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Abstract 

Despite the importance of arid and semi-arid native grasslands for cattle and sheep 

production, there is a paucity of data on many important aspects of growth, nutrient 

cycling and effects of grazing thereof, in native Australian grasslands.  In response to 

this, a long-term (~ 2.5 years) study was undertaken which investigated growth, nutrient 

uptake, nutrient cycling and soil nutrient availability in grazed and ungrazed plots of 

three grasslands of the semi-arid Pilbara region of north-western Australia.  The three 

species studied, Astrebla pectinata, Themeda triandra and Eragrostis xerophila are all 

C4, perennial, tussock grass species native to the Pilbara.  

 

Using standard monitoring methods (i.e. plant density, foliage and basal cover) it was 

established that these grasslands were in average to good ‘health’, and that grazing has 

generally had a minimal, and in some cases, a positive impact on these grasslands. 

 

Grass growth was heavily reliant on summer rainfall, as rainfall and/or air temperatures 

during winter were generally too low to result in growth, particularly for inland 

grasslands i.e. A. pectinata and T. triandra.  Despite the short duration of the growing 

season (due to high evaporative conditions) and the low fertility of Pilbara soils, the 

rate, as well as the total mass of grass production was comparable to other similar 

grasslands.  Litter accumulation was generally low in all grasslands suggesting that, 

despite high C:N litter values, turnover was high, particularly after summer rains. Under 

normal or above-average rainfall, grazing had little impact whereas during periods of 

low rainfall, grazing had the potential to reduce both current and future aboveground 

phytomass production.  The negative impact of grazing on net primary production was, 

however, nullified to some extent by compensatory regrowth of grazed biomass. 
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Nitrogen (N) and phosphorus (P) uptake by perennial grasses was less reliant on 

summer rainfall although still strongly influenced by it, and nutrient uptake was 

apparent even under conditions when aboveground growth did not occur.  Increased 

nutrient uptake resulted from an increase in root biomass as well as a possible grass-

mycorrhizal association.  The nutrient-use efficiency of Pilbara grasses was generally 

high for N, and similar for P, compared to other Australian arid and semi-arid 

grasslands.  Despite this, ratios of N:P in green foliage (after good rainfall) suggest that 

production in A. pectinata and T. triandra grasslands was limited by the availability of 

soil N, whereas E. xerophila limited by the availability of P.  

 

In situ studies of soil N over 18 months revealed patterns of inorganic N production to 

be temporally variable, with increased rates of nitrification during the hotter and wetter 

summer months and ammonification more prevalent during cooler and drier periods.  

The same in situ studies of soil N, as well as long-term laboratory incubations, indicated 

that the heterogeneous location of tussocks in these perennial grasslands was 

responsible for the highly spatial patterns of N mineralization observed in these soils.  

Increased N mineralization in the immediate vicinity of tussocks was strongly correlated 

with total N and organic carbon, reflecting the increased concentration, and subsequent 

decomposition, of both above- and below-ground litter.  The increased availability of 

soil nutrients around tussocks is critical in maintaining a supply of nutrients during 

growth in these highly infertile soils.   

 

Nutrient cycling is very ‘tight’ in these semi-arid grasslands as N inputs, e.g. wet/dry 

deposition, anthropogenic sources or N fixed by microbiotic crusts/native legumes, at 

best, provide only a small amount of N into Pilbara grasslands.  Therefore, nutrient 
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availability during growth in Pilbara grasslands is heavily dependent on the 

decomposition and mineralization of above- and below-ground litter.  However to a 

limited extent, these grasses are able to compensate, via the retranslocation and 

mobilization of stored nutrients, for discrepancies between the nutrients supplied by soil 

and the nutrient requirements for growth.  For each of the grasslands, a simple nutrient 

cycling budget (incorporating the effect of grazing on N and P flows) for an ‘average’ 

year (wet summer, dry winter) was constructed. 
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Chapter One 

 

Background and statement of research problem 

 

Significance of native perennial grasses in the Pilbara 

Australia-wide, sheep and cattle grazing produce is worth an estimated $7.8 billion 

(Australian Bureau of Agricultural and Resource Economics 2000), and cattle 

production accounts for a little under half of this.  Beef cattle production in Western 

Australia in 1997-8 was worth an estimated $300 m, from an estimated 984,000 beef 

cattle and calves (Martin et al. 1998), of which pastoral activities in the Pilbara region 

in the semi-arid north of the state generate $19.6 m (Western Australian Department of 

Commerce and Trade 2001a). 

 

Owing to the relatively low economic return from grazing by cattle and sheep in much 

of the arid and semi-arid Australian rangelands, there has been little attempt to improve 

native pastures, with a few notable exceptions (e.g. introduction of buffel grass; 

Cenchrus ciliaris) and native grasses remain the predominant form of fodder (Table 1).  

In much of Australia, Astrebla spp. and Themeda triandra are amongst some of the 

more commercially important genera and species.  In particular, Astrebla spp. have long 

been accepted as essential for the Queensland sheep industry (Orr 1975,  Everist and 

Webb 1975) and to the Australian pastoral industry in general (Jozwik 1970, Christie 

1981).  The cattle grazing industry of northern Australia depends to a large extent on 

tropical tallgrass communities, of which T. triandra is an important component. 
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Table 1  Area of improved pasture and native grasslands in each state of Australia.1 

State Total area 
(x 103 km2) 

Area managed/grazed 
(x 103 km2) 

Area of native grasslands 
(x 103 km2) 

Proportion native 
grasslands 

(% of total area) 

Proportion native 
grasslands 

(% of managed area) 
New South 
Wales 

800 630 530 66 84 

Northern 
Territory 

1,350 770 770 57 100 

Queensland 1,730 1,570 1,510 87 96 
South  
Australia 

980 630 560 66 89 

Tasmania 70 20 10 14 50 
Victoria 230 140 60 20 43 
Western 
Australia 

2,530 1,390 1,000 39 72 

      Total for 
Australia 

7,680 4,910 4,440 58 90    

1Anon. (cited in Burrows and Scanlan 1985) 
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Species distribution 

There are four species of Astrebla in Australia; A. pectinata (Lindley) Benth. (Barley 

Mitchell grass) (Fig. 1a), A. squarrosa C.E. Hubbard (Bull Mitchell grass), A. elymoides 

F. Muell. ex Bailey (Hoop Mitchell grass) and A. lappacea (Lindley) Domin (Curly 

Mitchell grass).  As a group, their distribution is extremely broad, extending in an arc 

that starts in north-central NSW, passing northwards through central Queensland and 

then westwards into the Northern Territory and beyond into the Kimberley and Pilbara 

regions of Western Australia.  There are a number of smaller patches in the north-east 

of South Australia (Orr 1975).  Combined, there are well over 400,000 km2 of Astrebla 

grasslands in Australia (Table 2).  These areas generally coincide with areas that receive 

rainfall of between 250 and 550 mm, and often where summer rainfall is the dominant 

pattern.  In Western Australia Astrebla spp. are patchily distributed, but are generally 

found north of 23o longitude, although A. pectinata has been found as far south as 

Kalgoorlie (Department of Conservation and Land Management 1998).   

 
Table 2  Areas dominated by Astrebla spp. in Australia. 

State Area of Astrebla spp. (km2) 
New South Wales 3,5001 
Northern Territory 87,2002 
Queensland 298,3202 
South Australia 1,400 3 
Western Australia 20,7602 
  Total 411,180 
1Campbell 1989 
2Tothill and Gillies 1992  
3after Orr (1975) 

 
Astrebla spp. grow on grey, red and brown cracking clays that are often classified as Ug 

5 (Northcote 1979), or Vertisols (United States Soil Conservation Board), and local soil 

moisture characteristics often shape Astrebla spp. distribution patterns (Orr 1975).  

Astrebla elymoides and A. squarrosa generally grow on ‘run-on’ areas and are 

considered more tolerant of flooding (Jozwik et al. 1970, Orr 1975).  Astrebla lappacea 
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is usually found on well-drained soils (Orr 1975) and A. pectinata grows in a range of 

environments but is often associated with hard, arid soils with a tendency to crack 

(Everist 1964, Jozwik et al. 1970, Orr 1975).  None of the above species are restricted 

to these conditions – rather these are the conditions best suited to their specific growth 

requirements, and Astrebla spp. are found across a wide range of climates and soil types 

within Australia. 

 

Until recently, Themeda triandra Forssk. (Fig. 1b) was classified as Themeda australis 

(R. Br.) Stapf., but numerous authors had noted the similarities between the two (Lock 

and Milburn 1970, Groves 1975), and the two were generally considered to be 

conspecific (Lock and Milburn 1970).  Skerman and Riveros (1990) noted that Kew 

Gardens, London, had been unable to distinguish between the two species and in 1993, 

Simon listed T. australis as T. triandra.  Four varieties have been described: var. 

burchelli (Hach.) Domin, var. trachyspathea Goosens, var. imberbis (Retz.) A. Camus; 

and var. hispida (Nees.) Staph (Skerman and Riveros 1990). 

 

Themeda triandra grasslands are widespread throughout Australia, Africa, South-East 

Asia, India and New Guinea (Hodgkinson et al. 1989, Skerman and Riveros 1990).  

Themeda triandra grows in a wide range of climatic regions, including an exceptionally 

broad range of rainfall (625 to 6,250 mm) and altitude (sea-level to 3,000m), and on 

soils that include lateritic and basaltic red earths, sands, sandy loams and alluvial soils 

(Skerman and Riveros 1990, Petheram and Kok 1991, Wheaton 1994).  Themeda 

triandra is commonly found on alluvial soils, drainage lines or along creek margins 

(Petheram and Kok 1991, Wheaton 1994, Mitchell and Wilcox 1994, Milson 1996).  In 

Australia, T. triandra is found in every state and territory including Tasmania 

(Lazaridies and Hince 1993), but is most prevalent in the monsoon tallgrass, tropical 

and sub-tropical tallgrass communities of the savannas of northern Australia (Mott et al. 

1984, McKeon et al. 1991).  These savannas extend in a band that runs north east of 

Broome to Darwin then west into Arnhem Land and the northern half of the Cape York 

Peninsula.  This band coincides with annual rainfall greater than 750 mm and a highly 
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reliable pattern of wet and dry seasons.   In Western Australia, T. triandra is found 

throughout the state (Department of Conservation and Land Management 1998), and in 

the Pilbara, T. triandra grows in areas classified as ‘savanna (bunch grassland) - short 

grassland, and grass savanna mixed with spinifex’ (Beard 1975).  The presence of T. 

triandra is considered to be an indicator of rangeland in good condition, and will 

decline when overgrazed (Mitchell and Wilcox 1994). 

 

Eragrostis xerophila (Domin) (Fig. 1c) is found throughout Australia except in Victoria 

and Tasmania (Lazaridies and Hince 1993).  Eragrostis spp. are found in a range of 

mid- and short-grass plant communities, and are often associated with Acacia spp. and 

spinifex communities (Tothill and Gillies 1992).  While Eragrostis spp. only rarely 

dominate a plant community, they are more ubiquitous than most grass genera. In the 

Pilbara, E. xerophila is associated with ‘Tussock grass-soft spinifex’ communities 

(Tothill and Gillies 1992).  In the Pilbara, E. xerophila grow on loam, clays, or heavy 

cracking clay soils on which crabholes and gilgai’s are commonly found (Mitchell and 

Wilcox 1994).  It is considered a ‘decreaser’ species inasmuch that its absence often 

indicates poor range condition (Mitchell and Wilcox 1994). 
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  (a) 
          
 

  (b) 
 

  (c) 
 
 
Figure 1 a) Astrebla pectinata (photograph by M. Fagg, Australian National Botannic 

Gardens) b) Themeda triandra (photograph by G. Manle, Australian National Botannic 

Gardens), c) Eragrostis xerophila (from AusGrass2).
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Morphological characteristics 

As Astrebla spp. grow mainly during summer (matching its distribution 

which is generally limited to areas of summer rainfall) when 

evapotranspiration usually exceeds rainfall (Orr 1975), its normal growing 

season is often short.  Astrebla spp. are well adapted to the small and 

infrequent rainfall events typical of their environment and have developed the 

ability to grow a range of new tillers, dependent on rainfall.  Main tillers are 

produced from an extensive rhizome, after rainfall events > 40 mm (Everist 

1964, Jozwik et al. 1970, Orr 1975).  However, smaller rainfall events of ~15 

mm will initiate growth of axillary tillers (from the three lowest distinct 

nodes on the main tillers) or sub-axilliary tillers in A. pectinata (Jozwik et al. 

1970).  Despite the extreme conditions under which they are found, 

individual tussocks of this perennial species has been observed to live for > 

23 years, but more commonly live for l.5-6 years (Williams and Roe 1975). 

 

Themeda triandra is a leafy, perennial, tussock grass (Mitchell and Wilcox 

1994, Wheaton 1994), capable of producing 2m-high culms.  As the tussock 

grows, rings of new foliage are added around an inner core of older, dead 

foliage.  In response to summer rain, culm growth is rapidly initiated 

followed by flowering and seed-set.  Themeda triandra can produce both 

blind and reproductive tillers, or culms.  Blind tillers (Tainton and Booysen 

1963, Dye and Walker 1987) are vegetative tillers on which no floral 

initiation take place.  A greater proportion of these tillers form under adverse 

conditions and are responsible for much of the dry matter produced after the 

early maturing, primary tillers have flowered (Tainton and Booysen 1963).  

T. triandra has a highly plastic response to photo-period, and can have a 

short, medium or long day-length requirement for flowering (Evans and 

Knox 1969, Skerman and Riveros 1990).  Each seed spikelet produced bears 

a hygroscopic awn, which in response to changing humidity, acts as a 
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‘corkscrew’, burying the spikelet into the soil (Lock and Milburn 1970, 

Sindel et al. 1993).  Skerman and Riveros (1990) noted that south of 32o 

latitude, T. triandra tends to grow only in summer but in tropical regions 

north of this latitude, is capable of growing all year round. 

 

Eragrostis xerophila is a compact, perennial grass, which can grow to a 

height of 50 cm from a basal rhizome.  It is not usually grazed by stock 

except under drought conditions, owing to its non-succulent leaves and high 

stem-to-leaf ratio (Milson 1996).  Leaves are often short and hairless 

(Mitchell and Wilcox 1994) and may exhibit leaf curling around their 

transverse axis.  While E. xerophila is distributed across much of Australia, it 

is poorly recorded in the scientific literature and much of the information in 

this thesis is obtained from comparisons with other perennial Eragrostis 

species found in arid and semi-arid regions, particularly E. lehmanniana Nees 

and E. curvula (Schrad.) Nees. 

 

The rooting patterns of Astrebla spp. enable plants to access both surface and 

deeper sub-surface moisture.  Roots near the soil surface produce fine rootlets 

that are maintained under moist soil conditions but die as the soil dries out 

(Everist 1964).  Roots arise from the rhizome and spread out radially to a 

maximum circumference of ~90 cm at a depth of 15-20 cm (Everist 1951, 

Jozwik et al. 1970, Hunter and Melville 1994).  Further differentiation 

produces ‘sinker roots’ that extend to a maximum depth of 1-2 m (Everist 

1951, Jozwik et al. 1970, Christie 1981, Hunter and Melville 1994).  There 

may be as much as a 40% overlap between root systems of neighbouring 

plants (Everist 1964).  

 

Despite the great importance placed on T. triandra in both South African and 

Australian savannas, and Eragrostis spp. in South African and North 
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American grasslands there are remarkably few root studies in the literature.  

Presumably, in response to increased concentrations of nutrients in the 

surface layers of the soil, the bulk of root biomass for  T. triandra and 

Eragrostis spp. are located in the top 5-10 cm (Ross 1977, Downing and 

Marshall 1983).  Montani et al. (1996) observed that 57% of Eragrostis 

curvula root biomass (maximum production of 11.2 t ha-1) was located in the 

top 0.25 m.  E. curvula roots are often found to quite extensive depths and 

Montani et al. (1996) measured up to 11% of the root biomass at a depth of 

0.75-1.0 m, and Farrington (1973) implied that E. curvula had access to 

groundwater at depth of 1.5 m via a deep root system. 

 

 

Ecophysiology of perennial grasses 

In arid and semi-arid conditions, water, temperature, and nutrient stress, may 

act in concert to constrain growth by inhibition of physiological and 

biochemical process.  Of these, water availability exerts the greatest control 

over plant physiological processes in all arid and semi-arid environments 

(Noy-Meir 1973).  To maximise growth in these ecosystems where rainfall is 

often low and infrequent, grasses have adapted to these conditions through 

the rapid initiation of photosynthesis and transpiration with the onset of rain.  

After Astrebla lappacea were subjected to drought conditions and 

photosynthesis had all but ceased (10% relative to control plants), within two 

hours of adding water, rates of photosynthesis and transpiration increased to 

some 50-60% of control plants, and to 80-90% after seven days (Doley and 

Trivett 1974).  Similar responses have been observed for the C3 perennial 

tussock grass Stipa tenacissima in Spain, where the addition of 31 mm of 

‘rain’ doubled the rate of photosynthesis and leaf conductance within five 

days (Pugnaire et al. 1996). 
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As well as being capable of rapid rates of photosynthesis and transpiration, 

arid and semi-arid grasses can maximise growth periods by maintaining 

photosynthesis and transpiration as soil-water declines.  Transpiration in 

these species remains relatively unaffected by declining soil water until leaf 

water potential (!) drops below ~ -1.0 MPa in A. lappacea (Doley and 

Trivett 1974), –2.0 MPa in T. triandra (Snyman et al. 1997) and –2.4 MPa in 

E. lehmanniana (Snyman et al. 1997).  As the availability of soil water 

continues to decline, stomata close and transpiration becomes greatly reduced 

in A. lappacea (at a ! of –4.8 MPa, Doley and Trivett 1974), in T. triandra (–

5.9 MPa, Snyman et al. 1997), and E. lehmanniana (–6.0 MPa, Snyman et al. 

1997).  In tandem with patterns of diurnal transpiration, seasonal patterns 

related to growth stage in T. triandra and E. lehmanniana will also affect 

patterns of transpiration (Snyman 1989, Snyman 1994).  Under dormant 

conditions, T. triandra transpiration may be as low as 0.45 mm day-1, but can 

reach 4.7-6.1 mm day-1 under conditions of active growth and plentiful soil 

water (Opperman and Roberts 1975, Dunin and Reyenga 1978, Snyman 

1989). 

 

Similarly, water stress had little effect on photosynthesis in A. lappacea until 

! reached ~ -0.5 MPa (Doley and Trivett 1974), –1.9 MPa in T. triandra and 

–1.6 MPa in E. lehmanniana (Venter et al. 1997), but photosynthesis ceased 

at a ! of –4.8 MPa in A. lappacea (Doley and Trivett 1974), –6.0 MPa in T. 

triandra, and -6.4 MPa in  

E. lehmanniana (Venter et al. 1997).  This response to changing soil water 

produces wet season rates of photosynthesis in T. triandra that are up to ~2.5 

times greater than those in the dry season (Jacobs and Chapman 1984).  
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Additionally, rates of photosynthesis in old leaves of T. triandra may be half 

to one-third of the rates measured for younger, fully expanded leaves 

(Danckwerts and Gordon 1988). 

 

Photosynthates, once produced, are either translocated and incorporated into 

growth of plant components, lost in respiration, or stored as labile carbon (C).  

The incorporation of radio-labelled C in T. triandra over the course of 27 

days suggested that 50% of the labelled C was lost in respiration, 4% stored 

as labile C reserves in roots or shoot bases, and the remainder incorporated 

into tops (Danckwerts and Gordon 1990).  Astrebla lappacea accumulated 

both soluble sugars and starch during growth, with starch rapidly declining in 

aerial portions of the plant during haying off, as a result of translocation into 

storage organs (Haydon 1970), particularly the rhizome (Whalley and 

Davidson 1969). 

 

All of these species exhibit a number of features that minimise water loss 

under conditions of declining soil water and high air temperatures, and assist 

in maintaining ! and growth.  These include the presence of leaf hairs and 

thin, narrow leaves leading to reduction in the leaf area available to absorb 

radiation (Kozlowski and Pallardy 1997).  Both A. pectinata and E. xerophila 

exhibit leaf curling in the field, which in A. lappacea has been shown to 

reduce surface area by as much as 50% (Doley and Trivett 1974) as ! 

decreased to –4 MPa.  Leaf curling reduces both leaf temperature and 

transpiration in E. curvula (Tischler and Voight 1990) and C4 prairie species 

(Heckathorn and DeLucia 1991).  A high proportion of stomata are located 

on the lower leaf epidermis of Astrebla spp. (Jozwik 1969), and it is likely 

that the same holds true for T. triandra and E. xerophila.  Other features that 

may be present in these species include a high degree of cutinisation, leaf 
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excision under soil moisture stress, and leaves with increased albedo 

(Kozlowski and Pallardy 1997).   

 

Additionally, all three species in this study were C4 (Christie 1981, Jacobs 

and Chapman 1984) with the associated physiological and anatomical 

adaptations to drought and high temperatures. The C4 pathway is common 

among arid plants as it gives rise to increased water- and nitrogen-use 

efficiency (Ehleringer and Monson 1993), has a greater light saturation point 

than the C3 pathway, and photosynthesis has a greater temperature optimum 

(DePuit 1979, Kozlowski and Pallardy 1997). 

 

The paucity of studies on root systems of perennial plants in Australian 

rangelands requires that patterns of root growth must be interpolated from 

comparable ecosystems elsewhere.  In North American prairies, root growth 

is associated with increases in soil temperature (in areas where there is winter 

snow) and moisture in spring and summer (Stuckey 1941, Ovington et al. 

1963, Dahlman and Kucera 1965, Bartos and Sims 1974).  Root proliferation 

in response to increased soil water has also been recorded for African 

grasslands (Shackleton et al. 1988, Rethman et al. 1997, McNaughton et al. 

1998) and Australian grasslands (Mott et al. 1992).  With rain, the initiation 

of photosynthesis and subsequent production of photosynthates provide much 

of the C required for new root growth, and in actively growing T. triandra 

roots, approximately one-quarter of all photosynthate is incorporated into 

root structural compounds (Danckwerts and Gordon 1990). 

 

Increased soil water and subsequent increases in root proliferation results in 
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increased rates of mass flow and diffusion of nutrients into roots (Drew 

1979).  The rate of uptake is also dependent on soil solution concentrations 

and soil buffering capacity (Chapin 1980).  Owing to the high degree of 

heterogeneity in available nutrients, both spatial and temporal, that 

characterise many grassland ecosystems, many grass species have maximised 

nutrient uptake through the evolution of a variety of specialised mechanisms.  

For example, root proliferation in microsites of increased soil fertility 

(Larigauderie and Richards 1994, Bilbrough and Caldwell 1995, Hodge et al. 

1999) and during seasonal pulses of nutrients (Bilbrough and Caldwell 1997, 

Cui and Caldwell 1997) are well-described features.  Many species appear 

well-adapted to a poor supply of nutrients (Christie and Moorby 1975, Boot 

and Mensink 1990).  Typically, nutrient uptake is maximised by increases in 

root length and density (Boot and Mensink 1990, Larigauderie and Richards 

1994), increased absorptive capacity (Christie and Moorby 1975, Chapin 

1991), increased specific root length (length to weight ratio, Bilbrough and 

Caldwell 1995) and root exudates (Caldwell 1994).  Increased access to 

nutrients, particularly phosphorus (P), may also be improved by the 

mycorrhizal associations common to many grass species (Newman and 

Reddell 1987, Marschner and Dell 1994, Tobar et al. 1994, Allsopp 1998), as 

well as by the presence of root hairs which assist in the binding of soil 

particles to the root surface and subsequent nutrient uptake (Drew 1979, 

Bailey and Scholes 1997). 

 

Root tissue also serves as a reservoir for nutrients and carbohydrates, 

providing a readily accessible supply for early growth, and reduced reliance 
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on variable soil nutrients (Bormann et al. 1977).  Increasing amounts of 

nutrients, specifically nitrogen (N), are sequestered into storage organs (roots, 

rhizome, stem and crown) in preparation for a period of enforced dormancy 

due to declining soil water availability (McKendrick et al. 1975, Risser and 

Parton 1982, Adams and Wallace 1985, Hayes 1985, Heckathorn and 

DeLucia 1994).  With the onset of better conditions, these stored nutrients are 

mobilised for new growth (McKendrick et al. 1975, Owensby et al. 1977, 

Chapin et al. 1980, Hayes 1985, Adams and Wallace 1985, Li and Redman 

1992, Heckathorn and DeLucia 1994). 

 

Seasonal patterns of carbohydrate in T. triandra and A. lappacea roots 

commonly parallel mineral nutrients (Whalley and Davidson 1969, Nursey 

1971).  In response to effective rainfall, carbohydrate reserves stored in root, 

crown and rhizome as starch or sucrose are mobilized (Whalley and 

Davidson 1969, Nursey 1971, Danckwerts and Gordon 1990) and used in the 

production of new tillers and leaves (Danckwerts 1993, Heady and Child 

1994).  However, within a few days rates of new green leaf photosynthesis 

exceed C mobilization (Danckwerts 1993).  Correspondingly, labile C 

compounds in roots are highly temporally variable, and in T. triandra ranged 

from 4-80% of plant labile C (Hodgkinson et al. 1989, Danckwerts and 

Gordon 1990, Mott et al. 1992).  Changes in starch concentrations in T. 

triandra, and starch and total soluble sugars in A. lappacea are dependent not 

only on soil moisture status, but also on flowering and seed formation 

(Nursey 1971, Haydon 1970). 
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Many plants, from a variety of ecosystems with low nutrient availability, 

have developed mechanisms by which nutrients can be resorbed from 

senescing tissue and either translocated to growth sites (Aerts 1996), or 

stored in organs available for later mobilization (Jaramillo and Detling 1992).  

Aerts (1996), in a study of a wide range of perennial species, noted that 

Graminoids had a significantly greater resorption efficiency for both N 

(~60%) and P (~70%) than other perennial species.  While it might be 

expected that increased resorption of nutrients might increase in response to 

declining site fertility, most recent studies on woody perennials have not 

found this to be the case (Chapin 1980, Chapin and Kedrowski 1983, Del 

Arco et al. 1991, Chapin and Moilanen 1991 [for N], Pugnaire and Chapin 

1993 [for P], Aerts 1996), though not all (Chapin and Moilanen 1991 [for P], 

Pugnaire and Chapin 1993 [for N]).  There is minimal literature of resorption 

responses in perennial grass species, although Jaramillo and Detling (1992) 

measured a 5-15% reduction in the retranslocation of N in graminoids treated 

with urine compared with control plants. 

 

Effects of grazing on plant processes 

Quantifying plant responses to defoliation at either the plant or landscape 

level can lead to dramatically different interpretations.  At the plant level, 

analysis is usually undertaken using pot trials, with all their associated 

problems of interpretation vis-a-vis ‘the field’ (McNaughton 1992).  In 

particular, animals tend to selectively graze plant material, usually green leaf 

material, whereas defoliation in glasshouse trials usually involves severe, 

non-selective and uniform clipping (Hart and Balla 1982). Compounds in 

ungulate saliva may even stimulate growth (McNaughton 1985b) and this, 

coupled with the many other differences between field and glasshouse 

studies, limits the value of glasshouse trials.  Plants have also developed 
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various means by which to reduce their palatability i.e. the presence of 

tannins, phenolics (Dini and Owen-Smith 1995) or silica (McNaughton et al. 

1985), and these strongly influence the extent to which they are grazed. 

 

The impact of grazing/defoliation on plants can be broken down into two 

separate components.  First, the defoliation process includes dimensions such 

as the intensity, seasonality, frequency and duration.  Secondly, we need to 

assess plant responses to grazing.  While many pot-based studies have 

measured variable physiological responses to defoliation (Detling et al. 1979, 

Detling and Painter 1983, Wallace et al. 1984, Wallace et al. 1985, Gold and 

Caldwell 1989, Hodgkinson et al. 1989, Mott et al. 1992) the few studies of 

physiological processes undertaken under field conditions under realistic 

grazing pressures have generally not found significant affects on 

photosynthesis (e.g. LeCain et al. 2000, LeCain et al. 2002).  However, 

heavy grazing and the resultant large loss of leaf area, can result in an overall 

decline in photosynthesis (Parsons et al. 1983).  Leaf loss due to defoliation 

may lead to a decline in whole plant transpiration, even if rates of leaf 

transpiration increase (Detling and Painter 1983, Wallace et al. 1984, 

Wallace et al. 1985, Gold and Caldwell 1989).  Thus, to the extent that plants 

in dry climates may be water stressed, defoliation reduces water stress 

(McNaughton 1979a, Toft et al. 1987), and may allow growth to continue for 

a longer period of time.  The appearance of water stress in the form of 

temporary wilting however, did not preclude ongoing growth in defoliated T. 

triandra and E. lehmanniana tussocks (Snyman 1993). 

 

Monitoring of rangelands 

As the primary use of most grasslands is grazing, the monitoring of any 

adverse or positive affects as a result of this grazing, is of great interest to 

both landholders, and government agricultural agencies.  The purpose of all 
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monitoring is to “... provide long-term records of the status of the soil, 

vegetation and its productivity and to distinguish changes attributable to use 

and management from those attributable to climatic variation.  It involves 

repeated measurements, in which differences between observations, and 

differences from reference areas, represent the amount of that change that 

may be attributed to management” (Wilson et al. 1984). 

 

Traditionally, most if not all, rangeland monitoring programs are interested in 

agronomic production and have been based on either classical ecology 

(‘Clementsian’ succession and climax theory; Dyksterhius 1949) or 

productivity (Humphrey 1949).  As such various measurements of vegetation 

(most commonly plant density, projected foliage or basal cover, or biomass; 

Risser 1984) have been used to estimate the condition, or ‘health’ of 

rangelands.  Rangeland condition is most often defined in climax terms. 

Hence, rangelands in ‘good’ condition are stable, climax sites with maximal 

production containing a high proportion of palatable, decreaser species 

(Westoby 1979/80).  Rangelands in ‘poor’ condition are often early 

successional with reduced production and containing a high proportion of 

non-palatable, decreaser species (Dyksterhius 1949, Westoby et al. 1989, 

Holechek et al. 1995).  A decline in the ‘health’ of most rangeland ecosystem 

is generally considered to be the result of continuous and/or heavy 

overgrazing (Hodgkinson 1992, Heady and Child 1994). 

 

The use of non-grazed, fenced plots allows the influence of climatic 

conditions to be separated from grazing effects (Wilson 1989).  In addition, 

these plots allow assessment of the effects of grazing on vegetation (Wilson 

et al. 1984) and the evaluation of vegetation recovery from overgrazing 

(Gardner 1950).  Fenced plots are an integral part of many grazing studies 

(Williams and Roe 1975, McNaughton 1979a, McNaughton 1979b, 
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Heitchmidt et al. 1982, McNaughton 1985a, Milchunas and Lauenroth 1989, 

McIvor and Gardener 1990, Orr and Evenson 1991, Belsky 1992, Wahren et 

al. 1994, Frank et al. 1995, Manley et al. 1995, Biondini and Manske 1996, 

Chaneton et al. 1996, Dormaar et al. 1997, Frank and Groffman 1998a, 

McIntosh and Allen 1998, Schuman et al. 1999).  The use of non-grazed 

areas in long-term field studies are, however, not without their problems.  

The use of ‘large’ (though large is not explicitly defined) exclosures is 

recommended to minimise microclimate variations between grazed and non-

grazed plots, and to minimise edge effects (Daubenmire 1940).  Long periods 

of non-grazing may result in changes in floristic composition (McNaughton 

1979a, Belsky 1992, Wahren et al. 1994, LeCain et al. 2002) and population 

turnover (O’Connor 1994), and this may lead to invalid comparisons 

(dependent on the parameter of interest) between grazed and non-grazed 

plots.  Additionally, it is not possible to remove all forms of grazing, i.e. 

insects, and the removal of one form of herbivore may result in increased 

herbage use by other herbivores, e.g. an increase in forage consumption in a 

cattle proof exclosure by rodents (Ashby et al. 1993), and an increase in 

kangaroo grazing in areas destocked of sheep (Norbury and Norbury 1993, 

Edwards et al. 1996).  Exclusion of grazing animals will also result in a build 

up of moribund material, which may influence both growth (McNaughton 

1979a, Georgiadis et al. 1989) and fire disturbance (Wilson 1984). 

 

Finally, the extent to which growth is stimulated by grazing (or 

‘compensatory growth’) is seldom clear (McNaughton 1979a, McNaughton 

1979b, McNaughton 1983, Nowak and Caldwell 1984, Wallace et al. 1984, 

Wallace et al. 1985, Belsky 1986, McNaughton 1986, Oesterheld and 

McNaughton 1988, Chapin and McNaughton 1989, Georgiadis et al. 1989, 

Oesterheld and McNaughton 1991, Whitham et al. 1991, McNaughton 1992, 

Peddie et al. 1995, McNaughton et al. 1996, Ash and McIvor 1998).  On 
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balance, most authors acknowledge that compensatory growth is best 

described as additional growth after defoliation and what would have been 

achieved, if it hadn’t been defoliated (Belsky 1986).  The phenomenon of 

compensatory growth in grazed plots leads to an underestimation of 

consumption in grazed plots and in the potential productivity of plots on 

which there is no grazing (McNaughton et al. 1996).  Moreover, there are 

few grasslands free from all forms of grazing, and it can be argued that the 

removal of grazing animals is in itself, a highly unnatural situation.  In view 

of the lack of other means by which to separate climatic and grazing affects, 

the role of exclosures will remain firmly entrenched as an integral part of 

long-term grazing studies. 

 

Soil nitrogen and phosphorus in arid and semi-arid regions 

The inherently poor nutrient status of arid and semi-arid soils (Charley and 

Cowling 1968) suggests that that the availability of nutrients such as N and P 

can limit growth with the onset of rain (West 1981, Fisher et al. 1988).  

Australia’s arid and semi-arid soils are particularly low in nutrients and 

concentrations of N and P are generally half that of elsewhere (Charley and 

Cowling 1968).  Arid soils throughout the world are typified by nutrients 

located in the surface layer and which rapidly decline with depth (Charley 

1972, Charley and West 1977, West and Klemmedson 1978, Abbadie and 

Lensi 1990, Bolton et al. 1990, Evans and Ehleringer 1994, Tongway and 

Ludwig 1994, Bennett and Adams 1999, Bentley et al. 1999), which is 

generally attributed to the influence of vegetation (Jenny 1930).  The 

availability of inorganic mineral nutrients for plant uptake is dependent on N 

and P mineralization (the conversion of organic compounds to inorganic 

compounds).  However, a focus on N-mineralization is justified by its 

importance in limiting growth in semi-arid and arid ecosystems (Charley and 

Cowling 1968, Skujins 1981). 
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The total N content of soils in most dry environments is low, owing to 

inherently low soil water and high temperatures (Jenny 1930).  The 

availability of inorganic N and P for plant uptake is regulated by the 

mineralization of N and P by microorganisms and is thus tightly linked to 

fluxes in microbial populations.  As mineralization of this pool of N is 

mediated by fungal and bacterial populations it is greatly influenced by soil 

moisture (Orchard and Cook 1983, Quemeda and Cabrera 1997), as well as 

the availability of NH4 (Davidson et al. 1990) and C substrates (Abbadie and 

Lensi 1990, Ajwa et al. 1998), plus a range of other soil factors; temperature, 

pH, aeration and texture (Whitehead 1995).   

 

The hot and seasonal drying patterns that typify many arid soils can result in 

‘flushes’ of increased N mineralization after rainfall, but the extent of this 

‘flush’ depends on the length of period for which the soil has been dry 

(Fisher et al. 1987) and the temperature of the soil (Birch 1958).  The 

increase in N availability results from microbial lysis (Marumoto et al. 

1982a, Marumoto et al. 1982b, Sparling and Ross 1988) as well as from 

increased microbial activity (Orchard and Cook 1983, Bottner 1985, Kieft et 

al. 1987, West et al. 1989).  The rapidity with which microbes are able to 

respond to rainfall is due in part to their ability to tolerate very low soil water 

potential, either through desiccation tolerance (up to -9 MPa; Davidson et al. 

1990, Van Gestel et al. 1993a), or microbial dormancy (Bottner 1985).  

Increased microbial activity also results from increased availability of C 

(Marumoto et al. 1982b, Van Gestel et al. 1993b) and N and P substrates 

(Maramuto 1982b, Seneviratne and Wild 1985) from microbial lysis.  

However, the availability of mineralized N available for plant uptake will 

depend on the extent to which N is re-immobilized by microbes (Marumoto 

et al. 1982a, Marumoto et al. 1982b, Kaye and Hart 1997). 
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In arid ecosystems, distribution of N is influenced as much by patterns of loss 

as they are by inputs of N.  Nitrogen is lost in these ecosystems through 

offtake by grazing animals, leaching, erosion or gaseous losses (volatilization 

and denitrification).  Much of the N lost through animal offtake is returned in 

excreta (Heady and Child 1994) and leaching is seldom considered a major 

issue for most arid and semi-arid ecosystems (West and Klemmedson 1978, 

Bate 1981, Haynes 1986a, Peterjohn and Schlesinger 1990, Snyman 1998).  

In arid ecosystems, the single largest source of N loss is likely to be due to 

gaseous losses (NH3, NO, N2O and N2) via ammonia volatilization or 

denitrification.  Ammonia volatilization, essentially an abiotic process, 

generally results in only small losses of N (5-7% of total gaseous losses; 

Klubeck et al. 1978, Klubeck and Skujins 1981) due to microbial 

immobilization of NH4, nitrification, ammonium fixation and plant uptake 

(Klubeck et al. 1978, Whitehead 1995).  Although probably only a minor 

component of total ammonia volatilization (Ruess and McNaughton 1988), 

ammonia volatilized from urine may account for up to 75% of the total N 

excreted (Watson and Lapins 1969, Ruess and McNaughton 1988).  

 

By far the greatest loss of N is via denitrification, a microbially-mediated 

process in which NO3 is converted to a variety of gaseous forms (N2, N2O, 

and NO) by denitrifying bacteria.  Denitrification is largely dependent upon 

anaerobic conditions and an increased availability of both C and NO3 

substrates.  While anaerobic conditions are usually associated with the low 

oxygen content of waterlogged soils (Westerman and Tucker 1978), 

denitrification may also be significant under relatively aerobic conditions due 

to localised, anaerobic soil microsites (Vlek et al. 1981, Parkin 1987).  The 

‘anaerobicity’ of these microsites is most often associated with the root 

rhizosphere, where either rapid root growth and respiration, or microbial 
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respiration, consume much of the available oxygen (Whitehead 1995).  While 

denitrification is reliant on the presence of NO3 (Westerman and Tucker 

1978), numerous studies have found little correlation between the two 

(MacGregor 1972, Mummey et al. 1994, Frank and Groffman 1998b).  In 

part, this is due to plant uptake and microbial immobilization (Davidson et al. 

1990).  Instead, denitrification appears to be more tightly correlated with C 

availability (MacGregor 1972, Burford and Bremner 1975, Westerman and 

Tucker 1978, Virginia et al. 1982, Mummey et al. 1994, Frank and Groffman 

1998b).  Rates of denitrification are generally greatest in the hours to days 

after rainfall (Virginia et al. 1982, Mummey et al. 1994, Jorgenson et al. 

1998) but may be significant for weeks afterwards.  Estimates of losses due 

to denitrification have been estimated at ~75% of inputs (Westermann and 

Tucker 1978, Peterjohn and Schlesinger 1991). 

 

Denitrification in arid ecosystems is promoted after a series of small rainfall 

events, which while not sufficient for plant growth, results in N 

mineralization and a build up of nitrate in the soil (Charley 1972).  Similarly, 

large rainfall events that cause water logging, minimising plant growth and 

nutrient uptake, also promote denitrification losses.  These scenarios are very 

common for many arid systems.  In the Pilbara, for example, between 

January and February (61% of annual rainfall) on only one-third of the total 

number of days was there sufficient moisture available for plant growth 

(Shaw and Mitchell 1994).  Similarly, much of the rainfall that occurs 

between January and February is the result of summer cyclonic rain-bearing 

depressions which may lead to a single rainfall event that can exceed the 

mean yearly rainfall (Bell 1979) producing waterlogged soils. 

 

In arid and semi-arid ecosystems potential inputs of N into these systems are 

likely to be low.  These inputs include wet/dry deposition of N (either 
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through natural or anthropogenic means), or fixation of atmospheric N by 

legume-rhizobial symbiosis, diazotrophic bacteria, or cyanobacteria present 

in cryptogamic crusts.  Wet/dry deposition in prairie and desert ecosystems 

have been estimated to be of the order of 5 kg ha-1 yr-1 (range of 2-12 kg ha-1 

yr-1; Woodmansee 1978, West 1978, Bate 1981, Skujins 1981, West 1981, 

Woodmansee et al. 1981), although estimates for Australian northern 

savannas are considerably lower, ~1-2 kg ha-1 yr-1 (Wetselaar 1980, Holt and 

Coventry 1991).  The importance of symbiotic fixation of N2 in dry 

ecosystems is often an order of magnitude lower than depositional inputs 

(Woodmansee 1978) owing to the poor representation of legume species in 

these semi-arid grasslands (Mott et al. 1984, Schuman et al. 1999). 

 

Non-symbiotic fixation of N2 by microbiotic crusts (cryptogams) may 

represent an important source of N in many arid and semi-arid ecosystems.  

Microbiotic crusts are associations of non-vascular plants (bacteria, 

cyanobacteria, mosses, liverworts, algae, lichens and fungi), which form a 

crust on the ground and are thus intimately associated with the soil (Eldridge 

and Greene 1994).  Apart from N2-fixation, they also serve a number of other 

important functions.  Crusts may stabilise soil by reducing wind and water 

erosion and by improving soil infiltration and seed entrapment (see reviews 

by Eldridge and Green 1994, Belnap 1995, Evans and Johansen 1999).  Rates 

of N2-fixation by cryptogamic crusts are not well-quantified and estimates 

vary between 0.5 and 100 kg ha-1 yr-1 (Rychert and Skujins 1974, Rychert et 

al. 1978, Skujins and Klubeck 1978, Isichei 1980).  N2-fixation is notoriously 

difficult to estimate because of the highly variable responses of cryptogams 

to climatic variables.  Photosynthesis in cryptogams is highly responsive to 

moisture changes, whether induced by rainfall, fog, dewfall, or humidity 

(Evans and Johansen 1999), but high water contents may also depress 

photosynthesis (Evans and Johansen 1999).  In general, photosynthesis and 
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N2-fixation respond in concert until desiccation or changes in light and/or 

temperature results in a cessation of fixation (Rychert et al. 1978, Isichei 

1980, Evans and Johansen 1999).  Despite potentially high rates of N2-

fixation, it seems that much of the fixed N may be lost rapidly through 

denitrification or volatilization (Skujins and Klubeck 1978, Klubeck and 

Skujins 1980, Evans and Johansen 1999).  

 

Little is known about the relative availability of P in arid and semi-arid 

ecosystems.  In arid Australian soils, P-availability is poor due to the 

formation of soil from parent material containing inherently low amounts of 

P, combined with erosional and weathering losses resulting from the great 

age of the Australian continent (Charley and Cowling 1968).  As a 

consequence of low net rates of primary productivity, low organic matter 

contents and reduced organic matter decomposition, there is a subsequently 

slow release of acids that might increase the solubility of calcium phosphate 

(Troeh and Thompson 1993).  Bioavailable forms of P are thus present in low 

concentrations in arid and semi-arid soils, and a study undertaken on the 

same grasslands as the present study (Bentley et al. 1999) found bioavailable 

P to be consistently very low and usually < 5 µg g soil-1.  Studies from North 

American rangelands (Gardner 1950, Dormaar et al. 1997) have found 

similar P-availabilities, but values recorded for Pilbara grasslands are at the 

lower end of the range for Australian soils (Jackson 1957, Ebersohn and 

Lucas 1965, Charely and Cowling 1968, Cowling 1978, Tongway and 

Ludwig 1994). 

 

Spatial heterogeneity of nutrients in arid and semi-arid soils 

The spatially heterogenous distribution of nutrients, typical of many arid and 

semi-arid ecosystems, is determined by an irregular spacing of plants.  These 

patterns of nutrient distribution has given rise to the term ‘islands of soil 
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fertility’, to describe the highly localised nature of nutrients in the vicinity of 

plant or canopy cover (Charley 1972).  This heterogeneity is the result of the 

interaction between plants and soil, and their respective influences on the 

other.  Additionally, nutrients and water may be ‘captured’ through the 

interception of water, soil and litter by plants that may be otherwise lost out 

of the system (Tongway and Ludwig 1994). 

 

Nitrogen distribution is heavily influenced by litterfall, which is generally 

confined to those areas immediately below the canopy (patch areas), with 

surrounding ‘bare’ areas (inter-patch areas) which receive few nutrients from 

litterfall (Charley 1972).  With time, organic C and C mineralization is 

increased in patch areas due to an increased nutrient supply, more amenable 

microclimatic conditions, and an increased supply of C substrate through the 

decomposition of litter, root exudates and root turnover in patch areas 

(Charley and West 1977, Bernhard-Reversat 1982, Bolton et al. 1990, Hook 

et al. 1991, Tongway and Ludwig 1994, Kelly et al. 1996. Mazzarino et al. 

1996, Kelly and Burke 1997, Northup et al. 1999).  Increased availability of 

C and N leads to an overall increase in total and mineralizable N (Charley 

and West 1977, Bernhard-Reversat 1982, Fisher et al. 1987, Bolton et al. 

1990, Hook et al. 1991, Evans and Ehleringer 1994, Tongway and Ludwig 

1994, Fisher and Whitford 1995, Kelly and Burke 1997, Mummey et al. 

1997, Mazzarino et al. 1998, Bennett and Adams 1999, Northup et al. 1999).  

More recently, the use of geostatistical procedures (kriging) has qualitatively 

demonstrated the relationship between plants and their influence on 

surrounding nutrients (Jackson and Caldwell 1993, Smith et al. 1994, 

Schlesinger et al. 1996). 

 

While much less studied, similar patterns of spatial heterogeneity have been 

observed for P (Ebersohn and Lucas 1965, Charley 1972, Cowling 1978, 
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Tongway and Ludwig 1994, Schlesinger et al. 1996, Bentley 1997) and other 

nutrients (Ebersohn and Lucas 1965, Schlesinger et al. 1996).  Somewhat 

interestingly, water, despite its importance in arid and semi-arid ecosystems, 

is less well correlated to patch or inter-patch areas (Ross 1977, Burke 1989, 

Evans and Ehleringer 1994, Mazzarino et al. 1996, Mazzarino 1998).  This 

may be due to increased/decreased interception of rainfall (Dunkerley and 

Booth 1999), or the ability of the plant to acquire water from areas well-

distant to itself (Drew 1979). 

 

Effects of grazing on soil properties 

While there is general agreement that grazing increases soil compaction 

(Dormaar et al. 1990, Heady and Child 1994, Manley et al. 1995, Berg et al. 

1997), long-term grazing studies seldom show clear trends.  A 

comprehensive survey of long-term field studies (276 data sets of which 151 

were long-term grazed grasslands) undertaken by Milchunas and Lauenroth 

(1993) found no consistent pattern in respect to soil N, P, C or pH with 

respect to grazing, with the exception that grazed grasslands generally were 

lower in soil water.  Many studies have shown increases in soil nutrients and 

C in grazed plots which have usually been attributed to litter inputs with 

reduced C:N ratios (Koelling and Kucera 1965, Risser and Parton 1982, 

Shariff et al. 1994, Whitehead 1995), increased litter turnover and 

incorporation via trampling (Shariff et al. 1994, Manley et al. 1995, Schuman 

et al. 1999), and redistribution of nutrients by grazing and excretion (Risser 

and Parton 1982, Li and Redmann 1992, Dormaar et al. 1997).  Losses of soil 

N and C in grazed areas may be due to increased biomass offtake (Frank et 

al. 1995) or erosion (Ludwig et al. 2000).  The impact of grazing on soil 

nutrients is confounded by the fact that many studies report concentrations of 

soil nutrients which, in themselves may not be significantly affected by 
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grazing, but increased soil compaction and bulk density may result in 

increased nutrient content in areas subjected to grazing (Berg et al. 1997). 

 

Project objectives 

Growth of plants in semi-arid and arid ecosystems is inherently restricted by 

the availability of water (Noy-Meir 1973) and then by the availability of 

nutrients, commonly N (Fisher et al. 1988) or P, or both.  Considering the 

importance of native grasses to grazing industries in Australia and overseas, 

there are relatively few studies on long-term and seasonal patterns of growth 

or nutrient uptake. 

 

Specific studies undertaken and reported in this thesis include:  

1) Estimation of seasonal patterns of growth, including both above- and 

below-ground biomass and annual net primary production. 

2) Estimates of nutrient uptake, translocation and storage by perennial 

grasses. 

3) Estimates of both above- and below-ground nutrient turnover. 

4) Quantification of N mineralization, and potentially available N for plant 

uptake, under both controlled and field conditions. 

5) Ranking the ‘health’ of these grasslands by using standard rangeland 

monitoring procedures to allow comparisons to be made to other similar 

semi-arid and arid grasslands. 

6) Finally, the above studies were undertaken using grazing regimes which 

were both commercially viable and standard for these grasslands (and 

climate), to ascertain the extent to which they would impact on the 

demography, growth and nutrient cycling, in three semi-arid grasslands. 

 

Plant production on degraded grasslands, whether induced by grazing, 

climatic or other factors, is partly the result of changes in microbially-
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mediated soil processes, and will vary depending on the degree to which 

grasslands are ‘degraded’ (Friedel 1980, 1981a, 1981b, Northup et al. 1999).  

Quantifying the effects of continual grazing on the growth and major 

processes that determine growth in arid and semi-arid climates remains a 

difficult but primary objective for sustainable management.  The research 

reported in this thesis encompassed the establishment of permanent, grazed 

(unfenced) and ungrazed (fenced) research sites in a range of grassland 

communities in the Pilbara.  The difficulties of interpretation of results from 

such comparative studies of fenced and unfenced areas are well documented 

(McNaughton 1979b, O’Connor 1994, McNaughton et al. 1996, LeCain et al. 

2002).  Nonetheless, and especially in remote areas such as the Pilbara (some 

1,750 km from Perth), the establishment of permanently fenced study areas is 

one of the best available means of testing the effects of grazing.  The 

establishment of such permanent research sites is also of considerable long-

term benefit to the broader scientific community.  While the data collected 

here necessarily cover a ‘short-term’ (2.5 years), they provide a critical 

starting point to future studies of long-term patterns of productivity and 

ecological and physiological processes for Australian rangelands. 
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Chapter Two 

 

Description of region, sites and grazing 

 

Part I   

Description of study region and sites 

 

Location 

The Pilbara region is located in the northwest of Western Australia, some 1,750 km 

north of Perth (Fig. 1), and has a total area of about 510,335 km2 (Department of 

Regional Development and the North West 1986).  The studies reported here were 

conducted on two pastoral leases: Hamersley Station  (Fig. 1, Latitude 22 o 17’ 58” S 

Longitude 117 o 41’ 20” E, elevation 600m), 50 km north of Tom Price and 

approximately 250 km inland from the Indian Ocean; and Karratha Station (Fig. 1, 

Latitude 20o 53’09” S, Longitude 116o 40’05” E, elevation 30 m), located about 25 km 

south-west of Karratha township and 10 km from the north-west coastline of Western 

Australia (see following map). 

 

Industry 

The major economic activities in the Pilbara are gas and oil production (North-West 

shelf, Barrow Island), mining (mainly iron ore), tourism, fishing, salt production and 

pastoralism.  Combined, these activities generate approximately $9.1 billion annually 

(in 1997/8; Western Australian Department of Commerce and Trade 2001b).  The vast 

bulk of this revenue comes from iron ore production (43%), liquefied petroleum/natural 

gas and natural gas (19%), and oil and condensate (30%).  
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Pastoral activities generate about 0.2% of total economic revenue.  Of this, beef 

production is worth $14.5 million dollars , wool production $3.9 million dollars, and 

sheep meat $1.2 million dollars.  These activities occupy 72 pastoral leases, which 

cover about 30% of the region (Department of Regional Development and the North 

West 1986), and on these leases there were an estimated 184,000 cattle and 176,000 

sheep in 1996/7 (Western Australian Department of Commerce and Trade 2001a). 

 

Climate 

The climate of the Pilbara region is characterised by a hot and often wet summer, and a 

cooler, drier winter.  Hamersley Station experiences its hottest month in January with a 

mean maximum of just on 40oC and a minimum of 24oC (Fig. 2a).  July is the coldest 

month with a mean maximum of 26oC and a minimum of 11oC (Fig. 2a).  Mean 

evaporation (open pan) exceeds mean rainfall by more than tenfold (Table 1). 

 

The moderating influence of the Indian Ocean results in reduced extremes of 

temperature on Karratha Station.  Mean maximum temperature for February and March 

(hottest months) is 36oC and for July (coldest) is 26oC (Fig. 2b).  Mean minimum 

temperatures in the same months are 27oC (February) and 13oC (July; Fig. 2b).  Again 

evaporation always exceeds rainfall and, on an annual basis, by almost twelvefold 

(Table 1). 

 

Although Karratha Station is closer to the coastline, mean annual rainfall is 90 mm less 

than at Hamersley Station (Table 1).  For both stations the majority of summer rain is 

associated with cyclonic rain-bearing depressions (Gentilli 1993).  The coefficient of 

variation of annual rainfall at Hamersley Station is 42% and at Karratha Station is 62%, 

mainly owing to the influence of tropical cyclones that may deposit more than the mean 

annual rainfall in a single event (Bell 1979). 
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Table 1  Mean, cumulative, and study period rainfall, and pan evaporation data for Hamersley and Karratha Stations.  

 Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Total 
Hamersley Station              
1995 rainfall (mm) 50.0 399.0 0.0 46.0 0.0 97.0 51.0 0.0 0.0 0.0 0.0 46.0 689.0 
1996 rainfall  33.0 53.0 36.0 150.0 0.0 36.0 24.0 0.0 0.0 40.0 0.0 137.0 509.0 
1997 rainfall  140.0 217.0 16.0 27.0 12.0 0.0 0.0 14.0 9.0 0.0 16.0 0.0 451.0 
1998 rainfall 0.0 18.0 41.0 32.0 22.0 135.8 35.4 22.0 0.0 0.0 9.0 15.0 330.2 
Mean rainfall (mm)1 79.7 79.8 60.2 24.1 26.0 26.4 9.6 6.9 2.4 4.6 11.2 31.1 362.0 
Cumulative rainfall (%) 22 44 61 67 75 82 85 86 87 88 91 100  
Pan evaporation (mm)2 362.7 291.2 297.6 240.0 186.0 147.0 164.3 198.4 261.0 344.1 375.0 390.6 3,257.9 
Karratha Station              
1995 rainfall (mm) 0.0 225.3 1.2 64.5 5.8 63.9 12.4 0.0 0.0 0.0 0.0 57.9 431.0 
1996 rainfall 0.0 148.2 13.8 112.2 0.0 73.2 8.2 0.0 0.0 0.0 0.0 0.0 355.6 
1997 rainfall 55.0 200.1 0.0 7.2 0.0 1.2 27.1 41.0 6.0 0.0 0.0 0.0 337.6 
1998 rainfall 9.2 4.4 6.0 10.4 46.9 168.0 48.5 11.6 0.0 0.0 0.0 40.8 345.8 
Mean rainfall (mm)3 42.9 57.8 56.0 25.2 29.6 32.2 11.6 6.1 1.8 0.5 1.7 8.5 273.9 
Cumulative rainfall (%) 16 37 57 66 77 89 93 95 96 96 97 100  
Pan evaporation (mm)4 365.8 285.6 294.5 237.0 179.8 141.0 158.1 195.3 261.0 341.0 375.0 381.4 3,215.5 

1 Hamersley Station homestead rainfall records 1912-1998 (84 yrs of complete data) 
2 Wittenoom Post Office (47 yrs of data, Bureau of Meteorology Site 005026) 
3 Karratha Station homestead rainfall records 1900-1998  
4 Dampier Salt (28 yrs of data, Bureau of Meteorology Site 005061) 
 



 32 

 

 

Figure 2  Mean monthly maximum and minimum temperature (°C), and mean and 
median monthly rainfall (mm) for Hamersley and Karratha Stations. 
 

Geology and geomorphology  

Hamersley Station is located on the Hamersley plateau.  The plateau consists of the 

Hamersley group of lower Proterozoic rocks, dominated by jaspilite and dolomite, with 

some shale, siltstone and volcanics (Beard 1975).  Hamersley Station occupies an area 

dominated by alluvial Quaternary soils (Table 2) that are amongst the youngest 

10 
15 

20 
25 

30 

35 
40 

A
ir 

te
m

pe
ra

tu
re

 (°
C

)  

0 

20 

40 

60 

80 

R
ai

nf
al

l (
m

m
) 

Median rainfall 

Mean rainfall 

Mean minimum temp 

Mean maximum temp. 

 

(a) Hamersley Station 

10 

15 

20 
25 

30 
35 

40 

0 

20 

40 

60 

80 

Ja
n 

Fe
b 

M
ar

 

A
pr

 

M
ay

 

Ju
ne

 

Ju
ly

 

A
ug

 

Se
pt

 

O
ct

 

N
ov

 

D
ec

 

Month 

(b) Karratha Station 



 33 

sediments in the region, and sometimes overlay deposits of calcrete (de la Hunty 1965).  

 

The major grasslands on Hamersley Station are located on essentially flat (gradient < 1 

in 1000; Table 3), slow draining, non-saline depositional land forms (Shaw and Mitchell 

1994).  Three of the grassland study sites (Ridge, Four Corners and Cattle Well 

paddocks) drain into the Fortescue River, with the remaining site (A. pectinata 

grassland in Western Bullock paddock) draining into Duck Creek. 

 

Karratha Station is located on the Abydos Plain, which comprises both the coastal plain 

and transition zone (between the coastal plain and the upland plateau).  Most of the 

station is located on the coastal plain and the parent materials are thus quaternary 

alluvium (Table 2; Beard 1975).  These alluvial sediments consist of clay, sand, silt and 

calcrete.  The open grass plains are located on depositions of fine-grained alluvia, 

associated with the weathering of basic rocks (Beard 1975). 

 

Eragrostis xerophila tussock grasslands on Karratha Station are located on flat to gently 

sloping (Table 3) plains that are either continuous or form a mosaic (Payne and Tille 

1992).  Due to a combination of heavily textured soils, generally flat topography and 

high cover of perennial species, this land system is relatively resistant to erosion, 

although erosion gullies can occur on the sloping margins of major watercourses  

(Payne and Tille 1992).  The mostly narrow, linear depressions drain to the nearby 

northern coastline. 
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Table 2  Geological and soil attributes of perennial grasslands. 

   Grassland   
 A. pectinata  T. triandra  E. xerophila 
Station Hamersley  Hamersley  Karratha 
Soil parent 
material 

Alluvial Quaternary 
sediments 

 Alluvial Quaternary 
sediments 

 Quaternary 
alluvium 

Soil 
classification1 

Ug 5.38  Ug 5.36  Ug 5.38 

Soil description Finely textured, 
cracking clays; 
uniform texture; 
non-calcareous 

 Finely textured, 
cracking clays; 
uniform texture; 

highly calcareous; 
underlying calcrete 

deposits 

 Finely textured, 
cracking clays; 
uniform texture; 

calcareous at depth 

Soil depth (m) > 1  ~0.6 - 0.7  > 1 
Soil  pH Slightly acidic to 

neutral 
 Slightly alkaline  Slightly alkaline 

1 Northcote (1979)  

 

Soils 

Soil profiles on Hamersley and Karratha Stations (Table 2) are generally uniformly 

textured (U classification; Northcote 1979).  These grassland soils are further 

characterised as Ug; fine textured, clay soils which show seasonal cracking throughout 

the profile (cracking clays), or vertisols (United States Soil Conservation Service 1975).  

They have no obvious horizons, can be somewhat self-mulching and a thin crust is often 

present (Northcote 1979).  The A. pectinata grassland soils are classified as Ug 5.38,      

T. triandra soils as Ug 5.36 and E. xerophila soils as Ug 5.38 (Northcote 1979). 

Soils are generally deep (Table 2), although on the T. triandra grassland soils, a calcrete 

layer occurs at 0.6-0.7 m and extends to a depth of 10-13 m.  These alluvial cracking 

clays are usually calcareous.  The T. triandra grassland soils are highly calcareous, 

those under E. xerophila grasslands generally contain nodules of carbonate (1-2 mm 

diameter) at depths greater than 10 cm, but soils supporting A. pectinata grasslands 

were not obviously calcareous (Table 2). 
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Gilgai’s were present on all grassland soils.  Due to their high clay content, these soils 

absorb large amounts of water and swell after rain, and then shrink on drying.  

Shrinkage can be so severe as to cause internal collapse, leading to the formation of 

‘crab-holes’ or ‘gilgai’s’.  These features are irregularly distributed across the surface, 

and generally only grasses are found in these areas (Beard 1975).  The alluvial plains on 

Hamersley Station may also contain a surface layer of gravel or pebbles that are derived 

from quartz or jaspilite and coated with a patina of iron oxide (Beard 1975).  The 

Horseflat plains, on which E. xerophila grasslands are located, often have a mantle of 

pebbles and stones (Payne and Tille 1992). 

 

Land Systems 

A land system approach has been used to classify many of the soil/vegetation types in 

western Australia, including the Pilbara.  A land system may be defined as “an area or 

group of areas throughout which there is a recurring pattern of topography, soils and 

vegetation” (Payne and Tille 1992 and references therein).  Hamersley Station has 13 

such land systems.  The more productive (< 80 ha dry cattle unit-1 (DCU); see Part II of 

this Chapter) of these are; Barnett, Brockman, Hamersley, Jurrawarrina, Marandoo and 

Paraburdoo that together make up 42% of the total area of the station.  The most 

productive are the alluvial plains (Brockman, Hamersley) that make up 16% of the total 

area and run east-west across the property.  While essentially flat (Table 3), these plains 

can have a relief of up to five metres (Brockman) and eight metres (Hamersley).  Both 

the Brockman and Hamersley systems have a grazing capacity of 20 ha DCU-1 when in 

good condition (Shaw and Mitchell 1994).  One A. pectinata study site was located on 

the Brockman land system, while the two T. triandra sites and the second A. pectinata 

site were located on the Hamersley land system (Table 3). 
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Table 3  Vegetation and topography of experimental sites in perennial grasslands. 

Grassland Station Paddock name Land system Dominant 
vegetation 

Gradient 
(%) 

A. pectinata      
Site 1 Hamersley Western Bullock Brockman A. pectinata 0.1-0.9 
Site 2 Hamersley Four Corners Hamersley A. pectinata 0.2 

      T. triandra      
Site 1 Hamersley Ridge Hamersley T. triandra 0.1 
Site 2 Hamersley Cattle Well Hamersley T. triandra 0.1 

      E. xerophila      
Site 1 Karratha Gregory Horseflat E. xerophila < 1 
Site 2 Karratha Gregory Horseflat E. xerophila < 1 

 

Karratha Station comprises 15 land systems.  The Horseflat land system dominates 

(46% of the station) and I located the last research sites thereon (E. xerophila grassland; 

Table 3).  This productive grassland (32 ha DCU-1) has moderate ‘drought durability’ 

owing to the abundance of perennial species such as E. xerophila, Eriachne benthamii, 

A. pectinata, Chrysopogon fallax and Panicum decompositum, along with a range of 

nutritious annuals (Payne and Tille 1992).  These gilgaied plains are flat to gently 

sloping (1%) and extend up to 3 km in diameter, or as a mosaic of (10-200 m diameter) 

with comparably sized, non-gilgaied patches (Payne and Tille 1992). 

 

Site information 

Study sites were established within essentially pure swards of A. pectinata and T. 

triandra in February 1996 on Hamersley Station and in E. xerophila grasslands of 

Karratha Station in May 1996.  For each species, two replicate sites were established. 

Sites on Hamersley Station were situated at least 50 m from any station tracks and all 

were located approximately three kilometres from a bore or well, with the exception of 

the second T. triandra grassland which was approximately 2.7 km from a watering point 

(see Part II of this Chapter).  A. pectinata sites were located in Western Bullock and 

Four Corners paddocks (Table 3) and were approximately 32 km apart. T. triandra sites 

were located in Ridge paddock and Cattlewell paddock (Table 3) approximately 12 km 
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apart.  Both the E. xerophila sites were located in Gregory paddock (Table 3), at least 

100 m from station tracks, and again were 3 km from a watering point, and they were 

approximately one kilometre apart.  All sites were located on essentially flat terrain with 

a gradient of less than 0.25%, with the exception of the A. pectinata site at Western 

Bullock which had a southerly gradient of 0.9% (Table 3). 

 

At each of the A. pectinata and T. triandra sites, cyclone mesh fencing in combination 

with top strands of barbed wire, and on the E. xerophila sites, ‘chicken wire’, was used 

to fence off a one hectare area (100 m x 100 m) to ensure that cattle and kangaroos were 

unable to enter.  Within three months of the non-grazed areas being fenced, adjacent 

grazed plots were marked out in all three grasslands.  At all sites, the grazed plots 

consisted of areas the same size (1 ha) as the fenced plots, but were open to grazing by 

both cattle and kangaroos.  Grazed plots were located 10-200 m from the fenced plots. 

 

At two of the sites on Hamersley Station (the most western; Western Bullock, Astrebla 

site 1 and the most eastern; Cattle Well, Themeda site 2) data loggers (Starloggers, 

Unidata Australia) were installed at the initiation of the study.  The following 

parameters were recorded daily; air temperature (oC), humidity (%), rainfall (mm), soil 

temperature (5 and 10 cm depth, oC) and solar radiation (W m2). 
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Part II 

Grazing by cattle and kangaroos in the Pilbara 

 

Cattle grazing 

Sheep were first introduced into the Pilbara with the initial granting of grazing leases in 

the 1870’s and only recently have cattle have become the major domestic ruminant in 

the region.  On Hamersley Station, cattle were introduced in 1956.  On Karratha Station, 

cattle were first grazed in 1972 in conjunction with sheep but by 1992 all sheep had 

been removed from the property.  

 

On Hamersley Station, Shorthorn (Bos taurus), or Shorthorn x Brahman (Bos indicus) 

cross cattle are grazed, whereas on Karratha Station, only Brahman cattle are grazed.  

During the course of this study, all paddocks containing study sites were set stocked. 

 

To allow comparisons to be made for the differing forage requirements of cattle of 

different age, sex, and physiological status, cattle were adjusted relative to a Dry Cattle 

Unit (DCU).  The base unit of a DCU is a two year old steer/dry cow, maintaining store 

condition, with a live weight of 350 kg (Table 4, Shaw and Mitchell 1994).  For 

example, a pregnant cow is considered to consume 1.3 times more forage than a dry 

cow, whereas a weaned calf will only consume 0.8 times the forage of a steer. 

 

Cattle numbers were obtained from the managers of Hamersley and Karratha Stations, 

and all cattle classes and types were converted to DCU’s (Table 4).  To then allow 

comparisons to be made between sites and grassland types, the number of DCU’s in 

each paddock was divided by paddock size.  On Hamersley and Karratha Stations, all 
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paddocks containing study sites included a number of different land systems.  The 

carrying capacity of these different land systems is dependent on the underlying 

geology, soil type, position in the landscape etc., leading to different vegetation types 

and, ultimately, to different carrying capacities.  Thus a modified stocking rate was 

calculated, on the basis that cattle grazed only those land systems containing the best 

quality foliage (Table 5).  This modification, whilst imperfect, is practically based. 

 

Table 4  Comparative cattle forage requirements. 

Cattle type Dry cattle units (DCU’s) 
Steer (2 yr old in store condition, 
maintaining a live wt of 350 kg) 

1.0 

Dry Cow 1.0 

Unweaned calf  0.5 

Weaned calf 0.8 

Bullock 1.2-1.4 

Breeder 1.3 

Bull 1.5 
 

 
Table 5  Stocking rate and grazing pressure for experimental sites in A. pectinata, T. 
triandra and E. xerophila grasslands. 
 

Parameter A. pectinata  T. triandra  E. xerophila 
 Site 1 Site 2  Site 1 Site 2  Site 1 and 2 

Paddock Size  
(ha) 

5568 6424  1841 12554  2161 
 

Dry Cattle Units (DCU) 
paddock-1 

261 350  126 375  50 
 

Stocking Rate  
(ha DCU-1)1 

21 18  15 33  43 

Modified Stocking  Rate 
(ha DCU-1)2 

10 15  10.5 11.5  40 

1 Stocking rate per paddock using standardised units (Dry cattle units; DCU’s) to 
account for differences in cattle class, age and physiological status 
2 A modified stocking rate on the basis that due to different land units cattle will 
preferentially graze particular sections of the paddock. 
 

In any grazing study conducted in semi-arid or arid rangelands, the effect of grazing on 

any particular area will be dictated to a large degree by the distance away from the  
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closest watering point, or the piosphere (Vallentine 1990).  The distance that cattle will 

travel to reach forage depends on vegetation type, season, topography, and class and age 

of animal (Vallentine 1990). 

 

Close to watering points, extreme effects of grazing are nearly always observed (the 

piosphere) (Vallentine 1990).  Conversely, land well distant from any watering point is 

seldom grazed.  Recent studies on ‘grazing distance’ are divided on the issue.  Some 

suggest that cattle will graze at distances no more than about 3 km (Holechek et al. 

1995) from watering points, while other Australian studies suggest that cattle 

concentrate most of their grazing within this distance but under normal circumstances 

will travel between 6 and11 km (Squires 1978 and references therein).  The sites on 

Hamersley and on Karratha Stations were all located a comparable distance from a 

watering point (~3 km; Table 6), and all were well within comfortable grazing range for 

cattle. 

 
Table 6  Distance of experimental sites from the closest watering point. 

Grassland type Site  Distance from watering point (km) 
A. pectinata  grassland Site 1 3.0 
 Site 2 3.0 
T. triandra grassland Site 1 2.7 
 Site 2 3.0 
E. xerophila grassland Site 1 3.0 
 Site 2 3.0 

 

As one of the aims of this study was to examine the affects of extensive grazing on 

growth and nutrient cycling in native grasslands, stocking rates and management 

systems used were both commercially viable and typical for these grasslands.  By 

definition, grazed plots were open to grazing, not only by cattle, but also by other 

animals and insects.  Rabbits and goats are not found in the Pilbara and therefore were 

not a consideration in this study. 
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Kangaroos 

The extent of kangaroo grazing was not measured independently of cattle grazing. 

Clearly, these effects are largely additive since both kangaroos and cattle feed on the 

major grass species. Qualitative assessment of kangaroo grazing was afforded by a 

combination of aerial surveys of kangaroo populations and limited data from culling 

operations.  In the Pilbara, kangaroo species include; red kangaroos (Macropus rufus), 

euros (Macropus robustus) and western grey kangaroos (Macropus fulignosus). 

 

Population estimates 

Department of Conservation and Land Management (CALM) surveys of the Pilbara 

region indicated that a result of the ‘dry’ year in 1994 (when rainfall for Hamersley 

Station was 78% of the long-term mean and for Karratha Station, 35%), kangaroo 

numbers in the whole region had declined to some 240,000 head by 1995 (Peter 

Mawson CALM, pers. comm. 1998).  Kangaroo numbers are closely linked to climatic 

conditions, especially drought conditions, as a result of death of individual animals, 

cessation of breeding by sexually mature females and delayed sexual maturity in 

juvenile female kangaroos.  For example, Newsome et al. (1967) noted that 1.5 - 2.5 

months of drought killed an estimated 50% of young in the pouch, and that 3-5 months 

of a summer drought caused half of the females to stop breeding.  Above-average 

rainfall in the three years following 1994 produced a four-fold increase in kangaroo 

numbers in the Pilbara to an estimated 950,000 (Peter Mawson CALM pers. comm. 

1998). 

 

Data obtained from a CALM culling program was used to derive estimates of kangaroo 

populations and their resulting forage consumption (Table 7, Appendix 1).  This data 

bank contains information on species, sex and total numbers of kangaroos shot for a 
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series of ‘blocks’, each block representing a number of leases.  Data for the region 

around Hamersley Station was limited to 1997.  Cull data was available for Karratha 

Station, as well as surrounding properties, for the years 1995, 1997 and 1998.  Although 

western grey kangaroos are found on both stations, none were shot at any stage during 

the culling program.  Hence it was assumed that there were no western grey kangaroos 

present during the course of this study. 

 

Table 7  Estimate of annual kangaroo populations and yearly forage consumption, on 
Hamersley and Karratha Stations. 
 
 Hamersley Station1 Karratha Station2 
 Euro Red Euro Red 
Cull data3 70 723 447 2714 

Total population4 1705 18705 1092 6636 

Density (kangaroos km-2) 0.4 4.1 0.9 5.5 

Mean kangaroo weight (kg)5 28.4 31.3 26.0 28.4 

Forage eaten (kg km-2 yr-1)6 124 1,405 256 1,710 

Forage eaten (kg ha-1 yr-1) 1.2 14.1 2.6 17.1 

Total weight of foliage grazed by all 

species of kangaroos (kg ha-1 yr-1) 
15.3 19.7 

1 Records from 1997 only for block immediately to the north of Hamersley Station. 
2 Records from 1995, 1997 and 1998, for the block including Karratha Station. 
3 Records from CALM Kangaroo shooters records. 
4 Assumed that culled kangaroos were 5 and 15%  of total populations on Hamersley 
and Karratha Stations, respectively. 
5 Adjusted for Male:Female ratio, dressed weights and proportion of kangaroos on 
perennial grasslands. 
6 Assuming a kangaroo eats 3% of its body weight per day. 
See also Appendix 1. 
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Range 

Previous studies on euro (M. robustus) populations suggest their ‘range’ is limited, 

probably to between 0.3 and 1.1 km (Newsome 1975).  Euro’s tend to congregate in 

hilly country, particularly areas where caves and ledges are present, during the hottest 

part of the day (Ealey 1967, Ealey and Suijdendorp 1959, Newsome 1975).  Study sites 

on Karratha Station were situated at least two kilometres away from any rocky outcrops 

or dense vegetation and there was little likelihood of grazing by euros.  Furthermore, 

while euros were often observed in stands of vegetation to the north of study sites, they 

were never seen around the study sites.  

 

Red kangaroos have a somewhat greater daily range, at least 2-5 km (Frith 1964, 

Norbury and Norbury 1993), and up to 23 km (Newsome 1975).  Their movements, 

however, are greatly influenced by the availability of fodder, and consequently, may 

travel considerable distances (220 km) in search of forage (Newsome 1975).  Older 

animals (> 9 yrs) tend to die first during droughts (Moss and Croft 1999) and younger 

sub-adults have a greater range, than older, more sedentary animals (Norbury and 

Norbury 1993).  As a result of the 1994 drought, it is likely there would have been a 

greater proportion of young sub-adult males, which would have been more likely to 

travel further.  In general, kangaroos will migrate to areas of increased or better quality 

forage (Newsome 1975, Norbury and Norbury 1993) and for the purposes of the present 

study, it was assumed that red kangaroos had more or less equal access to study sites as 

cattle. 

 

Forage 

Grass species make up the bulk of the euro diet and includes Eragrostis spp., Eriachne 

spp., Chrysopogon spp. and Aristida spp., as well as shrubs (Ealey and Main 1967).  
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The proportion of grass in their diet is highly variable and may range between 60 and 

93% (Dawson and Ellis 1984).  In response to dry conditions, euros concentrate their 

foraging on grass species where available.  However, if dry conditions persist, euros are 

able to subsist and breed on the ‘softer’ species of Triodia spp., mainly T. pungens 

(Ealey and Main 1967).  Studies of dietary patterns in the Pilbara showed that during a 

drought period, more than two-thirds of the euro diet was made up of T. pungens and 

about one-quarter on perennial grasses.  During good seasons their diet was more varied 

and T. pungens made up only about one-fifth of the total intake (Ealey and Main 1967). 

 

Red kangaroos have a specialised diet dominated by grasses (Dawson and Ellis 1984, 

Newsome 1975, Barker 1987) but also includes forbs and chenopod shrubs (Dawson 

and Ellis 1984, Barker 1987).  Preferred grass species include Eragrostis spp., 

Ennapogon spp. and Aristida spp. (Newsome 1975, Barker 1987). 

 

Newsome (1971) noted that in some instances a ‘mat of marsupial lawns’ was produced 

between 2 and 5 km from bores.  These lawns were grazed heavily by cattle and the 

new shoots produced by the perennial grasses were grazed by kangaroos.  In part this 

was due to the smaller and finer jaws of the kangaroos that allow them access to the 

shoots close to the base of the grass tussocks.  These shoots are positioned too low for 

cattle to graze.  

 

Inter-species competition 

A number of studies have noted that cattle are generalist feeders eating a broad range of 

grasses, forbs and shrubs, whereas red kangaroos are specialist feeders (Low et al. 1973, 

Barker 1987, Moss and Croft 1999) whose diet preferentially consists of forbs and 

grasses (up to 95% grass; Dawson and Ellis 1984).  As study sites were located in 
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almost pure grass monocultures it was assumed that both cattle and kangaroos fed in 

these areas and probably competed for available forage.  Competition was likely to have 

intensified in spring/early summer owing to the senescence of many annual forage 

species and consequent movement of red kangaroos from mulga woodlands to alluvial 

plains grasslands, since the latter provide more ‘green pick’ in the drier times of the 

year (Frith 1964).  Conversely, after good rain red kangaroos spend their time in 

protected woodland areas (Low et al. 1973). Consequently, although there may be 

abroad overlap in diets, there is often little spatial overlap between cattle and kangaroos 

(Low 1984) minimising the extent of dietary competition.  

 

There were considerable periods when the amount of good quality forage on offer was 

more than sufficient to feed both species and there was little, if any, competition for 

browse between kangaroos and cattle.  Short (1987), based on functional response 

models, suggested that competition between sheep and kangaroos is minimal when 

there is more than 300 kg ha-1 of pasture biomass.  Even allowing for the greater feed 

requirements of cattle, minimum biomass in this study was always much greater than 

this, thereby reducing competition.  Competition was further reduced by differences in 

feeding patterns.  Cattle graze by wrapping their tongue around grass shoots and tearing 

these from the plant (Low 1984) - they consequently graze only the top sections of 

grasses and other plants.   

 

A study by Frith (1964) noted the absence of kangaroos in tall grass stands (up to 60 cm 

tall).  It seems high unlikely that kangaroos grazed much of the T. triandra communities 

as immediately after summer rain, grass culms reached heights of 1 – 2 m, and 

kangaroos were never observed in, or near, T. triandra grassland sites under these 

conditions.  Frith (1964) also noted that kangaroos were not observed in areas 
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dominated by heavy soils where mud was likely to form immediately after rain.  Soils at 

all the sites used in this study became muddy after moderate rainfall events.  Norbury 

and Norbury (1993) and Edwards et al. (1996) commented that kangaroos preferentially 

grazed areas which had been destocked (of sheep), suggesting some avoidance of 

domesticated stock.  Only rarely was kangaroo scat observed at any of the sites 

throughout this study. 

 

Commercial culling probably moderated kangaroo numbers.  While Norbury and 

Norbury (1993) and Norbury et al. (1993) suggested that commercial shooting regimes 

have minimal affects on kangaroo populations, culling programmes generally call for an 

approximate reduction in numbers of 10-15% and a long-term reduction of the 

population by 40% (Shepherd and Caughley 1987).  It remains difficult to gauge the 

effects of the on-going culling programme on kangaroo populations and the availability 

of forage. 

 

In conclusion, it seems likely that there was minimal competition for forage between 

red kangaroos or euros, and cattle.  The reasons for this include the distance of sites 

from sheltered areas of vegetation, the mass of biomass produced, the relatively low 

kangaroo population, and differing patterns of grazing.  While kangaroo grazing may 

have increased the amount of grasses consumed, the increase was small. 
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Chapter Three 

 

The influence of climate and grazing on the population dynamics and 

cover of three semi-arid perennial tussock grass species of the Pilbara 

region of NW Australia 

 

Introduction 

 

Rangelands occupy nearly one-half of the earth’s land area, and every continent and 

large island has areas that are grazed by either, or both, domestic and native animals 

(Risser 1984).  Hence, potential ‘degradation’ of these areas by over-grazing has 

significant environmental and economic consequences for most countries and regions.  

The over-riding focus of rangeland management is, via monitoring, to minimise any 

anthropogenically-induced changes in rangeland condition such that: “The minimum 

standard for rangeland management should be to prevent human-induced loss of 

rangeland health” (National Rangeland Council 1994). 

 

Overgrazing, fire, drought and other natural and human-related factors may all produce 

irreversible losses of primary production, biodiversity and soil resources (National 

Rangeland Council 1994), especially if acting in unison.  Nonetheless, continuous 

and/or heavy grazing is almost invariably considered a prime cause of degradation 

(Friedel 1991, Mott et al. 1992).  The effects of overgrazing may include a reduction in 

the size of the soil seed bank, soil compaction, other trampling affects, changes in 

species composition, other soil degradation, loss of wildlife habitat, a reduction in 

stored nitrogen and carbon, reduced plant ‘fitness’, and reduced plant survival during 

drought or dry periods (Heady and Child 1994).  However, in some regions and 
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climates, grazing affects remain difficult to identify owing to natural spatial and 

temporal variation in resource availability and, consequently, plant growth and 

diversity.  Arid and semi-arid regions of Australia are a case-in-point, as many soil and 

plant processes are controlled by rainfall (Ludwig and Tongway 1998). The overriding 

influence on basal and foliage area is rainfall, with grazing merely accentuating the 

impact of reduced rainfall (O’Connor 1993, 1994, 1995, McIvor et al. 1996). 

 

In the past, programs designed to monitor the health of rangelands have consistently 

relied on floristic measurements - essentially species composition, plant density, 

biomass, and cover (basal or projected foliage) (Risser 1984).  These programs have 

largely been based on succession theory (Dyksterhius 1949) and have generally 

assumed that communities tended, in the absence of grazing, towards a desired stable 

state or climax community.  A further assumption was that this represented ‘excellent 

condition’, where production and palatability of vegetation would be maximised 

(Westoby 1979/80).  For example, Wilson et al. (1984) suggested: “Although we may 

primarily be concerned with changes in livestock carrying capacity or rates of soil 

erosion, the principal measurements will be changes in the vegetation.  Vegetation is 

easier to measure, can be interpreted in terms of its affects on potential productivity and 

soil protection, and is a more sensitive indicator of ecosystem change than livestock 

itself.”   

 

Estimates of foliage cover are often used as an index of soil stability and/or erodability.  

An increase in foliage cover leads to greater rain interception and a subsequent 

reduction in splash erosion (Dube et al. 1999) as well as being associated with increased 

infiltration rates and a reduction in water runoff velocity (Stoddart et al. 1975). 
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Previous studies of Australian and overseas native grasslands suggest that both Astrebla 

spp.  (Orr 1980a, Orr 1992, Phelps and Orr 1998) and T. triandra (Tothill 1974, Mott et 

al. 1992, O’Connor and Pickett 1992, O’Connor and Everson 1998) communities may 

be markedly influenced by grazing.  Similarly, studies of Eragrostis spp. suggest a 

range of responses to grazing (Williams and Roe 1975, Grice and Barchia 1992, Belsky 

1992), so much so that some are classified as ‘increaser species’ (increase in abundance 

with grazing) and others not (Danckwerts and Stuart-Hill 1988, Snyman and Fouche 

1993, Wheaton 1994).  Previous studies on the affects of grazing on these communities 

have generally involved much greater stocking rates (Ash et al. 1995, Hatch and 

Tainton 1995, Stoltsz and Danckwerts 1990) than those normally used in the Pilbara.  

Equally, other studies have focussed on ungulates other than cattle (Hodgkinson et al. 

1995, McNaughton 1985a, Gardiner 1986a, 1986b, Belsky 1992, Phelps and Orr 1998). 

 

There is a paucity of studies on the influence of grazing on Pilbara grasslands despite 

the long history of grazing (~140 years) and large area involved (~167,000 km2). The 

aim of this study was to establish a long-term trial in which the affects of grazing on 

three semi-arid, tropical grasslands in the Pilbara region of north-west Australia, could 

be separated from those of climatic variations in rainfall and temperature using 

measures of abundance and basal and foliage cover of the native flora.  

 

Materials and Methods 

 

Initial measurements of the abundance of perennial and ephemeral plant species were 

undertaken in March 1996 for the sites described in Chapter 2.  At each of the six sites 

(3 grass species x 2 sites) five 4 m2 quadrats were randomly located within the grazed 

plots (1 ha) only.  Perennial and ephemeral species density within each quadrat was 
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recorded.  The same grazed plots were reassessed in May 1996.  In August 1996 both 

the ungrazed (1 ha fenced to exclude large herbivores) and ungrazed plots were re-

evaluated.  To ensure that plots were comprehensively sampled, both fenced and grazed 

plots were stratified into three blocks in October 1996.  From November 1996 onwards, 

two quadrats of 1 m2 were randomly assigned in each block, yielding a total of six 

quadrats per treatment plot.  Each 1 m2 quadrat contained five, parallel, one metre 

transects, separated by 0.25 m.  Projected foliage, basal cover, and numbers of perennial 

and ephemeral species were recorded for each quadrat.  Projected foliage and basal 

cover were measured by the line intercept method.  Foliage cover along the transect was 

classified into three coverage categories; 25%, 50% and 75% cover, and total foliage 

cover was calculated as the product of the length of cover multiplied by the coverage 

category.  Measurements of basal and foliage cover were continued until June 1998 and 

counts of annual and perennial plants species continued through to August 1998.  

 

Limitations of methodology 

It is appropriate that mention be made of the techniques used in this study.  It has 

previously been noted (Winkworth et al. 1962, Holm et al. 1984) that line intercept 

methods can produce high variances both between operators and even with a single 

operator.  The general tendency is for low estimates of cover.  Holm et al. (1984) 

suggested that the line intercept method was unable to distinguish differences in cover 

of less than 30%, and coefficients of variation were always more than 10%.  The major 

difficulty in the measurement of projected foliage cover is that it is not feasible to 

measure all gaps in cover, or to adequately assess the cover provided by narrow leaves 

and stems (Winkworth et al. 1962).   Line intercepts were used in this study owing to 

the considerable spatial heterogeneity in plant distribution, their ease and cheapness of 

use, their utility for concurrent measurement of basal cover, projected foliage cover and 
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biomass production.  Finally, the use of these methods allowed comparisons to be made 

with other studies. 

 

While for the most part plant density is a simple measurement, it retains potential 

sources of errors.  For example, all three of the major study species can generate new 

‘individuals’ as a result of fragmentation of older plants.  Astrebla pectinata and E. 

xerophila tussocks fragment via rhizomes that radiate away from the main ‘parent’.  

The parent may then die, leaving the rhizotomous growths as discrete tussocks.  

Alternatively, a section of a rhizome may die, leaving a gap between the parent plant 

and the ‘new’ plant.  Hence, density measurements in A. pectinata and E. xerophila 

grasslands are somewhat subjective (Orr 1980a, Grice and Barchia 1992).  For the 

purposes of this study it was assumed that any A. pectinata or E. xerophila tussock 

greater than 10 cm from another tussock was a separate plant.  A number of authors 

have observed increases in plant density that they attributed to fragmentation of T. 

triandra tussocks (O’Connor 1994, Mott and Andrew 1985).  Other sources of error 

include the counting of tussocks that are positioned only partly within the sampling 

quadrat, and, in T. triandra grasslands, extremely large numbers of plants.   

 

Soil Water Model 

Soil water is the principal determinant of plant growth in arid and semi-arid rangelands 

(Noy-Meir 1973).  A model developed by Hobbs et al. (1994) for the Australian arid 

zone was used to estimate plant-available soil water as it is simple and requires only a 

few readily obtainable parameters (daily rainfall and pan evaporation).  The model 

assumes that: a) all water held in the soil between the points of ‘air dryness’ and ‘field 

capacity’ is available for plant use, b) there is no deep drainage, and c) there is no run-

off.  Daily rainfall was either measured continuously at automated weather stations 



 52 

installed at two of the sites (Astrebla Site 1 and Themeda Site 2; see Chapter 2) or 

measured using a conventional raingauge at Hamersley and Karratha Station 

homesteads.  The latter measurement was used to interpolate rainfall at field sites when 

automatic raingauges failed to operate or were not present.  Pan evaporation data were 

obtained from the closest Meteorological Bureau weather stations to Hamersley and 

Karratha Stations (Wittenoom and Port Hedland, respectively).   

 

The model used was: 

    Mt = (Mt-1 + Rt) x exp-k.PE 

where Soil water (M; mm), at Time (t) and Rainfall (R; mm), are fractions derived from 

dividing soil water and rainfall by the range (mm) between the minimum air-dried soil 

water and field capacity; Potential evaporation (PE; mm day-1); and k = an empirically-

derived constant (Hobbs et al. 1994). 

 

Daily soil water and daily mean air temperature were calculated for all sites, as were the 

accumulated sum of soil water and air temperature for 7, 14, 28, and 56 days preceding 

sampling dates.  Data were then examined for correlation between soil water or mean 

air temperature, and plant density.  It was not possible to use multiple regression 

techniques of analysis due to the high degree of collinearity (generally > 0.85) of 

estimates of soil water and mean air temperature (Underwood 1997). 

 

Statistical analysis 

The six quadrat replicates (per treatment plot) of foliage and basal cover estimates as 

well as perennial and ephemeral densities were meaned and used as a single replicate 

for each treatment plot per site so as to avoid pseudoreplication (Hulbert 1984).  

Statistical analysis was undertaken using ANOVA (SuperANOVA, Abacus Concepts 

1989), with the major factors of site (S), date (D), and treatment (T), and the D x T 
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interaction tested.  After examining plots of Residual versus Fitted Y, all data was 

arcsine transformed to reduced variance heterodescacity before further statistical 

analysis.  If significant date differences were detected, differences between dates were 

tested using the Tukey-Kramer Post-Hoc test (SuperAnova, Abacus Concepts 1989).  In 

the event of significant date x treatment interaction, treatment effects were calculated on 

a single date basis using a paired t-test.   

 

Results 

 

Abundance of ephemeral species  

Densities of ephemeral species in all grasslands varied significantly with rainfall (Fig. 

1).  The season in which they grew was strongly influenced by location.  On Hamersley 

Station, ephemerals germinated and grew well after either summer or winter rainfall 

(Fig. 1a, b) whereas on Karratha Station, ephemerals increased in abundance after 

rainfall during cooler periods i.e. winter, or late summer, rainfall (Fig. 1c).  Grazing had 

no affect on ephemeral populations in any of the three grasslands. 

 

Abundance of perennial species  

Plant density in A. pectinata and E. xerophila grasslands followed identical patterns 

throughout the course of this study (Fig. 2a, c).  Following a large rainfall event in April 

1996 (plus a number of smaller rainfall events) plant density in grazed A. pectinata 

grasslands increased to just over eight seedling m-2 by November 1996.  In E. xerophila 

grasslands, plant density responded little to early summer rains, but rainfall of 112 mm 

in April 1996 saw plant density rapidly increase and by November 1996 had more than 

doubled to ~14 plants m-2.  Despite well-above average rains during the 1996-7 

summer, plant density in both A. pectinata and E. xerophila grasslands had significantly 

declined by March 1997, and there was no further change in plant density in either 
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Figure 1  Density of ephemeral plants in ungrazed (UG) and grazed (G) plots in (a) A. 
pectinata, (b) T. triandra  and (c) E. xerophila  grasslands.  Seasonality of rainfall is 
indicated by W (wet season) and D (dry season), and monthly rainfall is meaned for the 
two sites per grassland.  Sampling dates with different letters are significantly different  
(P < 0.05).  Error bars are standard errors (n = 2) and where error bars are not apparent, 
are contained within the symbol. 
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Figure 2  Density of perennial plants in ungrazed and grazed plots in (a) A. pectinata, 
(b) T. triandra and (c) E. xerophila grasslands.  Seasonality of rainfall is indicated by W 
(wet season) and D (dry season), and monthly rainfall is meaned for the two sites per 
grassland.  Sampling dates with different letters are significantly different (P < 0.05).  
Error bars are standard errors (n = 2) and where error bars are not apparent, are 
contained within the symbol. 
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grassland for the following 17 months.  Grazing had no effect on the density of A. 

pectinata or E. xerophila (Fig. 2a,c). 

 

Themeda triandra grasslands had a high initial density (March 1996), possibly in 

response to 1995-6 summer rain (Fig. 2b).  The large rainfall event in April 1996 had 

only minor effect on T. triandra populations and a lack of follow-up rainfall lead to a 

decline in density by November 1996 of about one-third.  The 1996-7 summer rains 

eventually led to a significant increase in plant density by August 1996, but this increase 

too was not sustained in the latter half of the year.  The increase in density measured in 

June 1998 was again a response to rainfall in the first half of the year.  Grazing of T. 

triandra plots significantly increased plant abundance (24.9 plants m-2) compared to 

ungrazed plots (21.8 plants m-2). 

 

Basal cover 

Basal cover in A. pectinata grasslands varied little throughout the course of this study, 

and although there was a significant increase in November 1997 this did not appear to 

be associated with rainfall, and grazing had no affect on basal cover (Fig. 3).  Basal 

cover in T. triandra and E. xerophila grasslands significantly increased after the 1996-7 

summer rains, peaking in March 1997 (Fig. 3).  Below average 1997-8 summer rainfall 

and possibly increased grazing pressure, in T. triandra grasslands, resulted in a 

significant reduction in grazed plots but little change in the ungrazed plots (Fig. 3).  

Basal cover in E. xerophila grasslands, after peaking in March 1997, gradually declined 

over the next 15 months, and grazing had no effect (Fig. 3). 

 

Foliage cover 

All three grasslands exhibited identical trends in foliage cover (Fig. 4.) with increases 
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(significant in A. pectinata and T. triandra grasslands) after the 1996-7 summer rainfall.  

Low rainfall in the following 12 months resulted in a decline in foliage cover.  Only in 

A. pectinata grasslands was there a significant treatment effect (28.2% foliage cover in 

the ungrazed and 23.7% in the grazed plots). 

 

Correlations between plant and climate attributes 

Soil water and plant density were not correlated in any grassland (Table 1).  Air 

temperature and density were unrelated in E. xerophila grasslands, weakly related in A. 

pectinata grasslands and weakly but negatively related in T. triandra grasslands (Table 

1).  The strength of the correlation between temperature and density at 7-14 days in 

these two grasslands (Table 1) emphasises the importance of air temperatures on 

germination and seedling establishment. 

 

Table 1.  Cumulative soil and air temperatures were calculated for varying periods 
preceeding the day of vegetation measurements (see text for details).  
 

  Perennial density 
 Time (days) A. pectinata T. triandra E. xerophila 
Soil moisture 7  -0.206 0.053 -0.305 
 14 -0.147 0.013 -0.264 
 28 -0.093 -0.011 -0.182 
 56 -0.128 -0.076 -0.171 
     
Mean air 7 0.377** -0.316* 0.196 
temperature 14 0.339* -0.309* 0.136 
 28 0.308* -0.298 0.113 
 56 0.294 -0.224 0.089 
*, P-value ! 0.1; **, P -value !0.05
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Figure 3  Basal cover in ungrazed and grazed plots of (a) A. pectinata, (b) T. triandra  
and (c) E. xerophila  grasslands.  Seasonality of rainfall is indicated by W (wet season) 
and D (dry season), and monthly rainfall is meaned for the two sites per grassland.  
Sampling dates with different letters are significantly different (P < 0.05).  An asterisk 
indicates a significant difference (P < 0.05) between grazed and ungrazed treatments.  
Error bars are standard errors (n = 2) and where error bars are not apparent, are 
contained within the symbol. 
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Figure 4  Projected foliage cover in ungrazed and grazed plots of (a) A. pectinata, (b) T. 
triandra  and (c) E. xerophila  grasslands.  Seasonality of rainfall is indicated by W (wet 
season) and D (dry season), and monthly rainfall is meaned for the two sites per 
grassland.  Sampling dates with different letters are significantly different (P < 0.05).  
Error bars are standard errors (n = 2) and where error bars are not apparent, are 
contained within the symbol. 
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Correlations between plant variables 

There were highly significant relationships among all vegetation variables when data for 

all species were combined (Table 2).  The density of perennial plants and foliage and 

basal cover were closely related while the densities of ephemeral species, and basal and 

foliage covers were inversely related (Table 2).  For individual species correlations 

between basal and foliage cover were significant, as might be expected (Table 2) but 

density seldom correlated with cover (Table 2). 

 

Table 2  Correlation co-efficents between a range of grasslands variables, for all 
perennial species combined, and for individual grasslands. 
 

 PD BC FC ED 
All grasslands combined      

Perennial density (PD) 1.000    
Basal cover (BC) 0.597**** 1.000   
Foliage cover (FC) 0.779**** 0.768**** 1.000  
Ephemeral density (ED) -0.373**** -0.328** -0.484**** 1.000 

     
A. pectinata      

Perennial density  1.000    
Basal cover  0.010 1.000   
Foliage cover  -0.182 0.646*** 1.000  
Ephemeral density  -0.271 -0.391* -0.008 1.000 

     
T. triandra      

Perennial density  1.000    
Basal cover  0.053 1.000   
Foliage cover  0.402* 0.492** 1.000  
Ephemeral density  -0.281 0.507** -0.157 1.000 

     
E. xerophila      

Perennial density  1.000    
Basal cover  0.298 1.000   
Foliage cover  0.199 0.574*** 1.000  
Ephemeral density  -0.145 0.287 -0.283 1.000 

*, P ! 0.1; **, P ! 0.05; ***, P ! 0.01; ****, P ! 0.0001
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Discussion 

Ephemeral populations 

Ephemeral species germinated in response to a range of rainfall events, including heavy 

or unseasonal rainfall events that occasionally limited the growth of perennial grasses 

(Orr and Holmes 1984; see later in Discussion).  Hall (1982) observed dramatic 

decreases in abundance in a number of species at sites in northwestern Australia as a 

result of flooding, including Iseilma spp., Dichanthium spp. and Sida spp.  In the 

present study, after unseasonally heavy winter rainfall (June 1998), Bulbine pendula 

germinated in high densities at one of the A. pectinata sites (Western Bullock, Site 1) 

where it had never been observed previously.  In this study, as in others (Campbell 

1989, Orr 1981), Iseilma spp. grow predominantly after summer rains. 

 

Many of the ephemeral species found in this study are common and often important 

members of grassland communities because of their high palatability to livestock (Table 

3).  However, a number of the species recorded (Table 3), are considered ‘increasers’ 

(increase under grazing).  For instance. Iseilma spp is considered to be an increaser on 

land in fair condition (Wheaton 1994) but can decrease under heavy grazing pressure 

(Orr 1980b, Orr 1986).  Increaser species are often considered to be of low palatability 

to stock, though not always e.g. Dactyloctenium radulan (Orr 1975, Campbell 1989, 

Wheaton 1994).  The absence of a grazing effect on ephemeral populations suggest that 

either cattle remained with 3 km of watering points (Ludwig et al. 1999), or the species 

present were unpalatable or dead by the time they were likely to be grazed. 
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Table 3.  Additional plant species found in A. pectinata, T. triandra and E. xerophila grasslands. 
 
Grassland Common name Form Palatable ? General information 
A. pectinata      

Bulbine pendula     On CALM’s rare & endangered list 
Iseilema spp. Andersson Flinders grass  Annual grass Yes Increaser 
Polymeria longifolia Lindley Peak downs 

curse 
Perennial Forb  Yes  

Polymeria lanata R.Br.     
Ptilotus carinatus Benl.  Herb   
Ptilotus gomphrenoides Benth.     
Rhyncosia minima Native pea Perennial native 

legume 
Moderately Indicator of range condition in poor 

condition 
Sida spenceriana F. Muell.     
Sida fibulifera Pin sida Perennial  forb  Yes Possible indicator of range in poor 

condition 
     
T. triandra      

Acacia farnesiana Prickly Mimosa Shrub Yes May be found in overgrazed areas 

Acacia victoriae Bardi bush Tree No  
Desmodium campylocaulon Benth.  Legume   
Helichrysam spp.  Daisy   
Minuria integerrima (D.C.) Benth. Smooth minuria Perennial forb No Short-lived 
Phyllanthus L spp.     
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Table 3 (continued) 
 
Grassland Common name Form Palatable ? General Information 
E. xerophila      

Bulbostylis barbata (Rottb.) C.B. Clarke Sedge    
Dactyloctenium radulans (R.Br.) Beauv. Button grass Annual grass Yes Indicator of range in poor condition, 

increaser. 
Dichanthium affine (R.Br) A. Camus Slender 

Bluegrass 
   

Dichanthium sericeum Queensland 
Blue grass 

Short-lived 
perennial grass
  

Yes Indicator of range in good 
condition, decreaser 

Goodenia spp.     
Indogifera tritera Indigos Native legume   
Mimulus gracilis R. Br.     
Sclerolaena bicornis Lindley Goathead burr Semi-perennial 

shrub 
Yes Indicator of range in poor condition 

Sida spp. Sida    
Sida fibulifera Pin sida Perennial  forb Yes In profusion, an indicator of poor 

range condition 
Streptoglossa spp. Steez.     
Trianthema turgidfolia F. Muell  Herb   
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Probably the single greatest effect that ephemerals have on perennial grasslands is 

increased competition for soil water and nutrients (Orr and Evenson 1993, McArthur et 

al. 1994, Phelps and Orr 1998).  The presence of ephemerals clearly reduces the 

resources available for establishment of perennial seedlings and may do so to the point 

where germinating seeds die  (Williams and Roe 1975, Roe and Davies 1985, Phelps 

and Orr 1998). 

 

The effect of soil water and temperature on population dynamics. 

Rainfall is often used to explain patterns of seedling recruitment (Williams and Roe 

1975, Orr and Evenson 1991, O’Connor 1993, Campbell et al 1996, O’Connor 1996).  

In this study soil moisture was not correlated with changes in plant density.  This is not 

unusual, and Roe (1962) accurately summed up the phenomena thus: “It is evident that 

heavy rainfall alone does not result in a high establishment of seedlings…”.  The lack of 

response, or decline, in plant density in response to rain is commonly observed in A. 

pectinata grasslands (Winders 1936, Roe 1941, Roe 1962, Williams and Roe 1975, Roe 

and Davies 1985, Hall and Lee 1980, Orr 1986, Orr 1991, Orr and Evenson 1991, Orr 

1992, Phelps and Orr 1998), and to lesser extent in E. xerophila grasslands (Williams 

and Roe 1975).  Reasons put forward to explain poor recruitment include: low summer 

temperatures (Roe 1941), badly distributed summer rainfall (Winders 1936, Roe 1962), 

low rainfall (Roe 1962, Williams and Roe 1975), lack of follow up rains (Orr and 

Evenson 1991), low winter rainfall (Roe and Davies 1985), competition from other 

species (Hall and Lee 1980, Roe and Davies 1985, Orr and Evenson 1993, Phelps and 

Orr 1998), intra-species soil water competition (Hall and Lee 1980) and low night time 

temperatures during seed development (Orr 1991).  While this is an exhaustive list, 

there is little means of distinguishing among the putatively causal factors at any one 

site. 
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Seed of many native arid grasses will only germinate at zero or low water potentials 

(Tapia and Schultz 1972, Hagon and Chan 1977, Mott 1978, Groves et al. 1982, Maze 

et al. 1993), and large or sustained rainfall events are essential for germination and 

establishment.  Rainfall patterns in the Pilbara, like other arid regions (Le Houerou et al. 

1988), are highly variable and while large rainfall events can result from summer 

cyclonic depressions, small rainfall events are more common.  For example, rainfall 

events of less than 5 mm (per 24 hour period) dominated annual rainfall (~95%) at both 

Hamersley and Karratha homesteads during the course of this study.  Rainfall of less 

than 5 mm is probably insufficient to initiate germination (Wester et al. 1986).  Even if 

such events increase soil water sufficiently to stimulate germination, rapidly drying soil 

and high soil temperatures will kill many seedlings (O’Connor 1996).  A series of 

rainfall events may also have adverse affects and Mott (1978) reported that a 

wet/dry/wet cycle resulted in a (non-significant) 25% reduction in germination for T. 

triandra seed.  Some species, however, appear to be better adapted to these wet/dry 

cycles.  Frasier et al. (1987) noted that five days of wet conditions were required for 

successful germination and that, unlike T. triandra, E. lehmanniana remained viable 

under conditions which were not wet enough to initiate the germination process.  

Wester et al. (1986) observed a similar response in Eragrostis curvula, and noted that 

emergence required 10 mm of water.  However, if only 5 mm of water was added, 

emergence was delayed until an additional 5 mm of water was added.  Moisture 

requirements for germination are generally much lower than that required for 

subsequent seedling survival (Mott and Groves 1981). 

 

Seeds of Pilbara grasslands are, to some extent, able to escape the detrimental effects of 

the high evaporative conditions by lodging in ‘microsites’, either by penetrating the soil 

surface or becoming lodged in cracks present on the soil surface. For instance, the 
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hygroscopic awn of T. triandra seed ‘corkscrews’ (due to variations in humidity or soil 

water) the seed into the soil, or moves the seed along the ground and increasing the 

likelihood of the seed finding a crack in which it may become lodged (Lock and 

Milburn 1970, Sindel et al. 1993). As well as having increased soil moisture and 

humidity (Winkel et al. 1991, O’Connor 1997), microsites also provide protection from 

predators (Mott and McKeon 1975, Capon and O’Connor 1990). 

 

Correlation analysis suggested generally weak relationships between mean air 

temperature and changes in plant density for both A. pectinata and T. triandra (Table 1).  

Temperatures of 40-45oC reduce (Baxter et al. 1993 but see McIvor and Howden 2000) 

or completely halt germination of T. triandra seed (Mott 1978, Groves et al. 1982).  

While both species have similar optimum germination temperatures, A. pectinata 

appears better able to maintain germination at the greater soil temperatures experienced 

in the field.  The lack of correlation between air temperature and germination in E. 

xerophila is at least partially due to the moderating influence of the Indian Ocean (see 

Chapter 2).  

  

Despite the poor relationship between rates of germination and mean temperature it is 

highly likely that high temperatures play an important role in the population dynamics 

of Pilbara grasslands.  The recorded mean soil temperatures (particularly over the 

summer growing season-Table 4) of 25-35oC were similar to those required for 

maximum germination (Myers 1942a, Lock and Milburn 1970, Mott 1972, Hagon 1976, 

Hagon and Chan 1977, Mott 1978, Groves et al. 1982, Wester et al. 1986, Baxter et al. 

1993, Maze et al. 1993, Grice et al. 1995).  Even the maximum soil temperatures (Table 

4) lie within the range in which germination is possible (Ross 1976, Groves et al. 1982, 

Grice et al. 1995).  It is well established that T. triandra (Lock and Milburn 1970, 
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Silcock and Williams 1975, Mott 1978, Groves et al. 1982, Silcock et al. 1990), 

Astrebla spp. (Myers 1942a, Myers 1942b, Silcock and Williams 1975, Silcock et al. 

1990, Grice et al. 1995) and Eragrostis spp. (Silcock and Williams 1975, Maze et al. 

1993, Silcock et al. 1990) all require a minimum after-ripening period before a 

significant proportion of the seed will germinate.  Seed dormancy can be reduced or 

broken by increased (soil) temperatures and/or a regime of alternating (soil) 

temperatures (Ahring et al. 1963, Ross 1976, Mott 1978, Groves et al. 1982, Maze et al.  

1993, Grice et al. 1995, McIvor and Howden 2000).  A typical scenario is that after 

seed set (late summer/early autumn), a combination of time and alternating soil 

temperatures over the remainder of the year breaks dormancy and seeds germinate with 

the onset of the following summer rains.  

 

It has long been acknowledged that germination events are episodic in A. pectinata 

grasslands, and to lesser extent in E. xerophila grasslands (Williams and Roe 1975).  

The periodicity of germination (and sustained establishment) in arid and semi-arid 

ecosystems depends on considerable coordination of: seed production and viability, 

seed dormancy, light, seed predation, imbibition temperature, competition from other 

plants, and seedling decay. 

 

While soil water and temperature are important factors in controlling germination and 

seedling establishment, they are of little value per se in predicting patterns of 

germination and seedling establishment. 

 

Seasonal population dynamics 

Seasonal variation in plant abundance and comparisons between grasslands were 

confounded by differing reproduction patterns.  Astrebla pectinata and E. xerophila are  
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Table 4  Mean soil temperatures in A. pectinata and T. triandra grasslands between 
April 1996 and August 1999.  Soil temperatures were measured in the bare soil between 
tussocks, at depth of 5 cm.   
 
Month A. pectinata  T. triandra 
 Min. Mean Max.  Min. Mean Max. 

January 28.1 35.2 46.5  27.1 34.4 44.5 
February 26.6 32.0 41.1  26.8 33.8 43.9 
March 24.7 30.1 39.3  24.5 31.3 41.8 

April 21.0 25.3 31.9  20.6 26.3 34.6 
May 17.4 22.0 28.3  17.8 22.9 30.3 

June 12.6 17.0 23.7  12.7 17.4 24.4 
July 10.1 15.1 22.5  10.4 15.7 23.6 

August 13.5 18.7 27.0  13.5 19.8 29.1 
September 15.5 23.6 35.9  16.1 24.5 36.4 

October 21.9 30.4 42.7  22.2 31.5 44.0 
November 26.1 34.7 47.2  24.4 34.5 47.7 
December 26.6 34.5 47.6  25.8 34.7 46.3 
 

facultative ‘seeders’, reproducing largely by vegetative means.  In the field, seedlings of 

A. pectinata were rarely seen, although E. xerophila seedlings were more common.  

Owing to their ability to reproduce via vegetative means (i.e. rhizomes) these species 

are much less reliant on rainfall for the maintenance of populations.  Themeda triandra 

grasslands exhibited a more seasonal pattern of germination and establishment, 

reflecting an obligate ‘seeder’ status that is more reliant on rainfall to maintain an 

abundance of individuals (O’Connor 1991).  

 

Despite above average summer rain, there was a decline in plant density of ~one-third 

in both A. pectinata and E. xerophila grasslands (Fig. 2).  The exact cause of this 

decline is unknown but it is postulated that it may have been the result of waterlogged 

soils.  A. pectinata is susceptible to flooding (Orr 1975, Campbell 1989, Skerman and 

Riveros 1990, Phelps pers. comm. 1999) and a number of studies have indirectly linked 
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low plant abundances to flooding events (Orr 1980b, Hall 1982, Orr and Evenson 1984, 

Campbell et al. 1995, Bowman et al. 1996).  Grice and Barchia (1995) and Gardiner 

(1986a) have also recorded declines in E. xerophila populations during periods of 

average or above average rainfall.  Some 494 mm of rain fell on Hamersley Station 

between December 1996 and February 1997, while on Karratha Station, 255 mm fell in 

January and February 1997.  The inverse correlation between plant density and soil 

water (Table 1) recorded for A. pectinata and E. xerophila, though not significant, 

possibly indicates that increased soil water may have been responsible for the decline in 

plant density.  Furthermore, it is likely that plants killed by waterlogging were juvenile 

plants which had initially germinated after the late summer rains of 1996.  Waterlogged 

soils may also have been responsible for the temporary inhibition of T. triandra 

seedlings after the 1996-7 summer rain (Fig 2). 

 

Themeda triandra grasslands exhibited strong seasonal patterns of growth.  Typically in 

these grasslands, plant abundance increases following summer rain followed by 

seedling death during the later (dry) half of the year if follow up rains are insufficient 

(Lambert et al. 1990, O’Connor 1991, Orr and Evenson 1991).  Consequently in T. 

triandra (Mott and Andrew 1985, O’Connor 1994, O’Connor and Everson 1998) and 

other grasslands (Roe 1962, Williams and Roe 1975, Roe and Davies 1985, Andrew 

1986, Sahili and Norton 1987, Phelps and Orr 1998), large proportions (50-100%) of 

recruits fail to survive the first few years.  However, recruit survival can be highly 

variable, even under conditions not conducive to seedling survival.  For instance, 

O’Connor (1994) recorded in a grazed African savanna grassland that 33-85% of T. 

triandra germinates survived three years of low to average rainfall. 
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Basal and foliage cover 

Basal cover in these grasslands was generally comparable to other grasslands.  In this 

study the mean basal cover of 3.8% was comparable to, or higher than, other A. 

pectinata grasslands (Orr 1980a, Orr 1980b, Hall and Lee 1980, Scanlan 1980, Orr 

1981, Orr and Evenson 1991), and close to the 4% considered indicative of A. pectinata 

pastures in good condition (Everist 1964, Orr 1975).  Comparisons between the pure 

sward of T. triandra in this study and other studies of T. triandra grasslands are of 

marginal value since pure swards are unusual. Basal cover for mixed T. triandra or T. 

triandra dominant communities lie within the broad range of 0.1-60% (Anderson and 

Talbot 1964, Mott and Andrew 1985, Belsky 1992, O’Connor 1994, McIvor et al. 

1996).  There is little data on basal cover for E. xerophila communities.  In a mixed 

grass community in the Serengeti, basal cover in the perennial species E. racemosa was 

3.2% (Belsky 1992), and in a mixed E. curvula community 0-1% (Coetsee 1975). 

 

The general decline in basal area in the later half of 1997 was associated with below 

average rainfall on Hamersley (75% of mean rainfall) and Karratha (50%) Stations (Orr 

and Holmes 1984, Orr 1986, O’Connor 1993, O’Connor 1994, O’Connor 1995, 

O’Connor and Everson 1998, Phelps and Orr 1998).  It is not known why the basal area 

of both A. pectinata and T. triandra increased in November 1997 (Fig. 3) as there had 

been no significant rainfall events, plant density was either stable or declining (Fig. 2) 

and above-ground biomass was also declining (see Chapter 4). 

 

The absence of a correlation between plant density and basal cover recorded in this 

study has previously been attributed to tussock fragmentation (A. pectinata Orr 1980a, 

Orr 1980b; T. triandra Lock and Milburn 1970, O’Connor 1993, O’Connor 1994, Mott 

and Andrew 1985; E. xerophila Grice and Barchia 1992).  In addition, a lack of 
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recruitment combined with a transfer of individuals to the next largest size class 

(O’Connor 1993) may also result in little change in basal cover. 

 

Foliage cover for A. pectinata rangelands is usually in the range of 10-30% projected 

foliage cover (Specht 1981).  Carnahan (1976 cited in Campbell 1989) classified 

Astrebla spp grasslands into three subgroups; tussock grassland (foliage cover 30-70%); 

open tussock grassland (foliage cover 10-30%) and sparse open tussock grassland 

(foliage cover < 10%).  Recorded estimates of foliage cover of T. triandra in the 

Serengeti varied between 0 and 44% (Belsky 1992).  In Eragrostis spp mixed grass 

communities, foliage cover ranges from 0.3-4.3% (Coetsee 1975, Lodge and Whalley 

1983, Belsky 1992). 

 

High foliage cover in T. triandra grassland can reduce the establishment of new 

germinates and subsequently lead to even age stands and low rates of population 

turnover (O’Connor and Everson 1998, O’Connor 1994).  Stands of even age tussocks 

are potentially more vulnerable to drought, grazing, or a combination of the two 

(O’Connor 1991, O’Connor 1994).  This vulnerability increases both at the seedling 

stage and towards the end of their estimated life span (O’Connor 1991, O’Connor 1994, 

O’Connor and Everson 1998) of 8-10 years (Mott et al. 1984, O’Connor 1994).  The 

populations on Hamersley Station were probably relatively uniform in age as there had 

been no serious drought since 1986, and they had not been burnt in the (known) 

immediate past. 

 

Grazing effects 

Themeda triandra is generally considered to be vulnerable to grazing (Tothill 1974, 

Hodgkinson et al. 1989, Mott et al. 1992, O’Connor and Everson 1998) – a feature not 
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observed in this study where there was a significant increase in plant abundance in 

grazed plots.  The increase in tussock abundance in grazed T. triandra grasslands may 

have been the result of the influence of grazing on new seedlings, although the literature 

is somewhat divided about the role of grazing in influencing seedling recruitment and 

establishment.  A number of studies have concluded that grazing not only increases the 

available light (Adams 1996, O’Connor 1997), and thus soil temperature (Lock and 

Milburn 1970) but also reduces below-ground competition for soil-water and/or 

nutrients (Samuel and Hart 1992, Aguilera and Lauenroth 1995, Adams 1996 but see 

Sahili and Norton 1987), and leading to an increase in seedling emergence.  By contrast, 

it has been argued that the lower temperatures and increased moisture found in ungrazed 

(or sparsely grazed) soils is more likely to lead to successful seedling establishment 

(O’Connor 1996). Sahili and Norton (1987) concluded that seedlings were destroyed by 

trampling, rather than grazing, per se. 

 

While grazing did result in a significant decline in basal cover on the grazed plots in the 

current study after a period of low rainfall, the general effect of grazing on basal cover 

of T. triandra communities is unclear.  Some studies report a similar loss of basal area 

in grazed areas (O’Connor 1995, McIvor et al. 1996) while others have found either a 

positive or inconclusive relationship (Coetsee 1975, Belsky 1992, O’Connor 1994).   

 

Of the three grasslands, only in A. pectinata was there a reduction in foliage cover due 

to grazing.  The use of foliage cover as an index of rangeland ‘health’ is of little value in 

that it in that is reveals little about; the mass of green foliage, plant abundance, or the 

relative proportions of live:dead plants.  Furthermore, differences in foliage cover 

between grazed and ungrazed sites may either be the result of a reduction in foliage 

cover due to ungulate intake or an increased accumulation of dead leaf material in non-
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grazed areas (O’Connor 1992).  While the doubling of foliage in lightly grazed Astrebla 

spp sites compared to heavily grazed sites was attributed to differences in grazing 

pressure in Orr’s 1980b study, the increased foliage cover of ungrazed sites in the 

current study was due to a greater accumulation of moribund foliage material (see 

Chapter 4). 

 

Conclusion 

Pilbara grasslands are comparable to many other published studies of arid and semi-arid 

grasslands and it is readily concluded that these grasslands are in average to good 

condition.  The patterns of plant abundance observed in these grasslands are greatly 

influenced by reproductive ’strategies’.  Astrebla pectinata and E. xerophila, which 

reproduce either vegetatively (i.e. rhizomes) or sexually, do not exhibit the strong 

seasonal patterns of seed production and germination, and subsequent growth of 

seedlings found in T. triandra grasslands. While plant density of T. triandra 

communities was positively affected by grazing, there was generally little effect on 

overall basal or foliage cover. In these landscapes grazing generally has only an additive 

effect on patterns of growth, compared to the major influence of climate (O’Connor 

1993, O’Connor 1994, O’Connor 1995).  

  

Rangeland ecosystems are complex and multivariate systems. The use of simple, 

vegetation-based methods which make assumptions about rangeland condition can, at 

best, only give a superficial account of the many complex and interacting processes that 

determine ecosystem health or condition.  In subsequent chapters, I examine other 

attributes likely to be useful adjuncts in assessment of health and condition. 
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Chapter Four 

 

Patterns of growth, net primary production and the effects of grazing 

on three perennial tussock grass species of the semi-arid Pilbara region 

of NW Australia 

 

Introduction 

 

In semi-arid and arid environments, plant growth is controlled by a range of climatic 

factors, and the ‘crossing’ of climatic thresholds initiates the biochemical and 

physiological processes that drive plant growth.  The three most important limits to 

these processes are soil water (Noy-Meir 1973, Le Houérou et al. 1988), temperature 

(Christie 1981, Hunter 1989) and nutrient availability (Fisher et al. 1988, Zhang and 

Zak 1998).  Of these, soil water is usually the most limiting (Noy-Meir 1973) but, after 

effective rainfall (defined as rainfall that results in growth), both temperature and soil 

nutrients can limit growth (Christie 1981, Fisher et al. 1988).  Plant-available soil water 

is dependent on soil water in the topsoil and the ability of the plant to access sub-surface 

soil water (Noy-Meir 1973).  In arid environments, many grasses do not have a deep 

enough root system to access groundwater and are reliant on surface water after rainfall 

events (Drew 1979), leading to a short growing season, often of only several weeks 

duration (Stuart-Hill et al. 1986).  

 

Grazing is a common feature of many arid and semi-arid ecosystems. However, the 

detrimental impacts associated with grazing may make it unsustainable both 

agronomically, and ecologically.  The detrimental impacts of grazing include soil 

compaction, plant trampling, or severe and/or frequent defoliation that reduces a plants  
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ability to cope with other environmental stresses (Holechek et al. 1995).  Paradoxically, 

grazing can be beneficial through facilitating faster nutrient turnover, reduced standing 

dead material, removal of photosynthetic material operating at less than maximal rates, 

and a reduction in transpiring surfaces leading to reduced water stress and conservation 

of soil water (McNaughton 1985a, Vallentine 1990).  How any plant responds to 

grazing will depend on the timing and impact of grazing on a range of physiological and 

morphological processes (Vallentine 1990).  In any grazing study, the dynamic nature 

of plant responses to grazing need to be considered and in particular the process of 

compensatory growth, or regrowth of grazed foliage (Whitham et al. 1991).  This 

process can lead to biomass production in grazed treatments being equal to, if not 

greater than, ungrazed biomass (McNaughton et al. 1996). 

 

Estimates and patterns of perennial grass production in the Pilbara are unknown, and 

while there are a few detailed studies of seasonal growth for Astrebla spp. (Christie 

1981, Friedel 1981a), there are none for T. triandra and E. xerophila grasslands in an 

Australian context under non-burnt, field conditions.  For effective management of 

these arid and semi-arid grazed ecosystems it is essential that we develop a better 

understanding of patterns of growth and production, and how they relate to the driving 

influences of water and temperature, so as to maximise animal production and minimise 

potentially detrimental impacts.  The objective of this study was to estimate growth and 

production and examine how they are influenced by a range of climatic variables i.e. 

soil water and air temperature, as well as quantifying the effects of grazing on net 

above-ground net primary production (ANPP).
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Materials and Methods 

 

Experimental design and sampling 

Perennial and ephemeral plant biomass, as well as litterfall, were sampled from both 

ungrazed (1 ha, fenced to exclude cattle and kangaroos) and grazed (1 ha, open to 

grazing) plots at each of two sites for the perennial tussock grasses A. pectinata, T. 

triandra and E. xerophila (see Chapter 2).   

 

In March (grazed plots only), May (grazed plots only) and August 1996, biomass and 

litter were sampled by the random placement of five 4 m2 quadrats throughout the plot.  

From November 1996 onwards, plots were split into three equal sized blocks and, in 

each block, two replicated 1 m2 quadrats (the same quadrats were used from which 

counts of perennial/ephemeral plant densities, and basal and foliage cover had been 

measured– see Chapter 3) were sampled for unsorted biomass (UB; all plant material, 

which included rhizomes in A. pectinata and E. xerophila grasslands, but excluded litter 

and ephemeral biomass) and litterfall.  While some litter may have been lost due to 

water or wind, losses are likely to have been small as water runoff was minimal, and the 

relatively tall structure of these grass communities minimised wind losses.  After 

collecting litterfall, perennial (“unsorted biomass”) and ephemeral plants were harvested 

seperately at ground level.  One replicate from each block was subsampled (! 15%) and 

sorted into the following components: 

A. pectinata A. pectinata (continued) T. triandra E. xerophila 
Green leafGB Green sub-axillary tillerGB Green leafGB Green leafGB 
Dead leafSD Dead sub-axillary tillerSD Purple leafGB Dead leafSD 
Green main tillerGB InflorescenceGB Dead leafSD Green tillerGB 
Dead main tillerSD Rhizome1 CulmGB Dead tillerSD 
Green axillary tillerGB  CrownGB2 InflorescenceGB 
Dead axillary tillerSD  InflorescenceGB Rhizome1 

 

GB included in green biomass pool  SD included in standing dead pool 
1 not included in either green biomass or standing dead pools 
2 sorted as a plant component from November 1996 onwards 



 78 

After sorting, plant components were assigned to one of two pools; green biomass (GB) 

or standing dead (SD).  Rhizome material was sorted and weighed but not included in 

any pool as it was poorly and incompletely sampled due to its location (mostly below 

the soil surface).  Green leaf area was measured using a Li-Cor leaf area meter (Li-Cor, 

Inc., Lincoln, Nebraska) and the leaf area index (LAI) was calculated.   

 

All litter (Lit), perennial and ephemeral biomass, and sorted plant components were 

dried for a minimum of 48 hours at 75oC, and weighed.  A sub-sample of dried green 

leaf material from the perennial grass species was ground using a Retsch ball mill, and 

5-7 mg of material was analysed using a Roboprep linked to a Tracermass Isotope Ratio 

Mass Spectrometer (Europa Scientific, Crewe, UK) for the natural abundance of 13C and 

12C, expressed as "13C (‰).  All samples were standardised against a secondary 

reference sample of Acacia pulchella phyllodes (0.89% N, 50.10% C) that was in turn 

standardised against primary analytical standards obtained from the International 

Atomic Energy Agency, Vienna.  Analytical variance of the reference was always  

< 0.2‰ "13C.  

 

Calculations of leaf area index (LAI), component/pool proportion, total above-ground 

biomass, above-ground net primary productivity (ANPP, for both perennial production, 

as well as perennial + ephemeral production), relative growth rate (RGR) for green/total 

biomass, and rain-use efficiency (RUE) between consecutive sampling dates (T0, T1) 

were as follows: 

 
ANPP (kg ha-1 yr-1) = end of wet season green biomass - end of dry season green  

biomass 
 
LAI = green leaf area (m2 ha-1) 
  ha (10,000 m2) 
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Component proportion (%) =    component weight (kg ha-1) x 100 
        GB pool (kg ha-1) + SD pool (kg ha-1) 

 
Total above-ground biomass (TAB) = (GB pool + SD pool + Lit pool) (kg ha-1) 
 
 
Pool (GB, SD, Lit) proportion (%) = Pool weight (kg ha-1) x 100 
          TAB (kg ha-1) 
 
 
RGR (kg ha-1 day-1) = T1 biomass (green or total) - T0 biomass (green or total) 
          Days between T0 and T1 
 
RUE (kg ha-1 mm-1) = T1 GB (kg ha-1) - T0 GB (kg ha-1) 

         Rainfall for the period (T1 - T0) 
 

The ANPP values as calculated may have, to some degree, underestimated actual 

ANPP, due to the fact that distance (from Perth), site, and logistical restraints meant it 

was not possible to undertake a series of continual and regular measurements to 

determine the extent of the true growing season.  However, as the vast majority of new 

growth occurs as a result of summer rainfall (particularly on Hamersley Station where 

growth was minimal during the winter period due to the lower temperatures, i.e. no 

growth in the winter of 1998 after heavy rainfall; Fig. 1) calculating ANPP as the 

difference between new growth at the end of the wet (measured a number of weeks after 

the last major rainfall event and thereby allowing a good estimate of new production to 

be made), and dry seasons (i.e. 11/1996 – 3/1997, and in the case of T. triandra 3/1997 

– 8/1997) is a legitimate way to estimate ANPP.  Although there was good growth 

between the 5 – 8/1996 (Fig. 1), ANPP was not calculated for this period as the rainfall 

responsible for this new production occurred in April 1996 and I had no previous dry 

season estimates of green biomass to compare the new biomass production to.  In 

addition, E. xerophila grasslands had a considerable amount of new growth as a result 

of winter rainfall in 1998, in which case ANPP was simply calculated as the production 

of new growth for the period 11/1997 - 8/1998.  
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While RUE is typically calculated as ANPP dived by annual rainfall (Le Houérou 

1984), for the reason mentioned above, RUE was calculated as ANPP divided by the 

rainfall that fell during the period of new production.  While RGR is often calculated 

using total biomass, this can lead to distortion of the true RGR (as during periods of 

growth, green biomass may senesce or die, standing dead can become litter), and ideally 

should be calculated on the basis of green biomass production.  Unsorted biomass 

(green plus standing dead) RGR’s were included as required for comparative purposes. 

 

Root biomass 

In March (end of wet season) and November (end of dry season) 1997, root biomass 

was sampled.  Sampling consisted of the placement of a 20 x 20 cm quadrat over the 

central plant in each quadrat (after sampling litterfall, perennial and ephemeral biomass) 

and excavation of roots to a depth of 10 cm.  It is unlikely that roots from other tussocks 

were sampled due to the heterogeneity of the grass communities.  The bulk of the soil 

was removed in the field by binding the entire sample in a 2 mm mesh bag and 

repeatedly immersing in water.  Samples were transported to Perth where the remaining 

soil and rock particles were wet sieved on a 2 mm mesh screen, before drying for a 

minimum of 48 hours at 75oC, and weighing.  Root biomass was calculated by 

multiplying the mean root weight by the mean tussock abundance per hectare (estimated 

from tussock densities counts in March and November-see Chapter 3), and root:shoot 

ratios were calculated as follows: 

Root:shoot ratio = root biomass (kg ha-1) 
                GB (kg ha-1) 

 

Regression analysis 

Changes in accumulated soil water and air temperature were examined in relation to 

green foliage/biomass production using linear regression (y = mx + c, StatView v 4.51, 
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Abacus Concepts, Inc. 1995) where; y = recorded green leaf area (m2 ha-1)/green 

biomass (kg ha-1) for a series of sampling dates; m = rate of green leaf (m2 ha-1 

mm1)/biomass (kg ha-1 mm-1) production; x = accumulated soil water/air temperature at 

7, 14, 28, and 56 days preceeding the sampling date for green leaf/biomass and; c = y-

intercept.  Regressions were also calculated with the August 1998 sampling date 

excluded, due to uncharacteristically high winter rainfall.  Exclusion of this date ensured 

regressions were representative of the typical scenario of growth after summer rain with 

little or no growth during the colder, drier winter period. 

 

Statistical analysis 

The six (quadrat) replicates of litter, and perennial, ephemeral and root biomass, as well 

as the three replicates of plant components, GB and SD pools, were averaged and used 

as a single replicate for each treatment plot per site so as to avoid pseudoreplication 

(Hulbert 1984).  Before statistical analyses of data were undertaken, plots of Residual 

versus Fitted Y were examined, and all data arcsine transformed to reduce variance 

heterodescacity.  The ANOVA model (SuperANOVA, Abacus Concepts 1989) tested 

the major factors of site (S), date (D), and treatment (T), and the date x treatment (D x 

T) interaction.  The March and May 1996 sampling dates were excluded from the model 

as only grazed sites were sampled on these dates.  If a significant date difference was 

detected, differences between dates (including March and May 1996, providing there 

was no significant D x T interaction ) were tested using the Tukey-Kramer Post-Hoc 

test (SuperAnova, Abacus Concepts 1989).  In the event of a significant D x T 

interaction, treatment effects were tested for using a paired t-test for individual sampling 

dates. 
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Results 

 

Above-ground biomass 

Green biomass changed markedly with season at all sites (Fig. 1).  Most notable were 

increases in the green biomass of all species after late summer rain in 1995-6, and much 

larger increases after the above-average 1996-7 summer rains (Fig. 1). Green biomass 

declined throughout 1997 in all grasslands, except T. triandra where it continued to 

increase into the latter half of the year (Fig. 1).  Unseasonal winter rainfall in June 1998 

resulted in a significantly increased green biomass in E. xerophila grasslands on 

Karratha station (Table 1), but little change in green biomass in the grasslands on 

Hamersley Station.  Grazing significantly reduced green biomass of E. xerophila 

grasslands in November 1996 and March 1997 but had no effect in A. pectinata or T. 

triandra grasslands (Table 1, 2, Fig. 1, Appendix 2). 

 

After late 1995-6 summer rain in April 1996, the mass of unsorted plant material 

increased initially in all grasslands but remained unchanged till the end of 1996. In 

contrast, the above-average summer rainfall in 1996-7 again increased the mass of 

unsorted plant material on Hamersley Station but decreased the mass at Karratha 

Station.  A dry winter and below average 1997-8 summer rains produced the expected 

loss of mass in both A. pectinata and E. xerophila grasslands. In 1998, winter rain at 

Karratha Station increased unsorted biomass but had no affect on unsorted biomass on 

Hamersely Station grasslands. 

 

All grasslands exhibited similar patterns in standing dead plant material – mass 

increased during the latter half of each year as green plant material became senescent 

and died (Fig. 1).  The mass of the litter layer also increased towards the end of the dry 
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season (Fig. 1) and generally decreased after summer rain. Correlations between the 

change in standing dead material between consecutive sampling dates and the mass of 

the litter layer (collected at the later sampling date) were not significant for all 

grasslands (data not shown).  Over 24 months (8/96 - 8/98), mean annual accumulated 

mass of the litter layer was 745 kg ha-1 yr-1 in A. pectinata grasslands, 1,563 kg ha-1 yr-1 

in T. triandra grasslands and 432 kg ha-1 yr-1 in E. xerophila grasslands. 

 
Table 1 ANOVA P-values for various biomass pools in A. pectinata, T. triandra and  
E. xerophila grasslands.  
 
  A. pectinata T. triandra E. xerophila 
Green Biomass Site (S) NS1 0.0503 0.0331 
(kg ha-1) Date (D) 0.0001 0.0001 0.0001 
 Treatment (T) NS NS 0.0362 
 D x T NS NS 0.0069 
     
Standing dead  S 0.0028 0.0008 0.0571 
(kg ha-1) D 0.0013 0.0043 0.0008 
 T 0.0714 0.0298 NS 
 D x T NS* NS NS 
     
Litter S NS 0.0026 NS 
(kg ha-1) D 0.0045 0.0023 0.0001 
 T NS NS NS 
 D x T NS NS NS 
     
Total above- S 0.0299 0.0016 0.0619 
ground biomass D NS 0.0038 NS 
(kg ha-1) T NS 0.0848 NS 
 D x T NS NS NS 

*NS = not significant  
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Figure 1  Unsorted biomass (UB), green biomass (GB), standing dead (SD) and litter 
(Lit) pools in ungrazed (UG) and grazed (G) plots in (a) A. pectinata, (b) T. triandra 
and (c) E. xerophila grasslands.  Wet (W) and dry season (D) are indicated below the 
sampling date. 
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The mass of each of green plant material, standing dead plant material, litter and total 

plant material were all significantly greater (P = 0.0001) in T. triandra grasslands than 

in either A. pectinata or E. xerophila grasslands (Table 2).  There were no significant 

differences between species in the relative proportions of these pools, with the 

exception that the mass of the litter layer in E. xerophila was significantly less (P = 

0.0206) than the other grasslands (Table 2). 

 

The mass of ephemeral species was strongly seasonal and dependent on rainfall. The 

mass of ephemeral species increased significantly in Hamersley Station grasslands after 

summer rain, and in A. pectinata and E. xerophila grasslands after winter rain.  

Themeda triandra grasslands produced a much smaller mass of ephemeral species than 

either of the other grasslands (Fig. 2).  There were neither treatment nor date x treatment 

effects for any grassland (Fig. 2). 

 

Component biomass 

The mass of all components varied seasonally, yet there were few significant treatment 

or date x treatment effects (Table 2, Appendix 3, 4). Grazing produced a reduction in 

mass of inflorescences in A. pectinata grasslands (Table 2).  Green foliage accounted 

for between 5 and 10% of biomass in all grasslands, whereas the proportion of dead 

foliage was always greater than 20%, and in T. triandra grasslands over 50% (Table 2).  

Hamersely Station grasslands had a significantly greater mass of dead foliage in the 

ungrazed treatments. 
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Table 2  Mean weight for plant components and above-ground pools in ungrazed and 
grazed grasslands in A. pectinata, T. triandra and E. xerophila grasslands. Within mean 
weight or proportion columns, values followed by the same letter are not significantly 
different (P < 0.05) unless otherwise indicated. Standard errors are in parentheses (n = 
12). Due to rounding errors, proportions may be greater or lesser than 100 %. 
 

Grassland Component Mean wt (kg ha-1)  Mean proportion (%) 
  Ungrazed Grazed  Ungrazed Grazed 

A. pectinata Green leaf 76 (38)a 78 (37)a  5 (2)a 6 (2)a 
 Dead leaf 373 (46)a 312 (51)b1  23 (2)a 20 (3 )a 
 Green main tiller 327 (40)a 305 (46)a  20 (2)a 20 (2)a 
 Dead main tiller 376 (55)a 347 (44)a   23 (3)a 26 (4)a 
 Green axillary tiller 188 (27)a 178 (28)a  11 (1)a 12 (1)a 
 Dead axillary tiller 163 (20)a 135 (14)a  10 (1)a  10 (2)a 
 Green sub-axillary 

tiller 
48 (8)a 44 (5)a  3 (0)a 3 (0)a 

 Dead sub-axillary tiller 59 (8)a 38 (6)b  4 (0)a 3 (1)a  
 Inflorescence 15 (5)a 8 (4)b2  1 (0)a 1 (0)a 
 Rhizome 3 (2) 10 (5)    
        Green biomass 654 (85)a 613 (90)a  35 (4)a 37 (4)a 
 Standing dead 971 (98)a 832 (74)b3  53 (4)a 50 (4)a 
 Litter 225 (45)a 220 (35)a  12 (3)a 13 (2)a 
 Total above-ground 

biomass 
1850 (120)a 1665 (114)a    

       
T. triandra Green leaf 403 (86)a 430 (91)a  8 (2)a 10 (2)a 
 Purple leaf 256 (73)a 282 (63)a  5 (1)a 6 (1)a 
 Dead leaf 2757 (177 )a 2397 (198)b  56 (4)a 53 (4)b4 
 Culm 813 (95)a 693 (115)a  17 (1)a 15 (2)a 
 Crown 615 (81)a 610 (120)a  13 (2)a 14 (2)a 
 Inflorescence 91 (22) a 95 (27)a  2 (0)a 2 (1)a 
        Green biomass 2178 (301)a 2109 (244)a  41 (4)a 43 (4)b5 
 Standing dead 2757 (177 )a 2397 (198)b  51 (3)a 48 (4)b6 
 Litter 443 (64)a 443 (62)a  8 (2)a 9 (2)a 
 Total above-ground 

biomass 
5378 (309)a 4949 (227)a    

       
E. xerophila Green leaf 161 (53)a 140 (39)a  10 (3)a 10 (2)a 
 Dead leaf 217 (49)a 220 (44)a  12 (2)a 13 (2)a 
 Green tiller 531 (59)a 444 (66)b  32 (3)a 28 (4)a 
 Dead tiller 785 (111)a 797 (115)a  45 (5)a 48 (5)a 
 Inflorescence 34 (17)a 37 (21)a  2 (1)a 2 (1)a 
 Rhizome 545 (63) 494 (50)    
        Green biomass 726 (114)a 621 (113)b  39 (6)a 34.8 (7)b 
 Standing dead 1002 (151)a 1017 (154)a  54 (6)a 57.1 (6)a 
 Litter 127 (28)a 144 (37)a  7 (2)a 8.1 (2)a 
 Total above-ground 

biomass 
1855 (126)a 1782 (119)a    

1P = 0.0855    2P = 0.0645    3P = 0.0714    4P = 0.0704    5P = 0.0977    6P = 0.09
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Figure 2  Ephemeral biomass in ungrazed (UG) and grazed (G) in A. pectinata, T. 
triandra and E. xerophila grasslands in response to rainfall.  Wet (W) and dry season 
(D) are indicated below the sampling date.  Dates with the same letter are not 
significantly different (P ! 0.05).  Error bars are standard errors (n = 3) and where not 
apparent are contained within the symbol. 
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Below-ground biomass 

Root biomass exhibited strong but not always significant, seasonal patterns.  In the wet 

season, the mass of roots was ~20-85% greater than in the dry season (Table 3).  As 

none of the grasslands exhibited a date x treatment interaction, root biomass treatments 

(ungrazed and grazed) were pooled for the different dates.  Although not significantly 

different (and is thus shown for interest only), root mass was generally greater in grazed 

grasslands.  There were significant differences in root:shoot ratios between sampling 

dates for E. xerophila grasslands, and grazing treatments for A. pectinata, grasslands 

(Table 3).   

 

Table 3  Root biomass and root:shoot ratios of A. pectinata, T. triandra and E. 
xerophila grasslands at the end of the wet season (March) and dry season (November), 
and under different grazing treatments. For date or treatment, values followed by the 
same letter are not significantly different  at P ! 0.05, unless otherwise indicated. 
Standard errors are in parentheses (n = 4). 
 

   A. pectinata T. triandra E. xerophila 
 
 
 
Root biomass 
(kg ha-1) 

Date 
March 

897a 
(113) 

2,430a 
198) 

845a 
(142) 

November 
647a 
(114) 

1,297b 
(263) 

712a 
(106) 

Treatment 
Exclosed 

637a 
(110) 

1,818a 
(395) 

805a 
(163) 

Grazed 
906a 
(110) 

1,909a 
(406) 

752a 
(85) 

 
 
 
Root:shoot 
ratios 

Date 
March 

0.9a 
(0.1) 

0.9a 
(0.1) 

0.9a 
(0.2) 

November 
0.9a 
(0.1) 

0.8a 
(0.1) 

2.2b 
(0.1) 

Treatment 
Exclosed 

0.7a 
(0.1) 

0.7a 
(0.1) 

1.5a 
(0.5) 

Grazed 
1.1b1 
(0.1) 

0.9a 
(0.1) 

1.7a 
(0.3) 

1 P = 0.0556 
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Leaf area index 

As for leaf mass, the leaf area index (LAI) was highly dependent on the amount and 

timing of rainfall for all three perennial species (Fig. 3).  After the 1996-7 summer 

rains, LAI increased in all grasslands and then generally declined to pre-summer rainfall 

values by August 1997.  Unseasonal winter rains in June 1998 led to a slight increase in 

LAI in A. pectinata, and a large increase in E. xerophila, but had no affect on LAI in T. 

triandra grasslands (Fig. 3). Grazing had not significant affect for any species. 

 

Regression analysis 

Generally the rate of leaf growth was greatest immediately after summer rain (i.e. 

August 1998 data excluded [abnormally wet]) and declined thereafter (Table 4a). 

However even when soil water was abundant, winter air temperatures probably 

inhibited rates of growth of green foliage (August 1998 data included), particularly on 

Hamersley Station. Leaf growth was highly sensitive to changes in soil moisture at 

Karratha Station regardless of air temperature (Table 4a).     

 

Again, under typical summer growth conditions (August 1998 data excluded), all 

grasslands produced new green biomass in response to an increase in soil moisture 

(Table 4b). The influence of air temperature was generally less obvious than the effects 

of water supply on the production of green biomass (Table 4b).  Increased air 

temperatures in T. triandra, and to lesser extent A. pectinata grasslands, suggest that 

high air temperatures could potentially reduce green biomass production (Table 4b). 

There was no affect of air temperature on green biomass production in E. xerophila 

grasslands. 
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Figure 3  Leaf area index (LAI) in ungrazed (UG) and grazed (G) in A. pectinata, T. 
triandra and E. xerophila grasslands.  Wet (W) and dry season (D) are indicated below 
the sampling date.  Dates with the same letter are not significantly different (P < 0.05).  
Error bars are standard errors (n = 3) and where not apparent are contained within the 
symbol. 

0 

50 

100 

150 

200 

250 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

Rainfall G UG 

b 

c 

ab 
a b ab 

(a)  A. pectinata Factor P -value 
S 0.0812 
D 0.0001 
  
  

0 

50 

100 

150 

200 

250 

R
ai

nf
al

l (
m

m
) 

0.0 

0.1 

0.2 

0.3 

0.4 

0.5 

 L
ea

f A
re

a 
In

de
x c 

(b)  T. triandra 

b 

ab 

b 

b 
a 

Factor P-value 
D 0.0001 
 

0 

50 

100 

150 

200 

250 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

8/96 11/96 3/97 8/97 11/97 8/98 

a 
c 

d b 

ab 

d 

(c)  E. xerophila 
Factor P-value 
D 0.0001 

Sampling Date 
W D W D D 



 91 

Table 4a  Rate of green leaf (GL) production per unit change in soil moisture and air temperatures (see text for details).  
Asterisks indicate significance of regression model (no asterisk, not significant;* 0.1 < P < 0.05; ** < 0.05; *** <0.001; **** < 0.0001). 
   All sampling dates  August 1998 data excluded 

Variable Grassland Days Rate of GL 
production 

intercept r2  Rate of GL 
production 

intercept r2 

Soil moisture A. pectinata 7 0.3 149 0.02  4.0 -920 0.49*** 
  14 0..3 57 0.07  2.1 -986 0.84**** 
  28 0.2 -21 0.16*  0.7 -659 0.92**** 
  56 0.1 -65 0.24**  0.3 -507 0.93**** 
 T. triandra 7 -0.2 1311 0.00  8.3 -1744 0.42** 
  14 0.3 980 0.01  3.7 -1495 0.58**** 
  28 0.3 703 0.05  1.3 -810 0.66**** 
  56 0.1 724 0.05  0.6 -652 0.65**** 
 E. xerophila 7 2.9 -483 0.62****  2.4 -431 0.74**** 
  14 1.2 -358 0.65****  1.0 -361 0.88**** 
  28 0.4 -152 0.65****  0.3 -201 0.95**** 
  56 0.3 -390 0.65****  0.3 -382 0.94**** 
          Mean air temperature A. pectinata 7 3.1 -231 0.08  3.1 -231 0.06 
  14 1.6 -233 0.10  1.7 -252 0.08 
  28 0.8 -228 0.12  0.85 -248 0.10 
  56 0.6 -385 0.18**  0.6 -451 0.17* 
 T. triandra 7 16.3 -1218 0.22**  11.9 -433 0.10 
  14 7.8 -1047 0.25**  5.9 -390 0.13 
  28 3.8 -943 0.26**  3.0 -351 0.14 
  56 2.4 -1447 0.35**  2.0 -976 0.23** 
 E. xerophila 7 1.4 106 0.01  5.0 -670 0.15* 
  14 0.4 223 0.00  2.8 -774 0.19* 
  28 -0.1 459 0.00  1.3 -661 0.16* 
  56 0 336 0.00  0.8 -938 0.24** 
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Table 4b  Rate of green biomass (GB) production per unit change in soil moisture and air temperatures (see text for details). 
Asterisks indicate significance of regression model (no asterisk, not significant;* 0.1 < P < 0.05; ** < 0.05; *** <0.001; **** , 0.0001). 

   All sampling dates  August 1998 data excluded 
  Days Rate of GB 

production 
intercept r2  Rate of GB 

production 
intercept r2 

Soil moisture A. pectinata 7 -0.7 848 0.14*  1.3 285 0.14* 
  14 -0.3 809 0.11*  0.5 362 0.14* 
  28 -0.1 754 0.07  0.1 480 0.11 
  56 -0.0 687 0.02  0.1 403 0.27* 
 T. triandra 7 1.3 1320 0.05  5.5 -205 0.26** 
  14 0.4 1419 0.03  1.5 688 0.15* 
  28 0.2 1566 0.03  0.4 1225 0.10 
  56 0.1 1518 0.04  0.2 1112 0.14* 
 E. xerophila 7 2.5 -97 0.48****  2.0 -32 0.70*** 
  14 1.0 44 0.44***  0.8 49 0.53*** 
  28 0.3 241 0.38***  0.2 194 0.51*** 
  56 0.2 -22 0.72****  0.2 23 0.58**** 
          Mean air temperature A. pectinata 7 2.0 304 0.05  -0.9 823 0.11 
  14 0.7 403 0.03  -0.7 912 0.04 
  28 0.3 453 0.02  -0.4 923 0.05 
  56 0.1 498 0.01  -0.2 979 0.07 
 T. triandra 7 -9.3 3286 0.11  -16.2 4513 0.25** 
  14 -4.5 3266 0.13  -7.8 4335 0.28** 
  28 -2.2 3158 0.14  -3.5 413 0.29** 
  56 -1.1 3186 0.14  -1.8 4120 0.28** 
 E. xerophila 7 -1.4 894 0.01  1.8 210 0.02 
  14 1.2 1058 0.02  0.9 192 0.02 
  28 -0.9 1294 0.06  0.2 375 0.01 
  56 -0.4 1252 0.05  0.2 258 0.01 
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The change in green biomass between sampling dates was significantly related to the 

change in LAI between sampling dates for A. pectinata and E. xerophila, but not T. 

triandra (Fig. 4).  E. xerophila grasslands produced more than twice as much green 

foliage as A. pectinata and over four-fold the mass of green foliage in T. triandra 

grasslands (Fig. 4).  Analysis of covariance showed no difference between treatments 

(grazed vs. non-grazed) for all species. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4  Linear regressions between changes in leaf area index (LAI) and green 
biomass production in A. pectinata ( )  T. triandra (!) and E. xerophila (") grasslands.  
Regression equations for each grassland: 
A. pectinata  Green biomass = 3878.203 x LAI – 68.337 r2 = 0.399   P = 0.0028 
T. triandra Green biomass = 1936.739 x LAI – 129.260 r2 = 0.084   P = 0.2162 
E. xerophila Green biomass = 8711.811 x LAI – 13.516 r2 = 0.899   P = < 0.0001 
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Above-ground net primary productivity, relative growth rate, and rain use efficiency 

Estimates of ANPP were much greater in T. triandra grasslands than either A. pectinata 

or E. xerophila grasslands.  Whereas in A. pectinata grasslands ephemeral production 

made up  ~ 50% of ANPP, on the other two grasslands ephemeral production was only a 

minor proportion of ANPP (< 10%; Table 5). Maximum RGR of green biomass were 

recorded after the 1996-7 summer rains for all species and the RGR of T. triandra 

grasslands was two to four-fold greater than for the other species (Table 5).  Grazing 

had no effect on Hamersley Station grasslands in contrast to E. xerophila grasslands on 

Karratha Station where between 11/96 and 3/97, grazing resulted in a significant 

reduction in RGR (Table 5).  Total above-ground biomass RGR was greater in T. 

triandra (mean 6.1 kg ha-1 day-1, range 0.5-22.5 kg ha-1 day-1) and E. xerophila (5.8, 

0.4-15.7) than A. pectinata (3.2, 0.1-7.2) grasslands.  Unlike RGR, maximum RUE was 

recorded after the late summer rains of 1995-6 (Table 5). 

 

Green leaf !13C 

All species exhibited similar trends of 13C enrichment after late summer rain in 1996, 

1996-7 summer rain, and unseasonal winter rainfall in June 1998, followed by a 

significant depletion of 13C over the course of the dry season (Fig. 5).  There were no 

significant affects of grazing (Fig. 5).  Themeda triandra foliage was significantly 

enriched in 13C compared to A. pectinata and E. xerophila foliage throughout the course 

of the study (Fig. 5, Table 7), regardless of whether all, or matched data (dates when all 

species were represented), were used in the analysis (Table 7). 
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Table 5 Estimates of above-ground net primary productivity (ANPP) for perennial 
species alone, as well as perennial + ephmeral species (encapsulated within square 
parentheses), green biomass relative growth rate (GB-RGR), and rain use efficiency 
(RUE) in A. pectinata, T. triandra and E. xerophila grasslands. As there were no 
significant grazing differences in A. pectinata or T. triandra grasslands, data was 
pooled. Within a row, values followed by the same letter are not significantly different 
(P ! 0.05). Standard errors are in parentheses (n = 2-4), and an asterisk indicates a 
significant difference between ungrazed (UG) and grazed (G) treatments. 
 
Grassland Treatment Period 
  5-8/96 11/96-3/97 3-8/97 6-8/98 
ANPP  (kg ha-1 yr-1)      
A. pectinata Pooled  597 (150) 

[1209 (96)] 
- - 

      T. triandra1 Pooled  2244 (341) 
[2266 (359)] 

 - 

      E. xerophila UG  790a* (2) 
[790a (2)] 

- 778a (1)  
[845a (40)] 

 G  645a (6) 
[652a (31)] 

- 969a (100)  
[1049a (106)] 

      
RUE (kg mm-1 ha-1)      
A. pectinata Pooled 8.3 (7.0)a 1.4 (0.3)a   
      
T. triandra Pooled 5.3 (11.4)a 3.8 (0.7)a 7.5 (2.0)a  
      E. xerophila UG  3.0 (0.0)a  3.5 (0.0)b 
 G 5.2 (0.4)a 2.4 (0.0)a*  4.3 (0.4)a 
      

GB-RGR (kg ha-1 day-1)      
A. pectinata Pooled 3.3 (2.7)a 5.2 (1.3)a   
      
T. triandra Pooled 1.3 (5.3)a 15.7 (3.4)b 3.3 (0.9)a  
      
E. xerophila UG  7.9 (0.0)a  3.6 (0.0) a 
 G 4.9 (0.4)a 6.4 (0.1)a*  4.5 (0.5)a 

1For T. triandra, ANPP was calculated as new growth produced between 11/96-8/97 
 
 
Table 7  Green leaf !13C and carboxylation pathways, nicotinamide adenine 
dinucleotide malic enzyme (NAD-ME);  nicotinamide adenine dinucleotide phosphate 
malic enzyme (NADP-ME) of A. pectinata, T. triandra and E. xerophila species.  
Within a row, values followed by the same letter are not significantly different at P ! 
0.0001. Figures in parentheses are standard error and sample size. 
 
 • A. pectinata 

(‰) 
T. triandra 

(‰) 
E. xerophila 

(‰) 
C4 pathway NAD-ME NADP-ME NAD-ME 
    All data -14.30a 

(0.14, n = 23) 
-12.77b 

(0.12, n = 30) 
-14.03a 

(0.10, n = 24) 
    Matched data -14.10a 

(0.16, n = 10) 
-12.32b 

(0.20, n = 10) 
-14.03a 

(0.18, n = 10) 
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Figure 5  Green foliage !13C in ungrazed (UG) and grazed (G) plots in A. pectinata, T. 
triandra and E. xerophila grasslands.  Wet (W) and dry season (D) are indicated below 
the sampling date.  Dates with the same letter are not significantly different (P < 0.05).  
Error bars are standard errors (n = 1-3) and where not apparent are contained within the 
symbol. 
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Discussion 

 

Seasonal patterns of above-ground growth 

Growth in arid and semi-arid conditions is first and foremost limited by soil water 

(Noy-Meir 1973).  On Hamersley Station, Shaw and Mitchell (1994) modelled plant-

available soil water in response to evaporation, soil water recharge and rainfall.  Their 

results showed that even in the wetter months (December and March - 70% of mean 

annual rainfall), and as a result of the strong rates of evaporation (see Chapter 2), water 

stored in the soil profile would be sufficient for growth for less than one-third of this 

period.  For the remainder of the year, water availability is seldom sufficient to maintain 

growth and plants lie dormant for long periods.  The effectiveness of rainfall is 

diminished by canopy interception and subsequent evaporation of water of plant 

surfaces (Dunkerley and Booth 1999) and thus the small rainfall events (<5mm) that 

predominate (~95%) in the Pilbara will rarely be effective. 

 

Rapid leaf initiation in response to summer rainfall in these grasslands is typical of the 

response observed in many perennial arid and semi-arid grasses elsewhere, including A. 

pectinata and E. setifolia (Hunter and Melville 1994), T. triandra (Wallace et al. 1985, 

Hodgkinson et al. 1989) and Stipa tenacissima (Pugnaire et al. 1996).  Summer rainfall 

can also result in the ‘greening up’ of older leaves (Doley and Trivett 1974).  The 

amount of rainfall required to initiate leaf extension varies, but rainfall events of greater 

than 20 mm in summer/autumn/spring, lead to considerable leaf growth in A. pectinata 

(Hunter 1989).  Owing to the sensitivity of leaf bud initiation and leaf extension to 

changes in leaf water potential (Danckwerts 1988), water stress curtails leaf extension, 

reducing leaf area (Busso and Richards 1995).  In the field, leaf extension was curtailed 

in T. triandra when soil water declined to below 40% of field capacity (Danckwerts 
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1988) and within a week of 50 mm of summer rain (Danckwerts 1998) in a pot 

experiment.  In the case of the C4 perennial, Eustachys paspaloides, leaf extension was 

curtailed when predawn leaf potential dropped below –1.5 MPa (Toft et al. 1987). 

 

With the onset of effective rainfall, the period available for plant growth is dependent 

on plant-available soil water.  For these species, both pot (Phelps and Gregg 1991) and 

field studies (McNaughton 1985a, Dye and Walker 1987) have shown that growth is 

restricted to soil potentials of ~ -0.1 to -1.5 MPa. This often leads to a short growing 

season (weeks), and over a summer period in a South African semi-arid savanna, 

perennial grasses extracted all plant-available soil water, to a depth of 600 mm, within 

30 days (Stuart-Hill et al. 1986).  The curtailing of growth due to water limitations 

depends not only on climatic conditions and soil properties but also on species 

differences e.g. rooting depth.  For instance, Ross (1977) recorded growth over a two 

month period in a Eragrostis eriopoda community despite a decline (over this period) in 

the soil water potential to ~ –37 Mpa (at a soil depth of 700 mm).  Growth during this 

period apparently depended on water uptake from depths of greater than 700 mm where 

the soil water potential was ~ -0.2 MPa.  The nature of this study meant that it was not 

possible to ascertain the length of growth periods, however the observed patterns of 

growth, including the magnitude of the increase in biomass in response to rainfall, is 

wholly consistent with the literature.  

 

Both traditional (Roe and Allen 1945), and more current (Stuart-Hill et al. 1986) 

paradigms of plant growth in arid environments state that perennial grasses  “spend the 

current seasons rainfall” before becoming dormant (Williams et al. 1998).  While 

clearly speculation, it is possible that some or all of these species, like perennial grasses 

of the Kalahari Desert, transfer soil water within the root system via “inverse hydraulic 
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lift” from the surface to sub-soil layers, producing a reservoir of moisture available for 

later use (Schulze et al. 1998a). 

 

The C4 pathway commonly found in arid plants, is associated with increased water- and 

nitrogen-use efficiency (Ehleringer and Monson 1993) and with maintenance of 

photosynthesis at higher temperatures (DePuit 1979, Kozlowski and Pallardy 1997). 

Temperatures less than 30 – 35oC are usually less than optimal for growth of C4 species 

(Le Houérou 1984).  These features alone account for some of the difference between 

Karratha Station and Hamersley Station grasslands in growth responses (LAI and green 

biomass) to the unseasonal June 1998 rainfall.  Owing to its proximity to the Indian 

Ocean, the minimum and mean air temperatures between June and August on Karratha 

Station were 2–10oC warmer (Bureau of Meteorology 2000) than Hamersley Station.  A 

combination of an ability to grow during cooler winter periods (Ross 1977, Cox et al. 

1988 but see Montani et al. 1996) and the generally warmer winter temperatures at 

Karratha Station, resulted in the stimulation of E. xerophila growth by winter rainfall.  

In comparison, lower temperatures at Hamersley Station reduced the response of 

grasses to increased soil moisture (Groves 1965, Christie 1981). Greater summer air 

temperatures (which commonly exceed 40oC - see Chapter 2) on Hamersley Station 

were associated with a reduction in green biomass (Table 4b), probably owing to 

inhibition of plant processes and pathways at ~35oC (Christie 1975, Christie 1979a) and 

cell death at temperatures > 46-53oC (Gibson 1996).   

 

The response of E. xerophila to effective rainfall resemble those of an ephemeral 

species. Rapid leaf initiation, a high root:shoot ratio and an ability to produce a large 

mass of green biomass per unit of green leaf, all allow for rapid growth.  Although less 

responsive than E. xerophila, A. pectinata grasslands also respond to rainfall more 
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quickly than T. triandra.  Scanlan (1983) found no relationship between rainfall and 

production of main tillers by A. pectinata.  By contrast, Jozwik et al. (1970) suggested 

that 50 mm of effective rain might be the minimum required for the production of main 

tillers and in the current study, > 50 mm of rain (either as a single event or a series of 

small rainfall events over a short time period) increased main tiller production 

(Appendix 4).  Smaller rainfall events (15–40mm) initiated growth of new axilliary or 

sub-axilliary tillers, as has been noted previously (Everist 1964, Jozwik et. al. 1970, 

Hunter 1989, Phelps and Gregg 1991).  Sub-axilliary tillers possibly play a more 

important role in the overall growth and survival of Astrebla spp. tussocks than their 

biomass suggests; in particular owing to their greater leaf:shoot ratio than main tillers 

(Scanlan 1983).   

 

Comparisons of biomass with other arid and semi-arid grasslands 

The biomass of A. pectinata and T. triandra grasslands were similar to, or greater than, 

other studies (Table 7) while the biomass of E. xerophila was generally in the mid-range 

of other Eragrostis spp. grasslands (Table 7).  In contrast however, estimates of ANPP 

for these grasslands were somewhat lower than what previous studies have reported for 

comparable ecosystems.  Friedel (1981a) and Christie (1981) recorded values of 1,360-

1,850 kg ha-1 yr-1, while Ross (1977) measured a ANPP for a E. eriopoda community of 

~ 500 kg ha-1 yr-1.  Productivity for the T. triandra was similar to what Groves (1965) 

measured (2,280 kg ha-1 yr-1 for T. triandra alone and 2,460 kg ha-1 yr-1 for the entire 

plant community) but considerably less (3,550-5,530 kg ha-1 yr-1 as estimated by 

monthly biomass cuts) than a Ugandan grassland dominated by T. triandra and 

Hyparrhenia filipendula (Strugnell and Pigott 1978).  Across the board, the values of 

ANPP as reported here were generally (with the possible exception of T. triandra) at the 

lower end of the spectrum compared to North American short grass steppes and mixed 
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grass prairies (Sims and Singh 1978, Lane et al 1998) and which have similar rainfall.  

However in a worldwide review of some 127 grasslands, the estimates of ANPP for 

these Pilbara grasslands while low, are generally comparable to other grasslands with 

similar rainfall (Milchunas and Lauenroth 1993). 

 

Relative growth rates (RGR) (both green and unsorted biomass) of the studied A. 

pectinata grasslands were generally less than measured elsewhere; 34.5 kg ha-1 day-1 

(Davies et al. 1938), 4-15 kg ha-1 day-1 (total and green biomass; Friedel 1981a), 16 kg 

ha-1 day-1 (Friedel 1981a) and 39 kg ha-1 day-1 (Christie 1981).  Likewise, the RGR’s of 

the Pilbara T. triandra grasslands were less than measured elsewhere, 33 kg ha-1 day-1 

(Groves 1965) and 32 kg ha–1 day-1 (green biomass; McNaughton 1985a).  RGR’s of E. 

xerophila were also less than recorded previously for Eragrostis spp. (37 kg ha-1 day-1, 

Ross 1977; 4.5-44 kg ha-1 day-1, Montani et al.1996).
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Table 7  Above- and below-ground biomass from a range of ungrazed (UG) and grazed (G) grasslands for the same or comparable grasslands, both in 
Australia and overseas.  Studies were often undertaken on grasslands where other grass species were present (indicated by MG beside species) but where 
possible only the biomass of the species of interest is listed, unless otherwise noted (MG). 
 

Species Location of study site Annual 
rainfall (mm) 

Above-ground 
biomass (kg/ha) 

Below-ground 
biomass (kg/ha) 

Authors 

Astrebla spp. Queensland, Australia 330 50-2,050UG, G - Davies et al. 1938 
Astrebla spp. Queensland, Australia 371 130-1,780G - Roe and Allen 1945 
Astrebla spp.MG Queensland, Australia NR1 2,240G, MG - Ebersohn 1970 
Astrebla spp.MG Queensland, Australia 431 200-600G - Lorimer 1978 
Astrebla spp.MG Queensland, Australia 444 380-1,590UG, G  3,400-5,300MG Hall and Lee 1980 
Astrebla spp. Queensland, Australia 444 720-2,230UG, G - Orr 1980b 
Astrebla spp. Queensland, Australia 225-670 200-1,400UG, 2 - Scanlan 1980 
Astrebla spp.MG Queensland, Australia 499 60-1,850UG, MG 5,100MG Christie 1981 
Astrebla spp.MG Northern Territory, Australia 263 2,500-5,000UG - Friedel 1981a 
A. pectinataMG Northern Territory, Australia 4173 135-390UG, G - Foran and Bastin 1984 
Astrebla spp.MG Queensland, Australia NR 425-1,620G - Orr et al. 1988 
Astrebla spp. Queensland, Australia 444 500-3,000UG, G - Orr and Evenson 1991 
Astrebla spp. Queensland, Australia 371 120-450G - Roe and Allen 1993 
      T. triandraMG Northern Territory, Australia 890 60-1,680UG, MG, 2 - Norman 1963 
T. triandraMG Victoria, Australia 547 720-3,0004 2,000-8,400MG Groves 1965 
T. triandraMG Northern Territory, Australia 870 570-990UG, G - Norman 1969 
T. triandraMG South Africa, Africa 275-785 600-1,950G, MG - Vorster 1975 

1 Not recorded    2 Burnt before the start of the growing season 
3 Wet season (Oct.-April)  4 the extent of grazing not recorded 
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Table 7 (continued) 

Species Location of study site Annual 
rainfall (mm) 

Above-ground 
biomass (kg/ha) 

Below-ground 
biomass (kg/ha) 

Authors 

T. triandraMG Tanzania, Africa NR 690-5,020UG, G - McNaughton 1979b 
T. triandra South Africa, Africa NR 3,540-4540UG, G 2,770-2,930UG, G Downing and Marshall 1983 
T. triandraMG Northern Territory, Australia 750 2,100-6,0004 - Mott and Andrew 1985 
T. triandraMG Zimbabwe, Africa 609 50-1,000UG, 2 - Dye and Walker 1987 
T. triandraMG South Africa, Africa 560 250-2,5005 - Snyman and Fouche 1993 
T. triandraMG Northern Territory, Australia 950 720-3,540G - Ash et al. 1995 
T. triandraMG South Africa, Africa 570-610 1,000-3,1005 - Hatch and Tainton 1995 
T. triandraMG Queensland, Australia 850 40-750G - Ash and Corfield 1998 
T. triandraMG South Africa, Africa 530 310-2,6804, 6  - Snyman 1998 
T. triandra India 780 10,2804 3,110 Paliwal and Manoharan 1997 
      E. curvula Western Australia, Australia 378 100-4,250UG, 7 - Farrington 1973 
E. eriopodaMG Northern Territory, Australia 250 5-800UG - Ross and Lendon 1973 
E.  eriopoda Northern Territory, Australia 252 0-12,0004 100-800 Ross 1977 
E. curvula South Africa, Africa 700-925 1,300-2,600UG - Tainton et al. 1981 
E. leptostachyaMG New South Wales, Australia NR 90-210G - Lodge and Whalley 1983 
E. lehmanniana Arizona, USA 500 250-17504, 8 - Frasier and Cox 1994 
E. curvula South Africa, Africa 125-625 750-3, 500UG - Snyman 1994 
E. curvula Argentina, South America 6015 0-6,420UG, 9 7,750-11,200 Montani et al. 1996 
E. lehmannianaMG South Africa, Africa 530 200-19704, 6 - Snyman 1998 
5 Estimated 6 Summarised from a number of studies                             
7 Fertilised 8 Green biomass 9 Clipped before the start of the growing season 
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Comparisons between studies of rain-use efficiency (RUE) estimates can be difficult to 

make due to differences in the calculation of RUE.  For example, Le Houérou (1984, Le 

Houérou et al. 1988) calculates RUE on the basis of dry matter production per mm of 

rainfall per year, where as other studies calculate RUE as dry matter production per mm 

per rainfall event (Christie 1981), while comparable South African studies of T. 

triandra and Eragrostis spp. have generally used water-use efficiency (WUE, kg ha-1 

mm evapotranspiration-1).  In spite of this, general comparisons between species and 

environments can be made.  Estimates of RUE for many arid and semi-arid ecosystems 

are often in the order of 4 kg mm-1 ha-1 yr-1 (Le Houérou 1984).  RUE’s for Pilbara 

grasslands lie mostly within this range (1.4 - 8.3 kg mm-1 ha-1) but are greater than those 

for a number of similar grasslands.  For example, the RUE of A. pectinata was up to 

twice that of the mean summer value of 3.8 kg mm-1 ha-1 for an A. lappacea grassland 

(Christie 1981).  Previous studies of T. triandra and a T. triandra/Digitaria eriantha 

grassland have measured WUE of 2.5-9 kg ha-1 mm-1 (Snyman 1989, 1998), whereas 

WUE for E. lehmanniana, E. chloromelas and E. curvula grasslands are somewhat 

lower, 1.6-7 kg ha-1 mm-1 (Snyman 1989, 1994, 1998).  Compared to South African 

grasslands it is likely that the WUE of Pilbara grasslands would be considerably greater 

when it is taken into consideration that RUE was calculated on the basis of dry matter 

production (unlike WUE which is calculated on a fresh weight basis) and a significant 

proportion of rainfall is not used by the plant but is lost to evaporation (~50%; 

Opperman and Roberts 1975).  Consequently, it appears that the RUE of Pilbara 

grasslands was, despite receiving 200 mm less rainfall, greater than the South African 

grasslands where the studies of T. triandra and Eragrostis spp. by Snyman (1989, 1994, 

1998) were undertaken.  This is somewhat unexpected as Le Houérou (1984), in an 

extensive literature survey, reported a decline in RUE as aridity increased.  RUE in T. 

triandra grasslands however, appears to increase as soil water declines (Snyman 1993).  
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Finally, the lower RUE values recorded after the 1996-7 summer rains may have 

reflected nutrient limitations to growth (Le Houérou 1984). 

 

Seasonal patterns of below-ground growth 

Root biomass in Pilbara grasslands is strongly seasonal, with a rapid increase in root 

biomass after summer rains (Pandey and Singh 1992) due to the growth of new “rain” 

roots (Drew 1979) and an increase in the extension of older roots (Charlton 1991).  

There is a paucity of literature on seasonal patterns of root growth for any of these 

species. A. pectinata grasslands reportedly require ~75 mm of rainfall to stimulate root 

production (Orr 1975), but it is highly likely that in the Pilbara growth would be 

stimulated by smaller rainfall events.  In a mixed species T. triandra grassland, root 

growth was observed at > 20% soil water, and death and root turnover at 10% soil water 

(Groves 1965).   

 

The proportion of live:dead roots can be of use in interpreting patterns of root growth, 

however, the presence of a rhizosheath on the roots of all species in this study meant it 

was not possible to separate live and dead roots.  The rhizosheath is vitally important in 

arid grasslands as being intimately bound to the root it increases the root surface area, 

facilitating soil water and ion uptake (McCully 1995).  Furthermore, it also assists in 

minimising the loss of root-soil contact as the soil dries out and shrinks away from the 

root, disrupting mass water flow (Nobel 1994, McCully 1995). 

 

The high soil temperature recorded on Hamersley Station (mean soil temperatures at 5 

cm ranged from 15 to 35oC, with mean maximum temperatures 6 to 13oC higher (see 

Chapter 3) and Karratha Stations, particularly over the summer growing season, could 

potentially restrict root growth. Although a temperature of 35oC decreased root 
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extension rates seven-fold in A. lappacea (Christie 1979a), there is considerable 

variation between species and genera (Bowen 1991) and it is likely that all of these 

species have roots adapted to high soil temperatures.  

 

Rates of root turnover in T. triandra were much greater (47% of wet season biomass) 

than in either A. pectinata (28%) or E. xerophila (16%) grasslands, and as a 

consequence, root longevity was greatly reduced in T. triandra (2.1 years) compared to 

A. pectinata (3.6) and E. xerophila (6.3) grasslands.  The rate of turnover may reflect 

inherent differences in soil fertility between grasslands (Chapin 1980; see Chapter 6).  

Moreover, in arid environments where diffusion is limited by low soil water, a more 

extensive root system aids water and nutrient uptake (Chapin 1991), and this is achieved 

in part, through roots with increased longevity (Chapin 1980). 

 

Unlike Hamersley Station grasslands, root:shoot ratios in E. xerophila grasslands were 

strongly seasonal (Table 3), reflecting the greater aridity (lower annual rainfall and very 

dry winter - see Chapter 2) and lower soil fertility (see Chapter 6).  Despite differences 

in sampling and depth of excavation, in general, the root:shoot ratios recorded in this 

study were comparable to what had been previously recorded in A. lappacea-mixed 

grassland (2.1-3.5; Hall and Lee 1980, Christie 1981), T. triandra (0.7, Downing and 

Marshall 1983; 0.3, Paliwal and Manoharan 1997) and Eragrostis spp. grasslands (0.2-

3; Ross 1977, Montani et al. 1996).  

 

Flooding of Pilbara grasslands is common after large or regular rainfall events because 

of predominantly high clay soils. Flooding can subsequently lead to root anoxia and a 

reduction in growth (Kozlowski 1984).  Heavy rainfall in the summer of 1996-7 may 

also have reduced root biomass in March 1997.  Flooding during the growing season 
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will lead to inhibition of growth (Kozlowski 1984) whereas during winter, growth is 

less likely to be affected as plants are dormant (Drew and Stolzy 1991).  Reduced 

growth and the subsequent reduction in transpiration can result in water percolating 

deeper into the soil profile, which may then be available for later use.  This was 

observed in the current study, whereby T. triandra grasslands produced no new growth 

after unseasonal winter rain in 1998 (due to temperature restrictions) but were able to 

use stored soil water for growth later in the year (Bennett and Adams 2001) as air 

temperatures increased.   

 

Root biomass in this study was much less than in other studies (Table 7).  In itself, this 

result means little as comparisons between studies is problematic because of; large 

errors inherent in estimations of root biomass (Vogt and Persson 1991), differences in 

sampling depths (these roots were sampled to 10 cm depth compared to the 50-100 cm 

of other studies), the seasonal nature of root production (Shackleton et al.1988) and a 

lag in root biomass production after rainfall (Pandey and Singh 1992, McNaughton et 

al. 1998).  Additionally, in heterogeneous landscapes root biomass will depend greatly 

on the location of the tussock with respect to the area sampled (Shackleton et al. 1988).  

 

Litterfall 

The absence of accumulated litter suggests that litter turnover in these grasslands is fast 

(Fig. 1) and that much of the litter probably decomposes completely after summer 

rainfall (West 1979, Friedel 1981a, Mott et al. 1984). Other studies of arid ecosystems 

have not found such rapid turnover (Whitford et al. 1988).  Patterns of litter 

accumulation may also reflect drought (West 1979, West 1984), prevailing wind 

conditions (West 1984), the extent to which material remains attached to the plant after 

senescence (Danckwerts and Aucamp 1985) and, in A. pectinata and E. xerophila 
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grasslands, ephemeral litterfall.  Rates of litter turnover are influenced by a multitude of 

factors (e.g. C:N ratio, drying and rewetting cycles, temperature and temperature 

fluctuations, soil pH, clay content, complexation with humic and organic compounds 

and microbes; Haynes 1986b). The probable presence of phenolics in T. triandra and 

Eragrostis spp. (Dini and Owen-Smith 1995, Theunissen 1995) appeared to have little 

effect on rates of litter decomposition in these grasslands. 

 

The greatly reduced litterfall in E. xerophila grasslands compared to A. pectinata 

(despite comparable biomass) reflects the more arid and rainfall-variable climate (West 

1979, West 1984) on Karratha Station (see Chapter 2), leading to reduced productivity 

and different seasonal patterns. Leaf excision minimises transpiration losses and assists 

in plant survival (West 1979) and the apparent absence of leaf litter in E. xerophila 

grasslands may have been due to lodging of leaf fall in the gilgai’s (West 1979) and the 

greater moisture content of gilgai’s (Williams 1955).  The latter encourages rapid leaf 

decomposition (Enriquez et al. 1993).  By comparison, potentially greater 

concentrations of phenolics and tannins in litter (Dini and Owen-Smith 1995, 

Theunissen 1995) decreases their rate of decomposition. 

 

There are few studies of litterfall for the species of this study, but the 750 kg ha-1 yr-1 

produced in A. pectinata grasslands is less than the 960 to 2,500 kg ha-1 yr-1 previously 

reported for A. pectinata grasslands elsewhere (Christie 1979b, Friedel 1981a).  As a 

proportion of annual biomass production, litterfall in A. pectinata (16%), T. triandra 

(11%) and E. xerophila (9%) grasslands were all considerably less than the 43% 

reported for a central Australian A. pectinata community (Friedel 1981a) and the 30-

60% for desert plant litter (West 1979).   
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13C natural abundance 

The decline in green leaf !13C after rain probably represent changes in cell constituents 

and carbohydrate content over the course of the growing season as unlike C3 plants, the 

13C signatures of C4 plants cannot be used as a measure of water efficiency due to 

differences in CO2 carboxylation between C3 and C4 pathways (O’Leary 1988).  Newly 

produced photosynthates have a 13C signature comparable (or enriched) to that 

associated with the initial carboxylation pathway (Gleixner et al. 1993).  Over the 

course of the dry season, a combination of a decline in photosynthesis and an 

accumulation of 13C-depleted (relative to primary carbohydrates) secondary products 

e.g.  lignin, lipids, aromatics, proteins, alkaloids, etc.  (Whelan et al. 1970, O’Leary 

1981, Gleixner et al. 1993, Schmidt and Gleixner 1998), leads to 13C depletion of cell 

components in the ageing leaf. 

 

Previous studies have found significant differences between C4 pathway types, with a 

mean !13C of the NADP-ME pathway in the range of -11.35 to -12.38‰, and that of the 

NAD-ME pathway ranging from -12.70 to -13.69‰ (Hattersley 1982 and references 

there in, Schulze et al. 1996).  While the values for !13C in this study were marginally 

higher than previous studies (possibly reflecting seasonal samplings rather than a single 

sampling), they nonetheless support previous findings of pathway differences.  

Differences in the !13C of the two pathways may in part be derived from differences in 

membrane leakage between pathways, with the NAD-ME pathway being the most 

leaky, possibly due to the absence of suberized lamella in mesophyll walls amongst 

other reasons (Hattersley 1982). 

 

Effect of grazing on growth patterns 

Over the course of this study, grazing had a small negative impact on growth and a 
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slightly greater effect on above-ground biomass.  These differences manifested 

themselves within the Hamersley Station grasslands as an increased mass of dead (but 

not green) leaves and consequently, an increase in the standing dead pool. There are a 

number of possible explanations.  First, grasses were able, via compensatory growth 

(Crawley 1983), to ‘recover’ from grazing and were able to maintain a mass of green 

leaves slightly greater than that recorded in ungrazed treatments (Table 2).  

Compensatory growth, which has been observed to varying degrees in T. triandra 

(McNaughton 1979a, Coughenour et al. 1985, McNaughton 1985a, Oesterheld and 

McNaughton 1988, Oesterheld and McNaughton 1991, McNaughton 1992) and other 

grasses (Georgiadis et al. 1989, Oesterheld and McNaughton 1991), is generally 

partially dependent on soil fertility (Chapin and McNaughton 1989, Georgiadis et al. 

1989).  Alternatively, grazing can reduce the rate of leaf senescence (McNaughton 

1979a, Crawley 1983, Nowak and Caldwell 1984) which may also account for the 

greater green foliage in grazed plots.  Other explanations including cattle breaking off 

dead foliage or an accumulation of dead foliage over time (in the ungrazed plots) seem 

unlikely as there was neither an increase in litter in the grazed plots nor an accumulation 

of dead foliage in ungrazed plots.  The decline in inflorescence mass and potential 

reduction in seed production observed in grazed A. pectinata grasslands (Table 2) may 

or may not result in a decline in plant density over time as vegetative reproduction is 

probably a more important means by which tussock populations are maintained in this 

grassland (see Chapter 3). 

 

Heavy grazing of E. xerophila (~75% utilisation of GB, Appendix 2) after a very dry 

winter (preceding five months < 10 mm rainfall) reduced the growth response of 

tussocks to the 1996-7 summer rains (as indicated by the reduced RGR of grazed plots; 

Table 5).  Heavy defoliation of green tillers and green leaves reduces carbohydrate 
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production and subsequently the quantity of carbohydrates available to be stored in the 

rhizome and to initiate new seasons growth (Whalley and Davidson 1969, Heady and 

Child 1994).  The ~75% utilisation of E. xerophila GB was above the 60-70% 

utilisation of Agropyron smithii above-ground phytomass, a reduction shown to 

significantly reduce total non-structural carbohydrates present in rhizomes, roots and 

crowns (Stroud et al. 1985).  Moreover, this pattern was not repeated in the latter half of 

1997 reflecting an increase in winter rainfall in parallel with compensatory growth 

which resulted in an ~33% greater production of green biomass in grazed, relative to the 

ungrazed, plots by August 1997 (Fig. 1). 

 

Ephemeral biomass is often considered important in providing quality fodder for 

grazing cattle (Vallentine 1990, Partridge 1996), but in the current study grazing did not 

result in a significant grazing of ephemerals (Fig. 2).  Reasons for this may have 

included; a concentration of grazing closer to watering points (Vallentine 1990), an 

abundance of unpalatable ephemerals or the death of ephemerals before they were 

grazed. 

 

While defoliation in pot studies and some field studies commonly results in a decline in 

root biomass (Coughenour et al. 1985, Wallace et al. 1985,  Milchunas and Lauenroth 

1989, Danckwerts and Gordon 1990, Pandey and Singh 1992, McNaughton 1992, Mott 

et al. 1992, Allsopp 1998, Northup and Walker 1999 but see Wilsey et al.1997), most 

field studies find grazing to have relatively little affect on below-ground biomass 

(Bartos and Sims 1974, Downing and Marshall 1983, McNaughton et al. 1998, 

Schuman et al. 1999).  In an extensive survey of grazing in 276 field studies, Milchunas 

and Lauenroth (1993) reported that decreases in above-ground biomass as a result of 

grazing were associated with both increases and decreases in root biomass.  In the 
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current study, all grasslands exhibited an increased root:shoot ratio under grazing (Table 

3).  In many respects, grazing is simply another environmental stress to which plants 

respond in a manner similar to water or nutritional stress, and which increases the 

allocation of resources to storage organs, predominantly roots and rhizome (Chapin 

1991). 

 

Grazing effects are notoriously difficult to quantify in the field.  Though pot studies of 

perennial grasses suggest defoliation can retard growth (Tainton and Booysen 1965, 

Detling et al. 1979, Wallace et al. 1984, Gold and Caldwell 1989, Hodgkinson et al. 

1989, Coughenour et al. 1985, Oesterheld and McNaughton 1991, McNaughton 1992, 

Wilsey et al. 1997), such studies are poor predictors of the field response owing to 

differences in competition, shading, climate and nutrients (McNaughton 1992).  

Moreover, defoliation in pot trials is often far more severe than ever observed in the 

field.  In this study, only those plants close to watering points were heavily defoliated, 

whereas tussocks further away (i.e. the distance that my sites were from a bore) were 

much less severely grazed.  While individual plants may respond as measured in pot 

trials, the extensive nature of these grazing systems requires a large number of tussocks 

to be grazed before a significant affect is measurable.  

 

It is also important to place grazing affects within the context of the physiological status 

of Pilbara grasses during the period when they are most likely to be grazed.  Grazing of 

perennial grasses is generally greatest in the latter half of the year when grasses are 

often dormant due to either soil moisture restrictions (McNaughton 1985a) and/or low 

air temperatures (Groves 1965).  As a result, foliage removal is less likely to reduce 

growth in the following season (Holechek et al. 1995).  For example, defoliation of A. 

lappacea later in the season was not detrimental to forage production (Orr 1980b).  
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Similarly, in T. triandra and E. lehmanniana defoliation early in the growing season 

significantly reduced total phytomass but not later in the season (Snyman 1993), and 

Ash and McIvor (1998) noted that after seed set and senescence the effect of late 

grazing was reduced in T. triandra grasslands.  However, as noted previously (i.e. E. 

xerophila in late 1996), very heavy grazing can lead to a considerable reduction of 

growth despite good summer rains. 

 

Conclusion 

The results of this field study clearly demonstrate that while water availability controls 

patterns of growth, temperature can exert an equally strong influence on growth.  

Growth rates were generally less than those of other arid grasslands, but this did not 

necessarily lead to lower net primary production. Grazing affects were generally diffuse 

and had little adverse impact on net primary production, particularly after good rains. 

Grazing affects need also to be considered in light of the low grazing pressures, the 

generally good rainfall during the course of this study, as well as the relatively short 

time frame over which this study was conducted.  While climatic variables are the over-

riding influence on growth, grazing is more likely to have incremental affects on growth 

and net primary production. 
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Chapter Five 
 

Plant nutrient cycling in three semi-arid perennial tussock grasslands 

of the Pilbara region of NW Australia 

 

 

Introduction 

 

After growth limitations imposed by low availability of water, low rates of net primary 

productivity in arid and semi-arid ecosystems are most often attributed to low 

availability of nutrients (West and Skujins 1978, Fisher et al. 1988, Zhang and Zak 

1998).  In arid ecosystems, nitrogen (N) and phosphorus (P) are consistently the most 

limiting nutrients and in Australia’s arid and semi-arid areas N and P are of generally 

poorer availability than elsewhere (Charley and Cowling 1968).  Consequently, in arid 

environments like the Pilbara, plant growth is dependent on acquisition of nutrients 

from either scarce supplies in the soil or from other sources – most commonly from 

internal redistribution or through association with other (micro) organisms. 

 

As in nearly all terrestrial environments, most of the nutrients taken up from the soil by 

plants in arid ecosystems arise from nutrient cycling rather than from parent material 

per se (Charley and Cowling 1968).  In old continents like Australia, much of the 

original nutrient capital associated with parent materials has been lost via weathering 

(Charley and Cowling 1968).  Plant growth is critical to maintaining pools of N, P and 

other nutrients in ‘active’ cycles.  Nutrients lost from the plant as a result of litterfall, 

are recycled to the ‘available’ pool via decomposition and mineralization processes 

(Comanor and Staffeldt 1978, West and Skujins 1978).  As with many other 

biologicalprocesses (e.g. plant uptake of nutrients, growth) in arid systems, 
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decomposition and mineralization are also closely related to climate (Comanor and 

Staffeldt 1978, Montana et al. 1988, Heal et al. 1997) and many such systems can be 

characterised as producing ‘pulses’ or ‘flushes’ of nutrients from mineralization during 

wet periods (Birch 1958, Birch 1961, Bottner 1985, Seneviratne and Wild 1985, Kieft et 

al. 1987, Myrold 1987, Sparling and Ross 1988, West et al. 1989). 

 

Graminoids have adapted to conditions of low fertility and exhibit a number of different 

physiological and morphological features.  Nutrient uptake from the soil may be 

maximized through: a) root and root hair proliferation (Boot and Mensink 1990, Roy 

and Singh 1995, Hodge et al. 1999), especially in zones of greater availability; b) a high 

degree of affinity for essential nutrients (Christie and Moorby 1975, Chapin 1991); c) 

mycorrhizal associations (Newman and Reddell 1987, Marschner and Dell 1994, 

Allsopp 1998); and d) heterogeneity in temporal patterns of nutrient acquisition, 

especially the accumulation of nutrients for later growth during periods of greater 

nutrient availability (‘luxury consumption’; Chapin 1980).  Secondly, compounds 

containing essential nutrients are continually broken down and retranslocated to either 

actively growing plant tissue (Chapin 1980, Aerts 1996), or stored in various organs 

(i.e. roots, rhizome, stem or crown; Perry and Moser 1974, Chapin et al. 1980, Ourry et 

al. 1990, Chaneton et al. 1996, Millard 1996).  As well as conserving nutrients in tissue 

where they won’t be lost to fire or herbivory (Heckathorn and DeLucia 1996), storage 

organs provide an easily accessible pool of nutrients that are available for use when 

conditions are suitable for growth (Hayes 1985). 

 

Under low nutrient conditions, the allocation of C and nutrients to roots may be 

increased thereby maximising acquisition of those resources which are most limiting to 

growth (Chapin 1991).  This pattern of growth results in increased root:shoot ratios 
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(Woodmansee et al. 1978, Chapin 1980, Chapin et al. 1980, Chapin 1991, Shuman et 

al. 1999).  In addition, a reduction in growth of the above-ground component (vis-a-vis 

an increase below-ground) reduces nutrient demand and helps compensate for nutrient 

deficiencies (Chapin et al. 1980).  Perhaps most significantly, plants adapted to growth 

in low fertility soils have generally slow rates of growth and low potential maximum 

rates of growth (Chapin 1980, Marschner 1995), further reducing their nutrient 

requirements. However C4 plants, due to their more efficient use of N, are often able to 

maintain much higher rates of growth than initially predicted under low soil fertility 

conditions (Long 1999, Sage 1999 et al.) 

 

A key link between purely ‘physiological’ studies on the one hand, and ‘ecosystem’ 

studies on the other, has been the development of what might be termed ‘indices’ of 

nutrient availability and the distribution and use of nutrients within plants.  While these 

indices obviously cannot hope to incorporate all of patterns of growth, nutrient 

availability, nutrient uptake, nutrient re-translocation and nutrient allocation, their 

development and use has continued since there are few other tools available to 

ecosystem science.  In the present study, a number of these indices are explored as 

potential signals of the nutrient ‘status’ of the ecosystem.   

 

In the northern hemisphere in particular, constraints to net primary production induced 

by nutrient limitations have produced a plethora of studies with an emphasis on 

‘nutrient use efficiency’ – in simple terms, the amount of biomass produced per unit of 

nutrient (Vitousek 1984, Berendse and Aerts 1987, Aerts 1989, Lambers et al. 1989, 

Bridgham et al. 1995, Vazquez de Aldana and Berendse 1997).   

 

In a similar vein, the ratio of N to P in plant tissue (commonly foliage) has been widely 
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used as an index of nutrient limitation in plants (Olsen and Bell 1990, Koerselman and 

Meuleman 1996, Bennett and Adams 2001).  Generally, a N:P ratio < 14 indicates N 

deficiency and a ratio > 16 suggests P deficiency (Koerselman and Meuleman 1996).  

While indices of nutrient use efficiency are of general use in teasing out broad patterns 

of nutrient availability/limitations, their use is constrained by a number of factors.  They 

include temporal changes in specific nutrient requirements (Chapin et al. 1980, Chapin 

and Kedrowski 1983), a wide range of measured optimal N:P ratios (Shaver and Melillo 

1984, Lajtha and Klein 1988, Olsen and Bell 1990, Bowman 1994, Judd et al. 1996, 

Koerselman and Mueleman 1996), the inter-relationship of nutrient uptake (Groves et 

al. 1973, Chapin et al. 1980), luxury uptake (Shaver et al. 1986, Bowman 1994) and 

nutrient dilution (the process whereby as plant tissue ages an increasing accumulation of 

cellular structural material leads to an apparent decline in nutrient concentration; Brady 

1973, Chapin 1980).  However, both nutrient use efficiency calculations and N:P ratios 

have generally been applied in northern hemisphere ecosystems where nutrients, and 

not water, limits growth. 

 

The application of the natural abundance of 15N in both soils and plants in interpreting 

patterns of N dynamics has gained increasing importance in process based, ecological 

studies.  The natural abundance of 15N is a highly sensitive indices of soil processes 

(adsorption/desorption of NH4, N2 fixation, nitrification, denitrification and 

mineralization; Hopkins et al. 1998), plant processes (NO3/NH4 assimilation, 

transamination and deamination; Hogberg 1997, Hopkins et al. 1998), as well as abiotic 

processes (e.g. 15N signatures of wet and dry deposition; Heaton 1986, Michelsen et al. 

1996).  In addition the natural abundance of 15N is commonly used as a simple and 

quick means by which the presence of plant – diazotroph associations may be assessed. 

Foliage !15N in the range of range -2 to +2‰ is often suggestive of a strong diazotroph 



 119 

association (Peterson and Fry 1987, Nadelhoffer et al. 1996), as is the case when the 

discrimination (!) value between the 15N signatures of soil and foliage (! = soil !15N - 

foliage !15N) approaches zero (Handley and Raven 1992).  While this sensitivity may 

lead to !15N signatures being powerful ‘tools’, the same sensitivity can lead to soil and 

foliage 15N signatures that are not easily interpretable and may even be misleading 

(Handley and Scrimgeour 1997).  Nonetheless, there has been much recent research and 

recent models of changes in !15N signature s as N moves through the soil-plant-soil 

pathway (e.g. Robinson et al. 1998, Handley et al. 1999) provide considerable promise 

for ecosystem science. 

 

The aims of the present study were to quantify seasonal patterns of uptake and 

allocation of N and P to both above- and below-ground biomass.  15N natural abundance 

methods were used to differentiate between species and potential sources of soil N 

available for plant uptake.  The efficiency of above-ground production in response to a 

limiting supply of nutrients was estimated using both N- and P-efficiency indices.  

Furthermore, N:P ratios were used to assess which of N or P limited growth to the 

greatest extent.  The extent to which nutrients in the form of litter are returned back to 

the soil, as well as the influence of grazing on seasonal patterns of plant nutrient cycling 

were also determined. 

 

Materials and Methods 

 

Experimental design 

Plant material from each of the six grassland sites (3 spp. x 2 sites) (but excluding 

ephemeral plant material) which had previously been sorted into various plant 

components (see below and also Chapter 4), as well as litterfall, was finely ground 
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(‘Glen Creston’, Stanmore, England) before undergoing digestion in H2SO4/H2O2.  

Digested samples were then analysed using colourmetric determinations of an 

ammonium-salicylate complex for N and phosphomolybdenum complex for P (Anon. 

1977).  The use of a standard in each digestion batch indicated no significant variation 

between batches over time. 

 
A. pectinata T. triandra E. xerophila 
Green leafGB Green leafGB Green leafGB 
Dead leafSD Purple leafGB Dead leafSD 
Green main tillerGB Dead leafSD Green tillerGB 
Dead main tillerSD CulmGB Dead tillerSD 
Green axillary tillerGB CrownGB2 InflorescenceGB 
Dead axillary tillerSD InflorescenceGB Rhizome1 
Green sub-axillary tillerGB   
Dead sub-axillary tillerSD   
InflorescenceGB   
Rhizome1   

GB included in green biomass pool (see Chapter 4) 
SD included in standing dead pool (see Chapter 4) 
1 not included in either green biomass or standing dead pools (see Chapter 4). 
2 sorted as a plant component from November 1996 onwards. 

 
Root samples collected in grazed and ungrazed plots in March and November 1997 (see 

Chapter 4), were ground, digested (in H2SO4/H2O2) and analysed for total N and P using 

automated methods (Anon. 1997).  Root-bound (rhizosheath) soil could have resulted in 

over-estimation of actual root biomass in some samples.  Accordingly, digests of 

samples were filtered, and the mass of undigested material (mostly silica) was taken 

into consideration when calculating N and P concentrations. 

 

A sub-sample of the dried green leaf material from the perennial grass species was 

ground on Retsch ball mill, and 5-7 mg of material was analysed using a Roboprep 

linked to a Tracermass Isotope Ratio Spectrometer (Europa Scientific, Crewe, UK) for 

the natural abundance of 15N, expressed as !15N (‰).  All samples were standardised 

against a secondary reference sample of Acacia pulchella phyllodes (0.89% N, 50.10% 

C) that was in turn standardised against primary analytical standards obtained from the 
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International Atomic Energy Agency, Vienna.  Analytical variance in the reference was 

< 0.5‰ !15N.  Discrimination (! = soil !15N - foliage !15N; Handley and Scrimgeour 

1997) was calculated from the !15N of the bulked tussock soils (0-5 cm) and green 

foliage (both collected from ungrazed plots at each of the six sites in August 1998). 

 

Nitrogen:Phosphorus (N:P) ratios were calculated only for those sampling dates when 

there had been a significant increase in green biomass (GB) compared to the previous 

sampling period (A. pectinata, 8/96 and 3/97; T. triandra, 8/96, 3/97 and 8/97; E. 

xerophila, 8/96, 3/97 and 8/98).  These sampling dates most accurately reflected N and 

P requirements for growth.  Ratios of N:P were calculated using the mass of N and P for 

green leaves (Olsen and Bell 1990). Nitrogen- (NUE), and P- use efficiencies (PUE) 

were calculated from Hirose (1975): 

NUE (PUE) =           ! GB (kg ha-1)      
              ! N(P) mass in GB (kg ha-1) 

Nutrient use efficiency indices were calculated in this way as it was not feasible to 

measure actual ANPP (see Chapter 4, Material and Methods). As such, the change in 

green biomass (! GB) was assumed to represent ANPP and similarly the change in N 

(P) mass between the end of the dry, and wet seasons was assumed to represent the 

nutrient requirements for the production of new growth. 

 

In calculating litter C:N ratios it was assumed that carbon comprised 50% of the mass of 

litter. 

 

Regression analysis 

Changes in concentrations of N and P in green foliage were examined in relation to 

accumulated soil water and air temperature using linear regression (y = mx + c, 

StatView v 4.51, Abacus Concepts, Inc. 1995) where; y = concentration of N or P ("g g 
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green leaf-1) for a series of sampling dates; m = rate of increase in N or P concentrations 

("g g green leaf-1) production; x = accumulated soil water/air temperature at 7, 14, 28, 

and 56 days preceeding the sampling date for green leaf/biomass and; c = y-intercept.  

Regressions were also calculated with the August 1998 sampling date excluded, due to 

uncharacteristically high winter rainfall.  Exclusion of this date ensured regressions 

were representative of the typical scenario of growth after summer rain with little or no 

growth during the colder, drier winter period. 

 

Statistical analysis 

As in previous chapters, data are presented as means of all three replicates for each 

treatment at each site, to avoid pseudoreplication (Hulbert 1984).  Thus, in the analysis 

of variance (ANOVA), data for each sampling date for a particular species consisted of 

the two mean values for ungrazed plots and two for grazed plots for the dependent 

variable in question.  After examining plots of Residual versus Fitted Y, all data was 

arcsine transformed to reduce heterodescacity, before statistical analyses were 

undertaken.  The analysis of variance model (SuperANOVA, Abacus Concepts 1989) 

consisted of the major factors of Site (S), Date (D), and Treatment (T), and the Date x 

Treatment (D x T) interaction.  If significant differences between sampling dates were 

detected, differences were tested using the Tukey-Kramer Post-Hoc test (SuperAnova, 

Abacus Concepts 1989).  In the event of significant Date x Treatment interaction, 

treatment effects were calculated on a single date basis, using a paired t-test (StatView, 

Abacus Concepts 1994). 
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Results 

 

Above-ground pools of N and P 

The mass of N and P in green biomass (GB) exhibited great seasonal variability with 

significant increases in the mass of N and P recorded after all significant summer 

rainfalls (Figs 1, 2, 3).  On occasions there was a decline in nutrient content after 

rainfall i.e. 50% loss of P content in GB of E. xerophila grasslands after rain in April 

and June 1996 (Fig. 3, Appendix 1c).  Winter rainfall in 1998 had no effect on the mass 

of N and P in A. pectinata GB or the mass of P in T. triandra GB (Fig. 1, 2).  The same 

rainfall was associated with an increase in the mass of N in T. triandra GB, and a six- to 

seven-fold increase (compared to November 1997 sampling) in the mass of both N and 

P in E. xerophila GB (Fig. 2, 3).  The mass of N and P in GB was always greater in T. 

triandra grasslands than either of the other two grasslands (Table 1).  Grazing had little 

effect in these grasslands except in E. xerophila grasslands where it significantly 

reduced the mass of N (P = 0.0540) and P (P = 0.0851) in GB in November 1996.  By 

August 1997 grazed E. xerophila grasslands had recovered to such an extent that the 

mass of N in grazed GB was greater (P = 0.0940) than in ungrazed plots (Fig. 3). 

 

Nitrogen and P contents in standing dead and litter followed similar patterns in all three 

grasslands, with increases in the mass of N and P later in the year, as the green biomass 

became senescent, and standing dead material became litter (Fig. 1, 2, 3; Appendix 2).  

Again the mass of N and P in standing dead and litter was significantly (P < 0.0001) 

greater in T. triandra grasslands than either of the other two grasslands (Table 1).  There 

was no difference between grasslands in the proportions of N and P in standing dead or 

litter except in T. triandra litter where there was significantly (P = 0.0043) greater 

proportion of N in litter than in E. xerophila grasslands (Table 1). 
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Litter C:N ratios increased significantly (P < 0.0001) in all grasslands after the 1996-7 

summer rains, although generally C:N ratios varied little (Fig. 4).  The annual rate of N 

turnover in litter was 2.99 kg N ha-1 yr-1 in A. pectinata, 6.19 kg N ha-1 yr-1 in T. 

triandra , and 1.89 kg N ha-1 yr-1 in E. xerophila grasslands. The annual rate of P 

turnover in litter was 0.31 kg N ha-1 yr-1 in A. pectinata, 0.58 kg N ha-1 yr-1 in T. 

triandra, and 0.19 kg N ha-1 yr-1 in E. xerophila grasslands. 

 

Concentration and content of N and P in components 

The concentration and mass of N and P was highly variable not only between different 

plant components (Table 1) but also in response to seasonal changes throughout the 

course of this study (Appendix 2, 3).  N and P concentrations in green leaves varied 

two- to eight-fold over the course of this study in all species (Appendix 2, 3). The 

proportion of N and P in green foliage varied in order T. triandra = E. xerophila > A. 

pectinata whereas for dead foliage the order was T. triandra >> A. pectinata > E. 

xerophila. 

 

Grazing in general had little effect on the concentration of N or P in plant components 

(Table 1, 2).  The few exceptions were green main and axillary tillers of A. pectinata 

(Appendix 6, 7), green foliage of T. triandra (Table 1b), green tillers of E. xerophila 

and an increased concentration of P in dead main tillers of grazed A. pectinata 

(Appendix 6).  The mass of N and P was heavily influenced by either a loss of plant 

material through grazing e.g. green tillers of E. xerophila (Appendix 4, 8, 9), or in the 

case of A. pectinata and T. triandra grasslands an accumulation of dead leaves in 

ungrazed plots (Table 1a, b). 
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Figure 1  Pools of N and P in green biomass (GB), standing dead (SD) and litter (Litt) 
in ungrazed (U) and grazed (G) plots in A. pectinata grasslands.
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Figure 2  Pools of N and P in green biomass (GB), standing dead (SD) and litter (Litt) 
in ungrazed (U) and grazed (G) plots in T. triandra grasslands. 
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Figure 3  Pools of N and P in green biomass (GB), standing dead (SD) and litter (Litt) 
in ungrazed (U) and grazed (G) plots in E. xerophila grasslands.  
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Table 1a  Mean concentration, content, and proportion of N in plant components and above-ground pools in ungrazed  
and grazed grasslands in A. pectinata, T. triandra and E. xerophila grasslands. Within a row (for N concentration,  
content or proportion) treatments (i.e. ungrazed vs. grazed) followed by the same letter are not significantly different  
(P < 0.05) unless otherwise indicated. Standard errors are in parentheses (n  = 4 - 12). Due to rounding errors, proportions  
may be greater or lesser than 100%. 
 
Grassland Component N concentration  (%)  N content (kg ha-1)  Proportion (%) 
  Ungrazed Grazed  Ungrazed Grazed  Ungrazed Grazed 
A. pectinata Green leaf 1.4 (0.2)a 1.3 (0.2)a  1.0 (0.4)a 1.0 (0.4)a  11 (4)a 13 (4)a 

 Dead leaf 0.6 (0.1)a 0.6 (0.1)a  2.2 (0.3)a 1.6 (0.2)b1  23 (2)a 20 (2)a 
 Green main tiller 0.6 (0.1)a 0.7 (0.1)a  1.8 (0.2)a 1.6 (0.2)a  19 (2)a 20 (2)a 
 Dead main tiller 0.4 (0.0)a 0.4 (0.0)a  1.6 (0.3)a 1.5 (0.2)a  17 (2)a 19 (3)a 
 Green axillary tiller 0.7 (0.1)a 0.7 (0.1)a  1.2 (0.1)a 1.0 (0.1)a  13 (1)a 13 (1)a 
 Dead axillary tiller 0.4 (0.0)a 0.4 (0.0)a  0.7 (0.1)a 0.6 (0.1)a  7 (1)a 8 (1)a 
 Green sub-axillary 

tiller 
0.7 (0.1)a 0.8 (0.1)a  0.4 (0.1)a 0.3 (0.0)a  4 (1)a 4 (1)a 

 Dead sub-axillary tiller 0.5 (0.0)a 0.5 (0.0)a  0.3 (0.0)a 0.2 (0.0)b  3 (0)a 3 (0)a 
 Inflorescence 1.0 (0.1)a 0.9 (0.1)a  0.2 (0.1)a 0.1 (0.1)a  2 (1)a 1 (1)a 
 Rhizome 0.6 (0.1)a 0.7 (0.1)a  - -    
           Green biomass - -  4.6 (0.5)a 4.0 (0.4)a  44 (5)a 45 (4)a 
 Standing dead - -  4.8 (0.7)a 3.9 (0.4)a  46 (4)a 44 (4)a 
 Litter - -  1.0 (0.3)a 1.0 (0.2)a  10 (3)a 11 (2)a 
 Total above-ground 

biomass 
- -  10.4 (0.7)a 8.9 (0.5)b2    

1 P = 0.0890 2 P = 0.0872 
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Table 1a  (continued) 

Grassland Component N concentration  (%)  N content (kg ha-1)  Proportion (%) 
  Ungrazed Grazed  Ungrazed Grazed  Ungrazed Grazed 

T. triandra Green leaf 0.7 (0.1)a 0.9 (0.2)b  2.6 (0.5)a 3.0 (0.6)a)  19 (3)a 22 (4)a 
 Purple leaf 0.3 (0.1)a 0.3 (0.1)a  0.6 (0.1)a 0.7 (0.1)a  4 (1)a 5 (1)a 
 Dead leaf 0.3 (0.0)a 0.3 (0.0)a  7.0 (0.4)a 6.5 (0.6)b1  51 (4)a 48 (4)b 
 Culm 0.1 (0.0)a 0.1 (0.0)a  1.0 (0.1)a 0.9 (0.1)a  7 (1)a 7 (1)a 
 Crown 0.3 (0.0)a 0.4 (0.0)a  2.0 (0.3)a 2.1 (0.4)a  15 (2)a 15 (2)a 
 Inflorescence 0.4 (0.0)a 0.4 (0.0)a  0.4 (0.1)a 0.4 (0.1)a  3 (1)a 3 (1)a 
           Green biomass - -  6.6 (0.8)a 7.1 (0.7)a  42 (4)a 45 (5)a 
 Standing dead - -  7.0 (0.4)a 6.5 (0.6)a  45 (3)a 41 (3)b2 
 Litter - -  2.0 (0.4)a 2.2 (0.5)a  14 (3)a 14 (3)a 
 Total pool biomass - -  15.6 (0.5)a 15.8 (0.9)a    
          
E. xerophila Green leaf 1.2 (0.1)a 1.3 (0.1)a  2.4 (0.6)a 2.0 (0.6)a  21 (5)a 18 (5)a 
 Dead leaf 0.6 (0.1)a 0.6 (0.1)a  1.1 (0.2)a 1.2 (0.2)a  10 (2)a 11 (2)a 
 Green tiller 0.7 (0.0)a 0.8 (0.0)b  3.8 (0.6)a 3.5 (0.6)a  34 (3)a 32 (3)b3 
 Dead tiller 0.4 (0.0)a 0.5 (0.0)a  3.3 (0.4)a 3.7 (0.6)a  29 (5)a 33 (6)b4 
 Inflorescence 1.0 (0.2)a 0.9 (0.2)a  0.7 (0.4)a 0.8 (0.5)a  6 (1)a 7 (2)a 
 Rhizome 0.7 (0.0)a 0.7 (0.1)a  - -    
 Green biomass - -  6.9 (1.4)a 6.3 (1.4)b5  58 (7)a 53 (8)b 
 Standing dead - -  4.4 (0.5)a 4.9 (0.7)a  37 (6)a 42 (6)b6 
 Litter - -  0.6 (0.2)a 0.6 0.2)a  5 (2)a 5 (2)a 
 Total above-ground 

biomass 
- -  11.9 (1.1)a 11.8 (1.3)a    

1 P = 0.0855 2 P = 0.0941 3 P = 0.0649 4 P = 0.0576 5 P = 0.0960 6 P = 0.0537 
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Table 1b  Mean concentration, content, and proportion of P in plant components and above-ground pools in ungrazed  
and grazed grasslands in A. pectinata, T. triandra and E. xerophila grasslands. Within a row (for P concentration,  
content or proportion) treatments (i.e. ungrazed vs. grazed) followed by the same letter are not significantly different  
(P < 0.05) unless otherwise indicated. Standard errors are in parentheses (n  = 4 - 12). Due to rounding errors, proportions may be  
greater or lesser than 100%. 
 
Grassland Component P concentration  (%)  P content (kg ha-1)  Proportion (%) 
  Ungrazed Grazed  Ungrazed Grazed  Ungrazed Grazed 
A. pectinata Green leaf 0.25 (0.03)a 0.27 (0.02)a  0.30 (0.15)a 0.25 (0.13)a  14 (4)a 13 (4)a 

 Dead leaf 0.10 (0.02)a 0.10 (0.02)a  0.35 (0.07)a 0.28 (0.06)b1  16 (1)a 14 (1)a 
 Green main tiller 0.17 (0.03)a 0.18 (0.03)a  0.55 (0.10)a 0.52 (0.10)a  26 (3)a 26 (3)a 
 Dead main tiller 0.09 (0.02)a 0.11 (0.02)b2  0.30 (0.05)a 0.35 (0.07)a  14 (3)a 18 (4)b3 
 Green axillary tiller 0.17 (0.02)a 0.18 (0.02)a  0.31 (0.05)a 0.30 (0.06)a  15 (2)a 15 (2)a 
 Dead axillary tiller 0.09 (0.02)a 0.09 (0.01)a  0.14 (0.03)a 0.12 (0.02)a  7 (1)a 6 (1)a 
 Green sub-axillary 

tiller 
0.20 (0.03)a 0.19 (0.03)a  0.09 (0.02)a 0.08 (0.01)a  4 (1)a 4 (1)a 

 Dead sub-axillary tiller 0.10 (0.02)a 0.11 (0.02)a  0.05 (0.01)a 0.04 (0.01)a  2 (0)a 2 (0)a 
 Inflorescence 0.20 (0.03)a 0.16 (0.04)a  0.04 (0.02)a 0.03 (0.02)a  2 (1)a 2 (1)a 
 Rhizome 0.09 (0.03)a 0.13 (0.02)a  - -    
           Green biomass - -  1.29 (0.23)a 1.18 (0.24)a  58 (4)a 60 (4)a 
 Standing dead - -  0.84 (0.15)a 0.79 (0.10)a  38 (5)a 38 (4)a 
 Litter - -  0.10 (0.03)a 0.10 (0.02)a  4 (2)a 5 (2)a 
 Total above-ground 

biomass 
- -  2.23 (0.32)a 2.07 (0.32)a    

1 P = 0.0585 2 P = 0.0619 3 P = 0.0747 
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Table 1b  (continued) 

Grassland Component P concentration  (%)  P content (kg ha-1)  Proportion (%) 
  Ungrazed Grazed  Ungrazed Grazed  Ungrazed Grazed 
T. triandra Green leaf 0.21 (0.03)a 0.22 (0.03)a  0.72 (0.14)a 0.82 (0.17)a  26 (3)a 28 (4)a 
 Purple leaf 0.09 (0.02)a 0.09 (0.02)a  0.16 (0.04)a 0.23 (0.04)b  6 (1)a 8 (2)a 
 Dead leaf 0.05 (0.01)a 0.05 (0.01)a  1.29 (0.24)a 1.24 (0.27)a  46 (5)a 43 (4)a 
 Culm 0.04 (0.01)a 0.04 (0.01)a  0.29 (0.08)a 0.29 (0.08)a  9 (1)a 10 (2)a 
 Crown 0.04 (0.00)a 0.05 (0.01)a  0.26 (0.04)a 0.24 (0.05)a  9 (2)a 8 (2)a 
 Inflorescence 0.07 (0.01)a 0.07 (0.01)a  0.07 (0.02)a 0.07 (0.02)a  3 (1)a 2 (1)a 
           Green biomass - -  1.50 (0.22)a 1.65 (0.26)a  50 (5)a 54 (5)a 
 Standing dead - -  1.29 (0.24)a 1.23 (0.27)a  43 (4)a 40 (4)a 
 Litter - -  0.19 (0.04)a 0.20 (0.03)a  6 (2)a 6 (2)a 
 Total pool biomass - -  2.98 (0.39)a 3.08 (0.47)a    
E. xerophila Green leaf 0.08 (0.01)a 0.08 (0.02)a  0.16 (0.07)a 0.16 (0.05)a  17 (5)a 18 (4)a 
 Dead leaf 0.03 (0.00)a 0.04 (0.01)a  0.06 (0.01)a 0.06 (0.01)a  6 (1)a 7 (1)a 
 Green tiller 0.07 (0.01)a 0.09 (0.02)a  0.37 (0.06)a 0.31 (0.06)a  39 (3)a 35 (3)a 
 Dead tiller 0.03 (0.01)a 0.03 (0.00)a  0.29 (0.08)a 0.26 (0.05)a  30 (6)a 30 (7)a 
 Inflorescence 0.09 (0.03)a 0.09 (0.03)a  0.08 (0.04)a 0.09 (0.05)a  8 (2)a 10 (2)a 
 Rhizome 0.06 (0.01)a 0.06 (0.01)a  - -    
 Green biomass - -  0.61 (0.13)a 0.56 (0.14)b1  59 (7)a 60 (8)a 
 Standing dead - -  0.35 (0.10)a 0.32 (0.06)a  34 (7)a 34 (7)a 
 Litter - -  0.07 (0.02)a 0.06 (0.02)a  7 (5)a 6 (4)a 
 Total above-ground 

biomass 
- -  1.03 (0.15)a 0.94 (0.13)a    

1 P = 0.070 
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Figure 4  C:N ratios of litter in A.pectinata T. triandra  and E. xerophila  grasslands. 
Error bars are standard errors (n = 4) 
 
 
 
Table 2  ANOVA P-values for the content of N and P in green biomass, standing dead, 
litter, roots and total pool biomass (sum of N and P in green biomass, standing dead and 
litter) for A. pectinata, T. triandra and E. xerophila grasslands.  Only significant effects 
are shown. 
 

Pool Factor Grassland 
  A. pectinata  T. triandra  E. xerophila 
  N content P content  N content P content  N content P content 

Green S NS NS  NS 0.0237  NS NS 
biomass D 0.0140 0.0002  0.0003 0.0018  0.0001 0.0001 
 T NS NS  NS NS  0.0960 0.0794 
 D x T NS NS  NS NS  0.0047 0.0055 
          Standing S 0.0103 0.0002  0.0142 0.0637  0.0748 0.0451 
dead D 0.0188 0.0001  0.0003 0.0001  0.0002 0.0001 
          Litter S NS NS  0.0259 0.0424  NS NS 
 D 0.0009 0.0019  0.0007 0.0006  0.0001 0.0002 
          Total pool S 0.0235 0.0262  NS 0.0128  NS NS 
biomass D NS 0.0001  0.0261 0.0003  0.0003 0.0001 
 T 0.0872 NS  NS NS  NS NS 
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Table 3  ANOVA P-values for concentration and content of N and P of plant components in 
an A. pectinata, T. triandra, and a E. xerophila  grasslands.  Only significant effects shown. 
 

Component  N concentration 
(%) 

P concentration 
(%) 

N content 
(kg ha-1) 

P content 
(kg ha-1) 

A. pectinata      
Green leaf D 0.0005 0.0764 0.0010 0.0005 
Dead leaf S 0.0817 0.0162 NS 0.0306 
 D 0.0040 0.0001 0.0682 0.0001 
 T NS NS 0.0890 0.0585 
Green main tiller S NS NS 0.0410 NS 
 D 0.0010 0.0001 0.0002 0.0001 
 D x T 0.0044 NS NS NS 
Dead main tiller S NS NS 0.0010 0.0014 
 D 0.026 0.0001 0.0086 0.0189 
 T NS 0.0619 NS NS 
Green axilliary tiller S 0.0771 NS NS NS 
 D 0.0001 0.0001 0.0154 0.0013 
 D x T 0.0208 NS NS NS 
Dead axilliary tiller D 0.0030 0.0001 NS 0.0245 
Green sub-axilliary tiller D 0.0003 0.0001 NS 0.0189 
Dead sub-axilliary tiller D 0.0768 0.0001 0.0918 NS 
 T NS NS 0.0464 NS 
Inflorescence D NS 0.0017 0.0150 0.0036 

T. triandra      
Green leaf S NS 0.0061 NS 0.0196 
 D 0.0001 0.0001 0.0002 0.0004 
 T 0.0021 NS NS NS 
 D x T 0.0002 NS NS NS 
Purple leaf S 0.0062 0.0001 NS 0.0612 
 D 0.0013 0.0047 0.0051 0.0001 
 T NS NS NS 0.0902 
Dead leaf S 0.0358 0.0028 0.0318 0.0251 
 D 0.0226 0.0003 0.0029 0.0001 
 T NS NS 0.0855 NS 
Culm S NS 0.0051 NS 0.0031 
 D NS 0.0333 0.0002 0.0129 
Crown S NS 0.0771 0.0002 0.0088 
 D NS 0.0441 0.0004 0.0009 
Inflorescence D 0.0203 0.0001 0.0010 0.0005 

E. xerophila      
Green leaf D 0.0001 0.0001 0.0001 0.0001 
 D x T NS NS 0.0205 0.0347 
Dead leaf S 0.0905 NS 0.0268 NS 
 D 0.0001 0.0001 0.0052 0.0096 
Green tillers S NS NS NS 0.0766 
 D 0.0182 0.0018 0.0001 0.0001 
 T 0.0482 NS NS NS 
 D x T NS NS 0.0312 0.0249 
Dead tillers S 0.0575 NS NS 0.0880 
 D NS 0.0001 0.0001 0.0001 
Inflorescence D 0.0004 0.0001 0.0009 0.0004 
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Concentration and content of N and P in below-ground biomass 

With the exception of E. xerophila, there was no change in the concentration of N and P 

in roots between the end of the wet and the end of the dry seasons (Table 4).  While the 

mass of N and P in roots was greatest for all grasslands in March 1997 (Table 4), only 

in T. triandra grasslands was there a significant difference between March and 

November sampling dates. Root:shoot ratios of N and P content increased in all 

grasslands between March and November 1997, but only significantly in E. xerophila 

grasslands (Table 4).  Root turnover of N between March (end of wet season) and 

November (end of dry season) was 3.1 kg ha-1 in A. pectinata grasslands, 8.7 kg ha-1 in 

T. triandra grasslands and 3.3 kg ha-1 in E. xerophila grasslands.  For the same period, 

P turnover was 0.2 kg ha-1 in A. pectinata, 1.0 kg ha-1 in T. triandra and 0.3 kg ha-1 in E. 

xerophila grasslands.  The C:N ratios of root turnover were 42 in A. pectinata, 66 in T. 

triandra and 24 in E. xerophila grasslands. 

 
Table 4  Concentration and content of N and P of roots, and N and P root:shoot (green 
biomass) ratios at the end of the wet season (March 1997) and the end of the dry season 
(November 1997) for A. pectinata, T. triandra and E. xerophila grasslands. Figures in 
parentheses are standard errors (n = 4).  Significant (P ! 0.05) differences between dates 
(within a species) are indicated by different superscript unless otherwise indicated. 
Figures encapsulated within square brackets represent the concentration and content of 
N and P of A. pectinata and E. xerophila rhizome (except root:shoot ratios where both 
rhizomal and root N/P masses have been summed together). Because of incomplete 
sampling no statistical analysis of rhizome values was undertaken. 
 

 Date A. pectinata T. triandra E. xerophila 

N concentration (%) 

March 
 

0.9 (0.2)a 
[0.6 (-)1] 

0.7 (0.0)a 0.9 (0.1)a 
[0.6 (0.1) 

November 
 

0.8 (0.0)a 
[0.6 (0.1)] 

0.6 (0.1)a 0.7 (0.0)b2 
[0.8 (0.1)] 

N content (kg ha-1) 

March 8.0 (2.1)a 
[0.1 (0.0)] 

16.6 (0.5)a 8.2 (1.9)a 
[2.6 (0.4)] 

November 5.1 (1.0)a 
[0.0 (0.0)] 

7.9 (1.7)b 4.9 (0.7)a 
[2.9 (0.4)] 

N root:shoot ratio 

March 1.2 (0.2)a 

[1.2 (0.2)] 
1.6 (0.1)a 0.9 (0.2)a 

[1.2 (0.2)] 
November 1.7 (0.3)a 

[1.7 (0.3)] 
1.9 (0.4)a 2.1 (0.3)b 

[3.5 (0.3)] 
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Table 4 (continued) 
 Date A. pectinata T. triandra E. xerophila 

P concentration (%) 

March 0.08 (0.01)a 
[0.09 (-)] 

0.07 (0.01)a 0.07 (0.01)a 
[0.05 (0.00)] 

November 0.07 (0.01)a 
[0.08 (0.06)] 

0.06 (0.00)a 0.05 (0.01)b 
[0.05 (0.01)] 

P content (kg ha-1) 

March 0.7 (0.1)a 
[0.0 (0.0)] 

1.7 (0.1)a 0.6 (0.1)a 
[0.3 (0.0)] 

November 0.5 (0.1)a 
[0.0 (0.0)] 

0.7 (0.1)b 0.3 (0.1)a 
[0.2 (0.0)] 

P root:shoot ratio 

March 0.3 (0.0)a 
[0.3 (0.0)] 

0.8 (0.1)a 0.7 (0.3)a 
[1.0 (0.3)] 

November 0.6 (0.1)b3 
[0.6 (0.0)] 

1.0 (0.4)a 2.0 (0.5)b 
[3.2 (0.5)] 

1 One sample only 2 P = 0.0961 3 P = 0.0635 
 

Regression analysis 

Increases in foliage concentration of nutrients under typical summer rainfall conditions 

(August 1998 data excluded) were not correlated with soil moisture on Hamersley 

Station unlike Karratha Station were there was strong correlation between nutrient 

concentrations and soil moisture (Table 5).  Unseasonal winter rainfall in 1998 (all data 

included) was correlated with an increased uptake of both N and P in E. xerophila 

grasslands, but only with N on Hamersley Station grasslands (Table 5; Appendix 6, 7, 8, 

9). 

 

N:P ratios and nutrient use efficiency indices 

N:P ratios in A. pectinata foliage were 4.4 (+ 1.0 se) in August 1996 and 2.8 (+ 0.2) in 

March 1997, comparable with the ratio of N:P in T. triandra foliage of 2.1 (+ 0.2)  

in August 1996, 5.2 (+ 0.4) in March 1997 and 3.1 (+ 0.6) in August 1997.  N:P ratios 

in E. xerophila foliage were similar for March 1997 (11.8 + 0.6) and August 1998 (13.7 

+ 1.1), but were significantly (P = 0.0001) greater in August 1996 (59.3 + 1.0).  There 

was no treatment effect for any grassland. 
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Table 5 Linear regression equations between the concentration of N and P in green foliage (!g N or P g green leaf -1), and  
accumulated soil moisture and mean air temperature at 7, 14, 28 and 56 days. Asterisks indicate significance of regression  
model (no asterisk, not significant;* 0.1 < P < 0.05; ** < 0.05; *** <0.01; **** < 0.001). 

   All sampling dates  August 1998 data excluded 
Variable Grassland Days Rate of increase Intercept r2  Rate of increase Intercept r2 

Green foliage N  A. pectinata 7 24 5569 0.327***  4 13529 0.002 
(!g N g leaf-1)  14 11 6014 0.329***  0 12044 0.000 
  28 4 6945 0.306***  1 11127 0.009 
  56 1 8923 0.188**  -1 13923 0.016 
 T. triandra 7 16 967 0.324***  -1 7162 0.001 
  14 7 1853 0.323***  0.6 6302 0.003 
  28 2  0.290***  0.5 5909 0.021 
  56 1 1720 0.268***  0.1 6480 0.003 
 E. xerophila 7 25 5064 0.425****  18 5842 0.499**** 
  14 7 7609 0.254***  6 7638 0.315*** 
  28 2 9920 0.123*  1 9323 0.158* 
  56 2 1421 0.375****  1 8929 0.121 
          Green foliage P A. pectinata 7 0.6 2275 0.013  2.3 1745 0.035 
(!g P g leaf-1)  14 0.5 2069 0.056  2.0 1173 0.181 
  28 0.3 1956 0.068  0.7 1387 0.244 
  56 0.1 1937 0.132*  0.3 1468 0.268 
 T. triandra 7 1.4 1444 0.042  -2.1 2716 0.036 
  14 0.5 1600 0.030  -0.9 2575 0.041 
  28 0.1 1841 0.009  -0.3 2479 0.058 
  56 0.0 1841 0.009  -0.2 2486 0.020 
 E. xerophila 7 3.2 -92 0.470****  2.9 -42 0.427*** 
  14 1.0 219 0.302***  0.9 223 0.281** 
  28 0.2 517 0.129**  0.2 473 0.156* 
  56 0.2 391 0.177**  0.1 510 0.060 
 



 137 

Nitrogen use efficiency (NUE) for A. pectinata was 316 kg GB kg N-1 + 83) and T. 

triandra (326 + 16) grasslands, and there was no treatment effect.  In contrast, there was 

a significant (P = 0.0437) difference in NUE between the two major growth periods 

(11/96-3/97 and 11/97-8/98) in the E. xerophila grasslands.  For the first period (11/96-

3/97), NUE was 95 kg GB kg N-1 (+ 8) whereas in the second period (11/97-8/98) it was 

75 GB kg N-1 (+ 3). In E. xerophila grasslands there was also a slight grazing effect (P = 

0.0787) with grazed areas more N use efficient (93 GB kg N-1 + 9) than ungrazed (77 

GB kg N-1 + 4).  Phosphorus use efficiency (PUE) was 367 kg GB kg P-1 (+ 83) in A. 

pectinata, 1,566 (+ 325) in T. triandra and 1,000 (+ 102) in E. xerophila grasslands. 

 

Retranslocation 

Retranslocation of N and P was generally greater in green leaves than in other plant 

components, and P was always retranslocated to a greater degree than N (Table 6).  

With a few exceptions the extent of N retranslocation was strongly correlated to initial 

leaf N concentrations, whereas there was generally only a poor correlation between the 

concentration of P in foliage and the retranslocation of P (Table 7).   

 

Table 6  Retranslocation of N and P out of various plant components in A. pectinata, T. 
triandra and E. xerophila grasslands. Figures in parentheses are standard errors.  
 

Grassland Component % N % P 
A. pectinata Green leaf 55 (3) 60 (3) 
 Green main tillers 28 (3) 45 (4) 
 Green axillary tillers 30 (4) 46 (3) 
 Green sub-axillary tillers 29 (3) 45 (3) 
    T. triandra Green leaf 57 (3) 60 (3) 
 Purple leaf 8 (5) 33 (6) 
    E. xerophila Green leaf 49 (2) 54 (4) 
 Green stem 41 (1) 55 (3) 
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Table 7  Correlation coefficients between the concentration of nitrogen (N) or 
phosphorus (P) and the retranslocation of N or P, for selected green plant components in 
A. pectinata, T. triandra and E. xerophila grasslands. 
 

Grassland Component N  P 
  r P-value  r P-value 
A. pectinata Green leaf 0.550 0.0086  0.010 0.0123 
 Green main tillers 0.744 <0.0001  0.061 NS 
 Green axillary tillers 0.830 <0.0001  0.076 NS 
 Green sub-axillary tillers 0.854 <0.0001  0.307 NS 
       T. triandra Green leaf 0.270 NS  -0.234 NS 
 Purple leaf 0.880 <0.0001  0.356 0.0833 
       E. xerophila Green leaf 0.574 0.0027  0.598 0.0016 
 Green stem 0.402 0.0508  0.401 0.0516 
 

Green foliage !15N 

Seasonal variation (Fig. 5a) of foliage !15N in all grasslands was highly significantly (A. 

pectinata, P = 0.0033; T. triandra, P = 0.0184; E. xerophila, P = 0.0055).  There were 

no treatment effects for any grassland and thus data have been pooled (Fig. 5a).  Mean 

foliage !15N was similar in A. pectinata (5.33‰ + 0.44) and E. xerophila (4.65‰ + 

0.23) grasslands, and both were significantly (P = 0.0001) enriched in 15N compared to 

T. triandra foliage (1.70‰ + 0.20).  The concentrations of N and 15N signatures in 

foliage were positively correlated in all species (Fig. 5b), although more tightly in A. 

pectinata (n = 23, r = 0.871, P = 0.0001) than in E. xerophila (n = 24, r = 0.514, P = 

0.0101) and T. triandra grasslands (n = 30, r = 0.326, P = 0.0790).  There was no 

relationship between soil !15N and plant !15N (Fig. 5c).  Discrimination against 15N (! = 

soil !15N - foliage !15N) was negative in A. pectinata (soil !15N = 4.54‰, foliage !15N = 

8.05‰; ! = - 3.51‰) and E. xerophila foliage (1.60‰, 6.34‰; - 4.74‰), but positive 

in T. triandra foliage (4.36‰, 1.85‰; + 2.51‰). 
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Figure 5 a) !15N signatures for A. pectinata, T. triandra and E. xerophila green foliage. 
Monthly rainfall at Hamersley Station and Karratha Station is also shown. Error bars are 
standard errors (n = 1-4). Wet (W) and dry season (D) are indicated below the sampling 
date.  b) Correlation between N concentration and !15N in green foliage of A. pectinata 
(Ap), T. triandra (Tt) and E. xerophila (Ex) grasslands,  c) Mean tussock soil (0-5 cm) 
!15N and green foliage !15N of A. pectinata, T. triandra and E. xerophila grasslands 
from samples collected in August 1998. Error bars are standard errors (n = 2) and where 
not shown are encapsulated within the symbol. 
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Discussion 

 

Nutrient uptake 

With the onset of summer rainfall, nutrients required for growth by these grasses are 

obtained via either uptake from the soil, from nutrients contained within various plant 

storage organs i.e. root, rhizome, crown, etc, or from mycorrhizal associations.  During 

the growing season, uptake of soil nutrients is maximised by increased root proliferation 

(van Vuuren et al. 1996) often into localised nutrient ‘hotspots’ (Caldwell 1994, van 

Vuuren et al. 1996), as well as through an increased kinetic affinity of roots for N and P 

(Chapin and Bloom 1976, Wallace et al. 1978, Chapin 1991).  However, an increase in 

affinity for one particular nutrient can reduce uptake of other nutrients.  For instance, 

mechanisms to maximise N (NO3 and NH4) uptake may, concurrently, reduce root 

uptake of PO4
- (Smith and Jackson 1987, Chapin 1991).  An increase in nutrient uptake 

during the ‘growing season’ is strongly suggested for the more xeric E. xerophila 

grasslands, where N and P concentrations were closely correlated with soil moisture 

(Table 5). 

 

After summer rainfall and the initiation of growth, nutrients were mobilized from roots 

(all species) and rhizome (A. pectinata and E. xerophila) for the production of above-

ground biomass and leading to a reduction in N and P root:shoot ratios in all grasses 

(Fig. 3).  The use of stored nutrients at the start of the growing season is an important 

process in many plants as it reduces their reliance on low and variable soil nutrients 

(Bormann et al. 1977).  In A. pectinata and T. triandra grasslands the use of stored 

nutrients may in part explain the poor correlation between foliar nutrient concentrations 

and soil moisture (Table 5).  The importance of roots as a store of nutrients under 

conditions of low nutrient availability was clearly demonstrated in a study by Li et al. 
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(1992) where greater root biomass (and increased storage of N) was produced by 

Agropyrum dasystachum grown under chronic N-deficiency.  The root-stored N 

supplied 53% of the N required for new leaf growth (compared to the 12% taken from 

the nutrient solution in control plants), with the remainder derived via uptake from the 

nutrient solution.  Similar results have been observed in ryegrass (Lolium perenne L., 

Ourry et al. 1990), as well as North American prairie species (Rains et al. 1975). 

 

In Pilbara grasslands where nutrient supply from the soil is inherently poor (see Chapter 

6), potentially important supplies of N for native plants are: 

• Rhizosphere associations with diazotrophic bacteria (e.g. Azotobacter, 

Azosporillum).  

• Free-living diazotrophs (e.g. Azotobacter, Klebsiella and Rhodospirillum). 

• Inorganic N obtained via mycorrhizal associations.  While arbuscular mycorrhizas 

(AM) are associated with increased P uptake (Allsopp 1998), they can also increase 

the uptake of inorganic N (Frey and Scheüpp 1993, Marschner and Dell 1994, Tobar 

et al. 1994). 

 

The results of the current study suggest that all three grasslands potentially had access 

to N obtained from either diazotrophs (!15N approached zero in foliage of T. triandra; ! 

of foliage of A. pectinata and E. xerophila was < 0) or via mycorhhiza (correlations 

between N concentration and !15N for all species) :   

1. As noted previously the mean !15N of 1.60‰ for T. triandra foliage was well 

within the range considered to indicate an association with N2-fixers (-2 to +2‰; 

Peterson and Fry 1987, Nadelhoffer et al. 1996),  

2. Generally poorer correlations between foliar %N and !15N may be expected for 

species that have access to fixed N (Schulze et al. 1991, Hogberg and Alexander 
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1995, Hobbie et al. 2000), 

3. Non-mycorrhizal species tend to be more enriched in 15N than mycorrhizal or 

N2-fixing species (e.g. Pate et al. 1993, Stock et al. 1995),  

4. Positive correlations between foliar N and !15N may indicate a plant - 

mycorrhizal associations (e.g. Fig. 5b; Högberg and Alexander 1995, Hobbie et 

al. 2000).  It has been postulated that under conditions of low soil N availability, 

much of the N-requirement of plants is obtained from mycorrhizae in the form 

of 15N-depleted amino acids whereas at a higher soil N availability less N is 

supplied by mycorrhizas and foliage becomes enriched in 15N (Hobbie et al. 

1999a, Hobbie et al 1999b, Hobbie et al 2000). 

 

However, as !15N is not a tracer for N from source to sink (Handley and Scrimgouer 

1997) great care must be taken with the above interpretations. For example, large 

variations in foliar !15N have been recorded (often greatly different from the -2 to +2‰ 

for both putative N2-fixing plants as well as non-N2 fixing plants; Shearer et al. 1983, 

Shearer and Kohl 1986, Hogberg 1990, Schulze et al. 1991, Pate et al. 1993, Stock et 

al. 1995, Mordelet et al. 1996, Pate et al. 1998, Schulze et al. 1998b). Consequently, the 

validity of a number of the underlying assumptions of the ‘!15N-N2-fixation’ hypothesis 

are questionable (Handley and Scrimgeour 1997). While T. triandra - AM associations 

have been recorded (Ford 1997, Allsopp 1998), no root infections were observed on T. 

triandra roots in the current study and it is not possible to categorically conclude an 

association between T. triandra and AM from !15N signatures alone. 

 

Apart from plant–diazotrophs associations, a number of other theories have been put 

forward to explain !15N differences between plants from similar environments including 

rooting depth and time of N uptake (McKane et al. 1990), access to different forms of 



 143 

inorganic N (Vitousek et al. 1989, Pate et al. 1993, Michelsen et al. 1996) and 

differences in the 15N signatures of wet/dry deposition (Vitousek et al. 1989, Michelsen 

et al. 1996 but see Handley and Scrimgeour 1997).  While highly likely there were 

differences between species in rooting depth, most, if not all, of N taken up by roots 

would have been from the upper few cm (Jackson et al. 1996) where soil N was 

concentrated (see Chapter 6).  In addition, there was little enrichment of 15N at depth in 

Pilbara grassland soils (see Chapter 6).   

 

While the grass species in the current study may have taken up different forms of 

inorganic N, there was little difference between grasslands in concentrations of soil NO3 

and NH4 measured in situ (see Chapter 6). Differences between species in the degree of 

fractionation (i.e. discrimination against 15N in relation to 14N) at the point of uptake 

were unlikely as low concentrations (< 0.01 mM) of NO3 and NH4, combined with a 

high demand for inorganic N, favour non-discrimination (Nadelhoffer and Fry 1994).  It 

seems unlikely that differences in the !15N of wet/dry deposition were able to explain 

differences in foliage 15N signatures as both A. pectinata and T. triandra grasslands 

were located relatively close to one another (~4-21 km apart) and more than 300 km 

from the nearest oceanic source of N. 

 

Unlike other studies (Shearer et al. 1983, Frank and Evans 1997, Handley et al. 1999) 

there was no correlation between soil and foliage !15N (Fig. 4c) for any of the species 

studied here.  Despite possible associations with N2-fixing bacteria and notwithstanding 

the influence of retranslocation (which often leads to 15N depleted foliage; Shearer et al. 

1983, Gebauer and Schulze 1991, Pate et al. 1993) the dominant influence on foliage 

!15N is most likely to be the 15N signatures of the soil pool(s).  Over any given period 

(and in response to environmental variables e.g. rainfall, temperature), the !15N of soil 
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pools of nitrate, ammonium and labile organic N will vary due to a range of soil 

processes (e.g. nitrification, denitrification, decomposition, etc.; Blackmer and Bremner 

1977, Marriotti et al. 1981, Nadelhoffer and Fry 1988, Sutherland et al. 1993, 

Nadelhoffer and Fry 1994, Hopkins et al. 1998, Connin et al. 2001).  Thus, a variable 

soil 15N signature combined with fractionation within the plant will result in foliage 15N 

signatures that vary greatly and sometimes, seemingly at random over the course of any 

single year (Fig. 5a).  

 

A feature of nutrient uptake in Pilbara grasslands, as in other ecosystems (Wallace et al. 

1978, Shaver and Melillo 1984, Shaver et al. 1986, Bowman 1994, Bennett and Adams 

2001), was luxury consumption, or nutrient uptake in excess of immediate requirements 

(Chapin et al. 1980).  For example, in response to an increased availability of soil P 

(Chapin et al. 1978) up to 43% of the P acquired by arctic tundra was taken up after the 

initiation of leaf senescence and retranslocation into rhizome and stem bases for over 

winter storage (Chapin and Bloom 1976).  In the present study, luxury consumption was 

observed after rain in August 1998 on T. triandra grasslands where foliar concentrations 

increased (Appendix 6, 7) despite a general lack of growth (see Chapter 4).  This 

resulted in a non-significant but considerable (~ > 30%) increase in the mass of N in GB 

between 11/97 and 8/98 (Fig. 2; Appendix 5b).  Luxury consumption in Pilbara 

grasslands is likely to be an important mechanism by which nutrients can be taken up 

when available and stored until required for growth and when nutrient availability may 

be less than optimal.  

 

Nutrient requirements for growth 

Concentrations of N and P in plant components in the current study (Appendix 6, 7) 

were comparable to other perennial grasses (Bennett and Adams 2001 and references 
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cited therein).  However, nutrient concentrations do not per se provide any indication of 

minimum requirements for photosynthesis (Chapin et al. 1980) or other growth-related 

processes.  Compounds containing mineral elements found in plant tissue can serve a 

number of functions including physiological (e.g. Rubisco), storage, defensive (e.g. 

tannins and phenolics) and osmotic protection (Chapin et al. 1990).  While 

photosynthesis has been correlated with the concentration of N in foliage (Field and 

Mooney 1986), Chapin et al. (1980) and more recently, Warren et al. (2000), found no 

correlation between the two.  In Pilbara grasslands the large mass of green biomass 

recorded in March 1997 (see Chapter 4) was generally associated with low to average 

foliage concentrations of N and P.  Moreover, the highest concentration of N recorded 

in foliage for all species was after winter rainfall in 1998 (Appendix 6), yet there was no 

growth on either of the Hamersley Station grasslands.  Similarly, in arctic tundra, the 

relationship between nutrient concentration and growth was de-coupled, with up to a 

sixfold variation in the concentration of leaf N having no measurable effect on rates of 

photosynthesis (Chapin et al. 1980).  Concentrations of nutrients seldom take into 

account other mineral elements which may also limit growth (Shaver and Melillo 1984, 

Chapin et al. 1980, Warren et al. 2000).  As a result of studies on tundra it was 

hypothesised that maximum development and function occurs within the confines of 

nutrient availability, and consequently that graminoids never produce nutrient-deficient 

tissue but rather limit growth rate (Chapin et al. 1980).  Under similar conditions of 

low nutrient availability, it is likely that Pilbara grasses will also limit rates of 

production. 

 

N:P ratios, nutrient use efficiency and nutrient pools 

The application of N:P ratios to Pilbara grasslands suggests that production in A. 

pectinata and T. triandra grasslands (N:P 2.1 – 5.2) was severely limited by N, whereas 
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in E. xerophila grasslands (11.8 – 59.3, growth was generally more limited by P than by 

N (Koerselman and Mueleman 1996).  By definition, N or P limitations occur when 

nutrients from the soil or from storage tissue are unable to be supplied in sufficient 

quantities for growth.  In both A. pectinata and T. triandra grasslands, the decline in N 

and P root:shoot ratios between the end of the dry and end of the wet seasons was 

considerably lower than in E. xerophila grasslands (Table 4).  This decline in N and P 

root:shoot ratio was assumed to represent transport of nutrients from roots to new 

above-ground production.  Logically, less N and P was retranslocated and stored (and 

therefore less able to be mobilized) for new growth requirements in A. pectinata and T. 

triandra than in E. xerophila.  Rates of mineralization of soil N were greater on 

Karratha Station than on Hamersley Station (see Chapter 6), further increasing the 

availability of N for uptake by E. xerophila grasslands.  Curiously, E. xerophila 

grasslands exhibited a severe P deficiency in August 1996 (N:P ratio = 59.3).  The 

inability to store P in roots or rhizomes, coupled with possibly poorer mechanisms for 

retranslocation of P (Chapin 1980) may have been responsible. 

 

Nutrient use efficiencies in these grasslands (range: NUE: 75-326 kg ha-1 kg N-1, PUE; 

367-1566 kg ha-1 kg P-1) were up to four-fold greater for NUE and about the same for 

PUE when compared to other Australian grasslands, e.g. A. pectinata grassland (C4; 

Christie 1981) 114 kg ha-1 kg N-1 and 525 kg ha-1 kg P-1; a T. triandra mixed species 

grassland (C3 and C4; Christie 1979b) 75 kg ha-1 kg N-1 and 1540 kg ha-1 kg P-1; and 

Cenchrus ciliaris grassland (C4; Christie 1979b) 99 kg ha-1 kg N-1and 1980 kg ha-1 kg P-

1.  Somewhat surprisingly, the PUE of E. xerophila grasslands (989 kg ha-1 kg P-1) was, 

despite very low concentrations of soil P (see Chapter 6), generally less than other 

grasslands.  Most likely, the availability of soil P was so low that it severely restricted 

growth and uptake processes.  Pilbara grasslands appear on the whole to be better 
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adapted to low soil N and generally on a par with other grasslands for P.   

 

Luxury consumption and nutrient dilution may significantly influence estimates of 

nutrient use indices in Pilbara grasslands. Although often ignored in many temporal 

studies of plant nutrients, the processes of nutrient dilution and luxury uptake are 

common to a wide range of ecosystems (Brady 1973, Wallace et al. 1978, Chapin et al. 

1980, Risser and Parton 1982, Chapin and Kedrowski 1983, Shaver and Melillo 1984, 

Hayes 1985, Shaver et al. 1986, Bowman 1994, Heckathorn and DeLucia 1994, 

Heckathorn and DeLucia 1996, Bennett and Adams 2001).  The results of this study 

show that in dry ecosystems, where soil water restricts growth and where both luxury 

uptake and nutrient dilution are inherent, indices of nutrient use efficiency must be 

treated with a great deal of caution (Chapin 1980).  This is particularly true in studies 

such as this where field sampling is infrequent.  It is critical that more appropriate 

indices of nutrient use efficiency, which relate to biologically active fractions of N and 

P (Attiwill and Adams 1993), are developed for use in arid and semi-arid ecosystems. 

 

Pools of N and P in green, above-ground biomass were generally comparable to those 

found in other studies of the same species, even when growing with much greater 

rainfall (Table 8a, b).  Also, peak contents of N and P in these grasslands were often 

comparable to the lower range of many North American prairies (Table 8b).  This may 

in part be due to their ability to maximise nutrient uptake despite the small pools of N 

and P in the soil (see Chapter 6) relative to North American prairies (Charley and 

Cowling 1968).  Furthermore, results presented here suggest Pilbara grasslands have a 

high degree of nutrient conservation through retranslocation and storage, resulting in the 

small mass of N and P in standing dead material that in turn leads to a low content of N 

and P in litter by comparison with other studies (Table 8a, b). 
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Table 8a  Pools of N and P from comparable grasslands with annual rainfall of < 500 mm. Figures in parentheses represent pools of P. 
 

Grassland type Green biomass Standing dead Litter Roots Reference 
 Ungrazed 

(kg ha-1) 
Grazed 

(kg ha-1) 
Ungrazed 
(kg ha-1) 

Grazed 
(kg ha-1) 

Ungrazed 
(kg ha-1) 

Grazed 
(kg ha-1) 

Ungrazed 
(kg ha-1) 

Grazed 
(kg ha-1) 

 

A. pectinata 2.3-6.7 
(0.5-2.4) 

2.8-4.5 
(0.4-2.2) 

2.4-6.3 
(0.5-1.7) 

2.0-5.1 
(0.5-1.4) 

0.3-2.8 
(0.0-0.3) 

0.4-1.7 
(0.1-0.2) 

4.2-7.3 
(0.4-0.7) 

6.1-8.8 
(0.5-0.7) 

This study 

T. triandra 3.3-10.11 
(0.6-2.11) 

3.9-10.41 
(0.8-2.51) 

5.1-8.8 
(0.7-3.0) 

3.4-9.0 
(0.5-2.9) 

0.3-3.6 
(0.0-0.4) 

0.3-3.8 
(0.0-0.3) 

6.9-16.4 
(0.7-1.6) 

8.9-16.7 
(0.8-1.8) 

This study 
 

E. xerophila 2.2-12.9 
(0.1-1.2) 

1.0-15.0 
(0.1-1.4) 

2.0-11.0 
(0.1-0.8) 

0.8-10.6 
(0.1-0.6) 

0.1-1.9 
(0.0-0.2) 

0.1-1.8 
(0.0-0.2) 

8.1-11.2 
(0.6-0.9) 

7.4-10.3 
(0.5-0.8) 

This study 

Astrebla spp.  5.0-20.0 
(1.0-3.3) 

 5.0-13.8 
(0.8-1.9) 

 5.0-13.8 
(0.8-1.4) 

   Friedel 1981b 

T. triandra2       14.8 
(0.0) 

21.0 
(0.0) 

Downing and Marshall 1983 

T. triandra 1.5-5.0 
(0.1-1.5) 

 5.4-6.91 

(0.6-1.41) 
 0.8-1.5 

(0.0-0.3) 
 28.0 

(2.3) 
 Bennett and  Adams 2001 

Short-grass prairie 8.8-33.51  5.9-14.2  8.3-21.1  54.9-93.03  Bokhari and Singh 1975 
Short-grass prairie 14.0  24.5    250.34  Clark 1977 
Mixed-grass 
prairie 

17.4-45.21  8.2-12.6  46.5-65.2  79.0-115.53  Bokhari and Singh 1975 

Mixed-grass 
prairie 

16.01  4.0  22.0  87.05  Li and Redmann 1992 

Mixed-grass 
prairie 

17.4-25.8 12.0-29.0 3.8-12.1 1.5-5.5 26.5-66.0 14.3-36.0   Biondini and Manske 1996 

Mixed-grass 
prairie 

18.0 12.0-15.0 5.0 0-4.0 33.0 15.0-20.0 418 232-346 Schuman et al. 1999 

1 Includes crown     2 Rainfall not recorded     3 Roots + rhizome     4 Live + dead roots + detrital roots       5Roots + rhizome
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Table 8b  Pools of N and P (in parentheses) from grasslands with annual rainfall of between 500 - 1000 mm. 
 

Grassland type Green biomass Standing dead Litter Roots Reference 
 Ungrazed 

(kg ha-1) 
Grazed 

(kg ha-1) 
Ungrazed 
(kg ha-1) 

Grazed 
(kg ha-1) 

Ungrazed 
(kg ha-1) 

Grazed 
(kg ha-1) 

Ungrazed 
(kg ha-1) 

Grazed 
(kg ha-1) 

 

T. triandra 0.7-9.01 
(0.6-6.2) 

       Norman 1963 

T. triandra  17.9 
(1.8) 

 14.4 
(1.3) 

 11.9 
(1.2) 

 18.2 
(1.2) 

Paliwal and Manoharan 1997 

E. curvula 3.2  13.3  5.3  125.92  Brevedan et al. 1996 
Tall-grass prairie 44.93 31.0 29.5 8.7 45.0 72.6 52.43 25.73 Risser and Parton 1982 
Mixed-grass 
prairie 

13.84 10.84   27.0 8.0   Berg et al. 1997 

Tall-grass prairie 23.9-28.93  24.3-43.1  11.1-16.0  40.5-53.93  Bokhari and Singh 1975 
Tall-grass prairie 30.2-42.84      28.4-30.5  Adams and Wallace 1985 
1 Total above-ground including crown 2 Live + dead roots 3 Includes crown 4 Total above- 
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Retranslocation and nutrient storage 

Retranslocation of N and P compounds has been observed in many perennial spp. (Aerts 

1996) as a means by which limiting nutrients can be conserved.  In the current study 30 

– 60% of N and P was retranslocated out of green leaves before the onset of senescence.  

As in previous studies (Aerts 1996), P was more highly conserved than N, which may 

be interpreted that either P is conserved to greater degree than N, or, greater mobility of 

P relative to N (Escudero et al. 1992). 

 

The generally strong correlation between foliage N and retranslocation but generally 

poor correlation between foliage P and retranslocation observed in this study has been 

recorded for a wide variety of species (Chapin and Kedrowski 1983, Aerts 1996, 

Escudero et al. 1992).  While it might be expected that leaf nutrient status should reflect 

nutrient availability i.e. leaves with lesser nutrient concentrations retranslocate a greater 

proportion than leaves with greater concentrations, numerous studies have rebutted this 

hypothesis (Chapin and Kedrowski 1983, Chapin and Moilanen 1991, del Arco et al. 

1991, Escudero et al. 1992, Aerts 1996, Pugnaire and Chapin 1993).  Instead, it appears 

that nutrient retranslocation is more dependent on the ratio of soluble to insoluble N and 

P fractions (Pugnaire and Chapin 1993) or source-sink relationships (i.e. the relative 

strength of the ‘new growth sink’, Chapin and Kedrowski 1983, Chapin and Moilanen 

1991). 

 

In Pilbara grasslands, it likely that nutrient retranslocation is a compromise between 

maintaining photosynthesis while minimising losses of N that result from leaf 

senescence.  A similar trade-off between C-acquisition and N-conservation has been 

postulated for tallgrass prairie communities (Heckathorn and DeLucia 1994), and 

deciduous and evergreen trees (del Arco et al. 1991).  In the perennial tundra grass 
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Dupontia fisheri, N is withdrawn from green foliage in the latter half of the growing 

season despite optimal conditions for growth.  This ‘strategy’ minimises nutrient losses 

in the event of an early frost (Chapin et al. 1980).  However, as retranslocation is 

greatest just before leaf abscission, mechanical damage caused by wind or animal 

movement may result in less than maximal retranslocation (del Arco et al. 1991). 

 

The imposition of stress on perennial grasses, whether nutrient, water or grazing, 

initiates the retranslocation of N into rhizome and crown (Chapin et al. 1975, Rains et 

al. 1975, Clark 1977, Risser and Parton 1982, Hayes 1985, Chapin 1991, Heckathorn 

and DeLucia 1994).  In response to declining soil water over the dry winter, Pilbara 

grasses retranslocated N into roots and rhizomes (indicated by an increase in N 

root:shoot ratios at the end of the dry season; Table 4) comparable with other studies 

(McKendrick et al. 1975, Heckathorn and DeLucia 1994, 1996).  Rhizomes (in A. 

pectinata and E. xerophila) however, only exhibited weak increases in N concentration 

towards the end of the dry winter period (Appendix 6) and the concentration of N in 

them was generally not particularly high (Table 2).  Nonetheless, the large mass of 

rhizomes and tiller bases of A. pectinata and E. xerophila (Appendix 4), and their 

potential ability to store N (Perry and Moser 1974, Rains et al 1975, Chapin et al. 

1980), may mean that they are important in the storage of N.  

 

There are few studies of the cycling of P in grasses.  We might assume that in Pilbara 

grasses, patterns of retranslocation and storage of P will essentially parallel those of N.  

In arctic graminoid species (Chapin and Bloom 1976, Chapin et al. 1975), P was 

retranslocated into rhizomes and stem bases for storage over winter before being 

utilised the following year.  Here too, the value as a storage organ does not necessarily 

lie in any special abilities or physiological features of the rhizome, but rather its large 
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mass that allows a large quantity of P to be stored. In the present study, root:shoot ratios 

for the P-content of A. pectinata and T. triandra grasslands (Table 4) were generally 

less than those for N-content. Others have observed similar patterns of poor 

conservation of P (Adams and Wallace 1985) relative to N. 

 

Litterfall 

The availability of nutrients for plant growth in arid and semi-arid ecosystems is 

dependent on the decomposition and mineralization of litterfall (West 1979, Skujins 

1981, West 1981).  In Pilbara grasslands the mass of N and P in standing dead and litter 

are large proportions of the total above-ground N and P content (40 – 60%; Fig. 1, 

Table 1) and thus important pools of nutrients.  

 

The rate of conversion of standing dead to litter is not known (and will vary dependent 

on the plant component, although it likely that leaves would decompose much faster 

than stems), but the N and P contents of this material will not be released via 

decomposition and mineralization for at least six months and possibly longer.  The 

conversion of ‘standing dead’ to litter is a potential ‘bottleneck’ in the turnover of N and 

P and is worthy of further study. 

 

The rate of incorporation of nutrients contained in litter into the soil rests on a number 

of factors, though generally the most important is considered to be the C:N ratio and to 

a lesser extent the C:P ratio (Enriquez et al. 1993).  Litter C:N ratios > 30 lead to 

microbial immobilization of litter N (Whitehead 1995, Wedin 1999).  For instance, in a 

study of litter decomposition from a C4 grass Scizachyrium scoparium, there was little 

net release of N when C:N litter ratios were in the order of 100-130 (Wedin 1995).  

While it would appear that the C:N ratios of litter in Pilbara grasslands (above-ground, 
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70 – 265; below-ground, 24 – 66) should give rise to immobilization, rates of 

decomposition and mineralization in grasslands can be fast (Schaefer et al. 1985, 

Montana et al. 1988, Seastedt et al. 1992, Connin et al. 2001).  This pattern is generally 

attributable to other factors that influence decomposition (Stark 1994, Heal et al. 1997) 

including other aspects of litter quality (e.g. lignin content; Berg and Staff 1981, Skujins 

1981, Parker et al. 1984, Mun and Whitford 1998 but see Seastedt. 1988), litter location 

(e.g. protection from dessication, Seastedt. 1988, Seastedt et al. 1992) and climate 

(Comanor and Staffeldt 1978, Montana et al. 1988, Hobbie and Chapin 1996). While 

tannins and phenolics are moderately abundant in T. triandra and Eragrostis spp. (Dini 

and Owen-Smith 1995, Theunissen 1995) and reduce rates of decomposition (Haynes 

1986b), most other features of the species and the Pilbara environment promote 

decomposition.  High summer temperatures coupled with ‘pulses’ of heavy rainfall and 

accompanying high humidity, provide ideal conditions for decomposition. In addition, 

the cracking nature of Pilbara soils promotes intimate contact between litter and soil and 

protects decomposing litter from dessication, thereby increasing rates of decomposition 

(Schaefer et al. 1985, Montana et al. 1988, Seastedt et al. 1992).   

 

The combined turnover of above- and below-ground litter was sufficient to supply N 

and P in excess of that required for growth of T. triandra, and the N required for growth 

of A. pectinata.  However, the data suggest that organic matter turnover was providing 

only one-third of the P required for growth of A. pectinata.  For E. xerophila, turnover 

was sufficient to provide N and P for smaller growth events but was unable to meet the 

demands of larger growth events (e.g. after 1996-7 summer, and 1998 winter rainfall).  

These conclusions may seem unlikely but it should be noted that: 

• only a proportion of the whole root mass is included in the calculation (top 10 cm), 
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•  the calculation ignores a  potentially large but unknown rate of turnover of rhizome 

material. 

Given these observations, it seems reasonable to conclude that the combined turnover of 

root, rhizome and litter is sufficient to supply the nutrient requirements of Pilbara 

grasslands, bearing in mind that a proportion of the nutrients required for new growth 

are obtained from internal remobilization. 

 

Grazing 

Grazing resulted in small and non-significant impacts on the uptake and flow of 

nutrients.  Nevertheless, over time these effects may accumulate and potentially lead to 

both positive and negative changes in nutrient flows.  Differences in the content of N 

and P in various pools due to grazing were generally not the result of changes in 

nutrient uptake and mobilization but were more closely allied to differences in 

component biomass.  For example, the greater N and P content of standing dead 

biomass in ungrazed A. pectinata grasslands in comparison with grazed grasslands 

(Table 1) was a result of the increased mass of standing dead (see Chapter 4) rather than 

any difference in nutrient concentration. 

 

Grazing of T. triandra resulted in a slight (non-significant) increase in nutrient content 

of green biomass due to small increases in both biomass and concentrations of N in 

most green components (predominantly foliage).  This improvement runs counter to the 

general literature that suggests T. triandra is highly sensitive to grazing (Tothill 1974, 

Hodgkinson et al. 1989, Mott et al. 1992, Ash and McIvor 1998, O’Connor 1995).  The 

generally low grazing pressures, characteristic of Pilbara grasslands, probably enhance 

the ‘compensatory regrowth effect’ (McNaughton et al. 1996).  
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This study found there was no effect of grazing on foliage !15N, counter to the 

commonly stated hypothesis that grazing will lead to an enrichment of foliage 15N 

signatures (Schulze et al. 1991, Neilson et al. 1998, Schulze et al. 1998b, Handley et al 

1999, Schulze et al. 1999).  However, little ‘hard’ evidence for this hypothesis has been 

forthcoming and most evidence has been gleaned from unreplicated, observational 

studies rather than rigorous experimentation.  In three studies, sites were qualitatively 

assessed for the extent of grazing (Shulze et al. 1991, 1998b, 1999), whilst in a fourth 

(Neilson et al. 1998) pseudoreplication (Hulbert 1984), and a confounded experimental 

design (unfertilised, ungrazed vs. fertilised, grazed) produced inconclusive results.  In a 

somewhat more rigorous experimental study (Frank and Evans 1997), a significant 

depletion in the 15N signature of grazed foliage was observed.  It seems most likely that 

15N enrichment of foliage is not the result of grazing per se, but rather an indirect effect 

(of associated disturbance effects, additions of 15N-enriched excreta and enhancement of 

litter turnover; Handley and Raven 1992). 

 

 Growth and production in the Pilbara is heavily influenced by the availability of soil 

nutrients, and nutrient conservation is clearly an important process in maintaining 

growth under the generally ‘low nutrient conditions’ of these semi-arid grasslands. 

Responses to declining water and nutrient availability include the retranslocation of 

nutrients into storage organs.  In turn, these nutrients are readily available for growth 

when conditions improve.  Grazing generally had no significant effect on nutrient 

turnover and the overall effect of grazing is small relative to seasonal effects. 
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Chapter Six 

 

Soil nitrogen availability – rates of mineralization and affects of grass 

tussocks and microbiotic crusts 

 

Introduction 

 

Soil water is the primary determinant of productivity in the Pilbara and other arid and 

semi-arid environments (Noy-Meir 1973).  However, once soils are fully wetted by 

summer rain, productivity is then determined by the availability of nutrients (Fisher et 

al. 1988), with nitrogen (N) commonly the nutrient most limiting growth (Charley and 

Cowling 1968, Charley and West 1977).  Rates of N-mineralization and the subsequent 

availability of soil N for plant uptake are inherently related to primary production 

(Rosswall 1980).  Mineralization of soil organic nutrients is also the rate-limiting step in 

the cycle of major nutrients such as N and phosphorus (P) within ecosystems (Bate 

1981).  Consequently, N-mineralization is an important index not only of potential 

primary production, but also of the relative ‘health’ of an ecosystem (National Research 

Council 1994). 

 

In arid and semi-arid ecosystems, N-mineralization is strongly temporally variable 

owing to seasonal distribution of rainfall and temperature (Skujins 1981), and spatially 

variable owing to the heterogenous distribution of vegetation (Charley and West 1977, 

Skujins 1981, Bolton et al. 1990, Mazzarino et al. 1991, Mazzarino et al. 1996).  Most 

marked is the flush of labile N released from lysed microbes after summer rainfall 

(Marumoto et al. 1982a, Marumoto et al. 1982b, Myrold 1987, Sparling and Ross 

1988).  This flush is usually accompanied by an increase in microbially mediated N-
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mineralization (Bottner 1985, West et al. 1989, Van Gestel 1993a, 1993b).  

Nevertheless, subsequent microbial immobilization may result in only a small fraction 

of the mineral N remaining available for plant uptake (Kaye and Hart 1997).  While 

increased soil water increases N-mineralization (Sabey 1969, Cassman and Munns 

1980, Robertson 1982, Quemada and Cabrera 1997), high temperatures in surface soils 

in some arid regions (e.g. in the Pilbara, surface soil temperatures may be in excess of 

50oC in summer) inhibit further N-mineralization, especially as soils dry (Binet 1981, 

Whitehead 1995). 

 

While nutrient deficiencies and low soil organic carbon may lead to a reduction in N-

mineralization because of substrate limitation (Hook et al. 1991), in arid and semi-arid 

ecosystems, ‘islands of soil fertility’ around individual plants are often sites of fast rates 

of mineralization (Charley and West 1977, Bernhard-Reversat 1982).  The term ‘islands 

of fertility’ is used to describe the nutrient and organic matter-rich areas around 

tussocks relative to soils further away from tussocks.  The enrichment results from the 

‘localization’ of net primary productivity and consequent localization of above- and 

belowground biomass and litter (West and Klemmedson 1978, Skujins 1981), root 

exudates (Wetselaar and Farquhar 1980, Stark 1994), leaching of foliage (Cowling 

1978, Wetselaar and Farquhar 1980, Stark 1994), and physical interception of water, 

litter and particulate matter (Tongway and Ludwig 1994, Tongway and Ludwig 1996).  

As a result of nutrient and organic matter enrichment around individual tussocks or 

shrubs, microbial biomass is also increased in the immediate vicinity of plants (Northup 

et al. 1999), which may in turn increase the supply of available nutrients through 

increased rates of mineralization.  ‘Islands of fertility’ are a feature of nutrient cycling 

in water-poor ecosystems and are possibly self-sustaining in that they tend to continue 

to concentrate resources. 
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Anthropogenic inputs of N into Pilbara grasslands are negligible (there are few sources 

of N production) as are inputs from symbiotic fixation (due to the scarcity of native 

legumes).  However, there are no published estimates of N inputs through wet/dry 

deposition, or the fixation of atmospheric N by microbiotic (cryptogamic) crusts in the 

Pilbara.  While N2-fixation by microbiotic crusts is considered an important N input in 

other comparable ecosystems (Mayland et al. 1966, MacGregor and Johnson 1971, 

Rychert and Skujins 1974), there is only poor quantification of the amount of N fixed 

and the proportion transferred into the soil.  This is primarily due to methodological 

problems (Weaver 1986, Jefferies et al. 1992), the widely differing response of crusts to 

climatic variables (Rychert et al. 1978, Isichei 1980, Evans and Johansen 1999) and the 

extent of denitrification or volatilization from crusts (Skujins and Klubeck 1978, 

Klubeck and Skujins 1980, Evans and Johansen 1999).  It is also a reasonable 

hypothesis that availability of N in arid environments is as much due to patterns of N 

loss as it is to N inputs.  Denitrification (Skujins 1981, Peterjohn and Schlesinger 1991, 

Mummey et al. 1994) and to a lesser extent, volatilization (Woodmansee 1978, Skujins 

1981), are the major pathways of gaseous losses of N.  In the Pilbara, where the 

numbers of herbivores are generally low and clay soils dominate, losses of N due to 

animal offtake (Heady and Child 1994), leaching, and erosion (Woodmansee 1978) are 

likely to be small on an annual basis. 

 

This aim of this study was to assess the potential importance of microbiotic crusts as 

source of N into these ecosystems, and to estimate the availability of N for plant uptake 

from measurements of both instantaneous inorganic N availability and rates of N-

mineralization.  Fixation and inputs of N to soil by microbiotic crusts were assessed 

qualitatively in the field using 15N natural abundance methods, and quantitatively in a 
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long-term laboratory incubation.  Temporal and spatial patterns of N-mineralization in 

the field were examined over a 15-month period.  The effect of tussock grasses and 

microbiotic crusts on N-mineralization were further examined in a four-month 

laboratory study that included estimation of losses of N via denitrification. 

 

Materials and Methods 

 

Soil characteristics 

Soils were sampled at site establishment in March 1996.  Four replicate samples (two 

samples from the ungrazed plot and two samples from the grazed plots) were collected 

at each of the six sites (3 grass species x 2 sites) and at four sampling depths (0-2, 2-5, 

5-10 and 10-30 cm).  Soils were sieved to < 2 mm and air-dried.  These samples were 

used for analyses of pH and electrical conductivity and for particle size analysis.  A 

further sub-sample was ground using a Retsch ball mill to approximately 0.2 mm and 

analysed for Total N and P, oxidisable organic C and the natural abundance of 14N, 15N, 

12C and 13C.  Analytical methods are as follows: 

(i)  Total N and P: 0.2 g of soil was digested with concentrated, analytical grade 

sulphuric acid containing 0.5% selenium for five hours at 340oC, followed by 

colorimetric analysis on a Technicon II Auto Analyser (Anon. 1977). 

(ii)  pH: a soil solution of 1:5; soil:0.01 M CaCl2 solution was periodically stirred for 

one hour and the pH measured using an Orion 520A pH meter. 

(iii)  Electrical Conductivity: a 1:5; soil:deionised water solution was periodically 

stirred for half an hour, filtered (Whatman #40 filter paper) and EC measured on a 

Eutech Cybernetics TD Scan 20 electrical conductivity meter. 

(iv)  Oxidisable organic C: was measured using a modification of the Walkley-Black 

method (Nelson and Sommers 1996).  A modification was needed to cope with the red 
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soils of fine texture found at all study sites, owing to the reddish endpoint of the 

standard titration method.   Briefly, between 1.5 and 4.0 g soil (depending on soil type 

and depth) was weighed into a 500 mL Erlenmeyer flask and 10 mL of 1 M potassium 

dichromate was added to the flask and gently swirled to disperse the soil.  Twenty mL 

of concentrated sulphuric acid was added, the mixture swirled vigorously for one 

minute, and allowed to cool for 30 mins.  Once cool, 150 mL of distilled water was 

added and the solution mixed well.  A 100 mL aliquot was transferred to a 250 mL 

Erlenmeyer flask, minimising the amount of soil taken.  Four to five drops of 0.025 M 

phenanthroline-ferrous indicator were added to the solution, which was then titrated 

against 0.5 N ferrous sulphate heptahydrate while the solution was stirred.  Two blanks 

were included with each batch of soils (10 to 15 samples).  Values of oxidisable organic 

C were multiplied by 1.3 to adjust for non-recovered organic C (Nelson and Sommers 

1996). 

(v)  !15N and !13C : Subsamples of ground soil were dried at 70oC for 24 h prior to 

analysis.  Between 20 - 25 mg samples were analysed for N and C content (%) and 15N 

and 13C natural abundances (!) using an Automated Nitrogen Carbon Analyser-Mass 

Spectrometer consisting of a Roboprep connected to a Tracermass isotope ratio 

spectrometer (Europa Scientific Ltd., Crewe, UK).  All samples were standardised 

against a secondary reference sample of Acacia pulchella phyllodes (0.89% N, 50.10% 

C) that was in turn standardised against primary analytical standards obtained from the 

International Atomic Energy Agency, Vienna.  Analytical variance in the reference was  

< 0.5‰!15N.  Owing to the low amounts of total N in these soils, only those data that 

were in the linear range for the relationship between amplitude of the total N signal and 

the value for !15N were accepted. 

(vi)  Particle size analysis: Soils were analysed at the Department of Conservation and 

Land Management soil laboratories using the pipette method after removal of 
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carbonates, organic matter and iron oxides (Gee and Bauder 1996). 

(vii)  Bulk density: Soils were sampled in June 1998, with the exception of the T. 

triandra Site 2 (Ridge paddock) grazed site, which was sampled in August 1998.  Soils 

were sampled using a brass ring (diameter 7 cm) inserted to a soil depth of 7 cm, the 

ring was then dug out, the soil removed before being dried for 48 hrs at 105oC and 

weighed. 

 

Measurement of N2-fixation by microbiotic crusts 

The isotopic signatures of 15N and 13C were used to qualitatively assess N2-fixation by 

microbiotic crusts (MC).  In the Pilbara, MC occur as dark patches of variable area and 

are generally about 1 mm thick.  In June 1999, MC from each of the ungrazed grassland 

plots were sampled after removal of as much crust-bound soil as possible.  Between 1 

and 3 crust samples per block were collected depending on availability (crusts were 

scarce in A. pectinata grasslands, and copious in T. triandra and E. xerophila 

grasslands), with large dark crusts preferentially sampled over smaller, lighter-coloured 

crusts.  The soil immediately below the sampled crust was sampled to a depth of 2 cm 

(CS), as were adjacent soils from inter-tussock areas (IT) without crusts.  Samples were 

bulked by block, giving 3 replicates per plot for each of the three sampling locations.  

Samples were air-dried, ground and analysed for %N, 15N and 13C as described above. 

 

Estimates of N-mineralization in the field 

Between May 1996 and August 1997, rates of soil N-mineralization under field 

conditions where measured in ungrazed plots using the in situ core method (Adams and 

Attiwill 1986, Adams et al. 1989).  Cores were constructed of PVC pipe (15 cm height 

x 5 cm diameter), marked at 5 and 10 cm, and perforated with holes to ensure 

equilibration of soil moisture and temperature inside the core with the soil outside of the 
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core (Adams et al. 1989). 

 

Sampling was stratified according to depth (0-5, 5-10 cm) and proximity to tussocks i.e. 

mid-way between tussocks (MT), adjoining a tussock (AT) and immediately below the 

centre of living tussock (T).  Two replicate samples for each position and depth were 

bulked by block, giving three replicate samples per plot.  At the beginning of each 

incubation period and for each location, a core were driven into the soil to a depth of 10 

cm, removed, and the soil sample split into 0-5 cm and 5-10 cm samples to determine 

initial conditions (T0).  The core was then reinserted to a depth of 10 cm and adjacent to 

the T0 sampling hole (to minimise spatial variability) until the next sampling date when 

the core was removed and divided by depths (T1).  The process was then repeated, with 

soils sampled at T0 (start of the next incubation period), and the cores reinserted into the 

soil to incubate.  T0 and T1 soil samples were stored in sealed plastic bags and placed in 

an insulated container containing ice-blocks.  Samples were freighted to Perth (~1,750 

km) packed with either ice-blocks or dry ice, before storage in Perth at 4oC.  The period 

of time between sampling and extraction was up to two weeks, but the time delay was 

unavoidable owing to logistic difficulties (i.e. distance, access to laboratory facilities).  

Unlike previous studies (Adams and Attiwill 1986, Adams et al. 1989) cores were 

uncapped as leaching was unlikely given the climate and soil type. 

 

In Perth, samples were sieved to < 2 mm to remove plant and root material, and two 5 g 

subsamples were weighed.  One sample was dried at a 105oC for 48 hours to determine 

gravimetric water content.  The other sample was extracted with 50 mL of 1 M KCl 

(analytical grade), shaken for one hour on a rotary shaker, filtered (Whatman #40 filter 

paper), and stored at 4oC until inorganic N (NO3, NH4) analysis using colourimetric 

methods (Anon. 1977). 
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Net N-mineralization between sampling dates was calculated as follows: 
 

• Inorganic N (Ni) = (NO3-T0) + (NH4-T0) 

• Nitrification (Nnit) = (NO3-T1)-(NO3-T0) 
          T1-T0 (days) 

• Mineralized N (Nmin) = (Ni-T1)-(Ni-T0) 
                   T1-T0 (days) 
 

Laboratory estimation of potential N-mineralization 

Rates of potential N-mineralization under aerobic conditions were estimated using a 

modification of Nadelhoffer’s (1990) non-destructive, repeated sampling, laboratory 

incubation method. Soils (0-5 cm depth from midway between tussocks, MT, and 

immediately below a tussock, T) were collected in August 1998 from ungrazed plots for 

all three grasslands at two sites and bulked by block at each site.  In addition, crust soils 

(CS) were sampled to a depth of 5 cm from immediately below microbiotic crusts (after 

removal of the crust) that were present between E. xerophila tussocks on Karratha 

Station.  Soils were sieved (< 2 mm) and stored at 4oC.  A subsample of each soil was 

air dried, ground using a Retsch ball mill, and analysed for oxidisable organic C, Total 

N and P, and 15N and 13C natural abundance, as previously described. 

 

Prior to soil incubation, the method described by Nadelhoffer (1990) was modified as 

follows.  The standard nitrocellulose filter of the Falcon filter units (#7103) were 

replaced with a mixed-cellulose ester membrane (Metricel sterile, 0.45 !m, 47 mm 

diameter filter, Gelman Sciences #66068).  After replacement of the O-ring, a 4.25 cm 

diameter Whatman GF/C (1.2 !m) glass microfibre filter and a Gelman Sciences A/E 

glass fibre disc (1 !m, 457 !m thick, 50 mm diameter) were added, and the two halves 

of the filter unit screwed together.  A mix of 30 g soil field moist soil and 30 g sand 

(0.1-0.3 mm, acid purified, British Drug Houses) was added to the upper section of each 
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filter unit and covered with a Whatman GF/C filter to minimise soil dispersion and 

reduce evaporation.  All filter papers were rinsed with deionised water before use.  At 

the beginning of the incubation, soils were leached with 75 mL of 0.01 M CaCl2 via the 

top port and, after equilibration with the sand-soil mix for 1 hour, leachate was removed 

under a vacuum of 0.06 MPa.  While under vacuum, 25 mL of minus-N nutrient 

solution (Appendix 10) was added to the soil to replace leached nutrients.  Both 

leachates were collected and their volume measured before storage at 4oC until analysed 

for N03 and NH4 (as described previously; Anon. 1977).  Subsequently, soils were 

leached with 50 mL of 0.01 M CaCl2 solution plus 25 mL of minus-N nutrient solution.  

After leaching, units were weighed, and incubated in the dark at 40 + 1oC (temperature 

commensurate with measured summer soil temperatures; see Discussion, Chapter 3; 

Appendix 11).  Units were weighed every second day and deionised water added to 

replace evaporative losses.  Three units made up with filters but minus the soil-sand 

mixture were used as controls throughout the incubations. 

 

Soils were incubated for 16 weeks, with leachings at 0, 1, 2, 3, 4, 5, 7, 9 and 16 weeks.  

The first leaching (0) was used to remove initial NO3 and NH4 and to establish a 

baseline.  After the final leaching, subsamples of the soil-sand mix were analysed for 

N03 and NH4 by extraction with 2 M KCl, soil moisture, and for !15N and !13C as 

described previously.  In the E. xerophila soils (including the microbiotic crust soils) the 

losses of N incurred over the course of the incubation study lead to the content of N 

becoming so low as to be unable to be accurately detected by the mass spectrometer.   

The !15N of extracted N was calculated as follows: 

!E = (MI.!I - MR!R)/(MI - MR) 

where ! is the isotopic composition of the mass (M) of initial (I), extracted (E) and 

residual (R) material (Nadelhoffer and Fry 1988). 
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Estimates of soil denitrification were made several times throughout the course of the 

incubation period (2.5, 4.5, 11.5, 15.5 weeks) using the acetylene block method to 

inhibit the production of N2O (Yoshinari et al. 1977).  All outlets on the filter units were 

sealed with a rubber cap and a volume of headspace gas was removed and replaced with 

an equivalent volume of sulphuric acid-scrubbed and purified acetylene (Hyman et al. 

1987), to give an approximate 10% v/v of acetylene in the filter unit.  The headspace 

gas was sampled at the start (T0) and after 24 hrs of incubation (T24), and gas samples 

were stored in 10 mL vacutainer (Becton Dickinson Co.) for N2O analysis.  Samples 

were analysed using a Varian 3400 gas chromatograph with a 2 m (80-100 mesh) 

Porapak Q column at a temperature of 70oC, and the 63Ni electron-capture detector at 

350oC.  The carrier gas was N2 at a flow rate of 30 ml min-1. 

 

Statistical and regression analysis 

As discussed in previous chapters, the mean of the three blocks for each grassland site 

was used for statistical analyses to avoid pseudoreplication (Hulbert 1984).  After 

examination of plots of residual versus fitted Y, all data were arcsine transformed to 

reduce variance heterodescacity.  An analysis of variance model (SuperANOVA, 

Abacus Concepts 1989) was used to test for the effects of site (S), sampling time (T), 

depth (D) and position (P).  

 

A nonlinear, first-order kinetic equation was fitted (GraphPad Prism, GraphPad 

Software 1997) to the cumulative production of NO3 and total N mineralized data 

obtained from incubation of soils in the laboratory (Table 7a).  The exponential model 

used was Nt = No(1-exp-kt) where Nt = is the mineralized N at time t, No is the 

potentially mineralizable N, and k a rate constant (week-1) (Deans et al. 1986).  While a 

two-pool exponential models (which assumes the presence of a labile and recalcitrant 
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pool of N) may better describe N-mineralization (Molina et al. 1980, Lindemann and 

Cardenas 1984, Deans et al. 1986, Bonde and Rosswall 1987, Cabrera and Kissel 

1988a) in the current study a single-pool was used for a number of reason. First, use of a 

single pool exponential model allowed comparison to be made between previous 

studies; two-pool models used previously varied among studies (Molina et al. 1980, 

Beauchamp et al. 1986, Bonde and Lindberg 1988, Cabrera 1993). Secondly, statistical 

comparison of the one- and two-pool exponential models (GraphPad Prism, GraphPad 

Software 1997) suggested that in the majority of cases, the one-pool exponential model 

provided the best fit for the data. 

  

Results 

 

General soil characteristics 

The presence of different species in these perennial grasslands was readily related to 

differences in soil type. A. pectinata soils were clays, whereas T. triandra soils were 

silty clay loams, and E. xerophila soils, clay or clay loams (Table 1).  Soils were neutral 

to slightly acid in A. pectinata grasslands, but mildly alkaline in other grasslands (Table 

2).  There was a slight but significant increase in pH at depth in E. xerophila grasslands.  

Electrical conductivity was low at all sites (Table 2), and increased slightly with depth 

at the A. pectinata sites.  

 

Organic C, N and P generally declined with depth at all sites, but with little change in 

C:N ratio (Table 3).  The !15N and !13C signatures of soils from all sites varied little 

with depth.  An exception was the 13C enrichment with increasing depth in T. triandra 

soils, reflecting the !13C signature of a calcrete layer at 60-70 cm depth, at Site 1  

(-4.29‰) and Site 2 (-5.06‰). 
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Table 1  Particle size analysis of soils (0-5 cm) for A. pectinata, T. triandra and E. 
xerophila grassland sites.  Bulk density was measured to depth of 7 cm. Rounding 
errors may result in total percentages being lesser, or greater, than 100%. 
 

Grassland 
 

Site Clay (%) 
< 2 !m 

Silt (%) 
2-20 !m 

Fine Sand (%) 
20-200 !m 

Coarse Sand (%) 
2000-200 !m 

A. pectinata Site 1  54 23 14 8 

 Site 2  50 1 32 17 

      
T. triandra Site 1  27 33 23 17 

 Site 2  28 31 21 20 

      
E. xerophila Site 1  38 13 24 25 

 Site 2  28 23 25 24 

 

 

Table 2  Selected soil physical characteristics for A. pectinata, T. triandra and E. 
xerophila grasslands.  For each characteristic, values followed by the same letter are not 
significantly different (P " 0.05).  Standard errors are in parentheses (n = 4).  The bulk 
density measurement was for 0-7 cm soil depth. 
 
Grassland Characteristic Depth (cm) 
  0-2 2-5 5-10 10-30 
A. pectinata pH 6.79a 

(0.08) 
6.85a  

(0.08) 
6.86a 

(0.13) 
7.00a  

(0.12) 
 E.C. 

(!s cm-1) 
40a  
(5) 

64a 
(26) 

265a 
 (225) 

679a 
(611) 

 Bulk density 
(g cm-3) 

1.11 
(0.03) 

   

      
T. triandra pH 7.62ab  

(0.02) 
7.75c 

(0.01) 
7.55a 

(0.01) 
7.66ab  
(0.03) 

 E.C. 
(!s cm-1) 

63 a  
(10) 

70a 
(15) 

71a 
(14) 

70a 
(13) 

 Bulk density 
(g cm-3) 

1.15 
(0.04) 

   

      
E. xerophila pH 7.36a  

(0.02) 
7.53b 

(0.02) 
7.58bc 
(0.03) 

7.68c 
(0.05) 

 E.C. 
(!s cm-1) 

70a  
(3) 

58a 
( 0) 

53a 
 (5) 

98a 
(28) 

 Bulk density 
(g cm-3) 

1.33 
(0.02) 
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Table 3  Selected biotic soil characteristics for A. pectinata, T. triandra and E. 
xerophila grasslands.  For each characteristic, values followed by the same letter are not 
significantly different (P " 0.05).  Standard errors are in parentheses (n = 4). 
 
Grassland Variable Depth (cm)

 
   

  0-2 2-5 5-10 10-30 
A. pectinata Oxidisable Organic 

C (%) 
0.30a (0.04) 0.26a (0.03) 0.26a (0.02) 0.25a (0.02) 

 Total N (!g g soil-

1) 
340a (40) 300a (50) 300a (30) 280a (40) 

 Total P (!g g soil-

1) 
165a (1) 162a (6) 178a (17) 158a (1) 

 C:N ratio 8.9a (0.0) 8.7a (0.5) 8.6a (0.3) 8.9a (0.8) 
 !15N (‰) 5.22a (0.22) 6.14a (0.14) 6.29a (0.28) 5.85a (0.71) 
 !15C (‰) -17.35a 

(0.10) 
-17.34a 
(0.35) 

-16.95a 
(0.26) 

-17.13a 

(0.13) 
T. triandra Oxidisable Organic 

C (%) 
0.58a (0.10) 0.53a (0.10) 0.57a (0.10) 0.54a (0.06) 

 Total N (!g g soil-

1) 
730a (110) 670a (100) 690a (40) 650a (40) 

 Total P (!g g soil-

1) 
226a (22) 210a (15) 193a (13) 172a (13) 

 C:N ratio 7.8a (0.3) 7.8a (0.3) 8.1a (0.4) 8.3a (0.3) 
 !15N (‰) 5.66a (0.65) 4.48a (0.34) 4.90a (0.26) 5.51a (0.59) 
 !15C (‰) -7.86a (1.12) -7.41a (0.80) -7.32a (0.47) -6.06a (0.79) 
E. 
xerophila 

Oxidisable Organic 
C (%) 

0.29a (0.04) 0.23a (0.01) 0.22a (0.02) 0.23a (0.01) 

 Total N (!g g soil-

1) 
290a (10) 300a (40) 260a (10) 260a (0) 

 Total P (!g g soil-

1) 
88a (12) 89a (6) 77a (5) 84a (7) 

 C:N ratio 10.1a (1.7) 7.6a (0.5) 8.3a (0.5) 8.8a (0.3) 
 !15N (‰) 5.36a (0.27) 5.65a (0.46) 6.17a (0.40) 5.64a (0.44) 
 !15C (‰) -14.68a 

(0.19) 
-14.28a 
(0.11) 

-13.22a 
(0.09) 

-13.36a 
(0.24) 
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N availability and N2-fixation by microbiotic crusts 

Microbiotic crusts (MC) had significantly greater concentrations of N than soils, but 

there was no significant difference in the concentration of N in soils immediately below 

crusts (CS) or well distant from crusts (IT) (Fig. 1a).  Concentrations of N varied 

significantly between crusts in T. triandra and A. pectinata grasslands (Fig. 1a) but not 

between crusts in E. xerophila grasslands and those in either T. triandra or A. pectinata.  

There were no significant differences between crusts and soils from different grasslands 

in !15N (Fig. 1b) or !13C (Fig. 1c) signatures.  While differences between grasslands in 

the !13C of CS and IT soils reflected differences in grassland soil 13C signatures (Table 

3), the pattern of 13C depletion in all microbiotic crusts suggests that differences in CO2-

concentrating pathways was a major influence on crust signature. 

 

Crust coverage was generally high in E. xerophila grasslands (35-80% crust coverage) 

throughout this study, in contrast to the temporally variable crusts on Hamersley 

Station.  For example, A. pectinata and T. triandra grasslands had no visible crust cover 

until prior to heavy and sustained rainfall in the first half of 1999 (see Chapter 2).  In 

addition, T. triandra sites also had a greater coverage by microbiotic crusts than A. 

pectinata sites. 

 

N availability and N-mineralization in the field 

Patterns of NO3 varied significantly (Table 4) in response to changes in seasonal 

changes in soil moisture for all species (Fig. 2, Table 5a).  By contrast, although there 

were significant seasonal differences in patterns of NH4 production (Table 4), NH4 was 

not significantly related to soil moisture, except in E. xerophila grasslands where it was 

inversely related (Table 5b).  This suggests that as soil moisture increased an increasing 

amount of NH4 was nitrified. 
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Figure 1  The concentration of nitrogen (a), and 15N (b) and 13C (c) signatures (o/oo) of 
microbiotic crusts (MC), soil from immediately below crusts (CS) and from soils 
located in inter-tussock areas and exhibiting no presence of crust activity (IT), in A. 
pectinata, T. triandra and E. xerophila grasslands.  Different letters indicate a 
significant difference (P < 0.05), and error bars are standard errors. 
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Nitrate production in A. pectinata and E. xerophila grasslands (~2.1 !g NO3 g soil-1) 

was significantly (P = 0.0162) greater than in T. triandra grasslands (~1.4 !g NO3 g 

soil-1), but there was no difference between grasslands in NH4 production (~1.7 !g NH4 

g soil-1).  While sampling position (MT/AT/T) had a significant effect on NO3 and NH4 

(in E. xerophila grasslands) (Table 4) the effect was not consistent (Fig. 2). 

 

Table 4  ANOVA P-values for inorganic N and soil moisture in  A. pectinata, T. 
triandra and E. xerophila grasslands. Only significant effects are shown. 
 
Inorganic N  A. pectinata T. triandra E. xerophila 
NO3 Site (S) 0.0006 0.0001 0.0562 
 Sampling time (T) 0.0001 0.0001 0.0001 
 Depth (D)  NS NS 0.0143 
 Position (P)  0.0916 0.0039 0.0029 
 T x D NS 0.0755 0.0076 
 T x P 0.0062 0.0034 NS 
     
NH4 S NS 0.0038 0.0092 
 T 0.0001 0.0001 0.0001 
 P NS NS 0.0006 
 T x P NS NS 0.0035 
 D x P NS NS 0.0703 
     
NO3 + NH4 S 0.0001 0.0001 NS 
 T NS 0.0001 0.0001 
 P NS 0.0292 0.0426 
 T x D NS NS 0.0891 
 T x P 0.0497 NS NS 
     
Soil S 0.0001 NS NS 
Moisture T 0.0001 0.0001 0.0001 
 D 0.0001 0.0001 0.0001 
 T x D 0.0151 0.0001 0.0089 
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Figure 2  The production of NO3 (heavily shaded) and NH4 (lightly shaded) at varying 
soil moistures (closed triangle) at two different depths (0-5, 5-10 cm) and three different 
positions (M, Mid-way between tussocks; A, adjacent to a tussock; T, through the 
centre of a tussock) in (a) A. pectinata; (b) T. triandra; and (c) E. xerophila grassland. 
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Table 5a  Correlation coefficients between soil moisture and NO3, NH4 and total 
inorganic N (NO3 + NH4). 
 

Grassland NO3 NH4 NO3 + NH4 
A. pectinata 0.254** 0.041 0.240** 
T. triandra 0.261** 0.018 0.161** 
E. xerophila 0.678*** -0.195* 0.394*** 
No asterisk, not significant; *, " 0.1; **, " 0.05; ***, " 0.001 

Table 5b  Correlation coefficients between soil moisture (T1-T0) and nitrification (Nnit) 
and mineralization (Nmin). 
 
Grassland Nnit Nmin 
A. pectinata 0.317** 0.162 
T. triandra -0.070 -0.074 
E. xerophila 0.571*** 0.288*** 
No asterisk, not significant; *, " 0.1; **, " 0.05; ***, " 0.001 

 

In general, soils were nitrifying during summer when soil moisture was greatest (in 

conjunction with high temperatures, see Chapter 2), but ammonifying during cooler, 

drier months (Fig. 2.).  Nitrification (Nnit) and mineralization (Nmin) in E. xerophila soils 

were significantly and positively correlated with the change in soil moisture between 

consecutive sampling dates (Table 5b).  Nitrification in A. pectinata soils was also 

significantly correlated with soil moisture, while T. triandra soils showed no 

relationship (Table 5b). 

 

Although varying significantly over the course of the study (Table 6), rates of net N-

mineralization over the study period were similar in E. xerophila and A. pectinata 

grasslands (Fig. 3).  Rates were greater in soils collected from close proximity to the 

tussock.  For example, N was immobilised in soils sampled from between tussocks 

(MT, -0.9 kg ha-1) but mineralized (2.3-2.7 kg ha-1) directly beneath the tussock (T).  

Rates of mineralization and immobilisation, regardless of sampling position, were slow 

in T. triandra grasslands and over the study period, the net rate of N-mineralization was 

negligible (about -0.1 kg ha-1).
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Figure 3  The net mineralization or immobilization (indicated by negative 
mineralization) of inorganic N at two different depths (0-5, 5-10 cm) in A. pectinata, T. 
triandra and E. xerophila grasslands, over a 15 month period.  Net 
mineralization/immobilization were calculated for the following periods; May-June 
1996 (M-J), June-Aug (J-A), Aug-Oct (O-A), Oct-Nov (O-N), Nov 1996-Mar 1997 (N-
M), Mar-July (M-J) and July-Aug (J-A). 
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Table 6  ANOVA P-values for nitrification (Nnit) and N-mineralization (Nmin) in A. 
pectinata, T. triandra and E. xerophila grasslands. Only significant effects are shown. 
 
Inorganic N  A. pectinata T. triandra E. xerophila 
Nnit Site (S) NS NS 0.0352 
 Sampling time (T) 0.0001 0.0001 0.0001 
 Depth (D) NS NS 0.0009 
 Position (P) 0.0202 NS 0.0736 
 T x D NS 0.0029 0.0001 
 T x P 0.0027 0.0909 NS 
 D x P NS 0.0816 NS 
     
Nmin S 0.0103 0.0169 NS 
 T 0.0001 0.0001 0.0001 
 D NS NS 0.0067 
 P 0.0002 NS 0.0096 
 T x D NS NS 0.0008 
 T x P 0.0167 NS 0.0054 
 T x D x P NS 0.0951 NS 
     
Soil S 0.0321 NS NS 
Moisture T 0.0001 0.0001 0.0001 
 T x D 0.0038 0.0005 NS 
 

N availability and N-mineralization in the laboratory 

Rates of mineralization were greater in mid-tussock (MT) and microbiotic crust (CS) 

soils, but the larger initial amounts of N in tussock (T) soils resulted in an increased  

production of inorganic N (Table 7a, 8, Fig. 4a) in the order A. pectinata > T. triandra > 

E. xerophila.  A combination of low rate of N-mineralization, and very low content of 

N, meant that relatively little N was mineralized from soils beneath crusts (Table 8).  

There was no production of NH4 in most soils until some four to five weeks after the 

initiation of the incubation (Fig. 5).  Thereafter, NH4 production increased linearly 

(Table 7b). Rates of NH4 production were greater between tussocks than beneath 

tussocks (Table 7b).  Mineralization declined over the incubation period, particularly 

after five and nine weeks (Fig. 4b) suggesting that C and/or N became limiting to 

microbial activity.  The drastic decline in mineralization that occurred during weeks five 

and nine was probably due to the loss of soluble C and/or N resulting from the high, 
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Figure 4  (a) Cumulative N-mineralization in long term (13 weeks), aerobic incubations 
of soils from mid-way between tussocks (MT), below tussocks (T) and from below 
microbiotic crusts (CS) in A. pectinata (Ap), T. triandra (Tt) and E. xerophila (Ex) 
grasslands, and the (b) N mineralized per incubation period. Error bars are standard 
errors (n = 3). 
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initial frequency (one to two weeks) of previous CaCl2 extractions.  As a consequence 

of higher rates of mineralization but lower concentrations of total N, the production of 

inorganic N by soils collected from between tussocks and below crusts declined after 

the first month whereas production by soils collected from under tussocks was 

maintained (Fig. 5).  All soils were strongly nitrifying (> 90% of leached N as NO3) 

particularly during the first four weeks of the incubation (Fig. 5).  At the conclusion of 

the experiment, no further amounts of NO3 and NH4 could be extracted with 2 M KCl 

from any of the incubated soils. 

 

At the conclusion of the incubation, residual N in soils from A. pectinata and T. 

triandra grasslands were 15N enriched by ~0.6-1.9‰ compared to the same soils at the 

start of the incubation (Table 8).  In A. pectinata soils, !E (the calculated 15N signature 

of mineralized N, including both leached and gaseous N) was depleted in 15N relative to 

the initial soil 15N signature by ~1‰, whereas in T. triandra soils the difference 

between !I and !E was much greater at ~4.1‰.   

 

There was no clear pattern of either enrichment or depletion of 13C as a result of 

incubation in any of these soils.  Amounts of N and C in residual E. xerophila soils 

(MT, T and microbiotic crust soils) were below the detection limit for the mass 

spectrometer. There was no correlation between cumulative N mineralized (of which 

NO3 was > 90%), and soil !15N (!15Ninitial or !15Nfinal), !E, #, or k (Table 9). 
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Table 7a  Estimates of No and k for NO3 and total N (NH4 + NO3) for three Pilbara 
grassland soils using a first order nonlinear regression model (Nt = No(1-exp-kt) where Nt 
is the mineralized N at time t, No is the potentially mineralizable N, and k is a rate 
constant (week-1).  Soils were sampled between tussocks (MT), under tussocks (T) or 
from under microbiotic crusts (CS) and aerobically incubated for 16 weeks. Figures in 
parentheses are standard errors (n = 3).  
 

Grassland Inorganic 
N 

Position No  
(!g N g soil-1) 

k  
(week-1) 

r2 Sum of  
Squares 

error 
A. pectinata NO3 MT 34.7 (1.4) 0.256 (0.025) 0.988 12.1 

  T 132.0 (6.7) 0.158 (0.015) 0.993 81.9 
 NO3 + 

NH4 
MT 35.8 (6.7) 0.253 (0.025) 0.987 13.6 

  T 160.0 (8.5) 0.124 (0.017) 0.990 62.4 
       T. triandra NO3 MT 60.9 (3.6) 0.164 (0.018) 0.990 25.7 

  T 105.0 (8.5) 0.124 (0.017) 0.990 62.4 
 NO3 + 

NH4 
MT 62.6 (3.7) 0.158 (0.107) 0.990 25.1 

  T 119.0 (10.5) 0.107 (0.015) 0.991 58.5 
       E. xerophila NO3 MT 34.3 (1.4) 0.198 (0.016) 0.993 6.33 

  T 77.9 (6.7) 0.119 (0.017) 0.989 33.8 
  CS 20.8 (2.1) 0.138 (0.024) 0.981 5.17 
 NO3 + 

NH4 
MT 34.7 (1.4) 0.195 (0.016) 0.993 6.33 

  T 85.0 (7.9) 0.107 (0.016) 0.990 33.4 
  CS 21.8 (2.2) 0.129 (0.022) 0.983 4.73 
 

Table 7b  Estimates of k for NH4 production using linear regression where k = a rate 
constant (week-1). Estimates were made from three Pilbara grassland soils sampled from 
between tussocks (MT), under tussocks (T) or under microbiotic crusts (CS) incubated 
under aerobic conditions for 16 weeks. Figures in parentheses are standard errors (n = 
3).  
 

Grassland Position k  r2 P - value 
A. pectinata MT 0.058 (0.011) 0.910 0.0118 
 T 1.022 (0.101) 0.962 0.0005 
T. triandra MT 0.080 (0.007) 0.975 0.0017 
 T 0.541 (0.027) 0.990 0.0004 
E. xerophila MT 0.029 (-)1 1.000 - 
 T 0.213 (0.014) 0.986 0.0007 
 CS 0.125 (0.043) 0.893 NS 
1 Only two points used for this regression.
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Organic C, and total N and P concentrations were greater under tussocks than at other 

positions (Table 8), and all were significantly correlated with rates of N-mineralization 

(Table 9).  Leached N accounted for less than 15-36% of the loss of total N from soils 

during the course of the incubation (Table 8).  It is not know to what extent that the 

extraction of organic N contributed to the unaccounted losses (Smith 1987).  N2O could 

not be detected at appreciable concentrations in headspace gases. 

 

Table 8  Various characteristics of soils used in a laboratory incubation experiment and 
the amount of N mineralized and changes in some characteristics after 16 weeks of 
incubation. Soils were incubated for 16 weeks of aerobic incubation for three Pilbara 
grassland soils sampled from between tussocks (MT), under tussocks (T) or under 
microbiotic crusts (CS). 
 
Soil variable A. pectinata  T. triandra  E. xerophila 
 MT T  MT T  MT T CS 
Initial           

Oxidisable organic C 
(%) 

0.36 0.92  0.56 0.95  0.25 0.41 0.25 

Soil N (!g N g soil-1) 583 898  920 1160  469 548 488 
C:N ratio 8.2 11.3  7.7 10.2  6.6 8.5 7.5 
P (!g P g soil-1) 242 319  265 292  133 132 126 
!15N (‰) 3.58 5.25  3.41 3.33  4.12 4.28 4.37 
!15C (‰) -20.51 -19.65  -7.75 -8.32  -14.98 -15.57 -17.04 

Final          
Leached NH4 1.2 12.8  1.0 5.6  0.2 2.7 0.5 
Leached NO3 34.1 116.9  53.1 82.8  32.0 61.4 16.8 
Total N mineralized 
(!g N g soil-1) 

35.3 129.7  54.1 88.4  32.2 64.1 17.3 

Soil N (!g N g soil-1) 360 540  560 680  ND1 ND ND 
!15N (‰) 4.64 5.84  5.13 5.20  ND ND ND 
!15C (‰) -22.41 -19.05  -8.09 -8.70  ND ND ND 
# (!15Nfinal - !15Ninitial) 1.06 0.60  1.72 1.87  -2 - - 
!E (‰) 2.42 4.18  -0.92 -0.50  -2 - - 
N mineralized 
(% of initial N) 

6 14  6 7  7 12 4 

N mineralized 
(% of lost N) 

16 36  15 18  -2 - - 

Unaccounted N 
(% of initial N) 

27.9 17.8  21.7 24.5  -2 - - 

1 Not detected (below the detectable limits of the mass spectrometer) 
2 Unable to be calculated, refer to text for details 
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Figure 5  Nitrate and ammonium production per incubation period for mid-tussock 
(MT), tussock (T) and soils from below microbiotic crust soils from A. pectinata, T. 
triandra and E. xerophila grasslands. 
 

0 
2 
4 
6 
8 

10 
12 
14 

0 
20 
40 
60 
80 

100 
120 

MT-NH 4 

T-NH 4 

MT-NO 3 

T-NO 3 

0 
2 
4 
6 
8 

10 
12 
14 

  

  

  
 

0 
20 
40 
60 
80 

100 
120 

  

  

 
  

0 
2 
4 
6 
8 

10 
12 
14 

0 
20 
40 
60 
80 

100 
120 

0 
2 
4 
6 
8 

10 
12 
14 

0 
20 
40 
60 
80 

100 
120 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Incubation period (weeks) 

(a)  A. pectinata 

(d) Microbiotic c rust 

(c)  E. xerophila 

(b)  T. triandra 

C
um

ul
at

iv
e 

N
O

3 m
in

er
al

iz
ed

 (!
g 

N
O

3 g
 so

il-1
) 

C
um

ul
at

iv
e 

N
H

4 m
in

er
al

iz
ed

 (!
g 

N
O

3 g
 so

il-1
) 



 182 

Table 9  Correlation coefficients for cumulative N-mineralization and a number of soil 
variables. 
 
Soil variable n r P-value 
Oxidisable organic C 14 0.895 < 0.0001 
Total N 14 0.806 0.0002 
C:N ratio 14 0.845 < 0.0001 
Total P 14 0.710 0.0033 
k 14 0.106 NS 
!15Ninitial 14 0.285 NS 
!15Nfinal 8 0.289 NS 
# 8 -0.473 NS 
!E 8 0.434 NS 
 

 

Discussion 

Soil characteristics of semi-arid grasslands 

Concentrations of nutrients in the soils from these Pilbara grasslands did not show the 

inverse relationship with depth, common to many soils of arid and semi-arid regions 

(Charley and Cowling 1968, Charley and West 1977, Cowling 1978, West and 

Klemmedson 1978).  These deep-cracking and self-mulching soils have substantial rates 

of illuviation (Volkoff and Cerri 1987) that helps homogenise C and nutrient 

distribution.  Nevertheless, nutrient concentrations were at the lower end of the 

observed range for grasslands (Jackson 1957, Wild 1958, Charley and Cowling 1968, 

West and Klemmedson 1978, West 1981, Berg et al. 1997, Dormaar et al. 1997) and, 

unlike other arid and semi-arid soils (Kovda et al. 1979, West 1981), these soils were 

non-sodic.  

 

Many previous studies have shown that total N becomes steadily enriched with 15N as 

depth increases (Ledgard et al. 1984, Nadelhoffer and Fry 1988, Gebauer and Schulze 

1991, Evans and Ehleringer 1993, Mordelet et al. 1996, Frank and Evans 1997 but see 

Shearer et al. 1978, Handley and Scrimgeour 1997).  In general, (e.g. Nadelhoffer and 
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Fry 1988) 15N enrichment with depth has been attributed to the strongly discriminating 

(against 15N) nature of decomposition, leaving the substrate (organic N) 15N enriched.  

In the present study, soils were not enriched with 15N with increasing depth.   Most of 

the data supporting the Nadelhoffer and Fry hypothesis have been derived from well-

drained soils from forests of relatively high productivity.  By contrast, the soils in this 

study retain large amounts of water when wet and drain slowly owing to their high clay 

content.  In addition, mixing of 15N-depleted litter (Nadelhoffer and Fry 1988, Hopkins 

et al. 1998) by surface soil illuviation also helps counter the effects of mineralization on 

soil !15N.  While there was no difference in soil !13C with depth for any of the 

grasslands, the slight 13C enrichment of deeper soil from T. triandra grasslands is 

probably a consequence of the 13C signature of the calcrete, present at 60-70 cm. 

 

N inputs to Pilbara grasslands 

N fixation by microbiotic crusts is a major source of N (Evans and Johansen 1999) to 

many arid and semi-arid ecosystems. In the present study, while crusts were relatively 

rich in N, presumably through fixation of N2, little of this fixed N appeared to be 

transferred to the soil (Fig. 1a).  Recent work at the same A. pectinata and T. triandra 

sites used in this study estimated crust fixation of atmospheric N to be of the order of 

0.4-10.2 kg N ha-1 yr-1 (Degens and Adams, in prep.).  These rates are comparable to 

those for other arid semi-arid ecosystems (Mayland et al. 1966, Rychert and Skujins 

1974, Rychert et al. 1978, Skujins and Klubeck 1978, Isichei 1980, Belnap et al. 1999).  

However, the validity of acetylene reduction-based estimates of N-fixation have long 

been questioned (Weaver 1986) and, for the Pilbara, the sensitivity of microbiotic crusts 

to small and transient changes in moisture (Evans and Johansen 1999), light, and 

temperature (Rychert et al. 1978, Isichei 1980, Evans and Johansen 1999) provides a 

further cautionary note.  The extent of denitrification and volatilization (Skujins and 
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Klubeck 1978, Klubeck and Skujins 1980) will also affect estimates of N-fixation. 

Nonetheless Degens and Adams (in prep.) concluded that while recently fixed N 

contributed little to pools of mineralizable N, that overall, the large potential rates of N 

fixation may allow some annual retention of N. 

 

Nitrogen fixed by microbiotic crusts may be transferred to the soil either through 

leakage of the crust membrane (Mayland et al. 1966), or lysis of nitrogenous 

compounds in the event of crust death.  However, N inputs to soils via either of these 

pathways was negligible in the present study as soils beneath crusts had similar 

concentrations of total-N and slower rates of N-mineralization than the surrounding soil, 

despite the greater concentrations of N in crusts (Fig. 1a, Fig. 4a).  The minimal transfer 

of N from crust to soil suggests that most of the N fixed is lost through denitrification or 

volatilization (Skujins and Klubeck 1978, Evans and Johansen 1999).  

 

Although no attempt was made here to classify the dominant crust taxa (algae, bacteria, 

cyanolichens, fungi, lichens, liverworts, mosses) previous studies (Evans and Belnap 

1999 and references therein) used 13C signatures to identify the major taxa present 

within microbiotic crusts.  !13C signatures of crusts of -18.8‰ for A. pectinata and -

16.6‰ for E. xerophila suggest that crusts were mainly a mix of cyanobacteria and 

lichens (cyanolichens; Evans and Johansen 1999).  Crusts in T. triandra grasslands had 

a notably different signature (-9.74‰) and were likely dominated by cyanobacteria.   

 

Both wet and dry deposition may add further N to Pilbara grasslands.  In North 

American arid and semi-arid ecosystems, dry deposition may add between  ~0.5 and 5.0 

kg N ha-1 yr-1 (Woodmansee 1978, Woodmansee et al. 1981).  While there are no 

estimates of dry deposition for the Pilbara grasslands, they are likely to be low due to 
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their geographic isolation from potential anthropogenic sources of N.  Some dry 

deposition is possible on Karratha Station owing to its proximity to the coast.  Wet 

deposition may be a significant source of N on Hamersley Station.  While there was no 

detectable NH4 in rainfall collected in summer 1996-7 or in June 1999, 0.25 !g NO3 

mL-1 was measured in 1996-7 summer rainfall. The presence of NO3 in summer but not 

winter rainfall, can be explained by fixation of NOx compounds by lightning storms (a 

common occurrence over the summer months in the Pilbara).  Based on seasonal 

rainfall patterns (mean annual rainfall of 362 mm, with 61% of rain occurring during 

Jan., Feb. and Mar.; see Chapter 2), ~0.6 kg NO3
- –N ha-1 yr-1 might be added in rainfall 

to Hamersley Station grasslands.  

 

Rates of nitrification and N-mineralization 

Comparisons between this study and other studies in arid and semi-arid regions is 

difficult owing to a lack of a standard methodology for in situ soil incubations (e.g. 

sieved vs unsieved soils, buried-bag method, resin exchange bags and in situ cores).  

Furthermore, as many of the studies of semi-arid grasslands have been undertaken in 

North America prairies, spatial heterogeneity is often of lesser concern (though not 

always), unlike Pilbara (and other Australian) grasslands.  On the basis of available 

data, maximum rates of mineralization observed in the field were slower than those 

measured for African savannas (Bernhard-Reversat 1982, Warren et al. 1997) or central 

North America grasslands (Burke et al. 1997 [modelled], Frank et al. 2000).  Rates 

were comparable to other North American grasslands and shrublands (Schimel et al. 

1985, Burke 1989, Wedin and Tilman 1990, Hook and Burke 1995, Ihori et al. 1995, 

Frank and Groffman 1998a, Epstein et al. 1998), perennial grasslands in a Dry Chaco 

ecosystem (Mazzarino et al. 1991a) and Chihuahuan desert ecosystems (Fisher and 

Whitford 1995), and generally faster than arid Patagonia steppes (Mazzarino et al. 1996, 
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Mazzarino et al 1998). 

 

Similarly, laboratory incubation estimates of rate constants (k) were well within the 

range reported for a range of soils unlike mineralization potentials (No), which were at 

the lower end of the spectrum than previously reported (Stanford and Smith 1972, 

Smith et al. 1980, Marion et al. 1981, Lindemann and Cardenas 1984, Beauchamp et al. 

1986, Deans et al. 1986, Ellert and Bettany 1988, El Gharous et al. 1992, Klemmedson 

and Wienhold 1992).  Estimates of k are relatively constant between soils with little 

difference in estimates of k between soils with higher concentrations of N (i.e. sludge-

amended soils, Lindemann and Cardenas 1984; and crop soils, Talpaz et al. 1981) and 

soils low in N, e.g. Pilbara soils (this study), Chapparal soils (Marion et al. 1981, 

Klemmedson and Wienhold 1992), and semi-arid soils of Morroco (El Gharous et al. 

1992).  Nevertheless, methodology differences make true comparisons difficult. 

 

Seasonal patterns of N-mineralization 

Seasonal changes in N-mineralization, particularly nitrification, are controlled, to a 

large extent by patterns of soil moisture and temperature.  Increasing soil moisture 

(Mazzarino et al. 1991b, Mazzarino et al. 1996, Mazzarino et al. 1998) and temperature 

(Binet 1981, Mazzarino et al. 1991b, Whitehead 1995) generally increase nitrification 

and this was generally observed across all grassland soils, over the hot and wet summer 

months (Fig. 2).  Similarly, in soils from the arid Patagonian steppes, Mazzarino et al. 

(1996, 1998) reported increases in nitrification with increased soil moisture (> 10%) and 

temperature, under both field and laboratory conditions, similar in magnitude to those 

reported in this study. 
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The flush of  N-mineralization in response to rainfall (Birch 1958, Seneviratne and Wild 

1985, Mazzarino et al. 1991a, Sparling and Ross 1988) arises from lysed microbes 

(Marumoto et al. 1982a, Marumoto et al 1982b, Bottner 1985, Kieft et al. 1987, Myrold 

1987) and from the increased activity of microbial populations utilising microbial N and 

organic matter (Marumoto et al. 1982a, Marumoto et al 1982b, Bottner 1985, West et 

al. 1989, Van Gestel et al. 1993a, Van Gestel et al. 1993b). For example, a flush of NO3 

was produced in May 1996 on Hamersley Station grasslands after an exceptionally large 

rainfall event (see Chapter 2) that followed a period of below average (summer) rainfall 

but not on Karratha Station grasslands (above average summer rain).  However, owing 

to its proximity to the coast, much of the rainfall on Karratha Station is the result of 

(summer) tropical cyclones, with little rainfall during the second half of the year (see 

Chapter 2).  The likely large turnover of microbial biomass in the latter half of the year 

then provides a ready source of labile nutrients and rapid mineralization after the 

following summer rainfall.  This ‘release’ of N is probably an important element in the 

growth patterns of E. xerophila grasslands.  Similarly, in Alaskan tundra, freeze-thaw 

cycles during the onset of spring snowmelt, led to a ‘crash’ in microbial biomass and 

release of inorganic P from lysed microbial cells, providing a significant proportion of 

the P required for plant growth (Chapin et al. 1978).  Wetting-drying cycles, while still 

of great importance, are of reduced significance on Hamersley Station owing to the 

greater and more reliable rainfall. 

 

In addition, nitrifying bacteria can survive (while not being greatly active) extremely 

low soil moisture tensions (< -9 MPa; Davidson et al. 1990, Whitehead 1995), and with 

the onset of summer rains, their populations may respond quickly to increased soil 

moisture.  This rapid response to rainfall was clearly demonstrated in a previous 

watering study (L. Bennett, unpublished data, Table 10) carried out in the same T. 
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triandra grassland soils as the current study.  Within an hour of the addition of 6 mm of 

water (causing soil moisture to increase by ~45%), concentrations of extractable 

inorganic N more than doubled, but within three days, both soil moisture and inorganic 

N had returned to pre-watering levels.  Soils from E. xerophila grasslands exhibited 

much stronger correlations between soil moisture and rates of 

mineralization/nitrification, and increased NO3 and NH4 production (40-140% greater 

after comparable rain) than T. triandra and A. pectinata grassland soils.  This probably 

reflects the greater moisture limitation to soil microbial activity on Karratha Station 

(275 mm rainfall) relative to Hamersley Station (362 mm) (West et al. 1989, Orchard 

and Cook 1983). 

 

N-mineralization in warmer months is also influenced by periods of heavy and/or 

sustained rainfall that leaves soil profiles wetted up for an extended period of time.  

This may, after an initial increase in N-mineralization, result in a decline in 

mineralizable N (Fisher et al. 1987, Warren et al. 1997), as the initial flush of inorganic 

N is lost through leaching, plant uptake, denitrification or microbial immobilization 

(Fisher and Whitford 1995, Fisher et al. 1987, Schimel et al. 1989).  Furthermore, 

because of the tight links between C and N (Paul and Juma 1981, Robertson et al. 1988) 

as readily mineralizable pools of C decline, so does microbial activity and N-

mineralization. On the other hand, a wet period during cooler winter months will 

probably slow the desiccation and death of active microbial populations (Birch 1958, 

Soulides and Allison 1961, Bottner 1985) that in turn slows the production of labile 

organic N (Maramuto et al. 1982a, Maramuto et al 1982b). This situation may lead to 

reduced nutrient availability with the onset of the following summer rains.  
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Soil temperatures in the Pilbara have a much less critical role in N-mineralization as 

rarely do soil temperatures become low enough to inhibit nitrification.  Moreover, given 

that summer soil temperatures are well in excess of 50oC (see Chapter 3; Appendix 11), 

clearly nitrifying populations of Nitrosomonas and Nitrobacter are adapted to much 

greater temperatures than what are generally considered optimum (28-37oC; Binet 1981, 

Whitehead 1995). 

 

Table 10  Changes in soil water (SW) and extractable inorganic N (NO3 + NH4) in 
control (non-watered) and watered plots (6 mm) at one day before watering (T0-1); one 
hour after watering (T0), one day after watering (T1) and three days after watering (T3) 
in T. triandra grasslands on Hamersley Station. Soil moisture was determined 
gravimetrically, and Ni were determined after extraction with 1 M KCl and colourmetric 
determination. Data is the mean of two sites and two positions (mid-way between 
tussocks and adjacent to tussocks, n = 24). Within a column, values followed by the 
same letter are not significantly different (P " 0.05). Data from L. Bennett (unpublished 
data). 
 
Time Control  Watered 
 SW 

(%) 
Ni 

(!g N g soil-

1) 

 SW 
(%) 

Ni 
(!g N g soil-

1) 
T0-1 21.0a 2.3ab  20.7a 1.5a 
T0 20.9a 2.6 b  29.7c 3.8c 
T1 18.0a 1.9a  23.6b 2.5b 
T3 18.0a 2.0a  20.9a 1.8a 
 

Spatial patterns of available N and N-mineralization 

The general increase in N-mineralization and nutrient availability around tussocks 

recorded in this study supports previous work in other semi-arid grasslands (Hook and 

Burke 1995, Mazzarino et al. 1996, Kelly and Burke 1997, Mazzarino et al. 1998, 

Bennett and Adams 1999).  A striking feature of the data presented here was the strong 

immobilization of N under tussocks of T. triandra.  This feature can be attributed, at 

least in part, to differences in C:N ratios of above- and below-ground detritus. Using a 

weighted mean of the various standing dead components in each grassland and 

assuming that material was 50% C by weight, the C:N ratio of the total standing dead 
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material for each grassland was ~110 in A. pectinata and E. xerophila grasslands and 

240 in T. triandra grasslands.  At the same time, the combined mass of standing dead 

material and litter in T. triandra grasslands was two- to four-fold greater than in A. 

pectinata and E. xerophila grasslands (see Chapter 4).  The mass of T. triandra roots 

was also more than twice that of the other grasslands and the C:N ratio of decomposing 

roots was greater (66) than for either A. pectinata (42) or E. xerophila (24) (see also 

Chapters 4 and 5).  While high C:N ratios lead to an initial N immobilization in all 

grasslands, the much lower ratios in A. pectinata and E. xerophila grasslands reduce the 

time needed for organic matter to decompose to sufficiently low C:N ratios for net N-

mineralization (Wedin 1995, Whitehead 1995, Wedin 1999).  Immobilization of N in A. 

pectinata and E. xerophila mid-tussock soils probably also reflects the increased density 

of ephemeral plants (see Chapter 3) with high root C:N ratios which can also lead to N 

immobilization (Parker et al. 1984, Fisher et al. 1990, Mun and Whitford 1998, Wedin 

1999).  Slower rates of mineralization measured in the field in T. triandra soils were 

reflected in the laboratory experiment, where despite greater concentrations of total N 

and C, rates of N-mineralization were slower than in A. pectinata soils (Table 7a, b). 

 

It is curious to note that during these laboratory incubations, 15N enrichment of residual 

soil was greater for T. triandra than A. pectinata.  This finding is contrary to that 

expected on the basis of the known dependence of isotopic fractionation and 

discrimination on rates of nitrification (Marriotti et al. 1981, Nadelhoffer and Fry 1994, 

Hopkins et al. 1998).  The most likely explanation seems that in A. pectinata soils 

(particularly around tussocks) the pool of labile organic N is small but readily 

mineralizable.  Mineralization thus produces relatively little fractionation and 

discrimination (Nadelhoffer and Fry 1994); a characteristic reflected in the relatively 

small difference between the initial soil !15N and !E (Table 8).  In T. triandra 
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grasslands, the pool of labile organic N was larger but more resistant, resulting in 

extensive fractionation during mineralization (Sutherland et al. 1993, Nadelhoffer and 

Fry 1994), and a greater difference between initial soil !15N and !E (Table 8).   

 

This hypothesis that the more resistant organic N was to mineralization, the greater the 

fractionation and subsequent 15N enrichment of the residual soil (!15Nfinal), is supported 

by correlation analysis.  Removal of two outlying data points produced a negative 

correlation (n = 6, r = - 0.85, P = 0.0326) between total N mineralized (of which NO3 

was greater than 90%) and #.  Similarly the proportion of total N mineralized and # 

(data not shown) were also negatively correlated (n = 8, r = - 0.687, P = 0.0596).  

 

Finally, the influence of plant cover on the soil microclimate and, consequently, 

microbial activity, probably also contributed to differences in N-transformations 

between tussocks and away from tussocks. While mean temperatures of tussock soil 

were ~1oC lower than bare soil, mean maximum temperatures were up to 16oC lower 

around tussocks than bare soil (Appendix 11), and would have been greater still during 

summer.  

 

Comments on methodology 

The period of in situ incubation affects N transformations (Adams et al. 1989), and 

recommendations for incubation periods vary from 7-90 days (Raison et al. 1987, 

Adams et al. 1989, Hart et al. 1994, Hook and Burke 1995).  Because of the location of 

field sites (1,750 km from Perth), and the inaccessibility of sites after rain (due to 

vertisol soils), incubation periods were often considerably longer (38-150 days) than 

recommended.  Further artifacts may have been introduced as a result of the time 

elapsed between sampling and consistent cold storage and/or analysis (Binkley and Hart 
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1989).  In situ cores or other in situ techniques present clear difficulties for remote sites 

where sampling is infrequent (and thus potentially long incubation periods) and 

especially so for arid and semi-arid environments where N-mineralization is highly 

responsive to small changes in soil moisture.  Some of the observed patterns of strong 

immobilization may also be partly attributable to the in situ core methodology.  For 

example, a well-documented influence on net N-transformations is the severance and 

decomposition of roots with variable C:N ratios and the subsequent 

mineralization/immobilization of N (Raison et al. 1987, Hart et al. 1994, Hook and 

Burke 1995).  Cores inserted through a tussock, or those into which roots grew as a 

result of long periods of incubation (Ihori et al. 1995) were probably the most seriously 

affected. 

 

Better estimates of N-mineralization (and availability of N for plant uptake) in arid or 

semi-arid environments are probably those based on laboratory analysis of potential 

rates of mineralization or microbial activity (Franzluebbers et al. 2000), that can be 

coupled via models to field temperature and moisture content. 

 

However, even here, there are considerable potential artifacts.  For example, the various 

exponential models commonly employed to describe N-mineralization will be 

influenced by soil moisture (Sabey 1969, Cassman and Munns 1980, Goncalves and 

Carlyle 1994), soil temperature (Stanford et al. 1973, Cassman and Munns 1980, Ellert 

and Bettany 1992, Goncalves and Carlyle 1994), time of soil sampling (Binkley and 

Hart 1989, Dendooven et al. 1995), the length of the incubation period (Cabrera and 

Kissel 1988b, Sierra 1990), extractant used (Smith et al. 1980), and not accounting for 

losses of extracted organic N (Smith et al. 1980, Smith 1987, Robertson et al. 1988).  In 

addition, unaccountable losses of N during laboratory incubation have been attributed to 
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denitrification (Nadelhoffer and Fry 1988) but in the present study N2O was not 

detected in regular sampling of the headspace gas.  Furthermore, the extent of 

nitrification throughout the laboratory incubation study precludes the notion that soils 

were anaerobic, and sieving would have contributed to the breakup of possible 

‘microsites’ of denitrifying activity within the soil (Vlek et al. 1981, Parkin 1987).  In 

spite of this, isotopic discrimination during denitrification (Blackmer and Bremner 

1977, Marriotti et al. 1981, Nadelhoffer and Fry 1988, Hopkins et al. 1998) or 

volatilization (Sutherland et al. 1993, Nadelhoffer and Fry 1994) may also have 

contributed to the 15N depletion of extracted N (!E). 

 

Summary 

The increase in net N mineralized around tussock soils demonstrates the importance of 

tussocks as ‘islands of soil fertility’ that maintain nutrient cycling  in spatially 

heterogeneous environments (Bolton et al. 1990, Hook and Burke 1995, Mazzarino et 

al. 1998).  Increased P in tussock soils relative to soils between tussocks (with the 

exception of E. xerophila grasslands) may lead to an increase in N availability (Haynes 

and Swift 1988, Klemmedson and Wienhold 1992, Falkiner et al. 1993, Bauhus and 

Khanna 1994).  Similarly, patterns of C and N (both total and mineralizable) are closely 

linked (Paul and Juma 1981) and the increased organic matter around tussocks is critical 

in maintaining N-mineralization.   

 

In arid and semi-arid environments, denitrification is considered to be the major 

pathway by which N is lost (Peterjohn and Schlesinger 1990, Peterjohn 1991, Peterjohn 

and Schlesinger 1991), however, the extent of these losses were unable to be quantified 

for these Pilbara soils.  There is the potential in the Pilbara environment that a series of 

small rainfall events, while insufficient to result in plant growth, are sufficient for 

microbial production of NO3, and which over time can lead to a relatively large 
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accumulation of soil NO3 (Charley 1972).  After a large rainfall event (e.g. summer 

rain), denitrification of this NO3 pool plus any other NO3 released from lysed microbes, 

may lead to significant N losses.  On the whole however, denitrification losses in the 

Pilbara are likely to be minimal due to low NO3, C and soil moisture (Virginia et al. 

1982), but may be significant immediately after a period of high rainfall (Mummey et 

al. 1994, Peterjohn 1991), significantly impacting on nutrient cycling in the arid 

ecoystems. 
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Chapter Seven 
 

Synthesis, management implications, and areas of future research 

 

The aim of the research contained within this thesis was to relate growth, production 

and nutrient cycling in examples of three of the major perennial tussock grasslands in 

the semi-arid Pilbara, to seasonal patterns of climate and nutrient availability.  

Moreover, these grasslands are widely used for cattle grazing, so the influences of 

grazing on growth, production and nutrient cycling were also examined.   Much of the 

data collected during my study is synthesised in Figures 1 and 2.  However, it should be 

pointed that these figures do not take into account the influence that the ephemeral 

production will have on C, N and P cycling.  For the T. triandra community this will be 

fairly minimal, will have a potentially larger affect on the E. xerophila community and 

is likely to be significant in the A. pectinata community (Chapter 4).  Similarly, because 

root biomass was only sampled to a depth of 10 cm, estimates of below-ground net 

primary productivity will be considerably underestimated (Chapter 4).  While it is likely 

that for some of the grasslands these shortcomings will result in an underestimation of 

the relative size of the pools and fluxes, they nonetheless provide good qualitative and 

quantitative data for the grasslands. 

 

Nutrient availability in Pilbara soils 

The nutrient content of Pilbara soils is low due to: (a) the formation of soils from parent 

material of low N and P status and (b) weathering and leaching of nutrients over 

millions, if not billions of years (Charley and Cowling 1968, Twidale 1994).  Despite 

low nutrient contents, rates of N-mineralization in Pilbara soils were comparable to 

other semi-arid and arid ecosystems (Chapter 6).  Temporal patterns of  
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Figure 1  A end of wet season, and end of dry season, budget for pools of N (kg ha-1) 
and C:N ratios for a‘typical’ pattern of seasonal rainfall (wet summer, dry winter) in a) 
A. pectinata, b) T. triandra and c) E. xerophila grasslands.  Unknown flows of nutrients 
are indicated by a dashed line between pools, and grazed pool values are contained 
within parentheses.  See also model assumptions (Appendix 12). 

Green Biomass
N  6.67 (5.78)    
C:N 80 (83)

Roots
N 7.34 (8.75)
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N 1.88 (0.43)
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Fig. 1a)  A N budget for Pilbara A. pectinata grasslands 

End of wet season!                                   End of dry season

?
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Fig. 1b)  A N budget (kg ha-1) for Pilbara T. triandra grasses
End of wet season!                                   End of dry season
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Fig 1c)  A N budget (kg ha-1) for Pilbara E. xerophila grasses
End of wet season!                                   End of dry season
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Figure 2  A end of wet season, and end of dry season, budget for pools of P (kg ha-1) 
and C:N ratios for a ‘typical’ pattern of seasonal rainfall (wet summer, dry winter) in a) 
A. pectinata, b) T. triandra and c) E. xerophila grasslands. Unknown flows of nutrients 
are indicated by a dashed line between pools, and grazed pool values are contained 
within parentheses.  See also model assumptions (Appendix 12). 
 
 

Fig. 2 a)  A P budget for Pilbara A. pectinata grasslands 

End of wet season!                                   End of dry season
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Fig. 2b)  A P budget for Pilbara T. triandra grasslands

End of wet season!                                   End of dry season
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Fig. 2c)  A P budget for Pilbara E. xerophila grasslands

End of wet season!                                   End of dry season
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 N-mineralization were strongly influenced by seasonal patterns of rainfall.  Summer 

rain produced a ‘flush’ of inorganic N via mineralization of organic N, as well as from 

nutrients lysed from microbial biomass.  Strongly spatial patterns of N-mineralization 

are greatly influenced by the accumulation of organic matter and N close to tussocks 

(‘islands of soil fertility’), relative to soils further away from tussocks (Chapter 6).  

Increased N-mineralization in soils around tussocks results from increased microbial 

biomass (Northup et al. 1999) and increased availability of substrates (i.e. C, N) 

required by microbes (Marumoto et al. 1982a, 1982b, Bottner 1985, West et al. 

1989,Van Gestel et al. 1993a, Van Gestel et al 1993b). In addition, the increased size of 

the pool of microbial biomass is a potentially large source of plant available nutrients. 

 

While rates of N-mineralization are comparable to those in other arid-zone ecosystems, 

there remained differences between grasslands attributable to substrate differences.  In 

particular, the mass and C:N ratio of above-ground litter and roots varied among 

grasslands (Fig. 1, see also Chapter 5, 6).  In A. pectinata and E. xerophila grasslands, 

the large seasonal growth of ephemerals contributes a substantial amount of C to the 

soil each year (Chapter 3, 4), and may result in short-term immobilization of N.  While 

potential N-mineralization rates measured in the laboratory exceeded those measured in 

the field, both indicate a supply of N in excess of that required for plant growth 

(Chapter 6) at times of favourable conditions for microbial activity. 

 

N inputs and outputs 

Nitrogen inputs which might assist in offsetting the general pattern of N-deficiency  

include: wet deposition (a small but possibly important source) and/or dry (unknown) 

deposition, N2-fixation by microbiotic crusts or diazotrophs, plant-mycorrhiza 

interactions and anthropogenic sources (trace).  While somewhat speculative, it appears 
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that theses N sources add only small amounts of N to these ecosystems.  Equally, 

nutrient losses from Pilbara soils are likely to be small and slow as the high clay content 

of soils minimises N losses through either erosion or deep drainage.  Loss of nutrients 

due to offtake is minimal as much of the N (or P) is returned via cattle excreta (Heady 

and Child 1994).  While denitrification losses were not quantified in this study, it 

remains the single-most likely pathway by which N is lost, especially given that pools 

of ammonium are always small and nitrification is the dominant process. 

 

Seasonal patterns of growth and plant nutrient cycling 

Water is obviously ‘the master input’ (Noy-Meir 1973) and the timing of rainfall 

determines seasonal patterns of growth.  Nonetheless, other variables such as nutrient 

availability (Fisher et al. 1988) and temperature (Christie 1981) define the extent of 

growth after effective rainfall.  For example, winter rainfall may not result in growth as 

winter air temperatures may be too low for growth of C4 grasses (Chapter 4). More 

typical of the Pilbara is the sustained growth of grasses following effective summer 

rainfall when increased air temperatures and a ‘flush’ of nutrients, support growth 

initiated by the removal of the normal water limitation. 

 

As summarized in Figures 1 and 2, reasonable rates of above-ground primary 

production in Pilbara grasslands (Chapter 4) are achieved on relatively infertile soils, 

(Chapter 6), and the low nutrient availability is reflected in the high C:N and C:P ratios 

of green biomass at the end of the wet season.  While C:N, C:P and N:P ratios have 

their limitations as guides to nutrient availability (Chapter 5), the lack of better methods 

ensures they remain widely used (Vitousek et al. 1988, Koerselman and Meuleman 

1996, Verhoeven et al. 1996, Bennett and Adams 2001).  In the Pilbara these ratios 

suggest that productivity in A. pectinata grasslands was N-limited, in T. triandra N- and 
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possibly P-limited, and in E. xerophila grasslands, P-limited. 

 

The decline in green biomass between the end of the wet season and end of the 

following dry season, coincided with a proportionally greater decline in the mass of 

nutrients in that biomass.  The obvious conclusion is that nutrients were retranslocated 

to storage organs (Chapter 5).  Nutrient retranslocation (represented by an increase in 

foliar C:N and C:P ratios between wet and dry season) were matched in T. triandra  and 

A. pectinata (i.e. there was a similar increase in C:N and C:P ratios).  However, there 

was a 25% increase in the C:P ratio than in the C:N ratio (Fig. 1c, Fig. 2c) between wet 

and dry season in E. xerophila grasslands (P-limited).  These data, coupled with earlier 

observations on soil P (Chapter 6), clearly suggest that E. xerophila grasslands at 

Karratha station are strongly P-deficient.  The greater longevity of roots of E. xerophila 

(Chapter 4) and the low turnover of P that results from root turnover (Fig. 2c), are 

further support for such an interpretation. 

 

In general, root C:N and C:P ratios changed between seasons in concert with those for 

foliage (Figs 1, 2), albeit less markedly.  Primary production in Pilbara grasslands is 

greater than might be expected on the basis of climate and soil properties alone.  The 

ability of these grasses to conserve and store nutrients (McKendrick et al. 1975, Risser 

and Parton 1982, Adams and Wallace 1985, Hayes 1985, Heckathorn and DeLucia 

1994) and/or carbohydrates (Whalley and Davidson 1969, Nursey 1971, McKendrick et 

al. 1975) in storage organs i.e. roots and rhizomes, is important in maximising early 

growth.  However, despite the use of roots and rhizome as storage organs it is apparent 

that potentially significant amount of nutrients may be lost, via root turnover, between 

the end of the wet, and dry, seasons (Figs 1, 2).  While perhaps somewhat surprising 

that such significant amounts of nutrients may be lost, in such a nutrient poor 
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environment, numerous studies (from comparable environments) have made similar 

observations (Bokhari and Singh 1975, Clark 1977, Woodmansee et al. 1978, 

Heckasthorn and DeLucia 1994, Chaneton et al. 1996).  Moreover, the use of the 

nutrients stored in roots/rhizome ensures a reliable and readily available source of 

nutrients, and minimises the reliance on more variable soil nutrients (Bormann et al. 

1977).  In addition at the start of the wet season, the small amount of leaf area present is 

unable to provide sufficient carbohydrates for new leaf production, and thus much of 

this carbohydrate for leaf production comes from storage organs (Danckwerts 1993). 

 

Although not quantified here, the rhizome of A. pectinata and E. xerophila appears to be 

an important organ for the storage of N and P compounds, similar to many prairie 

grasses of north America (Chapter 5).  The use of rhizomes to store nutrients may also 

help to explain why, despite significant losses of N and P via root turnover, comparable 

rates (to other similar grasslands) of production were achieved.  It may also be an 

important adaptation to soils that vary greatly in nutrient supply, and help explain the 

distribution of these two species in arid and semi-arid environments (Chapter 1).  In 

contrast, T. triandra has no major storage organs (apart from roots, and possible the 

crown) and this species grows widely in sub-tropical environments and is less well 

adapted to the dry environment of the Pilbara.  A further consequence is that T. triandra 

relies more heavily on soil nutrients for growth.  

 

As discussed previously (Chapter 5), a number of points need to be made.  First, plants 

growing on infertile soils often limit growth rather than produce leaves that are not 

photosynthetically competent (Chapin et al. 1980).  Second, we still have relatively 

poor knowledge of the proportions of N or P actively involved with growth.  The extent 

of  ‘luxury uptake’, especially during optimum conditions for nutrient acquisition, and 
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the ‘dilution’ of the N and P content of leaves during growth, are also poorly described 

for these species and grasslands. 

 

Standing biomass in Pilbara grasslands was generally comparable to other plant 

communities from semi-arid and arid regions as well as from more temperate climates 

(Chapter 4, Table 7).  Differences in production and nutrient content between the 

grasslands studied here and others (Table 1), was in most cases a direct result of the 

depth to which below-ground biomass was sampled (i.e. 10 cm depth in this study vs 

50-100 cm in other studies).  Moreover, in many arid and semi-arid ecosystems the bulk 

of C and nutrients are stored underground (Chapin 1991).  While production was 

relatively high in the Pilbara, the low fertility of Pilbara soils (as compared to other arid 

and semi-arid soils; Chapter 6) gave rise to consistently greater C:N and C:P ratios 

(Table 1).  Despite this, Pilbara grasses like other plants from nutrient poor 

environments, have developed a wide range of adaptations to maximise nutrient uptake 

(Chapter 5).  Overall, the lower net production and nutrient uptake of many ‘dry’ 

ecosystems (eg.semi-arid and arid grasslands, tundra, woodlands; Table 1), relative to 

other ecosystems (eg. tropical pasture, forests and plantations), is a direct result of 

reduced precipitation and its influence on vegetation (Jenny 1930). 

 

Nutrient turnover 

Litter C:N and C:P ratios varied little among grasslands despite a wide variation in these 

ratios in ‘standing dead’ material among grasslands (Fig. 1, 2).  In all grasslands, 

nutrient concentrations were greater in litter compared to standing dead.  The most 

likely explanation is that once part of the litter layer, the more labile, C-rich components 

of senescent plant matter are rapidly decomposed (e.g. breakdown of simple 

carbohydrates; Comanor and Staffeldt 1978), leaving the less variable, recalcitrant
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Table 1  Comparison between a number of plant communities of various aspects of nutrients. If not recorded the mass of C was calculated 
as 50% of biomass. Masses of N and P masses includes both above-groundA (i.e. green biomass, standing dead and litter) and below-
groundB (i.e. roots and rhizome) biomass. Grasslands with less than 500 mm annual rainfall are considered arid or semi-arid. 
 
Plant community type Mass of C 

(kg ha-1) 
Mass of N 
(kg ha-1) 

Mass of P 
(kg ha-1) 

C:N ratio C:P ratio Reference 

Arid and semi-arid grasslands       
A. pectinataM, A+B 1,265 16.2 2.8 78 452 This study 
T. triandraM, A+B 3,514 28.0 4.2 126 837 This study 
E. xerophilaM, A+B 1,299 18.4 1.5 71 928 This study 
Shortgrass priarieM, A+B 1,892 113.0 - 17 - Clark 1977 
Astrebla spp.P, A 925 16.0 3.5 58 264 Christie 1981 
Astrebla spp.M, A 2,650 30.0 4.0 88 663 Friedel 1981a, b 
Mixed-grass prairieM, A 2,152 60.6 - 36 - Biondini and Manske 1996 
Mixed-grass prairieP, A+B 9,333 362.0 - 26 - Schuman et al. 1999 

 
      Temperate grassland/meadow       

T. triandraM, A+B 7,947 624.0 55.0 113 144 Paliwal and Manohoran 1997 
Heteropogon contortusM, A+B 5,587 203.0 13.0 28 430 Paliwal and Manohoran 1997 
Tallgrass prairieP, A+B 11,400 182.8 - 62 - Risser and Parton 1982 
Amazon pasture/remnant forestA 39,628 451.7 21.0 88 1,998 Kauffman et al. 1998 
       Tundra       
Wet meadow1, P, A 510 17.9 1.2 28 425 Chapin et al. 1975 
Wet meadowP, A+B 18,444 426.8 28.6 43 659 Bowman 1994 
Dry meadowP, A+B  12,145 252.2 18.9 48 643 Bowman 1994 
       Heath       
LowlandA 5,617 105.3 - 53 - Power et al. 1998 
LichenA+B 5,667 95.0 - 60 - Chepurko 19722 
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Table 1 (continued) 
Plant community type Mass of C 

(kg ha-1) 
Mass of N 
(kg ha-1) 

Mass of P 
(kg ha-1) 

C:N ratio C:P ratio Reference 

Shrublands       
Dwarf shrubA+B 7,802 152.0 - 51 - Chepurko 19722 

 
      Woodlands       

OpenM, A 2,100 34.0 4.0 62 525 Friedel 1981a, 1981b 
AcaciaM, A 2,650 72.0 4.0 37 663 Friedel 1981a, 1981b 
       Forest       
Temperate deciduous  70,871 532.0 - 133 - Bormann et al. 1977; Likens et al. 

19772 
Eucalyptus obliquaA 279,000 571.0 33.0 489 8,455 Baker and Attiwill 19853 
E. diversicolorA 112,500 189.0 18.0 595 6,250 Attiwill 19803 
E. marginataA-E. calophyllaA 131,000 321.0 13.0 408 10,077 Hingston et al. 1980/813 
Douglas fir A+B  90,437 320.0 - 283 - Cole et al. 19672 
BirchA+B 10,780 125.0 - 86 - Kjelvik and Karenlampi 1975; 

Wiegolaski et al 19752 
       Plantations       
Casurina equisetifolia 63,200 831.0 18.8 76 3,362 Parotta 1999 
Eucalyptus robusta 40,000 429.0 25.8 193 1,550 Parotta 1999 
Leucaena leucocephala 41,300 1,011.0 23.7 41 1,743 Parotta 1999 
Pinus radiataA 148,500 488.0 48.0 304 3,094 Baker and Attiwill 1985 

M mean P peak  A above-ground B below-ground 
1 current season growth and senescent material only and no litter collected 
2 Cited in Van Cleeve and Alexander 1981  3 Cited in Attiwill and Leeper 1987 
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components behind.  However these recalcitrant components are typically made up of 

decomposing material which contains lower C:N and C:P ratios (Schlesinger 1997).  

The general lack of a significant ‘litter layer’ (Chapter 4) is evidence of the fast 

decomposition of organic matter as might be expected from the high mean annual 

temperatures in the Pilbara. 

 

While retranslocation, storage and reuse of N and P partially offsets the inherent 

infertility of Pilbara soils, the overall availability of inorganic compounds for plant 

uptake is controlled by the decomposition of organic matter, i.e. litter and root turnover.  

The greater concentration of N and P in litter/standing dead in A. pectinata and E. 

xerophila grasslands (and lower C:N and C:P ratios; Fig. 1a, c, 2a, c) undoubtedly play 

major roles in maintaining adequate rates of mineralization for plant growth whereas the 

poorer quality of detritus in T. triandra grasslands (Fig. 1b, 2b) increases the likelihood 

of nutrient immobilization (Chapter 6). 

 

Nitrogen present in above- and below-ground biomass represented about 3–4.5% of that 

in soil organic pools (to a depth of 10 cm), and similarly the mass of P in plant biomass 

represented about 1% of that present in soil (Fig. 1, 2).  These proportions are at the 

lower end of the spectrum for arid and semi-arid ecosystem (Bokhari and Singh 1975, 

Woodmansee et al. 1978, Skujins 1981, Li and Redmann 1992).  It is likely therefore 

that pools of inorganic nutrients from the decomposition and mineralization of litter and 

root turnover will be subsequently small.  Small pools of plant available nutrients, 

combined with low inputs of nutrients from external sources, ensures that nutrient 

cycling in Pilbara grasslands is‘tight’.  As a result, even small events that ‘interrupt’ 

nutrient cycling e.g. over-grazing and erosion can, over time, have a deleterious affect 

on growth and production. 
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Grazing management implications 

With a few exceptions grazing had little impact on Pilbara grasslands over the course of 

this study.  One of the more important aspects was that across all grasslands, grazing 

generally increased the quality of litterfall, through a decrease in the C:N and C:P ratios 

(Fig. 1, 2; Risser and Parton 1982, Whitehead 1995, Schuman et al. 1999).  The likely 

consequences for the availability of N and P have been discussed above and are noted in 

Chapters 5 and 6.  Also, the recycling of inorganic N (or P) in the form of urine 

(although N may be lost through volatilization or denitrification; Watson and Lapins 

1969, Ruess and McNaughton 1988), may also increase nutrients available for plant 

uptake. 

 

All grasslands exhibited an ability to recover from the offtake of green plant material.  

For example, grazing in E. xerophila grasslands during the dry winter of 1996 resulted 

in ~75% removal of green biomass (relative to the ungrazed sites) by November 1996.  

Within nine months, green biomass at the grazed site had recovered and was ~one-third 

greater than at the ungrazed site (Fig. 3a, see also Chapter 4, Appendix 4).  This 

response, an example of ‘compensatory regrowth’ (McNaughton et al. 1996), was 

enhanced by well above-average summer rainfall. The new growth in grazed grasslands 

also exhibited a two- to threefold reduction in the concentration of nutrients lost via root 

turnover, relative to ungrazed sites (Fig. 1c, 2c).  Even after the offtake of considerable 

amounts of forage, the ability of these grass species to store carbohydrates (Whalley and 

Davidson 1969, Nursey 1971, Oosthuizen and Snyman 1999) and nutrients 

(McNaughton 1992) ensures good growth when follow-up rains are adequate.  While 

there was some evidence of a decline in the amount of nutrients retranslocated to 

storage organs in grazed A. pectinata and E. xerophila, and possibly T. triandra 
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grassland, the obvious long-term implications must again be tempered by the return of 

N and P via animal excretion.  

 

The greater green biomass of grazed vs. non-grazed grasslands (Fig. 3a) may be in part 

due to the shading of newer, more photosynthetically active leaves and tillers by 

standing dead in ungrazed plots (see Chapter 4).  This alternative explanation to 

‘compensatory regrowth’ seems more likely in T. triandra where the large mass of 

culms and dead foliage provide substantial shade. 

 

Immediately after summer rain, much of the nutrient requirements of cattle is met by 

ephemeral and forb species (Vallentine 1990, Partridge 1996).  However, as they are 

either eaten or brown off, perennial grasses are increasingly relied upon as the main 

source of fodder.  Perennial grasses seldom provide sufficient nutrients for cattle to 

maintain condition but the fodder is of sufficient quality (possibly aided by luxury 

uptake of nutrients) to entice grazing and thereby reduce the rate at which cattle lose 

condition.  Of the three perennial species, only A. pectinata and to a lesser extent T. 

triandra, provide enough crude protein and P (Fig. 3b, c), with E. xerophila grasslands 

while providing fodder with sufficient crude protein for maintenance, only rarely 

provided fodder with sufficient P (Fig. 3c). 

 

The removal of ungulates will not necessarily result in an improvement in rangeland 

condition.  Most rangelands have co-evolved with grazing animals and the removal of 

herbivores may produce adverse impacts.  In the present study, grazing was generally 

not detrimental to the productivity of these semi-arid ecosystems.  Improved stock 

management, especially the ‘better’ placement of fences (i.e. to eliminate cattle from 

sensitive plant communities on poorly productive landforms/soils) and watering points,  
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Figure 3 a) Cattle utilisation of grazed green biomass (defined as ungrazed minus 
grazed green biomass) over the course of this study.  Grazed green biomass was 
considered in A. pectinata grasslands to include; green leaves, main green tillers,  
axillary green tillers, sub-axillary green tillers and inflorescences: in T. triandra 
grasslands; green and purple leaves (culms, inflorescences and crown were excluded as 
they were never observed to be grazed in the field) and in: E. xerophila grasslands; 
green leaf , tillers and inflorescences, b) The weighted (component mass contribution to 
grazed green biomass) mean of the crude protein (%N x 6.25) concentration of grazed 
green biomass. It was assumed that because of cattle’s inability to graze only leaves in 
A. pectinata and E. xerophila grasslands that an equal amount of tiller material was also 
consumed, and for the same reasons in T. triandra grasslands the mass of purple leaf 
eaten was in proportion to the mass of green leaf eaten.  Cattle requirements for 
maintenance or lactation were taken from Holechek et al. (1995), c) The weighted mean 
of the phosphorus concentration of grazed green biomass. Cattle requirements for 
maintenance and lactation were taken from Holechek et al. (1995). 
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would do much to alleviate many of the causes of rangeland degradation.  Ultimately 

climatic, as well as financial considerations, may override the ability of rangeland 

managers to minimise negative effects on rangeland condition.  

 

Areas of future research 

The wide geographic and botanical scope of this study restricted the collection of data 

to a handful of variables. While empirical growth models are used in some Australian 

rangelands they have little predictive capacity for variables such as soil N and P and soil 

organic matter, unlike more mechanistic models such as CENTURY.  The further 

development of mechanistic models will depend on data sets such as that collected here. 

 

Areas for future research are listed below.  Each should include consideration of the 

effect of grazing; 

• A better understanding of those factors which influence patterns of sexual and 

vegetative patterns of reproduction. Despite a multitude of laboratory seed studies 

over many decades, there is still a poor understanding of the field conditions 

required for seed production, germination and seedling establishment.  

• Field estimates of rates of photosynthesis in leaves and tillers throughout the length 

of the growing season, and how they relate to soil water and air temperature.  

Photosynthesis in tillers, may be an important means by which growth can be 

maintained under limiting soil water conditions.  

• A better understanding of the fractions of N and P which are actively involved with 

growth, as distinct from storage compounds, osmotica and secondary metabolites.  

This would then allow elemental ratios to be used in decision-making processes 

regarding nutrient limitations to primary production in low fertility rangelands. 

• While there are estimates of root biomass for all of these grasslands (at least to the 
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genus level), there is almost a complete lack of any data on seasonal patterns of root 

growth, turnover, architecture and the extent of mycorrhizal interactions for these 

species.  This data is essential to predict grassland responses to seasonal patterns of 

water and nutrient availability.  Moreover, root turnover may have important 

implications for later nutrient availability. 

• Long-term and detailed studies on inputs and losses of N, as well as soil N 

transformations, and how these relate to climatic factors in Australian arid and semi-

arid rangelands.  It is essential that any study of N-transformations in Australia’s 

arid and semi-arid regions take into account the strong spatial heterogeneity. 

• While acknowledging that current methodologies are too costly and laborious for 

the mass of samples required for extensive monitoring program, it is vital that 

research be undertaken which incorporates known indicators of the relative ‘health’ 

of rangelands i.e. organic C, nutrient mineralization, etc. into current rangeland 

monitoring programs. 

 

The work encompassed in this thesis is some of the first research to have undertaken 

detailed seasonal patterns of growth and nutrient cycling (at both the plant and soil 

level) in some of the more important grazed grasslands of the semi-arid Australia.  This 

study was unusual in that not only was it of a long-term nature (relative to previous 

studies, though short in ecological terms), but the environmental conditions encountered 

over the course of the study (i.e. ‘typical’; wet summer, dry winter and ‘atypical’; dry 

summer, wet winter) revealed a wide range of plant responses.  The result of this study 

are of benefit to both researchers and graziers alike as it suggests areas where further 

research is required as well as indicating the potential impact, both positive and 

negative, of ungulates in semi-arid grasslands. 
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Appendix 1  Table of estimates of forage consumed by Euro and Red kangaroos. 
 
 Hamersley 

Station 
 Karratha 

Station 
 Euro Red  Euro Red 
1  CALM kangaroo cull program block no. 0922 0922  0714 0714 
2  Block size (km-2) 4390 4390  3600 3600 
3  Date of data1 1997 1997  1995/97/98 1995/97/98 
4  Numbers culled (kangaroos shot) 2 70 723  447 2714 
5  Mean of numbers culled3 70 723  149 905 
6  Proportion of population culled (%)4 5 5  15 15 
7  Total population5 1705 18075  1092 6636 
8  Kangaroo density (kangaroos km-2)6 0.3 3.3  0.8 5.0 
9  Kangaroo density on perennial grasslands 
    (kangaroos km-2)7 

0.4 4.1  0.9 5.5 

10  Male:female ratio of total population8 1:1 1:1  1:2 1:1 
11  Male weight (kg) 18.6 14.1  17.9 18.6 
12  Female weight (kg)9 14.3 22.2  13.8 16.6 
13  Mean weight (kg)10 16.5 18.2  15.1 16.5 
14  Mean liveweight (kg)11 28.4 31.3  26.0 28.4 
15  Forage consumed (kg km-2 yr-1)12 124 1405  256 1710 
16  Forage consumed (kg ha-1 yr-1) 1.2 14.1  2.6 17.1 
17  Total weight of forage grazed by all 
      species of kangaroos (kg ha-1 yr-1)13 15.3  19.7 

1 Years for which there was cull data available. 
2 Total numbers of kangaroos shot for all years. 
3 Mean numbers of kangaroos shot for the time for which data was available. 
4 As a rule of thumb, approximately 10% of the kangaroo population is culled (R. Prince 
pers. comm.).  As the data for Hamersley Station came from surrounding areas that 
were not easily accessible, it was assumed that only 5% of the total population was 
culled.  Due to the open nature of the country on and around Karratha Station, it was 
deemed more likely that 15% of the total kangaroo population was shot. 
5 Calculated by multiplying 4 by the inverse of 5 (allowing for the fact that only 5/15% 
of the population are culled). 
6 7 divided by 2 
7 The country surrounding Hamersley Station in the main consists of mulga and spinifex 
communities.  The forage value of these communities is low compared to perennial 
grass communities.  I therefore assumed that relative to the whole cull block, that there 
would be a 25% greater density of kangaroos found on these grasslands.  On Karratha 
Station, the land systems on which E. xerophila are found, contain better quality forage 
than surrounding areas (although not greatly so) and thus I have assumed that there will 
only be a 10% greater concentration of kangaroos present on these grasslands. 
8 It was assumed that male:female ratios were 1:1, except in the case of euros on 
Karratha Station where due to the exclusive shooting of male euros only, that 
male:female ratio was more likely to be 1:2 (R. Prince pers. comm.). 
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9 As there were no female euros shot in Block 0714 it was assumed that female euro 
weights would be an equivalent ratio to that of the female:male weights of those euros 
shot in Block 0922 
10Mean weight of male and female weights, taking into account male:female population 
ratio’s. 
11 Adjusted for 13 being a dressed weight.  Dressed weight is approximately 58% of live 
weight (R. Prince pers. comm.). 
12 Calculated by multiplying 8 x 14 x 0.03 (assuming that a kangaroo eats approximately 
3% of its body weight day-1 (Prince 1976; Short. 1987)) x 365 (days yr-1). 
13 Mean of euro and red kangaroo forage consumption in 16. 
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Appendix 2  Unsorted biomass (UB) and pools of green biomass (GB), standing dead 
(SD), litter (Lit),total above-ground biomass (TAB) and below-ground root biomass 
(RB) in ungrazed (UG) and grazed (G) plots in A. pectinata, T. triandra and E. 
xerophila grasslands. Within a row, values followed by the same letter are not 
significantly different and an asterisk indicates a significant difference between U and G 
treatments. All differences are at the P = 0.05 level unless otherwise indicated 
(Ungrazed, uppercase; grazed, lowercase). Figures in parenthesis are standard errors. 
 
A. pectinata  Mar. 

1996 
May 
1996 

Aug. 
1996 

Nov. 
1996 

Mar. 
1997 

Aug. 
1997 

Nov. 
1997 

June 
1998 

Aug. 
1998 

UB 
(kg ha-1) 

UG 
 

  1438A 
(350) 

1239AB 
(217) 

1656AB 
(55) 

2199B 
(132) 

1869AB 
(500) 

1775AB 
(382) 

1362AB 
(152) 

 G 1083a 
(251) 

1219a 
(431) 

1307ab 
(13) 

1305a 
(80) 

1499ab 
(247) 

1989b 
(254) 

1690ab 
(50) 

1389ab 
(624) 

936a 
(197) 

GB 
(kg ha-1) 

UG   568ABC 
(103) 

434AB 
(22) 

1066C 
(31) 

895BC 
(45) 

682ABC 
(168) 

 274A 
(97) 

 G  322a 
(115) 

625ab 
(138) 

399ab 
(103) 

960b 
(262) 

755ab 
(80) 

779b 
(82) 

 161a 
(13) 

SD 
(kg ha-1) 

UG   870AB 
(247) 

800AB 
(197) 

589A 
(23) 

1304B 
(86) 

1174AB 
(332) 

 1088AB*
1 

(249) 
 G  408a 

(158) 
682ab 
(125) 

867AB 
(0) 

530ab 
(23) 

1234b 
(174) 

904AB 
(28) 

 770ab 
(180) 

Lit 
(kg ha-1) 

UG   176A 
(73) 

529B 
(45) 

167A 
(30) 

157A 
(25) 

221AB 
(64) 

136A 
(29) 

101A 
(39) 

 G   307a 
(178) 

355a 
(65) 

169a 
(64) 

144a 
(17) 

193a 
(35) 

178a 
(45) 

146a 
(14) 

TAB 
(kg ha-1) 

UG   1614A 
(423) 

1734A 
(175) 

1822A 
(84) 

2356A 
(106) 

2077A 
(437) 

 1463A 
(113) 

 G   1614a 
(191) 

1621a 
(168) 

1659a 
(302) 

2133a 
(237) 

1876a 
(19) 

 1076 a 
(179) 

1P = 0.0729
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Appendix 2  (continued). 
 
T. triandra  Mar. 

1996 
May 
1996 

Aug. 
1996 

Nov. 
1996 

Mar. 
1997 

Aug. 
1997 

Nov. 
1997 

June 
1998 

Aug. 
1998 

UB 
(kg ha-1) 

UG   3713AB 
(717) 

3526A  
(476) 

5102C*  
(829) 

6443D  
(648) 

4880C  
(804) 

5281C 
(1083) 

4713C  
(554) 

 G 2306a  
(311) 

2848a 
(644) 

3935ab 
(475) 

4273ab 
 (30) 

3945ab  
(195) 

5796b  
(160) 

3958ab  
(634) 

3779ab  
(584) 

4107ab 
(1055) 

GB 
(kg ha-1) 

UG   1198AB 
(169) 

773A  
(58) 

3057BC  
(584) 

3313C  
(664) 

1822ABC  
(203) 

 1674AB  
(129) 

 G  1073a 
(396) 

1193a 
(93) 

1385a  
(23) 

2643ab  
(27) 

3332b  
(68) 

1546ab 
(14) 

 1536ab  
(561) 

SD 
(kg ha-1) 

UG   2515A 
(548) 

2753A  
(534) 

2045A  
(245) 

3130A* 
 (16) 

3058A*1  
(601) 

 3043A  
(430) 

 G  1775ab 
(248) 

2742ab 
(569) 

2889b 
 (7) 

1302a  
(168) 

2465ab  
(92) 

2412ab  
(620) 

 2571ab  
(494) 

Lit 
(kg ha-1) 

UG   515A 
(38) 

655A  
(153) 

409A  
(49) 

147A  
(40) 

591A  
(268) 

351A  
(164) 

342A  
(41) 

 G  689b 
(35) 

484ab 
(54) 

654ab  
(197) 

418ab  
(55) 

133a  
(36) 

346ab  
(64) 

586ab  
(88) 

622ab  
(150) 

TAB 
(kg ha-1) 

UG   4228A 
(754) 

4181A 
(227) 

5511B  
(780) 

6590C 
(608) 

5471B  
(535) 

 
 

5060AB  
(518) 

 G  3537 a 
(678) 

4420 a 
(530) 

4928a 
(227) 

4363a  
(140) 

5929a 
(196) 

4305 a  
(570) 

 
 

4729 a  
(905) 

2P = 0.0645 
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Appendix 2  (continued). 
 

E. xerophila  Mar. 
1996 

May 
1996 

Aug. 
1996 

Nov. 
1996 

Mar. 
1997 

Aug. 
1997 

Nov. 
1997 

June 
1998 

Aug. 
1998 

UB 
(kg ha-1) 

UG   1838A  
(555) 

2366A  
(992) 

2104A  
(453) 

2599 A  
(277) 

2112A  
(478) 

1948A  
(723) 

2617A  
(339) 

 G  770a  
(37) 

1956ab 
(126) 

2161ab  
(61) 

1732ab  
(75) 

2729b  
(571) 

2011ab  
(573) 

1664ab  
(109) 

22043b  
(318) 

GB 
(kg ha-1) 

UG   714B  
(176) 

495AB* 
 (117) 

1285C*  
(119) 

423AB  
(34) 

331A  
(123) 

 1109C  
(122) 

 G  237a 
 (11) 

658bc  
(20) 

120a  
(46) 

765c  
(52) 

574bc  
(63) 

320a  
(56) 

 1289d 
 (156) 

SD 
(kg ha-1) 

UG   613AB  
(184) 

1276B  
(588) 

381A  
(134) 

1440A 
 (151) 

1392B  
(319) 

 907AB  
(118) 

 G  195a  
(9) 

689abcd  
(77) 

1459cd  
(123) 

439ab  
(54) 

1612d  
(332) 

1330bcd  
(378) 

 574abc  
(8) 

Lit 
(kg ha-1) 

UG   165AB  
(58) 

278B 
 (21) 

127AB 
(85) 

59A 
 (36) 

89AB  
(50) 

50A 
(8) 

46A  
(4) 

 G   113a 
 (17) 

390b  
(87) 

125a  
(30) 

38a 
(9) 

143a  
(20) 

52a  
(10) 

54a  
(9) 

TAB 
(kg ha-1) 

UG   1492A  
(303) 

2050A 
(683) 

1793A  
(169) 

1922A 
(148) 

1812A  
(392) 

 2061A 
(237) 

 G   1460a  
(113) 

1969a 
(82) 

1328a  
(27) 

2223a 
(403) 

1793a  
(414) 

 1917 a 
 (139) 

 



 265 

Appendix 3  P-values for the mass of components in A. pectinata, T. triandra and E. 
xerophila grasslands.  Only significant effects are shown. 
 

Component Factor P-value 
A. pectinata   
Green leaf S 0.0614 
 D 0.0001 
Dead leaf D 0.0005 
 T 0.0855 
Green main tillers D 0.0001 
Dead main tillers S 0.0002 
 D 0.0060 
Green axilliary tillers D 0.0008 
Dead axilliary tillers D 0.0332 
Dead sub-axilliary tillers D 0.0222 
 T 0.0235 
Inflorescence D 0.0029 

 T 0.0645 
   T. triandra   

Green leaf D 0.0001 
Purple leaf S 0.0191 
 D 0.0001 
Dead leaf S 0.0008 
 D 0.0043 
 T 0.0298 
Culm D 0.0020 
Crown S 0.0012 
 D 0.0070 
Inflorescence D 0.0021 

   E. xerophila   
Green leaf S 0.0248 
 D 0.0001 
 D x T 0.0542 
Dead leaf S 0.0190 
 D 0.0008 
Green stem S 0.0323 
 D 0.0003 
 T 0.0375 
 D x T 0.0103 
Dead stem D 0.0017 
Inflorescence D 0.0001 
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Appendix 4  Mass of plant components from ungrazed (UG) and grazed (G) plots in A. 
pectinata, T. triandra, and E. xerophila.  Within a row, values followed by the same 
letter are not significantly different (P = 0.05) unless otherwise indicated, and an 
asterisk indicates a significant difference (P = 0.05) between UG and G treatments. 
Figures in parenthesis are standard errors. A.pectinata and E. xerophila rhizomes were 
not statistically analysed due to incomplete sampling. 
 
A. pectinata  May 

1996 
Aug. 
1996 

Nov. 
1996 

Mar. 
1997 

Aug. 
1997 

Nov. 
1997 

Aug. 
1998 

Green leaf  
(kg ha-1) 

UG  25A  
(22) 

27A  
(2) 

354B  
(7) 

13A  
(13) 

0A  
(0) 

36A  
(29) 

 G 51a 
(20) 

46a  
(26) 

27a  
(8) 

334b  
(103) 

5a  
(5) 

3a 
(2) 

55a  
(5) 

Dead leaf 
(kg ha-1) 

UG  413D  
(73) 

312BC  
(27) 

237AB  
(20) 

664E  
(49) 

383CD  
(30) 

228A  
(30) 

 G 111ab 
(47) 

321ab  
(51) 

265ab  
(140) 

217ab  
(25) 

595b  
(4) 

377ab 
(6) 

95a  
(64) 

Green main 
Tiller (kg ha-1) 

UG  288AB  
(65) 

224AB  
(2) 

443B  
(13) 

466B  
(90) 

404AB  
(114) 

134A  
(28) 

 G 195ab  
(87) 

318b  
(65) 

204ab  
(7) 

337b  
(85) 

455b 
(43) 

471b  
(14) 

45a 
(13) 

Dead main 
Tiller (kg ha-1) 

UG  267A  
(109) 

347A 
(133) 

225A  
(15) 

372A  
(67) 

506A  
(242) 

536A  
(161) 

 G 209a  
(56) 

223a  
(110) 

448a  
(116) 

201a  
(5) 

436a  
(168) 

335a  
(19) 

436a  
(115) 

Green axillary 
Tiller (kg ha-1) 

UG  161AB  
(44) 

106A  
(6) 

233AB  
(26) 

312B  
(28) 

244AB 
 (54) 

72A  
(27) 

 G 47ab  
(4) 

187ab  
(27) 

116ab  
(59) 

239ab 
(75) 

234ab  
(30) 

252b  
(59) 

38a 
(7) 

Dead axillary 
Tiller (kg ha-1) 

UG  147A  
(52) 

11A  
(26) 

90A  
(2) 

172A  
(23) 

209A 
(55) 

249A  
(46) 

 G 75a  
(42) 

116a  
(53) 

134a  
(21) 

80a  
(38) 

149a  
(5) 

140a  
(29) 

190a  
(18) 

Green sub-axillary 
tiller (kg ha-1) 

UG  56A  
(12) 

50A  
(11) 

32A  
(3) 

91A  
(320) 

32A  
(1) 

25A  
(20) 

 G 28 a  
(12) 

40a  
(91) 

46a  
(26) 

48a  
(3) 

58a  
(110) 

53a  
(12) 

22a  
(2) 

Dead sub-axillary 
Tiller (kg ha-1) 

UG  43AB 
(14) 

30A  
(11) 

37AB  
(90) 

95B  
(6) 

76AB  
(5) 

74AB  
(12) 

 G 14a  
(12) 

23a 
(13) 

19a  
(4) 

31a  
(16) 

53a  
(3) 

52aa  
(23) 

49a  
(16) 

Inflorescence 
(kg ha-1) 

UG  39A  
(3) 

26A  
(17) 

4A  
(2) 

13A 
(7) 

1A  
(0) 

7A  
(6) 

 G 0a  
(0) 

34b  
(19) 

6ab  
(4) 

3ab  
(1) 

2ab  
(0) 

1a  
(0) 

1a  
(1) 

Rhizome 
(kg ha-1) 

UG  0   
(0) 

5   
(2) 

1   
(1) 

0   
(0) 

13   
(1) 

0   
(0) 

 G 489  
(159) 

0  
(0) 

40  
(22) 

9 
(9) 

0  
(0) 

7 
(5) 

6 
(4) 
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Appendix 4 (continued). 
 
T. triandra  May 

1996 
Aug. 
1996 

Nov. 
1996 

Mar. 
1997 

Aug. 
1997 

Nov. 
1997 

Aug. 
1998 

Green leaf 
(kg ha-1) 

UG  329AB  
(53) 

272AB  
(9) 

970B  
(184) 

428AB 
 (102) 

265A  
(43) 

152 A  
(116) 

 G 318b  
(87) 

426b  
(12) 

506b  
(80) 

1006c 
(157) 

352b  
(46) 

215ab  
(9) 

76a  
(2) 

Purple leaf 
(kg ha-1) 

UG  141A  
(97) 

118A  
(24) 

326AB  
(122) 

686B  
(230) 

227AB  
(78) 

41A  
(15) 

 G 76ab  
(37) 

214abc  
(71) 

181ab  
(13) 

321bc 
(80) 

651c  
(183) 

293abc  
(23) 

33a  
(7) 

Dead leaf 
(kg ha-1) 

UG  2515A 
(548) 

2753A 
(534) 

2045A 
(245) 

3130A  
(16) 

3058A 
(601) 

3043A 
(429) 

 G 1775ab 
(248) 

2742ab 
(568) 

2888b  
(7) 

1302a 
(168) 

2465ab  
(92) 

2412ab 
(620) 

2571ab 
(494) 

Culm 
(kg ha-1) 

UG  667AB  
(136) 

348A  
(72) 

1177B  
(74) 

1212B  
(31) 

745AB  
(19) 

729AB  
(165) 

 G 613a 
(221) 

481a 
(124) 

457 a  
(42) 

734a  
(59) 

1387a 
(442) 

537a  
(105) 

561a  
(160) 

Crown 
(kg ha-1) 

UG   0A  
(0) 

402B  
(156) 

813B  
(227) 

540B 
(50) 

706B  
(76) 

 G   193a  
(91) 

369ab  
(127) 

764b  
(231) 

457ab  
(110) 

849b  
(395) 

Inflorescence 
(kg ha-1) 

UG  61A  
(12) 

35A  
(1) 

182A  
(49) 

175A  
(75) 

45A  
(13) 

46A  
(18) 

 G 66a  
(51) 

73a 
 (29) 

47a  
(5) 

214a  
(77) 

178a  
(86) 

44a  
(6) 

16a  
(1) 
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Appendix 4 (continued). 
 
E. xerophila  May 

1996 
Aug. 
1996 

Nov. 
1996 

Mar. 
1997 

Aug. 
1997 

Nov. 
1997 

Aug. 
1998 

Green leaf 
(kg ha-1) 

UG  147BC  
(64) 

5A  
(3) 

486D*  
(49) 

33AB*
1  

(12) 

22AB  
(6) 

272CD  
(27) 

 G 35abc  
(2) 

111c  
(26) 

1a 
(1) 

320d 
(3) 

76bc 
(17) 

22ab  
(14) 

311d  
(10) 

Dead leaf 
(kg ha-1) 

UG  180A  
(68) 

363A  
(237) 

78A  
(47) 

345A  
(106) 

255A 
 (58) 

78A  
(20) 

 G 58a  
(3) 

181ab  
(43) 

383ab  
(73) 

59a  
(6) 

401b 
(77) 

230ab  
(42) 

67a  
(19) 

Green tillers 
(kg ha-1) 

UG  555AB  
(124) 

490AB

*  
(113) 

769B*  
(160) 

380A  
(28) 

307A 
(118) 

685B  
(68) 

 G 201ab  
(10) 

547cd  
(5) 

119a 
(45) 

424bcd  
(51) 

485bcd  
(50) 

290abc  
(70) 

798d  
(78) 

Dead tillers 
(kg ha-1) 

UG  433AB  
(116) 

913BC  
(351) 

303A  
(88) 

1095C  
(44) 

1137C 
(261) 

828BC  
(98) 

 G 137a  
(6) 

509abc  
(33) 

1076bc  
(50) 

380ab  
(48) 

1211c 
(255) 

1100bc 
(336) 

507abc  
(28) 

Inflorescence 
(kg ha-1) 

UG  11A 
(11) 

0A  
(0) 

29A  
(9) 

10A  
(6) 

2A  
(2) 

152A  
(27) 

 G 0a  
(0) 

0a 
 (0) 

0a  
(0) 

20a  
(4) 

13a  
(3) 

7a  
(1) 

180b 
(68) 

Rhizome 
(kg ha-1) 

UG  511   
(195) 

595   
(287) 

439   
(199) 

737   
(93) 

389   
(36) 

602   
(98) 

 G 338  
(16) 

608  
(29) 

581  
(108) 

528  
(77) 

544  
(176) 

361  
(139) 

340  
(170) 

1 P = 0.0528 
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Appendix 5  Nitrogen (N) and phosphorus (P) in green biomass, standing dead, litter and total above-ground biomass in ungrazed (U) and grazed (G) 
plots of A. pectinata, T. triandra, and E. xerophila grasslands. Within a column and for the same treatment (UG, lowercase or G, uppercase) values 
followed by the same letter are not significantly different (P < 0.05) between sampling dates. An asterisk indicates a significant difference between UG 
and G treatments. 
 
A.pectinata 

Date Treatment Green biomass Standing dead Litter Total above-ground 
  N content 

(kg ha-1) 
P content 
(kg ha-1) 

N content 
(kg ha-1) 

P content 
(kg ha-1) 

N content 
(kg ha-1) 

P content 
(kg ha-1) 

N content 
(kg ha-1) 

P content 
(kg ha-1) 

May 1996 UG 
G 

- 
3.19 (0.98)a 

- 
0.53 (0.25)ab 

- 
2.28 (0.51)a 

- 
0.65 (0.32)a 

- 
- 

- 
- 

- 
5.47 (0.47)1 

- 
1.18 (0.57)1 

August 
1996 

UG 
G 

4.54 (0.55)A 

4.47 (1.157)a 
2.02 (0.36)BC 

2.15 (0.43)b 
4.83 (1.24)A 

3.73 
(0.73)abc 

1.70 (0.53)B 

1.43 (0.48)b 
0.93 

(0.46)AB 

1.36 (0.81)a 

0.12 
(0.07)AB 

0.18 (0.08)a 

10.30 (2.25)A 
9.56 (1.23)a 

3.84 (0.96)B 
3.76 (0.03)b 

November 
1996 

UG 
G 

4.15 (0.79)A 

3.17 (0.62)a 
0.78 (0.05)AB 

0.60 (0.02)ab 
5.10 (1.80)A 

5.07 (0.3)bc 
0.54 (0.10)A 

0.80 (0.19)ab 
2.77 (0.42)B 

1.68 (0.34)a 
0.26 (0.00)B 

0.18 (0.04)a 
12.02 (2.17)A 

9.91 (1.26)a 
1.59 (0.14)AB 
1.58 (0.13)ab 

March 
1997 

UG 
G 

6.67 (0.28)A 

5.78 (1.64)a 
2.41 (0.10)C 
2.12 (0.86)ab 

2.39 (0.10)A 

2.03 (0.12)ab 
0.73 (0.11)A 

0.70 (0.10)ab 
0.41 (0.02)A 

0.37 (0.10)a 
0.06 

(0.00)AB 

0.05 (0.01)a 

9.47 (0.41)A 
8.18 (1.62)a 

3.20 (0.22)AB 
2.87 (0.97)ab 

August 
1997 

UG 
G 

5.65 (1.28)A 

3.89 (0.46)a 
1.02 

(0.08)ABC 

0.92 (0.09)ab 

6.04 (1.44)A 

5.62 (0.51)c 
0.68 (0.07)A 

0.71 (0.16)ab 
0.30 (0.03)A 

0.38 (0.10)a 
0.04 (0.01)A 

0.05 (0.02)a 
11.98 (2.70)A 

9.89 (0.88)a 
1.74 (0.02)AB 
1.68 (0.23)ab 

November 
1997 

UG 
G 

2.84 (0.87)A 

3.14 (0.23)a 
0.74 (0.19)AB 

0.93 (0.12)ab 
4.05 (1.14)A 

3.12 
(0.28)abc 

0.48 (0.20)A 

0.47 (0.04)a 
1.24 

(0.31)AB 

1.08 (0.20)a 

0.10 
(0.03)AB 

0.10 (0.02)a 

8.13 (1.71)A 
7.34 (0.25)a 

1.32 (0.37)A 
1.50 (0.13)ab 

August 
1998 

UG 
G 

2.34 (0.86)A 

2.84 (0.18)a 
0.46 (0.27)A 

0.35 (0.03)a 
6.30 (3.14)A 

3.70 
(0.94)abc 

0.94 
(0.16)AB 

0.54 (0.07)a 

0.58 (0.28)A 

0.88 (0.09)a 
0.05 (0.03)A 

0.05 (0.01)a 
9.21 (1.99)A 
7.42 (1.03)a 

1.45 (0.14)A 
0.95 (0.03)a 

1Not statistically analysed as litter was not collected 
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Appendix 5  (continued) 
 
T. triandra 

Date Treatment Green biomass Standing dead Litter Total above-ground 
  N content 

(kg ha-1) 
P content 
(kg ha-1) 

N content 
(kg ha-1) 

P content 
(kg ha-1) 

N content 
(kg ha-1) 

P content 
(kg ha-1) 

N content 
(kg ha-1) 

P content 
(kg ha-1) 

May 1996 
 

UG 
G 

- 
5.94 (0.75)ab 

- 
0.78 (0.16)a 

- 
4.58 (0.44)ab 

- 
0.57 (0.10)a 

- 
- 

- 
- 

- 
10.51 (1.19)1 

- 
1.35 (0.25)1 

August 
1996 

UG 
G 

4.13 (0.22)AB 
4.64 (0.65)a 

2.13 (0.95)A 
2.48 (0.91)a 

7.72 (0.40)B 
7.49 (0.49)ab 

2.97 (0.28)B 
2.95 (0.86)b 

2.33 (0.25)A 
2.15 (0.42)a 

0.28 (0.05)A 
0.29 (0.08)b 

14.18 (0.42)A 
14.28 (0.26)a 

5.37 (1.18)B 
5.71 (1.70)b 

November 
1996 

UG 
G 

3.28 (0.11)A 
6.36 (0.08)ab 

0.62 (0.13)A 
1.20 (0.18)a 

7.04 (0.76)AB 
8.02 (0.06)ab  

1.03 (0.03)A 
1.17 (0.28)ab 

3.61 (0.84)A 
3.76 (1.76)a 

0.36 (0.08)A 
0.33 (0.03)b 

13.92 (0.21)A 
18.13 (1.91)a 

2.00 (0.18)A 
2.70 (0.49)ab 

March 
1997 

UG 
G 

10.08 (1.87)B 
10.41 (0.37)b 

2.06 (0.07)A 
2.23 (0.64)a 

5.08 (0.19)A 
3.42 (0.05)a 

0.66 (0.11)A 
0.51 (0.20)a 

0.88 (0.21)A 
1.00 (0.06)a 

0.10 (0.04)A 
0.12 (0.03)ab 

16.04 (1.84)A 

14.83 (0.48)a 
2.81 

(0.08)AB 
2.86 (0.87)ab 

August 
1997 

UG 
G 

8.12 (2.26)AB 
7.91 (0.59)ab 

1.85 (0.01)A 
2.18 (0.22)a 

7.15 (0.08)AB 
5.94 (0.09)ab 

1.16 (0.19)A 
1.11 (0.09)ab 

0.31 (0.07)A 
0.33 (0.01)a 

0.04 (0.01)A 
0.04 (0.02)a 

15.58 (2.11)A 

14.19 (0.67)a 
3.05 

(0.22)AB 
3.33 (0.33)ab 

November 
1997 

UG 
G 

4.52 (0.66)AB 
3.87 (0.02)a 

0.95 (0.12)A 
0.82 (0.29)a 

6.45 (0.43)AB 
5.42 (1.73)ab 

0.72 (0.05)A 
0.66 (0.07)a 

2.69 (1.53)A 
2.01 (0.59)a 

0.24 (0.15)A 
0.15 (0.04)ab 

13.66 (0.45)A 

11.30 (1.16)a 
1.90 (0.03)A 
1.63 (0.26)a 

August 
1998 

UG 
G 

5.42 (0.66)AB 
5.97 (1.51)ab 

0.92 (0.38)A 
0.78 (0.18)a 

8.80 (1.17)B 
9.01 (1.84)b 

1.18 (0.10)A 
1.04 (0.18)ab 

1.99 (0.41)A 
3.72 (0.91)a 

0.12 (0.03)A 
0.24 (0.07)ab 

16.21 (0.10)A 

18.70 (2.44)a 
2.23 (0.50)A 
2.06 (0.29)a 

1Not statistically analysed as litter was not collected 
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Appendix 5 (continued) 
 
E. xerophila 

Date Treatment Green biomass Standing dead Litter Total above-ground 
  N content 

(kg ha-1) 
P content 
(kg ha-1) 

N content 
(kg ha-1) 

P content 
(kg ha-1) 

N content 
(kg ha-1) 

P content 
(kg ha-1) 

N content 
(kg ha-1) 

P content 
(kg ha-1) 

May 1996 UG 
G 

- 
1.55 (0.07)a 

- 
0.21 (0.01)ab 

- 
0.76 (0.04)a 

- 
0.07 (0.00)a 

- 
- 

- 
- 

- 
2.31 (0.11)3 

- 
0.28 (0.01)3 

August 
1996 

UG 
G 

5.40 (1.11)B 
4.97 (0.29)bc 

0.11 (0.03)A 
0.11 (0.01)a 

2.93 (0.75)AB 
3.17 (0.55)bc 

0.05 (0.01)A 
0.05 (0.01)a 

0.69 (0.09)B 
0.49 (0.15)ab 

0.13 (0.05)B 
0.07 (0.01)ab 

9.02 (1.76)A 
8.63 (0.99)ab 

0.29 (0.00)A 
0.23 (0.03)a 

November 
1996 

UG 
G 

3.12 
(0.48)AB*1 
0.97 (0.4)a 

0.48 (0.18)C 
0.09 (0.05)a 

5.16 (1.86)B 
7.00 (0.04)d 

0.80 (0.48)A 
0.57 (0.06)c 

1.86 (0.55)C 
1.79 (0.56)b 

0.17 (0.05)B 
0.17 (0.05)b 

10.13 (1.80)AB 

9.76 (0.12)ab 
1.45 (0.61)B 
0.84 (0.06)bc 

March 1997 UG 
G 

12.81 (1.25)C* 
6.97 (0.04)c 

1.19 (0.03)D* 
0.66 (0.09)c 

2.00 (0.72)A 
2.55 (0.32)ab 

0.11 (0.03)A 
0.19 (0.05)ab 

0.34 (0.23)AB 
0.33 (0.06)a 

0.04 (0.02)A 
0.05 (0.03)ab 

15.15 (1.74)BC 

9.84 (0.42)ab 
1.34 (0.04)AB 
0.91 (0.02)bc 

August 
1997 

UG 
G 

3.46 (0.11)AB* 
5.29 (0.43)bc 

0.37 (0.05)BC 
0.57 (0.11)bc 

11.03 (0.25)B 
10.61 (3.27)d 

0.50 (0.07)A 
0.46 (0.22)c 

0.12 (0.09)A 
0.08 (0.01)a 

0.01 (0.01)A 
0.01 (0.00)a 

14.62 (0.23)BC 
15.98 (3.70)ab 

0.89 (0.11)AB 
1.04 (0.33)bc 

November 
1997 

UG 
G 

2.16 (0.58)A 
2.45 (0.38)ab 

0.19 (0.07)AB 
0.18 (0.03)a 

5.58 (0.70)B 
4.19 (0.45)cd 

0.39 (0.03)A 
0.33 (0.08)bc 

0.43 (0.20)AB 
0.71 (0.16)ab 

0.03 (0.01)A 
0.05 (0.01)ab 

8.17 (1.07)A 
7.35 (0.23)a 

0.60 (0.08)AB 
0.55 (0.06)ab 

August 
1998 

UG 
G 

12.90 (0.12)C 
15.01(2.38)d 

1.12 (0.12)D 
1.40 (0.17)d 

 4.39 (0.65)A 
2.82 (0.19)bc 

0.25 (0.03)A 
0.22 (0.01)ab 

0.30 (0.05)AB 
0.42 (0.1)a 

0.02 (0.00)A 
0.02 (0.00)a 

17.58 (0.72)C 18.25 
(2.47)b 

1.39 (0.15)B 
1.63 (0.18)c 

1P = 0.0846 
2Not statistically analysed as litter was not collected 
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Appendix 6 Concentration of N (%) of plant components in ungrazed (UG) and 
grazed (G) plots in A. pectinata, T. triandra, and E. xerophila grasslands.  Within a row, 
values followed by the same letter (Ungrazed, uppercase; grazed, lowercase) are not 
significantly different (P = 0.05), unless otherwise indicated, and an asterisk indicates a 
significant difference (P = 0.05) between UG and G treatments. Figures in parenthesis 
are standard errors. 
 
A. pectinata  May 

1996 
Aug. 
1996 

Nov. 
1996 

Mar. 
1997 

Aug. 
1997 

Nov. 
1997 

Aug. 
1998 

Green leaf UG - 1.19AB 
(0.11) 

2.09B 
(0.00) 

0.93A 
(0.04) 

0.76A 
(0.00) 

0.87A 
(0.00) 

2.13B 
(0.29) 

 G 2.36bc 
(0.04) 

1.11abc 
(0.12) 

1.34abc 
(0.45) 

0.86ab 
(0.05) 

0.62a 
(0.32) 

0.61a 
0.08) 

2.67c 
(0.29) 

Dead leaf UG - 0.63A 
(0.04) 

0.66A 
(0.08) 

0.46A 
(0.00) 

0.46A 
(0.07) 

0.38A 
(0.00) 

1.10A 
(0.51) 

 G 0.59a 
(0.02) 

0.60a 
(0.04) 

0.56a 
(0.05) 

0.42a 
(0.02) 

0.47a 
(0.04) 

0.38a 
(0.01) 

0.94b 
(0.13) 

Green main tiller UG - 0.74A* 
(0.01) 

0.77A 
(0.11) 

0.46A 
(0.01) 

0.61A 
(0.13) 

0.40A 
(0.03) 

0.53A 
(0.16) 

 G 0.80ab 
(0.15) 

0.64a 
(0.01) 

0.74a 
(0.03) 

0.43a 
(0.01) 

0.50a 
(0.01) 

0.39a 
(0.01) 

1.36b 
(0.23) 

Dead main tiller UG - 
 

0.49A 
(0.06) 

0.61A 
(0.09) 

0.35A 
(0.00) 

0.43A 
(0.08) 

0.31A 
(0.01) 

0.41A 
(0.10) 

 G 0.37a 
(0.06) 

0.50ab 
(0.01) 

0.62b 
(0.09) 

0.33a 
(0.01) 

0.44ab 
(0.01) 

0.30a 
(0.03) 

0.42ab 
(0.04) 

Green axillary tiller UG - 
 

0.76BC 
(0.04) 

0.90C 
(0.09) 

0.49AB 
(0.00) 

0.63AB

C 
(0.09) 

0.42A 
(0.02) 

0.84C*1 
(0.03) 

 G 0.66ab 
(0.09) 

0.64ab 
(0.01) 

0.83bc 
(0.17) 

0.48ab 
(0.02) 

0.53ab 
(0.02) 

0.42a 
(0.01) 

1.28c 
(0.14) 

Dead axillary tiller UG - 
 

0.52A 
(0.05) 

0.53A 
(0.03) 

0.40A 
(0.02) 

0.47A 
(0.09) 

0.35A 
(0.00) 

0.36A 
(0.06) 

 G 0.42a 
(0.05) 

0.48ab 
(0.01) 

0.66b 
(0.12) 

0.39a 
(0.02) 

0.43a 
(0.04) 

0.34a 
(0.02) 

0.36a 
(0.03) 

Green sub-axillary 
tiller 

UG - 0.81AB 
(0.02) 

0.86AB 
(0.15) 

0.53 AB 
(0.05) 

0.65AB 
(0.12) 

0.44A 
(0.03) 

1.03B 
(0.19) 

 G 0.91ab 
(0.01) 

0.77ab 
(0.01) 

0.91ab 

(0.18) 
0.60a 
(0.09) 

0.51a 
(0.00) 

0.46a 
(0.05) 

1.32b 
(0.14) 

Dead sub-axillary tiller UG - 0.56A 
(0.07) 

0.61A 
(0.07) 

0.41A 
(0.01) 

0.56A 
(0.16) 

0.39A 
(0.00) 

(0.49A 
(0.10) 

 G 0.53a 
(0.15) 

0.55a 
(0.01) 

0.54a 
(0.01) 

0.42a 
(0.07) 

0.46a 
(0.01) 

0.39a 
(0.05) 

0.56a 
(0.02) 

Inflorescence UG - 1.12A 
(0.04) 

1.43A 
(0.46) 

0.73A 
(0.15) 

0.91A 
(0.03) 

0.79A 
(0.16) 

0.98A 
(0.24) 

 G 1.81a 
(0.00) 

1.14a 
(0.01) 

1.29a 
(0.01) 

0.59a 
(0.08) 

0.72a 
(0.39) 

0.64a 
(0.27) 

1.63a 
(0.00) 

Rhizome UG - - 0.78 
(0.22) 

- - 0.46 
(0.14) 

- 

 G 0.50a 
(0.03) 

- 0.82a 
(0.10) 

0.60a 
(0.00) 

- 0.70a 
(0.16) 

0.70a 
(0.10) 

1 P = 0.0834 
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Appendix 6 (continued). 
 
T. triandra  May 

1996 
Aug. 
1996 

Nov. 
1996 

Mar. 
1997 

Aug. 
1997 

Nov. 
1997 

Aug. 
1998 

Green leaf UG - 0.77BC 
(0.06) 

0.87CD 
(0.00) 

0.63B 
(0.01) 

0.45A 
(0.03) 

0.39 A 
(0.03) 

1.07D* 
(0.00) 

 G 1.17b 
(0.28) 

0.70ab 
(0.10) 

0.88ab 
(0.05) 

0.63ab 
(0.02) 

0.49a 
(0.03) 

0.46a 
(0.09) 

2.04c 
(0.08) 

Purple leaf UG - 0.45A 
(0.10) 

0.33A 
(0.05) 

0.21A 
(0.05) 

0.19A 
(0.01) 

0.24A 
(0.02) 

0.56A 
(0.26) 

 G 0.29a 
(0.02) 

0.39a 
(0.14) 

0.33a 
(0.02) 

0.25a 
(0.02) 

0.20a 
(0.00) 

0.20a 
(0.01) 

0.62a 
(0.20) 

Dead leaf UG - 
 

0.32A 
(0.05) 

0.26A 
(0.02) 

0.25A 
(0.02) 

0.23A 
(0.00) 

0.22A 
(0.03) 

0.29A 
(0.00) 

 G 0.26a 
(0.01) 

0.28a 
(0.04) 

0.28a 
(0.00) 

0.27a 
(0.04) 

0.24a 
(0.01) 

0.22a 
(0.02) 

0.35 
(0.00) 

Culm UG - 0.12A 
(0.01) 

0.12A 
(0.01) 

0.12A 
(0.01) 

0.10A 
(0.01) 

0.11A 
(0.01) 

0.17A 
(0.03) 

 G 0.29a 
(0.09) 

0.15a 
(0.04) 

0.12a 
(0.02) 

0.13a 
(0.02) 

0.12a 
(0.01) 

0.12a 
(0.03) 

0.17a 
(0.03) 

Crown UG - - - 0.29A 
(0.00) 

0.36A 
(0.00) 

0.35A 
(0.04) 

0.30A 
(0.06) 

 G - - 0.31a 
(0.03) 

0.36a 
(0.00) 

0.34a 
(0.019 

0.32a 
(0.04) 

0.39a 
(0.01) 

Inflorescence UG - 0.35A 
(0.02) 

0.34A 
(0.03) 

0.48A 
(0.01) 

0.41A 
(0.06) 

0.45A 
(0.02) 

0.33A 
(0.02 

 G 1.23b 
(0.26) 

0.30a 
(0.01) 

0.42a 
(0.01) 

0.48a 
(0.01) 

0.39a 
(0.05) 

0.56a 
(0.16) 

0.37a 
(0.00) 
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Appendix 6 (continued). 
 
E. xerophila  May 

1996 
Aug. 
1996 

Nov. 
1996 

Mar. 
1997 

Aug. 
1997 

Nov. 
1997 

Aug. 
1998 

Green leaf UG - 0.97AB 
(0.01) 

0.79A 
(0.01) 

1.35BC 
(0.02) 

1.58CD 
(0.03) 

0.81A 
(0.07) 

2.00D 
(0.23) 

 G 0.99a 
(0.00) 

1.05a 
(0.00) 

0.92a 
(0.05) 

1.26a 
(0.06) 

1.58b 
(0.05) 

0.97a 
(0.03) 

1.77b 
(0.10) 

Dead leaf UG - 0.62B 
(0.00) 

0.43A 
(0.03) 

0.74C 
(0.04) 

0.48A 
(0.02) 

0.44A 
(0.04) 

0.86C 
(0.03) 

 G 0.51ab 
(0.00) 

0.61bc 
(0.01) 

0.44a 
(0.04) 

0.71bc 
(0.07) 

0.53ab 
(0.04) 

0.52a 
(0.04) 

0.96c 
(0.09) 

Green tillers UG - 0.72A 
(0.07) 

0.64A 
(0.05) 

0.75A 
(0.06) 

0.76A 
(0.07) 

0.68A 
(0.08) 

0.79A 
(0.08) 

 G 0.60a 
(0.00) 

0.69ab 
(0.01) 

0.79b 
(0.03) 

0.72ab 
(0.05) 

0.83b 
(0.05) 

0.75ab 
(0.00) 

0.84b 
(0.01) 

Dead tillers1 UG - 0.43A 
(0.04) 

0.43A 
(0.06) 

0.48A 
(0.01) 

0.43A 
(.06) 

0.41A 
(0.04) 

0.45A 
(0.01) 

 G 0.34a 
(0.00) 

0.41a 
(0.03) 

0.50a 
(0.04) 

0.58a 
(0.16) 

0.50a 
(0.08) 

0.45a 
(0.02) 

0.43a 
(0.01) 

Inflorescence UG - 0.45A 
(0.00) 

- 1.25 A 
(0.20) 

0.44 A 
(0.10) 

0.49 A 
(0.24) 

1.43 A 
(0.13) 

 G 0.38a 
(0.00) 

- 0.51a 
(0.00) 

1.08b 
(0.02) 

0.51a 
(0.10) 

0.59a 
(0.09) 

1.53b 
(0.09) 

Rhizome UG - 0.72  
(0.01) 

0.67  
(0.14) 

0.62  
(0.08) 

0.65  
(0.12) 

0.75  
(0.16) 

0.77  
(0.06) 

 G 0.54  
(0.00) 

0.60  
(0.04) 

0.79  
(0.08) 

0.49  
(0.01) 

0.72  
(0.03) 

0.84 
(0.07) 

0.95 
(0.18) 
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Appendix 7 Concentration of P (%) of plant components in ungrazed (UG) and 
grazed (G) plots in A. pectinata, T. triandra, and E. xerophila grasslands.  Within a row, 
values followed by the same letter (Ungrazed, uppercase; grazed, lowercase) are not 
significantly different (P = 0.05), unless otherwise indicated, and an asterisk indicates a 
significant difference (P = 0.05) between UG and G treatments. Figures in parenthesis 
are standard errors. 
 
A. pectinata  May 

1996 
Aug. 
1996 

Nov. 
1996 

Mar. 
1997 

Aug. 
1997 

Nov. 
1997 

Aug. 
1998 

Green leaf UG - 0.25A 
(0.10) 

0.26A 
(0.05) 

0.34A 
(0.02) 

0.13A 
(0.00) 

0.17A 
(0.00) 

0.27A 
(0.05) 

 G 0.24ab 
(0.05) 

0.34b 
(0.00) 

0.25ab 
(0.06) 

0.32b 
(0.05) 

0.07a 
(0.02) 

0.21ab 
(0.06) 

0.27b 
(0.02) 

Dead leaf UG - 0.19D 
(0.03) 

0.07AB 
(0.00) 

0.17CD 
(0.02) 

0.05AB 
(0.00) 

0.03A 
(0.00) 

0.10BC 
(0.00) 

 G 0.08ab 
(0.02) 

0.20c 
(0.03) 

0.06ab 
(0.01) 

0.17bc 
(0.04) 

0.04a 
(0.00) 

0.04a 
(0.01) 

0.10abc 
(0.01) 

Green main tiller UG - 0.36C 
(0.00) 

0.17B 
(0.00) 

0.17B 
(0.02) 

0.11AB 
(0.02) 

0.11A 
(0.00) 

0.11A 
(0.01) 

 G 0.15a 
(0.00) 

0.34b 
(0.01) 

0.16a 
(0.05) 

0.15a 
(0.02) 

0.12a 
(0.00) 

0.12a 
(0.00) 

0.20ab 
(0.04) 

Dead main tiller UG - 0.20C 
(0.02) 

0.07AB 
(0.01) 

0.09AB 
(0.00) 

0.05AB 
(0.00) 

0.04A 
(0.01) 

0.09B 
(0.02) 

 G 0.07a 
(0.01) 

0.21b 
(0.04) 

0.11ab 
(0.02) 

0.10ab 
(0.00) 

0.07a 
(0.01) 

0.06a 
(0.01) 

0.07a 
(0.01) 

Green axillary tiller UG - 0.33B 
(0.01) 

0.15A 
(0.01) 

0.16AB 
(0.01) 

0.12A 
(0.02) 

0.11A 
(0.00) 

0.17AB 
(0.06) 

 G 0.13a 
(0.04) 

0.33b 
(0.02) 

0.15a 
(0.04) 

0.16ab 
(0.02) 

0.12a 
(0.00) 

0.12a 
(0.00) 

0.19ab 
(0.03) 

Dead axillary tiller UG - 0.20B 
(0.02) 

0.07A 
(0.01) 

0.09A 
(0.01) 

0.06A 
(0.00) 

0.05A 
(0.01) 

0.07A 
(0.00) 

 G 0.08a 
(0.01) 

0.19b 
(0.03) 

0.09a 
(0.02) 

0.09a 
(0.00) 

0.07a 
(0.01) 

0.07a 
(0.01) 

0.06a 
(0.01) 

Green sub-axillary 
tiller 

UG - 0.36B 
(0.01) 

0.20AB 
(0.04) 

0.19AB 
(0.01) 

0.11A 
(0.02) 

0.12A 
(0.01) 

0.21AB 
(0.07) 

 G 0.16a 
(0.03) 

0.42b 
(0.00) 

0.12a 
(0.00) 

0.16a 
(0.04) 

0.14a 
(0.00) 

0.13a 
(0.00) 

0.20a 
(0.06) 

Dead sub-axillary tiller UG - 0.22B 
(0.01) 

0.09A 
(0.00) 

0.09A 
(0.02) 

0.07A 
(0.00) 

0.06A 
(0.02) 

0.07A 
(0.00) 

 G 0.09a 
(0.01) 

0.21b 
(0.01) 

0.10a 
(0.02) 

0.12a 
(0.00) 

0.07a 
(0.01) 

0.07a 
(0.01) 

0.08a 
(0.01) 

Inflorescence UG - 0.39A 
(0.07) 

0.22A 
(0.09) 

0.17A 
(0.02) 

0.11A 
(0.00) 

0.11A 
(0.01) 

0.20A 
(0.09) 

 G 0.22ab 
(0.00) 

0.38b 
(0.07) 

0.14ab 
(0.04) 

0.07a 
(0.02) 

0.11ab 
(0.02) 

0.08a 
(0.03) 

0.27ab 
(0.00) 

Rhizome UG - - 0.12 
(0.03) 

- - 0.07 
(0.04) 

- 

 G 0.06 
(0.01) 

- 0.12 
(0.04) 

0.09 
(0.00) 

- 0.09a 
(0.01) 

0.19 
(0.06) 
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Appendix 7 (continued). 
 
T. triandra  May 

1996 
Aug. 
1996 

Nov. 
1996 

Mar. 
1997 

Aug. 
1997 

Nov. 
1997 

Aug. 
1998 

Green leaf UG - 0.37A 
(0.10) 

0.16A 
(0.02) 

0.12A 
(0.01) 

0.16 A 
(0.05) 

0.14A 
(0.01) 

0.28A 
(0.01) 

 G 0.12a 
(0.02) 

0.38c 
(0.09) 

0.18ab 
(0.00) 

0.12a 
(0.02) 

0.17ab 
(0.02) 

0.15a 
(0.04) 

0.32bc 
(0.01) 

Purple leaf UG - 0.17A 
(0.09) 

0.08A 
(0.03) 

0.04A 
(0.01) 

0.07A 
(0.03) 

0.07A 
(0.01) 

0.09A 
(0.06) 

 G 0.03a 
(0.01) 

0.18a 
(0.12) 

0.09a 
(0.03) 

0.04a 
(0.02) 

0.10a 
(0.03) 

0.06a 
(0.03) 

0.09a 
(0.02) 

Dead leaf UG - 0.13B 
(0.04) 

0.04A 
(0.01) 

0.03A 
(0.01) 

0.04A 
(0.01) 

0.02A 
(0.00) 

0.04A 
(0.01) 

 G 0.03a 
(0.00) 

0.12a 
(0.06) 

0.04a 
(0.01) 

0.04a 
(0.02) 

0.05a 
(0.00) 

0.03a 
(0.00) 

0.04a 
(0.00) 

Culm UG - 0.11A 
(0.08) 

0.02A 
(0.01) 

0.04A 
(0.02) 

0.02A 
(0.01) 

0.03A 
(0.00) 

0.03A 
(0.01) 

 G 0.05a 
(0.01) 

0.08a 
(0.04) 

0.01a 
(0.00) 

0.06a 
(0.04) 

0.03a 
(0.01) 

0.03a 
(0.01) 

0.02a 
(0.00) 

Crown UG - - - 0.04A 
(0.05) 

0.05A 
(0.00) 

0.04A 
(0.00) 

0.04A 
(0.00) 

 G - - 0.04a 
(0.00) 

0.07a 
(0.02) 

0.05a 
(0.00) 

0.03a 
(0.01) 

0.05a 
(0.00) 

Inflorescence UG - 0.16B 
(0.05) 

0.05AB 
(0.01) 

0.09AB 
(0.01) 

0.06AB 
(0.01) 

0.04A 
(0.00) 

0.03A 
(0.00) 

 G 0.18c 
(0.04) 

0.14bc 
(0.03) 

0.05ab 
(0.00) 

0.09abc 
(0.01) 

0.06ab 
(0.01) 

0.05ab 
(0.01) 

0.03a 
(0.00) 
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Appendix 7 (continued). 
 
E. xerophila  May 

1996 
Aug. 
1996 

Nov. 
1996 

Mar. 
1997 

Aug. 
1997 

Nov. 
1997 

Aug. 
1998 

Green leaf UG - 0.02A 
(0.00) 

0.05B 
(0.00) 

0.11C 
(0.01) 

0.14D 
(0.01) 

0.06B 
(0.00) 

0.13D 
(0.04) 

 G 0.09bc 
(0.00) 

0.02a 
(0.00) 

0.03a 
(0.00) 

0.10bc 
(0.02) 

0.16c 
(0.02) 

0.05ab 
(0.01) 

0.14c 
(0.01) 

Dead leaf UG - 0.01A 
(0.00) 

0.03BC 
(0.00) 

0.05C 
(0.01) 

0.03BC 
(0.00) 

0.02AB 
(0.00) 

0.05C 
(0.00) 

 G 0.05abc 
(0.00) 

0.01a 
(0.00) 

0.03abc 
(0.00) 

0.05bc 
(0.01) 

0.03abc 
(0.00) 

0.02ab 
(0.00) 

0.08c 
(0.03) 

Green tillers UG - 0.02A 
(0.00) 

0.09C 
(0.02) 

0.08BC 
(0.00) 

0.09BC 
(0.00) 

0.06B 
(0.00) 

0.08BC 
(0.00) 

 G 0.09b 
(0.00) 

0.02a 
(0.00) 

0.07b 
(0.01) 

0.08b 
(0.02) 

0.09b 
(0.01) 

0.06b 
(0.00) 

0.08b 
(0.01) 

Dead tillers UG - 0.01A 
(0.00) 

0.07C 
(0.02) 

0.03AB 
(0.00) 

0.04BC 
(0.00) 

0.03B 
(0.01) 

0.03AB 
(0.00) 

 G 0.04b 
(0.00) 

0.01a 
(0.00) 

0.04b 
(0.00) 

0.05b 
(0.02) 

0.04b 
(0.00) 

0.04b 
(0.01) 

0.03ab 
(0.00) 

Inflorescence UG - - - 0.13B 
(0.02) 

0.02A 
(0.00) 

0.02A 
(0.00) 

0.15B 
(0.01) 

 G 0.05b 
(0.00) 

- - 0.15c 
(0.01) 

0.02a 
(0.00) 

0.03a 
(0.00) 

0.17c 
(0.01) 

Rhizome UG - 0.07 
(0.02) 

0.08 
(0.02) 

0.06 
(0.00) 

0.07 
(0.00) 

0.05 
(0.02) 

0.05  
(0.01) 

 G 0.04 
(0.00) 

0.05 
(0.00) 

0.08 
(0.01) 

0.05 
(0.00) 

0.06 
(0.01) 

0.05 
(0.01) 

0.09 
(0.02) 
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Appendix 8 Mass of N of plant components in ungrazed (UG) and grazed (G) plots in 
A. pectinata, T. triandra, and E. xerophila grasslands.  Within a row, values followed by 
the same letter (Ungrazed, uppercase; grazed, lowercase) are not significantly different 
(P = 0.05), unless otherwise indicated, and an asterisk indicates a significant difference 
(P = 0.05) between UG and G treatments. Figures in parenthesis are standard errors. 
 
A. pectinata  May 

1996 
Aug. 
1996 

Nov. 
1996 

Mar. 
1997 

Aug. 
1997 

Nov. 
1997 

Aug. 
1998 

Green leaf UG - 0.32A 
(0.28) 

0.57A 
(0.05) 

3.29A 
(0.09) 

0.20A 
(0.00) 

0.01A 
(0.00) 

0.68A 
(0.52) 

 G 1.19abc 
(0.46) 

0.54abc 
(0.34) 

0.32ab 
(0.01) 

2.91c 

(1.05) 
0.05ab 
(0.05) 

0.02a 
(0.02) 

1.44bc 
(0.01) 

Dead leaf UG - 2.63A 
(0.63) 

2.09A 
(0.42) 

1.09A 
(0.08) 

3.07A 
(0.70) 

1.45A 
(0.13) 

2.65A 
(1.50) 

 G 0.65a 
(0.26) 

1.91a 
(0.19) 

1.40a 
(0.64) 

0.91a 
(0.14) 

2.81a 
(0.21) 

1.42a 
(0.01) 

0.98a 
(0.72) 

Green main tiller UG - 2.12B 
(0.45) 

1.74B 
(0.257 

2.05B 
(0.08) 

2.83B 
(0.56) 

1.64AB 
(0.59) 

0.67B 
(0.08) 

 G 1.43ab 
(0.40) 

2.04b 
(0.45) 

1.52ab 
(0.01) 

1.43ab 
(0.32) 

2.29b 
(0.26) 

1.82ab 
(0.00) 

0.59a 
(0.07) 

Dead main tiller UG - 1.24A 
(0.37) 

2.22A 
(1.13) 

0.79A 
(0.05) 

1.66A 
0.58) 

1.57A 
(0.79) 

2.35A 
(1.19) 

 G 0.73a 
(0.09) 

1.13ab 
(0.57) 

2.71b 
(0.33) 

0.66a 
(0.01) 

1.93ab 
(0.79) 

1.01ab 
(0.03) 

1.78ab 
(0.29) 

Green axillary tiller UG - 1.21A 
(0.28) 

0.95A 
(0.04) 

1.13A 
(0.13) 

1.98A 
(0.45) 

1.04A 
(0.28) 

0.62A 
(0.24) 

 G 0.31a 
(0.01) 

1.19a 
(0.15) 

0.87a 
(0.32) 

1.13a 
(0.33) 

1.24a 
(0.20) 

1.06a 
(0.22) 

0.49a 
(0.15) 

Dead axillary tiller UG - 0.74A 
(0.20) 

0.60A 
(0.17) 

0.36A 
(0.02) 

0.78A 
(0.04) 

0.74A 
(0.20) 

0.92A 
(0.32) 

 G 0.29a 
(0.14) 

0.56a 
(0.27) 

0.86a 
(0.02) 

0.32a 
(0.16) 

0.63a 
(0.04) 

0.48a 
(0.12) 

0.68a 
(0.01) 

Green sub-axillary 
tiller 

UG - 0.45A 
(0.09) 

0.45A 
(0.17) 

0.17A 
(0.03) 

0.63A 
(0.31) 

0.14A 
(0.01) 

0.30A 
(0.25) 

 G 0.26a 
(0.11) 

0.31a 
(0.00) 

0.37a 
(0.15) 

0.29a 
(0.06) 

0.30a 
(0.06) 

0.24a 
(0.03) 

0.29a 
(0.06) 

Dead sub-axillary tiller UG - 0.23A 
(0.05) 

0.19A 
(0.09) 

0.15A 
(0.04) 

0.53A 
(0.12) 

0.29A 
(0.02) 

0.38A 
(0.13) 

 G 0.06a 
(0.04) 

0.13a 
(0.08) 

0.10a 
(0.02) 

0.14a 
(0.09) 

0.24a 
(0.02) 

0.22a 
(0.12) 

0.27a 
(0.08) 

Inflorescence UG - 0.44A 
(0.02) 

0.45A 
(0.37) 

0.03A 
(0.02) 

0.12A 
(0.07) 

0.01A 
(0.00) 

0.08A 
(0.08) 

 G 0.01a 
(0.00) 

0.39a 
(0.22) 

0.08a 
(0.05) 

0.02a 
(0.01) 

0.01a 
(0.01) 

0.00a 
(0.00) 

0.04a 
(0.00) 
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Appendix 8 (continued). 
 
T. triandra  May 

1996 
Aug. 
1996 

Nov. 
1996 

Mar. 
1997 

Aug. 
1997 

Nov. 
1997 

Aug. 
1998 

Green leaf UG - 2.58A 
(0.60) 

2.37A 
(0.08) 

6.09A 
(1.21) 

1.97A 
(0.57) 

1.03A 
(0.08) 

1.63A 
(1.24) 

 G 3.46bc 
(0.11) 

2.98bc 
(0.52) 

4.42cd 
(0.43) 

6.32d 
(0.82) 

1.73ab 
(0.32) 

1.01a 
(0.23) 

1.56ab 
(0.02) 

Purple leaf UG - 0.54A 
(0.30) 

0.37A 
(0.03) 

0.61A 
(0.08) 

1.29A 
(0.38) 

0.54A 
(0.16) 

0.27A 
(0.19) 

 G 0.23a 
(0.12) 

0.74ab 
(0.02) 

0.59ab 
(0.02) 

0.80ab 
(0.27) 

1.32b 
(0.35) 

0.59ab 
(0.02) 

0.19a 
(0.03) 

Dead leaf UG - 7.72B 
(0.40) 

7.04AB 
(0.76) 

5.08A 
(0.19) 

7.15AB 
(0.08) 

6.45AB 
(0.43) 

8.80B 
(1.17) 

 G 4.58ab 
(0.44) 

7.49ab 
(0.49) 

8.02ab 
(0.06) 

3.42a 
(0.05) 

5.94ab 
(0.09) 

5.42ab 
(1.73) 

9.01b 
(1.84) 

Culm UG - 0.79AB 
(0.13) 

0.42A 
(0.05) 

1.35C 
(0.07) 

1.20BC 
(0.11) 

0.81B 
(0.04) 

1.19BC 
(0.07) 

 G 1.56b 
(0.06) 

0.69a 
(0.02) 

0.54a 
(0.02) 

0.97ab 
(0.07) 

1.65b 
(0.46) 

0.63a 
(0.02) 

0.90ab 
(0.09) 

Crown UG - - - 1.17A 
(0.44) 

2.90C 
(0.80) 

1.93B 
(0.39) 

2.17BC 
(0.63) 

 G - - 0.62a 
(0.33) 

1.31ab 
(0.45) 

2.55b 
(0.64) 

1.41ab 
(0.17) 

3.26b 
(1.43) 

Inflorescence UG - 0.22A 
(0.05) 

0.12A 
(0.01) 

0.86A 
(0.21) 

0.76A 
(0.41) 

0.21A 
(0.07) 

0.16A 
(0.07) 

 G 0.68a 
(0.46) 

0.22a 
(0.09) 

0.20a 
(0.02) 

1.01a 
(0.34) 

0.66a 
(0.26) 

0.24a 
(0.04) 

0.06a 
(0.01) 
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Appendix 8 (continued). 
 
E. xerophila  May 

1996 
Aug. 
1996 

Nov. 
1996 

Mar. 
1997 

Aug. 
1997 

Nov. 
1997 

Aug. 
1998 

Green leaf UG - 1.43B 
(0.63) 

0.04A 
(0.03) 

6.58C*1 
(0.59) 

0.53AB* 
(0.19) 

0.18AB 
(0.04) 

5.38C 
(0.08) 

 G 0.35ab 
(0.02) 

1.17b 
(0.27) 

0.01a 
(0.01) 

3.71c 
(0.16) 

1.22b 
(0.30) 

0.22a 
(0.15) 

5.51c 
(0.49) 

Dead leaf UG - 1.11A 
(0.42) 

1.47A 
(0.89) 

0.56A 
(0.32) 

1.65A 
(0.45) 

1.09A 
(0.14) 

0.67A 
(0.15) 

 G 0.29a 
(0.01) 

1.10abcd 
(0.29) 

1.67cd 
(0.19) 

0.42ab 
(0.00) 

2.08d 
(0.26) 

1.17bcd 
(0.13) 

0.66abc 
(0.25) 

Green tillers UG - 3.92A 
(0.53) 

3.08A*2 
(0.46) 

5.85A 
(1.67) 

2.88A 
(0.05) 

1.98A 
(0.55) 

5.38A 
(0.02) 

 G 1.20ab 
(0.06) 

3.80cd 
(0.01) 

0.96a 
(0.39) 

3.04bc 
(0.16) 

4.00cd 
(0.16) 

2.18abc 
(0.53) 

6.69d 
(0.69) 

Dead tillers UG - 1.82AB 
(0.33) 

3.69AB 
(0.97) 

1.44A 
(0.40) 

4.69B 
(0.42) 

4.49B 
(0.56) 

3.72AB 
(0.51) 

 G 0.47a 
(0.02) 

2.07b 
(0.27) 

5.33d 
(0.15) 

2.13ab 
(0.32) 

5.85d 
(0.32) 

4.92cd 
(1.33) 

2.16bc 
(0.05) 

Inflorescence UG - 0.10A 

(0.00) 
- 0.38A 

(0.17) 
0.05A 
(0.04) 

0.02A 
(0.00) 

2.13B 
(0.18) 

 G 0.00a 
(0.00) 

- 0.00a 
(0.00) 

0.22a 
(0.05) 

0.07a 
(0.03) 

0.04a 
(0.00) 

2.81b 
(1.19) 

1P = 0.0739 
2P = 0.0573 



 283 

Appendix 9 Mass of P in plant components (kg ha-1) from ungrazed (UG) and grazed 
(G) plots in A. pectinata, T. triandra, and E. xerophila grasslands.  Within a row, values 
followed by the same letter (Ungrazed, uppercase; grazed, lowercase) are not 
significantly different (P = 0.05) unless otherwise indicated, and an asterisk indicates a 
significant difference (P = 0.05) between UG and G treatments. Figures in parenthesis 
are standard errors. 
 
A. pectinata  May 

1996 
Aug. 
1996 

Nov. 
1996 

Mar. 
1997 

Aug. 
1997 

Nov. 
1997 

Aug. 
1998 

Green leaf UG - 0.08A 
(0.08) 

0.07A 
(0.02) 

1.20B 
(0.08) 

0.03A 
(0.00) 

0.00 A 
(0.00) 

0.11AB 
(0.10) 

 G 0.13a 
(0.07) 

0.16a 
(0.09) 

0.07a 
(0.04) 

1.10b 
(0.48) 

0.00a 
(0.00) 

0.00a 
(0.00) 

0.15a 
(0.02) 

Dead leaf UG - 0.80C 
(0.25) 

0.22AB 
(0.03) 

0.42BC 
(0.09) 

0.32AB 
(0.05) 

0.12A 
(0.01) 

0.24AB 
(0.04) 

 G 0.10a 
(0.06) 

0.63b 
(0.01) 

0.15a 
(0.06) 

0.39ab 
(0.14) 

0.26ab 
(0.00) 

0.14a 
(0.02) 

0.09a 
(0.06) 

Green main tiller UG - 1.05B 
(0.24) 

0.39AB 
(0.00) 

0.76B 
(0.12) 

0.52AB 
(0.08) 

0.43AB 
(0.12) 

0.14A 
(0.04) 

 G 0.29a 
(0.13) 

1.07b 
(0.18) 

0.31a 
(0.10) 

0.53ab 
(0.19) 

0.54ab 
(0.03) 

0.56ab 
(0.04) 

0.08a 
(0.01) 

Dead main tiller UG - 0.52A 
(0.17) 

0.21A 
(0.04) 

0.20A 
(0.02) 

0.20A 
(0.04) 

0.20A 
(0.13) 

0.48A 
(0.07) 

 G 0.15a 
(0.06) 

0.52a 
(0.32) 

0.52a 
(0.24) 

0.21a 
(0.01) 

0.31a 
(0.15) 

0.20a 
(0.04) 

0.30a 
(0.03) 

Green axillary tiller UG - 0.53A 
(0.16) 

0.16A 
(0.00) 

0.38A 
(0.07) 

0.37A 
(0.01) 

0.27A 
(0.07) 

0.14A 
(0.09) 

 G 0.06a 
(0.02) 

0.61b 
(0.06) 

0.15a 
(0.05) 

0.41ab 
(0.18) 

0.29ab 
(.04) 

0.30ab 
(0.07) 

0.07a 
(0.00) 

Dead axillary tiller UG - 0.29A 
(0.08) 

0.08A 
(0.01) 

0.09A 
(0.01) 

0.10A 
(.01) 

0.11A 
(0.05) 

0.17A 
(0.04) 

 G 0.06a 
(0.04) 

0.23a 
(0.14) 

0.11a 
(0.00) 

0.07a 
(0.03) 

0.11a 
(0.01) 

0.09a 
(0.01) 

0.12a 
(0.00) 

Green sub-axillary 
tiller 

UG - 0.20A 
(0.05) 

0.10A 
(0.00) 

0.06A 
(0.00) 

0.10A 
(0.02) 

0.04A 
(0.00) 

0.07A 
(0.06) 

 G 0.05a 
(0.03) 

0.17a 
(0.00) 

0.06a 
(0.03) 

0.08a 
(0.01) 

0.08a 
(0.02) 

0.07a 
(0.02) 

0.04a 
(0.02) 

Dead sub-axillary  
tiller 

UG - 0.09B 
(0.03) 

0.03A 
(0.01) 

0.03AB 
(0.00) 

0.06AB 
(0.00) 

0.04AB 
(0.02) 

0.05AB 
(0.01) 

 G 0.01a 
(0.01) 

0.05a 
(0.03) 

0.02a 
(0.00) 

0.04a 
(0.02) 

0.04a 
(0.00) 

0.04a 
(0.01) 

0.04a 
(.02) 

Inflorescence UG - 0.15B 
(0.02) 

0.07AB 
(0.06) 

0.01AB 
(0.00) 

0.01AB 
(0.01) 

0.00A 
(0.00) 

0.01AB 
(0.01) 

 G 0.00a 
(0.00) 

0.14a 
(0.10) 

0.01a 
(0.01) 

0.00a 
(0.00) 

0.00a 
(0.00) 

0.00a 
(0.00) 

0.01a 
(0.00) 
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Appendix 9 (continued). 
 
T. triandra  May 

1996 
Aug. 
1996 

Nov. 
1996 

Mar. 
1997 

Aug. 
1997 

Nov. 
1997 

Aug. 
1998 

Green leaf UG - 1.26A 
(0.54) 

0.45A 
(0.07) 

1.19A 
(0.16) 

0.61A 
(0.06) 

0.38A 
(0.05) 

0.42A 
(0.31) 

 G 0.36ab 
(0.05) 

1.63c 
(0.44) 

0.89abc 
(0.16) 

1.24bc 
(0.34) 

0.60abc 
(0.00) 

0.32ab 
(0.11) 

0.24a 
(0.02) 

Purple leaf UG - 0.16AB 
(0.04) 

0.08A 
(0.02) 

0.11A 
(0.02) 

0.43B 
(0.03) 

0.15AB 
(0.02) 

0.05 A 
(0.04) 

 G 0.02a 
(0.01) 

0.31ab 
(0.12) 

0.15ab 
(0.03) 

0.15ab 
(0.10) 

0.58b 
(0.00) 

0.17ab 
(0.08) 

0.03a 
(0.00) 

Dead leaf UG - 2.97B 
(0.28) 

1.03A 
(0.03) 

0.66A 
(0.11) 

1.16A 
(0.19) 

0.72A 
(0.05) 

1.18A 
(0.10) 

 G 0.57a 
(0.10) 

2.94b 
(0.86) 

1.17ab 
(0.28) 

0.51a 
(0.20) 

1.11ab 
(0.09) 

0.66a 
(0.07) 

1.04ab 
(0.19) 

Culm UG - 0.61A 
(0.41) 

0.07A 
(0.04) 

0.42A 
(0.17) 

0.29A 
(0.09) 

0.20A 
(0.01) 

0.17A 
(0.04) 

 G 0.30a 
(0.04) 

0.44 
(0.29) 

0.07a 
(0.02) 

0.43a 
(0.27) 

0.50a 
(0.27) 

0.16a 
(0.09) 

0.13a 
(0.04) 

Crown UG - - - 0.17A 
(0.05) 

0.41A 
(0.10) 

0.20A 
(0.03) 

0.27A 
(0.01) 

 G - - 0.07a 
(0.04) 

0.23a 
(0.01) 

0.40a 
(0.10) 

0.15a 
(0.01) 

0.37a 
(0.15) 

Inflorescence UG - 0.10A 
(0.05) 

0.02A 
(0.01) 

0.16A 
(0.02) 

0.12A 
(0.06) 

0.02A 
(0.01) 

0.01A 
(0.00) 

 G 0.10a 
(0.07) 

0.11a 
(0.06) 

0.02a 
(0.00) 

0.18a 
(0.05) 

0.10a 
(0.04) 

0.02a 
(0.00) 

0.01a 
(0.00) 
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Appendix 9 (continued). 
 
E. xerophila  May 

1996 
Aug. 
1996 

Nov. 
1996 

Mar. 
1997 

Aug. 
1997 

Nov. 
1997 

Aug. 
1998 

Green leaf UG - 0.02A 
(0.01) 

0.00A 
(0.00) 

0.55B* 
(0.08) 

0.05A*1 
(0.02) 

0.01A 
(0.00) 

0.37B 
(0.05) 

 G 0.03ab 
(0.00) 

0.02ab 
(0.01) 

0.00a 
(0.00) 

0.32c 
(0.06) 

0.12b 
(0.04) 

0.01a 
(0.01) 

0.44c 
(0.04) 

Dead leaf UG - 0.02A 
(.01) 

0.12A 
(0.09) 

0.03A 
(0.01) 

0.10A 
(0.04) 

0.05A 
(0.01) 

0.04A 
(0.01) 

 G 0.03ab 
(0.00) 

0.02a 
(0.00) 

0.10ab 
(0.02) 

0.03ab 
(0.00) 

0.13b 
(0.04) 

0.05ab 
(0.01) 

0.06ab 
(0.04) 

Green tillers UG - 0.09A 
(0.02) 

0.48C*2 
(0.18) 

0.60C*3 
(0.09) 

0.33BC 
(0.03) 

0.17AB 
(0.06) 

0.53C 
(0.06) 

 G 0.18ab 
(0.01) 

0.08a 
(0.00) 

0.09a 
(0.05) 

0.31bc 
(0.03) 

0.44cd 
(0.07) 

0.16ab 
(0.04) 

0.64d 
(0.00) 

Dead tillers UG - 0.03A 
(0.01) 

0.68B 
(0.39) 

0.08A 
(0.02) 

0.40AB 
(0.03) 

0.33AB 
(0.02) 

0.21AB 
(0.02) 

 G 0.05a 
(0.00) 

0.04a 
(0.01) 

0.47b 
(0.04) 

0.16a 
(0.01) 

0.42b 
(0.09) 

0.40b 
(0.03) 

0.15a 
(0.02) 

Inflorescence UG - - - 0.04A 
(0.02) 

0.00A 
(0.00) 

0.00A 
(0.00) 

0.23B 
(0.02) 

 G 0.00a 
(0.00) 

- - 0.03a 
(0.00) 

0.00a 
(0.00) 

0.00a 
(0.00) 

0.31b 
(0.13) 

1P = 0.0655 
2P = 0.0851 
2P = 0.0843 
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Appendix 10 N minus nutrient solution used to replace nutrients lost in leaching.  The 
stock nutrient solution was diluted 1:250 before use. 

Stock solution (in 1 L of deionised water) 
 
0.340 g CaSO4.2H2O 
0.494 g MgSO4.7H2O 
1.260 g Ca(H2PO4)2.H2O 
0.440 g K2SO4 
 
 
 
 
 
 
Appendix 11 Mean soil  temperatures between tussocks at 1 cm (MT1) and 5 cm depth 
(MT5), and below tussocks at 1 cm (T1) and 5 cm (T5) depth in an A. pectinata and T. 
triandra grassland during August, September and October 1999. 
 
Grassland Month Temperature MT1 

(oC) 
T1 

(oC) 
 MT5 

(oC) 
T5 

(oC) 
A. pectinata August Minimum 11.4 13.9  13.4 13.4 
  Mean 21.3 20.6  19.7 19.5 
  Maximum 39.4 31.0  28.0 26.4 
 September Minimum 14.2 17.3  17.2 17.3 
  Mean 27.2 26.0  25.4 25.0 
  Maximum 49.8 38.9  36.0 33.8 
 October Minimum 19.2 19.2  19.2 19.5 
  Mean 29.9 28.7  28.0 27.6 
  Maximum 54.4 41.9  39.2 37.1 
        T. triandra August Minimum 9.7 13.6  12.2 14.0 
  Mean 19.6 19.2  17.3 17.5 
  Maximum 34.8 25.9  23.9 21.2 
 September Minimum 12.0 16.6  15.0 17.1 
  Mean 25.2 23.8  21.5 21.3 
  Maximum 47.8 33.6  29.9 25.9 
 October Minimum 13.4 18.4  16.5 18.9 
  Mean 28.3 26.6  23.7 23.5 
  Maximum 54.3 38.4  32.9 28.6 
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Appendix 12 Assumptions and calculations for nutrient budgets 

 

End of wet season green biomass, standing dead and root biomass figures were taken 

from the March 1997 sampling date (Wet season, WS), and dry season green biomass 

standing dead, root biomass and standing figures were taken from the November 1997 

sampling date (Dry season, DS) for ungrazed (UG) and grazed (G) grasslands.  Other 

pools were calculated as follows; 

 

1a  Offtake C (OC)= (Recently dead biomassUG - Recently dead biomassG) x 0.51 

  b  Offtake N(P) = !((mean GB comp mass2) x (GB comp N(P)4 %) x OC) 
              (mean GB mass3)                     100 

 

2a  Recently dead mass (RDM) = (Green biomassWS – Green biomassDS)  

  b  Recently dead C = RDM x 0.51 

  c  Recently dead N(P) = ! ((mean SD comp mass5) x (mean SD comp N(P) %7) x RDM 
         mean SD mass6           100  

      It was assumed that there was no change in component proportions between recently 

dead and standing dead, and that there was no additional leaching of N or P out of 

components as they went from recently dead to standing dead. 

 
3  Retranslocated N(P) =  

! ((mean GB comp mass2) x (retrans of N(P) %8) x GBWS N(P) mass4) 
             mean GB mass3              100 

 

4a  Root turnover C = (Root biomassWS - Root biomassDS) x 0.51 

  b  Root turnover N(P) = Root biomassWS N(P) - Root biomassDS N(P) 

 

5a  Organic N(P) was calculated from the data in Chapter 7, and stratified on a bare 

soil/tussock basis and to a depth of 10 cm. 

  b  Mineralized N was also calculated from the data in Chapter 7, to a depth of 

      10 cm.  From the average soil moisture and for each of the major rainfall months in 

the 1996 - 7 summer (Hamersley Station, Dec., Jan., Feb., March; Karratha Station, 
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Jan., Feb., March), the amount of available N (NO3 + NH4) was calculated from 

regression equations of the relationship between soil moisture and inrganic N 

production (data not shown), and then meaned. 

 
1 assumed that 50 % of biomass was C 
2 mean mass of component classified as green biomass (see Chapter 5) 
3 sum of mean mass of components classified as green biomass (see Chapter 5) 
4 mass of N(P) in wet season green biomass 
5 mean mass of component classified as standing dead (see Chapter 5) 
6 sum of mean mass of components classified as standing dead (see Chapter 5) 
7 mean concentration of N, or P, of component classified as standing dead (Chapter 6) 
8 mean retranslocation of N, or P, of components (see Chapter 6) 
 
 


