressure. The higher proportion of female plants germinated in years of 

reduced rainfall may indicate the potential that with increased environmental pressure 

populations of A. perlaria may skew towards more plants bearing only female flowers. 

In combination with water stress increasing female plant proportion in new populations, 

female A. perlaria plants would appear to exhibit an extended life span (an increased 

quantity of female plants in aging populations) as evidenced by other species (Miller 

and Venable 2003; Van Damme and Van Delden 1984). Should populations of 

A. perlaria trend towards female, pollen limitation in the environment would increase 

(Cázares-Martínez, Montaña et al. 2010), leading to a potential decrease in 

reproduction, in turn affecting resources for pollinators (Phillips, Hopper et al. 2010; 

Wilcock and Neiland 2002). 

 Gender dimorphism was exhibited between the two genders of A. perlaria as has 

been observed in Phacelia linearis Pursh (Holz.; Eckhart 1992). Hermaphroditic 

flowers were on average larger than those of the female plants as evidenced by many 

other temperate plant species (Caruso, Maherali et al. 2003; Delph, Galloway et al. 

1996; Miller and Venable 2003). Larger flowers on hermaphroditic plants have been 

linked to increased attraction for pollinators (Delph, Galloway et al. 1996; Miller and 

Venable 2003), while a smaller flower in female plants may reserve resources for 

reproduction (Caruso, Maherali et al. 2003; Dufay, Lahiani et al. 2010; Eckhart 1992; 

Miller and Venable 2003). Androcalva perlaria was self- compatible. Pollen dehiscence 

while the central staminode was closed may lead to temporal or spatial separation 

(Loveless and Hamrick 1984), compounded by an increased size of hermaphroditic 

flowers. The increased size of hermaphroditic flowers may minimise self- pollination by 

a single flower as the anthers and stigma are further apart leading to a reduced chance of 

invertebrates touching both anther and stigma (Barrett and Case 2006). A decreasing 

population size and increasing fragmentation may increase the potential for inbreeding 

and hence reduce fitness (Dufay, Lahiani et al. 2010; Eckert, Kalisz et al. 2010; 

Jacquemyn, De Meester et al. 2012; Keller and Waller 2002; Kristensen, Pedersen et al. 

2010; Sjöström and Gross 2006).  
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Floral and pollination biology of Androcalva perlaria (Chapter 3) 

 Androcalva perlaria flowers opened sequentially, imposing a temporal and 

spatial prevention to self- pollination (Loveless and Hamrick 1984). Across the 

flowering season, the flowers remained open for approximately twice as long at the 

cooler onset of the flowering season than those near the warmer conclusion as 

evidenced in other species (Meagher and Delph 2001; Primack 1985). However, the 

time a flower was dehiscing pollen did not vary as greatly across a 24 to 48 hour time 

period. A predicted increase in average temperature (Alexander and Arblaster 2009; 

Bates, Hope et al. 2008) may reduce floral display time and subsequently limit 

pollination (Primack 1985). The time taken through the active reproductive stages 

(pollen dehiscence and stigma exposed) for ex situ flowers was longer than that 

experienced in situ, potentially creating an increased window for pollination ex situ 

(Primack 1985). Across a flowering season, only a proportion of the flowers on each 

plant were open at any one time with the remainder either in bud or closed (Worley, 

Baker et al. 2000). In contrast to a reduced single flower longevity, a higher temperature 

has been noted to promote an increased floral display across the whole plant in many 

species; with an extended ex situ flowering season (Figure 6.2), spanning July to 

February in comparison to the in situ September to December flowering season 

(CaraDonna, Iler et al. 2014; Cleland, Chuine et al. 2007; Menzel and Fabian 1999; 

Peñuelas and Filella 2001; Petanidou, Kallimanis et al. 2014). Hermaphroditic plants 

were capable of producing an increased quantity of flowers across an extended floral 

season in comparison to female plants. Without pollen available in the environment 

from hermaphroditic plants, pollination was impossible for female plants hence the 

delay in female flowering may be a mechanism to conserve resources (Meagher and 

Delph 2001). Any shift in floral display, through environmental stress or shift in 

population gender proportion may limit pollen availability or alter the interactions 

between plant and pollinator. 

 Androcalva perlaria was pollinated by an abundance of generalist invertebrate 

species, commonly Diptera or Hymenoptera as observed in many Australian plant 

species (Alexander and Arblaster 2009; Bates, Hope et al. 2008; Pitman, Narisma et al. 

2004; Smith 2004; Yates, McNeill et al. 2010) may alter the abundance and diversity of 

pollinators and their activity window (Colinet, Sinclair et al. 2015; Everatt, Convey 

et al. 2015; Hoffmann, Chown et al. 2013). A decrease in pollinator diversity and 

abundance may create pollen limitation, reducing A. perlaria pollination as it has in 
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Figure 6.2: Life cycle stages of Androcalva perlaria ex situ and in situ, with the ratio of each 

stage showing the positive response for each situ state. The floral time comprised the time a 

single flower was open with anthers dehiscing pollen and the stigma exposed, floral season the 

total number of months in the floral season, floral display shows the number of flowers on a 

representative branch, pollinator diversity is the diversity of potential pollinators orders, 

pollinator abundance is the number of potential pollinator visitors, cross pollination is the 

number of times insects were observed to travel between Androcalva perlaria individuals, pollen 

viability shows the temperature at which pollen viability decreased (°C), pollen germination 

compares the temperature of peak Androcalva perlaria pollen germination of in situ and ex situ 

plants (°C), fruit quantity indicates the number of fruit on a representative branch, seeds per fruit 

indicates the average number of seed per fruit, seed quantity indicates the average number of 

seed produced by a representative branch, seed viability indicates the average viability of seed 

(%) and seed weight compares the average weight of an Androcalva perlaria seed (mg).                  

 marks statistical significance (P≤ 0.05). 
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other species worldwide (Bale and Hayward 2010; Deutsch, Tewksbury et al. 

2008;Petanidou, Kallimanis et al. 2014; Potts, Biesmeijer et al. 2010). The in situ 

natural populations exhibited increased pollinator abundance when compared to the 

translocated Mettler population. This may be due to the increased attraction for 

pollinators due to the presence of crops on agricultural land abutting the natural 

populations, which may increase the presence of pollinators in the area. Despite the 

reason, this abundance may indicate the potential for increased pollination at the natural 

populations in comparison to the translocated population (Cunningham 2000; Wilcock 

and Neiland 2002). In situ fragmentation due to land clearing for agriculture has 

resulted in populations separated by many kilometres, a distance unlikely to be travelled 

by many invertebrate pollinators, severely limiting cross pollination between in situ 

locations (Phillips, Hopper et al. 2010). Ex situ, pollinators were less abundant but 

travelled between multiple A. perlaria individuals more readily (Figure 6.2). In 

addition, the captive ex situ population was likely to be of greater genetic diversity as 

plants collected from four separate in situ populations contained in close proximity. 

Hence, the potential for cross pollination and outbreeding was improved under ex situ 

conditions. 

 Androcalva perlaria pollen germinated to the greatest percentage at 

approximately 25 °C, with the viability of pollen reduced at temperatures above 30 °C. 

This relationship between pollen viability and temperature has been found in many 

plant species (Herrero and Johnson 1980; Johri and Vasil 1961; Kakani, Prasad et al. 

2002; Oakes 1958; Sorkheh, Shiran et al. 2011; Ye, Bunn et al. 2007). While not an 

immediate threat with projected global warming of only 2 °C (Alexander and Arblaster 

2009; Bates, Hope et al. 2008), extreme temperature increases may reduce the 

germination and viability of pollen that is able to reach a flower of A. perlaria, 

decreasing pollination and consequently negatively affecting seed production (Delph, 

Johannsson et al. 1997; Rang, Jagadish et al. 2010). 

 

Reproductive capability of Androcalva perlaria (Chapter 4) 

 Maximum fruit and seed production by A. perlaria was achieved in situ and 

ex situ when plants were not stressed and in close proximity to a hermaphroditic plant 

producing pollen. Without hermaphroditic plants reproduction would be impossible 

(Ågren and Willson 1991; Dufay, Lahiani et al. 2010; Jordano 1993). Within in situ 
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A. perlaria populations, female plants produced fruit and seed of greater quantity and 

better quality. This pattern has also been observed in Geranium maculatum L., Lobelia 

siphilitica L. and Wurmbea biglandulosa (R. Br.) T.D. Macfarl. (Ågren and Willson 

1991; Caruso, Maherali et al. 2003; Morgan 1993; Ramsey and Vaughton 2002). 

However, a greater proportion of female plants in in situ populations compromised the 

quantity and quality of fruit and seed, potentially due to pollen limitation (Ramsey and 

Vaughton 2002). Should A. perlaria populations shift further towards female in situ, 

through aging or environmental stress, the quantity and quality of seed may 

progressively decrease, reducing the seed entering the soil seed bank and compromising 

the regenerative potential of the species, as has been identified in other species (Ågren 

and Willson 1991; Caruso, Maherali et al. 2003; Ramsey and Vaughton 2002). The 

trend of an increasing average temperature and decreasing rainfall (Alexander and 

Arblaster 2009; Bates, Hope et al. 2008; Pitman, Narisma et al. 2004; Smith 2004; 

Yates, McNeill et al. 2010) may compromise the formation and quality of fruit and seed 

through reduced floral display, pollinator activity and resources available to the plant 

(CaraDonna, Iler et al. 2014; Menzel and Fabian 1999; Peñuelas and Filella 2001).  

 Androcalva perlaria seed were dispersed by several common ant species 

associated with disturbance (Heterick 2009) within the boundaries of extant populations 

as observed in other species (Hughes and Westoby 1992). The lack of true natural 

populations, unbounded by agricultural land, may have resulted in populations with an 

altered ant community. Hence, natural seed dispersal of A. perlaria cannot be accurately 

determined with the currently known extant populations (Andersen and Yen 1985; 

Bisevac and Majer 1999; York 2000). However, a decreasing rainfall and increasing 

average temperature (Alexander and Arblaster 2009; Bates, Hope et al. 2008; Pitman, 

Narisma et al. 2004; Smith 2004; Yates, McNeill et al. 2010) may result in changes to 

the species of ants inhabiting A. perlaria populations and hence potentially alter seed 

distribution and quantities in the soil seed bank (Hemmings and Andrew 2017; Hughes 

and Westoby 1992; Warren and Bradford 2014). 

 Androcalva perlaria plants in an ex situ living collection were not necessarily 

maintained under optimal horticultural conditions, nor did ex situ plants grow as large 

as those observed in situ over the same time period, potentially due to the limitation of 

growing in 150 mm diameter pots. Despite this, ex situ A. perlaria seed was of 

comparable quality (in seed viability and weight) to in situ seed, and was produced in 

greater total quantity with an increased number of seed per fruit (Figure 6.2). In 
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addition, ex situ plants tended to be capable of producing higher quantities of fruit when 

compared to the same genotype in situ, with equal sampling methods. This increased 

fruit and seed may largely be due to the extended flowering season experienced by 

ex situ plants. The presumed ex situ increased genetic pool from across multiple 

populations coincided with the observance of increased cross pollination between plants 

from multiple populations by Apis mellifera (Apidae). Hence, an ex situ population of 

A. perlaria with a higher genetic diversity with suitable pollinators, should minimise 

inbreeding and result in highly outcrossed seed for ex situ based seed orchards or 

conservation collections. However, genetic analyses are still required to determine 

accurate levels of between population crossing and potential increased genetic diversity 

and fitness with ex situ seedling progeny of A. perlaria. 

 

Seed germination and conservation of Androcalva perlaria (Chapter 5) 

 Androcalva perlaria seed exhibited physical dormancy broken ex situ by hot 

water treatment (98 °C) for 60 seconds. In situ, this dormancy is likely to be broken by 

high soil temperatures (Christensen and Kimber 1975; Hughes and Westoby 1990) or 

by wildfire as is relatively common for species in the South West Australian Floristic 

Region (SWAFR; Keeley 1987; Turner 2014; Turner, Best et al. 2013). The optimal 

germination temperature of 15 °C coincided with the time of highest reliable rainfall 

during winter and early spring in situ. It would be likely that dormancy would be broken 

by wildfire or high soil temperatures in summer in SWAFR plant species (Christensen 

and Kimber 1975; Hughes and Westoby 1990); with the first rains and optimal 

temperatures in winter and early spring promoting germination and seedling 

establishment (Bell, Rokich et al. 1995). Water stress reduced germination of 

A. perlaria seed and the trend of a drying and warming environment (Alexander and 

Arblaster 2009; Bates, Hope et al. 2008; Pitman, Narisma et al. 2004; Smith 2004; 

Yates, McNeill et al. 2010) may compromise germination in the future (Bazzaz 1979; 

Cochrane 2016). Seed of A. perlaria had the greatest potential for seedling emergence 

from the top 20 mm of the soil profile. Seed of SWAFR species buried in the soil seed 

bank may avoid the fatal temperatures during wildfire, and still receive sufficient heat to 

stimulate germination if heat is required to overcome dormancy (Bell, Vlahos et al. 

1987; Chawan 1971; Floyd 1976; Shea, McCormick et al. 1979). Seed buried too deep 

may not receive the heat necessary for germination or be able to emerge following 

germination due to limited energy reserves (Bell, Vlahos et al. 1987; Chawan 1971; 
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Floyd 1976; Shea, McCormick et al. 1979). An alteration in the ant dispersal species 

may affect seed burial depth, compromising emergence and hence plant establishment 

(Hughes and Westoby 1992; Scifres 1974). The rate of seed germination may be 

increased through hydropriming for six days, potentially providing more rapid plant 

establishment for improved conservation management actions (Brancalion, Tay et al. 

2010; Peterson 1976). However in a dramatically drier environment, priming may not 

be enough to combat suboptimal recruitment conditions under natural seasonal 

scenarios. 

 While seed is able to be stored ex situ in large quantities from in situ and ex situ 

sources (Department of Parks and Wildlife 2014), ex situ biotechnology may also be of 

benefit to conservation programs. Seed banking conserves the genetic future of a 

species (Benson 2008; Engelmann 2004). However, in a rare and fragmented species 

such as A. perlaria, the conservation of extant genotypes may also be of benefit. 

Androcalva perlaria plant material was able to be sampled in situ and initiated into 

in vitro culture (Nikabadi, Bunn et al. 2010; Whiteley, Bunn et al. 2016). Once in tissue 

culture explant material may be micro- propagated for mass production of clonal 

material for use in situ (Bunn, Turner et al. 2011; Nikabadi, Bunn et al. 2010; Whiteley, 

Bunn et al. 2016) or cryopreserved long- term in liquid nitrogen (Benson 2008; 

Engelmann 2004; Whiteley, Bunn et al. 2016). Callus cryopreservation may permit a 

rapid method for genotype screening to identify the genotypes of greatest regenerative 

capacity (Whiteley, Bunn et al. 2016). These genotypes may be utilised to improve the 

cryopreservation protocol which may then be applied to genotypes with reduced 

regeneration. Cryopreserved material may be withdrawn from liquid nitrogen when 

required and utilised for in situ conservation, namely reintroduction or translocation 

(Bunn, Turner et al. 2011; Bunn, Turner et al. 2007; Krauss, Dixon et al. 2002; 

Whiteley, Bunn et al. 2016). 

 

Interaction of life history stages in a changing environment (Chapters 2 to 5) 

 The trend of increasing average temperature and reduced rainfall in the south 

west of Western Australia (Alexander and Arblaster 2009; Bates, Hope et al. 2008; 

Pitman, Narisma et al. 2004; Smith 2004; Yates, McNeill et al. 2010) may affect 

multiple life history stages in A. perlaria. A water stress driven shift towards female in 

A. perlaria populations would result in pollen limitation. Increasing average 



212 

temperatures in the natural habitat of A. perlaria may result in a shortened flower 

display and associated decrease in pollination potential. Pollinator abundance and 

activity window may be altered, particularly between the 20 and 40 ° latitudes where 

A. perlaria occurs (Hoffmann, Chown et al. 2013). An extended floral or pollinator 

season may compensate to some extent for a reduced single flower longevity. However, 

the interaction between pollinator and plant may become disconnected, reducing pollen 

movement. Reduced pollen germination outside optimal temperatures would also 

reduce the potential for pollination by pollen that was able to reach a receptive stigma, 

from the already noted less than 15 % reproductive efficiency of flowers converted to 

fruit. Should pollination occur, a pattern of declining rainfall (Alexander and Arblaster 

2009; Bates, Hope et al. 2008; Pitman, Narisma et al. 2004; Smith 2004; Yates, 

McNeill et al. 2010) may increase environmental stress on adult plants and thus 

compromise fruit and seed quantity and quality. Alteration of native ant communities 

may alter the fate of seed dispersal and burial depth, and in so doing compromise 

dormancy break. These factors combined, are highly likely to negatively the 

reproductive capability and persistence of A. perlaria in an already altered and 

fragmented in situ environment. From this perspective the current study is timely and 

clearly indicates the need for developing ex situ conservation options for A. perlaria. 

 

Key findings (Summary) 

 Androcalva perlaria has been identified as a fire disturbance, generalist 

pollinator and obligate seeder perennial shrub. The study aimed to address the lack of 

knowledge regarding the life history of A. perlaria namely the breeding system (floral 

gender, morphology and compatibility), reproductive biology (floral display, pollination 

and pollen characteristics), fruit and seed production and some of the germination 

characteristics of seed. This knowledge was utilised to assess the suitability of various 

ex situ conservation methodologies with the aim of conserving A. perlaria for the 

future. 

 The species exhibited gynodioecy, with female and hermaphroditic flowers on 

separate plants. The two genders exhibited sexual dimorphism with hermaphroditic 

flowers on average larger than female flowers. In situ populations have been identified 

to have variable proportions of female and hermaphroditic plants (1:4 to 16:1 female: 

hermaphrodite ratios across populations). Across the species as a whole, the gender 
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proportion was 1.4 females to one hermaphrodite. The Tyler population comprised only 

female plants and based on current knowledge with its fragmented nature would be 

unlikely to be capable of reproduction. It has been noted that female plants may have an 

extended life span and plants germinating under environmental stress are more likely to 

be female. Hermaphroditic A. perlaria plants were self- compatible. 

 Androcalva perlaria flowers first dehisced pollen while the stigma was covered 

by the central staminode. Once the pollen had dehisced the central staminode opened 

and the receptive stigma was exposed. This may be a temporal separation to prevent 

self- pollination. The floral time of a typical A. perlaria flower was increased at the start 

of the floral season and was approximately half at the end. Ex situ, the floral season and 

the floral time was greater than that observed in situ (Figure 6.2). The floral display 

peaked during August and September. 

 The potential pollinators of A. perlaria were varied among multiple invertebrate 

orders with the most common orders being Dipterans and Hymenopterans. In an ex situ 

seed orchard the diversity and abundance of potential pollinators was reduced in 

comparison to that observed in situ however the pollinators were observed to travel 

more frequently between distinct A. perlaria plants (Figure 6.2). The fragmented nature 

of the in situ populations may indicate a lack of gene flow between populations. 

Androcalva perlaria in situ and ex situ pollen germinated to the highest percentage at 

25 °C, with viability reduced above 30 °C (Figure 6.2). 

 The fruit and seed set of A. perlaria was determined by population size, 

population gender ratio and individual plant gender. Within a population, female plants 

were capable of producing seed of a greater quantity and quality. However, in this study 

an increased proportion of A. perlaria female to hermaphroditic plants in the population 

reduced the quantity and quality of seed. Seed of A. perlaria were observed to be 

distributed by ant species only within the boundaries of the established populations. 

Ex situ seed produced in a seed orchard was not significantly different in terms of seed 

weight in comparison to in situ seed (Figure 6.2). However, the seed orchard was 

capable of producing fruit with an increased number of seed compared to in situ plants 

and hence a larger number of seed per representative branch sampled (Figure 6.2). 

 Androcalva perlaria seed exhibited physical dormancy. Seed germinated to the 

highest percentage at 15 °C in abundant free water. In water stressed environments 

A. perlaria seed germination was reduced. Maximum seedling emergence was observed 
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when seed were buried less than 20 mm beneath the sand surface. Seed hydropriming 

was capable of increasing the rate of germination but not the total percentage 

germination. 

 In developing first principle cryopreservation protocols, callus material of 

A. perlaria was able to be cryopreserved in liquid nitrogen. The callus material was 

capable of regeneration into plantlets and these were established in soil with a high 

degree of success. Hence, in vitro conservation protocols (tissue culture and 

cryopreservation) may be utilised for mass production of targeted plants for in situ 

conservation (e.g. translocation) or long term ex situ conservation (tissue culture and 

cryopreservation). 

 

Management implications 

 The trend of an increased average temperature and reduced rainfall (Alexander 

and Arblaster 2009; Bates, Hope et al. 2008; Pitman, Narisma et al. 2004; Smith 2004; 

Yates, McNeill et al. 2010) will impose environmental stress on A. perlaria. This 

increased stress in combination with an aging population may shift genders distribution 

towards a greater proportion of female plants (Barrett and Case 2006; (Miller and 

Venable 2003; Van Damme and Van Delden 1984). With a greater proportion of female 

plants, pollen limitation is increased (Cázares-Martínez, Montaña et al. 2010). Pollen 

limitation may compromise the regenerative potential of A. perlaria. For management 

in situ, the proportion of females and hence pollen limitation may direct the bolstering 

of populations with hermaphroditic individuals. In addition, the identification of pollen 

limited populations may direct seed collection from in situ populations with less risk of 

inbreeding and compromising the soil seed bank. 

 Identification of the floral timing may permit an understanding of the activity for 

pollinators. In an environment with an increasing average temperature and reduced 

rainfall, floral longevity may be reduced (Meagher and Delph 2001; Primack 1985). 

With a reduced floral longevity, pollen limitation and the activity window for 

pollinators would be reduced (Bale and Hayward 2010; Deutsch, Tewksbury et al. 

2008; Petanidou, Kallimanis et al. 2014; Potts, Biesmeijer et al. 2010). For 

management, this would translate to reduced seed production and hence, a reduced soil 

seed bank. Pollinators of A. perlaria would be unlikely to travel between the fragmented 

A. perlaria populations. Hence, population cross pollination would be highly infrequent, 
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leading to inbreeding within populations and differentiation between populations in the 

long term (Phillips, Hopper et al. 2010). For management, inbred seed of compromised 

quality and quantity is less desirable and must be minimised. Populations of A. perlaria 

may be bolstered with select individuals to improve cross pollination and prevent 

differentiation. Population bolstering must be managed carefully as differentiation may 

lead to speciation. However, in the small populations of A. perlaria speciation would be 

improbable, as the species would likely go extinct before speciation. 

 Pollen limited populations would be more likely to produce seed of 

compromised quantity and quality (Ramsey and Vaughton 2002). However, in 

populations without pollen limitation, female plants produced seed of greater quantity 

and quality (Ågren and Willson 1991; Caruso, Maherali et al. 2003; Morgan 1993; 

Ramsey and Vaughton 2002). Hence, for management, a balance between the number 

of female and hermaphrodite plants in a population must be maintained, to prevent 

pollen limitation while maintaining in situ seed production. Seed produced ex situ is of 

comparable quality and greater quantity and may be utilised for conservation in situ. 

This seed would remove the stress imposed through the removal of seed from in situ 

populations (Cochrane, Crawford et al. 2009; Menges, Guerrant et al. 2004). The 

fragmentation of A. perlaria would appear to prevent seed dispersal between 

populations. Hence, this would remove another avenue for genetic movement between 

populations (Hughes and Westoby 1992).  

 A reduced rainfall in the south west of Western Australia (Alexander and 

Arblaster 2009; Bates, Hope et al. 2008; Pitman, Narisma et al. 2004; Smith 2004; 

Yates, McNeill et al. 2010) would increase the water stress in the habitat of A. perlaria. 

Hence, A. perlaria seed germination would be reduced. Should seed be sown for 

conservation, a greater quantity of seed sown at the optimum depth would be required to 

produce the same number of seedlings. Alternatively, seed may be germinated ex situ 

and planted in situ as greenstock.  

 In vitro conservation (tissue culture and cryopreservation) may be utilised to 

bolster or restore A. perlaria populations. Population bolstering may utilise targeted 

individuals to maintain a gender balance or increase the genetic variation. In restoring a 

population that has been lost individuals may be targeted to either restore the original 

population or combined to produce a population with an increased gene pool and a 

balance of genders. 
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Further study 

 Further study of A. perlaria would elucidate bottlenecks in the life history of this 

rare species, threatened predominately by agricultural fragmentation and mining. The 

cause of the loss of male function in female plants was unable to be determined (either a 

loss of cytosolic function or nuclear change; Charlesworth 2006; Wolf and Takebayashi 

2004), nor was the nature of the floral aberration in genotype 73 determined. It is 

unknown whether the presence of gynodioecy in A. perlaria indicated a species on the 

path to dioecy. While the occurrence of female plants in a population may be linked to 

environmental stress (Barrett and Case 2006), supported by preliminary data collected 

for A. perlaria (Tyler population), experimentation with controlled water availability 

would be needed to confirm that water stress is linked to an increase in female plants in 

a population. 

 In situ pollination and fruit and seed production assessment across additional 

years may permit a more robust data set to better understand the effects of pollinator 

activity on yearly variation in fruit and seed production. This in situ seed may be 

assessed for germination profiles across population and gender to assist in conservation 

management strategies. 

 Androcalva perlaria plants were capable of rapid growth. Across the scope of 

the study ex situ plants (maintained in 150 mm pots for up to 5 years) become 

increasingly root bound. As stress increased an associated reduction in productivity may 

be surmised. Hence, to maintain good quality A. perlaria plants in an ex situ living 

collection (based on observations in this study) it is recommended that plants be 

repotted (from 150 mm diameter pots) into larger pots after two years, or new clones 

should be struck (via cuttings or established from micropropagated plantlets) to 

maintain plant health and productivity. An ex situ in ground collection (if sufficient 

space is available) may provide a better alternative and permit ex situ plants to grow to a 

size similar to that observed in situ, and hence maximise fruit and seed production for 

use in conservation and restoration. 

 Further experimentation is required to determine the fate of seed dispersed by 

ants. Seed taken to nests may be collected to determine seed fate through germination, 

longevity or location investigations (Hughes and Westoby 1992). In addition, should a 

natural population not surrounded by agricultural or otherwise disturbed land be 
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discovered, dispersal experimentation should be repeated across multiple months to 

determine the ant species responsible for dispersal and what becomes of the seed. 

 Seedling establishment from seed generated from gender specific plants may 

determine if gender is heritable. In addition, seedling establishment from controlled 

crosses may elucidate phenological variation derived from inbreeding within a plant and 

between siblings. Seedling establishment from controlled crosses of tissue culture and 

cryopreserved explants would permit observation of possible phenological variation as a 

result of tissue culture and liquid nitrogen conditions. 

 

Conservation of Androcalva perlaria in an altered environment (Conclusion) 

 Identification of issues throughout the life history of A. perlaria as demonstrated 

in this study may permit targeted in situ conservation at bottlenecks prior to seed 

development, to ensure the greatest possible quantity of seed joining the in situ soil seed 

bank (Cochrane, Crawford et al. 2009; Menges, Guerrant et al. 2004). Given the extent 

of habitat clearing and resulting fragmentation in the natural habitat of A. perlaria and 

SWAFR as a whole (Broadhurst and Young 2007), it is likely that this fragmentation 

and associated stresses would be of more immediate threat than the predicted warming 

and drying environmental trend particularly notable in the south west of Western 

Australia (Alexander and Arblaster 2009; Bates, Hope et al. 2008; Pitman, Narisma 

et al. 2004; Smith 2004; Yates, McNeill et al. 2010). Much of the natural habitat of 

A. perlaria was cleared approximately 50 years ago (B. Healy and M. Gorman pers. 

comm.), and with a long lived soil seed bank (Turner 2014), the long term effects of 

fragmentation may not yet be clearly evident in the species. In agricultural lands, almost 

total suppression has been noted as the primary management of fire (Yates and Ladd 

2005). Hence, fire is likely to be highly infrequent, limiting the natural mass 

germination of A. perlaria in small remnants surrounded by agricultural land. This may 

result in aging in situ populations with little plant recruitment to renew the species 

(Burgman and Lamont 1992; Menges and Dolan 1998; Yates and Broadhurst 2002; 

Yates and Ladd 2005).  

 To support in situ conservation and bolster natural populations, ex situ 

conservation may be utilised (seed banking, living collection, tissue culture or 

cryopreservation). Androcalva perlaria seed can be sourced from an ex situ living 

collection as demonstrated in this study, in greater quantity with less time and cost 
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intensive collection methods compared to in situ collections (Figure 6.2). Ex situ seed 

can also be of greater genetic diversity through the potential for increased outcrossing 

between key genotypes from multiple populations which would not be possible in the 

current in situ populations of A. perlaria (Figure 6.2). In addition, collection of ex situ 

A. perlaria seed would not compromise the seed set of in situ populations. In this rare 

species (and other similar threatened species), all current genotypes are of conservation 

value; hence disciplines such as cryopreservation may be of use to conserve such 

genotypes. New populations of A. perlaria have been discovered on three occasions 

throughout the course of this study. Should further populations be discovered, plants 

may be added to a living collection for seed production and those identified to be of 

high genetic value (through genetic analysis) may also be cryopreserved. When 

required, seed from the seed banks may be pre-treated (dormancy broken) and sown 

in situ, while explant material may be raised from liquid nitrogen, micro- propagated 

en masse and planted in situ to restore or replenish genetic diversity in existing in situ 

populations or create entirely new translocated populations. Thus, biotechnology 

provides new options for saving declared rare flora should natural fire recruitment 

(in the case of A. perlaria) not be possible in remnant populations surrounded by 

agricultural land. Through a combination of conventional seed banking and 

biotechnology research, ex situ conservation can become a powerful tool to bolster 

dwindling natural populations and conserve A. perlaria as well as preserve other rare 

species in similar plights for the future. 
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Conservation methodologies established in Recovery Plans for threatened species of the south west of Western Australia from 2009, with additional species added 

where other literature was available. Recovery plans are only established for threatened species, with the additional conservation status defined by the Federal 

Government of Australia.  

Genus Species 
Conservation 

status 
Monitor-

ing 
Fence 

Trans-
location 

Living 
collection 

Seed 
collection 

Cutting 
Tissue 
culture 

Cryopres-
ervation 

Reference 

Acacia awestoniana CR Y Y Y N Y N N N 
(Department of 
Environment and 
Conservation 2013g) 

 
cochlocarpa 
subsp. 
velutinosa 

CR Y N N N Y N N N 
(Department of 
Environment and 
Conservation 2009g) 

 imitans CR Y Y N Y N N N N 
(Department of 
Environment and 
Conservation 2009a) 

 leptoneura CR Y Y Y Y Y N N N 
(Department of 
Environment and 
Conservation 2012a) 

 unguicula CR Y N N N Y N N N 
(Department of 
Environment and 
Conservation 2009b) 

 vassalii CR Y Y N N Y Y N N 
(Department of 
Environment and 
Conservation 2011a) 

 wilsonii EN Y N N N Y N N N 
(Department of 
Environment and 
Conservation 2012b) 

Andersonia  annelsii CR Y N Y N N N N N 
(Department of 
Environment and 
Conservation 2012c) 
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 Genus Species 
Conservation 

status 
Monitor-

ing 
Fence 

Trans-
location 

Living 
collection 

Seed 
collection 

Cutting 
Tissue 
culture 

Cryopres-
ervation 

Reference 

Androcalva adenothalia CR N N N N N N Y Y 

(Department of 
Environment and 
Conservation 2013a; 
Nikabadi, Bunn et al. 
2010) 

 perlaria EN Y Y Y Y Y N Y Y 

(Department of Parks 
and Wildlife 2014i; 
Nikabadi, Bunn et al. 
2010) 

Banksia anatona CR Y Y Y Y N N N N 
(Department of Parks 
and Wildlife 2014c) 

 pseudoplumosa EN Y Y Y Y Y N N N 
(Department of 
Environment and 
Conservation 2011b) 

Caladenia hopperiana CR Y Y Y N Y N N N 
(Department of 
Environment and 
Conservation 2013b) 

 lodgeana CR Y Y Y N Y N N N 
(Department of Parks 
and Wildlife 2014h) 

Calochilus pruinosus CR Y N N N Y N N N 
(Department of 
Environment and 
Conservation 2013e) 

Commersonia  erthrogyne CR Y Y Y Y Y N Y N 

(Department of 
Conservation and 
Land Management 
2003a; Kaczmarczyk, 
Turner et al. 2011) 
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Genus Species 
Conservation 

status 
Monitor-

ing 
Fence 

Trans-
location 

Living 
collection 

Seed 
collection 

Cutting 
Tissue 
culture 

Cryopres-
ervation 

Reference 

Conostylis 
dielsii subsp. 
teres 

Vu Y N N N Y N Y Y 

(Department of 
Environment and 
Conservation 2005; 
Turner, Senaratna et 
al. 2001) 

 micrantha EN Y N N N Y N Y Y 

(Department of 
Conservation and 
Land Management 
2004b; Turner, 
Senaratna et al. 2001) 

Daviesia dielsii EN Y Y N N Y N N N 
(Department of Parks 
and Wildlife 2014d) 

 ovata CR Y N Y N Y N N N 
(Department of 
Environment and 
Conservation 2010b) 

Drakaea confluens CR Y Y Y N Y N N N 
(Department of Parks 
and Wildlife 2014g) 

Eremophila ciliata CR Y N N N Y Y N N 
(Department of 
Environment and 
Conservation 2010c) 

 resinosa EN Y Y Y N Y N Y Y 

(Bunn, Turner et al. 
2007; Department of 
Environment and 
Conservation 2008) 

Gastrolobium diabolophyllum CR Y N N N Y N N N 
(Department of 
Environment and 
Conservation 2009c) 

 lutifolium CR Y N N N Y N N N 
(Department of 
Environment and 
Conservation 2009h) 

 papilio CR Y Y N N Y N N N 
(Department of Parks 
and Wildlife 2014b) 
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Conservation 

status 
Monitor-

ing 
Fence 

Trans-
location 

Living 
collection 

Seed 
collection 

Cutting 
Tissue 
culture 

Cryopres-
ervation 

Reference 

Grevillea acropogon CR Y Y Y N Y Y N N 
(Department of 
Environment and 
Conservation 2012d) 

 
althoferorum 
subsp. fragilis 

CR Y N Y Y Y Y N N 
(Department of 
Environment and 
Conservation 2011c) 

 
brachystylis 
subsp. grandis 

CR Y Y Y Y Y Y N N 
(Department of 
Environment and 
Conservation 2011d) 

 
bracteosa 
subsp. 
howatharra 

CR Y Y N Y Y Y N N 
(Department of 
Environment and 
Conservation 2013d) 

 calliantha CR Y Y Y Y Y N N N 
(Department of Parks 
and Wildlife 2014e) 

 
dryandroides 
subsp. 
dryandroides 

CR Y N Y N Y N Y N 

(Bunn, Turner et al. 
2011; Department of 
Environment and 
Conservation 2012e) 

 fuscolutea Vu Y N N N Y N N N 
(Department of 
Environment and 
Conservation 2010e) 

 murex EN Y Y Y Y Y N N N 
(Department of Parks 
and Wildlife 2014k) 

 scapigera CR Y Y Y Y Y Y Y Y 

(Bunn, Turner et al. 
2011; Bunn, Turner et 
al. 2007; Department 
of Environment and 
Conservation 2006) 

Hibbertia  abyssa CR Y N N N Y Y N N 
(Department of 
Environment and 
Conservation 2011e) 

Hybanthus cymulosus CR Y N N N Y Y N N 
(Department of 
Environment and 
Conservation 2009e) 
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Genus Species 
Conservation 

status 
Monitor-

ing 
Fence 

Trans-
location 

Living 
collection 

Seed 
collection 

Cutting 
Tissue 
culture 

Cryopres-
ervation 

Reference 

Isopogon uncinatus CR Y N N N Y N N N 
(Department of Parks 
and Wildlife 2014a) 

Jacksonia pungens CR Y N N N Y N N N 
(Department of 
Environment and 
Conservation 2009f) 

Keraudrenia exastia CR Y N N N N Y N N 
(Department of 
Environment and 
Conservation 2010d) 

Kunzea acicularis Vu Y N N N Y N N N 
(Department of Parks 
and Wildlife 2014f) 

Lambertia 
echinata subsp. 
echinata 

CR Y N N N Y N N N 
(Department of Parks 
and Wildlife 2014j) 

 
orbifolia subsp. 
orbifolia 

CR Y Y Y N Y N N N 

(Bunn, Turner et al. 
2007; Department of 
Conservation and 
Land Management 
2002) 

 
orbifolia subsp. 
Scott River 
Plains 

EN Y Y Y N N N N N 

(Bunn, Turner et al. 
2007; Department of 
Conservation and 
Land Management 
2004a) 

Latrobea colophona CR Y N Y N Y Y N N 
(Department of 
Environment and 
Conservation 2010g) 

Leucopogon gnaphalioides CR Y N Y N Y N N N 
(Department of 
Environment and 
Conservation 2013f) 

 spectabilis CR Y N N N N N N N 

(Department of 
Environment and 
Conservation 2010f) 
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Conservation 

status 
Monitor-

ing 
Fence 

Trans-
location 

Living 
collection 

Seed 
collection 

Cutting 
Tissue 
culture 

Cryopres-
ervation 

Reference 

Marianthus aquilonaris CR Y N N N Y N N N 
(Department of 
Environment and 
Conservation 2010a) 

 paralius CR Y N N N Y N N N 
(Department of 
Environment and 
Conservation 2009d) 

Pandanus 
spiralis var. 
flammeus 

CR Y N N N Y N N N 
(Department of 
Environment and 
Conservation 2011f) 

Rhacocarpus 
rehmannianus 
var. webbianus 

CR Y Y Y Y N N N N 
(Department of 
Environment and 
Conservation 2012g) 

Ricinocarpus brevis CR Y N N Y Y N N N 
(Department of 
Environment and 
Conservation 2011g) 

Scaevola macrophylla CR Y N N N N N N N 
(Department of 
Environment and 
Conservation 2010h) 

Schoenia 
filifolia subsp. 
Sublifolia 

CR Y N Y N Y N N N 
(Department of 
Environment and 
Conservation 2011h) 

Stylidium Amabile CR Y Y Y N Y N N N 
(Department of 
Environment and 
Conservation 2010i) 

 coroniforme EN Y N N N Y N Y Y 

(Bunn, Turner et al. 
2007; Department of 
Conservation and 
Land Management 
2003b) 

 semaphorum CR Y N Y N Y N N N 
(Department of 
Environment and 
Conservation 2011i) 
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Genus Species 
Conservation 

status 
Monitor-

ing 
Fence 

Trans-
location 

Living 
collection 

Seed 
collection 

Cutting 
Tissue 
culture 

Cryopres-
ervation 

Reference 

Thelymitra dedmaniarum CR Y Y Y N Y N N N 
(Department of 
Environment and 
Conservation 2013c) 

Trithuria occidentalis CR Y N Y N Y N N N 
(Department of 
Environment and 
Conservation 2012h) 

Verticordia apecta CR Y N N N N Y N N 
(Department of 
Environment and 
Conservation 2012f) 

 
fumbrilepis 
subsp. 
fumbrilepis 

Vu Y N N N Y Y N N 
(Department of 
Environment and 
Conservation 2010j) 

Abbreviations: CR critically endangered, EN endangered and Vu Vulnerable. Critically endangered species are those facing an extremely high risk of extinction in 

the wild in the immediate future, Endangered species are those not critically endangered but are facing a very high risk of extinction in the wild in the near future, and 

Vulnerable species are those not critically endangered or endangered but are facing a high risk of extinction in the wild in the medium term future (Office of 

Parliamentary Counsel 2015). Y yes and N no. 
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Appendix 2 

Components of plant vitrification solutions. 

Solution 

Chemical 

Reference Glycerol 
(% w/v) 

Ethylene 
glycol 

(% w/v) 

Polyethylene 
glycol 

(% w/v) 

DMSO 
(% 

w/v) 

CaCl2 

(mM) 
Sucrose 

PVS1 22.0 15.0 15.0 7.00 0.00 0.00 M 
(Uragami, Sakai 
et al. 1989) 

PS2 30.0 15.0 0.00 15.0 0.00 0.15 M 
(Sakai, 
Kobayashi et al. 
1990) 

PVS3 55.0 0.00 0.00 0.00 0.00 
50.0 % 

w/v 

(Nishizawa, 
Sakai et al. 
1993) 

VSL 20.0 30.0 0.00 10.0 10.0 
5.00 % 

w/v 
(Suzuki, Tandon 
et al. 2008) 

Abbreviations: PVS Plant Vitrification Solution, VSL Vitrification Solution L. 

 

  

The basic methodology of droplet vitrification (from Sakai and Engelmann 2007). 

Steps: 1) Isolation of meristems from tissue cultures and 2) incubation on desiccation media for 

48 h or optimised time frame. 3) Incubation in PVS2 (0.5 MS nutrient salts; Murashige and 

Skoog 1962; + 0.4 M sucrose, 30 % w/v glycerol, 15 % w/v ethylene glycol and 15 % w/v 

DMSO; Sakai, Kobayashi et al. 1990) for 30 min at 0 °C, 4) transfer onto aluminium foil strips in 

a 1 µL droplet of PVS2 and 5) into a cryovial before 6) immersion in liquid nitrogen (LN). 

On raising, 7) rewarming at 40 °C for 10 sec and 8) washing in 0.5 MS + 1.0 M sucrose media 

for 20 min. 9) Recovery in BM media + 1.0 µM zeatin + 0.5 µM gibberellic acid + 2 mM choline 

chloride for two weeks in dark and 10) subsequent weeks in light. Abbreviations: PVS2 Plant 

Vitrification Solution 2, LN liquid nitrogen. 
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Assessment of cost, time, training requirements, impact on the original in situ populations and success of in situ, ex situ and in vitro conservation methodologies. 

Type Method Material 
type 

Cost Time Training 
requirement 

Maintenance Impact on 
original 

population 

Success Limitations Reference 

In 
situ 

Monitoring Original 
individuals. 

Low Moderate at 
time intervals. 

Low Moderate None High; the 
process 
delivers 
feedback for 
other 
conservation 
measures. 

No active 
conservation. 

(Hartley and Kunin 
2003; Maxted, 
Guarino et al. 
2013; Teder, 
Moora et al. 2007; 
Tuxill and Nabhan 
2001) 

 Fencing Original 
individuals. 

Low Moderate to 
establish, 
requiring 
continued 
monitoring. 

Low Moderate None Moderate Fence may 
be damaged. 

(Barroso, 
Hoffmann et al. 
2010; Vallee, 
Hogbin et al. 2004) 

 Translocation Plants 
derived ex 
situ or in 
vitro. 

High Intensive to 
establish, 
requiring 
continued 
monitoring. 

Moderate Moderate Variable, 
dependent on 
material 
source. 

Not 
guaranteed; 
variable by 
species. 

Removal of 
the plant 
from its 
natural 
habitat. 

(Vallee, Hogbin et 
al. 2004) 

Ex 
situ 

Seed Seed Low Simple Moderate Moderate Considerable 
if not carefully 
undertaken. 

Moderate Seed 
mortality and 
recalcitrance. 

(Cochrane, 
Crawford et al. 
2009; Pammenter 
and Berjak 2014) 

 Living 
collection 

Vegetative 
tissue 
derived 
from 
cuttings or 
seed. 

High Intensive to 
establish, 
moderate to 
maintain. 

Moderate to 
establish; 
low to 
maintain. 

Moderate None Moderate Large size. (Offord and North 
2009; Volis and 
Blecher 2010) 
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Type Method Material 
type 

Cost Time Training 
requirement 

Maintenance Impact on 
original 

population 

Success Limitations Reference 

In 
vitro 

Tissue culture Vegetative 
tissue 
from 
cuttings or 
seed. 

High Intensive High High None High when 
optimised; 
but 
variable 
when not. 

Continual 
subculturing 
required and 
threat of 
contamination 
and 
somaclonal 
variation. 

(Bunn, Turner et al. 
2011; Bunn, Turner 
et al. 2007; 
Engelmann 2011; 
Kaczmarczyk, 
Turner et al. 2011; 
Reed, Sarasan et 
al. 2011) 

 Cryopreservation Vegetative 
tissue, 
seed, 
pollen, 
embryos, 
callus 
tissue and 
cell 
cultures. 

High to 
establish; 
low to 
maintain. 

Intensive to 
establish, 
simple to 
maintain. 

High Limited None High Variable 
responses to 
cryogenic 
conditions; 
each species 
must be 
optimised. 

(Benson 2008; 
Reed 2008) 
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Habitat and flowering characteristics of Androcalva, Commersonia and Rulingia species (Wilkins and Whitlock 2011; Wilkins and Whitlock 2012).  

Genus Species Locality 
Conservation 
status 

Flowering 
period 

Form Disturbance Habitat 

Androcalva adenothalia WA threatened August to 
October 

shrub; 
prostrate 

Physical Orange–brown, sandy, gravelly soil, 
adjacent to Acacia and Allocasuarina 

shrubland with occasional mallee species 
of Eucalyptus. 

Androcalva aphrix WA not at risk August to 
January 

dwarf shrub; 
prostrate 

Fire Open, tall shrubland, on sandplain, in 
brown or yellow or red sand or sandy 
clay, over granite, often with lateritic 
gravel. 

Androcalva argentea Qld vulnerable March, and 
November 
to January 

shrub; erect Not recorded Open eucalypt forest or woodland, in 
creek flats of gorge sandstone, along 
watercourses, or on ridges in sandy soils, 
dark loam or decaying shale. 

Androcalva beeronensis Qld vulnerable August to 
November 

shrub; erect Not recorded Open eucalypt forest and woodland, in 
granitic skeletal sandy soils, on rocky 
slopes, granitic outcrops and at the base 
of an exposed granite rock dome. 

Androcalva bivillosa WA threatened July to 
October 

shrub; 
decumbent or 
prostrate 

Physical Remnant kwongan Acacia and Grevillea 
shrubland, or Callitris (Actinostrobus) 
woodland, in reddish-brown or yellow 
sand with lateritic gravel. 

Androcalva crispa WA not at risk March, and 
July to 
November 

shrub; 
decumbent  

Fire Eucalypt woodland, open mallee, low 
forest over sedges, low heath, in brown 
loam over quartzite, reddish-brown clay–
gravel, or grey, sandy soil with 
outcropping granite. 

Androcalva cuneata WA not at risk September 
to January 

dwarf shrub; 
prostrate 

Fire Open low woodland of Allocasuarina and 
Acacia in sand dunes beside a lake, in a 
depression with Melaleuca shrubland, in 
brown or pale yellow sand or sandy clay, 
often with lateritic gravel. 
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 Genus Species Locality 
Conservation 
status 

Flowering 
period 

Form Disturbance Habitat 

Androcalva fragifolia WA Priority 1 October, 
November 
and 
Feburary 

shrub; 
prostrate 

Not recorded Edge of granitic heath, or in wandoo and 
marri shrubland, or in railway verge 
shrubland, in brown or yellow, clayey-
sand or lateritic gravel, over laterite 
boulders. 

Androcalva fraseri NSW not at risk August to 
April 

slender tree or 
shrub; erect 

Not recorded Rocky hillsides or along creek banks in 
riparian scrub, in low open heathland, 
open eucalypt forest or littoral rainforest, 
in skeletal soil, sandy loam over trachyte 
or rhyolite, or deep soil on sandstone. 

Androcalva gaudichaudii WA not at risk March and 
July to 
December 

shrub; 
decumbent 

Fire Southern populations grow in yellow 
sand, or brown loam and ironstone 
gravel, in heath, low shrubland or mallee 
woodland. Northern populations grow on 
either low red sand dunes with Acacia 
and hummock grasslands or in yellow 
sand in shrubland. 

Androcalva incillis WA not listed July to 
October 

shrub; 
prostrate 

Physical White, grey or brown sand with gravel 
over granite, in heath or open mallee 
woodland. 

Androcalva inglewoodensis Qld endangered February, 
March and 
November 

shrub; 
prostrate 

Physical Known only from a vehicle-track verge, 
on a small flat-topped rise, in shallow, 
red, sandy loam, with adjacent 
shrubland. 

Androcalva johnsonii Qld not listed March, 
June to 
September, 
December 
and 
January 

shrub; erect Not recorded Corymbia woodland or Acacia shrubland 
on volcanic soils on stony hillsides. 

Androcalva lachna WA not listed August to 
November 

shrub; erect Not recorded Broad swale or slopes of low, red sand 
dunes in hummock grassland with 
Acacia, Eremophila and Senna species. 
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Genus Species Locality 
Conservation 
status 

Flowering 
period 

Form Disturbance Habitat 

Androcalva leichhardtii Qld not listed March, 
June and 
November 

shrub; erect 
and spreading 

Not recorded Woodlands or open forest on stony 
hillsides or sandstone ridges. 

Androcalva leiperi Qld not listed August, 
February 
and April 

shrub; erect 
and spreading 

Physical Open forest of Eucalyptus and 
Angophora, or road verges of cleared 
land, in sandy soil. 

Androcalva loxophylla WA, NT, Qld, 
SA 

not at risk January to 
December 

shrub; shortly 
erect then 
many recurved 
branches 

Fire Open mulga, low woodland with 
scattered eucalypts, in swale of desert 
dunes with hummock grassland or in 
open shrubland in sandplain with lateritic 
red loam, granite rock areas, and is 
occasionally recorded in dry creek beds. 

Androcalva luteiflora WA, NT not at risk July to 
October 

shrub; erect 
and spreading 

Not recorded Wide variety of soils, from sandstone to 
ironstone to granite in brown to red sand, 
sandy loam or laterite. It is frequently 
found in shrubland along creek margins, 
often at the base of a gorge or rock 
outcrop. 

Androcalva melanopetala WA not listed September 
to January 

shrub; 
prostrate 

Fire Open mallee and hummock grassland, in 
dune hollows, or dune crests in 
undulating sand plain, in reddish-brown, 
or yellow, clayey-sand or sand, over 
limestone. 

Androcalva microphylla WA Priority 2 August to 
November 

shrub; 
sprawling 

Not recorded Open mallee over tall, open shrubland, or 
Allocasuarina heath, in yellow, brown–
grey, or pale grey, loamy sand over 
sandstone or brown gravel. 

Androcalva multiloba SA endangered August to 
October 

shrub; shortly 
erect then 
many recurved 
branches 

Not recorded Reddish-brown, clayey sand over granite 
or white sand, in Melaleuca and Acacia 
shrubland, with scattered mallee and 
Triodia. 
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 Genus Species Locality 
Conservation 
status 

Flowering 
period 

Form Disturbance Habitat 

Androcalva pearnii Qld endangered March and 
September 
to 
December 

shrub; erect 
and spreading 

Not recorded Stony sandstone ridge of the tableland 
near the scarp, in shallow brown sand, 
beneath Angophora and ironbark 
woodland. 

Androcalva pedleyi Qld not at risk August to 
April 

shrub; 
prostrate to 
decumbent 

Not recorded Heathlands, woodlands, open forests 
and roadsides in sandy soils, red lateritic 
earths, sand ridges and brown loams. 

Androcalva perkinsiana Qld not listed April and 
December 

shrub; erect Not recorded Open shrubland and tussock grassland, 
on an exposed headland, on shallow 
rocky soils derived from igneous rocks. 

Androcalva perlaria WA threatened September 
to 
December 

shrub; erect Fire Seasonally waterlogged wetlands, in 
dense sedgeland, with Eucalyptus 
occidentalis or Melaleuca cuticularis in 
white, grey or black, moist sandy loam or 
peaty mud. 

Androcalva procumbens NSW vulnerable August to 
December 

shrub; 
prostrate 

Fire Associated with mallee eucalypt and 
Callitris woodland, in reddish, loamy 
sand. 

Androcalva pulchella WA not at risk July to 
November 

shrub; 
sprawling 

Fire Grey sand over sandstone at 
Yandanooka, although mainly on granite, 
or grey, or yellow, or white sand over 
laterite on lateritic hills or valley floor, red 
soil in schistose greenstone rock. It 
grows in heath, open mallee with dense 
shrubs, rarely in red clay soil with 
wandoo. 

Androcalva reticulata Qld vulnerable January, 
April, May, 
July and 
October 

shrub; erect 
and spreading 

Not recorded Mixed open forest or woodland, on 
shallow soils of grey sandy loam, on 
metamorphic hills and ranges, close to 
the scarp. 
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Genus Species Locality 
Conservation 
status 

Flowering 
period 

Form Disturbance Habitat 

Androcalva rosea NSW endangered August, 
November, 
January 
and 
February 

shrub; 
prostrate 

Fire Skeletal sandy soils in scrub or heath 
vegetation with scattered emergent 
eucalypt. 

Androcalva rossii NSW, Vic vulnerable August to 
January 

small tree or 
shrub; erect 

Not recorded Rocky hillsides or along creek or river 
banks in riparian scrub, in low open 
heathland, open eucalypt forest or littoral 
rainforest, in skeletal soil, sandy loam 
over trachyte or rhyolite, or deep soil on 
sandstone. 

Androcalva stowardii WA not at risk March, and 
from 
August to 
November 

shrub; 
prostrate to 
decumbent 

Fire Flat sand plains, in open mallee 
shrubland, or open Melaleuca scrub, in 
deep yellow sand, or orangey-brown 
sand over laterite or in reddish-brown 
clayey sand. 

Androcalva tatei SA, Vic not at risk in SA; 
endangered in 
Vic 

August to 
February 

shrub; 
prostrate or 
decumbent 

Physical Low heath, or open mallee heathland or 
shrubland, often with Triodia, on white or 
red sand, or laterite or ironstone gravel, 
or in sandy foothills of a granite bluff. 

Androcalva viscidula NSW, Qld not at risk August to 
April 

shrub; erect Not recorded Open woodland and eucalypt forest, 
shrubland and Leptospermum heathland, 
at the base of rhyolite cliffs or on rhyolite 
pavements, on hill slopes and along 
creek lines, in sandy alluvial soil to rocky 
pavements. 

Commersonia amystia NSW, Qld special 
conservation 

August to 
October 

dwarf shrub; 
prostrate to 
decumbent 

Fire Skeletal, sandy loams amongst crevices 
of granitic and acid volcanic outcrops. 
Associated species include Eucalyptus 
prava, Babingtonia densifolia, Acacia 
triptera, Homoranthus prolixus, 
Lepidosperma laterale, Actinotus 
gibbonsii and Cheilanthes sieberi. 
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 Genus Species Locality 
Conservation 
status 

Flowering 
period 

Form Disturbance Habitat 

Commersonia apella WA threatened October to 
December 

shrub; erect 
and spreading 

Not recorded Jarrah–wandoo woodland with Thomasia 
foliosa in humic, greyish-brown, clayey-
sand, ~50m from a river bank. 

Commersonia bartramia SE Asia, 
Indo-Pacific 
islands; 
NSW, Qld 

not at risk October to 
March 
(Australia); 
other 
locatities all 
year 

tree; spreading Recorded Rainforest or eucalypt woodland, in 
brown clay-loam or white sand. 

Commersonia borealis WA not at risk July to 
November 

shrub; erect or 
spreading 

Not recorded Yellow to brown calcareous sand or loam 
above limestone, in coastal shrubland, 
open woodland or heath. 

Commersonia breviesta Qld, Vic near-threatened 
in Q; not listed 
in Vic 

September 
to 
November 

shrub; 
prostrate or 
decumbent 

Fire Rocky areas with shallow soils, on a wide 
range of lithologies. Parent rock types 
include granite, acid- volcanics, rhyolite, 
metasediments and sandstone. Altitudes 
range from near sea level to above 
1150 m. Vegetation communities are 
usually types of heath or shrubby 
woodland. 

Commersonia corylifolia WA not at risk October to 
December 

shrub; erect 
and spreading 

Not recorded Light brown sand, grey sand or red sandy 
clay, on flat land between coastal hills, 
interdunal swamps, lake fringing 
vegetation, or road verge drainage lines, 
in shrubland, dense Melaleuca 
paperbarks, Agonis woodland or 
Eucalyptus diversicolor forest. 

Commersonia craurophylla WA, SA not at risk in 
WA; vulnearable 
in SA 

July to 
November 

shrub; erect 
and spreading 

Not recorded Open mallee woodland in yellow–brown, 
loam–clay above ironstone, or in red clay 
or deep, yellow sand. 

Commersonia cygnorum WA not at risk August to 
December 

shrub; erect 
and spreading 

Fire Marri and jarrah open woodland or in 
dense heath, usually on, above or near 
granite sheet boulders, with sandy-loam 
soil or gravel. 
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Genus Species Locality 
Conservation 
status 

Flowering 
period 

Form Disturbance Habitat 

Commersonia dasyphylla NSW, Qld, 
Vic 

not at risk in Q 
and NSW; 
threatened in 
Vic 

August to 
October 

shrub; erect 
and spreading 

Fire Open eucalyptus forest, Melaleuca 
forest, or Allocasuarina woodland, in 
granite or rhyolite rock outcrops on steep 
slopes, often near creek banks, in sandy 
soil. 

Commersonia densifolia WA not at risk August to 
November 

shrub; erect 
and spreading 

Fire Tall shrubland or dense heath, in yellow 
or reddish-brown sand or gravel, mainly 
in sandplains, or hillslopes. 

Commersonia erythrogyna WA threatened August to 
October 

shrub; erect 
and spreading 

Not recorded Midslope on a granite outcrop, in brown 
loamy sand beneath open jarrah and 
marri woodland. 

Commersonia gilva WA not at risk May to 
November 

shrub; erect Fire Low open mallee woodland, in creek 
beds, or road verge ditches, in greyish 
brown sand above clay, sandy clay or 
loam. 

Commersonia grandifolia WA not at risk July to 
November 

shrub; erect 
and spreading 

Fire Granite outcrops, on hillsides close to 
gullies, or in low-lying areas on creek 
banks, or at the base of rocky outcrops in 
silty river floodways in brown sand or 
clayey sand. Present in shrubland, scrub, 
mallee heath or in woodland with 
Melaleuca spp. and Eucalyptus rudis. It 
often occurs near the coast in granite 
outcrops, in white sand with Melaleuca 
and Agonis species. 

Commersonia hermanniifolia NSW not at risk August to 
October 

shrub; 
prostrate 
becoming 
decumbent 
with age 

Fire Coastal sandstone, on cliffs or flat, rocky 
ridgetops, in skeletal soils, clay or often 
white sand, with low sparse heath, 
beneath thick scrub, or in the Nowra area 
beneath low eucalyptus woodland. 

Commersonia macrostipulata Qld not at risk August to 
December 

tree; erect and 
spreading 

Physical Roadside rainforest regrowth, occurs in 
wet complex mesophyll vineforest, or 
simple notophyll vineforest, in loam soil, 
mainly on granite, or sandstone. 
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 Genus Species Locality 
Conservation 
status 

Flowering 
period 

Form Disturbance Habitat 

Commersonia madagascariensis Madagascar not at risk July to 
November 

shrub; erect 
and spreading 

Not recorded Grassland, shubland, woodland and 
forest on steep rock hillsides. 

Commersonia magniflora subsp. 
magniflora 

NT, SA not at risk May to 
December 

shrub; erect 
and spreading 

Not recorded High in ravines, mainly in rocky sand on 
margins of rocky creeklines, at the base 
of granite rocks, or in granite hillslopes, in 
tall shrubland or open woodland. 

Commersonia magniflora subsp. 
oblongifolia 

WA not listed May to 
December 

shrub; erect 
and spreading 

Physical Lower slopes in reddish-brown, or yellow, 
sandy loam above granite or banded 
ironstone, or stony clay on a low kaolinite 
breakaway, or near disturbed tracks, in 
open woodland, Acacia shrubland or 
open scrub. 

Commersonia novoguinensis Papua New 
Guinea 

unknown February to 
November 

tree; erect and 
spreading 

Regrowth Montane rainforest or rainforest margins. 

Commersonia obliqua Vanuatu unknown May to 
October 

tree; erect and 
spreading 

Regrowth Submontane forest with Weinmannia and 
Metrosideros. 

Commersonia parviflora WA not at risk July to 
November 

shrub; 
prostrate or 
decumbent 

Fire Coastal heath, low scrub, low jarrah 
forest above scrub, open mallee or 
Allocasuarina woodland, in brown sandy 
loam on granite outcrops and rarely 
recorded in a sandy swamp. 

Commersonia prostrata NSW, Vic threatened September 
to 
November 

shrub; 
prostrate 

Recorded Sandy or peaty soils in eucalypt 
woodland, open forest or ecotonal forest. 

Commersonia rotundifolia WA Priority 3 July to 
September 

shrub; erect or 
straggling 

Fire Open mallee woodland or scrub, in grey 
loamy clay above granite or in lateritic 
gravel. It is frequently abundant and 
associated with Commersonia gilva at 
post-burn sites. 

Commersonia rugosa NSW, Vic not at risk August to 
November 

shrub; lax and 
straggling 

Not recorded Mainly on creek lines in dry sclerophyll 
forest, eucalyptus woodland, and on 
hillsides, sometimes near summit of 
ranges, in sandy gravelly sandstone or 
limestone-ridge soil. 
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Genus Species Locality 
Conservation 
status 

Flowering 
period 

Form Disturbance Habitat 

Commersonia salviifolia NSW, Qld not at risk July to 
November 

shrub; erect Fire Mountain tops, at the base of cliffs or on 
volcanic rock outcrops in eucalyptus 
open forest, low shrubland or montane 
heath, in shallow sandy soil, often above 
trachyte or rhyolite. 

Commersonia tahitensis Society 
Islands of 
Moorea, 
Raiatea, 
Tahaa and 
Tahiti 

unknown All year small tree; 
spreading 

Not recorded Tropical rainforest and is recorded as 
present on plateaux or in degraded 
montane rainforest. 

Abbreviations: NSW New South Wales, NT Northern Territory, Qld Queensland, SA South Australia, Vic Victoria and WA Western Australia.
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C. amystia          a 
C. bartramia 
C. breviesta 
C. craurophylla 
C. dasyphylla 
C. hermanniifolia 
C. macrostipulata 
C. madagascariensis 
C. magniflora subsp. magniflora 
C. magniflora subsp. oblongifolia 
C. novoguinensis 
C. obliqua 
C. prostrata 
C. rugosa 
C. salviifolia 
C. tahitensis 
C. paella           b 
C. borealis 
C. corylifolia 
C. cygnorum 
C. densifolia 
C. erythrogyna 
C. gilva 
C. grandifolia 
C. parviflora 
C. rotundifolia 
A. argentea          c 
A. beeronensis 
A. fraseri 
A. rossii 
A. viscidula 
A. inglewoodensis         d 
A. johnsonii 
A. leichhardtii 
A. leiperi 
A. pearnii 
A. pedleyi 
A. perkinsiana 
A. procumbens 
A. reticulata 
A. rosea 
A. luteiflora          e 
A. fragifolia          f 
A. gaudichaudii 
A. lachna 
A. melanopetala 
A. microphylla 
A. stowardii 
A. adenothalia          g 
A. aphrix 
A. bivillosa 
A. crispa 
A. cuneata 
A. incillis 
A. perlaria 
A. pulchella 
A. loxophylla               outlier 
A. multiloba 
A. tatei 

Cladogram of genetic relations between species of Androcalva, Commersonia and Rulingia 

(Whitlock, Hale et al. 2011). 
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Appendix 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Distribution of Androcalva species across Western Australia. Colours indicating priority listed 

taxa, red: threatened, dark blue: Priority 1 and light blue: Priority 2 (adapted from Western 

Australian Herbarium 1998-). 
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    Androcalva perlaria 
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Locations of the known populations of Androcalva perlaria and the number of individual plants 

along the south coast of Western Australia; light green represents the original natural known 

populations, dark green the natural populations discovered during the study, purple, the natural 

population discovered in 1993 and subsequently lost and light blue, the population translocated 

in 2012. 
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Appendix 6 

Androcalva perlaria genotype, location, gender, diameter measurement across 12 months and 

the calculated growth rate per plant across the assessed year.  

Population Genotype Gender 
Diameter (m) Growth rate 

(m/ year)  2015 2016 

Hall 65 H 0.8 0.8 0.0 
 67 H 1.0 0.9 -0.09 
 68 H 0.9 1.1 0.2 
Healy 78 F 0.9 1.0 0.01 
 84 H 1.2 1.3 0.1 
 101 H 0.9 0.9 0.06 
Southdown 103 F 2.5 1.8 -0.7 
 105 F 2.5 3.3 0.8 
 106 F 2.3 2.4 0.1 
 UL F 2.2 2.2 -0.02 
 US F 1.2 1.3 0.1 
South Coast 2 F 3.1 2.3 -0.8 
 4 H 2.4 2.4 0.0 
 5 F 2.5 2.3 -0.2 
 27 H 1.5 1.7 0.1 
 30 H 1.4 1.5 0.06 
 58 H 2.5 2.7 0.2 
 88 F 1.7 1.8 0.05 
 90 F 1.6 2.1 0.5 
South Coast Fire F3 H 1.7 1.8 0.1 

F4 H 1.7 2.2 0.5 
 F11 H 2.4 2.8 0.4 
 F19 F 1.6 1.8 0.2 
 F42 F 2.3 2.7 0.4 
 F62 H 1.6 2.2 0.6 
 F89 H 1.9 2.0 0.1 
Mettler M17 F 0.5 0.6 0.2 
 M50 F 0.6 0.6 -0.02 
 M77 F 0.8 1.0 0.2 

Abbreviations: H hermaphrodite and F female. 
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Appendix 7 

Androcalva perlaria genotype, location, gender and the number of replicates assessed for in situ 

fruit and seed production.  

Population Genotype Gender 
Year 

2014/ 15 2015/ 16 

Hall 65 H 3 3 
 67 H 3 3 
 68 H 3 3 
Healy 78 F 5 3 
 80 F 3  
 81 H  3 
 84 H 5  
 101 H 3 3 
Southdown 102 F  3 
 103 F 5 3 
 104 F  3 
 105 F 10 5 
 106 F 10 3 
 107 F  3 
 109 H  3 
 UL F 10 3 
 US F 3 3 
South Coast 2 F 10 5 
 4 H 10 3 
 5 F 10 5 
 27 H 10 3 
 30 H 10 3 
 49 F 5 3 
 50 H 10 2 
 58 H 10 3 
 63 H 10 3 
 88 F 10 3 
 90 F 5 3 
 97 H 3  
South Coast Fire F1 H 3 3 
 F3 H 5 5 
 F4 H 3 3 
 F8 F  3 
 F9 F  3 
 F11 H 3 5 
 F19 F 3 3 
 F42 F 5 5 
 F44 H 5  
 F52 H 5  
 F53 F 3  
 F54 H 3  
 F56 F  3 
 F57 F 5 3 
 F58 F  3 
 F62 H 5 3 
 F88 H 3  
 F89 H 5 3 
 F103 H 3  
Mettler M17 F 3 3 
 M50 F 3 3 
 M77 F 3 3 

Abbreviations: H hermaphrodite and F female. 
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Appendix 8 

In situ dispersal of seed 

Materials and methods 

The seed dispersal vector and distance in situ was unknown, however the 

presence of an aril indicated this vector was likely to be ants. Non-viable seed collected 

in 2014 was marked at the opposite end to the aril with bright yellow acrylic paint to 

allow tracking of seed movement. Non- viable seed was utilised to prevent 

contamination of the soil seed set. The selective collection by ants of the marked seed 

was compared to unmarked seed in the glasshouse, prior to field experimentation, with 

no marked difference to confirm that this marking would provoke no selection bias. In 

situ, at two natural populations (South Coast fire and Southdown) and the translocated 

site (Mettler), 40 seeds in total were placed on the ground, with ten in one of four 

groupings. These groups were arranged next to one another on the four compass points, 

north, south, east and west, and numbered in a clockwise circle beginning at the 

northern group representing one replicate (Figure 1). This experiment into seed 

collection and movement was undertaken at the end of the flowering season, between 

12.30 and 15.30 in the afternoon on consecutive days, the climatic conditions were 

similar across the three days with no rainfall on any day. Initially the seed groupings 

were covered with one of four petri dishes. At a specified time, the coverings were lifted 

from the replicate, for up to 15 min. The replicate was watched carefully for any  

 

 

Figure 1: Arrangement of ant dispersal cafeteria at each population. 
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seed movement activity. When an insect visited the seed, the time was recorded and the 

number of the group from which the seed was taken. When a seed was picked up and 

carried, the coverings were replaced and the seed and insect followed. The direction and 

distance carried was recorded and the insect collected for identification (Heterick 

2009),confirmed through AntWiki (AntWiki 2017). Once a seed was collected the 

replicate at that location was terminated (Gove, Majer et al. 2007; Hughes and Westoby 

1990). Twelve replicates of 15 min were completed at each population with four 

replicates undertaken at each of the far ends of the population and four in the centre for 

the natural populations (Figure 1). The translocated population was more compact, and 

the replicates were spaced across the population as far as possible (Figure 1). 

 

Results 

Ex situ seed dispersal was carried out with Iridomyrmex innocens Forel, a 

species part of the Iridomyrmex calvus group of the family Dolichoderinae; reasonably 

common in the Darling Range and found along the south and south east coasts. In situ 

seed dispersal was observed at the South Coast fire, Southdown and Mettler 

populations. Only two different insect classes (Hymenoptera, ants and Coleoptera, 

beetles) were interested in the seed of A. perlaria. However only once, at Mettler, did a 

beetle touch a seed, in comparison to 17 touches by ants at South Coast fire, five at 

Southdown and three at Mettler. The only actual dispersal events were observed with 

ants as the vector. The seeds carried to nests at South Coast fire and Southdown were 

borne by the ant species Melophorus turneri Forel, of the family Formicinae (Figure 3); 

very active in the heat of the day and known to be widespread in country areas of the 

South West Botanical Province of Western Australia (Heterick 2009). At South Coast 

fire two seeds were collected and moved by ants; one seed moved north by 10 mm 

before being dropped and the other removed to the ant nest 1 350 mm away. At 

Southdown, two seed were collected by ants, one moved 900 mm to the east, to an ants 

nest, and the other carried west for 100 mm before it was dropped (Figure 2). 

Iridomyrmex bicknelli Emery, part of the Dolichoderinae family of ants were identified 

carrying seed of A. perlaria back to their nests at the translocated Mettler site (Figure 

3). The species can be commonly observed in south west Australia, distributed across 

heathlands and sandplains; early colonisers of newly rehabilitated habitats (Heterick 

2009). At Mettler, three seeds were collected, two travelled west, one for 10 mm before 

being dropped and the other removed to the nest 200 mm away; the last seed was 



 

257 

carried to another nest entry, 500 mm south of the petri dish collection point (Figure 2). 

The population was significant in the touching of seed by ants (P= 0.020), driven by the 

variation between the South Coast and Mettler populations (P= 0.028). There was no 

significance in the collection of seed, nor remaoval to the ant nest, however this is likely 

due to the paucity of data.  

 

 

Figure 2: Distances of Androcalva perlaria seed dispersal by ant at three in situ populations, two 

natural (South Coast and Southdown) and one translocated (Mettler). 

 

Natural populations Mettler translocation 

  

 

Figure 3: Ant species of the Formicinae and Dolichoderinae respectively from the natural South 

Coast and Southdown populations and the Mettler translocation. 
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Appendix 9 

 

In situ Androcalva perlaria produced fruit, seed, seed viability and viable seed weight per 

replicate branch (± standard error), assigned by population and gender. 
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Androcalva perlaria fruit and seed production per replicate branch of each genotype in situ in 2014 and 2015, the total and average (± standard error; SE) fruit and 

seed per replicate branch and the average viable seed (± SE) and percentage of viable seed (± SE). 

Population Year Genotype 

Fruit per replicate Seed per replicate 

Number of 
replicates 
(with fruit) 

Total 
Mean fruit ± 

SE 

Number of 
replicates 

(with seed) 
Total Mean seed ± SE 

Mean viable seed 
± SE 

Mean percentage 
viable (%)± SE 

Hall 2014 65 3 (3) 69 23.0 ± 7.0 3 (3) 185 61.7 ± 16.2 54.0 ± 15.5 85.9 ± 3.3 
 67 3 (3) 33 11.0 ± 2.1 3 (3) 143 47.7 ± 11.2 35.7 ± 9.7 73.9 ± 5.4 
 68 3 (0) 0  3 (0) 0    

 2015 65 3 (0) 0  3 (0) 0    
  67 3 (0) 0  3 (0) 0    
  68 3 (1) 4 4.0 ± 0.0 3 (1) 4 4.0 ± 0.0 3.0 ± 0.0 75.0 ± 0.0 
Healy 2014 78 5 (3) 25 8.3 ± 2.6 5 (3) 96 32.0 ± 9.3 25.7 ± 9.9 78.2 ± 10.7 

 80 3 (3) 339 113.0 ± 41.5 3 (3) 887 230.0 ± 112.0   
 84 5 (3) 20 6.7 ± 2.8 5 (4) 51 12.8 ± 7.1 8.3 ± 4.6 69.8 ± 10.6 
 101 2 (2) 24 12.0 ± 1.0 3 (3) 22 7.3 ± 3.2   

 2015 78 3 (0) 0  3 (0) 0    
  81 3 (1) 1 1.0 ± 0.0 3 (1) 2 2.0 ± 0.0 1.0 ± 0.0 50.0 ± 0.0 
  101 3 (0) 0  3 (3) 0    
Southdown 2014 103 5 (0) 0  5 (5) 4 4.0 ± 0.0 4.0 ± 0.0 100.0 ± 0. 

 105 10 (10) 110 11.0 ± 2.4 10 (10) 288 28.8 ± 6.6 24.9 ± 7.4 72.2 ± 10.3 
 106 10 (9) 50 5.6 ± 0.9 9 (8) 130 14.4 ± 2.1 9.2 ± 1.3 72.9 ± 9.9 
 UL 10 (4) 22 5.5 ± 2.5 10 (4) 79 19.8 ± 13.5 16.0 ± 11.7 78.8 ± 10.5 
 US 3 (0) 0  3 (0) 0    

 2015 102 3 (0) 0  3 (0) 0    
  103 3 (0) 0  3 (0) 0    
  104 3 (0) 0  3 (1) 1 1.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
  105 5 (0) 0  5 (0) 0.    
  106 3 (0) 0  3 (1) 1 1.0 ± 0.0 1.0 ± 0.0 100.0 ± 0.0 
  107 3 (0) 0  3 (0) 0    
  109 3 (0) 0  3 (0) 0    
  UL 3 (0) 0  3 (1) 2 2.0 ± 0.0 2.0 ± 0.0 100.0 ± 0.0 
  US 3 (0) 0  3 (0) 0    
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Population Year Genotype 

Fruit per replicate Seed per replicate 

Number of 
replicates 
(with fruit) 

Total 
Mean fruit ± 

SE 

Number of 
replicates 

(with seed) 
Total Mean seed ± SE 

Mean viable seed 
± SE 

Mean percentage 
viable (%)± SE 

South 
Coast 

2014 2 10 (8) 13 1.6 ± 0.4 9 (5) 21 4.2 ± 1.6 4.2 ± 1.6 100.0 ± 0.0 
 4 5 (1) 2 2.0 ± 0.0 2 (0) 8 8.0 8.0 ± 0.0 100.0 ± 0.0 

  5 10 (0) 0  10 (0) 0    
  27 10 (10) 26 2.6 ± 0.6 10 (9) 71 7.9 ± 2.2 4.8 ± 2.3 63.8 ± 9.0 
  30 5 (5) 47 9.4 ± 2.0 4 (4) 50 10.0 ± 3.6 6.4 ± 2.6 56.5 ± 16.3 
  49 5 (2) 3 1.5 ± 0.5 5 (5) 0    
  50 10 (5) 6 1.2 ± 0.2 9 (2) 5 1.3 ± 0.3 1.0 ± 0.0 100.0 ± 0.0 
  58 10 (1) 1 1.0 ± 0.0 10 (3) 8 2.7 ± 0.3 2.7 ± 0.3 100.0 ± 0.00 
  63 10 (1) 1 1.0 ± 0.0 10 (3) 11 3.7 ± 2.2 3.7 ± 2.2 100.0 ± 0.0 
  88 9 (6) 7 1.2 ± 0.2 10 (3) 14 4.67 ± 2.03 2.5 ± 1.5 75.0 ± 25.0 
  90 5 (5) 77 15.4 ± 10.5 5 (5) 322 64.4 ± 38.3 32.4 ± 19.3 51.9 ± 14.4 
  97 3 (0) 0  3 (1) 1 1.0 ± 0.0 1.0 100.0 ± 0.0 
 2015 2 5 (1) 1 1.0 ± 0.0 5 (1) 1 1.0 ± 0.0 1.0 ± 0.0 100.0 ± 0.0 
  4 3 (1) 2 2.0 ± 0.0 3 (1) 8 8.0 ±0.0 7.0 ± 0.0 87.5 ± 0.0 
  5 5 (1) 1 1.0 ± 0.0 5 (0) 0    
  27 3 (0) 0  3 (0) 0    
  30 3 (1) 3 3.0 ± 0.0 3 (3) 16 5.3 ± 3.8 4.3 ± 2.9 92.3 ± 7.7 
  49 3 (0) 0  3 (1) 1 1.0 ± 0.0 1.0 ± 0.0 100.0 ± 0.0 
  50 2 (0) 0  2 (0) 0    
  58 3 (0) 0  3 (0) 0    
  63 3 (1) 1 1.0 ± 0.0 3 (2) 2 1.0 ± 0.0 1.0 ± 0.0 100.0 ± 0.00 
  88 3 (1) 1 3.0 ± 0.0 3 (2) 4 2.0 ± 1.0 0.0 ± 0.0 0.0 ± 0.0 
  90 3 (0) 0  3 (0) 0    
South 
Coast Fire 

2014 F1 3 (3) 88 29.3 ± 7.4 3 (3) 401 134 ± 46.1 115.0 ± 44.5 83.1 ± 5.7 
 F3 5 (3) 8 2.7 ± 0.9 5 (3) 36 12.0 ± 3.8 4.0 ± 1.2 36.1 ± 7.2 

  F4 3 (3) 158 52.7 ± 9.1 2 (2) 135 67.5 ± 12.7 19.5 ± 18.5 23.9 ± 21.9 
  F11 3 (3) 144 48.0 ± 4.2 3 (3) 376 125.0 ± 15.9 0.7 ± 0.7 0.4 ± 0.4 
  F19 3 (3) 64 21.3 ± 3.9 3 (3) 130 43.3 ± 7.8 38.0 ± 6.6 88.1 ± 3.7 
  F42 5 (5) 217 43.4 ± 7.8 5 (5) 617 123.0 ± 27.7 97.4 ± 36.3 73.2 ±18.3 
  F44 5 (5) 149 29.8 ± 8.6 5 (5) 569 114.0 ± 40.0 105.0 ± 39.3 91.9 ± 2.8 
  F52 4 (4) 25 6.3 ± 3.0 5 (5) 194 38.8 ± 12.6 29.4 ± 6.8 87.9 ±11.0 
  F53 3 (2) 5 2.5 ± 0.5 3 (3) 9 3.0 ± 1.2 1.5 ± 1.5 30.0 ± 30.0 
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Population Year Genotype 

Fruit per replicate Seed per replicate 

Number of 
replicates 
(with fruit) 

Total 
Mean fruit ± 

SE 

Number of 
replicates 

(with seed) 
Total Mean seed ± SE 

Mean viable seed 
± SE 

Mean percentage 
viable (%)± SE 

  F54 3 (2) 2 1.0 ± 0.0 3 (2) 14 7.0 ± 2.0 7.0 ± 2.0 100.0 ± 0.0 
  F57 5 (5) 150 30.0 ± 5.1 5 (5) 403 80.6 ± 15.8 63.0 ± 17.3 71.8 ± 14.5 
  F62 5 (5) 69 13.8 ± 4.5 5 (5) 145 29.0 ± 8.0 27.2 ± 9.0 87.2 ±7.3 
  F88 3 (3) 76 25.3 ± 9.2 3 (3) 259 86.3 ± 16.3 0.3 ± 0.3 0.4 ± 0.4 
  F89 5 (4) 62 15.5 ± 2.2 4 (3) 112 28.0 ± 5.7 20.3 ± 6.0 75.7 ± 16.1 
  F103 3 (3) 11 3.7 ± 1.2 3 (2) 27 13.5 ± 9.5 12.5 ± 8.5 95.7 ± 4.4 
 2015 F1 3 (3) 4 1.3 ± 0.3 3 (3) 23 7.7 ± 2.7 5.67 ± 3.3 61.3 ± 19.6 
  F3 5 (1) 1 1.0 ± 0.0 5 (1) 4 4.0 ± 0.0 3.0 ± 0.0 75.0 ± 0.0 
  F4 3 (3) 79 26.3 ± 17.2 3 (3) 105 35.0 ± 25.8 27.0 ± 22.0 75.4 ± 16.6 
  F8 3 (3) 26 8.7 ± 2.7 3 (3) 71 23.7 ± 9.5 10.7 ± 4.4 42.3 ± 8.7 
  F9 3 (2) 6 6.0 ± 0.0 3 (2) 36 18.0 ± 16.0 21.0 ± 0.0 61.8 ± 0.0 
  F11 5 (4) 27 6.8 ± 1.8 5 (4) 72 18.0 ± 5.2 8.7 ± 1.5 46.8 ± 14.8 
  F19 3 (2) 3 1.5 ± 0.5 3 (3) 10 5.0 ± 0.00 2.5 ± 2.5 50.0 ± 50.0 
  F42 5 (5) 54 10.8 ± 3.1 5 (5) 142 28.4 ± 13.0 21.2 ± 9.1 70.7 ± 10.1 
  F56 3 (2) 9 4.5 ± 0.5 3 (2) 21 10.5 ± 0. 5.5 ± 3.5 54.1 ± 35.9 
  F57 3 (1) 1 1.0 ± 0.0 3 (2) 3 1.5 ± 0.5 1.0 ± 0.0 50.0 ± 0.0 
  F58 3 (3) 6 2.0 ± 0.6 3 (3) 18 6.0 ± 1.7 5.0 ± 2.3 72.2 ± 20.0 
  F62 3 (2) 3 1.5 ± 0.5 3 (2) 28 14.0 ± 9.0 12.5 ± 7.5 93.5 ± 6.5 
  F89 3 (2) 10 5.0 ± 1.0 3 (2) 21 10.5 ± 6.5 8.5 ± 6.5 69.1 ± 19.1 
Mettler 2014 M17 3 (3) 12 4.0 ± 1.5 3 (3) 43 14.3 ± 6.7 13.7 ± 6.5 96.0 ± 2.4 

 M50 3 (3) 114 38.0 ± 7.8 3 (3) 360 120.0 ± 3.6 99.0 ± 1.5 82.7 ± 3.2 
 M77 3 (3) 160 53.3 ± 9.1 3 (3) 458 153.0 ± 12.0 78.7 ± 3.3 52.1 ± 4.0 

 2015 M17 3 (1) 2 2.0 ± 0.0 3 (2) 5 5.0 ± 0.0 3.0 ± 0.0 60.0 ± 0.0 
  M50 3 (3) 11 3.7 ± 0.9 3 (3) 39 13.0 ±3.21 10.0 ± 4.2 70.5 ± 13.1 
  M77 3 (0) 0  3 (0) 0    
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Soil profile data for in situ Hall population of Androcalva perlaria from April 2014 to July 2014, arrows indicating rainfall events greater than 10 mm. Note two soil 

moisture probes were present. 
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Appendix 12 

Table 1: r
2
 values and time of 50 % germination for Figure 5.6, mean rate of germination (± SE) 

of ex situ Androcalva perlaria seed across differing water potentials (0, -0.03, -0.1, -0.2, -0.35, -

0.5, -0.7 and -1.0 MPa) at four temperatures (10, 15, 20 and 25 °C).  

Seed treatment Water potential (MPa) r
2
 value Time of 50 % germination (days) 

10 °C 0.0 0.9970 18.32 days 
-0.03 0.9977 18.32 days 
-0.1 0.9983 21.33 days 
-0.2 0.9980 27.00 days 
-0.35 0.9959 42.62 days 
-0.5 0.9883 58.20 days 
-0.7 0.9980 not reached 
-1.0 1.0 not reached 

15 °C 0.0 0.9997 9.42 days 
-0.03 0.9938 12.33 days 
-0.1 0.9939 14.37 days 
-0.2 0.9975 19.17 days 
-0.35 0.9937 30.35 days 
-0.5 0.9975 51.42 days 
-0.7 0.9859 70.00 days 
-1.0 1.0 not reached 

20 °C 0.0 0.994 9.72 days 
-0.03 0.9972 15.53 days 
-0.1 0.9984 20.70 days 
-0.2 0.9978 20.70 days 
-0.35 0.9912 34.41 days 
-0.5 0.9957 47.45 days 
-0.7 0.9429 not reached 
-1.0 1.0 not reached 

25 °C 0.0 0.9847 36.91 days 
-0.03 0.9950 26.00 days 
-0.1 0.9935 42.65 days 
-0.2 0.9896 54.50 days 
-0.35 0.9841 not reached 
-0.5 1.0 not reached 
-0.7 1.0 not reached 
-1.0 1.0 not reached 
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Table 2: r
2 
values and time of 50 % germination for Figure 5.13, mean rate of germination (± SE) 

of ex situ Androcalva perlaria hydroprimed seed (6 days at 20 ± 2 °C) and control seed across 

differing water potentials (0 MPa from Figures 5.6 and 5.11, -0.03, -0.1, -0.2, -0.35, -0.5, -0.7 

and -1.0 MPa) germinated at 15 °C. 

Seed treatment Water potential (MPa) r
2
 value Time of 50 % germination (days) 

Primed seed 0.0 0.9997 9.44 
-0.03 0.9957 9.04 
-0.1 0.9951 12.17 
-0.2 0.9951 16.80 
-0.35 0.9937 27.36 
-0.5 0.9882 27.26 
-0.7 0.9627 not reached 
-1.0 1.0 not reached 

Control seed 0.0 0.9975 7.71 
-0.03 0.9945 10.13 
-0.1 0.9935 11.42 
-0.2 0.9986 15.31 
-0.35 0.9952 25.16 
-0.5 0.9896 37.10 
-0.7 0.9528 not reached 
-1.0 1.0 not reached 
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Appendix 14 

 

 

Mean annual rainfall per decade (± standard error) in the south west of Western Australia since 

1880. Data obtained from the Bureau of Meteorology; Albany Airport station (number 009999). 
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