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Summary

 

Temperate grassy ecosystems are amongst Australia’s most endangered
ecosystems. Most remnants are small, fragmented and highly degraded. Practical methods
for restoring native understorey species are urgently required. Dominant native grasses such
as Kangaroo Grass (

 

Themeda triandra

 

 Forssk.) and Tussock-grasses (

 

Poa

 

 species) have been
eliminated from many remnants by heavy grazing in the past. The reintroduction of these grasses
is a critical step for understorey restoration. This paper (i) reviews the literature on 

 

Themeda

 

seed biology and seedling establishment; (ii) summarizes the lessons learnt from three major
attempts to establish 

 

Themeda

 

 stands in south-east Australia; and (iii) identifies the research
needed to enhance 

 

Themeda

 

 restoration. Considerable information is available on 

 

Themeda

 

seed and establishment biology, and restoration exercises have shown that 

 

Themeda

 

 stands
can be readily established by surface-spreading awned seeds in seed-bearing hay. However,
many practical challenges remain, including the need to identify optimal sowing periods,
create better seedbed conditions, develop practical mulching techniques, and improve weed
control. The use of seed-bearing hay has constrained restoration to relatively small areas in
the past. Future trials may benefit by using more concentrated seed products such as seed-
bearing florets and pure seeds which permit larger areas to be restored at one time.
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Introduction

 

A

 

gricultural development of the grass-
lands and grassy woodlands of south-

east Australia has resulted in land degradation
and species decline across the region.
These ecosystems are now some of the
most poorly conserved and degraded
vegetation communities in Australia and
their protection and management for
biodiversity is a high priority (Yates &
Hobbs 2000a). Tree planting and fencing
programs are generally successful in
returning the tree layers to the landscape,
however, this simple approach has
limitations (Spooner 

 

et al

 

. 2002). Restored
‘woodlands’ composed solely of trees are
of limited habitat value unless greater
structural and floristic diversity is incorpor-
ated (Ryan 2000). Since grassy woodland
communities in NSW naturally contain few
tree or shrub species, most floristic
impoverishment occurs in the understorey
(Prober & Thiele 1995; Sivertsen & Metcalfe

1995). For these species, there are no seed
or propagule reserves in the soil seed bank
and there is almost no opportunity for
dispersal from adjacent sites (Lunt 1997;
Morgan 1998). Therefore, the development
of techniques to re-introduce these species
by seed, propagule or tube-stock is required
for successful revegetation and restoration
projects (Yates & Hobbs 2000b).

Most temperate woodland understorey
species compete poorly against exotic
weeds, the possible exceptions being the
dominant grasses, Kangaroo Grass (

 

Themeda
triandra

 

, hereafter 

 

Themeda

 

) and 

 

Poa

 

 spe-
cies Tussock-grasses

 

. Themeda

 

 has received
the most attention due to its wide geo-
graphical distribution in the pre-European
landscape. Several authors have suggested
that 

 

Themeda

 

 reestablishment is an impor-
tant first step for grassland restoration
(Adair & McDougall 1987; Phillips 1999;
McDonald 2000). 

 

Themeda

 

 grows rapidly
from seed and can assume basal diameters
of 15 cm in a single growing season

(McDougall 1989). Consequently, restored

 

Themeda

 

 stands may be useful in control-
ling exotic weeds whilst providing a suita-
ble habitat into which native herbs may
later be reintroduced.

 

Themeda

 

 can be effectively restored to
small–medium-sized areas using seedlings
or potted plants (Cole 

 

et al

 

. 2000) or by
transplanting intact sods from existing rem-
nants (McDougall 1989). However, large-
scale seeding technologies are needed if
the aim is to restore 

 

Themeda

 

 to areas
greater than several hectares (Sindel 

 

et al

 

.
1993). The aim of this review is to examine
techniques that will permit the wider use
of 

 

Themeda

 

 in the restoration of native
grasslands and grassy woodlands by: (i)
reviewing the relevant ecological literature
on 

 

Themeda

 

 seed biology and seedling
establishment; (ii) summarizing activities
and lessons learnt from three major on-
ground restoration projects in three
Australian states; and (iii) identifying areas
requiring further research and development.
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Seed and establishment 
ecology

 

Importance of  seed 
structures

 

Seed structures influence seed dispersal
and the selection of microsites suitable
for germination and establishment, and
thereby affect establishment and survival
rates (Peart 1979, 1984). Burial of 

 

Themeda

 

seeds is facilitated by a long, hygroscop-
ically active awn and a sharp, pointed callus
possessing backwardly directed bristles.
Daily fluctuations in humidity cause the
awn to rotate at the bend which propels
the seed along the soil surface, pushing the
seed into cracks and crevices where it
becomes anchored by the sharp callus
(Sindel 

 

et al

 

. 1993).
Seed burial is further enhanced by rain-

fall impact, local surface drainage, rough
soil surfaces, small sticks and stones (Sindel

 

et al

 

. 1993). Sindel 

 

et al

 

. (1993) found that
awned seeds became buried more rapidly
and germinated better than de-awned seeds,
and formed plants with longer roots and
greater biomass within 40 days of sowing.
Although de-awned ‘cleaned’ seeds are
easier to handle using conventional sowing
equipment, awned seeds have a distinct
advantage when revegetating nonarable
landscapes where cultivation and accurate
seed placement using machinery are
impractical.

 

Seed dormancy

 

Dormancy immediately after seed fall is
common in Australian grasses (Whalley &
Langkamp 1987) and is often associated
with structures enclosing the caryopsis
(Mott 1974; Brown 1982). 

 

Themeda

 

dormancy involves a combination of embryo
dormancy and mechanically resistant
glumes (Groves 

 

et al

 

. 1982). 

 

Themeda

 

seed dormancy and germination require-
ments vary genetically across continental-
scale climatic gradients. Seed dormancy
has been found to be considerable in
semiarid populations, intermediate in tem-
perate populations, and negligible in
subtropical populations (Groves 

 

et al

 

.
1982). High temperatures during seed
formation significantly increase the
proportion of dormant seeds in semiarid
populations but have no effect on

subtropical populations and inconsistent
effects on temperate populations (Groves

 

et al

 

. 1982). Seed germinability gradually
increases over time in all regions, but
the period required to achieve maximum
germination varies from 12 months (in
most regions) to 28 months (at Katherine)
and even 48 months (in Alice Springs;
Groves 

 

et al

 

. 1982).
Various chemical and physical treat-

ments have been employed to reduce

 

Themeda

 

 seed dormancy, including gib-
berellic acid, alternating high temperatures
(45

 

°

 

C/20

 

°

 

C), and cold stratification at 4

 

°

 

C,
with results varying between regions
(Hagon 1976; Mott 1978; Groves 

 

et al

 

.
1982). Plant-derived smoke and aqueous
extracts of smoke promote germination of
dormant 

 

Themeda

 

 seeds (Baxter 

 

et al

 

.
1994; Roche 

 

et al

 

. 1994; Dixon 

 

et al

 

. 1995;
Roche 

 

et al

 

. 1997). Read and Bellairs
(1999) found that smoked water increased

 

Themeda

 

 germination from 61% to 78% for
intact seeds, and from 90% to 95% for de-
glumed seeds, whilst also enhancing the
rate of seed germination. However, the
practicality of these dormancy-breaking
treatments for large-scale seeding exercises
is yet to be determined.

 

Temperature and moisture 
ef fects  on germinat ion

 

High temperatures promote 

 

Themeda

 

 seed
germination, and a number of studies have
shown that maximum germination is
achieved above 30

 

°

 

C (Hagon 1976; Hagon
& Groves 1977; Mott 1978). Germination is
highly sensitive to water stress, compared
to grasses such as 

 

Lolium perenne

 

,

 

Austrostipa bigeniculata

 

, 

 

Austrodant-
honia caespitosa

 

 and 

 

Bothriochloa macra

 

(Hagon & Chan 1977), and germination
improves as soil moisture approaches
field capacity (Nolan 1994). Germination
moisture requirements vary geographically,
and germination is most sensitive to water
stress in arid populations (Groves 

 

et al

 

.
1982).

Consequently, it is important to sow

 

Themeda

 

 seed when there is the greatest
likelihood of suitable combinations of
temperature and moisture. This will vary
between regions. Mid-summer to early
autumn has been recommended for sowing
summer growing species in the NSW north-

west slopes region (Lodge 1981a, 1981b),
whereas sowing in November has been
recommended in southern NSW (Hagon &
Groves 1977). While higher summer rainfall
in northern NSW may make late summer
sowings possible, on the southern slopes of
NSW, summer rainfall is erratic and success-
ful establishment would be limited to years
of above average summer rainfall and low
evaporation. Given the relatively high mois-
ture requirement of 

 

Themeda

 

 for germina-
tion, early to mid-spring would probably be
preferred for more reliable establishment
on the NSW south-west slopes. Unfortunately,
there is little data available to support this
proposition.

 

Mulch

 

Whilst little can be done to control rainfall,
moisture conditions around seeds can
be improved by sowing at depth where
moisture loss through evaporation is lower,
or by applying a mulch barrier to reduce
evaporation. 

 

Themeda

 

 has a relatively
shallow optimum planting depth, of about
1.0 cm in both sandy and clay soils, and
Sindel 

 

et al

 

. (1993) recommend that seeds
should be generally placed no deeper than
2.0 cm.

The effect of mulch on soil moisture and
temperature varies with the type of mulch
and rate of application. For example,
Hagon and Groves (1977) found that paper
mulch (at 3200 kg/ha) increased moisture
but decreased soil temperatures, whereas
soluble bitumen (at 12 000 L/ha) increased
soil temperatures but had only a marginal
effect on soil moisture. Despite these differ-
ences, all mulch treatments increased seed-
ling emergence (Hagon & Groves 1977).
However, bitumen mulches have proved
detrimental at times. An experimental com-
bination of 350 kg/ha of 

 

Themeda

 

 straw
and 2500 L/ha of bitumen mulch reduced
germination by impeding seed movement
and preventing seed burial (Sindel 

 

et al

 

.
1993).

Despite the generally positive effects of
mulches on seedling emergence, large
amounts of mulch would only be practica-
ble in relatively small areas, such as for engi-
neering, architectural or amenity plantings.
Heavy mulch applications are not likely to
be feasible for restoring 

 

Themeda

 

 stands
across large woodland or agricultural areas,
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unless mulch can be created from the exist-
ing, undesired grass biomass.

 

Soi l  type and fert i l i ty  
ef fects

 

Themeda triandra

 

 naturally grows over an
extensive geographical range on many soil
types (Moore 1973), and adaptations to a
wide variety of soils might be expected.
Hagon and Chan (1977) found higher levels
of germination in clay than sandy soils. By
contrast, Sindel 

 

et al

 

. (1993) suggested that
surface sown seed might survive better in
sandier soils because the callus and radicle
can more easily penetrate between large
sand grains. Whatever the soil type, soil
compaction can dramatically reduce seedling
recruitment, as seeds cannot penetrate an
unbroken soil surface and crusting prevents
seedlings from emerging from buried seed
(Peart 1979).

 

Themeda

 

 seedlings appear to have only
modest nutritional requirements at estab-
lishment (Groves 

 

et al

 

. 1973). Hagon and
Groves (1977) found that added fertiliser
affected neither emergence nor survival of

 

Themeda

 

, and recommended against add-
ing fertiliser to boost 

 

Themeda

 

 establish-
ment in the field

 

.

 

Weed compet i t ion

 

Weed competition can affect the
establishment of sown species by reducing
emergence and restricting seedling
growth. Good weed control is necessary
when establishing any species from seed
and is particularly important with perennial
species that tend to grow more slowly than
weedy annuals ( Loch & Harvey 1997). The
impact of weeds on 

 

Themeda

 

 growth
generally increases with increasing soil
fertility (Groves 

 

et al

 

. 1973; Hagon &
Groves 1977).

Hagon (1977) found that emergence
and early growth of 

 

Themeda

 

 seedlings
were less affected by densely sown weed
seedlings than 

 

Lolium perenne

 

, 

 

Austro-
danthonia

 

 and 

 

Austrostipa

 

 species. But
while competition from weed seedlings
does not necessarily reduce 

 

Themeda

 

emergence, it may significantly reduce its
growth rate and seed production (Groves

 

et al

 

. 1973; Morgan 1989). More impor-
tantly, competition from 

 

established

 

 peren-
nial weeds is likely to severely restrict

 

Themeda

 

 establishment ( Waters 

 

et al

 

.
2001).

 

Themeda

 

 seedlings are tolerant to a
number of herbicides such as atrazine,
chlorsulfuron, bromoxynil, dicamba and
fluazifop that can control a range of broad-
leaf and annual grass species (McDougall
1989; Stafford 1991). Dicamba and 2,4-D
are used to control broadleaf weeds in a
range of tropical grass seed crops (Loch &
Harvey 1997) and may also assist 

 

Themeda

 

establishment where broadleaf weeds are a
problem.

 

Putting it into practice: case 
studies

 

In addition to the results of research on

 

Themeda

 

 seed and seedling biology,
much can be gained from a review of past
attempts to restore 

 

Themeda

 

 swards in
degraded landscapes. Such attempts face
a wide range of real-world challenges
including limited budgets and time.

The first obstacle that is encountered in
attempting to revegetate with 

 

Themeda

 

 is
the paucity of seed and the difficulty of get-
ting the seed to flow through conventional
sowing combines due to the long, bent
awn. The most straightforward seeding
technique is to spread seed-bearing hay
directly onto the site. This approach was
first suggested by Cameron (1961a,1961b)
but the first documented attempt to use

 

Themeda

 

 hay as a seeding material began
in the Adelaide Hills in South Australia
(Stafford 1991).

 

Revegetat ion in  the 
Adela ide Hi l ls

 

Stafford and colleagues harvested seed-
bearing hay by hand sickle in January 1978
and laid the hay in plots in Cleland
Conservation Park. A further plot was sown
with seed made more spreadable by
putting it through a chaff cutter. Various
herbicides were used to control winter
growing annuals but as no germination was
observed by December 1978, half of each
plot was burnt. Soon after, up to 100
seedlings/m

 

2

 

 emerged in the burnt area
where complete panicles were applied, but
none were observed in plots sown with
chaffed material. In an attempt to refine
this technique and to apply it to larger

areas, seed-hay was collected using brush-
cutters in December 1985 and spread over
7000 m

 

2

 

 of roadside verge. In September
1986, the site was sprayed with glyphosate
and atrazine (3.0 & 4.3 kg a.i./ha,
respectively) to kill volunteer annuals and
burnt 3 weeks later. 

 

Themeda

 

 plants had
successfully established by October 1986,
although grazing by rabbits and variable
seed quality created some patchiness.
Follow-up trials in 1989 were less success-
ful, and poor establishment was attributed
to an ineffectual burn that did not reduce
the heavy grass mulch sufficiently, a hard
impervious soil surface and seed damage
by mechanical collection techniques.
However, the potential to establish

 

Themeda

 

 from surface sowings of awned
seed was effectively demonstrated.

 

Organ Pipes Nat ional  Park 
restorat ion works

 

Building on this technique and the earlier
work by Hagon and Groves (1977), the
practical use of mulches was investigated
at the Organ Pipes National Park, 25 km
north-west of Melbourne (Adair & McDougall
1987; McDougall 1989). In initial trials,
‘Enviromat’, coconut fibre, crushed brown
coal (CBC) (all at 35 000 kg/ha) and
15 000 L/ha soluble bitumen mulches
generally gave better results than no mulch
even though the trial was conducted during
a period of abundant soil moisture.

 

Themeda

 

 emergence was significantly
greater from buried than surface-sown seed
in all treatments except CBC where the
high water holding capacity and physical
characteristics of the mulch allowed close
seed-mulch contact. Further evaluation of
CBC (35 000 kg/ha plus 20 000 L/ha poly-
vinyl acetate tacking agent) and soluble
bitumen (10 000 L/ha) mulches showed
that 

 

Themeda

 

 establishment was signific-
antly greater under CBC than the control
(6.0 cf. 1.9 seedlings/m

 

2

 

, respectively).
However, establishment under bitumen
was significantly less than the control (0.4
cf. 1.9 seedlings/m

 

2

 

, respectively) as it glued
the seed to the straw. A later experiment
showed that bitumen did not reduce estab-
lishment as much if applied 6 weeks after
sowing, after most seeds had become buried.

Cover removal trials indicated that shad-
ing by the high volumes of 

 

Themeda

 

 hay
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and standing vegetation were probably
reducing 

 

Themeda

 

 establishment. Manu-
ally removing excess cover or burning off
in autumn produced slight increases in

 

Themeda

 

 establishment but spring burns
appeared to have the greatest potential as
long as sufficient fuel was available. The
effects of weed competition during estab-
lishment were also quantified. Control of
annual weeds using glyphosate after sow-
ing but before 

 

Themeda

 

 emergence had no
effect on the density of 

 

Themeda

 

 plants,
but resulted in significantly larger plants.

 

Themeda

 

 crowns were 700% larger, tiller
numbers were 500% greater, and the pro-
portion of tillers producing seed heads was
300% greater in sprayed than unsprayed
plots. However, annual weeds still vigor-
ously reinvaded sprayed plots in the follow-
ing autumn. In a second trial, 6 -month-old

 

Themeda

 

 seedlings were screened for
tolerance to fluazifop (at 0.5, 1.0 & 1.5 L/ha)
and atrazine (6.7 L/ha). Neither herbicide
appeared to have any detrimental effect
on 

 

Themeda

 

 establishment although
recruitment in the following year may
have been reduced by the highest rate of
fluazifop

 

.

 

Mine s i te  revegetat ion at  
Mandurama

 

A more recent project at the Sheehan-
Grants gold mine at Junction Reefs near
Mandurama in central west NSW, showed
that it is possible to rehabilitate mined
landscapes using surface-sown 

 

Themeda

 

seed (Nolan 1994; Windsor 1994; Nolan

 

et al

 

. 1996; Windsor 

 

et al

 

. 2000; Windsor &
Clements 2001). In February 1993, seed-
hay containing 240 apparently viable (AV =
plump/dark brown) seeds/kg was spread
immediately after harvest on raw overbur-
den at either 2250 or 4500 kg/ha ( Windsor

 

et al

 

. 2000). Most seed germinated in the
following spring and summer, producing
final establishment rates of 19% and 15% of
sown seed for the low and high seeding rates,
respectively, with higher plant densities
at the highest seed rate. Three years later
(February 1997), 

 

Themeda

 

 density was still
significantly greater in areas sown at the
higher seeding rate but there was no
difference in 

 

Themeda

 

 cover between
seeding rates and individual plants covered
up to 0.25 m

 

2

 

.

In January 1994, seed-bearing hay
containing 3000 AV seeds/kg harvested by
silage harvester was spread at rates of 2250
or 4500 kg/ha on a north-facing, topsoil-
covered overburden site ( Windsor 

 

et al

 

.
2000). However, by March 1994, less than
1% of seed had germinated and no further
seed germinated in subsequent years. The
authors suspected either the presence of
seed pathogens or predation. In September
1994, stored seed-hay containing 1500 AV
seeds/kg harvested the previous season by
slashing and hand raking was spread on a
south-facing, oxidized overburden site at
rates of 250, 500, 1000 and 2250 kg/ha
( Windsor 

 

et al

 

. 2000). Although less than
1% of seed had established by January
1995, by February 1996, 6–13% of seed had
established.

 

Discussion

 

Research on the seeding and establishment
of 

 

Themeda

 

 has highlighted a number of
factors that are relevant for revegetation:

•

 

Themeda

 

 occurs across a range of cli-
mate zones and soil types, and regional
genetic variants possess locally-adapted
dormancy and germination traits

• The long, twisted awns and sharp callus
pose problems for seed handling but
assist seedling establishment by helping
to rapidly bury seeds and maximize
germination and root and shoot growth
rates

• Seed dormancy appears to present
few problems in practice; storage in a
dry shed usually results in a natural
breakdown of seed dormancy within 9
months

•

 

Themeda

 

 germinates best at soil surface
temperatures greater than 25

 

°

 

C, and
when soil moisture is around field
capacity

• Nutritional requirements are modest;
fertilisers should not be used to pro-
mote seedling establishment as they are
likely to promote weeds instead

• Under low fertility conditions annual
weeds appear to have little effect on

 

Themeda

 

 establishment but may reduce
growth rates

• In more fertile sites and sites with estab-
lished perennial species, weed competi-
tion may greatly reduce seedling survival
and plant growth

• Seedlings and mature 

 

Themeda

 

 plants
are tolerant of a number of herbicides
that can be used to promote plant estab-
lishment by selectively controlling many
species of broadleaf and annual grass
weeds.

On-ground restoration exercises across
a range of environments in south-east
Australia have added to our knowledge of

 

Themeda

 

 establishment in part by refocus-
ing the scale of investigation from ‘the seed’
to ‘the site’ scale. Applied challenges such
as site preparation, weed competition and
sowing techniques have been refined by
building on the ecological understanding
obtained from earlier studies.

These field trials have shown that

 

Themeda

 

 stands of reasonable density can
be established by surface-spreading awned
seeds in seed-bearing hay, but certain care
is needed. Processes such as chaffing seed-
hay prior to spreading and certain harvest-
ing techniques may reduce seed quality to
the point where complete failure is possi-
ble (Stafford 1991). As predicted from
the seed ecology studies, compacted soils
should probably be ripped before sowing
to improve seed burial. Similarly, mulches
have generally improved establishment
where they have not prevented seed burial
(McDougall 1989) but may not be practical
to apply at the high rates studied so far
except on roadsides or in small-scale plant-
ings. Removing residual seed-bearing hay
or standing vegetation by burning in spring
prevents shading and increases subsequent
germination of 

 

Themeda

 

 (McDougall 1989).
The tolerance of 

 

Themeda

 

 to certain selec-
tive herbicides has been demonstrated
(McDougall 1989; Stafford 1991) but
establishment 

 

per se

 

 does not appear to
be affected by annual weeds. However,

 

Themeda

 

 growth rates and seed produc-
tion are higher in the absence of weed com-
petition, although herbicides may need to
be applied over several seasons for maxi-
mum effect (McDougall 1989). The practi-
cality of rehabilitating mine sites using

 

Themeda

 

 has also been demonstrated
(Windsor et al. 2000). Despite raw mine
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site ‘soils’ of oxidized overburden, estab-
lishment percentages varied between 1%
and 20% of seed sown depending on
rainfall and treatment.

These field studies have shown that
direct spreading seed-bearing hay has a
number of limitations. Seed-bearing hay is
bulky, difficult to dry, store and handle in
large quantities and is variable in quality
(McDougall 1989; Stafford 1991; Phillips
1999). Seed densities vary greatly, and
Windsor (2000) found that seed numbers
ranged from 240 to 3000 seeds/kg. Seed
availability is also dictated by seasonal con-
ditions, which makes forward planning
difficult. Judging seeding rates with any
degree of precision is impossible and there
has been a tendency to use high seeding
rates to ensure positive outcomes. These
limits mean that only relatively small
projects can be undertaken because ineffi-
cient use is being made of a limited (and
currently very expensive) seed resource.

One limitation of this review is that it
not possible to determine from the litera-
ture whether these early restoration exer-
cises have created viable Themeda stands
over the longer-term (> 10 years), since no
long-term monitoring has been under-
taken. Ongoing monitoring of these early
restoration activities would be invaluable
(e.g. Morgan 1999; Spooner et al. 2002).
Since Themeda vigour is strongly influ-
enced by disturbance regimes (Morgan &
Lunt 1999), it is important to also assess
post-establishment management regimes.

Research and development  
needs

There is a need to build on the legacy of the
first generation of Themeda restoration
exercises by further refining establishment
methods. Potential refinements include:
identifying optimal sowing periods, develop-
ing practical mulching techniques, improving
weed control, and creating better seedbed
conditions.

Recent progress in seed harvesting
technology has made the collection of
more concentrated seed products possible,
including seed-bearing florets and pure
seed (Huxtable 1999). These more concen-
trated seed materials have a number of
potential advantages, including: (i) seed
supplies can be easily stored; (ii) seed

density and germination levels can be accu-
rately assessed prior to sowing; and (iii)
known amounts of germinable seed can be
spread when seasonal conditions favour
rapid establishment (rather than immedi-
ately after seed ripening), all of which may
lead to more rapid and reliable establish-
ment. Seed-floret materials allow better use
of the limited seed resource, thereby reduc-
ing establishment costs per unit area and
allowing larger areas to be restored at a
time. Most importantly, future trials must
focus on the larger scale, to enable the
development of simple, efficient and effec-
tive methods to revegetate landscapes
rather than small patches.
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