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Abstract. Managing large variations in herbage production, resulting from highly variable seasonal rainfall, provides a
major challenge for the sustainable management of Astrebla (Mitchell grass) grasslands in Australia. A grazing study with
sheep was conducted between 1984 and 2010 on an Astrebla grassland in northern Queensland to describe the effects of a
range of levels of utilisation of the herbage at the endof the summer growing season (April–May in northernAustralia) on the
sustainability of these grasslands. In unreplicated paddocks, sheep numbers were adjusted annually to achieve 0, 10, 20, 30,
50 and 80% utilisation of the herbagemass at the end of the summer over the ensuing 12months. Higher levels of utilisation
reduced both total andAstrebla spp. herbagemass because of the effects of higher utilisation onAstrebla spp. and this effect
was accentuated by drought. The tussock density of Astrebla spp. varied widely among years but with few treatment
differences until 2005 when density was reduced at the 50% level of utilisation. A major change in density resulted from a
large recruitment ofAstrebla spp. in 1989 that influenced its density for the remainder of the study. Basal area of the tussocks
fluctuated among years, with increases due to rainfall and decreases during droughts. Seasonal rainfall was more influential
than level of utilisation in changes to the basal area of perennial grasses. Drought resulted in the death of Astrebla
spp. tussocks and this effect was accentuated at higher levels of utilisation. A series of three grazing exclosures were used to
examine the recovery of the density and basal area of Astrebla spp. after it had been reduced by 80% utilisation over the
preceding 9 years. This recovery study indicated that, although grazing exclusionwas useful in the recovery ofAstrebla spp.,
above-average rainfall was the major factor driving increases in the basal area of perennial grasses. Spring values of the
Southern Oscillation Index and associated rainfall probabilities were considered to have potential for understanding the
dynamics ofAstrebla spp. It was concluded thatAstrebla grassland remained sustainable after 26 years when grazed at up to
30% utilisation, while, at 50% utilisation, they became unsustainable after 20 years. Results from this study emphasised the
need to maintain the population of Astrebla spp. tussocks.
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Introduction

Astrebla (Mitchell grass) grasslands, which occupy 450 000 km2

in Australia between the annual rainfall isohyets of 250 and
550mm on cracking clay soils, where summer rainfall is
dominant, are used for extensive grazing of domestic livestock.
The grasslands can be virtually treeless and are dominated by
one or more of the four Astrebla species, together with a wide
range of other perennial and annual grasses and forbs. The
species present at any given site are influenced by a range of
factors including geographical location, recent rainfall history
and utilisation by livestock (Orr 1975; Orr and Holmes 1984;
Roe and Allen 1993; Phelps and Bosch 2002). Individual
Astrebla spp. tussocks are long-lived (Williams and Roe 1975;

Orr 1998) and are the ecological matrix species of the
vegetation,while almost all other species are annual or short-lived
perennials that fluctuate rapidly over a short time-period
(interstitial species) (Grubb 1986; Orr 1986). In more northern
Astreblagrasslands,where rainfall is strongly summer-dominant,
the interstitial species tend to be annual grasses whereas
further south, the interstitial species tend to be a wide range of
grasses and forbs, because rainfall is more evenly distributed
throughout the year. Specific rainfall sequences at any location
can govern species composition (Orr 1981). Higher utilisation by
livestock reduces the herbage mass of Astrebla spp. with
consequent increases in the herbage mass of the interstitial
species (Orr 1986).
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Throughout its range, Astrebla grasslands are generally
regarded as being stable and productive, although large variations
in herbage production, resulting from high rainfall variability,
provides a major challenge for their sustainable management
(Orr 1975; Hall and Lee 1980; Orr and Holmes 1984; Roe and
Allen 1993). One approach to managing this large variation in
herbage production is to adjust livestock numbers to match the
herbage mass at the end of the summer, which is themost reliable
growing season (Ebersohn 1973). This approach prompts the
question of what level of utilisation of herbage mass at the end of
summer will maintain pasture productivity and what will be the
corresponding productivity of livestock. Utilisation is defined as
the annual grazing pressure set after the summer growing period
by calculating the number of stock required to utilise a percentage
of the herbage over the following year, in the absence of further
growth.

Grazing studies, using the utilisation approach in south-
western Queensland, suggested that a 30% utilisation of herbage
ofAstreblagrasslands (Beale et al. 1986;Orr et al. 1986) and15%
utilisation of Acacia aneura (Mulga) woodland (Orr et al. 1993)
were sustainable. In both studies, 80% utilisation of herbage
severely reduced the basal area of perennial grasses, which
showed little increase in basal area following more favourable
rainfall. Furthermore, total exclosure from grazing in the 80%
utilisation treatment for 5 years in the Astrebla grassland study
(C. J. Evenson, pers. comm.) failed to achieve any recovery in the
basal area of perennial grasses. These are the only studies, which
the authors are aware of, where the utilisation approach has been
used. These results prompted the question of whether Astrebla
grasslands in northern Queensland, where annual rainfall is
strongly summer-dominant, may be more persistent than in
southern Queensland where annual rainfall is more evenly
distributed throughout the year.

A long-term grazing study was established at Toorak
Research Station, Julia Creek in 1984 to determine the impact of
utilisation of herbage on sustainable productivity in a northern
Astrebla grassland. As with the studies of Orr et al. (1986, 1993),
the philosophy behind this study design was that, with limited
research resources, itwasmore effective to examine a broad range
of unreplicated treatments rather than to replicate a limited range
of treatments. While the treatments were not replicated, the study
was conducted over 26 years in a landscape that is sufficiently
uniform that results from one part of the landscape can be
extrapolated: first, to the other parts of the landscape and second,
to the northern Astrebla grasslands in general. The primary
objectives of this study were to (i) determine the impacts of six
levels of utilisation of herbage at the end of summer on the pasture
and, therefore, livestock productivity in the northern Astrebla
grasslands and (ii) quantify the role of rainfall variability and
utilisation level on the processes of possible degradation of
Astrebla spp.A secondary objectivewas to evaluate the processes
of recovery of Astrebla spp. because, as with the two earlier
utilisation studies, 80% utilisation substantially reduced the
density and basal area of perennial grasses.

The use of the term ‘utilisation’ has evolved since the
establishment of the Toorak study in 1984. McKeon et al. (1994)
adopted the term to refer to the percentage of herbage consumed
in relation to the total herbage produced in the daily time step
model GRASP. Johnston et al. (1996) applied this as an average

per cent utilisation over the growing season – an approach which
has been extended across northern Australia (e.g. McIvor et al.
2010). Experimentally, utilisation has been more closely aligned
to modelling approaches by matching stock numbers with short-
termchanges inpasture growth (e.g.Ash et al. 2011), but the same
pragmatic approach, as used at Toorak, has also been recently
applied i.e. annual adjustments based on a feed budget at the end
of growing season (Hunt 2008).

In recent years, an increasing understanding of the ENSO (El
Nino Southern Oscillation) phenomenon has provided an
improved understanding of the association between rainfall
variability and ecological events (McKeon et al. 2004). The
Southern Oscillation Index (SOI), as a signal of the ENSO
phenomenon, measures the difference in air pressure between
Tahiti and Darwin with values generally between –30 and +30.
High and low values of the SOI are associated with higher and
lower probabilities of exceeding mean rainfall, respectively. The
SOI is generallymost usefulwhen used as a 1- or 3-monthlymean
andhasbeen shown tohave a relationshipwith rainfall occurrence
in eastern Australia (Partridge 2001).

This paper reports the population dynamics ofAstrebla spp. in
north Queensland in response to a range of utilisation levels by
sheep through a range of above- and below-average rainfall
conditions and ENSO events between 1984 and 2010 and
discusses the implications in relation to sustainable grazing
management. This paper also reports management techniques of
regeneration where grazing has been unsustainable. A further
paper from this grazing study reports the impact of these
treatments on plant species richness and abundance (Orr and
Phelps 2013). There is also information on animal productivity
and economic performance (D. G. Phelps, D. M. Orr,
M. T. Sullivan, unpubl. data).

Materials and methods
Grazing study

A grazing study was established in 1984 at Toorak Research
Station (21.028S, 142.788E) in theAllaru land system (Turner and
McDonald 1993), which is described as ‘flat to gently undulating
plains; Mitchell grass open tussock grassland with other short
grasses, occasional sparse forbland; moderately deep to deep,
grey and brown cracking clays with strong self-mulching
surfaces’.The site iswithinRegionalEcosystem4.9.1 (Sattler and
Williams 1999). The Allaru land system is extensive throughout
Astrebla grassland in Queensland where other research, e.g. Orr
(1986), Orr et al. (1988), Orr and Evenson (1991a, 1991b) and
Phelps (2006), has been conducted. Botanical nomenclature in
this paper is according to Bostock and Holland (2007).

Treatments were 0, 10, 20, 30, 50 and 80% utilisation
(subsequently referred to as treatments U0, U10, U20, U30, U50
and U80) of the total herbage mass on a DM basis at the end of
summer except in 1988 where the mass of the sub-shrub Salsola
kali was excluded for animal welfare reasons. The months of
April and May are generally used as the end of the summer
growing period in northern Australia. Weathered grass stalks
carried over from the previous growing seasons were excluded.
Paddock sizes were 1, 54, 27, 18, 12 and 7 ha for treatments U0,
U10, U20, U30, U50 and U80, respectively (Fig. 1), having been
scaled to be grazed by 20 sheep each at the commencement of
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grazing in June 1984. At the end of each summer (April or May),
Merino wethers with a fat score of 2.5 or higher were stratified on
shorn liveweight and allocated to treatment paddocks using the
formula NS =Y/IS�U�PS where: NS is sheep numbers, Y is
herbagemass (kgDMha–1), IS is the intakeby sheep (kgdry sheep
equivalent–1 and assumed to be 400 kg), U is utilisation level (%)
and PS is paddock size (ha). Grazing commenced in July 1984.

Herbage mass

Herbage mass was estimated at the end of the summer growing
season in 1984 and 1985 using a tied rank technique (Halls and
Dell 1966) and in subsequent years using BOTANAL (Tothill
et al. 1992). Only total herbage mass was recorded in 1984 and
1985. Since May 1986, herbage mass and species composition
were measured by between four and nine trained operators who
assessed a minimum of 60, 250, 200, 150, 140 and 80 quadrats
(not permanent quadrats), each 0.5� 0.5m, in the U0, U10, U20,
U30, U50 and U80 treatments, respectively. The calibration data
of individual operators were used to adjust their individual
rankings to herbage mass of the different species. Astrebla
spp. were combined at the genus level until 1993 when
A. squarrosawas recorded separately following observations that
its occurrence was declining on the high levels of utilisation
treatments. This paper reports total herbage mass and that of
Astrebla spp. and Iseilema spp. (pasture dominants) while plant
species richness and abundance is reported in Orr and Phelps
(2013). Data on total herbage mass were log-transformed before
analysis using REML (GENSTAT 2002) with fixed effects of
utilisation level and years within utilisation level and random
effects of paddocks and quadrats within paddocks.

Astrebla spp. dynamics

The dynamics of Astrebla spp. was studied in 25 permanent
quadrats, each 1� 1m, established at random in one nest in
each of the U10, U30, U50 and U80 treatments. In 1984, the
position of individual Astrebla spp. tussocks in each quadrat was
located by dividing each quadrat into 16 grid units, each
0.25� 0.25m, and charting the position and diameter of each
tussock within each grid cell. The diameter of each plant was
measured. Where tussocks were not circular or where plants had
fragmented, the living plant diameterwasmeasuredfirst along the
widest diameter and second the diameter in the perpendicular
direction to this widest diameter. Subsequent recordings were
made annually in autumn when the survival and size (see below)
of existing plants were recorded along with any seedling
recruitment (Orr et al. 2004, 2010a). Basal area of Astrebla
spp. was calculated on an individual quadrat basis as the area
occupied by all Astrebla spp. tussocks in that quadrat (expressed
as a percentage). Individual plant size for both the original plants
and annual cohorts was determined as the area covered by
each plant of that cohort and was calculated by dividing the total
basal area (in cm2) of that cohort per quadrat by the number of
individual plants (incorporating the number of segments
making up each of these tussocks) in that quadrat (Orr et al. 2004,
2010a).

Spatial estimation of utilisation in each paddock in spring
2001, 2003 and 2007 (Phelps and Orr 2003) suggested that the
permanent quadrats in treatments U10, U30 and U50 were
representative of the utilisation rate of these treatments (Fig. 1).
Utilisation where the quadrats were located in the U80 treatment
was lower than anticipated (30–50% utilisation).

Treatment paddocks
Recovery exclosures

Permanent quadrat nests

Bore drain

Utilisation %
0–10
11–20
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Fig. 1. Layout of Toorak grazing study showing the layout of the six treatment paddocks. The distribution of utilisation is
as mapped by Phelps and Orr (2003). The location of the permanent quadrats and the recovery quadrats are also indicated.
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Density and basal area of Astrebla spp. over time were
analysed as repeated-measures of the quadrats using REML and
by modelling the variance-covariance matrix to account for the
correlation structure induced by the repeated-measures. The
variance-covariance matrix for both variables was modelled as
an unstructured matrix. Density data were log-transformed and
basal area data arcsine-transformed before analysis. Since many
of the original tussocks of Astrebla spp. died in the 1984–88
drought, only data from 1989 onwards were included in the
survival analysis. Survival profiles for both the 1984 and 1989
cohorts for the four levels of utilisation (treatments U10, U30,
U50 and U80) were compared by applying a proportional
hazard model (Cox 1972) with the U10 treatment as the baseline
hazard.

Pasture recovery

By 1993, the U80 treatment had become unsustainable with
a substantial reduction in the basal area of Astrebla
spp. Consequently, in 1994, a recovery study commenced within
the U80 treatment to evaluate the potential for Astrebla spp. to
recover from 9 years of continuous heavy utilisation. Three
treatments of different starting times of exclosure of all sheep,
spring 1994, spring 1995 or spring 1996, were designed as a
randomised block experiment within the paddock of the U80
treatment. Six plots (two replicates of three treatments), each
13� 7m, were established in spring 1994 with each plot
containing 12 permanent quadrats, each 1� 1m, to monitor
Astrebla spp. One plot from each replicate was exclosed
randomly each spring. All permanent quadrats were recorded
annually between 1994 and 2000 as outlined above. All
treatments continued until 2000.

Density, recruitment, survival and basal area and plant size of
Astrebla spp. within each sampling date were analysed using
REML based on the six plots (12 quadrats per plot) of the three

exclosure treatments and a seventh plot (25 quadrats outside
the exclosures).

Results

Rainfall

Summer (October–March inclusive) rainfall variedly widely
between 1984 and 2010 and ranged from 60% below to 100%
above the long-term mean of 384mm (Fig. 2). There were three
extended droughts (24 months of rainfall continuously in the
lowest 10th percentile, Clewett et al. 2003) in 1984–86, 1987–89
and 1994–96; five major droughts (12 months of rainfall
continuously in the lowest 10th percentile) in 1984–85, 1987–89,
1991–92, 1994–95 and2002–03, and two summers, 1990–91 and
2008–09 where summer rainfall was > than 80% above the mean
(Fig. 2a). The long-term mean winter (April–September) rainfall
was 56mm and above-average winter rainfalls of 175, 122, 217
and 182mm were received in 1990, 1998, 2006 and 2007,
respectively.

Mean spring (September–November) SOI values varied
between –15 and +20 (Fig. 2b) and values greater than +5 ormore
negative than –5 were statistically related to summer rainfall
[based on the Kolmogorov–Smirnov test, Clewett et al. (2003)].
Spring SOI values, which were low in 1985–86 to 1987–88 and
high in 1988–89, 1998–99 and 1999–2000, were associated with
substantial changes in the plant dynamics Astrebla spp., as
reported below.

Total herbage mass

Total herbage mass at the end of the summer growing season
fluctuated in response to variation in rainfall with low herbage
masses in the drought years of 1985, 1986, 1988 and 2005
(Fig. 3a). Total herbage mass profiles across time differed
(P < 0.001) with utilisation treatment (i.e. a significant
year� utilisation treatment interaction) with herbage mass
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differing least across years in treatmentU10andmost in treatment
U80. In treatment U0, total herbage mass was greatest between
1987 and 1996, but declined to be between U10 and U30
treatments inmost years thereafter. In the grazed treatments, total
herbage mass was consistently greatest on treatment U10 and
reduced proportionately as treatments increased in level of
utilisation. For clarity of presentation, data for treatment U20 are
not included but these data were consistently intermediate
between the U10 and U30 treatments.

Stocking rate of sheep

Stocking rates (sheep ha–1 and sheep kg–1 DM of herbage)
increased with increasing utilisation. For example, the average
stocking rate over the 26 years of the study was 0.5 sheep ha–1 in
treatment U10 and 2.1 sheep ha–1 in treatment U80. Stocking
rates fluctuated widely in response to variable rainfall throughout
the study, from 0.1 sheep ha–1 in treatment U10 in 1986, 1988
and 1989 to 4.8 sheep ha–1 in treatment U80 in 1999 (Fig. 3b).
Stocking rate was also more sensitive to fluctuations in herbage
mass on the higher utilisation treatments as higher sheep intakes
ha–1 were required to achieve these levels of utilisation. For
example, the standard error of mean varied least for treatment

U10 (�0.06 sheep ha–1) and most for treatment U80
(�0.29 sheep ha–1) with intermediate values of 0.10, 0.14 and
0.24 sheep ha–1 for treatments U20, U30 and U50, respectively.

From 1995 onwards, total herbage mass in treatment U80was
dominated by annual grasses and forbs which were often unable
to support a full 12 months of grazing. Sheep numbers in this
treatment were reduced or the treatment completely destocked
due to low herbage mass and sheep losing liveweight before the
start of the subsequent wet season. When possible, new sheep
from a reserve pool were substituted for the existing sheep to
maintain the utilisation level of the treatment. Thiswas not always
possible and there were occasions when utilisationwas below the
planned utilisation on the U80 treatment at the break-of-season
rainfall and the start of the wet-season growing period. In 1998,
the herbage mass at the end of summer was only able to support
a stocking rate of 0.5 sheep ha–1 and the treatment remained
ungrazed over the 1998–99 season.

Herbage mass of species

The herbage mass of Astrebla spp., estimated in April–May
each year, ranged from 15 kg DM ha–1 in treatment U80 in May
1998 to 4800 kgDMha–1 in treatment U0 in 1991 andwas higher
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in treatment U0 than all the grazed treatments between 1990 and
1996. Thereafter, the herbage mass of Astrebla spp. in treatment
U0 declined substantially between 1997 and 2003 (Fig. 4a) and
this coincidedwith a reduced frequency ofAstrebla spp. (data not
presented). In treatment U0, tussocks of Astrebla spp. became
moribund over the dry 1994–96 period, produced little new
growth, failed to produce inflorescences and then died over the
wet season of 1995–96. The herbage mass of Astrebla
spp. gradually increased to be highest in 2010 and this increase
was associated with an increased frequency of Astrebla spp.,
albeit not to the pre-1996 levels. In the grazed treatments, the
herbage mass of Astrebla spp. was consistently highest on the
lower utilisation treatments and was reduced by increasing
utilisation until 1998 when the U80 treatment could not be

restocked. Although after 2000, the herbage mass of Astrebla
spp. in treatment U80 fluctuated widely (this treatment remained
ungrazed over the 1998–99 year), for the other grazed treatments,
therewas a continuation of the overall trend for a reduced herbage
mass of Astrebla spp. with increasing utilisation.

TheherbagemassofAstrebla squarrosa ranged from0 kgDM
ha–1 in drought years to 1860 kg DM ha–1 in treatment U30 in
2001 (Fig. 4b). The herbagemass ofA. squarrosa in treatmentU0
was initially high between 1993 and 1996 but declined in 1997
and, thereafter, generally remained intermediate. In the grazed
treatments, the herbage mass of A. squarrosa was consistently
highest in treatments U10 and U30 and also initially in treatment
U50 until 2003, after which time the herbage mass in treatment
U50 was similar to that in treatment U80. The herbage mass of
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Iseilema spp. ranged from 0 kg DM ha–1 in drought years to
1280 kg DM ha–1 in treatment U0 in 1992 (Fig. 4c). From 1990
onwards, the herbage mass of Iseilema spp. was consistently
highest on the U0 treatment and declined on treatments with
increasing levels of utilisation.

Population dynamics of Astrebla spp.

Density and recruitment

The effect of utilisation treatment on plant density differed
(P < 0.001) with year (Fig. 5a). From 1990 to 1993, density
decreased more in treatments U50 and U80, was greatest in
treatment U50 from 1999 to 2002 and least from 2003 to 2010.
There was a very large recruitment event in 1989 (Fig. 5b), which
was associated with average summer rainfall, but followed a
spring1988SOIvalueof18 after 3yearswith negativeSOIvalues
(Fig. 2b). Smaller recruitment events occurred in 1987, 1991,
1994, 1999, 2000, 2006 and 2007. The events in 1987, 1989 and
2001 showed no treatment trends while seedling density in 1999
and 2000 tended to be higher in treatments U50 and U80.

Survival

Survival of the original, 1984Astrebla spp. tussocks depended
on their initial size. All tussocks with a diameter <5 cm in 1984
died in the 1984–88 drought (data not presented). Some initial
tussocks with a diameter�5 cm in 1984 persisted throughout the
study despite substantial mortality in both the droughts of
1984–88 and 2003–05 (Fig. 6a). Survival hazards for the 1984

cohort with diameters >5 cm and based on the number of plants
in 1984 differed (P< 0.05) among utilisation treatments. Plants in
treatment U30were 1.6 timesmore likely to survive than those in
treatments U10 and U50 while plants in treatment U80 were half
as likely to survive as plants in treatmentU10.Maximum life span
for the 1984 cohort was >26 years. The hazard profiles for plants
of the 1989 cohort differed (P < 0.05) among all treatments with a
decreasing chance of survival as utilisation increased (hazard
coefficients of 0.7, 0.6 and 0.3 for treatments U30, U50 and U80,
respectively) (Fig. 6b). Maximum life span for the 1989 cohort
was >21 years. Survival of the 1991, 1994, 1999, 2000, 2006 and
2007 cohorts, pooled across the four treatments, differed
markedly among starting years. The number of plants established
in 1991 declined sharply in the drought of 1991–92, whereas
plants from the other five cohorts hadmuch higher initial survival
when each subsequent summer had above-average rainfall
(Fig. 6c).

Basal area of Astrebla spp.

There was a significant (P < 0.001) utilisation� year
interaction for basal area (Fig. 7). Basal area collapsed in
1984–89; in 1986 and 1988 it was not measurable and it was
virtually zero in 1989 as a consequence of the 1984–86 and
1987–88 droughts (Fig. 2a). It increased greatly between 1989
and 1994 and again between 1998 and 2002 with generally
favourable rainfall, but declined greatly again in the 2003–05
drought, before recovering steadily following the return of more
favourable seasonal rainfall after 2005. The high utilisation
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treatments mostly reduced the basal area of Astrebla spp. and it
was generally lower in treatment U80 than in the other treatments
until 1999, immediately after this treatment was forcibly spelled
over the 1998–99 summer. Subsequently, the basal area in

treatment U80 was consistently higher than that of the other
treatments. Since 2005, basal area in treatment U50 failed to
increase despite favourable rainfall. These changes in basal area
reflected similar changes in individual plant size.
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Plant size

Changes in tussock size for all cohorts showed similar trends
as basal areawith all tussocks, irrespective of cohort, increasing in
size in response to above-average rainfall and declining during
droughts (Fig. 8). In 1984, the size of the tussocks in treatment
U80was reduced relative to the other three treatments until a rapid
increase following spelling over the summer of 1998–99.
Tussocks also expanded faster in treatment U80 than the other
three treatments after 2007, especially in comparison with
tussocks in treatment U50 which expanded least (Fig. 8a).
Tussock sizes for the 1989 cohort increased steadily until 2001,
except for treatment U10 which ceased expanding after 1995
(Fig. 8b). After 2001, all tussocks were reduced in size by the
drought of 2002–03. All survivors then showed an increase in
tussock size on all utilisation treatments with increased rainfall
from 2005 to 2010, but from 2007 the recovery in treatment U50
slowed so that tussocks were consistently smaller than those of

the other three utilisation treatments. Tussock sizes for the 1991,
1994, 1999, 2000, 2006 and 2007 cohorts failed to show any
treatment effects and data presented were pooled across the four
treatments (Fig. 8c). Tussock sizes for the 1999 and 2000 cohorts
increased only slightly until 2005 because of the 2002–03
drought, but then increased rapidly with favourable rainfall until
2010. In contrast, tussock sizes for the 2006 and 2007 cohorts
increased rapidly in response to favourable rainfall years.

Pasture recovery

Density, recruitment and size of Astrebla spp. were similar
among exclosure treatments between1994 and1998.Density and
recruitment were greater (P< 0.05) in treatment U80 (not
grazed in the 1998–99 year) than the three exclosure treatments
in 1999 and 2000 (Fig. 9a, b) and plant size tended (P< 0.10) to
be greater in the 1994 exclosure than the other treatments in 1999
and 2000 (Fig. 9e). Basal area was similar among exclosure
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treatments between 1994 and 1996 but separated in 1997,
1998 and 1999 with treatment U80 having a lower basal area
(Fig. 9d). Plant survival was unaffected by exclosure in
any year with a tendency (P = 0.092) for a difference in 1998with

survival in treatment U80 less than the 1995 exclosure treatment
(Fig. 9c).

Discussion

Astrebla grassland remained sustainable and productive after
26 years of grazing, throughout a range of rainfall extremes when
grazed by sheep at up to 30% utilisation of the total herbage mass
at the end of the summer. Productivity in treatment U80 could not
bemaintained after 14 years of grazing because the basal area and
density of Astrebla spp. declined sharply and the pasture became
dominated by annual species. In treatmentU50, however, grazing
was maintained despite a marked decline in the presence of
Astrebla spp. suggesting there is a level of grazing at which land
degradation may not become apparent for decades, and
prompting the question of when intervention is necessary to
commence pasture recovery. This study experienced two severe
droughts, 1987–88 and 2002–05, which both impacted on the
vegetation independently of utilisation. However, vegetation
recovery was more rapid on treatments with lower levels of
utilisation possibly due to a combination of lower pre-drought
stress and lower post-drought utilisation. Overall these results are
consistent with those of the effects of differing utilisations on
pasture productivity in bothAstrebla grassland (Beale et al. 1986;
Orr et al. 1986) and Acacia aneura woodland (Orr et al. 1993).
Despite prolonged heavy utilisation (treatments U50 and U80),
surviving tussocks of Astrebla spp. were able to recover rapidly
following above-average rainfall. In terms of modern utilisation
terminology, the figure of 30% utilisation in this study for long-
term safe carrying capacity equates to 22%.

Results for theU80 treatment failed to reflect the full impact of
this very heavy grazing treatment and need to be interpreted
carefully. The high stocking rates used to achieve treatment U80
were unsustainable, especially towards the end of the dry season
in drought years, and sheep were removed and not returned until
after the start of the wet season. This ensured that this treatment
was effectively rested early in thewet season inmany years,when
heavy grazing has amajor impact on perennial grasses (Mott et al.
1992). In addition, this treatment was fully rested over the
1998–99 year and this rest was further enhanced by above-
average rainfall over the summer of 1998–99. Therefore, results
from this nominal U80 treatment after 1999 reflected a large
Astrebla spp. recruitment in 1989 and a full season of rest which
coincided with favourable rainfall.

The mean stocking rate used to achieve treatment U30 was
1.2 sheep ha–1 and this was higher than the ‘district average’
stocking rate of 0.62 sheep ha–1 cited by Lorimer (1978) and
0.5 sheep ha–1 cited by Hall and Lee (1980). The increasing
variability of stocking rate with increasing utilisation (Fig. 3b)
reflected higher numbers of sheep to achieve such high levels of
utilisation after awet seasonandwas reflected, in turn,withhigher
input costs of maintaining higher sheep numbers.

Spring (September–November) SOI values and associated
rainfall probabilities, along with RAINMAN software indication
of drought periods, proved useful in understanding the impacts of
variable rainfall on the vegetation changesmeasured in this study.
Low spring SOI values associated with two extended droughts
between March 1984 and February 1989 resulted in a major
reduction in the basal area and survival of tussocks of Astrebla
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spp. However, a large reduction in the basal area of Astrebla
spp. between 2002 and 2003 was not associated with extended
drought. Nevertheless, Stone et al. (2007) reported that high
annual maximum temperature and low humidity during 2002–03
resulted in high deficits of vapour pressure, which amplified the
effects of low rainfall. A high spring SOI in 1988 and average
rainfall over the summer of 1988–89 was associated with the
major recruitment event in 1989, while similar high values in
1998 and 1999 were associated with a large increase in the basal
area of Astrebla spp.

Higher levels of utilisation reduced total herbagemass mainly
because of the greater defoliation ofAstrebla spp., consistentwith
earlier reports of the effects of grazing onAstrebla grassland (Hall
and Lee 1980; Orr 1986; Roe and Allen 1993). Very high total
herbagemasses of 5250 kgDMha–1 were recorded in 1991while
the mean of 2000 kg DM ha–1 in U10 was at the upper range of
values recorded in central (Orr and Evenson 1991a) and southern
Astrebla grassland (Roe and Allen 1993). The high values in this
study were similar to earlier recordings at Toorak (Lorimer 1978;
Hall and Lee 1980) and probably reflected the strongly summer-
dominant rainfall as evidenced by high values of herbagemass of
A. squarrosa and Iseilema spp., which are both more common in
the northern than the central and southern Astrebla grasslands
(Orr 1986; Roe and Allen 1993).

In the absence of grazing (treatment U0), the highest total
herbage mass was recorded between 1987 and 1996, but then
declined to be intermediate between those in treatments U10 and
U30. This decline mirrored an observed decline in the density of
Astrebla spp. Absence of disturbance is unnatural in these
grasslands: before European settlement, these grasslands were
grazed by kangaroos and subjected to intermittent fire. The
decline in total herbage mass with continued exclosure is
consistent with the suggestion that under-utilisation causes the
death of tussocks of Astrebla spp. (Everist 1964) and the
suggestion of Everist and Webb (1975) that total exclosure from
grazing results in ‘the evolution of plant communities other than
Astrebla grasslands’. This suggestion is further supported by
changes in plant species richness and abundance reported in the
second paper of this series (Orr and Phelps 2013).

Astrebla spp. dynamics

Density and recruitment

Large variation in the density of Astrebla spp. throughout this
study was consistent with data from the southern Astrebla
grasslands (RoeandDavies 1985;Roe1987),which these authors
attributed to the failure of seedling recruitment. At Toorak, a large
change in density occurred as a direct consequence of the large
1989 recruitment event. The resultant 30 seedlingsm–2wasoneof
only three large, and apparently episodic, recruitment events
recorded in the Astrebla grasslands and was associated with a
large (220 seedsm–2) seed bank of Astrebla spp. and a low
(35 seeds –2) seed bank of Iseilema spp. in the spring of 1988 (Orr
and Phelps 2013). Analysis of rainfall patterns, associated with
these three episodic recruitment events (Orr and Silcock 2010),
inferred a 3-year rainfall sequence; above-mean rainfall in thefirst
summer (to produce seed), below-mean rainfall in the secondyear
(preventing seed germination) followed by above-mean rainfall
in the third summer (promoting germination and establishment in

the more open pasture). Furthermore, all three events were
associated with a particular drought phase of the ENSO weather
phenomenon and also low densities of Iseilema spp. (Williams
and Roe 1975). Such episodic recruitment is consistent with the
suggestion (Roe 1987) that the period between large recruitment
events in Astrebla grasslands ‘may exceed 40 years’.

Recruitment in 1999 and 2000 was higher in treatments U50
and U80 compared with treatments U10 and U30 and the three
exclosures in the recovery study within treatment U80. By this
time, accumulation of herbage after 3–5 years of exclosure would
have provided high herbage cover which retards recruitment (Orr
1986). Furthermore, both plant density and basal area were lower
in treatments U50 and U80 compared with the exclosures,
suggesting that competition from existing tussocks of Astrebla
spp. may limit recruitment. Further analysis of individual
quadrats indicated that recruitment was generally higher where
either density and/or basal area were low. This suggested that
seedling recruitment of Astrebla spp. was more likely to be
associated with recovery from drought, provided a suitable seed
bankwas present, rather than a series of summerswith favourable
rainfall. The occurrence of three documented large recruitment
events, associated with a drought phase of the ENSO weather
phenomenon, supports this suggestion.Further study iswarranted
to develop procedures for predicting large recruitment events.

Plant growth and basal area

In favourable rainfall summers, such as 1998–99 and 1999–2000,
tussocks of Astrebla spp. from all cohorts expanded in size
rapidly, irrespective of utilisation. This expansion resulted from
new main tillers on basal nodes and from the rhizome (Everist
1964; Jozwik et al. 1970). The accompanying increase in herbage
mass resulted from axillary tillers on lower nodes (Jozwik et al.
1970),whichwerealso likely to increase seedproduction (Orr and
Evenson 1991b). Similar large increases in plant size through
tillering with favourable rainfall have been recorded in other C4

perennial grasses such asHeteropogon contortus (Orr et al. 2004,
2010a) and Bothriochloa ewartiana (Jones et al. 2009; Orr and
O’Reagain 2011).

Despite the documented capacity to produce new tillers, even
under heavy utilisation, little is known of the tiller bud dynamics
ofAstrebla spp.Scanlan (1983) suggested that individual tillers of
Astrebla spp. survive for up to 3 years. The longevity of both
tillers and tiller buds could provide valuable management
information, especially for formulating droughtmanagement and
recovery strategies. Hendrickson and Briske (1997) studied the
dynamics of axillary buds in two diverse North American
perennial grasses and reported that both species retained
substantial numbers of dormant and viable buds, which exceeded
parental tiller longevity by at least 12 months, and these buds
comprised a substantial meristematic source. Given the
persistence of tussocks ofAstrebla spp. and the absence of regular
seedling recruitment, the tiller budbankofAstrebla spp. probably
represents a major source for tussock growth and further research
is required to better understand the contribution of the tiller bud
bank to Astrebla spp. persistence.

Drought caused tiller mortality, probably of older tillers, and
resulted in reduced tussock size and basal area. Severe drought,
such as 1984–86, reduced both the size and survival of original
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large (diameter >5 cm in 1984) tussocks and those tussocks that
did survive were observed to have only one or two live tillers
while smaller (diameter<5 cm in 1984) tussocks died completely.
Recovery of basal area after 1989 from these original plants
highlights the importance of maintaining a residual population
of Astrebla spp. tussocks through drought periods. These
surviving tussocks are then vital in allowing Astrebla spp. to
recover following the resumption of favourable summer
rainfall. Fair et al. (2001) concluded that the continuing
dominance of the long-lived North American grass Bouteloua
gracilis was related to its ability to survive despite partial plant
mortality due to drought. A similar persistence mechanism has
been reported for the long-lived Bothriochloa ewartiana in
northernAustralian (Orr andO’Reagain 2011). Similarly,Wright
and Van Dyne (1976) reported that long-term drought plays
an important role in the mortality or otherwise of long-lived
plants.

Large variation in the basal area of Astrebla spp. over time
resulted from large variations in tussock size, as density was
relatively stable. Few data are available on the plant size of
Astrebla spp. although the largest sizes of 125 cm2 plant–1

(treatment U30, 1989 cohort in 2010) and 140 cm2 plant–1 (2000
cohort in 2010) are similar to the maximum size of 160 cm2

plant–1 for Bothriochloa ewartiana (Orr and O’Reagain 2011).
However, the original tussocks of Astrebla spp. were 400 cm2

plant–1 in 1984, declined to 10 cm2 plant–1 in 1989 and then
increased to up to 200 cm2 plant–1 in 2010. This large range in
plant size indicates the great capacity of tussocks of individual
Astrebla spp. to expand in response to favourable rainfall
conditions following contraction during drought.

Survival and life spans

Some original tussocks of Astrebla spp. survived throughout the
26 years of this study. This is consistent with Williams and Roe
(1975) who reported a maximum life span of 23 years. Such
longevity is similar to the calculated 30 years for Bothriochloa
ewartiana elsewhere in northern Australia (Orr and O’Reagain
2011); 39 years for Bouteloua curtipendula and Schizachyrium
scoparium inKansas (Lauenroth andAdler 2008) and28years for
Bouteloua eriopoda in New Mexico (Wright and Van Dyne
1976). Despite this longevity, survival of tussocks was clearly
reduced by drought and then further reduced by increasing
utilisation as was evident with the original plants between 1984
and 1989 (Fig. 6a).

Survival of annual cohorts differed among years, highlighting
the importance of favourable rainfall during establishment
(Lambert et al. 1990). Higher levels of utilisation further reduced
the survival of annual cohorts with survival for the 1989 cohort
after 2 years being 20, 13, 12 and 10%and plant size being 14, 11,
12 and 9 cm2 for treatments U10, U30, U50 and U80,
respectively. Such survival is within the range of 5–45% survival
recorded for two seedling cohorts at Blackall (Orr and Evenson
1991a), but higher than the 4–5% survival for the large, 1941
recruitment at Cunnamulla (Roe andDavies 1985). Similarly,Orr
and O’Reagain (2011) reported large differences in survival of
young grass plants due to differences in seasonal rainfall.

Increasedmortality in treatmentU80upuntil 1998, andof both
the original and 1989 tussocks in treatmentU50 after 2003, reflect

the unsustainable nature of this level of utilisation, despite
treatment U50 appearing sustainable for almost 20 years. This
result supports the suggestion (Orr et al. 2010b) of there being a
time lag before the effects of a grazing treatment are reflected in
changes in pasture composition. The overall importance of the
longevity of tussocks of Astrebla spp. in maintaining sustainable
grassland is highlighted by the fact that, of the total basal area in
2010, 14 and 40% were contributed by the 1984 and 1989
tussocks, respectively.

Pasture recovery

Theoverall effects of exclosureondegradedpasturewereunclear.
Exclosure tended to halt the decline in tussock survival and basal
area that was apparent in treatment U80 due to drought between
1994 and 1996. However, it prevented seedling recruitment
which occurred under heavy grazing during the above-average
rainfall summers of 1998–99 and 1999–2000. Exclosure did
result in the recovery of basal area between 1996 and 1998 but the
major influence on recovery was above the average rainfall in the
summers of 1998–99 and 1999–2000. Astrebla spp. responded
rapidly to this rainfall even in treatment U80 (ungrazed over the
1998–99 summer) and further reflected the ability of Astrebla
spp. to respond to favourable rainfall even under heavy grazing.
Continuous exclosure limited recruitment and so suggests that
wet-season spelling (Mott et al. 1992), combinedwith dry-season
grazing, may be more beneficial to the recovery of Astrebla
spp. The collapse of the herbage mass of Astrebla spp. after
12 years of exclosure further supports this suggestion. Questions
on the duration and frequency of wet season spelling were not
addressed in this study and require further research.

One key reason for the rapid recovery in basal area from the
drought of 1984–1986 was the high initial density of Astrebla
spp. resulting from the large recruitment in 1989. This rapid
recovery, through seed produced by existing tussocks, contrasts
with other possible recovery mechanisms where, for example,
heavy grazing and/or extended drought have greatly reduced
tussock density of Astrebla spp. For example, total exclosure
between 1984 and 1989, following 9 years of 80% utilisation,
failed to recover the basal area of perennial grasses in a southern
Astrebla grassland (C. J. Evenson, pers. comm.). This failure
to recover the basal area of perennial grasses was due to the
absence of tussocks ofAstrebla spp. [at that site in February 1984,
Astrebla spp. contributed 20 kg DM ha–1 to a total perennial
grass biomass of only 50 kg ha–1 (Orr 1986)]. In this situation,
recovery would require substantial recruitment to achieve a
suitable density of tussocks of Astrebla spp. and this recovery
process is currently being monitored in another study
(D. G. Phelps, unpubl. data). These considerations further
emphasise the need to develop a better understanding of those
factors which contribute to successful seedling recruitment.

Implications for long-term experiments

This study was conducted over a very long time-frame compared
with most national and international studies but still failed to
followa singleAstrebla spp. cohort for its full life-span (Jones and
Mott 1980). Maintaining long-term experiments is difficult
especially when continuous resources are required to monitor
livestock welfare and to commit to regular measurements of key
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variables. If this study had ceased, say after 12 years, it would not
have discovered:
* A collapse of the herbage mass of Astrebla spp. under
exclosure, which had implications for the health of Astrebla
grasslands;

* Acollapseof theherbagemass andbasal areaofAstrebla spp. in
treatment U80 in 1998 and the important role of spelling in
promoting recovery; and

* The collapse of the basal area and tussock survival of Astrebla
spp. in treatment U50 following 19 years of grazing and
the implication that degradation may not be expressed for
decades.
It is likely that the density of Astrebla spp. in treatment U50

would have been further reduced with a continuation of this
treatment, eventually leading to having to spell this paddock to
achieve pasture recovery. However, would treatment U50 have
recovered with spelling, as did treatment U80, or would recovery
become reliant on the recruitment of furtherAstrebla spp.?Would
thenextmajor recruitment event haveoccurredbefore thedeathof
all existing plants? It is difficult to predictwhat further discoveries
may have been made but this study has further highlighted the
importance of long-term studies (Jones et al. 1995).

Sustainable management of Astrebla grasslands

This study indicated that 30% utilisation of the herbage mass at
the end of summer was sustainable and that higher utilisation
levels were unsustainable. Economic analysis of animal
productivity data (D. G. Phelps, D. M. Orr, M. T. Sullivan,
unpubl. data) indicates that financial returns were higher in
treatmentU50 for the short tomedium term, but never in treatment
U80. This situation further highlights the conundrum outlined by
Burrows et al. (2010),wherebyproducers have to forgo income in
the short to medium term to achieve long-term, sustainable
outcomes. Unsustainable use of Astrebla grasslands, under
normal rainfall conditions, are indicated by lack of appreciable
tussock density and basal area of Astrebla spp., high frequencies
of annual grasses, such as Dactyloctenium radulans and
Brachyachne convergens, and changes in other interstitial species
(Phelps and Bosch 2002; Orr and Phelps 2013).

Rainfall variability, in addition to utilisation, is the major
driver of vegetation change of rangelands and sustainable
management practices need to respond to this variability.Drought
clearly reduces the basal area of perennial grasses, irrespective of
level of utilisation, although higher levels of utilisation further
reduce tussock size and survival.Reducingutilisationduring such
drought periods will maximise the survival of tussocks which, in
turn, become pivotal in pasture recovery following drought.
Recognising periods of above-average rainfall will allow the
recovery of the basal area of perennial grasses which can be rapid
given twoormore summers of above-average rainfall. SpringSOI
values may be useful in developing management strategies
associated with such recovery periods. The rapid recovery
recorded in the current study, even at high levels of utilisation,
highlights the importance of maintaining a residual population of
existing tussocks to allow recovery to occur. Any severe
reduction in the tussock density of Astrebla spp. will inevitably
reduce long-term herbage production, economic profitability and
pasture sustainability.

A feature of this long-termgrazing studywas the occurrenceof
a major recruitment event and the subsequent increase in tussock
density over the next 20 years. Although such events are very
infrequent, their impact on maintaining tussock density has long-
term implications. Recognising recruitment events and then
managing tomaximise seedling survival can result inmaintaining
high tussock density over a very long period. The exclosures in
this recovery studyprevented seedling recruitment after 2–4years
without grazing compared with grazed treatments. This was
probably due to accumulated dead herbage in the exclosures
suppressing seedling growth. Thisfinding suggests that year-long
exclosure fromgrazingmaynot be aneffective strategy to achieve
recovery.Resting during the early part of the growing seasonmay
bemore effectivebecause this is the critical periodwhenperennial
grasses are most susceptible to defoliation (Mott et al. 1992).

This paper has focussed on the dynamics of Astrebla spp.,
which are the ecological matrix species of the vegetation in the
Astrebla grasslands, and identifies that recovery of the basal area
of Astrebla spp. can be achieved through judicial management in
conjunctionwith favourable summer rainfall.A companionpaper
from this grazing study (Orr and Phelps 2013) reports major
differences in both the density and frequency of the interstitial
species in these grasslands and, unlike Astrebla spp., recovery of
these species may not be as readily achievable.

Conclusions

This study provides important, long-term data on the grazing
management of Astrebla spp. in Astrebla grasslands in northern
Australia and indicates that 30% utilisation of the herbage at the
end of summer is sustainable in the long-term. Utilisation higher
than 30% results in reduced basal area and survival of Astrebla
spp. and, with time, becomes unsustainable. This study has also
highlighted the importance of maintaining the population of the
tussocks of Astrebla spp. Rainfall variability had a major impact
on the dynamics ofAstrebla spp. and springvalues of theSOImay
provide an indication of the potential for vegetation change.
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