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Summary 

 

Vernal pools (a form of temporary wetland) of the Southwest Australian Floristic Region 

(SWAFR) are rich in species and endemism. There are two types of vernal pool in the 

SWAFR, claypans and gnammas, each with their own specialist and cosmopolitan species. 

Both types of vernal pool are subject to a number of localised and global threats. This is the 

first detailed study on the flora of claypans and gnammas in the SWAFR bringing together 

both biogeography and seed biology to provide practitioners the knowledge to effectively 

conserve the plant species occurring in these ecosystems.  

 

Biogeographical surveying of gnammas throughout the SWAFR showed that gnammas 

have one of the highest levels of plant endemism for any ecosystem in the SWAFR. 

However, species richness was not correlated with any of the environmental or 

morphological parameters measured. Pockets of richness were identified and found to be 

scattered throughout the region. I show that the drivers of species richness for gnammas 

differ to those of the terrestrial flora of the SWAFR and to those of the claypans. The lack 

of correlations and absence of shared genera between gnammas and the flora from 

surrounding ecosystems suggest that gnammas species have originated via long-distance 

dispersal attributing to the random mosaic of pools with high species richness.  

 

Germination and dormancy of seeds from claypans and gnamma species is variable with 

seed from some species being dormant and those from others not. While non-dormant seeds 

were able to germinate over a range of temperatures, temperatures upon which germination 
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was highest was species-specific. Seeds from some species, including members of the 

Hydatellaceae, an early divergent angiosperm, had a germination temperature preference of 

5-10 °C, lower than that previously been recorded for Australian aquatic species. In fact, 

for aquatic plant species worldwide, temperature preferences for germination below 15 °C 

are uncommon. A light preference or requirement for germination was a significant 

variable for all species thus I conclude that maintaining the integrity of the soil crust may 

be an important first step for on-site conservation of vernal pool and gnamma species. 

 

A particular focus of the thesis is the Hydatellaceae, a group of tiny annual aquatic plants 

that have undergone recent taxonomic realignment to the base of the angiosperm 

phylogenetic tree. The Hydatellaceae are important for developing our understanding of the 

processes of evolution in early angiosperms. I observed a type of germination, whereby the 

embryo differentiates outside of the seed coat, that heretofore has not been reported and 

thus assign a new type of specialised morphophysiological dormancy to these primitive 

plants. Evolution of embryo types and desiccation tolerance is also discussed in light of 

presented results. 

 

Ex situ storage of seeds in facilities such as seed banks is a cost effective and efficient 

method of plant genome conservation. Seed storage theory predicts that as storage 

temperature and moisture content of seeds decrease (with some limitations) the longevity of 

orthodox (desiccation-tolerant) seeds can be extended. Seeds of all tested species were 

shown to be orthodox (tolerated drying to c. 5 % MC and storage at sub zero temperatures) 

and are candidates for seed banking. However, some of these species are expected to be 
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short lived in storage (at -18 °C) and with further tests I show that cryopreservation is a 

viable option to store seeds of these species as a means of long-term conservation. 

 

The findings reported in this thesis have significantly increased the scientific knowlege of 

vernal pool species in the SWAFR and provide benchmark seed biology information for 

aquatic plants in Western Australia. 
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CHAPTER 1: 

Vernal pools are centres of freshwater aquatic biodiversity. 

Part 1: a review of function, diversity and threats in Western Australia. 

 

Introduction 

 

Vernal pools (wetlands with seasonal hydrology, filled solely by precipitation and runoff) 

occur throughout the mediterranean areas of the world and are regions with high levels of 

species richness, endemism and specialist flora and fauna.  Unfortunately, like many 

ecosystems today, they are also susceptible to a number of localized and global threats such 

as eutrophication, pollution, algal and vascular weeds, soil disturbance, in-filling and 

drainage, agriculture, tourism, feral animals and conversion to permanent water bodies 

(Grillas, Gauthier et al. 2004; Hay, Probert et al. 2000; Withers 2000) which are likely to 

have serious consequences for population stability. Although vernal pools throughout the 

world can be grouped together as one „type‟ of ecosystem, they vary considerably in 

regards to their hydrological regime, soil type, underlying rocks and physiochemical 

properties of the water; just some of the factors affecting their ecology (Grillas et al., 2004). 

This variation causes limitations to the applicability of research conducted on vernal pools 

across regions. The available research on vernal pools in the Southwest Australian Floristic 

Region (SWAFR) (Hopper and Gioia, 2004) is limited; current information is scattered 

throughout a range of resources and often lumped in with other research topics such as 

wetlands, granite outcrops and regional summaries and surveys (Balla and Davis, 1993; 

Hill et al., 1996; Hopper et al., 1997; Withers, 2000; York Main, 2000). A lack of focus 
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specifically on these systems has lead to vagueness when vernal pools are described in the 

literature, with an obvious lack of available quantifying values (such as values for species 

richness, rarity and endemism)  to support statements. This lack of information may be one 

of the causes that have prevented vernal pools from receiving the recognition and 

conservation efforts they deserve considering their uniqueness from all other Western 

Australian ecosystems. This paper provides a review of current knowledge of vernal pools 

in the SWAFR applying the broader principles of similar systems from other regions of the 

world where appropriate. 

 

 Definition and distribution of vernal pools. 

 

The definition of a vernal pool varies considerably throughout the scientific literature 

(Colburn, 2004; Deil and Freiburg, 2005; Stone, 1990; Zedler, 1987). Here, I choose to 

apply a detailed description of the system to eliminate any confusion with other types of 

temporary wetlands in Western Australia. Thus, the term vernal pool is applied to 

„precipitation-filled seasonal wetlands, with a duripan impermeable to water table rise, 

inundated during periods when temperature is sufficient for plant growth, followed by a 

brief water-logged terrestrial stage and culminating in extreme desiccating soil conditions 

of extended duration‟ (modified from Keeley and Zedler, 1998, Grillas et al. 2004). I apply 

the more general term of „temporary wetlands‟ to refer to those ecosystems that are 

seasonal in nature but do not have the strict requirements of vernal pools. 

 

Internationally, the term „vernal pool‟ has been applied to other forms of wetlands. One 

example is that the term vernal pool is used to define depressions in deciduous forested 
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ecosystems that fill with precipitation in the spring and early summer in Northeastern 

United States (Calhoun and deMaynadier, 2008). These vernal pools do not have a duripan 

layer, but are defined simply by the timing and duration of ponding during the spring 

growing season and are thus quite different from those ecosystems being discussed in this 

thesis. Thus, accompanying all reference to vernal pools should be an accurate definition of 

the ecosystem being discussed to avoid misconceptions. Vernal pools have a series of titles, 

depending on location in the world, with some of them including cupular pools, temporary 

ponds, ephemeral ponds, spring pools, woodland pools, semi-permanent ponds, fishless 

ponds, intermittent pools, seasonal ponds, seasonally astatic waters, geographically isolated 

wetlands, playas, ephemeral wetlands, vernal marshes, buffalo wallows, seasonal pools, 

vleis, and temporary waters (Colburn, 2004; Grillas et al., 2004; Keeley and Zedler, 1998). 

Although these terms have been applied to ecosystems that correspond to vernal pools of 

this description, ecosystems encompassed by these terms are not always vernal pools.  

 

Western Australian vernal pools 

 

In SWAFR, two types of vernal pools are recognised; claypans and gnammas, the later 

being distinct because they only occur on rock, most commonly, granite (App. 1.). A few 

specific studies have investigated aspects of vernal pools in Western Australia and have 

highlighted the keystone species and some of the rarer conjures that occur within these 

systems (Hopper et al. 1997).  
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Claypan vernal pools. 

In the claypan systems of the SWAFR high levels of endemism have been recorded, with 

36 taxa identified as specialists to the ecosystem. The flora of claypans is richer and of a 

different life-form composition to vernal pools of California (Deil and Freiburg, 2005; 

Gibson et al., 2005). Claypan vernal pools in the SWAFR are most abundant on the Swan 

Coastal Plain, with only a few occurring on the Geraldton and Esperance Sandplains or in 

areas receiving <400 mm of rainfall (Gibson et al., 2000; Pignatti and Pignatti, 1994). They 

are absent in the higher rainfall areas of the Jarrah forest and Warren Bioregions (Fig. 1; 

Gibson et al., 2005, Pignatti and Pignatti, 1994). Gibson et al. (2005) recognises two types 

of claypans in the SWAFR; inundated flats and basin claypans. Inundated flats and basin 

claypans are distinguished from each other by shape and size (Gibson et al., 2005). 

Inundated/ waterlogged flats are, as the name suggests flat in topography and range in size 

of a few square meters to hundreds of square meters. On the other hand, claypans are 

shaped like a saucer and range from ca. 0.5 ha to 10 ha. 

 

Figure 1. The distribution of claypans sampled by Gibson et al. (2005) for community 

composition in the Southwest Australian Floristic Region (SWAFR). Symbols represent 
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different vegetation groups recognised (see Gibson et al. (2005) for species lists). Dotted 

lines showing rainfall isohyets (mm) and major bioregions  of the SWAFR (Gibson et al., 

2005). Bioregion code: AW, Avon Wheatbelt; ES, Esperance Sandplain; GS, Geraldton 

Sandplain; JF, Jarrah Forest; M, Mallee; SCP, Swan Coastal Plain; W, Warren. 

 

Gnamma vernal pools. 

The term „Gnamma‟ was adopted by European settlers from the Pidjandara people, 

meaning any kind of rock hole that often contains water (Twidale and Corbin, 1963). 

Gnammas are geographically extensive and occur across all Interim Biogeographic 

Regionalisation for Australia (IBRA) regions of the SWAFR. Gnammas predominantly 

occur on granite inselburgs (large domes) and are initiated at the weathering front as 

shallow saucer shaped pans on  recently exposed platforms (Campbell, 1997). They will 

often form on fractures or fracture intersections. There are five morphological types of 

gnammas found in the SWAFR (Fig. 2; App. 1) and the size and shape of the pools are 

determined by the geological structure of the granite, the slope and depth of erosion. The 

most common type in Western Australia is the pan gnamma, which comprises a shallow 

pool occurring on a flattish crest in laminated rock (Campbell, 1997; Twidale and Corbin, 

1963; Withers, 2000). Hemispherical pits also occur on flat crests, but these are generally 

deeper, with steeper edges and occur where the granite is homogeonous, especially at depth 

beneath the laminated zone (Campbell, 1997). Armchair gnammas form in much the same 

way as pan and pit gnammas but occur on steeper slopes and are triangular in shape, being 

flat floored and inset into the sloping rock surface (Twidale and Corbin, 1963; Withers, 

2000). Cyclindrical hollows develop where deep concentrated weathering and erosion have 

extended a pit through a granite sheet and allow water to seep/ flow through beneath the 
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surface layer of rock (Campbell, 1997; Twidale and Corbin, 1963; Withers, 2000). Lastly, 

canoe gnammas are depressions formed on a major vertical joint that has a flat semi-

circular section and is termed a canoe (Twidale and Corbin, 1963). Images of gnamma 

types are provided in App. 1. 

 

Figure 2. Types of vernal pools found in the SWAFR. The term vernal pool defines those 

habitats that alternate between inundation in the winter and spring and a hot dry desiccation 

phase during the summer. Infiltration of water is solely from precipitation and runoff. As 

the name suggests claypans are found on clay-based substrates where gnammas are found 

on rock, most commonly, granite.  

 

Mediterranean vernal pools around the world 

 

Occurring in North and South Africa, United States of America, Chile, and Australia 

(south-western and  south-eastern) (Keeley and Zedler, 1998), mediterranean vernal pools 

are habitats for many specialized life forms adapted to the alternating conditions of drought 

and flooding.  

 



23 

 

South-eastern Australian vernal pools have received less attention than those in south-

western Australia. Although the vernal pools in south-eastern Australia are also species rich 

they don‟t appear to be as rich in endemics (Keeley and Zedler, 1998), but this may be due 

to lack of focused research and/or surveys. The vernal pools in California are the most well 

understood and the most „famous‟ attracting tourists every year to view the changing rings 

of colour in spring. Geographically they spread from eastern Washington to northern Baja 

California (Keeley and Zedler, 1998). They occur in a number of habitats including 

grasslands, savannahs, open chaparral and scrubland (Keeley and Zedler, 1998). Similarly 

to Australia, the majority of these pools have been cleared and it is thought that <10% of 

them remain (Holland, 1978). Whilst there are few regions suitable for the formation of 

claypan vernal pools in South Africa there are a few recordings of them occurring away 

from the coast (Keeley and Zedler, 1998). Pools equivalent to gnammas are known to occur 

on the granite outcrops, with many overlapping genera of the SWAFR i.e. Isoëtes, 

Marsilea, Aponogeton, Crassula and Limosella (Keeley and Zedler 1998; Hopper pers. 

comm.).Vernal pools in Chile have also received little scientific attention, but are known to 

occur along the coastal regions and central valley (Keeley and Zedler, 1998). Pools share 

similar plant phenology to those of California and Australia, and include Isoëtes and 

Crassula spp. (Keeley and Zedler, 1998).  Further, the pools of Chile also exhibit a number 

of narrow endemics, although these are fewer in numbers than those of the SWAFR. Even 

though vernal pools of Chile clearly show similarities with the vernal pools of other 

mediterranean regions, they are described to differ in the origin of the flora.  Where it is 

thought that the Californian specialist vernal pool flora evolved from neighbouring plant 

communities, those in pools from Chile are hypothesized to have originated by long 

distance dispersal, i.e. migratory birds (Keeley and Zedler, 1998). The Mediterranean basin 
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has surprisingly few examples, or historical records, of vernal pools that fit my definition. It 

is somewhat surprising that they are not found throughout the region, however it is 

hypothesized that historically they did occur in the region but a long history of grazing, 

agriculture and urban development has long since wiped them out (Keeley and Zedler, 

1998). Temporary wetlands do occur in the region and some examples of genera that are 

known to largely occur in vernal pools in other meditteranean regions of the world exist, 

such as Isoëtes and Crassula (Keeley and Zedler, 1998), supporting the hypotheses that this 

region may have once supported vernal pools. 

 

Some of the species occurring in vernal pools of SWAFR are cosmopolitan with their 

distributions exceeding beyond the constraints of vernal pools, occurring within other 

forms of temporary wetland (amphibious habitats). Genera known to occur in amphibious 

habitats across the globe include the pteridophytes Isoëtes and Marsilea as well as the 

angiosperms Crassula and Limosella. This thesis primary focus is on those species of 

vernal pools in south-western Australia. However, as many genera are more wide-spread 

and occur in other related habitats the implications of this research are much wider than 

specifically vernal pool species within the region.  

 

Climate in the SWAFR 

 

The SWAFR experiences a mediterranean environment with cool wet winters and dry hot 

summers. Northern sites of the SWAFR experience an average maximum temperature of 

~35 °C in summer and average minimum of 6.5 °C in the winter, where as in the southern 

sites, the average maximum in the summer is ~26 °C and the average minimum is ~8 °C in 
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Winter (Bureau of Meteorology, 2009). Pools occurring throughout the regions experience 

between 300-1200 mm of rainfall annually. Rainfall decreases to 300 mm as distance from 

the coasts increases (Fig. 3). The majority of rainfall occurs between June-September with 

those vernal pools of the northern inland regions receiving less rain later in the season 

(Bureau of Meteorology, 2009). The environmental conditions on the granite outcrops are 

often much harsher than those of the surrounding vegetation, experiencing higher 

temperatures, particularly during the summer months (Bayly, 1999). 

 

Figure 3. South-western Australia showing a) the annual rainfall isohyets and b) average 

maximum daily temperature received in summer (a) modified from Hopper and Goia 2004; 

b) modified from Bureau of Meteorology, 2009).  

 

Soils and Geologic Setting 

 

The SWAFR is a very old, flat and geologically stable plateau (unglaciated for 250 million 

years); nutrients have leached through the soil over the past centuries leaving poverished 
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soils low in nitrogen and phosphorous (Hopper and Gioia, 2004). Most of the region sits on 

ancient granitic rocks and is overlaid with more recently formed sandstone, laterite or large 

areas of sand (McArthur, 1991). The diversity of soils in SWAFR is great and is one of the 

primary factors that affect the distributions of a mega-diverse flora in this biodiversity 

hotspot (Corrick and Fuhrer, 1996).   

 

The majority of gnammas occur on the extensive Yilgarn Craton that was formed between 

2600- 2700 million years ago (Ma). Granite is very poor in nutrients and thus gnammas are 

thought to be systems of very low productivity (Bayly, 1999). The pools formed on the 

large inselbergs throughout the SWAFR do obtain some nutrients through the 

decomposition of lichens, mosses and herbs that were growing on the rock, have since died 

and have washed into the pool through runoff. The excretion of nutrients from fauna 

inhabiting or visiting the rock would also attribute to nutrient acquisition (Bayly, 1999). 

The availability of calcium and other nutrients (nitrogen, phosphorous) is fundamental to 

the functioning of vernal pools as many plants do not tolerate calcium, the concentration of 

which can  determine vegetation types (Grillas et al., 2004). 

 

In comparison, claypans mostly occur on much younger soils. The Swan Coastal Plain, 

where many claypan vernal pools are located, was formed during the Pliocene (5.3- 2.6 

Ma) mostly from fluviatile and aeolian activity (McArthur, 1991). The plains of the 

Esperance regions occur on an undulating plateau with Proterozic gneisses overlain by 

marine sediments (McArthur, 1991). These soils have been described to be extremely low 

in concentrations of nitrogen, phosphorous and potassium (Teakle and Southern, 1936). 

Similarly to the granite outcrops, the coastal sand plains of SWAFR are nutrient poor. 
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However, the sedimentation of claypan vernal pools does allow accumulation of nutrients 

from runoff from the associated catchments (Semeniuk and Semeniuk, 2004) which are 

subsequently much larger than those of gnammas.  

 

Hydrology 

 

The most important component of a functioning vernal pool system is the hydrological 

regime which is the ratio of inflow (direct rain and surface runoff) and outflow (overflow 

and evapotranspiration) of water from the system. The hydrological regime and the geology 

of a vernal pool site will determine the quantity and quality of the water contained in the 

pool, affecting the distribution, primary productivity, diversity, abundance and types of 

plants occurring in a vernal pool (Cronk and Fennessy, 2001; Grillas et al., 2004). Other 

factors contributing to both the flora and fauna distribution include the physio-chemical 

properties of the water (temperature, pH, dissolved oxygen, dissolved cations, electrical 

conductivity), flow rate and the hydroperiod (Cronk and Fennessy, 2001; Grillas et al., 

2004).  Modelling of hydroregimes in rock-pools in Botswana show that rainfall, 

evapotranspiration and pool morphology have a significant effect on duration and number 

of hydroperiods in a year and that climate change may significantly alter rock-pool 

hydroregime (Hulsmans et al., 2008).  Similar findings have shown the sensitivity of vernal 

pool hydroregimes in California (Bauder, 2005) and the effects that a changing climate may 

have on branchiopods (Pyke, 2005).  
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Flora 

 

Western Australian vernal pools have cosmopolitan aquatics as well as one of the highest 

rates of endemism in the world (Keeley and Zedler 1998). One of the major attributes of 

vernal pools (claypan and gnammas) in the SWAFR that sets them apart from all other 

forms of temporary wetland (such as peatlands and sumplands) is that it is only in vernal 

pools matching the definition above, that endemic seasonal aquatic plants have evolved 

(Keeley and Zedler 1998, Hopper pers. comm.). Examples of the cosmopolitan flora 

include, but are not limited to Aponogeton, Isoëtes, Marsilea, Myriophyllum, Pilularia and 

non-native Callitriche and Crassula (Keeley and Zedler, 1998; Orchard, 1979; Orchard, 

1985). Endemic species include the dicots such as Glossostigma and Hydrocotyle, and the 

monocots such as Amphibromus, Ottelia, Schoenus, Trithuria, and Wurmbea (Beardsley 

and Barker, 2005; Keeley and Zedler, 1998). These flora are specialised aquatic lifeforms 

that are adapted to periods of inundation alternating with annual desiccation through special 

adaptations in ecophysiology, germination ecology, dispersal mechanisms and growth 

forms (Deil and Freiburg, 2005; Keeley and Zedler, 1998). Some of the earliest studies of 

seasonally wet habitats worldwide occurred in the SWAFR by Diels in 1906. However, 

since then, limited research has been conducted on the floral diversity of these specific 

systems in this region (Deil and Freiburg, 2005).  

 

Temporary pools occurring in meditteranean regions throughout the world support plant 

communities that are rich in rare and threatened species. The unstable conditions and low 

productivity allow the co-existance of plants that are usually annual, weakly competitive 

and small in size (Gibson et al., 2005; Grillas et al., 2004). Western Australia is no 
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exception and examples of vernal pool species classified as declared rare flora or threatened 

in Western Australia include Aponogeton hexatepalus, Hydrocotyle lemnoides, Isoëtes 

brevicula, Myriophyllum lapidicola, M. petreaum, M. balladoniense, M. echinatum, 

Schoenus natans and Wurmbea murchisoniana (Pignatti and Pignatti, 1994; Western 

Australian Herbarium, 1998-).  

 

Vernal pool species have developed a number of adaptations to assist survival including a 

range of different sizes, growth forms, modes of reproduction, and life-history strategies 

(Grillas et al., 2004). Some perennial species also occur in vernal pools if they can find a 

suitable and preferable location, and possess adaptations that tolerate the alternating wet 

and dry phases. The granite outcrops of Western Australia have had many vegetation 

surveys completed but with little emphasis on the flora of the gnammas (Hopper et al., 

1997; Marshall, 2000; Pignatti and Pignatti, 1994). Perhaps the most detailed published 

survey is Hopper et al. (1997) who surveyed the flora of granite outcrops in Western 

Australia and recognised at least 1320 (and potentially 2000) taxa. Even here, however, 

gnammas are only very briefly discussed and the species of gnammas are intertwined with 

general granite outcrop species lists. The specific adaptations that drive vernal pool 

specialists to only occur within these habitats and how these differ to cosmopolitan species 

that occur in vernal pools as well as other wetland forms is currently unknown.  

 

One particular group, the Hydatellaceae, has a particularly high conservation value as it 

recently underwent taxonomic realignment and is now recognised to be a basal angiosperm. 

The Hydatellaceae is comprised of a single genus, Trithuria, containing 12 species. Ten of 

these species occur in Australia (Sokoloff et al., 2008) with four endemic to the SWAFR 
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(Sokoloff et al., 2008). The distribution of those species occurring in SWAFR are largely 

confined to vernal pools with some records of them occurring on stream edges (Western 

Australian Herbarium, 1998-). The increased conservation value of this group brings to 

light the lack of knowledge of the SWAFR vernal pools. Not only do we need to ensure 

that these species and their genetic diversity are conserved but also the entire ecosystems in 

which they occur.  

 

Fauna 

 

It is not only the flora of vernal pools that display high levels of species richness; the fauna 

of these ecosystems are also incredibly diverse. The vernal pools in Western Australia 

support many species by providing sources of water for permanent or temporary species. 

Fauna examples range from the ancient relictual populations such as the chironomid insect 

Archaeochlus to the recently evolved species such as Ctenophorus spp. (Withers, 2000). 

Vernal pools play vital roles in supporting many species of invertebrates, amphibians, 

reptiles, mammals and birds. 

 

Invertebrates 

The fauna of vernal pools on the granite outcrops is highly diverse and diversity is 

generally linked to pool size (Bayly, 1982). The fauna principally comprises both 

microscopic and macroscopic crustaceans with algae and associated bacteria constituting 

the main food source (Bayly, 1999). Invertebrates that have been identified in Western 

Australian vernal pools include conchostracans, chydorids, ostracods, mites, chironomid 

larvae, turbellarians, anostracans, cladocerans, copepods, hemipterans, coleopterans and 



31 

 

branchiopods (Bayly, 1999; Bayly, 1982; York Main, 2000). Many species, such as the 

fairly shrimp (Branachinella longiristris) and cladocerans (Plurispina chauliodis and P. 

multituberculata), are restricted to granite outcrops along with 50 other species that are 

endemic to granite outcrops (Pinder et al., 2000). The isolated nature and seasonally 

stressful environmental conditions experienced on the granite outcrops provide the 

conditions in which genetic divergence and speciation may be expected (Hopper et al., 

1997) 

 

Vertebrates 

The extensive clearing for agriculture in the Western Australian wheatbelt has left many 

isolated granite outcrops as important refuges for fauna and flora. Many vertebrate species 

utilise the vernal pools as habitats and drinking sources. Their dependence on these systems 

greatly varies depending on species (Mawson, 2000; Withers and Edward, 1997). 

Migratory birds such as fruit-pigeons, kingfishers, bee-eaters, cuckoos, flycatchers, 

honeyeaters, fantails (including the Grey Fantail) and old world warblers (e.g. reed-

warblers and grassbirds) may stop on their long journeys to use the pools as resting places 

and as a source of water (Ambrose pers. com.). Large and small mammals such as 

kangaroos and wallabies, as well as reptiles, also use the pools as drinking spots. In the 

wheatbelt, the pools are utilised by the ten or so species of bat that occur in the area 

(Morris, 2000). Other vertebrates, including many amphibians, rely on these ecosystems to 

a much greater extent, utilising the vernal pools for breeding during the winter. Native 

animals are not the only fauna attracted to these isolated vegetation remnants, but they also 

draw introduced animals such as rabbits, wild goats and stock that have adverse effects on 
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the system, depositing nutrients in their wastes and altering the soils and water quality of 

the vernal pools and surrounds (Morris, 2000; Withers and Edward, 1997).   

 

Threats 

 

The vernal pools of Western Australia occupy a very small proportion of the state, yet 

contain and support many rare and endangered fauna and flora (Hopper et al., 1997).  They 

are vulnerable habitats, yet relatively little is known about their ecology as their species are 

often inconspicuous and easily misidentified. Small plant populations often have raised 

levels of inbreeding depression and a decreased capacity to adapt to severe environmental 

fluctuations (Grillas et al., 2004). Aquatic plants and their habitats are threatened due to 

urbanization, eutrophication, pollution, algal and vascular weeds, climate change, in-filling 

and drainage, dredging and channeling, groundwater abstraction, agriculture 

industrialization, tourism, conversion to permanent water bodies disease, feral animals, 

altered fire regimes and salinization (Grillas et al., 2004; Hay et al., 2000; Withers, 2000).  

 

The biggest threat to claypan vernal pools is land clearing with 83.6 % of the Avon 

wheatbelt and 61.6% of the Swan Coastal Plain having been cleared primarily for 

agriculture (Gibson et al., 2005; Hill et al., 1996). Seasonal wetlands have been impacted 

most severely, with up to 88 % of the total area having been drained, filled or significantly 

altered (Hill et al., 1996). Although accurate figures are not available it is estimated that 

<10 % of the original extant of claypan wetlands remain in the SWAFR (Gibson et al., 

2005). 
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Many gnammas have been altered or destroyed through the utilisation of granite for 

quarrying, as catchments in water conservation, or for tourism and recreation. Gnammas 

have been utilised in semi-arid and arid Australia by Aboriginals, Afghan camelmen and 

early shepards for many years as sources of fresh water (Box et al., 2008). Gnammas would 

often be cleaned out and covered by large slabs of rock to retain water for as long as 

possible throughout the year. Later, following European colonisation many large reservoirs 

were built at the base of granites, often flooding vernal pools and altering the natural water 

courses of the rock, as seen at The Humps and King Rocks near Hyden in WA (Twidale, 

2000). Although only some of these reservoirs are in use today, with the increasing demand 

for water, there is the potential for their utilisation to increase with more being created to 

support the surrounding farmlands and towns (Main, 2000). 

 

Weed invasion of vernal pools is a large and very real threat with gnammas being one of 

the most susceptible areas to weed invasion on granites (Porembski, 2000). Crassula 

natans, for example, originates from South Africa, and is now present in many of the vernal 

pools throughout Australia. Occurring in both claypan and gnamma vernal pools this 

species hampers the abundance of other natives occurring in the same pool resulting in 

competition for space and nutrients. Crassula natans is an annual weed, but unlike most 

native vernal pool species, can inhabit multiple habitats (Porembski, 2000).   

 

The impact of livestock and feral animals on vernal pools is also significant as animals can 

alter an ecosystem if not managed properly. Compaction from livestock alters water 

movement patterns and can lead to an increased rate of nutrient loss and erosion to 

surrounding paddocks (Mawson, 2000). Feral animals and livestock also pose threats to 
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altered nutrient levels to vernal pools through excretion of wastes. If the wastes are 

excreted within a vernal pool catchment, the runoff into the pool can significantly increase 

nutrient levels which will then require a period of extended time to break down and return 

to normal. Pollution and fouling of gnammas is almost instantaneous with both the flora 

and fauna being particularly susceptible (Moncrieff, 2000). Feral animals such as rabbits, 

feral goats, horses and camels can also consume large amounts of water from gnammas and 

can disturb the soil and plants in doing so (Mawson, 2000).   

 

In the early days of land settlement superphosphate bags were washed in local gnammas, 

leading to a huge increase in filamentous algae due to increased nutrient levels. The change 

in the ecosystem was dramatic with local extinction of invertebrates occurring within the 

pools (Main, 2000). Additional nutrients to the systems continue to enter through wind 

borne dust particles of superphosphate from surrounding farmlands. This emphasizes the 

importance of a vegetation buffer surrounding the granite outcrop and to minimize nutrient 

alterations of vernal pools and the granite outcrop on which they occur (Mawson, 2000). 

 

As vernal pools are shallow ecosystems they are very sensitive to sedimentation. 

Sedimentation occurs through natural processes but can become more extensive through 

altered ecosystems (Semeniuk and Semeniuk, 2004). Factors including the rate of runoff, 

the size of the catchment, and the ratio between sedimentation and erosion all influence the 

amount of sedimentation occurring. Infilling of a system can reduce the number of rare 

species and increase those of a higher competitive nature as well as woody species. This 

increase in sediments reduces the stress associated with fluctuating water levels and thus 

more generalist species can invade the area. A subsequent reduction in water levels result 
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and these species will contribute to the drying out of vernal pools (Grillas et al., 2004). As 

soon as a pool begins to lose its alternating regime, the specialist species become under 

even more of a threat and risk becoming extinct (Grillas et al., 2004).  
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Part 2: a review of seed germination, dormancy and seed storage 

behaviour for ex situ conservation. 

 

Temporary wetlands, including vernal pools, are one of the most threatened ecosystems in 

the world today. Imposing threats from climate change, clearing, tourism and other factors 

discussed in part one, highlight that development of effective ex situ conservation methods 

are necessary to act as an insurance policy in the event of loss of species from the wild. In 

order for such policies to be implemented a sound understanding of seed germination, 

dormancy and storage behaviour must be established for vernal pool species. Currently, 

little knowledge exists on these topics and there is an urgent need to undertake the research 

critical to ex-situ conservation. As little in known of the seed biology of aquatic plants in 

the SWAFR this review draws largely upon research from other aquatic species throughout 

the world. 

 

Dormancy 

 

In an ecological context, seed dormancy allows plants to spread their emergence over time 

(successive seasons) and reduce the risk of population extinction given an unfavourable 

season in which plants fail to reproduce (Cohen, 1966). Thus, seed dormancy can limit the 

amount of germination that occurs each year and environmental factors such as 

temperature, light, oxygen and amount of water saturation of the sediment can all influence 

the initiation and breaking of dormancy in aquatic species (Farmer and Spence, 1987; 

Grillas et al., 2004).  
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The definition of seed dormancy has received considerable attention, with many authors 

expressing different opinions on the definition and different interpretations of the existing 

definitions (Bewley, 1997; Finch-Savage and Leubner-Metzger, 2006; Vleeshouwers et al., 

1995). I choose to adopt the definition of dormancy provided in Baskin and Baskin (2004), 

„A dormant seed (or other germination unit) is one that does not have the capacity to 

germinate in a specified time period under any combination of normal physical 

environmental factors (temperature, light/dark etc.) that is otherwise favourable for 

germination, i.e. after the seed becomes non-dormant.‟ If a seed germinates to a high 

percentage at a range of conditions within a specified time period and this range of 

conditions does not increase following dormancy breaking treatments then the seed is non 

dormant. There are five types of dormancy in seeds; physiological (PD), morphological 

(MD), morphopysiological (MPD), physical (PY) and combinational (PY+PD) (Baskin and 

Baskin, 1998).  

1. Physiological dormancy is caused by a mechanical restriction to growth of 

surrounding structures (e.g. endosperm, testa). Treatments such as warm 

stratification, cold stratification or a period of after-ripening are required before a 

seed can germinate.  

2. Morphological dormancy occurs in seeds that contain an embryo, which is either 

undifferentiated, or differentiated and small. Undifferentiated embryos must 

differentiate and grow inside the seed before germination is possible. Differentiated, 

small but underdeveloped embryos must grow to a specific length before radicle 

emergence.  
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3. Seeds with MPD have a combination of PD and MD and require specific cues to 

overcome PD and induce embryo growth before a seed can germinate. 

4. Seeds with PY have a seed coat or fruit coat that is impermeable to water. Seeds 

must be made permeable (through scarification, hot water treatment, exposure to hot 

temperatures or alternatively, appropriate conditioning in the soil such as repeated 

wetting/drying cycles) before germination can occur.  

5. Seeds which demonstrate PY+PD have a combination of physical dormancy, with 

an impermeable seed or fruit coat, and a physiologically dormant embryo. 

 

 Of the five classes of dormancy recognised by Baskin and Baskin (2004), PD is the most 

common type identified in aquatic plants. However, other forms of seed dormancy have 

also been observed in aquatic species including MD, MPD and PY; alternatively, seeds 

may be non-dormant (Baskin and Baskin, 1998; Francko, 1986; Handley and Davy, 2005; 

Schütz et al., 2002; Walck and Hidayati, 2004). A summary of dormancy types occurring in 

aquatic species is provided in a comprehensive review provided by Baskin and Baskin 

(1998). Of  the 195 species identified to have seeds with PD or MPD (Baskin and Baskin, 

1998), 81 % responded to cold stratification, where as only 18 % responded to warm 

stratification or dry storage and 1 % had undetermined germination requirements (Baskin 

and Baskin, 1998). Germination studies of Lobelia dortmanna found that once seeds had 

been exposed to 1-2 months of cold stratification (or treated with gibberellic acid) they 

would germinate over a range of temperatures (15-25 °C) although germination below 20 

°C was low (Farmer and Spence, 1987). In Najas marina no germination was seen 

following immediate dispersal but cracking of the seed coat or immersion in cold water 

increased the percentage and the rate of germination (Agami and Waisel, 1984; van 
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Vierssen, 1982). Seeds of species from temporary wetlands presumably enter a state of 

dormancy (typically physiological) during the dry so germination doesn‟t occur during 

infrequent summer downpours (Deil and Freiburg, 2005).  

 

Germination 

 

Vernal pool plants of Western Australia are largely annuals and complete the majority of 

their life-cycle as aquatics. Aquatic-plant seed germination requirements are complex with 

a range of variables influencing the timing, rate and success of plant establishment. Some 

of the factors shown to have a significant impact on seed germination include temperature 

(Schütz, 1997), light (Galinato and Van der Valk, 1986), light wavelength (Gopal and 

Sharma, 1983), germination stimulant (Farmer and Spence, 1987), water depth (Baskin et 

al., 2000), oxygen availability (Keeley, 1988) and salinity (Glenn et al., 1995).  The seed 

response to each of these environmental variables controls the time of germination and 

restricts germination to periods when seedling establishment is likely, a necessity for 

species that have evolved to persist in an often unpredictable environment (Baskin and 

Baskin, 1998; Cronk and Fennessy, 2001). Depending on the distribution, some Western 

Australian vernal pool species must be able to tolerate periods of inundation, potential 

anoxia, near freezing night-time temperatures in the winter months, extended drought and 

temperatures in excess of 50 °C during summer. For vernal pool species in the SWAFR, the 

environmental conditions that seeds require to germinate are unknown. This knowledge is 

not only necessary for effective ex situ conservation, but also is an important component in 

understanding the ecology of a species and the role of germination biology in species 
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distribution and/or rarity. Below I examine the role of key environmental variables known 

to influence seed germination of aquatic species.  

 

Temperature 

Data on the seed germination biology of Western Australian aquatic species is scarce, if not 

completely absent, from the literature. However, non-dormant seeds germinate at 

temperatures that correspond to periods when chances of successful seedling establishment 

are highest. For aquatic species, germination and seedling establishment depends on life-

form (i.e. submerged, floating, or emergent), position within a pool, annual variation in 

environmental conditions, and release from seed dormancy (Baskin and Baskin, 1998; 

Bauder, 2005; Bliss and Zedler, 1998; Bliss et al., 1998; Galinato and Van der Valk, 1986; 

Pyke, 2005).  Temperatures favourable for germination in aquatic species range from 15-40 

°C, with the average favourable temperature being 24 °C, and few species being capable of 

germination once temperatures drop below 15 °C (Baskin and Baskin, 1998; Smits et al., 

1990). However, these average temperatures are heavily biased towards emergent species 

and little data are available for submerged and floating species. Aquatic species tend to be 

very sensitive to environmental conditions due to their small size and subsequently will 

only germinate over a narrow temperature range and provided appropriate hydrological 

regimes are present (Casanova and Brock, 2000; Grillas et al., 2004; Leck, 1996).  

 

Light 

A light requirement, or preference, for germination is common in aquatic plants, with 50 % 

of species requiring light for germination and 39 % germinating to higher percentages in 

the light than in the dark. Only 7 % of species germinate to an equal percentage in the light 
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and dark and only 4% demonstrate a preference for germination in the dark (Baskin and 

Baskin, 1998). Following dormancy breaking treatments, such as after-ripening and 

stratification, some species germinate at higher percentages under darkness potentially 

allowing some seeds to germinate if covered with sediment (Baskin and Baskin, 1998).  

 

Light interacts with temperature to control germination of some species (Baskin and 

Baskin, 1998). Sometimes germination percentages at favourable temperatures are similar 

in both the light and darkness but as temperatures become less optimal, a light response 

becomes evident (Galinato and Van der Valk, 1986; van Vierssen, 1982). For example, 

stratified seeds of Chenopodium rubrum germinate to similar percentages in both the light 

and in the dark when incubated at alternating temperature regimes of 5/15 and 10/20 °C  

but when seeds are incubated at 15/25 °C germination in the light is higher than in the dark 

and this difference increases at 20/30 °C (Galinato and Van der Valk, 1986). The opposite 

reaction has been observed in seeds of Najas marina, which were shown to germinate to 

similar levels in light and darkness at 24 °C but at 20 °C, germination was higher in the 

dark than in light and, at 16 °C and 12 °C, seeds germinated in darkness but not at all in the 

light (van Vierssen, 1982). These results suggest that this interaction may allow seeds to 

germinate in darkness at some times of the year but not at others. 

 

Germination stimulants 

Germination experiments on seeds of aquatic species often don‟t encompass the use of 

germination stimulants such as gibberellic acid (plant growth regulator) or karrikinolide. 

Karrikinolide is the active compound in smoke that is often used in conjunction with 

dormancy breaking treatments. While, karrikinolide is found to naturally occur within the 
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soil, gibberellic acid is not. Rather, it is a plant growth regulator that can be used to 

overcome or bypass seed dormancy (Atwell et al., 2001; Baskin and Baskin, 1998). 

Gibberellic acid was shown to overcome dormancy and stimulate germination in seeds of 

Lobelia dortmanna (Farmer and Spence, 1987), Zizania aquatica (Cardwell et al., 1978), Z. 

palustris (Oelke and Albrecht, 1980) and Sagittaria graminea (Chabreck et al., 1983). 

Gibberellic acid has also been shown to increase germination for many Western Australian 

terrestrial species (Commander et al., 2009; Merritt et al., 2007; Plummer and Bell, 1995) 

and can not only increase maximum germination but also stimulate light requiring seeds to 

germinate in the dark (Plummer and Bell, 1995).  

 

Karrikinolide, a compound found in smoke that can stimulate germination (Flematti et al., 

2004; Merritt et al., 2006; Nelson et al., 2009) is effective on a broad range of species from 

both fire-prone and non-fire prone ecosystems (Chiwocha et al., 2009; Dixon et al., 2009). 

For example seed germination of Solanum orbiculatum (bush tomato) from semi-arid 

regions of Australia increased ca. 90 % when seeds were treated with 0.67 µm 

Karrikinolide and incubated at 13/26 °C (Commander et al., 2009). Smoke water has been 

reported to increase germination in species from wetlands (Chiwocha et al., 2009) but the 

application of Karrikinolide has never been tested on aquatic species.  

 

Seed Storage 

 

To ensure maintenance of biodiversity of vernal pools, the primary concern should be to 

conserve these ecosystems in their natural state. However, this is not always a sufficient 

means to conserve species due to the degradation of the pool or to the level of species 
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rarity. Ex situ conservation programs could assist in providing an insurance policy for 

natural populations in the event of loss from the wild. Thus developing effective long-term, 

off-site seed bank approaches is important for ensuring conservation of vernal pool species, 

particularly those that are rare and/or endemic. However, information of seed storage 

behaviour is only available for about 3% of higher plants (Hong and Ellis, 1996) with 

nothing known of the storage behaviour of SWAFR vernal pool species  

 

Seed storage behaviour 

Ex situ conservation through storage of seeds in facilities such as seed banks allows large 

numbers of viable seeds to be stored for extended periods (Hong and Ellis, 1996; Walters et 

al., 2004). It is an effective and economically viable option to conserve genetic diversity of 

plant populations (Hong and Ellis, 1996). However, effective, long-term storage depends 

upon an understanding of seed desiccation tolerance and the ability of seeds to survive 

exposure to sub-zero temperature. Using this approach, seeds can be classified into one of 

three types: orthodox, intermediate or recalcitrant. While orthodox seeds tolerate drying to 

3-7 % MC (ca. 15-20 % eRH) and storage at -20 °C, recalcitrant seeds lose viability upon 

drying. Intermediate seeds tolerate the removal of water to a moisture content equivalent to 

20-50 % RH, but do not tolerate storage below 0 °C (Ellis et al., 1990; Liu et al., 2008; 

Pritchard, 2004; Roberts, 1973). Even though seeds can be assigned to one of these three 

categories, seed storage behaviour in reality is continuum between recalcitrance and 

orthodox behaviour, with species seeds falling anywhere along the gradient. The seed 

storage behaviour of species occurring from SWAFR vernal pools has not been reported.  
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There are a number of variables that affect a seed‟s ability to be stored at low temperatures. 

High seed moisture contents result in lethal ice formation upon exposure to sub-zero 

temperatures (Vertucci, 1989b) where alternatively, the combination of low seed moisture 

contents and low storage temperatures can result in reduced germination, a process known 

as over-drying (Crane et al., 2006; Crane et al., 2003; Vertucci, 1989a). As relative 

humidity increases, seeds increase in moisture content following a sigmoidal curve. In 

orthodox seeds the inflection points of this curve are typically at ca. 15-20 and 85 % 

equilibrium RH (Walters, 2004). Understanding the interactions and behaviour of water and 

non-water components in seeds is critical to the development of effective seed conservation 

methods. Seed storage behaviour can be linked to habitat type with higher proportions of 

seeds from wet tropical areas having recalcitrant seeds and those from dry environments 

have greater proportions of orthodox seeds. It was originally predicted that those species 

occurring in aquatics environments would have a high percentage of species with 

recalcitrant seeds as many species flower/ produce fruit underwater and seeds are never 

exposed to air drying. However, studies by Hay et al. (2000) have indicated that orthodox 

seed storage is more common in aquatics than was initially expected. Out of 87 aquatic 

species, only six were classified as recalcitrant (7 %), three had intermediate storage (3 %), 

13 were unclassified (15 %) and 65 (75 %) had orthodox seeds. Some general taxonomic 

relationships were found between species and storage types, however there are also 

examples of very closely related species such as Nymphaea alba and Nymphaea gigantean 

having completely different storage types (Ewart, 1908; Harrington, 1972). 
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Seed longevity 

Seed longevity (in facilities such as seed banks) for SWAFR aquatics has not been tested 

and is an important component in establishing long-term conservation-based management 

strategies for these species. Comparative longevity using rapid aging techniques is a 

method that can be used to assign a measure to seeds that allows species to be ranked and 

compared, according to their longevity when stored under seed banking facilities (Davies 

and Probert, 2004). While the method itself does not determine the precise duration in 

which seeds can be stored in seed banking conditions, it does allow a comparison across 

species and allows seeds longevity to be categorized (Davies and Probert, 2004). Using this 

method seeds are put in a high temperature, high humidity environment and tested for 

viability over a set time course. Seeds are then ranked by the time it takes for 50% of the 

seeds to lose viability (p50) or by sigma (σ), the time it takes viability to drop by one probit 

(see Davies and Probert 2004). Recent surveying of 195 wild species demonstrated that 

using this method of comparative aging, seeds p50 values ranges from 0.1 to 771 days. The 

major correlations identified from the study was that species from hot dry, environments 

were longer lived than those from cooler wet environments and that endospermic seeds 

were generally shorter lived (Probert et al., 2009).  

 

Standard seed banking protocols recommend that orthodox seeds should be dried at 3-7 % 

MC and then stored at -18 °C (FAO/IPGRI, 1994). However, longevity of seeds can be 

extended further if seeds are stored in cryopreservation (Walters et al., 2004).  New 

evidence is arising to suggest that storage of some seeds under standard seed banking 

conditions (-18 °C, 15 % RH) are losing viability faster than predicted (Li and Pritchard, 

2009; Probert et al., 2009; Walters et al., 2005). Thus, storage of seeds in cryopreservation 
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to act as a further back-up is being suggested with a call for more cryopreservation research 

(Li and Pritchard, 2009).  

 

Rational and outline of thesis 

 

Vernal pools in the SWAFR are unique ecosystems that have received relatively little 

attention in the past, particularly in regards to the biology of the flora. Many of the species 

occurring in these ecosystems are endemic and/or threatened. Further, vernal pools are the 

primary habitat for the evolutionary significant group, the Hydatellaceae, which since 

undergoing taxonomic realignment is now of international importance. Both claypan and 

gnamma vernal pools are susceptible to a number of localized and global threats. Without a 

basic understanding of ecosystem function, pool morphology, accurate species distributions 

and environmental conditions experienced by the pools it is impossible to implement 

effective conservation and management strategies. Further, virtually nothing is known of 

the biology of vernal pool species. Without some understanding of seed germination, 

dormancy and storage behaviour ex situ conservation strategies may fail. This study 

addresses two major aspects for the conservation of vernal pools in the SWAFR; 

biogeography of vernal pools across the SWAFR and seed biology of representative vernal 

pool species for ex situ conservation. The thesis is divided up into four experimental 

chapters outlined below followed by a synthesis of the major findings: 

 

Chapter 2: investigates the biogeography of gnammas (not claypans, as these have been 

investigated separately by Gibson et al (2005)) in the SWAFR to determine if relationships 
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between species richness of pools are correlated with environmental parameters and if there 

are mini-hotspots of gnamma species richness.  

 

Chapter 3: examines the seed germination, dormancy and storage behaviour of nine 

indigenous vernal pool species for ex situ conservation. 

 

Chapter 4: is focused on the basal angiosperm group, Hydatellaceae, to investigate the seed 

biology of this group and reports a new specialised form of morphological dormancy upon 

which the process of germination has not been recorded in any other extant angiosperm. 

Evolutionary hypotheses regarding embryo types and desiccation tolerance are discussed. 

 

Chapter 5: examines the seed longevity of six vernal pool species, including two members 

of the Hydatellaceae, and investigates cryopreservation as another option to conserve 

species long-term.  

 

Chapter 6: discusses how the seed biology of species contributes to species distributions in 

situ, providing a synthesis of the data presented and how this contributes to establishing 

integrated conservation strategies for vernal pools in the SWAFR.   
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CHAPTER 2: 

Biogeography of gnamma flora in the Southwest Australian 

Floristic Region. 

 

Abstract 

 

To understand the drivers of species richness of rock pools (gnammas) in the Southwest 

Australian Floristic Region (SWAFR) and determine if gnammas show similar 

biogeographical patterns to claypans and the terrestrial flora of the region in general, 186 

granite inselbergs were surveyed and gnamma species distributions were mapped. Further, 

measurements on pool morphology, nutrient availability, and temperature profiles were 

recorded for a subset of the data to test for potential correlations with species richness. 

Gnammas of the SWAFR have some of the highest levels of plant species endemism 

recorded for any ecosystem in Western Australia (32.2 %). Six species are recognised to 

have a narrow distribution with few populations and should be targeted for conservation. 

Gnammas of high species richness were scattered throughout the region and unlike other 

flora in south-western Australia, gnamma flora was not correlated with any of the 

environmental or pool morphometric parameters measured. Pool morphology (particularly 

type and depth) had a significant effect on temperature profiles, although the majority of 

pools are shallow and experience large diurnal fluctuations. These results suggest that 

species richness of gnammas is not driven by the same biogeographical parameters found to 

be correlated with richness in the SWAFR terrestrial flora, specialist groups such as the 

Orchidaceae, or other forms of temporary wetland such as claypans. The lack of 
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correlations and absence of shared genera between gnammas and the flora from 

surrounding ecosystems suggest that the origins of species in these systems are likely to be 

via long distance dispersal.  

 

Introduction 

 

Western Australia‟s granite outcrops are biodiverse ecosystems scattered throughout the 

southern half of the state with many endemic and rare species of ecological and 

conservation significance (Hopper et al., 1997). Situated on the granite outcrops are 

gnammas, a type of temporary wetland, forming islands upon islands of granite in the 

landscape. Gnammas are one of two forms of vernal pool in the Southwest Australian 

Floristic Region (SWAFR) (Hopper and Gioia, 2004), the other being claypans (Gibson et 

al., 2005; Grillas et al., 2004; Keeley and Zedler, 1998). Vernal pools are defined as 

„precipitation-filled seasonal wetlands, with a duripan impermeable to water table rise, 

inundated during periods when temperature is sufficient for plant growth, followed by a 

brief water-logged terrestrial stage and culminating in extreme desiccating soil conditions 

of extended duration‟ (modified from Keeley and Zedler, 1998, Grillas et al. 2004). The 

only defining difference between claypans and gnammas is the substrates on which they 

occur; claypans have an impermeable layer of clay forming the base of the pool, whereas 

gnammas occur on rock, most commonly, granite (Gibson et al., 2005; Twidale and Corbin, 

1963). Surveys of the species occurring in claypans in the SWAFR has revealed six distinct 

communities and a higher species richness than the vernal pool flora of California (Gibson 

et al., 2005). While gnammas may have been utilised by indigenous Australians as a water 

source since their arrival around 45 000 years ago (Turney et al., 2001) and the unique 
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gnamma flora has fascinated botanists and naturalists since early European settlement 

(Twidale and Bourne, 1978; Twidale and Corbin, 1963), there has not been a specific 

survey of SWAFR gnamma flora, or investigations into the relationships the flora has with 

pool types or any other environmental parameters.  

 

The majority of granite outcrops in the SWAFR occur on the extensive Yilgarn Craton 

formed 2600-2700 million years ago (Ma), however some granites in the southern regions 

were formed 1000-1300 Ma, or even as recently as 500-800 Ma (Fig. 1) (Myers, 1997; 

Withers, 2000). Five major morphological types of gnammas are recognised: pan, pit, 

armchair, canoe, and cylindrical hollow (Fig. 2; Campbell 1997). Gnammas are initiated at 

the weathering front as shallow saucer shaped pans on  recently exposed granite platforms 

(Campbell, 1997). They often form on fractures or fracture intersections. The size and 

shape of the pools are then determined by the structure of the granite and the slope and 

depth of erosion. Granite is low in nutrients and thus gnammas are thought to be systems of 

very low productivity (Bayly, 1999). 

 

Figure 1. Map of underlying granite rock of the SWAFR separated into regions of granite 

age (modified from Myers 1997).  
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Figure 2. Diagram of gnamma type formations in SWAFR. Form of gnamma depends on 

weathering process, position on a granite rock, time since geological exposure and granite 

morphology (modified from Campbell 1997, Withers 2000). 

 

Recent theory identifies that the ecology, evolutionary and conservation biology on old 

climatically buffered infertile landscapes (OCBILs) may operate differently to young often 

disturbed fertile landscapes (YODFLs) where much of the conventional theory has been 



60 

 

developed (Hopper, 2009). South-western Australia is one of the few examples of OCBILs 

and sedentary species occurring on OCBILs will often have elevated persistence of 

lineages, long-lived individuals, high numbers of localized rare endemics and strongly 

differentiated population systems (Hopper, 2009).  Granite outcrops within South-western 

Australia are some of the oldest undisturbed ecosystems available. They provide excellent 

examples to test OCBIL theory and the characteristics that we expect to see from these 

species. 

  

The gnammas of Western Australia are spatially limited and often lack connectivity, yet 

they contain and support many specialist flora and fauna, some of which are rare and 

threatened (Hopper et al., 1997).The most diverse outcrops in Western Australia occur in 

the SWAFR (Hopper et al., 1997) and thus gnammas within this region may also support 

the highest species richness. Floristic surveys of the granite outcrops in the SWAFR have 

recognized the flora occurring in gnammas, however they have not been the subject of a 

large scale systematic survey in Western Australia. One of the only scientifically published 

surveys that include the flora of gnammas in Western Australia occurred within a review of 

the flora of granite outcrops in 1997. Here, gnammas are recorded to contain species of 

Isoëtes, Myriophyllum, Glossostigma and the introduced Crassula natans (Hopper et al., 

1997). The levels of endemism for gnamma species is thought to be high if patterns follow 

typical granite outcrop trends where 16 % of orchid and 24 % of Eucalyptus species are 

endemic (Hopper et al., 1997). Gnamma species such as Myriophyllum petreaum and M. 

lapidicola have also been highlighted to have levels of rarity with highly disjunct 

populations and geographically restricted ranges (Hopper et al., 1997).  As yet, the factors 

driving rarity and whether or not the variation in pool morphology or environmental 

conditions is correlated with species presence/ absence are unknown.  
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Species that are classified as being rare include those whose distribution is 1) wide-spread 

but population sizes are small; 2) clumped or narrow yet populations are represented by 

many individuals; 3) clumped and individual abundance is low (Fiedler, 1986). Rarity is 

further confounded by species persistence through time (Fiedler and Ahouse, 1992). 

However, the phylogenetics, systematics and molecular clock dating of Australia gnamma 

species is largely lacking, restricting interpretation of this aspect of rarity (Fiedler and 

Ahouse, 1992).  

 

This paper provides the first detailed account of gnamma macrophytes for the SWAFR and 

investigates the relationships between floral diversity, species distributions, rarity, and 

environmental parameters. The following hypotheses were postulated based on species 

richness arising from field observations:  

 

1. Nutrient content of the soil and water in gnammas will be low. 

2. Gnammas with high species richness will aggregate as sites of high species richness 

(„hotspots‟). 

3. Gnammas with high species richness will be located in the high rainfall zones. 

4. Gnamma richness will be higher in larger pools. 

5. Rare and threatened species will be restricted to pool types with particular pool 

physical and chemical characteristics. 

6. Plant community structure will vary in gnammas according to geographical regions. 

 

 



62 

 

Methods 

 

Abiotic properties of gnammas 

Site selection 

Forty granite inselbergs (sites) in the SWAFR, south of 30 ° latitude and west of 124 ° 

longitude, were surveyed between 2006 and 2008 (Fig. 3a). Sites were scattered across the 

region, but largely fell along an annual rainfall gradient receiving 315 mm in the north to 

800 mm in the south. A temperature gradient also occurs across the region, with those sites 

in the north averaging an annual mean maximum of 26 °C, cooling southwards where sites 

average 20 °C (Bureau of Meteorology, 2009). At each site species presence/ absence was 

recorded and herbarium vouchers collected. In addition to species presence, measurements 

on pool morphology (length, width, maximum water depth, maximum soil depth, herb-field 

association) and environmental conditions (location, pool position on an outcrop, annual 

rainfall, and mean, maximum and minimum temperatures) were also recorded for at least 

three gnammas per outcrop (where possible). Climatic data for each pool was provided by 

reference to the nearest meteorological station (Bureau of Meteorology, 2009). For each 

gnamma, location was recorded with a GPS (GPSMAP® 60CSx, KS, USA; GDA 94).  
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a)                                                               b)                                                                  

 

Figure 3. Sites surveyed in SWAFR. a) Sites surveyed by R. Tuckett 2006-2008. Species 

presence/absence data was recorded in addition to a range of pool morphometrics and 

environmental conditions. b) Sites surveyed for species presence/absence by S. Hopper 

1987-2008. 

 

Regions of high gnamma density 

At each of the 40 sites, the number of pools occurring on the granite outcrop was 

determined. To identify the geographical regions that had the highest number of gnammas 

per rock, sites were broken up into northern, central and southern regions at 2 ° intervals of 

latitude/ longitude. Northern sites occurred between 28-30 °S, central sites between 30-32 

°S, and southern sites between 32-34 °S. Similarly, sites were also broken up into western, 

west-central, east-central and eastern sites. Here western sites occurred between 116-118 

°E, west-central sites occurred between 118-120 °E, east-central sites were located between 

120-122 °E and eastern sites 122-124 °E. Mean numbers of pools per rock ± 1 SE were 

calculated for each region and plotted on a bar graph.  
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Gnamma morphology 

Each gnamma surveyed for species presence/ absence between 2006-2008 was assigned a 

pool type (armchair, pan, pit, canoe or cylindrical hollow; Fig. 2) and pool morphological 

measurements were taken. These included maximum pool length and maximum pool width 

(occurring format a tangent to the line of maximum pool length). Pool depth was recorded 

at 10 cm intervals along both the length and width of the pool. Three measurements of soil 

depth were recorded for each pool at locations where it appeared to be deepest.  

 

Soil and water properties 

Where possible three pools from five granite outcrops were also analysed for soil and water 

nutrient content; five claypans in the SWAFR were also sampled for comparison. The five 

rocks were selected on a north-south gradient and included Echo Valley Road (30° 54′ 

12.99″ S 118° 33′ 22.79″ E), King Rocks (32° 19′ 04.40″ S 119° 09′ 05.70″ E), Mt Madden 

(33° 19′ 18.80″ S 119° 50′ 45.80″ E), Carlawillup Rocks (34° 00′ 53.40″ S 118° 59′ 22.60″ 

E) and Little Mt Arid (33° 59′ 00.40″ S 123° 12′ 59.60″ E).  These sites fall along an 

increasing rainfall gradient, receiving 317, 344, 387, 426 and 622 mm at Echo Valley Road, 

Mt Madden, Carlawillup Rocks, Mt Madden and Little Mt Arid, respectively (Fig. 8). They 

also have decreasing mean temperatures with the annual mean maximums of sites being 25, 

24, 23, 22, and 22 °C, respectively. 

 

A bulked soil sample was collected from each study pool as was a sample of water for 

pools visited in 2007 and 2008. Samples were stored in sealed plastic jars and transported 

to Kings Park and Botanic Garden (KPBG) where soil samples were dried and then sifted 

through 2 mm mesh. All analyses were processed at Cumming Smith British Petroleum 
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(CSBP), Kwinana, Western Australia. Soil samples were tested for texture, gravel, colour, 

total values of nitrogen, ammonium, phosphorus, potassium, sulfur, organic carbon, 

conductivity and pH. One soil sample from each location was also analysed for particle 

size. Water samples were analysed for conductivity, pH, chlorine, boron, iron, manganese, 

zinc, copper, magnesium, calcium, sodium, potassium, sulfur, nitrate and ammonical 

nitrogen. Values were averaged over the two years of sampling and significant differences 

between sites were tested using ANOVA in GenStat 10
th

 edition (VSN International Ltd., 

UK). 

 

Temperature 

In addition, at each of the five sites where nutrient content was analysed, a remote data 

logger (Tiny Tag TM) with an external temperature probe was used to record gnamma 

temperature (with the exception of Echo Valley Road where two data loggers were placed 

to compare temperature regimes of pools with different morphology). Temperature was 

recorded every 20 min from 1 May 2008- 1 May 2009. Each data logger was sealed in a 

weather-tight „Zippy‟ electrical box (63 H × 113 W × 197.4 D mm) with the probe 

protruding through a hole in the side of the box. Boxes were weighted with gravel to ensure 

they remained on the base of the pool throughout the inundation period, with the probe 

positioned at the soil surface. Daily mean, maximum, and minimum temperatures were 

calculated for each day. Daily rainfall data were obtained from the nearest Bureau of 

Meteorology (BOM) station. 
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 Flora of gnammas in south-western Australia 

Species records. 

Further to the species/ absence data recorded by R. Tuckett, data obtained by S. Hopper 

during field surveys over 21 years (1987 to 2008) were collated (Fig. 3b). These surveys 

recorded species presence/ absence in gnammas with notes provided where no gnammas 

were found on an inselberg, or where there were gnammas but no macrophytic aquatic 

flora. These records include 186 granite outcrops located in south-western Australia. Plant 

species were only recorded if > 90 % of the immediate population was growing in the pool 

with species growing in herb-fields adjacent to pools excluded. The region included 

gnammas south of 27 °S and west of 124 °E. At each location voucher specimens were 

collected, assigned a collection number, and later identified. Up until 1997, some 

taxonomic misidentifications may have occurred due to inexperience of the collector and 

thus some margin of error in richness mapping may be evident.  

 

Species richness, life forms, life histories and rarity. 

To identify geographical regions of high gnamma species richness, species presence/ 

absence from the 1987-2008 survey was totalled for each inselberg and mapped on a half 

degree grid for the 186 sites. If more than one inselberg occurred within the half degree 

grid then species richness lists were pooled. No standardization for collector effort was 

attempted (relative effort could not be quantified).  

 

Species life form was recorded, following the aquatic plant classification system of 

emergent, submerged, attached and floating, or free floating (Cronk and Fennessy, 2001). 

Some species were observed to grow as submerged and emergent plants and in this case, 
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species were scored as both. Species life history (annual herb, perennial grass, perennial 

geophyte) was also recorded as well as species being further classified as endemic to south-

western Australia, endemic to gnammas of the SWAFR or not endemic (National 

Herbarium of New South Wales, 1999 – 2009; Western Australian Herbarium, 1998-).   

 

A modified version of the Fiedler and Ahouse (1992) classification was used to describe 

species rarity: species were described as having a „narrow‟ distribution if the area of its 

geographic distribution was < 10 000 km
2
 or „wide‟ distribution if its distribution was > 10 

000 km
2
. These values, although somewhat arbitrary, are appropriate for south-western 

Australia, with species of a narrow distribution, occupying < 20 % of the survey region. 

However, it is important to note that the actual area that the species grows is only a fraction 

of the geographical distribution, as gnammas are islands upon islands of granite scattered 

throughout the landscape. One limitation to the classification was that many species are 

only recorded from few locations, but may be geographically wide spread. Thus, we add an 

additional category; if species are recorded for less than 15 locations (from our surveys in 

combination with information from FloraBase (Western Australian Herbarium, 1998-)) 

they were assigned to have „few‟ records, and if recorded at more than 15 locations were 

assigned „many‟. „Few‟ locations was considered to be an aspect of rarity. Again, these 

values are arbitrary but seemed appropriate for the data and allowed species to be 

categorised. Abundance of species was not quantified as many species are intensively 

clonal, with individual plants unable to be distinguished without major disturbance to these 

fragile ecosystems. 
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Species richness regressions  

To investigate correlations of species richness in gnammas, the number of species 

occurring within gnammas was plotted against the recorded abiotic factors and 

relationships investigated using linear regression analysis in GenStat 10
th

 edition (VSN 

International Ltd., UK). Significance was tested using Pearson‟s test and was determined to 

be significant if P≤0.05. 

 

Percentage of granites with gnamma flora 

Sites and species presences from combined field surveys of S. Hopper and R. Tuckett were 

plotted using OziExplorer 3.95.4 (D & L Software Pty Ltd, Australia) on a calibrated map 

of granite geological age from Campbell (1997). Sites were identified to either have 

gnammas on them, or not. If sites had gnammas recorded then they were classified to have 

flora occurring within them or not. This data was then divided into granite geological age 

and percentage of granites with gnamma flora occurring on them calculated. 

  

Analysis of vegetation patterns 

Species community analysis was carried out using PC-ORD 5.10 (MjM Software, USA) to 

perform Principal Components Analysis (PCA) on species presence/ absence data for all 

sites / surveys. As some of the data collected by S. Hopper until 1997 may have been 

misidentified, species presence/absence from 1987-1996 was excluded for this analysis. A 

2D ordination was plotted to demonstrate similarities between community compositions of 

sites. Euclidian distance was used as the measure for the data matrix.  
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For the five intensively surveyed inselbergs (from 2006-2008) where data on nutrient 

content was also collected, a separate PCA analysis was completed. This data was plotted 

on a two-way cluster dendrogram to demonstrate similarities between community 

composition between pools within and among sites. Euclidian distance was used as the 

measure for the data matrix.  

 

Results 

 

Abiotic properties of gnammas  

Regions of high gnamma density 

Granite outcrops surveyed in the northern (28-30 °S) and central sites (30-32 °S) contained 

the greatest number of gnammas, with a mean of 37 and 28 gnammas per rock respectively. 

However, the mean number of gnammas per rock in the northern sites was heavily skewed 

(Fig. 4) by Yanneymooning Hill, where approximately 140 gnammas were recorded. Along 

the East-West gradient, sites in the west-central (118-120 °E) and east-central regions (120-

122 °E) were identified to have the highest number of gnammas, with 39 and 28 gnammas 

per rock respectively (Fig. 4). Thus the granite outcrops of the northern central regions have 

highest number of pools per rock. 
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 Figure 4. Mean number of pools occurring on each granite outcrop surveyed by R. Tuckett 

(40 inselbergs). a) sites divided by 2 ° increments in latitude b) sites divided by 2 ° 

increments in longitude. Error bars represent ± 1 SE from the mean. 

 

Gnamma morphology 

Of all the pools measured for morphology (40 granite inselbergs), only 2 were armchair and 

8 were pit gnammas. All other pools (87) were pan gnammas (Table 1). No cylindrical 

hollow or canoe gnammas were measured. Armchair gnammas were the smallest, 

averaging 232 L × 93 W cm, followed by the pan and pit gnammas. Pan gnammas were the 

shallowest with a mean maximum water depth of 10 cm; pit and armchair gnammas had 

mean maximum water depths of 31 and 40 cm, respectively (Table 1).  Soil depth was also 

shallowest in the pan gnammas averaging 3 cm, followed by the armchair gnamma (5 cm) 

and pit gnammas (9.5 cm), although two pit gnammas had 16 and 18 cm of soil. Images of 

gnamma types are provided in Appendix 1. 
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Table 1. Properties of gnamma types recorded by R. Tuckett. Numbers of pools surveyed 

in the SWAFR, pool sizes (at water surface) and water and soil depths (mean ± 1 SE) are 

presented. 

 

Number of 

pools 

Length (cm) Width (cm) 

Mean Max Water Depth 

(cm) 

Mean Max 

Soil Depth 

(cm) 

Armchair 2 232 ± 48.0 93 ± 16.5 40 ± 10.5 5 ± 5.5 

Pit 8 727 ± 119.0 326 ± 32.2 31 ± 7.8 9.5 ± 1.7 

Pan 87 682 ± 57.5 401 ± 28.6 10 ± 0.7 3 ± 0.4 

 

Soil and water properties 

Soil and water sampling of gnammas throughout the region demonstrated considerable 

within and between site variation (Figs. 5,6). These variations were not correlated with the 

rainfall or temperature gradients and appear to be pool specific. Statistical tests showed that 

nutrients levels were not significantly different between sites (following Bonferoni 

correction). The range of values for pH averaged between 5.9 ± 0.05 (King Rocks) and 7.5 

± 0.60 (Carlawillup Rocks) and conductivity was less than ≤ 1.5 dS/m at all but one 

gnamma. The gnamma that had greater than 1.5 dS/m was at Carlawillup Rocks where 

salinity was found to be 2.59 dS/m. Soil samples analysed for particle size showed that pan 

gnammas from the northern sites had a higher percentages of clay and silt than the southern 

sites which subsequently had higher percentages of coarse sand (Fig 7). 
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Fig 5. Water chemistry of gnammas from five granite inselbergs across an environmental 

gradient in the SWAFR. Sites are arranged left to right from north to south, along an 

increasing rainfall and decreasing temperature gradient. Samples from claypans are also 

included for comparisons and are coloured black. Three gnammas from each inselberg were 

sampled in 2007 and 2008, and data averaged. Means are presented + 1 SE. 
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Fig 6. Soil chemistry of gnammas from five granite inselbergs across an environmental 

gradient in the SWAFR. Sites are arranged from north to south, along an increasing rainfall 

and decreasing temperature gradient. Samples from claypans are also included for 

comparisons, and are coloured black. Three gnammas from each inselberg were sampled in 

2007 and 2008, and data averaged. Means are presented ± 1 SE. 
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Figure 7.  Soil particle size for five gnamma sites, across an environmental gradient in 

SWAFR. Sites are arranged from north to south, along an increasing rainfall and decreasing 

temperature gradient. One sample was collected per rock and particle size was averaged 

over two collections in 2007 and 2008. Note Echo Valley Road is an armchair gnamma and 

all others are pan gnammas. Coarse Sand = 200 - 2000µm, Fine Sand = 20 - 200 µm, Silt = 

> 2 - < 20 µm, Clay = < 2 µm. 

 

Temperature 

Temperature profiling of gnammas on a north-south gradient demonstrated that mean 

temperatures decreased towards the south as did the mean diurnal temperature range (Fig. 

8). The armchair gnamma profiled (at Echo Valley Road) had a considerably different 

temperature regime to the pan gnamma monitored < 50 m away and the other pan 

gnammas. The armchair gnamma had large periods when diurnal temperature ranges were 

narrow (annual diurnal mean of 7.5 °C). In contrast, the nearby pan gnamma had much 
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greater fluctuations throughout the recording period (annual diurnal mean of 20.4 °C). The 

highest temperature recorded in any of the pools was also in the armchair gnamma (68.4 

°C) but all gnammas reached a maximum of 57.7 °C or higher. Coldest temperatures were 

at recorded at the most southern site, Mt Arid (2.9 °C), and the highest minimum was in the 

armchair gnamma where temperatures did not drop below 8.9 °C all year.  
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Figure 8. Temperature profiles of six gnammas and daily rainfall over a twelve month period from 2008-2009. Temperature profiles were 

recorded every 20 min with a TinyTag data logger. Rainfall data was provided by the Bureau of Meteorology, from the weather station 

nearest to the site.  
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Flora of gnammas in south-western Australia 

Species richness, life forms, life histories and rarity. 

Field surveying between 1987 and 2008 identified 31 species that occur in gnammas in 

south-western Australia. Of those, 45 % are endemic to the SWAFR and 32 % are endemic 

to gnammas of the SWAFR (i.e. they are endemic gnamma specialists; Table 2). 

Approximately half the recorded species (52 %) are annuals; of the perennial species (48 

%), 93 % of these are geophytes. Three exotic species (9.7 %) were recorded over the 

survey period.  

 

Gnamma flora was dominated by the Scrophulariaceae (22.6 %), Isoetaceae (19.4 %) and 

Haloragaceae (16.1 %), with all other families having a single representative except 

Marsileaceae which had two species (6.5 %; Table 2). Species distributions recorded from 

gnammas of this survey are provided in Appendix 2 (note this does not include records 

from the Western Australian Herbarium (1998-) and thus does not represent a species full 

distribution).  

 

A number of gnamma species of the SWAFR were identified to be rare following a 

modified Fiedler and Ahouse (1992) classification of rarity (Table 2). Species distributions 

plotted from the field surveying in combination with data available from the Western 

Australian Herbarium revealed that 39 % of native species have a narrow distribution, 46 % 

are known from <15 locations, with 25% of all native species having a narrow distribution 

with few locations (App. 2; Western Australian Herbarium 1998-). Species with narrow 

distributions known from few locations include Glossostigma sp. (Long stout pedicels), G. 

sp. (Eyre peninsula), Isoëtes inflata, Limosella curdieana, Myriophyllum balladoniense, 
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and M. lapidicola. Of the species identified to have levels of rarity, only Myriophyllum 

lapidicola was restricted to armchair gnammas. No other threatened species was found only 

to occur in armchair or pit gnammas nor did any of the rare species have correlations with 

pool types or pool morphological characteristics. 

 

Species richness regressions 

There was no significant relationship between species richness and rainfall, or between 

species richness and pool morphology (Figs. 10, 11). Gnamma species richness was 

typically low with only 18 % of sites having five or more species and only 3 % with 

between eight and ten. Those sites containing high levels of species richness were scattered 

geographically (Fig. 10). There was also no relationship between abiotic parameters such as 

pool size and water depth or pool size and rainfall (Fig. 11). 



 

Table 2. Species recorded to be occurring in gnammas in field surveys carried out by S. Hopper 1987-2008 with species family, 

conservation status, rarity, life form, life history, and endemism. 
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Damasonium minus (R.Br.) Buchenau Alismataceae NT Wide Few AF Annual herb N N 

*Cotula coronopifolia L. Asteraceae Ex Wide Many S + E Annual herb N N 

*Callitriche stagnalis Scop. Callitrichaceae Ex Narrow Many AF Annual herb N N 

Centrolepis glabra (Sond.) Hieron.  Centrolepidaceae NT Wide Many S + E Annual herb N N 

Wurmbea murchisonia (Endl.) Benth.  Colchicaceae NT Wide Few E Perennial geophyte N N 

*Crassula natans Thunb.  Crassulaceae Ex Wide Many AF Annual herb N N 

Myriophyllum balladoniense Orchard Haloragaceae 4 Narrow Few AF Annual herb Y Y 

Myriophyllum drummondii Benth. Haloragaceae NT Narrow Many AF Annual herb Y N 

Myriophyllum lapidicola Orchard  Haloragaceae DR Narrow Few AF Annual herb Y Y 

Myriophyllum petraeum Orchard  Haloragaceae 4 Narrow Many AF Annual herb Y Y 

Myriophyllum tillaeoides Diels Haloragaceae NT Narrow Many AF Annual herb Y N 

Trithuria austinensis D.D.Sokoloff, Remizowa, 

T.Macfarlane & Rudall 

Hydatellaceae NT Wide Few S + E Annual herb Y N 

Ottelia ovalifolia (R.Br.) Rich.  Hydrocharitaceae NT Wide Many AF Perennial geophyte N N 

Isoëtes australis S.Williams Isoetaceae NT Wide Many S + E Perennial geophyte Y Y 

Isoëtes caroli E.R.L.Johnson Isoetaceae NT Wide Many S + E Perennial geophyte Y Y 

Isoëtes drummondii A.Braun Isoetaceae NT Wide Many S + E Perennial geophyte N N 

Isoëtes inflata E.R.L.Johnson  Isoetaceae NT Narrow Few S + E Perennial geophyte Y Y 

7
9
 



 

Isoëtes muelleri A.Braun Isoetaceae NT Wide Few S + E Perennial geophyte N N 

Isoëtes tripus A.Braun Isoetaceae NT Wide Few S + E Perennial geophyte Y Y 

Triglochin linearis Endl.  Juncaginaceae NT Wide Many AF Perennial geophyte N N 

Marsilea drummondii A.Braun Marsileaceae NT Wide Many AF Perennial geophyte N N 

Pilularia novae-hollandiae A.Braun  Marsileaceae NT Narrow Many S + E Perennial geophyte N N 

Amphibromus nervosus (Hook.f.) Baill.  Poaceae NT Wide Many E Perennial grass N N 

Potamogeton drummondii Benth.  Potamogetonaceae NT Wide Many AF Perennial geophyte Y N 

Glossostigma diandrum (L.) Kuntze Scrophulariaceae NT Wide Many S + E Annual herb N N 

Glossostigma drummondii Benth. Scrophulariaceae NT Wide Many S + E Annual herb N N 

Glossostigma spp. (long -stout pedicels) Scrophulariaceae - Narrow Few S Annual herb Y Y 

Glossostigma spp. Eyre peninsula Scrophulariaceae - Narrow Few  Annual herb Y Y 

Glossostigma trichodes F.Muell. Scrophulariaceae 1 Narrow Few S Annual herb Y Y 

Limosella australis R.Br.  Scrophulariaceae NT Wide Few AF Perennial geophyte N N 

Limosella curdieana F.Muell. Scrophulariaceae NT Narrow Few AF Perennial geophyte N N 

 

1
 1= Priority One- Poorly Known; 4= Priority Four- Rare; DR= Declared Rare Flora; Ex= Exotic; NT= Not Threatened (Western Australian 

Herbarium, 1998-). 

2
 AF= Attached Floating; S+E= Submerged and Emergent. 

3
 Y= Yes; N= No. 

8
0
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Figure 9. Gnamma species richness of the SWAFR (total number of gnamma species per 

rock). If more than one outcrop was present in the same 0.5° square grid then species lists 

were combined.   
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Figure 10. Linear regressions between number of species and the environmental 

parameters measured for gnammas of south-western Australia. Regressions not shown for 

mean maximum temperature, mean minimum temperature, latitude, longitude, gnamma 

width (also non-significant; P>0.05).  
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Percentage of granites with gnamma flora 

Of the three main granite ages surveyed, those of the youngest geological age (Cape 

Leeuwin granites, 800- 500 Ma) had the lowest percentage of sites with gnamma species 

occurring on them (17 %; Fig. 9). Only one of the six inselbergs surveyed on these granites 

was found to have gnamma flora; granites had fewer gnamma formations and those that had 

gnammas present had a higher proportion with no aquatic plants occurring within the 

gnammas. Inselbergs surveyed from the Albany-Fraser Orogen (1300- 1000 Ma)  had a 

much higher proportion of gnamma species being found on a rock with 77.4 % of all 

inselbergs surveyed having one or more species. However those gnammas surveyed on the 

Yilgarn Craton (>2500 Ma) had the highest likelihood of finding gnamma species on a 

granite with 94 % of all granites having one or more gnamma species present on the rock.  
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Figure 11. Percentage of granite outcrops that have gnamma flora occurring on them. 

Granites are broken up into geological age (Cape Leeuwin granites 800-500 Ma; Albany-

Fraser granites 1300-1000 Ma and Yilgarn Craton granites >2500 Ma). 
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Analysis of vegetation patterns 

Principal components analysis (PCA) of species presence/ absence data compiled between 

1997 and 2008 showed that although the majority of sites share a similar cohort of species 

(Fig. 12), some were found to have different species compositions. These are indicated as 

the sites with greatest distance from the main group in Figure 12. These sites are mostly 

coastal sites, which comprise the younger granites (i.e. Little Mt Arid, Little Mt Lindsay 

and Carlawillup Rocks). Each of these sites was separate from one another and no sites 

were found to have overlapping groups of species (i.e. there were no apparent community 

groups).  

 

When data on species presence was recorded for individual gnammas, analysed and 

presented as a two-way cluster denrogram it revealed that the gnammas within the same site 

were more compositionally similar than those between sites (Fig. 13).  Sites of the central 

and northern wheatbelt (Echo Valley Road, King Rocks and Mt Madden) formed a separate 

clade to the southern sites of Mt Arid and Carlawillup Rocks. While these two sites were 

separate from the main clade, they were also separate from each other (Fig. 13).  
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Figure 12. Principal components analysis of gnamma flora occurring on granite inselbergs 

in the SWAFR. Sites were surveyed from 1997-2008 for species presence. Species are 

represented as lines. Site names are provided for inselbergs recognised to have a different 

species composition to those of the central group. Sites are broken up into rainfall zones 

based on annual rainfall 1= <300 mm, 2 = 300- 400mm, 3 = 400- 500 mm, 4 = 500-600 

mm, 5 = 600- 700 mm, 6 = 700- 800mm and 7 = ˃800mm.  a = Myriophyllum drummondii, 

b = Isoetes drummondii, c = Centrolepis glabra, d = Glossostigma drummondii, e = 

Trithuria austinensis, f = Glossostigma diandrum, g = Myriophyllum tillaeoides, h = 

Triglochin linearis, i = Limosella australis, j = Damasonium minus and Marsilea 

drummondii, k = Potamogeton drummondii, l = Ottelia ovalifolia, m = Amphibromus 

nervosus, and o = Callitriche stagnalis and Cotula coronopifolia. 
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Figure 13. Two-way dendrogram of species recorded at five inselbergs across in the 

SWAFR. Two or three pools were recorded for species presence at each site. Sites are 

colour coded for ease of interpretation. Carl= Carlawillup Rocks, EVR= Echo Valley Road, 

MtMad= Mt Madden, King= King Rocks and LtMtAr= Little Mt Arid. A.nerv = 

Amphibromus nervosus, C.glab= Centrolepis glabra, G.SpB= Glossostigma spp. (long -

stout pedicels), M.pet= Myriophyllum petreaum, C.coron= Cotula coronopifolia, M.lap= 

Myriophyllum lapidicola, Cal.sp.= Callitriche sp., D. minus= Damasonium minus, 

P.drum= Potamogeton drummondii, Mars.sp.= Marsilea drummondii, G.diand= 

Glossostigma diandrum, Cen.sp.= Centrolepis sp., Iso.sp.= Isoëtes sp., T.lin= Triglochin 

linearis, Junc.sp.= Juncus sp., C.nat=Crassula natans, G.drumm= Glossostigma 

drummondii and I.aust= Isoëtes australis.   
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Discussion 

 

Flora of gnammas in SWAFR 

Gnamma species of the SWAFR are highly endemic to the region (45 %) with 71% of these 

endemic to gnammas (i.e. specialists; 32 % of the total recorded gnamma flora). This level 

of endemism is higher than that recorded for orchids (16 %) and Eucalyptus spp. (24 %) 

also found on granite outcrops in the SWAFR and higher than the levels of endemism 

found on the hydrologically and morphologically similar claypan ecosystems (16%) 

(Gibson et al., 2005; Hopper et al., 1997). Identifying regions with high levels of endemism 

is important for targeting conservation efforts (Crisp et al., 2001). Compared with claypans, 

gnammas have much lower species richness, with 82 submerged and amphibious species 

recorded to occur in claypans by Gibson et al. (2005) compared with only 31 species 

recorded in the present gnamma study. Depending on classification system, some surveys 

may have included those species growing in the bordering region between pools and the 

sometimes associated herb-field. Here, the 31 species recorded in gnammas only includes 

those species strictly occurring within the pool. If the border region had been included in 

the surveying, then many more species may have been recorded. Aphelia brizula, A. 

cyperoides, Centrolepis aristata, Crassula peduncularis, Hydrocotyle alata, Myriocephalus 

occidentalis and Stylidium inundatum are all native species that can be found in the 

gnamma/herb-field border. Exotic species occurring in this zone include Cyperus tenellus, 

Juncus bufonius and Monopsis debilis. 

 

Unlike the vernal pools in California, where 80 % of species are annuals (Zelder, 1990), 

just over half of the SWAFR gnammas species are annuals (51.6 %, Table 2). The ratio of 
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annuals/ perennials between gnammas and claypans in the SWAFR is very similar to 

Gibson et al. (2005) who reports 46.2 % of all claypan species to be annuals. Thirty-nine 

percent of the total recorded gnamma flora are geophytes; species that enter a state of 

quiescence during the summer (i.e. via corm, bulb, tuber, rhizome or other perennating 

structure) with no active growth evident during this period. This is substantially higher than 

the percentage in claypans (21 %) (Gibson et al., 2005), the south-western Australian flora 

in general (7%), or any other meditteranean regions of the world (Parsons and Hopper, 

2003). The shallow soils (approx. 3cm) in the majority of gnammas may be contributing to 

the high proportion of geophytes as the underlying substrate of gnammas is granite which is 

inpenetrable to roots and may exclude larger life-forms from establishing. Isoëtes is the 

most species rich genus of perennials (40 %) and in addition to re-sprouting from a corm-

like structure (Dixon et al., 1983), they also produce mega- and micro- sporangia 

encapsulated in a membrane that may aid in desiccation tolerance during a summer 

dormancy, perhaps as a further adaptation to the extreme summer environment (Fig. 8).  

Only one perennial species, Amphibromus nervosus, sustains above ground biomass during 

the summer desiccation phase. Whether this species maintains photosynthetic rates and 

metabolic activity during summer is unknown. Thus, species in these systems are typically 

small and seasonally photosynthetic.  

 

Vegetation patterns in south-western Australian gnammas 

Vegetation patterning showed little correlation with the environmental and pool 

morphology parameters measured. This result somewhat contrasts with patterns found in 

claypans, which had strong correlation with climatic and edaphic factors (Gibson et al., 

2005). However, claypans also exhibit much variability in species composition at all scales 
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(Gibson et al., 2005). Regions of high species richness within the SWAFR have been 

identified for both the terrestrial flora in general (Hopper and Gioia, 2004) and also for 

specific floristic groups, such as the Orchidaceae (Phillips et al., in press) and these mini-

hotspots have been correlated with environmental parameters. For example, species of the 

Orchidaceae of the SWAFR are richest in the High Rainfall Province followed by the South 

East Coastal Province, the Transitional Rainfall Province and lowest in the Arid Zone. 

Thus, richness decreases with a decreasing rainfall (Phillips et al., in press).  Environmental 

parameters of claypans have also been shown to be correlated with species richness. The 

strongest correlations were with rainfall and exchangeable calcium, but were also 

significant for mean annual temperature and other soil properties (Gibson et al., 2005). For 

the gnamma flora of south-western Australia, these parameters are not strongly correlated 

with species diversity. The lack of correlations detected in this research, does not mean that 

floristic patterns for gnamma species do not exist. Further work is now needed to 

investigate species abundance, density, dispersal methods and regular periodic pool 

monitoring in combination with ex situ research including genetics, phenology and 

molecular clock dating to determine the drivers of species distributions. This information 

would lead to educated inferences for why species occur where they do and then would 

allow for more robust statistical analysis investigating floristic patterns.  

 

Origins of gnamma flora 

The floristic composition of a designated region depends on its origin and on local 

environmental pressures that favour certain families (Beard et al., 2000).The flora of 

Californian vernal pools is rich in herbaceous annual species with many specialists 

evolving from the surrounding herbaceous grasslands (Keeley and Zedler, 1998). This 
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direct evolutionary pathway has resulted in a rich flora with many shared genera. In 

comparison, gnammas in the SWAFR are surrounded by largely barren granite inselbergs 

and the vegetation surrounding the inselberg is often dominated by woody shrubs. Thus, the 

opportunities for immigration into pools are largely restricted to long-distance dispersal 

events or from other species occurring on the rock. For a long-distance dispersal event to be 

successful, the immigrating species must have survival mechanisms to tolerate the extreme 

hot, dry conditions, as well as periods of extended inundation. Further, the plant needs to be 

self-sustaining with small, shallow root systems. If long-distance dispersal events do occur, 

survival in the gnamma ecosystem is unlikley, with a low proportion of the Western 

Australian flora tolerant of such conditions. Many of the species that occur in claypans do 

not occur in gnammas, and these species are typically grasses, sedges, shrubs, and trees that 

require deeper soils for structural stability (Gibson et al., 2005). Thus, there does not appear 

to be many localised species currently adapted to survival in gnamma conditions. It is 

therefore feasible that the dominant genera (Isoëtes, Myriophyllum and Glossostigma) may 

have immigrated via chance, long-distance dispersal events (LDD) (Beardsley and Barker, 

2005; Hoot et al., 2006). Upon successful arrival these groups have evolved and radiated, 

although local dispersal vectors are still not confirmed for these species. Phylogenetic and 

evolutionary studies of Glossostigma spp. support the LDD hypothesis, as the south-

western Australian Glossostigma spp. group are tightly bound compared with the 

taxonomic relationships with Glossostigma cleistanthum and G.elatinoides from eastern 

Australia (Beardsley and Barker, 2005). Although the phylogenetic and evolutionary 

patterns in south-western Australian Isoëtes species have not been established, it is 

probable that Isoëtes australis originated from South Africa (Hoot et al., 2006), with 

potential speciation and radiation following arrival and establishment in Australia. 
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Some of the genera that have only one species occurring within gnammas may have 

evolved from adjacent herb-fields. For example Wurmbea is a diverse genus of herbaceous 

perennials that are often found in herb-fields on granite outcrops (Macfarlane, 1980; 

Western Australian Herbarium, 1998-). Only one species of this group, Wurmbea 

murchisonia, occurs in gnammas. Similarly, Centrolepis is a diverse, common and 

widespread annual herb with many species occurring in adjacent herb-fields. A single 

species, Centrolepis glabra, occurs within the pools (Western Australian Herbarium, 1998-

). However, neither Wurmbea murchisonia or Centrolepis glabra are gnamma specialists 

and both can be found in other winter-wet depressions of south-western Australia. Outside 

Wurmbea and Centrolepis, none of the genera discussed have representatives that occur in 

herb-fields adjacent to gnamma communities. 

 

Gnamma species as examples of OCBIL theory 

OCBIL theory predicts that sedentary species will have elevated persistence of lineages and 

long-lived individuals, high numbers of localized rare endemics and strongly differentiated 

population systems (Hopper, 2009). Whilst many of the species occurring in gnammas of 

south-western Australia are annuals and those that are perennials are not long-lived, we 

have shown that the level of endemics is certainly high (45%). Populations of gnamma 

ecosystems may have high levels of species persistence. It appears at least for some of these 

species they may have persisted in these environments for long periods of time. Although 

molecular clock dating is not available to quantify periods of isolation, early indications of 

phylogentetic relationship indicate that many species have arrived via long distance 

dispersal (Beardsley and Barker, 2005; Hoot et al., 2006). As some of these species are 
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specialist gnamma species they may have persisted in the environment for long periods of 

time.  

 

Temperature, soil and water properties of gnammas 

Temperature profiling of gnammas highlighted the considerable differences between sites. 

Pan gnammas in the north experience hotter and longer summer terrestrial stages than 

gnammas in the south. One of the most notable differences in pool temperature profiles was 

between the pan and armchair gnamma at Echo Valley Road. These pools were less than 50 

m away from each other and the narrow diurnal temperature range in the armchair gnamma 

(7.5 °C) compared with the pan gnamma (20.4 °C) is likely to reflect the buffering capacity 

of the deeper water and longer inundation period. The relatively stable conditions of the 

armchair gnamma may offer an explanation of why Myriophyllum lapidicola is rare and 

restricted to these pool types. Phenology experiments manipulating temperatures and water 

depths are now needed to test this hypothesis.  

 

Although nutrient content in gnammas was expected to be low (Bayly, 1999), soil and 

water analyses showed that nutrient concentrations were considerably higher than many 

other terrestrial ecosystems in the SWAFR (Turner unpubl.). However, there was 

considerable variability between pools and sites. When nutrient availability in gnammas are 

compared with claypans, gnammas generally had higher amounts of ammonium and 

phosphorus and slightly lower pH although differences were small (Figs. 5,6).  The 

variability in availability of nitrogen and phosphorus between gnammas may be reflective 

of eutrophication in some of the systems. Some pools were observed to have dense algal 

mats towards the end of the growing season, whereas nearby pools were free of algal mats. 
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Further, run-off of animal excrement into pools has been observed at some sites, which 

would also explain some of the variability observed. Catchment size influences amounts of 

nutrients accumulated in a pool. Thus I hypothesise that these ecosystems, which were 

thought to be nutrient poor (Bayly, 1999), appear to be acting largely as nutrient sinks, 

accumulating much of the available nutrients of the surrounding ecosystem through runoff.  

 

All but one gnamma had water salinity levels that fall within the range of freshwater (0-1.5 

dS/m) (Watling, 2007). The one site that had a saline level outside this range was at 

Carlawillup Rocks, a low-lying granite that lies adjacent to the Bremer River. The Bremer 

River is a saline river and runs within 5 m of the pool with the higher salinity levels. It is 

plausible that at some stage the river has flooded and some of the overflow has run into the 

pool, increasing salinity levels. It is also of note that this pool does not have Damasonium 

minus, whilst it was recorded at the other two pools at this site.  

 

Conservation of gnamma species 

Currently only four gnamma species are listed as having a conservation status within 

Western Australia. However, 11 species have been identified that have a narrow 

distribution, and six of these are gnamma specialists. On this basis, Glossostigma spp. 

(Long stout pedicels), G. trichodes, G. spp. (Eyre peninsula), and Isoëtes inflata should be 

considered for upgrading their conservation status. Obviously, official taxonomic 

descriptions of Glossostigma spp. (Long stout pedicels) and G. spp. (Eyre peninsula) are 

required before this can be implemented. Interestingly, Myriophyllum petreaum, which did 

not fit our definitions of rarity, is considered a priority conservation species by the Western 

Australian Herbarium (1998-), whereas other species identified to have a narrow 
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distribution are not listed as threatened. The requirements for species to obtain a 

conservation status with the Department of Environment and Conservation, Western 

Australia, requires that a species needs to be either poorly surveyed, threatened, or known 

from < 5 populations. The combination of these scores determines the level of conservation 

status. The classification system applied in this study includes species known from < 15 

locations that encompassed some species currently excluded by the Western Australian 

Herbarium.  

 

Here we have mapped species richness of gnamma species in south-western Australia and 

investigated environmental factors that may be influencing species richness. Mapping 

showed that pools of high species richness are not correlated with these parameters like 

those in the claypans or other terrestrial groups, rather at this stage appear to be largely 

random. The origin of the dominant flora appears to have come via long distance dispersal, 

with some species potentially arising from adjacent herb-fields. Levels of species 

endemism are some of the highest for any ecosystem in the SWAFR, although richness in 

absolute terms is lower than claypans. 
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 CHAPTER 3:  

Dormancy, germination and seed-bank storage: a study in 

support of ex situ conservation of macrophytes of 

Southwest Australian temporary pools 

 

Summary 

 

1. Claypans and rock pools (gnammas) in the Southwest Australian Floristic Region are 

forms of temporary wetlands that are under threat. Some of their aquatic macrophytes 

are rare and/or endemic and there is a need to develop off-site seed banks to assure their 

conservation.
 

Here I report results of the first comprehensive study of the seed 

germination, dormancy and seed storage behaviour of nine indigenous macrophyte 

species. 

 
2. Seeds of Glossostigma drummondii, Myriophyllum balladoniense, M. lapidicola, M. 

petreaum and Triglochin linearis were non-dormant whereas those of Damasonium 

minus, Glossostigma sp. (Long stout pedicels), G. trichodes, and Myriophyllum 

crispatum were dormant.
 
Non-dormant seeds germinated over a range of temperatures 

(5-20 °C) but temperatures at which highest germination occurred were species specific. 

All species demonstrated a germination preference for the light. Warm stratification 

substantially increased germination of dormant Glossostigma trichodes seeds and all 

dormancy-breaking treatments partially overcame dormancy in Glossostigma sp. 
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3. Seeds possessed orthodox storage behaviour (tolerating drying to 5% moisture content 

and storage at -18 °C) and are thus amenable to seed banking as a means of ex situ 

conservation. 

4. It appears that seeds of most species are able to germinate upon inundation as long as 

they are situated at the soil surface. Thus, species are opportunistic and respond to the 

first rains of the season providing prompt ecological cuing in an environment vulnerable 

to rapid drying events. Maintaining the integrity of the soil crust may be an important 

first step for on-site conservation if seeds are in the superficial layers. 

 

Introduction 

 

Vernal pools and rock pools (gnammas) in the Southwest Australian Floristic Region 

(Hopper and Gioia, 2004) are unique, spatially limited ecosystems that have received little 

scientific attention despite hosting a range of specialist and threatened flora. All five of the 

world‟s mediterranean regions (Cowling et al., 1996) possess claypans and gnammas, with 

those in southwestern Australia rich in plant species endemism, there being at least 22 

specialist macrophytes (S.D. Hopper unpubl. data) that co-exist with various other 

widespread or cosmopolitan species (Gibson et al., 2005). With a number of claypan and 

gnamma species currently being listed as rare or threatened (Western Australian 

Herbarium, 1998-), effective conservation and management of claypans and gnammas is 

required.  

 

Both claypan and gnamma ecosystems are characterised by periods of inundation during 

winter and spring, and exposure to extended dry conditions throughout the summer. 
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Inundation results from precipitation and runoff, with no permeation from the water table 

(Bayly, 1997; Keeley, 1988). Variation in annual rainfall means the pools sometimes have a 

limited hydro-period (Grillas et al., 2004; Keeley and Zedler, 1998), the fluctuating 

conditions potentially increasing the chances of species extinction.  

 

Ex situ conservation through storage of seeds in facilities such as seed banks allows large 

numbers of viable seeds to be stored for extended periods (Hong and Ellis, 1996; Walters et 

al., 2004), providing an effective and economically viable option to conserve genetic 

diversity of plant populations (Hong and Ellis, 1996). Long-term storage depends upon an 

understanding of desiccation tolerance and sub-zero temperature response. Seeds can be 

classified into one of three types: orthodox, intermediate or recalcitrant. While orthodox 

seeds tolerate drying to 5 % moisture content (10-15 % RH) and storage at -20 °C, 

recalcitrant seeds lose viability upon drying. Intermediate seeds tolerate the removal of 

water to a moisture content equivalent to 20-50 % RH, but do not tolerate storage below 0 

°C (Ellis et al., 1990; Liu et al., 2008; Pritchard, 2004; Roberts, 1973).  The seed storage 

behaviour of species occurring in Southwest Australian claypans and gnammas has not 

been reported.  

 

Like all seeds, germination of seeds from species occurring in seasonally inundated 

wetlands occurs at times of the year when opportunities for establishment are highest. The 

timing of germination and the conditions required for germination depend on life-form, 

position within a pool, annual variation in environmental conditions, and release from seed 

dormancy (Baskin and Baskin, 1998; Bauder, 2005; Bliss and Zedler, 1998; Galinato and 

Van der Valk, 1986). Of the five classes of dormancy recognised by Baskin and Baskin 
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(2004), physiological dormancy (PD) is the most common type identified in aquatic plants. 

However, other forms of seed dormancy have also been observed in aquatic species (Baskin 

and Baskin, 2004). Seed pre-treatments such as cold or warm stratification, after-ripening 

and wet/ dry cycling can be used to overcome dormancy and simulate those natural 

conditions needed before germination can occur in the wild (Baskin and Baskin, 1998; 

Schütz et al., 2002; Walck and Hidayati, 2004). Identifying the type of dormancy and 

methods of alleviation can provide insight to the important environmental conditions 

required for germination to take place in the field and facilitate effective use of ex situ 

collections.  

 

Seeds, once non-dormant, require environmental conditions (temperature, light, water, 

oxygen) that are favourable for germination. Seeds of aquatic plant species tend to be 

sensitive to environmental conditions and require specific temperatures and appropriate 

hydrological regimes (Casanova and Brock, 2000; Grillas et al., 2004). A review of seed 

germination requirements for aquatic plants demonstrated that favourable temperatures for 

germination range from 15-40 °C, with a mean of 24 °C (Baskin and Baskin, 1998). A 

requirement or preference of light for germination is a common adaptation in aquatic 

plants, with 89 % of species reviewed requiring or germinating to higher percentages in the 

light (Baskin and Baskin, 1998). The role that light and temperature plays in controlling 

germination in claypan and gnamma species in Western Australia is unknown.  

 

Application of germination promoting compounds has been shown to increase germination 

for many Western Australian species (Commander et al., 2009; Merritt et al., 2007; 

Plummer and Bell, 1995). Application of gibberellic acid can not only increase maximum 
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germination but also stimulate light requiring seeds to germinate in the dark (Plummer and 

Bell, 1995). Karrikinolide, a compound found in smoke that can stimulate germination 

(Flematti et al., 2004; Flematti et al., 2005; Merritt et al., 2006; Nelson et al., 2009) is 

effective on a broad range of species from both fire-prone and non-fire prone ecosystems 

(Chiwocha et al., 2009; Dixon et al., 2009). Applying these stimulants to Western 

Australian aquatic plants could be an effective tool to increase germination percentages for 

ex situ plant propagation.  

 

To achieve an understanding of seed germination responses following seed banking we 

tested the following hypotheses: 1) seeds of claypan species will be amenable to seed 

banking conditions (i.e. drying and storing at sub-zero temperatures); 2) seeds will display 

a narrow germination temperature preference; 3) species will germinate to higher 

percentages in the light; 4) treating seeds with germination stimulants such as gibberellic 

acid or karrikinolide will increase germination percentage; 5) seeds of species will be 

dormant and require periods of cold stratification to germinate. 

 

Methods  

 

Species selection, seed collection and seed quality 

The nine study species are shown in Table 1.  Glossostigma sp. (Long stout pedicels) is 

currently undescribed, but is recognised as a morphologically distinct species growing in 

adjacent and sometimes the same pools as the three other Glossostigma species recognised 

in Western Australia (Beardsley and Barker, 2005). 
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Large populations of the target species were selected to ensure no impact of collection on 

population viability (Table 1). Seeds of Myriophyllum lapidicola (currently listed as 

declared rare) were obtained from a living collection maintained at the Kings Park and 

Botanic Garden (KPBG) nursery as populations in the wild were not large enough to 

support collection. Mature seeds (brown and dehiscing) of all species were collected in 

October-November 2007. Voucher specimens were also collected and lodged at the Kings 

Park herbarium. Fruits containing seeds were kept in plastic ziplock bags and transported to 

Kings Park and Botanic Garden for cleaning. Seeds were cleaned manually by gently 

rubbing material with a hand-held rubber stopper (7 cm diameter × 12 cm) on a rubber mat. 

Seeds were separated from the chaff using an aspirator (SELECTA BV Gravity Seed 

Separator “Zig Zag”, Netherlands) before cleaning and storing at room temperature 

(approx. 20 °C, 50 % RH): seed germination experiments commenced within four weeks of 

collection.  

 

Seed quality was assessed via cut test and X-ray analysis. Cut tests were carried out on a 

random sample of four replicates of 25 seeds and scored as healthy if the seed had a turgid, 

white and fully formed embryo (ISTA, 1999). Four replicates of 100 seeds were scanned 

with a MX-20 Faxitron digital X-ray cabinet and counted as filled if embryo and 

endosperm entirely filled the seed.  

 

Germination tests 

Fresh seeds were sterilised in 2 % (w/v) calcium hypochlorite for 10 minutes and then 

rinsed three times in sterile de-ionised water. A complete three-way factorial design was 

used to test seeds for treatment effects and presence of dormancy, with each treatment 



   

104 

 

consisting of three samples of 25 seeds each. Factors investigated included light, 

temperature and germination stimulant. Seeds were sown in 90 mm diameter sterile plastic 

Petri dishes containing 25 ml of water agar (0.7 % w/v), 25 ml water agar with gibberellic 

acid (GA3, Sigma
®
, Australia, 0.29 mM), or 25 ml water agar with karrikinolide (KAR1, 

0.67 µM). Karrikinolide, was provided by G. Flematti (School of Biomedical, Bimolecular 

and Chemical Sciences, University of Western Australia; Flematti et al., 2005). Seeds of M. 

lapidcola were limited and thus were only sown on water agar (without GA3 or KAR1). 

Petri dishes were sealed with plastic film (Glad
® 

Wrap, Australia) and, for dark treatments, 

immediately wrapped in aluminium foil and placed in light-proof cardboard boxes for the 

duration of the experiment.  Seeds to be exposed to light were left unwrapped and not 

placed in boxes. They were then placed in incubators that were set at 5, 10, 15 or 20 °C 

with a daily 12 hr photoperiod of 30 µmol m
-2

 s
-1

, 400-700 nm, cool-white fluorescent light. 

Scoring of light treatments occurred weekly until maximum germination had been 

maintained for 3 weeks. Scoring of dark treated seeds only occurred on the final day of 

scoring of the light treated replicates (after 106 d). A seed was considered to have 

germinated upon either radicle or cotyledon emergence of 1 mm. 

 

Effect of drying and storage on germination 

To test seed germination following exposure to seed banking conditions, seeds of species 

that germinated to ≥ 75 % in the previous experiment were tested for germination after 

drying and storage. Seeds were dried in open containers in a controlled environment room 

(15 °C, 15 % RH) for 14 d. „Dried‟ seeds were then either tested for germination 

immediately or were hermetically sealed in a single laminated aluminium foil bag and 
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placed at -18 °C for 28 d („stored‟ seeds). Germination tests were carried out as described 

above with three replicates of 25 seeds per treatment. 

 

Effect of stratification and after-ripening on germination 

Where little or no germination occurred under any of the tested conditions, seeds were 

deemed to be dormant. To examine factors that may overcome dormancy, seeds were 

exposed to treatments including warm- and cold stratification, wet/dry cycling, and after-

ripening. Seeds were warm or cold stratified by incubating at 30 or 5 °C, respectively, on 

plain water agar or KAR1-agar for 21, 42 or 84 d. Following stratification, seeds were 

transferred to 15 °C. Seeds that underwent wet/dry cycling were placed on glass microfiber 

filter papers (Filtech
®
, Australia) in Petri dishes, irrigated with sterile water and incubated 

at 30 °C. Petri dish lids were removed after 24 h and the seeds allowed to dry. Seeds were 

irrigated every 14 d for a total incubation time of 21, 42 or 84 d and then transferred to 

either water or KAR1-agar and incubated at 15 °C. Seeds that were after-ripened were 

enclosed inside an air-tight polycarbonate electrical enclosure box (28 × 28 × 14 cm; NHP 

Fibox, Australia) above a non-saturated solution of LiCl (364 g L
-1

), creating an RH of 50 

% (Hay et al., 2008a), and placed at 30 °C. After 3, 7, 14 or 28 d, seeds were transferred to 

water or KAR1 agar and incubated at 15 °C. All plates were exposed to a daily 12 hr 

photoperiod, as above. Controls were incubated at 5, 15 or 30 °C on both water and KAR1 

agar for the duration of the experiment. Seeds of all treatments were scored for germination 

weekly for the duration of the experiment. 
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Statistical analyses 

Seed germination data were analysed using logistic regression in GenStat 10
th

 edition (VSN 

International Ltd., UK). For each experiment a full model including all main factors and 

interactions was fitted. Graphs show exact binomial standard errors (95 % confidence 

interval) to indicate which treatment combinations were different from each other. The 

tables show the results of accumulated logistic regression analysis with factors added to the 

model in the order shown. Changing the order in which factors were added to the model did 

not change the significance of the terms. 

 

Results 

 

Seed viability and germination tests 

Seed quality assessed through cut test and X-ray was 73-100 % for all species (X-ray data 

presented in Table 1).  

 

There was high germination (>75 %) of seeds of Glossostigma drummondii, Myriophyllum 

balladoniense, M. lapidicola, M. petreaum and Triglochin linearis in one or more 

germination treatments (Figs. 1, 2). Seeds of Damasonium minus, Glossostigma sp., G. 

trichodes and Myriophyllum crispatum were dormant as they had low or no germination (≤ 

16 %) in all of the treatments (data not shown). 

 

For the five non-dormant species, temperature and light were highly significant terms in the 

logistic regression models of germination (P < 0.001; Table 2). Seeds of these species 

germinated at all temperatures tested (5–20 °C). Glossostigma drummondii seeds 
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germinated to significantly higher percentages at 5 °C than other temperatures tested (P ≤ 

0.05, Fig. 1). By contrast, seeds of Myriophyllum lapidicola (Fig. 2), M. balladoniense, M. 

petreaum and Triglochin linearis (Fig. 1) germinated poorly at 5 °C compared with 10, 15, 

or 20 °C.  



   

 

Table 1. Attributes of Western Australian claypan and gnamma species used in this study. Conservation status and habitat is from Western 

Australian Herbarium (1998-): NT – non threatened, R – rare in Western Australia, 1 – priority 1 taxon, 4 - priority 4 taxon in Western 

Australia. 

Species Family 
Conservation 

status 
Habitat 

Collection location 

(GDS 94) 

Voucher 

Number 
Endemism Life form 

Seed fill 

(%; x-

ray) 

Damasonium minus 

(R.Br.) Buchenau 
Alismataceae NT Mud. Lakes, claypans S34°00‟52.4” 

E118°59‟22.6” 
RET162 Cosmopolitan 

Floating 

leaved 
73 

Glossostigma 

drummondii Benth. 
Scrophulariaceae NT 

Sandy soils. Granite rock 

pools, claypans, swamps, 

winter-wet depressions 

S34°50‟26.0” 

E117°20‟41.4” 
RET 111 WA, SA Vic Submerged 100  

Glossostigma sp. 
Scrophulariaceae - - 

S33°14‟19.7” 

E119°50‟45.4” 
RET141 Endemic WA Submerged 95  

Glossostigma trichodes 

F.Muell. 
Scrophulariaceae 1 Pools in granite S32°26‟44.9” 

E118°54‟03.3” 
RET116 Endemic WA Submerged 75  

Myriophyllum 

balladoniense Orchard 
Haloragaceae 4 Semi-permanent rock 

pools on granite outcrops 
S33°18‟07.2” 

E123°22‟45.3” 
RET159 Endemic WA Submerged 94  

Myriophyllum 

crispatum Orchard 
Haloragaceae NT Clay soils, mud, black 

sand Creeks & swamps 
S32°01‟48.6” 

E115°58‟16.8” 
RET 172 Endemic WA Submerged 80 

Myriophyllum 

lapidicola Orchard 
Haloragaceae R 

Sandy clay. Waterholes 

on granite outcrops - - Endemic WA 
Floating 

leaved 
96 

Myriophyllum 

petreaum 

Orchard 
Haloragaceae 4 

Strictly confined to 

ephemeral rock pools on 

granite outcrops 

S 33°41‟14.0” 

E123°23‟38.3” 
RET168 Endemic WA Submerged 95 

Triglochin linearis 

Ruiz & Pav 
Juncaginaceae NT 

Grey sand. Seepage 

areas, winter-wet 

depressions, estuarine 

areas 

S33°59‟0.40” 

E123°12‟27.01” 
RET170 Cosmopolitan Emergent 80  

  

1
0
8
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Significantly greater germination in the light was observed in all five non-dormant species 

(Figs. 1, 2). Less than 40 % of seeds plated on H2O agar germinated for Myriophyllum 

balladoniense, M. lapidicola, M. petreaum and Triglochin linearis in the dark (Figs. 1, 2) 

compared with up to 94.7, 94.7, 96.0 and 74.7 %, respectively, in the light (Figs. 1, 2). The 

light × temperature interaction term in the logistic regression model was also significant for 

seed germination in Glossostigma drummondii (P < 0.001; Table 2). In the light, seeds 

germinated to high percentages (>70 %) over all tested temperatures. However, in the dark 

seeds germinated to 93.3 % at 5 and 10 °C, but to only 24.4 and 2.2 % at 15 and 20 °C, 

respectively (Fig. 1). Significant light × temperature interactions were also observed in 

Myriophyllum balladoniense and Triglochin linearis (P < 0.001). 

 

Germination medium (addition of the germination stimulants GA3 or KAR1) was a 

significant term in the regression model of seed germination for Glossostigma drummondii 

and Myriophyllum petreaum (P < 0.05; Table 2). Seed germination of Glossostigma 

drummondii at sub-optimal temperatures (15 and 20 °C) was significantly increased by 

KAR1 in both light/dark and dark treatments (Fig. 1). Germination of Myriophyllum 

petreaum seeds was significantly increased in the dark by treating seeds with GA3 at all 

temperatures (Fig. 1). 
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Figure 1. Germination percentage of fresh seeds (± 95 % CI) for four claypan and gnamma 

species incubated at 5, 10, 15, or 20 °C. Seeds were sown on plain water agar (H2O), agar 

containing gibberellic acid (GA3, 0.29 µm) or karrikinolide (KAR1, 0.67 µm). Petri dishes 

were incubated 12 h light d
-1

 or in the dark. 
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Figure 2. Germination percentage (± 95 % CI) of Myriophyllum lapidicola incubated at 5, 

10, 15 or 20 °C. Seeds were sown on plain water agar and Petri dishes were incubated 12 h 

light d
-1

 (a) or in the dark (b). 

 

Effect of drying and storage on germination 

Post harvest treatment was a significant term for seeds of Myriophyllum balladoniense and 

Triglochin linearis in the binary logistic regression models before or after drying, or drying 

and storage, both in the light (12 h photoperiod) and dark, and at 5, 10, 15, or 20 °C (Table 

3). Maximum germination was increased at sub-optimal temperatures of 5 and 10 °C by 

drying and storing seeds of Triglochin linearis (Fig. 3). Drying and storing seeds resulted in 

an increase in germination when seeds were incubated in the dark for Myriophyllum 

balladoniense and Triglochin linearis (Fig. 3). Drying plus storage did not affect 

germination of seeds of Glossostigma drummondii or Myriophyllum petreaum (Fig. 3). 



   

 

Table 2.  Results of logistic regression analysis (significance of terms) of the germination data of fresh seeds. Seeds were placed at a range 

of temperatures (Te), with or without addition of GA3 or KAR1 (Tr), and incubated in darkness or under a 12 hr light/dark regime (L). N=75. 

 

 Species 

 Damasonium 

minus 

Glossostigma 

drummondii 

Glossostigma 

sp. 

Glossostigma 

trichodes 

Myriophyllum 

balladoniense 

Myriophyllum 

crispatum 

Myriophyllum 

lapidicola 

Myriophyllum 

petreaum 

Triglochin 

linearis 

Temperature 

(Te) 

NS <0.001 NS NS <0.001 NS <0.001 <0.001 <0.001 

Treatment 

(Tr) 

NS 0.007 NS NS NS 0.02 N/A 0.036 NS 

Light (L) NS <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Te×Tr NS NS NS 0.048 0.037 NS N/A 0.048 0.004 

Te×L NS <0.001 NS NS <0.001 NS NS NS <0.001 

Tr×L NS NS NS NS NS NS N/A <0.001 NS 

Te×Tr×L NS NS NS NS NS NS N/A NS 0.02 

 

 

 

 

 

1
1
2
 



   

 

Table 3. Results of logistic regression analysis (significance of terms) of drying and storage experiments on germination data. Seeds were 

sown when fresh, dried or after storage (S), placed at a range of temperatures (Te) and incubated in darkness or under a 12 hr light/dark 

regime (L). N=75. 

 Species 

  Glossostigma drummondii Myriophyllum balladoniense Myriophyllum petreaum Triglochin linearis 

Storage (S) NS <0.001 NS <0.001 

Temperature (Te) <0.001 <0.001 0.007 NS 

Light (L) <0.001 <0.001 <0.001 <0.001 

S×Te 0.027 0.023 <0.001 <0.001 

S×L NS <0.001 <0.001 <0.001 

Te×L <0.001 <0.001 <0.001 <0.001 

S×Te×L 0.046 <0.001 0.021 NS 

1
1
3
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Figure 3. Germination percentage (± 95 % CI) of four claypan and gnamma species 

following drying and storage incubated at 5, 10, 15, or 20 °C. Seeds were sown when fresh 

(within four weeks of collection), dried (14 d at 15 °C, 15 % RH) or stored (14 d at 15 °C, 

15 % RH, then hermetically sealed in laminated foil bags and stored at -18 °C for 28 d). 

Petri dishes were incubated 12 h light d
-1

 or in the dark. 
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Effect of stratification and after-ripening on germination of dormant seeds 

Stratification or after-ripening treatments did not increase germination of Damasonium 

minus or Myriophyllum crispatum seeds to more than 6.6 or 16.0 %, respectively (data not 

shown). However, seeds of both species of Glossostigma responded to stratification and/or 

after-ripening (Fig. 4) and these were significant terms in their logistic regression 

germination models (P<0.001). 

 

Warm stratification for 42 or 84 d significantly increased germination (P<0.001), with 42 d 

giving a greater response (84 %) in G. trichodes (Fig. 4). Applying after-ripening and 

wet/dry cycling to the seeds also improved germination for this species (Fig. 4). Wet/dry 

cycling for 84 d improved germination from 2.6 % at 15 °C (Fig. 4) to 58.7 % and treating 

seeds with KAR1 increased this germination further to 89.3 % (Fig. 4). A similar response 

was seen when seeds were after-ripened for 28 d as germination increased to 36 % and 

application of KAR1 further increased this germination to 52 % (Fig. 4). Cold-stratification 

had no effect on germination percentage. 

 

All dormancy-breaking treatments applied to Glossostigma sp. significantly increased final 

germination percentage, compared to the controls. After-ripening seeds for four weeks was 

the most successful treatment and increased final germination percentage to 48 %. Warm 

stratification for 21, 42 or 84 d increased germination from 6.6 % to 32 %, 33.3 and 38.7 % 

respectively (Fig. 4). Unlike germination in G. trichodes there was no significant response 

to application of KAR1 in any of the treatments for Glossostigma sp.  
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Figure 4. Germination of seeds exposed to dormancy breaking treatments for: Glossostigma trichodes and G. sp. Following dormancy 

breaking treatment (as indicated) seeds were immediately transferred to plain water agar or agar containing karrikinolide (KAR1, 0.67 µm) 
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Discussion 

 

This is the first comprehensive study into the seed biology of claypan and gnamma species 

from the Southwest Australian Floristic Region and represents an important step in 

developing ex situ conservation strategies for aquatic plants. The diversity in germination 

strategies of the nine claypan and gnamma species indicates that in the initial stages of 

plant establishment there are a number of environmental drivers that influence species 

composition. Our hypothesis that seeds would be orthodox and germinate to higher 

percentages in the light was supported. In addition, seeds were shown to germinate over a 

range of temperatures. On the other hand, application of GA3 and KAR1 only increased 

germination for some species in unfavourable conditions. Some seeds were dormant and 

they required warm stratification, after-ripening or wet/dry cycling, and not cold 

stratification, for germination.  

 

Seeds of species responded differently to temperature, light, germination stimulant and 

drying 

Seeds of the non-dormant species generally germinated across the temperature range tested 

(5-20 °C). Germination of Glossostigma drummondii in the light was about 70 % across all 

temperatures but highest at 5 °C. Seeds of other native Australian aquatic plant species such 

as Ruppia polycarpa R. Mason and Lepilaena cylindrocarpa (Koernicke ex Walp.) Benth. 

can germinate at low temperatures (11 °C) but highest germination occurred at 20 °C 

(Vollebergh and Congdon, 1986). To our knowledge, maximum germination at 5 °C has 

not previously been recorded for an Australian aquatic species. In fact, for aquatic plant 

species worldwide, temperature preferences for germination below 15 °C are uncommon 
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with most species having germination optima of about 24 °C (Baskin and Baskin, 1998; 

Galinato and Van der Valk, 1986; Hartleb et al., 1993; Leck, 1996). Thus, species occurring 

in Western Australian claypans and gnammas are able to germinate to high percentages at 

temperatures cooler than many other aquatic annuals world-wide. However, a requirement 

of colder temperatures for germination is not obligate and it is likely that temperature is not 

limiting germination to a specific time of year, rather that these non-dormant claypan and 

gnamma species would respond to inundation occurring in any of the months preceding 

winter. Temperature logging of a number of the claypans and gnammas from which these 

species were collected indicated average water temperatures of 10-12 °C for 1-2 winter 

months each year (data not shown), indicating that seeds would experience suitable 

temperatures for germination.   

 

There was a highly significant temperature and light interaction for G. drummondii. Seeds 

germinated equally well in the light and darkness up to 10 °C but as temperatures increased 

a light response became evident. In an ecological context, this may restrict germination of 

buried seeds to particular times of the year. Similar results have been obtained in laboratory 

experiments on stratified seeds of Atriplex patula L. and Chenopodium rubrum L. (Galinato 

and Van der Valk, 1986); germination was similar in both the light and dark at lower 

alternating temperatures (5/10 and 10/20 °C) but as temperatures increased (15/25 and 

20/30 °C) germination was higher in the light. For seeds from some German Carex species, 

there was an interaction between light and the time of year that seeds were extracted from 

the soil (Schütz, 1997). A light requirement for germination is usually associated with seeds 

proximal to the soil surface.  The temperature-light interaction of Glossostigma 

drummondii may permit germination of seeds when buried by sediment in the middle of 
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winter and temperatures are at their coldest. At this time of the year, pools are usually 

inundated and conditions are favourable for successful plant establishment. 

 

An interesting finding was that drying and storing seeds under a regime suitable for seed 

banking actually increased germination at sub-optimal temperatures and in darkness for a 

number of species. Increased germination following desiccation treatments has also been 

observed in Littorella uniflora (L.) Ascers., an isoetid water plant of Western Europe (Arts 

and van der Heijden, 1990). In that study, drying seeds over silica at room temperature for 

2-4 weeks increased germination from less than 30 % to more than 60 % (Arts and van der 

Heijden, 1990). Increased germination following drying may be an adaptation to the 

temporary wetland environment. Myriophyllum spp. flower and disperse seeds throughout 

the growing season. It may not be advantageous for all seeds to germinate immediately as 

the remaining growing season may be limited. Thus, the drying of a pool may be a signal 

indicating the conclusion of one season, and the beginning of another when the pool next 

becomes inundated. 

 

Seeds of some species were dormant 

Five of the nine species tested had fresh seeds that germinated readily (i.e. were non-

dormant). However, the remaining four species (Damasonium minus, Glossostigma sp., G. 

trichodes and Myriophyllum crispatum) were dormant with low germination under all 

incubation conditions. Physiological dormancy is the most common form of dormancy 

recognised in aquatic plants (Baskin and Baskin, 1998). To overcome this dormancy, many 

species respond to periods of cold stratification (Baskin et al., 2002; Galinato and Van der 

Valk, 1986; Hay et al., 2008b; Walck et al., 1999) although warm stratification (Baskin et 
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al., 1996) and after-ripening (Baskin et al., 1993) have been shown to overcome dormancy 

in some aquatic species. Unlike the majority of aquatic species with dormant seeds, 

Glossostigma trichodes seeds did not respond to cold stratification. The seeds responded to 

wet/dry cycling and after-ripening but no treatment was as successful as warm 

stratification. When seeds of G. trichodes are dispersed, pools are entering the summer 

terrestrial stage. Thus, seeds would be exposed to conditions suitable for after-ripening 

soon after dispersal, then warm stratification in the initial stages of pool inundation. It is 

possible that seeds respond to both these phases in the annual cycling regime of claypans 

and gnammas. 

 

This study included four species of Myriophyllum and three species of Glossostigma. Of 

the four Myriophyllum species investigated, only M. crispatum had dormant seeds: this 

species only occurred in claypans whereas congeners were only found in gnammas. On the 

other hand, seeds from Glossostigma sp. and G. trichodes were found to be dormant and 

these species were restricted to gnammas whereas G. drummondii with its non-dormant 

seeds occurred in both claypans and gnammas. Until a better understanding is achieved of 

the relationships between species physiology and environmental conditions it remains 

unclear whether these correlations are adaptive or coincidental. 

 

Seeds were amenable to drying and sub-zero storage 

As with many UK aquatic plant species (Hay et al., 2000), the Western Australian claypan 

and gnamma species we tested exhibited orthodox seed storage behaviour and should be 

amenable to long-term seed banking. However, seeds of Potamogeton sp. Of the UK, while 

having orthodox seed storage behaviour, are probably too short lived in storage (F.R. Hay 
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unpubl. data). Further reducing the storage temperature (i.e. cryopreservation) might extend 

the longevity of the seeds in a seed bank, something that needs further investigation.  

 

The claypan and gnamma species we studied, although all aquatic and often sympatric, 

have varying requirements for germination. How these germination cues relate to 

ecological priming in nature requires further investigation.  It appears that for many 

species, seeds (or a proportion of the seeds) are able to germinate upon initial inundation, 

but the seeds need to be situated at the soil surface. It is likely that disruption of the surface 

crust (trampling, digging or gouging activities) during aestivation may lead to wind loss of 

seed.  Thus, maintaining the integrity of the soil crust may be an important first step for on-

site conservation of claypan and gnamma species. Claypans and gnammas in southwestern 

Australia host a number of specialist aquatic plants and further efforts in the protection and 

conservation of their habitats is needed. 
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CHAPTER 4: 

A new type of specialised morphophysiological dormancy 

and seed storage behaviour in Hydatellaceae, an early-

divergent angiosperm family 

 

Summary 

 

1. Recent phylogenetic analysis has placed the aquatic family Hydatellaceae as an early-

divergent angiosperm. Understanding seed dormancy, germination and desiccation 

tolerance of Hydatellaceae will enable ex situ conservation and advance hypotheses 

regarding angiosperm evolution.  

2. Seed germination experiments were completed on three species of south-west Australian 

Hydatellaceae, Trithuria austinensis, T. bibracteata and T. submersa to test effects of 

temperature, light, germination stimulant, and storage. Seeds were sectioned to examine 

embryo growth during germination in T. austinensis and T. submersa. 

3. Some embryo growth and cell division in T. austinensis and T. submersa occurred prior 

to the emergence of an undifferentiated embryo from the seed coat („germination‟). 

Embryo differentiation occurred later, following further growth and a 3–4 fold increase 

in the number of cells. Time taken to achieve 50 % of maximum germination for seeds 

on water agar was 50, 35 and 37 d for T. austinensis, T bibracteata and T. submersa, 

respectively.  

4. Seeds of Hydatellaceae have a new kind of specialised morphophysiological dormancy 

in which neither root nor shoot differentiates until after the embryo emerges from the 
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seed coat. Seed biology is discussed in relation early angiosperm evolution, together 

with ex situ conservation for this taxonomically significant group.  

 

Introduction  

 

Hydatellaceae, a small family of aquatic plants, has recently undergone taxonomic 

realignment from the Poales to the waterlily clade, Nymphaeales, near the base of the 

angiosperm phylogenetic tree (Friis and Crane, 2007; Saarela et al., 2007).  This 

repositioning has resulted in a fundamental change in our understanding of early 

angiosperm evolution and has significantly increased the conservation value of the group. 

The Hydatellaceae is composed of a single genus, Trithuria, containing 12 species 

(Sokoloff et al., 2008a). Ten of the species occur in Australia, with four endemic to the 

Southwest Australian Floristic Region. South-west Australian species are annuals, 

occurring in temporary wetlands, most often in clay-based vernal pools, but also in 

gnammas (rock-pools on granite) and on stream edges (Western Australian Herbarium, 

1998-).  

 

Research into the structural morphologies, developmental processes, and behavioural 

characteristics of Hydatellaceae and other early-divergent [ANA-grade (Amborella, 

Nymphaeales,
 
Austrobaileyales)] species can help to clarify early angiosperm evolution 

(Friedman, 2008; Friis and Crane, 2007; Rudall et al., 2008; Rudall et al., 2009b; Rudall et 

al., 2007; Saarela et al., 2007; Sokoloff et al., 2008b). For example, the seedling 

morphology of four Hydatellaceae species resembles that of both Nymphaeaceae (with 

united cotyledons) and that of some monocots with a single cotyledon (e.g. Schizocarpa, 
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Heliconia) suggesting Hydatellaceae could represent a possible evolutionary pathway to a 

monocot-like embryo (Sokoloff et al., 2008b).  

 

Embryos of ANA-grade angiosperms are diverse, ranging from small linear (longer than 

broad; Trimeniaceae, Schisandra), rudimentary (as broad as long; Amborellaceae, 

Illiciaceae, Schisandraceae and Austrobaileyaceae), or broad (Cabombaceae and 

Nymphaeaceae) (Bailey and Swamy, 1948; Baskin and Baskin, 2007; Endress, 1980; 

Martin, 1946; Morat and MacKee, 1977; Saunders, 1998). Species with small linear, 

rudimentary or spatulate embryos that must grow inside the seed and take  ≤ 30 d or > 30 d 

to germinate (i.e. radicle emergence) have  morphological  (MD) or morphophysiological 

(MPD) dormancy, respectively (Baskin and Baskin, 2004). In MD seeds with 

undifferentiated embryos, germination does not take place until both differentiation and 

growth have occurred (Baskin and Baskin, 2004). In two highly specialised kinds of MPD 

the embryos never differentiate into a radicle or cotyledons, even after germination; the 

embryo either grows to form a protocorm, which requires an association with a mycorrhizal 

fungus for further development (i.e., orchids), or the  embryo forms a haustorium that 

connects to the  host (e.g. Orobanche spp.) (Baskin and Baskin, 2004). Embryos in the 

Hydatellaceae are undifferentiated at seed maturity (dispersal) and, at least in T. submersa, 

increase in size prior to germination (Cooke, 1983; Hamann, 1976; Hamann, 1998; Rudall 

et al., 2009b), implying that the seeds are morphologically dormant. However, qualitative 

data on embryo growth are lacking and seed dormancy type has not been determined. Seed 

germination studies on other temporary pool aquatic species growing sympatrically with 

Hydatellaceae in south-west Australia have shown that some species are non-dormant and 

germinate to high percentages in the light at temperatures between 5-10 °C (Tuckett et al., 
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2010). The seed germination response to temperature and light in the Hydatellaceae is 

unknown and critical to inform conservation practitioners for ex situ conservation and 

propagation. 

 

Hydatellaceae seed studies may also contribute to resolving hypotheses as to whether seed 

desiccation-tolerance („orthodox‟ storage behaviour) is a derived or an ancestral state 

(Berjak and Pammenter, 2008; Dickie and Pritchard, 2002; Pammenter and Berjak, 2000; 

Tweddle et al., 2003). The hypothesis that desiccation-tolerance is a derived state is based 

upon observations that suggest species with desiccation-sensitive seeds are usually those 

that have ancestral ovule characteristics (von Teichman and van Wyk, 1994). This 

hypothesis has been further developed to suggest that desiccation-sensitive seeds are the 

ancestral state and that desiccation-tolerance has been derived multiple times in early 

angiosperm evolution (Pammenter and Berjak, 2000). The alternative hypothesis that 

desiccation-tolerance is the ancestral state arose from a data set of 886 tree and shrub 

species showing that the simplest explanation for the phylogenetic occurrence of 

desiccation-tolerance / -sensitivity was when desiccation-tolerance was the ancestral state 

(Tweddle et al., 2003). Relatively few extant spermatophytes have desiccation-sensitive 

seeds; those that do are scattered throughout the phylogenetic tree. As desiccation-tolerance 

is a complex characteristic thought to involve many genes and molecular processes, it has 

been argued that this trait would be much easier to „lose‟ rather than „gain‟ a number of 

times in the course of angiosperm evolution (Dickie and Pritchard, 2002; Tweddle et al., 

2003).  
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The seasonally-inundated wetlands where the south-west Australian Hydatellaceae occur 

may be particularly vulnerable to the potential threats faced by other aquatic habitats, 

including climate change, eutrophication, pollution, and algal and vascular weeds (Grillas 

et al., 2004; Hay et al., 2000; Horwitz et al., 2008; Withers, 2000). In addition to threats at 

an ecosystem level, increasing demand for Hydatellaceae specimens and seeds may put 

pressure on natural populations. Conservation and management strategies are therefore 

required to ensure the genetic diversity of populations is maintained. A comprehensive 

understanding of the environmental conditions required for germination and the 

identification of seed storage behaviour are two of the key areas essential in establishing 

and sustaining ex situ conservation programs. This paper aims to test the following 

hypotheses: 

1. The seeds have MD at maturity (seed dispersal).  

2. Seeds will not have PD and will germinate to high percentages at low temperatures 

in the light. 

3. Since seed desiccation-tolerance is thought to be an ancestral state, Hydatellaceae 

seeds will tolerate drying and therefore be amenable to conventional (-18 °C) seed 

bank storage as a strategy for the ex situ conservation of these species. 

 

Methods 

 

Seed collections 

At the time of dispersal, mature seeds of T. austinensis D.D.Sokoloff, Remizowa, 

T.Macfarlane & Rudall were collected in November/December 2007 at Tolkerlup Swamp 

(34°19'20.9" S 116°43'23.2"E) and those of T. bibracteata D.A.Cooke and T. submersa 
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Hook.f. at the same time at Mersa Road Swamp (34°07'27.8" S 116°12'124.4" E) in the 

Warren region of Western Australia. Voucher specimens were deposited at PERTH. Both 

sites are temporary wetlands that are inundated during winter (July-August) and dry during 

the summer (December-February). Seeds were transported to the laboratory at Kings Park 

and Botanic Garden in ziplock plastic bags, where they were cleaned by hand under a 

microscope. Cleaned seeds were stored in sealed glass phials at room temperature (ca. 18 

°C) until they were used. Seed viability was assessed using a cut test on a random sample 

of four replicates of 25 seeds.  A seed was scored as viable if it had a turgid, white embryo 

and perisperm (ISTA, 1999).  

 

Germination of fresh seeds 

Experiments on fresh seeds commenced within 28 d of collection. Seeds were sterilised in 2 

% (w/v) calcium hypochlorite (Ca(OCl)2) for 10 minutes and then rinsed three times in 

sterile deionised water. A complete three-way factorial design was devised to test seeds for 

treatment effects and presence of dormancy. Each treatment consisted of three replicates of 

25 seeds, except for T. bibractata where seeds were limited so each replicate consisted of 

15 seeds. Factors investigated included light, temperature, and germination stimulant. Seeds 

were sown in 90 mm diameter sterile plastic Petri dishes containing 25 ml of water agar 

(0.7 % w/v), 25 ml water agar with 0.29 mM gibberellic acid (GA3; Sigma
®
, Australia), or 

25 ml water agar with 0.67 µm karrikinolide (KAR1; provided by G. Flematti, University of 

Western Australia) (Flematti et al., 2005). Petri dishes were sealed with plastic film (Glad
® 

Wrap, Australia) and for dark treatments, immediately wrapped in aluminium foil and 

placed in light-proof cardboard boxes for the duration of the experiment.  Seeds exposed to 

light were left unwrapped and not placed in boxes. Dishes were then placed in incubators 
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set at 5, 10, 15 or 20 °C with a daily 12 hr photoperiod of 30 µmol m
-2

 s
-1

, 400-700 nm, 

cool-white fluorescent light. As seeds of T. bibracteata were limited, they were not 

incubated at 5 °C or treated with KAR1. Scoring of light treatments occurred weekly until 

no further germination was observed for 3 weeks. Scoring of dark treated seeds only 

occurred on the final day of scoring of the light treated replicates (after 140 d).  

 

Seed desiccation and storage 

To test whether the seeds tolerate desiccation and sub-zero storage and whether there was a 

change in the dormancy breaking and/or germination requirements, the same three-way 

factorial experiment (as above) was carried out on dried and stored seeds (GA3 and KAR1 

data not presented for dried and stored treatments). Seeds were dried in open containers in a 

controlled environment room (15 °C, 15 % RH) for 14 d. „Dried‟ seeds were then either 

tested for germination immediately or were hermetically sealed in a single laminated 

aluminium foil bag and placed at -18 °C for 28 d („stored‟ seeds). Germination tests were 

carried out on dried and stored seeds (foil bags allowed to equilibrate with room 

temperature before opening), as described above with three replicates of 25 seeds per 

treatment except T. bibracteata which had three replicates of 15 seeds. 

 

Embryo growth  

To investigate whether the embryo grows prior to germination, i.e., the presence of MD or 

MPD, seeds of T. austinensis and T. submersa were sectioned at regular intervals prior to 

and during germination. Dried seeds were placed on water agar as described above and 

incubated in the light at 10 °C.  Samples of T. austinensis seeds were taken for sectioning at 

0, 5, 10, 15, 20 and 25 d and those of T. submersa seeds were taken at 0, 10, 20 and 30 d. 
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Seeds were placed in concentrated hydrochloric acid (HCl) for 2 h before fixing in 

formalin–acetic–alcohol (40 % formaldehyde, glacial acetic acid and 70 % ethanol, 10:5:85 

v/v/v).  Seeds with a ruptured seed coat were not treated with HCl. Fixed seeds were sent to 

the Royal Botanic Gardens, Kew, where five seeds from each sample time were stained and 

sectioned following Rudall et al. (2009a).  Material was embedded in Histo-Technovit 7100 

resin and sectioned using a Leica RM 2155 rotary microtome fitted with a tungsten-carbide 

knife. Sections were stained in toluidine blue and mounted in DPX resin (a mixture of 

distyrene, plasticizer, and xylene). Optical sections were photographed using a Leitz 

Diaplan photomicroscope fitted with a Zeiss Axiocam digital camera, in some cases using 

differential interference contrast microscopy (Rudall et al., 2009a). 

 

Statistical analyses 

Seed germination data were analysed using logistic regression in GenStat 10
th

 edition (VSN 

International Ltd., UK). For each experiment, a full model including all main factors and 

interactions was fitted. Graphs show exact binomial standard errors (95 % confidence 

interval). Images of sectioned seeds were analysed using ImageJ for Windows 1.41. Images 

from each sample time were calibrated and measured for total area, length and width for 

both seeds and embryos. In addition, the number of cells in each embryo was counted for 

each section. 

 

Results 

 

Germination of fresh seeds 
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Cut tests indicated high seed viability for all three species: 95, 82, and 91 % for T. 

austinensis, T. bibracteata, and T. submersa, respectively. Initially, germination of fresh T. 

austinensis seeds was low. Maximum germination occurred at 10 °C in light, reaching 28 

% in water, and 37 % in the presence of GA3 (Fig 1a, d). It took 55 d for 50 % of the total 

number of germinants to germinate at 10 °C, and maximum germination occurred on day 

126 (App. 3, Table 1). 

 

 Seed germination of T. bibracteata was also highest in the light but occurred at 15 °C. 

Treating seeds with GA3 increased germination from 29 % (on water) to 36 % (Fig. 1b). 

There was no germination when seeds were incubated in the dark (Fig. 1e). Time to 50 % 

germination at 15 °C took 38 d, and maximum germination was reached on day 85 (App. 3, 

Table 1). 

 

Germination of fresh T. submersa seeds on water was highest at 5 °C in the light (75 %), 

and when seeds were treated with KAR1 this increased to 90 % (Fig. 1c). When data were 

pooled across incubation temperatures, GA3 and KAR1 increased germination at sub-

optimal temperatures (10, 15 and 20 °C). Similar to T. bibracteata, germination in the dark 

was negligible (Fig. 1f). Seeds of T. submersa took 37 d for 50 % of the total number of 

germinants to germinate. Maximum germination was reached between 77 and 88 days, at 

10 °C (App. 3, Table 1). 
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Figure 1. Effect of gibberellic acid agar (GA3) and Karrikinolide agar (KAR1) on seed 

germination (mean ± 95% CI) for T. austinensis (a, d), T. bibracteata (b, e) and T. 

submersa (c, f). Seeds were incubated under a 12 h light dark regime (a-c) or full darkness 

(d-f).  

 

Germination of an accession of seeds of Trithuria sp. was also tested for germination and 

had a temperature optima of 20 °C, with almost no germination at 5 °C. This accession was 

originally thought to be T. submersa, but upon lodgement at the herbarium, does not fit any 

current classifications. Germination of T. sp. (TAS) is provided in App. 3, Fig. 1. 
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Seed desiccation and storage 

Seeds of T. austinensis, T. bibracteata and T. submersa germinated to equal or greater 

percentages following drying at 15 °C and 15 % RH for 14 d and storage at -18 °C for 28 d 

(Fig. 2).  

 

The maximum germination percentage of T. austinensis seeds was significantly greater than 

that of fresh seeds following drying (70 %; 15 °C, 15 % RH for 14 d) Germination further 

increased following drying and storage (79 %; as above followed by 28 d at -18 °C; Fig. 

2a). Seeds of T. bibracteata germinated to the highest percentage after drying and storage 

and incubation at 10 °C in the light. However, maximum germination was only 48 %, and, 

unlike for fresh seeds GA3 did not increase germination further (Fig. 2b, Table 1). 

Maximum germination of T. submersa seeds increased from 75 % to 90 % following drying 

and storage (Fig. 2c) and occurred under the same incubation treatments as those for the 

fresh seeds. 
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Figure 2. Seed germination (mean ± 95 % CI) of fresh (28 d old), dried and stored seeds of 

Trithuria austinensis, T. bibracteata and T. submersa. Seeds were incubated at indicated 

temperatures under a 12 h light/dark regime for a maximum of 140 days.  
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Embryo growth 

Prior to incubation, embryos were undifferentiated, positioned at one end of the seed and 

surrounded by 1–2 cell layers of endosperm (Fig. 3a,b, 4a). Embryo: seed ratio (area) of T. 

austinensis of dry seeds (i.e. before placing them on agar) was 0.021 (Table 2). This ratio 

increased to 0.054 following 25 d incubation at 10 °C, more than doubling in embryo size. 

The embryo also underwent cell division during incubation, with the number of cells 

increasing from 23 (± s.e.1.5) prior to incubation to 67 (± s.e. 9.0) following 25 d at 10 °C 

(Table 2; Fig. 3; App. 3, Fig. 2).  Embryos of T. submersa seeds also increased in size 

during incubation at 10 °C. The E: S ratio (area) increased from 0.019 to 0.080 after 25 d, a 

four-fold increase (Table 2, Fig.4). During incubation, the mean number of cells in the 

embryo increased from 18 (± s.e. 0.9) to 79 (± s.e. 6.8).  



   

 

Table 1. Results of logistic regression analysis (significance of terms) of the germination data for Trithuria austinensis (n=75), T. 

bibracteata (n=45) and T. submersa (n=75). Seeds were placed at a range of temperatures (5, 10, 15, 20 °C), with or without addition of GA3 

or KAR1, (T. bibracteata was not incubated at 5 °C or treated with KAR1) and incubated in darkness or under a 12 hr light/dark regime. L= 

Light, Te= Temperature and Tr= Treatment 

 Light (L) Temperature (Te) Treatment (Tr) L  × Te L × Tr Te × Tr L × Te × Tr 

Trithuria austinensis <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Trithuria bibracteata <0.001 <0.001 0.027 <0.001 <0.001 <0.001 <0.001 

Trithuria submersa <0.001 <0.001 NS <0.001 <0.001 <0.001 <0.001 

 

 

 

1
3
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Figure 3. Longitudinal sections of post-dispersal seeds of Trithuria austinensis. 

Undifferentiated embryos grew inside the seed until the operculum was ruptured, upon 

which most growth occurred outside the seed coat. a–b) resting seed showing limited 

growth. c) embryo growth following 15 days of incubation at 15 °C. d–f) seeds after 20 

days incubation. e = endosperm, em = embryo, o = operculum, p = perisperm, ttl = 

thickened tegument layer. Scale bar a, e = 100 µm b-d, f = 50 µm. 
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Figure 4. Longitudinal sections of post-dispersal seeds of Trithuria submersa. Embryo 

growth was largely outside the seed coat, with a four-fold increase in cell number before 

differentiation into a radicle and primary photosynthetic leaf. a) resting seed, b–f seeds 

showing germination following incubation of 20–30 days. e =  endosperm, em = embryo, fp 

= first photosynthetic leaf, p = perisperm, r = primary root. Scale bar = 200 µm. 

 



   

 

Table 2. Seed morphological characteristics of resting (before incubation) and germinated seeds of Trithuria austinensis and T. submersa. 

Data are presented on seed and embryo sizes of resting seeds and seeds just prior to differentiation of the embryo for T. austinensis and T. 

submersa (mean ± 1 SE).  

 Trithuria austinensis Trithuria submersa 

 Resting Seed Germinating seed Resting Seed Germinating seed 

Seed Length (µm) 498 ± 24.7 485 ± 7.5 690 ± 32.9 763 ± 27.1 

Seed Width (µm) 335 ± 17.4 320 ± 13.9 284 ± 15.5 286 ± 22.8 

Embryo Length (µm) 43± 10.1 66 ± 4.4 42 ± 1.7 108 ± 6.6 

Embryo Width (µm) 83 ± 3.9 86 ± 10.1 90 ± 5.9 156 ± 10.1 

E:S (Length) 0.086 0.136 0.131 0.204 

     

Seed area (1000 µm²) 126 ± 7.9 116 ± 6.5 141 ± 11.4 154 ± 13.3 

Embryo area (1000 µm²) 3 ± 0.4 6 ±1.1 3 ± 0.2 12 ± 1.8 

E:S (Area) 0.021 0.054 0.019 0.080 

     

Number of cells in embryo 23 ± 1.5 67 ± 9.0 18 ± 0.9 79 ± 6.8 

 

1
4
1
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Upon incubation, the embryo began to undergo cell division (Fig. 3a-c) and emerged 

through the thickened tegumen layer and the operculum. Seeds were defined as germinated 

at this point. The majority of embryo growth occurred outside of the seed coat (Fig. 3d, e, 

4b). Following seed coat rupture, the embryo continued to undergo cell division, with cell 

numbers increasing three- to four-fold (Fig. 3f, 4c).  No differentiation was evident in any 

of the sections prior to day 30 in T. submersa seeds, or prior to day 25 in T. austinensis 

seeds (Fig. 3f, 4c). However, in both species rapid differentiation of cells into the radicle 

occurred following emergence from the seed coat (Fig. 4d, e) followed closely by 

differentiation of the first primary leaf (Fig. 4e, f). 

 

Discussion 

 

A new type of specialised morphophysiological dormancy in Trithuria 

During incubation and prior to germination, embryos of T. austinensis and T. submersa 

underwent cell division, with the number of cells increasing from ca 23 to 67 in T. 

austinensis and from ca.18 to 79 cells in T. submersa, representing 2.6 and 4.2 fold 

increases in embryo size, respectively. Since (1) embryo growth within the seed is a 

requirement for germination, (2) seeds took longer than 30 d to germinate, and (3) 

germination increased following the drying treatment, we conclude that seeds of 

Hydatellaceae can be described as having MPD as defined by Baskin and Baskin (2004). 

Differentiation of the embryo into a radicle and shoot occurs after the embryo breaks 

through the seed coat, i.e. after the seed germinates (Figs 3, 4). This combination of events 
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in seed germination has not been reported previously and thus represents a new kind of 

specialised MPD.   

 

Although there was some embryo growth inside the seeds of Trithuria prior to germination 

(embryo emergence), differentiation of the root and shoot occurred outside the seed coat. 

This pattern of germination differs from that of seeds of all other species known to have 

undifferentiated embryos that eventually give rise to normal embryos with a radicle and 

cotyledon(s). For example, undifferentiated embryos in seeds of the eudicots Anemone 

nemorosa and A. ranunculoides (Mondoni et al., 2008) and Corydalis solida and C. 

ledebouriana (Liden and Staaf, 1995) grow and differentiate inside the seed before 

emergence of a differentiated radicle. The only other taxa with specialised forms of MD or 

MPD are some mycoheterotrophic plants such as orchids and some holoparasitic plants 

such as Orobanche. In these taxa, the embryos have no (or very little) growth prior to 

germination and never differentiate into a shoot and root (Baskin and Baskin, 1998). In 

Hydatellaceae, most differentiation of the embryo into a radicle and a primary 

photosynthetic leaf occurs after the seed coat has ruptured and the embryo is largely outside 

the seed. Differentiation of the meristem and other „organs‟ in holoparasites occurs 

exogenously during germination, rather than before (i.e. within the seed) as does the 

development of the radicle and primary leaf in Trithuria.  However, Trithuria seed 

germination is based on its own reserves, whereas both other known forms of specialised 

MD occur in species that are heterotrophic and require a host or fungus to develop into a 

seedling (Baskin and Baskin, 1998). 
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Is the undifferentiated embryo of Trithuria an ancestral state?  

Hydatellaceae and Nymphaea lotus (Nymphaeaceae) (Rudall et al., 2009a) are the only 

ANA-grade angiosperms  reported to have undifferentiated embryos (Bailey and Swamy, 

1948; Endress, 1980; Martin, 1946; Morat and MacKee, 1977; Saunders, 1998). 

Hydatellaceae share several other developmental characteristics with the waterlilies, such 

as a four-nucleate embryo sac, operculate seeds with perisperm and haustorial endosperm 

(Rudall et al., 2009a). At least one of these features, the four-nucleate embryo sac, is 

putatively ancestral in angiosperms (Friedman and Williams, 2003; Friedman and 

Williams, 2004; Williams and Friedman, 2004). Thus, the phylogenetic placement of 

Hydatellaceae raises the question of whether the undifferentiated embryo condition could 

also be ancestral, or whether it is merely consistent with the reduced habit and short life 

cycle characteristic of this family (Dahlgren et al., 1985; Hamann, 1976; Rudall et al., 

2007). 

 

We propose that the undifferentiated embryo is an ancestral condition rather than an 

ecologically-driven phenomenon based on a number of observations. Firstly, it is unlikely 

that exogenous embryo growth is an evolved trait, as it is a high risk strategy for 

germination. The exposed, emerged embryo is very vulnerable and presumably would not 

survive if these species occurred in a terrestrial ecosystem where desiccation is likely.  

Secondly, no other sympatric species of the temporary wetland environment of these 

Hydatellaceae have yet been identified to have an undifferentiated embryo (Tuckett 

unpubl.). Furthermore, Trithuria species apparently have not developed other germination 

strategies that are common in many south-western Australian species, such as fire 

responsiveness and a subsequent strong response to KAR1 (Chiwocha et al., 2009; Dixon et 
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al., 2009). Unlike many dryland terrestrial species, if Hydatellaceae have remained in an 

aquatic habitat they are likely to have retained the ancestral state due to the lack of 

ecological drivers for adaptation. Phylogenetic niche conservatism of Hydatellaceae is 

consistent with greatest diversity and the global distribution of the family on old, 

climatically-buffered and largely infertile landscapes (Hopper, 2009). Traits such as the 

presence of a chalazal endosperm haustorium and perisperm as the major nourishing tissue 

for the embryo, could represent the ancestral state in Hydatellaceae and other early-

divergent angiosperms (Floyd and Friedman, 2001; Hamann, 1998; Rudall et al., 2009a; 

Rudall et al., 2007). However the hypothesis that the undifferentiated embryo represents the 

ancestral state requires further testing using phylogenetic optimisation and more 

comparative data on early-divergent and stem-group angiosperms, both extant and extinct.  

 

Evolution of desiccation tolerance 

The observation that Hydatellaceae seeds are desiccation-tolerant could also mean that this 

trait is ancestral for all angiosperms, a question that has not been resolved, not least because 

of the inability to assess desiccation tolerance in fossilised seeds (Berjak and Pammenter, 

2008; Pammenter and Berjak, 2000). If, as seems likely, Hydatellaceae plants have 

remained in similar environments since their evolutionary origin, this trait may have been 

retained rather than evolved. However, further rigorous testing of this hypothesis is 

required, because some species of the sister group Nymphaeaceae (i.e. Nuphar lutea and 

Nymphaea alba) show desiccation sensitivity (Hay and Muir, 2000; Smits et al., 1989).  It 

would be useful to test whether seeds of the other Trithuria spp. (some of which complete 

their entire life-cycle submerged) are desiccation-tolerant and that this is a universal 

characteristic of the family. If all other Hydatellaceae species are also desiccation tolerant, 
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and have inhabited similar environments since they evolved, this would suggest that 

desiccation tolerance is an ancestral characteristic of the family.  

 

Germination requirements of Trithuria 

Germination of T. submersa was highest at 5 -10 °C, which is considerably lower than that 

the average optimal temperature (24 °C) for aquatic species (Baskin and Baskin, 1998). 

However, optimal temperatures for some sympatric species occurring in the same 

environment as the Hydatellaceae are recorded to match this (Tuckett et al., 2010). Final 

germination percentages were similar at 5 °C and 10 °C, but germination rate was faster at 

10 °C. Temperature profiles from a field site where Hydatellaceae are present suggest that, 

in situ, seeds are likely to experience sufficient time periods for germination when 

temperatures average around 10 °C, but not at 5 °C (App. 3, Fig. 3). World climate change 

models predict that in southern Western Australia temperature will increase and rainfall 

decrease (Gitay et al., 2002; Hilbert et al., 2007). Final germination percentages were 

reduced above 10 °C, so we hypothesise that an increase in average winter temperature 

could lead to a reduction in the percentage of seeds germinating each year if the population 

is unable to adapt to a changing climate. 

 

Seed germination responses to temperature and light were considerably different between 

species. Seeds of T. submersa have higher germination at low temperatures (5–10 °C), 

whereas seeds of T. austinensis germinate to high percentages at all tested temperatures, 

though 10–20 °C is more favourable than 5 °C. Even though the geographical distributions 

of these species largely overlap (Sokoloff et al., 2008a) and both are restricted to temporary 

wetlands, they are rarely found growing in the same pool. It is possible that there are small 
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environmental variables between different sites that could account for this variation. These 

may be revealed with more detailed information of the phenology of species and of pool 

regimes. We have observed that T. submersa is often found in, but not restricted to, sites 

that are typically shallower than those of T. austinensis. Trithuria austinensis often grows 

on the edges of larger temporary pools where annual fluctuation of water depths is greater 

than that in the typical smaller pools of T. submersa sites. The greater depths at T. 

austinensis sites could result in lower light availability hence the observed result that some 

seeds can germinate in the dark. 

 

Conservation strategies for Trithuria 

Hydatellaceae species are of significant conservation value and occur in a vulnerable 

environment that is threatened by climate change, eutrophication, pollution, algal and 

vascular weeds, soil disturbance, in-filling and drainage, agriculture, tourism, feral animals 

and conversion to permanent water bodies (Grillas et al., 2004; Hay et al., 2000; Horwitz et 

al., 2008; Withers, 2000). If Hydatellaceae have persisted in southwestern Australia since 

their evolutionary origin, then they have sustained several changes in climate and may have 

levels of resilience (Hopper, 2009; James, 1992; James, 2000). However, the adaptability of 

present-day Hydatellaceae species to increased average temperatures and a reduced 

hydroperiod are currently unknown. Dispersal capabilities, pollination and genetic 

differences within populations are not fully understood. Considering the evolutionary 

significance of this group, ex situ conservation is necessary to provide an insurance policy 

for natural populations. The Hydatellaceae species tested here are amenable to seed 

banking conditions and are orthodox in storage behaviour (Liu et al., 2008), indicating that 

ex situ storage is a viable option for their conservation. 
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We have shown that compared to other early-branching angiosperms and south-western 

Australian flora, the Hydatellaceae have a unique combination of characteristics in the 

process of early plant establishment. Identifying the germination requirements, orthodox 

seed storage behaviour and new type of specialized MPD in this family is important to 

implement ex situ conservation strategies and contribute to current evolutionary hypotheses 

of the early-divergent angiosperms. 
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CHAPTER 5: 

Comparative longevity and low-temperature storage of 

seeds of Hydatellaceae and temporary pool species of 

Southwest Australia. 

 

Abstract 

 

The comparative longevity of seeds of species from the early-angiosperm group, 

Hydatellaceae, along with other temporary wetland aquatics from the Southwest Australian 

Floristic Region were tested under standard experimental storage conditions. In contrast to 

recent hypotheses proposing that seeds from basal angiosperm species may be short-lived 

in storage, seeds of the Hydatellaceae species (Trithuria submersa and T. austinensis) 

proved to be longer-lived than the other temporary wetland aquatic species tested. Seeds of 

Glossostigma drummondii, Myriophyllum petreaum and M. balladoniense, lost viability 

quickly and are thus predicted to be short-lived in seed bank storage. To assist seed bank 

conservation programs, the effect of seed moisture content on the viability of seeds stored 

for 1, 6 and 12 months at -18 °C or in vapour phase cryopreservation (-150 °C) was 

determined. Seeds of all species survived storage at both temperatures for up to 12 months, 

provided seed equilibrium relative humidity was below ca. 50 %. Given the high 

conservation value of seeds of Hydatallaceae species and the potential short-lived nature of 

seeds of some of the species, we recommend that ex situ conservation programs for these 

aquatic species should consider cryopreservation as a means to maximise the longevity of 

their seeds. 
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Introduction 

 

Western Australian vernal pools and gnammas are hosts to endemic and threatened flora, 

including one of the oldest groups of living angiosperms, the Hydatellaceae (comprised of a 

single genus Trithuria) (Sokoloff et al., 2008; Tuckett et al., 2010).  Recent hypotheses 

predict that seeds of early-divergent angiosperms may be short-lived in storage as they 

evolved in disturbed moist habitats (Probert et al., 2009). However, as yet, no data are 

available for seed longevity of early-angiosperms. Further, the Hydatellaceae and other 

species occurring within vernal pools and gnammas in the biodiversity hotspot of the South 

Western Australian Floristic Region are susceptible to many threats including climate 

change, eutrophication, pollution, algal and vascular weeds, agriculture, and introduction of 

feral animals (Grillas et al., 2004; Hay et al., 2000; Withers, 2000). Ex situ storage of seeds 

in seed banks and cryopreservation  is a safe and relatively inexpensive method (compared 

with maintaining living collections) of plant genetic conservation (Li and Pritchard, 2009; 

Roberts, 1991).  

 

The underlying theory of seed conservation is that seed longevity can be extended by 

lowering the moisture content and the temperature at which seeds are stored (Walters, 

2004). Standard seed banking protocols recommend that orthodox seeds should be dried to 

3-7 % MC (ca. 15-20 % eRH) and then stored at -18 °C (FAO/IPGRI, 1994). As reported 

elsewhere, many  south-western Australian vernal pool and gnamma species produce seeds 

that tolerate drying at 15 % RH and drying and storage (-18 °C for 28 d) (Tuckett et al., 

2010). However, the potential longevity of the seeds in storage remains unknown. Recent 

reports on seed longevity for a large number of diverse species (Probert et al., 2009; 



   

155 

 

Walters et al., 2005) have shown that some Australian species produce seeds that are 

among the longest lived. However, these studies have encompassed relatively few genera 

across few environments and an increased diversity is needed to gauge the level of 

variability in seed longevity within the Australian flora. Evidence is arising that not all 

Australian species have seeds that are long-lived, with examples of species of Plantago 

having seeds that are much shorter-lived (Kochanek et al., 2009) than seeds of the 

Australian species tested by Probert et al. (2009).  

 

A recent review examining large sets of seed longevity data suggests that up to 26 % of 

species with orthodox seeds lost viability faster than might be expected under conventional 

seed banking conditions (Li and Pritchard, 2009). Cryopreservation, the storage of seeds at 

ultra-low temperatures in liquid nitrogen (LN2) may be used to extend the longevity of 

orthodox seeds; this may be particularly important for short-lived seeds and accessions of 

high conservation value (Li and Pritchard, 2009). There are a number of variables that 

affect a seeds ability to be stored at low temperatures. High seed moisture contents result in 

lethal ice formation upon exposure to sub-zero temperatures (Vertucci, 1989b). In addition, 

the combination of low seed moisture contents and low storage temperatures have been 

shown to reduce germination due to triacylglycerol crystallization (Crane et al., 2006; 

Crane et al., 2003; Vertucci, 1989a). Understanding the interactions and behavior of water 

and non-water components in seeds is critical to the development of effective seed 

conservation methods. Sorption isotherms express the equilibrium relationships between 

seed moisture content and relative humidity at constant temperatures. For orthodox seeds, 

isotherms are sigmoidal in shape with inflection points at ca. 15-20 and 85 % equilibrium 

RH (eRH) reflecting differing water binding properties at different levels of seed hydration. 
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Water availability affects seed aging rates and the potential for lethal ice crystal formation 

upon storage at low temperatures (Walters, 1998). 

  

In this study we investigated the seed storage behaviour and comparative longevity of 

species of the early divergent Hydatellaceae and for comparison, some other Western 

Australian temporary wetland aquatic plants, to develop effective seed conservation 

methods.  To meet this aim we tested the hypotheses that seeds of Hydatellaceae and other 

south-western Australian aquatics will 1) have orthodox storage behavior and survive 

desiccation and storage at -18 and -150 °C; 2) be short-lived in comparative longevity 

experiments relative to seeds from other Australian species reported in the literature. 

 

Methods 

 

Species selection, seed collection and seed quality 

At the time of dispersal, seeds of Crassula natans (Eckl. & Zeyh; 32°01′48.6"S 

115°58′16.8"E) G.D.Rowley, Glossostigma drummondii Benth. (32°01′48.6"S 

115°58′16.8"E), Myriophyllum balladoniense Orchard (33°18′07.2"S 123°22′45.3"E), M. 

petreaum Orchard (33°41′14.0"S 123°23′38.3"E), Trithuria austinensis D.D.Sokoloff, 

Remizowa, T.Macfarlane & Rudall (34°19'20.9"E 116°43'23.2"E) and T. submersa Hook.f. 

(34°07'27.8"S 116°12'124.4"E) were collected in October-November 2007 and position 

recorded with a GPS (GDA 94). Fruits containing seeds were kept in plastic ziplock bags 

and transported to Kings Park and Botanic Garden for cleaning. Seeds were cleaned 

manually by gently rubbing material with a hand-held rubber stopper (7 cm diameter × 12 

cm) on a rubber mat. Seeds were separated from the chaff using an aspirator (SELECTA 
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BV Gravity Seed Separator “Zig Zag”, Netherlands) or by hand under a microscope before 

storing at room temperature (approx. 20 °C, 50 % RH): seed longevity/ storage experiments 

commenced within four weeks of collection.  

 

Comparative longevity 

To test seed longevity of Hydatellaceae species and  allow comparisons with a global data 

set (Probert et al., 2009) and other temporary wetland species of south-western Australia, 

seeds of Crassula natans, Glossostigma drummondii, Myriophyllum balladoniense, M. 

petreaum, Trithuria austinensis and T. submersa were placed into standard experimental 

storage conditions (Probert et al., 2009). Twelve samples of 50 seeds each were sealed 

inside nylon mesh (0.75 µm) bags and hydrated by enclosing the bags inside an air-tight 

polycarbonate electrical enclosure box (28 × 28 × 14 cm; NHP Fibox, Australia), above a 

non-saturated solution of LiCl (370 g L
-1

), creating an RH of 47 % (Hay et al., 2008) and 

placed at 20 °C for 14 d. Bags of seeds were then moved to the experimental storage 

environment: they were enclosed in a second polycarbonate electrical enclosure box above 

a non-saturated solution of LiCl (300 g L
-1

), creating an RH of 60 % (Hay et al., 2008) and 

placed at 45 °C. Time periods for sample removal were determined for each species in pre-

trials and tested for germination, as follows.  

 

Seeds were sterilised by immersing the nylon bags in 2 % (w/v) Ca(OCl)2 for 10 minutes 

and then rinsed three times in sterile water. Seeds were sown in 90 mm diameter sterile 

plastic Petri dishes containing 25 ml of water agar (0.7 % w/v; Glossostigma drummondii, 

Myriophyllum balladoniense, M. petreaum and Trithuria submersa), 25 ml water agar with 

0.29 mM gibberellic acid (GA3, Sigma
®
; T. austinensis), or 25 ml water agar with 0.67 µM 
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karrikinolide (KAR1, provided by G. Flematti, University of Western Australia; Crassula 

natans) (Flematti et al., 2005).  Petri dishes were sealed with plastic film (GladWrap
®

) and 

incubated under a daily 12 hr photoperiod of 30 µmol m
-2

 s
-1

, 400-700 nm, cool-white 

fluorescent light at 5 (Glossostigma drummondii), 10 (Trithuria austinensis and T. 

submersa), or 20 °C (Crassula natans, Myriophyllum balladoniense and M. petreaum; 

Tuckett unpubl.). Seeds were scored regularly for germination and considered to have 

germinated upon either radicle or cotyledon emergence of ≥ 1 mm. 

 

Effects of moisture content and storage temperature on seed viability 

Seeds of Crassula natans, Myriophyllum petreaum, Trithuria austinensis and T. submersa 

were stored at a range of moisture contents at -18 °C and in vapour phase liquid nitrogen (-

150 °C). Using saturated solutions of ZnCl2 and LiCl, non-saturated solutions of LiCl, and 

water, 75 seeds of each species were equilibrated at 5, 11, 15, 30, 50, 70, 85, 95 and 100 % 

RH and 20 °C for 14 d (Hay et al., 2008) in nylon mesh bags (as above). Seeds and bags 

were then sealed in 1 ml Nunc CyroTube
TM

 (Thermo Fisher Scientific, USA) phials for 

storage at -150 °C or in hermetically sealed laminated aluminum foil bags for storage at -18 

°C. After 1, 6, and 12 months, a sample of seeds of each species were removed for 

germination testing as described above. Seed moisture is plotted based on pre-storage eRH 

for ease of interpretation; seed water content was constant between storage temperatures 

although the actual eRH is predicted to have varied (Vertucci and Roos, 1993). 

 

Isotherms 

Moisture adsorption isotherms were determined for seeds of Crassula natans, 

Myriophyllum petreaum, Trithuria austinensis and T. submersa. Seeds were dried at 15 % 
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RH for ≥ 14 d and then loaded into an IGAsorp (Hiden Analytical, UK). The IGAsorp was 

run at 20 °C with 18 measurements of seed weights recorded from 0 to 95 % RH. Moisture 

content (% fresh-weight basis) was calculated by assuming that the weight of the seeds at 0 

% RH was equivalent to dry seed weight.   

 

Differential Scanning Calorimetry (DSC) 

To determine the unfrozen water content (UWC) in seeds of Myriophyllum petreaum, seeds 

were equilibrated over water and non-saturated solutions of LiCl (100, 95, 90, 85, 15 % 

RH) for 14 d prior to differential scanning (DSC) analysis (Perkin-Elmer DSC 7 equipped 

with a CCA7 cooling system and calibrated daily with n-octane and n-octadecane). Empty 

hermetically sealed aluminum crucibles were scanned to correct the baseline curvature. 

Thermal transitions were measured using Pyris-1 software (Perkin-Elmer). DSC studies 

were completed using samples of seeds weighed out and hermetically sealed in 10 ul 

aluminum crucibles (Perkin-Elmer) using a crucible sealing press (Perkin-Elmer). Seed 

samples were cooled to -110 °C, then heated at 10 °C min
-1

 from -110 to +80 °C and then 

cooled at the same rate in reverse. Three replicates were analysed for each eRH. Following 

DSC analysis, crucibles were punctured and weights calculated after drying at 103 °C for 

17 hrs (ISTA, 1999). Thermograms were analysed for the enthalpy of endothermic 

reactions and were measured in J g
-1

 d.wt. from the area above the baseline.  

 

To determine if seeds of Crassula natans, Glossostigma drummondii, Myriophyllum 

petreaum, M. balladoniense, Trithuria austinensis and T. submersa had lipids that may 

crystallise, causing irreversible cell damage, seeds were dried at 15 % RH and samples 

were run on the DSC with the same heating and cooling gradient as described above.  
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Statistical analyses 

Statistical analyses were performed using GenStat 10
th

 edition (VSN International Ltd., 

UK). Probit analysis of data from the comparative longevity tests were carried out to 

estimate p50 (the time for viability to fall to 50 %), fitting the basic seed viability equation 

(Ellis and Roberts, 1980): 

 

v = Ki - p/σ 

 

where v is the viability in normal equivalent deviates (NED) at time p (days); Ki is the 

initial viability (NED) and σ is the standard deviation of the normal distribution of seed 

deaths in time. Seed survival curves were plotted in OriginPro 8
th

 edition. The germination 

data for seeds stored at -18 or -150 °C were analysed using binary logistic regression (logit 

link function). For each experiment a full model including all main factors (temperature, 

pre-storage eRH, time) and interactions was fitted.  

 

The enthalpies determined using the DSC were plotted against seed sample water content 

(H2O g
-1

 d.wt.). Linear regression lines were fitted in Genstat and the UWC was determined 

to be at the intersections of these two lines. 

 

Results 

 

Comparative Longevity 

Longevity (as determined by p50) varied between species (5.8- 44.3 d; Table 1). In the three 

shortest lived species, Glossostigma drummondii and Myriophyllum spp., viability was lost 
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rapidly with a significant reduction observed within 1-2 d at 45 °C and 60 % RH. In 

contrast, seeds of Crassula natans and Trithuria submersa did not begin to lose viability 

until seeds had been in the aging environment for 15 or 20 d, respectively (Fig 1).  

 

Table 3. Estimates of p50 for seeds of vernal pool species placed into standard experimental 

storage conditions (45 °C, 60 % RH).  

Species name Family p50 (d) 

Glossostigma drummondii 

Benth. 

Scrophulariaceae 5.83 

Myriophyllum petreaum 

Orchard 

Haloragaceae 7.01 

Myriophyllum balladoniense 

Orchard 

Haloragaceae 7.24 

Trithuria austinensis 

D.D.Sokoloff, Remizowa, T.Macfarlane & 

Rudall 

Hydatellaceae 24.15 

Crassula natans 

Thunb. 

Crassulaceae 37.00 

Trithuria submersa 

Hook.f. 

Hydatellaceae 44.34 
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Figure 1. Survival curves fitted by probit analysis of species tested under standard 

experimental storage conditions (45 °C, 60 % RH). 
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Effects of moisture content and sub-zero storage on seed viability 

Viability was maintained at both -18 and -150 °C for seeds equilibrated at between 10 and 

95 % RH for Crassula natans, Trithuria austinensis and T. submersa and between 15 and 

50 % RH for Myriophyllum petreaum. Above these ranges, seed viability decreased. 

Myriophyllum petreaum, Trithuria austinensis and T. submersa seeds also had a small, but 

significant, decrease in viability when stored at the lowest moisture content (5 % eRH; Fig 

2). Storage time was a significant variable of the logistic regression for seeds of Crassula 

natans and Myriophyllum petreaum, as was storage temperature for M. petreaum (Table 2). 

The difference in germination following storage at -18 and -150 °C was small unless seed 

moisture content was high (Fig 2). When seeds of Crassula natans, Trithuria austinensis 

and T. submersa were stored at the highest moisture content (equilibrated over water) for 

12 months, viability of seeds was lower at -150 than at -18 °C (p < 0.001).  In contrast, 

viability of seeds of Myriophyllum petreaum at 85 % RH was greater at -150 °C than at -18 

°C (p < 0.001). Differences between the two storage temperatures at the earlier time 

intervals of 1 and 6 months were not significant (p > 0.05). 
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Figure 2. Germination of seeds of vernal pool species stored at - 18 (solid symbols) or -150 

°C (hollow symbols) for 1, 6, or 12 months after equilibration at a range of RH. 



   

 

Table 4. Results of accumulated binary logistic regression analysis (logit link function) showing the significance of three factors (pre-

storage relative humidity, temperature, time), and their interaction on the germination of seeds of Crassula natans, Myriophyllum petreaum, 

Trithuria austinensis and T. submersa (n=75). Seeds were germinated following equilibration at a range of RH and subsequent storage at -18 

or -150 °C for 1, 6, or 12 months. Factors were added to the model in the order shown; changing the order in which factors were added to the 

model did not change the significance of the terms. 

 

 RH % Storage 

Temp 

Storage Time RH × Temp RH × Time Temp × Time RH × Temp × 

Time 

Crassula natans <0.001 NS <0.001 NS <0.001 <0.001 <0.001 

Myriophyllum petreaum <0.001 <0.001 <0.001 <0.001 <0.001 NS <0.001 

Trithuria austinensis <0.001 NS NS NS <0.001 <0.001 <0.001 

Trithuria submersa <0.001 NS NS NS NS 0.006 0.003 

1
6
4
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Adsorption Isotherms 

The moisture adsorption isotherms generated by the IGAsorp (mean temperature 19.6 °C) 

were sigmoidal in shape (Fig. 3). At the highest moisture contents recorded (ca. 95 % RH), 

Myriophyllum petreaum and Trithuria submersa had the highest moisture contents of any 

of the species (30.1 and 35.7 % MC, respectively). Inflection points representing the 

transition between phase III and phase II of the isotherms occurred at 80-85 % RH for all 

species and the transition between phase I and II occurred between 15-20 % RH.  
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Figure 3. Moisture adsorption isotherms determined at 19.6 °C for seeds of a) Crassula 

natans b) Myriophyllum petreaum, c) Trithuria austinensis and d) T. submersa using an 

IGAsorp. 
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Differential scanning calorimetry  

Differential scanning calorimetry of seeds of Crassula natans, Glossostigma drummondii 

Myriophyllum balladoniense, M. petreaum, Trithuria austinensis and T. submersa after 

equilibration at 15 % RH did not detect any lipid or cellular compounds in the seeds that 

undergo phase transitions between -110 and 80 °C (Fig 4a).  

 

When seeds of Myriophyllum petreaum were equilibrated at 95 and 100 % RH freezing and 

melting of the unfrozen water content was observed through enthalpy peaks when run on 

DSC. For seeds equilibrated to ≤ 90% RH no enthalpy peaks were observed. Unfrozen 

water content for seeds of Myriophyllum petreaum was determined by calculating the 

intersection of the two regressions fitted to the enthalpies of the endothermic water 

transitions (i.e. melting) and was found to occur at 18.5 % MC (Fig 4b, 5).  
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Figure 4. Representative warming thermograms of seeds of vernal pool species. (A) Seeds 

of  Crassula natans (a), Glossostigma drummondii (b), Myriophyllum balladoniense (c), M. 

petraeum (d), Trithuria austinensis (e) and T. submersa (f) were pre-equilibrated at 15 % 

RH; (B) Seeds of Myriophyllum petreaum were pre-equilibrated at indicated RH. For each 

scan, samples were cooled to -110 °C at 10 °C min
-1 

then heated at 10 °C min
-1

.  
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Figure 5. Determination of the unfrozen water content for seeds of Myriophyllum 

petraeum.  Transition enthalpies were calculated by determining the area under the peak 

from warming thermograms such as the examples presented in Figure 3. The unfrozen 

water content was calculated as the point of intersection of regression lines fitted between 

35.3 and 28.6 % MC, and 20.7 and 4.8% MC.  
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Discussion 

 

The Hydatellaceae has recently been recognized as a basal angiosperm (Saarela et al., 

2007) and species within this family are now of significant conservation value. It has been 

hypothesized that early angiosperms would produce seeds that are short lived in storage 

(Probert et al., 2009) as they evolved in disturbed moist habitats such as montane forests 

and river beds (Feild and Arens, 2005) but until now no early divergent angiosperms have 

been tested for longevity in dry storage. Our results suggest that, at least in the 

Hydatellaceae, these species are not short lived relative to other temporary wetland species 

with p50 estimates of 24.2 and 44.3 d for Trithuria austinensis and T. submersa 

respectively. These estimates are higher than three out of the four other vernal pool and 

gnamma species tested and fall within the midrange of the global data presented in Probert 

et al. (2009). Longevity testing of additional early divergent angiosperms is now required to 

further test the hypothesis that basal angiosperms are short lived in storage. 

 

In a study on 195 wild species, the mean p50 value for the 21 Australian species was 192.7 d 

(Probert et al., 2009). Walters et al (2005) also reported relatively high longevity for seeds 

from 7 species that originated in Australia. Here, p50 ranged from 5.8 (Glossostigma 

drummondii) to 44.3 d (Trithuria submersa), with a mean of 20.9 d, considerably less than 

the other Australian species (Probert et al., 2009). The Australian species included in that 

study were terrestrial species from hot, dry environments, in contrast to the species tested in 

the present study which (although still from a mediterranean climate) are from temporary 

wetlands, inundated during winter and spring and, thus, exposed to very different 
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environmental conditions. With further investigation, it may be revealed that, at a sub-level 

(i.e. within a climatic region), longevity is also correlated with ecosystem type.  

 

The results of this study show that seeds of vernal pool aquatics from south-western 

Australia survive exposure to vapor-phase liquid nitrogen for up to 12 months with no 

effect on germination percentage unless stored at very high, or very low moisture contents 

(pre-storage eRH of 95-100 or 5 %). One exception was Myriophyllum petreaum; seeds of 

this species showed a decrease in viability in storage at -18 or -150 C following 

equilibration at humidities ≥ 50 % RH. This is a much lower threshold for viability loss 

than other orthodox species (Dussert et al., 2001; Merritt et al., 2000; Merritt et al., 2005). 

The unfrozen water content of M. petreaum seeds was determined to be 18.5 % MC (ca. 90 

% eRH at 20°C) indicating that the decrease in germination of seeds stored at ≥ 5.3 % MC 

was not due to ice crystal formation. Failure to germinate of seeds of Cuphea spp stored at 

sub-zero temperatures and low MC, has been attributed to crystallization of triacyglecerols 

(Crane et al., 2003; Volk et al., 2006). However, for M. petraeum seeds, no phase 

transitions of non-water compounds in seeds of low MC were identified via DSC and it is 

unclear as to the reason for this viability loss. Nevertheless, viability was maintained for 

seeds stored at both -18 and -150 °C provided seeds were dried to ca. 20 % eRH at 20 °C.   

 

At some sample times, seeds of M. petreaum and Trithuria spp. also showed a small, but 

significant reduction in germination when seeds had been equilibrated to 5 % RH (0.5-1.5 

% MC). Decline in viability as a consequence of over-drying seeds has been observed in a 

number of species. The effects of over-drying often become apparent when seeds are 

cooled at a high rate, such as when submersed directly into liquid nitrogen (Dussert et al., 
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2001; Merritt et al., 2005; Vertucci, 1989a). Slower cooling rates may avoid the loss in 

viability when seeds are over-dried. However, if practitioners follow standard seed-banking 

protocols, seeds should not be equilibrated to these low moisture contents if seeds are 

destined for storage. 

 

In this study we have shown that seeds of the early-divergent family, Hydatellaceae, 

Trithuria austinensis and T. submersa were not short-lived with p50 values lying in the 

mid-range of data presented in Probert et al (2009). In contrast, seeds of Glossostigma 

drummondii, Myriophyllum balladoniense and M. petreaum are short-lived in experimental 

storage and would therefore be expected to be short-lived in seed bank storage. Here we 

demonstrate that seeds of all species survived desiccation to low MC and storage in liquid 

nitrogen for up to 12 months. As highlighted by Li and Pritchard (2009) cryopreservation is 

an important technology for long-term seed conservation. Given the apparent short-lived 

nature of some, and the high conservation value of other aquatic species we recommend 

cryopreservation as an important conservation tool. If cryopreservation is not an option for 

seed banking practitioners then more frequent viability monitoring of seed bank collections 

is recommended for these aquatic species. The increased implementation of 

cryopreservation for other threatened and high-conservation value Australian flora, should 

be considered as it is clear that not all Australian species will be long-lived under standard 

seed banking conditions. 
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CHAPTER 6: 

General Discussion 

 

“Gnammas are jewels in the crown on inselbergs... there is no way of knowing what lives 

in each gnamma on an outcrop other than to look.” 

(Nikulinsky and Hopper, 2008) 

Introduction 

 

The primary goal of conservation biologists should be to conserve species in their natural 

habitat. Successful conservation in situ, in remnant pockets of natural or rehabilitated 

environments, is possible if such sites are utilised and managed effectively. However, the 

reality for many species in today‟s world of population growth, climate change, and habitat 

destruction, is that a backup or insurance policy is required because many species are at 

substantial risk of extinction. To conserve species both in situ and ex situ integrated 

conservation strategies are required. There is a need to understand the biogeography at an 

ecosystem scale for management in situ and to develop appropriate ex situ conservation 

strategies for individual species when required. This was the major aim of the work in this 

thesis, for vernal pool species in SWAFR.  

 

Biogeography of gnammas in SWAFR 

At first glance individual gnammas appear to be fairly simple systems due to their relatively 

small size (pan gnammas averaging 7.8 L × 4.0 W × 0.1 D m) and the limited number of 

plant species occurring within them (maximum pool richness was 10 species, Chapter 2). 
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However, when multiple pools are viewed together as a whole across the same granite 

inselberg or across a biogeographical region as large as SWAFR, ecosystem complexity 

quickly becomes apparent. The relatively small total area occupied by gnammas, compared 

with the landscape in general, makes them highly disjointed. This isolation contributes to 

adjacent or nearby pools within and between granite inselbergs having completely different 

associations of species, differing levels of diversity and some species being rare and others 

common (Chapter 2). Upon investigating these observed phenomena and attempting to 

explain some of the ecological drivers of these systems, I show that biogeographical 

patterns and correlations with species richness documented for the flora of SWAFR in 

general (Hopper, 1979; Hopper and Gioia, 2004) and for specific groups such as the 

Orchidaceae (Phillips et al., in press), do not apply to the flora of gnammas. In the SWAFR, 

the major pockets of terrestrial species richness are found along the coastal regions of 

Lesueur, Greater Perth, Stirling and Fitzgerald (Hopper and Gioia, 2004). In contrast, the 

pockets of gnamma species richness are geographically widespread throughout the region 

(both coastal and inland) and are not yet understood (Chapter 2, Fig. 10). The patterns of 

species richness in gnammas cannot be explained by physical or environmental cues, rather 

it may have resulted via stochastic movements of long-distance dispersal. 

 

To investigate the potential causes of rarity, I chose to follow the hierarchical classification 

provided in Fiedler and Ahouse (1992). While species could be assigned to levels of rarity, 

accurately assigning species persistence was problematic. Data on persistence of SWAFR 

gnamma species is, not surprisingly, largely lacking. While some indication of persistence 

is available on species through phylogentic and evolutionary studies (Beardsley and Barker, 

2005; Hoot et al., 2006; Les et al., 2005; Rhazi et al., 2003), information on the molecular 
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clock is absent. However, should this information become available, vernal pools are 

excellent candidate ecosystems to investigate rarity following this hierarchical 

classification. One of the difficulties of using Fiedler-Ahouse classification for terrestrial 

systems is that generation times between different life-forms within an ecosystem vary 

greatly (Fiedler and Ahouse, 1992). However, due to the large proportion of annuals in 

vernal pools (Keeley and Zedler, 1998) this problem is largely eliminated. Opportunities for 

comparisons between Californian and SWAFR vernal pools and the drivers of rarity would 

greatly enhance our knowledge of the similarities and differences between the geographical 

regions and how they function. 

 

Mapping of the distribution of gnamma species in SWAFR (Chapter 2, Appendix 2) has 

extended the known geographical range of many species (i.e. Glossostigma trichodes) 

(Chapter 2; Appendix 2; Western Australian Herbarium 1998-) highlighting the lack of 

attention these ecosystems have historically received. The data matrix assembled in this 

thesis represents 21 years of field-surveying and provides significant advances in making 

this information available, increasing awareness of the uniqueness of plant species, and 

providing data on levels of plant species endemism. However, the surveying of gnammas 

was largely opportunistic with some collections un- identifiable as reproductive structures 

were absent. Further, many sites were only visited once and thus some species present may 

not have been recorded, due to successional changes and variability between years. I also 

recognise the possibility of taxonomic miss-classifications in the early years. Nevertheless, 

858 records of species presence from 186 sites is by far the largest data-set of gnamma 

species collated for SWAFR to date. Further, the data have allowed values to be put on 
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levels of species endemism and rarity, values of endemism were higher than expected and 

that may initiate more concentrated conservation efforts in these ecosystems. 

 

Western Australian gnammas are most similar to the vernal pools in South Africa that have 

species of the similarly occurring genera Isoëtes, Marsilea, Potamogeton and Limosella. 

South Africa also has Crassula and Callitriche, which is the likely origin of two of the 

invasive species that feature in SWAFR gnammas (Keeley and Zedler, 1998). Many of the 

genera recorded to occur in gnammas are also present in other mediterranean climate 

regions of the world. Species of Isoëtes, Myriophyllum, Marsilea and Pilulaira all feature 

in the Californian vernal pools, with Isoëtes also featuring in pools from Chile (Keeley and 

Zedler, 1998). Further, some species such as Glossostigma diandrum is cosmopolitan 

occurring across Australia, New Zealand, India and Africa (Bayly, 1999). 

 

Crassula natans is one of three invasive species occurring in gnammas of SWAFR. It is 

one of the most dominant species, often present, although not always in abundance. It was 

present in 65.9 % of pools that had a herb-field adjacent to the water line and 28.3 % of 

pools that did not have this association.  As C. natans was more commonly present in pools 

with a herb field association, it is possible that dispersal from the herb-fields into the pools 

readily occurs and that this is the method of access to the pools. It was most densely 

distributed at the border line between the two ecosystems. Crassula natans occurs in 

gnammas, winter-wet depressions, herb-fields, along creek lines, and in pools of water or 

saturated soils at the base of granites (Western Australian Herbarium, 1998-). The success 

of this species may be due to its survival in both gnammas and surrounding habitats; it was 
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the only gnamma species recorded in this survey that was not restricted to temporary 

wetlands.   

 

Seed dormancy types and germination responses in vernal pool species. 

This thesis investigated the seed germination and dormancy of 12 vernal pool species, 

contributing significantly to knowledge of the seed biology for aquatic plant species from 

SWAFR. Examples of seeds with physiological dormancy (PD), morphophysiological 

dormancy (MPD) and no dormancy were identified, along with a range of germination 

responses to temperature, light, GA3, KAR1, and seed drying (Chapters 3, 4). Of the 12 

species investigated in this thesis, 42 % had non-dormant seeds, 25 % had MPD seeds and 

33 % had PD seeds. For half of the seeds with PD seeds, dormancy could be overcome 

through warm stratification or after-ripening: for the other half, requirements for dormancy-

breaking/ germination are unresolved (Table 1). This ratio of dormancy types is 

considerably different to the summary of dormancy for freshwater aquatic species (Baskin 

and Baskin, 1998) where seeds of only 10 % of species are non-dormant, 5 % have MPD, 

and 82 % have PD. Of those seeds with PD, 79 % responded best to cold stratification and 

only 20 % responded best to warm stratification (Baskin and Baskin, 1998). However, with 

only 12 species to calculate these ratios for SWAFR freshwater aquatics, these ratios many 

change as more data on seed germination and dormancy become available. 

 



   

 

Table 1. Summary of dormancy / germination characteristics for vernal pool species tested in the thesis.  

 Family Dormancy 

Type 

Dormancy 

breaking 

treatment
1
 

Increase in 

germination 

following drying 

Optimum 

germination 

temperature 

(°C) 

Greater 

germination 

in light
2
 

Damasonium minus Alismataceae Unresolved - - - - 

Glossostigma drummondii Scrophulariaceae ND - N 5-10 Y 

Glossostigma sp. (Long stout 

pedicels) 

Scrophulariaceae PD AR (28 d + 

KAR)/WS 

(21-84 d) 

- 15 - 

Glossostigma trichodes Scrophulariaceae PD WS (42 d) - 15 - 

Myriophyllum balladoniense Haloragaceae ND - Y 15-20 Y 

Myriophyllum crispatum Haloragaceae Unresolved - - - - 

Myriophyllum lapidicola Haloragaceae ND - - 10-15 Y 

Myriophyllum petraeum Haloragaceae ND - N 10-20 Y 

Triglochin linearis Juncaginaceae ND - Y 10-20 Y 

Trithuria austinensis Hydatellaceae MPD > 30 d at 10 °C Y 10 Y 

Trithuria bibracteata Hydatellaceae MPD/ 

unresolved 

> 30 d at 15 °C N 15 Y 

Trithuria submersa Hydatellaceae MPD > 30 d at 5 °C Y 5 Y 

 

1
 AR = after-ripening, WS = warm stratification 

2
 Yes (Y): indicates that germination was higher when seeds were incubated under12/12 hr light/dark conditions 

1
8
0
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Germination behaviour of SWAFR freshwater aquatics share many characteristics with 

other aquatics from around the world (e.g. light requirement, PD). However, some seed 

behaviours were more unusual (low germination temperature optima; requirement for warm 

stratification to overcome dormancy; a new type of germination and dormancy in 

Hydatellaceae). Maximum germination at such cool temperatures is unusual. However, 

average temperatures of pools were found to be within this range for 1-2 months of the year 

(Chapter 2) and during these months germination of seeds is likely to occur in the field. As 

this is the first detailed ex situ study on germination of SWAFR aquatics, this phenomenon 

may prove to be more common than initially anticipated, at least in this region.  

Considering also that this is the first detailed study on the germination behaviour of aquatic 

species from SWAFR and I have identified several dissimilarities with the germination 

strategies of aquatic flora from other regions (Baskin and Baskin, 1998), it may not be 

appropriate to infer the germination behaviour of aquatic species of SWAFR based on those 

findings observed in other regions. 

 

One interesting response observed in one third of the species that was tested for desiccation 

tolerance (in relation to storage behaviour) is that seed drying treatements actually 

increased maximum germination percentages. The only other difference between 

germination of „fresh‟ and „dried‟ seeds was a storage period of two weeks at 15 °C, 15 % 

RH (i.e. dried seeds were held in the drying environment). This seems unlikely to have 

been a mechanism that can be attributed to true after-ripening as these conditions could be 

considered too cold and dry for such a rapid response. Dormancy loss in the SWAFR flora 

via after-ripening commonly takes weeks, months or years at warmer temperatures (ca. 
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30°C), and is generally impeded at an eRH < 20% e.g. Turner, Merritt et al. (2009). 

Nevertheless, this response to drying was clearly observed in four species and it can still be 

considered a dormancy breaking treatment, despite the mechanism behind the response not 

being fully understood. One ecological explanation of this effect is that drying of seeds to 

low moisture contents may be a cue that represents the time period between growing 

seasons. Seeds often germinated to greater percentages (at all temperatures tested) 

following drying. Increasing the proportion of seeds that germinate, and the range of 

temperatures in which they germinate (commonly observed for species with PD; Baskin 

and Baskin 1998), may enable the seeds to more effectively respond to the next substantial 

rainfall event in the following season, regardless of the precise time of year in which it 

occurs or at least while average temperatures are between 5-20 °C. Temperature profiling 

of pools demonstrated that temperatures average ≤ 20 °C for all sites for at least 6 months 

(May – October). At the most southern sites average temperatures ≤ 20 °C occur within the 

pools for 9-10 months of the year.  Additionally, I also observed that germination of seeds 

of the some of the same species increased in the dark following drying. This may enable 

some of the seeds to germinate even if covered by sediment from summer winds or 

increased sedimentation in the pool from initial winter rain run-off.  

 

The vernal pool species of SWAFR do not appear to have evolved other germination 

strategies that are common in many SWAFR species, such as a response to fire-related cues 

specifically, karrikinolide (KAR1) (Chiwocha et al., 2009; Dixon et al., 2009). Fresh seeds 

of some species, such as Trithuria submersa, did respond to application of KAR1, and 

application of KAR1 to seeds of Myriophyllum balladoniense increased germination in the 

dark, particularly at the warmer temperatures of 15 and 20 °C. However, these responses 
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are far from the increases in germination seen in other terrestrial species, such as Conostylis 

aculeata, Stylidium affine (Flematti et al., 2004), Myriocephalus guerinae (Merritt et al., 

2006) and Solanum orbiculatum (Commander et al., 2009). The lack of response to KAR1 

in vernal pool species was somewhat surprising, in particular for those species found on 

claypans, as species tested for germination are often more abundant in areas with an open 

canopy. Canopy cover is reduced during fire, thus a response to KAR1 might be expected. 

Although these species did not respond to KAR1 they may still respond to other fire-related 

cues. There are other germination promoting-compounds in smoke (Flematti et al., 2007) 

that these seeds may respond to. More likely, the main driver for germination in these 

species is light quality or availability (as shown in Chapters 3 and 4). An increased 

availability of light (through opening of the canopy and reduction ground litter) following 

fire may stimulate a higher percentage of seeds to germinate.  

 

It is possible that the strong response of all species to light is related to water depth. The 

light response of aquatic plants, as with all plants, is driven by the phytochrome system, 

with red light increasing and far-red light decreasing germination (Atwell et al., 2001; 

Baskin and Baskin, 1998; Thomas, 1992). As the proportions of different light wavelengths 

change as water depth increases, this was considered as a potential restricting factor for the 

distribution of species and their presence/absence in particular pools. During research 

conducted for this thesis the germination response of six species to different light 

wavelengths was tested. Species responses were variable, perhaps not surprisingly given 

similar findings for other species from the terrestrial flora in south-western Australia (Bell, 

1999; Merritt et al., 2006; Plummer and Bell, 1995). Seeds of Myriophyllum balladoniense, 

M. petraeum, and Trithuria submersa had a high germination in white light and at 570 and 
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640 nm, and lower germination at 430, 520, 720 nm and in the dark (Fig 1). In contrast, 

seeds of Crassula natans and Triglochin striata germinated over all wavelengths, although 

germination was also highest at 570 nm and 640 nm. Even though species responses 

between different light wavelengths were significant, pool morphology has shown that the 

deepest pools only reach depths of ca. 50 cm (Chapter 2, Table 1) (Atwell et al., 2001). 

Thus, this is not deep enough for light filtration to occur (Atwell et al. 2001), particularly in 

pools where water purity is high and pools are clear (Chapter 2, Fig. 5). The observed 

responses to light wavelengths are, therefore, unlikely to restricting some species to 

particular pools.  
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Figure 1. Germination response of seeds from six vernal pool species to light wavelengths. 

Seeds were plated on Petri dishes with water agar and placed in light-excluding boxes with 

Kodak Wratten Filter windows to expose seeds to the defined wavelength radiation of 430 
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nm (0.14 µM m
-2

s
-1

), 520 nm (0.39 µM m
-2

s
-1

), 570 nm (0.44 µM m
-2

s
-1

), 640 nm (1.18 µM 

m
-2

s
-1

), 720 nm (0.02 µM m
-2

s
-1

), white light (11.60 µM m
-2

s
-1

) and continuous darkness. 

Light excluding boxes were placed in a large alternating 7/18 
o
C incubator and plates 

remained in the boxes until final germination in the white light treatment had been 

sustained for three weeks. Graphs show exact binomial standard errors (95% confidence 

interval) asses by accumulated logistic regression. Letters indicate significant differences 

between treatments.  

 

Comparison of germination patterns in Hydatellaceae with Nymphaeales, 

species with dwarf seeds, and species with undifferentiated embryos. 

The type of specialised morphophysiological dormancy (MPD) and the physical process of 

germination recorded for Hydatellaceae in this thesis are unique and have not been 

documented for any other angiosperm. Exogenous differentiation of the embryo appears to 

be a high risk strategy due primarily to the increased risk of lethal desiccation, and one that 

is unlikely to be selected to increase species fitness. Germination of Hydatellaceae differs 

from that of its closest relatives, the waterlilies (Nymphaeales), though comparative 

qualitative data exist only for a few species of Nymphaeaceae. Where the Hydatellaceae 

took more than 30 d for 50 % germination, seeds of Nymphaea lotus, N. alba, Nuphar lutea 

reached more than 50 % germination in less than 21 d and thus are not morphologically 

dormant (Mohammed and Awodoyin, 2008; Smits et al., 1990; Smits et al., 1995). 

However, many species of Nymphaeaceae are physiologically dormant and require periods 

of cold stratification (Else and Riemer, 1984; Forsberg, 1966; Smits et al., 1995). As Rudall 

et al. (2009) document timing of differentiation of the embryo within the waterlilies is 

variable. Many species of Nymphaeaceae have a well-differentiated embryo at the time of 
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dispersal, as in Barclaya longifolia (Schneider, 1978), Nuphar luteum (Meyer 1960) and 

Ondinea purpurea (Schneider and Ford, 1978), whereas other taxa in the Nymphaeales  

like the Hydatellaceae and Nymphaea lotus have a relatively undifferentiated embryo 

(Rudall et al., 2009). 

 

Morphophysiological dormancy is recognized in the dwarf seeds of Lobelia appendiculata, 

L. spicata and Sabatia angularis (Baskin and Baskin, 2005). In species with MPD (that 

take more than 30 d to germinate), a dormancy-breaking treatment is required to overcome 

PD, in combination with incubation for a suitable time under conditions appropriate for 

embryo growth inside the seed before germination can occur. As seeds of Trithuria 

bibracteata only reached a maximum germination of 49 % despite high seed viability, they 

may require further treatments to overcome MPD and achieve high germination 

percentages. Although embryo growth was not measured in this species, it was observed to 

have a small, relatively undifferentiated embryo and is likely to have the same patterns of 

growth and emergence as that demonstrated in T. austinensis and T. submersa. Applying 

further treatments such as after-ripening, stratification or scarification could increase 

germination in this species.   

 

The ratio of embryo to seed area at the time immediately before emergence for T. 

austinensis (0.054) and T. submersa (0.080) was low compared with that of many other 

species. Undifferentiated embryos of the eudicot Corydalis ambigua differentiate and grow 

almost the entire length of the seed coat prior to radicle emergence (Kondo et al., 2005). 

Similarly, in the eudicots Campanula americana, Lobelia appendiculata var. gattingeri, L. 

spicata and Sabatia angularis, the embryos grow to a ratio of 0.8 to1 before radicle 
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emergence (Baskin and Baskin, 2005). The difference between embryo growth in Trithuria 

and these examples is that in seeds with „typical‟ MD that have an undifferentiated embryo, 

the embryo will differentiate and grow inside the seed prior to germination. However, in 

Trithuria, differentiation of the embryo occurs outside the seed coat. Thus, embryo to seed 

ratios used to described the process of germination in these species must be interpreted with 

caution. 

  

Seed storage behaviour, longevity and cryopreservation 

All species tested in this study demonstrated orthodox seed storage behaviour. This concurs 

with the majority of UK aquatics tested, which are also orthodox (Hay et al., 2000). Few 

aquatic species have undergone detailed investigations into seed storage behaviour beyond 

confirmation of desiccation tolerance. If seeds are to be stored in facilities such as seed 

banks, then an indication of seed longevity is required for effective management of the 

collected seeds to set germination testing and regeneration schedules, for example. For this 

thesis, seed longevity was tested for six SWAFR vernal pool species, a small representation 

of aquatic plants in Australia, but nonetheless these data provides some baseline 

information for future research. Seed longevity of the selected species varied considerably, 

with some species (i.e. Glossostigma drummondii and Myriophyllum petraeum) being 

identified as some of the shortest-lived Australian species for which data are available 

(Kochanek et al., 2009; Probert et al., 2009; Walters et al., 2005).  

 

One of the assumptions of accelerated aging tests is that the aging rate will be the same  for 

different seedlots within a species stored under identical conditions (moisture temperature), 

with initial seed quality (Ki) being the primary factor determining longevity in storage 
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(Ellis and Hong, 2007). However, as more data are becoming available, intra-species 

variation in longevity is becoming apparent, suggesting that more traits are involved in seed 

longevity than are typically measured (Kockanek et al., 2009; Niedzielski et al., 2009). 

Some of the greatest intra-species variation observed so far can be seen in seedlots of 

Secale strictum, the wild progenitor of rye which had  p50 values in long-term storage that 

ranged between 9 and 72 years. For accessions of cultivated rye, S. cereal, p50 ranged from 

11 to 1709 years (Niedzielski et al., 2009). Intra-species variation between accessions of 

seeds of Australian species has also been shown via comparative longevity methods 

analgous to those used in this thesis. Seeds of Wahlenbergia communis had a p50 that 

ranged from 11.4 to 24.6 d at 45 °C, 60 % RH (Kochanek et al., 2009). Seed longevity of 

vernal pool species in this thesis was only assessed for one accession per species. Seed 

quality was good as evidenced by high initial germination for all species, but p50 values 

were low for many of these. The p50 values recorded should only be used as an indication of 

seed longevity until we have a greater understanding of the variation in longevity within 

species and the factors attributing to this variation. However, I can conclude that some of 

the species appear to have some of the shortest-lived seeds in Australia. Quantifying the 

range of p50 values is unlikely to alter this conclusion unless variation between accessions is 

very high. 

 

Intra-generic variation in the seed longevity between different genera within a familyis  

also is well established (Kochanek et al., 2009; Probert et al., 2009) and can be observed in 

genera tested in this thesis when compared with data from Probert et al. (2009). Of the 

vernal pool species tested for longevity in our study, only members of the Scrophulariaceae 

and Crassulaceae have previously been tested for seed longevity (Probert et al., 2009). The 
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vernal pool species examined in this thesis had lower p50 values than those recorded for 

other members of the same family. Probert et al (2009) found that the mean p50 value for 

Scrophulariaceae (of 2 genera tested) was 25.4 d (Probert et al., 2009) whereas the 

Scrophulariaceae in this thesis (Glossostigma drummondii) had a p50 of 5.8 d. Similarly, the 

mean p50 for Crassulaceae was 57.0 d (also of 2 genera tested) compared to that of Crassula 

natans in this thesis (p50 of 37.0 d). Prior to this thesis, no species of Haloragaceae or 

Hydatellaceae had previously been tested in relation to seed longevity. However, inter-

genera variation of the Haloragaceae species tested in this thesis was only 0.23 d. and is 

smaller than recorded for the species above or many other genera provided in Probert et al 

(2009).  

 

Research into cryopreservation of vernal pool species indicates this is a viable option for 

long term ex situ conservation. As seeds of some of the species tested are expected to be 

short-lived in conventional (seed bank) storage (based on comparative longevity) and the 

Hydatellaceae are of high conservation value I recommend that all vernal pool species be 

cryopreserved for long-term genebanking. Further research establishing ex situ 

conservation strategies for other aquatics from other regions of Australia are needed. The 

drying of the Australian continent and increasing sea levels through the effects of climate 

change are threatening many of our native aquatic species (Gitay et al., 2002; Watson et al., 

2007). For the Australian flora in general, particularly those that are threatened, 

cryopreservation may need to be a more widely adopted technique as it is becoming more 

apparent that not all Australian species are long-lived. Certainly, many species of 

Orchidaceae, which have high levels of species endemism, rarity and aesthetic values to the 

general population, are showing to be some of the shortest lived species under standard 
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seed banking conditions (Merritt unpubl.). Thus, cryopreservation can provide an important 

function in extending the storage life of these high value seeds (Li and Pritchard, 2009), 

particularly should seed longevity under standard seed banking conditions be confirmed as 

being shorter than expected. With the lack of data on seed viability over long storage 

periods, and the scarcity of large data sets of seed longevity in general, investing more 

effort into cryopreservation maybe a sensible option at time where the world may be facing 

great numbers of extinction. However, it must emphasized that cryopreservation is not the 

most appropriate method for all species or all situations as it has higher associated costs 

then standard seed banking at -18 °C and can be a difficult method in developing countries 

without reliable sources of liquid nitrogen.  

 

Seed biology and species distributions/ rarity 

Some of the gnamma species in the SWAFR are narrow endemics (Myriophyllum 

balladoniense, M. lapidicola) where as others are widespread (Glossostigma drummondii). 

One hypothesis driving the research in this thesis was that germination behaviour could be 

influencing the distribution of species. For example, seeds of the rare Acacia ausfeldii from 

south-eastern Australia have a very narrow temperature requirement to overcome 

dormancy, compared with the more common A. genistifolia and A. pycnantha (Brown et al., 

2003).  Given the highly specialized habitat and narrow distribution of some of my study 

species, and that inundation period is often limited and the timing of germination is crucial 

for survival, it was plausible that different germination requirements may be influencing 

species distributions, even though other studies have shown that germination requirements 

of some species do not explain species rarity (Allen, 1998; Baskin et al., 1991; Falkner et 

al., 1997). Temperature profiling in the armchair gnamma at Echo Valley road 
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demonstrated that this pool experienced notably different temperatures to the pan gnamma 

< 50 m away. As highlighted in Chapter 2, M. lapidicola is confined to armchair gnammas, 

with the temperature profile at Echo Valley Road an almost constant 20 °C for ~10 months 

of the year (Chapter 2, Fig. 8). However, when seeds were germinated ex situ in constant 

temperature incubators (5 – 20 °C) germination was equally high at 10- 20 °C with and 

some germination also occurred at 5 °C. Thus, even though this species is a narrow 

endemic, it does not have a narrow temperature range for germination. 

 

When seed germination properties were compared between other narrow endemics and 

widespread species, no consistent differences were identified. Both narrow endemics 

(Myriopyllum balladoniense) and widespread species (Glossostigma drummondii) were 

found to be non dormant and germinated over all tested temperatures, although 

temperatures at which germination was highest were species specific.  Further, 

representatives of both narrow endemics (Glossostigma sp. Long pedicels) and widespread 

species (Damasonium  minus) were found to be dormant. Thus it appears that the seed 

germination of these species is not contributing to species rarity.  

 

Directions for future research 

While this work has made significant progress towards advancing the knowledge needed 

for conservation of vernal pools in the SWAFR, there are many areas upon which further 

research is now required to enhance our understanding of ecosystem function. In particular, 

there is a call to extend research in the following areas:  
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Biogeography 

This research has identified gnammas that have high levels of species richness. However, 

these richness levels were not correlated with environmental parameters or pool 

morphology. Although the drivers of richness are still not fully understood, I hypothesise 

that the documented patterns may be the combined result of several causes of rarity acting 

on individual species. Many species were identified to have narrow ranges, or wide ranges 

with few populations and there are a number of factors that may be contributing to these 

distributions including stochasticity, population biology, reproductive biology, evolutionary 

history or life history strategies (Fiedler and Ahouse, 1992),  to name a few.  This 

hypothesis now needs to be tested and the drivers of rarity for each species determined. 

 

Vernal pool (particularly gnamma) species often occur in small isolated groups. Inbreeding 

in small populations may have purged deleterious genes and be examples of the James 

Effect whereby selection for heterozygosity in small populations has occurred. Under this 

hypothesis these species may represent lineages of exceptional persistence to environmental 

change (Hopper, 2009; James, 1992; James, 2000). Testing this hypothesis would 

contribute significantly to contribute to both historical interpretation and for the modelling 

of climate change outcomes for these ecosystems. 

 

Seed Biology 

The ability of seeds of vernal pool species to respond to summer downpours, a sporadic 

feature of the SWAFR climate, is unknown. Gnammas are generally small and are likely to 

fill quickly with a summer thunderstorm. Germination tests reported in this thesis indicate 

that many species are opportunistic, and germination could occur, upon hydration, over a 
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range of temperatures. Further ex situ germination testing in incubators could test the 

response of each species to the warm, wet conditions that would co-inside with a summer 

rainfall event. I tested temperatures up to 20 °C (as the number of seeds available often 

limited and therefore a wider temperature range could not be tested) but germination 

responses at temperatures up to 35 °C  would allow interpretation of a species ability to 

respond to rainfall year round (Chapter 2, Fig. 8).  

 

Germination studies of many species showed they were non-dormant or had non-deep 

physiological dormancy upon dispersal. However, some seeds may enter secondary 

dormancy during the summer to prevent germination in the event of a summer storm (as 

discussed above). Pools probably dry rapidly following summer rains due to the hot dry 

conditions which are unlikely to support plants until reproduction can occur. Thus, seeds 

may have developed mechanisms to prevent emergence during sporadic summer rains.  

Burial studies with extractions throughout the year would determine whether seeds enter 

secondary dormancy and allow further interpretation of when seeds are able to geminate. 

 

For seeds of some species that were determined to be dormant upon dispersal, the 

treatments applied were unsuccessful in overcoming this dormancy. Further treatments 

such as longer periods of after-ripening or exposure of seeds to a succession of 

temperatures simulating seasonal changes (analgous to the “move-along” experiment 

Baskin and Baskin 2004) may enable seeds to germinate. Burial studies may also be useful 

to determine when seeds in the field naturally come out of dormancy (Baskin and Baskin, 

2004).   
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There are many more species which occur in these ecosystems (Chapter 2) that could not be 

included in this study requiring further research (e.g. Centrolepis glabra, Limosella 

curdieana and Potamogeton drummondii). Additionally, there are many examples of 

aquatic species from Western Australia that do not occur in vernal pools for which there is 

no information on seed germination. Species tested in this thesis have a diverse array of 

germination strategies and it is likely that with further investigations of new species, from 

both vernal pools and other aquatic systems, more germination strategies will become 

apparent. 

 

Ex situ conservation 

Seeds of some vernal pool species tested were found to be short lived under standard seed 

aging conditions. As emphasised throughout the thesis vernal pool species are under threat 

and ex situ conservation acts as an insurance policy. However, in order for seeds to be 

banked we need to confirm orthodox seed storage behaviour and quantify seed longevity 

for other vernal pool species. If more species prove to be short-lived then they too should 

be stored in cryopreservation as recommended for species tested for longevity in this thesis. 

 

Vernal pools are host to a number of other species that do not reproduce via seeds, 

primarily Isoëtes spp. and Pilularia novae-hollandiae. These species comprise a large 

proportion of the gnamma flora. Desiccation tolerance of spores, and amenability to seed 

banking needs to be determined. Maintaining ex situ living collections is relatively simple 

but not as economical as seed banking (Li and Pritchard, 2009). 
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Taxonomy 

Some of the species encountered in this study are still officially undescribed i.e. 

Glossostigma sp. Eyre Peninsula, Glossostigma spp. (long -stout pedicels). Others, such as 

Myriophyllum petraeum exhibit considerable morphological variation throughout their 

distribution, yet all forms fit current classification keys. Such species may warrant a 

taxonomic split or the addition of subspecies incorporated into current classification keys. 

Unresolved taxonomic issues make conservation management difficult. This point reiterates 

Gibson et al. (2005) who recognises seven specialists of the claypans that are still awaiting 

formal description. 

 

Reference guides 

Currently there are no guides, manuals or references suitable for field identification of 

vernal pool species in Western Australia. While some information is available through 

FloraBase (the Western Australian online herbarium), images are often unclear and 

descriptive material is lacking. Taxonomic keys for some genera are available, scattered 

throughout the scientific literature, but are often outdated, or inadequate. Resources are 

needed to increase public awareness, inform conservation practitioners and to have as tools 

for effective field surveying. Images of selected species are provided in App. 4 to begin to 

increase the ease of identification for conservation practitioners and interested members of 

the public.   
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Conclusion 

 

With less than 10 % of pre-European settlement temporary wetlands thought to be 

remaining in SWAFR and a number of their species facing extinction, it is timely that we 

increase the awareness and conservation efforts of the unique species occurring in the 

gnammas and claypans. Until now the flora of vernal pools in the SWAFR had received 

little attention despite being highly threatened ecosystems. As I have shown, gnammas 

contain highly specialised, endemic aquatic plant species, some with highly restricted 

ranges. This thesis provides crucial background data and information needed to develop a 

full understanding of these ecosystems for effective conservation and management. 

However, more research in those areas highlighted above is critical to ensure that these 

ecosystems and the species within them are managed effectively, that public awareness is 

increased and that ex situ conservation strategies are implemented.The vernal pools of 

SWAFR are a truley unique ecosystem. They are distict from all other forms of temporary 

wetland in the region and differ substaintially from other vernal pools globally. We need to 

ensure that the biodiversity and quality of these ecosystesms are maintained and not 

impeded by current local and global threats, so they can be enjoyed for generations ahead.  
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APPENDIX 1 
A selection of images of vernal pool types in the Southwest 

Australian Floristic Region. 

 

a) b)

 

Figure 1.  Claypan (basin) near Unicup, Western Australia. a) March 2007 b) November 

2007 
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a) b)

 

Figure 2. Anmchair gnamma at Echo Valley Road Rock, near Mukinbudin, Western 

Australia. a) March 2007 b) November 2008. 
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a)

 

 

Figure 3. Examples of pan gnammas a)  Little Mt Arid, Mt, Arid National park, Esperance 

(September 2006), b) King Rocks, near Hyden, Western Australia (March 2007). 
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Fig 4. Pit gnamma at Yanneymooning Hill, Western Australia (June 2006). 
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Fig 5. Canoe gnamma at Tonebridge, Western Australia (Jan 2007). 

 

 



   

206 

 

APPENDIX 2. 

Gnamma species geographical distributions from 21 years 

of field surveying. 
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APPENDIX 3 

Supplementary data to Chapter 4. 

 

Table 1. Seed germination parameters  of Trithuria austinensis, T. bibracteata and T. 

submersa following drying and storage (seeds were dried at 15 °C, 15 % RH for 2 weeks 

and then sealed in a laminated aluminium foil bag and stored at -18 °C for four weeks) . 

Time to 10 % of maximum germination, 50 % of maximum germination and time to 

maximum germination are presented in days, along with maximum germination observed in 

each treatment. Seeds were plated on Petri dishes of either water agar (H2O), Gibberellic 

acid (GA3, 0.29 µm),or Karrikinolide (KAR1, 0.67 µm). Petri dishes were then incubated 

at constant 5, 10, 15 and 20 °C under a 12 hr light/dark regime.  

 

Trithuria austinensis T10% T50% Tmax 
Germ max 

(%) 

5 °C Control 80 110 140 45.3 

 GA3 69 93 129 62.7 

 KAR1 68 89 129 42.7 

10 °C Control 39 55 126 72.0 

 GA3 29 42 115 78.7 

 KAR1 30 42 115 78.7 

15 °C Control 27 50 108 56.0 

 GA3 12 27 97 74.7 

 KAR1 16 36 115 66.7 

20 °C Control 24 52 140 34.7 

 GA3 15 20 97 76.0 

 KAR1 19 40 129 64.0 
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Table 1. Continued 

 

Trithuria bibracteata T10% T50% Tmax 
Germ max 

(%) 

10 °C Control 22 35 55 44.4 

 GA3 29 36 74 31.1 

 KAR1 30 38 74 48.9 

15 °C Control 31 38 85 26.7 

 GA3 28 34 42 22.2 

 KAR1 30 36 74 44.4 

20 °C Control 37 63 74 6.7 

 GA3 44 55 74 13.3 

 KAR1 58 65 85 17.8 

 

Trithuria submersa  T10% T50% Tmax Germ max (%) 

5 °C Control 61 71 101 90.7 

 GA3 64 80 101 62.7 

 KAR1 61 74 101 74.7 

10 °C Control 24 37 88 85.3 

 GA3 32 39 77 61.3 

 KAR1 20 28 77 88.0 

15 °C Control 33 42 101 49.3 

 GA3 35 41 115 54.7 

 KAR1 34 43 101 48.0 

20 °C Control 61 74 129 28.0 

 GA3 54 84 129 58.7 

 KAR1 62 93 129 20.0 
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Figure 1. Maximum seed germination (mean ± 65% CI) of Trithuria submersa (n=75) 

from WA and Trithuria sp. from Tasmania. Seeds were dried at 15% RH before being 

plated on Petri dishes of either water (H2O), Gibberellic acid 0.29 µm (GA3), or 

Karrikinolide 0.67 µm (KAR1) and incubated at indicated temperature and light regimes. 
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Figure 2. Embryo growth of Trithuria austinensis seeds over time. Seeds were placed on 

water agar and incubated in the light at 10°C. Seeds were removed from Petri dishes and 

soaked for two hours in concentrated HCl then fixed in FAA. Seeds were sectioned, images 

calibrated and then embryos and seeds were measured and number of cells of embryo 

counted. a) regression of E:S ratio over incubation time; b) regression of number of cells of 

embryo over time.   
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Figure 3. Temperature and rainfall received Tolkerlup Swamp, Western Australia (S34° 19' 

20.9" E116° 43' 23.2") from 1st April 2007 to 31st March 2008. Data was collected by a 

Tiny Tag TM data logger with an external temperature probe positioned at the soil surface 

where temperature measurement was recorded every 20 minutes for the year. Temperature 

data presented here represents the minimum and maximum temperature recorded daily and 

the solid line represents mean daily temperature. Tick marks on the x-axis denote the 

beginning of each month. Rainfall data was collected daily at a nearby farm and summed 

for each month.  
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APPENDIX 4 

Images of selected vernal pool species of the Southwest 

Australian Floristic Region. 

 

 

Figure 1. Amphibromus nervosus 

a) b)

 

Figure 2. * Crassula natans  
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Figure 3. *Cotula coronopifolia 

a)

c)

b)

 

Figure 4. Damasonium minus  
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a) b)

 

Figure 5. Glossostigma drummondii 

a) b)

 

Figure 6. Glossostigma spp. (long -stout pedicels) 

a) b)

 

Figure 7. Glossostigma trichodes 
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a) b)

 

Figure 8. Isoëtes australis  

a)

  

Figure 9. Limosella australis  

 

Figure 10. Marsilea drummondii  
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a) b)

 

Figure 11. Myriophyllum balladoniense  

a) b)

 

Figure 12. Myriophyllum crispatum 

  

Figure 13. Myriophyllum lapidicola 
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b)

c)

a)

 

Figure 14. Myriophyllum petraeum  

a) b)

 

Figure 15. Trithuria austinensis 
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a) b)

 

Figure 16. Trithuria bibracteata 

a) b)

 

Figure 17. Trithuria submersa 
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APPENDIX 5 

Seedling diversity in Hydatellaceae: Implications for the 

evolution of angiosperm cotyledons. 
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APPENDIX 6 

Comparative ovule and megagametophyte development 

in Hydatellaceae and water liles reveal a mosaic of 

features among the earliest angiosperms. 
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APPENDIX 7  

Seed fertilization, development, and germination in 

Hydatellaceae (Nymphaeales): implications for 

endosperm evoluation in early angiosperms. 
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APPENDIX 8 

Nonflowers near the base of extant angiopserms? 

Spatiotemporal arrangement of organs in reproductive 

units of Hydatellaceae and its bearing on the origin of the 

flower. 
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