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Abstract Understanding processes that underlie ecological resistance to weed invasion is 

critical for sustainable restoration of invaded plant communities. Experimental studies have 

demonstrated that invasive nitrophilic annuals can be controlled by addition of carbon to reduce 

soil nitrate concentrations, sometimes leading to enhanced establishment of native plants. 

However, effects of carbon supplements on soil nitrate are temporary, and the longer-term value 

of carbon supplementation as a restoration tool is dependent on the resistance of the re-

established ecosystem to repeat invasion. We investigated whether re-established swards of the 

tussock grass Themeda australis (R.Br.) Stapf (a natural understorey dominant in mesic grassy 

woodlands of SE Australia) could suppress soil nitrate concentrations, and through this or other 

means, could impart ongoing resistance to exotic invasion in restored woodlands. In a remnant 

invaded by exotic annuals, we applied three plot treatments (carbon supplements, annual spring 

burns and untreated control) and two seed treatments (+/- Themeda seed) in a replicated, factorial 

design. Within 3 years, successful establishment of Themeda swards on burnt and carbon-

supplemented plots was associated with a reduction in soil nitrate to levels comparable with non-

invaded, Themeda-dominated reference sites in the region (<3 mg/kg), and significantly reduced 

exotic cover compared with unseeded plots. By contrast, on plots not seeded with Themeda, soil 

nitrate increased after cessation of carbon addition and exotic cover returned to levels comparable 

with untreated control plots, despite a high cover of other native perennial grasses. Few persistent 

effects of carbon supplements or spring burning on soil nutrients were evident 9-19 months after 

cessation of these treatments. Results suggest that Themeda is a keystone species that regulates 

nitrate cycling, thereby imparting ecological resistance to invasion by nitrophilic annuals. 

 

Keywords carbon supplements; grassland; invasibility; keystone species; spring burning
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Introduction 

  

Exotic plant invasions are an increasingly serious threat to biodiversity conservation, natural 

ecosystem functioning and provision of ecosystem services (Parker 1999; D‟Antonio and 

Meyerson 2002). Conventional approaches to the control of invasive exotics directly target the 

invading species, for example using herbicides, biological control or manual removal. These “top-

down” approaches often fail to achieve ecosystem restoration and instead can result in repeat 

invasions or replacement of one exotic species by another (Luken 1990; D‟Antonio and Meyerson 

2002; Sheley and Krueger-Mangold 2003). Consequently, “top-down” control efforts must often 

be linked to restoration goals that target the “bottom-up” restoration of an ecological community 

that is resistant to further weed invasion (McEvoy and Coombs 1999; Wilson and Partel 2003; 

D‟Antonio and Chambers 2006). 

  

Ecological resistance is an ecosystem‟s ability to maintain integrity and resist degradation when 

placed under stress (Westman 1978; Westman et al. 1986). With respect to weed invasion, 

ecological resistance involves the facility of an ecosystem to develop and maintain an 

environment that favours resident species above potential invaders (D‟Antonio and Chambers 

2006). This can involve mechanisms that directly suppress the invader, such as the secretion of 

growth-limiting chemicals (allelopathy; e.g. Hobbs and Atkins 1991), or selective herbivory 

(Maron and Vila 2001; Prieur-Richard et al. 2002). More commonly-studied mechanisms involve 

the pre-emption of resources such as moisture, nutrients and/or light (Dukes 2001; Thomsen and 

D‟Antonio 2007), such that a potential invader has insufficient resources for establishment or 

persistence (competitive resistance, D‟Antonio and Thomsen 2004; D‟Antonio and Chambers 

2006). Some authors also include abiotic mechanisms such as unfavourable temperature or 

disturbance regimes as forms of ecological resistance (D‟Antonio and Thomsen 2004). 

 

Understanding and restoring processes that underlie biotic resistance offers an important avenue 

for achieving better outcomes from restoration of invaded communities. Most studies of biotic 

resistance have focused on the contribution of species and functional diversity to the pre-emption 

of resources, either through species-packing or through the “sampling effect” whereby more 

diverse communities are more likely to include a competitively dominant or otherwise high 

impact species (Tilman 1997; Levine and D‟Antonio 1999; Wardle 2001; Fargione and Tilman 

2005; Pokorny et al. 2005). There has been less emphasis on the contribution to biotic resistance 

of high impact species or functional groups per se (species or functional identity), even though 

such species would be of particular value to restoration (Thomsen and D‟Antonio 2007). Indeed, 

only a small number of experimental studies have isolated key species and mechanisms 

underlying biotic resistance to invasion (Levine and D‟Antonio 1999; Dukes 2001; D‟Antonio 

and Meyerson 2002; Emery and Gross 2007), and the restoration of such mechanisms has rarely 

been demonstrated (but see Knops et al. 1999; Thomsen and D‟Antonio 2007). 

  

The widespread replacement of native shrub and grassland communities in the western United 

States and southern Australia by exotic annuals is an example of the dramatic impact of invasive 

species on native biodiversity and ecosystem processes (e.g. Prober et al. 2002; Booth et al. 2003; 

Seabloom et al. 2003; Lenz and Facelli 2005). In southern Australia invasion by exotic annuals is 

associated with losses of plant and faunal diversity, and the survival of many ecological 

communities is now threatened (Hobbs and Yates 2000; Lenz and Facelli 2005; Prober et al. 

2005). Many temperate grassy woodlands in the more mesic (550-1000 mm rainfall) zones of 

southern Australia were naturally dominated by the native, summer-active C4 perennial grass 

Themeda australis (R. Br.) Stapf (hereafter Themeda). Themeda dominance is rapidly lost in 

these ecosystems under livestock grazing, and sites become dominated by other native grasses 

and a range of exotic annuals (Prober et al. 2002).  
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Even after removal of livestock grazing, exotic annuals often persist in these ecosystems, 

facilitated by positive feedbacks that maintain seasonally elevated soil nitrate concentrations 

(Prober et al. 2002). Swards of invasive annuals can in turn prevent re-establishment of Themeda 

(Prober et al. 2005). A number of studies have shown that experimental manipulation of soil 

nitrate concentrations through carbon supplementation can dramatically suppress the vigour of 

nitrophilic exotics (Reever Morghan and Seastedt 1999; Alpert and Maron 2000), at times 

enhancing the abundance of native species (Blumenthal et al. 2003). In temperate Australian 

grassy woodlands, we showed that carbon supplementation led to reduced soil nitrate 

concentrations and reduced weed abundance, which in turn provided a window of opportunity for 

successful establishment of Themeda and native forbs (Prober et al. 2005; Smallbone et al. 2007).  

 

However, carbon supplements have only a temporary effect on soil nitrate (e.g. sucrose 

applications may be effective for only three months, Prober et al. 2005), and the longer-term 

value of carbon supplementation as a restoration tool is dependent on the resistance of the re-

established ecosystem to repeat invasion. Prober et al. (2005) predicted that re-establishment of a 

Themeda sward, facilitated by carbon supplements or treatments such as spring burning, may 

provide a longer-term means of maintaining soil nitrate concentrations at levels comparable with 

weed-resistant reference sites, through sequestration of nitrate by re-established perennial 

Themeda tussocks. Further, they predicted that this reduced nitrogen availability would enhance 

resistance to repeat invasion by exotic annuals. Given the practical importance of restored 

resistance for ongoing conservation outcomes, it is critically important that the impacts of re-

established Themeda swards on soil nutrients and exotic plants are documented. In this paper we 

report the longer-term outcomes of our earlier restoration trial, at 9 to 24 months after two key 

management interventions (repeated carbon addition or spring burning) had ceased (Prober et al. 

2005). The goals of our ongoing study were two-fold: (1) to assess the contribution of Themeda 

re-establishment to biotic resistance through its effects on soil nutrients and weed abundance; and 

(2) to measure legacy effects of management interventions on soil properties and vegetation, that 

in turn may have implications for ongoing resistance. 

 

Methods 

 

Restoration trials were established in 2001 at the livestock grazing property „Windermere‟ (34°11' 

S, 148°33' E, mean annual rainfall 650 mm) in central New South Wales, Australia (see also 

Prober et al. 2005). The soils, topography and climate of this site are typical of remnant 

woodlands in the region, as determined from extensive floristic and soil surveys (Prober and 

Thiele 1995; Prober et al. 2002). Typical pre-European vegetation of the area was grassy 

Eucalyptus albens woodland, with a ground layer dominated by the perennial tussock grasses 

Themeda australis and Poa sieberiana and a diversity of native forbs (Prober and Thiele 1995; 

Prober et al. 2002). Trees were cleared early in the history of settlement and the original native 

grasses were replaced by pastures dominated by Bothriochloa macra and other native perennial 

grasses known to increase under livestock grazing (Moore 1953). Typical of most degraded 

remnants in this ecological community, exotic annuals (particularly Bromus molliformis, Erodium 

botrys and Hypochaeris glabra) are prolific between grass tussocks, providing a plentiful 

propagule supply. 

 

A relatively homogeneous experimental area was selected and fenced to exclude livestock, and 

the trial was established using 3 x 2 m plots arranged in a randomized complete block design and 

separated by 1 m buffers. This paper reports results for part of this trial, representing a 3 plot 

treatment x 2 seed treatment x 4 replicate factorial design (see Prober et al. 2005 for full design). 

Plot treatments included an untreated control, annual spring burns, and regular carbon 
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supplements. Burns were achieved using a gas-powered weed burner in spring (mid-October 

2002, 2003 and 2004) when annuals had high biomass but before they had set seed. For carbon 

supplements, white sugar (sucrose) was applied by hand as dry granules to the soil surface, at 0.5 

kg/m
2
 sucrose every 3 months (8.4 t C/ha/annum), beginning in May 2002 and ending in August 

2005. All plots received supplementary water at c. 12 mm per week for nine weeks during a 

prolonged dry autumn of 2005, to supply near-average rainfall for April and May based on 100 

years of rainfall data from the property. 

 

Seed treatments included an unseeded control (no added seed), and surface sowing with 250 

kg/ha Themeda seed and chaff (approximately 4000 seeds/plot; without scarification or 

cultivation) in August 2002 and 2003. We used this high seeding rate to ensure adequate 

Themeda establishment for the purposes of the study. This species was absent from the site at the 

start of the trial. 

 

Monitoring 

 

Floristic composition was monitored in November 2001 (prior to any treatments) and September 

2006 using a point-intercept technique (modified from Everson and Clarke 1987). An 8 mm 

dowel was placed vertically at each of 50 points on a grid across each plot; the relative abundance 

of prominent species (Themeda australis, Bothriochloa macra, Elymus scaber, Poa bulbosa) or 

groups of species (annual grasses, annual legumes, other broadleaf annuals, other native grasses) 

was estimated as the number of points at which any leaves, stems or inflorescences of the species 

or group intercepted the dowel. Cumulative abundance for total native grasses, total exotics and 

total exotic annuals was calculated by summing individual abundances for relevant species and 

groups. Nomenclature follows Harden (1990-1993) and Wheeler et al. (2002). 

 

Six 2 cm-diameter soil cores to 10 cm depth were collected from random points (at least 2 cm 

from any perennial grass tussock) within each experimental plot on 22 May 2002 prior to 

treatment application, and on 2 June 2006, 9 months after carbon addition treatments had ceased 

and 18 months after the last spring burn. Note that soil samples were also taken at three month 

intervals from May 2002 to May 2004, as reported in Prober et al. (2005). These data 

demonstrated effects of plot treatments (spring burning and carbon addition) on soil nutrients, and 

supported earlier studies (Prober et al. 2002) showing that late May/early June sampling was 

appropriate for detecting differences between treatments in soil available nitrogen. Soil samples 

were stored on ice, then sent overnight to commercial laboratories for analysis. 

 

Samples from each plot were thoroughly mixed, air dried at 40°C, and ground to pass through a 2 

mm sieve. Analyses were undertaken on each bulked sample as follows (where given, method 

numbers apply to Rayment and Higginson 1992): nitrate and ammonium (2M KCl, 7C2 but with 

cadmium column reduction) and available phosphorus (Olsen‟s bicarbonate extractable, 9C2). 

For final measurement dates only, the following were also measured: pH (0.01M CaCl2, 4B2), 

electrical conductivity (1:5 soil/water extract, 3A1), total carbon (induction furnace, 6B3, without 

correction for carbonates; visual carbonates were negligible), total nitrogen (modified Dumas 

method, LECO Corporation 1995), available sulphur (calcium phosphate extractable by ICPAES, 

10B3, with addition of charcoal to remove organic sulphur) and exchangeable cations (calcium, 

magnesium, sodium, potassium; ammonium acetate extractable, 15D3).  

 

Data were analysed using GenStat (GenStat 2003), using analysis of variance of the factorial, 

randomized complete block design. Where required to achieve homogeneity of variance, raw data 

were transformed using the natural log (ln(x+1)) transformation. Preliminary analyses were 

performed using pre-treatment (2001-2) floristic and soil data as covariates where available. 
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These were significant and hence included in final analyses for only two variables (total native 

grasses, phosphorus). Treatment means were compared using Fisher's Protected Least Significant 

Differences (Steel and Torrie 1981). Effects were considered significant at P<0.05 and 

back-transformed means are presented where appropriate.  

 

Results 

 

By September 2006, a high cover of Themeda had developed on burnt and carbon-supplemented 

plots (but not untreated plots) that had received Themeda seed in 2002 (Fig. 1). On unseeded 

plots, burning and carbon supplements enhanced the cover of resident native perennial grasses 

instead, particularly the C4 Bothriochloa macra (Fig. 1). Averaged over plot treatments, total 

native perennial grass cover was c. 15% greater on seeded (Themeda) compared with unseeded 

plots, but the difference between seeded and unseeded plots was significant only for the burn 

treatment (Fig. 1). 

 

Successful Themeda establishment on burnt and carbon supplemented plots led to significantly 

lower cover of exotics compared with respective unseeded plots at 12-19 months after final 

treatment applications. On unseeded, carbon supplemented plots, exotic cover was more than 

twice that of seeded (Themeda) plots, and had returned to levels comparable with untreated 

control plots (c.f. low weed abundance during carbon treatments, Prober et al. 2005). This was 

largely due to exotic annuals, with an increased proportion of exotic annual legumes and fewer 

exotic annual grasses compared with untreated control plots (Fig. 2). A low to moderate cover of 

exotic annuals still persisted within Themeda swards, largely in patches with poor Themeda 

establishment. (We note also that cover estimates could not fully reflect the considerably higher 

exotic biomass on untreated control plots, and hence differences in exotic biomass between 

unseeded and seeded plots are likely to have been larger than implied by cover data.) 

 

There was a legacy effect of spring burning treatments 23 months after the final burn, with exotic 

cover on burnt plots with and without Themeda both significantly lower than on untreated control 

plots (Fig. 2). This effect was particularly evident for exotic annual grasses. In the absence of 

Themeda addition, control of exotic annuals was associated with higher cover of the native 

perennial grass Bothriochloa macra and the exotic C3 perennial grass Poa bulbosa. Another 

native perennial grass, Elymus scaber, was reduced by burning (Figs. 1,2). 

 

Soils 

 

Within 3 years of establishment, Themeda swards had successfully reduced soil nitrate to <3 

mg/kg on burnt plots, or maintained soil nitrate at <1 mg/kg after cessation of treatments on 

carbon-supplemented plots. These concentrations are comparable with soil nitrate concentrations 

recorded at recently burnt and unburnt, weed-resistant Themeda-dominated reference woodlands 

in the region (see Fig.3; Prober et al. 2002; Prober et al. in press a). This suppression or reduction 

of soil nitrate did not occur on unseeded plots, or on untreated, seeded plots where Themeda had 

not successfully established (Fig. 1, Fig. 3a). 

 

There were no clearly persistent effects of repeated spring burning on topsoil properties at 19 

months post-fire when compared with untreated plots (Table 1, Fig. 3). Soil nitrate concentrations 

were significantly higher on burnt than carbon-supplemented plots, but (for seeded plots) it is 

unclear whether this difference occurred due to effects of burning (as noted in Prober et al. 2005), 

carbon supplements or both (Fig. 3).  
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Some effects of carbon supplements were still apparent at 9 months after the last carbon 

application. Soil nitrate remained lower than on untreated control plots (see Prober et al. 2005), 

but by May 2006 had risen significantly on unseeded compared with seeded (Themeda) plots, and 

the difference between unseeded control plots and unseeded, carbon-supplemented plots was no 

longer significant (Fig. 3a). We assume that this nitrate release continued over the winter and 

spring to contribute to the robust growth of exotic annuals recorded on unseeded, carbon-

supplemented plots. However due to constant nitrate uptake by annuals, it is generally difficult to 

measure this effect in these seasons through soil nitrate measurements alone (Prober et al. 2005). 

Cessation of carbon supplements also led to a highly significant rise in soil ammonium, most 

notably on unseeded plots (Fig. 3b). The only other significant effects of plot or seed treatments 

on soil properties were small increases in available phosphorus and soil pH on carbon 

supplemented plots. It is not clear whether these resulted directly from carbon supplementation or 

from changes after cessation of the treatment (Table 1). 

 

Discussion 

 

Re-establishment of Themeda swards during restoration of a degraded grassy woodland 

significantly enhanced the resistance of restored vegetation to invasion by exotics. In particular, 

carbon supplements were not effective for controlling exotic annuals for more than 12 months 

unless Themeda was established through seed addition. It is also notable that there were few 

detectable long term effects of the carbon treatment on soil properties, despite earlier evidence for 

elevated total carbon and nitrogen (and the predicted temporary reductions in nitrate and 

ammonium, Prober et al. 2005). 

 

Spring burning did lead to significant suppression of exotic annuals for up to two years after 

treatment, although contrary to some predictions (Seastedt & Ramundo 1990; Ojima et al. 1994) 

there was no significant depletion of soil nutrients 18 months after three consecutive annual burns 

(or during the 2002-4 monitoring period reported in Prober et al. 2005, with the exception of a 

decrease in soil ammonium on some dates). The persistent effect of burning on exotic annuals 

was instead potentially due to depletion of seed banks of annual grasses (Menke 1992; Prober et 

al. 2005), and a relatively unfavourable season for broad-leaf perennials (c.f. Prober et al. 2005). 

In the absence of Themeda, exotic annuals were replaced by perennial exotics (particularly Poa 

bulbosa) as well as native perennials. 

 

While exotic cover was considerably reduced by Themeda swards, exotics remained present. This 

was partly due to patchiness of Themeda establishment, but all plots also remained low in native 

plant species diversity (data not shown) and higher in phosphorus than weed-resistant reference 

sites (1-3 mg/kg phosphorus, Prober et al. 2002). They also lacked a commonly co-dominant 

perennial C3 tussock grass, Poa sieberiana (Prober and Thiele 1995). Further studies to assess the 

contribution of these factors to biotic resistance in this ecosystem would provide additional 

insights into restoration needs. For example, Prober et al. (in press b) proposed that the 

effectiveness of Themeda swards for suppressing exotic annuals would decrease at high levels of 

ecosystem productivity; the latter could be increased by elevated soil phosphorus. Nevertheless, a 

key restoration goal was to reduce the abundance and vigour of exotic plants to levels low enough 

to ensure that exotics do not prevent establishment and growth of native plants, and eradication is 

not necessarily critical. Indeed, Smallbone et al. (2007) found that re-established Themeda swards 

significantly increased germination and short-term survival of re-introduced native forbs in burnt 

plots at this site, although mechanisms contributing to this were unclear. 

 

Strong suppression of soil nitrate concentrations and exotic annuals by Themeda swards (Fig. 3a), 

and the demonstrated importance of soil nitrate for promoting exotic annuals (see Prober et al. 
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2002, 2005), indicate that soil nitrate is likely to be a key underlying driver of biotic resistance to 

invasion by nitrophilic exotic annuals in our study ecosystem. Mechanisms contributing to 

suppression of soil nitrate by Themeda could include a greater capacity to extract soil nitrate than 

other plant species at the site, production of low nitrogen litter, and capture of nitrogen in 

extensive root systems with year round activity (preventing flushes observed in annual systems) 

(Wedin and Tilman 1990; McLendon and Redente 1992; Prober et al. 2005). Effects  of Themeda 

swards on soil ammonium may also have enhanced the suppressive effect of Themeda swards on 

exotic species on carbon supplemented plots (Fig. 3b), however there were no significant effects 

of Themeda swards on soil ammonium on burnt plots, despite effects on exotics.  

 

To our knowledge, this mechanistic link between biotic resistance, an apparent keystone species, 

and soil nitrate has rarely been demonstrated. Nevertheless, soil nitrate has been indicated as 

contributing to ecological resistance in a number of ecosystems in conjunction with other 

resources (Knops et al. 1999; Dukes 2001; Booth et al. 2003; Seabloom et al. 2003). Further, 

diminishing levels of available nitrogen are commonly associated with a change from early- to 

late-seral species during secondary succession (Parrish and Bazzaz 1982; McLendon and Redente 

1992) and nitrate feedback mechanisms can lead to alternative stable states in grasslands (Suding 

and Gross 2006; Prober et al. in press b). These latter associations indicate a broader link between 

mechanisms of biotic resistance and dominant processes of vegetation dynamics in an ecosystem.  

 

Our results contrast with a range of other studies that have implicated other processes underlying 

biotic resistance. In Western Australian old fields, residues of phosphorus from fertilization 

correlate most strongly with the persistence of exotic annuals (Standish et al. 2007), but in our 

study ecosystem soil nitrate rather than phosphorus is most strongly associated with exotic annual 

abundances (Prober et al. 2002) and the dominant native grass reduced soil nitrate and exotics but 

not phosphorus concentrations. In Western Australian shrublands, Hobbs and Atkins (1991) 

suggested that allelopathy may influence interactions between native shrubs and exotic annuals, 

but we were unable to assess potential allelopathic effects of Themeda in our study. 

 

Thomsen and D‟Antonio (2007) restored biotic resistance to invasion by the European perennial 

grass Holcus lanatus by re-establishing two Californian natives, Festuca rubra and 

Calamagrostis nutakaensis, and attributed the resistance demonstrated by these swards to light 

availability. Although we did not measure light availability, the continued resistance of Themeda 

swards to invasion by nitrophilic annuals even after fire (Morgan 1998, Prober et al. in press a) 

suggests that light is unlikely to be the sole driver of biotic resistance in healthy Themeda swards. 

 

Pre-emption of limiting soil moisture is another potentially significant process contributing to 

biotic resistance. For example, Dukes (2001) showed that resistance was negatively correlated 

with water availability during some parts of the growing season, and Booth et al. (2003) 

concluded that soil nitrogen was secondary to soil moisture for exclusion of nitrophilic invaders 

in shrub-steppes of northern Utah (USA). Whilst we did not measure soil moisture, we did show 

that reduction of soil nitrate alone is sufficient to overcome barriers to successful Themeda 

establishment (Prober et al. 2005), and leads to dramatic reductions in weed abundance. 

Furthermore, exotic annuals grow most rapidly in autumn, before the period of maximum growth 

of the C4 grass Themeda (Groves 1965; Lodge and Whalley 1989), and Morgan (1997) found that 

autumn soil moisture levels were similar in open gaps and beneath dense Themeda swards. 

Consequently it seems unlikely that Themeda swards would prevent exotic invasions through 

competition for soil moisture. Soil moisture may become increasingly significant in regions that 

receive less effective annual rainfall, e.g. Lenz and Facelli (2005) considered higher soil moisture 

an important factor in the persistence of exotic annuals in South Australian grasslands with 

average annual rainfall of 440 mm.  
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Prior research on biotic resistance has focused on species richness, with many (but not all) studies 

supporting the prediction that diverse plant assemblages are more resistant to invasion because 

they more-fully utilize resources (Tilman 1997; D‟Antonio and Chambers 2006). It is thus 

notable that biotic resistance in our study was considerably enhanced through re-establishment of 

Themeda alone. Importantly, this characteristic was not imparted by the resident sward of 

Bothriochloa macra, another summer growing, C4 native perennial grass enhanced by our 

restoration treatments in the absence of Themeda. This provides a clear indication of the 

importance of species identity in the resistance of Themeda ecosystems to weed invasion. A 

number of other studies have identified competitive dominants that drive biotic resistance 

(Wardle 2001). For example the presence of Bromus diandrus was the main explanation for an 

inverse relationship between species diversity and resistance found by Robinson et al. (1995), and 

Dukes (2001) concluded that functionally diverse communities were less invasible because they 

contained summer growing species. Emery and Gross (2007) found that the identity of the 

dominant plant species significantly impacted on invasibility, and Thomsen and D‟Antonio 

(2007) concluded that resistance to invasion could be restored by re-establishment of single native 

species, although the resistance provided by such species varied across the landscape. Our results 

are also consistent with Wedin and Tilman (1990), who showed that different perennial grass 

species differed in their potential to influence soil nitrate levels. An important further study would 

be to evaluate the potential of other native perennials in temperate Australian grassy ecosystems 

for reducing soil nitrate concentrations, and hence their potential value for restoration of soil 

nitrate-associated resistance to weed invasion. 

 

Conclusions 

 

Whilst all native ecological communities will not be resistant to invasion by all exotic species, 

identification and restoration of ecological processes conferring resistance to invasion by key 

threatening invaders provides an important tool for ecological restoration. We demonstrated a 

simple relationship amongst resistance to invasion by annual exotics, soil nitrate and the 

dominant native perennial grass Themeda, with the important implication that restoration of 

Themeda swards (through any effective intervention) should be a key goal in restoration of this 

plant community. Themeda-dominated ecosystems in this region are perhaps unusual in that one 

process and one species appear to be so prominent in their contribution to biotic resistance. More 

extensive evaluation of the relative contributions of species and functional identity compared with 

species and functional diversity to biotic resistance would help to more broadly inform restoration 

efforts. 
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Fig. 1. Effects of plot (spring burn/sugar/untreated) and seed treatments (Themeda/unseeded) on 

relative abundance of native perennial grasses, 12 months after cessation of carbon addition and 

23 months after three annual spring burns. Note abundance estimates for total native grasses are 

based on the sums of scores for relevant species and groups, and adjusted for initial values (see 

methods). Different letters indicate significant differences between means at P<0.05; asterisks 

indicate overall significance of treatment effects (trt=plot treatment, seed=seed treatment) and 

interactions (trt x seed): ***P<0.001, **P<0.01, *P<0.05, ns not significant, n/a not applicable. 

 

 

Fig. 2. Effects of plot (spring burn/sugar/untreated) and seed treatments (Themeda/unseeded) on 

relative abundance of different groups of exotic species, 12 months after cessation of carbon 

additions and 23 months after three annual spring burns. Note abundance estimates for total and 

annual exotics are based on the sums of scores for relevant species and groups (see methods). 

Different letters indicate significant differences between means at P<0.05; asterisks indicate 

overall significance of treatment effects (trt=plot treatment, seed=seed treatment) and interactions 

(trt x seed): ***P<0.001, **P<0.01, *P<0.05, ns not significant. 

 

 

Fig. 3. Effects of plot (spring burn/sugar/untreated) and seed treatments (Themeda/unseeded) on 

(a) soil nitrate and (b) ammonium concentrations, nine months after cessation of carbon additions 

and 20 months after three annual spring burns. For comparison, 95% confidence intervals (CI) of 

nitrate measurements from 25 recently burnt (9-18 months post-burn) and 26 unburnt (>5 years 

post-burn) samples at nearby non-invaded, Themeda-dominated reference sites are also indicated, 

using data from Prober et al. 2002; Prober et al in press b). Different letters indicate significant 

differences between means at P<0.05; asterisks indicate overall significance of treatment effects 

(trt=plot treatment, seed=seed treatment) and interactions (trt x seed): ***P<0.001, **P<0.01, 

*P<0.05. 

 



 15 

Table 1  Influence of treatments on soil nutrient concentrations nine months after cessation of 

carbon addition and 20 months after three consecutive annual spring burns. Themeda effects and 

interactions (treatment x Themeda) were not significant except for available nitrogen, as shown in 

Fig. 3. Means for available phosphorus are adjusted to account for initial values. Different letters 

indicate significant differences between means at P<0.05; **P<0.01, *P<0.05, ns not significant, 

n/a not applicable. 

 

 

Soil property burn sugar untreated P 

Available phosphorus (mg kg
-1

) 5.22
a 

6.74
b
 4.70

a
 ** 

Total carbon (%, w/w) 1.47 1.67 1.48 ns 

Total nitrogen (%, w/w) 0.12 0.12 0.12 ns 

pH (CaCl2) 4.7
a
 4.9

b
 4.7

a
 * 

Electrical conductivity (dS m
-1

) 0.06 0.05 0.04 n/a 

Exchangeable Ca [meq (100 g)
 -1

] 2.33 2.36 2.34 ns 

Exchangeable K [meq (100 g)
 -1

] 0.38 0.39 0.37 ns 

Exchangeable Mg [meq (100 g)
 -1

] 0.91 1.02 0.88 ns 

Exchangeable Na [meq (100 g)
 -1

] 0.11 0.12 0.12 n/a 

Sum of basic cations [meq (100 g)
 -1

] 3.75 3.93 3.76 ns 
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 Fig. 1 
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Fig. 2 
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Fig. 3. 
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