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Abstract 

The tropical savannas of northern Australia cover approximately one-fifth of 

the continent. These savannas are under threat by the invasion of the alien African 

grass Andropogon gayanus Kunth., which replaces the diverse native savanna grass 

communities with tall, dense, almost monospecific swards. This thesis examines the 

effects of A. gayanus invasion on nitrogen (N) dynamics in Australia’s tropical 

savannas. A range of N pools and fluxes were quantified in native grass savanna and 

were compared to those occurring in A. gayanus invaded savanna.  

Andropogon gayanus invasion significantly increased above- and below-

ground grass N pools. Compared to native grasses, A. gayanus had (i) up to 11-times 

higher phytomass, (ii) 7-times higher phytomass N pool, (iii) 4-times higher root 

biomass and (iv) 2 ½-times higher root N pool. The pronounced increase in grass N 

pools in A. gayanus dominated understorey were associated with changes in soil N 

relations. Dominance by A. gayanus resulted in significantly lower nitrification rates, 

3-times lower soil nitrate availability, and up to 3-times higher ammonium 

availability than soil associated with native grasses. These pronounced changes in 

soil N availability are likely to be linked to the contrasting N ecophysiology of A. 

gayanus and native grasses. I suggest that the large increases in ammonium 

availability, but concurrent large decreases in soil nitrate availability, may be due to 

A. gayanus inhibiting nitrification, as it does in its native range in Africa. Compared 

to native grasses, A. gayanus had much higher uptake of all N sources (ammonium, 

nitrate or glycine), but had a strong preference for ammonium as an N source. 

The large necromass (grass litter) produced by A. gayanus has two likely 

fates in this savanna: (i) decomposition and return of N to the soil N pool, or (ii) 

consumption via fire and N loss to the atmospheric N pool. A study of litter 
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decomposition in the two systems showed that the amount of litter decomposed in A. 

gayanus savanna was more than 3-times higher, and this led to up to up to 10-times 

higher return of N to the soil, compared to native grasses. Investigations into the fire-

mediated N losses in the two systems showed that N losses in A. gayanus savanna 

were ~2-times higher than that in native grass savanna. This study also showed that 

these losses could be as high as 62 kg N ha-1 in cases were the phytomass of A. 

gayanus accumulated over several years. 

Andropogon gayanus invasion has changed N cycling in these savannas by 

altering both the N pools and fluxes, resulting in an altered N budget in invaded 

savanna. Once established A. gayanus speeds up N cycling in invaded savanna, and 

retains N in the ecosystem, possibly due to the process of nitrification inhibition. 

This has lead to an accumulation of ammonium in A. gayanus invaded plots, and 

may lead to reduced nitrate losses via leaching. These changes in N cycling are likely 

to increase the competitive superiority of A. gayanus and further contribute to 

persistence of this alien species within Australian savanna ecosystems. Despite the 

apparent N retention and conservation in A. gayanus invaded savanna, I propose that 

large, frequent, fire-mediated N losses in A. gayanus invaded savanna will lead to a 

permanent reduction in total soil N levels in invaded savannas in the long-term. The 

alteration of the N cycle due to A. gayanus invasion is further evidence of the 

dramatic ecosystem impacts of this alien grass invader in Australian savannas. 
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1.1 Nitrogen cycling 

Nitrogen is an essential element for plant growth, and its availability is a 

major factor controlling the productivity and structure of many ecosystems 

(Tartowski and Howarth 2001). Nitrogen cycling involves a complex relationship 

between the amount of nitrogen stored in various components (pools) of the 

ecosystem (e.g. vegetation, litter, animal biomass and soil) and the rate of transfer 

among these components (fluxes) (Keith 1997). The nitrogen cycle can be illustrated 

several ways, of which Figure 1.1 is a simple example. Essentially, it symbolises the 

transformations undergone by the element nitrogen (N) as it is cycled through the 

ecosystem: from the entry of N into the ecosystem; the internal transfers between 

plants, soil, and animals; and its loss from the ecosystem.   

Nitrogen input into natural ecosystems primarily occurs through the process 

of biological fixation (Figure 1.1) (Delwiche 1970). The large pool of N gas (N2) in 

the atmosphere is unavailable to most organisms, as only certain types of bacteria 

have the capacity to convert N2 into ammonium (NH4
+) (Vitousek et al. 1997). These 

bacteria occur as either free-living microbes (e.g. cyanobacteria), or in a symbiotic 

association with plants (e.g. Nitrobacter and Acacias) where they are found in the 

nodules on the plant roots (Postgate 1998). The N fixed by N-fixing plants becomes 

available to other plants primarily through the production and then decomposition of 

litter (Chapin et al. 2002). In addition to N fixation, N inputs into ecosystems also 

occur to a lesser extent via chemical weathering of sedimentary rocks, as well as 

atmospheric N decomposition in the form of both rain and dust (wet and dry 

deposition) (Chapin et al. 2002). 

Internal N cycling processes involve the transfer (fluxes) of N between 

plants, soils, and animals. These processes include biological N uptake by plants and 



   

 3 

micro-organisms, decomposition of organic matter (plant and animal) by micro-

organisms, conversion of N from organic to inorganic forms (mineralisation), and the 

conversion of N from one ionic form to another (Figure 1.1) (Attiwill and Adams 

1993, Chapin et al. 2002). Plants take up N in various forms including dissolved 

organic N (DON, e.g. amino acids), NH4
+ and NO3

-, and convert this to organic 

nitrogenous compounds (assimilation) (Neff et al. 2003, Schimel and Bennett 2004). 

Plant species differ in their relative preference for the various forms of N, and these 

preferences also depend on which forms of N are available (Eviner and Chapin 

1997). Most N taken up by plants becomes available through the decomposition of 

organic matter, such as litter, excreta, and dead plants and animals (Chapin et al. 

2002). Soil organic matter accounts for more than 90% of the soil N pool (Knops et 

al. 2002). As micro-organisms decompose the organic matter, the N in the organic 

compounds is dissolved forming dissolved organic N (DON), and then mineralised. 

The first step in mineralisation is ammonification by heterotrophic micro-organisms 

(bacteria and fungi) to form ammonium (NH4
+) (Figure 1.1). Ammonium produced 

by ammonification may be directly taken up by microbes (immobilisation) or plants, 

or used by autotrophic bacteria to convert it to nitrate (NO3
-), via nitrite (NO2

-), and 

this double process is called nitrification (Figure 1.1).  

Both decomposition and mineralisation (ammonification and nitrification) are 

mediated by microbial transformation and are therefore effected by environmental 

conditions that effect microbial activity (e.g. temperature, moisture, aeration of the 

soil, etc.) (Stevenson and Cole 1999). In general, as soil temperature and soil water 

content increase, microbial activity is promoted, and the rates of decomposition, and 

therefore mineralisation increase (Brady and Weil 1999). Mineralisation rates are 

therefore generally higher in tropical than temperate forest soils (Chapin et al. 2002). 
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Both ammonification and nitrification are suppressed in high temperature and water 

logged soils, particularly ammonification as nitrifying micro-organisms are aerobic 

bacteria and require oxygen to produce NO2
- and NO3

- (Brady and Weil 1999). 

The quality and quantity of organic matter also influence the rate of 

decomposition and subsequent mineralisation. The ratio of C:N is frequently used as 

an index of plant litter quality because litter with a low C:N ratio (i.e. high N 

concentration) generally decomposes quickly which leads to increases in mineral N 

levels due to net mineralisation (Stevenson and Cole 1999). In comparison litter with 

a high C:N ratio (i.e. low N concentration) decomposes slowly and releases less N, 

due to net immobilisation (Stevenson and Cole 1999). In addition, litter with high 

concentrations of compounds such as lignin, phenolics, or tannins will also slow 

decomposition rates, and thus slow mineralisation rates (Hobbie 1992).  

Nitrogen is lost from the ecosystem through gaseous, solution and erosional 

losses, as well as the removal of biomass (e.g. consumption of tissue by herbivores or 

anthropogenic removal) (Figure 1.1) (Chapin et al. 2002). Ammonia volatilisation, 

nitrification and denitrification are the major avenues of N loss from ecosystems 

(Chapin et al. 2002). These processes release N as ammonia gas, nitrous oxide, nitric 

oxide and dinitrogen (Chapin et al. 2002). Solution losses primarily constitute 

leaching of nitrate (NO3
-) and dissolved organic nitrogen (DON).  Nitrate is a very 

mobile ion in the soil solution and can easily be leached if not fully taken up by 

plants (Stevenson and Cole 1999). In addition to leaching losses, considerable N may 

be lost from the ecosystem through erosion and surface runoff, particularly after 

disturbance in ecosystems (Stevenson and Cole 1999).  
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1.2 Impacts of disturbance on N cycling 

Disturbance can fundamentally alter the characteristics of N cycling (Keith 

1997). Nitrogen cycling in undisturbed ecosystems is generally conservative or 

‘closed’, with little N being gained or lost from the ecosystem (Baillie 1989, 

Burnham 1989). In contrast, disturbance ‘opens’ the N cycle, by changing the 

magnitude of gains or losses from the ecosystem, and this may result in changes in 

the availability of N for plant uptake (Keith 1997). These disturbances include 

natural events such as storms, cyclones, floods and fire, and anthropogenic activities 

such as land-clearing, timber harvesting, forest conversion, grazing, changes to fire 

regimes and alien plant and animal invasions (Keith 1997).  

Natural disturbances can affect N cycling in various ways. Storms and 

cyclones/hurricanes are good examples of natural disturbances that disrupt the N 

cycle, as the extensive canopy defoliation can create large pulses of N via litterfall. 

For example, a single hurricane event in Puerto Rico led to 1.5-2.4 times the mean 

annual litterfall input of N (Lodge et al. 1991).  However, natural disturbances can 

also lead to the opposite effect on N cycling, by leading to large increases in 

ecosystem N loss. For example, fire is a significant natural disturbance in many 

ecosystems, leading to the combustion of plant material and gaseous losses of N (e.g. 

NOx, N2), particularly in high intensity burns (Keith 1997).  

Anthropogenic disturbance is recognised as the major disruption to the N 

cycle globally (Vitousek et al. 1997). The most fundamental human-induced change 

to the terrestrial N cycle is the doubling of the inputs into the N cycle, via application 

of vast amounts of fertiliser to the soil and by growing N-fixing crops (e.g. soybeans, 

alfalfa) (Vitousek et al. 1997, Ehrenfeld 2001). Fossil fuel combustion also results in 

the transfer of large quantities of N oxides (NOx) into the atmosphere, which oxidises 
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to form nitric acid, the principal component of acid rain (Vitousek et al. 1997). 

Anthropogenic disturbances can also lead to significant increases in the ecosystem N 

loss. For example, land-clearing results in N losses due to the direct removal of 

biomass, N losses when the cleared biomass is burnt, and also increased N losses via 

leaching of NO3
-, as a result of reduced N uptake by vegetation and increased soil 

mineralisation rates in the cleared ecosystem (Likens et al. 1969, Vitousek et al. 

1979). Alien animals and plants can also alter N cycling of the native ecosystems 

they invade. Alien animals, such as pigs, goats, sheep, and water buffalo have been 

shown to significantly increase disturbance in areas they invade (Mack and 

D'Antonio 1998) and this can lead to changes in N availability, particularly NO3
-, 

through increased mineralisation and increased N inputs from excreta (Schmidt et al. 

1998).  

Alien plant invasions can also lead to changes in N cycling by altering plant 

species composition of the resident community and there is increasing recognition 

that alien plant invasions represent a significant threat to N cycling (see reviews in 

D’Antonio and Corbin 2003, Ehrenfeld 2003, Corbin and D’Antonio 2004, 

D’Antonio and Hobbie 2005). 

 

1.3 Plant invasions and the nitrogen cycle 

Nitrogen cycling has been identified as being particularly vulnerable to 

changes in species composition, including changes caused by alien plant invasion 

(Mack et al. 2001). Plants play an integral role in ecosystem N cycling by taking up 

N and producing biomass, which subsequently decomposes and releases N (Knops et 

al. 2002). However, plant species differ in several important traits that can both 

directly and indirectly affect N cycling, including differences in growth rates, litter 
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quality (e.g N content), N uptake and their effect on disturbance regimes (Hobbie 

1992, Knops et al. 2002, Eviner and Chapin 2003). As plant species differ in traits 

that affect N dynamics, the gain or loss of species can change ecosystem N cycling 

(Hobbie 1992). Studies of plant invasions have demonstrated that these changes in N 

cycling can range from subtle to dramatic changes (see reviews in D’Antonio and 

Corbin, 2003, Ehrenfeld, 2003). Dramatic changes tend to occur when species with 

distinctly different traits invade the ecosystem, whereas more subtle changes tend to 

occur when the invading species has traits that overlap with the plants in the resident 

community (D'Antonio and Corbin 2003, D'Antonio and Hobbie 2005). 

Nitrogen-fixing invaders provide some of the clearest examples of the 

impacts of plant invasions on the N cycle (D'Antonio and Corbin 2003). Introducing 

a functional innovation into an ecosystem, such as the capacity to biologically fix N, 

can result in significant increases in inputs to an ecosystem (D'Antonio and Hobbie 

2005). Nitrogen fixers can increase total soil N pools and speed up N cycling by 

producing N rich litter, which decomposes faster than litter from non-fixing natives 

and results in faster mineralisation rates and increased soil N availability (D'Antonio 

and Corbin 2003). This change has been particularly well documented for the 

invasion of the N-fixing tree Myrica faya in Hawaii (Vitousek et al. 1987, Vitousek 

and Walker 1989) and Acacia spp. in South Africa (Witkowski 1991, Stock et al. 

1995). M. faya is capable of fixing 18.5 kg N ha-1 yr-1 through its microbial 

association compared to 0.17 kg N ha-1 yr-1 fixed by other biological sources 

(Vitousek et al. 1987, Vitousek and Walker 1989). These large increases in total soil 

N can persist for many years after the removal of the N fixing invader, leaving a 

legacy that can facilitate further invasion by other non-native species, or affect 

restoration attempts (Corbin and D'Antonio 2004). 
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Non-N fixers tend to have more subtle effects on N cycling, which take 

longer to develop than those driven by N-fixers (Corbin and D'Antonio 2004). Non-

fixing invasive plants can decrease soil N pools by adding N poor or recalcitrant 

litter or by increasing rates or seasonality of plant N uptake (Walker and Smith 

1997). For example, Robles and Chapin (1995) found that invasion by Eucalypts 

globulus in California led to litter production double that of the native grassland 

community. Eucalypt litter decomposes slowly, resulting in litter accumulation up to 

nine-times that of the annual grassland and the N in the litter remains tied up in the 

accumulated litter (Robles and Chapin 1995). A similar example exists in South 

Africa, where introduced Pinus species produce large amounts of recalcitrant litter, 

leading to a reduction in soil N availability (Versfeld and van Wilgen 1985, Vitousek 

1986).  

It is widely recognised that invasive plants, particularly grasses, can alter 

disturbance regimes in the ecosystems they invade, altering characteristics such as 

fire frequency, intensity and extent (D'Antonio and Vitousek 1992, Brooks et al. 

2004). These changes in fire regimes can also directly lead to decreases in total soil 

N pools by increasing N losses via volatilization (D'Antonio and Hobbie 2005). In 

addition, fire may indirectly increase N losses via leaching, as uptake by plants or 

microbes in the post-fire community may be less than inorganic N production via 

mineralisation (Hooper and Vitousek 1998).  

Studies examining the pathways by which non-fixing plants affect N cycling 

often focus on the grasses (Levine et al. 2003) due to the numerous, widespread 

examples of their effects on N cycling. Examples of grass invaders that affect N 

cycling can be found in most continents, in ecosystems that range from arid 

grasslands (Evans et al. 2001), to temperate grasslands (Christian and Wilson 1999), 
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tropical savannas (Williams and Baruch 2000) and marsh ecosystems (Windham and 

Ehrenfeld 2003). 

 

1.4 Alien grass invasions and the nitrogen cycle  

The effects of alien grasses on N cycling have prominently featured in several 

published reviews (see Williams and Baruch 2000, D'Antonio and Corbin 2003, 

Ehrenfeld 2003, Corbin and D'Antonio 2004, D'Antonio and Hobbie 2005). Changes 

in plant N pools and fluxes have been reported for a wide range of alien grass 

invasions (Table 1.1). In the vast majority of the studies reviewed, grass biomass 

increased as a result of invasion (fifteen out of eighteen cases).  Foliar N 

concentration was also generally higher in the alien species (four out of five cases). 

However, the effect of alien grass invasion on decomposition was variable, with 

invasion associated with decreases (five out of nine cases) and increases (three out of 

nine cases) and no change (one out of eight cases).  

In addition to the changes in plant N pools and fluxes, a number of 

physiological differences were noted. Higher N use efficiency (NUE) was reported in 

four African grasses (Andropogon gayanus Kunth., Cenchrus ciliaris, Hyparrhenia 

rufa (Nees) Stapf., Melinis minutiflora Beauv.) and it has been suggested that 

efficiency with which African grass species acquire N may be a key factor allowing 

them to out compete native grasses and invade ecosystems (Williams and Baruch 

2000). Higher growth rates than native grasses were also noted for Hyparrhenia rufa 

(Baruch and Bilbao 1999) and Melinis minutiflora (Klink 1996). 

A number of studies have examined the affect of alien grasses on soil N pools 

and fluxes, including total and inorganic soil N levels, rates of mineralisation and 

nitrification and ability of grasses to biologically fix N (Table 1.2).  Invasions have 
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been associated with decreases (four out of twelve cases), increases (two out of 

twelve cases) and no change (six out of twelve cases) in total soil N (TKN). Christian 

and Wilson (1999) found that the introduced grass Agropyron cristatum led to 

reductions of up to 25% in total soil N and also decreased soil inorganic N 

availability. Other studies have documented the variable effects of plant invasions on 

total soil N in different environments. Ibarra-Flores et al. (1999) investigated the 

effects of Cenchrus ciliaris on total soil N in three climatic regions in Mexico. Total 

soil N levels declined by an average of 8% in the dryer sites in northeast Mexico, but 

in the wetter and warmer southeast of Mexico total soil N levels declined by an 

average of 40% (Ibarra-Flores et al. 1999).  

Extractable inorganic N (NH4
+ + NO3

-) may decrease (two out of fifteen 

cases), increase (seven out of fifteen cases) or not change (six out of fifteen cases) 

following alien grass invasion (Table 1.2). For example, in Hawaii the perennial 

African tussock grass Melinis minutiflora, has been associated with an increase in 

soil inorganic N availability due to its foliar N, which promotes rapid decomposition 

and higher mineralisation rates (Asner and Beatty 1996). Alien grass invasions can 

also decrease soil N availability due to increases in N uptake. Four studies 

documented increases in N uptake, with the majority of these invasive species being 

African grasses (Table 1.2). 

Mineralisation commonly increased in response to invasion (ten out of 

fourteen cases) (Table 1.2). This is consistent with Ehrenfeld’s (2003) conclusion 

that alien plant invasions typically increase mineralisation rates. Interestingly, a 

number of studies have documented variable effects of an alien species on 

mineralisation in different environments. For example, B. tectorum increased the 
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rates of N mineralisation and nitrification in cool deserts (Bolton et al. 1990) but 

decreased these rates in warm arid grasslands (Evans et al. 2001).  

While several studies have documented the effect of alien grasses on total soil 

N, inorganic N and mineralisation, the impacts of alien grasses on other components 

of the N cycle, such as N fixation and N losses via volatilization, are less well 

studied. The ability of grasses to fix N may allow grasses to successfully compete in 

ecosystems where soil N availability limits plant growth. There are studies that have 

identified that non-N-fixing grasses have affected the rate of N fixation in co-

occurring native asymbiotic N fixers, by displacing the host species. For example, 

alien grass invasion in Hawaii has reduced asymbiotic N-fixation due to the alien 

grass fire induced loss of the dominant tree Meterosideros polymorpha, whose litter 

is an important site of asymbiotic N fixation (Ley and D'Antonio 1998, Mack et al. 

2001). It has been suggested that the N fixation by free-living bacteria (asymbiotic N 

fixation) in the rhizosphere and roots of several African pasture grasses can be 

significant (Boddey and Döbereiner 1988), although this has not been demonstrated. 

Similarly there are no documented studies that have quantified the effect of alien 

grasses on N losses via fire-mediated volatilisation. This is surprising given the 

volume of work indicating that grasses significantly alter fire regimes (D'Antonio 

and Vitousek 1992, Freifelder et al. 1998, Mack and D'Antonio 1998, Lippincott 

2000, Brooks et al. 2004), and the clear implications that this has for N cycling. 

One of the clearest examples of the potential threat of alien grasses to N 

cycling can be seen in tropical savanna ecosystems. Savanna is a major biome across 

the tropics that is under threat from grass invasions, with substantial areas of grass 

invasions occurring in the savannas of South America, in the savannas of Brazil, 

Venezuela and Columbia, as well as in tropical savannas of northern Australia 
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(Mistry 2000, Williams and Baruch 2000). In tropical savannas, N is one of the most 

commonly limiting nutrients (Solbrig 1996, Bustamante et al. 2006) and therefore 

factors affecting ecosystem N cycling are of critical importance.  

 

1.5 Australian Tropical Savannas 

The savanna biome covers approximately 20% of the world’s land surface   

(∼23 million km2) including large areas in Africa, Australia, Central and South 

America, India and parts of southeast Asia (Scholes and Walker 1993, Scholes and 

Archer 1997, Mistry 2000, Hutley and Setterfield in press). Savannas occur in 

tropical, sub-tropical and temperate, environments with distinctly seasonal climates 

(Archibold 1995), and are characterised by a discontinuous tree stratum with a 

seasonally continuous grass understorey (Solbrig et al. 1996, Scholes and Archer 

1997, Hutley and Setterfield in press). Savannas currently support over one fifth of 

the world’s population (Mistry 2000), and as a consequence most savannas have 

been exposed to severe large-scale changes through tree-clearing, the creation of 

pastures and the widespread use of fire (Gerhardt and Hytteborn 1992). However 

unlike savannas elsewhere, Australia’s tropical savannas have not experienced 

intensive use by humans and as a result they the most intact tropical savanna 

remaining on earth, with less than 1% having been cleared (Woinarski et al. 2007). 

Australia has more than 25% of the world’s remaining intact tropical savannas, 

giving Australia’s tropical savannas global significance 

In Australia, tropical savannas occur over an arc across northern Australia 

and extend down the eastern coast of Queensland, covering approximately 1.5 

million square kilometers or 25% of the continent (Mott 1986) (Figure 1.2). They are 

restricted to the tropical and subtropical regions where annual rainfall is greater than 
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500 mm (Williams et al. 2002). There are a range of savanna types in northern 

Australia, but they are generally characterised as open forests or woodlands (Specht 

1981) and have an upper stratum dominated by Eucalyptus species, with a variety of 

annual and perennial C4 grasses in the understorey (Williams et al. 1997b). Water 

availability, nutrient availability and fire regimes are important determinants of the 

structure and function of savannas (Solbrig et al. 1996, Mistry 2000, Hutley and 

Setterfield in press). In contrast with other savannas, herbivory does not play a major 

determining role, as the Australian savannas support few native mammalian 

herbivores (Hutley and Setterfield in press). 

  Water availability is strongly seasonal in the northern Australian savannas. 

Rainfall varies from <500 mm year-1 to >1800 mm year-1, and over 95% falls in the 

wet season between early November and late April (Wilson et al. 1990). This is 

followed by an almost rainless dry season of about 6 months (May-October) (Wilson 

et al. 1990). The seasonal pattern of wet and dry seasons results in profuse grass and 

herbaceous growth in the wet season, which subsequently cures over the dry season.  

Nutrient levels in most Australian savanna soils are low, since the soils have 

been subjected to weathering for prolonged periods (Holt and Coventry 1990, 

McKenzie 2004) The main nutrient limitation in most savanna soils is N (Tothill et 

al. 1985). The highly seasonal rainfall plays a significant role in the patterns of 

nutrient cycling in the savannas, as it regulates the patterns of plant growth and soil 

nutrient transformations (Mott 1986). 

Like savannas elsewhere, fire frequency in northern Australian savannas is 

high, with fires typically occurring annually or biennially (Gill et al. 2000). 

Currently, up to 50% of the Northern Territory savanna landscapes are burnt each 

year (Russell-Smith et al. 1997). Fires occur throughout the dry season (May-
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October) and the characteristics of fires change as the dry season progresses, due to 

the increases in fuel loads, fuel curing and fire weather (Gill et al. 1996, Williams et 

al. 2002). The impact of fire on savanna vegetation has been well studied (Williams 

et al. 2002). However, very few data exist on the effect of frequent fires on N 

cycling. Successful management of the generally N-limited savannas of northern 

Australia requires knowledge of the nature of N cycling processes and factors that 

affect N dynamics. 

 

1.6 Nitrogen cycling in Australian savannas  

Despite the importance of nutrient availability in determining savanna 

structure and function, relatively little is known about the N dynamics of Australian 

savannas. In general, N levels in Australian savanna soils are low (Mott et al. 1985), 

and as a result savanna productivity is dependant on recycling of N contained in the 

plant biomass (Holt and Coventry 1990). Savanna N cycling is affected by several 

factors including the highly seasonal rainfall and the resulting changes in soil 

moisture; fire and termites, which also play an important role (Holt and Coventry 

1990). Although few data exist on specific N pools and fluxes in Australian 

savannas, data from savannas elsewhere (e.g. South Africa (Nylsvley), Scholes and 

Walker 1993; Ivory Coast (Lamto) Abbadie et al. 2006) give some indication of the 

possible size and significance of particular N pools and fluxes in Australian 

savannas. 

In Australian savannas most soil N is located in the top few centimeters of the 

soil profile, where organic matter is broken down and turned over (Day 1977, Day et 

al. 1979, Calder and Day 1982). Despite the relatively small amounts of organic 

matter found in savanna soils, soil organic N often forms the largest pool in most 
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savanna ecosystems (Scholes and Walker 1993). For example Scholes and Walker 

(1993) found that at the Nylsvley savanna site in South Africa, soil organic N 

accounted for approximately 90% of the total ecosystem N, highlighting the likely 

importance of this N pool in Australian savanna ecosystems. Studies of the 

agricultural productive potential of savanna soils in northern Australia have found 

that total soil N values at the surface (0-10 cm) typically range from 0.03–0.09% N 

(Day 1977, Day et al. 1979, Calder and Day 1982). Total soil N (%N) decreases 

markedly in the deeper soil profile and may reach levels as low as 0.01 % N (Day 

1977, Day et al. 1979, Calder and Day 1982). Few studies have examined the 

concentrations of inorganic N and the seasonal patterns of inorganic N availability in 

Australian savanna soil. In eucalypt woodland near Darwin, Northern Territory, the 

rates of NH4
+ availability (as indicated by in situ ion exchange resin) increased 

substantially from the early to the late wet season (18 versus 308 ng NH4
+g resin day-

1) (Schmidt, et al. 1998). Nitrate availability also increased during this period, (294 

versus 514 ng NO3
- g resin day-1) (Schmidt, et al. 1998). 

Plant biomass production is highly seasonal in the Australian tropical 

savannas. The high rainfall of the wet season results in the production of large 

amounts of biomass, especially fast growing C4 grasses (Gill et al. 1996). The total N 

content of these native grasses is generally low (range 0.3-2.5%N), but varies  

substantially depending on the species, the plant component, as well the time of year, 

with higher N concentrations in the wet season (Cameron 2001). Other studies of 

savanna ecosystem N pools have identified that the plant N pool accounts for only a 

small proportion of the total ecosystem N pool, and this is likely to be the case in 

Australian savannas. For example, in the savannas of South Africa and Venezuela, 
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the plant N pool represented just 8% and 2.6% of the total ecosystem N pool, 

respectively (Sarmiento 1984, Scholes and Walker 1993).  

Savanna N fluxes are strongly influenced by the distinct wetting-drying 

cycles as they dictate the seasonal patterns of plant growth, senescence and 

decomposition (Mott et al. 1985). Soil moisture and temperature also effect the 

activity of soil micro-organisms, leading to slower decomposition rates in the dry 

season (Holt and Coventry 1990). Mineralisation is also very slow in the dry season, 

but increases strongly at the onset of the wet season and is sustained during the wet 

season (Schmidt et al. 1998). In the wet season there are likely to be significant 

losses of N via leaching and deep drainage, although the rates and total amounts of 

such losses have not been measured (Mott et al. 1985).  

Termites are an conspicuous feature of many Australian savanna landscapes 

and they have a significant effect on the N cycling process both by breaking down 

plant litter and redistributing N in the landscape by moving litter and soil during 

mound building (Holt and Coventry 1990). Termites are active throughout the year 

(Holt 1987), whereas soil micro-organisms are inactive in the dry season (Holt and 

Coventry 1990). Coventry et al. (1988) estimated that mound-building termites were 

responsible for the return of 1.8 kg N ha-1 of N to the soil in Charters Towers, 

Australia. As no plants grow on Australian termite mounds, the N is stored within the 

mound until it erodes and the eroded material is distributed over the soil surface 

(Mott et al. 1985).  

Fire also plays an important role in N cycling in many Australian eucalypt 

forests by causing the rapid mineralisation of N contained in organic matter, which 

effectively increases the rate of N cycling (Keith 1997). Although some nutrients are 

returned to the soil as ash or charred fragments following fire, significant amounts of 
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the N can be lost to the atmosphere via volatilisation (Keith 1997). In savannas, the 

impacts of fire on N relations are poorly understood, but one study by Cook (1994) 

estimated that up to 92-94% (1.7-2.8 g N m-2) of N in native grass savannas was lost 

to the atmosphere as a result of burning. A net reduction in total soil N may be 

caused by frequent burning if losses are not replaced through rainfall accession and 

biological N fixation as vegetative production would have to rely on mineralisation 

of organic matter, and the system would gradually reduce its N stocks (Cook 1994). 

There are no reliable estimates of N fixation in Australian savannas, however, in 

West African savannas biological N fixation by contributes about 1.2 kg N ha-1y-1 

(Cook 2003). Cook (1994) suggested that N losses from frequent fires in Australian 

savannas were likely to exceed the inputs through either rainfall accession or the re-

deposition of particles and that the cumulative loss would result in a depletion of the 

soil total N pool. 

Another disturbance that could significantly disrupt N cycling in northern 

Australia is alien grass invasion. In a review by Schmidt and Lamble (2002) alien 

grass invasions were identified as key threat to N cycling in savannas, as it was 

suggested that these invasions could result in a more open (or “leakier”) N cycle, 

with serious implications for N dynamics.  

 
 
1.7 Alien grass invasion in northern Australia  

Over the past century a large number of grasses have been introduced into the 

Australian savannas to improve forage quality and pastoral productivity (Lonsdale 

1994). These species have been selected for their persistence under grazing and their 

higher growth rates and nutritional value, compared to native grass species (Parsons 

1972).  However, in a review of these introductions, Lonsdale (1994) found that from 

a total of 186 grasses introduced between 1947 and 1985, 32 became environmental 
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weeds and only three of these species were useful, without being weedy. However, 

this review underestimated the weed potential of these three species, as they have 

since also become recognized as weeds (Low 1997).  

A suite of African grasses have invaded savanna habitats across northern 

Australia (Lonsdale 1994, Low 1997). Two of the most widespread in the Northern 

Territory are Andropogon gayanus (gamba grass) and Pennisetum polystachion (L.) 

Schult. (mission grass) (Whitehead and Wilson 2000). These grasses form dense 

stands, almost completely replacing the native vegetation communities (Whitehead 

and Wilson 2000). This should come as no surprise, as introduced grasses were 

chosen because they were thought likely to have the ability to totally replace the 

native savanna vegetation to form “improved” pasture (Cook and Dias 2006). 

Despite the significant potential threat to the native savanna communities of northern 

Australia posed by these grasses, there is a limited understanding of the range of 

ecological impacts that may result from the replacement of complex native savanna 

communities with almost mono-specific stands of pasture grass. It has been 

suggested that this represents a major gap in our knowledge about Australian 

savannas (Mistry 2000).  

One of the most serious concerns about these alien grass invasions is that they 

could alter key ecosystem processes including N and water cycling, as well as fire 

regimes (Whitehead and Wilson 2000, Schmidt and Lamble 2002, Russell-Smith et 

al. 2003, Rossiter et al. 2004). Many of the introduced grasses are African grasses, 

which are intensive users of both water and nutrients (Williams and Baruch 2000). 

This allows them to attain their characteristic high growth and biomass production 

rates (Williams and Baruch 2000). In a recent study, P. polystachion was shown to 

reduce NO3
- availability in savanna soils by 10% (Douglas et al. 2004). The high 
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biomass production of African grass also leads to substantial changes in fire regimes 

in ecosystems that they invade (Rossiter et al. 2003). Andropogon gayanus and P. 

polystachion have a significant impact on fire regimes by increasing fuel loads and 

hence fire intensities (Rossiter et al. 2003, Douglas et al. 2004). These changes in 

fire regimes are likely to affect other ecosystem processes, such as N cycling. 

With limited understanding of the impacts of these African grasses on the 

savannas of northern Australia, it is of critical importance that studies are carried out 

to determine their ecosystem level impacts. Changes in ecosystem processes may 

persist long after removal of the invader (Corbin and D'Antonio 2004) and an 

understanding of ecosystem level impacts is needed to better understand reversibility 

of any impacts and the implications that this has for the restoration of native savanna 

communities. This information is also urgently needed to set priorities for control of 

African grasses. 

 

1.8 Andropogon gayanus invasion in northern Australia 

Andropogon gayanus is a fast-growing perennial African bunchgrass which 

was introduced into northern Australia as a pasture grass in the 1930s (Oram 1987), 

but has now established outside of pastoral systems (Flores et al. 2005). Andropogon 

gayanus  has a broad ecological tolerance in Australia, occurring from riparian areas 

to upland savannas, in areas where annual rainfall is over 600 mm (Smith 2002, 

Flores et al. 2005). Infestations of A. gayanus are now estimated to occur over a 15, 

000 km2 area of the Northern Territory (Clifton 2005). Infestations have also been 

recorded in Cape York Peninsula and Cooktown Shire in northern Queensland 

(Csurhes, 2005; J, Clarkson, Queensland Environmental Protection Agency, pers 

comm.) and in Kimberley in Western Australia (Andrew Mitchell, Australian 
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Quarantine Inspection Service, pers comm.). It has been suggested that the broad 

ecological tolerance of A. gayanus means that it could potentially establish across 

vast areas of northern Australia (Figure 1.3; Cook et al. 2005), including a 380, 000 

km2 area of the Northern Territory (Clifton 2005). 

Andropogon gayanus is likely to impact on savanna ecosystems through a 

number of pathways including altered plant communities and biodiversity, altered 

fire regimes and altered rates of resource (e.g nutrients and water) supply and use. 

When mature, it forms very dense stands up to 4 m high, which almost completely 

replaces native savanna flora (Flores et al. 2005). Vegetation structure is clearly 

altered when tall, almost monospecifc stands of A. gayanus replace the diverse and 

much shorter native savanna grass communities (Figure 1.4). This change in 

structure of the savanna grass layer in A. gayanus invaded areas has led to clear 

changes in microclimate, with significantly lower light levels, higher air temperature 

(due to a decrease in tree cover) (Clifton 2004) and higher soil surface moisture 

content (Hutley et al., unpublished. data) compared to native grass sites.  These 

changes in microclimate are likely to adversely affect native plant seedling 

germination and establishment (Clifton 2004), as well as potentially affecting N 

fluxes, such as decomposition and mineralisation. 

Andropogon gayanus invasion has significantly altered fires regimes in the 

northern Australian savannas (Rossiter et al. 2003, Rossiter et al. 2004). Compared 

to native grasses, A. gayanus forms taller, denser stands that cure later in the dry 

season, resulting in significant changes to fire regimes (Rossiter et al. 2003). Native 

grass fuel loads are typically 2 to 4 t ha-1 (Williams et al. 2002), whereas A. gayanus 

fuel loads are typically 11 to 15 t ha-1 (Rossiter et al. 2003). These higher fuel loads 

support fires that are on average eight times more intense than native grass savanna 
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fires (Rossiter et al. 2003). These demonstrated changes in fire regime are likely to 

have marked effects on N cycling due to increases in N volatilisation, increased rates 

of mineralisation and reduced plant N uptake immediately after fire, potentially 

leading to increased N losses and a “leakier” N cycle (Rossiter et al. 2004). This is 

particularly likely if there is a large increase in N losses via volatilisation, which are 

not replaced by atmospheric N accessions to the system. Any changes in savanna N 

cycling are likely to have substantial consequences for the recruitment and 

persistence of native savanna plant species (Schmidt and Lamble 2002). 

The use of resources, such water and nutrients, are likely to increase 

following A. gayanus invasion, resulting in changes in availability of these resources. 

Compared to native grasses A. gayanus has higher photosynthetic rates and produces 

more biomass (Rossiter 2001). Andropogon gayanus  also grows well into the mid-

dry season, and senesces much later than native grass species (June-July compared to 

April-May) (Rossiter et al. 2003). Daily water use in the wet season is three times 

higher for A. gayanus than for native savanna grass communities (Rossiter et al. 

2004). In invaded sites deep drainage has led to reduced by 20 to 50% (Rossiter et al. 

2004). This will result in increased competition for soil moisture with woody species, 

particularly as woody species rely heavily on deep drainage to sustain them through 

the critical dry season period (Hutley et al. 2000). 

 Nitrogen use in savannas is also likely to increase following A. gayanus 

invasion. Studies of nutrient use by A. gayanus in the Brazilian Cerrado have found 

that it has high rates of N use and N use efficiency (Bilbao and Medina 1990, 

Williams and Baruch 2000). Any increase in N use over a large scale has the 

potential to reduce N availability, in what is already an N limited system. Given that 

there is there is a reduction in soil N in frequently burnt native savanna sites (Cook 
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1994), frequent A. gayanus fuelled fires are likely to promote significant losses of N 

via volatilisation, potentially resulting in further decreases in soil N availability. This 

could have significant implications for native savanna communities as it would be 

altering one of the two primary determinants of tree-grass ratios in savannas. 

However these effects are speculative, as to date there have been no studies of the 

impact of A. gayanus invasion on N dynamics in the tropical savannas of Australia. 

This knowledge is crucial for understanding the range of long-term effects that A. 

gayanus is likely to have on both savanna vegetation communities and savanna 

ecosystem functioning. Legacies of the impacts of invaders on N cycling, such as 

increases in total soil N, have been shown to persist long after removal of the invader 

and can effect restoration success (Corbin and D'Antonio 2004). However changes to 

other aspects of N cycling, such as mineralisation, are thought to be relatively short 

lived (Corbin and D'Antonio 2004). It has been suggested by both D’Antonio and 

Corbin (2003) and Corbin and D’Antonio (2004) that knowledge of the type of 

changes to N cycling may provide information on the most effective mitigation of the 

effects of alien grass invasion on soil N dynamics (D'Antonio and Corbin 2003, 

Mack and D'Antonio 2003b). 
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1.9 Thesis aims and structure 

1.9.1 Thesis aims 

The overall objective of this thesis was to quantify the effects of A. gayanus 

invasion on N cycling in Australia’s tropical savannas.  

 

The three specific aims of this thesis were: 

1. To investigate the effects of A. gayanus invasion on plant and soil N pools 

in Australia’s tropical savannas. This included studies of both the above 

and below ground plant N pool and the total and inorganic soil N pool. 

 

2. To investigate the effects of A. gayanus invasion on fluxes of N in 

Australia’s tropical savannas. This included studies on the effect of A. 

gayanus on litter decomposition, ammonification, nitrification, N uptake and 

volatilisation via fire. 

 

3. To develop a preliminary N budget for native grass and A. gayanus 

savanna to document the changes in N pools and fluxes due to A. gayanus 

invasion and highlight further knowledge gaps. 

 

1.9.2 Thesis scope and structure 

This thesis focuses on key processes in the N cycle that may be affected by A. 

gayanus invasion. A simplified conceptual model of a terrestrial N cycle in a savanna 

woodland provides an overall framework for this thesis (Figure 1.5). This model 

identifies N pools and fluxes in this ecosystem and how these may be altered by A. 

gayanus invasion. Potential changes in N pools include changes to the above- and 
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below-ground grass N pool, and the total and available soil N pool. Changes to N 

fluxes include: changes to N inputs and transformations (litter decomposition, 

mineralisation); N uptake from plants; and N loss (via increased fire intensity and the 

resulting volatilisation). The N pools and fluxes studied were those identified as 

being most likely to be affected by A. gayanus invasion and those indicative of short-

and long-term changes in N cycling in the savannas from other studies of the impacts 

of grass invasions on N cycling (Table 1.1 and Table 1.2).   

 

The thesis structure is outlined below: 

 

Chapter 2 describes the study site and experiment layout of the study.  

 

Chapter 3 examines the N pools in native grass and A. gayanus invaded savanna. 

This chapter focuses on the above-ground N pool (grass phytomass) and the below-

ground N pool (soil N and root biomass), and examines some of the potential reasons 

that have led to these differences in N pools (e.g. differences in ammonification and 

nitrification rates, and N uptake). Having quantified the N pools in the native grass 

and A. gayanus systems, Chapters 4 and 5 then examine two alternative potential 

fates of the large amount of phytomass, and grass N, in A. gayanus savannas 

(decomposition or consumption via fire). 

 

Chapter 4 examines the rates of litter decomposition and N return to the soil in native 

grass and A. gayanus invaded savanna. The impact of A. gayanus on litter 

decomposition is examined by (i) field estimates of litter decomposition (g m2) and 

(ii) using a series of reciprocal litter transplant experiments, to decouple the direct 
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effects of grass litter quality from the indirect effects of alien grasses due to altered 

microclimate and decomposer community. 

 

Chapter 5 examines the amount of fire-mediated N losses in native grass and A. 

gayanus invaded savanna effect. Andropogon gayanus invasion increases fire 

intensity, frequency and extent (Rossiter et al. 2003, Rossiter et al. 2004), all of 

which may lead to significant increases in N losses. The impact of A. gayanus on 

fire-mediated N losses is investigated using a fire experiment to determine the 

amounts of N lost via volatilisation from both the plant and woody leaf litter N pool. 

 

Chapter 6 summaries the described changes in N pools and fluxes (Chapters 3 to 5) 

into a preliminary N budget for native grass and A. gayanus invaded savanna and 

states the main findings of the thesis. 

 

At the beginning of each data chapter in this thesis the simplified savanna N cycle 

(Figure 1.5) is presented, and the specific pools or fluxes examined within that 

chapter are identified via highlighting. 
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Table 1.1 Changes in plant nitrogen pools and fluxes associated with alien grass invasions (after Ehrenfeld 2003) 

Invader Ecosystem 

Invaded 

Region Plant 

Biomass 

Foliar 

N 

Litter 

Mass 

Litter 

N 

Decomposition 

rate 

Other Reference 

Andropogon gayanus Tropical Savanna Venezuela  +     (Bilbao and Medina 1990) 

Andropogon gayanus Tropical Savanna Venezuela      NUE + (Williams and Baruch 2000) 

Aegilops trincialis Grassland USA +   Litter N – – BGB = (Drenovsky and Batten 2007) 

Agropyron cristatum Grassland USA + –     (Christian and Wilson 1999) 

Bromus tectorium  Grassland USA   +    (Belnap and Phillips 2001) 

Bromus tectorium  Grassland USA   + Litter N +  Root-Shoot – (Bolton 1993) 

Bromus tectorium  Grassland USA     Y +  (Booth et al. 2003) 

Bromus tectorium  Grassland USA   + 
Litter N – 

Litter C: N + 
  

(Evans et al. 2001) 

Bromus tectorium Grassland USA     =  (Harrison 2003) 

Bromus tectorium Grassland USA =      (Svejcar and Sheley 2001) 

Bromus mixture a Grassland USA  =   –  (Ogle et al. 2003) 

Cenchrus ciliaris Grassland Australia + +    NUE + (Christie 1979) 

Hyparrhenia rufa Tropical savanna Venezuela + +    NUE + (Baruch 1996) 

Hyparrhenia rufa Tropical Savanna Venezuela +     GR + (Baruch and Bilbao 1999) 

Hyparrhenia rufa Tropical savanna Venezuela  +     (Baruch et al. 1985) 

Hyparrhenia rufa Tropical savanna Venezuela +     NUE + (Williams and Baruch 2000) 

Melinis minutiflora Tropical shrubland USA    Litter N +  N pool + (Asner and Beatty 1996) 

Melinis minutiflora Tropical savanna Brazil +      (Berardi 1994) 
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Table 1.1 (Continued) Changes in plant nitrogen pools and fluxes associated with alien grass invasions (after Ehrenfeld 2003)  

Invader Ecosystem 

Invaded 

Region Plant 

Biomass 

Foliar 

N 

Litter 

Mass 

Litter 

N 

Decomposition 

rate 

Other Reference 

Melinis minutiflora Tropical Savanna Brazil +     GR + (Klink 1996) 

Melinis minutiflora Tropical Savanna Venezuela +     NUE + (Williams and Baruch 2000) 

Microstegium vimineum  Deciduous forest USA –    –  (Ehrenfeld et al. 2001) 

Microstegium vimineum  Deciduous forest USA      NRA + (Kourtev et al. 1999) 

Pennisetum polystachion Tropical savanna Australia +      (Setterfield et al. 2004) 

Phragmites australis Freshwater wetland USA +    + N pool + (Meyerson et al. 2000) 

Phragmites australis Freshwater wetland USA 
 

+ 
 

+    
BGB + 

N pool + 

(Templer et al. 1998) 

 

Phragmites australis Freshwater wetland USA +    – BGB + (Windham 2001) 

Phragmites australis Freshwater wetland USA –   Litter N –  N pool + (Windham and Ehrenfeld 2003) 

Urochloa mutica  Tropical wetlands Australia +      (Douglas and O'Connor 2004) 

Urochloa mutica  Tropical wetlands Australia +      (Grice et al. 2006) 

Mixture of 3 species b  
Subtropical  
montane woodland 

USA   + Litter N =  NPP = (Mack et al. 2001) 

Mixture of 3 species b 
Subtropical  
montane woodland 

USA   
= 

 

Litter N = 

Litter C: N= 

+ 

 
 

(Mack and D'Antonio 2003a) 

 

 
+ alien higher  than native(s); -, alien lower than native(s); = , alien not different from native(s), BGB= Below ground biomass, GR= growth, NPP= Net primary productivity, 
N Pool= Plant N pool, NRA= concentration of nitrate reductase enzyme in leaf tissue, NUE= nitrogen-use efficiency  
a Alien grasses Bromus japonicus and Bromus tectorum (co-dominant).  
b Comparison of woodland and woodland + alien grasses; Alien grasses were a mixture of Schizachyrium condensatum and small amounts of Melinis minutiflora and 
Andropogon virginicus 
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Table 1.2   Changes in soil nitrogen pools and fluxes associated with alien grass invasions (after Ehrenfeld 2003) 
 

Invader Ecosystem 

Invaded 

Region Total N Extractable 

Inorganic N 

Mineralisation 

& Nitrification 

Other Reference 

        

Andropogon gayanus Tropical Savanna Venezuela    N uptake + (Bilbao and Medina 1990) 

Aegilops trincialis Grassland USA –    (Drenovsky and Batten 2007) 

Agropyron cristatum Grassland USA – –   (Christian and Wilson 1999)  

Bromus japonicum Grassland USA   +  (Vinton and Burke 1997) 

Bromus tectorium  Grassland USA = =   (Belnap and Phillips 2001) 

Bromus tectorium  Grassland USA = + + N uptake + (Booth et al. 2003) 

Bromus tectorium  Grassland USA + + +  (Bolton et al. 1990) 

Bromus tectorium Grassland USA  = –  (Evans et al. 2001) 

Bromus tectorium Grassland USA  Nitrate +   (Harrison 2003) 

Bromus tectorium Grassland USA  – –  (Rimmer 1998) 

Bromus tectorium Grassland USA – Nitrate + Nitrification +  (Sperry et al. 2006) 

Bromus tectorium Grassland USA = = =  (Svejcar and Sheley 2001) 

Cenchrus ciliaris Grassland Australia    N uptake + (Christie 1979) 

Cenchrus ciliaris Grassland Mexico –    (Ibarra-Flores et al. 1999) 

Melinis minutiflora Tropical shrubland  + + +  (Asner and Beatty 1996) 

Microstegium vimineum  Deciduous forest USA   Nitrification + Soil pH + (Ehrenfeld et al. 2001) 

Microstegium vimineum  Deciduous forest USA = Nitrate + Ammonification + Soil pH + (Kourtev et al. 1999) 
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Table 1.2 (Continued)  Changes in soil nitrogen pools and fluxes associated with alien grass invasions (after Ehrenfeld 2003) 

Invader Ecosystem 

Invaded 

Region Total N Extractable 

Inorganic N 

Mineralisation 

& Nitrification 

Other Reference 

 
  

     

Pennisetum polystachion Tropical savanna Australia  Nitrate +   (Setterfield et al. 2004) 

Phragmites australis Freshwater wetland USA  =   (Meyerson et al. 2000) 

Phragmites australis Freshwater wetland USA  =   (Templer et al. 1998) 

Phragmites australis 
Freshwater wetland USA 

=  + N uptake + (Windham and Ehrenfeld 2003) 

Mixture of 2 species a Grassland USA 
 = Nitrification + AOB (Hawkes et al. 2005) 

Mixture of 2 species b  
Subtropical 
montane woodland USA 

   N fixation – (Ley and D'Antonio 1998) 

Mixture of 3 species c  
Subtropical  
montane woodland USA 

  + N uptake = (Mack et al. 2001) 

Mixture of 3 species c   
Subtropical  
montane woodland USA 

=  = Timing of N av. (Mack and D'Antonio 2003b) 

        

 
+ alien higher than native(s); -, alien lower than native(s); = , alien not different from native(s), Extractable inorganic N, soil or resin extractable (NH4

++ NO3
-

), TKN, total Kjeldahl nitrogen; AOB = Changed composition of ammonium oxidizing bacteria in the soil, Timing of N av., changed timing of nitrogen 
availability 
 a Exotic grasses Avena barbata and Bromus hordeaceous (co-dominant). 
 b 

Schizachyrium condensatum and Melinis minutiflora (co-dominant) 
c Comparison of woodland and woodland + alien grasses; Alien grasses were a mixture of Schizachyrium condensatum and small amounts of Melinis 

minutiflora and Andropogon virginicus
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Figure 1.1 Simplified terrestrial nitrogen cycle (after Chapin 2002)   
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Figure 1.2 The distribution and extent of Australian savannas. Image from the 

Tropical Savannas Management Co-operative Research Centre Website 

www.savanna.cdu.edu.au 
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Figure 1.3 Potential distribution of Andropogon gayanus (gamba grass) in 

Australia and Asia (Cook et al. 2005). 
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Figure 1.4 Changes to vegetation structure due to Andropogon gayanus (gamba grass) invasion. Photos of (a) native grass savanna 

(dominated by Alloteropsis semialata and Eriachne triseta) at Wildman Reserve, in the early dry season (June) and (b)  A. gayanus  invaded 

savanna in the early dry season (June) (photo (b) taken 100 m to the north-west of the location of photo (a)). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) 
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Figure 1.5  Potential changes in nitrogen cycling in a savanna woodland due to alien grass invasion. Changes due to the alteration of 

the grassy understorey composition, structure, production and timing of growth. 
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Chapter 2  Study site description 
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2.1 Study location 

This study was carried out within Wildman Reserve (12°43’S, 131°49’E), 

approximately 100 km east southeast of Darwin (Figure 2.1), in the wet/dry tropics 

of the Northern Territory, Australia. The reserve covers approximately 22,940 ha of 

floodplain and savanna ecosystems (Northern Territory Government 1983). The 

savanna ecosystems at Wildman Reserve cover approximately 73% of the reserve 

(K. Beggs, Charles Darwin University, unpublished data). The studies of N relations 

in native grass savanna and A. gayanus invaded savanna were undertaken in savanna 

woodlands of the northern section of the reserve (Figure 2.1). 

 

2.2 Climate and rainfall 

Climate in this region is distinctly seasonal, with a summer wet season 

typically occurring between November and April, alternating with an almost rainless 

winter dry season between May-October. Although there are few long-term climatic 

data available for Wildman Reserve, 50 years of data are available for the nearby 

weather station of Middle Point (approximately 50 km west of the reserve). These 

data are used to describe the climate of the region. Temperatures are high year round, 

with the monthly mean maximum temperature ranging from 31.3°C in July to 35.6°C 

in November (Figure 2.2a). Minimum temperatures range from 14.9°C in July to 

23.9°C in November. Humidity peaks in February (Mean monthly relative humidity 

at 3 pm: 25%). Average annual rainfall at Middle Point is 1400 mm, with 

approximately 90% of the rain falling between November and March (Figure 2.2b). 

While the occurrence of the wet season is predictable, there is considerable internal 

variability in the duration and the timing of both the onset and end of the wet season 

(Taylor and Tulloch 1985). Although there are distinct wet and dry seasons, several 
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key seasonal times have been identified: (1) the dry-wet transition (October-

November), often referred to as the “build up”; is characterised by increased 

atmospheric humidity and patchy storms; (2) the early wet season (December-

January) characterised by the onset of the monsoon; (3) the late wet season 

(February-March), when most rain falls; (4) early dry season (May-June), 

characterised by no rainfall and cooler temperatures; (5) the late dry season (August-

September) when both soil and atmospheric moisture levels are lowest (Williams et 

al. 1997b). 

 

2.3 Geology and soils 

The geology of Wildman Reserve is characterised by underlying Proterozoic 

rocks including siltstone, shale, sandstone, limestone and other sedimentary or 

weakly metamorphosed rocks (Russell-Smith et al. 1995). These are overlain by the 

deeply weathered and partly laterized Late Tertiary sediments of the Koolpinyah 

surface, which comprises the gently undulating lowland plains that stretch from 

Darwin to the Arnhem Land escarpment (Russell-Smith et al. 1995). The Koolpinyah 

surface consists of a complex of gravels, sands, silts and clays that have been 

repeatedly weathered, eroded, redepositied and reweathered (Russell-Smith et al. 

1995).  

The soils supporting the savanna communities at Wildman Reserve are 

typically deep well-drained red Kandosols (sensu Isbell 1996). The extensive 

weathering of the substrata, combined with the extreme leaching of soluble cations 

by heavy wet season rains, has resulted in low fertility soils (Day 1979). In particular 

the soils at the study site are low in exchangeable basic cations such as calcium, 

magnesium, sodium and potassium (Day 1979). Nitrogen levels are also low in these 
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soils, ranging from 0.05-0.08% N at the soil surface (0-10 cm), to 0.03-0.06% N at 

10-30 cm depth (Day 1979).  

 

2.4   Vegetation 

The major vegetation type at the study site is open forest and woodland 

(sensu Specht 1981) dominated by tall eucalypts, most commonly Eucalyptus 

miniata  (Cunn. Ex Schauer) and Eucalyptus tetrodonta (F. Muell).  The grass layer 

is dominated by native perennial grasses Alloteropsis semialata (R. Br.) Hitchc. and 

Eriachne triseta Nees ex Steud., with patches of annual grasses, including 

Pseudopogonatherum irritans (Br.) A. Camus. The vegetation at the Wildman 

Reserve site is representative of the coastal mesic savanna vegetation of northern 

Australia (Wilson et al. 1990, Fox et al. 2001). 

The alien grass species Andropogon gayanus (Kunth) (gamba grass) has 

invaded extensive areas of the reserve over the last 20 years, and now forms the 

dominant understorey species across ~3774 ha of the savanna ecosystem in the 

reserve (K. Beggs, Charles Darwin University, unpublished data). Wildman Reserve 

has been used as a pastoral property in the past, with the Northern Territory 

government granting a pastoral lease on the property (Wildman River Station) in 

1970 (Flores 1999). The Northern Territory Government acquired Wildman Reserve 

as conservation land in 1983, on the basis of its environmental and cultural 

significance (Flores 1999). There is no confirmed evidence that A. gayanus was 

planted on Wildman Reserve during its time as a pastoral property (Flores 1999). 

The present distribution of A. gayanus is thought to be the result of invasion from 

adjoining pastoral stations, via wind, animal or human assisted seed dispersal (Flores 

1999). Andropogon gayanus  infestations in the reserve range from single plants to 
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patches of 500 m2, within a matrix of uninvaded savanna (Rossiter et al. 2003). 

Andropogon gayanus forms dense, tall, almost monospecific swards up to 4 m high, 

replacing the diverse and much shorter (~0.5 m) native savanna grass communities. 

 

2.5   Fire regimes 

As in other savanna landscapes, fire frequency in the northern Australian 

savannas is high, with fires typically occurring annually or biennially (Gill et al. 

1990, Williams 2002). The fire-prone nature of this region is due to the strongly 

seasonal wet-dry climate, and the annual production and curing of fuels (Williams et 

al. 1998, Williams et al. 2002). The high rainfall of the wet season results in the 

production of large amounts of vegetation, especially fast growing C4 grasses, which 

subsequently cure over the 6 month dry season that follows (Gill et al. 1996), 

generating a readily combustible fuel source. Fires in northern Australian savannas 

are of relatively low intensity (Williams 1995, Williams et al. 1998), but there are 

distinct seasonal differences in fire behaviour, due largely to changes in fire weather, 

fuel production and curing (Andersen and Braithwaite 1992, Williams et al. 1998). 

Early dry season fires (May-June) occur when fuels are still relatively moist and tend 

to be very low in intensity (≈ 2000 kW m-1), patchy and limited in extent (Gill et al. 

1990, Lonsdale and Braithwaite 1991, Williams et al. 1998). As the dry season 

progresses, the understorey vegetation desiccates further, fuel loads increase due to 

the leaf fall of deciduous and semi-deciduous trees, and the fire weather becomes 

more extreme (Gill et al. 1990, Gill et al. 1996, Williams et al. 1998). As a result, 

late dry season fires (August- September) are more intense (up to 7000 kW m-1), and 

extensive, than early dry season fires (Williams et al. 1998). 
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Fire is used as a management tool by a variety of savanna users across 

northern Australia, including pastoralists, national park managers and aboriginal 

people (Russell-Smith 1995). The dominant fire management practice is one of 

extensive prescribed burning early in the dry season (May-June) to reduce fuel loads 

and thereby reduce the potential extent and intensity of late dry season fires (Russell-

Smith 1995, Andersen 1996, Williams et al. 1997a). Natural fires, caused by 

lightning can occur during the onset of the wet season (October- November) but are 

generally limited in extent by burning earlier in the year (Andersen et al. 2003). The 

fire management at Wildman Reserve is typical of this region, and has generally 

involved burns once every two years in the early dry season (Figure 2.3), with an 

emphasis on mosaic, or patch burning (A. Anderson, Wildman Reserve Ranger, pers. 

comm.). However, the invasion of A. gayanus has resulted in higher intensity and 

more uniform fires (Figure 2.4). Despite the change in fire behaviour, the rangers 

continue to aim for the lowest intensity A. gayanus fires possible, and as a result A. 

gayanus fires are often lit by the rangers in April and May, when it is still very green 

and has a high moisture content.  

 

2.6 Changes in grass phenological cycles and fire timing due to 

Andropogon gayanus invasion  

Andropogon gayanus has a distinctly different phenology and morphology to 

that of the native savanna grasses. Drawing on previous studies on A. gayanus and 

native grasses, a basic summary of the major phenological processes is presented in 

Figure 2.5, to highlight the changes in the timing of phenological events following A. 

gayanus invasion, and the implications for savanna N cycling. 
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As with all savanna vegetation, there are marked seasonal patterns in grass 

growth, reproduction, and senescence (Williams et al. 1997b) in Australia’s 

savannas. Germination of both annual and perennial native grasses and A. gayanus 

occurs at the onset of the seasonal rains of the wet season. Perennial native grasses 

and A. gayanus plants also re-sprout new leaves from dormant basal tissue. For 

native grasses the peak growth is from February to March, coinciding with the peak 

of the wet season (February-March). In March the native grasses begin to flower and 

set seed, and by the end of March they commence senescence. This process 

continues until the end of May, by which time the native grasses have “collapsed” 

and although the senesced leaves remain attached to the plant, they are in close 

contact with the soil. In stark contrast to the native grasses, the peak growth period 

for A. gayanus commences in the peak of the wet season, but continues well into 

May, extending the period of grass N uptake. At the beginning of May A. gayanus 

begins to produce inflorescences and goes through a period of dramatic growth, 

growing up to 1 m per week in many cases until it reaches a height of approximately 

4 m. The difference in grass structure is therefore particularly marked at this time, 

with the tall, erect, actively growing invasive grasses contrasting with the short, 

senescent native grasses. Andropogon gayanus flowers and sets seed in late May and 

June, and begins to senesce in June-July. However even after A. gayanus has 

senesced it remains upright with only a small proportion, primarily outer leaves, 

curling over and coming into contact with the soil.  

There are two fates for the necromass: decomposition or consumption via 

fire. Decomposition of the previous season’s growth begins at the onset of the wet 

season rain and continues until the beginning of the dry season, when the upper soil 

layer dries out rapidly due to high rates of evapotranspiration (Hutley et al. 2000). 
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However the contrasting morphology between native grasses and A. gayanus has 

large implications for decomposition and N return rates, with a large amount of the 

native grass necromass in direct contact with the soil during the main period of 

decomposition, while the architecture of A. gayanus necromass decreases the 

likelihood of substantial decomposition and N return to the soil. By the end of the 

wet season, only a small amount of the native grass necromass from the previous 

season’s growth remains un-decomposed, whereas most of the A. gayanus necromass 

remains, and is then added to by that season’s growth increasing the total grass 

phytomass.  

 The morphology and phenology of A. gayanus also affects fire timing. The 

main fire season in native grass systems was at the beginning of the dry season (see 

Chapter 2.5), with only wildfires in the late dry season. However the large amount of 

necromass that accumulates on A. gayanus plants means that it can burn at almost 

any time of year, even in the wet season when there is a large amount of A. gayanus 

biomass, with a high moisture content (Sue Lamb, Batchelor Regional Fire Officer, 

Bushfires NT, pers comm.). Andropogon gayanus fires have even been observed to 

continue to burn in the wet season, while it is raining, due to the large amount of 

accumulated fuel (Sue Lamb, Batchelor Regional Fire Officer, Bushfires NT, pers 

comm.). This fire behaviour is unheard of for native savanna grass fires in northern 

Australia. Despite the ability of A. gayanus to burn at almost any time of year, the 

main fire season is from the end of June until September. 
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2.7 Study Site Layout 

Nitrogen relations in native grass savanna were compared with those occurring in A. 

gayanus invaded savanna using a randomised block design. Five paired-plots 

(blocks) were studied, with each plot-pair consisting of an area dominated by native 

grass (e.g. Figure 2.6), and a nearby (approximately 50 m distance) A. gayanus 

dominated area (e.g. Figure 2.7). All plot- pairs were chosen to have (1) the same 

overstorey canopy (E. miniata and E. tetrodonta); (2) the same grass layer (either 

dominated by A. semialata and E. triseta in the native grass plots, or dominated by A. 

gayanus in the A. gayanus plots; and (3) the same soil type (Kandasol).  There was 

no significant difference in soil characteristics between the two grass plot types (See 

3.2.1). Average gravimetric soil moisture (0-30 cm) ranged from 13.3% (wet season) 

to 5% (dry season), average soil pH was 5.2 (± 0.1), and bulk density ranged from 

1.46 g cm-3 at the soil surface, to 1.55 g cm-3 at 30 cm depths (See 3.2.1).  Paired 

plots were located up to 600 m apart. All plots were located approximately 200 m 

from any access tracks on the reserve and 10 km from the main (unsealed) Point 

Stuart road. Each plot was 50 m × 50 m in size and the canopy was dominated by E. 

tetrodonta and E. miniata. The native grass plots included a range of native grass 

species, while in the A. gayanus plots only A. gayanus was present. The study was 

conducted over two wet-dry season cycles (November 2002 to October 2003; 

November 2003 to June 2004). 
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Figure 2.1 Location of Wildman Reserve in relation to Darwin, and northern Australia. 
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Figure 2.2 Long-term average (a) monthly maximum and minimum temperatures 

(°C) and (b) rainfall (mm) at Middle Point (50 km from Wildman Reserve). Data are 

from the Bureau of Meteorology, Darwin. 
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Figure 2.3 Early dry season (June) fires in native grass savanna (dominated by A. semialata and E. triseta)  



  

 47 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.4 Early dry season (June) fire in A. gayanus dominated savanna.  
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Figure 2.5 The timing of rainfall, the phenology of native grasses and A. gayanus, and the main fire season, in the savannas of northern 

Australia.   Open symbols represent native grasses (    ) and closed symbols represent A. gayanus (   ). Letters indicate supporting figures on the 

following pages: (a) Alloteropsis semialata flowering, (b) Andropogon gayanus flowering, (c) Morphology of Alloteropsis semialata after 

senescence and (d) Morphology of Andropogon gayanus after senescence. 
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Figure 2.6 Native grass savanna (dominated by A. semialata and E. triseta) at Wildman Reserve in (a) the early wet season (January), and (b) 
the late dry season (August). 
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Figure 2.7 Andropogon gayanus (gamba grass) invaded savanna at Wildman Reserve in (a) the early wet season (January), and (b) the late 
dry season (August). 
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Chapter 3  The impact of A. gayanus invasion on 
nitrogen pools in an Australian tropical savanna 
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3.1 Introduction 

It is widely acknowledged that changes in the composition of plant 

communities due to disturbance can fundamentally alter characteristics of the N 

cycle (Vitousek 1985, Vitousek et al. 1997, Johnson and Schultz 1999). Disturbance 

affects N cycling by modifying the amount of N stored in the various pools of an 

ecosystem and/or the fluxes of N between these pools (Keith 1997). To understand 

the impacts of disturbance on N cycling in an ecosystem it is critical to identify 

changes in N pools and fluxes (Keith 1997).  

Globally, invasive alien plants are a disturbance agent that can dramatically 

alter the composition of resident plant communities, with profound effects on N 

cycling (See reviews in D'Antonio and Corbin 2003, Ehrenfeld 2003, Levine et al. 

2003, Corbin and D'Antonio 2004, D'Antonio and Hobbie 2005). Although impacts 

of alien invasive plants are well recognised, the pathways or mechanisms that 

underlie these impacts have rarely been examined (Ehrenfeld 2003, Levine et al. 

2003). Nitrogen is a driver of ecosystem productivity and the main nutrient that most 

plants acquire from the soil (Tartowski and Howarth 2001). Invasion by alien plants 

can affect N cycling by altering the rates of N input (Vitousek and Walker 1989, 

Witkowski 1991, Stock et al. 1995), the quality and quantity of litter (Lindsay and 

French 2004, Rothstein et al. 2004), the rates of N uptake by plants (Windham and 

Ehrenfeld 2003), the soil microbial community associated with soil N 

transformations (Klironomos 2002, Hawkes et al. 2005, Wolfe and Klironomos 

2005), the microclimate in which microbially mediated processes occur (Mack and 

D'Antonio 2003b) and potentially the rates of N losses via leaching, denitrification 

and volatilization (D'Antonio and Hobbie 2005). It is essential to determine the 

mechanisms underlying the impacts of an invader in order to understand the success 
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of the invader (Levine et al. 2006). This information is also fundamental for 

identifying the likely short- and long-term impacts of invasion and for providing a 

basis for management decisions for invaded ecosystems (Corbin and D'Antonio 

2004). 

In the tropical savannas of northern Australia, one of the most significant 

alien plant invaders is the large African grass Andropogon gayanus (Kunth) 

(Whitehead and Wilson 2000, Woinarski et al. 2007). Andropogon gayanus was 

introduced into Australia as a pasture species in the 1930s (Oram 1987), but has 

since invaded beyond planted areas and into native vegetation (Flores et al. 2005). 

The rapid spread of A. gayanus across northern Australia has raised widespread 

concern (Whitehead and Wilson 2000, Kean and Price 2003, Russell-Smith et al. 

2003, Clifton 2004, Flores et al. 2005, Setterfield et al. 2005, Woinarski et al. 2007) 

due to its profound impacts on savanna biodiversity (Beggs and Ferdinands 2003) 

fire regimes (Rossiter et al. 2003) and tree survival (Ferdinands et al. 2006). 

It has been suggested that the invasive success of A. gayanus in the savannas 

of tropical Australia may be partly due to ecophysiological and morphological 

advantages over native savanna grasses (Rossiter 2001, Clifton 2004). Compared 

with native savanna grasses, A. gayanus has: (1) higher photosynthetic and 

transpiration rates (Rossiter 2001); (2) higher soil water use (Hutley et al. 

unpublished data); and (3) longer growth period into the dry season (Rossiter et al. 

2003). In Venezuelan savannas A. gayanus has also been shown to have a higher N 

uptake and nitrogen use efficiency (NUE) than native savanna grasses (Bilbao and 

Medina 1990). The remarkable drought resistance and growth properties of A. 

gayanus are well recognised in its native range of Western Africa, and have been 
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attributed to its extensive root system, which accesses water and nutrients at the 

surface and deeper soil profile (Bowden 1964, Groot et al. 1998). 

In Australian and African savannas soil N levels are generally low, and N 

availability is a major constraint on plant growth (Tothill et al. 1985, Solbrig et al. 

1996). The apparent paradox of highly productive grasses thriving in low N 

ecosystems has been investigated in West African savanna (Abbadie and Lata 2006). 

A. gayanus and several other species in the Andropogonaceae super tribe appear to 

have evolved a successful strategy for conserving soil N by inhibiting nitrification 

(Lata et al. 2000, Lata et al. 2004, Abbadie and Lata 2006). Roots of these grasses 

exude allelopathic compounds that inhibit the activity of nitrifying soil microbes by 

interrupting their metabolic pathways (Subbarao et al. 2006b, Subbarao et al. 2007), 

reducing the production of highly mobile NO3
- ions (Lata et al. 2000, 2004). 

Suppression of nitrification and maintaining N as relatively immobile NH4
+ in soil 

therefore reduces the likelihood of N loss via denitrification and leaching (Subbarao 

et al. 2006b) and may be a key strategy for increasing the residence time of N within 

the soil-plant system (Abbadie and Lata 2006, Subbarao et al. 2006b).  

This chapter aims to: (i) quantify the changes in plant phytomass and N pools 

in Australian savanna following invasion by A. gayanus, (ii) investigate the impact of 

changes in grass phytomass on soil N relations by quantifying total and available soil 

N pools, and net ammonification and nitrification rates, (iii) determine how 

differences in N cycling relate to N source preferences of A. gayanus and native 

grasses by examining uptake kinetics of different N forms (NH4
+, NO3

-, amino acid 

glycine) in excised roots. Causal understanding of how aggressively A. gayanus 

outcompetes native grasses in the Australian savanna will contribute to the 

understanding of weed ecology and to devising management strategies for control. 
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3.2  Methods 

3.2.1 Experimental design 

All field trials were undertaken at Wildman Reserve, Northern Territory, 

Australia (12°43'S, 131°49'E). Nitrogen relations in native grass savanna were 

compared with those in A. gayanus invaded savanna plots using a randomised block 

design (See Chapter 2.6). Five paired-plots (blocks) were studies, with each plot-pair 

consisting of an area dominated by native grass (hereafter referred to as ‘native 

grass’ plots), and a nearby (approximately 50 m distance) A. gayanus dominated area 

(hereafter referred to as ‘A. gayanus’ plots). The study site and design were described 

in detail in Chapter 2. Average gravimetric soil moisture (0-30 cm) ranged from 

13.3% (wet season) to 5% (dry season), average soil pH was 5.2 (± 0.1), and bulk 

density ranged from 1.46 g cm-3 at the soil surface, to 1.55 g cm-3 at 30 cm depth. 

These results were similar to those of Day et al. (1979) and there were no significant 

differences in these soil characteristics between the two grass plot types. 

 

3.2.2 Grass phytomass and nitrogen pools 

To determine the above ground N pool of A. gayanus and native grasses, 

phytomass and its N content were quantified. Leaf litter derived from woody savanna 

plant species was also collected at each plot, as leaf litter plays an important part in N 

cycling in savanna ecosystems (Cook 2003) and it is possible that A. gayanus 

changes the dynamics of leaf litter decomposition. Samples were collected at key 

times of the wet-dry cycle over two years: (1) dry-wet season transition (October-

November); (2) early wet season (December-January); (3) late wet season (February-

March); (4) early dry season (May-June), and (5) late dry season (August-

September) (See Table 3.1 for summary of timing of all plant sampling carried out 
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during this study; see Chapter 2.2 for a descriptions of the seasonal times). Samples 

were collected from three random replicate quadrats, within each of the five paired 

native grass and A. gayanus plots (n = 15 quadrats per grass plot type, per sampling 

time). The only exception to this sampling strategy was in January 2003, when 

logistics prevented phytomass sampling. Above-ground grass phytomass was 

quantified by harvesting all above-ground grass material within three randomly 

placed 2 × 2 m quadrats, per plot. This grass phytomass included all dead standing 

material and also grass material that had fallen to the ground and was disconnected 

from the plant. Native grass samples were sorted immediately into the three main 

grass species A. semialata, E. triseta, and P. irritans and the small remaining amount 

of phytomass of other native grasses was combined. Leaf litter from woody plants 

was also collected from each quadrat. Samples were returned to the lab and sorted 

into green leaves and green stems (biomass) and dead standing grass (necromass) for 

all grass species. Samples were oven dried for 48 h at 60°C and weighed. Samples 

were then ground in a Wiley mill and analysed for % N on a Carlo Erba analyser 

(Thermo Electron, USA). Due to budgetary constraints, only samples from three of 

the five plot-pairs from the first year of sampling were analysed for N content (%N). 

Nitrogen pools in native grass and A. gayanus plots were calculated on a quadrat 

basis (product of plant mass and tissue N concentration). For each quadrat four N 

pools were calculated: (1) biomass, (2) necromass, (3) phytomass (sum of biomass 

and necromass) and (4) woody leaf litter. In native grass plots grass N pools were 

calculated as the sum of individual N pools for A. semialata, E. triseta, P. irritans, 

and ‘other’ native grasses in that quadrat, while in A. gayanus plots the grass N pool 

consisted of only A. gayanus.  
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Differences between (a) grass and woody litter mass, and (b) grass and 

woody litter N pools, between grass types were compared using a three-factor 

analysis of variance (ANOVA) with factors grass type (fixed), sampling time (fixed), 

and plot-pair (random).  Before statistical analyses were undertaken, assumptions of 

ANOVA were checked using Cochran’s test, and where necessary data were 

transformed prior to analyses to improve normality and homogeneity. All analyses 

were done using Statistica 5.5 (StatSoft, Inc., Tulsa, OK, USA). 

 

3.2.3 Root nitrogen pools 

Root biomass was sampled in March 2004 from three of the five plot-pairs 

previously described, using a fixed volume PVC core-sampling device (7.65 × 30 

cm). In native grass plots, five cores were taken within each of three randomly 

located 1m2 quadrats (n=15 cores per native grass plot, and a total of 45 for the 

study). In A. gayanus plots, stratified sampling was undertaken due to the clumped 

distribution of the grass. Three cores were collected from the “tussock region” 

(through the centre of a plant) and three from the “inter-tussock region” (>30 cm 

distance from a plant centre) within each of the three randomly located quadrats 

(n=18 cores for each A. gayanus plot, a total of 54 for the study). Basal area of A. 

gayanus clumps was measured and the location of each plant in the quadrat was 

mapped to determine the area of tussock and inter-tussock regions in each quadrat. 

The average tussock area was 63% of the 1m2 quadrat. To determine root mass in 

each core, soil was air dried in aluminum trays, then sieved to 0.2 mm following 

Cornelissen et al. (2003). Dead roots, defined as darkened, limp or deflated 

(Cornelissen et al. 2003), and roots that clearly belonged to trees or shrubs, were 

discarded. Root samples were dried at 40°C for 48 h, weighed, ground and analysed 
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for % N on a Carlo Erba analyser. In native grass plots, the dry weight of root mass 

per quadrat was calculated using the average mass of roots from the five cores from 

the quadrat (over the 30 cm corer depth) and expressed as g m-2. In A. gayanus plots, 

root mass per quadrat was calculated using the average root mass from “tussock” and 

“inter-tussock” cores scaled by the proportional area occupied by each region within 

each quadrat. The root N pool in each quadrat (g N m-2) was calculated as the 

product of root biomass and root total N concentration. Differences between root 

biomass and root N pools between grass types were compared using a two-factor 

ANOVA with factors grass type (fixed) and plot-pair (random).  

 

3.2.4 Total soil nitrogen and carbon pools 

Four total soil N and C profile analyses were carried out at four sampling times, (1) 

wet season-January 2003, (2) dry season-May 2003, (3) wet season-January 2004, 

and (4) dry season-June 2004 (See Table 3.1 for summary of timing of all soil 

sampling carried out during the study). Samples were taken from the top 30cm of the 

soil profile, as this is where the majority of soil nitrogen is in savanna systems, and 

the N pools decline markedly in the deeper soil profile (Scholes and Walker 1993). 

Samples were collected from three random replicate quadrats within each of the five 

native grass and A. gayanus plot-pairs (n = 15 quadrats per grass plot type, per 

sampling time). Soil samples were taken at the same time as phytomass samples, but 

approximately 2 m away from the phytomass quadrat. A  pit was dug (approximately 

30 × 30 cm wide and 30 cm deep) and soil cores were collected from three different 

depths (0-5 cm, 5-10 cm, 20-30 cm) by inserting a 2 × 10 cm soil corer horizontally 

into the wall of the pit. Approximately 200 g of soil was taken at each depth (n = 3 

soil cores for each depth, per native grass and A. gayanus plot). The sample was 
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placed in a snap-lock polyethylene bag and stored on ice until return to the lab, 

where the soil was sieved, and approximately 100 g of soil was taken for 

determination of gravimetric moisture content (weighed, dried at 105 °C for 48h, and  

reweighed; results not presented). The remainder of the soil sample was taken for 

nutrient analysis. This sample was oven dried at 40 °C for 48 hrs, ground, and 

analysed for total N and C concentration (%) on a LECO CNS 2000 combustion 

analyser (LECO, USA). Total soil N and total soil C pools for each depth (0-5 cm, 5-

10 cm, 20-30 cm) were calculated as the product of total N or total C concentration 

(%) and soil bulk density of soil for that depth and expressed as g N m-2 or g C m-2 

respectively. Differences between total soil N and C pools between grass types were 

compared using a five-factor ANOVA with factors: grass type (fixed), sampling time 

(fixed), plot-pair (five; random), depth (fixed) and core (nested in grass type, plot-

pair, time and depth). 

 

3.2.5 Soil inorganic nitrogen availability 

Two in situ techniques were used to examine the effect of A. gayanus on soil 

inorganic N (NH4
+ and NO3

-) relations: (1) ion-exchange resin bags, and (2) whole 

soil incubations, which measure the availability of soluble N ions in the presence and 

absence of live roots, respectively. Ion exchange resin bags provide an index of plant 

N availability, as ion accumulation on the resin bags depends on the rates of 

minerlisation, the ion form, water movement in the soil, and plant and microbial 

uptake (Binkley 1984; Binkley and Hart 1989). These are the same factors that 

determine N availability for plants (Binkley and Vitousek 1989). The whole soil 

incubation also allow for inorganic N availability and net ammonification and 

nitrification rates, to be quantified in root zone soil (Hart and Firestone 1989). 
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Soil inorganic N availability in the presence of roots was measured using 

mixed ion-exchange resin bags (Dowex-MR3, Sigma) following the protocol of 

Schmidt et al. (1998). Measurements were taken at same five seasonal times and 

plot-pairs previously described for the phytomass sampling (see Table 3.1). The only 

exception to this sampling regime was in June 2004, when sampling was not possible 

due to logistical difficulties. Five grams of resin were placed into 5 × 5 cm sewn 

polyethylene bags (Australian filter specialists, 355 µm mesh, Huntingwood, NSW, 

Australia), buried at a 45° C angle, 5 cm below the soil surface and incubated in situ 

for 7-14 days. After incubation, the resin was extracted with 1 M KCl and analysed 

for NH4
+ and NO3

-
 using a Lachat flow injection autoanalyser (Lachat Instruments, 

USA). Inorganic N availability (NH4
+ and NO3

-
 ) over the incubation period (ng N g-1 

resin day-1) was calculated. Differences between inorganic N availability between 

grass types were compared using a three-factor ANOVA with factors grass type 

(fixed), sampling time (fixed), and plot-pair (random).   

Availability of soil inorganic N in the absence of roots was determined in the 

wet season (March 2004) using buried bag in situ incubations (following Hart and 

Firestone, 1989). This method involved incubating soil inside a water impermeable 

polyethylene bag (Hart and Firestone 1989). Measurements were taken within three 

random replicate quadrats, from three of the five native grass and A. gayanus plot-

pairs (n = 9 quadrats for each grass type). At t = 0, two intact 10 cm × 7.5 cm soil 

cores were taken from each quadrat. One core was sealed in a polyethylene bag, 

placed on ice and taken back to the laboratory, where it was sieved to 2 mm to 

remove large roots. A sub-sample of the soil was dried to determine gravimetric 

water content, and the remainder was analysed for NH4
+ and NO3

- after extraction 

with 2 M KCl. The second core taken from each quadrat was carefully removed from 
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the soil with minimal disturbance, tightly sealed in a thick (1.5 mm) polyethylene 

bag, and immediately returned to the same hole from which the soil core was 

removed following Hart and Firestone (1988). After a 28-day incubation period in 

the field, the incubated core was removed and processed as per the initial core. The 

results were used to calculate the rates of net ammonification, calculated as the 

difference between the NH4
+ pool size in the initial and incubated soil cores. Net 

nitrification was calculated as the difference between NO3
- pool size in initial and 

incubated soil cores over the incubation period. Differences between ammonification 

and nitrification rates between grass types were compared using a two-factor 

ANOVA with factors grass type (fixed) and plot-pair (random).  

 

3.2.6 Root 15N uptake 

15N uptake by excised roots was measured in two native grasses (A. semialata 

and E. triseta) and A. gayanus to examine differences in N uptake rates and N source 

preferences (NH4
+, NO3

-, or amino acid N). Fine roots were sampled by carefully 

excavating grass tussocks with a shovel and transferring tussocks with attached roots 

and soil into plastic bags. Samples were stored on ice, transported to the laboratory 

within 2 hours and processed immediately. Fine roots were washed and cut into 2 cm 

lengths and transferred into 25 ml of 15N-labelled (98-99 atom% excess) solution. 

Roots were incubated in one of three different N sources (NH4
+, NO3

-, or glycine), at 

one of five N concentrations (1, 10, 100, 300 and 1000 µm N; each with 100 µM 

CaSO4 added to maintain membrane integrity). Root samples were incubated for 30 

min at 30ºC in an agitating (100 rpm) water bath. After the 15N incubation, roots 

were shaken for 10 minutes in 10 mM KCl to remove 15N from the apoplast, rinsed 

with deionised water, and dried at 50ºC for 24 h. Samples were subsequently ground 
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to a fine powder and analysed for 15N using a continuous flow isotope mass 

spectrometer (CFIRMS, Micromass Isochrom, Manchester, UK). Differences in N 

uptake kinetics between the three grass species were compared by determining Vmax 

(maximum uptake rate over 30 min) and Km (substrate concentration at 50% 

maximum uptake rate). Vmax and Km values were calculated by non-linear curve 

fitting of the experimental data to the Michaelis-Menten equation as follows: 

 

   V= Vmax(S/[Km + S])     (3.1) 

 

where Vmax is the maximum uptake rate (µmol g-1 30 min-1); Km  is the Michaelis-

Menten affinity constant describing the substrate concentration when 50% of 

maximum uptake occurs (µM); and S is the substrate concentration (µM).  

 
 
 
3.3  Results 

3.3.1 Above-ground plant material 

3.3.1.1 Grass material 

Grass biomass, necromass, and overall grass phytomass, were significantly 

higher in A. gayanus plots than in native grass plots (Figure 3.1 a, b and c 

respectively, Table 3.2). Mean grass phytomass in A. gayanus plots was more than 

10 time greater than that in native grass plots (May 2003; means 502 versus 44.4 g 

m2 respectively, Figure 3.1c). Andropogon gayanus and native grasses had 

significantly different biomass, necromass and phytomass over time (Figure 3.1 a, b 

and c respectively, Table 3.2) and these temporal patterns differed between the two 

grass types, particularly for biomass. Biomass of A. gayanus and native grasses 

increased significantly as the wet season progressed, but native grasses generally 
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reached peak biomass in the late wet season (March), while A. gayanus produced 

maximum biomass several months later in the early dry season (May/June). The 

observed patterns in biomass production showed small-scale spatial variation, as 

indicated by the significant interactions between plot-pair and all other factors (Table 

3.2). However, there was no overall effect of plot-pair for any of the grass mass 

components and the mean squares for their interaction terms were smaller than for all 

other main effects and the grass type by time interaction. Trends were the same at all 

plot-pairs, but in some instances the difference between native grass and A. gayanus 

plots were more pronounced at one plot-pair than at another. 

3.3.1.2 Leaf litter of woody plant species 

Leaf litter from woody plant species did not vary significantly between grass 

type, but varied significantly over time, with more woody litter in both grass types at 

the start of the wet season, decreasing over the wet season, and then increasing again 

in the dry season (Figure 3.1d, Table 3.2). Although all leaf litter from woody 

species was consumed in the fire, four months after the fire (September 2003) litter 

had quickly increased to 50-85% of pre-fire levels (Figure 3.1d). In addition to the 

significant differences between species and time, there was significant spatial 

variation at the scale of plot-pairs (Table 3.2). 

 

3.3.2 Tissue N concentrations  

Andropogon gayanus leaf and stem biomass had significantly higher N 

concentrations than those of native grasses (Table 3.3 and 3.4), although the effect of 

grass type was not the same at all sampling times (grass type × time interaction, 

Table 3.4). Leaf and stem biomass concentrations varied significantly over time for 
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both grass types, with the highest tissue N concentrations in the early wet season, and 

the lowest in the dry season (Table 3.3 and 3.4).  

Andropogon gayanus necromass had significantly lower N concentrations 

than that of native grasses (Table 3.3 and 3.4), although again the effect of grass type 

was not the same at all times (grass type × time interaction, Table 3.4). Necromass N 

concentrations varied significantly over time for both grass types, with higher 

necromass N concentration in the early dry season and the lowest N concentration in 

the late dry season (Table 3.3 and 3.4).  There was no significant difference in the 

woody litter N concentrations between grass types, although the N concentration did 

vary significantly over time (Table 3.3 and 3.4). 

 

3.3.3 Above-ground plant nitrogen pools  

3.3.3.1 Grass nitrogen pool 

The significantly higher biomass, necromass, and total phytomass in 

combination with higher tissue N concentrations of A. gayanus resulted in 

significantly higher N pools in A. gayanus plots compared with native grass plots 

(Figure 3.2, Table 3.5). N pools of A. gayanus phytomass were up to 7-times greater 

than native grass phytomass N pools (March 2003, 1.61 versus 0.23 g N m2 for A. 

gayanus and native grass plots respectively, Figure 3.2c). As expected, all grass N 

pools (necromass, biomass, and phytomass) varied significantly with time (Figure 

3.2; Table 3.5). However the effect of grass type on biomass N pools differed 

between sampling times (Table 3.5), because the grass N pool for both grass types 

was zero for several months after fire, resulting in a grass type × time interaction 

(Figure 3.2; Table 3.5). Patterns in grass N pools showed small-scale spatial 

variation, as indicated by the significant interactions between plot-pair and all other 
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factors (Table 3.5) and the significant three-way interaction with species, plot-pair, 

and time (Table 3.5). However, there was no overall effect of plot-pair. Trends were 

the same at all plot-pairs, although in some instances the difference between native 

grass and A. gayanus plots were more pronounced at one plot-pair than at another. 

 

3.3.3.2 Woody litter nitrogen pool 

The N pool of leaf litter from woody species did not vary significantly 

between plots for the two grass types (Figure 3.2d, Table 3.5), but varied 

significantly over time (Figure 3.2d, Table 3.5). A higher N pool in both grass types 

at the start of the wet season decreased over the wet season, and increased again in 

the following dry season (Figure 3.2d). Although all woody leaf litter was consumed 

in the fire of the first year, the N pool of leaf litter of woody species quickly returned 

to almost pre-fire woody leaf litter N pools four months after the fire in September 

2003 (Figure 3.2d).  

 

3.3.4 Below-ground plant nitrogen pool 

Root biomass was 4 times greater in A. gayanus plots, compared to the native 

grass plots (means 267.3 ± 36.0 versus 64.9 ± 9.0 g m-2 respectively; F[1, 2]= 44.77, 

P=<0.05). However, root N concentrations (%N) did not differ significantly between 

native grass and A. gayanus plot-pairs (data not presented), ranging from 0.163–

0.335% N in the native grass roots and 0.096-0.200% N in the A. gayanus plots. Due 

to biomass differences, the total root N pool was significantly higher in the A. 

gayanus plots (0.41 ± 0.05 g root N m-2) compared to the native grass plots (0.16 ± 

0.03 root N m-2), a difference of just over 2½- times (F[1, 2]=28.37, P= <0.05). 
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3.3.5 Total soil nitrogen and carbon pools 

The total soil N and total soil C concentrations in native grass and A. gayanus 

plots are shown in Figure 3.3.  These data were used to calculate the total soil N and 

C pools in native grass and A. gayanus plots. Total soil N pools varied significantly 

with time and with depth (Table 3.6a, Table 3.7a). Although there was no overall 

effect of grass type, there were significant interactions between grass type and 

sampling time, as well as grass type and depth (Table 3.7a). Post-hoc tests revealed 

that at the first sampling time after fire (January 2004) total soil N pools in A. 

gayanus plots were significantly lower than those in native grass plots, and this 

difference was more pronounced with increasing soil depth with 28, 51, and 78% less 

total soil N at 0-5, 10-20, and 20-30 cm depth, respectively (Table 3.6a). There was 

also an interaction between time and depth (Table 3.7a), because at some times the 

magnitude of difference between depths was greater (Figure 3.5a). Total soil C pools 

varied significantly with time and with depth (Table 3.6b, Table 3.7a). There were 

significant interactions between species and sampling time (Table 3.7a), and post-

hoc tests revealed that total soil C of A. gayanus plots was significantly higher than 

native grasses at 20-30 cm depth in May 2003. This also resulted in a significant 

three-way interaction between grass type, sampling time and depth (Table 3.7a). 

 

3.3.6 Soil inorganic nitrogen availability  

The availability of NH4
+ and NO3

-, as measured with in situ ion exchange 

resin bags, varied significantly over time in native grass and A. gayanus plots (Figure 

3.4, Table 3.7b). Although the general pattern of variation of NH4
+ and NO3

- 

availability was similar in both grass types, dissimilarity at some sampling times 

resulted in a grass type × time interaction (Figure 3.4, Table 3.7b). Post-hoc tests 
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revealed that NH4
+ availability was significantly (up to 3-times) higher in A. gayanus 

plots at several times in the wet season (January, March and November 2003; March 

2004). In contrast, NO3
- availability was significantly (up to 3-times) lower in A. 

gayanus plots compared to native grass plots at several times in the wet season 

(November 2002, January and March 2003). Temporal patterns of NH4
+ and NO3

- 

availability were different in all plot-pairs (Table 3.7b). Although all plot-pairs 

exhibited the same general trend, some plot-pairs that had a greater magnitude of 

difference between native grass and A. gayanus plots than others at some times, 

resulting in a plot-pair × time interaction (Table 3.7b). 

Net ammonification rates as measured with in situ soil incubations did not 

vary significantly with grass type or plot-pair (means 0.67 versus 0.73 mg NH4
+ kg-1 

soil 28 d-1, A. gayanus and native grass respectively). In contrast, net nitrification 

rates were significantly (53%) lower in A. gayanus plots, compared to those in native 

grass plots (means 0.23 versus 0.50 mg NO3
- kg-1 soil 28 d-1, respectively, F[1, 2]= 

50.70, p=<0.05).  

 

3.3.7 Nitrogen uptake by excised roots 

At concentrations ranging from 1 to 1000 µM N, excised roots of A. gayanus 

and native grass A. semialata exhibited a similar order of preference for the three N 

sources with NH4
+ >GLY>NO3

-, whereas native grass E. triseta incorporated N 

sources in the order of preference NH4
+ >NO3

->GLY (Figure 3.5). Compared with 

the native grasses, A. gayanus had greater incorporation rates of each of the three N 

sources, but this was most pronounced with NH4
+ (Figure 3.5). Maximum uptake rate 

(Vmax) for NH4
+ of A. gayanus was 6- and 7.5-times higher than Vmax of E.  triseta and 

A. semialata respectively (Figure 3.5). In contrast to the other two grasses, E. triseta 
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had the highest Vmax for NO3
-, with approximately 3-times higher Vmax than A. 

gayanus and A. semialata (Figure 3.5). Uptake of GLY by A. gayanus did not follow 

Michaelis-Menten kinetics, but was linear in the experimental conditions, while 

native grasses exhibited Michaelis-Menten kinetics for GLY uptake (Figure 3.5). 

Substrate affinity (Km value, substrate concentration at 50% maximum uptake rate) 

for NH4
+ was 3- and 10-times greater in A. gayanus roots than in A. semialata and E. 

triseta respectively (Figure 3.5). A. semialata had a greater affinity for NO3
-, with 

over 5-times higher Km values than A. gayanus and E.  triseta. Both the native grasses 

had a similar affinity for GLY.  

 

3.4  Discussion 

This study demonstrates that invasion of low nutrient Australian savanna by 

Andropogon gayanus dramatically alters the structure of the understorey and strongly 

increases above- and below-ground N pools. Associated with the large N pools in the 

phytomass of A. gayanus dominated understorey were changes in soil N relations, 

and these were linked to contrasting N ecophysiology of A. gayanus and native 

grasses. Per growing season, A. gayanus produced an order of magnitude more 

phytomass than native grasses, resulting in 7- and 2.5-times greater shoot and root N 

pools. The higher growth rate and biomass accumulation of A. gayanus is supported 

by up to 4-times greater root biomass per volume of soil, greater rooting depth and 

more efficient uptake of N from soil compared with native grasses. Roots of A. 

gayanus had a 52-times higher maximum uptake rate (Vmax) into its roots for NH4
+ 

than NO3
-, and 6- to 7.5-times greater Vmax for NH4

+ than native grasses. Andropogon 

gayanus also had higher ammonification rates, but lower nitrification rates in its root 

zone compared to native grasses. Taken together, these findings suggest that A. 
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gayanus has a superior ability to acquire NH4
+ and may inhibit the process of 

nitrification. Nitrification inhibition  has been demonstrated for several other African 

grasses and is discussed below. 

Savanna trees have a similar order of preference for N sources as A. gayanus 

and native grasses (NH4
+> glycine> NO3

-) (Schmidt and Stewart 1999) confirming 

that NH4
+ is the main N source for savanna plants, followed by organic N (amino 

acid-N). Ammonium is also the preferred N source for natives, but nitrate is taken up 

to a larger extent than glycine by E. triseta, while the nitrate uptake by A. semialata 

is between that of A. gayanus and E. triseta. The greater capacity for NH4
+ uptake of 

A. gayanus could affect native savanna plant species via direct competition for NH4
+ 

and/or reduced availability of NO3
-. Wedin and Tilman (1990) showed that 

individual grass species influenced N availability after just a few years, and proposed 

that the competition for N may lead to positive feedbacks between the processes 

controlling species composition.  

Ammonium and NO3
-
  availability in native grass plots, measured with in situ 

ion exchange resin, was comparable to a previous study at nearby Kakadu National 

Park (NT) (Schmidt et al. 1998), suggesting that these measurements have generality 

for mesic savannas of northern Australia. The significantly higher rate of NH4
+ 

availability in A. gayanus plots indicates that savanna N relations were altered by the 

presence of the invasive grass. In the presence of roots,  NH4
+ availability was 3-

times higher in soil associated with A. gayanus invasion compared to soils associated 

with native grasses. Similar rates of NH4
+ production were measured with all grasses 

in the absence of roots, underlining the impact of A. gayanus occurrence on soil N 

relations. The discrepancy between soil NH4
+ relations measured in the presence or 

absence of roots may be explained by differences in microbial activity. Microbial 
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activity may be stimulated in the presence of A. gayanus roots, resulting in increased 

rates of mineralisation and ammonification. The whole soil incubations, detected 

lower nitrification rates in soil associated with A. gayanus than native grasses. The 

lower nitrification rates in soil associated with A. gayanus, in combination with the 

greater availability of NH4
+, supports the notion that presence of A. gayanus inhibits 

nitrification in soil. This concurs with recent studies by Lata et al. (unpublished 

data), which showed that in its native range in Western Africa A. gayanus reduces 

nitrification potential of soil by 78%. Similarly, Sylvester-Bradley et al. (1988) 

examined soil NO3
-
 levels in Colombia savanna and found that after six weeks 

incubation, soil NO3
-
 levels had increased by 6.5-times in control plots, but only 1.2 

times in A. gayanus plots. This is also consistent with previous studies (Lensi et al. 

1992, Lata et al. 1999, Lata et al. 2004) demonstrating that the African grass 

Hyparrhenia diplandra decreased the nitrification potential of African savanna soils. 

A transplant experiment by Lata et al. (2000) showed that presence of H. diplandra 

altered nitrification by inhibiting the activity of nitrifying bacteria in the soil, and a 

similar mechanism may be operating in A. gayanus invaded savanna in Australia. 

Allelochemicals inhibiting nitrification have been studied intensively  (reviewed by 

Subbarao et al. 2006a, Subbarao et al. 2007) and numerous compounds have been 

identified which inhibit the growth of nitrifying bacteria, although few studies have 

investigated these compounds in situ and associated with plant roots. It was recently 

shown that African grass Brachiaria humidicola exudes as yet unidentified 

compounds which inhibit function of the ammonia-oxidizing bacteria Nitrosomonas 

europea by blocking the enzymes that convert NH4
+ to nitrite (NO2

-) (Subbarao et al. 

2006, 2007). While it has long been hypothesised that grasses have mechanisms for 

inhibiting nitrification (Theron 1951, Munro 1966, Meiklejohn 1968), it was only 
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recently demonstrated that grasses, including Melinis minutiflora, Megathyrus 

maximus, Brachiaria decumbens and A. gayanus exude compounds that inhibit 

biological nitrification (Subbarao et al. 2006). The effect of these so-called biological 

nitrification inhibition (BNI) compounds (sensu Subbarao et al. 2006) released from 

A. gayanus roots was considerable when compared with artificial nitrification 

inhibitor allylthiourea (AT), since A. gayanus roots grown under controlled 

conditions produced 7.7 AT units g-1 root dry weight (Subbarao et al. 2006b). It 

would be interesting to identify the BNI compounds produced by A. gayanus and to 

determine their distribution and function in savanna soils. 

The potential advantage for A. gayanus provided by enhanced 

ammonification, suppressed nitrification, and a high uptake capacity for ammonium 

is that N loss from the ecosystem could be markedly reduced. Soil moisture 

dynamics at our study site suggest that drainage from the root zone in the top 1 m of 

soil is significant and in the order of 200-300 mm per annum (Hutley et al. 

unpublished data) depending on rainfall amount and intensity in this strongly 

monsoonal climate. Thus, leaching of NO3
-, especially in the early wet season, is 

likely to occur. While NH4
+ is the main form of inorganic N in soil during the dry 

season, NO3
-
 availability was 16- and 1.6-fold greater than NH4

+ in the early wet and 

peak wet season respectively (Schmidt et al. 1998).  

Consequently, inhibition of nitrification and rapid uptake of NH4
+ would 

provide a competitive advantage to A. gayanus in this ecosystem by maximising N 

retention and minimising N loss via this pathway. Reduced leaching of NO3
-
 could 

also have implications for N inputs into aquatic ecosystems in the oligotrophic 

landscapes of northern Australia. Such conservation of N has been observed in 

African savanna, as Theron (1951) detected very low concentrations of N in drainage 
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water under stands of African grasses. While further research is needed to 

substantiate the suggestion that A. gayanus invasion leads to N limitation of aquatic 

ecosystems, it can be speculated that large scale A. gayanus invasion of savanna and 

concomitant reduction of NO3
-
 leaching into surface water tables could have such 

inter-ecosystem effects. 

While this study documented pronounced differences in soluble N pools 

between A. gayanus invaded and native grass plots, there was no general trend for 

total soil N pools. However, monitored over two growing seasons, total soil N was 

more often lower in A. gayanus than native grasses in the wet season, but 

considerable seasonal variation was observed. Similarly, soil in Mexican seasonally 

dry tropical forests showed strong seasonal changes in total soil N (Saynes et al. 

2005). A longer term study is required to monitor effects of A. gayanus on the 

savanna total soil N pool. The study site here has been invaded by A. gayanus for 

~10 years, and long-term impacts are unknown. For example, the fate of the large 

amount of N in the phytomass of A. gayanus has not been studied. It is possible that 

A. gayanus invasion changes litter decomposition dynamics by increasing litter 

decomposition rates and N return to the soil N pool. However, in the fire prone 

Australian savannas, it is likely that a large amount of this grass phytomass will be 

consumed in the frequent fires which typically occur annually or biannually (Russell-

Smith et al. 1997). Regular burning of grass phytomass would result in significant N 

losses due to volatilisation which could lead to long-term depletion of the soil N 

reserves. This notion is supported by the significantly reduced total soil N levels in 

A. gayanus plots several months after fire, compared with those in native grass plots. 

The reduction in total N in soil associated with A. gayanus was particularly evident at 

depth, which could indicate that A. gayanus acquires N from the deeper soil profile 
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to support rapid post-fire regrowth. Furthermore, A. gayanus could alter total N 

through associated N2 fixation which appears to occur in other savanna grasses 

(Döbereiner and De Polli 1980, Boddey and Döbereiner 1988). Although associated 

N2 fixation is an intriguing possibility that could support the large N demand of A. 

gayanus, further research is needed to confirm the contribution of associated N2 

fixing microbes to plant N supply. 

In the longer-term A. gayanus could have a dramatic effect on the soil N pool 

by decreasing tree density, due to high intensity A. gayanus fuelled fires (Rossiter et 

al. 2003). Although it was originally thought that it may take several decades for 

significant decreases to occur, recent studies have shown that repeated high intensity 

A. gayanus-fuelled wildfires led to a 53% reduction in tree cover in just 12 years 

(Ferdinands et al. 2006). Although the current study did not detect differences in 

overstorey structure and leaf litter production, this was due to the comparatively 

intact tree overstorey at the study site. A. gayanus is in the process of rapidly 

spreading further over the Wildman Reserve, the density of existing infestations is 

increasing (personal observation), and subsequent high-intensity fires are likely to 

reduce tree cover in these areas, and this could lead to a loss of savanna fertility and 

function due to loss of ‘islands of fertility’ associated with trees (reviewed by 

Schmidt and Lamble 2002), an important effect that should be examined in future 

studies. 

In summary, this study has demonstrated that A. gayanus significantly alters 

N relations in tropical savanna. I propose that A. gayanus creates a positive plant-soil 

feedback (sensu Klironomos 2002), via the process of active nitrification inhibition, 

which leads to increased NH4
+ availability. Positive feedbacks have been proposed as 

important factors in explaining plant invasiveness (Klironomos 2002, Levine et al. 
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2006, Thorpe and Callaway 2006). In pot trials, five of North America’s most 

damaging alien plant invaders modified the soil microbial community to benefit 

themselves, and this was used explain the differential growth, dominance and spread 

of these species in the field (Klironomos 2002). Similarly, nitrification inhibition 

could be a key mechanism explaining the invasive success of A. gayanus, as it allows 

A. gayanus to regulate soil N relations in the invaded system and out-compete native 

species for N. In addition to the previously described ecophysiological and 

morphological advantages of A. gayanus over native savanna grasses, nitrification 

inhibition is likely to play a key role in the rapid growth, dominance and spread of A. 

gayanus being observed in mesic savannas of the Northern Territory. These changes 

in N relations, combined with the 8-times higher fire intensities following A. gayanus 

invasion (Rossiter et al. 2003) and the resultant loss of woody cover (Ferdinands et 

al. 2006), clearly make A. gayanus an ecosystem transformer (sensu Richardson et 

al. 2000) of the mesic savannas of northern Australia. 
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Table 3.1  Summary of plant and soil sampling times throughout this study 
 

 2002 2003 2004 

 Nov Dec Jan Feb Mar April May Jun July Aug Sept Oct Nov Dec Jan Feb Mar April May Jun 

Plant                     

Above ground phytomass                     

Below ground biomass                     

                     

Soil                     

Total N                     

Inorganic N- soil                     

Inorganic N- Resin bags                     

Mineralisation                     

                     

Fire                      

Fuel reduction burn       *              

                     
 
The study was conducted over two wet-dry season cycles (November 2002 to October 2003; November 2003 to June 2004). 
 
Samples were collected at five key times of the wet-dry cycle over two years:  
(1) dry-wet season transition (October-November);  
(2) early wet season (December-January);  
(3) late wet season (February-March);  
(4) early dry season (May-June), and  
(5) late dry season (August-September) 
 
* The fuel reduction burn was carried out at the end of May 2003, after the plant and soil sampling had been carried out. 
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Table 3.2 Summary of significant results from a three-factor ANOVA on grass 

(biomass, necromass and phytomass) and woody litter mass (g m2) in native grass 

and A. gayanus plots. Factors were: grass type (fixed), time (fixed) and plot-pair 

(random), where “grass type” refers to whether a plot was native grass or A. gayanus, 

“time” refers to the sampling time, and “plot-pair” refers to the location. Values in 

the table are F-values and significant results are indicated (* P<0.05, ** P<0.01, *** 

P<0.001). 

 
 

 Factor (d.f) Biomass Necromass Phytomass Woody litter 

    
 

Grass type (1, 4) 47.06** 38.83*** 42.18** 
 

Time (8, 32) 30.03*** 17.13*** 17.91*** 39.07*** 

Plot- Pair (4, 180)    3.64** 

Grass type x Time (8, 32) 19.60*** 8.30*** 10.18*** 3.44** 

Gras type x Plot-Pair (4, 180) 7.67*** 2.58*** 8.11*** 
 

Time x Plot- Pair (32, 180) 2.48*** 2.58*** 2.79*** 
 

Grass type X Time X Plot- pair (32, 180) 2.92*** 3.16*** 3.38*** 
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Table 3.3  Grass (leaf, stem, necromass) and woody litter N concentrations (%N) in 

native grass and A. gayanus plots at Wildman Reserve from November 2002 to 

September 2003. Rows are mean values (SE). A controlled fuel-reduction burn was 

carried out at the study site in late May 2003, after that month’s sampling had been 

completed, therefore at some times there was no plant tissue present (indicated by the 

− symbol). 

 
 
 

Table 3.4  Summary of significant results from a three-factor ANOVA on leaf 

biomass, stem biomass, necromass and woody litter N concentrations (%N) in native 

grass and A. gayanus plots. Factors were: grass type (fixed), time (fixed) and plot-

pair (random). Values in the table are F-values and significant results are indicated (* 

P<0.05, ** P<0.01, *** P<0.001). 

 

 Factor (d.f) Leaves Stems Necromass Woody litter 

    
 

(b) N concentrations    
 

Grass type (1, 2) 134.53** 23.31* 37.30* 
 

Time (4, 8) 46.67** 150.49*** 5.59** 8.62* 

Grass type x Time (4, 8) 26.18** 102.15*** 8.14*  

    
 

 
 

  Native Grass A. gayanus 

  

Leaves Stems 
Necro-
mass 

Woody
Litter Leaves Stems 

Necro-
mass 

Woody
Litter 

         
Wet-dry transition 
(November 02) 

1.03 
(0.40) 

0.38 
(0.02) 

0.38 
(0.01) 

0.64 
(0.02) 

1.69 
(0.05) 

0.89 
(0.03) 

0.32 
(0.01) 

0.54 
(0.02) 

Late wet season  
(March 03) 

1.00 
(0.03) 

0.55 
(0.02) 

0.46 
(0.02) 

0.75 
(0.035) 

1.32  
(0.07) 

0.48 
(0.04) 

0.28 
(0.02) 

0.64 
(0.04) 

Early dry season  
(May 03) 

0.74 
(0.03) 

0.45 
(0.02) 

0.47 
(0.02) 

0.70 
(0.03) 

0.81 
(0.03) 

0.23 
(0.02) 

0.39 
(0.02) 

0.66 
(0.03) 

Early dry season  
(June 03)  

– – – – – – 
0.27 

(0.02) 
– 

Late dry season 
(September 03) 

– – – 
0.52 

(0.06) 
0.42 
(2.8) 

– 
0.25 

(0.02) 
0.55 

(0.03) 
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Table 3.5 Summary of significant results from a three-factor ANOVA on grass 

(biomass, necromass, and phytomass) and woody litter N pools (g N m2) in native 

grass and A. gayanus plots. Factors were grass type (fixed), time (fixed) and plot-pair 

(random), where “grass type” refers to whether a plot was native grass or A. gayanus, 

“time” refers to the sampling time, and “plot-pair” refers to the location. Values in 

the table are F-values and significant results are indicated (* P<0.05, ** P<0.01, *** 

P<0.001). 

 
 

 Factor (d.f) Biomass Necromass Phytomass Woody litter 

    
 

Grass type (1, 2) 22.52* 28.06* 68.19* 
 

Time (4, 8) 32.21*** 19.89 28.02*** 61.13*** 

Plot- Pair (2, 60)    
 

Grass type x Time (4, 8) 4.94*   
 

Grass type x Plot- Pair (2, 60) 5.89** 3.27*  
 

Time x Plot- Pair (8, 60) 2.98**   
 

Grass type X Time X Plot- pair (8, 60) 7.41*** 3.58** 4.46*** 
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Table 3.6 Mean total soil N pools (g N m-2)  and total soil C pools (g C m-2) in native grass and A. gayanus plots at Wildman Reserve over 

two wet-dry season cycles (January 2003 and May 2003; January 2004 and June 2004). Data are means (± SE). A controlled fuel-reduction burn 

was carried out at the study site in late May 2003, after that month’s grass phytomass and soil sampling had been completed. 

 

 

 

 
 
 

 

 

 

 

 

 

Grass type 
Depth 
(cm) 

Wet season 
(Jan 2003) 

Dry season 
(May 2003) 

Wet season 
(Jan 2004) 

Dry season 
(May 2003) 

      

(a) Total N (g N m
-2

)      
      

Native grass 0-5 97.4 (10.1) 63.8 (4.4) 126.1 (11.6) 41 (5.2) 

 5-10 80.4 (6.8) 38.6 (2.9) 73.78 (4.3) 33.9 (2.8) 

 20-30 74.5 (10.7) 62.8 (7.2) 93.4 (4.2) 24.1 (3.5) 

      

A. gayanus 0-5 84.9 (6.3) 80.1 (4.8) 90.6 (7.9) 53 (7.5) 

 5-10 66.1 (3.0) 49.6 (3.3) 35.9 (3.2) 34.8 (3.2) 

 20-30 56 (7.5) 90.8 (7.1) 20.9 (2.2) 30.1 (2.2) 

      

(b) Total C (g C m
-2

)      

      

Native grass 0-5 1555 (129.1) 1567 (79) 3214 (377) 1699 (199) 

 5-10 968 (86.6) 812 (56) 1399 (106) 893 (51) 

 20-30 1299 (109) 1506 (23) 1435 (150) 1217 (109) 

      

A. gayanus 0-5 2010 (137) 1755 (91) 2511 (232) 1929 (204) 

 5-10 1195 (91) 1053 (580 1262 (94) 1100 (88) 

 20-30 1356 (144) 2595 (206) 1412 (88) 1344 (56) 
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Table 3.7 Summary of significant results from: (a) a five-factor ANOVA on 

total soil N pool (g N m2) and total soil C pool (g C m2) in native grass and A. 

gayanus plots. Factors were: grass type (fixed), sampling time (fixed), plot-pair 

(random), depth (fixed) and core (nested in grass type, plot-pair, time and depth); and 

(b) a three-factor ANOVA on inorganic N (NH4
+ and NO3

-) availability (ng N g-1 

resin day-1; as determined with in situ ion exchange resin bags), with factors grass 

type (fixed), sampling time (fixed), and plot-pair (random). Values in the table are F-

values and significant results are indicated (* P<0.05, ** P<0.01, *** P<0.001).  

 

 
 
 
 

 

 

 

 Factor (d.f) Total N Total C NH4
+
 NO3

-
 

  
   

(a) Total soil N pools     

Grass type  (1, 4)  
   

Time  (3,12) 196.37*** 19.52***   

Depth (2, 8) 26.22*** 82.98***   

Grass type x Time (3, 12) 44.62*** 21.22***   

Grass type x Depth (2, 8)     

Time x Depth (6, 24) 7.79***    

Grass type X Time X Depth (6, 24) 2.99* 3.50*   

     

(b) Inorganic N availability      

Grass type (1,4)    46.07** 

Time (7, 28)   7.15*** 9.91*** 

Grass type X Time (7,28)   3.15* 9.37*** 

Time X Plot- pair  ( 28, 160)   1.96** 1.66* 
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Figure 3.1 Grass: (a) biomass, (b) standing necromass, and (c) phytomass (biomass + necromass); and (d) woody litter, in native grass and A. 

gayanus plots at Wildman Reserve from November 2002 to June 2004. Values are all g m-2 and are means (± SE). Plot-pairs n=3, plant tissue 

samples, n=3. A controlled fuel-reduction burn was carried out at the study site in late May 2003, after that month’s grass phytomass and soil 

sampling had been completed. 
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Figure 3.2 Grass: (a) biomass N pool, (b) standing necromass N pool, and (c) phytomass N pool; and (d) woody litter N pool (all g N m-2) in 

native grass and A. gayanus plots at Wildman Reserve from November 2002 to September 2003. Values are all g N m-2 and are means (± SE). 

Plot-pair n=3, plant tissue samples, n=3. A controlled fuel-reduction burn was carried out at the study site in late May 2003, after that month’s 

grass phytomass and soil sampling had been completed.  
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Figure 3.3 Mean total soil N concentrations (%N) and total soil C concentrations 

(%C) in native grass and A. gayanus plots at Wildman Reserve over two wet-dry 

season cycles (January 2003 and May 2003; January 2004 and June 2004). Data are 

from three soil depths: 0-5 cm, 5-10 cm and 20-30 cm. Data are means (± SE). A 

controlled fuel-reduction burn was carried out at the study site in late May 2003, 

after that month’s grass phytomass and soil sampling had been completed. 
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Figure 3.4 (a) rainfall (mm) over the study period, and (b) availability of NH4
+ 

and (c) availability of NO3
- (as determined with in situ ion exchange resin bags; ng N 

g-1 resin day-1) in native grass and A. gayanus plots, at Wildman Reserve from 

November 2002 to March 2004. Values are means (± SE). A controlled fuel-

reduction burn was carried out at the study site in late May 2003, after that month’s 

grass phytomass and soil sampling had been completed.  
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Figure 3.5 Uptake of different N forms by excised roots of (a) A. gayanus and 

native grass species (b) E. triseta and (c) A. semialata. Roots were incubated for 30 

min in 1, 10, 100, 300 and 1000 µM 15N-labelled (98-99 atom% enriched) NH4
+, 

glycine and NO3
-. Data represent averages of three replicates and standard 

deviations. Vmax (maximum uptake rate over 30 min) and Km (substrate 

concentration at 50% maximum uptake rate) were calculated from uptake curves. 

Uptake of glycine by A. gayanus did not follow Michaelis-Menten kinetics, but was 

instead linear in the studied concentration range. 
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Chapter 4  The effect of A. gayanus invasion on litter 
decomposition rates and nitrogen return in an Australian 
tropical savanna 
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4.1  Introduction 

Litter decomposition is a key process regulating the rates of N cycling and 

availability of N in terrestrial ecosystems (Aerts 1997). Litter decomposition rates 

are primarily determined by litter quality and the decomposition environment, but are 

also influenced by the activity of the decomposer community (Swift et al. 1979, 

Aerts 1997). Alien plants can directly alter decomposition by changing the quantity 

and/or quality of leaf litter in the invaded community (Ehrenfeld et al. 2001, 

Windham 2001, Mack and D'Antonio 2003a, Rothstein et al. 2004, Ashton et al. 

2005). Many invasive species produce N rich litter, which promotes rapid 

decomposition and greater return of N to the soil N pool compared to native species 

litter and can lead to increased soil N availability (Vitousek, et al., 1987, Vitousek 

and Walker, 1989, Baruch and Goldstein, 1999). For example Acacia saligna 

invasion in the South African fynbos has increased litterfall, N return to the soil via 

decomposition, and N availability, resulting in higher growth rates of alien grass 

species (Yelenik et al. 2004).  

Alien plant invasions can also indirectly affect litter decomposition by 

modifying the microenvironment, including soil temperature, moisture and humidity 

(Mack and D'Antonio 2003, Lindsay and French 2004). For example, 

Chrysanthemoides monilifera ssp. rotundata invasion into Australian dune 

communities has increased litter decomposition rates, partly due to the invasion 

creating a moister microenvironment for decomposition (Lindsay and French 2004).  

Alien plant invasions can also indirectly affect litter decomposition by altering the 

composition of the decomposer community, including bacteria, fungi and arthropods 

(Allison and Vitousek 2004, Rothstein et al. 2004, Ashton, et al. 2005, Mayer et al. 

2005). In the grasslands of Oklahoma, USA, Mayer et al. (2005) found that Festuca 
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arundinacea invasion caused a shift in the macrodetritivore community and their 

feeding patterns, resulting in increased litter consumption and therefore mass loss.  

In northern Australia A. gayanus invasion has significantly altered the 

composition and structure of the savanna grass understorey (Chapter 3). Following 

invasion the grass biomass in the wet season is up to 7-times greater than in native 

grass dominated sites (March 2003; Chapter 3). In the dry season A. gayanus 

biomass senescences and is converted into necromass (hereafter referred to as ‘grass 

litter’). This necromass generally remains attached to the plants, and has  an N pool 

6-times greater than of the native savanna grasses (May 2003; Chapter 3). To assess 

the effect of this substantial amount of grass litter on savanna N cycling requires an 

understanding of the fate of A. gayanus litter, which is either (i) decomposition or (ii) 

consumption by fire. The focus of this chapter is decomposition, and consumption 

via fire will be investigated in Chapter 5.  

Andropogon gayanus could directly alter litter decomposition and the return 

of litter N to the soil, due to the substantial increases in grass available for 

decomposition. However, the tall, erect morphology of A. gayanus litter, means that 

its grass litter has little contact with the ground, and therefore is less likely to 

decompose (Chapter 2, Figure 2.5 c). In contrast, native grasses “collapse” and have 

much more contact with soil, increasing the likelihood of decomposition (Chapter 2, 

Figure 2.5 d). For example, in the late dry season, before the wet season storms, 

approximately 10% of the A. gayanus grass litter is in contact with the ground, while 

for the native grasses this figure is closer to 50% (personal observation). Andropogon 

gayanus could also indirectly alter decomposition, as several studies have 

documented changes in microclimate in invaded sites. At Wildman Reserve, A. 

gayanus invasion has led to significantly lower light levels, higher air temperature  
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(Clifton 2004) and higher soil surface moisture content (Hutley et al., unpublished 

data) compared to native grass sites; all changes that could alter litter decomposition 

in these savannas.  

The aim of this chapter was to: (1) determine the effect of A. gayanus 

invasion on the quantity of litter decomposed and  N returned from the litter to the 

soil, and (2) distinguish between direct (litter quality) and indirect effects 

(microenvironment and decomposer community) of A. gayanus invasion on the rates 

of litter decomposition and N return. The effect of A. gayanus on the quantity of litter 

decomposed in the field, was investigated using direct harvests, while the effects of 

litter quality and the decomposition micro-environment were examined by a 

reciprocal litter transplant experiment. 

 

4.2  Methods 

4.2.1 Site description and experimental design 

Litter decomposition of the dominant native grass Alloteropsis semialata (R. 

Br.) Hitchc. and the invasive alien grass Andropogon gayanus (gamba grass) was 

examined at Wildman Reserve, Northern Territory, Australia (12°43'S, 131°49'E) 

(See Chapter 2). The study used a randomised block design with five paired-plots 

(blocks), with each plot-pair consisting of an area dominated by the perennial grass 

A. semialata (hereafter referred to as ‘native grass’ plots), and an adjacent (~ 50 m 

away) A. gayanus dominated area (hereafter referred to as ‘A. gayanus’ plots). The 

study site and design were described in detail in Chapter 2. 
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4.2.2 Litter decomposition and nitrogen return- direct harvests 

The previous chapter quantified the amount of grass litter produced by native 

grasses and A. gayanus (Chapter 3.3.1), and the N pool contained within this litter 

(Chapter 3.3.3). The phenology of both grass types allows for the decomposition 

rates of the grass litter and the concomitant litter N loss to be calculated over the 

period November to March in the wet season, the peak period of decomposition in 

these savannas (Chapter 2. 6). The period of November to March was chosen for the 

determination of field decomposition rates as estimates of grass biomass and grass 

litter production at this site have shown that (i) grass biomass is produced over the 

period of November to March in the wet season and (ii) no new litter is produced 

during this time, with any reduction in the litter over this period being due to 

decomposition of the previous year’s grass litter (Chapter 2.6). Although April is 

officially the end of the wet season, this month is marked by longer periods between 

rainfall events, and the native grasses begin to senesce at this time of year. In April 

there is also a sharp decline in decomposition rates, as the decline in soil moisture 

beings to limit soil microbial activity (Holt and Coventry 1990). 

Litter decomposition (g m-2) was therefore calculated as the decrease in grass 

litter between November 2002 and March 2003 (Figure 4.1a). Similarly, the return of 

litter N return to the soil (product of litter mass and litter N concentration; g N m-2; 

following Yelenik et al. 2004) was calculated as the difference between the grass 

litter N pool in March 2003 and that in November 2002 (Figure 4.1b). This litter N 

return was also expressed as a return rate per day (calculated as the decrease in the 

litter N pool, divided by the number of days between the November and March 

harvests).  



   

 103

Differences between grass types in (i) the amount of grass litter decomposed 

and (ii) the N return to the soil, were compared using a two-factor ANOVA with 

factors grass type (fixed) and plot-pair (random). Before statistical analyses were 

undertaken assumptions of ANOVA were checked using Cochran’s test, and where 

necessary data were transformed prior to analyses to improve normality and 

homogeneity of variances. All analyses were done using Statistica Version 5.5 

(StatSoft, Inc., Tulsa, OK, USA).  

 

4.2.3 Litter decomposition and nitrogen return- reciprocal litter 

transplant experiment 

To determine the direct and indirect effects of A. gayanus invasion on the rate 

of grass litter decomposition, a reciprocal litter transplant experiment was conducted 

(following Rothstein et al. 2004). This experiment allowed us to distinguish between 

the effects of litter quality and the decomposition micro-environment of each grass 

type on the process of decomposition. Bags of A. semialata and A. gayanus grass 

litter were placed in their respective habitats, as well as in their reciprocal grass 

habitat giving four treatments: 1) A. semialata litter in native grass plots, 2) A. 

semialata litter in A. gayanus plots, 3) A. gayanus litter in A. gayanus plots and 4) A. 

gayanus litter in native grass plots. Litter quality effects were evaluated by 

comparing decomposition and N loss between A. semialata and A. gayanus within 

each plot-pair. Decomposition micro-environment effects were evaluated by 

comparing decomposition rates and N return to the soil between native grass and A. 

gayanus plots for each litter type. If litter decomposition was affected by differences 

in litter quality exclusively, there would be no difference in decomposition between 

native grass and A. gayanus plots within each litter type. If litter decomposition was 
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affected by differences in the decomposition environment, we would expect that 

decomposition would vary between native grass and A. gayanus plots within each 

litter type.  

Grass litter was collected from both grass species (A. semialata and A. 

gayanus) in early November 2003.  For both grass species the litter collected was 

recently senesced, but still standing litter, and had fully cured. Litter was air-dried at 

∼ 40°C to a constant mass; cut into 15cm lengths; then 5 g sub-samples were sewn 

into 15 × 15 cm bags made from ∼1.5 mm fibreglass mesh (n = 250 total litterbags 

for each litter type over the study). Fifteen sub-samples were analysed for initial 

tissue %N and %C (see laboratory analysis).  

Litterbags were placed in the field in early December 2003, to coincide with 

the first early wet-season rains. Within both native grass and A. gayanus plots, five 

groups of five individual litterbags, of each grass litter type (n = 25 litter bags per 

litter type, per plot) were placed in the field. Litter bags were placed flat, attached 

with metal wire to the soil surface to avoid being washed away by the wet season 

storms. One randomly selected bag was to be collected from each block at five times 

over a year. However, after the first collection it was evident that litter 

decomposition was occurring much faster than values in the literature (Thomas and 

Asakawa 1993) had indicated. As a result, one randomly selected bag was instead 

collected every thirty days over the course of the study, after 30, 60, 90, 120 and 150 

days (8th December, 7th January, 6th  February, 7th March, 6th April and 6th of May, 

respectively). 

At each harvest date, a total of 50 litterbags for both A. semialata and A. 

gayanus litter were retrieved (5 plot-pairs × 2 grass habitats × 5 replicates). 

Litterbags were placed in plastic bags and immediately returned to the lab. Any 
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visible soil contamination, roots or live material was removed from the litterbags 

with forceps, the litter was carefully washed (without pressure) with de-ionised 

water, oven dried at 60°C and weighed. Decomposition rates were calculated as the 

proportion of the initial litter mass remaining. Sub-samples of litter were also ground 

in a Wiley mill and analysed for %C and %N on a Carlo Erba analyser (Thermo 

Electron, MA, USA). Due to budgetary constraints only litter from three of the five 

plot-pairs were analysed for N content (%N), and only 3 of the 5 replicates were 

analysed (3 plot-pairs × 2 litter types × 2 grass habitats × 3 replicates). The initial N 

pool contained in A. gayanus and A. semialata litterbags was calculated (product of 

grass mass and N concentration) at each harvest date. Nitrogen return to the soil was 

calculated as the proportion of the litterbag initial N pool still remaining. The 

cumulative N return was also calculated by the summing the N return of each harvest 

date (at 30, 60, 90, 120 and 150 days). This total cumulative N return was then 

expressed as an amount of N return per gram of litter over the study period (mg N g 

litter 150 days-1), by dividing the cumulative N return by the number of grams of 

litter in each litterbags (5 g). 

At each harvest date the number of litterbags with visible termite activity 

(e.g. termites in the litterbags, soil sheeting attached the litter bags, damage to side of 

litterbag in contact with the soil) noted. In addition, the termite community was 

sampled at the litter harvest in March 2004. Any termites visible in the March 2004 

litterbags at the time of litterbag collection were placed in 95% ethanol, and sent to 

the CSIRO, Darwin laboratories for identification. 

To compare decomposition rates, litter N concentration (%N) and N return of 

A. semialata and A. gayanus litter in both the native grass and A. gayanus plots were 

analysed using a four-way mixed model ANOVA, with the factors harvest date 
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(fixed), litter type (fixed), grass habitat type (fixed) and plot-pair (random). The N 

loss data were arc-sine transformed, before analysis to improve normality and 

homogeneity of variances. Decay constants (k) were calculated for all species and 

plot-pairs assuming a simple negative exponential decay model (Olson 1963):  

 

Mt / Mi = e–kt       (4.1) 

 

where Mt is the litter mass at time t, Mi the initial litter mass and time is expressed in 

years. Half life (t1/2) of the litter was calculated from the expression: 

 

t½ = lm(2)/k       (4.2) 

 

where t½ is the litter half life, and k is the decay constants. To test for difference in 

decay constants (k) and litter half life (t½) between A. semialata and A. gayanus litter, 

and native grass and A. gayanus plots a two way ANOVA was used, with litter type 

(fixed) and grass habitat type (fixed) as the main factors, and plot-pairs as replicates. 

All analyses were done using Statistica Version 5.5 (StatSoft, Inc., OK, USA). 

 

4.3  Results 

4.3.1 Litter decomposition and nitrogen return- direct harvests 

In November 2002, A. gayanus plots had 6-times more grass litter (means 

357 ± 42.9 versus 55.8 ± 17.1 g m-2, respectively, Figure 4.1a) and 7-times higher 

grass litter N pool (means 0.94 ± 0.14 versus 0.13 ± 0.03 g m-2, respectively, Figure 

4.1b) than native grass plots. The amount of grass litter that decomposed in A. 

gayanus plots (between November 2002 and March 2003) was found to be more than 
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3-times higher than that in the native grass plots (means 126.4 ± 60.8 versus 40.6 ± 

18.4; F [1, 4]= 41.05, p= <0.01; Figure 4.1a). The grass litter mass loss rate was 1.05 g 

m-2 day-1 in A. gayanus plots compared to 0.34 g m-2 day-1 in native grass plots. The 

N return to the soil was 10-times greater in A. gayanus plots compared to native 

grass plots (means 0.77 versus 0.074 g N m-2, F [1, 2]= 21.56, p= <0.05, Figure 4.1b). 

Per day there was an average litter N return of 6.4 mg m-2 day-1 in A. gayanus plots, 

compared to 0.6 mg m-2 day-1 in native grass plots. 

 

4.3.1 Litter decomposition and nitrogen return- reciprocal litter 

transplant experiment 

During the reciprocal litterbag experiment (December 2003-May 2004) 

1681.6 mm rainfall fell at the study site (Figure 2a). At the start of the trial, the A. 

semialata litter had a significantly higher N concentration than A. gayanus litter (F1,1 

= 0.01, P = <0.01), and a significantly lower C:N ratio (F1,1 = 9.16, P = <0.01; Table 

4.1). Despite these initial differences, A. gayanus litter decomposed much faster than 

A. semialata litter in both grass habitats (Figure 4.2b, Table 4.2a). However the 

magnitude of this difference in decomposition rates was much greater at some plot-

pairs, resulting in a significant plot-pair × litter type interaction (Table 4.2a). The 

faster decomposition rates of A. gayanus were reflected in its significantly higher k 

values (F1,16 = 8.99, P = <0.001), and significantly lower litter half lives (F1,16 = 

13.21, P = <0.01; Table 4.3). After 150 days in the field, 22-23% of the original A. 

gayanus litter and 43-45% of original A. semialata litter remained (Figure 4.2d). The 

decomposition microenvironment did significantly affect decomposition, with initial 

rates for both litter types much higher in native grass plot (Figure 4.2b, Table 4.2a). 
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However, the effect of grass habitat was relatively minor, as indicated by the small 

MS effect in comparison to those of the other factors (Table 4.3).  

Termite activity was more common in A. gayanus litter (Figure 4.3). By the 

end of the study 72-80% of A. gayanus litterbags had visible termite activity, 

compared to 28-40% of A. semialata litterbags (Figure 4.3). The mass loss of litter 

was highly correlated with termite activity in both grass litter and habitat 

combinations (A. semialata litter in native grass habitat R2 =0.91; A. semialata litter 

in A. gayanus habitat R2=0.94; A. gayanus litter in native grass habitat R2 =0.90; A. 

gayanus litter in A. gayanus habitat R2=0.87). Nasutitermes eucalypti (Mjoberg) was 

the only termite found feeding on litter in the litter bags during the study.  

The N concentration (%N) of both litter types increased over the duration of 

the study (Figure 4.2c). Although both species shared the same general trend, the N 

concentration of the A. gayanus litter was significantly higher than that of A. 

semialata litter by the end of the trial, indicating a greater immobilisation of N 

(Figure 4.2c, Table 4.2b). Despite N concentration increasing per unit litter mass, 

there was a net loss of N from the litter pool, due to microbial decomposition and soil 

macro-faunal consumption of the litter. Nitrogen loss occurred much more rapidly in 

A. semialata litter (Figure 4.2d, Table 4.2c). Approximately 30% of initial A. 

semialata litter N pool was lost in the first month of decomposition, while A. 

gayanus immobilized N over this period, increasing by 10%, and by a further 10% in 

the following month (Figure 4.2d). There was no significant effect of grass habitat on 

litter N loss for either species (Table 4.2c).  
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4.4  Discussion 

4.4.1 Litter decomposition 

This study has demonstrated that A. gayanus results in greater amounts of 

grass litter, and faster litter decomposition in the savanna compared to native savanna 

grasses. Direct measurements of A. gayanus litter production and decomposition 

showed that A. gayanus increased the amount of grass litter by up to 16-times and 

also led to an increase of the amount of litter that was decomposed by 3-times. The 

litter of A. gayanus also decomposed more rapidly than that of A. semialata, 

regardless of the grass habitat in which the litter was located, demonstrating a direct 

impact of A. gayanus invasion on decomposition rates. This concurs with a recent 

review by Ehrenfeld (2003) who found that in most cases, litter of invasive species 

decomposes more rapidly than native species. However, one of the most common 

reasons given for the faster decomposition of exotic litter was a higher N (%N) and 

lower C:N ratio (Ehrenfeld 2003), whereas in this study, A. gayanus had a lower N 

content, and a higher C:N ratio than the native grass species A. semialata. It is 

possible that other leaf chemical qualities such as lignin content, tannins, or phenolic 

content may have influenced litter decomposition in this study, as A. gayanus 

generally has a low lignin content (9.2-11.7%  lignin; Thomas and Asakawa 1993, 

Sall et al. 2003, Diallo et al. 2005). It has been suggested that in the tropics, the 

lignin/N ratio exerts the strongest influence on litter decomposition rates (Aerts 

1997). For example, lignin content (% lignin) was negatively correlated with the 

rates of litter decomposition for a range of tropical grasses in Columbia (Thomas and 

Asakawa 1993).  

In contrast to the large effect of litter type on decomposition dynamics, the 

impact of the grass habitat type (native grass or A. gayanus) was very small. This 
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suggests that there was little indirect effect on decomposition due to changes in the 

microhabitat following A. gayanus invasion. The overwhelming effect of litter type 

on litter decomposition is also concordant with Aerts (1997) who reviewed litter 

chemistry and decomposition rates in tropical regions and concluded that litter 

chemistry determined decomposition rates rather than microclimate as temperatures 

and moisture were generally non-limiting in tropical habitats.  

The decomposition rates found in this study are high and comparable to those 

found in others studies of tropical African grasses. Sollenberger et al. (2002) 

reviewed tropical grass k values and found values between 0.0020 g g-1 d-1 

(Brachiaria dictyoneura) and 0.0174 g g-1 d-1 (Panicum maximum). The A. semialata 

k values in this study (0.0053-0.0059 g g-1 d-1) were mid-value of this range, but A. 

gayanus k values (0.0089-0.0113 g g-1 d-1) were at the higher end of the range 

reported by Sollenberger et al. (2002). 

Differences in decomposition rates between A. gayanus and A. semialata in 

this study may also be due to differences in termite feeding preferences. Termites 

have strong influences on decomposition rates and nutrient cycling in tropical 

savanna ecosystems worldwide (Holt and Coventry 1990, Scholes and Walker 1993, 

Mistry 2000, Schmidt and Lamble 2002). In African savanna, termites accounted for 

42% of grass loss from litterbags over the wet season (Mando and Brussaard 1999). 

In the current study, termites also made a significant contribution to the litter loss of 

both grass species, with a larger impact on the loss of A. gayanus litter evident, with 

termites preferentially consuming A. gayanus litter in both grass habitats (native 

grass and A. gayanus). This finding is consistent with studies of A. gayanus in its 

native range (Nigeria) by Ohiagu (1978) and Ohiagu and Wood (1979), which found 

that the termite species Trinervitermes geminatus (Wasmann) had a stronger 
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preference for A. gayanus litter over five other African grasses tested, even though 

the density of A. gayanus at these sites was significantly lower than other grasses in 

the study (Ohiagu 1978; Ohiagu and Wood 1979).  

Despite the quantity of grass litter being 3-times greater for A. gayanus, this 

is a much lower increase than could be expected given the large quantity of grass 

litter and the high rate at which A. gayanus litter decomposed. This lower than 

expected decomposition rate is likely to be related to stark differences in morphology 

between the native grasses and A. gayanus, with very little of the A. gayanus litter 

having contact with the soil surface. This low rate of decomposition means that 

instead of being decomposed over the wet season, a large proportion of the A. 

gayanus grass litter will accumulate and result in higher fuel loads for fire in the dry 

season. The accumulation of large amounts of litter over years is frequently observed 

in A. gayanus invaded areas (Chapter 3, Figure 3.1). 

 

4.4.2 Litter nitrogen return 

The direct measurements of litter N loss from the field showed that the large 

quantity of decomposing litter in A. gayanus invaded plots led to up to 10 times 

higher N return to the soil compared to that of native grasses. However the rates of N 

return, as assessed using the litterbags, showed that on a relative basis (g N g-1) there 

was a much lower rate of N return from A. gayanus litter compared to the native 

grass litter. The reason for this is that although both litter types increased in N 

concentration over the study, indicating that they were immobilising N, the rates of 

immobilisation were higher in A. gayanus litter. Nitrogen immobilisation is common 

in the early stages of decomposition, particularly in C4 grasses as they have relatively 

low quality litter (Thomas and Asakawa 1993, Mack and D'Antonio 2003a). Bacteria 
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and fungi can take up N to supplement the N in the litter being decomposed, and as a 

result plant litter in the early stages of decomposition often takes up and stores N 

(Qualls and Richardson 2000). The increase in A. gayanus litter N concentration over 

the duration of the study (from 0.55 % to 0.95 % N) is a similar change to that 

reported by Thomas and Asakawa (1993) for A. gayanus litter in Columbia.  

So although on a relative basis (gram for gram) A. gayanus may return less 

litter N back to the soil, the large increase in quantity of litter decomposing in A. 

gayanus invaded plots means that overall N return to the soil from litter will be 

significantly higher than that in the native grass areas, thus accelerating N cycling in 

invaded areas. This is a fundamental change in savanna N dynamics and is likely to 

have follow on effects such as increasing mineralisation rates and soil N availability 

in A. gayanus invaded areas. This is supported by the ammonification at these study 

plots, which shows that ammonification rates (as indicated by ion exchange resin) are 

up to 3-times higher in A. gayanus plots compared to native grass plots (Chapter 3).  

This study has examined the effect of A. gayanus invasion on litter 

decomposition and N return from litter to savanna soil. It has highlighted that despite 

the large amount of grass litter produced by A. gayanus only a low percentage of this 

decomposed, due to the tall erect architecture of A. gayanus. This will lead to an 

increase in grass fuel loads. The following chapter will investigate the potential 

effect of A. gayanus fuelled fires on N loss, as this is currently unknown. 
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Table 4.1 Initial litter chemical characteristics of A. semialata and A. gayanus 

leaf litter. All values means ± SE; n=15 litter samples; n=5 plot-pairs. Subscripts 

denote significantly different means. 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Litter type N (%) C (%) C: N 

 
   

A. semialata 0.65 ± 0.28
 a

 46.05  ± 0.09 72.91 ± 2.84
 a
 

A. gayanus 0.55 ± 0.22
 b

 46.09  ± 0.09 86.19 ± 3.35
 b
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Table 4.2 Summary of significant results from a four-factor ANOVA on (1) 

litter decomposition (% initial litter mass remaining), (2) litter N concentration (% 

N), and (3) litter N return to the soil (% of initial litter N pool remaining); of A. 

semialata and A. gayanus litter, in native grass and A. gayanus plots. “Time” refers 

to the harvest date, “plot-pair” refers to the location, “litter type” refers to whether 

the litter was A. semialata or A. gayanus, and “grass habitat” refers to whether the 

plot was native grass or A. gayanus. Only significant results are indicated.  

 
 

Source d.f MS Effect F P 

     

(a) Litter mass loss     

Time 4, 16 5.53 222.07 <0.001 

Plot-pair 4, 399 1.02 12.78 <0.001 

Litter type 1, 4 4.56 9.08 0.04 

Grass habitat 1, 4 0.25 9.56 0.04 

Plot-pair × Litter type 4, 399 0.50 6.32 <0.001 

Plot-pair × Litter type × Grass habitat 4, 399 0.22 2.77 0.03 

     

(b) Litter N concentration      

Time 4, 8 0.52 41.60 <0.001 

Plot-pair 2, 120 0.04 3.74 0.03 

Litter type 1, 2 1.40 28.84 0.03 

Plot-pair × Litter type 2, 120 0.05 4.83 <0.01 

Time × Plot-Pair × Litter type 8, 120 0.03 3.01 <0.01 

     

(c) Litter N return     

Time 4, 8 0.18 9.84 <0.001 

Litter type 1, 2 1.05 242.17 0.01 

Plot-pair × Litter type 2, 120 0.02 5.01 <0.01 

Time × Plot-Pair × Litter type 8, 120 0.01 2.47 0.02 
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Table 4.3  Decay constants (k) and half life (days), of A. semialata and A. 

gayanus litter, in native grass and A. gayanus plots. All values means ± SE. 

Subscripts denote significantly different means. 

 
 

 
 
 
 
 
 
 

 

 

 

 

 
 
 
 
 
 

Litter type and grass habitat  k (day
-1

) Half life (days) 

 
  

A. semialata litter in native grass 0.0059 (0.0005)
a
 121.0 (10.0)

 a
 

A. semialata litter in A. gayanus 0.0053 (0.0006)
a
 139.3 (18.2)

 a
 

A. gayanus litter in native grass 0.0113 (0.0026)
b
 75.9 (15.9)

 b
 

A. gayanus litter in A. gayanus 0.0089 (0.0012)
b
 82.9 (9.7)

 b
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Figure 4.1 (a) Grass litter (g m-2) and (b) grass litter N pool (g N m-2) in native 

grass and A. gayanus plots at Wildman Reserve from November 2002 to September 

2003. A controlled fuel-reduction burn was carried out at the study site in late May 

2003, after that month’s sampling had been completed. [Figures modified from 

Chapter 3]. 

G
ra

s
s
 l
it

te
r 

(g
 m

-2
) 

0

100

200

300

400

500

600

O
c
t

N
o
v

D
e
c

J
a
n

F
e
b

M
a
r

A
p
r

M
a
y

J
u
n

J
u
l

A
u
g

S
e
p

O
c
t

Native grass

A. gayanus

0.0

0.5

1.0

1.5

2.0

N
o
v

D
e
c

J
a
n

F
e
b

M
a
r

A
p
r

M
a
y

J
u
n

J
u
l

A
u
g

S
e
p

O
c
t

G
ra

s
s
 l
it

te
r 

N
 p

o
o

l 
(g

 N
 m

-2
) 

N    D    J     F    M    A    M    J     J     A    S   

Fire 

2003 2002 

Sampling date 

(b)  



   

 117

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

100

200

300

400

500

600

700

0 20 40 60 80 100 120 140 160

0

20

40

60

80

100

120

0 20 40 60 80 100 120 140 160

A. semialata litter in native grass

A. semialata litter in A. gayanus

A. gayanus litter in native grass

A. gayanus litter in A. gayanus

R
a
in

fa
ll
 (

m
m

) 
(a) Rainfall 

Days 

L
it

te
r 

m
a
s
s
 r

e
m

a
in

in
g

 (
%

) 
 

(b) Decomposition 



   

 118

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

0.2

0.4

0.6

0.8

1

1.2

0 20 40 60 80 100 120 140 160

A. semialata litter in native grass

A. semialata litter in A. gayanus

A. gayanus litter in native grass

A. gayanus litter in A. gayanus

0

20

40

60

80

100

120

140

160

0 20 40 60 80 100 120 140 160

A. semialata litter in native grass

A. semialata litter in A. gayanus

A. gayanus litter in native grass

A. gayanus litter in A. gayanus

L
it

te
r 

N
 c

o
n

c
e
n

tr
a
ti

o
n

 (
%

 N
) 

(c) Litter N 

(d) Litter N return 

L
it

te
r 

N
 p

o
o

l 
re

m
a
in

in
g

 (
%

) 

Days 



   

 119

Figure 4.2 (a) rainfall at Wildman Reserve Ranger Station (approximately 5 km 

from the study site) over the study period; (b) decomposition (% of initial of litter 

mass remaining), (c) litter N concentration (% N) and (d) N return to the soil (% of 

initial litter N pool remaining) of A. semialata and A. gayanus litter in native grass 

and A. gayanus plots. Open symbols represent A. semialata litter and solid symbols 

represent A. gayanus litter. Solid lines represent native grass plots, and broken lines 

represent A. gayanus plots. 
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Figure 4.3 Number of litter bags with visible termite activity (bags per plot, per 

harvest), for A. semialata and A. gayanus litter bags, in native grass and A. gayanus 

plots (out of a total possible of 5 litter bags). Open symbols represent A. semialata 

litter and solid symbols represent A. gayanus litter. Solid lines represent native grass 

plots, and broken lines represent A. gayanus plots. All values means ± SE, n=5.  
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Chapter 5  The effect of A. gayanus invasion on fire 
mediated nitrogen losses in an Australian tropical 
savanna 
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5.1 Introduction 

Although many introduced species have little ecological effect (Simberloff 

1981), there are well-documented examples where invasive alien species have 

significantly altered the form and function of the ecosystems they invade 

(Richardson et al. 2000, Crooks 2002), including changes to disturbance regimes 

(Brooks et al. 2004). Disturbance regimes are one of the primary drivers of temporal 

variation in ecosystem processes, such as nutrient, carbon and  hydrological cycling, 

as well as primary production (Chapin et al. 2002). The feed-forward effects of 

changes in disturbance regimes on other ecosystem processes may therefore be one 

of the potentially most damaging impacts of alien plant invasions, yet few studies 

have investigated these important impacts.  

  Examples of changes in natural fire regime due to plant invasions have been 

described for many of the world’s ecosystems (see Brooks et al. 2004). Where 

invading species have a similar overall life-form to native species the change is most 

likely to be a change in fuel load and hence fire intensity (D'Antonio 2000). This 

most commonly occurs in ecosystems where fire is a common natural disturbance, 

such as savannas (Grigulis et al. 2005). Where invasive and native species have 

markedly different life-forms, invasion may lead to the introduction of fire as a novel 

disturbance or to an increase in fire frequency (D'Antonio 2000). Examples include 

the invasion of grasses into desert shrublands (Brooks 1999) or into other 

communities dominated by woody-species (Asner and Beatty 1996, Mack et al. 

2001). The magnitude of this impact on other ecosystem processes, such as 

recruitment, hydrological or nutrient cycling, will be determined by the magnitude of 

the change in fire regime. For example, the quantity of N lost from an ecosystem via 
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volatilisation could increase substantially if fire frequency or intensity increase 

(Levine et al. 2003, D'Antonio and Hobbie 2005).  

Fire is particularly frequent in savanna ecosystems (every 1-3 years), and it is 

a major determinant of savanna ecosystem structure and function (Walker 1985, 

Kauffman et al. 1994). Savanna fire regimes directly affect ecosystem nutrient 

cycling by determining the patterns of biomass removal, nutrient volatilisation and 

particulate (ash) transfer (Oesterheld et al. 1999). Although fire intensity is relatively 

low in most of the world’s savannas (e.g. Scholes and Walker 1993, Williams et al. 

1998), savanna fires still consume significant amounts of fine fuel, resulting in 

substantial losses of nutrients (Cook 1994, Kauffman et al. 1994). For example, in 

the northern Australian savannas a single fire event can remove up to 94% of the fine 

fuel, resulting in a loss of up to 94% of nitrogen, 53% of phosphorus and 82% of 

potassium present in this fuel (Cook 1994). The amount and forms of nutrients lost 

during savanna fires depend on both the nutrient content of the fuel and the 

temperature of the fire (Raison et al. 1985). Some elements, such as nitrogen and 

sulphur are readily volatilised at low temperatures (<300 ºC) and may be lost in 

smoke from the fire, whereas other elements, such as potassium, phosphorus, 

magnesium, and calcium, are volatilised at much higher temperatures (>774, >774, 

>1107 and >1484ºC, respectively) and are more likely to be retained in the ash or 

lost via particulate transfer in the smoke (Raison et al. 1985).  

Given the high frequency of fire in most savannas, repeated nutrient losses 

may have significant impacts on savanna nutrient cycling (Cook 1994). However, 

there is likely to be variation in the effect of fires on N cycling between tropical 

savannas. For example, Cook (1994) speculated that repeated fires in Australian 

savannas could lead to nutrient depletion of savanna soils, which are typically 
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already N and P limited (Tothill et al. 1985). In contrast, Aranibar et al.  (2003) 

argued that South African savannas have mechanisms that balance these losses, 

including N inputs via atmospheric deposition and N2 fixation by forbs, grasses and 

soil cyanobacteria. However, this balance could be altered by substantial increases in 

fire frequency and intensity (Aranibar et al. 2003). Increased nutrient losses due to 

fire could also be important at several spatial scales as biomass burning in tropical 

savannas has been identified as a principal source of both regional and global 

emissions to the atmosphere (Crutzen and Andreae 1990, McNaughton et al. 1998, 

Grace et al. 2006). 

In northern Australia, fire is a frequent occurrence, with up to 50% burnt 

annually (Edwards et al. 2001). However, these fires are typically low intensity, even 

in the peak fire season (the late dry season) (typical range 2,000-8,000 kW m-1; 

Williams et al. 1998). Invasion by the perennial African bunchgrass Andropogon 

gayanus Kunth (gamba grass) has increased the intensity, frequency and extent of 

fires in this region (Rossiter et al. 2003). Although A. gayanus is a similar life form 

to that of the dominant native understorey (i.e. a C4 grass), it is structurally different 

(taller and more dense), and has led to substantial increases in fuel loads and fire 

intensities (Rossiter et al. 2003). Even with annual fires, A. gayanus invasion results 

in up to eleven times higher biomass compared to sites dominated by native grass 

species, which represent a 7-times increase in grass N pools (Chapter 3). The higher 

fuel loads of A. gayanus result in fires that are on average 8-times more intense than 

native grass fires (Rossiter et al.  2003). Given that hotter fires result in increased 

combustion of fuel and increased volatilisation of nutrients (Raison et al. 1985), A. 

gayanus is very likely to increase N loss from the fine fuel. This potential increase in 
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nutrient losses is particularly important given the high frequency of fire in the 

Australian savannas (Russell-Smith et al. 1997). 

The aim of this chapter is to quantify the loss of N from the fine fuel pool 

during fires in both native grass and A. gayanus dominated savanna plots, and to 

consider the consequences of these losses on savanna N cycling, given that the total 

soil N is already low. Although the primary focus was on N pools and N losses, there 

was an opportunity to examine the effects of changes in fire regime on a range of 

other macronutrients. I hypothesised that the effect of higher intensity fires on the 

higher biomass and fuel nutrient pools of A. gayanus would result in a higher nutrient 

loss per unit land area. I tested this hypothesis by comparing the nutrient pools 

contained in the fine fuel before fire, and in the ash immediately after fire, in both 

native grass and A. gayanus plots. I concentrated on the fine fuels because they 

constitute the majority (>80%) of consumed fuel in these savannas (Rose 2006).  

 

5.2 Methods 

5.2.1 Site description and experimental design 

Fire-mediated nutrient losses were evaluated in the mesic savanna 

communities of Wildman Reserve, Northern Territory, Australia (12°43'S, 131°49'E) 

(See Chapter 2). The savanna communities of Wildman Reserve are burnt frequently 

(typically annually or biennially) as part of the Reserve’s fire management strategy. 

This fire frequency is typical for this region, with up to 50 % of the savannas burnt 

annually (Russell-Smith et al. 1997, Edwards et al. 2001). Fires in this region 

typically occur in the dry season, are grass-fuelled, and have a relatively low fire 

intensity (2,000-8,000 kW m-1; Williams et al. 1998).   
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Fuel and fire characteristics, as well as fire-mediated nutrient losses were 

compared using a randomised block design. Three blocks were used (hereafter 

referred to as ‘plot-pairs’), with each plot-pair consisting of an area dominated by 

native grass (hereafter referred to as ‘native grass’ plots), and an adjacent (~ 50 m 

away) A. gayanus dominated area (hereafter referred to as ‘A. gayanus’ plots). Plot-

pairs were located up to 600 m apart, and each plot was 50 m × 50 m in size, with a 

canopy dominated by E. miniata and E. tetrodonta. It is worthwhile to note that since 

this study was carried out (June 2005), each A. gayanus plot has further expanded 

into the adjacent native grass plot. 

 

5.2.2 Fuel and fire characteristics  

The study site was subject to a fuel reduction burn as part of the Reserve’s 

fire management strategy. A single heading fire (with wind direction) was lit at 1430 

hrs on the 4th June 2005. Fire weather conditions (temperature, relative humidity, 

wind speed, and wind direction) were measured before ignition. The weight of fine 

fuel (<6 mm minimum diameter; grass and woody litter) was determined directly 

from three randomly placed quadrats (1 m × 1 m) within each native grass and A. 

gayanus plot, and all samples were oven dried (80°C for 48 h) and weighed.  Fuel 

loads were used to calculate Byram fire-line intensity (fuel load × heat release of fuel 

× rate of forward spread; Byram 1959), with the heat yield of the fuel assumed to be 

20,000 kJ kg-1, as is conventionally used in Australian fire studies (Williams et al. 

1998) and the rate of spread being measured using a series of electronic-temperature-

residence-time meters (TRTMs) following Moore et al. (1995). 

The fire monitored at Wildman Reserve occurred during typical early dry 

season weather, with low wind speed (0.5 - 1 m s-1) and low relative humidity (35%). 
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Mean grass fuel loads in A. gayanus plots were four times higher than that in native 

grass plots (5.44 ± 0.26 versus 1.25 ± 0.05 t ha-1; F1,2 = 1404.69, P <0.001). The 

average moisture content of the grass fuel in A. gayanus plots was more than double 

that of the native grass fuels (48.0 ± 1.1 versus 19.4 ± 1.5 % oven dry weight).  

Despite the higher fuel moisture, the mean rate of spread (0.39 ± 0.28 m s-1) 

measured in the A. gayanus plots was almost five-times that of the native grass plots 

(0.08 ± 0.10 m s-1). Mean fire intensity in the A. gayanus plots was almost 10-times 

the intensity of that in the native grass plots (6408 ± 4125 versus 647 ± 184 k W m-

1). Fire behaviour has been studied at this site for 5 years, and these fire intensities 

were typical of those occurring in the early dry season (A. gayanus 7000-15700 kW 

m-1; native grass 450-1900 kW m-1; Rossiter et al.  2003, Rossiter et al. 2004). 

 

 5.2.3 Nutrient pools and losses 

The impact of fire on savanna nutrient losses was calculated as the difference 

between the pre- and post-fire nutrient pools present in the fine fuels and ash. Direct 

combustion of tree canopies and stems did not occur, so these were not considered. 

Nutrient pools were calculated from estimates of the mass of fine fuel (pre-fire) or 

ash/remaining fuel (post-fire), multiplied by its nutrient concentration. To determine 

the specific contribution of A. gayanus to nutrient loss, an estimate of the 

proportional contribution of both grass and woody (tree and shrub) litter to post-fire 

nutrient pools (ash) was required. To estimate these proportional contributions, 1 m2 

quadrats were established where grass or woody material was harvested before and 

after the experimental fire. Before fire, grass was harvested from one quadrat, dried 

and weighed to determine grass biomass. Woody litter (all leaf, bark and twig 

material <6 mm minimum diameter) was harvested from a second, adjacent quadrat, 
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dried and weighed, to determine woody litter biomass. Woody litter was also 

removed from a third quadrat before fire. Following fire, ash collected from this 

quadrat post-fire and was assumed to be contributed by grass only, and used to 

calculate the grass post-fire N pool. Grass was removed from a fourth quadrat before 

fire. Following the fire, ash collected from this quadrat was assumed to be 

contributed by woody litter only, and used to calculate the woody litter post-fire N 

pool. This sampling regime was carried out at three random replicate locations at 

each native grass and A. gayanus plot and enabled the calculation of both woody and 

grass contributions to nutrient losses from fire. 

  This study design assumes that there is minimal local redistribution of ash 

from either grass or woody components post-fire, which was supported by a pilot 

study of ash redistribution at this site in 2004, during an early dry season native grass 

and A. gayanus fire (fire intensity 1904 versus 7029 kW m-1 respectively; Rossiter et 

al.  2004). That study showed that the majority of ash fell directly around the base of 

the combusted A. gayanus plant. To further reduce the chance of any redistribution of 

ash into the study quadrats, grass was removed from an area of approximately 1 m 

around each quadrat. While it is likely that this buffer led to an underestimate of 

nutrient losses, because fire intensity may be reduced, it was required to further 

ensure the integrity of the ash type collected. Post-fire ash samples were collected 

using a handheld vacuum cleaner on the day following the fire. Where the fire had 

not totally consumed the grass fuel, all the remaining fuel were harvested at ground 

level.  

All pre-fire (grass and woody litter) and post-fire (grass ash, woody litter ash 

and remaining unconsumed grass fuel) samples were returned to the laboratory, oven 

dried (80 °C for 48 h) and weighed. Sub-samples of the pre-fire samples (grass and 
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woody litter) were ground, while the entire post-fire sample (grass ash, woody litter 

ash and remaining unconsumed grass fuels) was ground as there was a limited 

amount of sample material. Samples were ground in a Wiley mill with a number 40 

mesh (Thomas Scientific, Swedesboro, New Jersey, USA) prior to analysis. Total N 

was determined using a LECO CNS 2000 combustion analyser (LECO, USA) while 

P, K, S, Ca, and Mg were determined using a SPECTRO ICP-OES (SPECTRO, 

Germany) following digestion with nitric acid.  

Total nutrient losses were calculated from changes to the nutrient pools 

contained in the fine fuel pre- and post-fire (grass and woody litter). Pre-fire nutrient 

pools were calculated as the product of fuel (grass or woody litter) mass and the 

nutrient concentration of that fuel. Post-fire pools were calculated from mass of ash 

(grass or woody litter) and the nutrient concentrations of ash, as well as any 

remaining fine-fuel.   

 

5.2.4 Estimation of particulate and non-particulate nutrient losses 

Combustion of fuels results in particulate (entrained ash and vegetation 

fragments) and non-particulate (gaseous) emissions, resulting in a loss of biomass 

and thus nutrient transfer from the point of ignition to the atmosphere. Particulate 

emissions can re-settle within several kilometres of a fire (Cook 1994) and nutrients 

are essentially re-distributed within a site. However, non-particulate or gaseous 

losses can enter the atmosphere and may be subjected to atmospheric transport 

processes and represent a net loss of nutrient from a site. In this study, fire-induced 

nutrient losses were partitioned into particulate and non-particulate pathways 

following the methods of Raison et al.  (1985) and Cook (1994). In this method, Ca 

is used as an indicator of particulate losses as the volatilisation of Ca occurs at high 
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temperatures (1484ºC, Raison et al. 1985) which do not occur in savanna fires (Cook 

1994). Therefore losses of Ca are attributed to transfers of entrained particulates 

(ash) only. The mass of entrained particulates was estimated as follows: 

 

TPt = TCa 100 / CCa      (5.1) 

 

where TPt is the transfer of particulates as ash (g m-2); TCa is the transfer of Ca to the 

atmosphere via particulates (g m-2); and CCa is the concentration of Ca in the ash 

(Raison et al. 1985, Cook 1994). TCa is estimated as the difference between the pre- 

and post-fire Ca pools. The amount of Ca lost is assumed to be lost via entrained 

particles (ash). The mass loss of N, P, K, S and Mg as particulates was then 

calculated by multiplying the mass of entrained particles (ash) (TPt) and the 

concentration of nutrients in the ash. This mass loss of nutrients as particulates was 

then expressed as a proportion (%) of the total nutrient loss for each nutrient. 

 

5.2.5 Effect of A. gayanus fires on nutrient budgets 

The effect of A. gayanus fires on the savanna nutrient budget was 

investigated by constructing a simplified nutrient budget for N, P, K, Ca, S and Mg, 

using estimated annual nutrient inputs via rainfall and annual nutrient losses due to 

fire, following Cook (1994). Annual nutrient input via rainfall was based on those of 

Noller et al.  (1985) in a study conducted at the nearby Alligator River Region of the 

Northern Territory, a region very comparable in climate, vegetation and fire regime 

to that of the current study. Annual nutrient losses due to fire were based on data 

presented in our study. Net transfers (gains or losses) were then calculated as the 

difference between annual inputs of nutrients via rainfall and the non-particulate 
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(gaseous) nutrient losses to the atmosphere during the fires. Non-particulate losses 

are more likely to be permanent losses of nutrients from the site when compared to 

particulate losses (entrained ash and vegetation fragments), which may re-settle at or 

within several kilometres of a site as ash fallout (Raison et al. 1985, Cook 1994). 

 

5.2.6 Statistical analysis 

To test for differences between native grass and A. gayanus plots in: (1) 

understorey fine fuel nutrient pools (N, P, K, S, Ca, and Mg) pre- and post-fire and 

(2) total mass of nutrients lost to the atmosphere during the fire, I used a two-factor 

mixed model analysis of variance (ANOVA) with factors grass type (fixed) and plot-

pair (random). Before analyses, homogeneity of variances were checked using 

Cochran’s test. Nutrient pool and mass loss data were log-transformed prior to 

analyses to improve normality and homogeneity of variances. All analyses were 

performed using Statistica Version 5.5 (StatSoft, Inc., Tulsa, OK, USA). 

 

5.3 Results 

5.3.1 Nutrient pools 

Pre-fire grass nutrient pools were significantly higher in A. gayanus plots 

when compared to native grass plots for all nutrients (P<0.01 for N, S, and Mg, and 

P<0.05 for P, K, Ca and C; Table 5.1a, Table 5.2a). For example, A. gayanus nutrient 

pools were higher for N (~3-times), P (~4.5-times), and K (~4-times) than those in 

native grass plots (Table 5.1). Post-fire grass nutrient pools were also significantly 

higher in A. gayanus plots than those in native grass plots (P<0.001 for N, P, and K 

and P<0.05 for S, Ca and Mg; Table 5.1b, Table 5.2b). However, there was no 

significant difference between the woody litter nutrient pools in the two grass types, 



   

 133

either pre- or post-fire (Table 5.1a, 5.1b; Table 5.2a, 5.2b). The patterns in pre-fire 

woody litter nutrient pools showed some spatial variation, as indicated by the 

significant effect of plot-pair (Table 5.2). However, the difference between plot-pairs 

was not consistent between both grass types (significant grass type × plot-pair 

interaction, Table 5.2). This was due to the lower woody litter nutrient pools at native 

grass plot one, as a result of  the lower mass of woody litter at this plot. 

 

5.3.2 Nutrient losses 

The total losses of nutrients from the grass fuel were significantly higher in A. 

gayanus plots than in native grass plots for N (~2 times) and Mg (~ 4.5 times) 

(P<0.05, Table 5.1c, Table 5.2c). Other nutrients also showed a similar trend, with 

higher losses of P, K, S and Ca from the grass fuel in A. gayanus plots, but these 

were not statistically significant. However, total nutrient losses from the woody litter 

were not significantly different between the two grass types (Table 5.1c, Table 5.2c). 

The transport of entrained ash was greatest in the grass fuel of A. gayanus 

plots, where entrained losses accounted for, on average 38% of the total losses of 

grass mass, compared to 11% in the native grass fuel (Table 5.3). The percentage of 

nutrients lost through ash transport from the grass fuel was approximately 40% 

higher in A. gayanus plots when compared to native grass plots (Table 5.3). In both 

grass types the contribution of entrained ash to nutrient losses was the lowest for N 

and S (<17%) and was much higher for P, K and Mg (Table 5.3). 

 

5.3.3 Effect of fire on nutrient budgets 

A simplified savanna nutrient budget, consisting of annual nutrient accessions 

via rainfall and total nutrient losses via fire, identified that A. gayanus fires increased 
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annual losses of N by approximately 40%, with losses of 20 kg ha-1 yr-1 compared to 

14.6 kg ha-1 yr-1 in native grass savanna (Table 5.4). Annual losses of Mg were also 

substantially increased, with almost 90% higher Mg losses in A. gayanus plots, with 

losses of 1.7 kg ha-1 yr-1, compared to 0.9 kg ha-1 in native grass plots. 

 

5.4 Discussion 

This is the first study to quantify the clear link between alien grass invasion, 

changes in fuel and fire characteristics, and the critical feed-forward effect of these 

changes on nutrient losses. Andropogon gayanus invasion increased the biomass 

(fuel loads) and the above-ground pools of all nutrients quantified. The increased fuel 

loads and nutrient pools were due to the four-times increase in grass biomass with no 

significant differences in woody litter component, or significant differences in the 

concentration of nutrient per unit weight (data not presented) between the two grass 

types. The marked increase in nutrient pools and the higher fire intensity in A. 

gayanus invaded plots resulted in substantially higher nutrient losses per unit area. 

This is despite a lower percentage fuel consumption of the A. gayanus fuel due to its 

higher moisture content. The increased losses were due entirely to increased nutrient 

losses from the grass component of the fuel; the amount, nutrient concentration and 

combustion efficiency of woody litter was the same between grass types. 

While A. gayanus invasion led to an increase in the total losses of nutrients 

from the savanna, it is the partitioning of these losses between particulates and non-

particulates that determines the ‘true’ nutrient losses from the terrestrial system. 

Nutrients lost via particulate transfer generally settle as ash fallout from the smoke 

plume within several kilometres of the fires, and should be seen as local re-

distribution of nutrients (Cook 1994), whereas non-particulate forms are more likely 
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to be permanent losses of nutrients from the ecosystem (Raison et al. 1985). Up to 

80% of the losses of Mg were via entrained ash, and therefore not likely to be 

permanent. In contrast, the loss of N was largely non-particulate losses 

(approximately 90%).  

Increased grass biomass and fuel consumption are critical factors regulating 

fire-mediated nutrient losses in the Australian savanna. Within the study site 

(Wildman Reserve), conservation managers undertake weed management programs, 

including frequent (annual or biennial) early-dry season burning, to prevent biomass 

accumulation and avoid high intensity fires. Fuel accumulation is rapid and A. 

gayanus invaded areas that remain unburnt for three or more years will support 

extremely high intensity fires. For example, at one site near Adelaide River, 100 km 

south east of Darwin, land managers excluded fire from an area for 3 years to try to 

protect a site.  As a result A. gayanus and native grass fuel loads had accumulated to 

an average of 21.14 (± 1.9) t ha-1 and 4.50 (± 0.42) t ha-1 respectively (Rossiter-

Rachor et al., unpublished data, n=3 plot-pairs). These exceptional circumstances 

gave an opportunity to study the N losses when both A. gayanus and native grass 

fuels had accumulated. However, the Adelaide River site was burnt during an 

uncontrolled wildfire in the mid-dry season, with an estimated fire intensity of up to 

48,000 kW m-1 in A. gayanus plots compared to 2,000 kW m-1 in the adjacent native 

grass plots (Rossiter-Rachor et al., unpublished data), with a combustion efficiency 

of 96% in the A. gayanus plots and 100% in the native grass plots (Rossiter-Rachor 

et al., unpublished data). The pre-fire grass N pools at the Adelaide River site were 

63.4 kg N ha-1 and 23.9 kg N ha-1 in the A. gayanus and adjacent native grass plot-

pairs respectively. The percentage loss of N is known to be approximately equivalent 

to the percentage loss of fuel weight (Medina 1982a, Raison et al. 1993), and this 



   

 136

was further confirmed in this study (Table 5.1 and 5.3). Using the pre-fire grass N 

pools, and the percentage loss of grass fuel weight, the A. gayanus N losses from this 

wildfire were estimated at 61.5 kg N ha-1, which is over 2 ½-times higher than the N 

losses from the native grass plots (23.9 kg N ha-1). The N loss from the native grass 

plots are comparable to the higher end of fire-mediated N losses reported in South 

American savannas (20.6 kg N ha-1, Pivello and Coutinho (1992); 26.5 kg N ha-1, 

Kauffman et al. (1994); 23.4 kg N ha-1, Laclau et al. (2002)); South African savannas 

(24 kg N ha-1, Abbadie (2006); and other native northern Australian savannas (24 kg 

N ha-1, Cook (1994)). However, the amounts of N loss in A. gayanus sites are higher 

than any other savanna fire N loss that I am aware of.  

It is likely that the N losses estimated from the wildfire at Adelaide River are 

approaching the maximum possible in both native grass and A. gayanus invaded 

savannas, as the A. gayanus fuel load is the highest currently reported, and the native 

grass fuel loads is close to the maximum recorded. For example, in a large scale 

survey of herbaceous biomass across the range of Eucalyptus tetrodonta savannas in 

north-western Australia, Bowman et al. (2007) determined that herbaceous biomass 

ranged from 0.1 to 5.8 t ha-1, with a mean and median of 1.47 and 1.37 t ha-1. While 

native grass fuel loads can accumulate in the absence of fire, the grass biomass 

reaches a maximum after five years (Cook 2003). After this the rate of fuel 

decomposition is the same as the rate of fuel production, and therefore (in the 

absence of fire) the amounts of biomass remain stable. However fuel accumulation 

over more than two or three years is uncommon as most of the savanna is frequently 

burnt (Russell-Smith et al., 1997).  
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 5.4.1 Simplified nitrogen budget  

Andropogon gayanus invasion and the subsequent high intensity fires have 

fundamentally altered a critical characteristic of the savanna N cycle, by increasing 

the losses of N from the ecosystem, thereby ‘opening’ the N cycle (sensu Keith 

1997). The large increases in fire-mediated N losses due to A. gayanus invasion will 

eventually decrease savanna soil N pools unless these increased losses are replaced 

by annual inputs of N via rainfall and/or biological N2 fixation. A simplified savanna 

N budget was constructed, consisting of mean annual inputs of N via rainfall for this 

region and the annual losses of N from native grass and A. gayanus plots reported in 

this study. The annual losses of N in native grass savannas were 14.6 kg ha-1 yr-1, 

which is comparable to the annual N losses of 14.5 kg ha-1 yr-1 reported by Cook 

(1994) in nearby Kakadu National Park. However, the net annual losses of N in A. 

gayanus plots were almost 40% higher at 20 kg ha-1 yr-1, which is an order of 

magnitude larger than N inputs via rainfall (2 kg ha-1 y-1). Given the estimated rate of 

N inputs via rainfall, and assuming that other losses are zero, it would take almost 10 

years for the N loss to be replaced from just one A. gayanus fire. Although fixation 

pathways are poorly understood in these savannas (Schmidt and Lamble 2002), it is 

possible that fixation may replace much of the lost. Rates of N fixation from pure 

stands of Acacia pellita are seen as the maximum N fixation for these mesic 

savannas (Cook 1994). These Acacia stands fixed N at 12 kg N ha-1 yr-1 (Langkamp 

et al. 1979), significantly less than losses of N from a single, moderate intensity A. 

gayanus fire. Furthermore, inputs of N via N fixation are likely to be lower in A. 

gayanus invaded plots, as N-fixing components of the native flora are being 

displaced, with up to 50% reduction in native N-fixing species at A. gayanus invaded 

sites (K. Brooks, Charles Darwin University, unpublished data). In addition to this, 
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many savanna legume species are sensitive to fire; for example Williams et al. 

(1999) reported a 99% mortality of Acacia species when subjected to high fire 

intensity (~20, 000 kW m-1); intensities that are frequently achieved in A. gayanus 

systems. 

The increase in fire-mediated N losses is likely to have a negative feedback 

effect on the N status of savanna soils, which are typically already deficient in N 

(Tothill et al. 1985).  However it is unclear over what time frame a consistent or 

ecologically significant reduction would occur. It has been suggested that the effects 

of plant invasion on soil characteristics can be cumulative and slow and it may take 

decades before the full effects are realised (Strayer et al. 2006). Even though the 

invaded plots at Wildman Reserve are only in the early stages of A. gayanus invasion 

(~ 10 years) changes in total and available soil N are already apparent.  For example, 

research at Wildman Reserve has shown that in the short-term the changes to the 

total soil N pool due to fire appear to be transient (Chapter 3). Before fire, the total 

soil N pools were not significantly different between native grass and A. gayanus 

plots (means native grass 62.8 g N m2 versus A. gayanus 90.8 g N m2 at 20-30 cm 

depth; Chapter 3). After a relatively moderate fire event (fire intensity native grass 

1904 kWm-1 
versus A. gayanus 7029 kWm-1; (Rossiter et al. 2004) there was a 

reduction in the total soil N pools of up to 80% in A. gayanus invaded plots 

compared to that in native grass plots (means native grass 93.4 g N m2 versus A. 

gayanus 20.9 g N m2 at 20-30 cm depth; Chapter 3, Table 3.6a). This reduction in 

soil total N pools was recorded in January, at the beginning of the wet season (the 

growing season), which was 8 months after fire. The reduction in total soil N pools 

increased with increasing soil depth (0-5cm, 5-10cm, 20-30cm). Despite the 

difference in soil total N in the early wet season, no difference between grass types 



   

 139

was detected the following June, in the early dry season, 13 months after this fire 

event (Chapter 3). This rapid decline in soil N may reflect uptake due to the vigorous 

post-fire re-growth of the A. gayanus stands through the early wet season and this 

productivity depleted the soil N reserves. Once the stand had re-established, soil N 

levels returned to pre-fire levels. Such short-term changes in total N suggest A. 

gayanus invasion results in highly dynamic N fluxes, be it losses due to intense fires 

or significant shifts in soil N pools from re-growth. It is likely that over the longer 

term, as the cumulative abiotic and biotic effects of A. gayanus on the N cycle are 

fully realised, the large increase in fire-mediated N loss will lead to N depletion of 

the soil. Modelling of above- and below-ground N pools would be required to 

examine long-term trends of N status for invaded systems and data presented in this 

chapter would be ideal for model calibration and verification. 

 

5.4.2 Regional scale implications 

Biomass burning, especially in savannas, is widely considered as a major 

global source of aerosol and trace gas emissions to the atmosphere (Crutzen and 

Andreae 1990; McNaughton et al. 1998; Grace et al. 2006). Within Australia 

savannas cover ~ 25% of the land area (Mott et al. 1985), and up to 50% of the 

savanna is burnt annually (Russell-Smith et al. 1997, Edwards et al. 2001). As a 

result, savanna fires have been shown to contribute significantly to Australian trace 

gas emissions (Hurst et al. 1994). For example, it is estimated that emissions from 

Australian savanna fires in 2000 produced 31% of the national NOx (National 

Greenhouse Gas Inventory Committee 2006). Emissions of NOx from savanna fires 

have also been shown to exceed the annual emissions from fossil fuel combustion in 

Australia (Hurst et al. 1994). These trace gas emission from savannas fires can also 
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impact on atmospheric chemistry, leading to the production of photochemical smog 

and hence tropospheric ozone (Hurst et al. 1994, Beringer et al. 1995). 

Savanna fires in northern Australia have also been identified as being an 

important contributor of smoke to other regions of Australia (Kondo et al. 2003, 

Sturman and Tapper 2006), as well as surrounding oceans and neighbouring 

countries (Sturman and Tapper 2006). In the late dry season (August) 70-80% of the 

airflow from northern Australia flows towards the north-west (towards Indonesia) in 

the trade-wind flow (Sturman and Tapper 2006). The smoke plumes from these 

savanna fires contain large amounts of nutrients in both particulate and non-

particulate forms (Hurst et al. 1994, Beringer et al. 1995), therefore these offshore 

airflows have important implications for nutrient transfer in the region (Sturman and 

Tapper 2006).  

Changes in nutrient losses via savanna fires, such as those due to A. gayanus 

invasion, could lead to a substantial increase in the transfer of nutrients offshore in 

smoke plumes. In particular, A. gayanus invasion has the potential to increase 

regional emissions due to the large area of savanna that A. gayanus may invade 

across the northern Australia, and the large amounts of N lost during A. gayanus 

fires. These increased transfers offshore could have important implications for 

nutrient cycling within the region. 

 

5.5 Conclusion 

Globally, the savannas are under threat from the invasion by African C4 

grasses (D'Antonio and Vitousek 1992, Williams and Baruch 2000). The conversion 

of diverse native grass savannas to monospecific swards of highly productive African 

grasses has well recognised consequences on fire regimes (D'Antonio and Vitousek 
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1992), but the feed-forward effects of these changes in fire regimes to other 

ecosystem processes have not been well studied.  

This study has demonstrated the strong feed-forward effects that changes in 

fire regimes due to A. gayanus invasion have on savanna N cycling, by significantly 

increasing the fire-mediated N losses. These increases in N losses could also be 

significant at not only a local level, but also quite possibly a regional level. The 

substantial changes in biomass and N loss highlight the urgent need for further 

studies on the impacts of these dramatic alien grass-driven changes in fire regimes on 

a range of other ecosystem processes. 
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Table 5.1 Mean mass and nutrient pools (kg ha-1) of the understorey fine-fuel (grass and woody litter) in native grass and A. gayanus plots, 

pre- and post-fire at Wildman Reserve in June 2005. Total losses of mass and nutrients are also shown. Rows are means (±SE), plot-pairs n=3, 

plant tissue/ash samples n=3.  

Nutrient pool  Grass type 
 

Mass 
(kg ha-1) 

 
N 

(kg ha-1) 

 
P 

(kg ha-1) 

 
K 

(kg ha-1) 

 
S 

(kg ha-1) 

 
Ca 

(kg ha-1) 

 
Mg 

(kg ha-1) 

(A) PRE-FIRE         

Grass Native grass 1250.9 (52.2) 5.51 (0.35) 0.17 (0.02) 3.14 (0.36) 0.64 (0.06) 2.24 (0.27) 2.41 (0.23) 

Grass A. gayanus 5449.5 (260.8) 16.42 (1.61) 0.78 (0.08) 12.52 (1.66) 1.66 (0.14) 14.59 (1.34) 17.59 (1.35) 

         

Woody litter Native grass 2237.7 (393.1) 13.63 (2.39) 0.41 (0.08) 1.84 (0.37) 1.02 (0.18) 10.19 (2.20) 4.38 (0.84) 

Woody litter A. gayanus 2400.8 (422.2) 14.14 (2.42) 0.46 (0.09) 1.60 (0.32) 1.12 (0.19) 12.92 (2.66) 5.40 (0.80) 

         

(B) POST-FIRE         

Grass Native grass 13.1 (2.8) 0.09 (0.02) 0.02 (0.01) 0.13 (0.04) 0.02 (0.01) 0.35 (0.12) 0.20 (0.06) 

Grass^ A. gayanus 1678.9 (62.0) 4.85 (0.38) 0.51 (0.04) 7.84 (1.28) 0.65 (0.04) 5.99 (0.53) 7.80 (0.49) 

         

Woody litter Native grass 52.1 (6.5) 0.27 (0.06) 0.05 (0.01) 0.25 (0.05) 0.06 (0.01) 1.24 (0.19) 0.55 (0.07) 

Woody litter A. gayanus 92.3 (11.7) 0.43 (0.06) 0.14 (0.02) 0.66 (0.16) 0.12 (0.03) 3.50 (0.75) 1.39 (0.23) 

         

(C) TOTAL LOSS         

Grass Native grass 1237.81 (52.66) 5.42 (0.36) 0.15 (0.02) 3.01 (0.37) 0.62 (0.06) 1.89 (0.34) 2.21 (0.26) 

Grass A. gayanus 3770.61 (238.11) 11.57 (1.64) 0.27 (0.09) 4.68 (2.12) 1.01 (0.15) 8.60 (1.59) 9.79 (1.28) 

         

Woody litter Native grass 2185.60 (389.46) 13.36 (2.41) 0.35 (0.08) 1.60 (0.39) 0.97 (0.18) 8.95 (2.19) 3.83 (0.86) 

Woody litter A. gayanus 2308.52 (413.69) 13.71 (2.38) 0.32 (0.08) 0.93 (0.26) 0.99 (0.17) 9.42 (2.14) 4.01 (0.73) 
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Table 5.2 Summary of significant results from a two-factor ANOVA on (a) pre- and (b) post-fire fuel mass and nutrient pools, and (c) total 
mass and nutrient losses; in native grass and A. gayanus plots. Factors were plot-pairs (P-P, random) and grass type (G; fixed), and degrees of 
freedom (d.f) for each factor are shown. Values in the table are F-values and significant results are indicated (n.s= not significant, *=P<0.05, 
**=P<0.01, ***=P<0.001).  
 

 
Nutrient pool 

 
Factor (d.f) Mass 

 
N 
 

 
P 
 

 
K 
 

 
S 
 

 
Ca 

 

 
Mg 

 

(A) Pre- Fire         

Grass P-P (2,12) n.s n.s n.s n.s 4.2* n.s n.s 

 G (1,2) 783.5** 137.5** 76.7* 56.9* 142.2** 85.1* 173.0** 

 P-P x G (2,12) n.s n.s n.s n.s n.s n.s n.s 

Woody litter P-P (2,12) 7.1** 4.2* 6.4* 9.4** 5.3 * 9.4** 8.2** 

 G (1,2) n.s n.s n.s n.s n.s n.s n.s 

 P-P x G (2,12) 5.5* 4.8* n.s 4.8* n.s 3.9* 4.6* 

(B) Post-fire         

Grass P-P (2,12) n.s n.s n.s 4.2* 5.2* n.s n.s 

 G (1,2) 206.9*** 2012.6*** 1933.1*** 142.6*** 167.4** 60.9** 293.3** 

 P-P x G (2,12) n.s n.s n.s n.s n.s 5.9** n.s 

Woody litter P-P (2,12) n.s 6.0* 7.5** 5.6* 5.0* 8.2** n.s 

 G (1,2) n.s n.s n.s n.s n.s n.s n.s 

 P-P x G (2,12) n.s n.s n.s n.s n.s n.s n.s 

(C) Total Loss         

Grass P-P (2,12) n.s n.s n.s n.s n.s n.s n.s 

 G (1,2) 232.5** 21.2* n.s n.s n.s n.s 50.7* 

 P-P x G (2,12) n.s n.s n.s n.s n.s n.s n.s 

Woody litter P-P (2,12) 7.2** 4.45* 6.5* 8.7** 6.5* 5.4* 6.1* 

 G (1,2) n.s n.s n.s n.s n.s n.s n.s 

 P-P x G (2,12) 5.5* n.s n.s n.s n.s n.s n.s 
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Table 5.3 The proportion (%) of the total loss of mass and nutrients to the atmosphere from the understorey fine-fuel (grass and woody 

litter) in native grass and A. gayanus plots during fire in June 2005 that comprised entrained ash. Rows are mean values (±SE), plot-pairs n=3, 

reps n=3. 

 

N pool Grass type 
 

Mass 
 

 
N 
 

 
P 
 

 
K 
 

 
S 
 

 
Mg 

 
        

Grass Native grass 10.53 (2.33) 11.77 (2.03) 64.78 (7.66) 37.90 (5.63) 1.96 (0.38) 46.86 (6.11) 

Grass A. gayanus 37.50 (6.57) 16.63 (3.01) 96.49 (7.37) 63.46 (14.06) 7.37 (1.59) 80.57 (19.89) 

        

Woody litter Native grass 34.31 (8.15) 11.86 (1.67) 98.89 (10.71) 85.92 (13.13) 1.39 (0.27) 96.73 (11.79) 

Woody litter A. gayanus 27.36 (4.63) 10.04 (1.60) 99.83 (7.27) 78.59 (16.82) 1.54 (0.15) 96.04 (5.77) 
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Table 5.4 Estimated annual inputs of nutrients (kg ha-1 yr-1) in rainfall (Source: Noller et al., 1985, Alligator River Region, NT) and actual 

annual non-particulate losses of nutrients in native grass and A. gayanus plots due to fire, at Wildman Reserve. The non-particulate losses are the 

sum of non-particulate losses from both the grass and woody litter at the plots. Net transfers calculated as the difference between annual inputs of 

nutrients via rainfall and the annual nutrient transfers to atmosphere during fire. Positive values for the net transfer indicate a net loss of nutrients 

from the savanna and negative values for the net transfer indicate a net gain of nutrients to the savanna. 

 
 
 

 
N 

(kg ha-1 yr-1) 

 
P 

(kg ha-1 yr-1) 

 
K 

(kg ha-1 yr-1) 

 
S 

(kg ha-1 yr-1) 

 
Ca 

(kg ha-1 yr-1) 

 
Mg 

(kg ha-1 yr-1) 

       

Rainfall 2.0 0.4 1.0 3.2 0.5 0.4 

Native grass        

     Non-particulate transfer 16.6 0.1 2.1 1.6 0 1.3 

     Net transfer 14.6 -0.3 1.1 -1.6 -0.5 0.9 

A. gayanus       

     Non-particulate transfer 22.0 0 1.9 1.9 0 2.1 

     Net transfer 20.0 -0.4 0.9 -1.3 -0.5 1.7 
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Chapter 6  Summary: The ecosystem consequences of A. 
gayanus invasion on savanna nitrogen dynamics 
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6.1 Developing a nitrogen budget 

Alien plant invasions have been shown to alter a range of aspects of the N 

cycle in ecosystems (see review in Ehrenfeld 2003). In this thesis I have 

demonstrated that A. gayanus invasion in the savannas of northern Australia has led 

to the substantial alteration of (i) savanna plant and soil N pools (Chapter 3.3.3), and 

(ii) key savanna N fluxes, including litter decomposition (Chapter 4.2.2), nitrification 

and ammonification rates (Chapter 3.3.6), N uptake rates (Chapter 3.3.7), and fire 

mediated N losses (Chapter 5.3.2). This chapter draws together and summarises the 

findings of the individual chapters. Detailed summaries of both ecosystem N pools 

and ecosystem N fluxes are first presented separately and are compared with N pools 

and fluxes occurring in other savannas worldwide. The ecosystem N pool and fluxes 

are then summarised into two preliminary N budgets for both native grass and A. 

gayanus invaded savanna; wet season (November-April) and the dry season (May-

October). These preliminary N budgets will give an overview of the ecosystem-scale 

consequences of A. gayanus invasion and help identify future research needs. 

Measurements of savanna N pools and fluxes were undertaken at Wildman 

Reserve over two wet-dry cycles (November 2002 to October 2003; November 2003 

to June 2004). The study plots were burnt in the first year (May 2002), and therefore 

the summaries of ecosystem N pools and fluxes are presented as ‘unburnt savanna’ 

(before the fire) and ‘burnt savanna’ (after the fire).  Soil and plant N pools were 

calculated as kg N ha-1 using the data presented in Chapter 3, and N fluxes were 

calculated as kg N ha-1 season-1 using data presented in Chapters 3, 4 and 5. The 

preliminary N budgets required some additional N fluxes to be calculated. Grass N 

uptake was estimated by summing annual increments of biomass N (see Chapter 

3.1.3 for details of biomass N determination) produced in the year after the May 
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2003 fire, following Scholes and Walker (1993). This annual N uptake was also 

partitioned into wet and dry season N uptake. In addition, wet season ammonification 

and nitrification rates per season (kg N ha-1 season-1) were calculated using the daily 

ammonification and nitrification rates from the in situ soil incubations (Chapter 

3.3.6) and extrapolated over the duration of the wet season (181 days).  N input via 

rainfall in the budget was based on data of Noller et al. (1985) in a study conducted 

in the nearby (~100 km east) Alligator River Region of the Northern Territory; a 

region very comparable in climate, vegetation and fire regime to that of the current 

study. The annual input of N via rainfall was assumed to occur wholly in the wet 

season, with >98% of the annual rainfall occurring during the November-April wet 

season (Chapter 3, Figure 3.4). 

 
 
6.2  Seasonal description of major ecosystem nitrogen pools and 

fluxes 

6.2.1 Nitrogen pools 

The N pools in different compartments of native grass savanna and A. 

gayanus invaded savanna are shown in Table 6.1 (unburnt savanna) and Table 6.2 

(burnt savanna). The largest component of the ecosystem N pool was total N stored 

in the soil. There was substantial seasonal variation in the total soil N pool within 

each grass ecosystem. In unburnt savanna, the total soil N pool in the native grass 

plots was 2523 kg N ha-1 in the wet season, and decreased to 1651 kg N ha-1 in the 

dry season. In comparison, the total soil N pool in A. gayanus invaded savanna was 

2073 kg N ha-1 in the wet season, and increased to 2204 kg N ha-1 in the dry season. 

Following the fire there was a large increase in the total soil N pool in the native 

grass savanna to 2933 kg N ha-1, but a large decrease in the total soil N pool in A. 

gayanus savanna to 1478 kg N ha-1. However, by the following dry season the total 
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soil N pools in both native grass and A. gayanus savanna had decreased and were 

similar.  

The above ground grass N pool accounted for only a small proportion of the 

total ecosystem N pool in both grass ecosystems (Table 6.1 and Table 6.2). In 

unburnt native grass savanna the native grass phytomass N pool was 2.7 kg N ha-1 in 

the wet season, which decreased to 2.3 kg N ha-1 in the dry season. In contrast, A. 

gayanus grass N pool was 15.1 kg N ha-1 and increased to 16.1 kg N ha-1 in the dry 

season (May), as A. gayanus had continued to grow into the early dry season. Grass 

N pools were between 5- and 7-times higher in A. gayanus invaded savanna. The 

native grass N pool accounted for less than 10% of the total above-ground N pool in 

both seasons. In contrast, in A. gayanus savanna the grass N pool accounted for 

between 35% (dry season) and 50% (wet season) of the total above ground N pool. 

As with the above ground grass N pools, the root N pool only accounted for a small 

proportion of the total ecosystem N pool in both grass ecosystems. In A. gayanus 

savanna the root N pool was more than 2½ times higher than that in native grass 

savanna. The root N pool contributed less than 35% of the total grass N pool in both 

native grass and A. gayanus savanna. 

Woody litter N pools were higher in the dry season than in the wet season in 

both grass habitats and in both burnt and unburnt years (Table 6.1 and 6.2). This N 

pool also only accounted for a small proportion of the total ecosystem N pool in both 

grass ecosystems. There were distinct seasonal differences in the woody litter N pool 

and these patterns were similar in both grass ecosystems. In unburnt native grass 

savanna the mean woody litter was 18.2 kg N ha-1 in the wet season, increasing to 

23.4 kg N ha-1 in the dry season, as woody leaf litter fall increased in the dry season. 

In A. gayanus savanna the mean woody litter was 15.4 kg N ha-1 in the wet season, 
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and increased to 31.7 kg N ha-1 in the dry season, as woody leaf litter fall increased in 

the dry season. Following fire, there were lower woody litter N pools in both grass 

ecosystems, but there was still a similar temporal pattern, with increases of woody 

litter N pools in the dry season. 

 The relative distribution of ecosystem N pools documented in this study is 

similar to that documented in other savannas worldwide, with soil N comprising the 

largest component of the ecosystem N pool and the grass N pool (shoot and root) 

contributing only a small proportion of the total ecosystem N pool (Table 6.3). The 

grass N pools in the native grass savannas of northern Australia are the lower end of 

the range documented in savannas elsewhere. However A. gayanus invasion has 

increased the above ground grass N pools to similar levels to those in African and 

South American savannas. This highlights how A. gayanus invasion and has 

dramatically altered the distribution of N within the native savanna ecosystem, 

resulting in a larger amount of the ecosystem N pool being above ground in the form 

of grass phytomass, in what is a highly fire prone ecosystem. This alteration in N 

pool distribution has clearly increased the risk of N loss from the ecosystem, due to 

fire-mediated N losses. 

 

6.2.2 Nitrogen fluxes 

Andropogon gayanus invasion has altered a range of N fluxes in the savannas 

of northern Australia (Table 6.4). The wet season net ammonification rates (as 

measured with in situ soil incubations) were similar in A. gayanus and native grass 

savanna. In contrast, net nitrification rates in A. gayanus savanna were less than half 

that in native grass savanna. In the wet season A. gayanus N uptake in the wet season 

was almost double that of the native grass. As expected, the N uptake of both grass 
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types decreased substantially in the dry season, but A. gayanus still had almost 

double the N uptake of the native grasses. The greater amounts of A. gayanus 

necromass (grass litter), and greater decomposition rates, resulted in a 10-times 

higher return of N from the litter to the soil. However the alternative fate of this grass 

litter is consumption via fire. The total fire mediated N losses (volatilisation and ash) 

from the grass fuel was more than double in A. gayanus savanna, compared to that in 

native grass savanna. Total N losses from the woody litter were similar between the 

two grass types. 

 
6.2.3 Preliminary nitrogen budget of native grass savanna and A. 

gayanus invaded savanna 

 Several N fluxes were not measured in this study (e.g. biological N fixation, 

leaching, denitrification) so a complete N budget could not be calculated. However 

these were identified as not being of critical importance, as they only constitute a 

very small proportion of N fluxes in savanna ecosystems (E.g. Scholes and Walker 

1993, Abbadie and Lata 2006 ). Therefore the N budgets presented in Figure 6.1 and 

Figure 6.2 are preliminary N budgets only, but are useful for comparison of the 

relative size of ecosystem N pools and fluxes in native grass and A. gayanus invaded 

savanna. In native grass savanna that is burnt during the dry season, 18.8 kg N ha-1 is 

lost from the ecosystem via volatilisation and particulate (ash) losses. This loss is not 

compensated for by rainfall input, ca. 2 kg N ha-1 yr-1 (Noller et al. 1985). Similarly, 

in A. gayanus the total fire mediated N loss (25.3 kg N ha-1) is far higher than that 

returned by rainfall input and 25% higher than the fire mediated N loss in native 

savanna.  

The preliminary N budget demonstrates that one of the most important 

changes in N cycling due to A. gayanus invasion is the increase in fire-mediated N 
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losses, and this is even more evident when the N losses per hectare are scaled to a 

sub-catchment and regional level.  The sub-catchment of Wildman Reserve is found 

within the Mary River Catchment and covers an area of 229 km2 (Northern Territory 

Government 1983). The savanna open-forest/ woodlands examined in this study 

cover approximately 75% of Wildman Reserve (172 km2; Armstrong et al. 2002). 

The total fire-mediated N loss from these native grass savannas can be estimated at 

808 kg N yr-1 from the reserve (Table 6.5a). This N loss is based on the assumption 

that (1) the burning regime is 1 in every 2 years, and the fires are early dry season 

fires, as is commonly practiced by the Reserve managers, and (2) approximately 50% 

of most of the reserve is burnt each year, as it common in the region (Russell-Smith 

et al. 1997; Edwards et al. 2001).  Andropogon gayanus has invaded an estimated 38 

km2 of Wildman Reserve (K. Beggs, Charles Darwin University, unpublished data). 

This has not only increased the fuel loads, grass N pools, and fire intensity (Chapter 

5) but has also resulted in an increased percentage area of the Reserve burnt every 

year, with up to 75% of the A. gayanus invaded area burnt annually. Under the 

current management burning regime at the Reserve, this would result in an estimated 

total N loss of 988 kg N yr-1 from the Reserve (Table 6.5b) which represents a 22% 

increase in N loss, with A. gayanus accounting for 64% of the total annual N losses 

via fire, even though it only occupies 22% of the landscape.  

At a regional level, Eucalyptus miniata and Eucalyptus tetrodonta open-

forest/woodlands are an important vegetation type, occupying an area of 

approximately 135,000 km2 (Wilson et al. 1990). Under the current burning regime 

in the savannas the estimated total N loss of the E. miniata and E. tetrodonta estate 

would be 633, 815 kg N yr-1 (Table 6.5c) It has been estimated that A. gayanus has 

invaded ∼1, 500, 000 km2 in the Northern Territory, which is predominately E. 
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miniata and E. tetrodonta dominated savannas (Clifton 2005). This represents an 

area of approximately 11% of the savannas. Under the current burning regime, and 

assuming approximately 75% of A. gayanus invaded areas are burnt annually, this 

would lead to a total N loss of 705, 557 kg N yr-1 over the E. miniata and E. 

tetrodonta estate of (Table 6.5d). This represents an increase in N losses at a regional 

scale of 71, 742 kg N yr-1, or approximately 11%. However if the current spread of 

A. gayanus throughout these savannas is not halted, then in the future it is possible to 

imagine a scenario where A. gayanus has invaded 20% of the E. miniata and E. 

tetrodonta dominated savannas in the NT. Under this scenario, and the current 

burning regime, this would result in an increase in the N losses from the savannas to 

762, 952 kg N yr-1. This is an increase in fire-mediated N losses of 20% from that in 

native grass savannas pre-invasion, which is likely to have significant regional 

implications. These substantial increases in N losses (at a plot (Chapter 5), sub-

catchment, and regional scale) clearly indicate the A. gayanus invasion has caused 

dramatic changes in the savanna N cycle, effectively opening the N cycle at a range 

of scales. 

 
 

6.3  Synthesis 

This study has demonstrated that A. gayanus invasion has substantially 

altered the savanna N budget by changing the N pools and fluxes in invaded savanna. 

Invasion has led to a large increase in the amount of N stored in the grass N pool, 

with shoot and root N pools up to 7- and 2.5-times greater than native grass savanna. 

The large increase in grass N pools was also accompanied by large changes in N 

fluxes (litter decomposition, nitrification, and fire mediated N losses) with A. 

gayanus generally increasing the magnitude of the N cycled between the plant and 
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soil N pool. Some of the changes in N fluxes appear to be compensatory to an extent, 

as there was a large increase in grass N uptake in A. gayanus savanna, but there was 

also a greater N return to the soil from the decomposing litter, and a greater biomass 

N uptake from the soil. The magnitude of most N fluxes increased which suggests 

that, in the absence of fire, A. gayanus is likely to increase the rate of N cycling in 

invaded savannas. This result is similar to that proposed by Windham and Ehrenfeld 

(2003) for Phragmites australis invasion in the coastal marshes of the eastern United 

States. However, in addition to increasing these N fluxes, A. gayanus also increased 

the magnitude of the fire-mediated N losses, which is of critical importance in these 

fire prone savannas. The increased N losses have important implications for the soil 

N status, and this is discussed in more detail later. 

 Most of the changes in N fluxes were due to an increase in magnitude, but 

there was one important directional shift in N fluxes following A. gayanus invasion, 

with a reduction in nitrification rates in A. gayanus savannas to about half those in 

native grass savanna. In an earlier chapter it was proposed that the reduction in 

nitrification was likely to be due to the production of allelopathic enzymes by A. 

gayanus roots (Subbarao et al. 2007) which affect the soil nitrifying community, a 

phenomenon which has been documented for A. gayanus in its native range in 

Western Africa (Lata et al., unpublished data). The reduction in nitrification is likely 

to be one of the most critical changes in N cycling in A. gayanus invaded 

ecosystems, as it has led to an increase the availability of soil ammonium (Chapter 

3.3.6), which is the preferred N source of A. gayanus (Chapter 3.3.7). This taken 

together with the higher rates of ammonium uptake of A. gayanus suggests a possible 

mechanism that may support the paradoxical large biomass production of A. gayanus 

in low nutrient savanna (Chapter 3.3.7). For example, the primary production in the 
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Andropogonaceae savanna ecosystems of the Ivory Coast (Western Africa), is one of 

the highest in the world, despite the extremely low soil N content (Abbadie and Lata 

2006). This productivity is possible due to a lack of nitrification in this system, 

which results in an accumulation of the non-leachable ammonium, and increases the 

residence time of N within the soil-plant system (Abbadie and Lata 2006). This 

means that the N losses from the Lamto savanna ecosystem are low (except via fire), 

and there is a strong recycling of N within the ecosystem (Abbadie and Lata 2006). I 

suggest that A. gayanus is operating in a similar way in the Australian savannas. 

Andropogon gayanus is likely to be actively reducing N losses in invaded 

ecosystems via nitrification inhibition, leading to the retention and accumulation of 

N. This is likely to increase the competitive strength and aid in the further 

establishment of A. gayanus in these low fertility savannas. 

The high frequency of fire in the Australian savannas is likely to negatively 

affect this apparent N retention in A. gayanus invaded savannas. As more N is being 

stored in the vegetation pool, this places a much larger amount of N at high risk of 

being volatilised and lost from the ecosystem during the frequent savanna fires. This 

study documented that total fire-mediated N losses were ~25% greater in A. gayanus 

savannas, compared to native grass savanna. This increase in N losses is likely to be 

significant given the high frequency (every 1-2 years) and extent of fire (up to 50% 

burnt every year) in the Australian savannas (Russell-Smith et al. 1997, Edwards et 

al. 2001). Annual burning in either native grass or A. gayanus savanna would result 

in an N deficit in both native grass and A. gayanus N budgets, but this deficit would 

be much larger in A. gayanus savanna. The annual N inputs from rainfall are only 

small ca. 2 kg N ha-1 yr-1 (Noller et al. 1985). Symbiotic fixation of N may replace 

some of the N lost during A. gayanus fires, but fixation pathways in these savannas 
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are poorly understood (Schmidt and Lamble 2002). Even the highest known rates of 

N fixation in this savanna (12 kg N ha-1 yr-1 in pure stands of Acacia pellita, 

Langkamp et al. 1979) would take more than two years to replace the N loss from a 

single, moderate intensity A. gayanus fire. 

Despite the range of changes in N fluxes in A. gayanus invaded savanna, this 

study demonstrated that there is no consistent reduction in the total soil N pool in 

invaded savanna, although there was a reduction in the total soil N pool after fire. 

This reduction appeared to be related to the rapid re-growth of A. gayanus post fire, 

as the reduction in total soil was highest where the root biomass was highest (20-30 

cm, Chapter 3.3.5). However, this documented reduction appeared to be within the 

normal range of seasonal changes in the native savanna total soil N pool (Table 6.1 

and 6.2). The total soil N results of this study are similar to those documented by 

Day et al. (1977) for Wildman Reserve (Table 6.4). The lack of an observerable 

change in the total soil N pool could be due to the relatively short time that this site 

has been invaded by A. gayanus (<10 years). It has been demonstrated that some 

changes in total soil N pools take many years to develop. Mathers et al. (2006) 

reported that in Queensland, Australia, when Mulga (Acacia aneura) is cleared and 

replaced by the African pasture grass, Cenchrus ciliaris, there was a 14% decrease in 

total soil N within 5 years, but there were larger decreases (up to 28%) in the total 

soil N in the older pastures (10 years and 21 years). It is possible that savanna sites 

that have been invaded by A. gayanus for a longer period of time (e.g. 20-30 years) 

may demonstrate more permanent changes in total soil N.  

The ability to alter ecosystem N cycling has been proposed as an important 

mechanism that assists the ability of alien species to invade intact native ecosystems 

(Ehrenfeld et al. 2001). This study has demonstrated that A. gayanus invasion has 
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fundamentally altered the ecosystem process of N cycling in these tropical savannas. 

This impact on N cycling may help explain the high growth rates and biomass 

production of A. gayanus, and furthermore may help explain how A. gayanus so 

successfully invades intact native savanna communities. Although superficially A. 

gayanus appears to be functionally similar to the native grasses it replaces (i.e. they 

are all perennial C4 grass) it appears to inhibit nitrification in these savannas. 

Nitrification inhibition and the ability to retain and utlise soil ammonium is likely to 

aid in both the competitive strength and further establishment of A. gayanus in these 

low fertility soils. 

The data in this study point towards five potentially important effects of A. 

gayanus invasion that should be examined further. Firstly it is unclear if A. gayanus 

can increase inputs into the savanna ecosystem by fixing N, which other savannas 

grasses appear to do (Döbereiner and De Polli 1980, Boddey and Döbereiner 1988). 

This could account for the failure to record a decrease in soil total N in A. gayanus 

invaded plots.  Secondly, it is unclear if A. gayanus is accessing N from deeper down 

the soil profile. If this N was subsequently lost in the high intensity fires, this could 

also possibly account for lack of change in the soil total N pool in A. gayanus 

invaded plots.  Thirdly, the data strongly suggest that A. gayanus will decrease the 

amount of N lost via leaching, due to lower deep drainage (Hutley et al. unpublished 

data) and lower soil NO3
- availability (Chapter 3.3.6). Fourthly, it is unknown 

whether A. gayanus would have greater effects on total soil N pools in savannas that 

have been invaded for a longer period of time (e.g. 20-30 years). Finally, it is unclear 

what magnitude the effect of reduced tree cover, via higher intensity A. gayanus 

fires, will have on total soil N over longer time frames. A recent study by Ferdinands 

et al. (2006) has shown that repeated high intensity A. gayanus-fuelled wildfires led 
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to a 53% reduction in tree cover in just 12 years. The effect of this reduction in tree 

cover on ecosystem functions requires urgent examination given the speed at which 

the tree canopy can be affected by A. gayanus, and the possibly irreversible nature of 

any changes. 

 

6.4   Management implications 

This thesis has documented substantial changes in savanna N cycling 

following A. gayanus invasion, which could effect the success of attempts restore A. 

gayanus invaded habitats. It has been argued that alien species that alter soil N pools 

generally have the greatest capacity to interfere with restoration efforts, as the 

changes in soil N pools can persist long after the removal of the invader (See review 

in Corbin and D'Antonio 2004). In contrast, species that influence soil N fluxes, 

without altering soil N pools, are less likely to effect restoration efforts as the 

changes in soil N fluxes are less likely to persist after removal of the invader (Corbin 

and D'Antonio 2004, Corbin et al. 2004). The study has documented that at this early 

stage of invasion (<10 years) A. gayanus has altered a range of soil N fluxes (e.g 

increased N return via litter decomposition, increased ammonification, decreased 

nitrification, and increased fire-mediated N loss), but has not permanently altered the 

soil N pool (despite a reduction after fire). This suggests that restoration of A. 

gayanus invaded habitats at Wildman Reserve should not be impeded by changes in 

N cycling, as there is unlikely to be any soil N pool legacy at the invaded sites. 

However it is possible that there is a decrease in total soil N pools in sites that have 

been invaded for a longer period, or have experienced a significant increase in tree 

mortality due to high intensity fires. In these cases it is likely that the changes in soil 

N would affect restoration attempts at these sites. The possible change in total soil N 
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in sites that have been invaded for a longer period of time also highlights the benefits 

of early control, as it is likely to be easier to restore the native plant community. 

The results of this study have important implications for the current A. 

gayanus weed management policies. Infestations of A. gayanus have been now been 

recorded across northern Australia, including the Kimberleys in Western Australia 

(Andrew Mitchell, Australian Quarantine Inspection Service, pers comm.), across the 

Darwin region in the Northern Territory (Rossiter et al. 2003), and across Cape York 

Peninsula in Queensland (Csurhes 2005). However, despite the current spread of A. 

gayanus, this alien species is not currently a declared weed in any of the States or 

Territories where it is found, due largely to the use of this species as a pasture grass. 

This study has demonstrated that A. gayanus invasion into native grass savanna will 

have large impacts on the ecosystem process of N cycling. These results support the 

growing body of scientific literature demonstrating the ecological impacts of A. 

gayanus. There is now evidence that A. gayanus will alter the three key determinants 

of savanna functioning (1) fire regimes (Rossiter et al. 2003), (2) water availability 

(L. Hutley et al., unpublished data) and (3) nutrient availability (this study); clearly 

identifying that A. gayanus is an ecosystem transformer (sensu Richardson et al. 

2000). The magnitude and seriousness of these changes in savanna functioning, 

highlights the urgency for not only declaring A. gayanus a noxious weed, but for also 

developing and implementing comprehensive management strategies to control, and 

reduce the further spread, of this alien species. 

  

 
 
 



   

 161

6.5   Conclusion 

In conclusion, this study has demonstrated that A. gayanus invasion of 

Australian savannas has a large impact on the ecosystem process of N cycling by: 

 

1. Altering both the plant N pools, as well as the soil N pools; including 

the above-and below-ground plant N pools and the available N pools. 

 

2. Altering several key N fluxes between the plant and soil N pool; 

including litter decomposition, litter N return to the soil, nitrification, 

ammonification, N uptake and fire-mediated N losses; 

 

Once established, A. gayanus speeds up savanna N cycling, and retains soil 

N, possibly via the process of nitrification inhibition, as it does in its home range in 

Western Africa. This has lead to an accumulation of NH4
+ in A. gayanus invaded 

sites, and may lead to reduced NO3
- losses via leaching. This is likely to contribute to 

the long-term persistence of this alien species within Australian savanna ecosystems. 

Despite the apparent N retention and conservation in A. gayanus invaded savanna, 

the large, frequent, fire-mediated N losses in A. gayanus invaded savanna are likely 

to lead to a permanent reduction in soil total N levels in invaded savannas in the 

long-term. The alteration of the N cycle due to A. gayanus invasion is further 

evidence of the dramatic ecosystem impacts of this alien grass invader in Australian 

savannas. 
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Table 6.1 Estimated pools of nitrogen (kg N ha-1) in unburnt native grass savanna and A. gayanus invaded savanna at Wildman Reserve, 

Northern Territory Australia. Measurements were divided into wet (November–April) and dry (May–October) seasons. Divide by 10 to convert 

values to g N m-2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

N Pool Wet season Dry season 

 Native  A. gayanus Native  A. gayanus 

     

Above-ground     

(1) Grass biomass 1.9 (0.6) 9.6 (1.8) 0.4 (0.1) 4.1 (0.5) 

(2) Grass necromass 0.9 (0.4) 5.5 (1.1) 1.9 (0.5) 12.0 (3.7) 

(3) Grass phytomass = (1) + (2)  2.7 (0.9) 15.1 (2.7) 2.3 (0.6) 16.1 (4.1) 

(4) Woody litter 18.2 (5) 15.4 (2.2) 23.4 (1.5) 31.7(4.7) 

(5) Total above-ground = (3) + (4)  20.9 (5.5) 30.4 (2.6) 25.7 (1.8) 47.8 (5.1) 

     

Below-ground     

(6) Grass root biomass (to 30 cm) – – – – 

(7) Soil total N (to 30 cm) 2523.0 (204.6) 2069.5 (116.4) 1651.5 (97.9) 2204.6 (84.9) 

(8) Total below ground = (6) + (7) 2524.6 2073.5 1651.5 2204.6 

     

Ecosystem     

(9) Total grass= (3) +(6) 4.3 19.1 2.3 16.1 

(10) Ecosystem total (to 30 cm) = (5) + (8)  2545.5 2104.0 1677.1 2252.4 
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Table 6.2  Estimated pools of nitrogen (kg N ha-1) in burnt native grass savanna and A. gayanus invaded savanna at Wildman Reserve, 

Northern Territory Australia. Measurements were divided into wet (November–April) and dry (May–October) seasons. A controlled fuel-

reduction burn was carried out at the study site in late May 2003 and ‘burnt savanna’ refers to measurements taken after this fire. Divide by 10 to 

convert values to g N m-2. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

N Pool Wet season Dry season 

 Native  A. gayanus Native  A. gayanus 

     

Above-ground     

(1) Grass biomass 3.5 (0.2) 6.4 (0.5) 0.3 (0.0) 4.2 (0.6) 

(2) Grass necromass 0.3 (0.1) 0.7 (0.1) 2.4 (0.4) 3.2 (0.2) 

(3) Grass phytomass = (1) + (2)  3.7 (0.2) 7.0 (0.6) 2.6 (0.4) 7.4 (0.7) 

(4) Woody litter 11.7 (1.3) 10.3 (1.5) 22.2 (2.0) 15.1 (1.1) 

(5) Total above-ground = (3) + (4)  15.4 (1.4) 17.3 (1.7) 24.8 (2.0) 22.5 (1.2) 

     

Below-ground     

(6) Grass root biomass (to 30 cm) 1.6 (0.3) 4.1 (0.5) – – 

(7) soil total N (to 30 cm) 2933.0 (163.0) 1474.0 (94.5) 991.0 (90.4) 1179.0 (97.9) 

(8) Total below ground = (6) + (7) 2934.6 1478.1 991.0 1179.0 

     

Ecosystem     

(9) Total Grass= (3) +(6) 5.3 11.1 2.6 7.4 

(10) Ecosystem total (to 30 cm) = (5) + (8)  2950.0 1495.3 1015.8 1201.5 
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Table 6.3 Comparison of grass and soil nitrogen pools in some savanna ecosystems worldwide                                           

 

Country Savanna Ecosystem Rainfall Grass N pool (kg N ha-1) Soil total N pool  Authors 

  (mm) Shoot Root (kg N ha-1)  

       

Australia Eucalypt savanna 1434 2.3-3.7 1.6 a 991-2933 a This study 

Australia Eucalypt savanna  invaded by A. gayanus 1434 7-16.1 4.1 a 1179-2205 a This study 

Australia Eucalypt savanna 1400 1.7-2.8   (Cook 1994) 

Australia Eucalypt savanna 704-1298   1242-2444 b (Day 1977) 

       

South Africa  Broad leafed savanna (Nylsvley) 623 20 10 3060 (Scholes and Walker 1993) 

Ivory Coast Andropogoneae savanna (Lamto) 1192 9.6-13.4  1860c  (Abbadie and Lata 2006) 

Ivory Coast  Loudetia simplex savanna (Lamto) 1192 7  1800 c  (Abbadie and Lata 2006) 

       

Venezuela Trachypogon savanna 1300   4420 d (Medina 1982b) 

Venezuela Trachypogon savanna 1360 6.0   (Hernandez-Valancia and 

Lopez-Hernandez 2002) 

       

 

a 0-30 cm, this study; b 0-30 cm, Day 1977; c 0-50 cm, Abbadie and Lata 2006,  d 0-40 cm, Medina 1982
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Table 6.4 Estimated seasonal and annual N fluxes (kg N ha-1 season-1) in native grass savanna and A. gayanus invaded savanna at Wildman 

Reserve, Northern Territory Australia. Measurements were divided into wet (November–April) and dry (May–October) seasons. A controlled 

fuel-reduction burn was carried out at the study site in late May 2003, after that month’s sampling had been completed, and volatilisation and ash 

losses were calculated from that fire. Pre-fire fluxes (pre the May 2003 fire) are indicated in italics, and all other fluxes were measured in the year 

after the fire (June 2003- June 2004). Divide by 10 to convert values to g N m-2. 

 

Processes Wet season Dry season Annual 

 Native  A. gayanus Native  A. gayanus Native  A. gayanus 

       

Above-ground       

(1) Grass biomass production/N uptake 2.6 4.8 0.8 1.5 3.5 6.4 

(2) Grass litter decomposition 0.7 (0.1) 7.7 (2.7)     

(3) Grass N losses (volatilisation and ash)   5.4 (0.6) 11.6 (1.6) 5.4 (0.6) 11.6 (1.6) 

(4) Woody litter N losses (volatilisation and ash)   13.4 (2.4) 13.7 (2.4) 13.4 (2.4) 13.7 (2.4) 

(5) Total fire mediated N loss = (3) + (4)   18.8 25.3 18.8 25.3 

       

Below-ground       

(6) Ammonification 4.7 (0.4) 4.3 (0.6) – –   

(7) Nitrification 3.2 (0.5) 1.5 (0.4) – –   
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Table 6.5  Sub-catchment and regional estimates of fire-mediated N loss in native grass and A. gayanus invaded savanna in the Northern 

Territory. Values are kg N yr-1 from the grass and woody litter layer, and are based on (1) a fire return interval of 1 in every 2 years in both native 

grass and A. gayanus savanna; (2) approximately 50% of the native grass savanna being burnt every year; and (3) approximately 75% of the A. 

gayanus savanna being burnt each year.  
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 Total km2 km2 burnt annually 
Fire mediated N loss 

kg yr-1  

    

Sub-catchment scale1
    

a) Pre-invasion    

Native grass savanna 172 86 808 

    

b) Post-invasion    

Native grass 134 67 631 

A. gayanus
2
  38 28 358 

Total    988 

    

Regional scale    

c) Pre-invasion    

Native grass savanna
3
 135,002 67,501 633,815 

    

d) Post-invasion (∼∼∼∼11% A. gayanus invasion)
4
    

Native grass 120,002 60,001 563,392 

A. gayanus  15,000 11,250 142,165 

Total   705,557 

    

e) Post-invasion (20% A. gayanus invasion)
5
    

Native grass 108,002 54,001 507,052 

A. gayanus 27,000 20,250 255,901 

Total   762,952 
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1 Refers to the sub-catchment of Wildman Reserve (229 km2), of which approximately 75% is savanna (172 km2) (Armstrong et al. 2002). 

2 Refers to the area of the sub-catchment of Wildman Reserve that is invaded by A. gayanus (38 km2; K. Beggs, Charles Darwin University, 

unpublished data) 

3 Refers to the area of E. miniata and E. tetrodonta dominated savannas in the Northern Territory (135, 002 km2; Wilson et al. 1990). 

4 Refers to the current distribution of A. gayanus invasion in the Northern Territory (15,000 km2) which is predominately in E. miniata and E. 

tetrodonta dominated savannas (Clifton 2005). 

5 Refers to the hypothetical distribution of A. gayanus in the Northern Territory, with approximately 20% of the in E. miniata and E. tetrodonta 

dominated savannas invaded by A. gayanus. 
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Figure 6.1  Preliminary wet season (November- April) N budget in (a) native grass savanna and (b) A. gayanus invaded savanna. All 
pools are kg N ha-1 and all fluxes are kg N ha-1 season-1. Pre-fire N pool and fluxes (pre the May 2003 fire) are indicated in italics, and all 
other pools and fluxes were measured in the year after the fire (June 2003- June 2004). Rainfall inputs are estimates based on Noller et al. 
(1985) from the nearby Alligator River Region, NT. 
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Figure 6.2  Preliminary dry season (May- October) N budget in (a) native grass savanna and (b) A. gayanus invaded savanna. All pools 
are kg N ha-1 and all fluxes are kg N ha-1 season-1. Pre-fire N pool and fluxes (pre the May 2003 fire) are indicated in italics, and all other 
pools and fluxes were measured in the year after the fire (June 2003- June 2004). Missing data is indicated by the – symbol. 
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