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Abstract: The possibility of trading greenhouse gas emission permits as a resuit of the Kyoto Protocol has
spurred interest in developing land-based sinks for greenhouse gases. Extensive grazing fands which have the
potential to develop substantial woody biomass are one obvious candidate for such activities. However, any
such activity needs to take into account the possible impacts on existing grazing and the possible impacts of
continuing €Oy buildup in the atmosphere and resuliant climate change, We use simulation models to
investigate these issues in south-west Queensland, These sunulations suggest that this system can be managed
to act as either a net source or a net sink of greenhouse gases under current climate and CO- and under a
range of global change scenarios. The key component in determining source or sink status is the management
of the woody mulga. Excluding both burning and grazing is the most effective means of permanently
increasing carbon stores and hence reducing net emissions, There are combinations of management regimes
such as excluding fire with light grazing which, on average, allow productive grazing bur transient carbon
storage. The effects of increased CO; on ecosystem carbon stores were unexpected. Carbon stores increased
(7-17%) with doubling of COy only in those simulations where burning did not occur, but decreased when
burnt. This occurred because the substantial increases in grass growth with doubling of CO, (34 o 56%)
enabled more fires, killing off the establishking cohorts needed to ensure continued carbon accumulation, On
average doubling CO; increased grass growth by 44%, this is ideatical with mean literature values suggesting
that this result may be apphcable in other ecosystems where fire has a similar function, A sensitivity analysis
of the COy response of mulga showed only minor impacts. We discuss additional uncertainties and
shortcomings.

Introduction e eYEs

Increases in the density of shrubs and trees (woody
weeds) in grasslands in semi-arid Australia is
currently a major threat to sustainable agricultural

Methods

_The model of Moore er al. (1997) is an extension

production due to the reductions in grass growth
and hence livestock performance that occur (eg
Burrows 1 af 1990, However, whilst these
mvasions reduce grass production and hence wool
cuts, they can also result in substantial increases in
carbon stores which may become a new source of
mcome for these regions in the eventuality that
carbon emission trading arises from the Kyoto
Protocot. This may require adaptation of grazing
and burning regimes in these regions depending on
the mmanagement goals. A further complication is
that the dynamics of woody weed invasions may
themselves be changed by increases in atmospheric
COs levels and by possible changes in climate. We
investigate responses of the mulea (Acacia aneura)
woodland ecosystermns in south-west Queensland
under scenarios of CO, and climate change in the
context of adaptation for differing management
goals. We use an existing mode! of the dynamics of
these woodlands (Moore et al. 1997} adapted to
simulate responses Lo varying atmospheric C0,

of GRASP (McKeon er al. 1990). GRASP is a
model simufating the above-ground yieid of a
sward dominated by perennial native grasses.
GRASP includes a four layer soil water balance
and a plant growth model which calculates the
processes of run-oft, iafiltration, drainage, soil
evaporation, tree and grass transpiration, pasture
growth, consumption and decay, nitrogen uptake,
pasture management effects (i.e. stocking rate and
pasture burning) and plant density (i.e. perennial
grass basal cover). GRASP calculates pasture
growth as a function of grass transpiration,
radiation interception, temperature, YPD, nitrogen
availability and regrowth potential. Evaluation,
calibration and validation of the model are
described in Day et all (1997).

The density of trees in GRASP, however, is set by
the user within each simulation. The model of
Moore ef al. (1997) adds modules which simulate
the population dynamics and growth of mulga in
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response  to changes in environment and
management (stocking rate, burning, tree clearing).
It also has an emissions module which tracks the
flow of carbon and other emissions through the
plant and animal components of the ecosystem
although it doesn’t currently model the soil carbon
components. We have modified this model to
simulate  responses to high  atmospheric CG,
concentrations within both the grass sward and the
mulga components.

The peneral umpacts of increased CO, on (4
arasses are understood in terms of photosynthetic
and stomatal responses and changes in nitrogen
nutrition (eg Wand et al. 1999). Mulga lands
sood conditton have a large component of
arasses and we assume for these simulations that
they dominate the sward, acknowledging that many
pastures have substantial Cy components. The CO,
response of the grass component was modified
folloawing Howden (1999a,b) by changing the
transpiration etficiency, radiation use efficiency
and nitrogen etficiency of the grasses. In contrast,
the responses of woody plants to increased CO;
appear to be more variable than the C; grass
responses with the meta-analysis by Curtis ef al
(1998) showing relatively conststent
photosynthetic responses {averaging +16% for
woody plants in natrient-stressed conditions} but
quite  variable stornatal condugtance responses
(mean -11% but not sigaificant). We thus have
used two sensitivity scenarios which vary the
response of mulga to high CO,. These are a low

response where daily transpiration per unit tree

hasal area decreases by 1% but where the water-
use efficiency increases proportionately, and a high
response where {ranspiration per unit basal area

decreases- -as - before - but-there 15 an -additional -

increase in water-use efficiency of }0%.

We apply this model to a range of feasible global
change scenarios  which reflect the different
uncertainties.  Increases in atmospheric COs
conceniration are highly likely due to existing
economic and population development pathways
and energy and landuse patterns. In the mid-range
IPCC seenarios. atmospheric €O, concentrations
are likely to double to about 700ppm around the
year 2100 (Houghton et al. 1996). Consequent
increases in global temperature are consistently
forecast whilst changes in rainfail at regional level
have considerable uncertainty, We thus construct a
cascading hierarchy of scenarios (Table 1). The
temperature and rainfall changes in the Hot, Wet
and Dry scenarios are implemented by using the
historical climate record for Charleville for the
Table 1: Chaages in carbon dicxide Jevels,

temperatare and rainfall for each global change

scenario

Scenaric (02 Temperature  Rainfall

{ppm) ('C) (%)
Baseline 350 0 G
CO, 700 0 Y]
Hot 700 +3 0
Wet 700 +3 +10
Dry 700 +3 -0

period 1885-1995 but adding 3°C equally to
maximum, minimum and dewpoint temperature
(Hennessy e al. 1999}, whilst rainfall changes are
implemented as + 0% multipliers on daily rainfai
(Howden 1999a). To ensure consistency between
all files, pan evaporation was recalculated using a
regression derived from the period 1980 to 1995
when the Ciass A pan measurements were most
reliable (Eq’n I} VP and VPD were recalculated
for the scenarios with changing temperature using

_the equations in McKeon er al. (1998),

Eaun = -1.338 + {0,177 *Rad) + (0.238 * VPD)
£ =0.920 Eg'nl

The simuiations were run using the site data and
parameterisations from Moore et al. (1997). The
mitial mulga cohort was altered to give a more
even age distribution {200stems/ha each at (.25m
and Im height, 50 stems/ha at 2m, 30 stems/ha at
Smand 5 sterms/ha at 10m) and a total basal area of
0475m*/ha.  Treatments were a factorial

.combination. of grazing by fire with. two grazing.

treatments fungrazed (U) and grazed (G) with
sheep stocking rate set for 20% utilisation based on
pasture availability at 1 June: McKeon e af. 1990)

and three fire treatmentd [Aever Bupnt (N), burat

every 6 years (F) and burnt annually (A} Burning
occurs at the end of the dry season, if a threshold
biomass of 1000kg DM/ha is present]. These
treatments were simulated for both the global
change and baseline scenarios. All scenarios apart
from the Baseline were simulated with both the
Low and High CO; response by the mulga.

Data are generally presented as means of the 110
year simulation. Net emissions are expressed in
terms of carbon-dioxide equivalent emissions
(COy-e) by using CGlobal Warming Potentials to
adjust for the different radiative forcing and
lifetimes of gases such as methane and aitrous
oxide {Houghton et al. 1996). The difference
between final and inital carbon stores was
calculated to give the change in carbon store over
the simulation.
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Results

There was a substantial trade-off between wool
production and net emissions with four clusters of
results being dominated by grazing and burning
treatment (Fig 1), Variations in global change
scenario and/or muiga CO, response had lesser
impacts than the management. The substantial
variation of results within a treatment suggests that
there are feasible global change scenarios which
result 1n both high wool production and low net
emissions/high average carbon store.
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Figure 1: Wool production (kg/ha) and net
emissions (kg COx-e/ha/yvear) for all treatments and
SCENArIOS.

Doubling CO: and climate change increased
average net emissions for all treatments except UN
with. (GIN..remaiming . similar. tc...the.. Baseline
simulation {Table 2}, Average net emissions were
negative {ie a sink) for GN (-140kg COy-e/hafyear)
and not influenced much by global change

soenario. The sink Tsize was doubled In the UNT

treatments (250 for the Dry scenaric to -340 kg
COs-efhafyear for the Wet scenario). Climate
change in addition to CO; increase had minor
eftects on net emisstons for UA, UF, GA and GF
treatments. All changes in net emissions were
closely linked to differences in average carbon
store with decreases in average carbon store from
the Baseline simulations for all treatments except
UN with marginal changes in GN depending on the
climate change scenario. However, carbon store
rrajectories  differed  significantly  between
treatments (Fig. 2) with some treatments (UA, GA)
having o carbon store at the end of the 110 year
simulation less than that at the start. Only the UN
treatments showed continuing carbon storage at the
end of the simulation {Table 2) with significant
variation with scenario in the increase in storage
from +17000 kgC/ha (Dry) to +21000 kgClha
(Wet). The GN treatments also maintained carbon
storage tor a long period into the simulation.
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Figure 2: Wool production (kg/ha) and net
emissions (kg COy-e/halyear) for selected
treatments under the Baseline scenario.

Grass growth was substantially stimulated by the
doubling of CO, (mean 44%) with the response
being mediaied by both grazing/burning treatment
and the response of the muiga to CO, (Table 3.
The grass response was least in the treatments that
were never burnt (+34 to +40%) and greatest In
those frequently burnt (+47 to +36%). High mulga
CO; response decreased the grass CO, response
from 40 to 34% in the UN treatment. There was no
effect in some treatments (UA and GA).

Table 3: Response (% change from baseline) of
grass production to CO, under the different
management scenarios

Treatment Grass Response
Low High
CUngrazed = Annual 43 420

Ungrazed — 6 yearly 36 53
Ungrazed — Naver 40 34
Grazed — Annual 44 44
“Grazed =6 yearly S50 0 4T
Grazed — Never 3% 35

The number of burning events (Table 2) in the
Baseline stmulations were 10 (GPF), 23 {(GA), 11
(UF) and 33 {UA). Doubling CO, increased these
markedly (14, 43, 17 and 31 respectively). The Hot
and the Dry climate change scenarios reduced the
number of fire events but they always remained
above baseline values.

Wool production varied by 30% for the Baseline
scenario with  valaes of LI, 1.l and 0.9
kg/halyear for the GA. GF and GN treatments
(Table 2). Doubling of CO; increased production
markedly especially for the GF(50%) and GN
(389%) treatments. However, when climate change
was simulated in coniuncticn with CO, increase,
wool production was reduced in all scenarios
sometimes to below the Baseline values (eg 30%
reduction in the Dry scenario of GA).

Table 2: Average net emissions, average carbon store, change in carbon store, average wool production, number
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ot burns and grass production for each management treatment and global change scenario,

Treatment Average Net Average C Change in Wool Burns Grass
Emissions Store C Store Growth
(kg COp-e {kg/ha) (kg/ha) (kg/hatyr) {no.) {kg DM/ha)
/hatyr}
Ungrazed - Annual Burn (UA)

Baseline i 3436 294 i 33 758
Coz 30/29 285472939 -525/-446 0 51/51 1086/1074
Hot 30/29 255572669 -644/-539 0 53/53 1068/1034
Wet 31/29 2735/2838 -504/-396 0 55/56 LE63/F157
Dry 22/19 2726/2836 -336/-111 0 44/44 919/909

Ungrazed — Burnt every 6 years (UF)

Baseline -36 5913 3285 £} it 622
CO2 ~12/-18 540575697 2138/23536 0 17/17 971/949
Hot -13/-18 5891/6132 2228/2503 {0 13/13 Q01/886
Wel ~13/-18 5672/5871 2289/2603 0 17717 H028/1013
Dry -9/-13 5488/5775 1798/2102 G 15/15 BOB/789

Ungrazed - Never Burnt (UN)

Baseline =273 11726 17314 0 0 428
CO2 -300/-332 1294713807 19176/21074 0 0 60574
Hot -280/-316 12434/13255 18303/20097 0 0 583/556
Wet -315/-343 13347/14101 20084/21738 0 0 626/602
Dry -249/-28{} 11258/12817 16021/17857 G 0 344/518

Grazed - Annnal Burn (GA)

Buaseline 39 3586 -56 118 23 719
CcO2 50/56 2939/3003 -677/-685 1.39/1.38 43/44 103871032
Hot 53/52 2658/2741 -618/-614 0.99/0.98 45/46 102271016
Wet 59/52 2698/2788 -830/-315 L1312 51/48 3378150
Dry 49/49 269372765 -649/-648 0.89/0.88 39/3¢ 891/886

Grazed - Burnt every 6 years (GF)

Baseline 3 5721 2233 i.l 10 588
COz2 31425 5450/3778 1427/1805 1.66/1.62 15/13 BR5/804
Hot 28728 - - 53489/5644 - 1466/1508 L1S/115 0 1414 ‘848/839
Wet 34/33 5604/5820 1391/1472 1.38/1.36 i5/15 046/941
Dry 16/14 53452/5619 1909/1988 0.98/0.97 NN 738721

Grazed - Never Burnt (GN)

Baseline -146 10679 10912 0.9 & 435
CQz ~141/-148 10820/11278 11247/11626 1.25/1.21 0 605/587
Haot -141/-148 10543/10998 11157/11541 (6.87/0.84 0 588/571
Wet -144/.150 LIOAB/1 1468 11499/ 1830 (0.93/0.93 0 639/622
Dry ~135/.143 9863710357 10618/11033 0.78/0.74 0 337/519

The ditferences between the two CO; responses for
the mulga component was smafl for the average
carbon store, average net emissions and the other
variables (eg wool production, burning events),

Discussion

These simulations suggest that this system can be
managed to act as either a net source or a net sink of
greenhouse gases under current chimate and CO; and

under a range of global change scenarios. The key

component in determining source or sink status is the
management of the woedy mulga. Excluding both
burning and grazing is the most effective means of
increasing carbon stores and hence reducing net
emissions although we note that permanent exclusion
of fire is probably not a practical option. Under 2
zero-grazing scenario, this land would no longer be
used for agricultural production. If grazing is
undertaken with various fire management regimes,
there remains a significant trade-off between wool
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production and increasing carbon stores although
there are combinations of management regimes such
as excluding five with light grazing which, on
average can provide both. However, it was only in
the simulations where no fires or grazing occurred
that  there o continuing  increment of carbon
throughout the P{0 year simulation, Under other
management regimes. initial ncreases in carbon
stares are followed by reductions as the initial muiga
cohorts die out. The model is of course a
simplification. of real management practices and
there wre opportunities which  generally exclude
grazing but use the mulga and the associated
chenopods as drought reserve {eg Lauder and
Freudenberger 1999) which could make muoldple
uses feasible.

The issue of whether carben sequestration is an
alternative landuse 1o grazing s currently  hotly
debated. The purchase cost of land, maintenance
costs (eg firebreaks and fencing), income foregone,
security of store, the costs, accuracy and precision of
monitoring and verification, transaction costs and
other possible associated benefits and costs {eg
brodiversity) all need o be addressed. The low cost
of fund and curreat low returns  from  wool
production from  the rangelands in south-west
Queensland suggests that this region may be suitable
to develop a mosaic of landuses which incorporates
carbon storage as one goal provided that some of the
above cost issues can be addressed (eg reduce
monitering costs). The simulations in Moore et al
(1997} using this model suggest that both the

influenced by the initial mulga stand structure. This

needs further iavestigation as it may have an
influence on the viability of carbon storage as a
fanduse: - SRR

The effects of increases in COy on ecosystern carbon
stores were unexpected. Mean growth responses
from the literature for doubling of CG, are 44% for
Cy grasses (Wand er all 1999) and 10% for woody
species in nutrient stressed conditions (Curtis and
Wang [998). In these simulations when ungrazed
and unburnt, this resulted in a 16-17% increase in
mean carbon storage with the variation due o the
different mulga CO responses investigated. This is
consistent with the physiolegical potential of 16%.
When grazed but sull unburni, this changed w 7-
PH9% nerease in mean carbon store: considerably
tower than the potentinl,  However, under all
freatments in which burning occurred, doubling CO;
resulted in a smaller mean carbon store and less
carbon stored over the simulation. This occurred
because the substantial increases in grass growth
with doubling of CO; (34 10 536%) enabled more fire
events (o occur and this affected the mulga
popuiations, killing off the establishing cohorts
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needed fo ensure continued carbon accumulation.
The mean effect of increased CO; on grass growth
across all treatments is 44%. This is identical with
the mean effect of doubling CO, for C; grasses
found in the meta-analysis of Wand et al. (1999)
suggesting that this result may be applicable in other
ecosystems where fire has a similar function.

The effect of changing the CO, response of the
muiga had surprisingly little impact on the emissions
dynamics or other aspects of the ecosystems
simulated such as fire frequency or wool production.
The high muiga CO, response slightly reduced the
grass CO, response by increasing competition.
Further investigation of the response of woody plants
under increased CO, 15 needed as we have not
explored the full array of possible responses. For
example, a scenario with no change in water use
from stomatal conductance change but a growth
increase due photosynthetic response would result in
wncreased competition with grasses,

There remain, however, several sources of
uncertainty in these analyses apart from those we
explored by using scemarios. For example, the
potential burning frequency of 23% when grazed
(baseline GA freatment) appears more frequent than
seen on actual properties. This difference probably
reflects maximum  possible fire frequency with
biological constraints as opposed to current cultural
practice. The frequently burnt scenario (every 6
years) 1s probably more representative of current
pasture management in the region with 0 burning

Jgvents in the historical record. Buming [requency is

very sensitive to woody plant density. In a study of
the effects of Eremophilla gilesi on potential fire
frequency at Charleville, Carter and Johnston (1986)

“showed that with grazing at 20% utilisation an

increase in £. gilesii canopy cover from 7.5% to
1% reduced the frequency of 1000kg vields from
30% to 12%. When average grass fuel load is close
to the threshold required for fire one could expect
high model sensitivity. The ungrazed/annual burn
treatment gave resulls consistent with those of
Johnsten and Carter (1986), In the simulations, we
also retain domestic stock on the paddock at all
times whareas graziers may spell their paddocks
occasionally, Mulga is very sensilive to grazing (eg
Brown |983) and these spelling periods appear to be
vital in allowing the saplings to grow to a height
where they are no longer susceptible to grazing and
burning. For these reasons, these simulations cannot
be considered to provide a hindeast trajectory of
mulga spread even though as discussed in Moore er
al. (1997), they shmulate the correct gross response
observed in various management regimes. In
addition, different plant communities are likely to
provide very different interactions between grazing
and fire management, particularly those with



unpalatable shrub species. Further studies are needed
on such systems.

We do not simulate changes in soil carbon which
may be important under some treatments and
scenarios. These lands were likely to have been burnt
very regularty as part of aboriginal {and management
practices resulting in the possibility of a relatively
farze pool of elemental carbon (‘charcoal’). This
pool can be as large as 30% of the total soil carbon
pool {Skjemstad e al. [996). Removal of burning
from the system as simulated in some of these
treatments could result in long-term reduction in the
‘charcoal” pool which may offset part of the increase
in  biomass carbon store. The global change
scenarios could also alter both carbon inputs through
increasing growth and carbon outputs through
increasing  decomposition rates  with  increased
temperature and, in some scenarios, increased soil
moisture, The balance between these factors needs
evaiuating through a model such as CENTURY
{Parton ¢r al. 1988).
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