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Abstract 
Grasses and forbs compete heavily with young tree seedlings for available resources, greatly 

reducing tree seedling establishment success. Soil nutrient enrichment associated with agricultural 

intensification can increase growth of both herbaceous and woody lifeforms growing in isolation, but 

may change the balance of competitive advantage when growing together.  

The effects of nitrogen and phosphorus enrichment on pasture biomass and competition with 

two Australian grassy woodland trees (Eucalyptus albens and Eucalyptus microcarpa) was 

investigated in a field plot trial.  

 Soil nutrients increased pasture biomass but had no measurable effect on tree growth in our 

experiment. Competition from pasture species, even at low levels, led to high tree seedling mortality 

and greatly reduced tree seedling growth compared with pasture-free plots. However, when pasture-

free plots were excluded from the analysis, tree seedling leaf area was not strongly correlated with 

herbaceous biomass. Tree seedling establishment was severely restricted even at the lowest levels of 

pasture biomass.  

We conclude that increased soil fertility resulted in a competitive advantage to the pasture, and 

does not improve tree seedling establishment when grown either with or without exotic herbaceous 

pasture (grassy understorey) species. 

 

Keywords: Eucalyptus albens, Eucalyptus microcarpa, nutrient enrichment, nitrate, 

extractable phosphorus, carbon, regeneration. 
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Introduction 
In grassy woodlands, savannas and other woody-herbaceous ecosystems, the mechanisms of 

tree-grass co-existence continue to be debated (e.g. Callaway and Walker 1997; Holmgren et al. 1997; 

House et al. 2003; Sankaran et al. 2004). In general, competition from the herbaceous layer plays a 

major role in regulating tree recruitment. Many studies have found that grasses and forbs compete 

heavily with tree seedlings for water, light and nutrients, and that their presence is a major cause of 

high tree seedling mortality (Fensham and Kirkpatrick 1992; Davis et al. 1999, 2005; Smit and Olff 

1998; Gordon and Rice 2000; Rey Benayas et al. 2003).  

In Australian grassy woodlands, competitive interactions have changed markedly since 

European settlement, and the persistence of trees is threatened by a lack of tree recruitment (Hobbs 

and Atkins 1991; Yates et al. 2000; Dorrough and Moxham 2005). There has been a shift towards 

dominance by exotic annuals – which generally have faster growth rates than native species 

(Leishman et al 2007) – and increased herbaceous biomass as a result of clearing, livestock grazing 

and fertiliser use (Whalley et al. 1978; Kirkpatrick 1994; Pettit et al. 1995; Dorrough et al. 2006). Soil 

enrichment promotes exotic plant dominance (e.g. McIntyre and Lavorel 1994; Prober et al. 2002; 

Chalmers et al. 2005), and nitrate and phosphorus are key determinants of exotic grass and forb 

biomass in degraded grassy woodlands (Prober et al. 2002, 2005; Dorrough et al. 2006). 

Nutrient enrichment has been demonstrated to have a negative impact on tree recruitment where 

tree seedlings are competing with the herbaceous layer for limited resources (e.g. Allcock 2002; Rey 

Benayas et al. 2003; Chalmers et al. 2005; Davis et al. 2005). However, in the absence of competition 

from understorey species, seedlings of a range of trees benefit from soil nitrogen (N) and phosphorus 

(P) enrichment. These include conifers (DeLucia et al. 1989; Myrold et al. 1989), alpine willow 

(Bowman and Conant 1994), mixed temperate hardwood (Magill et al. 1997), tropical montane 

rainforest (Tanner et al. 1998) and boreal forest trees (Högberg et al. 2006).  

Soil nutrient enrichment has been shown to increase growth of forest eucalypts in a range of soil 

types in Australia and elsewhere. Growth responses are primarily to N (Moore and Keraitis 1971; 

Cromer and Jarvis 1990; Kirschbaum et al. 1992), P (Kirschbaum et al. 1992), or both in interaction 

(Halsall et al. 1983; Fabião et al. 1995); the main effects being increased shoot to root ratio, specific 

leaf area (SLA) and photosynthetic rate (Stoneman 1994). Improved soil nutrition was also shown to 

reduce seedling mortality of Eucalyptus incrassata seedlings by about 30% (Stoneman et al. 1993). 

The preferred form of N supply is also important and differs between species, with nitrate (NO3
-)-N 

producing a stronger response than ammonium (NH4
+)-N in the woodland eucalypt Eucalyptus albens 

(Moore and Keraitis 1971).  

As herbaceous annual competitors also respond strongly to elevated soil N, carbon additions to 

soil in the form of sucrose (sugar), sawdust or activated-carbon have been used to reduce soil nitrate 
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in order to restrict the growth of nitrophilic annuals in Europe (Eschen et al. 2007; Szili-Kovács et al. 

2007), America (Morghan and Seastedt 1999; Blumenthal et al. 2003; Averett et al. 2004; Kulmatiski 

and Beard 2006) and Australia (Prober et al. 2005). Carbon addition enhances microbial processes 

that can reduce the autumn peak in soil nitrate (Cookson et al. 2006). The indirect effects of 

carbon addition on the establishment and growth of tree seedlings within annual pastures have not 

previously been investigated. 

As growth of both herbaceous (Wilson and Simpson 1993) and woody species (Stoneman 1994) 

are positively correlated with soil nutrient enrichment, we proposed as a working hypothesis that in 

grassy woodlands, the interaction of these responses results in an ecological tradeoff: the existence of 

a point along a gradient of soil fertility at which the benefit to eucalypts of improved nutrition is 

balanced by the cost of increased competition from herbaceous species. Embedded in this resource-

competition tradeoff hypothesis are several questions which we wished to test for woodland eucalypts 

in field conditions. At the broadest level, we wished to investigate whether increased soil fertility due 

to fertiliser addition poses a threat to Eucalyptus spp. recruitment and early growth in Australian 

temperate grassy woodlands. More specifically we ask: 

(1) Do Eucalyptus spp. and pasture grasses both show a positive growth response to soil 

nutrient additions when competitors are excluded?  

(2) Does an increase in growth of grasses lead to a negative growth response on Eucalyptus spp. 

seedlings?  

 

Methods 
A factorial plot experiment was established at Albury NSW (160 a.s.l., 36°05, 146° 55’, 

~800mm mean annual rainfall) on a yellow kandosol soil. The experimental site has a long history of 

grazing by sheep and cattle and is typical of many areas of moderate soil fertility in the region where 

grazing and fertiliser application have elevated levels of soil extractable P (Colwell) from pre-

European levels of <5 mg kg-1 to >20 mg kg-1. These once supported open grassy woodland, 

comprising Eucalyptus albens (White Box), Eucalyptus polyanthemos (Red Box), Eucalyptus 

mellidora (Yellow Box) and Eucalyptus blakelyi (Blakely’s Red Gum). The site had been cleared of 

trees and was dominated by the exotic annual grasses Bromus mollis, Hordeum leporinum and Lolium 

rigidum.  

Combinations of four nutrient treatments (two rates of carbon addition, control and fertiliser) 

and two herbicide treatments (hereafter referred to as ‘pasture’ or ‘bare’) were applied to 1.5 m2 plots. 

Each plot was separated by a 1.5 m buffer and treatments were randomised within five blocks 

(giving 40 plots in total) which were fenced to exclude livestock and marsupials. The broad spectrum 

herbicide glyphosate (7.2 g L-1 as isopropylamine salt) was applied at the recommended rate to half of 
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the plots in late April 2006, which was effective in removing pasture competition. Dead above-ground 

biomass was removed when dry and these bare plots were maintained by regular manual weeding 

of small seedlings with minimal disturbance to the soil surface.   

Nutrient treatments were designed to increase and decrease the availability of the most 

commonly limiting macronutrients nitrogen and phosphorus, which are widely considered to 

influence pasture growth and have been shown to increase Eucalyptus establishment in Australian 

forests (Stoneman et al. 1993).Treatments were as follows: high sugar (HS) application of 1.0 kg m-2 

of granulated white sugar, shown to substantially reduce soil nitrate available for plant uptake (Prober 

et al. 2005); low sugar (LS) application of 0.33 kg m-2; control (no additions); and Di-Ammonium 

Phosphate (DAP; (NH4)2HPO4) fertiliser addition of 15 g m-2 (35.2 kg ha-1 of P). The first round of 

nutrient addition/depletion began in autumn (early May 2007, almost five months before planting, 

Fig. 1), and nutrient treatments were repeated quarterly until February 2008.  

Eight seedlings each of 6 month old nursery-grown Eucalyptus albens (White Box) and 

Eucalyptus microcarpa (Grey Box) of similar size (approximately 25cm in height and already 

exceeding the height of the pasture) were planted in each plot within an area of 1 m2 in mid spring 

(mid October). This left 0.5 m2 of the treated area within each plot for soil sampling. Any seedlings 

which died within a week of planting were replaced (n = 3), but subsequent deaths were not.  

From the time of planting, plots were hand-watered from one to three times weekly (10-20 mm 

per application) to supplement lower than average rainfall, and bring total monthly rainfall closer to 

long term averages. Watering ceased at the start of summer (early December, 75 days after planting, 

Fig. 1).  

Seedling survival was monitored weekly over the spring and summer (from late November until 

February), and leaf area of surviving seedlings was assessed at the end of the experiment (late 

summer; 130 days after planting, Fig. 1) as a surrogate for seedling growth. Leaf areas were estimated 

non-destructively using a graphical scale and leaf-count tally, converted to actual areas with the image 

analysis software ImageJ® (NIH Image; Rasband 2007). 

Above-ground herbaceous biomass of each plot (hereafter referred to as grass biomass) was 

sampled by cutting all shoot material within a 900 cm2 quadrat placed to be representative of average 

plot coverage. Samples were dried at 75 ˚C for 3 days prior to weighing. 

The effects of sugar and fertiliser treatments on soil fertility were assessed using three 

indicators; soil nitrate-N (NO3
-), extractable phosphorus (extractable P) and total nitrogen (Total N). 

Three soil cores (2 cm diameter, 10 cm depth) were collected from each plot in summer after 

senescence of the annual pasture species. These were pooled and mixed before being sent for 

laboratory analysis (Methods were: NO3
—N extracted using 1:10 ratio of soil:2M KCl, mixed for 1 

hour, filtered/centrifuged and then analysed on a segmented flow autoanalyser; extractable P by the 
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Colwell method, using a 1:100 ratio of soil: 0.5M NaHCO3 mixed for 16 hours, filtered/centrifuged, 

with colourimetric finish; Total N by digestion in sulphuric acid and catalyst, mixed with NaOH, 

distilled with collection of ammonia gas in boric acid and back-titration using standardised sulphuric 

acid). 

Insert Figure 1. 

Analysis 

Seedling survival and final leaf area were assessed by ANOVA to test for experimental 

treatment effects, species differences and possible interactions. For seedling survival, separate 

ANOVAs were performed for the end of the period of hand-watering (late spring) and at the end of 

summer (two months after watering ceased) and these were tested for species effects.  

The seedling growth ANOVA used untransformed leaf area data, pooled and averaged over the 

remaining number of seedlings in each plot for each species. Due to the large difference in initial 

seedling sizes between species, seedling growth was analysed separately for E. albens and E. 

microcarpa.  

Treatment effects on soil nitrate, soil extractable P, soil Total N and grass biomass were also 

tested by ANOVA. A linear regression model of grass biomass was produced using the three soil 

fertility indicators as predictor variables, and correlations between these variables were tested 

(Pearson method). 

Results 

Manipulation of soil fertility using sugar and fertiliser 

In bare plots, soil nitrate was significantly higher in the Di-Ammonium Phosphate (DAP) 

fertiliser treatment than the high sugar treatment at the end of summer (late January). However, 

neither rate of sugar application nor fertiliser treatment significantly altered soil nitrate-N from the 

levels found in control plots (Fig. 2a). In contrast, levels of soil extractable P were more than doubled 

by the addition of DAP fertiliser compared with control plots, while sugar application did not affect 

extractable P (Fig. 2b). Nutrient treatments had no significant effect on Total N (Fig. 2c). 

With one exception, soil fertility of pasture plots at the end of the growth season did not differ 

significantly from bare plots (Fig. 2). Extractable P was lower in pasture than bare plots within the 

fertiliser treatment (p = 0.01) but did not differ between pasture and bare plots within the other 

nutrient treatments (Fig. 2). 

Insert Figure 2. 

Grass biomass: treatment effects and soil fertility 
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An ANOVA of above-ground grass biomass in pasture plots (assessed at its maximum in 

November 2006) showed that fertilised plots had significantly higher biomass than the control and 

sugar treatments (Fig. 3). However, the low sugar treatment was not significantly different from the 

other treatments (Fig. 3), and the high sugar treatment was not significantly different from the control. 

Thus, as hypothesised, nutrient addition using fertiliser was effective in stimulating a 76% increase in 

grass biomass above control plots, but sugar application did not reduce biomass compared to the 

control. 

Insert Figure 3. 

Further analysis using linear regression to investigate the influence of soil nitrate-N, extractable 

P and Total N on grass biomass produced a significant model (p < 0.001, R2 = 0.829) where two 

outlying data points were excluded from the analysis (Table 1). These may be explained by ‘hotspots’ 

of livestock manure residues, noting that soil and grass samples were separated by necessity. Removal 

of outliers greatly strengthened the relationship between soil nitrate-N and grass biomass (Fig. 4) but 

had negligible effect on the relationships between extractable P, total N and grass biomass. 

Individually, grass biomass was strongly correlated to soil nitrate-N (r = 0.77, p < 0.001, Fig. 4), and 

extractable P was weakly correlated with grass biomass (r = 0.48, p = 0.042). There was no significant 

correlation between soil nitrate-N and extractable P (r = 0.45, p = 0.06), or between grass biomass and 

Total N (r = -0.22, p = 0.375) or other soil fertility indicators. 

Insert Table 1a, b. 

Insert Figure 4. 

Eucalypt seedling survival  

Results did not support the hypothesis that eucalypts would show a positive response to 

increasing soil nutrient in the absence of herbaceous competitors. Tree survival was uniformly high 

during the hand-watering phase (prior to enforced drought in December). The effects of pasture and 

nutrient treatments on eucalypt survival were negligible during the hand-watering phase. 

From the onset of the droughting period (after hand-watering ceased in early December), 

seedling survival dropped rapidly in pasture plots compared to bare plots. Nutrient treatments had no 

significant effect on seedling survival rate for either tree species, regardless of the watering regime, 

and no interactions between nutrient and pasture treatments were found (Table 2). However, seedling 

survival stabilised in January, two months after droughting was imposed (Fig. 5). Final E. albens 

seedling survival at the end of summer (late January) was 8% (S.E. = 3%) for pasture plots and 48% 

(S.E. = 6%) for bare plots; for E. microcarpa, seedling survival was 4% (S.E. = 2%) in pasture plots 

and 66% (S.E. = 4%) in bare plots. The ANOVA showed the pasture treatment to be the main factor 

influencing final seedling survival; survival was significantly lower in pasture plots than bare plots (p 
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< 0.001, Fig. 5, Table 2). A species by pasture interaction indicated that in bare plots, survival was 

higher for E. microcarpa than E. albens.  

Insert Figure 5. 

Insert Table 2. 

Eucalypt seedling growth: treatment effects  

Seedling leaf area in late summer (130 days after planting) was significantly higher in bare plots 

than pasture plots for both species (E. albens = 4.7 fold increase, p < 0.001; E. microcarpa = 7.6 fold, 

p < 0.001; Figure 6). Seedling leaf area showed no significant response to nutrient treatments in either 

bare or pasture plots for either species, and there was no interaction between pasture and nutrient 

treatments (Table 3). There was a significant species by pasture interaction representing the large 

difference in leaf areas between the species (Fig. 6). Exclusion of the two previously identified ‘high 

nitrate – low biomass’ outlier plots had no effect on models of eucalypt seedling survival or growth, 

so these were retained in the analyses presented in Tables 2 and 3.  

Insert Table 3. 

Insert Figure 6. 

Eucalypt seedling growth: influence of grass biomass 

Overall, elimination of pasture competition using herbicide had the greatest effect on increasing 

eucalypt seedling establishment and growth. As hypothesised, tree seedling growth was severely 

stunted in pasture plots compared with bare plots, even in the lowest pasture biomass plots of less 

than 2 t ha-1 (Fig. 7), which was well below the average grass biomass of 3.4 t ha-1.  

Contrary to our hypothesis, applications of sugar and fertiliser had little effect on the success of 

tree seedlings in terms of survival or growth rate, even though these nutrient treatments were 

successful in manipulating soil fertility and the biomass production of the pasture. We found that tree 

seedlings responded strongly to the presence or absence of pasture, but were not influenced by 

differences in pasture biomass. 

Insert Figure 7. 

 

Discussion 

Manipulation of soil fertility  

Neither of the two sugar treatments was effective in reducing soil nitrate-N below the control 

plots, though there was a non-significant trend towards decreasing soil nitrate-N with increasing sugar 
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addition. Although our dosage of 1 kg m-2 was twice that used in a similar study conducted in the 

central-western slopes of NSW (Prober et al. 2005), our base level of nitrate-N at 20 mg kg-1 was 

almost twice as high as nitrate-N at their study site, which was considered a high nutrient 

environment. Soil nitrate is reduced by microbial processes that are enhanced by carbon addition 

(Cookson et al. 2006), but the effectiveness of carbon treatments in nutrient-enriched sites, such as 

our study site, may require more frequent additions rather than higher quantities of carbon.  

Addition of DAP fertiliser resulted in large, significant increases in soil extractable P, but not in 

soil nitrate-N, as shown by changes within bare plots. Consequently the intentions of the fertiliser 

treatment (to boost available N and P) were only achieved for P. Fertiliser addition still resulted in 

significant increases in grass biomass compared to control and sugar treatments, suggesting that 

pasture grasses were responding to increased available P rather than available N. However, nitrate-N 

was the better predictor of grass biomass in a linear regression of plot-level data. This may be 

explained by the lag between grass and soil sampling and potential immobilisation of N during the lag 

period.  

There was a surprising similarity in soil nitrate-N for all plots at the end of the growing season. 

Explanations are that growth of pasture grasses has little impact on soil nitrate in the relatively 

nutrient enriched environment, or senescence of grass roots in herbicide-treated plots may increase 

mineralisation. 

While substantial, P uptake by the pasture in fertilised plots (as shown by the difference in soil 

extractable P between pasture and bare plots) was not large enough to reduce extractable P to levels 

found in the corresponding control plots. This suggests that residual available P was present at the end 

of the season, and therefore pasture growth was not likely to have been limited by P in the fertilised 

plots. Soil extractable P and nitrate-N were correlated, as they were applied in uniform ratio using one 

fertiliser source, but soil nitrate-N, rather than available P, appears to be the key driver of grass 

biomass production in this system. 

Effects of soil fertility on pasture growth 

The response of grass biomass to the established nutrient treatments mirrored the soil nitrate 

patterns between nutrient treatments; neither sugar treatment nor fertiliser treatment differed 

significantly from the control in the ANOVA, but the most extreme treatments (high sugar and 

fertiliser) produced significantly different biomass levels.  

The regression model, on the other hand, showed a highly significant positive response of 

pasture growth to increasing soil nitrate-N. The weak response of pasture to experimental nutrient 

treatments may appear to be at odds with this finding, however, these results are not contradictory 

when one considers the high level of variability in soil nitrate that we found within nutrient 

treatments. Surprisingly, the most variable of treatments in terms of soil nitrate was the control. We 
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suspect that outlying data points removed from the analysis were the result of residues from livestock 

manure in some soil samples, which were, through necessity, taken from different parts of plots to 

cuts of grass biomass. 

That nitrate-N was the best predictor of herbaceous biomass is not a novel finding in an 

agronomic context (though soil P is usually assumed to be more limiting to pasture growth on the 

geologically old soils of Australia); this finding supports previous work by Prober et al. (2002), who 

showed that (non-native) annual grasses and forbs are better able to utilise the autumn peak in soil 

nitrate that occurs in systems where annuals are present, than Australian native perennial species that 

are adapted to low nutrient soils.  

Eucalypt survival and growth 

We found that soil nutrient additions increased grass biomass and influenced the amount of 

unused soil nitrate-N and extractable P, but did not affect leaf area of either E. albens or E. 

microcarpa. The presence of pasture grasses was important, as survival and leaf area of both tree 

species was greatly reduced in pasture plots compared with bare plots, regardless of pasture biomass.  

We had hypothesised that changes in soil fertility and its influence on grass biomass (and 

therefore competition) would be the main mechanism driving the eucalypt seedling survival response. 

Contrary to this hypothesis, neither eucalypt survival nor leaf area was affected by increasing soil 

nitrate in either pasture or bare plots, despite numerous prior studies demonstrating a positive eucalypt 

growth response to increased nitrogen supply (Moore and Keraitis 1971; Cromer and Jarvis 1990; 

Wong et al. 1992). Growth responses to nutrient were either not expressed in terms of changes to 

seedling leaf area as recorded here, or were not detectable within the duration of the experiment. 

Although woody species typically have lower potential growth rates than herbaceous annuals, 

reflecting their respective strategies as stress tolerator and ruderal species (Grime 2001; Reich et al. 

2003), the large increase in leaf area of E. albens and E. microcarpa measured in bare plots over the 

course of the experiment shows that treatment effects on eucalypts were detectable, but our hypothesis 

relating to nutrient response was not upheld. The lack of growth response by tree seedlings to 

increases in soil nitrate, even in bare plots, suggests that pre-existing nitrate levels were more than 

adequate for their growth and that other resources (e.g. water) were limiting (Davis et al. 1999). The 

high level of available P (~ 20 mg kg-1) at our study site is typical of fertilised pastures in south-east 

Australia, whose available P content far exceeds typical values found in reference (pre-European) 

grassy woodlands (i.e. < 10 mg kg-1 P; McIntyre 2008) to which eucalypts are adapted.    

Our findings confirmed the strong negative influence of the herbaceous understorey on tree 

seedling survival and growth. The sudden increase in mortality in pasture plots when droughting was 

enforced (from uniformly high survival rates across all treatments during the period of hand watering) 

suggests competition for moisture was driving survival and growth responses. Davis et al. (1999) 

 11



reached a similar conclusion in their study of Quercus growth and survival along a water-light-

nutrient gradient, highlighting the indirect nature of resource use mechanisms driving species 

responses (Tilman 1988). 

The high survival during the watering phase also suggests that long-term monthly rainfall 

averages were sufficient to support seedlings through spring, which cannot be assumed based on the 

presence of adult trees in the same rainfall zone, nor from the presence of seedlings in unmodified 

systems that may exhibit a different pattern of soil drying (Clarke et al. 2005). Several laboratory-

based studies have assessed the effects of simulated soil matric potentials on Eucalyptus germination 

(reviewed by Stoneman 1994), however translation of these results to seedling survival and growth in 

the field is problematic, since matric potentials fluctuate greatly over time and space. The predicted 

inverse relationship between grass biomass and tree seedling growth was supported, as much higher 

tree growth occurred in bare plots than pasture plots. However, for seedling growth in pasture plots 

only, we had hypothesised that tree growth would increase along the gradient of decreasing grass 

biomass, gradually approaching the levels of growth observed in bare plots. As growth was negligible 

in all pasture plots irrespective of grass biomass, and even biomass levels as low as 1.5 t ha-1 

(ungrazed pasture) suppressed seedlings, this prediction was not supported. (A biomass of 1.5 t ha-1 

reflects a short (< 6cm height) or sparse pasture, and is around the minimum spring benchmark for 

annual pastures in this region, as targets are typically around 3-4 t ha-1 where legumes are present 

(Bell 2006)).  

Figure 7 provides evidence for a negative exponential relationship between grass biomass and 

seedling growth, but more importantly, it identifies the gap in the biomass gradient (between 0 and 1.5 

t ha-1 dry matter) which was not achieved by applying sugar at our site. It is between these values that 

the steepest part of the curve (reflecting the largest rate of increase in seedling growth) would be 

expected to occur, assuming that a continuous relationship exists between seedling growth and grass 

biomass. 

Davis et al. (1999) considered the impact of reduced pasture competition on tree seedling 

growth response - as mediated by increased available N - to be of far greater ecological significance 

than the direct response of seedlings to N input per se. They did, however, find that one of their two 

deciduous woody study species, Pin Oak (Quercus ellipsoidalis) grew faster with increased nitrogen, 

while Bur Oak (Quercus macrocarpa) did not. Similarly, we found pasture competition to be the 

strongest predictor of tree seedling establishment and growth, but neither of our study species 

responded to soil fertility changes. 

The crux of nutrient-competition interaction experiments is that the level of nutrient inputs to a 

system does not necessarily equate to increased nutrient availability to all species within that system, 

particularly if nutrients are consistently and more quickly used by faster growing herbaceous species 

(Davis et al. 1998, 2000, Tilman 1988). For example, in grassy ecosystems in Australia, annual exotic 
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herbs generally possess higher potential growth rates (Leishman et al. 2007) and more pronounced 

growth responses to nitrate (Prober et al. 2005) than native perennial herbs that are adapted to low 

nutrient soils. As slower-growing, nutrient efficient (and therefore low nutrient use) species, newly 

recruited eucalypt seedlings are always likely to be disadvantaged by soil enrichment where a 

significant proportion of the herbaceous understorey is exotic.  

Consequences for tree recruitment 

Our study confirmed that competition from herbaceous species impacts strongly on young 

eucalypt seedlings during their establishment. Under natural conditions, young eucalypt seedlings 

may survive the negative impacts of herbaceous species long enough to outgrow their influence if 

competition is temporarily reduced or removed, such as may occur following physical disturbance to 

the grass layer or if additional resources (such as unusually high rainfall) are available.  

As there were no native perennial grasses at our site – a common situation in the more 

intensively grazed and cultivated areas of south eastern Australia – we could only seek to manipulate 

the abundance or growth of the exotic annual grasses dominating the site in order to benefit tree 

growth. At our study site, grass biomass would need to be reduced to well below 1.5 t ha-1 for tree 

seedling growth to occur during spring; a level which would be considered very low for any pasture in 

temperature areas of south-eastern Australia. This can be achieved by use of herbicides. The addition 

of sugar to reduce nitrate levels, as trialed by Prober et al. (2005), was shown in our experiments not 

to be sufficient.  

It is notable that seedling mortality was not 100% in pasture plots (though near to it), and 

therefore recruitment into an herbaceous understorey is still possible. However, our results greatly 

under-estimate seedling losses from natural seeding into pastures, since we planted seedlings rather 

than seed, and watered our plots. Consequently we also avoided the impacts of competition for light 

between pasture species and tree seedlings that occurs when seedlings are very small. Light 

competition is commonly a key determinant of seedling establishment in herbaceous vegetation but 

responses are complex. Shading can also increase seedling survival in arid environments due to 

improved soil-water relations (Davis et al. 1999). 

Restoration measures which can greatly reduce competition from the herbaceous understorey 

and increase survival and growth rates of tree seedlings (e.g. Wittwer et al. 1986) include the use of 

broad-spectrum and residual herbicides, scalping (removal of nutrient rich topsoil) and cultivation, 

though they are likely to be most useful at sites of high soil nutrient enrichment, where the 

understorey is dominated by exotic annual species, and where the understorey is of little conservation 

value itself. Alternative measures to reduce soil nitrate such as carbon additions have been shown to 

be effective in reducing growth of exotic annual species and shifting understorey composition in 

 13



favour of native species (Prober et al. 2005; Kulmatiski and Beard 2006). However, as shown by our 

results, the effectiveness of this treatment appears to be reduced at very high nitrate levels. 

 

Acknowledgements 

We are grateful to Land and Water Australia and the Future Farm Industries Cooperative Research 

Centre, who assisted this study through a research grant and stipend to the primary author. Thanks 

also to Charles Sturt University grounds staff Ian Hume and Laurence Till for helping with herbicide 

application, water setup and fencing, and to Kathleen Bowmer and two anonymous reviewers for 

providing helpful comments on an earlier version of this manuscript. 

 

References 
Allcock KG (2002) Effects of phosphorus on growth and competitive interactions of native and 

introduced species found in White Box woodlands. Austral Ecol 27:638-646 

Averett JM, Klips RA, Nave LE, Frey SD, Curtis PS (2004) Effects of soil carbon amendment on 

nitrogen availability and plant growth in an experimental Tallgrass Prairie manipulation. Rest 

Ecol 12:568-574 

Bell A (2006) Pasture assessment and livestock production. Primefact: 323. Factsheet of the NSW 

Department of Primary Industries and PROGRAZE. Available via DIALOG 

http://www.dpi.nsw.gov.au Accessed Dec 2008 

Blumenthal DM, Jordon NR, Russelle MP (2003) Soil carbon addition controls weeds and facilitates 

prairie restoration. Ecol Applic 13:605-615 

Bowman WD, Conant RT (1994) Shoot growth dynamics and photosynthetic response to increased 

nitrogen availability in the alpine willow Salix glauca. Oecologia 97:93-99 

Callaway RM, Walker LR (1997) Competition and facilitation: A synthetic approach to interactions in 

plant communities. Ecology 78:1958-1965 

Chalmers A, McIntyre S, Whalley RDB, Reid N (2005) Grassland species response to soil disturbance 

and nutrient enrichment on the Northern Tablelands of New South Wales. Aust J Bot 53:485-499 

Clarke PJ, Latz PK, Albrecht DE (2005) Long-term changes in semi-arid vegetation: invasion of an 

exotic perennial grass has larger effects than rainfall variability. J Veg Sci 16:237-248. 

Cookson WR, Müller C, O’Brien PA, Murphy DV, Grierson PF (2006) Nitrogen dynamics in an 

Australian semiarid grassland soil. Ecology 87(7):2047-2057 

Cromer RN, Jarvis PG (1990) Growth and biomass partitioning in Eucalyptus grandis seedlings in 

response to nitrogen supply. Aust J Plant Physiol 17:503-515 

 14



Davis MA, Wrage KJ, Reich PB (1998) Competition between tree seedlings and herbaceous 

vegetation: support for a theory of resource supply and demand. J Ecol 86:652-661  

Davis MA, Wrage KJ, Reich PB, Tjoelker MG, Schaeffer T, Muermann C (1999) Survival, growth 

and photosynthesis of tree seedlings competing with herbaceous vegetation along a water-light-

nitrogen gradient. Plant Ecol 145:341-350 

Davis MA, Grime JP & Thompson K (2000) Fluctuating resources in plant communities: a general 

theory of invasibility. J Ecol 88:528-534 

Davis MA, Bier L, Bushelle E, Diegel C, Johnson A, Kujala B (2005) Non-indigenous grasses impede 

woody succession. Plant Ecol 178:249-264 

DeLucia EH, Schlesinger WH, Billings WD (1989) Edaphic limitations to growth and photosynthesis 

in Sierran and Great Basin vegetation. Oecologia 78:184-190 

Dorrough J, Moxham C (2005) Eucalypt establishment in agricultural landscapes and implications for 

landscape-scale restoration. Biol Conserv 123:55-66 

Dorrough J, Moxham C, Turner V Sutter G (2006) Soil phosphorus and tree cover modify the effects 

of livestock grazing on plant species richness in Australian grassy woodland. Biol Conserv 130: 

394-405 

Eschen R, Mortimer SR, Lawson CS, Edwards AR, Brook AJ, Igual JM, Hedlund K, Schaffner U 

(2007) Carbon addition alters vegetation composition on ex-arable fields. J Appl Ecol 44:95-104 

Fabião A, Madeira M, Steen E, Kätterer T, Ribeiro C, Araújo C (1995) Development of root biomass 

in an Eucalyptus globulus plantation under different water and nutrient regimes. Plant Soil 

168:215-223 

Fensham RJ and Kirkpatrick JB (1992) The eucalypt forest – grassland/grassy woodland boundary in 

central Tasmania. Aust J Bot 40:123-138 

Gordon DR and Rice KJ (2000) Competitive suppression of Quercus douglasii (Fagaceae) seedling 

emergence and growth. Am J Bot 87(7):986-994 

Grime JP (2001) Plant strategies, vegetation processes, and ecosystem properties. John Wiley & 

Sons, Chichester.  

Halsall DM, Forrester RI, Moss TE (1983) Effects of nitrogen, phosphorus and calcium nutrition on 

growth of eucalypt seedlings and on the expression of disease associated with Phytophthora 

cinnamomi infection. Aust J Bot 31:341-355 

Hobbs RJ, Atkins L (1991) Interactions between annuals and woody perennials in a Western 

Australian nature reserve. J Veg Sci 2:643 - 654 

Högberg P, Fan H, Quist M, Binkley D, Tamm CO (2006) Tree growth and soil acidification in 

response to 30 years of experimental nitrogen loading on boreal forest. Global Change Biol 

12:489-499 

Holmgren M, Scheffer M, Huston MA (1997) The interplay of facilitation and competition in plant 

communities. Ecology 78:1966-1975 

 15



House JI, Archer S, Breshears DD, Scholes RJ, NCEAS Tree-Grass Interactions Participants (2003) 

Conundrums in mixed woody-herbaceous plant systems. J Biogeogr 30:1763-1777. 

Kirkpatrick J (1994) A continent transformed – Human impact on the natural vegetation of Australia. 

Oxford University Press, Melbourne 

Kirschbaum MUF, Bellingham DW, Cromer RN (1992) Growth analysis of the effect of phosphorus 

nutrition on seedlings of Eucalyptus grandis. Aust J Plant Physiol 19:55-66. 

Kulmatiski A, Beard KH (2006) Activated carbon as a restoration tool: Potential for control of 

invasive plants in abandoned agricultural fields. Rest Ecol 14:251-257 

Leishman MR, Haslehurt T, Ares A, Baruch Z (2007) Leaf trait relationships of native and invasive 

plants: community – and global-scale comparisons. New Phytol 176:635-43 

Magill AH, Aber JD, Hendricks JJ, Bowden RD, Melillo JM, Steudler PA (1997) Biogeochemical 

response of forest ecosystems to simulated chronic nitrogen deposition. Ecol Applic 7(2):402-

415McIntyre, S (2008) The role of plant leaf attributes in linking land use to ecosystem function 

in temperate grassy vegetation. Agric Ecosystems Environ 128:251-258 

McIntyre S, Lavorel S (1994) How environmental and disturbance factors influence species 

composition in temperate Australian grasslands. J Veg Sci 5:373-384 

Morghan KJR, Seastedt TR (1999) Effects of soil nitrogen reduction on nonnative plants in restored 

grasslands. Rest Ecol 7:51-55 

Moore CWE, Keraitis K (1971) Effect of nitrogen source on growth of eucalypts in sand culture. Aust 

J Bot 19:125-41 

Myrold DD, Matson PA, Peterson DL (1989) Relationships between soil microbial properties and 

aboveground stand characteristics of conifer forests in Oregon. Biogeochemistry 8:265-281 

Pettit NE, Froend RH, Ladd PG (1995) Grazing in remnant woodland vegetation: changes in species 

composition and life form groups. J Veg Sci 6:121-130 

Prober SM, Lunt ID, Thiele KR (2002) Determining reference conditions for management and 

restoration of temperate grassy woodlands: relationships among trees, topsoils and understorey 

flora in little-grazed remnants. Aust J Bot 50:687-697 

Prober SM, Thiele KR, Lunt ID, Koen TB (2005) Restoring ecological function in temperate grassy 

woodlands: manipulating soil nutrients, exotic annuals and ntaive perennial grasses through 

carbon supplements and spring burns. J Appl Ecol 42:1073-1085 

Rasband W (2007) ImageJ® Vers 1.37. National Institutes of Health, USA. Available via DIALOG 

http://rsb.info.nih.gov/ij/ Accessed Jan 2007 

Reich PB, Buschena C, Tjoelker MG, Wrage K, Knops J, Tilman D, Machado JL (2003) Variation in 

growth rate and ecophysiology among 34 grassland and savanna species under contrasting N 

supply: a test of functional group differences. New Phytol 157:617-631 

Rey Benayas JM, Espigares T, Castro-Diez P (2003) Simulated effects of herb competition on planted 

Quercus faginea seedlings in Mediterranean abandoned cropland. App Veg Sci 6:213- 222 

 16



 17

Sankaran M, Ratnam J, Hanan NP (2004) Tree-grass coexistence in savannas revisited – insights from 

an examination of assumptions and mechanisms invoked in existing models. Ecol Letters 7:480-

490 

Smit R, Olff H (1998) Woody species colonisation in relation to habitat productivity. Plant Ecol 

139:203- 209. 

Stoneman GL (1994) Ecology and physiology of establishment of eucalypt seedlings from seed: A 

review. Aust For 57:11-30 

Stoneman GL, Dell B, Turner NC (1993) Mortality of Eucalyptus marginata (jarrah) seedlings in 

mediterranean-climate forest in response to overstorey, site, seedbed, fertiliser application and 

grazing. Austral Ecol 19:103-109 

Szili-Kovács T, Török K, Tilston EL, Hopkins DW (2007) Promoting microbial immobilisation of 

soil nitrogen during restoration of abandoned agricultural fields by organic additions. Biol Fertil 

of Soils 43:823-828 

Tanner EVJ, Vitousek PM, Cuevas E (1998) Experimental investigation of nutrient limitation of 

forest growth on wet tropical mountains. Ecology 79:10-22 

Tilman D (1988) Plant strategies and the dynamics and structure of plant communities. Princeton 

University Press, Princeton, N.J. 

Vitousek PM, Farrington H (1997) Nutrient limitation and soil development: Experimental test of a 

biogeochemcial theory. Biogeochemistry 37:63-75 

Whalley RDB, Robinson GG, Taylor JA (1978) General effects of management and grazing by 

domestic livestock on the rangelands of the Northern Tablelands of New South Wales. Aust 

Rangel J 1:174-190 

Wilson AD, Simpson RJ (1993) The pasture resource base: Status and issues. Pp 1 – 25 in Pasture 

management technology for the 21st century, Kemp DR, Michalk DL ed. CSIRO, Australia. 

Wittwer RF, Dougherty PM, Crosby D (1986) Effects of ripping and herbicide site preparation 

treatments on Loblolly Pine seedling growth and survival. South J Appl For 10:253-257 

Wong SC, Kriedemann PE, Farquhar GD (1992) CO2 x nitrogen interaction on seedling growth of 

four species of eucalypt. Aust J Bot 40:457-72 

Yates CJ, Hobbs RJ, Atkins L (2000) Establishment of perennial shrub and tree species in degraded 

Eucalyptus salmonophloia (Salmon Gum) remnant woodlands: Effects of restoration treatments. 

Rest Ecol 8:135-143 
 

  



 
Fig. 1: Experimental schedule showing seasonal timing of plot treatments, seedling 

transplantation and period of supplementary hand-watering. 
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Figure 2: Differences in soil (a) nitrate-N, (b) Extractable P and (c) Total N across nutrient treatments 

for plots sampled in mid Summer. Nutrient treatments which share the same letter are not 

significantly different (at p = 0.05). Significant differences between bare plots and pasture plots 

within nutrient treatments (i.e. Fig. 2b) are indicated by an asterisk (*). Error bars show ± 1 S.E. 
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Table 1: Linear regression model of grass biomass including soil fertility predictors nitrate-N, 

Extractable P and Total N, showing (a) significance and (b) coefficients.  

 
(a)  

Model Sum of Squares       df Mean Square F Sig. 

Regression 28.345 3 9.448 22.571 <0.001
Residual 5.860 14 0.419    
Total 34.206 17     

 R squared = 0.829 (Adjusted R square 0.792) 
 
(b) 

Model 
Unstandardised 

Coefficients 
Standardised 
Coefficients  t Sig.

  B Std. Error                 Beta     
(Constant) 3.626 1.159  3.129 0.007
Nitrate-N 0.132 0.021 0.787 6.302 <0.001
Extractable P 0.032 0.023 0.180 1.413 0.179
Total N -13.107 6.344 -0.236 -2.066 0.058
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Figure 4: Scatterplots of grass biomass against soil nitrate-N. The two outlying data points (filled 

symbols) were excluded from the GLM in Table 1. 
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4  
Figure 5: Survival of (a) Eucalyptus albens and (b) Eucalyptus microcarpa seedlings during the 
droughting phase after hand-watering ceased (see Fig. 4.1). Means are averaged across nutrient 
treatments. Bars show ± 1 S.E.   
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Table 2: ANOVA of seedling survival to the end of summer (late January) including fixed design 

effects and significant interactions. 

 

Source df Mean Square F Sig.
Corrected Model 10 5583.984 17.291 <0.000
Intercept 1 78908.203 244.339 <0.000
Species 1 1033.203 3.199 0.078
Pasture 1 50626.953 156.767 <0.001
Nutrient 3 215.495 .667 0.58
Block 4 285.156 .883 0.48
Species * Pasture 1 2392.578 7.409 0.008
Error 69 322.945
Corrected Total 79    

R Squared = 0.715 (Adjusted R Squared = 0.673) 
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Table 3: ANOVA of seedling leaf area at the end of summer (late January) including fixed design 

factors and significant interactions. 

 

Source df Mean Square F Sig. 

Corrected Model 10 26108.2 67.14 <0.001 
Intercept 1 373348.4 960.14 <0.001 
Species 1 60637.5 155.94 <0.001 
Pasture 1 174155.9 447.88 <0.001 
Nutrient 3 809.1 2.08 0.111 
Block 4 1259.9 3.24 0.017 
Species * Pasture 1 18821.9 48.41 <0.001 
Error 69 388.8  
Corrected Total 79  

R Squared = 0.907 (Adjusted R Squared = 0.893) 
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