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Abstract. Thickening of native shrubs is a major problem in many ‘semi-arid woodlands’ as significant increase in shrub
density is often negatively correlated with herbaceous vegetation and leads to reduced pasture production and soil erosion.
This project aimed to test the hypothesis that temporary cropping (up to three crops in 15 years) consistently increases
the density of native perennial grasses following the removal of shrubs. A total of 30 paddocks that had been cropped during
the last 20 years were randomly selected using a satellite-based database that documented annual clearing and cropping
history from 1987 to 2003. Paddocks were classified into four types based on clearing and cropping history and grazing
management – not cleared (shrubs), regrowth (re-invaded by shrubs), set stocked (cropped and grazed), light/rotationally
grazed (cropped and grazed). The responses of vegetation and soil (chemical and physical) properties to clearing and
cropping were evaluated. Results indicated that ground cover, native perennial grass cover and standing dry matter were
highest under light/rotationally grazed conditions.

The shrub state represents a stable state within the Cobar pediplain brought about due to land-use change in the form of
overgrazing and/or the removal of fire from the system. An alternative stable state was achieved as a result of disturbance in
the form of clearing, cropping and grazing management thereby directly altering the shrub population. The resilience of this
state is largely dependent on the grazingmanagement system used and on the prevention of shrub from re-establishing while
failure to control shrubs could lead to the re-emergence of the Shrub State.We conclude that native grasslands do regenerate
following cropping after removal of shrubs. The importance of grazing management for restoring perennial ground cover
following removal of shrubs and temporary cropping has been clearly demonstrated by the study.

Additional keywords: clearing, ground cover, pasture composition, seed bank, state and transition.

Introduction

Significant thickening of native shrubs in woodlands threaten the
economic viability of pastoral businesses and can lead to soil
erosion and potentially to a major shift in biodiversity (Witt et al.
2009). In New South Wales managements to reduce and hold
shrub populations have been evaluated by research. Its impact on
vegetation structure, pastoral productivity, land value and
susceptibility of encroached landscapes to further degradationhas
beenwell documented (Harrington et al. 1984; Noble et al. 1984;
Date 1987; Wilson and MacLeod 1991; Noble and Hodgkinson
1992; Noble 1997; Noble and Walker 2006).

Research over several decades has identified a range of
management options that are capable of controlling shrubs
including prescribed burning (Hodgkinson and Harrington
1985), mechanical clearing and chemical application (Noble
et al. 2005;Noble andWalker 2006) but inmost instances the cost
is not justified by the economic benefit (e.g. Pressland 1981;
Green 1989) and in some cases shrub density increases after
existing shrubs are removed by ploughing (Daryanto and
Eldridge 2010). The success of prescribed burning is also
dependent on the build-up of fuel for effective burning (Noble

et al. 1986). Grazing by goats may be a cost-effective means of
control in some situations but not all invasive species are
amenable to control in this way (Harrington 1979). Despite past
research and the substantial efforts by some landholders (e.g.
Hams 1992), there is a need to develop strategies that promote
ecological restoration and militate against further harmful
impacts (Dale et al. 2005).

Management of vegetation in New South Wales is controlled
by Government policy. The NSW Native Vegetation Act No. 103
(2003) allows shrubs to be managed, including removal of
limited areas of scrub followed by temporary cropping, and
return to native ground cover. While there is anecdotal evidence
that native perennial grass species re-establish successfully in
the post-cropping environment if seasonal conditions are
favourable (G. Brooke, pers. comm.) other observations indicate
that former cropping paddocks may support only further
stands of shrubs. Noble et al. (1984) cautioned that accelerated
erosion and salinisation can follow farming in marginal
rangelands.

Some theoretical considerations suggest that re-establishment
of native grasslands, post cropping, may require active
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management. Plant succession models, for example, suggest that
establishment of early successional species such as annual forbs,
rather than perennial grasses, are more likely following soil
disturbance (Connell and Slatyer 1977). Changes in soil fertility
as a result of croppingmay influence the composition of the post-
cropping plant community (Grime 1979). Higher levels of
fertility, as might be promoted by crop fertilisation, have been
shown by several studies to favour fast-growing competitive
species (Chapman 2001), reduce species diversity (McCrea et al.
2004) or favour annuals over perennial grasses (Bolger and
Garden 2002; Prober et al. 2005; Hacker et al. 2008). The
development of ‘islands of fertility’ under shrub canopies
(Schlesinger et al. 1990, 1996; Døckersmith et al. 1999) due to
litter fall, soil accretion, and animal and fecal decomposition
(Rhoades 1996) could result in nutrient distribution patterns
which if persistent might favour re-establishment of trees or
shrubs (Døckersmith et al. 1999) over native perennial grasses.

The aims of this study were to determine whether native
perennial grassland returns following removal of shrubs and
opportunistic cropping in the semi-arid woodlands of New South
Wales, and to describe post-cropping vegetation dynamics in
a state-and-transition framework (Westoby et al. 1989; Briske
et al. 2005).

Materials and methods
Survey site identification

The studywas conducted in western New SouthWales, Australia
(Fig. 1). Paddocks that had been cropped since 1987 were

identified using a satellite-based database, a record of the
clearing and cropping history of all paddocks based on annual
satellite image interpretation and field verification (DL&WC
1999). Attributes of each paddock extracted from the database
were ‘year of first crop’, ‘number of crops’ and ‘years since last
crop’. Thirty paddocks from 11 properties were selected for
sampling (Fig. 1, Table 1) stratified by geographic location,
number of crops, and years since last crop. The sample size
(n= 30) was determined from preliminary modelling using
botanical data from previous studies and assumptions regarding
the expected changes in keyvariables in response tomanagement,
in order to achieve statistical power of 80% (i.e. an 80%
probability of detecting a 10% change at the 5% level of
significance).

Following paddock selection, landholders were contacted by
telephone to obtain consent to undertake the field survey. All
landholders consented to the field investigations and agreed to
provide additional information at interview.

Paddocks were classified into four types based on cropping
history (fertiliser and herbicide use) and grazing management.
Paddocks (4) that were encroached with shrubs and had never
been cleared, but were adjacent to a cropped paddock, were
classified as ‘shrub’. Paddocks (7) that were last cropped
10 years or more previously and were mostly reinvaded by
shrubs were classified as ‘regrowth’. Thirteen paddocks that had
been cropped within the last 10 years and were set stocked when
not in crop were classified as ‘set stocked’. However, there were
no stocking rate records available. The remaining six paddocks
which had been cropped within the last 10 years and were either

Kilometers

Fig. 1. Map showing the locations of paddocks that were surveyed. The location of Cobar is shown in the insert.
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rotationally (4) or lightly (2) grazed when not in crop were
classified as ‘light/rotationally grazed’. Rotationally grazed
paddocks were managed using the time-controlled (‘cell’)
grazing system while the lightly grazed paddocks were used
intermittently as horse paddocks.

The impact of shrubs on the spatial distribution of chemical
properties in the surface soil was also assessed on six separate
paddocks on twoproperties. Separate paddockswere necessary to
obtain the three categories in adjacent areas. The paddocks were
designated as (1) shrub, or when they comprised grasslands that
have not been encroached by shrubs as (2) grassland, and when
the paddocks had been cropped in the last 3 years as (3) post-crop
grassland. The properties were located 97 km south and ~100 km
west of Cobar.

Data collection
Paddock surveys were conducted during March–April 2008,
following a period of relatively high summer rainfall. Grassland
condition was assessed by measuring ground cover, pasture
botanical composition and standing dry matter (SDM) (non-
woody vegetation). Ground cover and pasture composition
were assessed using the Step Point Method described by

Campbell and Hacker (2000). SDM and soil chemical properties
were also assessed. Fertiliser (nitrogen, N) and herbicide used
in each cropped paddock was recorded based on producer
interviews.

Ground cover
Ground cover was surveyed along 10 parallel transects, each
~200m in length, in each of the 30 paddocks. The starting point of
the first transect was randomly determined by driving ~100m
perpendicular to the edge of the paddock. The position of this
starting point was recorded using a hand-held GPS unit. Walking
in a straight line for 200m in a randomly chosen direction, the
cover type directly below a drawing pin inserted in the toe of one
boot was recorded as litter, grass butt, forbs, dung, wood,
cryptogam or rock every four steps, generating 50 records per
transect. At the end of each transect 30 steps were taken at a 908
angle to reach the starting point of the next transect which ran in
the opposite direction. This process was repeated until 10
transects hadbeen completed. Percent cover of each cover type, in
each transect,was then calculated bymultiplying the total number
of ‘hits’ by two. Total cover for each transect was calculated by
summing over all cover types.

Table 1. Cropping history of 30 surveyed paddocks
Not cleared paddocks contain shrubs, regrowth paddocks have been cleared and the shrub has regrown, set-stocked paddocks have been cleared of shrubs,

cropped and are now set stocked, light/rotational paddocks have been cleared of shrubs, cropped and are now lightly/rotationally grazed

Property
number

Paddock
number

Paddock type Year
cleared

Year first
cropped

Year last
cropped

Number of years
since last crop

Years
cropped

P1 1 Light/rotationally grazed 1992 1993 2006 1 3
P1 2 Regrowth 1988 1993 1993 14 1
P1 3 Set stocked 1988 2005 2005 2 1
P1 4 Set stocked 1988 2004 2006 1 2
P2 5 Light/rotationally grazed 1981 1999 2004 3 2
P2 6 Regrowth 1980s � 1993 14 1
P3 7 Light/rotationally grazed 2006 2006 2007 0 2
P3 8 Shrub 0
P4 9 Regrowth 1970 1970 1984 23 2
P4 10 Set stocked 1998 1999 2005 2 2
P5 11 Set stocked 1985 1985 2007 0 2
P5 12 Set stocked 1986 1986 2006 1 5
P5 13 Set stocked 1994 1994 2005 2 5
P5 14 Set stocked 2002 Cleared in 2002 but never been cropped
P6 15 Shrub 0
P6 16 Set stocked 2003 2004 2004 3 1
P7 17 Light/rotationally grazed 2003 2003 2007 0 5
P7 18 Light/rotationally grazed 2003 2003 2005 2 3
P7 19 Shrub 0
P8 20 Regrowth 1980 1980 2097 10 7
P8 21 Regrowth 1980s – 1997 10 1
P8 22 Set stocked 1980s – 1997 10 1
P9 23 Regrowth 1920 1920 1993 15 1
P9 24 Set stocked 1980s 1980s 2004 3 3
P10 25 Set stocked 1999 2000 2007 0 4
P10 26 Set stocked 1997 1998 2004 3 5
P10 27 Shrub 0
P10 28 Set stocked 1999 2000 2007 0 4
P11 29 Regrowth 1900 1900 1990 16 1
P11 30 Light/rotationally grazed 1985 1986 2007 0 5
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Pasture botanical composition

The presence of plant species in a semi-circular quadrat of 0.5-m
radius was recorded at each point used for ground cover
determination (i.e. 50 points per transect) in the 30 paddocks. The
quadrat was centred on the pin used for ground cover
observations. Species frequencywas calculated for each transect.
Plant species were identified using the descriptions provided by
Cunningham et al. (1992).

Standing dry matter

Non-woody SDM (kg DM/ha) in the 30 paddocks was
assessed by comparing a photograph taken at the time of
sampling with photo-standards contained in Campbell and
Hacker (2000).

Soil chemical properties

General characteristics Soil chemical characteristics in
each of the 30 paddocks surveyed were determined from five
samples (0–10-cm depth) collected at 20-m intervals along a
transect traversing the area from which vegetation data had been
collected, and bulked. Bulked samples were analysed for 28
variables including pH (CaCl2), organic carbon (OC), total N,
cation exchange capacity, electrical conductivity (EC), colour
and texture. Chemical properties were determined by the Incitec
Nutrient Advantage analysis system (Incitec Pivot 2010).

Horizontal patterning

Relationships between shrubs and spatial distribution of
chemical properties in the surface soil (0–10-cm depth) were
assessed in paddocks from two additional properties. In the
shrub paddocks 10 pairs of samples were collected, one from
directly under a shrub canopy and the other mid way between
the shrub and its nearest neighbour. The distance between
samples in each pair was recorded. In the grassland and post-
crop grassland, samples were again collected in pairs, the first
at a random point and the second in a random direction from
the first and at distances that matched all the 10 measured in the
shrub paddocks. Individual soil samples were analysed for OC,
total N, EC and pH by the Incitec Nutrient Advantage analysis
system.

Statistical analysis

Most variables were analysed using general linear mixed models
with ‘property’ and ‘property : paddock type’ fitted as random
terms. Fixed effects in the models included ‘paddock type’ as
defined above and ‘location type’ (for soil variables) which was
classified as under shrub, between shrub, grassland or crop.
Further details for each variable are given below.

Ground cover

Individual transect estimates of per cent cover for each of
the categories listed above, as well as total cover, were
subject to arc sin transformation and analysed using the mixed
model:

Ground cover �Paddock typeþ randomðProperty
þ Property : Paddock typeÞ;

where Paddock type is fitted as a fixed effect and Property and
Property : Paddock type are fitted as random effects.

Transects within paddocks are the basic units of
measurement in this analysis which effectively assesses
variation among paddock types in relation to variation among
paddocks.

Botanical composition

Frequency of species in individual transects, expressed as a
percentage, was summarised as a ‘mean occurrence’ (mean occ.)
for each species in each paddock, subject to square root
transformation, and analysed using the mixed model:

Mean occ: �Paddock typeþ randomðProperty
þ Property : Paddock typeÞ;

where Paddock type is fitted as a fixed effect and Property and
Property : Paddock type are fitted as random effects.

In this analysis paddocks rather than transects are used as the
basic unit of measurement, owing to the considerable number of
transects which have zero occurrence.

A further analysis was also performed on botanical
composition data to investigate the recent application of N
(defined as N applied in 2007), using the mixed model:

Mean occ: �Paddock type � Nþ randomðPropertyÞ;
where Paddock type, N and their interaction are fitted as fixed
effects and Property is fitted as a random effect.

Cumulative rainfall and years since last crop

Cumulative rainfall since last crop was derived for each
paddock based on the summer (December–May) and winter
(June–November) rainfall for the nearest official meteorological
station. Mean occurrence for major species was then
analysed, after square root transformation, using the mixed
model:

Mean occ: �Cum rainfall � Paddock type

þ random½splðCum rainfallÞ þ Property

þ Property : Paddock type�;
where cumulative rainfall, Paddock type and the interaction
term were fitted as fixed effects and Property, Property : Paddock
type and a spline term for cumulative rainfall were fitted as
random effects. The spline term allows for non-linear trends in
cumulative rainfall. Uncleared paddockswere excluded from this
analysis.

Since cumulative rainfall was highly correlated with years
since cropping (P > 0.97) these effects could not be included in the
onemodel. The effect of years since last crop onmean occurrence
of species was therefore analysed separately using the mixed
model:

Mean occ: �years-since-cropping � Paddock type

þ random½splðyears-since-croppingÞ þ Property

þ Property : Paddock type�:
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Standing dry matter

SDM was analysed using the mixed model:

SDM �Paddock typeþ randomðProperty
þ Property : Paddock typeÞ;

where Paddock type is fitted as a fixed effect and Property and
Property : paddock type are fitted as random effects.

Soil chemical properties

General characteristics: Soil variables were analysed using
the mixed model:

Soil var: �Paddock typeþ randomðProperty
þ Property : Paddock typeÞ;

where Paddock type is fitted as a fixed effect and Property and
Property : Paddock type are fitted as random effects. Each soil
variable was analysed separately.

Horizontal patterning: Paddock types in the nutrient
distribution study were characterised simply as shrub, grassland,
or post-crop grassland and location types were characterised as
‘grassland’, ‘post-crop grassland’, ‘under shrub’ or ‘between
shrubs’. In the shrub paddocks there were 10 soil samples from
each of the under shrub and between shrubs location types while
data from20 soil sampleswere available in the crop and grassland
paddocks.

Soil variables were analysed using the mixed model:

Soil var: �Location typeþ randomðProperty
þ Property : Location typeÞ;

where Location type is fitted as a fixed effect and Property and
Property : Location type within property are fitted as random
effects.

To examine variability, essentially spatial distribution, of soil
parameters in the various paddock types an absolute difference

was calculated for each sample pair. These differences were
examined using the mixed model:

Diff : �Paddock typeþ randomðPropertyÞ;
where Paddock type is fitted as a fixed effect and Property is fitted
as a random effect.

In addition to the difference analysis, a variance components
analysis was undertaken to examine variance between andwithin
sample pairs (within paddock type). This was achieved using the
random effects model:

Soil var: �randomðPropertyþ Paddock type : Sample pairÞ;
with random terms for Property and Paddock type : Sample pair.
The Paddock type : Sample pair term takes the form of a two-way
separable variance structure which may be written:

Dp � I20

whereDp is a 3� 3 diagonal matrix with diagonal terms equal to
the between sample pair variances (one for each paddock type)
and I20 is a 20� 20 identity matrix for the 20 sample pairs in each
paddock type (10 sample pairs from each property). The residual
variance was modelled as a two-way separable variance structure
using the form:

Rp � I40

where Rp is a 3� 3 diagonal matrix with diagonal terms equal to
the within sample pair (residual) variances (one for each paddock
type) and I40 is a 40� 40 identitymatrix for the 40 samples in each
paddock type (20 samples from each property).

Results

Rainfall

Monthly rainfall at Cobar for the period January 2007–April 2008
(Fig. 2) reflects the excellent summer season following extended
dry conditions that determined the vegetation response recorded
in the field surveys.
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Fig. 2. Monthly rainfall before the study period, Cobar Meteorological Office (Station Number
048027, Bureau of Meteorology 2010).
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Ground cover

Total ground cover was less than 30% and did not differ
significantly between shrub regrowth and set-stocked paddocks,
but was 50% in the light/rotationally grazed paddocks (P< 0.001;
Fig. 3). Cover of native perennial grasses was more than 20% in
the light/rotationally grazed paddocks compared with less than
5% in the other types of paddocks (P < 0.01) and was the major
factor contributing to the difference in total ground cover between
the light/rotationally grazed paddocks and the other paddocks
(Fig. 3). Cryptogams, wood and rocks accounted for about half of
the total ground cover in the shrub and regrowth paddocks (data
not shown).

Botanical composition

Forbs, perennial grasses and copperburr (Sclerolaena spp.) were
the major species groups that were related to paddock type
(Fig. 4). Dense stands of native perennial grasses such as
Thyridolepis mitchelliana (Nees) S.T.Blake (Mulga Mitchell
grass), Enteropogon acicularis (Lindl.) Lazarides (Curly
Windmill grass), Eragrostis eriopoda Benth. (woollybutt),
Eragrostis setifoliaNees (neverfail),Panicum spp., andDigitaria
spp. were recorded in paddocks that had been cleared of shrubs,
then cropped and light/rotationally grazed. The frequency of less
desirable species such as copperburr was significantly (P< 0.01)
lower in paddocks that were set stocked following clearing and
cropping, andparticularly in paddocks thatwere light/rotationally
grazed following cropping. The frequency of forbs was ~25%
higher in paddocks that had been cleared and cropped (P< 0.05).
Unlike the perennial grasses, however, the frequency of forbs did
not differ between set-stocked and light/rotationally grazed
paddocks (Fig. 4). Furthermore several of the set-stocked
paddockswere observed to contain shrub seedlings (Fig. 5)which
were not found in the light/rotationally grazed paddocks.

The relationship between N application in the cropping
phase and botanical composition varied with post-cropping
management andwas statistically significant (P < 0.001).Ground
cover of perennial grasses was reduced by N application when

paddocks were set stocked (P < 0.01) but increased when
paddocks were light/rotationally grazed (P< 0.05) (Fig. 6).
Ground cover of forbs was not related to N application.

Standing dry matter

SDM varied from ~100 kg/ha in both shrub and regrowth
paddocks to ~300 kg/ha in set-stocked paddocks and 1100 kg/ha
in light/rotationally grazed paddocks (P < 0.001) (Fig. 7).

Cumulative rainfall and years since last crop

Cumulative rainfall and year since last crop did not have
significant effect on ground cover, botanical composition or
SDM.

Soil nutrient content

Of the 28 variables analysed only OC (%) was significantly
related to post-cropping management (Fig. 8). Both light/
rotationally grazed and set-stocked paddocks had higher OC than
shrub and regrowth paddocks but the difference was significant
(P < 0.05) only for the light/rotationally grazed paddocks.

Soil nutrient distribution

Soil OC, pH (CaCl2) and total N were significantly higher
(P < 0.001) under shrubs than between shrubs and soils were
significantly more acidic (P< 0.001) away from shrubs, in
cropped paddocks and in open grasslands than directly under the
shrub canopies.

Organic carbon displayed much larger differences between
paired samples in the shrub land paddocks compared to either the
crop or grassland paddocks (P < 0.001). This same trend was also
evident for total N (P < 0.001), EC (P = 0.05) and pH (CaCl2)
(P < 0.01).ForOC,EC,pH(CaCl2) andpH(water), paired sample
differences were similar in the crop and grassland paddocks.
(Table 2)
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land management categories based on clearing and cropping history and
grazing management. Shrub paddocks contain shrubs, regrowth paddocks
have been cleared and shrubs have regrown, set-stocked paddocks have been
cleared of shrubs, cropped and subsequently set stocked, light/rotationally
grazed paddocks have been cleared of shrubs, cropped and subsequently
lightly/rotationally grazed. Error bars represent� one standard error from the
predicted ground cover %.
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These results were confirmed by the variance components
analysis which revealed larger within pair variances in the shrub
land paddocks than the other paddock types for each of the soil
variables which were studied, especially OC.

Discussion

While successional models (e.g. Connell and Slatyer 1977)
predict the dominance of early successional species in the years
immediately following cropping, our study showed that native
perennial grasses were able to re-establish quickly in the post-
cropping period with effective grazing management. Indeed,
perennial grasses established in large numbers in the first year
after cropping in paddockswhichwere rotationally grazed or only
lightly stocked following cropping. Species such as Mulga
Mitchell grass, Curly Windmill grass, woollybutt, neverfail,
Panicum spp. and Digitaria spp. were dominant in six paddocks
spread over five properties where this management system was
applied.

(a) (b)

(c) (d )

(e ) (f )

Fig. 5. Photos illustrating the different possible outcomes of temporary cropping as a means for restoring
perennial grassland. (a)Represents shrub-dominated area identified asState I in the state and transitionmodel;
(b) paddocks thatwereclearedbutnot cropped (State II in themodel) are reinvadedbyshrubsandgroundcover
is dominated by wood debris; (c, d) photos of the same paddock taken in November 2007 and March 2008,
respectively. These photos show the importance of ground cover for positive response to rainfall and are
examples of State III; (e) In contrast paddock E did not respond to the rainfall as there was little herbaceous
ground cover as a result of overgrazing and it is being reinvaded by shrubs after the 2007�08 summer rain
(transition 4); and ( f ) it shows a rotationally grazed post-cropping paddock that contains several of the
desirable perennial grasses (State IV in the model).
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The size of a seed bank is primarily determined by the
dormancy mechanisms and the intrinsic capacities of seed
survival of the composite species (O’Connor 1991). Hodgkinson
et al. (1980) reported ‘seed bank’decline ofmajor grass species in
Eucalyptus populnea woodland most likely due to seed death
(decay) and predation, although despite the decline, seeds of the
common species were still present after a year of no new addition.
Silcock and Smith (1990) demonstrated that germinability of
some of the perennial grass species recorded in this study reached
very low levels after 1–3 years and suggested that many of the
valuable grass species need to set seed frequently to retain
adequate seed bank for regeneration after drought. The presence
of these species in this study demonstrated that this did not occur
under the conditions of the study and suggests sufficient viable
seed remained in the soil for the marked response observed under
the favourable seasonal conditions. The presence of the soil
germinable seed bank in our study may have resulted from the
sheltering of seeds under the hard setting soil surface from light
and moisture, the two requirements for germination. Light, like
water, is required for germination (Grime 1981) and burial causes
inhibition of germination thereby creating the seed bank.
Alternatively the intrinsic capacity of survival of these species
could have contributed to the presence of viable seed.

The combination of soil disturbance by removal of the shrubs
and by cultivation for cropping, which presumably facilitated
infiltration, and the adequate spring–summer rainfall preceding
the survey, probably account for the response observed. J. Bean
(pers. comm.) found that landscape function,whichwasmodified
by pitting, was much more important than seed supply in
determining the rate of regeneration of degraded semi-arid
woodland in the general study area. In addition, physical or
chemical suppression from shrubs and/or litter could have
prevented the germination of grasses in uncleared (shrub)
paddocks (Tighe et al. 2009). The removal of shrubs may
therefore have contributed directly to the re-establishment of
grasses.

Our results have important implications for the re-
establishment of native perennial grasses following shrub
management. The study has shown that seeding with native
grasses following removal of shrubs and temporary cropping is
not required, at least in the circumstances of this study. This may
have important implication in reducing the cost of regenerating
native perennial grasses in semi-arid regions by removing the
need for grass seed and specialised seeding equipment. Further
work would, however, be useful to determine whether seeding
with native grasses is rarely or never required following shrubs
treatment and cropping, or whether there are circumstances in
which seeding is required to restore native perennial ground
cover.

The lower cover of native perennial grasses in set-stocked
paddocks with applied N is in line with expectations. This is
because higher levels of soil fertility have been shown to favour
fast-growing annual species (Bolger and Garden 2002; Prober
et al. 2005; Hacker et al. 2008). However, reasons for the higher
cover of native perennials with N application under light/
rotational grazing compared with set stocking are not clear. The
combination of N application and light/rotational grazing may
have had the dual benefits of promoting seed production from
the perennials that first established after cropping, providing a
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Table 2. Paired sample differences – eachfigure in theTable represents
the mean absolute differences between the sample pairs in the post-
crop grassland, uncropped grassland and shrub land as predicted by

the model

Variable Post-crop
grassland

Grassland Shrub P-value

pH (water) 0.325 0.320 0.460 n.s.
pH (CaCl2) 0.325 0.350 0.615 <0.01
EC (dS/m) 0.024 0.021 0.041 0.05
Total N (%) 0.011 – 0.037 <0.001
OC (%) 0.073 0.097 0.367 <0.001
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larger perennial soil seed pool for the current seasonal response,
and reducing competition fromannuals due to the higher densities
achieved.

The re-establishment of scrub observed in paddocks that were
heavily grazed and devoid of ground cover (Fig. 5e) is consistent
with other reports of shrub regeneration following clearing (e.g.
Pressland1981;Booth etal. 1996a;Daryanto andEldridge2010).
Harrington and Johns (1990) reported up to 700% decrease in
herbaceous biomass due to re-establishment of cleared shrubs and
woody plants in eucalyptus savanna woodland ~16 years after
clearing. In the absence of competition from good perennial grass
cover, shrub seedlings germinate andgrowas seasonal conditions
permit and their control will ultimately incur significant cost or
require additional clearing and cropping. Harrington (1991)
showed thatDodonaea attenuate seedling survival was inversely
related to the amount of herbaceous growth.With good perennial
grass cover shrub seedlings face competition and are likely to be
eliminated in the first summer following establishment (e.g.
Harrington et al. 1984; Booth et al. 1996b).

Appropriate post-cropping management of paddocks is thus
essential if the benefits of the cropping phase are not to be lost.
Apart from appropriate grazing management, it might be
desirable to sow a crop in regenerated paddocks every few years
with minimal disturbance to soil and ground cover using the
principles of ‘pasture cropping’ (Millar and Badgery 2009). This
involves the direct drilling of a winter cereal into dormant
summer-growing pasture. If shrub seedlings are present this will
increase competition and provide ground cover throughout
the year, while providing additional grazing, and possibly a
harvested crop if seasonal conditions are favourable.

Total ground cover was influenced by the proportion of
perennial grass coverwhichwas in turn determinedby thegrazing
management system. Murphy and Lodge (2002) recognised
ground cover (either living plants or plant litter) as a key indicator
of ‘rangeland sustainability’ and several reviews in the semi-arid
woodlands have emphasised its importance for control of
infiltration, run-off and soil erosion (e.g. Hodgkinson and

Freudenberger 1997;TongwayandLudwig1997).Restoration of
native perennial grasslands can thus be expected to improve
ecological processes resulting in more productive and resilient
landscapes.

Spatial variability in soil nutrients on a scale comparable to
that observed under shrubs was not evident in either the open
grassland or the cropped paddocks. Most of the variation
observed occurred between locations within the shrub paddocks
(under v.between shrubs) and could be accounted for by litter fall.
Soil chemical patterns that exist under shrubs appear to break
down rapidly under cropping, at least for the constituents
measured here, and impose no limitation on perennial grass
regeneration.

Our understanding of the dynamics of the system described
above is summarised in the state-and-transition diagram in
Fig. 9 and illustrated in Fig. 5. We have identified four distinct
alternative states including the shrub state. The three states are
results of management intervention in the form of clearing,
cropping and grazing management, each of which could revert
back to the shrub state unless managed properly. Another
stable state, ‘open woodland’, is not included in the discussion
as the main focus of this study is managing shrubs using
temporary cropping and there is no proposal to crop on open
woodlands.

Catalogue of states

State I. Shrub
(1) Shrub (Eremophila spp., Cassia spp., Dodonaea spp.),
(2) Dense to scatteredE. populneaF.Muell. and/orCallitris spp.,
(3) Perennial grass cover less than 2%.

State II. Annual forbs and grasses
(1) Few perennial grasses,
(2) Ground cover dominated by wood debris,
(3) Shrub seedlings,
(4) In the absence of proper management most likely to revert to

State I within 10–15 years.
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Fig. 9. State and transition model of vegetation dynamics in vegetation of the Cobar pediplain.
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State III. Early seral grassland
(1) State between cropping phases,
(2) Crops mainly wheat and oats,
(3) Few shrub seedlings,
(4) Ground cover could be very low if grazed heavily,
(5) Could revert to State I in the absence of proper management.

State IV. Late seral grassland
(1) Perennial grass [Thyridolepismitchelliana (Nees) S.T.Blake,

Enteropogon acicularis (Lindl.) Lazarides, Eragrostis
eriopoda Benth., Eragrostis eriopoda Benth., Panicum
spp. and Digitaria spp.] dominated grassland,

(2) Annual forbs such as copperburr,
(3) Few shrub seedlings,
(4) Could revert to State III and eventually to State I in the

absence of proper management.

Catalogue of transitions
* Transition 1. Mechanical clearing, shrub is removed by either
bulldozing or chaining. Two to three years will pass before the
paddock is ready for planting crops. Annual forbs and grasses
are the common vegetation types and ground cover is
dominated by wood debris.

* Transition 2. Unless paddock is raked and readied for planting
(transition 3), it is inevitable that State II will revert to State I.

* Transition 3. Removal of wood debris (raking) and planting
crop would facilitate the germination of annual forbs and
grasses following cropping as well as help recoup some of the
costs incurred during clearing.

* Transition 4. In the absence of managed grazing and follow-up
shrub control, State III could revert to State I over time.

* Transition 5. Managed grazing and shrub control enables the
restoration of perennial grass based grassland.

* Transition 6. The restored grasslands could be cropped with
minimum soil disturbance to control shrub establishment.
Currently paddocks can be legally cropped three times in
15 years.

* Transition 7. In the absence of grazing management that
encourages the maintenance of native perennial grasses, and
shrub control, State IV could revert to State I.
One-way transitions from State I culminating in State IV are

the desirable ones. Transitions that lead to State I need to be
prevented from taking place. Although achieving State IV is the
ultimate aim of the restoration process, it will be necessary for
transition 6 to take place as required and as permitted by current
legislation. However, there is real risk of reversion to State I if
appropriate measures are not taken to prevent overgrazing and
control emerging shrubs. Paddocks such as shown in Fig. 5f could
easily be transformed to State I in a relatively short time.

The shrub state (State I) represents a stable state within the
Cobar pediplain Social Ecological System ofWalker et al. (2004)
that includes native perennial pastures and woodlands. This state
is largely brought about by land-use change in the form of
overgrazing and/or the removal of fire from the system (Booth
et al. 1996a) and formspart of amosaic of landscapes.This state is
basically the ‘novel’ state of Hobbs et al. (2009). An alternative
stable state (State IV above) was achieved as a result of
disturbance in the form of clearing, cropping and grazing

management thereby directly altering the shrub population. State
IV is equivalent to what Hobbs et al. (2009) described as a
‘hybrid’ state that retains some characteristics of the original
system. The resilience of this state is largely dependent on the
grazing management system used, and on the control of shrub re-
establishment – ‘human-managed resilience’ in the terms of
Walker et al. (2004). However, overgrazing could result in
another alternative stable state (State III), which is devoid of
desirable perennial native grasses, while failure to control shrubs
could lead to the re-emergence of State I.

Lewis et al. (2009) proposed a transitional model with
thresholds for plant biodiversity status and concluded that
disturbance-related variables had only secondary influences in
determining variation in species composition in grasslands of the
Moree Plains under set stocking. Their paddocks, like the State III
set-stocked paddocks in our study, exhibited low ground cover
andbiodiversity. In our study, however, the native perennial grass
content was greatly enhanced by light/rotational grazing
following the disturbance associated with cropping and it may be
that different conclusions regarding the importance of
disturbance on the Moree Plains may have been drawn under a
different grazing regime.

We conclude that native grasslands do regenerate following
cropping after removal of shrubs. In this study the restoration of
the major desirable (from a grazing perspective) native perennial
grasses did not require seeding as the plants grew naturally,
although the generality of this finding requires further
investigation. The importance of grazing management, i.e. light/
rotational grazing for restoring perennial ground cover following
removal of shrubs and temporary cropping has been clearly
demonstrated by the study.
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