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ABSTRACT 

 

The abundant and widespread emergent annual grass, Oryza meridionalis, is crucial to 

the floodplain food chain on wetlands in monsoonal Australia.  The floodplains are a 

dynamic habitat, driven by the annual cycle of wetting and drying.  They are also under 

increasing pressure from anthropogenic change.  Although the annual wet season is a 

reliable occurrence, variability between years in the timing of onset, total amount and the 

pattern of rainfall as well as the duration of flooding, potentially present risks for aquatic 

biota.  This thesis investigates the population ecology of this important plant species, in 

order to understand the strategies by which populations persist, despite the expected risks 

associated with the annual wetting and drying cycle.   

 

Field monitoring and experiments showed that great plasticity allows O. meridionalis 

plants to survive and reproduce under a range of inundation regimes.  Increased flooding 

was shown to significantly increase seedling mortality and reduce plant seed production.  

However, benefits from increased flooding were protection of seed from post-dispersal 

predators, and potential for prolonged seed production by stems recumbent on lingering 

floodwaters in years of greater rainfall.  Thus, there was a trade-off between advantage 

and disadvantage for different stages of the life-cycle, in various inundation regimes.  A 

simple linear stochastic population model confirmed that this trade-off could result in 

population persistence, even when factors such as flooding events, inundation level and 

post-dispersal seed loss were increased well above those levels recorded in the field.  

Modelling demonstrated that density-dependent population regulation underpins 

population stability and persistence for O. meridionalis.   

 

This work focussed on the behaviour of mono-specific populations.  Future studies could 

focus on the behaviour of O. meridionalis populations in multi-species settings. 
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Chapter 1. Introduction: why the South Alligator River floodplain, why Oryza 

and why now? 

 

This is an autecological study of the abundant and widespread annual floodplain grass, 

Oryza meridionalis Ng.  The monsoonal floodplains are a dynamic habitat for biota, and 

undergo extremes of wetting and drying within the annual hydrological cycle, as well as 

inter-annual variability in the extent and duration of inundation.  Humid tropical 

wetlands are poorly researched despite the fact they occupy 8.7% of the world’s tropical 

zone, and produce 24, 273 x 106 tonnes of biomass per year (Williams 1994).  In the 

Northern Territory, the floodplains are under pressure from anthropogenic change.  Little 

is known about the ecology of floodplain plant species.  This study investigates the 

attributes of the life-cycle which determine and regulate the distribution and abundance 

of O. meridionalis across the floodplains.  In order to set the context for this 

autecological study, the thesis commences with a description of this dynamic habitat, its 

biota, and the anthropogenic changes occurring on the monsoonal floodplains in northern 

Australia.   

 

1.1 The floodplain landscape 

The South Alligator River catchment is within the monsoonal wet-dry tropics of northern 

Australia (Figure 1.1).  The entire catchment, comprising 9 000 km2, is within Kakadu 

National Park, a World Heritage site also listed on the Register of the National Estate of 

Australia, for its cultural and natural heritage values.  Floodplains comprise 

approximately 600 km2 of this area (Hope et al. 1985).  These wetlands are also listed 

under the Ramsar Convention, and are the subject of migratory bird treaties between 

Australia and both Japan and China (Australian National Parks and Wildlife Service, 

1991).  The wetlands are essential to the traditional economy of Aboriginal people 

(Jones 1985; Meehan 1991).  The South Alligator River system is also regionally 

significant, as it is relatively undisturbed compared with other wetlands in SE Asia, 

which experience considerable and increasing anthropogenic pressures (Mitsch et al. 

1994).  In particular, river hydrology and therefore wetland and floodplain water regime 

is undisturbed.  Although the wetlands and rivers in northern Australia are relatively 

intact in comparison to wetlands in southern and eastern Australia (Australian Heritage 

Commission, Wild Rivers Project), increasing pressures threaten this status.  Pressures 

include commercial land uses, such as pastoralism and associated ponded pasture 

grasses, commercial harvesting of native biota, tourism, climate change and pollution 
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from mining  (Northern Territory Parliament Sessional Committee 1995; Eliot et al. 

1998). 

 

1.1.1 Geomorphology 

The South Alligator River is the largest of a number of rivers that flow into van Diemen 

Gulf on the macro-tidal north coast of the Northern Territory (Figure 1.1).  These rivers 

dissect a low gradient, laterite coastal plain, and are flanked by extensive, poorly drained 

muddy floodplains.  The South Alligator River traverses its floodplain in a generally 

sinuous, well defined channel.  During the wet season the floodplains are inundated 

directly from local rainfall, by numerous small ephemeral streams that drain from the 

uplands onto the floodplains and by overbank flow (Kingston 1991).   

 

As is the case with all these rivers, the sedimentary processes leading to the development 

of the South Alligator River floodplains commenced only within the last 6,000 years 

(Woodroffe et al. 1986).  Approximately 8 000 years ago, with the post-glacial rise in 

sea level, estuarine and then mangrove sediments were deposited on the floor of the 

South Alligator River valley.  By 6 500 - 6 000 years ago sea level had stabilised at 

approximately its present level, and much of the area that is now the South Alligator 

River floodplains was subsequently covered in mangroves (Hope et al. 1985; Woodroffe 

et al 1986).  There is evidence from the Fitzroy and Ord Rivers in the north west of 

Australia, and the Baram River in Sarawak, that the process of valley infilling followed 

by the development of extensive mangrove swamps was a regionally synchronous event 

due to the stabilisation of sea level at that time (Semeniuk 1980; Woodroffe 1988).  The 

mangroves flourished for approximately 1 000 years on the South Alligator (Woodroffe 

et al 1985).   

 

Analysis of pollen cores and stratigraphy indicates that from around 4 000 years ago to 

the present, mangroves were replaced by freshwater sedges and grasses which were 

underlain by aerated freshwater mud (Woodroffe et al. 1986).  Today, mangroves occur 

on the coastal delta of the river, and line the tidally influenced portion of the river 

channel and associated tidal creeks.  Since the demise of the purely estuarine phase of 

the floodplains, meandering of the river channel has left stranded paleochannels on the 

present floodplain, many of which are dated to within the last 1 500 years (Woodroffe et 

al. 1986).   
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The upper half of the river channel now follows a less sinuous path, possibly 

representing a further stage in the evolution of the floodplain system, Woodroffe et al. 

1986, which has increased tide levels and salt-water penetration into the upper reaches of 

the river.  Analysis of aerial photographs between 1950 and 1985 indicate that some tidal 

creeks are undergoing rapid expansion onto the South Alligator floodplain, with some 

cutting into paleochannels.  Others have remained completely unchanged during this 

same period (Woodroffe et al. 1986).  Along with the presence of infilled paleochannels 

and paleocreeks, this indicates that the interface between the marine and freshwater 

elements of the floodplain system continues to be dynamic.  In some areas, this interface 

has shifted towards greater salt-water intrusion, as a result of feral buffalos (Bubalus 

bubalis Linnaeus) excavating the floodplain surface between backswamps and tidal 

creeks and the construction of access channels for boating (Whitehead et al. 1990).  

There is potential for habitat change at the interface between the marine and freshwater 

elements of the floodplain system, although the relative contributions of natural and 

anthropogenic processes is unclear (Woodroffe et al. 1986).   

 

The sedimentation which gave rise to the present freshwater floodplains occurred rapidly 

and early in their development.  Floodplain stratigraphy indicates that there is relatively 

minor deposition of sediments onto the floodplain during the last 4 000 years 

(Woodroffe et al. 1986), and current floodwater sediment loads are also low (Hart et al. 

1987).  Thus effects on vegetation of sediment deposition documented in wetlands 

elsewhere (e.g. as the effects of sedimentation on seedling emergence, Jurik et al. 1993), 

are not likely to occur on these north Australian floodplains.  The stratigraphic contact 

between the estuarine and freshwater sediments is typically flat and horizontal 

(Woodroffe et al. 1986; Woodroffe 1988) and in some places is less than 1 m below the 

present floodplain surface (Woodroffe et al. 1986; Hope et al. 1985).  The convex 

modern floodplain surface has its highest elevation towards the river channel and in the 

upstream areas of the floodplain.  This indicates rapid deposition of alluvial deposits by 

overbank flows from the river channel.  The freshwater deposits are wedge-shaped along 

the 70 km longitudinal axis, tapering towards the coast by approximately 1 m 

(Woodroffe 1988).  Most of the floodplain surface is above the highest spring tide level, 

although in swamps adjacent to the lateritic uplands (and away from tidal influence) it 

may lie 1 m below (Woodroffe et al. 1986).   
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Within the South Alligator River floodplain system, Woodroffe et al. identify three 

geomorphic provinces.  The coastal plain province, dominated by coastal processes, 

supports mangroves and salt marshes and is not Oryza habitat (Wilson et al. 1991).  The 

deltaic-estuarine plain province is the largest of the three provinces, and supports 

extensive populations of O. meridionalis.  Straddling the tidally influenced portion of the 

river channel, it lies between the coastal plain province downstream and the alluvial 

plain province upstream.  It is underlain by black cracking clays (vertisols), and is 

comprised of three Groups of sub-units.  The Lower Floodplain Group includes low 

lying paleochannels, paleocreeks and depressions - all formerly active channels which 

are now partially infilled but still experience significantly greater inundation than other 

areas of the floodplain.  A small subset of these lie close to the present river channel and 

are tidally influenced and underlain by saline clays.  The Backwater Swamp Group 

occurs where the floodplain borders the uplands, particularly in embayments and re-

entrants along the floodplain margin.  They may receive significant drainage from the 

hinterland, and may be inundated for much of the year or perennially wet.  The Upper 

Floodplain Group, occupying the majority of the deltaic-estuarine province, comprises 

the floodplain surface between low lying paleochannels/creeks, depressions and 

backwater swamps.  This Group includes areas of paleochannels and creeks which have 

infilled and are now level with the surrounding floodplain surface, discontinuous low 

levee banks of silt and fine sand adjacent to the channel, and degraded remnant levees 

adjacent to paleochannels (Woodroffe et al 1986).  The surface of the floodplain may 

undulate with gilgai (see overleaf) in the dry season (White 1981; Woodroffe et al. 

1986).  The Upper Floodplain Group is also incised by feral pig and buffalo wallows and 

by buffalo swim channels in many areas (White 1981; Woodroffe et al. 1986; Taylor & 

Friend 1984).  It is the first of the three Groups to dry out at the end of the wet season.   

 

Upstream, lies the alluvial plain province, which may also support populations of 

O.meridionalis.  Here the river debouches from the sandstone escarpment onto the broad, 

seasonally wet plain, and traverses the floodplain in a series of channels.  The soil types 

of the alluvial plain province are more heterogeneous than those of the two other 

provinces, and include sand sheets extending onto the plains from the uplands and sandy 

levees along the banks of permanent billabongs (i.e. channel segments which are now 

isolated) and ephemerally flowing channels.   

 



 5 

This diversity of geomorphic units on the floodplain forms the framework for habitats 

for biota.  Geomorphic diversity results in a range of inundation regimes across the three 

provinces and at a range of spatial scales, including gilgai depressions (per m2 scale), 

wallows and channels created by feral animals, back swamps, levee banks adjacent to 

river channels and billabongs, and the extensive upper floodplain surface (per km2 

scale).  Despite the dramatic annual hydrological cycle, the floodplain habitat is 

geomorphologically stable in the long term, due to low contemporary sedimentation 

rates.   

 

1.1.2 Soils 

The alluvial floodplain sediments, which are underlain by saline estuarine strata, may be 

over 1 m thick (White 1981; Hope et al. 1985; Woodroffe et al. 1986).  The soils 

developed on the alluvium are vertisols of heavy black mud, with a high clay content (35 

– 80%).  These soils swell when wet and shrink when dry, becoming extremely hard and 

eventually cracking to form polygons of approximately 40 cm in diameter separated by 

cracks, typically 10 cm wide and up to 80 cm deep (White 1981).  These physical 

properties of the soil can result in a vertical movement of particles through the profile, 

due to material falling into open cracks, which then close as the soil moistens and swells 

with the onset of rains (Buol et al. 1973; White 1981).  The shrinking and swelling and 

movement of material into cracks may also cause buckling and undulations at the soil 

surface (or gilgai), resulting from the accommodation of this new material deeper in the 

profile.  Although uncommon on the floodplains, gilgai of 1 m diameter and 15-30 cm 

amplitude and 5 m diameter and 60 cm amplitude have been reported (White 1981).  

During the dry season the soil surface may develop a self-mulching and granular 

structure, but becomes structureless when wet (White 1981).   

 

Dry season soil temperatures are high, and diurnal fluctuations from 60 oC to 20 oC have 

been recorded (at a depth of 1 cm) in the late dry season, with soil moisture dropping to 

5% before the onset of rains (Lonsdale 1993a).   

 

Chemically, the soils are highly variable across the floodplains.  Soil pH ranges from 

acidic to alkaline, although soils underlain by deep freshwater sediments tend to be 

acidic (i.e. pH <5) (White 1981).  Soil salinity is mainly a function of underground water 

movements (from both the underlying sediments and surrounding uplands), but also 

local drainage (White 1981).  Soils are generally saline to some degree (up to 1% total 
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soluble salts, 0.4% chloride ion and a conductivity of 1.5 mS cm-1; Stewart 1956, Drover 

1966, Aldrick 1976, White & Findlater, all cited in White 1981), and ground water may 

be very saline (up to 1.8%, Hooper 1967 cited in White 1981), probably due to saline 

deposits in the underlying estuarine sediments.  Soil fertility is extremely variable, with 

extractable phosphorus ranging from 5 to 34 ppm, extractable potassium from 40 to 1015 

ppm and total nitrogen from 0.14 to 0.86 % in the top 30 cm of soil (White 1981).   

 

1.1.3 Climate 

The monsoonal wet-dry tropics of northern Australia are typified by a summer wet 

season between January and April, when almost all the annual average 1485 mm rainfall 

occurs, and a longer winter dry season from May to October, when almost no rain falls 

(Table 1.1).  Temperatures are high throughout the year (mean maximum temperature is 

34.1 oC), but increase at the end of the dry season between September and December, 

when the mean monthly evaporation is also highest.  Day length varies by only 1.4 hours 

throughout the year.   

 

The annual wet season is a reliable occurrence (McAlpine 1976; Humphrey et al. 1990).   

McAlpine (1976) identifies 5 sources of annual rainfall, which include monsoonal 

troughs and tropical cyclones during the wet season.  However, the total amount and the 

timing of the onset and cessation of rainfall are variable (Taylor & Tulloch 1985).  In 

terms of total monthly rainfall, the most variable months are at the end of the wet season 

(April - May), and the beginning of the wet season (September - November).  January 

has the least variable mean rainfall.  The most variability in number of rain days per 

month occurs in the wet season months, indicating that rainfall is concentrated into 

downpours of varying intensity and duration.  Inter-annual variability in rainfall pattern 

is also high with 77% of years being significantly different to the two most frequent 

patterns of annual rainfall (Taylor & Tulloch 1985).   

 

Thus the regional climate presents both reliability and risk to the floodplain biota.   

Variability in rainfall will result in variability in inundation on the floodplains.  Although 

the wet season will occur reliably, biota must be able to respond to intense drying 

through evaporation at the end of the dry season, variable levels and rates of inundation, 

variable duration of inundation, and a potentially patchy and varying commencement 

and end to the wet season.   
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1.1.4 Hydrology 

Based on the principal mechanism of inundation, the floodplains may be divided into 

tide, precipitation or stream-flow dominated areas (Kingston 1991), which broadly 

correspond with the coastal plain, deltaic-estuarine plain and alluvial plain geomorphic 

provinces, respectively (cf Woodroffe et al. 1986).  The majority of the South Alligator 

floodplain is precipitation dominated, where inundation reflects the “local topography, 

antecedent soil moisture and rainfall intensity and duration” (Kingston 1991).  Here, 

inundation commences after the soil is moistened and soil cracks close, which requires 

approximately 150 mm of rainfall.  Thus, the pattern of inundation across precipitation 

dominated areas of the floodplain varies at the local scale.  Also, precipitation dominated 

areas may become inundated earlier than those where inundation is the result of stream 

flow and breaching of levee banks (Kingston 1991).  Thus, for the South Alligator River 

floodplain as a whole, inundation is variable between years and across the plain surface, 

including the persistence of inundation after the wet season rains have ceased.   

 

1.1.5 Fire 

Fires are used extensively as a land management tool in monsoonal Australia, 

particularly in the Northern Territory (Braithwaite & Estbergs 1985; Haynes 1985).  

Among other reasons, the floodplains are burnt by traditional land owners in order to 

facilitate hunting (Haynes 1985; Roberts, 1995), often extensively and repeatedly in the 

same season and well into the late dry season (Haynes 1985; Braithwaite & Roberts 

1995).  They are also burnt by Kakadu National Park managers, with the aim of 

preventing hotter late dry season fires in the uplands of the South Alligator River 

catchment (Roberts, 1995).  Floodplains margins and adjacent uplands are burnt early in 

the dry season as part of the Park fire management and prevention programme 

(Braithwaite & Roberts, 1995).  These fires sometimes escape onto the floodplains as 

they dry, but are generally stopped by inundation.  Inundation is therefore likely to create 

a mosaic of burnt and unburnt areas, such that the relationship between geomorphology 

and inundation sets the framework for burning frequency (Braithwaite & Roberts, 1995).  

Early in the dry season, very thick emergent vegetation can fuel a fire, while still 

inundated below (pers. obs. Robert Eager 1995 & pers. obs. Joye Maddison 1998).  For 

floodplain vegetation, the annual wetting and drying cycle results in an annual cycle of 

growth and scenescence (Finlayson 1991), resulting in the accumulation of dead litter on 

the soil surface.  One effect of fires is the removal of this litter.  Litter can affect the 

growth and relative abundance of annual and perennial wetland plant species (Ellenbroek 
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1987), as well as edaphic characteristics such as soil temperature (Abrecht & Bristow 

1990).  However, the ecological impacts of burning these north Australian floodplains, 

or whether the prevention programmes are useful or damaging, are not known.   

 

1.2 Floodplain biota 

1.2.1 Vegetation of Northern Territory floodplains 

The extensive Northern Territory floodplains are covered by closed, mixed grassland and 

sedgeland, typically including the sedges Eleocharis spp., Fimbristylis spp., Cyperus 

spp., grasses such as Hymenachne acutigluma, water couch Pseudoraphis spinescens and 

wild rice O. meridionalis, water lilies such as Nymphaea spp. and Nelumbo nucifera, and 

aquatic plants such as Najas tenuifolia and Ceratophyllum demersum (Finlayson et al. 

1989).  Smaller areas of paperbark (Melaleuca spp.) forest and woodland fringe some 

billabongs and form stands in back swamps and embayments at the floodplain margin 

(Dunlop & Webb 1991; Finlayson 1991; Finlayson et al. 1989; Finlayson et al. 1990; 

Sanderson et al. 1983; Story 1976; Williams 1979; Wilson et al. 1991).  The understorey 

Melaleuca woodlands is usually continuous with that of the surrounding grassland, 

sedgeland or mixed herbfield (Wilson et al. 1991).   

 

At least 323 plant species have been collected from Northern Territory floodplains 

(Wilson et al. 1991).  However, floristic diversity within assemblages is typically < 10 

species per assemblage (Whitehead et al. 1990; Wilson et al. 1991), with the wet season 

vegetation frequently being dominated by one or two emergent grasses or sedges 

(Dunlop & Webb 1991).  There are few north Australian endemics amongst the 

floodplain flora, possibly reflecting the recent origin of the landscape (Dunlop & Webb 

1991).  Nevertheless, O. meridionalis may have been in the landscape long before the 

development of the floodplains (Second 1985; and see discussion of the evolutionary 

history of Oryza below).  Floristic diversity is greatest at the margins of the floodplains 

(Finlayson et al. 1989, Whitehead et al. 1990), perhaps due to periodic establishment of 

species which are tolerant of waterlogged soils, but which would be eliminated by the 

reliably annual inundation of the floodplain proper.  On the Magela Creek floodplain, a 

tributary of East Alligator River in the Northern Territory (Figure 1.1), 71% of species 

occurred in the floodplain margins and 41% on the plain (Finlayson et al. 1989).   
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The floristic composition and abundance at a given site also changes throughout the year 

in response to the dramatic annual wetting and drying cycle, with the greatest floristic 

diversity occurring in the wet season (Finlayson et al. 1989).  Vegetation surveys 

indicate that surface water freshness (Wilson et al. 1991), water depth (Bowman & 

Wilson 1986; Whitehead et al. 1990; Wilson et al. 1991) and duration of inundation 

(Finlayson et al. 1989) are key factors in determining the distribution of wet season 

vegetation types.  Studies in temperate wetlands have found that vegetation structure and 

composition vary with the extent, duration and frequency of inundation and draw-down 

(e.g. van der Valk & Davis 1978; Greening & Gerritsen 1987; Botts & Cowell 1988).  

Whitehead et al. (1990) speculate that the timing of onset of rainfall and extent of 

flooding will determine the relative mix of annuals and perennials establishing on north 

Australian floodplains.  Given the variability in the extent and duration of annual 

inundation, species such as O. meridionalis are likely to be able to tolerate a range of 

inundation regimes, and species distributions are unlikely to simply relate to water depth 

in a given year.   

 

Oryza meridionalis is an abundant and widespread component of the vegetation on the 

extensive floodplains in northern Australia (Bayliss & Yeomans 1990; Blackman et al. 

1996; Bowman & Wilson 1986; Finlayson 1991; Finlayson et al. 1989; Finlayson et al. 

1990; Williams 1979; Wilson et al. 1991), and also occurs in creeks and wetlands 

elsewhere in the lateritic coastal plain.  Within the 6 (Williams 1979) to 25 (Wilson et al. 

1991) vegetation assemblages identified in the region, O. meridionalis occurs in both the 

understorey of Melaleuca forests and woodlands, and within the grassland/sedgelands.  

On the Magela Creek floodplain, O. meridionalis grassland covered 12% of the total area 

of the plain, and was present or common in three of the other 9 vegetation types 

identified (Finlayson et al. 1990).  On the Mary River floodplain, O. meridionalis is one 

of the 10 most common floodplain species, being dominant in 4 of the 11 floodplain 

vegetation types identified (Whitehead et al. 1990; referred to by them as O. rufipogon).  

In a classification of floodplain vegetation in the Northern Territory, from the Moyle 

River in the east to the Glyde River in the west (Figure 1.1), Wilson et al. (1991) found 

O. meridionalis (referred to as O. rufipogon) was an indicator species of 4 of the 25 

floristic groups identified, and common in 2 others.   

 

Wilson et al. (1991) report that O. meridionalis was found in saline or semi-saline sites 

(water conductivity of between 960 - 1555 microS cm-1), but was dominant and 
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abundant only in fresh water (<330 microS cm-1).  O. meridionalis was also dominant in 

areas of intermediate water depth such as extensive low lying depressions and plains, 

and levees adjacent to billabongs, which correspond with the Upper Floodplain Group of 

Woodroffe et al. (1986).  O. meridionalis also forms mixed assemblages with species 

such as water couch Pseudoraphis spinescens and the sedge Eleocharis dulcis, as well as 

aquatic species (e.g. Marsilea mutica and Najas tenuifolium) and water lilies (e.g. 

Nymphea violaceae).  O. meridionalis may also form extensive monocultures (Dunlop & 

Webb 1991).   

 

Plants of northern Australia’s monsoonal floodplains require a strategy to either avoid or 

endure the extremes of wetting and drying.  The majority of plant species in this habitat 

are annuals.  In a survey of the Magela Creek floodplain, a tributary of the East Alligator 

River system, Finlayson et al. (1989) recorded 220 plant species, of which 139 (62%) 

were annual, 69 perennial and 14 geophytic.  This compares with the annually wet-dry 

Kafue floodplains in Zambia where annual species also dominate the flora (Ellenbroek 

1987).  However, this contrasts with plants in temperate wetlands in North America, 

where only 14% are annual (Kadlec & Wentz 1974, cited in van der Valk 1981), and in 

southern Australia, where a majority of wetland plant species also appear to be perennial 

(Rea 1992).   

 

Although the wet-dry hydrological cycle is largely held responsible for vegetation 

patterns, composition and abundance, there is a surprising lack of studies in this region 

exploring the processes behind this influence, perhaps because it is such an obvious 

feature of the monsoonal wetland habitat.  Previous studies of vegetation on these 

floodplains generally have been descriptive and have identified correlations between 

vegetation types and site conditions (particularly water depth) at the time of survey 

(Bowman & Wilson 1986; Wilson et al. 1991).  It is, however, likely that extant 

vegetation in a given wet season is also the final expression of a number of preceding 

events at the site (e.g. Day 1987; Brock 1986; Counts & Lee 1988a; Gerritsen & 

Greening 1989; Keeley 1988; Rea & Ganf 1994).  For annual plants, the population 

establishing each year will reflect the density of seeds in the soil (which were produced 

in preceding seasons), the dormancy-breaking or germination-cuing conditions in the soil 

prior to the wet season (Leck et al. 1989), as well as conditions present at the time of 

seedling establishment and subsequent growth conditions (Harper 1977), including 

inundation regime.  In monocultures of O. meridionalis, density-regulating factors are 
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also likely to be significant to population size and persistence (Harper 1977; Silvertown 

1987; Crawley 1990).  The presence and abundance of co-occurring perennials will also 

effect the establishment of annuals.  For example, the presence of a surface litter or 

above-ground biomass can significantly effect successful emergence of seedlings 

(Fowler 1988; Middleton et al. 1991), and the presence of weeds prior to inundation can 

effect the successful establishment and growth of cultivated rice seedlings (Cruz 1983).  

Where inundation influences any of these factors it is likely to effect the relative 

abundance of floodplain plant species.   

 

1.2.2 O. meridionalis as a food resource 

Wetlands are central to the economy of traditional societies of the region.  The many 

grinding stones excavated from archaeological sites at the edge of the floodplains 

indicate that O. meridionalis seeds have been important for human ecology for thousands 

of years (Fujiwara et al. 1985).  Aboriginal people were still gathering O. meridionalis 

seeds as a food resource into the 1970’s (Fujiwara et al. 1985).  Wild species of Oryza, 

including O. meridionalis, are also a source of genetic material for cultivated rice 

breeding. 

 

The annual seed fall of O. meridionalis is also a crucial resource for native fauna, 

including water fowl such as the magpie goose Anseranas semipalmata Latham (Frith & 

Davies 1961).  The magpie goose is listed as a conservation species of “special concern” 

(Garnett 1992), having undergone a dramatic contraction in its distribution throughout 

Australia in historical times, and is also an important food item within the indigenous 

economy of the region.  Recruitment of magpie geese coincides with annual seed 

production (Frith & Davies 1961; Whitehead & Tshirner 1990), and vegetation which 

includes O. meridionalis is favoured for nest sites (Bayliss & Yeomans 1990).  It is 

generally presumed that consumption of seeds by fauna, in particular by magpie geese, is 

responsible for significant loss of O. meridionalis seeds, although this has not been 

measured.  O. meridionalis is also likely to be an important food resource for the 

abundant dusky plains rat Rattus colletti (Thomas Madsen pers. comm. 1994), which 

move onto the floodplains at the end of the wet season and commence reproduction 

when O. meridionalis is flowering (Redhead 1979; Friend et al. 1988).  Rats have been 

observed swimming to inundated O. meridionalis plants, biting off stems with 

inflorescences, and carrying them to higher ground to be consumed (Madsen & Shine 

1996).  These faunal species in turn are an abundant food resource for predators such as 
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the water python Liasis fusciularis (Madsen & Shine 1996; Shine & Madsen 1997) and 

the dingo Canis familiaris dingo (Corbett 1995).  O. meridionalis is a key component of 

the floodplain ecosystem.  Environmental variability or anthropogenic processes that 

affect this important plant species may translate into consequences for floodplain fauna, 

the indigenous economy and commercial harvesting.   

 

1.3 Oryza taxonomy, evolutionary history and morphology 

1.3.1 Oryza taxonomy 

There are 22 Oryza species world-wide, and eleven of these occur within Australasia 

(Vaughan 1989a).  Oryza species are grouped into complexes of species, which are 

variously aggregated or divided by different researchers.  Vaughan (1989a) describes 5 

complexes, and one African and one Asian species that do not fall into any complex.  Of 

the five complexes, two are Asian (one including Australia), one is African, one is Asian 

and American, and one has members in Africa, Asia (including Australia) and America 

(Table 1.2, after Vaughan 1989a).   

 

The taxonomy of the genus Oryza has been problematic and contentious (Duistermaat 

1987; Vaughan 1989a; Ng et al. 1981a).  The difficulty in describing taxonomic 

relationships between species possibly results from hybridisation, even between species 

in different complexes (Vaughan 1989a).  The status of O. meridionalis has similarly 

been in contention, with the species name being removed and re-instated in the Northern 

Territory during the time-frame of this study (Dunlop 1990; Dunlop et al. 1996), and 

disputed in the literature (Ng et al. 1981b; Second 1985).  Thus, discussion of the 

ecology of a wild Oryza species must commence with a definition of the species 

concerned.  

 

There are four native Oryza species in tropical northern Australia (Dunlop et al 1996) - 

Oryza australiensis Domin, O. meridionalis, Oryza minuta C.Presl and Oryza rufipogon 

Griff.  O. meridionalis (along with O. nivara) has previously been considered to be a 

form of O. rufipogon (Second 1985, 1986), however it is presently accepted as a separate 

species (Duistermaat 1987; Vaughan 1989a; Dunlop et al. 1996).  O. meridionalis is 

closely related to the two wild Asian species - the annual Oryza nivara Sharma et 

Shastry and perennial Oryza rufipogon Griff. - and the cultivated Asian rice O. sativa 

(Ng et al. 1981b).  All four of these species are within the O. sativa complex (Vaughan 



 13 

1989a).  The less common perennial species, Oryza australiensis, is usually placed in the 

Asian Oryza officinalis complex, but differs from other species in the complex in both its 

strongly rhizomatous habit and genome (Vaughan 1989a).  The perennial O. minuta falls 

within the Asian Oryza officinalis complex, the largest of the species complexes 

(Vaughan 1989a).  This species has been found from only a few localities in the 

Northern Territory.  

 

The taxonomic difficulties within the genus arise from heterogeneity within species and 

even populations, probably due to polymorphism of cultivated Oryza sativa L. and 

introgressive hybridisation between forms and species (Duistermaat 1987; Second 1985, 

1986; Vaughan 1989a).  Morishima et al. (1984, cited in Vaughan 1989b) proposed that 

the microecology of Oryza habitats is also reflected in ‘genetic dynamism’ within 

species, contributing to the morphological heterogeneity of Oryza.  Because hybrids 

commonly form between species (Vaughan 1989a), native Oryza species are sometimes 

considered to be ‘weeds’ in cultivated paddy fields (Leach & Osborne 1985).  Life form 

can also vary within a species.  For example, both O. meridionalis and the cultivated O. 

sativa vary from perennial to annual in habit (Duistermaat 1987).  Within O. sativa, the 

proportion of selfing to outcrossing within a generation and photoperiod sensitivity can 

also vary (Tsunoda & Takahashi 1984).  In a study of 5 wild species, Ng et al. (1981a) 

observed that individuals within populations of the one species varied in the number of 

days from sowing to flowering, and in morphological traits including colour of the 

pericarp, hull, stigma, apiculus and awn, and in the presence or absence of an awn.   

 

This intra-specific heterogeneity suggests that Oryza species potentially have a wide 

ecological amplitude, and ability to survive as a species in a recently evolved and 

dynamic landscape.   

 

1.3.2 Evolutionary history 

Second (1985, 1986) has proposed an evolutionary interpretation of the Oryza genus, by 

using the extent of divergence of isozymes between species (and populations) to 

calculate a time frame for their separation.  Although ‘genetic clocks’ are considered a 

very crude estimate of evolutionary history, Second’s hypothesis nonetheless proposes a 

long history for Oryza in what is now the northern Australian landscape.  His schema 

also suggests different relationships between species to that implied by the complexes of 

Vaughan (1989a).  According to Second, the divergence of O. meridionalis (the 
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Oceanian form of O. rufipogon in his terminology) occurred at 15 My B.P., 

corresponding with the collision of Laurasia with the Australian-New Guinean section of 

Gondwanaland (Whitmore 1981, cited in Second 1985).  At 7 My B.P., O. 

longistaminata (the African wild perennial) diverged from the Asian form of O. 

rufipogon, which corresponds to the development of a climatic barrier between Asia and 

Africa.  The diversity of traits within complexes and species may be due to subsequent 

introgressive hybridisation, aided by human cultivation practices among other things.   

 

1.3.3 Oryza meridionalis 

Although O. meridionalis is described as both annual and perennial in the literature 

(Duistermaat 1987; Vaughan 1989), in local studies it is recorded as an annual 

(Finlayson et al. 1989, Oka 1978; Wilson et al. 1991).  The maximum height is between 

1 and 2 m tall, and plants may form tufts of many culms, but are not stoloniferous 

(Duistermaat 1987).  The smooth culms are generally erect, rooting from the lower 

nodes.  Leaf blades (up to 30 cm long and approximately 1 cm wide) are linear and 

scabrous on the upper surface.  Ligules at the base of the blade are up to 25 mm long and 

ovate to linear-lanceolate, and provide a readily identifiable trait in the field.  The 

panicle is up to 24 cm in length, and panicle branches are not straight but ‘wavy’.  

Spikelets are up to 9 x 2.5 mm in size.  The fertile lemma terminates in a rigid awn up to 

120 mm long.  Most structures in the spikelet are scabrous, ‘bony’ or covered in glassy 

hairs.  The caryopsis (up to 6.4 x 2 mm) is lanceolate, cylindrical and typically red 

brown (Duistermaat 1987). 

 

O. meridionalis populations on the Northern Territory floodplains demonstrate 

considerable intra-specific variability.  Most populations, which cover thousands of 

hectares in this region, are strictly annual, although individuals and patches of 

individuals (1 ha) may have a perennial habit.  This difference in habit is not attributable 

to variability in habitat, as populations of these two life forms were observed growing 

adjacent to one another in similar habitat during the present study (pers. obs. 1992-

1995).  Perennial, and individual annuals plants, were found to develop short vertical 

rhizomes, comprising several closely spaced nodes at the base of the stem.  Perennial 

individuals and populations typically have larger and more exerted stamens and a more 

open inflorescence in which panicle branches are held away from the central axis, 

possibly indicating a tendency to outcross.  Within strictly annual populations there is 

considerable variability in the appearance of inflorescences.  For example, the extent to 
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which branches within the panicle are adpressed to the main axis varies considerably, as 

does the deciduousness of caryopses, and colour of the palea and lemma around the 

caryopsis, which can vary from straw coloured to black at the time of shed.  Leaf colour 

varies from blue-green to bright yellow-green.  The lamina may be held perpendicular to 

the stem, or at a more acute angle and close to the stem (pers. obs. 1992-1995).  Culms 

can float on the water surface, and vertical, panicle-bearing stems can arise from these as 

the water level recedes (Oka 1978).  Only strictly annual populations were included in 

this study.   

 

1.4 Management history and change on Northern Territory floodplains 

Similar wetlands in South East Asia, Africa, India and the US are under extreme 

pressures from anthropogenic factors (Mitsch et al. 1994).  The Northern Territory 

floodplains, perhaps because population densities in the region have always been low, 

are intact by comparison, and as such are a regionally, nationally and internationally 

significant resource.  However, they are under increasing pressure from introduced 

plants, feral animals, agriculture and pastoralism, pollution, tourism and recreation, salt 

water intrusion and harvesting of native species for commercial purposes (Finlayson et 

al. 1991; Whitehead et al. 1990; Northern Territory Parliament Sessional Committee on 

the Environment 1995; Rea & Storrs 1998). 

 

Of the 71 exotic plant species recorded in the Alligator Rivers region, 23 species 

occurred in the floodplain margin habitat, and 3 were aquatic (Cowie et al. 1988).  The 

three aquatic weeds, the perennial para grass Brachiaria mutica (Forsskal) Stapf, the 

floating water fern Salvinia molesta D.Mitch., and the woody perennial shrub Mimosa 

pigra L., have the potential to deminish the conservation and other values of Northern 

Territory floodplains (Braithwaite & Lonsdale 1987; Braithwaite et al. 1989; Lonsdale 

1993b).  The stoloniferous B. mutica is invading O. meridionalis habitat, as well as some 

of the deeper areas of the floodplains and the rare floating mat vegetation type, 

concomitantly reducing floristic diversity (Wilson et al. 1991).  This weed has already 

colonised large areas of the East Alligator and Mary River systems, and is present in 

Kakadu National Park (Cowie et al. 1988).  Despite being recognised as a weed 

elsewhere (Holm et al. 1977, Sainty & Jacobs 1994), this description is contentious in 

the Northern Territory, as it is still actively promoted as a ponded pasture (Cameron 

1991; Cameron & Lemke 1996).   
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M. pigra seeds reach densities of up to 12 000 m2 in the soil, and can persist for up to 23 

years (Lonsdale et al. 1988).  M. pigra forms dense monospecific stands with almost no 

ground flora, and invades paperbark forests and woodlands where it forms a dense 

understorey, excluding native tree seedlings and other species (Braithwaite et al. 1989).  

Attempts to revegetate areas of the floodplain with O. meridionalis after the removal of 

M. pigra have been unsuccessful (Graham Schultz pers. comm. 1996).  So little is know 

about the ecology of O. meridionalis that it is only possible to speculate on the cause of  

this failure.   

 

It is likely that floodplain vegetation on many Northern Territory floodplains is in 

transition.  The floodplains have been disturbed in the past 100 years or so by high 

densities of feral buffalos.  They were removed during the late 1980s under a feral 

animal control programme.  Buffalo modified the floodplain surface with wallows and 

extensive areas of hoof printing (Taylor & Friend 1984).  Along with grazing, these 

disturbances impacted the vegetation structure and composition, and since their removal 

the relative abundance of native plant species has changed.  The distribution of the native 

perennial grass Hymenachne acutigluma (Steudel) Gilliland, for example, has expanded 

since the removal of buffalos (Corbett 1988; John Taylor pers. comm. 1994).  The inter-

annual fluctuations in species composition and structure may be superimposed upon 

longer term successional trends (sensu van der Valk 1985).  Feral pigs (Sus scrofa) are 

abundant in many areas of floodplains.  Pigs over-turn hectares of surface soil while 

foraging, potentially changing the location of the propagule bank in the soil profile.  

They also excavate wallows along the floodplain margins, which are several to tens of 

square metres in area, creating new small-scale habitat units of deeper water.  Further, on 

catchments under pastoral leasehold, land managers frequently promote the spread of 

perennial over annual species by casting commercial pasture seed, burning and grazing 

practices.   

 

Many pastoralists with floodplain holdings, as well as some indigenous land owners, are 

looking to diversify their income though the commercial harvesting of native fauna and 

flora.  This reflects a global trend towards the commercial exploitation of wildlife 

(IUCN, 1993).  On the floodplains, this programme presently includes eggs of saltwater 

crocodiles Crocodylus porosus, imminently crocodile skins and meat, and may include 

foods such magpie geese and O. meridionalis.  There is a considerable literature on the 

population ecology of the magpie goose (Frith & Davies 1961, Bayliss & Yeomans 
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1990; Whitehead & Tshirner 1990), and the Northern Territory Parks and Wildlife 

Commission has a crocodile management and monitoring programme in place, based on 

previous studies (e.g. Magnusson 1980, Magnusson 1982; Magnusson & Taylor 1980; 

Webb & Messell 1978).  However there is no published information on the population 

ecology of any floodplain plant species.   

 

Salt water intrusion is a major threat on several Northern Territory floodplains.  On the 

Mary River floodplain, there has been rapid penetration of tidal creeks into previously 

freshwater areas of the floodplain within the last 50 years.  This has resulted in the death 

of large areas of Melaleuca woodlands and forests and freshwater sedge and grasslands 

(Whitehead et al. 1990).  On the South Alligator River floodplain also, there has been 

some expansion of salt water creeks (albeit to a lesser extent) within the same time 

frame, and Park managers have elected to halt the intrusion with the construction of 

bunds across the developing creeks.  The boundary between the estuarine and freshwater 

components of these monsoonal river systems is probably transitory even in the absence 

of human disturbances (Woodroffe et al. 1986).  However the rate and extent of salt 

water intrusion currently occurring, such as on the Mary River, are likely to have been 

promoted by feral animals and direct human intervention.   

 

Global warming, and the associated climate change and increase in sea level, is forecast 

to have a major impact on the floodplains.  The predicted changes in monsoonal 

Australia include more intense monsoonal troughs, a general increase in rainfall 

intensities and a marked increase in heavy rainfall events (Eliot et al. 1998).  It is also 

predicted that much of the floodplains will return to estuarine conditions as higher sea 

levels breach the marine/freshwater contact, and that some upstream sections of 

floodplains may be more poorly drained than at present (Eliot et al. 1998).  Thus wet 

season inundation, in areas that remain freshwater wetlands, is expected to increase in 

extent and duration.  It is not known how this will affect floodplain plant species.   

 

1.5 Study Objectives 

There is tremendous potential for change and loss of habitat integrity on Northern 

Territory floodplains in the face of the pressures outlined above.  This has implications 

for their conservation and heritage values, and the indigenous and other economies 

which incorporate the resources of the floodplains.  An understanding of the processes of 

population maintenance of species, including important, abundant and widespread plant 
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species such as O. meridionalis, is essential for the assessment of the impact of current 

and future alien processes, for the development of effective rehabilitation and 

amelioration strategies, and for the wise planning of future uses of Northern Territory 

floodplains.   

 

O. meridionalis is an important, abundant and large seeded annual floodplain grass.  As 

such, it is an excellent case study with which to commence autecological studies of 

floodplain flora, and fine tune an understanding of the processes of native plant 

population maintenance in this dynamic tropical wetland habitat.  Specifically, the aims 

of the study were to (a) describe the life-cycle of this previously unstudied north 

Australian species, (b) identify and quantify determining and regulating factors which 

impact upon population size and stability, and (c) using the results of these studies, 

comment on the likely impact upon population size and maintenance of anthropogenic 

changes to the floodplain habitat.   

 

A “fate of seed” approach has been taken to the study of the population ecology of O. 

meridionalis, and the order of thesis chapters reflects this approach.  Because the life 

history of this species has not previously been described, the thesis commences in 

Chapter 2 with a mensurative study of the field phenology of two populations, over 

three consecutive years.  The phenology of O. meridionalis during a typical annual cycle 

was described, and aspects of the growth habit which enable it to respond to variability 

in inundation were identified.  Populations at two sites were monitored from seedling 

emergence and establishment, through to flowering and seed reproduction in each year.  

The numbers of individuals in each of these life cycle stages were measured (or 

calculated).  Given the importance of O. meridionalis as a food resource, the weight of 

seeds produced (kg ha-1) was calculated also.  Measurement of phenology, throughout 

different inundation regimes in the field, enabled population determining factors to be 

flagged and then investigated in subsequent chapters.   

 

In Chapter 3, the fate of seeds after they were shed was investigated in a study of post-

dispersal seed predation.  In the light of its presumed importance to floodplain fauna and 

the predicted high rates of seed loss, seed predation was quantified and the effect of 

inundation on predation measured.  In Chapter 4 the fate of seeds was pursued into the 

soil seed bank.  Here the seed bank size was measured through direct seed counts, and 

the longevity of seeds in the soil was measured in a seed burial experiment.  The 
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behaviour of the seed bank of O. meridionalis was then discussed in comparison with 

other wetland seed banks, local annual savanna grass species and theoretical models of 

seed bank behaviour.  Chapter 5 describes a tank experiment, in which the influence of 

inundation on the adult phase of the life-cycle, between establishment and reproduction, 

was measured.  Studies in Chapters 2 to 5 principally deal with population determining 

(density-independent) factors.  Chapter 6 describes a thinning experiment in which 

density-dependent mortality and fecundity were measured.  In Chapter 7, these results 

along, with those of the former chapters, were then synthesised into a preliminary 

population model for the species.  The model was then manipulated in order to (a) 

predict the impact of changes to population determining factors, such as inundation 

regime and level of post-dispersal seed loss, and (b) investigate the relative contributions 

of determining and regulating processes to population maintenance.   
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1.6 Tables & Figures.
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Figure 1.1:  Location of the South Alligator River floodplain in monsoonal northern Australia.  
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Table 1.1:  Monthly and annual climatic averages for the township of Jabiru, located approximately 60 km east of the South Alligator River floodplain.  

The data were provided by Australian Bureau of Meteorology. 

 J F M A M J J A S O N D ANNUAL 

Rainfall 

(mm/month) 

347.0 332.0 317.8 65.5 11.4 0.6 2.6 3.9 9.0 27.1 157.7 210.7 1485.3 

Evaporation 

(mm/month) 

183.0 148.0 173.6 201.0 217.0 201.0 217.0 248.0 273.0 295.0 240.0 210.8 2591.5 

Temperature 

(oC) 

             

Maximum 33.5 33.1 33.1 34.3 33.4 31.2 31.5 33.6 35.7 37.5 36.5 34.9 34.1 

Minimum 

 

24.5 24.2 24.1 23.4 21.7 18.9 18.3 19.3 21.4 23.7 24.8 24.7 22.5 

Day length 

(hr) 

12.77 12.51 12.17 11.82 11.53 11.39 11.46 11.70 12.03 12.38 12.69 12.85  
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Table 1.2:  The composition and distribution of species complexes within the genus Oryza, as 

described by Vaughan (1989a).  (* denotes species that occur in the Northern Territory; Dunlop 

1996). 

Complex / Species Member species Distribution 

Oryza schlechteri O. schlechteri Papua New Guinea 

Oryza brachyantha O. brachyantha Africa 

Oryza ridleyi complex O. ridleyi South East Asia 

 O. longiglumis  

Oryza meyeriana complex O. meyeriana India, Central & South East Asia 

 O. granulata  

Oryza officinalis complex O. officinalis Africa, Central & South-East Asia 

 O. minuta * (incl. Australia ) and America 

 O. punctata  

 O. eichingeri  

 O. latifolia  

 O. alta  

 O. grandiglumis  

 O. australiensis *  

Oryza glaberrima complex O.  glaberrima Africa 

 O. longistaminata  

 O. barthii  

Oryza sativa complex O. sativa * Central and South East Asia  

 O. rufipogon * (incl. Australia) 

 O. nivara  

 O. meridionalis *  

 O. glumaepatula  
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Chapter 2. Phenology in a risky environment: growth and fecundity of Oryza 

meridionalis Ng on the South Alligator River floodplain, Kakadu National 

Park, Northern Territory. 

 

 

2.1 Introduction 

The floodplains of the monsoonal wet-dry tropics are a dynamic habitat, and the relative 

abundance of herbaceous species on the floodplains is temporally and spatially variable 

(Finlayson et al. 1989).  During the dry season soils are dry and cracked, and during the 

annual wet season they are flooded by between 10 and 200 cm of water.  Rainfall in the 

region occurs predominantly from December to March, while almost no rain falls 

between June and August (Table 1.1) (McAlpine 1976; Taylor & Tulloch 1985).  

Although the annual wetting and drying cycle is itself a reliable occurrence, the timing 

of wet season onset, and the extent and duration of inundation are not, and rainfall in the 

months of transition from the dry season to the wet season is extremely variable (Taylor 

& Tulloch 1985).  Clearly, widespread and abundant floodplain plant species such as O. 

meridionalis will have life-cycle strategies that enable them to survive this habitat 

variability.   

 

O. meridionalis seeds germinate in the early wet season, after the soil has moistened 

from the early rains.  Seedlings continue to grow as rainfall increases and the 

floodplains become inundated.  Plants flower, shed seed and then senesce as the water 

level recedes and rainfall has stopped.  Annual populations of O. meridionalis persist 

only in the soil seed bank during the dry season. 

 

O. meridionalis seedlings emerge during the transition from the dry to the wet season.  

Variability in rainfall during the onset of the wet season, and subsequent flooding 

patterns, creates a risk of mortality for seedlings (Weisner & Ekstam 1993).  Seedlings 

risk desiccation early in the wet season if the periods between rainfall events are too 

long (Augspurger 1979).  On the other hand, seedlings which emerge later (and would 

therefore be smaller when inundation occurs) must keep pace with the early rise in water 

level to avoid drowning (Sahid & Hossain 1995).  Inflorescences are probably initiated 

in response to photoperiod (Vaughan 1989; Tsunoda & Takahashi 1984), and emerge in 

February.  Thus the timing of the onset of rains also determines the length of the 
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growing season prior to flowering, and a late start to the wet season would mean a 

shorter growing period.  Inter-annual variability in the amount of rainfall will also result 

in variability in inundation on the floodplain.  It is likely that variability in rainfall and 

inundation regimes among wet seasons will be reflected in the growth and subsequent 

reproductive output of O. meridionalis.  Given the importance of O. meridionalis seeds 

as a food resource to floodplain fauna (Frith & Davies 1961; Bayliss & Yeomans 1990; 

Whitehead & Tshirner 1990), any variability in reproduction is likely to be significant to 

floodplain fauna.   

 

Although there is an extensive literature on domesticated species of Oryza (Vergara & 

Chang 1976; Luh 1980; De Datta 1981; Tsunoda & Takahashi 1984; IRRI 1987;), there 

are few studies of the biology and ecology of Oryza as a native plant in non-agricultural 

ecosystems (Oka 1991, 1992).  Studies of floodplain flora in northern Australia have 

focussed on vegetation patterns in relation to broad-scale environmental parameters 

(Bowman et al. 1986; Finlayson et al. 1989; Whitehead et al. 1990; Wilson et al. 1991), 

or long term changes in distribution and abundance of floodplain tree species (Williams 

1979).  Vegetation patterns on the monsoonal Australian floodplains have also been 

discussed in relation to the habitat requirements of floodplain fauna (Corbett 1988; 

Tulloch et al. 1988; Frith & Davies 1961; Bayliss & Yeomans 1990, Whitehead & 

Tschirner 1990; Blackman & Locke, 1985; Friend et al. 1988).  Finlayson (1991) 

measured the standing crop of communities dominated by three floodplain grass species 

(Hymenachne acutigluma, Pseudoraphis spinescens and O. meridionalis) on the nearby 

Magela Creek floodplain, and Finlayson et al. (1990) sampled the seed bank underlying 

the same three floodplain assemblages.  These studies have been descriptive, however, 

and it has not been possible to integrate these studies into an understanding of 

population determination and regulation (Whitehead et al. 1990).  The only extensive 

study of a floodplain plant species has been of the exotic and invasive woody weed 

Mimosa pigra L., a native of Central and South America (Lonsdale 1988, 1993; 

Lonsdale & Abrecht 1989; Lonsdale & Segura 1987; Lonsdale et al. 1988; Wilson 

1989).  As an important annual plant with discrete individuals and abundant production 

of conspicuous seed, O. meridionalis is an excellent species on which to focus 

autecological studies of floodplain flora in monsoonal northern Australia. 

 

This chapter investigates the life-cycle of O. meridionalis during the wet season, after 

individuals have left the soil seed bank.  Populations were monitored in the field at two 
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sites and during three consecutive wet seasons.  Establishment, growth and reproduction 

were measured, density-independent factors determining population size were 

identified, and data were inspected for density-dependent effects.  Specifically, the aims 

of this study were to (1) document the phenology of O. meridionalis from seedling 

emergence at the soil surface to seed shed, (2) determine whether recruitment, mortality, 

survivorship, growth, and fecundity were influenced by location on the floodplain, 

inundation regime (as determined by position on the bathymetric gradient) or by inter-

annual climatic variability, and (3) to calculate the annual seed resource. 

 

 

2.2 Materials and Methods 

2.2.1 Species life cycle description 

The life history of O. meridionalis is described in the taxonomic literature as being 

annual (Ng et al., 1981 a, b), annual or perennial (Duistermaat 1987), or occasionally 

perennial (Vaughan 1989).  Most populations on the South Alligator River and other 

Northern Territory floodplains are annual (Finlayson et al. 1989; Oka 1978; Wilson et 

al. 1990), although some solitary individuals or small clumps of individuals with a 

perennial habit were observed.  This study focussed only on populations of annual 

plants.  Voucher specimens have been lodged with the NT Herbarium, Palmerston.   

 

2.2.2 Site description 

Study sites were at Water Recorder Point on Kapalga Research Station (12o28'S, 

132o21'E) and Boggy Plains (12o39'S, 132o33'E), located respectively at the west and 

east of the South Alligator River floodplain, in Kakadu National Park, Northern 

Territory (Figure 1.1).  Water Recorder Point and Boggy Plains were selected because 

(a) O. meridionalis was structurally dominant within the vegetation during the wet 

season, (b) they were likely to be accessible throughout the year, (c) both had gently 

inclined topography and were therefore likely to experience similar water regimes, and 

(d) they had not been disturbed by feral animals.   

 

The sites were located on the gently inclined floodplain surface, corresponding with the 

Upper Floodplain Group of the deltaic estuarine plain geomorphic province (cf 

Woodroffe et al. 1986), where inundation is precipitation dominated (Kingston 1981).  

Soils at the sites were vertisols of dark cracking clays.  The soil pH during the dry 
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season and early wet season (at the time of seedling germination) was as low as 3.5 but 

more typically 4.5, and neutral during the wet season when fully inundated (measured 

during this study with a Soil pH Test Kit, Inoculo Laboratories, Melbourne).  

 

The study was undertaken between December 1992 and May 1994.  The wet season 

typically extends from December to April.  Thus the study period included the 

1991/1992, 1992/1993 and 1993/1994 wet seasons (subsequently referred to as the 

1992, 1993 and 1994 wet seasons respectively).  Rainfall recorded at Kapalga Research 

Station for these three years is presented in Figure 2.1.  Due to the remoteness of the 

study site detailed measurements of water regime are not available, and so water depths 

were recorded manually during site visits.  Flood waters at the study sites were neutral 

and fresh (TPS Digital pH Meter, TPS Pty Ltd, Brisbane). 

 

Although O. meridionalis was structurally dominant at both sites during the wet season, 

the co-occurring species differed between sites.  At Water Recorder Point the study 

quadrats were located in a mixed Oryza/Eleocharis assemblage, and during the late wet 

season Cyperaceae spp., Nymphoides spp., Nymphaea violaceae, Ludwigia ascendens, 

Hygrochloa aquatica, Utricularia spp. and Persecaria attenuata also established.  At 

Boggy Plains the quadrats were located in a mixed Oryza/Pseudoraphis assemblage, 

with Ludwigia ascendens, Phyla nodiflora, Heliotropium indicum, Utricularia spp. and 

Najas tenuifolium also establishing late in the wet season.   

 

During the dry season of 1992 (i.e. between the 1992 and 1993 growing seasons) an 

unplanned fire burnt the Boggy Plains study site, removing the cover of the perennial 

grass Pseudoraphis spinescens, leaving the soil surface bare until the following wet 

season.  The standing crop of P. spinescens did not completely recover during the 

ensuing two years of the study.   

 

Access was a problem at times during the second two years of the study, when high 

rainfall (and subsequent water levels) prevented any form of vehicular access for 

periods during the growing season.  Wading to or diving at the sites was not possible 

because of the presence of the shy but unpredictable salt-water crocodiles (Crocodylus 

porosus) at both sites. 

 

Field monitoring procedure and design 
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The monitoring design used in the first year of the study (1992) differed from that used 

in 1993 and 1994.  For recruitment, mortality and survival monitoring in 1992, 5 or 10 

replicate 1 m x 1 m quadrats (permanently located for that year) were located randomly 

within an 80 m belt across the floodplain slope at each of the two study sites.  Fecundity 

data were recorded in these quadrats, and also from up to 12 additional, randomly 

selected quadrats (Table 2.1).  In 1993 and 1994, two depth strata (each approximately 

15 m wide and 50 m apart down the floodplain slope) were included in the sampling 

design.  Six (6) replicate 1 m x 1 m quadrats were randomly located in each strata, at 

each of the two study sites.  Quadrats were again located permanently for a given year.  

The mean water depth in Depth stratum 2 was approximately 10 cm deeper than in 

Depth stratum 1 at each site, although the water depth within each strata and pattern of 

inundation within a given year varied between the two sites.  In analyses, data for 1992 

are treated as data that has been pooled across the strata.   

 

Some plant parameters were measured at the end of the wet season on a “per unit-area” 

basis, and consequently summarise the growth and reproduction of the preceding wet 

season.  Other data were collected on an individual plant basis, and may be used to 

explain variation at the population level.  The following information was collected from 

each quadrat or was calculated from quadrat data. 

 

(i) Plant height (cm):  Individual plant height was measured for a sub-sample of 30 to 

50 randomly selected individuals in each quadrat, on a fortnightly to monthly basis 

(when access permitted) throughout each wet season.   

(ii) Seedling recruits (m-2):  The number of seedlings emerging at the soil surface 

(seedling recruits) was measured within either a 0.5, 0.25 or 0.125 m2 sector of each 

quadrat, depending on their density and the practicalities of sampling.  This number was 

then used to calculate the density of seedling recruits m-2.  New cohorts of recruits were 

tagged and recorded each week or fortnight.  This procedure was terminated when either 

the water level precluded the detection of new emergents or when individuals became 

indistinguishable, due to the inter-digitating of the basal stems of adjacent plants.  

Although most recruits would have emerged by this time (5 to 8 weeks after the first 

emergents appeared depending on site conditions), seedling recruitment may have been 

underestimated.   

(iii) Seedling mortality (%):  Within each quadrat, a sub-sample of randomly selected 

seedling recruits was marked with fine stakes in order to monitor survival.  The size of 
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the subsample varied from 5 to 178 seedlings, depending on the number of seedlings in 

the quadrat and the practicalities of relocating tagged seedlings.  Stakes were then 

checked weekly to fortnightly for the presence/absence of the adjacent seedling.  This 

procedure was also terminated when it was no longer possible to identify individuals, or 

because of difficulties in locating individuals due to water depth.  For this reason, 

mortality may also be underestimated in some cases.  Percentage mortality was 

calculated as 100 x [total number dead] / [total number emerging] from the subsample. 

(iv) Plant survivorship (m-2) was calculated by subtracting the number of seedlings that 

died (outlined in (iii) above) from total seedling recruitment (outlined in (ii) above) for 

each quadrat.   

(v) Seed germination (%):  Seeds were collected from the field at the time of seed shed 

in May and a germination experiment was carried out in July 1993.  Batches of 25 seeds 

were placed in 8 petri dishes.  The outer husk (palea and lemma) were removed from 4 

of the batches, while the remaining 4 batches were left intact as the experimental 

control.  All eight petri dishes were placed in a growth cabinet, and maintained at 32oC 

with a 12 hour light - dark cycle.  Dishes were watered and inspected daily for 

germinants, which were counted and removed.  The trial was terminated after 8 weeks. 

(vi) Inflorescences (plant-1):  The number of inflorescences produced per plant was 

recorded for a sub-sample of individuals (n = 10 to 30) in a quadrat (n = 4 to 6) in 1993 

and 1994 at the end of flowering.  This parameter was used to calculate the number of 

seeds produced per plant (along with the number of seeds produced per inflorescence - 

see (vii) below).  Because the sites were inundated at the time of flowering, individuals 

were identified by touch at the soil surface and the number of inflorescences was 

recorded.  At this stage of the growing season it was sometimes difficult to separate 

individual plants.  Thus the numbers of inflorescences produced per plant may have 

been over estimated.  Inflorescence production per plant is considered in detail at the 

individual plant level in Chapters 5 and 6.   

(vii) Spikelets and seeds (inflorescence-1):  The number of spikelets produced per 

inflorescence was recorded for a random sample of inflorescences (n = 2 to 10) from 

each quadrat (n = 2 to 21) in each year of the study.  Entire post-anthesis inflorescences 

were bagged with fine nylon mesh.  The bags were retrieved when the majority of seeds 

on the inflorescence had matured.  Spikelet scars were counted to determine the number 

of spikelets produced per inflorescence.  Seeds and spikelets collected in the bag were 

then counted to determine the rate of maturation from spikelet to caryopsis.  Seeds are 

shed asynchronously from the head, and the probability of a bag being removed by 
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fauna increased with time.  Therefore, a compromise had to be made between collecting 

the bags too early (and possibly underestimating the number of spikelets producing a 

caryopsis), or too late (and not being able to relocate them).  Consequently, the % of 

spikelets maturing to produce a caryopsis may have been underestimated. 

(viii) Inflorescences (m-2):  The number of inflorescences produced in each 1 m x 1 m 

quadrat (n = 6 to 22) was counted at the end of each flowering season.  It was not 

always possible to record these data for every quadrat due to foraging by magpie geese, 

which flattened the vegetation into the water over several hectares.  The number of 

inflorescences emerging after foraging was also recorded and these data were analysed 

separately.   

(x) Seeds produced (m-2) were calculated by multiplying values of inflorescences 

produced m-2 (ix above) by the seeds produced per inflorescence (viii above). 

 

2.2.3 Analysis of data 

Analysis of variance (ANOVA) was used to determine whether recruitment, mortality, 

survivorship and growth varied significantly between years, sites and inundation strata 

(Statistica for Windows version 5.0, Statsoft, Tulsa).  Factors in the sampling design 

were Site (fixed, n = 2) and Year (fixed, n = 3) and Depth stratum (fixed, n=2), with 

quadrat data representing samples.  Where replicate data points were collected within a 

quadrat (for example, heights of seedlings or the number of spikelets per inflorescence), 

average values per quadrat were used in the analyses.   

 

Difficult site conditions and foraging by magpie geese resulted in unequal sample sizes 

and missing depth strata cells for some plant parameters (Table 2.1).  Fully factorial 

ANOVAs were therefore not possible.  Instead, comparisons to test specific hypotheses 

were undertaken where samples sizes and cells permitted.  A complete description of the 

designs of each analysis is presented in Appendix 1.  Where necessary, replicates were 

randomly sub-sampled to produce a balanced design.  Prior to ANOVA, data were 

checked for normality (by inspection of plots of residuals) and heteroscedacity (with 

Cochran’s test).  Where necessary, data were transformed as described in the captions to 

ANOVA tables.  Tukey’s test, for either unequal or equal values of n, was used for post 

hoc comparisons of means.  Where mortality data were not normally distributed, and 

transformations did not rectify this, data were analysed with Kruskall-Wallis ANOVA 

by ranks.  

 



 

 31 

Density dependence relationships of seedling mortality (%) with recruitment (seedlings 

m-2) and fecundity (inflorescence m-2) with survivorship (plants m-2) were investigated 

by visually inspecting scatter plots, as it was not valid to further analyse data.   

 

2.3 Results  

2.3.1 Life cycle 

The time at which seedlings emerged varied by up to a month among the three years of 

the study and by up to one week between the two sites (Table 2.2), reflecting the 

difference between sites and years in the time of wet season onset (Figure 2.1).  By the 

end December 1991 a total of 151.1 mm of rainfall had been recorded at Kapalga.  In 

comparison, 355.7 mm had been recorded by the end of December in 1992, and 465.9 

by the end of December 1993.  Thus, the later onset of rainfall in the 1992 wet season 

resulted in postponed seedling emergence.   

 

Seedling leaves were usually erect and parallel to the stem.  However, when completely 

submerged, the habit of seedlings changed.  A localised, rapid flooding event occurred 

at Water Recorder Point early in the 1994 wet season (this did not occur at Boggy 

Plains), which completely submerged seedlings, and transforming the site from a 

flooded, low, closed grassland to an open water body.  When submerged, seedling 

leaves lost their erect habit, softened, and floated in the water column.  Seedlings which 

were a few centimetres taller than the water column during this flooding event also 

adopted this aquatic habit.  The leaves had a silvery appearance, apparently due to the 

layer of air trapped in the silica-rich epidermal hairs.  Seedlings which survived the 

flooding event eventually regained their erect habit. 

 

Inflorescences started to emerge from apical leaf sheaths in February of each year, 

which is at the peak of the wet season rainfall and a month after day length had begun to 

decrease (Table 1.1).  Inflorescences continued to emerge until plants senesced in 

April/May.  Inflorescences initially developed in the apices of stems, but subsequently 

also formed within axils along the stem.  Additional inflorescences also developed from 

leaf axils at the water surface, when stems (a) became recumbent with falling water 

levels, or (b) were pushed over and into the water by foraging water fowl.  Both these 

events occured towards the end of the wet season.  This production of inflorescences 
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from recumbent stems has previously been observed in the Northern Territory by Oka 

(1978), and occurs in varieties of cultivated rice (Tsunoda & Takahashi 1984).   

 

Seed shed commenced early in the dry season, and was completed by the end of April or 

May, by which time the floodplain waters had usually receded.  This meant that seed 

was shed either into the water column at deeper sites and in wetter years (e.g. 1993 and 

1994), or onto wet soil at the floodplain margins, and in years when there was less 

overall rainfall (e.g. 1992).  During the season of relatively poor rainfall in 1992, many 

of the spikelets produced towards the end of the growing season at more rapidly drying 

sites (such as close to the floodplain margin) were observed to abort and did not produce 

a caryopsis.   

 

Shaking inflorescences to induce seed fall indicated that the seeds fell directly into the 

water/wet soil, close to the parent plant.  Seeds then appear to become either enmeshed 

in vegetation, or work into the soil by way of the firm hairs, which cover the palea, 

lemma and awn.  After flood waters had receded, the long awns of buried seed 

protruded at the soil surface, such that the soil appeared to be covered with pig bristles.  

It was not possible to retrieve seeds from the soil by pulling on the awn, due to the 

orientation of the hook-shaped hairs.   

 

 

2.3.2 Plant height 

At all times mean plant height remained greater than water depth, although the amount 

by which it exceeded water depth varied within a given year (Figures 2.2).  For 

example, during the flooding event at Water Recorder Point early in the 1994 wet 

season, there was only a 5 cm difference between mean water depth and mean seedling 

height (i.e. 16 % of total height was emergent; some seedlings were completely 

submerged at this time).  Five weeks later surviving plants were emergent by some 45 

cm (approximately 50% of total height) at the site.  Also, plant height continued to 

increase after water levels had begun to recede, probably indicating that as more 

photosynthetic tissue was exposed, the plant was able to increase its growth and 

subsequent investment in seed production.   

 

Mean plant height was significantly lower in 1992, compared with 1994 (Figure 2.3; 

Table 2.3), due to the lower amount and duration of rainfall and therefore inundation in 
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1992 than occurred in 1994 (Figure 2.1, Figures 2.2).  In 1992, the mean maximum 

plant height was 85.5 cm at Water Recorder Point and 102.2 cm at Boggy Plains, when 

maximum recorded water depths were 33 cm and 18 cm respectively.  In 1994, the 

mean maximum plant height was 146.3 cm at Water Recorder Point and 154.3 cm at 

Boggy – a height increase of over 50 % - when maximum recorded water depths were 

45 cm at Water Recorder Point and 63 cm at Boggy Plains.   

 

Plant height also varied significantly with depth strata and site in 1994, and with an 

interaction of the two (Figure 2.4; Table 2.4).  Plants in the deeper strata at Boggy 

Plains were significantly taller than those in the shallower strata at the same site, or than 

those at either strata at Water Recorder Point.  These results are due to the deeper 

inundation at Boggy Plains in that year (Figure 2.2), and an amplified growth response 

at depth stratum 2 at Boggy Plains, where the difference in mean plant height between 

the strata was greater than the difference in water depth.   

 

The rate of growth varied between years and sites, reflecting the different rates of 

inundation (Figures 2.2).  The maximum calculated rate of increase in plant height was 

8.8 cm per week, at Boggy Plains in 1993 (Table 2.5).  The capacity of plants to 

increase height is unlikely to match changes in water level, which may be rapid due to 

local rainfall and/or runoff events.  However, plants did demonstrate plasticity in the 

rate and extent of height increase between sites, depth strata and years in this study 

(Figure 2.2 &Table 2.5).   

 

2.3.3 Seedling recruitment 

Seedling recruitment ranged from a minimum of 6 seedlings m-2 (recorded in a quadrat 

at Water Recorder Point in 1992) to a maximum of 1056 seedlings m-2 (recorded in a 

quadrat at Boggy Plains in 1994).  Mean seedling recruitment varied from a minimum 

of 43.0 + 11.0 seedlings m-2 at Water Recorder Point, Depth stratum 2, 1994 to a 

maximum of 628.0 + 122.6 seedlings m-2 at Boggy Plains, Depth stratum 1, 1994 (Table 

2.6).   

 

Seedling recruitment varied significantly among years, and between sites (Figure 2.5; 

Table 2.7).  Post hoc testing indicated that recruitment (a) was not significantly different 

between Water Recorder Point and Boggy Plains in either 1992 or 1993, and (b) 

significantly increased between 1992 and 1993 at both sites.  However, in 1994 
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recruitment at Boggy Plains was significantly higher than at Water Recorder Point.  Post 

hoc testing of these data did not detect a significant difference in seedling recruitment 

between 1993 and 1994 at either site.   

 

Seedling recruitment varied significantly between sites and depths, and with interactions 

between year with site, and year with depth (Figure 2.6; Table 2.8).  Post hoc testing of 

the interaction between year and site again indicated that recruitment at Boggy Plains in 

1994 was significantly higher than at Water Recorder Point in the same year.  Post hoc 

testing of the interaction between year and site also indicated that at Water Recorder 

Point seedling recruitment in 1994 was significantly lower than in 1993.  The difference 

between these results and those reported above for Water Recorder Point may be due to 

the increased power in this second analysis.  Post hoc testing of the interaction between 

year and depth stratum indicated that the interaction was due to a significantly higher 

recruitment in depth stratum 1 in 1994 than occurred in depth stratum 2 in that same 

year.   

 

In summary, seedling recruitment varied significantly between sites, years and depth 

strata.  These effects were due to (a) a significant increase in the overall density of 

recruitment between 1992 and 1993 at both sites, (b) at Water Recorder Point, a 

significantly lower recruitment in 1994 than occurred in 1993, (c) in 1994, a 

significantly higher recruitment at Boggy Plains than occurred at Water Recorder Point, 

and (c) in 1994 at least, a significantly higher density of recruits in depth stratum 1 than 

2. 

 

2.3.4 Seedling mortality 

Seedling mortality was generally low.  At least 1 quadrat in all years and both sites had 

no mortality.  The exception to this occurred, during the flood event at Water Recorder 

Point in 1994, when the minimum recorded in any quadrat was 22%.  Mean percentage 

mortality at both sites was between 3 - 12% in all years, except in 1994 at Water 

Recorder Point, when it rose to 39.8 % (Table 2.6).  The maximum mortality recorded 

in any quadrat was 69.2 %, which was also recorded at Water Recorder Point in 1994.  

During this flood event, water depth increased rapidly over 2 days to a mean of 30 cm 

when the mean seedling height was only just greater (Figure 2.2, 1994).   
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ANOVA of seedling mortality data for 1992 and 1994, from both sites, detected a 

significant effect of (a) year, and (b) an interaction between year and site (Figure 2.7; 

Table 2.9).  Post hoc testing indicated these results were due to significantly higher 

mortality in (a) 1994 than in 1992, and (b) at Water Recorder Point than Boggy Plains in 

1994, or at either site in 1992.  Similarly, ANOVA of mortality data for 1993 and 1994 

at both sites (for depth stratum 1 only) (Figure 2.8; Table 2.10), detected significantly 

higher mortality in (a) 1994 than in 1993, and (b) at Water Recorder Point than at 

Boggy Plains.  ANOVA (by ranks) of data for all three years at Water Recorder Point, 

pooled across depth strata, (Figure 2.9; Table 2.11) also detected a significant effect of 

year on seedling mortality.  Mortality in 1994 at Water Recorder Point was 4 and 8 

times greater than that in 1992 and 1993, respectively (Table 2.6). 

 

ANOVA (by ranks) of 1994 data, at the two sites and for the two depth strata (Figure 

2.10; Table 2.12), detected a significantly higher mortality at Water Recorder Point but 

no significant effect of depth stratum.  Similarly, ANOVA (by ranks) comparing 

mortality data for Water Recorder Point in 1993 and 1994 at the two depth strata detect 

significantly higher mortality in 1994, but no significant effect of depth stratum on 

mortality (Figure 2.11; Table 2.13).   

 

The significant interaction between factors detected by ANOVA mean that it was not 

valid to linearly regress mortality against recruitment using pooled data.  However a 

preliminary inspection of the scatter plot of these two variables indicates that 

conventional density-dependent mortality did not appear occur in these field 

populations.  (Density-dependent mortality is investigated experimentally in Chapter 6.)  

Mortality was more variable at low densities, and tended to decrease with increasing 

density (Figure 2.12).  The different pattern between sites are also probably due to the 

confounding differences in abiotic or biotic factors between sites.   

 

In summary mortality was generally low, but increased significantly with a flooding 

event at Water Recorder Point in 1994.  Density-dependent mortality was not observed. 
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2.3.5 Plant survivorship 

The final density of plants ranged from 2 plants m -2, for a quadrat at Water Recorder 

Point in 1992, to 993 plants m -2, for a quadrat at Boggy Plains in 1994.  At Water 

Recorder Point, mean final plant density varied from a minimum of 20.0 + 7.2 plants m 

-2 in 1992 to a maximum of 165.9 + 38.2 plants m -2 in 1993.  At Boggy Plains, mean 

final plant density varied from 61.2 + 22.7 plants m -2 in 1992 to a maximum of 482.6 + 

82.1 plants m -2 in 1994 (Table 2.6). 

 

ANOVA of survivorship data for 1992 and 1994 from both sites detected both a 

significantly higher survivorship of plants at Boggy Plains than at Water Recorder 

Point, and in 1994 than in 1992 (Figure 2.13; Table 2.14).  ANOVA of survivorship 

data for 1993 and 1994 from both sites also detected significantly higher survivorship at 

Boggy Plains than at Water Recorder Point (Figure 2.14; Table 2.15).  This analysis also 

detected and an interaction between year and site, due to the significantly lower 

survivorship at Water Recorder Point in 1994 than at Boggy Plains in the same year 

(Figure 2.14; Table 2.15).  These results are due to both the significantly higher 

mortality (Figure 2.7; Table 2.9) and lower recruitment in 1994 at Water Recorder Point 

than occurred at Boggy Plains in the same year (Figure 2.5; Table 2.7).   

 

ANOVA of survivorship data for all three years at Water Recorder Point, pooled across 

depth strata (Figure 2.15; Table 2.16), detected significantly higher plant survivorship in 

1993 than in either 1994 or 1992.  This was due to the significantly lower recruitment 

and higher mortality at Water Recorder Point in 1994.   

 

Survivorship was also significantly affected by both site and depth in 1994 (Figure 2.16; 

Table 2.17), due to a significantly higher final density of survivors at Boggy Plains and 

in depth stratum 1.  This higher density of survivors was due to the significantly higher 

level of recruitment detected at Boggy Plains and in depth stratum 1 (Figure 2.6; Table 

2.8).  ANOVA of data for the two depth strata at Water Recorder Point did not detect an 

effect of depth stratum on survivorship (Figure 2.17; Table 2.18).  In light of a 

probability of 0.0657 for the interaction term for the previous analysis (Table 2.18), this 

result indicates that the effect of depth stratum was likely to be due to differences 

between the depth strata at Boggy Plains alone. 
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In summary, seedling survivorship was consistent with the patterns of seedling 

recruitment and mortality.  Significant effects of site and year on plant survivorship 

were due to the higher density of recruitment at Boggy Plains than at Water Recorder 

Point in 1994, as well as higher mortality at Water Recorder Point in 1994 than in other 

years at that site, or at Boggy Plains in any year.  A significantly higher survivorship 

was detected in depth stratum 1, due to a significantly higher recruitment (rather than 

lower mortality) in that depth stratum, possibly at Boggy Plains.   

 

2.3.6 Germination 

Germination tests indicated that seed was dormant at the time of seed shed.  Dormancy 

appeared to be induced by the palea and lemma, as 92.1 + 4.1 % of seed germinated 

when these were removed.  None of the seeds with husks intact germinated (Table 

2.19).   

 

2.3.7 Maturation of spikelets 

A mean of 80+ 3.7 % of spikelets matured to form a caryopsis (Table 2.20).  However, 

ANOVA detected a significant difference between years in the proportion of seeds 

maturing (Table 2.21).  Post hoc testing indicated that this was due to a significantly 

higher maturation (84.0 + 0.9%) in 1994 than in 1993 (74.5 + 1.6%), while that in 1992 

(80.2 + 3.2%) was not significantly different to 1993 or 1994. 

 

2.3.8 Inflorescences produced per plant 

The mean number of inflorescences produced per plant ranged from 1.4 + 0.1 at Boggy 

Plain in 1994 to 4.5 + 0.5 at Water Recorder Point in 1994 (Table 2.22).  The highest 

number of inflorescences produced by an individual plant was 11, for a plant at Water 

Recorder Point in 1993.   

 

2.3.9 Seeds produced per plant 

The number of seeds produced per plant was calculated using two methods.  The first 

was to multiply the number of inflorescences per plant by the number of seeds produced 

per inflorescence, for each quadrat for which there was a complete set of data.  The 

minimum was 67 seeds per plant calculated for a quadrat at Boggy Plains in 1994 and 

the maximum value calculated using this method was 967 seeds per plant for a quadrat 
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at Water Recorder Point in 1994.  Mean values ranged from 113.6 + 10.0 at Boggy 

Plains in 1994 to 543.5 + 74.7 at Water Recorder Point in 1994 (Table 2.23).  The 

second method divided the number of seeds produced m-2 by plant survivorship m-2.  

The values calculated using this method ranged from 15 seeds per plant, for a quadrat at 

Boggy Plains in 1994, to 1939 seeds per plant, for a quadrat at Water Recorder Point in 

1994.  Mean values ranged from a minimum of 34.8 + 6.0 at Boggy Plains in 1994, to a 

maximum of 501.0 + 155.7 seeds per plant at Water Recorder Point in 1994 (Table 

2.24).  The results of the two methods do not reconcile exactly but do indicate similar 

patterns between sites and years, with fecundity varying inversely with plant density 

(Table 2.6).  The high seed production per plant at Water Recorder Point in 1994 

corresponds with a lower plant density, which was the result of the high seedling 

mortality that occurred there in that year.  The lowest seed production per plant occurred 

at Boggy Plains in 1994 where plant densities were significantly higher than Water 

Recorder Point.  These results indicate a density-dependent response of fecundity.  (It 

was not valid to regress seed production per plant against plant density due to the likely 

confounding effect of site and year.  Due to missing cells and samples which precluded 

ANOVA, it was also not possible to statistically verify whether the number of seeds 

produced per plant varied between years and sites.)   

 

2.3.10 Inflorescences, spikelet and seeds m-2 

The maximum number of inflorescences (m-2) recorded was 400, recorded in a quadrat 

at Boggy Plains in 1994.  The mean number of inflorescences produced ranged from 

28.4 + 1.8 m-2 at Water Recorder Point in 1992 to a maximum recorded value of 289.2 + 

22.9 m-2 at Boggy Plains in 1994 (Table 2.22).   

 

In 1992, there was a significantly higher production of inflorescences and spikelets (m-2) 

at Boggy Plains than at Water Recorder Point (Table 2.25; Table 2.26).  As there was no 

significant difference in survivorship at the two sites in that year (Figure 2.16; Table 

2.17), this indicates that plants at Boggy Plains produced more inflorescences per plant 

than plants at Water Recorder Point.  For Water Recorder Point, there was a 

significantly higher production of inflorescences and spikelets (m-2) in 1994 than in 

1992 (Table 2.27; Table 2.28).  As there was no significant difference in the density of 

survivors between these years (Figure 2.15; Table 2.16), this indicates that more 

inflorescences were produced per plant in 1994 than in 1992. 
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Further, although the density of surviving plants was significantly lower in 1994 than in 

1993 at Water Recorder Point, there was no significant difference in the density of 

inflorescences (m-2) produced between these years (Table 2.29) nor in the number of 

spikelets produced (m-2) Table 2.30).  Thus, in terms of inflorescence production (m-2), 

the lower plant density in 1994 was compensated for by a density-dependent increase in 

the number of inflorescences produced per plant (Table 2.22).   

 

There was significantly higher inflorescence and spikelet production (m-2), at Boggy 

Plains than at Water Recorder Point in 1994 (Table 2.31, Table 2.32).  Despite a higher 

seed production per individual plant at Water Recorder Point, seed production (m-2) did 

not match that at Boggy Plains in 1994, due to the higher density of plants at the latter 

site (Table 2.22).  Thus, the increase in spikelet production per plant at Water Recorder 

Point was not sufficient to compensate for the lower overall plant density.   

 

It was not valid to regress fecundity (m-2) against survivorship density, due to significant 

interactions between factors on plant survivorship (Table 2.14-2.18).  However a 

preliminary inspection of the scatter plot of inflorescences produced (m-2) against 

survivorship, suggested a trend toward a density-dependent plateau in the total 

inflorescence production at approximately 300 inflorescences m-2 (Figure 2.18).   

 

There was no significant difference in inflorescence or spikelets produced (m-2) between 

the two depth strata (Table 2.33; Table 2.34).   

 

Although foraging by magpie geese reduced the number of inflorescences produced (m-

2) in comparison to undisturbed quadrats, large numbers of inflorescences were still 

produced by trampled plants (Table 2.35).   

 

Mean values of seeds produced ranged from a minimum of 1 708.2 + 144.3 seeds m-2, 

calculated for Water Recorder Point in 1992, to a maximum of 17 541.2 + 1,936.1 seeds 

m-2, calculated for Boggy Plains in 1994 (Table 2.22).  Using measured weights of 

seeds, seed production can be expressed in kg ha-1 (Table 2.36).  Values ranged from a 

minimum of 25.6 + 4.7 kg ha-1, calculated for Water Recorder Point in 1992, to a 

maximum of 263.1 + 29.0 kg ha-1, calculated for Boggy Plain in 1994. 
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2.4 Discussion 

This study shows that O. meridionalis has a versatile and plastic habit, which includes 

strategies to overcome the risks inherent in the floodplain environment.  Seedlings may 

drown in rapid flooding events early in the wet-season, but a life-cycle strategy 

involving germination and emergence well before inundation means seedlings more 

typically avoid potential drowning events.  Also, seedlings can adopt an entirely aquatic 

habit, enabling them to survive the short periods of inundation, which may occur when 

they are young and small.  Although mortality was significantly increased by a rapid 

flooding event, it did not differ significantly between the two depth strata at that time.  

This indicated that O. meridionalis seedlings are resilient to small differences, and 

gradual increases, in water depth.  It is likely, therefore, that seedling mortality due to 

drowning will not vary across the bathymetric gradient within a local area on the 

deltaic-estuarine geomorphic province, but will vary significantly inter-annually or with 

district-scale climatic events, particularly on the precipitation-dominated areas of the 

South Alligator River floodplain.   

 

As adults, O. meridionalis plants also showed considerable plasticity in growth habit in 

response to inundation (i.e. between sites and years and within years).  Although clearly 

important in determining emergent plant growth (McKee & Mendelssohn 1989; Rea & 

Ganf 1994), water depth did not directly correlate with height of O. meridionalis plants.  

For example, the height by which plants are emergent from the water column varies 

within and between sites and years (Figure 2.2).  A small increase in water depth can 

result in a non-linear increase in height.  For example, at Boggy Plains in 1994 a 10 cm 

difference in water depth at two depth strata was expressed as a 28 cm difference in 

mean maximum plant height (Table 2.6).   

 

Seeds of O. meridionalis are dormant at the time of seed shed.  Floodplain soils are wet 

or inundated at this time.  Thus this initial dormancy prevents seeds germinating when 

the plains are drying out, and the dry season is to follow.  The results of the germination 

study indicate that dormancy is induced by the palea and lemma, which were elsewhere 

observed to encase the caryopsis until germination occurs.  Thus it appears that the 

compounds within these structures which induce dormancy (rather than the structures 

themselves) are broken down during burial in ensuing dry season (or seasons).   
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The density of O. meridionalis seedling recruitment is temporally and spatially variable.  

At Water Recorder Point, an increase in seedling recruitment occurred from 1992 to 

1993.  However there was no similar increase between 1993 and 1994, despite a seven-

fold increase in seed production in the preceding season.  In contrast, at Boggy Plains 

there was an increase in seedling emergence in each year of the study, in parallel to the 

increase in seed input.  It might be assumed that increased seed production would result 

in an increase in the size of the seed bank and subsequent recruitment.  However, 

observed patterns of seedling recruitment do not simply reflect the size of the seed bank 

(van der Valk & Davis 1980; Middleton et al. 1991; Insauti et al. 1995).  Below and 

above-ground factors (such as soil temperature, presence of mulch on the soil surface) 

will impact upon the seed bank and trigger (or inhibit) germination and emergence, and 

determine seedling recruitment.  The differences in recruitment between sites may 

therefore be due to differences in site characteristics, such as the presence of other plant 

species.  At Water Recorder Point O. meridionalis occurs in a mixed Oryza/Eleocharis 

assemblage while at Boggy Plains it occurs in a mixed Oryza/Pseudoraphis assemblage.  

A wild fire at Boggy Plains prior to the 1993 wet season removed both the standing crop 

and accumulated litter of the Pseudoraphis spinescens, neither of which fully re-

established during the course of the study.  Seedlings at Boggy Plains emerged from 

almost entirely bare ground or a thin surface mulch after the fire.  By contrast, seedlings 

at Water Recorder Point in each year had to emerge through several centimetres of 

surface mulch, principally of dried but also actively growing, Eleocharis stems.  The 

endosperm of grass species is typically exhausted within 5 days of the coleoptile 

breaking the surface (Jones & Lazenby 1988).  The additional resources required for this 

emergence through the mulch may have resulted in less successful (or detectable) 

recruitment.  (Early in the wet season at Water Recorder Point, seedlings had become so 

enmeshed in the thick litter of dead Eleocharis stems that they were observed threading 

sideways.)  The absence of surface litter or above ground biomass can promote 

germination within, and emergence from, the seed bank (Middleton et al. 1991), 

possibly by signalling canopy gaps (Insauti et al.1995; Bewley & Black 1982).  The 

mechanisms for this may be changes in soil temperature  (Lonsdale 1993) or light 

(Insauti et al 1995).  Thus it may be that the thick surface mulch at Water Recorder 

Point dampened the recruitment of seedlings at that site.  

 

In this study, mortality rates of O. meridionalis seedlings were low, with seedlings 

typically having close to a 90% chance of surviving to reproductive maturity.  Mortality 
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was principally site specific rather than density-dependent, but did tend to decrease with 

increasing density.  Density-dependent mortality is frequently not detected from field 

populations (Watkinson & Harper 1978; Watkinson et al. 1989).  Direct measurement 

from unmanipulated field populations is a problematic methodology for detecting 

density-dependence because of the potential influence of confounding factors 

(Watkinson et al. 1989; Stearns 1977, after Keddy 1981).  The apparently counter-

intuitive relationship in this study, where mortality is higher at lower densities (Fig 

2.12) may instead arise from the presence of different co-occurring plant species at the 

two sites.  Plant densities were generally lower at Water Recorder Point, where 

Eleocharis species co-dominate.  These species also undergo growth during the wet 

(Finlayson et al. 1989) and therefore potentially compete with O. meridionalis.  

Cultivated rice seedlings, for example, have been shown to experience moisture stress 

and retarded leaf development during establishment in the presence of weeds (Cruz 

1983).  At Boggy Plains, where plant densities were generally higher, the co-dominant 

Pseudoraphis was less abundant than Eleocharis at Water Recorder Point, and has a 

different above-ground architecture.  Observed patterns of plant mortality may correlate 

with the type and relative abundance of competing species, and not density per se.  (The 

occurrence of density-dependent mortality in O. meridionalis populations is explored 

more thoroughly in Chapter 6).   

 

Stochastic seed predation by magpie geese may terminate the further development of 

existing inflorescences.  However, the capacity of these recumbent stems to develop 

axillary shoots and inflorescences means that seed production can continue.  Axillary 

shooting also enables plants to exploit inundation, which persists at the end of wet 

seasons after high or protracted rainfalls, a strategy reported for annual plants in the 

Kafue wetlands, for example (Ellenbroek 1987).   

 

While this study did not allow the determination of a valid numerical relationship 

between fecundity and density, a negative density-dependent response is apparent, as 

has been widely reported for field populations of other annual species (Watkinson & 

Harper 1978; Martin 1986; Keddy 1981).  At Boggy Plains, a 7.5 fold increase in 

survivorship density between 1992 and 1994 resulted in only a 3.2 fold increase in seed 

production per unit area, and a halving of the number of seeds produced per plant over 

the three years of the study.  At Water Recorder Point a 3-fold decrease in the mean 

survivorship density between 1993 and 1994 lead to a 42% increase in seed production 



 

 43 

per unit area.  Intra-specific competition therefore appears to be regulating seed 

production of individual plants.  Further, despite similar plant densities, the significantly 

higher inflorescence production at Boggy Plains than at Water Recorder Point in 1992, 

points to a significant effect of co-occurring species on the fecundity of O. meridionalis 

plants.   

 

Inflorescence and spikelet production per unit area did not differ significantly between 

the two depth strata which differed by only 10 cm in water depth.  However, the study 

indicates that inflorescence production per plant is affected by annual rainfall pattern.  

For example, although plant densities at Water Recorder Point did not differ between 

1992 and 1994 seed production per plant did.  This corresponds with increased 

inundation and an extra month of growing season in 1994.  This increased individual 

fecundity in 1994 may have resulted from extra resources accumulated during the longer 

vegetative phase of the life-cycle which an earlier start to the growing season enabled.  

Also, persistent flood waters allowed a longer flowering period.  In this study, there was 

a 5 fold increase in seed production per unit area between the relatively ‘poor’ 1992 

season and the ‘good’ 1994 wet season which cannot be attributed to differences in plant 

density alone.  The complexities of the relationship between inundation and 

reproductive success are discussed further in Chapter 5.  Although inundation of 

seedlings during establishment can affect subsequent reproduction in short-lived 

temperate wetland species (van der Sman et al. 1993), this does not appear to be the case 

for O. meridionalis.   

 

The number of seeds and spikelets produced per unit area and per plant indicate that 

seed is produced in excess of subsequent plant density by several orders of magnitude.  

Seedling mortality does not account for the surplus.  In light of the expected pressure 

from seed predators, it may be that this surplus does not make the transition into the soil 

seed bank.  Seed predation is discussed further in Chapter 3.   

 

The weight of seeds produced by populations of O. meridionalis is a considerable 

resource, although variable in both space and time.  This hectare-scale variability may 

not influence fauna such as magpie geese, which are highly mobile even as juveniles 

(P.Whitehead 1997).  However, it may be highly significant to local population 

maintenance of smaller and less mobile animals such as the dusky plains rat.   
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The picture of O. meridionalis emerging from this field study is that of an abundant, 

highly fecund species, producing mainly viable seeds, with high seedling survivorship, 

which has a capacity for plastic response to the dynamic inundation regimes 

characteristic of the monsoonal floodplains.  O. meridionalis has the capacity to produce 

a surplus of seeds (relative to subsequent seedling recruitment) in a range of inundation 

regimes, although fecundity is increased by an early start to the wet season and/or 

favourable rather than unfavourable inundation.  Density-independent mortality early in 

the wet season does not necessarily lead to lower seed production at the end of the 

growing season.  This in part appears to relate to density-dependent increases in 

individual plant fecundity.  The results of these field studies also point to the importance 

of determining factors, such as the traits of co-occurring species and the incidence of 

fires, in the population maintenance of O. meridionalis at these field sites. 
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2.5 Tables & Figures 
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Figure 2.1:  Cumulative rainfall (mm) for 1992, 1993 and 1994 wet season at Kapalga 

Research Station, South Alligator River floodplain, Kakadu National Park.  The 

cumulative rainfall to the end of December in 1991 was 151.1 mm, in 1992 was 355.7 

and in 1993 was 465.9 mm.  The total rainfalls for each wet season were 1065.3 mm in 

1992, 1358.8 mm for 1993 and 1349.7 mm for 1994.  Data were collected fortnightly 

from 11 rain gauges at various locations on Kapalga.  Data presented here is the mean of 

those 11 gauges in each fortnight.   
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Table 2.1:  The sampling design for monitoring the field phenology of O. meridionalis 

at Water Recorder Point (WRP) and Boggy Plains (BP).  In 1992, quadrats were 

randomly located across the floodplain gradient, while 1993 and 1994 they were 

randomly located into 2 depth strata with a difference in depth of 10 cm.  For the 

purposes of analyses, 1992 data are treated as being pooled across depth strata.  The 

numbers in the body of the table indicate the number of replicate quadrats.  Refer to the 

text for the number of individuals measured in each quadrat. 

 

   Plant parameters 

Site Year Depth 

strata 

H
ei

g
h

t 

R
ec

ru
it

s 

(m
-2

) 

M
o

rt
al

it
y
 

S
u

rv
iv

o
rs

 

(m
-2

) 

In
fl

o
r.

 

(m
-2

) 

S
p

ik
el

et
 \

 

in
fl

o
r.

 

In
fl

o
r.

 \
 

p
la

n
t 

S
p

ik
el

et
 

(m
-2

) 

WRP 1992 (1+2) 5 10 10 10 22 21 - 21 

 1993 1 - 6 6 6 - - - - 

  2 5 6 6 6 6 6 4 6 

 1994 1 5 6 6 6 6 6 6 6 

  2 5 6 6 6 6 6 5 6 

BP 1992 (1+2) 5 5 5 5 22 18 - 18 

 1993 1 5 6 5 5 6 2 6 2 

  2 5 6 - - - 6 - - 

 1994 1 5 6 6 6 6 6 6 6 

  2 5 6 6 6 - 6 6 - 
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Table 2.2:  The date at which mean seedling height was approximately 10 cm, at Water 

Recorder Point and Boggy Plains, for each wet season in the study. 

Year Date when mean seedling height was approximately 10 cm. 

 Water Recorder Point  Boggy Plains  

1992 week 1 January 1992 week 2 January 1992 

1993 week 2 December 1992 week 3 December 1992 

1994 week 1 December 1993 week 1 December 1993 
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Figure 2.2: Mean plant height (cm) of O. meridionalis and mean water depths (cm) at 

Water Recorder Point and Boggy Plains in (a) 1992, (b) 1993 and (c) 1994 wet seasons.  

Peak wet season flooding prevented regular sampling.   
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(b)  
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(c) 
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Figure 2.3:  Plant height (mean + S.E. cm) at the end of the growing season at Water 

Recorder Point and Boggy Plains in 1992 and 1994, for data pooled across depth strata.. 

 

Table 2.3: Results of 2-Factor ANOVA of mean plant height at the end of the growing 

season in 1992 and 1994, pooled across depth strata.  Factors were: Site (n = 2, fixed) 

and Year (n = 2, fixed).  Transformed data (x’ = log [x]) were used.  Cochran’s C (5 df 

and 4 variances) = 0.4514.  df error = 18 and MS error = 190.0.   

Factor df 

effect 

MS 

effect 

F P 

Site 1 527.6 2.776 0.113 

Year 1 15748.5 82.889 <0.001 

Site x Year 1 9.73 0.051 0.8235 
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Figure 2.4: Plant height (mean + S.E. cm) for O. meridionalis at the end of the growing 

season, in 1994 at Water Recorder Point and Boggy Plains for depth strata 1 & 2. 

 

Table 2.4:  Results of 2-Factor ANOVA of mean plant height at the end of the growing 

season in 1994.  Factors were: Site (n = 2, fixed) and Depth stratum (n = 2, fixed).  Raw 

data were used.  Cochran’s C (4 df and 4 variances) = 0.3232.  df error = 16 and MS 

error = 52.329 

Factor df 

effect 

MS 

effect 

F P 

Site 1 444.710 8.498 0.010 

Depth 

Stratum 

1 2231.087 42.636 <0.001 

Site x Depth 1 287.196 5.488 0.032 
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Table 2.5:  Average rates of increase in height per plant (cm/week) between the heights 

of 10 cm and 80 cm in 1992, 1993 and 1994 at Water Recorder Point and Boggy Plains.  

Values are calculated from data presented in Figure 2.2, where data were pooled across 

the two depth strata.   

Year Water Recorder Point  Boggy Plains  

1992 4.7 5.4 

1993 7.3 8.8 

1994 8.0 7.6 

 

 

Table 2.6:  Mean (+ S.E.) plant height at the end of the growing season, density of 

seedling recruits, % mortality of recruits, and subsequent plant survivorship of O. 

meridionalis at Water Recorder Point (WRP) and Boggy Plains (BP).  Note that it was 

not possible to accurately measure mortality (and therefore survivorship) in depth strata 

2 at Boggy Plains in 1993, due to site conditions.   

Site Year Depth 

strata 

Plant parameter 

   Height (cm) Recruitment 

(seedlings m-2) 

Mortality 

% 

Survivorship 

(plants m-2) 

WRP 1992 (1 + 2) 85.5 + 5.2 23.2+ 8.1 12.2 + 4.7 19.9 + 7.2 

 1993 1 - 254.0 + 58.0 8.0 + 1.5 231.1 + 51.3 

  2 131.8 + 3.2 114.3 + 45.9 4.6 + 1.3 108.2 + 43.6 

  1 + 2 - 184.2 + 41.1 6.3 + 1.1 169.7 + 37.0 

 1994 1 140.0 + 2.6 134.0 + 44.1 29.7 + 3.0 94.7 + 30.5 

  2 153.6 + 3.3 43.0 + 11.0 56.9 + 7.0 17.0 + 4.1 

  1 + 2 146.3 + 2.5 88.5 + 25.6 43.3 + 5.5 55.8 + 18.8 

BP 1992 (1 + 2) 102.2 + 8.8 62.8 + 22.0 12.2 + 9.5 61.2 + 22.7 

 1993 1 137.9 + 3.0 233.3 + 46.3 2.9 + 1.9 230.4 + 55.6 

  2 172.9 + 3.7 464.0 + 39.8 - - 

  1 + 2 152.0 + 6.8 348.7 + 45.3 - - 

 1994 1 141.9 + 3.7 628.0 + 122.6 5.7 + 1.6 589.0 + 111.8 

  2 170.6 + 3.3 358.0 + 50.7 8.7 + 1.1 326.0 + 45.6 

  1 + 2 154.3 + 4.8 493.0 + 75.2 7.2 + 1.0 457.5 + 69.9 
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Figure 2.5:  Seedling recruitment (mean + S.E. seedlings m-2) of O. meridionalis at the 

beginning of the growing season, in 1992, 1993 and 1994 at Water Recorder Point and 

Boggy Plains, for data pooled across depth strata 1 & 2.   

 

Table 2.7:  Results of the 2-Factor ANOVA of seedling recruitment (seedlings m-2) of 

O. meridionalis, at Water Recorder Point and Boggy Plains and in 1992, 1993 and 1994.  

Refer also to Figure 2.5.  Factors were: Site (n= 2, fixed); Year (n= 3; fixed).  

Transformed data (x’ = ln[x+1]) were used.  Cochran’s C (4 df and 6 variances) = 

0.2783.  df error = 29 and MS error = 0.6809. 

Factor df 

effec

t 

MS effect F P 

Site 1 15.9743 23.462 <0.001 

Year 2 13.6231 20.009 <0.001 

Site x Year 2 1.5519 2.279 0.124 
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Figure 2.6: Seedling recruitment (mean + S.E. seedlings m-2) of O. meridionalis at 

Water Recorder Point and Boggy Plains, depth strata 1 & 2, in 1993 and 1994.   

 

Table 2.8:  Results of the 3-Factor ANOVA of seedling recruitment (seedlings m-2), at 

Water Recorder Point and Boggy Plains in 1993 and 1994.  Refer also to Figure 2.6.  

Factors were: Site (n= 2, fixed); Year (n= 2; fixed); Depth stratum (n = 2, fixed).  

Transformed data (x’ = ln[x+1]) were used.  Cochran’s C (5 df, 8 variances)  = 0.311.  

df error = 40, MS error = 0.3907. 

Factor df 

effect 

MS effect F P 

Site 1 24.0934 61.6723 <0.001 

Year 1 0.4532 1.1600 0.288 

Depth 1 2.3919 6.1227 0.018 

Site x Year 1 3.4778 8.9020 0.005 

Site x Depth 1 3.8372 9.8221 0.003 

Year x Depth 1 1.1515 2.9476 0.937 

Site x Year x Depth 1 1.3566 3.4724 0.070 
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Figure 2.7: Seedling mortality (mean + S.E. %) for O. meridionalis in 1992 and 1994, 

at Water Recorder Point and Boggy Plains for data pooled across the two depth strata. 

 

Table 2.9:  Results of 2-Factor ANOVA of seedling mortality, expressed as a 

proportion of the total number of seedlings emerging, at Water Recorder Point and 

Boggy Plains in 1992 and 1994.  Refer also to Figure 2.7.  Factors are: Site (n = 2, 

fixed); Year (n= 2; fixed).  Transformed data (x’ = ln([x+1]) were used.  Cochran;s C (5 

df and 4 variances) = 0.3700.  df error = 20 and MS error = 1.1520. 

Factor df effect MS effect F P 

Site 1 2.8672 2.4890 0.130 

Year 1 14.6855 12.7483 0.002 

Site x Year 1 10.7531 9.3346 0.006 
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Figure 2.8: Seedling mortality (mean + S.E. %) for O. meridionalis in 1993 and 1994, 

at Water Recorder Point and Boggy Plains, in depth stratum 1. 

 

Table 2.10:  Results of 2-Factor ANOVA of seedling mortality, expressed as a 

proportion of the total number of seedlings emerging, in 1993 and 1994, at Water 

Recorder Point and Boggy Plains, in depth stratum 1.  Refer also to Figure 2.8.  Factors 

are: Site  (n= 2, fixed); Year (n= 2, fixed).  Transformed data (x’ = ln [x +1]) were used.  

Cochran’s C (5 df and 4 variances) = 0.4907.  df = 19 and MS error = 0.4950. 

Factor df 

effect 

MS effect F P 

Site 1 12.3342 24.918 <0.001 

Year 1 5.4499 11.010 0.003 

Site x Year 1 0.4892 0.988 0.333 
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Figure 2.9: Seedling mortality (mean + S.E. %) for O. meridionalis in 1992, 1993 and 

1994 at Water Recorder Point for data pooled across the two depth strata. 

 

Table 2.11:  Results of Kruskall-Wallis ANOVA by Ranks for seedling mortality.  

Refer also to Figure 2.9.  Independent variable was Year (n = 3).  H(2, n = 34)  = 

19.151, p < 0.001. 

Year n Sum of Ranks 

1992 10 135.0 

1993 12 130.0 

1994 12 330.0 
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Figure 2.10: Seedling mortality (mean + S.E. %) for O. meridionalis in 1994, at Water 

Recorder Point and Boggy Plains at depth strata 1 & 2.   

 

Table 2.12: Results Kruskall-Wallis ANOVA by Ranks for seedling mortality, 

expressed as a proportion of the total number of seedlings emerging, in 1994, at Water 

Recorder Point and Boggy Plains at depth strata 1 & 2.  Refer also to Figure 2.10.  

Independent variable is (a) Site (n= 2, fixed) and (b) Stratum (n= 2, fixed).   

(a) Site.  H(1, n = 24) = 17.386, p < 0.001 

Site n Sum of Ranks 

Water Recorder Point 

 

12 222.0 

Boggy Plains  12 78.0 

 

(b) Stratum.  H(1, n = 24) = 1.932, p = 0.1646 

Stratum n Sum of Ranks 

Depth stratum 1 

 

12 126.0 

Depth stratum 2  12 174.0 
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Figure 2.11: Seedling mortality (mean + S.E. %) for O. meridionalis in 1993 and 1994, 

at Water Recorder Point at depth strata 1 & 2.   

 

Table 2.13:  Results of Kruskall-Wallis ANOVA by Ranks for seedling mortality (%) 

data, in 1993 and 1994, at Water Recorder Point at depth strata 1 & 2.  Refer also to 

Figure 2.11.  Independent variable is (a) Year (n= 2, fixed) and (b) Stratum (n= 2, 

fixed).   

(a) Year.  H(1, n = 24) = 17.386, p < 0.001 

Year n Sum of Ranks 

1993 12 78.0 

1994  12 222.0 

 

(b) Stratum.  H(1, n = 24) = 0.120, p = 0.7290 

Stratum n Sum of Ranks 

Depth stratum 1 12 144.0 

Depth stratum 2  12 156.0 
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Figure 2.12:  Plot of seedling mortality (%) against recruitment (seedlings m –2), of O. 

meridionalis at Water Recorder Point (WRP)and Boggy Plains (BP) for data pooled 

across years and depth strata.   
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Figure 2.13:  Survivorship (mean + S.E. plants m-2) of O. meridionalis plants in 1992 

and 1994, at Water Recorder Point and Boggy Plains, for data pooled across two depth 

strata. 

 

Table 2.14:  Results of 2-Factor ANOVA of plant survivorship, expressed as a plants m-

2, in 1992 and 1994, at Water Recorder Point and Boggy Plains, for data pooled across 

two depth strata.  Refer also to Figure 2.13.  Factors were: Site (n= 2, fixed); Year (n= 2, 

fixed).  Transformed data (x’ = ln [x +1]) were used.  Cochran’s C (5 df and 4 

variances) = 0.4689.  df error = 20 and MS error = 0.9724. 

Factor df 

effect 

MS effect F P 

Site 1 15.9452 16.3975 <0.001 

Year 1 15.2023 15.6336 <0.001 

Site x Year 1 2.2375 2.3010 0.145 
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Figure 2.14: Survivorship (mean + S.E. plants m-2) of O. meridionalis plants in 1993 

and 1994, at Water Recorder Point and Boggy Plains at depth stratum 1. 

 

Table 2.15:  Results of 2-Factor ANOVA  of plant survivorship, expressed as a plants 

m-2, in 1993 and 1994, at Water Recorder Point and Boggy Plains at depth stratum 1.  

Refer also to Figure 2.14.  Factors were: Site  (n= 2, fixed); Year (n= 2, fixed).  

Transformed data (x’ = ln [x +1]) were used.  Cochran’s C (5 df and 4 variances) = 

0.4408.  df = 19 and MS error = 0.4248. 

Factor df 

effect 

MS effect F P 

Site 1 5.9479 14.0000 0.001 

Year 1 0.0046 0.0108 0.918 

Site x Year 1 5.6890 13.3909 0.002 
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Figure 2.15:  Survivorship (mean + S.E. plants m-2) of O. meridionalis in 1992, 1993 

and 1994, at Water Recorder Point, for data pooled across the depth strata 1 & 2.   

 

Table 2.16:  Results of 1-Factor ANOVA for plant survivorship, expressed as a plants 

m-2, in 1992, 1993 and 1994, at Water Recorder Point, for data pooled across the depth 

strata 1 & 2.  Refer also to Figure 2.15.  Factor was Year (n = 3).  Transformed data (x’ 

= ln[x+1]) were used.  Cochran’s C (9 df and 3 variances) = 0.4040. 

Factor df 

effect 

MS effect df 

error 

MS 

error 

F P 

Year 2 12.5395 31 0.9199 13.6307 <0.001 

 

Depth (1+2)

Water Recorder Point

Surv
ivors

hip (p
lants m

-2)

0

100

200

300

400

500

600

700

800

900

1992 1993 1994



 

 67 

 

 

 

Figure 2.16:  Survivorship (mean + S.E. plants m-2) of O. meridionalis plants in 1994, 

at Water Recorder Point and Boggy Plains at depth strata 1 & 2.   

 

Table 2.17:  Results of 2-Factor ANOVA of plant survivorship, expressed as a plants m-

2, in 1994, at Water Recorder Point and Boggy Plains at depth strata 1 & 2.  Refer also 

to Figure 2.16.  Factors were: Site (n= 2, fixed); Depth stratum (n= 2, fixed).  

Transformed data (x’ = ln[x+1]) were used.  Cochran’s C (5 df and 4 variances) = 

0.5169.  df = 20 and MS error = 0.3582. 

Factor df 

effect 

MS effect F P 

Site 1 37.3137 104.1725 <0.001 

Depth stratum 1 6.4218 17.928 <0.001 

Site x Depth 1 1.358 3.7915 0.0657 
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Figure 2.17: Survivorship (mean + S.E. plants m-2) of O. meridionalis plants in 1993 

and 1994 at Water Recorder Point at two depth strata. 

 

Table 2.18:  Results of 2-Factor ANOVA of plant survivorship, expressed as a plants m-

2, in 1993 and 1994 at Water Recorder Point at two depth strata.  Refer also to Figure 

2.17.  Factors were: Year (n= 2, fixed); Depth stratum (n= 2, fixed, nested in year).  

Transformed data (x’ = arcsin [square root x]) were used.  Cochran’s C (5 df and 4 

variances) = 0.3544.  df error = 20 and MS error = 0.4154. 

Factor df 

effect 

MS effect F P 

Year 1 0.4580 0.9084 0.354 

Depth stratum  2 0.0608 0.1207 0.757 
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Table 2.19:  Results of seed germination trials for O. meridionalis.  Each dish contained 

25 seeds.  The “Husk removed” treatment involved removing the palea and lemma from 

the caryopsis, while seeds in control dishes were intact.  All seeds were incubated at 

32oC, with a 12 hour light-dark cycle.   

Treatment % Germination  

Dishes 

(1) 

 

(2) 

 

(3) 

 

(4) 

Mean + S.E. 

Control 0 0 0 0 0 

Husk Removed 95.5 100 80.9 92.0 92.1 + 4.1 

 

 

Table 2.20:  Percentage (%) of spikelets per inflorescence maturing to form a caryopsis 

(mean + S.E) at Water Recorder Point and Boggy Plains in 1992, 1993 and 1994. 

Year % Florets maturing 

1992 80.2 + 3.2 

1993 74.5 +  1.6 

1994 84.0 + 0.9 

All 80.3 + 3.7 

 

 

Table 2.21:  Results of 2-Factor ANOVA of the % spikelets maturing to form a 

caryopsis in 1992, 1993 and 1994, at Water Recorder Point and Boggy Plains.  Factors 

were: Site (n = 2, fixed) and Year (n = 3, fixed).  Raw data were used.  Cochran’s C (6 

df and 6 variances) = 0.4993.  df error = 40 and MS error = 130.98.   

Factor df 

effect 

MS 

effect 

F P 

Site 1 6.29 0.048 0.828 

Year 2 715.22 5.460 0.008 

Site x Year 2 9.12 0.070 0.932 
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Table 2.22:  Reproductive parameters of O. meridionalis at the end of the growing 

season.  Mean (+ S.E.) number of inflorescences produced m-2, inflorescences produced 

per plant, spikelets produced per inflorescence, spikelets produced m-2 and seeds 

produced m-2, at Water Recorder Point and Boggy Plains in 1992, 1993 and 1994 at 

depth strata 1 & 2. 

Site Year Depth 

strata 

Plant parameter 

   Inflor. 

per plant 

Spikelets 

per inflor. 

Inflor. 

m-2 

Spikelets m-2 Seeds m-2 

WRP 1992 1 + 2 - 72.0 + 3.9 28.4 + 1.8 2 117 + 179 1 708 + 144 

 1993 1 - - - - - 

  2 2.6+ 0.1 115.3 + 7.4 89.0 + 16.6 9 990 + 1 602 7 233 + 1 160 

  1 + 2 - - - - - 

 1994 1 3.6 + 0.6 119.7 + 7.5 96.2 + 10.2 11 482 + 1 450 9 783 + 1 235 

  2 5.5+ 0.4 159.0 + 4.2 78.8 + 10.7 12 709 + 2 099 10 828 + 1 789 

  1 + 2 4.5 + 3.1 139.4 + 7.2 87.5 + 7.5 12 095 + 1 230 10 305 + 1 048 

BP 1992 1 + 2 - 95.1 + 7.9 75.1 + 4.2 7,018 + 694 5,572 + 551 

 1993 1 1.9 + 0.1 124.8 + 

11.6 

213.7 + 

25.6 

19,449 + 7,586 14,956 + 1,845 

  2 - 64.0 + 20.1 - - - 

  1 + 2 - 79.1 + 17.9 - - - 

 1994 1 1.4 + 0.1 72.8 + 4.5 289.2 + 

22.9 

21,109 + 2,330 17,541 + 1,936 

  2 1.4 + 0.1 120.2 + 4.5 - - - 

  1 + 2 1.4 + 0.1 96.5 + 9.2 - - - 
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Table 2.23:  Number of seeds produced per O. meridionalis plant (mean + S.E.), 

calculated using values of inflorescences per plant and seeds per inflorescence) at Water 

Recorder Point and Boggy Plain, for the 1993 and 1994. ‘n’ refers to the number of 

quadrats used for the calculation.  The value of n was determined by the number of 

quadrats that had individual plant data for both variables used in the calculation. 

 1993 1994 

WRP 232.5 + 22.5 

n = 4 

543.5 + 74.7 

n = 11 

BP 169.3 + 30.0 

n = 2 

113.6 + 10.0 

n = 12 

 

 

Table 2.24:  Number of seeds produced per O. meridionalis plant (mean + S.E.), 

calculated using values of plant survivorship and seeds m-2) at Water Recorder Point 

and Boggy Plain, for the 1993 and 1994.  ‘n’ refers to the number of quadrats used for 

the calculation.  The value of n was determined by the number of quadrats that had 

individual plant data for both variables used in the calculation. 

 1993 1994 

WRP 118.4 + 33.9 

n = 6 

501.0 + 155.7 

n = 12 

BP 129.6 + 7.8 

n = 2 

34.8 + 6.0 

n = 6 
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Table 2.25:  Results of 1-Factor ANOVA of number inflorescences m-2 at Water 

Recorder Point and Boggy Plains in 1992, for data pooled across depth strata.  Refer 

also to Table 2.22 and Appendix 1, Table ANOVA 4(b).  Transformed data (x’ = log[x]) 

were used.  Bartlett’s p = 0.40 

Factor df 

effect 

MS effect df error MS error F P 

Site 

(n = 2, fixed) 

1 10.523 41 0.0943 111.585 <0.001 

 

 

Table 2.26:  Results of 1-Factor ANOVA of number spikelets m-2 at Water Recorder 

Point and Boggy Plains in 1992, for data pooled across depth strata.  Refer also to Table 

2.22 and Appendix 1, Table ANOVA 4(b).  Transformed data (x’ = log[x]) were used.  

Bartlett’s p = 0.92 

Factor df 

effect 

MS effect df error MS error F P 

Site 

(n = 2, fixed) 

1 13.942 37 0.1839 75.829 <0.001 
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Table 2.27:  Results of 1-Factor ANOVA of the number of inflorescences m-2, in 1992 

and 1994 at Water Recorder Point, for data pooled across depth strata.   Refer also to 

Table 2.22 and Appendix 1, Table ANOVA 4(a).  Transformed data (x’ = log[x]) were 

used.  Bartlett’s p = 0.59 

Factor df 

effect 

MS effect df error MS error F P 

Year 

(n = 2, fixed) 

1 14.198 59 0.3663 38.76 <0.001 

 

 

Table 2.28:  Results of 1-Factor ANOVA of the number of spikelets m-2, in 1992 and 

1994 at Water Recorder Point, for data pooled across depth strata.   Refer also to Table 

2.22 and Appendix 1, Table ANOVA 4(a).  Transformed data (x’ = square root[x]) were 

used.  Bartlett’s p = 0.69 

Factor df 

effect 

MS effect df error MS error F P 

Year 

(n = 2, fixed) 

1 41846 55 553.8 75.557 <0.001 
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Table 2.29:  Results of 1-Factor ANOVA of number inflorescences m-2 in 1993 and 

1994 at Water Recorder Point at depth stratum 1.  Refer also to Table 2.22 and 

Appendix 1, Table ANOVA 4(d).  Transformed data (x’ = log[x]) were used.  Cochran’s 

c (for 5 df and 2 variances) = 0.6732.   

Factor df 

effect 

MS effect df error MS error F P 

Year 

(n = 2, fixed) 

1 0.018 10 0.1614 0.111 0.746 

 

 

Table 2.30:  Results of 1-Factor ANOVA of number spikelets m-2 in 1993 and 1994 at 

Water Recorder Point at depth stratum 1.  Refer also to Table 2.22 and Appendix 1, 

Table ANOVA 4(d).  Transformed data (x’ = log[x]) were used.  Cochran’s c (for 5 df 

and 2 variances) = 0.5760.   

Factor df 

effect 

MS effect df error MS error F P 

Year 

(n = 2, fixed) 

1 0.192 10 0.1604 1.1944 0.300 
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Table 2.31:  Results of 1-Factor ANOVA of number inflorescences m-2 at Water 

Recorder Point and Boggy Plains, in 1994 at depth stratum 1.  Refer also to Table 2.22 

and Appendix 1, ANOVA 4(c).  Transformed data (x’ = log[x]) were used.  Cochran’s c 

(for 5 df and 2 variances) = 0.7313.   

Factor df 

effect 

MS effect df error MS error F P 

Site 

(n = 2, fixed) 

1 3.758 10 0.0559 67.299 <0.0

01 

 

 

Table 2.32:  Results of 1-Factor ANOVA of number spikelets m-2 at Water Recorder 

Point and Boggy Plains, in 1994 at depth stratum 1.  Refer also to Table 2.22 and 

Appendix 1, Table ANOVA 4(c).  Transformed data (x’ = log[x]) were used.  Cochran’s 

c (for 5 df and 2 variances) = 0.6138.   

Factor df 

effect 

MS effect df error MS error F P 

Site 

(n = 2, fixed) 

1 1.159 10 0.0756 15.335 0.003 
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Figure 2.18:  Inflorescences produced (m-2) versus survivorship (plants m-2) for O. 

meridionalis.  Data pooled across sites, years and depth strata.   
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Table 2.33:  Results of 1-Factor ANOVA of number inflorescences m-2 in depth strata 1 

and 2, at Water Recorder Point in 1994.  Refer also to Table 2.22 and Appendix 1, Table 

ANOVA 4(e).  Raw data were used.  Cochran’s c (for 5 df and 2 variances) = 0.0.5261.   

Factor df 

effect 

MS effect df error MS 

error 

F P 

Stratum 

(n = 2, fixed) 

1 901.33 10 657.77 1.370 0.267 

 

Table 2.34:  Results of 1-Factor ANOVA of number spikelets m-2 in depth strata 1 and 

2, at Water Recorder Point in 1994.  Refer also to Table 2.22 and Appendix 1, Table 

ANOVA 4(e). Transformed data (x’ = log[x]) were used.  Cochran’s c (for 5 df and 2 

variances) = 0.5944.   

Factor df 

effect 

MS effect df error MS 

error 

F P 

Stratum 

(n = 2, fixed) 

1 0.019 10 0.1143 0.1700 0.689 
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Table 2.35:  Inflorescence production (m-2) at Water Recorder Point and Boggy Plains 

in 1993 in two depth strata, in quadrats which had been trampled by foraging magpie 

geese.  Refer also to Table 2.22 for comparisons with data from undisturbed quadrats.   

Site Depth 

stratum 

Inflorescences (m-2) 

Water Recorder Point  1 84.2 + 6.6   

(n = 6) 

2 

 

- 

Boggy Plains  1 30.5 + 3.1 

(n= 15) 

2 78.5 + 5.4 

(n= 15) 

 

Table 2.36:  Calculations of gross seed production (kg ha-2) of O. meridionalis at Water 

Recorder Point and Boggy Plain in 1992, 1993 and 1994.  Weights were calculated 

using measured values of inflorescences produced m-2, number of spikelets produced 

per inflorescence, % of spikelets maturing to seed and mean weight of 100 seeds.  n = 

the number of quadrats for parameters from which estimation is calculated (see Table 

2.1). 

Year Water Recorder Point Boggy Plains 

1992 25.6 + 4.7 

n = 21 

83.6 + 8.2 

n = 18 

1993 108.5 + 17.4 

n = 6 

224.3 + 27.7 

n = 2 

1994 154.6 + 244.1 

n = 12 

263.1 + 29.0 

n = 6 
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Chapter 3.  A surplus of seeds: High rates of post-dispersal seed predation in a 

flooded grassland in monsoonal Australia.   

 

3.1 Introduction 

Oryza meridionalis Ng is an annual, emergent grass, which is widespread and abundant 

on floodplains and also occurs in other ephemeral wetlands in monsoonal Australia. The 

life-cycle of O. meridionalis is synchronised with the wet-dry climatic cycle of the 

region.  Seed shed occurs during the first weeks of the dry season, when floodwaters are 

slowly receding and evaporating from the inundated floodplain, and the soil is either 

inundated or moist.  A majority of seeds fall close to the parent plant (Chapter 2).  The 

husk and awn surrounding the caryopsis are covered with many hook-shaped, silica-rich 

hairs, which help seeds work into the soil or plant detritus in the water column or on the 

soil surface.  Between 103 and 629 florets are produced per O. meridionalis plant, 

depending on the year and site, with an average of 80% of these florets maturing to 

produce a caryopsis (Chapter 2).  This equates to between 1 700 and 17 500 seeds m-2, 

or 26 and 265 kg of seed ha-1.   

 

Oryza meridionalis seed provides an important annual food resource for floodplain 

fauna, in particular the Dusky Plains Rat Rattus colletti (Redhead 1979; Friend et al. 

1988; Williams 1991; Madsen & Shine 1996) and the Magpie Goose Anseranas 

semipalmata  (Frith & Davies 1961; Whitehead, 1997).  Juvenile recruitment of both 

these abundant species coincides with O. meridionalis seed shed in the late wet to early 

dry season. Annual seed-fall of O. meridionalis represents a considerable resource at a 

time when fauna populations are increasing and other food resources on the floodplains 

are relatively scarce.  A substantial loss of O. meridionalis seeds to predators is 

predicted.   

 

The effect of seed predation can be significant to plant population maintenance, 

distribution patterns and heterogeneity.  For example, Browne and Heske (1990) found 

that the establishment of grassland species was promoted in the Chihuahua Desert 

following the removal of rodent seed predators, resulting in a shift in the position of the 

shrubland-grassland boundary.  On the other hand, Borchert and Jain (1978) found that 

high rates of seed predation (37 - 75 %) for Californian annual grassland species did not 
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significantly reduce populations, because there was a density-dependent reduction in 

seedling mortality as a result of the reduced number of plants establishing.   

 

A large proportion of seeds produced in dry grasslands are consumed by seed predators 

(Price and Jenkins 1986; Louda 1989; Hulme, 1994), with rodents and ants being the 

principal agents (Louda 1989).  For example, Hulme (1994) found that rodents were 

responsible for most of the seed predation in an English grassland.  Mares and 

Rosenzweig (1978), in a comparative study of the Sonoran and Monte Deserts, found 

rodents to be the principal seed predator in the former and ants in the latter, with seed 

predation by birds being insignificant in both.  In the grassy understorey of savannas in 

monsoonal northern Australia, Watkinson et al. (1989) and Setterfield (1997) found ants 

to be the principal predators of seeds.   

 

The pattern of seed predation in flooded grasslands is likely to differ from that occurring 

in dry grasslands.  Inundation at the time of seed shed may influence both the type of 

predator able to exploit the seed resource and the availability of seeds to exploit.  

Rainfall, and therefore floodplain inundation, is highly variable among years in 

monsoonal Australia, both in terms of the total volume and the timing of onset and 

cessation (Taylor & Tulloch 1985).  On the floodplains this translates to variability 

among and within years in the persistence of inundation at the end of the wet season and 

into the early dry season, at the time of seed shed.  This variability, in turn, determines 

whether seeds are shed into the water column or onto exposed soil.  Rattus colletti 

population density on the floodplains is also linked to the inundation regime (Madsen & 

Shine 1996).  If there is an effect of inundation on seed predation then this effect will 

also vary among years, and may also represent a mechanism by which inundation can 

affect population maintenance of O. meridionalis.  Because the life-cycles of floodplain 

fauna are also linked to the annual wetting and drying cycle, identification of predator 

type will indicate how the level of predation may vary with these edaphic factors. 

 

There is little available literature on seed predation in flooded grasslands.  Although 

rodents are known to be major seed predators in cultivated Asian rice fields (e.g. 

Singleton & Petch 1994), the only information about seed predation in monsoonal 

northern Australia is from a study of seed predation for the introduced wetland shrub 

Mimosa pigra (Mimosaceae) (Wilson 1989).  Ants were found to be the principal seed 
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predator of M. pigra seeds in the native grasslands and rodents to be the principal 

predator within the M. pigra shrublands on the Adelaide River floodplain.   

 

Seed production of O. meridionalis populations varied among years and sites.  The 

spatial density of seeds can affect the pattern of seed predation by predators.  In northern 

Australia, Watkinson et al. (1989) found that the proportion of Sorghum intrans seeds 

removed by invertebrate predators was negatively correlated with seed density [Type 2 

functional response, after Holling (1959)].  When seed predation varies with the size of 

a seed lot in this way, the seed banks of outlying individuals or outlying populations of 

O. meridionalis may be affected differently to abundant or "main stand" populations.  

This may have consequences for population dispersal, expansion and maintenance.  For 

example, Watkinson et al. (1989) predicted that a positive correlation of the proportion 

of seeds removed with seed density [Type 3 functional response, after Holling (1959)] 

would stabilise the number of individuals in a population. 

 

The aim of this study was to determine the nature of post-dispersal seed predation for O. 

meridionalis.  The study addressed four research questions:  (1) What proportion of O. 

meridionalis seeds are typically removed by predators?  (2) Does seed predation differ 

between dry, damp and flooded habitat?  (3) Does the size of a seed lot affect the 

proportion of seed removed or the rate of lot encounter by predators?  (4) What is the 

relative contribution of vertebrates and invertebrates to predation of O. meridionalis 

seeds?  The likely importance of seed predation to the population dynamics of O. 

meridionalis is discussed. 

 

 

3.2 Materials and Method 

3.2.1 Site description 

The study was undertaken at Water Recorder Point and Boggy Plains on the South 

Alligator River floodplain.  Refer to Chapter 2 for a full site descritpion.  The climate of 

the region is described in Chapter 1.  

 

The study was undertaken at the end of the wet season in April 1994, immediately after 

seed shed.  At each site, two transects located approximately 200 m apart, were oriented 

down the floodplain slope, traversing three habitat strata.  These were: 
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(1) "Dry" margin stratum.  This stratum was located up-slope from the zone of O. 

meridionalis and above the maximum level of inundation.  This stratum was included to 

determine whether predation of O. meridionalis seeds is confined to the current 

distribution of O. meridionalis plants or whether it occurs beyond this, therefore 

potentially having a role in defining limits to population boundaries.  At Water Recorder 

Point, the margin supported a closed herbland of the introduced herbs Malachra 

capitatum and Senna obtusifolia and a closed grassland of native Paspalum 

scrobiculatum and Pseudoraphis spinescens.  At Boggy Plains the closed herbland was 

dominated by M. capitatum and the closed grassland of P. spinescens.   

(2) "Damp" Oryza stratum.  Located within a zone of dominant O. meridionalis on the 

floodplain slope, water had receded at the time of the study, but the soil was still wet.   

(3) "Flooded" Oryza stratum.  Located in a zone of dominant O. meridionalis, this 

stratum was still inundated at the time of the study.  The mean water depth at the 

commencement of the study was 23 cm at Water Recorder Point and 30 cm at Boggy 

Plains.  At the conclusion of the study, 10 days later, these water depths had fallen to 15 

cm and 27 cm respectively.  At Boggy Plains both these latter two strata were vegetated 

almost entirely by O. meridionalis, with some minor occurrence of Eleocharis spp.  At 

Water Recorder Point these strata supported a mixed herbland/grassland of O. 

meridionalis and Eleocharis dulcis.  During the study the water column in this zone was 

filled with matted senescent vegetation and recumbent stems.  As the water receded this 

vegetation mat became thicker and may have provide more access to potential seed 

predators.  It may also have served as a substrate on which seeds were caught, 

preventing them from reaching the soil surface immediately after shed. 

 

Because the study was conducted at the time of seed shed, there was an abundant natural 

"background" of seed on the soil surface in the two Oryza strata, but not in the dry 

margin stratum.   

 

3.2.2 Experimental procedure, design and analysis of data 

The four questions were addressed in two experiments. 

Experiment 1: Habitat strata and seed lot size.  Seeds were collected in the field 

immediately prior to the experiments.  Seed lots of nine sizes were positioned in each of 

the three habitat strata at the two field sites, to determine whether seed lot size and/or 

habitat strata influenced seed predation.  In each habitat along each transect, nine petri 

dishes were positioned 20 m apart in a 3 x 3 grid.  Seed lot sizes were randomly 
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allocated to petri dishes at the commencement of the study, and the position of each was 

then fixed for the duration of the experiment.  Dishes were filled with sandy soil from 

the site, and buried to be level with the soil surface.  Seeds were placed on the soil 

surface within the dish.  In the flooded stratum dishes filled with soil, were placed on 

mesh trays held at the water surface by recumbent plants, and the trays were "disguised" 

with leaves and detritus, to resemble recumbent inflorescences on the water surface. 

 

Either 1, 2, 6, 15, 25, 50, 100, 150 or 250 seeds were placed in each petri dish in each 

grid.  The number of seeds removed by predators was recorded after 24 hours.  Lots of 

150 and 250 seeds were subsequently omitted for logistical reasons, and the remaining 

seven dishes were inspected for seed removal at the end of two subsequent 24 hour 

periods.  Predated seeds were replaced after each inspection.  A final inspection and 

seed count was made after a further 6 days.  By then the falling floodplain water level 

significantly changed conditions within the flooded stratum, precluding replication of 

the 6 day period. 

 

Field data were recorded as the proportion of seeds removed.  Data were considered in 

terms of both “encounter”, as indicated by the removal of one or more seed from a seed 

lot, and “exploitation”, or the proportion of seeds removed from an encountered seed lot 

(Hulme 1994).  Encounter of a seed lot without exploitation was not detectable.  The 

average seed removal for the three consecutive 24 hour periods was calculated for lots 

of 1, 2, 6, 15, 25, 50, and 100 seeds.  These averaged data, together with the single 24 

hour record for lots of 150 and 250 seeds, were compared using 3-factor analysis of 

variance (ANOVA).  Factors in the design were: Site (n=2, fixed); Stratum (n=3, fixed); 

Seed lot size (n=9, fixed).  Data from the two transects were treated as replicates for 

each lot size in a given stratum, at a given site.  Data for the 6 day period were analysed 

similarly, except that 7 seed lot sizes were used.   

 

Data were checked for normality (using plots of residuals) and equivalence of variances 

(using Cochran's test) prior to ANOVA, and transformed and rechecked where 

necessary (refer to the caption of Table 3.1).  Tukey's and Newman-Keuls's Tests were 

used for post hoc testing.  The frequency distributions of seed lot (a) exploitation and (b) 

encounter were compared to a rectangular distribution using the Komolgorov-Smirnov 

test, using data pooled according to the results of the ANOVA. 
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Experiment 2:  Type of predator.  This experiment used caged and uncaged seed lots, 

within the "damp" Oryza stratum on transects used in Experiment 1 described above.  

Cages were designed to exclude vertebrate predators but allow access by invertebrates.  

At each location, 12 petri dishes were positioned 20 m apart in a 3 x 4 grid.  Dishes 

were buried as described in Experiment 1.  Lots of 50 seeds were placed in each of 6 

randomly selected dishes and lots of 6 seeds were placed in the other 6 dishes.  These 

two lot sizes were included as a precaution in case seed lot size influenced predator type 

(the results of Experiment 1 were not available at the time).  Three randomly selected 

dishes of each seed lot size were covered with a 20 mm square-mesh cage to exclude 

vertebrate predators, while the remaining three were left uncovered.  Petri dishes were 

randomly allocated to each treatment type.  Dishes were left for 24 hours before being 

checked for seed removal.  This was repeated for a further two consecutive 24 hour 

periods.  Predated seeds were replaced after each inspection.  A final inspection and 

seed count was made after a further 6 days. 

 

Data were recorded as the proportion of seeds removed.  Mean seed removal from each 

dish was calculated for the three consecutive 24 hour periods, and these averaged data 

were compared using 4-Factor ANOVA.  Factors in the design were: Site (n=2, fixed); 

Transect (n=2, random, nested in site); Density (n=2, fixed); Cage treatment (n=2, 

fixed).  Data for the 24 hour and 7 day periods were analysed separately.  Data were 

checked for normality (using plots of residuals) and equivalence of variances (using 

Cochran's test) prior to ANOVA, and transformed and rechecked where necessary (refer 

to the captions of Tables 3.3 and 3.4).  Tukey's Test was used for post hoc testing.   

 

 

3.3 Results 

3.3.1 Habitat strata 

Analysis of variance indicated that the percentage of seed removed in a 24 hour period 

varied significantly between habitat strata (Table 3.1), with significantly less seed 

removed in the "flooded" Oryza stratum (11.3 + 2.7%) than in either the “dry” margin 

(54.6  + 8.2%) or "damp" Oryza (64.6 + 6%) strata (Figure 3.1a]).  There were no 

interactions between habitat strata and either site or seed lot size.  Over the 6 day period, 

there was no significant difference between the percentage of seeds removed from lots 
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placed in each of the three habitat strata (Table 3.1; Figure 3.1b).  The mean exploitation 

of seeds in 6 days, for data pooled across habitat strata, was 73.8 + 4.2%. 

 

The observed distribution with which the various proportions of seed exploitation 

occurred differed significantly from that expected for a random distribution (Figure 3.2).  

For a 24 hour period, for data pooled from the "dry" margin and "damp" Oryza strata, a 

greater proportion of seed lots than expected were either entirely exploited or not 

exploited at all (Figure 3.2a).  For the "flooded" Oryza stratum, the pattern was 

different, with a large number of lots not being encountered and only a small proportion 

of seeds being exploited in those that were encountered (Figure 3.2b).  For the 6 day 

period, for data pooled for all strata, encountered lots were almost entirely exploited 

(Figure 3.2c).  These results suggest that lots which were previously not encountered 

were subsequently encountered within 6 days, and partially exploited seed lots were 

revisited and exploited further over the 6 days. 

 

3.3.2 Seed lot size 

Over 24 hours, there was no significant effect of seed lot size on the percentage of seed 

removed (Table 3.1), nor any interaction between factors (Figure 3.3a).  After 6 days 

there was a significant effect of seed lot size (Table 3.1; Figure 3.3b).  Neuman-Keul’s 

post hoc testing indicated that mean seed exploitation from lots of 25 seeds (89.0 + 

8.0%) and 100 seeds (89.1 + 4.6%) was significantly higher than that from lots of only 

one seed (41.7 + 14.9%) (Figure 3.3b).  These were the only significant differences 

between lots sizes detected.  It was not valid to undertake regression analysis of the 

data. 

 

Lots of >15 seeds that were not encountered during a 24 hour period, or from which 

only a small proportion of seeds were exploited (Figure 3.3a), were encountered and 

eventually depleted over a 6 day period (Figure 3.3b).   

 

Analysis of the frequency of encounter indicated that the different lot sizes were 

encountered with equal frequency in all habitat strata in a 6 day period, and in "dry" 

margin and "damp" Oryza strata in a 24 hour period.  However the larger lots were 

encountered (and exploited) significantly more frequently than smaller lots in the 

"flooded" Oryza  stratum in a 24 hour period (Table 3.2). 
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3.3.3 Seed predator type 

Over a 24 hour period, the percentage of seeds removed from uncaged lots, (averaged 

for each transect at each site) ranged from 30.0 + 11.4% to 95.6 + 2.6%, while that from 

caged lots ranged from 0.1 + 0.1% to 4.9 + 1.6%.  ANOVA detected a significant effect 

of Transect on seed exploitation, and an interaction between Transect and Cage 

treatments (Table 3.3; Figure 3.4a).  Post hoc testing indicated that this interaction was 

due to (a) significant differences among the mean values of seed exploitation from 

uncaged seed lots and (b) the lower level of seed exploitation from the uncaged lots on 

Transect 2 at Boggy Plains, which was not significantly different to some caged seed 

lots (Figure 3.4a).  ANOVA did not detect a significant effect of caging alone on seed 

exploitation within 24 hours (Table 3.3).   

 

Over the 7 day period, a significant effect of Cage treatment, Transect and an interaction 

of the two was detected (Table 3.4; Figure 3.4b).  Post hoc testing indicated that this 

interaction was also due to a lower mean value of seed exploitation from uncaged lots 

on Transect 2 at Boggy Plains, which (a) was not significantly different to the mean 

exploitation from all caged seed lots, and (b) differed significantly to exploitation from 

all other uncaged lots (Figure 3.4b). 

 

During the course of this study evidence of rats was ubiquitous, including sightings of 

individuals (rare) and vocalisations (common) during the daytime, ubiquitous runs and 

tunnels through the drying and recumbent vegetation, and the distinctive odour of rodent 

urine.  The distribution of these signs followed behind the receding waterline.  On 

several occasions husked seeds were found at the lots, probably as a result of the rodent 

being disturbed while preparing seeds for consumption.  Ants were not observed 

foraging on the soil surface or removing seed.  Magpie geese were abundant within the 

South Alligator River floodplain, but had generally moved away from the floodplain 

edge and congregated in areas of deeper water at the time of the study.  They had 

foraged in the study area at Boggy Plains prior to the experiment, as indicated by 

trampled vegetation. 

 

 

3.4 Discussion 

This study indicates that a majority (at least 75%) of accessible O. meridionalis seed 

may be removed by predators.  This high level of seed loss to predators is within the 
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range reported in the literature for plants in general (e.g. Price & Jenkins, 1986).  

Results of the exclosure experiment indicate that vertebrates were the principal seed 

predators, and previous studies of floodplain fauna suggest that Rattus colletti is the 

most likely culprit (Friend et al. 1988; Madsen & Shine 1996).  Vertebrates removed 

66.8% of seeds over 24 hours and 81.3% over 7 days, while invertebrates were 

responsible for the exploitation of only 1.9% and 7.6% of seed in the same periods.  

These results may be an overestimate.  A certain amount of seed is likely to be 

dislodged from lots, particularly over a 7 day period, by processes other than predation, 

such as wind and by passing fauna such as the abundant frogs, grasshoppers, and small 

reptiles.  Invertebrates were not observed removing seed during this study.  Although 

invertebrates removed some 30% of Mimosa pigra seeds (Wilson 1989), they are less 

important predators of O. meridionalis seeds.  The difference in the results of these two 

studies may be due to different seed palatabilities and handling properties for predators.   

 

This study also indicates that inundation protects seeds from predation, at least in the 

short term, possibly by reducing the density of predators at inundated sites.  Over a 6 

day period most seeds on the soil (or water) surface were located and removed by 

predators.  Normally, however, predators would not have such an extended time period 

to locate shed seed at inundated sites, as shed seeds work into substrates on contact.  

The method used here, where seeds were supported at the water surface, was adopted to 

ensure completeness of experimental design, and may have resulted in an over estimate 

of the typical rate of seed predation at inundated sites.  The rates of seed loss to 

predators obtained for 24 hours in the inundated sites are likely to be more 

representative of normal field conditions. 

 

Although R. colletti are ubiquitous and abundant on the floodplains during the dry 

season, in the wet season they are generally confined to levee banks, floodplain margins, 

and shallower areas of inundated plain (Redhead 1979; Madsen & Shine, 1996).  As the 

water level recedes, rats disperse across the floodplains.  Thus seeds produced in 

shallower sites or later in the season are more likely to be lost to predation than seeds 

shed directly into the water column, at either more deeply inundated sites or earlier in 

the season, when seeds have a greater chance of entering the soil before being located 

by rodent predators.  The extent of inundation across the floodplain at the time of seed 

shed varies among years, and hence the relative contribution of seed predation to seed 
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loss may also be expected to vary.  Overall, there is likely to be a complex interaction 

among topography, hydrology, and densities of predators and O. meridionalis. 

 

Magpie geese Anseranas semipalmata have been the focus of many previous studies of 

floodplain fauna on these wetlands (Bayliss 1989; Bayliss & Yeomans 1990; Frith & 

Davies 1961; Tulloch et al. 1988; Whitehead et al. 1990; Whitehead & Tschirner 1992; 

Whitehead `1997).  This has led to assumptions about their importance as seed predators 

of O. meridionalis seeds.  This study, however, indicates that R. colletti consume more 

O. meridionalis seeds than the abundant magpie goose, reflecting differences in their 

reproductive and foraging strategies.  R. colletti is considered one of the most fecund of 

Australian rat species (Williams 1991), and is able to increase population numbers 

rapidly when local conditions become favourable.  They are also ubiquitous and 

efficient seed predators, foraging at the scale of individual seeds.  In contrast, the 

fecundity of magpie geese is largely dependent upon habitat conditions, and subsequent 

animal condition, in the antecedent wet season (Bayliss 1989; P.Whitehead 1997).  

Magpie geese move in groups through the landscape, exploiting small patches of O. 

meridionalis and probably not revisiting the same site.  Also, magpie geese flatten 

plants into the water column while foraging, leaving recumbent stems lying at the water 

surface.  These stems can resprout at the nodes and produce a second crop of 

inflorescences (Chapter 2).  Their foraging, therefore, may not cause a major reduction 

in input to the soil seed bank.  The foraging strategies of these two species do however 

change later in the season, when floodplain waters have receded.  Both species dig for 

corms and roots, and it is not known whether O. meridionalis seeds are also located by 

digging. 

 

The high seed predation in the "dry" margin areas, which was similar to that occurring 

in the "damp" Oryza sites, indicates that background seed densities did not affect the 

proportion of seed removed from lots.  This suggests that seeds dispersed into margin 

sites, beyond existing populations of O. meridionalis, are no more likely to be lost to 

seed predators than seeds dispersed within populations.  Seed predation alone is 

therefore not likely to be determining the annual boundaries of O. meridionalis. 

 

A functional response of seed predation to seed lot size was not detected in the study.  

When predators encountered a seed lot they apparently consumed the majority of seeds.  

Lots which were not fully exploited after this first encounter, were then visited/revisited 



 

 89 

and further exploited.  Hoffmann and Redente (1995) were also unable to detect a 

response to seed density by foraging rodents, detecting instead a significant effect of 

seed size and shape.  This contrasts with the results of Watkinson et al. (1989), who 

found that the predation of Sorghum seeds by ants in dry monsoonal grassland could be 

explained by a functional response model.   

 

Despite the high rates of seed predation documented in this study, O. meridionalis is an 

abundant and widespread species.  Clearly there are mechanisms which mitigate the 

potential effects of seed loss.  These may include the protection afforded by inundation 

(as outlined above) and external seed structures which promote burial.  Another may be 

the production of a surplus of seeds, which are shed within a period of weeks.  By 

combining previous calculations of the numbers of seeds produced at these study sites 

(Chapter 2) with rates of seed predation measured here, it is possible to calculate the 

numbers of seed available to enter the soil seed bank after seed predation (Table 3.5).  

Even when the highest measured rates of seed predation are combined with estimates 

from the years of lowest seed production, high densities of seed (> 400 m-2) are still 

available to move into the soil seed bank.  Viewed in the light of maximum measured 

seedling densities of 600 m-2, and soil seed bank densities of approximately 1000 seeds 

m-2 (Chapter 4), seed predation is unlikely to impact upon the maintenance of 

established populations of O. meridionalis. 

 

The high rates of seed predation recorded here have implications for floodplain 

rehabilitation programs, such as those currently occurring in areas where the woody 

weed Mimosa pigra is being controlled on floodplains adjacent to the South Alligator 

River catchment.  Seed cast onto dry soil is vulnerable to vertebrate predation and will 

have a reduced probability of contributing to subsequent population establishment.  An 

efficacious time to cast seed for rehabilitation purposes is at the end of the wet season, 

when the soils are inundated and seeds have an increased chance of escaping predation 

and entering the soil seed bank.  For rehabilitation purposes, however, an investigation 

of the fate of seed cast at other times of the year is needed to complete the picture.   
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3.5 Tables & Figures 
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Table 3.1:  Results of two 3-Factor ANOVA of the proportion of seed removed from 

various seed lot sizes within the three habitat strata.  For 24 hours, factors are: Site (n=2, 

fixed); Stratum (n = 3, fixed); Seed lot size (n = 9, fixed).  Transformed data [x' = 

ln(x+1) ] were used.  Cochran's C = 0.088949 (2 df and 54 variances). MS Error = 

0.0500 and df = 54.  For 6 days, factors were: Site (n=2, fixed); Stratum (n = 3, fixed); 

Seed lot size (n = 7, fixed).  Raw data were used.  Cochran's C = 0.086610 (2 df and 42 

variances).  MS Error = 0.137453 and df = 42. 

Factor 24 hours 6 days 

 

 df 

Effect 

MS  

Effect 

F P df 

Effect 

MS  

Effect 

F P 

Site 1 0.1398 2.795 0.100 1 0.0226 0.164 0.687 

Stratum 2 1.3825 27.643 <0.001 2 2.775 2.019 0.146 

Seed lot size 8 0.0725 1.450 0.197 6 0.3510 2.553 0.034 

Site x Stratum 2 0.1424 2.848 0.067 2 0.0392 0.285 0.753 

Site x Lot size 8 0.0303 0.606 0.769 6 0.0976 0.710 0.644 

Stratum x  

Lot size 

16 0.0572 1.144 0.341 12 0.1191 0.866 0.586 

Site x Stratum 

 x Lot size 

16 0.0482 0.965 0.506 12 0.1220 0.888 0.566 
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Figure 3.1:  The percentage of seeds removed (mean + S.E. % ) in each of the three 

habitat strata in (a) 24 h and (b) 6 d.   

 

 

(a)

% See
ds rem

oved 
in 24

 hour
s

0

10

20

30

40

50

60

70

80

90

100

(b)

Stratum

% Se
eds re

move
d in 6

 days

0

10

20

30

40

50

60

70

80

90

100

Margin Oryza Flooded Oryza



 

 93 

 

 

Figure 3.2:  The frequency distribution of categories of %  of seeds removed over (a) 24 

h, using data pooled for the "dry " margin and "damp" Oryza  strata, (b) 24 h, using data 

for the "flooded" Oryza strata only, and (c) 6 d, using data pooled across all habitat 

strata.  The horizontal lines represent the rectangular distribution expected for random 

data.  Results of Komolgrove-Smirnov analyses are shown above each histogram.  Data 

for these analyses were pooled according to results of the ANOVA.   
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Figure 3.3:  Seeds removed (mean + S.E. % ) in each of the 9 seed lot sizes in (a) 24 h 

and (b) 6 d.   

(a)

% See
ds rem

oved 
in 24

 hour
s

10

20

30

40

50

60

70

80

90

100

1 2 6 15 25 50 100 150 250

(b)

Seed lot size

% See
ds rem

oved 
in 6 d

ays

10

20

30

40

50

60

70

80

90

100

1 2 6 15 25 50 100 150 250



 

 95 

 

Table 3.2:  Results of Komolgrov-Smirnov analysis of frequency distributions of seed 

encounter for (a) strata and (b) seed lot size.  Data are pooled according to ANOVA 

results. 

 D; n p 

(A) STRATUM 

.  all lot sizes pooled (24 hours) 

.  all lot sizes pooled (6 days) 

 

D = 0.12;  n = 76 

D = 0;  n = 76 

 

0.10 < p < 0.20 

p < 0.01 

(B) SEED LOT SIZE   

.  Strata 1 & 2 (24 hours) D = 0.07; n = 62 p >> 0.50 

.  Stratum 3 (24 hours) D = 0.36; n = 16 0.02 < p < 0.05 

.  Strata 1,2,3 (6 days) D = 0.10; n = 71 0.10 < p < 0.20 

 

 

Table 3.3:  Results of 4-Factor ANOVA of the proportion of seed removed in a 24 hour 

period from caged and uncaged seed lots.  Factors were: Site (n=2, fixed); Transects 

(n=2, random, nested in site); Cage treatment (n = 2, fixed); Seed lot size (n=2, fixed).  

Transformed data (x' = arcsin [square root x]) were used.  Cochran's C = 0.301972 (2 df 

and 16 variances).   

Factor df 

Effect 

MS  

Effect 

df 

Error 

MS 

Error 

F  P 

Site  1 0.00182 2 0.534121 0.00340 0.9588 

Transect 2 0.53412 32 0.070137 7.6154 0.0020 

Cage  1 10.28469 2 0.811948 12.66669 0.0707 

Seed lot size  1 0.02873 2 0.081382 0.35304 0.6127 

Site x Cage 1 0.09464 2 0.811948 0.11656 0.7653 

Transect x Cage  2 0.81195 32 0.070137 11.5767 0.0002 

Site x Lot size 1 0.06345 2 0.081382 0.7796 0.4704 

Transect x Lot size 2 0.08138 32 0.070137 1.1603 0.3262 

Cage x Lot size 1 0.00003 2 0.087012 0.0003 0.9879 

Site x Cage x Lot size 1 0.03352 2 0.087012 0.3853 0.5981 

Transect x Cage x Lot 

size 

2 0.08701 32 0.070137 1.2406 0.3027 
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Figure 3.4:  Seeds removed (mean + S.E. % ) from caged (C) and uncaged (U) seed 

lots, located on transects 1 and 2 at both Water Recorder Point and Boggy Plains in (a) 

24 h and (b) 7 d.  Data were pooled for the 2 seed lot sizes. 
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Table 3.4:  Results of 4-Factor ANOVA of the proportion of seed removed in a 7 day 

period from caged and uncaged seed lots.  Factors were: Site (n=2, fixed); Transects 

(n=2, random, nested in site); Cage treatment (n=2, fixed); Seed lot size (n=2, fixed.  

Transformed data (x' = arcsin [square root x]) were used.  Cochran's C = 0.305741 (2 df 

and 16 variances).  

Factor df 

Effect 

MS  

Effect 

df 

Error 

MS 

Error 

F  P 

Site 1 0.2393 2 0.5277 0.4534 0.5701 

Transect 2 0.5277 32 0.0956 5.5200 0.0087 

Cage 1 13.870 2 0.6100 22.740 0.0413 

Seed lot size 1 0.0006 2 0.2042 0.0029 0.9622 

Site x Cage 1 0.1814 2 0.6100 0.2973 0.6403 

Transect x Cage 2 0.6100 32 0.0956 6.3802 0.0047 

Site x Lot size 1 0.2736 2 0.2042 1.3402 0.3666 

Transect x Lot size 2 0.2042 32 0.0956 2.1356 0.1347 

Cage x Lot size 1 0.0618 2 0.1316 0.4698 0.5639 

Site x Cage x Lot size 1 0.3438 2 0.1316 2.6133 0.2474 

Transect x Cage x Lot size 2 0.1316 32 0.0956 1.3762 0.2671 

 

 

Table 3.5:  Calculated densities of seeds (m-2) remaining after seed predation, estimated 

using seed production data collected at Water Recorder Point (Chapter 2), and 

maximum and minimum proportions of seed exploitation recorded in this study.   

 Seed produced 

(seeds m-2) 

Seeds remaining after 

75% predation 

 

Seeds remaining after 

11 % predation 

1992 1, 708 427 1, 515 

1993 7, 233 1, 808 6, 416 

1994 10, 305 2, 576 9, 140 
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Chapter 4.  Below-ground bet-hedging:  persistence in the seed bank of Oryza 

meridionalis on the South Alligator River floodplain, Kakadu National Park, 

monsoonal Australia. 

 

 

4.1 Introduction 

Seed shed for Oryza meridionalis occurs at the beginning of the annual dry season, 

when the soil is still flooded or wet from the preceding wet season.  Vertebrate predators 

are responsible for considerable losses of seeds immediately after seed shed (Chapter 3).  

Seed is dormant at this time, which prevents germination in response to the soil 

moisture present at the end of the wet season.  Any seedlings emerging at this time 

would not survive, as the ensuing dry season is a time of desiccated and cracking soils 

(White 1981), high ambient temperature and evaporation (Table 1.1), possible fires 

(Braithwaite & Roberts 1995; Haynes 1985) and extreme fluctuations in soil 

temperature (Lonsdale, 1993).  During the dry season, therefore, O. meridionalis is 

present only in the soil seed bank, and seeds must "wait out" the dry season before 

germinating at the beginning of the following wet season.   

 

Unlike the hydrologically unpredictable habitats of marshes such as the Okefenokee 

Swamp (e.g. Gerritsen & Greening 1989) vernal pools of north America (e.g. Keeley 

1988) and temporary wetlands of Europe (e.g. Bonis et al. 1995) or temperate Australia 

(e.g. Brock 1991), the annual wetting and drying cycle is a reliable occurrence on these 

monsoonal Australian floodplains.  Humphreys et al. (1990) estimated the coefficients 

of variation (Cv) of annual discharge of rivers within Australia.  They found that the far 

north-west region of the Northern Territory had a similar Cv (< 0.5) to the wet tropics of 

Queensland, and to the wet temperate regions of the south-west corner of Western 

Australia, the south-east corner of Victoria and Tasmania.  Although these regions differ 

markedly in other aspects of their climate, they have similarly predictable water 

regimes.  Hence, variability and unreliability lie principally in the timing of onset of 

rainfall, the period over which rainfall occurs in a given year, and to some extent in the 

total amount of rainfall (Taylor & Tulloch 1989), but not in the probability of wetting 

occurring.  Therefore, this predictability may mean that there is a reduced pressure on 

species such as O. meridionalis to invest in a persistent seed bank, compared to that for 

annual aquatic plants occurring in more unpredictable wetland habitats.   
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Seed bank persistence (sensu Thompson & Grime 1979) is a strategy by which annual 

wetland species can off-set the effects of those years in which seed production is low 

due to unfavourable conditions.  The effects of seed predation, for example, can be 

offset by recruitment form the seed bank (Crawley 1992).  Many annual wetland plant 

species have some degree of seed bank persistence (e.g. Grillas et al. 1993; Bonis et al. 

1995; Keeley 1988).  Specifically, the benefit of seed bank persistence is to stabilise 

population size (e.g. Jarry et al. 1995) and to reduce the probability of population 

extinction (Kalisz & McPeek 1993), despite any inter-annual variability in adult 

fecundity.  However, there is a cost to a population if a proportion of each crop of seeds 

remains dormant despite favourable conditions for growth and subsequent seed 

production, and the allocation of resources to a persistent seed bank involves a trade-off.  

The potential for recruitment from a persistent seed bank may result in enhanced 

population stability and steadfastness brought about by decreasing the chances of 

population extinction in years which are unfavourable for seed production.  On the other 

hand, the allocation of a proportion of seeds to a dormant fraction may retarded 

population growth in years which are favourable for seed production, due to 

germination, and therefore reproduction, being postponed to a subsequent year (Brown 

& Venable 1986; Kalisz & McPeek 1993).   

 

Brown and Venable (1991) argue that a factor such as seed predation can further 

increase the selection pressure towards the evolution of seed bank persistence for an 

annual plant, and that seed bank persistence can be seen as an adaptation to seed 

predation.  They demonstrate theoretically that increasing predation on seeds at the time 

of shed increases the value of the dormant, as opposed to the germinating, fraction of 

the seed bank to population maintenance.  Given the high rates of seed predation 

recorded for O. meridionalis and the longevity of seed other Oryza spp. (Tsunoda & 

Takahashi 1984), it is likely that a proportion of seed within the O. meridionalis seed 

bank will persist beyond the first wet season after seed shed.   

 

The principal reasons that buried seeds do not germinate in the soil are (a) seed 

dormancy, an innate trait of the seed which requires exposure to a dormancy breaking 

process for germination to occur, and (b) seed quiescence (in non-dormant seeds) for 

which there is a cuing requirement for germination to occur (Bewley & Black 1982, 

p.60).  These processes and cues include light (Baskin & Baskin 1989), temperature 
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(e.g. Lonsdale 1993; Mott 1978), flooding and anaerobic conditions, and possibly the 

presence of fungus (e.g. Keeley 1988).  Moisture and temperature within the soil may 

interact to prolong or break seed dormancy (Bewley & Black 1982).  Soil temperature, 

and the amplitude of fluctuations in soil temperature, decrease with both increasing soil 

moisture and the presence of surface mulch (e.g. Koto et al. 1992; Abrecht & Bristow 

1990).  The interaction of these two factors may provide stimuli for germination which 

signal the presence of canopy gaps to the seeds in the soil (Insausti et al. 1995).   

 

This chapter compliments the previous two chapters by reporting on the final stage in 

the life-cycle of O. meridionalis.  The life cycle in the field, from seedling emergence to 

seed production, is described in Chapter 2.  Chapter 3 documents the fate of seed 

between seed shed and entry into the soil.  This chapter describes properties of the soil 

seed bank.  Specifically, I aim here to determine (1) where seeds are located in the soil 

profile, (2) the density of seeds in the soil seed bank, and (3) whether a proportion of the 

seed bank is persistent beyond the first wet season after its entry into the soil.  These 

properties are considered in relation to the measured values of seed input and seed loss 

due to seedling emergence already described in Chapter 2.  The measured behaviour of 

the seed bank is also considered in the light of literature about the influence of 

environmental factors.  Soil temperature was monitored in order to begin consideration 

of the processes affecting seed bank behaviour.  Finally, the significance of the seed 

bank properties to population maintenance and dynamics of O. meridionalis is 

discussed.   

 

 

4.2 Methods 

The study comprised 4 components, which looked at (1) the depth at which seeds are 

located in the soil profile, (2) the density of seeds in the soil seed bank, and (3) the 

longevity of seeds in the soil seed bank, and (4) soil temperature and moisture at two 

study sites. 

 

4.2.1 Site description 

The study was undertaken at Water Recorder Point and Boggy Plains on the South 

Alligator River floodplain.  A full site description is presented in Chapter 2.  An 



 

 101 

unplanned fire occurred at the Water Recorder Point in late September 1993, 

confounding the design of one of the experiments, as described below. 

 

4.2.2 Reproductive traits of O. meridionalis  

The phenology of the species is described fully in Chapter 2.  However selected features 

of the life cycle are re-iterated which are relevant to the study of the soil seed bank.  

Seeds enter the seed bank early in the dry season, when the soil is still either inundated 

or wet, and soil cracks are still closed.  Seeds are dormant at this stage and do not 

germinate in response to soil moisture.  Seeds are then exposed to the annual drying 

cycle during the ensuing 4 to 7 months.  The length of this period depends on the period 

for which inundation persists from the preceding wet season and on the timing of onset 

of the next.  Within the top 1 cm of the soil profile, diurnal temperature fluctuations may 

reach 60 oC and soil moisture may fall to less than 5% by the end of the dry season 

(Lonsdale 1993).  Germination and emergence commence after the onset of wet season 

rains, after soil crack closure has occurred and before the floodplains are inundated.   

 

For O. meridionalis, the palea and fertile lemma which surround the caryopsis (together 

referred to as the seed) are covered in silica-rich, hook-shaped bristles, which are 

oriented in such a way that seeds move into any substrate with which they come in 

contact.  The fertile lemma terminates in a long (70 -120 mm) awn (Duistermaat 1987; 

Vaughan 1989).  The mean seed weight is 0.015 g.  The caryopsis is a similar shape to 

that of cultivated rice and is approximately 1.5 x 5.0 mm in size. 

 

4.2.3 Field methods and analysis of data 

4.2.3.1 Depth from which seedlings emerge 

In order to determine the position of seeds in the soil profile, recently emerged seedlings 

were uprooted at the beginning of the 1992 wet season.  Some 195 and 382 seedlings 

were removed from ten randomly located quadrats at Water Recorder Point and Boggy 

Plains, respectively.  The depth below the soil surface to the seed husk (palea and fertile 

lemma, which remain attached to the seedling after germination) was recorded as a 

measurement of depth at which the seeds had been buried by natural processes.  
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4.2.3.2 Seed bank size 

This component of the study was undertaken late in the transition between the dry and 

wet seasons, in October/November 1993.  At this time there had been some early 

monsoonal storms at the site, and some scattered early germination had occurred.  As 

soil seed densities have been shown to vary at a number of scales (e.g. Bigwood & 

Inouye 1988; Leck et al. 1989; Benoit et al. 1992), sampling was stratified at several 

scales, to ensure maximum accuracy of estimates of seed-bank size.  Soil cores were 

collected from two strata located down the bathometric slope.  These were the same 

strata where phenological monitoring was undertaken (Chapter 2).  These strata were 

separated by approximately 75 m, which equated to a difference of 10 cm in elevation 

(and therefore water depth when the plains were flooded), and with temporal differences 

in soil moisture as the floodplains dried out.  Within each stratum, two adjacent 50 m x 

50 m blocks were selected.  Within each block, three 5 m x 5m quadrats were randomly 

positioned.  Within each quadrat, 3 randomly located cores were collected in each of (a) 

clumps of dead vegetation, and (b) bare soil between dry vegetation clumps.  The soil 

was moist and soil cracks had closed at the time of sampling.  (Note that fire had not 

removed the mulch from these study sites).  A total of 72 cores were collected at each 

site.    

 

Soil cores were extracted by hammering a 7.0 cm diameter metal pipe into the soil to a 

depth of 20-25 cm (depending on local soil properties) and retrieving the core with a 

metal wrench.  The intact core was then extruded from the piping using a metal plunger, 

and cut into 2.5 cm sections.  Because of the time involved in the sampling process and 

high temperatures in the field, it was necessary to place core slices in cold storage to 

prevent spoiling of samples until further processing in the laboratory. 

 

Soil seed densities are commonly estimated by measuring seedling recruitment from soil 

samples in controlled glasshouse or nursery conditions, the most practical methodology 

for multi-species studies.  However, seedling recruitment does not always tally with the 

density of seeds in the soil (e.g. van der Valk & Davis, 1978, 1979).  It is difficult to 

relate numbers of emergents to total soil seed banks size without an understanding of 

other properties of seeds, such as their longevity in the soil and requirement for 

dormancy breaking.  In this single-species study, the more precise but labour intensive 

method of hand sorting of seed was used.  Each section of each core was broken up and 

soaked in water for 24 hours and then pushed through a 0.5 mm mesh.  Organic material 
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retained on the sieve for each core slice was then inspected for O. meridionalis seeds, 

germinants, seedlings, rotten/damaged seeds and empty husks, and the number of each 

recorded for each slice.  The necessity for cold storage meant that subsequent 

germination tests on the seeds retrieved were not successful.  All cores collected from 

the Boggy Plains site were sorted to the 5 - 7.5 cm core section, and a small sub-sample 

of cores were sorted to 12.5 cm.  Because no seeds were found in core sections below 

5.0 cm, only the 0 - 2.5 cm and 2.5 - 5.0 cm core sections were sorted for Water 

Recorder Point.  The total number of seeds found in each core was then converted to an 

equivalent value of seeds m-2.   

 

In summary factors in the design were: sites (n = 2, fixed); strata (n = 2, random); 

blocks (n = 2, random, nested in strata); quadrats (n = 3, random nested in blocks); 

clump/bare-soil micro-site (n = 2, random, nested in quadrats).  Analysis was 

undertaken using "Statistica for Windows", release 5.0 (StatSoft, 1996).  Preliminary 

analysis indicated there was no significant effect of micro-site (bare vs dead plant sites) 

on seed density, and data were pooled across this factor for subsequent analyses.  Mean 

values of the number of seeds found per core were compared with a 4-Factor analysis of 

variance (ANOVA) using site, stratum, block and quadrat in the design.  Data were 

checked for normality (using plots of residuals) and equivalence of variances (using 

Cochran's test) prior to ANOVA, and transformed and rechecked where necessary.  

Tukey's Test was used for post hoc testing.   

 

4.2.3.3 Seed bank longevity 

In order to investigate the longevity of seed populations in the soil, a seed burial 

experiment was undertaken.  Nylon mesh bags were buried in April 1993, at the end of 

seed shed and when the floodplain soil was still saturated but no longer inundated.  Bags 

(10 x 10 cm) contained 25 freshly collected seeds.  They were buried at a depth of 

approximately 1.5 cm (preliminary results of the seedling uprooting study indicated that 

this was an appropriate depth at which to bury the bags), at three sample points along 

each of two transects at each site.  The transects were oriented down the bathometric 

slope, such that they followed the moisture gradient, and ended in Depth stratum 2, 

monitored during phenology studies (Chapter 2).  Fifteen replicate bags were buried at 

each sample point.  There was some loss of bags in the field, mainly due to curious 

dingos and possibly feral pigs.  Sets of replicate bags were retrieved after germination 

and emergence had concluded in both the 1993/1994 and 1994/1995 wet seasons.  The 
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first sub-sample of bags was retrieved at seedling emergence on 31st December in 1993 

and the second on 31st January 1995 (although during this second year, access problems 

meant that some bags had to be collected in June 1995, at the end of the wet season, 

rather than immediately after emergence).  In 1993 five replicate bags were retrieved 

from each sample point along transects.  In 1995 it was not possible to relocate all 

remaining bags, probably due to their removal by fauna. 

 

Unfortunately an unplanned fire crept onto the floodplain at Water Recorder Point late 

in the dry season of 1993, removing mulch from the sample points in the two upper 

strata on Transect 1.  Because of the lack of replication this could not be included as a 

factor in the experiment and therefore had a confounding effect on the design of the 

experiment.   

 

After retrieval, bags were inspected in the laboratory for (a) germinants (b) empty husks 

(c) obviously rotten seeds, and (d) intact, ungerminated seeds.  Seeds were placed in 

irrigated Petri dishes in a growth cabinet, maintained at 32 oC with a 12 hour light/dark 

cycle.  Dishes of seeds were inspected daily for one week to allow for any late 

germination that may have otherwise occurred in the field at that time.  After this 

period, the husk was removed from intact seeds to break dormancy and seeds were 

inspected for germination fortnightly and then monthly, with germinants being counted 

and removed at each inspection.  Inspection was terminated after the germination of all 

seeds, or 3 months after collection in 1994 and 4 months in 1995.  The status of intact 

seeds remaining after this time was not investigated further.   

 

In summary, factors in the design are: site (n = 2, random);  strata (n = 3, random); 

transect (n = 2, nested in site).  Data for the two years were analysed separately, except 

for a 1-Factor ANOVA which compared the mean germination and mortality between 

the 2 years.  Note that there were unequal samples sizes at sample points along the 

transect for bags collected in 1995.  Data for bags retrieved after germination in the 

1993/1994 wet season were analysed using a 3-factor ANOVA, while those for the 

1994/1995 wet season were analysed using three 1-factor ANOVAs, due to missing 

cells and unequal sample sizes. 
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4.3 Results  

4.3.1 Location of seed within the soil profile 

Sub-sampling of soil cores down the soil profile indicated that 95.0% of seeds were 

located in the top 2.5 cm, 5.0% at a depth of 2.5 - 5.0 cm, and no seeds below this depth. 

 

Uprooted seedlings indicated that the mean depth from which seedlings had emerged 

was 1.2 + 0.9 cm, with 50.9% of all seedlings having emerged from a depth of 0 - 1 cm, 

and 90.0% from 0 - 2 cm (Figure 1).  The greatest depth from which a seedling had 

emerged was 6.4 cm. 

 

4.3.2 Seed bank size 

Seed density varied significantly between the two sites (F 1, 120 = 5.10; P = 0.026), 

with a mean seed density at Water Recorder Point of 750.7 + 108.1 seeds m-2, and at 

Boggy Plains of 1 089.9 + 145.7 seeds m-2.  Although no other single factor 

significantly affected soil seed density, ANOVA detected significant interactions 

between all factors (site, stratum, block and quadrat).  These are interpreted to reflect 

the widely reported spatial patchiness of the soil seed bank, and to indicate that sources 

of spatial variability have been captured in the sampling design.  These estimates of 

mean seed density therefore are likely to be accurate. 

 

4.3.3 Seed bank longevity  

At the end of seedling emergence in the first wet season after experimental burial, a 

mean of 46.4 + 2.9% of retrieved seeds had germinated, a mean of 16.8 + 1.3% had died 

(as indicated by empty husks in the retrieved bags) and 36.8 + 3.3% remained 

ungerminated (Table 4.1).  Of these 36.8% ungerminated seeds, 91.0 + 2.3% germinated 

in the laboratory after the removal of husk, with 9.0 + 2.3% remaining intact and 

ungerminated (but of undetermined status) after 3 months (Table 4.2).   

 

For seeds in bags retrieved in the second wet season after experimental burial, a mean of 

63.6 + 2.7% of seeds had either died or germinated prior to sampling (as indicated by 

empty husks in the bag), a mean of 31.4 + 2.9% of seeds had germinated in that year, 

and 5.0 + 1.8% of seeds remained ungerminated (Table 4.3).  Of these 5.0% 

ungerminated seeds, 82.1 + 6.9% germinated after the removal of the husk, with a 

residue of 17.9 + 6.9% of seeds remaining intact (but of undetermined status) after 4 
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months (Table 4.4).  These summary data indicate that, on average, there was no 

mortality of seeds between the first and second retrieval of bags, and that by the end of 

the second dry season after burial only approximately 4% of seeds remained 

ungerminated, but germinable.   

 

The proportion of seeds germinating varied significantly between years (F1, 102 = 

13.49; P < 0.001), with more seeds germinating in the first year (46.4 + 2.9%) than in 

the second (31.4 + 2.5%) (Tables 4.1 & 4.2)   

 

For bags retrieved at the beginning of the first wet season after burial, the proportion of 

seeds germinating in the field varied significantly with stratum (F 2,48 = 8.38; P = 

0.001), with more seeds germinating in the Lower Stratum (58.7 + 3.6%), than in either 

the Upper Stratum (43.6 + 5.0%) or the Mid Stratum (36.9 + 5.4%), which were not 

significantly different (Table 4.1).  Stratum also significantly affected the number of 

seeds dying after the first dry season of burial (F 2,48 = 5.93; P = 0.005), with more 

seeds dying in the Lower Stratum (21.7 + 1.9%) than in either the Upper (14.9 + 2.6%) 

or Middle Strata (14.0 + 1.6%) (Table 4.1).  These results, together with the data for 

germination, indicate that significantly more seeds remained ungerminated in the Upper 

and Middle Strata than in the Lower Stratum.  There was also a significant effect of the 

interaction between transect and stratum on the percentage of seeds dying (F 2,48 = 

9.65; P < 0.001).  There was no significant effect of stratum on the percentage of seeds 

subsequently germinable in the laboratory (Table 4.2), indicating that it is not innate 

properties of the seed that account for differences in germination among strata observed 

in the field, but unidentified environmental cues.   

 

Germination was also significantly different between transects after the first dry season 

(F 1,48 = 11.68; P = 0.001), due to a significantly lower germination of seeds in 

Transect 1 at Water Recorder Point.  A significant interaction between the three factors 

(site, transect and stratum) was also detected (F 2,48 = 7.35; P = 0.002), due to lower 

germination in the Upper and Middle Strata along Transect 2 at Water Recorder Point, 

than occurred at some, but not all, other sample points along transects.  This result again 

reflects the spatial patchiness of the behaviour of seeds in the soil bank, probably due to 

the spatial patchiness of factors affecting dormancy breaking and germination cuing.   
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Germination in the second year of the study also varied significantly with stratum (F 2, 

41 = 7.15; P = 0.002), with a greater percentage of seeds germinating in the Upper 

Stratum (44.8 + 0.5%) than in either the Middle (26.1 + 0.4%) or Lower Strata (25.5 + 

0.3%).  This is due to the significantly lower percentage of seeds in the Upper Stratum 

that germinated after the first dry season, and which were therefore available to 

germinate after the second dry season.  There were also significantly fewer husks in the 

Upper Stratum (47.7 + 0.3%) than in either the Middle (68.5 + 0.5%) or Lower Strata 

(71.8 + 0.3%).  This indicates that most seeds in the Upper Stratum, which did not 

germinate after the first dry season, successfully germinated after the second dry season 

(i.e.. there was little seed mortality during this period).   

 

There was no significant effect of site on the proportion of seeds germinating after the 

first or second dry seasons.   

 

4.3.4 Soil temperature 

Soil temperatures showed a marked diurnal pattern, with the maximum daily 

temperature occurring at approximately 3.00 pm and the minimum at 6.00 am (Figure 

2), a similar result to that reported by Lonsdale (1993).  The amplitude of the diurnal 

increase and decrease was greater where the mulch cover was absent from the soil, and 

temperatures of soil without a mulch cover were significantly higher than those with 

mulch (F1, 1554= 1149.52; P < 0.001).  The highest and lowest temperatures recorded 

in unmulched soil were 56.6 oC and 20.5 oC respectively, and for mulched soil were 

33.3 oC and 17.5 oC respectively. 

 

 

4.4 Discussion 

With a majority of seeds in the top 2 cm of the soil, O. meridionalis has a shallow seed 

bank when compared to the range of depth profiles reported for wetland plants in 

general (Leck 1989), although similarly shallow seed banks are reported for some 

annual wetland species (e.g. Grillas et al. 1993).  The depth at which seeds in the seed 

bank occur is an outcome of the morphological traits of the seed, interacting with the 

soil structure and processes, over the period of time for which seeds remain in the soil.  

The shrinking and swelling of floodplain vertisols can result in vertical movement of 

material through the soil profile (White 1981; Buol et al. 1978).  The woody weed M. 



 

 108 

pigra occurs on similar soils to O. meridionalis.  The dispersal units of M. pigra (which 

includes a seed housed within a pod fragment) occur at depths of up to 30 cm in the soil 

(Lonsdale et al. 1988).  In contrast, O. meridionalis seeds remain shallowly buried in the 

soil, despite having firm hairs on the husk which promote burial.  This difference is 

probably due to the different periods of time seeds of the two species are likely to spend 

in the soil - for M. pigra this is up to at least 10 years (Lonsdale et al. 1988) while for O. 

meridionalis it is up to two years.  Also, the difference in seed distribution may arise 

from the different temporal patterns of seed shed.  M. pigra is able to produce seeds 

through much of the year, including during the dry season when the soil cracks (which 

may be up to 50 cm deep) are open, allowing seeds to penetrate into the profile, while 

O. meridionalis seeds are shed when the soils are wet and soil cracks are closed.   

 

Magpie geese (Whitehead & Tschirner 1991) and pigs (Bowman & McDonough 1991) 

forage of the floodplain for Eleocharis corms by overturning inundated, saturated or wet 

floodplain soils.  Locally, this foraging may result in O. meridionalis seeds being more 

deeply buried than would otherwise occur.  If foraging results in seeds being buried too 

deeply to detect soil temperature (or fluctuations in temperature) which may promote 

germination, or if seeds are buried to a depth from which seedlings cannot emerge, it 

may have a significant effect on subsequent seedling emergence.   

 

The density of O. meridionalis seeds measured here is within the broad range reported 

in the literature for annual wetland species (van der Valk 1981; Finlayson et al. 1990; 

Grillas et al. 1993).  The discrepancy between the numbers of seeds produced and the 

number occurring in the seed bank (Table 4.5) is most likely due to the high rates of 

seed loss to post-dispersal seed predation reported in Chapter 3.   

 

O. meridionalis seeds are abundant in the soil, and in excess of measured rates of 

subsequent seedling establishment (Table 4.5), an attribute of seed banks commonly 

reported in the literature for annual species (Finlayson et al 1990; Leck et al.  1989; 

Thompson & Grime 1979).  The seed burial experiment indicated that at least 77% of 

seed germinated in the soil within two wet seasons after burial.  Thus, the discrepancy 

between measured seed production, germinability of seeds in the soil seed bank, and 

seed bank size, with the lower than expected rates of subsequent seedling establishment 

(Table 4.5), indicates that some 50% of germinants are failing to establish as seedlings.  

The stage between germination and seedling establishment appears to be a major nexus 
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in the transition from seed to reproductive adult for O. meridionalis, as has previously 

been reported for plants (Sagar & Mortimer 1976).  

 

The study measured a relatively short period of seed bank persistence O. meridionalis.  

This contrasts with much longer periods of persistence measured or reported for annuals 

from wetlands which are less reliably inundated on an annual basis.  For example, Bonis 

et al. (1995) report on a range of annual species in a Mediterranean temporary marsh, 

which established after 2 years without any input of diaspores into the soil.  Keeley 

(1988) reported that seeds of the annual grass Orcuttia californica can remain dormant 

in the soil of vernal pools for possibly 6 years, and Leck (1989) also describes the 

perennial character of the seed banks of most marsh species.  The reduced (by 

comparison) investment in a seed bank persistence by O. meridionalis may reflect the 

reliability of annual inundation and low probability of a year in which poor rainfall 

would result in no reproductive output at all.   

 

On the other hand, there apparently is still some need for bet-hedging in the seed-bank.  

The annual savanna grass Sorghum intrans, which grows on the lateritic plains flanking 

the floodplains, has a transient seed bank, with no carry over of seeds beyond the first 

germination event after seed shed (Andrew & Mott 1983).  This ephemeral seed bank 

may reflect the reliability of the annual wet season.  Given that that O. meridionalis and 

S. intrans are both annual grasses exposed to the same annual risks of the timing of 

onset, intensity and duration of the wet season, the difference in seed bank longevity 

may be due to differences in seed predation.  The seeds of S. intrans are removed 

principally by ants, and at a much lower rate (Watkinson et al. 1989) than O. 

meridionalis seeds which are primarily consumed by rodents (Chapter 3).  It would be 

interesting to compare the investment in seed bank persistence of other annual species 

occurring in similar hydrological environments on these floodplains, but which are less 

likely to experience high rates of seed predation (e.g. the annual small-seeded grass 

Hygrochloa aquatica), in order to further explore this hypothesis. 

 

From their model of the effects of seed predation on life history evolution, Brown and 

Venable (1991) predict that a species (a) for which seed predation is not sensitive to the 

seed yield of individual plants, (b) which produces a seed bank, (c) which experiences 

high rates of post-dispersal seed predation at seed shed, and (d) for which seed predation 

is density-independent or negatively density-dependent, increased seed predation will 
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favour specialisation in favourable years.  In other words, there will be a reduced 

emphasis on investment in a persistent seed bank, and greater emphasis on seeds being 

able to take advantage of (i.e. germinate and establish in) years which are favourable for 

reproduction.  Given that these were identified as attributes of O. meridionalis, it is 

expected that its seed bank will have less persistence than other annual wetland species, 

both in terms of time of persistence and in the numbers of seeds remaining dormant.  

The results of this study are consistent with this prediction.   

 

The results of this study also point to mechanisms for dormancy breaking and 

germination cuing within the seed bank.  Soil moisture and temperature can interact to 

prolong or break dormancy (Bewley & Black 1982).  In this study, position along the 

bathometric slope (and therefore the associated flooding and moisture regimes) 

significantly affected the number of seeds germinating in each year.  In the first wet 

season after burial, less seeds remained dormant in the wettest stratum than in the driest.  

Uniformly high rates of germination in the laboratory of ungerminated seeds, both after 

the first and second years of burial, indicated that this difference between years was not 

due to innate properties of the seed, but to some environmental cue in the field.  Strata 

in this study represent a gradient in soil moisture, which also indirectly creates a 

gradient in temperature (e.g. Koto et al. 1992; Abrecht & Bristow 1990) and oxygen 

tension.  This gradient could be the cause of variability in the behaviour of the seed 

bank along this gradient.   

 

This study indicates that seed mortality for O. meridionalis is not related to seed age.  If 

this was the case, mortality would have increased with time, due to the accumulation of 

random cell deaths within individual seeds and eventual seed death.  The mortality of O. 

meridionalis seeds was greatest in the year immediately after seed shed, with 

significantly less mortality occurring in the second year.  Thus other factors must 

account for seed mortality.   

 

This study also indicates that seed mortality is not principally due to soil pathogens.  

Results for the first year of the study, where both seed mortality and germination were 

highest in the wettest strata, indicate that factors promoting germination also promote 

seed mortality.  When non-dormant seeds imbibe water they commence producing 

exudates which are a source of nutrients for micro-organisms, such that the early stages 

of germination and seedling growth are vulnerable to pathogen attack (Burdon 1987).  
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Conditions which are not entirely suitable for germination, and which allow only slow 

germination, are likely to result in seed and germinant mortality due to pathogen activity 

(Harper 1977, p102; Burdon 1987, p13).  If pathogens were the principal cause of 

mortality for O. meridionalis seeds then the highest mortality would be expected where 

germination was least successful.  The opposite pattern occurred.  Pathogens were found 

to account for only 10-16% of the mortality observed for Mimosa pigra seeds in similar 

soils on the nearby Adelaide River floodplain, where fluctuating temperature was also 

found to both stimulate germination and kill M. pigra seeds (Lonsdale 1993).  If this is 

also true for O. meridionalis, then additional seed mortality would be expected after the 

second year of burial, when seeds had experienced a second dry season of fluctuating 

soil temperatures.  As this did not occur, it is difficult to reconcile the patterns of seed 

mortality documented within and between years in this study.  Further work is required 

to tease out the factors causing seed mortality in the field for O. meridionalis.   

 

The sensitivity of seed germination to changes in temperature in the absence of light 

(Thompson & Grime 1979; Rice 1989) may enable seeds in the seed bank to detect 

canopy gaps.  The different temperatures recorded for bare and mulched soil in this 

study, point to a mechanism by which canopy gaps created by fires are detected in the 

soil seed bank.  Given the common use of fire in the management of these northern 

Australian floodplains (Braithwaite & Roberts 1995; Haynes 1985), the role of fire in 

influencing germination in the seed bank - either through its role in creating canopy 

gaps or in breaking dormancy or conversely in killing seeds in the soil seed-bank - 

needs further investigation.   

 

The results of this study have other implications for floodplain management and 

rehabilitation.  Pilot studies undertaken on sites cleared of M. pigra, and in which the re-

establishment of native species such of O. meridionalis has been attempted, have not 

generally been successful.  A goal of weed control strategies is to include rehabilitation 

of the floodplains.  The present study indicates that if native vegetation has been absent 

for longer than 2 years, it is likely that the seed bank of O. meridionalis will have been 

exhausted.  Given that seeds of Oryza are most typically dispersed close to the parent 

plant, such sites will need re-seeding.   
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4.5 Tables & Figures 
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Figure 4.1:  Soil depths from which uprooted seedlings had emerged, for 195 seedlings 

at Water Recorder Point and 382 seedlings at Boggy Plains. 
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Table 4.1:  Percentage of original seeds present as germinants, ungerminated seeds and 

husks, after one dry and one early wet season of burial.  Data pooled according to 

stratum.  ANOVA detected a significant effect of stratum on the proportion of seeds 

germinating (F 2, 48 = 8.38, p = 0.001), dying (F 2, 48 = 5.93, p = 0.005), and therefore 

also remaining ungerminated.  Those values of each parameter that differ significantly 

are indicated by *; n = number of replicate bags of buried seeds. 

 

% of original seeds in buried bags 

 

 Edge stratum 

n = 20  

Mid stratum 

n = 20  

Lower stratum 

n = 20 

Pooled data 

n = 60 

% germinants 43.6 + 5.0 36.9 + 5.4 *58.7 + 3.6 46.4 + 2.9 

% ungerminated 

seeds 

41.6 + 6.4 49.1 + 5.2 *19.6 + 3.2 36.8 + 3.3 

% empty husks 14.9 + 2.6 14.0 + 1.6 *21.7 + 1.9 16.8 + 1.3 

 

 

Table 4.2:  Percentage of ungerminated seed from Table 4.1 which subsequently 

germinated in the laboratory. 

 Edge stratum 

n = 20  

Mid stratum 

n = 20  

Lower stratum 

n = 20 

Pooled data  

% germination 97.3 + 0.1 85.0 + 0.6 90.6 + 0.4 91.0 + 2.3  
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Table 4.3:  Percentage of original seeds present as germinants, ungerminated seeds and 

husks, at seedling emergence in the second year after burial.  Data is pooled according 

to stratum.  ANOVA detected no significant effect of site for these parameters.  

ANOVA detected no significant effect of stratum on the percentage of seeds remaining 

ungerminated.  However a significant effect of stratum was detected on both the 

percentage of seeds becoming germinants (F2,41 = 7.15, p = 0.002) and persisting as 

husks (F2,42 = 11.22, p < 0.001).  Values for each parameter which differ significantly 

are indicated by *; n = number of replicate bags of buried seeds. 

 

% of original seeds in buried bags 

 

 Edge stratum 

n = 13 

Mid stratum 

n = 14 

Lower stratum 

n = 17 

Pooled data 

n = 42 

% germinants *44.8 + 0.5 26.1 + 3.9 25.5 + 0.3 31.4 + 0.1 

% ungerminated 

seeds 

7.5 + 0.5 5.3 + 0.3 2.7 + 0.1 5.0 + 0 

% empty husks *47.7 + 0.3 68.5 + 0.5 71.8 + 0.3 63.6 + 0 

 

 

Table 4.4:  Percentage of ungerminated seeds from Table 4.3 which subsequently 

germinated in the laboratory. 

 Edge stratum 

n = 3  

Mid stratum 

n = 5  

Lower stratum 

n = 6 

Pooled data  

n = 14 

% germination 50.0 + 0 100.0 + 0 83.3 + 1.3 82.1 + 6.9  

. 
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Table 4.5:  Seed summary data in the upper and lower bathometric strata at Water Recorder Point (WRP) and Boggy Plains (BP) for (i) 

density of seeds produced in the 1992 wet season (two annual cycles prior to seed bank measurement) (ii) density of seeds produced in the 

1993 wet season (one dry season prior to seed bank measurement), (iii) seed loss due to germination in 1993 wet season (as measured by 

seedling recruitment) (iv) density of seeds in the soil seed bank (immediately prior to seedling emergence and at the end of the 1993 dry 

season), and (v) density of seedling recruitment (m-2) in the wet season after seed bank measurement.  N/A indicates that data are not 

available.   

 

Seeds m-2 

 

Seedlings m-2 

 

Site & 

stratum 

(i) produced in 1992 wet 

season  

(ii) produced in 1993 

wet season  

(iii) lost due to 

germination in the 1993 

wet season  

(iv) in bank at end of 

1993 dry season 

(v) Seedling density in 

1994 wet season 

WR

P 

Upper 

 

N/A N/A 254.0 + 58.0 960.0 + 179.0 134.0 + 44.1 

 Lower 

 

N/A 7,233 + 1,160 114.3 + 45.9 541.3 + 113.5 43.0 + 11.0 

 Pooled 

 

1,708 + 144 7,233 + 1,160 184.2 + 41.1 750.7 + 108.1 93.2 + 30.7 

BP Upper 

 

N/A 14,956 + 1, 845 233.3 + 46.3 678.5 + 256.6 628.0 + 122.6 

 Lower 

 

N/A N/A 464.0 + 39.8 1,501.3 + 103.2 358.0 + 50.7 

 Pooled 5,572 + 551 14,956 + 1,845 348.7 + 45.3 1089.9 + 145.7 519.4 + 88.7 

ALL 

 

 

 

Pooled 3,492 + 408 9,164 + 1,562 266.4 + 50.7 920.3 + 91.5 290.8 + 57.3 
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Chapter 5. Inundation, morphology growth and fecundity of Oryza meridionalis 

Ng,  - a tank experiment. 

 

 

5.1 Introduction. 

Field monitoring of the phenology of O. meridionalis populations has shown significant 

spatial and temporal variation in spikelet and seed production (Chapter 2).  This is likely 

to result from interactions between a number of inter-specific, intra-specific and abiotic 

factors.  The results of field monitoring point to both the timing of wet season onset and 

the subsequent inundation regime as having a role.  Field studies also show that, 

although seedlings are able to survive complete inundation, rapid flooding early in the 

growing season can significantly increase seedling mortality (Chapter 2).  This chapter 

focuses on the next stage of the life-cycle of O. meridionalis, by measuring the response 

of established plants to different inundation regimes.  Because of the logistic obstacles 

inherent in the unpredictable monsoonal floodplain environment this study was carried 

out in a tank experiment.   

 

Although the occurrence of an annual wet season is reliable, as was emphasised in 

consideration of the properties of the soil seed bank (Chapter 4), the timing, duration and 

quantity of rainfall varies greatly between years (Taylor & Tulloch, 1985).  This 

variability is then reflected in the inundation regime on the floodplains.  After analysing 

of 113 years of rainfall data, Taylor and Tulloch (1985) concluded that “rainfall 

extremes are at least as important as the means in the stability or otherwise of plant and 

animal populations”.  Field studies confirmed that the floodplain inundation regime also 

varies spatially within a given wet season, due to the effects of local soils, topography 

and rainfall, and thereby run-off and drainage.  In 1992 the maximum water depth 

occurred at Water Recorder Point, while in 1993 and 1994 water was deepest at Boggy 

Plains (Chapter 2).  Thus O. meridionalis populations must survive a range of 

inundation regimes within and between years at the one site. 

 

In a large scale vegetation survey of floodplain wetlands in the Northern Territory, 

Wilson et al. (1991) found that water depth (and salinity) were significantly correlated 

with the distribution of species and assemblages.  In that study O. meridionalis was 

found to occur at sites of intermediate depth (approximately 50 cm in the year of the 
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survey) such as extensive low-lying depressions and plains, the fringes of deeper 

swamps and margins of paleochannels and billabongs.  Mechanisms determining 

wetland vegetation patterns and species distributions are probably a complex interaction 

between biological and hydrological factors, with inundation regime playing a 

significant role (e.g. Gopal 1986; Brock 1986; Walker et al. 1986; Neill 1993; Rea & 

Ganf 1994a).  For perennial emergent species, inundation has been shown to affect the 

overall allocation to vegetative and/or reproductive structures (Brock 1983; Grace 1989; 

Rea & Ganf 1994a,b), the relative contribution of sexual versus vegetative propagation 

(Rea & Ganf 1994c; Lieffers & Shay 1981), and the relative distribution of species (van 

der valk & Davis 1980; Walker et al. 1986; Greening & Gerritsen 1987; Botts & Cowell 

1988; Grace 1989; Rea & Ganf 1994c).  Reproduction in annual emergent species 

reproduction also can be affected by inundation (Stevenson & Lee 1987).  For O. 

meridionalis it is also likely that inundation regime is a significant factor in determining 

reproductive output in a given year.   

 

Emergent perennial and annual plants respond to inundation with either increased 

elongation of shoots to match changes in water level or toleration of increased water 

level and submergence through a pause in growth until water levels recede (Rea 1992; 

HilleRisLambers 1982; Blom et al. 1990; Weisner et al. 1993).  Perennial species may 

also respond to inundation over a range of time scales (Rea & Ganf 1994a).  Although 

they may tolerate short periods of complete submergence (e.g. at the seedling stage 

during the flood events observed in the field during this study; Mazaredo & Vergara 

1982), emergent annuals must respond to the immediate water level in order to achieve 

the annual seed production.  It has been argued that variability in the habitat of an annual 

aquatic plant constitutes a selection pressure towards plasticity in growth response 

(Counts & Lee 1988b).  Thus, given the potential for annual variation in inundation 

regime on monsoonal floodplains, and that O. meridionalis is a widespread and 

abundant species across this habitat, it is likely that O. meridionalis plants have a 

capacity for plasticity in their response to different inundation regimes.   

 

While Chapter 4 discussed the significance for the seed bank of the reliability of a wet 

season occurring, this chapter investigates the significance of the variability of 

inundation regime to growth and fecundity of O. meridionalis plants, thus testing some 

of the implications of field monitoring.  The capacity for morphological plasticity, and 

variation of growth and fecundity in response to different inundation regimes was 



 

 119 

measured.  These results, which focus on responses at the individual plant level, were 

used to make further interpretations of the results of field monitoring, which was 

focussed at the population level (Chapter 2).  The likely impact of inundation on 

population maintenance is then discussed.   

 

 

5.2 Materials and Methods 

5.2.1 Tank conditions 

The tank growth experiment commenced in January 1995, and finished 5 months later 

when the final harvest took place in May 1995.  The timing of this experiment coincided 

with establishment, growth and flowering of plants in the field.  Experimental plants 

were consequently exposed to the same air temperatures, degree of cloud cover, 

humidity and photoperiod as their field counterparts.   

 

The experiment was conducted in a circular tank (1.5 m depth and 6.5 m diameter) 

situated on the campus of Northern Territory University, Darwin. The tank was 

constructed of a sheet metal wall and a non-toxic, potable standard, vinyl tank liner, and 

was filled with water from the town supply.  

 

Floodplain soils were used in the experiment to ensure that nutrition and soil chemistry 

were similar to field conditions.  The heavy clay vertisols which underlie the floodplains 

may provide particular constraints to below-ground root development, such as resistance 

to penetration of roots, which an artificial potting mixture may not.  The use of 

floodplain soils, however, precluded the measurement of underground biomass, because 

of the difficult handling properties of the clay and the subsequent error that would be 

generated in measurements.  Soil for the experiment was excavated directly from the 

field at Middle Point Research Farm on the Adelaide River floodplain.  As vertisols 

shrink and harden when dry and swell when wet, it was necessary to produce a 

manageable slurry by completely saturating the soil before transferring it to 30 cm x 30 

cm black plastic pots, to ensure an equal volume of soil in each pot.   

 

5.2.2 Plant establishment 

The seed used in the experiment was collected from the field during the previous wet 

season, approximately 7 months prior to the experiment and stored in the laboratory.  
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Approximately 4 weeks prior to the commencement of the inundation treatments, seed 

was germinated in a laboratory growth cabinet (at 32 oC, with a 12 hour dark/light 

cycle).  Germinants were then transplanted into the pots, placed in a small "nursery" 

tank, and flooded to the level of the soil surface.  An excess of pots and germinants was 

prepared, such that seedlings of similar height and vigor could be selected to commence 

the experiment.  Seedlings were removed from, or transplanted to, pots so that each pot 

finally contained three seedlings.  This represented a density of 43 seedlings m-2 

(densities in the field may be up to hundreds of seedlings m-2; Chapter 2).  Pots were left 

in the nursery tank for a four week establishment period, by which time seedlings were 

approximately 15 cm tall.  Pots were then transferred to the larger experimental tank, 

and allowed to acclimatise for two days before experimental treatments were imposed. 

 

5.2.3 Inundation treatments 

Four inundation treatments were used in the experiment (Figure 5.1a,b):  Exposed, in 

which the soil surface was kept at 15 cm above the water surface; Shallow in which the 

soil surface was lowered to 15 cm below the water surface prior to flowering; 

Intermediate in which the soil surface was lowered to 75 cm below the water surface 

prior to flowering; Deep in which the soil surface was lowered to 120 cm below the 

water.  Thus for the two deepest treatments pots were lowered approximately every 10 

days until the final depth was reached.  These depth increments were chosen so as not to 

completely submerge the plants at any stage.  The final depths for all inundation 

treatments were reached prior to the emergence of the first inflorescences.  Pots were 

positioned on top of stacks of concrete bricks, which were removed until the desired 

treatment depth had been reached.  At the commencement of the experiment all pots 

were positioned such that the soil surface was level with the water surface.  In this way, 

shallower depth treatments were reached and maintained earlier in the experiment then 

deeper treatments.  This simulation is similar to those inundation regimes observed in 

the field, representing the pattern of inundation occurring within four different types of 

wet season, or at different sites within the one wet season.  Because each inundation 

treatment was commenced and terminated on the same date, the length of growing 

season was the same for each treatment.   
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5.2.4 Experimental design 

The experiment used a completely randomised block design, with 9 blocks.  Each block 

contained 4 randomly chosen pots, each of which was randomly allocated to one of the 

four treatments.  Blocks were arranged in the centre of the tank in a 3 x 3 grid.  Each 

block was separated by approximately 1 m to minimise the effect of shading between 

blocks.  This design removed block position within the grid as a factor from the 

experiment.  A preliminary analysis of variance confirmed that block had no effect on 

growth and fecundity parameters. 

 

It is unlikely that the growth and fecundity of plants grown a tank will be the exact 

numerical equivalent of those in the field (Stevenson & Lee 1987; Counts & Lee 1988a).  

The study will, however, provide an indication of the direction and magnitude of plant 

responses to flooding.  The results of this tank study are discussed with those constraints 

in mind.   

 

5.2.5 Data collection  

Plant height was measured 0, 34 and 75 days after the experiment began.  Plants were 

finally harvested in May, after 5 months of growth.  By that time plants had begun to 

senesce and most seeds had been shed.  The parameters recorded for each of the three 

plants in each pot were: plant height (cm); number of basal stems per plant; above-

ground dry weight of plant (g); total number of inflorescences per plant; number of 

incipient inflorescences (defined as those that had not emerged from the leaf sheath at 

the time of harvest), number of spikelets per inflorescence (on a sub-sample of 5 

inflorescences per plant).  To determine total above ground dry weight, each plant was 

oven dried at 80 oC to a constant weight.  Mean values for each parameters (n = 3 

plants/pot) were used in analyses.   

 

5.2.6 Analysis of data 

A one-factor ANOVA was used to test for a significant effect of the four inundation 

treatments on the measured growth and fecundity parameters, using “Statistica for 

Windows”, release 5.0 (StatSoft Inc., 1996).  Plots of residuals were inspected for 

normality of the data prior to analyses.  Cochran’s test was used to test for homogeneity 

of variances for all parameters prior to ANOVA.  Data were transformed where 
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necessary, as described in the ANOVA tables.  Tukey’s test was used for post hoc 

comparison of means.  Results for mortality were inspected without further analysis.   

 

 

5.3 Results 

Overall, inundation had a significant effect on all the measured growth and fecundity 

parameters of O. meridionalis (Tables 5.1 and 5.2; Figures 5.2 & 5.3).  Mortality also 

differed between inundation treatments, with no plant mortality in the Exposed, Shallow 

and Intermediate treatments, but four dead plants (one each from four different pots) 

under the Deep treatment (Table 5.3).   

 

Inundation significantly changed the morphology of plants.  Plants growing in damp soil 

or shallow water were shorter and produced more stems than those growing in deeper 

water (Figure 5.2a,b; Table 5.2).  The morphological trade-off between stem height and 

number did not significantly affect the dry weight of plants grown at the Exposed, 

Shallow and Intermediate treatments.  However, plants grown at the deepest level of 

inundation were not able to maintain the same level of vegetative production, with dry 

weights of these plants being significantly less than those grown at other treatment 

levels (Figure 5.2c).   

 

Plants grown under the Deep treatment also had significantly fewer total (incipient + 

emerged) inflorescences per plant at the time of harvest than those from the three other 

inundation regimes (Figure 5.3a; Table 5.2).  In contrast there were significantly fewer 

incipient inflorescences on plants grown in exposed soil than for plants in other 

treatments.  (Incipient inflorescences comprised a small proportion of the total 

inflorescences in all treatments at the time of harvest; Figure 5.3b; Table 5.2).   

 

The number of spikelets produced per inflorescence also varied significantly between 

treatments, with fewer from the Exposed treatment compared with the other treatments 

(Figure 5.3c).  Plants grown under the Shallow and Intermediate treatments (which did 

not significantly differ from each other) produced more spikelets per inflorescences than 

plants under the Deep treatment.   

 

The different numbers of inflorescences produced per plant, spikelets produced per 

inflorescence, were reflected in significantly different numbers of spikelets per plant 
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between treatments.  Post hoc testing indicated there were significantly fewer spikelets 

produced per plant in the Deep treatment (947.1 + 71.5), compared with plants from the 

three shallower regimes.  Plants from the Exposed treatment produced a mean of 1,454.2 

+ 84.4 spikelets per plant, which was significantly fewer than that for plants from the 

Shallow (2,315.3 + 169.6) or Intermediate (1,955.0 + 127.8) treatments, which were not 

significantly different. 

 

 

5.4 Discussion 

The growth habit, vegetative productivity, fecundity and mortality of O. meridionalis 

plants were significantly affected by inundation regime.  As the level of inundation 

increases, individual plants respond by increasing stem height and decreasing stem 

number, while maintaining total vegetative productivity.  However there is a limit to the 

capacity of the plant to maintain this morphological trade-off (Grace 1987; Stevenson & 

Lee 1987).  For O. meridionalis this limit was reached between the intermediate and the 

deepest inundation.  These inundation regimes equate in the field with deeper areas of 

the estuarine deltaic plain or in very wet years.  Plants from the deepest inundation 

produced significantly less dry matter than other plants, and a small proportion of these 

plants died.  The resources required to increase shoot length at a sufficient rate to 

compensate for increases in inundation precluded the production of additional axillary 

and basal stems.  For deeply inundated aquatic plants, photosynthesis can be reduced 

because of light attenuation, resulting in reduced biomass accumulation (Mazaredo & 

Vergara 1982; Grace 1987; Stevenson & Lee 1987), and consequently fecundity.  Water 

from the public water supply was used in this study.  However, in the field, attenuation 

of light penetration is likely to be more pronounced, due to the accumulation of plant 

detritus in the water column, for example.   

 

Changes in vegetative productivity due to inundation were translated into changes in the 

development of inflorescences.  In this study, plants grown under the deepest inundation 

did not match the inflorescence production of plants grown under shallower conditions. 

Plants grown under deeper conditions also produced a fewer stems.  In the field, plants 

in deep water may compensate for this through the development of axillary shoots and 

additional inflorescences along recumbent stems as the water levels recede.  This 

potential was also demonstrated in this experiment, with a significantly larger number of 

incipient inflorescences present at the conclusion of the experiment on plants from the 
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Shallow, Intermediate and Deep treatments.  Under exposed conditions the shorter time 

for inflorescence production was compensated to a certain degree by the higher number 

of inflorescences arising from the larger number of stems.  Under natural conditions 

seed production at deeper sites may ultimately be the same as that from shallower sites.   

 

The experiment identified an optimal inundation regime, with respect to total spikelet 

production.  The two intermediate inundation treatments (with maximum depths of 15 

and 74 cm) resulted in the largest number of spikelets per plant (a mean range of 1,900 

and 2,300 spikelets per plant).  Both the exposed and deepest treatments resulted in 

significantly fewer spikelets per plant.  This preferred inundation regime agrees with the 

field observations of Wilson et al. (1991), where the distribution of O. meridionalis 

populations correlated with "intermediate" depths, bearing in mind that the actual depth 

at an “intermediate” site can be expected to vary between years.   

 

Although inundation regime had a significant effect on growth and fecundity, 

reproductive output was still > 700 spikelets per plant in all treatments.  This illustrates 

the plasticity of growth of O. meridionalis in response to inundation.  As plants were 

grown at an equivalent density of 43 m-2, 700 spikelets per plant in this experiment 

equates with 30,100 spikelets m-2 in the field.  This is far in excess of the measured seed 

bank (750 and 1,090 seeds m-2; Chapter 4) and the maximum recorded emergent 

seedling density (1,056 seedlings m-2, Boggy Plains in 1994, Chapter 2), but comparable 

to the spikelet production recorded at Boggy Plains in 1994 (21,109 + 2,300 spikelets m-

2; Table 2.22, Chapter 2).  

 

Inundation regime experienced by established plants can significantly influence the 

sexual reproduction of annual and perennial plants (Grace 1989; Rea & Ganf 1994 a,b; 

Stevenson & Lee 1987).  However, the distribution of O. meridionalis populations in 

areas of intermediate depth is unlikely to be explained by limits to its tolerance of 

inundation alone (e.g. Campbell et al. 1991).  Although spikelet production for O. 

meridionalis, was significantly decreased by the driest and wettest inundation 

treatments, it was still high (>700) under a 120 cm range of inundation regimes.  The 

study was conducted in the absence of inter-specific competition and density-dependent 

effects, both of which would be expected to be present in the field.  Thus in the field 

inundation may interact with these edaphic and biotic factors to limit spikelet production 

and O. meridionalis population size.  Ability to tolerate abiotic "stress" is frequently 
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inversely related to competitive ability (Carter & Grace 1990), and this high 

reproductive effort under a range of inundation regimes may at the expense of the 

competitive ability of O. meridionalis (Harper 1977; Grace & Wetzel 1981).  However 

if habitat variability, in the form of inundation regime, limits the growth and 

reproduction of perennial species, then O. meridionalis would be well placed to occupy 

any vacated space.  

 

The results of the field and experimental studies are consistent.  In the field, significant 

differences in growth and fecundity were also detected between years of different 

inundation.  For example, spikelet production (per unit area and per plant) was 

significantly higher in 1994 than in 1992 at Water Recorder Point, despite plant 

survivorship being the same in those years (Chapter 2).  The depth and duration of 

inundation differed between these two years (Figure 2.2).  The 1992 inundation level 

was similar to the Exposed treatment and 1994 was similar to the Intermediate 

treatment.  In the tank, spikelet production of plants in the Exposed and Intermediate 

treatments also varied significantly, with more spikelets per plant produced in the 

Intermediate treatment.  The duration of inundation also differed in those two years, 

with the 1992 wet season commencing in January in 1992, and the 1994 the wet season 

in the first week of December 1993.  Assuming that flowering is initiated by 

photoperiod (Tsunoda & Takahashi 1984), this meant an additional 6 weeks of growth 

prior to flowering in 1994.  This potential additional vegetative accumulation prior to the 

initiation of inflorescences also may have contributed to higher spikelet production in 

the field populations.  Further experimentation would clarify whether the time of 

commencement and the rate of inundation also control growth and spikelet production.   
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5.5 Tables & Figures 
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Figure 5.1:  Inundation regime for each of the four experimental treatments, expressed 

as (a) water depth (cm), and (b) Sum Water Regime (cm days; Rea, 1994a).  For 

Exposed treatment the soil surface was 15 cm above the water surface, and for Shallow, 

Intermediate and Deep treatments the soil surface reached a maximum of 15 cm, 75 cm 

and 120 cm below the water surface, respectively. 
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Table 5.1: Results of ANOVA between the 4 inundation treatments for each O. 

meridionalis plant parameter.  df effect = 3; df error = 32.  Refer to Figures 5.2 and 5.3 

for the data.   

Plant parameter Transformation MS 

effect 

MS 

error 

F p 

Height - 9981.3 25.5 391.04 <0.001 

Number of basal stems - 856.8 9.9 86.16 <0.001 

Dry weight - 280.9 7.6 36.93 <0.001 

Total inflorescences 

per plant 

Log 0.803 0.051 15.75 <0.001 

Incipient inflorescences 

per plant 

Log 0.052 0.003 16.38 <0.001 

Spikelets per 

inflorescence 

Log 0.287 0.0089 32.29 <0.001 

Spikelets per plant - 320074

8 

128952 24.82 <0.001 

 

Table 5.2:  Results of Tukey’s HSD post hoc testing, showing significance of 

differences between mean values for each parameter.  1 = Exposed, 2 = Shallow, 3 = 

Intermediate, and 4 = Deep treatments. ‘>’ indicates a significantly higher value, ‘<’ 

indicates a significantly lower value, and ‘=’ indicates no significant difference between 

mean values.  Refer also to Figures 2 and 3. 

Plant parameter Significance of differences between mean values 

for  

Treatments 1, 2, 3 & 4 

Height 1  <  2  <  3  <  4 

Number of basal stems 1   >  2  >  3  >  4 

Dry weight 1   =  2  =  3  >  4 

Total inflorescences per plant 1  =   2  =   3  >  4 

Incipient inflorescences per plant 1  <  2  =  3  =  4 

Spikelets per inflorescence 2  =  3  >  4  >  1 

Spikelets per plant 2  =  3  >  1  >  4 
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Figure 5.2:  Vegetative traits of plants grown under the four inundation treatments 

(mean + standard error): (a) height, (b) number of basal stems, and (c) dry weight.  Refer 

to Figure 1 for a description of each of the treatments.  
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Figure 5.3:  Reproductive traits of plants grown under the Exposed, Shallow, Intermediate and Deep inundation treatments (mean + SE): 

number of (a) total inflorescences per plant, (b) incipient inflorescences per plant, (c) spikelets per inflorescence, and (d) spikelets per plant.  
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Table 5.3: Mortality rates for each inundation treatment.  (Note that the value of 14.6% 

for Deep Treatment (-120 cm), equates with the death of one plant in each of four 

replicate pots). 

TREATMENT % MORTALITY 

Exposed treatment 0 

Shallow Treatment 0 

Intermediate Treatment 0 

Deep Treatment 14.6 + 17.7 
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Chapter 6. Population regulation of Oryza meridionalis - a field experiment 

 

 

6.1 Introduction 

Mensurative data from field studies of the phenology of O. meridionalis identified 

density-independent factors affecting population size, but did not permit quantitative 

analysis of mortality and fecundity in relation to plant density.  Measurement of density-

dependence is essential for an understanding of the processes of population maintenance 

(Harper 1977; Watkinson & Harper 1978; Silvertown 1987; Crawley & Rees 1996).  A 

population model needs to include consideration of density-dependence to make correct 

predictions about the behaviour of field populations (Watkinson et al. 1989).   

 

As density-dependent mortality is often not detected in natural populations (Silvertown 

1987; Watkinson et al. 1989), there is an important role for manipulative experiments in 

understanding population regulation (Cappuccino & Harrison 1996).  Inspection of 

graphs of raw population data for O. meridionalis indicated that density-dependent 

mortality did not occur.  However, a density-dependent response of plant fecundity was 

evident (Chapter 2).  Thus, there is a need for experimental confirmation and 

measurement of population regulation for O. meridionalis.   

 

This chapter reports on a field experiment in which natural populations of O. 

meridionalis were thinned to a range of population densities at which mortality and plant 

fecundity were measured.  The aims of the study were to test for density-dependent 

mortality and fecundity and to compare the results with those previously reported for 

other plant species.  The results of this experiment are also incorporated into the 

population model for O. meridionalis developed in Chapter 7.   

 

 

6.2 Materials and method 

6.2.1 Site description 

The experiment was located at Boggy Plains on the South Alligator River floodplain 

during the 1994 wet season, in a naturally occurring pure stand of O. meridionalis, 
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approximately 100 m up slope from mensurative studies described in preceding 

chapters.  Refer to Chapter 2 for a full site description.   

 

6.2.2 Site preparation and experimental design 

A total of 17 experimental 1 x 1m quadrats were randomly located within a 30 x 30 m 

patch of O. meridionalis.  Seedlings were thinned from natural densities in 12 of these 

quadrats. In total there were four density treatments (Table 6.1).  The unexpectedly rapid 

arrival of floodwaters at the site prevented the preparation of an equal number of 

quadrats for each density treatment.  Thinning took place in January 1994, in the few 

days between peak seedling emergence and inundation, when seedlings were between 20 

and 30 cm in height.  Seedlings that subsequently emerged were removed in order to 

maintain the treatment densities.  A total area of 4 m2 was treated for thinned quadrats, 

with data being collected from only the central 1 m2.  This precluded any edge effects 

from adjacent unthinned areas.   

 

Seedlings were tagged with thin bamboo stakes (satay sticks) in order to track their 

mortality, which was recorded as the percentage of tagged plants in a quadrat which had 

died during the 4.5 month growing season.   In unthinned quadrats a sub-sample of 

individuals was tagged.   

 

To determine plant fecundity, the number of spikelets per inflorescence and 

inflorescences per plant were used to calculate the number of spikelets produced per 

plant in one growing season.  The number of spikelets per inflorescence was counted for 

each inflorescence on all plants except where there were more than 5 inflorescences on 

one plant.  In these cases, spikelets were counted on a sub-sample of 5 randomly 

selected inflorescences. The mean number of spikelets produced per plant for each 

quadrat was used in analyses.   

 

6.2.3 Analysis of data 

Mortality per quadrat (i.e. the number of plants that died expressed as a proportion of the 

number originally present) was regressed against initial plant density (StatSoft Inc. 

1996).  Prior to analysis, data were checked for normality, using plots of residuals, and 

equivalence of variances, using Bartlett's test.  Mortality data were log transformed to 

meet the assumptions of linear regression analysis.  
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Preliminary inspection and analysis of the data indicated that it was not possible to fit 

fecundity and final plant density to a linear relationship.  Non-linear estimation was 

therefore used to describe the relationship between spikelet production per plant and the 

density of surviving plants.  The equation developed by Watkinson (1980, 1985) was 

expressed in the form, 

 

Log10(F) =log10( f)-b (1 + a N)     (1) 

 

where,  

 

F is the number of spikelets produced per plant,  

f is the number of flowers produced by an isolated plant in the absence of competition,  

a is the area required by a plant to produce f spikelets, and  

b is a parameter describing the effectiveness with which resources are taken up from that 

area.   

 

The curve was fitted to the field data (Jandel Scientific 1997) to obtain estimates of the 

parameters a, b and f, using the Marquardt-Levenberg estimation procedure estimation 

procedure.  In order to cross-check the fitting procedure, the parameter estimates and 

actual field densities were then used to calculate the expected plant fecundity at each 

density.  The expected fecundities were then regressed against the observed plant 

fecundities (using log-log transformed data) to obtain an r2 value for the fitted curve. 

 

 

6.3 Results 

6.3.1 Mortality 

Regression analysis showed that mortality increased significantly with the density of 

seedling recruits, which explained 88.9% of the variability in mortality data (Figure 6.1; 

Table 6.2).  Density-dependent mortality was greater than 30% at the highest densities 

recorded in the field (e.g. >500 plants m-2).  However, at the more typical field densities 

(< 200 plants m-2; Chapter 2), density dependent mortality was responsible for less than 

10% mortality (Figure 6.1).   
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6.3.2 Fecundity 

Non-linear curve fitting detected a significant effect of survivorhsip density on plant 

fecundity, with 93.5% of the variability in fecundity being accounted for by plant 

density (Figure 6.2).  In the field, the mean number of spikelets perl plants growing at 

the lowest density (i.e.. at 0.25 plants m-2) was 1,062 + 219, and the maximum produced 

by any isolated plant was 2,400 spikelets.  The value of f derived using non-linear 

estimation was 962.8 spikelets per plant.  The derived area required to produce this 

number of spikelets (a) is 0.0581 m2, and effectiveness with which resources are taken 

up from that area (b) had a value of 0.9499.   

 

 

6.4 Discussion 

Although not detected in mensurative studies (Chapter 2), a significant relationship 

between plant density and mortality was detected in this experiment.  Mensurative 

studies of mortality are often unsuccessful in detecting density-dependence, due to the 

inadequate range of densities and confounding site effects such plant pathogens (Harlan 

1976, cited in Silvertown 1977), co-occurring species (Harper & Gajic 1961, cited in 

Harper 1977), the scale at which the measurements are made (Symonides 1984, cited in 

Silvertown 1987) or site conditions such as light intensity (Hiroi & Monsi 1966, cited in 

Harper 1977).  In contrast to this manipulative study, mensurative studies in Chapter 2 

pointed to a negative density-dependent response of mortality (Figure 2.12).  At the 

plant densities typically occurring in these floodplains, density-dependent mortality is 

likely to be low for O. meridionalis, and may be masked by density-independent 

mortality.  The negative density-dependent mortality apparent in mensurative studies 

was therefore likely to the result of confounding effects such as flooding events 

identified in Chapter 2.  Seedling mortality recorded during phenological monitoring 

was typically around 10% (i.e. the expected density-dependent mortality), except during 

the flooding event at Water Recorder Point in 1994.  

 

The results of this experiment also confirm the density-dependence of fecundity for O. 

meridionalis.  The parameter b is a measure of the density dependent response, and 

values greater than 1 indicate a less efficient use of resources within a given area as 

density increases than populations with values of 1 or less (Watkinson 1980).  The value 

of b (0.95) for O. meridionalis is similar to that derived for Sorgum intrans (0.92) the 

annual savanna grass which occurs on the laterite plain up slope from the floodplains 
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(Watkinson et al. 1989), and is close to that derived for the invasive exotic floodplain 

shrub Mimosa pigra (1.2) (Lonsdale 1996).  The values of b calculated for highly 

invasive and vigorous weed species are close to 1 (Lonsdale 1996), which is probably 

typical for most plants (Watkinson 1980).   

 

The shape of the curves describing the density-dependent response for both mortality 

and fecundity of O. meridionalis indicate that this species is "under-compensating" in its 

density-dependent response (Silvertown 1987), resulting from a "contest" strategy of 

resource allocation in situations of intra-specific competition (Nicholson 1954).  This 

type of density-dependent response most likely arises from the unequal sharing of 

resources between individuals, resulting in a size hierarchy and the mortality of 

undersized individuals during density-dependent thinning.  This is considered the most 

typical response for plant species (Watkinson 1980; Crawley & Rees 1996).  In contrast 

to a "scramble" strategy, the regulation of populations of O. meridionalis is therefore 

likely to lead to population stability, as a result of their density-dependent response, 

rather than population cycling (Nicholson 1954).   

 

Having confirmed and described density-dependence, it is now possible to integrate the 

results of Chapters 2 to 6 into a population model for O. meridionalis.   
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6.5 Tables & Figures 
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Table 6.1:  The experimental design of the manipulative study of density-dependence in 

O. meridionalis.   

 

Treatment 

 

Plant density 

(m-2) 

Number of 

replicate quadrats 

per treatment 

Number of plants 

measured in each 

quadrat 

Single plant 0.25 8 1 

Low density 8  2 8 

Intermediate density 64  2 40 

High density 477, 595, 753, 

500 & 665  

5 10 
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Figure 6.1:  The regression relationship between mortality (log of the proportion of 

seedlings dying) and plant density (seedling recruits) for O. meridionalis, using data 

from a field thinning experiment.  Data points represent the results of each quadrat.  The 

equation describing the line is shown above the figure.  Refer also to Table 6.2.   

 

Table 6.2:  Results of regression analysis of the relationship between mortality and 

density for O. meridionalis.  Log transformed mortality data were used.  Refer also to 

Figure 6.1.   

Mortality of established seedlings 

r2 = 0.889 

F (1, 15) = 121.0  P = < 0.001 Standard error of estimate 0.533  

 Slope Std. 

error of 

slope 

t(15) p Intercept Std. 

error of 

intercept 

t(15) p 

log 

(Mortality) 

0.052 0.0005 11.00 <0.001 0.071 0.156 0.457 0.65 
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Plant density (m-2)

log (M
ortali

ty)

-1

0

1

2

3

4

5

-100 0 100 200 300 400 500 600 700 800 900 1000



 

 141 

Survivorship (plants m-2) 

 

Figure 6.2:  The relationship between plant fecundity and survivorship (plan density at 

flowering) for O. meridionalis.  Data points represent mean values per quadrat.  The line 

shows the best fit of equation (1) referred to in the text, where f = 962.789 (S.E. = 134; 

CV% = 14), a = 0.0581 (SE = 0.0499; CV% = 85.9) and b = 0.9499 (S.E. = 0.242; CV% 

= 25.5).  Value of r2 = 0.9349 (n = 17).   
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Chapter 7. The final harvest: modelling the population of the annual emergent 

grass Oryza meridionalis Ng on the South Alligator River floodplain. 

 

 

7.1 Introduction 

The probabilities of transition between life-cycle stages can be estimated for populations 

from field data and used to model population dynamics.  Population models have been 

used to clarify the roles of external density-independent (determining) and density-

dependent (regulating) factors in setting population size and stability.  For example, 

models may be used to predict the impact on population size of changes to external 

factors such as predation (Lonsdale et al. 1995).  They may also be used to determine the 

role of life-cycle stages, such as the seed bank, in preventing population extinction 

(Brown & Venable 1991; Kalisz & McPeek 1993; Crawley & Rees `996), and to 

identify the relative contribution of external versus density-dependent processes in 

population maintenance (e.g. Watkinson et al. 1989; Leirs et al. 1997).   

 

The floodplains are a dynamic habitat and the incidence of flood events early in the wet 

season, and the extent and duration of wet season inundation, are likely to vary beyond 

the levels encountered in the field during the course of this three year study.  Models can 

be used to extend studies beyond the measured value of parameters and variables, and 

therefore be used to predict the impact of habitat change on population size and 

persistence.  As discussed in Chapter 1, these tropical floodplains are under pressure 

from anthropogenic change.  The extent and duration of flooding may be altered locally 

by the construction of bunds and levees, both to control salt-water intrusion onto the 

floodplains and to promote the growth of introduced ponded pasture species to support 

buffalo grazing (Sessional Committee on the Environment, 1995).  Global warming is 

predicted to cause changes to the regional climate, which include more intense 

monsoonal troughs, a general increase in rainfall intensity, and a marked increase in 

heavy rainfall events (Eliot et al. 1998).  On the floodplains, these changes to the climate 

will result in an increased incidence of flooding pulses, deeper overall inundation, and 

therefore greater persistence of flood waters into the dry season.  However, a 5 - 15% 

increase in evaporation is also predicted with global warming (Eliot et al. 1998) which 

would mean an increase in the rate at which floodwaters recede.  There is increasing 

interest from pastoralists and traditional land owners to supplement their income with 
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the commercial harvest of native floodplain species.  O. meridionalis seeds are flagged 

as a potential commercial resource, and commercial harvesting would mean significantly 

increased seed losses.  These changes have the potential to affect the probabilities of 

transition between certain life-cycle stages for O. meridionalis.  The consequent effects 

on population size and maintenance therefore beg further exploration.   

 

Modelling provides the opportunity to synthesise the outcomes of life-history studies.  

Modelling also enables exploration of the relative roles of density-dependence, density-

independent factors, and factors which are external to the biology of O. meridionalis 

(such as inundation and seed predation) in population maintenance.  Through models, 

data collected from the field during a given period of time can be used to amplify and 

predict effects on population dynamics, that would otherwise require decades of field 

work.  Thus models can be used to investigate and predict likely impacts of 

anthropogenic changes to ecological processes on the floodplains.   

 

In this chapter the results of mensurative and manipulative studies were summarised into 

a conceptual population model for O. meridionalis.  The conceptual model was then 

used as a framework for a simple, stage-based mathematical model, using the 

quantitative data collected from field studies.  Variables and parameters in the 

mathematical model were then manipulated, in order to measure the degree to which 

major ecological processes, recognised as significant during field monitoring, influence 

population size and persistence.  Specifically, the influences of (i) inundation regime, 

(ii) level of post-disperal seed loss to predation, (iii) properties of the seed bank, and (iv) 

density-dependent mortality and fecundity were explored.  Specific hypotheses were 

framed around these four ecological processes.   

 

 

7.2 A conceptual population model for O. meridionalis 

Both density-dependent and density-independent factors influence the population 

dynamics of O. meridionalis (Chapters 2 to 6).  As reported in preceding chapters, 

seedling mortality was generally low, but increased significantly with stochastic 

flooding events early in the wet season.  Density-dependent mortality of seedlings was 

detected in manipulative studies, and may account for the mortality of 10% of seedlings 

typically observed at field densities (Figure 7.3a).  Fecundity was density-dependent, 

and was also influenced by inundation, although seed production was high (i.e.. well in 
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excess of seedling recruitment densities) across a range of inundation regimes.  A large 

proportion of seeds was lost to post-dispersal predation (75%), although inundation at 

the time of seed shed may afford some protection from rodent predators.  Some 15% of 

seeds were found to die in the soil in their first dry season, while 45% of seeds 

germinated in the first wet season after dispersal.  With very little subsequent mortality, 

the remaining 40% of seeds persisted in the seed bank to germinate in the second wet 

season after dispersal.  Thus these studies flag three external factors as potentially 

significant in determining the size of O. meridionalis populations: flooding events early 

wet season (Chapter 2); inundation during the growth phase (Chapters 2 & 5); and, post-

dispersal seed predation (Chapter 3).   

 

In preparation for mathematical modelling, the results of previous studies (Chapters 2 to 

6) were used to develop a conceptual population model for O. meridionalis (Figure 7.1).  

Life-cycle stages of O. meridionalis included in the conceptual model were seeds in the 

soil seed bank, seedling recruits, established seedlings, adult plants, fecund adult plants, 

and dispersed seed.  External factors included “flood events” early in the wet season, 

inundation regime throughout the growing season, and post-dispersal seed predation. 

 

 

7.3 A numerical population model for O.  meridionalis 

7.3.1 Model structure 

Based on the structure of the conceptual model, a simple, stage-based, stochastic 

numerical model was developed for O. meridionalis populations.  The model parameters 

were derived from (i) field measurements of the probabilities of transitions between life-

cycle stages, (ii) estimations of the probabilities of external factors (such as flooding 

events) occurring in the field, and (iii) field measurements of the functional relationships 

describing density-dependence of mortality and fecundity.  These parameters were used 

in the numerical population model to calculate the number of individuals in life-cycle 

stages.  A flow chart of the model is presented in Figure 7.2.   

 

Three life-cycle stages were used for the numerical model: (i) established adult plants; 

(ii) seeds in the seed bank; and (iii) seedling recruits.  Other life-cycle stages were 

incorporated implicitly in the model, within equations describing the transitions between 

these three stages.  External variables (i.e. variables which are external to, but influence, 
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the population) included in the model were: (i) “bad rainfall” years (either “too wet” or 

“too dry”), which influenced fecundity, and therefore the transition from adult plant to 

seed in the seed bank; (ii) "post-dispersal seed predation", which affected the transition 

from adult plant to seed in the seed bank; (iii) "persistence of inundation at the time of 

seed shed", which influenced seed predation, and (iv) the occurrence of early wet season 

“flood events” which resulted in a decreased probability of transition from seedling 

recruits to adult plant (i.e.. density-independent seedling mortality) (Figure 7.2).  

Density-independent variables used in the model were (i) the probability of a spikelet 

maturing to a caryopsis; (ii) seed viability, and (iii) persistence and mortality in the seed 

bank.  It was assumed that density-independent mortality occurred before density-

dependent mortality within the model (Figure 7.2).  Parameters for the curves of best fit 

(Statsoft 1997) were used in the model to describe density-dependent mortality and 

fecundity (Figure 7.3a,b).  The equations, used and the values of all variables and 

parameters are presented in Table 7.1.   

 

Transition probabilities varied significantly in the field between site, year and depth 

strata.  This variability was incorporated into the stochastic model by pooling transition 

probabilities according to the results of ANOVA with respect to site, year and depth 

strata (Chapters 2 to 5).  For example, sampling for seed predation was stratified in the 

field with respect to three habitat strata - dry floodplain margin, damp Oryza zone and 

inundated Oryza zone.  A significant effect of habitat stratum on seed predation was 

detected, with that in the flooded Oryza zone (11.3 + 2.7%) being significantly lower 

than that in both the margin (66.6 + 7.4%) and damp Oryza (85.1 + 5.5%) zone.  The 

margin and damp Oryza zones were not significantly different (Figure 3.1 and 

Discussion of Chapter 3).  The difference in predation between these two drier zones 

was assumed to reflect the random variation in seed predation when the floodplains were 

not inundated.  The probability of transition between seed shed and entry into the seed 

bank in the absence of inundation was either (100% - 66.6%) or (100% - 85.1%).  Thus, 

when inundation was not present at seed shed, the model was set to randomly select 

between these two values of seed predation.  If the site was assigned as inundated in a 

given year, then the transition probability was 100% - 11.3%.  The model randomly 

assigned each year as inundated or not inundated at seed shed, with a probability of 0.5.   
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A second example of how the model determined transition probabilities was the 

transition from seedling recruit to established seedling.  There was no significant 

difference in mortality between years and sites (values ranged from 2.9% to 12.2%), 

except at Water Recorder Point, in 1994 when a “flood event” early in the wet season 

resulted in significantly higher seedling mortality (43.3%) (Table 2.6, Chapter 2).  

Therefore, for a year when no early wet season “flood event” occurred, the model was 

set to select randomly between probabilities of mortality of 0.029, 0.063, 0.072, 0.122 

and 0.122 (reflecting mortality of between 2.9% and 12.2%).  In a year when an early 

wet season “flood event” did occur, a mortality of 0.433 was selected.  Because only one 

“flood event” occurred in three years at two sites, a probability of flooding of 1 in every 

6 years was assumed in the model.  (There are no suitable data on floodplain inundation 

regimes on which to otherwise base an estimate of the frequency of these events.)   

 

The various flooding and inundation events were assumed to occur independently.  An 

early wet season “flood event” is related to local rainfall and drainage and may not 

reflect a regional scale pattern, or the subsequent inundation regime (i.e. observed in the 

1994 wet season; Chapter 2).  Similarly, the extent and duration of post-wet season 

inundation is influenced by the amount and distribution of wet season rain and the 

topographic gradient within a stand of O. meridionalis, and not necessarily the total 

amount of rainfall in a given year.   

 

The model commenced each simulation with 100 adult plants.  This density was chosen 

as being representative of field population sizes in 1 m-2 (Table 2.6; Chapter 2).  The 

probabilities of transition between life-cycle stages determined the number of 

individuals in subsequent stages, using the sequence of population determining and 

regulating factors shown in Figure 7.2, and by random selection between stochastic 

events according to the probabilities in Table 7.1.  The model was set to calculate 

population size in each of 100 consecutive years (i.e. 100 generations).  This is 

subsequently referred to as a simulation.  Each programme run consisted of 100 replicate 

simulations.  Data collected from each simulation were the mean (+ S.E.), maximum and 

minimum number of adult plants establishing in each 100 year period, and the 

population density at the end of each 100 year period.  Because the units for field 

population data were “plants m-2”, populations calculated by the model are also in these 

units.  The model was coded in FoxPro for Windows, version 2.6 (Microsoft 1994) and 
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is presented in Appendix 2.  An example of the output of the model is presented in 

Appendix 3. 

 

After observing the preliminary outcomes of simulations it was necessary to cap 

mortality at 95%.  (This was presumably because the density-dependent mortality 

function used resulted in 100% seedling mortality at high densities.)  Otherwise values 

of population variables and parameters were set at those values measured in the field.  

This model is referred to as the “standard” model in the following discussion.   

 

7.3.2 Outcomes of the “standard” model 

The mean population density over 100 years (n = 100 simulations) calculated using the 

“standard” model ranged from 312.7 + 18.7 plants m-2 to 422.0 + 25.0 plants m-2 (Figure 

7.4).  This is comparable to the highest plant densities measured in the field (e.g. 

example at Boggy Plains in 1994; Chapter 2- Table 2.6).  The largest population density 

(m-2) calculated in any single simulation ranged from 846 to 1550 adult plants, and the 

smallest from 0 to 115 adult plants (Figure 7.5).  In several simulations the population 

fell to only 1 plant.  The population in which the adult plant numbers fell to 0 was not 

extinct at the end of the 100 year simulation, indicating that emergence from the 

persistent fraction of the seed bank enabled the population to re-establish.   

 

Although comparable to the highest field plant densities, the “standard” model 

calculations of density (m-2) are higher than mean field densities.  The highest density of 

adult survivors recorded in the field was 993 plants m-2, and the maximum mean adult 

survivorship recorded in the field was 456.5 m-2 at Boggy Plains in 1994.  However, 

mean plant densities were typically lower than this (Table 2.6; Chapter 2).  This 

discrepancy between the field and the model indicates there may be additional external 

variables determining population size in the field, which have not been quantified and 

included in the model.  One possibility may be the presence of other species.  This result 

may also reflect inadequate measurement of the parameters describing the density-

dependent relationships of fecundity or mortality.  For example, Firbank et al. (1995) 

found the density-dependent fecundity response of the annual grass Vulpia ciliata varied 

with temperature and soil nutrient status.  Density-dependent mortality can vary with the 

presence of other species (Harper & Gajic 1961, cited in harper 1977) and light intensity 

(Hiroi & Monsi 1966, cited in Harper 1977).  The density-dependent response for O. 

meridionalis may also vary with field conditions, and measurements made at Boggy 
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Plains in 1994 (Chapter 6) and used in the model may not apply across all year and site 

conditions.   

 

Alternatively, the difference between field and model estimates of population size may 

simply be the result of the relatively small data set available from the field collected over 

3 years in comparison to the replicated 100 year simulations.  For example, a plot of the 

first 10 years of 5 replicate simulations shows the variability inherent in population 

estimates over short time scales for populations that may be stable in the longer term 

(Figure 7.6).  Thus the discrepancy may simply reflect the different level of replication 

between field and "standard model" procedures.  If field data had also been collected for 

100 years in 100 populations, the mean population size may have been closer to that 

calculated using the model.  Thus the outcomes of the standard model do appear to 

reconcile with field measurements.   

 

7.4 Manipulations of the model settings 

Values of external factors and the parameters describing density-dependent regulation 

were manipulated in order to tease out their relative importance in determining 

population density.  Specifically, values in the model were changed in order to 

investigate the roles of (i) inundation regime (ii) post-dispersal seed predation, (iii) seed 

bank persistence, and (iv) the density-dependent response of mortality and fecundity in 

determining population density.  The calculated population sizes (m-2) were then 

compared with those calculated using field data (i.e. the “standard” model), using 

analysis of variance (ANOVA) (Statsoft 1996).  Prior to ANOVA the data were checked 

for normality using plots of residuals, and for heteroscedascity using Cochran’s test.  

Where necessary data were transformed, as indicated in table captions.   

 

7.4.1 Inundation regime 

To explore the role of inundation regime in determining population size, the values of 

variables related to inundation were manipulated in the model in three ways, to produce 

three alternative models.  For the first model (the “increased flood events” model), the 

significance of increased seedling mortality due to “flood events” was predicted by 

increasing mortality due to these events from 0.433 to 0.50.  For the second model (the 

“wet” model), the affect of a wetter overall climate and increased inundation was 

measured by increasing the frequency of early wet season flood events from 1 in 6 years 
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to 1 in 2 years, decreasing the frequency of “bad” rainfall years due to it being “too dry” 

from 2 in 7 years to 1 in 12 years, and increasing the probability of inundation persisting 

at the time of seed shed from 1 in 2 years to 3 in 4 years.  For the third model (the “dry” 

model), the impact of a drier climate and reduced overall inundation was measured by 

decreasing the frequency of early wet season “flood events” from 1 in 6 to 1 in 10 years, 

increasing the frequency of years which were “too dry” years from 2 in 7 to 7 in 10 

years, and decreasing the probability of inundation at the time of seed shed from 0.5 to 

0.2.  All other settings in each of the three models were those of the "standard" model 

(Refer to Table 7.1).  The mean population densities calculated using these three 

experimental model settings were then compared with that calculated using the 

“standard” model.   

 

Changes to the inundation regime significantly affected population density (Figure 7.7; 

Table 7.2).  The mean population density for the “wet” model was not significantly 

different to that for “standard” model, while those for both the “dry” and “increased 

flood events” models were significantly lower than the "standard" model.  These 

significant differences may be due to the fact that, for a stable mathematical model, 

small changes in the settings will result in significantly different outcomes when a large 

number of simulations are run.  Although significantly lower, the population sizes for 

both models were still within the range of mean plant densities occurring in the field 

(Table 2.6, Chapter 2).  Also, the magnitude of the difference is approximately 20 plants 

m-2, or < 10%, which is far less than the inter-annual variability in plant density 

monitored in the field.   

 

The similar population densities calculated using the “wet” model and “standard” model 

indicate that the significantly reduced spikelet production (Chapter 5) and increased 

seedling mortality (Chapter 2) which accompany increased inundation, were offset by 

the reduced seed predation (Chapter 3) resulting from inundation at the time of seed 

shed.  The similar results for both the “dry” and the “increased flood events” models 

also suggest that the potentially negative and positive effects of these changes were off-

set.  Specifically, the decrease in density-independent seedling mortality was balanced 

by the predicted decrease in individual plant fecundity and the predicted increase in seed 

predation in the absence of inundation.  The fact that the population densities calculated 

using these two models were still within the range of values observed in the field 

indicates that populations of O. meridionalis are robust to changes in inundation regime.   
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7.4.2 Post-dispersal seed predation 

To explore the role of post-dispersal seed loss in determining population size, post-

dispersal seed predation was set at 0.90 across both inundated and exposed sites (the 

“increased predation” model), and the resultant population density was compared to that 

calculated using the “standard” model.  The increased level of predation resulted in a 

significantly lower mean population density (Figure 7.8; Table 7.3).  Despite being 

significantly lower than population sizes calculated using the “standard” model, the 

mean population density with this high level of seed predation was still similar to the 

highest plant densities recorded in the field.  Again, the difference between the two 

means was approximately 30 plants m-2, or < 10 %, which is far less than the inter-

annual variability recorded in the field.  The populations were also persistent, with the 

minimum population size remaining >1 m-2 throughout all simulations of the “increased 

predation” model.  The persistence and size of the populations calculated using this high 

level of seed predation indicate that seed loss to predation is being offset by the reduced 

density-dependent mortality and increased density-dependent fecundity.  These results 

indicate that O. meridionalis populations are resilient to high levels of seed predation.   

 

To further investigate the effect of different levels of seed predation on population 

density, post-dispersal predation was varied incrementally from 0.05 to 0.95, over 200 

consecutive simulations.  These model settings also resulted in mean population 

densities that were similar to maximum field population densities (Figure 7.9; Table 2.6, 

Chapter 2).  However, there was a marked decrease in the maximum population sizes 

within each simulation at seed predation levels between 0.05 to 0.55 (Figure 7.10).  

Above this level, the maximum calculated populations sizes stabilised.  There were no 

population extinctions in any simulation.  These results indicate that seed predation 

stabilised population size, as population sizes fluctuated less when seed predation levels 

are above 0.65 (Figure 7.10).   

 

7.4.3 Seed bank  

The significance of persistence in the seed bank to population maintenance was 

investigated by changing the settings of variables related to seed bank persistence in 

three ways, and comparing the resultant population densities to that calculated using the 

“standard” model.  In the first model setting (“reduced persistence” model), persistence 
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of seeds in the seed bank until second year after shed was reduced to 10%, seed bank 

mortality was set at that recorded in the field, and the remaining seed was set to 

germinate in the first year after shed.  In the second model setting (the “no persistence” 

model), seed bank persistence was set to 0 (i.e.. all seeds that did not die, germinated in 

the first wet season after shed).  In the third model setting (the “no persistence-high 

predation” model), post-dispersal seed predation was set at 90% and seed bank 

persistence was set at 0.  

 

Population densities calculated using both the “reduced persistence” and “no 

persistence” seed bank models were not significantly different to that calculated using 

the “standard” model (Figure 7.11; Table 7.4).  There were no simulations in which the 

population became extinct.  These results indicate that seed bank persistence may not be 

essential for population maintenance, when seed predation is low.  However, for 

populations with no seed bank persistence and high levels of seed predation, the mean 

population size over 100 years was significantly lower (approximately 43%) than the 

“standard” model (Figure 7.11), with the population becoming extinct in one simulation.   

 

Brown and Venable (1991) predicted that high rates of density-independent post-

dispersal seed predation, in a temporally varying habitat, favours the evolution of a life-

cycle which involves investment in seed bank persistence.  The results of modelling 

support this hypothesis, and point to seed bank persistence as a bet-hedging strategy of 

O. meridionalis when post-dispersal seed predation is high.  (Also refer to the 

Discussion in Chapter 4.)   

 

7.4.4 Population regulation 

To determine the significance of density-dependent regulation for population 

maintenance, the slope terms in the relationships describing the density-dependent 

response of mortality and fecundity were changed incrementally.   

 

Density-dependent mortality for O. meridionalis populations is under-compensating (i.e. 

the slope of the curve describing the density-dependent response is less than 0.5; 

Silvertown 1987) (Figure 7.3).  In order to determine the significance of this response to 

population persistence and density, density-dependence was forced into an over-

compensating response by increasing the value of the slope term in the equation (2) 
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(Table 7.1).  The slope term in “increased density-dependent mortality” model was 

varied incrementally from 0.052 (the "standard" model) to 0.082, over 100 simulations 

(Figure 7.12).   

 

Population estimates were sensitive to variations in the slope term.  Mean population 

density decreased significantly with increasing value of the slope (Table 7.5), although 

only 49.4% of the variability in population density was due to the slope value.  There 

were 2 simulations in which the minimum number of adult plants fell to 0, although 

these populations did not subsequently become extinct.  Thus even when the density-

dependent mortality response is forced into over-compensation, populations are stable 

and of a comparable size to those measured in the field.  The results point to the plastic 

capacity of individual plants to produce large numbers of seeds at low densities as a key 

factor in population persistence.  These results also support the results of previous model 

manipulations where the mortality of individuals prior to reproduction was increased - 

increased seed predation and increased seedling mortality due to more frequent and 

intense early “flood events”.  Together, these simulations indicate that O. meridionalis 

populations are resilient to high levels of mortality prior to reproduction.   

 

In the second model investigating population regulation (the “increased density-

dependent fecundity” model), the slope term in equation (1) (Table 7.1), was increased 

incrementally from -306.5 (the "standard" model) to -356.5 over 100 simulations.  

Population density varied significantly with the value of the slope term.  At slope values 

of between -328.5 and -355.7 population densities were much lower than those 

calculated using the "standard" model  (Figure 7.14), and 90.9% of populations were 

extinct at the end of a 100 year simulation.   

 

These results demonstrate the underpinning and stabilising role of density-dependent 

fecundity in regulating population density and maintaining population persistence.  The 

density-dependent response of fecundity for the annual grass Vulpia ciliata, for example, 

has been shown to vary with temperature (Firbank et al. 1995).  In the present study, the 

slope term was changed to values that may not occur, or even be possible, in the field for 

O. meridionalis.  However, these results indicate that changes in the floodplain habitat, 

such as those associated with global warming or other anthropogenic influences, may 

impact upon population density and persistence if they affect the density-dependent 

response of fecundity in O. meridionalis.  Further experimentation is required to 
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determine if changes in population regulating parameters are likely for this species in 

response to the edaphic changes occurring on the floodplain habitat.   

 

7.5 Conclusions 

Modelling indicates that O. meridionalis populations are robust to changes in inundation 

regime, high levels of post-dispersal seed loss and variation in seed bank persistence.  O. 

meridionalis is thus adapted to the variability inherent in the floodplain habitat.  At very 

high levels of seed predation, seed bank persistence insures against population 

extinction.  This study indicates that changes in the incidence of these factors have both 

negative and positive consequences for O. meridionalis populations, depending on the 

life-cycle stage an individual has reached.  Therefore this robustness may be explained 

by the trade-offs that occur between different stages of the life-cycle.  For example, a 

year of high and intense rainfall may mean increased seedling mortality and possibly 

reduced seed production for adult plants.  On the other hand the increased rainfall may 

also mean that inundation will persist until the time of seed shed, resulting in reduced 

losses of seed to post-dispersal predation.  The fact that modelled populations did 

persist, and maintain population density, in the face of changed inundation, seed 

predation and seed bank persistence indicates that such trade-offs do occur.  

 

Density-dependent regulation of fecundity was shown to have an underpinning and 

stabilising role in population maintenance.  The density-dependent response and high 

fecundity of individual adult plants at low densities compensates for the loss of 

individuals at other stages in the life-cycle, such as drowning of seedlings or seed loss to 

predation.  Also, because of the high potential fecundity of isolated individuals, 

populations can recover from extreme fluctuations in population size when they do 

occur due to density-independent factors.  

 

Along with Chapter 5, modelling further indicates that inundation regime is not solely 

responsible for the distribution of O. meridionalis on the floodplains, and that this 

species has the capacity to persist in a range of inundation regimes.  However, this thesis 

has explored the behaviour of O. meridionalis populations in a natural monoculture.  

The results of field monitoring of O. meridionalis point towards the effect of co-

occurring species on population size (Chapter 2).  It is likely that inter-specific 

interactions will result in additional dampening of fecundity, increased mortality of 

seedlings or decreased or limited seedling recruitment (Crawley & Rees 1996).  The 
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model predicts the behaviour of populations in situations where inter-specific 

competition is low, such as where fires have removed perennial cover during the dry 

season, or at cleared floodplain sites which are under rehabilitation.  In conjunction with 

inter-specific competition, the effects of external factors may be more significant to 

population maintenance.  Further research is required in assemblages of mixed species 

to more comprehensively predict the impact of changes in the floodplain habitat on O. 

meridionalis populations.   

 

The model has been used to explore and amplify scenarios developed directly from field 

observations.  In light of both the increasing anthropogenic pressures on the floodplain 

ecosystem, the robustness of the model, and the calculated resilience of O. meridionalis 

populations to habitat variability, it may be tempting to extrapolate to other conclusions, 

beyond those strictly appropriate for the study.  However, any further interpretation of 

additional scenarios would need to consider the following three issues.  Firstly, some of 

the outcomes reported here may in part reflect the way the model was designed.  For 

example, it commenced with adult plants, which may predispose it to the persistence of 

adult plant populations.  Commencing the model with dispersed seeds or with seeds in 

the soil seed bank, which would simulate broadcast seeds used to rehabilitate a cleared 

area of floodplain, may predispose the model to other outcomes.  The questions to be 

addressed may determine at which stage of the life-cycle the model should commence.  

Secondly, the model is based upon parameters derived from field observations over 3 

years.  Although this is a reasonably substantial period of time, in such a variable habitat 

a 3 year period represents a snap shot of possible field conditions.  Thirdly, the non-

"standard" model manipulations addressed very specific scenarios.  Not all possible 

patterns of inundation, seed predation or seed bank behaviour, or combinations of these, 

were addressed.  However, bearing these considerations in mind, with additional 

information the model could be used to address other specific research and management 

questions, with great potential for improved management of floodplains.   
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7.6 Tables & Figures 
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Figure 7.1:  Conceptual model of the life-cycle of Oryza meridionalis.  Life-cycle 

.stages are represented in squares, regulating effects in shaded ovals and external 

variables in unshaded ovals.  Transitions between life-cycle stages are represented by 

block arrows, impacts of external variables on transition probabilities are indicated by 

line arrows, and influences of population regulating factors are indicated by broken 

lined arrows.  The returned arrow at the seed-bank stage of the life-cycle represents 

those seeds which persist in the soil for more than one dry season. 
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Figure 7.2:  Flow chart of the numerical population model for O. meridionalis, 

representing one life-cycle.  Life-cycle stages are represented in squares, density-

dependent processes are indicated in shaded ovals, and external factors in double-lined 

ovals.  All values shown are those measured in the field, and used in the "standard" 

model.  (Refer also to Table 7.1 for further explanation of these values.)  The model 

commenced calculations with 100 adult plants, then recalculated the number of 

individuals (represented by “N”) after each transition through a life-cycle stage or 

external event.  Hence “N” is the running total of number of individuals remaining at 

any point in the process, and is shown in single-lined ovals.  External events, such as 

“flood events” and years that were “too wet”, occurred randomly with the probability 

stated in the relevant double-lined oval.  Each simulation calculated population size in 

100 consecutive years.  The programme calculated 100 replicate simulations each time it 

was run.  Refer to Appendix 2 for a copy of the programme, and Appendix 3 for an 

example of the output of the programme.   
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Figure 7.3:  The relationships between O. meridionalis plant density (m-2) and (a) % 

mortality and (b) spikelets produced per plant, as described by curves of best fit through 

raw data.  Equations for the curves are shown above each graph.  Data came from the 

thinning experiment described in Chapter 6.  Data points represent the % mortality, or 

mean fecundity per plant, per quadrat at a range of density treatments.  Refer to Chapter 

6 for an explanation of the experimental design.  The equations describing these curves 

were used in numerical models.   
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Table 7.1:  Life-cycle variables and parameters used in the “standard” numerical 

population model for Oryza meridionalis.  The chapters in which the values or equations 

were derived are indicated in brackets.   

Variable/Parameter Value 

 

Spikelet production per adult plant  

(Chpt 6) 

 

 

fecundity = 880.14 – 306.47 log (plant density) 

 

Equation (1) 

 

Probability of “bad” wet season  

(too “wet” or too “dry”) 

 

2 in 7 years  

 

Proportional decrease in fecundity due to 

“bad” wet season (Chpt 5) 

(a) too “wet” 

(b) too “dry” 

 

 

 

0.628  

0.744 

 

Probability of spikelet producing a 

caryopsis (Chpt 2) 

 

0.803 

 

Probability of seed being viable (Chpt 2) 

 

0.921 

 

Probability of inundation when seed 

shed 

 

1 in 2 years 

 

Probability of seed being predated  

(Chpt 3) 

(a) without inundation at seed shed 

(b) with inundation at seed shed 

 

 

 

0.666 or 0.851 

0.113 

 

Probability of seed in seed bank (Chpt 4) 

(a) germinating  

(b) dying 

(c) persisting to second wet season after 

shed 

 

 

0.369, 0.436 or 0.587 

0.140, 0.149 or 0.217 

0.491, 0.415, or 0.196 

 

Probability of germinant emerging as 

seedling (Chpt 2 and 4) 

 

0.079, 0.139, 0.238 or 1.00 

 

Probability of flooding event in early 

wet season (Chpt 2 – ½ sites in 1/3 

years) 

 

1 in 6 years 

 

Mortality of seedling recruits (density-

independent) (Chpt 2) 

(a) in absence of flooding peak 

(b) with flooding peak 

 

 

 

0.029, 0.063, 0.072, 0.122 or 0.122 

0.433 

 

Mortality of established seedlings 

(density-dependent) (Chpt 6) 

 

% mortality = -0.567 + 0.052 (plant density) 

 

Equation (2) 
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Figure 7.4:  Mean number of adult plants (m-2) (n = 100 years), in each of 100 replicate 

simulations, using the “standard” population model for Oryza meridionalis.   

 

 

 

Figure 7.5:  Maximum and minimum number of adult plants (m-2) in each 100 year 

simulation, using the “standard” population model for Oryza meridionalis.   
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Figure 7.6:  Number of adult plants (m-2) for the first 10 years, of 5 replicate 

simulations, of the “standard” model of Oryza meridionalis.  This subset of the 

calculations is presented to illustrate the variability between years in adult plant densities 

generated by the model.  Despite this variability, none of these populations was extinct 

at the end of 100 years.  
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Figure 7.7:  Number of adult plants ( mean + S.E. m-2) over 100 years (n = 100 

simulations), comparing 3 hypothetical inundation regimes with the “standard’ model.  

Variables were increased or decreased relative to those values presented in Table 7.1.  

The model settings were as follows: 

A: “increased flood events” model, where density-independent mortality was increased 

to 0.5 

Standard: the “standard” model, with all variables set at values in Table 7.1 

B:  “wet” model setting, where the frequency of “flood events” was increased to 0.5, 

frequency of “bad” rainfall years was decreased to 0.143 and the frequency of 

floodwater persistence at the end of the wet season was increased to 0.75  

C:  “dry” model setting, the frequency of “flood events” was decreased to 0.1, frequency 

of “bad” rainfall years was increased to 0.6 and the frequency of floodwater persistence 

at the end of the wet season was decreased to 0.25   

 

Table 7.2.  Results of 1-Factor ANOVA, comparing the mean adult plant densities (m-2) 

presented in Figure 7.7.  Cochran’s C ( 396 df and 4 variances) = 0.3623.  Transformed 

data (x’ = 1/x3) were used.  Tukey’s test indicated that Standard = B > A = C.   

Effect df effect MS effect df error MS error F P 

Inundation 

regime 

 

3 

 

6.184 x 10-16 

 

396 

 

1.310 x 10-17 

 

47.21 

 

<0.001 
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Figure 7.8:  Number of adult plants (mean + S.E m-2) over 100 years (n = 100 

simulations), comparing a hypothetical level of post-dispersal seed predation (A) with 

the “standard” model for O. meridionalis.  Seed predation was increased relative to 

those values presented in Table 7.1, as follows.   

A:  all post-dispersal seed predation was increased to 0.90   

Standard:  the “standard” model, with predation variables set at levels in Table 7.1 

 

Table 7.3. Results of 1-Factor ANOVA, comparing the mean adult plant densities (m-2) 

presented in Figure 7.8.  Cochran’s C (198 df and 2 variances) = 0.5065.  Raw data were 

used.   

Effect df effect MS effect df error MS error F P 

Predation 

level 

 

1 

 

46153.3 

 

198 
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<0.001 
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Figure 7.9. Mean number of adult plants (m-2) (n = 100 years), plotted against post-

dispersal seed predation for Oryza meridionalis.  The level of post-dispersal seed 

predation was varied incrementally over 100 simulations.  All other values used in the 

model were those of the "standard" model, presented in Table 7.1. 

 

Figure 7.10:  Minimum and maximum numbers of adult plants (m-2), within each of 100 

year simulation, plotted against post-dispersal seed predation for Oryza meridionalis.  

The level of post-dispersal seed predation was varied incrementally over 100 

simulations.  All other values used in the model were those presented in Table 7.1. 
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Figure 7.11:  Number of adult plants (mean + S.E. m-2) over 100 years (n = 100 

simulations) comparing three hypothetical seed bank types with that of the “standard” 

model for O. meridionalis.  All other variables were those used in the "standard" model.  

The model settings were as follows: 

Standard:. the “standard” model, with seed bank and all other properties set at values in 

Table 7.1. 

A:  no seed bank persistence past the first wet season after seed shed   

B:  no seed bank persistence and post-dispersal seed predation was increased to 0.90   

C.  seed bank persistence was reduced to 0.10   

 

Table 7.4.  Results of 1-Factor ANOVA, comparing the mean adult plant densities (m-2) 

presented in Figure 7.11.  Cochran’s C ( 396 df and 4 variances) = 0.3306.  Transformed 

data (x’ = log[x]) were used.  Tukey’s test indicated that A = B = D > C.   
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Figure 7.12:  Mean number of adult plants (m-2) (n = 100 years), plotted against 

hypothetical values of the slope term in the equation describing the relationship between 

plant density and mortality for O. meridionalis.  The value of the slope term was varied 

incrementally over 100 simulations.  The field value of the slope term was 0.052.  All 

other values used in the model were those of the "standard" model, and presented in 

Table 7.1. 

 

Table 7.5:  Results of regression analysis of mean number of adult plants (m-2) (n = 100 

years) against hypothetical values of the slope term in the equation describing the 

relationship between plant density and mortality for Oryza meridionalis. 

(a)  Mortality of established seedlings 

r2 = 0.494 

F (1,98) = 95.7    P = < 0.001  Standard error of estimate  24.4 
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Figure 7.13:  Maximum and minimum estimated numbers of adult plants (m-2) within 

100 years, for 100 simulations, plotted against hypothetical values of the slope term in 

the equation describing the relationship between plant density and mortality for O. 

meridionalis.  The measured value of the slope term was 0.052.  All other values used in 

the model were those presented in Table 7.1. 
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Figure 7.14.  Mean number of adult plants (m-2) (n = 100 years) plotted against 

hypothetical levels of the slope term, for the relationship between plant density and 

fecundity for Oryza meridionalis.  The measured value of the slope term was -306.5.  

All other values used in the model were those presented in Table 7.1. 

 

 

Figure 7.15  Minimum and maximum numbers of adults plants (m-2) within each of 100 

year simulation, plotted against hypothetical values of the slope term describing the 

relationship between density and fecundity for O. meridionalis.  The measured value of 

the slope term is –306.5.  All other values used in the model were those presented in 

Table 7.1. 
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APPENDIX 1.  Design of ANOVAs used in Chapter 2.  

Following are tables outlining the design of analyses of variance used to test for effects 

of site, year and depth stratum on seedling recruitment, mortality, survivorship, growth 

and fecundity.  Difficult site conditions and foraging by magpie geese resulted in 

missing samples and cells in some years, sites or strata.  Fully factorial analyses were 

therefore not possible.  Instead, comparisons to test specific hypotheses were undertaken 

where samples sizes and cells permitted. 

 

Table ANOVA(1):  Design of analyses for mean plant height at the end of the growing 

season.  

(a) 2-Factor ANOVA design to test for effects of year and site. 

Site Year n 

Water Recorder Point 1992 6 

 1994 6 

Boggy Plains 1992 6 

 1994 6 

(b) 2-Factor ANOVA, to test for effects of site and depth strata. 

Site Depth  

stratum 

n 

Water Recorder Point 1 6 

1994 2 6 

Boggy Plains 1 6 

1994 2 6 
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Table ANOVA(2):  Design of analyses for seedling recruitment data.  

(a)  3-Factor ANOVA, to test for effects of year, site and depth stratum. 

Site Year Depth n 

Water Recorder Point 1993 1 6 

  2 6 

 1994 1 6 

  2 6 

Boggy Plains 1993 1 6 

  2 6 

 1994 1 6 

  2 6 

 

(b) 2-Factor ANOVA, to test for effects of site and year. 

Site Year n 

Water Recorder Point 1992 6 

 1993 6 

 1994 6 

Boggy Plains 1992 5 

 1993 6 

 1994 6 
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Table ANOVA(3): Design of ANOVA for seedling mortality and plant survivorship. 

(a) 2-Factor ANOVA, to test for effects of site and depth stratum, in 1994. 

Site Depth 

stratum 

n 

Water Recorder Point  1 6 

1994 2 6 

Boggy Plains  1 6 

1994 2 6 

(b) 1-Factor ANOVA, to test for effects of year, at Water Recorder Point.  

Year n 

Water Recorder Point 1992 10 

Water Recorder Point 1993 10 

Water Recorder Point 1994 10 

(c) 2-Factor ANOVA, to test for effects of site and year, in depth stratum 1. 

Site Year n 

Water Recorder Point 1993 Depth 1 5 

 1994 Depth 1 6 

Boggy Plains 1993 Depth 1 6 

 1994 Depth 1 6 

(d) 2-Factor ANOVA to test for effects of year and site. 

Site Year n 

Water Recorder Point 1992 Depth (1+2) 6 

 1994 Depth (1+2) 6 

Boggy Plains 1992 Depth (1+2) 5 

 1994 Depth (1+2) 6 

(e) 2-Factor ANOVA to test for effects of year and depth stratum at Water Recorder 

Point. 

Year Depth  

stratum 

n 

Water Recorder Point  1 6 

1993 2 6 

Water Recorder Point  1 6 

1994 2 6 
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Table ANOVA(4):  Design of ANOVA used for the comparisons of number of 

inflorescences m-2 and spikelets m-2.   

(a) 1-Factor ANOVA to test for effects of year at Water Recorder Point. 

 Year n 

Water Recorder Point 

Depth (1+2) 

1992 

 

22  

 

Water Recorder Point 

Depth (1+2) 

1994 12 

 

(b) 1-Factor ANOVA to test for effects of site in 1992. 

Site  n 

Water Recorder Point 

 

1992 

Depth (1+2) 

22 (inflorescences. m-2) 

21 (spikelets m-2) 

Boggy Plains 1992 

Depth (1+2) 

22 (inflorescences m-2) 

18 (spikelets m-2) 

(c) 1-Factor ANOVA to test for effects of site, in 1994 at depth stratum 1. 

Site  n 

Water Recorder Point 

 

1994 

Depth 1 

6 

 

Boggy Plains 

 

1994 

Depth 1 

6 

 

(d) 1-Factor ANOVA to test for a effect of year at Water Recorder Point at Depth 1. 

 Year n 

Water Recorder Point 

Depth 1 

1993 

 

6 

 

Water Recorder Point 

Depth 1 

1994 6 

 

(e) 1-Factor ANOVA to test for a effect of depth stratum, at Water Recorder Point in 

1994. 

 Depth 

stratum 

n 

Water Recorder Point 

1994 

1 

 

6 

 

Water Recorder Point 

1994 

2 6 
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Table ANOVA(5):  Design of 1-factor ANOVA to test for effects of site, in 1994 at 

depth stratum 1, on the number of spikelets produced m-2.   

Site  n 

Water Recorder Point 

 

1994 

Depth 1 

6 

 

Boggy Plains 

 

1994 

Depth 1 

6 
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APPENDIX 2:  Programme for population model. 

The model programme, coded in FoxPro for Windows, version 2.6.   

_______________________________________________________________________

_ 

* Program RICESIM 

* Population model for Rice 

* Last update 26/9/97 

 

 

************************************************ 

* Constants 

sensvar = "spikeslop" 

sensmin = -306.5 

sensmax = -306.5      

simtot=100 

yeartot = 100 

floodfreq = 0.1666 

badfreq = 0.286 

persfreq = 0.5 

start_ad = 100 

 

* germination constants 

DECLARE germ1(3) 

germ1(1) = 0.369 

germ1(2) = 0.436 

germ1(3) = 0.587 

 

* Seed mortality constants 

DECLARE seedmort1(3) 

seedmort1(1) = 0.140 

seedmort1(2) = 0.149 

seedmort1(3) = 0.217 

 

*  Emergents constants 

DECLARE emerg(4) 

emerg(1) = 0.079 

emerg(2) = 0.139 

emerg(3) = 0.238 

emerg(4) = 1.00 

 

*  Mortality of Emergents constants 

DECLARE emmort(5) 

emmort(1) = 0.029 

emmort(2) = 0.063 

emmort(3) = 0.072 

emmort(4) = 0.122 

emmort(5) = 0.122 

emmortfl = 0.433 

 

* Adult mortality constants 

mortorig = -0.567 
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mortslop = 0.052 

 

 

* Fecundity constants 

spikeorig = 880.14 

spikeslop = -306.5 

spikeseed = 0.803 

seedviabl = 0.921 

 

* Bad year fecundity constants 

DECLARE badfec(2) 

badfec(1) = 0.628 

badfec(2) = 0.744 

 

* Seed fate constants 

DECLARE seedpred(2) 

seedpred(1) = 0.666 

seedpred(2) = 0.851 

seedpredfl = 0.113 

 

************************ 

* MAIN PART OF PROGRAM 

do SETUP 

&sensvar = sensmin 

sim=1 

DO WHILE sim <= simtot 

   @ 10,18 SAY sim 

   DO onesim 

   &sensvar = &sensvar + (sensmax-sensmin)/simtot 

   flname="A:\RICESIM"+STR(sim-1,1) 

 *  COPY TO (flname) TYPE XLS 

   sim = sim +1 

ENDDO 

DO windup 

    

*******************************   

PROCEDURE SETUP 

SET TALK OFF 

SET SAFETY OFF 

SET DECIMAL TO 4 

CLEAR 

@ 5,5 TO 7,40 DOUBLE 

@ 6,10 SAY "Rice Population Simulation" 

@ 10,5 SAY "Simulation No. :" 

@ 10,30 SAY "of  " 

@ 10,32 SAY simtot 

SELECT 2 

USE RICESUMM 

ZAP 

SELECT 1 

USE RICESIM 

blob = RAND(-1) 
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RETURN 

  

******************************** 

PROCEDURE onesim 

SELECT 1 

ZAP 

APPEND BLANK 

REPLACE YEAR WITH 0 

REPLACE ADULT WITH start_ad 

pop_seed2=0 

yr = 1 

DO WHILE yr <= yeartot 

   DO oneyr 

   yr=yr+1 

ENDDO 

SET FILTER TO YEAR > 0 

CALC AVG(ADULT) TO avadult 

CALC STD(ADULT) TO stdadult 

CALC MIN(ADULT) TO minadult 

CALC MAX(ADULT) TO maxadult 

SELECT 2 

APPEND BLANK 

REPLACE SIMNO WITH sim 

REPLACE ADULT_AV WITH avadult 

REPLACE ADULT_STD WITH stdadult 

REPLACE ADULT_MIN WITH minadult 

REPLACE ADULT_MAX WITH maxadult 

REPLACE SENSVAL WITH &sensvar 

SELECT 1 

RETURN 

  

  

******************************** 

PROCEDURE ONEYR 

   badyear = IIF(RAND()<badfreq,1,0) 

   flood = IIF(RAND()<floodfreq,1,0) 

   persist= IIF(RAND()<persfreq,1,0) 

   spperpl = (spikeorig + spikeslop*LOG10(ADULT+1)) 

   spperpl = spperpl * IIF(badyear=1,badfec(INT(1+RAND()*2)),1) 

   spperpl = IIF(spperpl>0,spperpl,0) 

   pop_seed1 = ADULT * spperpl * spikeseed * seedviabl 

   pop_seed1 = pop_seed1 * IIF(persist=1,1-seedpredfl,1-seedpred(INT(1+RAND()*2))) 

   emrand = INT(1+RAND()*3) 

   pop_seed1 = pop_seed1 * (1-seedmort1(emrand)) 

   seed_next = pop_seed1 * (1-germ1(emrand)) 

   pop_em = (pop_seed1 + pop_seed2) * emerg(INT(1+RAND()*4)) 

   pop_ad = pop_em * IIF(flood=1,1-emmortfl,1-emmort(INT(1+RAND()*5))) 

   admort = (mortorig + mortslop*pop_ad)/100 

   admort = IIF(admort>1,0.95,admort) 

   admort = IIF(admort<0,0,admort) 

   pop_ad = pop_ad * (1-admort) 

   APPEND BLANK 
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   REPLACE YEAR WITH yr 

   REPLACE SEED1 WITH ROUND(pop_seed1,0) 

   REPLACE SEED2 WITH ROUND(pop_seed2,0) 

   REPLACE EMERGENT WITH ROUND(pop_em,0) 

   REPLACE ADULT WITH ROUND(pop_ad,0) 

   REPLACE FLOODYR WITH flood 

   REPLACE RAINYR WITH badyear 

   REPLACE PERSYR WITH persist 

   pop_seed2 = seed_next 

RETURN 

 

************************************** 

PROCEDURE windup 

SELECT 2 

CALC AVG(100*ADULT_STD/ADULT_AV) TO cv 

CALC CNT() FOR ADULT_MIN <=5 TO ext 

@ 25,5 SAY "CV of Adult Population:" 

@ 25,5 SAY "Probability of Extinction:" 

@ 12,30 SAY cv 

@ 13,30 SAY ext/simtot 

SET TALK ON 

SET SAFETY ON 

RETURN 
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APPENDIX 3:  Example of output of the model programme.   

An example of the output of the model programme, in this case for data plotted in 

Figures 7.9 & 7.10.  Column headings are as follows:   

 

Simul. Type is the model type, in this case post-dispersal seed predation was varied 

incrementally from 0.05 to 0.95 over 100 consecutive simulations, while all other 

settings were those used in the “standard” model.  Thus in this case simulations are not 

replicates.  For other models such as the “too wet” or “too dry” models, the results of 

which are presented in Figure 7.7, each of the 100 simulations is a replicate of the first 

simulation.   

 

Simul. No. identifies the 100 simulations calculated each time the programme was run.  

Each simulation calculates population size for 100 consecutive years.   

 

Adult average is the mean number of adult plants (m-2) establishing each year, for the 

100 year simulation (i.e. n = 100 years).   

 

Adult std  is the standard deviation of the number of adult plants (m-2) establishing each 

year, for the 100 year simulation (i.e. n = 100 years).   

 

Adult min.  is the lowest number of adult plants (m-2) establishing in any of the 100 years 

of the simulation.   

 

Adult max. is the highest number of adult plants (m-2) establishing in any of the 100 

years of the simulation.   

 

Adult end.  is number of adult plants (m-2) present in the 100th year of the simulation 

(i.e. indicates whether the population became extinct or not during that simulation).   

 

Sens. Val. column shows the actual value of any variable that has been set to vary 

incrementally over the 100 simulations.  This option was only used one of the seed 

predation models (shown in this appendix) and when the slope terms describing density-

dependent relationships were varied.  This option was not used in other models.   
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 To 100 simulations 

 

Simul. Type Simul. No. adult_average adult_std adult_min adult_max(19)adult end sensval

9 1 397.8 355.16 53 1337 302 0.05

9 2 377.2 372.12 1 1536 411 0.06

9 3 424.5 344.87 97 1489 111 0.07

9 4 410.7 338.18 46 1554 144 0.08

9 5 375.6 355.59 7 1520 186 0.09

9 6 385.5 302.58 47 1430 191 0.1

9 7 417.2 348.41 99 1581 108 0.11

9 8 396 341.57 3 1373 509 0.12

9 9 419.8 353.81 73 1413 98 0.13

9 10 417.7 341.81 6 1295 68 0.14

9 11 420 328.58 3 1466 156 0.15

9 12 419.6 323.85 70 1397 282 0.16

9 13 455.1 322.74 25 1348 130 0.17

9 14 412.5 305.65 24 1328 413 0.18

9 15 394.7 297.66 14 1295 182 0.19

9 16 403.9 284.08 50 1345 109 0.2

9 17 400.4 261.39 51 1178 593 0.21

9 18 335.5 267.11 23 1306 139 0.22

9 19 420.8 292.3 5 1234 178 0.23

9 20 419.2 280.47 101 989 475 0.24

9 21 407.1 300 59 1204 477 0.25

9 22 393 276.31 45 1150 265 0.26

9 23 371.5 262.33 28 1258 125 0.27

9 24 372.5 263.27 0 1242 363 0.28

9 25 385.2 252.16 40 1130 791 0.29

9 26 440.7 252.15 28 1228 138 0.3

9 27 384.7 234.23 67 1203 196 0.31

9 28 318.7 204.88 41 1085 384 0.32

9 29 396.7 257.43 15 1125 153 0.33

9 30 370.4 216.79 97 997 40 0.34

9 31 388.9 225.68 99 1066 141 0.35

9 32 409.9 246.69 54 1105 161 0.36

9 33 350.1 222.38 40 971 862 0.37

9 34 385.7 218.17 3 1073 808 0.38

9 35 362 218.16 82 952 100 0.39

9 36 384.6 201.86 58 992 309 0.4

9 37 310.3 189.35 7 993 725 0.41

9 38 349.9 214.63 2 908 479 0.42

9 39 333 203.99 3 946 481 0.43

9 40 357.2 192.98 23 972 424 0.44

9 41 345.4 190.75 4 949 393 0.45

9 42 375.2 191.6 27 893 483 0.46

9 43 358.3 193.29 29 791 204 0.47

9 44 399.8 195.73 13 903 105 0.48

9 45 382.7 172 97 866 98 0.49

9 46 401.2 170.24 84 826 436 0.5

9 47 371.5 179.35 9 836 836 0.51

9 48 388.8 151.06 15 876 447 0.52


