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Summary & Synthesis

The recent Intergovernmental Panel on Climate Ghdraurth Assessment Report (Hennessy
al. 2007; IPCC 2007b) concluded that the agriculte&a in Australia is particularly vulnerable
to climate changes, with potential negative impactshe amount of produce, quality of produce,
reliability of production and on the natural resmubase on which agriculture depends. This
vulnerability requires high levels of adaptive respes.

The benefits and positive opportunities presentedlimate change may start to peak during the
initial stages (possibly mid century), but the naga impacts may lag behind, becoming
progressively stronger over time and with greateidup of greenhouse gases in the atmosphere.
Caution is therefore needed not to underestimatdotig-term challenge of climate change based
on initial, more moderate experiences.

This review has identified a number of potentiati@ps for Australian agriculture to adapt to
climate change. Many of these options are extessiw enhancements of existing activities that
are aimed at managing the impacts of existing ¢émariability and improving the sustainability
and efficiency in the use of natural resources.

However, less than a dozen of these potential ataptoptions have been evaluated for their
utility in reducing the risks or taking advantagectimate change impacts. Only a couple of
adaptations have been evaluated in relation tbrb&der costs and benefits of their use.

These few analyses show that practicable and fialywwiable adaptations will have very
significant benefits in ameliorating risks of ndgatclimate changes and enhancing opportunities
where they occur. The benefit to cost ratio ofarteking R&D into these adaptations appears to
be very large (indicative ratios greatly exceed:100

A key recommendation is thus to progress some @daptation studies which analyse the costs
and benefits of implementation of adaptations (idizlg socio-economic aspects as well as
potential feedbacks through greenhouse emissiofi$)is R&D needs to be undertaken in a
participatory way with industry groups so as toldd#ectively with their key concerns, draw on
their valuable expertise and also contribute taenhd knowledge in the agricultural community.

There will always be uncertainty about future clien@hange impacts due to highly uncertain
levels of future greenhouse emissions; fundamemizértainty in the science of the global climate
system; uncertainty about how specific changeslimate will affect agricultural/ ecological /
social systems, and uncertainty in how communitilsespond to these changes.

Uncertainties are greatly compounded by the conijgexof scaling down to finer scales, so
generalities about broad-scale impacts of climé&i@gnge are difficult to translate into specific
predications for particular management units (fafnpgoperties / marine areas). Instead, risk-
based approaches should be used, focusing on nige & plausible impacts that could occur,
rather than potentially-misleading ‘average predic'.

Given this inherent uncertainty, the need is toetlgv enhanced adaptive capacity in agricultural
systems (including socio-economic and culturalinbnal structures) to cope with a broad range
of possible changes. Synergies with existing Commaalth policies such as self-reliance in
drought and their supporting programs such as AclagnAustralian Agriculture as well as with
institutions such as Landcare are needed deveiopdpacity.

To cope with uncertainty in projected climate the tertainty of ongoing technological, cultural
and institutional change, there is a need to usadive adaptive management approach for
adaptation. This requires directed change in mamagt or policy that is monitored, analysed
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and learnt from, so as to iteratively and effedtivadjust to ongoing climate changes. Such an
approach has profound implications for capacityeing, R&D, monitoring and policy.

Successful adaptation to climate change will nestl Btrategic preparation and tactical response
strategies. Adaptation measures will have to cefied enhance current ‘best-practices’ designed
to cope with adverse conditions such as droughdopfion of these new practices will require,
amongst other things 1) confidence that the climeadly is changing, 2) the motivation to change
to avoid risks or use opportunities, 3) demonstrdezhnologies to enable change to occur, 4)
support during transitions to new management or laew use, 5) altered transport and market
infrastructure and 6) an effective monitoring anéleation system to learn which adaptations
work well, which do not and why.

Many potential adaptation options are common acindsstries. These common or cross-
industry themes are outlined immediately belowduktry-specific knowledge gaps and priority

action areas are summarised in the next table (wihe detailed tables provided at the end of
each chapter). The final two synthesis tables samiaen regional variation in terrestrial and

marine climate change impacts.
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Adaptation issues common across industries

Table 1.1: Summary of climate change adaptation issues that are shared across primary industries.

Policy

Develop linkages to existing government policies and initiatives (e.g. Greenhouse Gas Abatement
Program, Greenhouse Challenge Plus, salinity, water quality, rural restructuring) and into integrated
catchment management so as to enhance the capacity to adapt to climate change.

Managing transitions

Develop policies and mechanisms to provide technical and financial support during transitions to new
systems that are more adapted to the emerging climate.

Accepting Uncertainty

Enhance capacity for land and marine managers and supporting institutions to deal with uncertainty.
Current and future actions will have to be taken based on uncertain regional- / farm-scale predictions
and observations of climate changes. Adaptation strategies will need to enhance adaptive capacity by
ensuring that rural communities are equipped to cope with a range of possible, but uncertain changes
in local climatic conditions.

Communication

Ensure communication of broader climate change information as well as industry-specific and region-
specific information as it becomes available.

Climate data and monitoring

Maintain effective climate data collection, distribution and analysis systems to link into ongoing
evaluation and adaptation. Monitor climate conditions and relate these to yield and quality aspects to
support/facilitate adaptive management. Develop climate projections that can be downscaled so as to
be relevant to farm, catchment and coastal scales. Consideration could be given to the introduction of
climate change adaptation into Environmental Management Systems.

R&D and training

Undertake further adaptation studies that include broad-based costs and benefits to inform policy
decisions. Maintain the research and development base (people, skills, institutions) to enable ongoing
evaluation of climate/CO,/(cultivar, species or land use)/management relationships, and to streamline
rapid R&D responses (for example, to evaluate new adaptations or new climate change scenarios).
This R&D needs to be developed in a participatory way so that it can contribute to training that
improves self-reliance in the agricultural sector and provides the knowledge base for farm-scale
adaptation.

Breeding and selection

Maintain public sector support for agricultural biotechnology and conventional breeding with access to
global gene pools so as to have suitable varieties and species for higher CO, and temperature
regimes and changed moisture availability.

Model development and application

Develop further systems modelling capabilities such as APSIM for crops and AussieGrass and
GrazFeed for grazing that link with meteorological data distribution services, and can use projections
of climate and CO, levels, natural resource status and management options to provide quantitative
approaches to risk management for use in several of these cross-industry adaptation issues. These
models have been the basis for successful development of participatory research approaches that
enable access to climate data and interpretation of the data in relation to farmers own records and to
analyse alternative management options. Such models can assist pro-active decision making on-farm
and inform policy and can extend findings from individual sites to large areas.
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Seasonal forecasting

Facilitate the adoption of seasonal climate forecasts (e.g. those based on El Nifio and La Nifia, sea-
surface temperatures, etc) to help farmers, industry and policy incrementally adapt to climate change
whilst managing for climate variability. Maximise the usefulness of forecasts by combining them with
on-ground/water measurements (e.g., soil moisture, nitrogen, ocean temperature), market information
and systems modelling.

Pests, diseases and weeds

Maintain or improve quarantine capabilities, sentinel monitoring programs and commitment to
identification and management of pests, diseases and weed threats. Improve the effectiveness of pest,
disease and weed management practices through predictive tools such as quantitative models,
integrated pest management, area-wide pest management, routine record keeping of climate and
pest/disease/weed threat, and through development of resistant species and improved management
practices.

Nutrition

Adjust nutrient supply to maintain grain, fruit, fibre and pasture quality through application of fertiliser,
enhanced legume-sourced nitrogen inputs or through varietal selection or management action. Note
however, that this may have implications for greenhouse emissions (via field-based emissions of
nitrous oxide or emissions of CO, during manufacture). Any increases in nutrient supply will have to be
carefully managed to minimize soil acidification, waterway eutrophication or runoff into estuaries and
marine systems.

Water

Increase water use efficiency by 1) a combination of policy settings that encourage development of
effective water-trading systems that allow for climate variability and climate change and that support
development of related information networks, 2) improve water distribution systems to reduce leakage
and evaporation, 3) developing farmer expertise in water management tools (crop models, decision
support tools) and 4) enhancing adoption of appropriate water-saving technologies.

Land use/location change and diversification

Undertake risk assessments to evaluate needs and opportunities for changing varieties, species,
management or land use/location in response to climate trends or climate projections. Support
assessments of the benefits (and costs) of diversifying farm enterprises.

Salinity

Determine the impact of climate change (interacting with land management) on salinity risk (both
dryland and irrigated) and inform policies, such as the National Action Plan for Salinity and Water
Quality, accordingly.
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Industry-specific priorities

Table 1.2: Summary of priorities for climate change adaptation strategies for Australian agriculture sectors based
on identified knowledge gaps and other criteria documented in the report. Note that these exclude the cross-
industry components listed above.

Grains

Develop further risk amelioration approaches (e.g. zero tillage and other minimum disturbance
techniques, retaining residue, extending fallows, row spacing, planting density, staggering planting
times, erosion control infrastructure) and controlled traffic approaches.

Development of crop varieties with appropriate thermal time and vernalisation requirements, heat
shock resistance, drought tolerance (i.e. Staygreen), high protein levels, resistance to new pest and
diseases and perhaps that set flowers in hot/windy conditions.

Alter planting rules to be more opportunistic depending on environmental condition (e.g. soil moisture),
climate (e.qg. frost risk) and markets.

Provide tools and extension to enable farmers to access climate data at the scale needed for their
decisions and analyse alternative management and land use options including in real-time using
approaches akin to Yield Prophet™.

Research and revise soil fertility management (fertilizer application, type and timing, increase legume
phase in rotations) on an ongoing basis.

Analyse value-chain and regional adaptation options that translate climate scenarios into meaningful
quantities for the stakeholders involved and that include technical, managerial, structural and policy
adaptations with consideration of interactions with a large range of other stressors, opportunities and
barriers.

Cotton

Improve whole farm and crop water use efficiencies by enabling further improvements in water
distribution systems (to reduce leakage and evaporation), irrigation practices such as water application
methods, irrigation scheduling and utilizing moisture monitoring techniques.

Develop management systems that improve cotton nitrogen use efficiency.

Select varieties with appropriate, heat shock resistance, drought tolerance, higher agronomic water
use efficiency, improved fibre quality, resistance to new pest and diseases (including introgression of
new transgenic traits).

Provide information to cotton growers on the likely impacts at their business level (downscaling climate
change predictions to regional scales).

Maintain R&D capacity, undertake further adaptation studies which include costs/benefits and
streamline rapid R&D responses.

Conduct responsible research into the development of cotton systems in northern Australia.

Research the integrated affects of climate change (temperature, CO,, and water stress) on cotton
growth and yield need further analysis.

Conduct research into avoiding resistance of pests (both insects and weeds) through appropriate
integrated pest and weed management systems to maintain transgenic technologies.

Enhance capacity to predict and forecast pest issues in relation to climate change and variability.
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Rice

Increase water productivity of cropping systems, through continuing efforts to reduce rice water use,
consideration of new crops and rotations, irrigation technologies and farm layouts.

Assess cost benefits of investing in more efficient irrigation methods and farm layouts, as a function of
soil type and location.

Assess potential for aerobic and alternate-wet-and-dry (AWD) rice culture in Australian environments;
investigate potential benefits and limitations; define optimal water management strategies, fertilisation
and weed control issues.

Consider cost-benefits of reducing water conveyancing losses both on-farm and in irrigation district.

Use electromagnetic technology (EM31) to better define which soils are suitable for ponded rice
production (to reduce drainage losses).

Sugarcane

Improve farming practices, especially precision irrigation, on-paddock water use and off-paddock
water quality impacts and the management of increased climate variability through seasonal
forecasting.

Promote innovative farming and processing systems that take an integrated and sustainable approach
to risk and opportunity across all inputs.

Capitalise bio-energy opportunities and carbon trading potential for value adding, preferably integrated
within innovative farming and processing systems to maximise cross industry benefits.

Focus research on sugarcane physiology and plant improvement in varietal characteristics that
enhance resilience to climate change, linked to industry adaptation to higher temperatures, reduced
water availability, and extreme events. This will also require knowledge of the genetic x environment x
management (G*E*M) interactions.

Enhance human capital through building skills and enhance science capability in climate
understanding and risk management across the sugarcane industry.

Include climate change considerations in biosecurity management.

Develop an understanding of the global context of climate change impacts on worldwide production,
profitability and markets relative to the Australian sugarcane industry.

Viticulture

Change varieties of winegrapes grown in a region in a gradual but timely manner to better suit the
projected climate. New ‘longer season’ varieties can be sourced/bred.

Assess the potential for new sites. Incorporate an analysis of chilling requirements. Also consider
other factors such as increasing risk of exposure to bushfire smoke at some sites.

Assess vine response to CO,-induced increased growth. How will this affect vine growth, yield and
yield variability, grape quality and water requirements.

Secure water supplies.

Consider management of the inter-row environment with regard to high rainfall events and also
potential frost risk.

Consider possible new winemaking demands (smoke taint/ high alcohol), and also winery
infrastructure and harvest logistics.

Horticulture

Change varieties of fruit and vegetables so they are phenologically suited for future conditions and re-
assess industry location.
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Assess spatial distribution of sites suitable for various horticultural crops, especially with frost likely to
reduce in the sub-tropical/tropical regions.

Research on altering crop management and implement breeding programs to avoid adverse crop
responses to increasing temperatures.

Determine water access and availability, especially for perennial horticulture.

Assess crop response to enhanced CO,/ increased temperature.

Forestry

Use bioclimatic analysis to improve knowledge of climatic requirements of particular genotypes and
identify vulnerable plantation sites for monitoring.

Evaluate the impacts of high CO, and drought risk on tree mortality and establishment strategies.
Identify the optimal strategy between high growth (e.g. dense stands with high leaf area) and risk
aversion (e.g. sparse stands with low leaf area) for particular sites and particular trees/products.

Develop detailed assessment of drought tolerance of important species and develop drought tolerant
genotypes.

Enhance process-based growth models to extend findings on climate change impacts and adaptations
from individual sites to large areas. Carry out cost/benefit studies of alternative adaptation strategies.

Develop improved assessments of pest, disease and weed risks as well as appropriate adaptations.

Develop improved assessments of bushfire risks as well as appropriate adaptations.

Grazing

Promote and enhance use of seasonal forecasts in grazing management, and incorporate
considerations of projected trends in climate change.

Quantify the range of plausible impacts that uncertain climate change could bring for the grazing
industry to clearly define the adaptation challenge.

Determine how pastoralists and policy makers are most likely to respond to climate change impacts
and comprehensively evaluate the costs, benefits and likely effectiveness of these reactions, and
where impacts are likely to exceed the capacity of pastoralists to cope with the changes.

Research and promote greater use of strategic spelling and other improvements in grazing land
management that reduce exposure to risks of climate variability and uncertain climate change.

Develop tools to determine regional safe stocking rates and pasture utilization levels linked to
seasonal and projected climate conditions.

Assess animal management options such as modifying the timing of mating based on seasonal
conditions.

Improve breeding and management of animal heat stress, particularly where livestock are handled
more intensively.

Intensive Livestock

Analyse and develop policies that promote effective adaptation while reducing maladaptation and
conflicting policy objectives. This would require comprehensive systems analysis of policy and
management adaptation options.

Develop guidelines or building codes for energy and water efficient production sheds, particularly
focussing on passive cooling or heating. Link these to revised capability to assess heat stress on
livestock.

Understand the risks to feed supplies due to climate variability or reduction through competition from
other users of feedstock.
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Assess the vulnerability of irrigated dairy to reduced water supply.

Water Resources

Develop approaches to managing water resources that take into account climate change projections
as well as seasonal to decadal drivers of climate variation.

Evaluate the costs and benefits of increasing on-farm and systems efficiencies via better use of
technology, co-ordination of delivery mechanisms, evaporation control, retrofitting leaky systems, the
provision of probabilistic seasonal forecasts, improved scheduling and better understanding of what is
needed to implement such measures in a range of different circumstances.

Incorporate climate change considerations more effectively into integrated catchment management,
addressing the relationships between water quality, surface and groundwater extraction, waterway
management and land-use,. Institutional arrangements may need reviewing to encourage such
integration.

Evaluate the implications of moving to full cost pricing and water trading so as to maximise the
potential for adaptation and minimise perverse incentives.

Evaluate whether there are clear thresholds in irrigated agriculture (e.g. loss of flows from the MDB
leading to the death of tree crops; in-stream salinity becoming too high for irrigation) and the
implications of these for water resource management under climate change

Develop a framework for water resource management that takes account of on-going conditions,
where business as usual, watching brief, near critical and emergency management are all codified
stages that contain strategic considerations relevant to planning horizons under climate change.

Fisheries & Aquaculture

Undertake research on how fisheries and aquaculture management and policy can facilitate flexibility
by operators seeking to adapt to climate change — are current management approaches suited to a
changing climate?

Collect and analyse data on the impacts of climate variability and trends on marine biology to give
insight into the impacts of climate change on fisheries and aquaculture and develop methods for
assessing the vulnerability of fished and aquaculture species to environmental variables under climate
change, including means, extremes, and cumulative impacts.

Develop robust genetic strains for aquaculture species that perform well in future environments, and
examine industry locations and opportunities under future climate scenarios.

Develop predictive models for the occurrence of extreme events, and the thresholds for the biology
(particularly for agquaculture). Deliver these warnings at a time in the production cycle that is useful to
operators and build the capacity of these operators to integrate this information into their management
plans.

Investigate regional case studies for the impacts of climate change on the biological, social and
economic relationships in fisheries and aquaculture.
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Region-specific considerations

The tabulated regional indications of climate change impacts are highly uncertain. Underpinning regional
projections of climate change are themselves highly uncertain and span a wide range of variation (CSIRO 2007).
Subsequent interpretations of impacts introduce added uncertainty about how biological systems will respond and
are based on informed synthesis of current knowledge (rather than rigorous analysis). The following comments
should therefore be used as an indication of the likely range of impacts for which primary industries will have to
prepare, and NOT as reliable predictions of exactly where specific impacts will occur.

Table 1.3: Summary of regional variation in climate change issues for terrestrial primary industries. Australia has
been divided into ten agro-climate zones (groupings of IBRA bioregions) following the regionalization of Hobbs &
Mcintyre (2005).

Agra-climalic Categaries

B ok s T empemate coolseasen vt
[ vy

T rempeate s hurmid

Bl vizclitarmnaan L
B sun-tropinal moke B ropica) wamm-seazon wet
[ subrepical sus-mamid. [T Tropical wed

- Cold wet

Cropping Very little cereal cropping practiced. Increasing temperatures may increase crop growths
and expand the growing season.

Forestry Much of this region is included in National Parks, so native tree species may be at risk
from climate change, but few if any commercial forest areas would be affected.

Intensive Dairy likely to benefit from warming and drying. Possibly reduced energy demand for

livestock heating of productions sheds.

Water Median greenhouse runoff projection slight decrease. Declining snowpack, making

resources streamflow less reliable. Tasmania mainly self extracting; Kosciusko Plateau important
source area for irrigation source water in MDB. Catchment risk score very low to low in
Tasmania, moderate to high on the mainland.

B -Dry

Cropping Cropping limited, restricted area of irrigation which may be challenged due to increasing
demand but decreasing supply of water.

Forestry Most of this region is too arid for commercial forestry though there may be some potential
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Industries

Regional climate change impacts and issues

for oil mallee and carbon sequestration plantings in the higher-rainfall edges of the region.
Care should be taken in establishing and managing these plantations, as being in already
relatively low rainfall areas they would be potentially vulnerable to any further rainfall
reductions.

Grazing

This vast arid area is likely to experience the greatest warming and drying trends within
the rangelands. This will further stress many enterprises that are already only marginally
viable and where few opportunities for adaptation exist.

Water
resources

Median greenhouse runoff projection positive in central south, slight decrease on fringes
of region, especially in the east. Most of the irrigation in these areas is self extracting and
opportunistic likely to more constrained. Catchment risk score very low (western half) and
low to moderate (eastern half).

B - Mediterranean

Cropping

Potentially large reductions in rainfall will reduce yields markedly leading to flow on effects
to regional communities and businesses. In such an eventuality, cropping will become
more challenging at the current dry margins but may expand into areas currently generally
too wet for regular cropping. There may be reductions in the risk of dryland salinisation. A
range of adaptations, particularly aimed at improving crop water management.

Rice

Water supplies are projected to become more limited while individual crop demand is
likely to increase. The likelihood of cold damage during flowering may decline, whereas
risks of crop heat-damage may increase. There is some scope to adapt rice production in
current ponded culture, however aerobic and alternate-wet-and-dry rice represent future
adaptation options. A wide range of potential farming system changes need to be
considered, including greater utilisation/understanding of seasonal climate forecasts.

Viticulture

Phenological shifts to winegrape vines may result in ripening in a warmer part of the
season. Quality will be affected. Grapevine variety suitability will change and planting of
‘longer season’ varieties to fit the warmer climate will reduce any negative impact. Water
may become a limiting factor for grape production in these regions.

Horticulture

Timing of crop cycles for annual horticulture crops may be hastened requiring crop
scheduling and marketing responses. Reduction in chilling over winter may affect
suitability for growing of some perennial fruit crops. Increasing frequency of extreme
temperature events resulting in undesirable physiological responses must be managed.
Water availability and security of supply is essential, especially for perennial horticulture.

Forestry

There are major areas of commercial plantings, particularly in Western Australia and
South Australia. Bioclimatic analysis should be used to identify particularly vulnerable E.
globulus (blue gum), P. radiata (radiata pine), P. pinaster (maritime pine) and oil mallee
plantings, so these can be monitored to provide early warning of any problems. Many
eucalypts in native forests in the southwest have narrow climatic ranges and may be
particularly vulnerable to climate change.

Intensive
livestock

Irrigated dairy likely to be impacted by reduced water allocation, and increased
temperatures. Landscape rehydration through wetland creation is a priority. Heat stress
issues for stock. Increased energy demand for cooling production sheds; increased
demand for new energy efficient designs or retrofitting of exiting sheds.

Water
resources

Median greenhouse runoff projection moderate to large decrease for the south-west
component and substantially negative for south-east component. In the south-east, most
water sourced from upstream in the MDB. Increased demand and reduced supply a
substantial issue in both regions. Catchment risk score moderate to very high (west) and
low to very high (east).

[ - Subtropical moist

10
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Industries Regional climate change impacts and issues

Cropping Cropping limited in area, restricted area of irrigation which may be increasingly challenged
due to increasing demand from climate and other users but decreasing supply of water.

Sugarcane Present limited supply of irrigation water is likely to be exacerbated by the projected

(Southern decrease in rainfall. Adaptation must focus on improved efficiency of water use. Projected

region) warming will increase the duration of the growing season. Planting earlier in the season

needs to be considered in a value-chain contest. Present competition for land-use from
other crops may increase, particularly from short-duration annual crops. Diversification
options also need to be considered in terms of short, medium and long-term climate
change projections.

Horticulture

Frost reduction in these regions may see expansion of horticultural production suited to
this climate. Crop phenology will be affected requiring intake scheduling and marketing
responses for vegetable cropping.

Forestry There are significant areas of hardwoods particularly E. pilularis and E. grandis.
Preliminary analyses suggest neither species is likely to be at high risk in this region, but
care should be taken to look for any developing problems, such as reduced productivity or
new pests and diseases.

Intensive Irrigated dairy likely to be impacted by reduced water allocation, and increased

livestock temperatures. Heat stress issues for stock. Increased energy demand for cooling
production sheds; increased demand for new energy efficient designs or retrofitting of
exiting sheds.

Water Median greenhouse runoff projection slight decrease. Local concentrations of irrigation

resources (mainly self extraction) will be affected. Drier conditions with increased flood risk from east

coast lows likely. Most storages not as substantial as those inland. Catchment risk score
moderate to very high.

P - Subtropical sub-humid

Cropping

Potentially significant reductions in yield and quality of winter crops such as wheat due to
likely reductions in rainfall and existing exposure to high temperatures in the northern part
of this region. Potential reductions in frost may increase crop options. Summer rainfall
seems equally likely to increase as to decrease and this also may provide some options to
alter the balance of cropping. Adaptations include increased opportunistic cropping,
increased attention to managing stored soil moisture and the use of seasonal climate
forecasts.

Cotton

Less irrigation water, higher temperatures and greater evaporative demand by crops will
impact yield and fibre quality. Improved water use efficiency (irrigation practice and
variety choice) and tolerance to heat stress (variety choice) and modification of crop
management (planting date, row configurations, irrigation scheduling) will need to be re-
considered to help offset these issues.

Forestry

Plantation forestry is not a major activity in the Brigalow belt. The dominant species
Acacia harpophylla (Brigalow) is widely distributed and is unlikely to be at high risk from
climate change.

Grazing

The negative affects of declines in rainfall and increasing incidence of drought on the
productivity of these savannas may initially be offset from by the benefits of higher CO,
and a prolonged growing season from warming. More intense rainfall may increase the
risks of soil erosion, rising CO, may favour trees at the expense of pasture production,
and pasture quality may decline.

Intensive
livestock

Feedlots are likely to be impacted by increased temperatures and reduced water
availability. Increased energy demand for cooling production sheds; increased demand
for new energy efficient designs or retrofitting of exiting sheds.
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Industries

Regional climate change impacts and issues

Water
resources

Median greenhouse runoff projection large decrease. Warmer conditions will increase
water stress. Self-extracted water sources less well buffered than distributive systems.
Catchment risk score high to very high.

- Temperate cool-season wet

Cropping

Potentially significant reductions in yield of winter crops such as wheat due to likely
reductions in rainfall. Reductions in irrigations water may push existing irrigated systems
into a more opportunistic mode where there is partial irrigation or irrigation only once
every several years on average. Adaptations include a range of changes in crops and
crop management, increased opportunistic cropping, increased attention to managing
stored soil moisture and the use of seasonal climate forecasts, increased water use
efficiency.

Viticulture

Some areas, previously too cool for viticulture may become suitable. Some varieties that
would not ripen in the present climate may be successfully planted in the future warmer
climate. Phenological shifts to existing winegrape vines may result in ripening in a warmer
part of the season. Quality will be affected. Grapevine variety suitability will change and
planting of ‘longer season’ varieties (than presently planted) to fit the warmer climate will
reduce any negative impact. Water may become a limiting factor for grape production in
these regions. Disease incidence may reduce with lower rainfall in spring.

Horticulture

Extreme temperature impacts resulting in damage and/or undesirable crop physiological
responses will need to be managed. Disease/pest impacts may be reduced with lower
projected rainfall. Phenological and cropping cycles may be reduced. Some presently
marginally cool regions may become more suitable for horticultural production. Security of
supply of water is required especially for perennial horticulture.

Forestry This is one of the most important plantation areas, including all or part of the Green
Triangle (southern SA and southwest Vic), Tasmania, Central Victoria, Murray Valley,
Central Gippsland, East Gippsland, Southern Tablelands, Central Tablelands and
Northern Tablelands National Plantation Inventory regions. P. radiata and E. globulus are
the major species. Likely impacts of climate change on these plantations are being
analysed by CSIRO Forestry as part of a project for Forest and Wood Products Australia.

Intensive Dairy likely to benefit from warming, particularly in Tasmania. Some heat stress issues for

livestock stock. Possible increased energy demand for cooling or warming production sheds;
increased demand for new energy efficient designs or retrofitting of exiting sheds.

Water Median greenhouse runoff projections slight decrease (coastal) to moderate decrease

resources (inland). Internal catchment water sources in the south and east and important source

area supplying downstream MDB in the north. Disappearing snow pack in higher areas.
Local irrigation will not be as affected as warmer areas. Flood risk in the east probably
increased. Catchment risk score moderate to very high.

- Temperate subhumid

Cropping

Potentially significant reductions in yield of winter crops such as wheat due to likely
reductions in rainfall. Reductions in irrigations water may push existing irrigated systems
into a more opportunistic mode where there is partial irrigation or irrigation only once
every several years on average. Adaptations include a range of changes in crops and
crop management, increased opportunistic cropping, increased attention to managing
stored soil moisture and the use of seasonal climate forecasts, increased water use
efficiency.

Cotton

Warmer conditions may allow for improved growing conditions (longer seasons) leading to
possible industry expansion, if irrigation water is available.

Rice

Water supplies are projected to become more limited while individual crop demand is
likely to increase. The likelihood of cold damage during flowering may decline, whereas

12
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the risk of crop heat-damage may increase. There is some scope to adapt rice production
in current ponded culture, however aerobic and alternate-wet-and-dry rice represent future
adaptation options. A wide range of potential farming system changes need to be
considered, including greater utilisation/understanding of seasonal climate forecasts.

Forestry This region includes part of the Western Slopes of New South Wales. Forestry is not a
major activity in the region at present, but there may be future oil mallee plantings for
carbon sequestration. Care should be taken in establishing and managing these
plantations, as being in already relatively low rainfall areas they would be potentially
vulnerable to any further rainfall reductions.

Intensive Irrigated dairy likely to be impacted by reduced water allocation, and increased

livestock temperatures. Heat stress issues for stock. Increased energy demand for cooling
production sheds; increased demand for new energy efficient designs or retrofitting of
exiting sheds.

Water Median greenhouse runoff projection moderate decrease. Region mostly sources water

resources from further east subject, to moderate decrease also. Increase in water stress and

storages not as large as on Murray system, so less carry-over resource. Catchment risk
score high to very high.

- Tropical warm-season moist

Cropping Sugarcane the dominant crop. As discussed in the chapter on sugarcane, in the north of
this region, prospects of lower rainfall may increase yields through increased sunshine but
in the south, reductions in rainfall will reduce yields or increase demands for increasingly
scarce irrigation water. Some increase in risks of soil erosion and pests and diseases.
Adaptations in planting regimes and changing harvest chain.

Cotton Development of a sustainable cotton cropping system for the Burdekin Irrigation Area

Sugarcane Crop damage from wind and cyclones may increase. Nutrient and sediment runoff into
the Great Barrier Reef lagoon may increase.

(Northern, ) . i : .

Herbert & Northern region: Increased waFerIogglng may limit paddqck access, par'ucqlarly during the

Burdekin and | 9rowing season. .Redu_ced spring rain would negatively impact crop esta_bhshment.

Central Herbert & Burde_kln region: The secunty pf \{vater supply from the Bu_rd_ekln Dam may b.e

regions) threatened. Rising water table and salinity issues, exacerbated by rising sea levels, will

require improvements in irrigation. Declines in winter and spring rain may increasing
trafficability, improving harvesting efficiency.

Central region: Limited water supplies may be further strained by projected drying.
Warming will extend growing seasons and improve crop growth in the frost-prone western
districts. Poor drainage and tidal intrusion in the lower floodplains are likely to be
exacerbated by projected sea level rise.

Horticulture

Expansion of industry may occur with decreased frost risk. Heat stress/flooding/erosion/
and cyclones can all have devastating impacts and risk assessments will need to be
undertaken with regard to these. Cropping cycles will change with increasing
temperatures and intake scheduling and marketing responses will need to be adjusted.

Forestry

South East Queensland is the major forestry centre in this region, with pine species
accounting for about 83% of the plantation area. The same species, P. elliottii (slash
pine) P. caribaea (caribbean pine) and their hybrid, as well as the native Araucaria
cunninghamii (hoop pine) are grown further north, so selected sites should be monitored
to provide some early warning of any problems associated with climate change.

Grazing

Productivity of these savannas may be negatively affected by some decline in rainfall and
increasing incidence of drought. More intense rainfall may increase the risks of soil
erosion, rising CO, may favour trees at the expense of pasture production, and pasture
quality may decline.
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Intensive Irrigated dairy likely to be impacted by reduced water allocation, and increased

livestock temperatures. Heat stress issues for stock. Cloud cover during wet season will continue
to be an issue for pasture growth in the north. Increased energy demand for cooling
production sheds; increased demand for new energy efficient designs or retrofitting of
exiting sheds.

Water Median greenhouse runoff projection slight to moderate decrease. Local concentrations of

resources irrigated tropical agriculture at risk of drought. Cyclone and storm damage risk may

increase. Catchment risk scores moderate to very high.

[ - Tropical warm-season wet

Cropping Limited dryland cropping with summer crops such as sorghum and also some irrigated
crops. All crops are likely to be increasingly negatively affected by high temperatures but if
increases in rainfall occur (approx 30% probability) this may alleviate restricted growing
seasons for the dryland crops in particular.

Cotton Establishment of sizeable cotton industry within the Ord Irrigation Area

Horticulture

Expansion of industry may occur with decreased frost risk. Heat stress/flooding/erosion/
and cyclones can all have devastating impacts and risk assessments will need to be
undertaken with regard to these. Cropping cycles will change with increasing
temperatures and intake scheduling and marketing responses will need to be adjusted.

Forestry The area of plantations in the Northern Territory is relatively small, but expanding rapidly.
The total area in 2005 was about 16,000 ha, of which 85% were Acacia mangium. Similar
areas of Khaya senegalensis (African mahogany) are likely to be planted in coming years.

Grazing Northern savannas are likely to be the rangelands where productivity is least affected by
climate change. But more intense rainfall may increase the risks of soil erosion, rising
CO, may favour trees at the expense of pasture production, and pasture quality may
decline.

Intensive Not applicable for dairy. Increased energy demand for cooling production sheds;

livestock increased demand for new energy efficient designs or retrofitting of exiting sheds.

Water Median greenhouse runoff projection slight increase on Cape York to slight decrease

resources further west. Substantial wet season but only one substantial water storage: Lake Argyle.
Catchment risk scores very low to low in the west and low to moderate on Cape York.

- Tropical wet

Cropping Sugarcane the dominant crop. As discussed in the chapter on sugarcane, prospects of
lower rainfall may increase yields through increased sunshine. Some increase in risks of
soil erosion and pests and diseases. Adaptations in planting regimes and changing
harvest chain.

Forestry The plantation area of the Ingham-Cairns region of North Queensland is not large, but it
may provide some useful early warning of possible climate change problems with growing
pine species important in South East Queensland under warming conditions. Conserving
highly species diverse tropical rainforests in their current condition may be difficult under
climate change. However, the diversity of species may provide some capacity to adapt to
climate change.

Intensive Not applicable for dairy. Increased energy demand for cooling production sheds;

livestock increased demand for new energy efficient designs or retrofitting of exiting sheds.

Water Median greenhouse runoff projection slight increase. No notable irrigation. Catchment risk

resources scores low to moderate.
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Table 1.4: Summary of regional variation in climate change issues for Australian fisheries and aquaculture.
Pelagic fish occur in most zones and are treated separately. A more detailed map is provided in Figure 12.1.

I 1. Aquaculture

2. Northern
3. Western a
6. Pelagic
4. South-Eastern
5. Sub-Antarctic

- Northern Changes in patterns of rainfall and freshwater flows may impact important nursery
areas, such as estuaries and mangroves, indirectly impacting fisheries catch.
Biological responses to increased temperature include enhanced recruitment and
growth of some species such as prawns.

Sea level rise and extreme events (storms and cyclones) intensity will increase risks
to infrastructure for aquaculture, such as prawn ponds, and nursery areas for wild
fisheries.

- Western Potential changes in the Leeuwin Current are not well described in climate models
due to scale of models, but some weakening has been predicted. The overall pattern
in temperature change is uncertain. A number of commercially fished species are
closely linked to Leeuwin Current dynamics, so responses are expected to any
physical change.

Increase in extreme events may impact aquaculture operations (e.g. oyster farming)
and changes in sea level need to be considered by coastal aguaculture operations.

- South-eastern| A strengthening of the East Australia Current will enhance increases in water
temperatures in south east Australia (projected to be greatest anywhere in southern
hemisphere). Southward shifts in species’ ranges have already been recorded in
conjunction with change over the past 30 year. Possible increases in wind-driven
upwelling in the Great Australian Bight, resulting in increased productivity at the base
of the food chain. Wind is related to recruitment cycles of some wild fished species,
however, changes due to climate not well resolved.

Warming waters have implications for aquaculture operations, such as salmon
farming.

- sub-Antarctic | Sea ice expected to become more seasonal and decline in northern extent. Increased
temperatures will increase growth rates of some species (up to a point). Increased
acidification is expected to reduce productivity at the base of the food chain.

l - Pelagic In offshore parts of all regions changes in distribution with changing temperature are
expected, particularly in south-east Australia. Greater availability of tropical species
may occur, and reduced availability of temperate species that move southwards.
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This review was prepared by a small, cross-diswpli team of researchers with valuable input
from relatively few industry participants. It exms, updates and builds on a previous report
prepared for the Australian Greenhouse Office iB32(Howdenet al. 2003). Due to the limited
participation and the paucity of existing analysésbenefits and costs of implementation of
adaptation strategies, this study should be seem starting point from which to engage with
primary industries — not a final analysis.

As part of a parallel process to this review, Land Water Australia have commissioned a set of
consultations with key representatives of Austtalmimary industries. Both sources of feedback

will be used in prioritising and planning futuresearch and management needs for preparing
Australian agriculture for climate change.

Literature cited in the Executive Summary is listethe Reference section of the Introduction.
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1: INTRODUCTION

Stokes, C.J.and Howden, S.M.

1.

2.

CSIRO Sustainable Ecosystems, PMB PO Aitkenvalé814

CSIRO Sustainable Ecosystems, GPO Box 284, Canl#CT, 2600

Key Messages:

The climate is changing and further change seemgtable even if greenhouse gas emissions
were to be reduced. For primary industries toiooetto thrive in the future we need to anticipate
these changes, be prepared for uncertainty, arelafeadaptation strategies now.

Some broad generalizations can be made about reow grlowth, which underpins all the primary
industries addressed in this report, will be a#ddby climate change. Warmer temperatures may
benefit perennial plants in cool climates, but aiewand plants growing in hot climates may be
negatively affected. Plant productivity would bgected to increase or decrease in accord with
any changes in rainfall, while the direct effectC®, in stimulating plant growth and increasing
water use efficiency could help by partly offsaftimcreases in evaporation or decreases in
rainfall.

While there are some general principles about howarcts of climate change will vary
geographically, regional climate change projectiars currently more useful for describing the
wide range of uncertainty and for probabilistikressessment than serving as reliable predictors
for planning and decision making.

Adaptation will need to take a flexible, risk-basggproach that incorporates future uncertainty
and provides strategies that will be able to cojié & range of possible local climate changes.
Initial efforts in preparing adaptation strategédeuld focus on equipping primary producers with
alternative adaptation options suitable for thegeanf uncertain future climate changes and the
capacity to evaluate and implement these as needtdr than focussing too strongly yet on

exactly where and when these impacts and adapsatidinoccur.

In the short-term, a common adaptation option Wi to enhance and promote existing
management strategies for dealing with climateadlity. This will automatically track early
stages of climate change until longer-term treretlne more clear.

Marginal production areas are amongst the mostevabie and will likely be amongst the first
areas in which the impacts of climate change witleed adaptive capacity. It will be important to
identify areas where climate change risks and dppires require strong policy intervention
(beyond simply supporting adaptation within exigtland uses) such as transformation to new
land use activities.
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Our changing climate

There is now widespread acknowledgement that olintdtange has already occurred, that future
change is almost inevitable, and that we will h&weadapt to these changes (IPCC 2007c; IPCC
2007a). Furthermore, future impacts and adaptagguirements will be dependent on the urgency
and effectiveness with which mitigation measuresiamplemented (Howdeet al. 2007). The recent
IPCC Fourth Assessment report concludes that Aigstras significant vulnerability to the changes in
temperature and rainfall projected over the nextades to 100 years (Hennessl al. 2007).
Agriculture and natural resources were two of tley kectors identified as likely to be affected
strongly. Climate change will add to the existimybstantial pressures on Australia’s primary
industries. To be prepared for these changes, & rio start developing and implementing
adaptation strategies now. As a first step, ifignti common adaptation issues among Australia’s
various primary industries will provide a means poioritizing actions and investments. This review
is aimed at assisting such efforts.

It is very likely that human activities are affeqithe global climate (IPCC 2007c). Global mean
temperatures have risen approximately ®C786ince the mid 1800s and changes in rainfall patte
sea levels, and rates of glacial retreat have lsdsm detected which are consistent with expectation
of ‘greenhouse’ climate change. The 1990s werewthemest decade ever recorded instrumentally,
and the last 100 years were the warmest of theemmibm. The most recent report of the
Intergovernmental Panel on Climate Change (200@b¢laded that there is now strong evidence for a
human influence on global climate and that thesieds will continue for the foreseeable future due t
continued emissions of fossil fuels and other gneese gases. The most up to date predictions are fo
an increase in global average temperatures of #’G&y the end of the present century. To place
these changes in perspective,’® tise in average temperature will make Melbourmditmate like
that currently experienced by Wagga,’g 4ise like that of Moree and 4@rise like that just north of
Roma in Queensland. Intuitively, it is hard to cene that such changes will not have implications
for Australia’s agricultural industries.

The importance of developing effective strategmsaidapting to climate change has been recognised
by the governments of the Commonwealth, StatesTandtories. For example, former Environment
Minister Turnball stated that, “Climate change ifaat, not a theory. It is happening now, and it
presents one of the greatest environmental andoetdonchallenges the world has ever faced”
(Australian Greenhouse Office 2007). Initiativests as the recently-commissioned Garnaut Climate
Change Review http://www.garnautreview.org.quare seeking to more fully understand the
implications of climate change and the actions toatid be taken to address this challenge. 108 n
recognised that in order to assess the costs (enefits) of climate change we need to include the
costs (benefits) of mitigation and costs (benefits)mpacts and the costs (benefits) of adaptation.
Several of these interact with each other. For gt@mve would expect that the size of the adapiatio
task will be lower if there is effective, but pepsacostly mitigation and higher if mitigation is
foregone (Howdemt al. 2007). Similarly, the benefits of effective addjatia are likely to be greater if
the climate change itself is large. Achievementhid complex task of effectively informing public
policy development will be challenging in its owght — and this study is a step towards that goal.

In this study we focus on all the major primary ustties in Australia: grains (Chapter 2), cotton
(Chapter 3), rice (Chapter 4), sugarcane (Chapteriticulture (Chapter 6), horticulture (Chaptgr 7
forestry (Chapter 8), grazing (Chapter 9), inteadivestock (Chapter 10), water resources (Chapter
11) and fisheries and aquaculture (Chapter 12k tdtal gross value of production of these indastri

is about $40 billion p.a. and it has been increpsih about 3.3% per year over the past decade
(ABARE 2007). In the year 2006-7, exports fromsthéndustries were about $31.4 billion - about
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15% of total exports. Hence, agriculture makes lastsuntial contribution to the national balance of
trade. Throughout this chapter terms such as calgure’, ‘enterprise’, ‘land use’ and ‘primary
producer’ are used to refer more broadly to thé fahge of industries that Australia’s renewable
natural resources support.

Past experience demonstrates that all these sd@eessensitivity to climate variations rangingnfro
minor to substantial. Therefore, we anticipate ttiatate changes are likely to have some impact and
that adaptations will often be needed to both dffesgyative impacts and take advantage of positive
impacts. We have also included cross-cutting issfi@gter resources and pests/diseases as previous
work has demonstrated that these are highly seasiti potential climate changes and they have
significant implications for components of the agtiural sector. The material on pests and disease
is integrated into each sector as this will be hbe impacts are largely expressed whilst water
resources are dealt with in a separate chapter.

There are several impacts of climate and atmosploerinposition which are common across these
sectors as they impact on plant production — tiagyy driver for agriculture. The next section bét
report deals with these common responses.

Primary impacts of atmospheric and climatic change

The high diversity of Australian agricultural andamme systems necessitates that individual
approaches to adaptation to climate change witlilmélarly diverse. As there are a plethora of $mal
and large, unquantifiable and substantially unptedlle climatic change impacts, that develop
intermittently through time and that interact wither environmental, economic, social and adaptive
changes it is logical to first consider the mostdi and most immediate effects and then build
outwards with less certain and more distant paémtipacts later. Hence, we first deal with the
impacts of rising atmospheric GQhen address rising temperatures and then chamgasfall and
marine impacts. We then consider the timeframestiange, regional variation in climate projections
and lastly vulnerability and adaptation.

Direct effects of rising atmospheric CO

The steadily increasing concentration of £ the atmosphere directly affects resource use
efficiency, productivity, and product quality ofgpits and vegetation.

Elevated atmospheric G@oncentration increases the efficiency of useigitland water (Gifford
1979; Morison and Gifford 1984), nitrogen (Drakeal. 1997) and possibly efficiency or effectiveness
of uptake of other minerals like soil phosphoruar{@bell and Sage 2002). In Australia where water,
nitrogen and phosphorus are major limiting factiorgproduction, this is an important first order
feature of the response of primary industries tbgl atmospheric change. The responses tp CO
represents a form of automatic self-adaptatiorhefagricultural system to atmospheric change upon
which any less certain impacts of local climatiaiehe are superimposed. As such it is appropidate t
understand it and to consider how this self-adaptahight interact with the changes in weather and
might be maximised. Since atmospheric,@@ncentration has been recorded to be increasmibbD
years this internal adaptive response will havenlggeng on progressively over that time. And irdiee
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the once-dubbed “missing carbon sink” in the globatbon budget is now regarded as at least
substantially attributable to that “G@ertilising effect” on vegetation (IPCC 2000).

The increase in light use efficiency in-€pecies, like wheat, barley, rice, cotton, oatsseeds, trees,
and cool-season pasture species, derives sub#taritem the suppression of the process of
photorespiration by elevated GOThe G species (maize, sorghum, sugarcane and tropicasesh
lack photorespiration and the effect of £@h increasing light use efficiency is correspogtirmuch
lower in these species.

The increase in water use efficiency is attribugabl a stronger C{concentration gradient from the
air to the inside of the leaf, which increasesrtite at which CQenters into the leaf through stomata
relative to the rate at which water vapour diffuses of the leaf. Depending on how plants adjust
their stomatal closure under elevated,CiQcreases in water use efficiency can be expdeasean
increase in photosynthesis while transpiration sradéay the same, reduced transpiration while
photosynthesis remains the same, or an intermed@t®ination of increased photosynthesis and
reduced transpiration. In the field, this may Rpressed as an increase in growth rate while satiémv
depletion remains unaltered or reduced soil watepladion with little growth effect (or an
intermediate combination). This increase in pldint matter production per unit of water used by
plants occurs in boths@nd G species (Morison and Gifford 1984). The increastfidiency with
which plants use water needs to be exploited ireldging adaptation strategies and could be use to
partly offset the effects of reduced rainfall otrigased evaporative demand.

The increase in nitrogen use efficiency (here rafgrto the capacity to grow more dry matter whib t
same amount of nitrogen) can occur ingpecies through down-regulation of photosynthesisre
plants compensate tor the increased efficiencyuddisco” (a key photosynthetic enzyme that contains
a large fraction of the leaf’s nitrogen) by produgless of this enzyme. Thus the N-content of¢hé
decreases. Another reason for reduced N-concemtiatplant tissues is because of passive ‘dihitio
whereby elevated CGtimulates carbon fixation, and storage of carlodigs but the increased input
of carbon to plant tissues from the atmospher@igmatched by corresponding increases in uptake of
N by plant roots. These changes in protein anthgéo carbohydrates have implications for plant
product quality such as herbage forage quality poskibly grain quality. Adaptive management
measures may be needed to compensate for theseténvplaere they are problematic, but in some
circumstances these impacts can be beneficialifeligestock where growth is energy limited not N-
limited).

In legume species that are fixing N biologicallya \dymbiotic N-fixation in the roots, elevated £O
concentration has frequently been shown to incréeseate of N-fixation per plant or per unit grdun
area by increasing the size of the root systemnaas of nodules. Additionally, the growth response
of legumes to elevated G@oncentration is generally greater than that eksges. Thus in mixed
farming systems using legume-based leys the needrfificial fertiliser, to maintain grain protein
levels for example, may be expected to declines{alt being equal).

Annual warming

The primary climatic effect of increasing concetitmas of greenhouse gases is an increase in the
average temperature of the lower atmosphere. Theofglant development is approximately linearly
dependent on cumulative air temperature (“heat jumaiove a base temperature at which
development rate is essentially zero. In addit@ant growth rate shows a flat bell shaped resptmse
temperature with each species having its own optinemperature characteristics. The optimum is,

32 Climate change adaptation in Australian primary industries



however, subject to acclimation such that planthiwia species growing in high temperatures have a
higher optimum than those growing in low tempermguiGenerally speaking, most agricultural crops
grow in areas where average temperatures are libmacclimated optimum. Thus as temperatures
rise (and all else being equal) we might expech loloy weight growth rates and rates of progression
through developmental phases to increase withfteeten rate of development being the stronger of
the two. However, plant responses to possible admmngfrequency of occasional high temperature or
frost stress make generalisation very problem&tic.annual crops, warmer conditions tend to reduce
yields owing to any faster growth rate not beinffisient to compensate for the earlier attainmeint o
maturity.

For perennials such as trees and pasture spediegiams where cool winters slow growth, it might b
anticipated that warming would increase winter gtownd extend the more rapid growth period.
However, for the perennial subterranean cloverds iound that 3% continuous warming of the
atmosphere in a field experiment did not increagger growth and for the whole year decreased
herbage growth by almost 30%, offsetting a positiesponse to concurrent elevated ,CO
concentration (Lilleyet al. 2001). The temperature responses of productasigy clearly complex,
involving interdependent effects on photosynthesgspiration, transpiration, nutrition, and plant
development.

On top of the increase in air temperature, the cedustomatal aperture in the higher ,CO
concentration causes less evaporative cooling andeha larger leaf to air temperature differential.
Thus, plant temperatures by day will tend to inseetaster than air temperatures. Past analyses had
indicated that night-time temperatures may haveeesed faster than daytime air temperature, but the
most recent analysis has not found any differeiteates of warming over the period 1979 — 2004
(IPCC 2007c). The effects of differential changesdlay versus night temperature increases are littl
studied on agricultural crops. Protected hortigalt crops, for which varying night temperatureais
management option however, have been much investigar night temperature effects. Numerous
developmental and product quality effects such mdflawering, plant height, seed set and fruit
attributes have been recorded. At least someeskthesponses are reported also in the few stodies
field crop species. In a study of night tempemteifects on sorghum and sunflower, Manunta and
Kirkham (1996) concluded that warmer night tempeed increase plant respiration more jjth@n

in C; species. In rice increased night temperatureafoonstant 2 day temperature did not affect
yield while increasing night temperature for a ¢ant 33C day temperature caused a higher level of
sterility (Ziska and Manalo 1996). Thus adaptivanagement in relation to increasing night
temperatures may have some different species (ootgee) by environment interactions to take
account of. The database is far too small for ifipedaptive recommendations to be made on such
matters at this stage.

In addition to the above effects, minimum tempemis inversely related to vapour pressure deficit
(VPD: the ‘dryness’ of the air) which is in turméarly related to evaporation rates. High vapour
pressure deficits also result in lower water udieiehcies. Thus if VPD increases there is a negati
double impact (high water demand and low water ef§eiency). However, as discussed in the
‘Moisture Conservation’ section of the cropping ptes, if minimum temperatures continue to
increase at a faster rate than maximum temperattihes VPD and evaporation rates will not
necessarily increase — unlike the scenarios in nmpjections. Unfortunately, GCMs are not yet
informative of the balance between minimum and mmaxn temperatures in the future (le Treut
1999).

Interactions between elevated £&ncentration and temperature are complex. Althdbgre seemed
to be solid theoretical reasons why the magnitddee CQ response of growth of &pecies would
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increase with growth temperature (Gifford 1992) thesis of experimental evidence from the
literature indicated no trend of increased ,G@nsitivity with increasing temperature (Morisarda
Lawlor 1999). Hence, we cannot assume that theorsspeness of plant growth to ¢@ill become
greater with global warming.

Increased intensity of the hydrologic cycle

Implicit in the theory of global warming is a pasé& feedback of increasing greenhouse gas
concentrations via atmospheric water vapour invgvintensification of the hydrologic cycle. This
means higher evaporation rates, higher absolutespineric humidity and higher rainfall. However,
the places where evaporation may increase is ragssarily the same as those where rainfall may
increase. While greenhouse science popularisétésnmade much of the idea that global warming
will bring increased frequency and intensity ofulybts in Australia, it is not necessarily true. &wdc
climate model projections for Australia (CSIRO 2p@@épict a complex spatial and seasonal pattern of
increases and decreases of rainfall with wide margf uncertainty that range into both increases an
decreases as possible for all areas of the coumtsll seasons (see “Regional Climate Change
Projections” below). For example in the area thaiften stated to have the most consistent projecti
of drying (the SW of WA), a 5% increase in rainfayf 2070 is presented as just as likely as a 20%
decrease. Obviously, such predictions offer modetatormation for adaptive planning at the
enterprise level except to be alert for the unetquec In terms of agricultural productivity yield i
generally proportional to rainfall, but that theywhat rain falls (i.e., seasonality and intensitgh
have significant impacts on productivity and natuegources (e.g. through salinity and erosio)e T
increasing atmospheric G@oncentration will help alleviate the impact oflueed rainfall where this
occurs. However, within this apparent simple pietdies enormous complexity and diversity of
response across the agricultural industries.

Marine impacts

The dominant climate change influences on maringr@mments will be warming of the oceans,
changes in circulation patterns and changes innochamistry. Increasing temperatures in oceans
will be expected to threaten coral reefs with mimeguent bleaching episodes, cause fish species to
migrate towards the poles, and threaten southdmféests (Hennessst al. 2007). Oceans serve as

a strong buffer for atmospheric ¢@vels and have been estimated to have absortwed abhalf of

all anthropogenic COemissions to date. However, the ability of ocearsbsorb COwill decline as
oceanic CQ concentrations rise (CSIRO 2007). Rising levdI£@, in oceans are increasing their
acidity and reducing the availability of calciunrizanate, which is required by many creatures with
calcium carbonate-based shells: evidence from dghern ocean suggests this decline has already
begun. Increased stratification of oceans willuadoverturning and nutrient cycling and this could
alter productivity, particularly in upwelling regis. Estuaries, which are important nurseries, are
likely to be affected by rising sea levels and demin flows of freshwater from rivers.

Timelines

The most immediate effects of rising atmospherig @®primary industries will be through the direct
effects of CQ on plant growth. Anthropogenic emissions of ,@@x rapidly through the atmosphere
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across the globe (within years) and immediatelgafplant growth. The benefits of elevated,G®
plants diminish with each additional increase in,€@ncentrations, plateauing at £€dncentrations

of about 600 to 700 ppm. Since current the atmaspiCQ level (about 384 ppm) already represents
a substantial increase over pre-industrial levalsogt 280 ppm), current plant growth is already
expressing more than a third of the maximum posdiehefit that rising Care likely to provide to
plants, and about half of the benefit that wouldpbavided from CQ levels projected for the end of
the century. Secondary and tertiary effects ofngea in plant growth on nutrient cycling,
hydrological feedbacks and other trophic levelgl{iveres, pests, diseases, soil microbes) will take
longer to be fully expressed.

In contrast, the effects of rising atmospheric,@@ global warming and climate change lags several
decades behind increases in dévels. The IPCC (IPCC 2007a) summarised thentimof key
impacts of climate change as a function the madaitf global warming required for these impacts to
take effect (Figure. 1.1). Some of the impact$ #na likely to be expressed during the earliesfes

of global warming are changes in latitudinal disition of rainfall and negative impacts on
ecosystems. Small increases in temperature magtively affect crops growing near the tropics
while benefiting crops in cooler climates, but it warming will start to negatively affect evengs

at higher latitudes.

Figure 1.1: lllustrative examples of key impacts of climate change as a function of increasing global average
termperature change (IPCC 2007a). The left hand edge of text entries indicate the approximate onset of impacts.
Solid lines link impacts and dotted arrows indicate impacts that continue with increasing temperature. (Notes in
the column on the right indicate the sections of the IPCC report where the impacts are coverd.)

Global mean annual temperature change relative to 1980-1999 (°C)

0 1 2 3 4 5°C
Increased water availability in moist tropics and high latitudes == mm e e e e - ————— - —— P 341,343
WATER Decreasing water availability and increasing drought in mid-latitudes and semi-arid low latitudes == == = =={ | 3ES 341,343
Hundreds of millions of people exposed to increased Water STress mm me mm mm mm = - — - — - ———-— = %gésm.s, 206.2,
Up to 30% of species at Significant” extinctions | | 4.ES, 4.4.11
increasing risk of extinction around the globe
Increased coral bleaching === Most corals bleached === Widespread coral mortality == == m= = = - ———— | o gt% 554645 Egé“i
Terrestrial biosphere tends toward a net carbon source as: 4ES. T4, F42
ECOSYSTEMS ~15% —~40% of ecosystems affected == == == == = Fid !
o . : . 422,441, 444,
Increasing species range shifts and wildfire risk 445 446 4410,
B4.5
Ecosystem changes due to weakening of the meridional — | [ 1935
overturning circulation
Complex, localised negative impacts on small holders, subsistence farmers and fishers == == == == = —— - P |5ES 547
Tendencies for cereal productivity Productivity of all cereals -
d | ——— [e—— 5.ES,5.4.2 F5.2
FOOD to decrease in low latitudes decreases in low latitudes
Tendencies for some cereal productiVity g Cereal productivity to
to increase at mid- to high latitudes decrease in some regions SES64.2.F52
Increased damage from floods and StOrMs == mm mm = = o= ——— = = —— = === ——— - i 252 632,641,
About 30% of o
global coastal mm e me o - ——— | 641
COASTS wetlands lost!
Millions more people could eXperience . o mm = == == == | | 166 Fe8, TsBS
coastal flooding each year T
. i . ) ] . i . 8.ES, 841,87
Increasing burden from malnutrition, diarrhoeal, cardio-respiratory, and infectious diseases == == ===| | 755154
Increased morbidity and mortality from heat waves, floods, and droughts == == == == == == == ————-— | gﬁgi%gg’s
HEALTH T8.3,F8.3
Changed distribution of some disease vectors == == mm mm m=mm = = m——————— - ————— - gg? 828,87
Substantial burden on health services == == =j={ 561
0 1 2 8 4 5°C

Global mean annual temperature change relative to 1980-1999 (°C)

" Significant is defined here as more than 40%.
* Based on average rate of sea level rise of 4.2 mm/year from 2000 to 2080.
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It should be noted that the beneficial effectsisihg CQ tend to precede the negative impacts. The
positive effects will tend to approach their maximpotential or even start declining again during th
early stages of climate change over the next ha#rdury, whereas the negative effects will become
increasingly strongly expressed over the longantand with greater rates of G@mission. Caution
will therefore have to be emphasised in the eddges of climate change to ensure that this does no
engender a false sense of security or renewedigseptabout the magnitude of challenges that lie
ahead.

Regional climate change projections

There is growing confidence in global scale obg@raa and predictions of climate change, but these
changes will not be expressed uniformly acrosspllamet. At present, it is difficult to precisely
determine how spatial variation in impacts of cliemehange will translate into impacts at regiomal a
land management scales. Nonetheless, there ame general principles about how climate change
will differ between locations and current climatedels give some indication of where impacts are
likely to be most severe.

Some of the factors that will modify changes inmgte at a given location include latitude, distance
from the coast, local topography, and changes iauleition patterns, particularly for important
weather-generating systems (CSIRO 2007; Christeas®h Hewitson 2007). High latitudes are
expected to experience more pronounced warming tinartropics, but this pattern is likely to be
largely restricted to the northern hemisphere (vtgharger ratio of land to sea) and latitude @& n
projected to have a strong effect on warming ingbethern hemisphere. However, changes in the
Hadley circulation, sea level pressure and rairdal generally expected to be strongly related to
latitude. The Hadley Circulation (hot moist ainig near the tropics and descending at abotui\30
and S) is projected to expand poleward and wea@gmpanied by an increase in sea level pressure
at mid latitudes and a poleward shift in storm keacRainfall is projected to increase in the tespi
particularly in the tropical Pacific, accompaniegibcreases in the intensity of monsoonal rains. |
the subtropics, rainfall is projected to declinat bt higher latitudes, rainfall is projected tarease
again. Increases in temperature are likely torkatgr on land than at sea, and warming is likelyet
most extreme in the interiors of continents. Hoerewoastal areas will be exposed to risks of
inundation and salt water intrusion from rising $@eels. Coastal regions may also be exposed to
more frequent and severe storms and tropical cgslonLocal influences of circulation patterns,
topographic features and weather systems are mocé difficult to predict, particularly at local ldn
management scales. Even subtle changes in winermstand storm tracks can redistribute rainfall
between regions. As more of these factors areratade and incorporated into models, confidence in
regional and local projections of climate changd wontinue to improve. But regional and local
projections from climate models are likely to remhighly uncertain and more suitable for analysing
risk than serving as reliable predictors for adagpfpilanning.

The recent Climate Change in Australia report piesi a comprehensive overview of projected
patterns of future change in Australia’s climateS[RO 2007). We summarise some of the key
findings here, but the original report and assedanternet site should be consulted for furtheaitle
(http://www.climatechangeinaustralia.govlauremperatures in Australia are projected todase by
1 to 5C, depending on location and emissions scenari@®RQO 2007) (Figure 1.2). The greatest
warming is expected in the interior of the contingmarticularly towards the northwest of the countr
However, at fine scales, mountainous terrain ceongty modify temperature changes projected in
course-scale (250 km grid cells) climate modelsthwadditional warming at higher elevations.

36 Climate change adaptation in Australian primary industries



Associated with these temperature increases withbeked increase in the frequency of hot days and
warm nights, but a less-marked decrease in theidrezy of frosts (CSIRO 2007). Regional changes
in rainfall are very sensitive to changes in ciatuan patterns, so future rainfall is difficult ppedict

and there is lower confidence in regional projetiomf rainfall than temperature. The range of
uncertainty in rainfall projections (6- 90" percentile) spans both drying and wetting trertidsast
locations in Australia across a broad range of sioms scenarios (CSIRO 2007). Median rainfall
projections, which could perhaps be viewed as liest’ estimates, show a general pattern of drying
across the continent that is strongest in the segh Drying trends are weaker in the east of the
country, and the northern tropics are the leagllyiko experience declines in rainfall (Figure 1.3)
Aside from changes in the amount of rainfall, thare also projected to be changes in rainfall
distribution. The number of dry days (those wited than 1 mm rain) are projected to increase by
about 10 days per year across a broad diagonal fsard the southwest to the northeast of the
continent, with little change in the southeast andhwest. The intensity of rainfall is projectexd
increase in most parts of the country, particulamlyhe north. Solar radiation is projected to agm
almost unchanged across most of the country, mrethould be small changes (increases of up to
10%) across the southeast and southwest corneéd@#iy Likewise, changes in relative humidity are
likely to be small with a general decrease acrbsscountry that is likely to be greatest in the teas
interior (2 — 3 % decline by 2070). Potential eMapnspiration is expected to increase across afost
the country, with the greatest increases in théhremmd east (4 to 12 % increase by 2070). Changes
the amount and distribution of rainfall and incesagn evapotranspirational demand are projected to
increase the incidence of drought with up to 40%embvoughts in eastern Australia and 80% more in
the south west by 2070 (Mpelasaddaal. 2007). Projected changes in wind are highly uaderbut
wind speed is estimated to increase by 2 — 10 Z0GY on the east coast and southern interior,@nd t
decline by a similar amount off the southern codste global sea level is projected to rise 18 €9

by 2100, although uncertain contributions from imeglice sheets could greatly increase this estimate
Mean sea level rise on the east coast of Austnadig be greater than the global mean. Increases in
sea surface temperatures are expected to be dgrimathe southern Tasman Sea (1 2C3by 2070)
and weakest off the south and southwest coastsendgihening of the East Australia Current is
projected to extend warmer waters further southwdindreases in ocean acidity around Australia are
projected to be greatest at mid to high latitude3@S), where undersaturation of aragonite (a form of
calcium carbonate) could occur by the middle of tléntury. Projections on tropical cyclones aitk st
uncertain with some evidence that the number dbogs may decline (mainly off the west coast), but
the proportion of intense-category cyclones contiéase. The risk of hail events may increasegalon
the southeast coast, but may decrease slighthgatwrch of the southern coast. Climate change is
likely to influence two important climate processeffecting Australia, the ElI Nifio Southern
Oscillation and the Southern Annular Mode (SAM)l N&io events may become drier in southeast
Australia and La Nifia events may become wetterangbs in the SAM are projected to weaken
westerly winds over southern Australia and stremgtivesterly winds at higher latitudes. These
changes would also be likely to reduce rain-brigdimw pressure systems across southwest Western
Australia.

An essential element in adapting to climate chamidlebe to accept the inherent uncertainty in fetur
climate change, including uncertainties in the gaplic variation in projected changes. Initially i
will be much more important to focus on preparinguite of adaptation options to encompass the
range of projected impacts that may occur, rathan ttrying to tailor regional and local adaptation
strategies to spatially explicit climate changeggxbons.
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Figure 1.2: Projections of changes in temperature in 2030, 2050 and 2070 relative to the period 1980-1999.
Emissions scenarios are from the IPCC Special Report on Emission Scenarios. Low emissions is the B1 scenario,
medium is A1B and high is A1FI. (http://www.climatechangeinaustralia.gov.au) (CSIRO 2007)
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Figure 1.3: Projections of changes in rainfall in 2030, 2050 and 2070 relative to the period 1980-1999.
(http://www.climatechangeinaustralia.gov.au) (CSIRO 2007)
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Vulnerability and adaptation

Climate models and long-term weather records peoindications of the range of possible types of
climate changes that primary industries will haweptepare for in the future. But policy makers and
land managers will need to take several other fagtdo account before the implications of climate
change, and the required responses, can be prapetérstood. First, the impacts of climate change
will depend not only on magnitude of changes imalie, but also on the sensitivity of primary
industries to those changes. Secondly, the imgHatimate change can be moderated if industries
are able to adapt to them, which will depend orhbat being able to develop viable adaptation
options and communities having the capacity to amgnt these options. The overall vulnerability of
an industry to climate change will therefore dependhe magnitude of climate change, the sensitivit
of the industry to these changes, the ability teettgp viable adaptation strategies, and the capatit
industries and supporting institutions to implemtiigise adaptation strategies.

All Australian primary industries already have t#gaes for dealing with the challenges of climate
variability. Aside from random inter-annual vaiiet, there are several ‘cyclical’ climate influesce
that affect climate variability over periods of seal days to several decades (see Table 2.1)heln t
short-term (< 30 years) it will be difficult to dett trends in climate change because the magnitude
climate change will likely fall within the bound$ mndom and cyclical climate variability. Howeyer
this also means that existing strategies to cople elimate variability already provide some capacit
to adjust management practices to track initiahges in climate (McKeoet al. 1993). A common
strategy across primary industries for adaptinthtoearly stages of climate change will therefaze b
to enhance and promote strategies for trackingaténvariability. There is however some potential
for maladaptation in this strategy. At locationlsere short-term trends from cyclical changes age th
reverse of long-term climate change, tracking sslebrt-term changes may leave enterprises in a
poorer position to deal with climate change (ecgntral Western Australia is projected to become
drier in the future, but rainfall has been incragsbver the past 50 years). In such situationgravh
land managers recent personal experiences of eligtzinge will be at odds with projected future
changes, it should also be recognised that thewdddoe a greater reluctance to accepting the
projections of climate models and related recomratads for adaptation.

Marginal production areas are likely to be amorthst most vulnerable to climate change. In
locations where primary industries are already urfoencial stress, even slight increases in the
severity or frequency of extreme weather eventddcewceed their capacity to cope. It is these
enterprises that are most likely to provide thdyeamrning signs of climate change. It will be
important to recognise and identify those most erdble areas where the impacts of climate change
are likely to exceed the adaptive capacity of exgsénterprises. Such situations are likely taunex
more intensive policy intervention than simply sogijmg adaptation of existing land uses and could
require transformation to quite different typesacfivities. Such transformative changes in lang us
should not be viewed only in a negative, reactiaywsince climate change may also produce new
opportunities where alternative land uses are mooductive or desirable than existing ones. Ihbot
cases it will be important to recognise where theatgst changes in land use and management
practices may be required so that the communitaes lee supported in dealing with the social
upheaval this creates.

The following chapters of this report provide ovews of how climate change is likely to affect each
of Australia’s main primary industries, the optidhsse industries might use in preparing to cogk wi
climate change, and the uncertainties that neethetcaddressed to start developing adaptation
strategies. Only by preparing in advance will Aalsh’s primary industries be equipped to explbé t
opportunities and limit the undesirable impactd thecertain future changes in climate will bring.
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2: GRAINS

Howden, S.M, Gifford, R.G?, Meinke, H%and farmer respondents

1.

2.

CSIRO Sustainable Ecosystems, GPO Box 284, CanlfeCT, 2602
CSIRO Plant Industry, CSIRO Plant Industry, GB&X 1600, Canberra, ACT, 2601

Crop and Weed Ecology, Department of Plant SeignWageningen University, P.O. Box
430, NL 6700 AK Wageningen, The Netherlands

Key messages

Adaptations to climate change are likely to be irgoat in Australian cropping systems, with
adaptations to moderate climate changes possibiyntya problem into a potential opportunity.
With more negative climate changes, the same ailaga may significantly reduce the
vulnerability to climate change. In the wheat indyslone, relatively simple adaptations may
save the national wheat industry between $100M $6@0M p.a. at the farm gate. Further
benefits are likely if a wider range of adaptatigmpracticed but these remain to be evaluated.

There are a range of technical adaptations sucbhasged crop management practices, new
varieties, altered rotations and improved water agement that may, in various situations, have
significant benefit. In many cases, these are stardi with existing best management practice for
climate risk. However, these practices may needdomodified, enhanced or integrated in
different ways to cope with the likely challengésiimate change

There are also a range of potential adaptatiorthéndecision environment in which farm and
associated enterprises operate such as industryegiohal development policies, stewardship
programs, infrastructure development, industry caypaevelopment programs and other policies
such as those relating to drought support, rurfisttient and trade amongst many others.
Maintaining a flexible R&D base with the capacity focussed, relevant and rapid response to the
changing needs of the cropping industries was asenhigh priority by the farmer participants in
this chapter.

Maladaptation can occur through both over and uadaptation to potential climate changes.
Effective monitoring of adaptation at a range ofales could help reduce the risks of
maladaptation by learning what adaptations workictwido not and why. Assessment to ensure
that adaptations do not increase net greenhousengasions is critical.

There are many adaptations for the cropping ingudtat are consistent with those in other
industries. These are dealt with elsewhere inrdy®rt. However, a common need raised by the
farmers in this chapter is increasing the accdggibi climate scenario data, providing web-based
access from a centralised database that can d#figeclimate variables needed at the time and
spatial scales of interest, for a range of glodmhate models and for a range of emissions
scenarios with several different climate downsealirethods
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« The translation of these climate scenarios intgtdien action will need participatory research
with participants across the agricultural valueicgh#dn particular these studies will carry the
analysis from climate to biophysical impacts onpsr@and cropping systems to enterprise level
adaptation options to farm financial impacts toaagl economic and social impacts (such as via
livelihoods analysis) and then through to policytiaps. Integration and adaptive learning are
critical and could occur through social and anabjtlinks back to the enterprise scale.

Introduction

Cropping of various types is the major agricultumativity in Australia with a gross value of about
$11,300M p.a. Cropping occurs over an area of soh ha distributed from the summer-dominated
rainfall region of the central highlands of nortsieaf Queensland in an arc around southern Austral
to the winter-dominated rainfall areas around Gioal in West Australia. In the western and southern
regions, the predominantly cool season rainfa#l. (autumn to spring) allows cropping of wheat,
barley, canola, lupins, oats and other cool-seasmps to take place on a variety of soil typesonir
the sands of WA to the heavy clay soils of the Warmanin Victoria. In contrast, in the northern
regions, cropping is largely restricted to heasieits with high moisture holding capacity which can
store the predominantly summer rainfall so th&t @vailable for the cool season crops. Summerscrop
such as sorghum and maize can also be grown ie tleggons. In all regions, the industry is highly
sensitive to climate with both wet and dry yeamssirag substantial fluctuations in regional yieldlan
grain quality (e.g. see Figure 2.1). The currentryes an example with drought conditions
approximately halving yield from the record higlvéés of the previous years (Figure 2.1). In some
regions, irrigation is practiced so as to reduae fthctuations in production caused by dry years.
However, in Australia’s many over-allocated rivgstems, even irrigation is not removing climate
risks as reduced allocations are occurring in @ary.

High rainfall years also can cause problems witteviagging, flooding, rain and hail damage, higher
pest and disease loads and intermittent rechargeabér to groundwater tables and associated
leaching of nutrients.
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Figure 2.1: Area cropped to wheat (Mha) and wheat production (Mt) in Australia from 1952 to the present.
(ABARE 2007).
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Grain cropping systems have comparatively highltewé management input when compared with
some other Australian rural enterprises such asnskte grazing or forestry. This, in combination
with the sub-annual timesteps involved in the managnt of most crops allows considerable, but not
unlimited, latitude for adaptation options to climachange. However, few of these options have
previously been comprehensively analysed for Aliatrahe following sections outline the key
adaptation options for cropping systems. The in&iiom in these is drawn from the literature and
from a small survey sent out to 26 of Australiadp grain-cropping farmers. For this survey, it was
necessary to identify likely CQand climate change scenarios. The climate chacgygasos for 2030
and 2070 prepared by CSIRO Atmospheric Research eifdfh 2001,
http://www.dar.csiro.au/impacts/future.hymiere used for this survey. An example of the suris
available in the Appendix (Chapter 13). Whilst therre more recent scenarios now available, the
differences between them are small in relatioméovariables important for this industry sector.

Adaptation Options

Current Options for Dealing with Climate Variabilit y

Climate in Australia varies over a large rangeimiescales (Table 2.1) resulting in a large varadty
management responses (e.g. Table 2.2).

Recent studies with selected farm managers in Gilezhindicate that by using climate information
(e.g. seasonal forecasts) in conjunction with systenalyses producers can significantly reduce
various risks (e.g. Crimp et al. 2007). By ideritify decisions that positively influence the overall
farm operation in either economic or environmert&ins, these producers have gained a better
understanding of the system’s vulnerability andtsthto ‘climate proof’ their operations. Examples
for actions taken when a forecast is for ‘likelytte drier than normal’ are: maximising no-till area
(water conservation), applying some nitrogen figeil early to allow planting on stored soil moistur
but splitting the application so as to apply soaterlif a good season eventuates; planting mosatwhe
later than normal to reduce frost risk. In seaghatare likely to be wetter than normal, managemen
options include: sowing wheat earlier; applyingaegen to a wheat cover crop grown on a dry profile
after cotton (normally not expected to produce ivdstable yield) and applying fungicides to wheat
crops to minimise leaf diseases (Meinke and Hochr2@00).

Adaptation to climate changes experienced ovemptst decades does not happen at the flick of a
switch. Changes are subtle and often happen wittleat understanding that climate trends are one of
the underlying drivers. Frequently, several driveese to ‘push’ the system in a certain direction
before they result in changed management pradfioe.instance, while climatic conditions might
favour a certain management practice, crop or éngppystems, this will not be acted upon unless
costs and prices (i.e. economic drivers) also suppese options.

A couple of examples where climate trends haveypegsulted in actual changes are illustrated by
recent developments in Central Queensland:
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Table 2.1: Known climatic phenomena and their return intervals (frequency, in years) that contribute to rainfall
variability in Australia. Meinke et al. (2001).

Madden-Julian Oscillation, intraseasonal Madden and Julian (1972) 0.1-0.2
SOl phases based on El Nifio — Southern Stone et al. (1996) 05-7
Oscillation (ENSO), seasonal to

interannual

Quasi-bi-annual Oscillation(QBO) Lindesay (1988) 1-2
Antarctic Circumpolar Wave (AWC), White (2000) 3-5
interannual

Latitude of Sub-tropical ridge, interannual Pittock (1975) ??7-11
to decadal

Interdecadal Pacific Oscillation (IPO) or Zhang et al. (1997) 13+

Decadal Pacific Oscillation (DPO) Power et al. (1999)

Tourre and Kushnir (1997) 13-18
Mantua et al. (1997)

Allan (2000)
Multidecadal Rainfall Variability Allan (2000) 18 -39
Interhemispheric Thermal Contrast (secular | Folland et al. (1998) 50 - 80
climate signal)
Climate change Timmermann et al. (1999) ??7?

Kumar et al. (1999)

Table 2.2: Agricultural decisions at a range of temporal and spatial scales that could benefit from targeted
climate forecasts (Meinke et al. 2001).

Logistics (eg. scheduling of planting / harvest operations) Intraseasonal (> 0.2)
Tactical crop management (eg. fertiliser / pesticide use) Intraseasonal (0.2 — 0.5)
Crop type (eg. wheat or chickpeas) Seasonal (0.5 -1.0)
Crop sequence (eg. long or short fallows) Interannual (0.5 — 2.0)
Crop rotations (eg. winter or summer crops) Annual/bi-annual (1 — 2)
Crop industry (eg. grain or cotton) Decadal (~ 10)
Agricultural industry (eg. crops or pastures) Interdecadal (10 — 20)
Landuse (eg. agriculture or natural systems) Multidecadal (20 +)
Landuse and adaptation of current systems Climate change
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At the crop level, wheat plantings are now 3-4 veeedrrlier than in the 1950s (Stephens and Lyons
1998). This is largely the result of a drasticabguced frost incidence in this environment. Howeve
this change was aided by the availability of neweathcultivars that are well-suited to this
environment. Although these changes started todrappthe 1970s and 80s it is only recently that
climate trends were identified as one of the devgtowden et al. 2003).

At the cropping systems level, Central Queenslaasl teen a summer cropping dominated region.
This was a consequence of climatic conditions famgusummer cropping at a time when the region
was first opened up to cropping. Recent climatitgoas (since about the early 1980s) do not favour
either summer or winter cropping (Howden et al. 12§)0 Consequently, cropping systems in Central
Queensland have developed into a very opporturgstitem, whereby producers can make use of
climatic events and rapidly change rotations anchrear or winter crops are planted whenever
opportunities arise (Pollock et al., 2001). Thightights that cropping systems are to a large éxten
‘self-adapting’, i.e. a string of subtle changeadiag to new systems that can only be attributed to
climate changes after the event.

At the national level there have been strong treéndsarlier sowing times over the past two decades
with sowing progressing a day earlier per yearvarage but greater rates in Queensland and Western
Australia (Stephens and Lyons 1998). This app@abetrelated to the adoption of new herbicide and
planting technologies which increase speed ofsejparation and reduce rainfall requirements to sow
(Kerr et al. 1992). Earlier sowing dates may alsoirbresponse to the strong observed increases in
minimum temperatures over this period (Torok andhiils 1996) and decreases in frost frequency
and duration (Stone et al. 1996). These changeseette likelihood of frost damage to early sown
crops, thus allowing earlier planting strategiegchidlls (1997) estimates that this effect plus othe
more minor climate changes have contributed 30-60%e observed increase in national yields over
the past five decades although this analysis iputksl (Godden et al. 1998, Gifford et al. 1998).
Increases in atmospheric carbon dioxide levels haye also contributed to increased yields by an
estimated 8% over the past 100 years (Howden £94Pd).

Other examples of adaptations are the current debaelation to opportunistic summer cropping in
South Australia and South-East WA in responsedent uncharacteristic summer rainfall.

In addition to using information on climate varilitgi in on-farm decision making, there are also
developing applications in terms of policy and neditkg. For example, Hammer et al. (2001)
developed a regional commodity forecasting systérallows the examination of the likelihood of
exceeding the long-term median shire yield assediatith different season types at the beginning of
the cropping season. This system is now run ope@ty for Queensland and northern NSW by
updating the projection each month based on theahaiinfall that has occurred and any change in
the SOI phase from month to month (entip://www.dpi.gld.gov.au/cps/rde/xbcr/dpi/Sorghanop-
outlook-November-07.pdif Although there appear to be commodity forecas@pplications, this
system was originally designed to inform governmiarueensland of any areas that might be more
likely to experience poor crops in any year. Thifoimation provides an alert for ‘Exceptional
Circumstances’ issues associated with potentialighioin the same manner described for pasture
systems in Queensland by Carter et al. (2000). dotet information received from marketing
agencies based on their experience with the refismh@at outlook indicate that seasonal crop
forecasting in their decision making processes lmameneficial when it is used in addition to their
current approaches. Possible decisions to be taken the outlook is for “likely to be drier (wetter
than normal” are, for instance, forward buying I{sg) of grain or shifting of resources from good
yielding areas to poor yielding areas.
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Adaptation options for the Australian cropping indu stries to deal with climate
change

Many of the management level adaptation optionsaagely extensions or intensifications of existing
climate risk management or production enhancenwivitéies in response to a potential change in the
climate risk profile (Howden et al. 2007). For gpopg systems there are many potential ways to alter
management to deal with projected climatic and apheric changes. If widely adopted, these
adaptations singly or in combination have subsahpttential to offset negative climate change
impacts and take advantage of positive ones. Faomple, in a modelling study for Modena in Italy
(Tubiello et al. 2000), simple and feasible adaptest altered significant negative impacts on songhu
(-48 to -58%) to neutral to marginally positive en{@ to +12%). In that case the adaptations were to
alter varieties and planting times to avoid droumid heat stress during the hotter and drier summer
months predicted under climate change. When summeathecross many adaptation studies globally,
there is a tendency for most of the benefits optidg the existing systems to be gained under
moderate warming (€€) then to level off with increasing temperaturamtes (Figure 2.2; Howden
et al. 2007). Additionally, the yield benefits tetodbe greater under scenarios of increased rhinfal
than those with decreased rainfall: reflectingfta that there are many ways of more effectively
using more abundant resources, whereas thereveee &ad less effective options for significantly
ameliorating risks when conditions become moretiigi Overall, the potential benefits of
management adaptations are substantial and afdarsimiemperate and tropical systems (17.9%
versus 18.6%). The following sections address mamagt level adaptations in detail.

Varietal change

Temperature increases will reduce the durationhefnplogical stages of crops, restricting the time
they have to accumulate radiation and nutrientgs Will generally reduce grain yield thereby terglin
to counter the yield increase deriving from the,@@tilisation. In Australia it was estimated thet,

the absence of adaptive measures, a 1.5°@® i@crease in mean temperature during spikelet
development and grain filling would cancel out grain yield increase in wheat deriving from a CO
doubling assuming that no varietal adaptation wastged (Gifford 1989, Wang et al. 1992, Howden
2002). Thus, where there is adequate moisture (egibns or where climate change increases
rainfall), there is likely to be advantage in briegdand adopting slower-maturing cultivars (greater
thermal time requirements) that could capitaliserenearlier date of flowering and potentially leng
photosynthetically-active period before seasonalgint forces maturity. Where there is likely to be
both increases in temperature and significant méohe in rainfall (e.g. in the strongly Mediterrame
climate cropping regions) it may be advantageousitioer keep varieties with similar or earlier-
flowering characteristics than are currently usedttas will allow grainfill to occur in the cooler,
wetter parts of the year (Howden et al. 1999d, Ntmsum et al. 2003) particularly if planting can
occur earlier due to reduced frost limitations. Kleteristics such as higher response to elevated CO
conditions, rapid germination, early vigour andre@ased retention of flowers in hot/windy conditions
may also need to be considered (e.g. Richards 2@@R)ption of the best varietal strategy needs
careful evaluation on a site-by-site basis, takinp account changes in both temperature and
management. The tools to undertake such assessmasntavailable — but the plant breeding
community needs to be better engaged on the issue.
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Figure 2.2: Mean benefit of adapting wheat cropping systems to the impact of temperature and rainfall changes
calculated as the difference between % yield changes with and without adaptation. The temperature changes
have associated changes in rainfall and CO, that vary between sites, scenarios and publications. The figures are
drawn from a global synthesis of studies, with data from Howden et al. (2007) and the line indicating the change
in benefit including the scenario of no change.

The trend towards the incorporation of some vesa#bn requirement into modern wheat cultivars

will also tend to lock flowering into an appropgatelationship with a progressively earlier spring.

Fine-tuning of this relationship would presumabbtgcor over the several generations of varieties that
will be developed as climate changes accumulate.

Farmer respondents were particularly interesteenimancing the drought tolerance (e.g. ‘staygreen’
sorghum) in all existing crops (e.g. spring wheghin sorghum, barley, cotton, chickpea, fababean,
sunflower, mungbeans etc). Genetic modification tmayeeded for this as well as non-GM breeding.

Several of the adaptation strategies describedwbeldl require interactions with crop breeding
groups. Particular issues are ensuring appropti@emal time requirements, raising grain protein
levels in higher C@environments and maintaining pest and diseasstaese. A further requirement
may be for increased heat shock resistance. Heamk stccurs where there are high temperatures
during grain fill (e.g. Blumenthadt al. 1991, Stonet al. 1996a). These reduce dough-making quality
of the grain. Heat shock incidence is likely tonsfigantly increase in northern Australia (1 to 50%
increase) with climate change (Howden et al. 199Bdgse results would suggest that development of
more heat-tolerant varieties would be desirablecfopping regions in Queensland to maintain their
capacity to produce high quality wheat. If therensreasing danger of more very hot days, then
warnings of changed risk could be helpful in chogsirops that flower outside the key risk periods.

Hotter and drier conditions are likely to reduce tiry-down time prior to harvest and this also may
affect final quality (e.g. grain cracking and smgthins) requiring either breeding or management
adaptation.
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Species changes

Higher temperatures may enable the use of sumnosvigy grain and pulse species such as sorghum
in temperate regions where these are not currargfd in rotations. The negative impact of a
reduction in rainfall is likely to be greater fatation systems than for single crop systems ae tise
not a fallow in which to store soil moisture (Howdet al. 1999f). This will impact particularly on
crops that show sensitivity to dry conditions swh canola and certain pulses. Furthermore, in
rotations, options to vary planting windows aretnieted, reducing flexibility to adapt management.
Nevertheless, gradual adjustment of rotations @gttur to minimise risk and maximise return. This
will be aided by effective monitoring of soil maiseé and nutrient levels, effective decision support
systems, improved seasonal climate forecastingcantinuing improvements in the crop management
activities (i.e. zero till, wide rows, low plant palations etc) that have relatively recently expgahd
planting options. If there is less frost risk, @arlspring plantings of warm-season crops may be
possible provided that there is follow-up rain aftee anticipated drier spring seasons.

Increased temperatures mean that cotton may alabledgo be grown further south than currently (if
adequate water is available) providing new rotatimtions in those areas with suitable soils (see
Chapter on cotton). However, the issue of waterlabitity is likely to be a key one as the climate
change forecasts are for greater reductions in rfleas in the catchments in the southern part ef th
Murray-Darling Basin than in the northern part.

If there is reduction in rainfall and increasednhfall variability, it will make dryland cropping $s
attractive and there is likely to be consideratba change to a greater proportion of stock inféne
business. A reduction in the production of annusdtpres and crops could be offset by a greater
planting of perennials such as lucerne that woeldlbe to make use of summer rains and generally
all available soil moisture. This will tend to emtethe duration of rotations. The use of summeader
crops may increasingly be employed after any sicamit summer rains — in regions with soils of low
water holding capacity (i.e. much of WA) there niieya need for varietal development to increase the
reliability of this option. However, livestock a@@so subject to the impacts of drought — a key
message from some of the farmer respondents beitrgtagy of early removal of stock from pastures
to finish them in a more managed environment (ukiegl grain to add value to the product). These
options may become more important under climateagba

Planting time variation

Higher temperatures are anticipated to reduce frisks, particularly if the realised temperature
change is mostly increases in minimum (night-tineehperatures as has happened over the past five
decades (e.g.Wright et al. 1996). Reductions indineation of the frost period may allow earlier
planting (a month or more earlier) and consequeinityeased yields as grainfill is more likely to
occur in the cooler months when the likelihood aftev stress is lower (Howden et al. 1999d, van
Ittersum et al. 2003). This may require concurreimanges in thermal time requirements of the
varieties used depending on any changes in pladtanes. There is evidence that farmers are already
planting earlier in response to lower frost riskg(eStephens and Lyons 1998) and that this is
enhancing yields (see section on current manageofielimate).

The above adaptation of earlier planting assumeshaage in the timing of ‘autumn break’ rains or of
availability of stored soil moisture - both of whicould be affected by climate change. The efféct o
climate changes on the autumn break have not &t lwestigated, however, the greater likelihood
of reductions than increases in future autumn adlinfi cropping areas in WA, SA, Victoria and
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southern NSW (CSIRO 2007) suggest that the autureakbmay be postponed compared with

historical experience. Consequently, there may nedik ongoing re-assessment of planting rules in
these regions in conjunction with varietal chanddse rainfall scenarios for cropping regions in Qld

and northern NSW where stored soil moisture idcaditare not quite as negative as for southern
Australia suggesting that planting decisions needantinue to be sensitive to stored soil moisture
levels and seasonal climate forecasts.

Crop management (spacing, tillage, fallows, rotations, irrigation)

There are many crop management practices that beulsed in specific circumstances to lower risks
from changed climate conditions (e.g. Easterlingl€2007). These include:

adopting zero-tillage practices (especially iérth is increased rainfall intensity as greater
infiltration will be needed with fewer but heavigrents)

develop more minimum disturbance techniques ¢ieed pushing, all weather traffic lanes
which allow planting while raining)

using reactive strategies to track climate vammbn daily or seasonal time steps. For example
crop planting decisions such as timing core, caftifertiliser rates can be based on soll
moisture stores, nutrient concentrations and aeesggsonal rainfall (Hammer et al. 1996)

and financial and commaodity forecasts. For exantplere are simple analyses in Australian

Rainman and more comprehensive analyses usingingppgstems models such as APSIM

run operationally by many farmer groups such a8ihéhip Cropping Group

extending fallows to effectively capture and stonore soil moisture (suitable mostly with
heavy soils)

planting later in the season when enough watprafile to get a crop.
widening row spacing or skip-row planting

lowering plant populations

staggering planting times

developing efficient on-farm irrigation managermetth effective scheduling, application and
transfer systems

reducing losses from irrigation systems duringewaransfers through improved channel
lining etc

monitoring and responding rapidly to emergingtpdsease and weed issues, noting that
support of effective RD&E would be needed

assessing fertiliser inputs. For example, theaie change scenarios in situations where soil
nitrogen is high will tend to increase the riskarbps ‘haying off’ resulting in subsequent
major reductions in effective yield.

However, most of these have yet to be analysethér benefits under climate change although such
assessment is now underway. It is likely that thadfits will be quite context specific and involve
trade-offs. For example, wide row and skip row plags can increase yield stability and particularly
increase yield in poor rainfall years. Howeverythéso reduce ground cover, water storage at tHe en
of the fallow and infiltration whilst increasingmaff and soil loss.
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Nutrient management change (fertilisation and rotations)

There is a premium for high levels of protein irrieas crops (e.g. durum wheat, malting barley).
Increases in atmospheric carbon dioxide levelslikedy to result in declines in grain nitrogen and
hence protein and flour quality with a doubling ©@®. (e.g. Rogerst al. 1998; Fangmeieet al.
1999). However, the amount of reduction varies wiitivar (Roger®t al. 1998) and N-supply to the
crop. With ample N-status the decline in grain @irotmay be small (Kimba#t al. 2001) however, in
many cases, grain crops in Australia do not havelemtrogen and so there is a risk of reductions i
grain protein. To maintain grain nitrogen conteatshistorical levels, there may be a need to
considerably increase the use of legume-basedrpadilg. extending rotation length to have a longe
pasture/legume phase), increase use of leguminoyss cor further increase nitrogen fertiliser
application (extending an existing trend to higapplications: Hayman and Alston 1999). There will
also be a need to continue monitoring soil nitrogemcentrations and to breed higher protein cuttiva
or cultivars that are resistant to decline in grarotein with increasing atmospheric €0
concentration. The risks of higher €6n grain protein will compound those arising frtong-term
rundown of the nutrient status of cropping soilg(dalal et al. 1990, Hamblin and Kyneur 1993,
Verrell and O'Brien 1996). Farmer respondents ndateat whilst there recently had been rapid
increase in understanding of nitrogen managemermtopping systems there remained a need for
better technologies (e.g. direct delivery of amraamisolutions into the root zone with minimal soil
disturbance), improved monitoring and enhanced &thut The farmers considered that higher levels
of CO, and possible increases in climate variability jostke these even more needed. They also
noted that marketing adaptations may be to respmimtreased demand for low protein grain as stock
feed. There are options to compensate for low prdievels by alterations to the stock rations.
Biofuels are another prospective option, but farrespondents were concerned about the implications
of a more variable climate for reliable provisidrbm-fuel feedstocks.

The adaptations of fertiliser application and cleairg rotations will have their own impacts on soil
acidification processes and water quality in soegians, the ratio of sown pasture to crop in the
mixed farming system and on farm economics. Fumtbee, such adaptation could be a significant
source of greenhouse gas emissions as producackaging and distribution of nitrogenous fertiliser
generates about 5.5 kg €@er kg N (Leach 1976) and as both fertilisationl é&gume rotations
increase emissions of the potent greenhouse gasisibxide (Prather et al. 1995).

Grain protein contents are likely to remain sewsitio temperature and soil moisture availability
during grainfill as at present (i.e. dry and hatighes to a crop tend to increase protein levels).
Consequently, in some regions, there may be fadhas partly compensate for or exacerbate the
effects of carbon dioxide levels on grain quali®or example, increased water stress during late
grainfill can increase grain protein contents whilsnversely there are a range of climate-influence
situations which can reduce grain protein (e.grient leaching, poor early vigour limiting plant
nitrogen pools, high rainfall during grainfill). #rnatively, some growers are already targeting a
premium market in biscuit wheat which requires lowwtein, soft wheat varieties. However, there are
currently few other such markets with low proteardhwheat generally being sold at the lower end of
the market. Given that high G@ill be global in its extent and impact, the press for maintaining a
premium soft wheat market seem to be limited aprallucing nations are likely to be grappling with
how to maximise returns from lower protein wheats.

Farmer respondents suggested that support of bigegdograms was needed so that they have the
varieties available to tackle the issues of proteuel (e.g. a wheat that fixed its own nitrogenudo
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be good). Also that government policy needs to riuee that the industry is structured so it can
readily adapt to the changing needs of the market fpaddock to plate’, 2) that can also explain to
the customers the problems that climate changausiieg or 3) find new customers such as biofuel
plants. They viewed an integrated structure of dhains industry (from grower to marketer) was
important in achieving appropriate responses taatée change.

Erosion management

Rainfall intensity is anticipated to increase wifmate change even under scenarios where average
rainfall may decrease (e.g. Whetton et al. 1993jtinaing the current trends to higher intensity
rainfall events in Australia (Suppiah and Henne%898). This is likely to increase risks of soil
erosion, particularly on soils with high erodalil{e.g. solodised soils). Key adaptations may be:

increase residue retention and to maintain cgercduring periods of high risk so as to
reduce raindrop damage on the soil surface antibtw for water to infiltrate

to maintain erosion control infrastructure (egntour banking etc)
to adopt controlled traffic systems up and dolepes

These actions are already generally implementexapping systems (at least by farmers who have a
focus on NRM) but their importance is likely to rease over time. Improved warning of seasonal
conditions with high erosion potential would enaibigroved risk management.

Management to reduce water-related soil erosiohalgb tend to reduce risks from wind erosion if
this increases.

Salinisation management

Increased rainfall intensity (and high €l@vels) may also increase drainage below thezowog¢ — the
driver for dryland salinisation (Howden et al. 1899an Ittersum et al. 2003). This will be partany
prevalent on lighter-textured soils. Indicative mhas under a doubling of G@lone are for a 6 to
20% increase (Howden et al. 1999¢). This wouldesgmt a substantial potential change in landscape
hydrology which is likely to increase risks of sédiation in areas not yet affected and increass rait
these processes in areas already undergoing timsdbdegradation. This increase may be more than
offset in some regions if there is a reductionaimfall in autumn and winter. For example, the styo
drying trends across southern Australia would ssgdpetween 30 and 80% reduction in drainage
components depending on site (van Ittersum et@03R Such large reductions in drainage would
have significant implications for catchment managetrand policy development for addressing the
dryland salinisation issue. In addition, the largductions in farm profitability that may occur kit
climate change in Western Australia may signifiganéduce the capacity of individual farmers to
implement practices (such as establishing perepfaals) to reduce dryland salinisation risk (Joéins
al. 2005). The balance between these opposingteigdeis not well understood. In contrast, in north
east Australia, the tendency will be to increasairndige, increasing salinity risk (Howden et al.
1999¢), Hence, policies relating to dryland sadii need to take the potential impact of climate
changes into account and may need to be adaptedimecin conjunction with climate change and its
effects on hydrological processes and farm prafitgb
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Moisture conservation

Changes in evaporation and vapour pressure défieiD: the difference between the moisture content
of the air and its potential moisture content at temperature) are important for transpiratiowater
from plants, evaporation from soil and water stesagnd for the efficiency of water use by plants.
Evaporation and vapour pressure deficit are aftebtetemperature (e.g. Tanner and Sinclair 1983;
McKeon et al. 1998). However, the way in which tmesgty change in the future is highly dependent
on the way in which daytime and night-time tempenes change as well as changes in wind speed. If
we assume that the change is symmetrical (i.erédteeof change is similar for both night and day
temperatures) then there will be a significant éase in evaporation (about 3% PB€&) and VPD
(about 6% pelC). If the past trend of greater increases in rigghe¢ temperatures than daytime
temperatures continues at approximately the satize(Ba85vs 0.39C: Wright et al. 1996) then there
will be little change in average evaporation or VR@wever, GCM (global climate model) analyses
are as yet uncertain as to future differential dight warming or changes in vapour pressure (Le
Truet 1999).

If we assume that temperature changes will be synoak (and hence evaporation and VPD
increased) then efficient moisture use can be ardtbhy:

increasing residue cover (maintaining stubbleji@adarly in association with minimal or no
tillage

increased efficiency of water use can be achiefedugh planting and phenology that
maximises growth during the cooler, wetter monthemwVPD is low and by the development
of varieties with higher water use efficiency

by establishing crop cover in high loss perical¢hat any water transfer at least results in crop
growth

weed control

by maximising capture and storage of excessathioh-farm perhaps by incorporating raised
bed technologies into controlled traffic operati@msl directing flows into storage zones. This
may be especially important if rainfall intensibicreases. Farmer respondents noted that such
a substantial change in cropping system designragyire appropriate government policies.

The effects of higher VPD on transpiration ratel e countered to varying extents by the reduced
stomatal conductance under elevated €ahcentration.

In some areas, such as the higher rainfall partthefWA wheatbelt, waterlogging and nitrogen
leaching are problems. Consequently, the driefathiscenarios out to 2030 may result in beneficial
impacts. However, further reductions in rainfallttmse in the 2070 scenarios would result in soil
moisture shortages requiring adoption of moistamserving strategies.

In irrigated crops, higher evaporation rates arghdési VPD will mean there is potential for greater
water use per unit production — at the same tinther® may be reductions in water allocation due to
reduced river flows. Hence, key adaptations mayobensure access to water and to increase water
use efficiency (i.e. reduce leakage and leachieduce soil and on-leaf evaporation, maximise
transpiration). Both of these are a current focumdustry due to water reforms, allocation, pricin
and degradation of natural resources. The focugethaps need to be further sharpened.
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Use of seasonal forecasting

The El Nifio-Southern Oscillation system (ENSO) isegt source of variability in rainfall and wheat
yield in Australia (e.g. Rimmington and Nicholls9®. ENSO impacts are largest on Australian
winter and spring rainfall and temperatures. Eld\&vents are associated with reduced rainfall acros
much of Australia and are known to adversely affedp production, particularly in north-east
Australia (e.g. Stone et al. 1993, 1996b, Hammeal.e1996). La Nina events tend to have higher
rainfall and hence higher yields but they may alssult in greater incidence of waterlogging, crop
spoilage and pest and disease problems. Therdasedoping view that climate change may result in
increased incidence of El Nifio and possibly La Néffants (e.g. Meehl and Washington 1996, IPCC
2007) but further improvement in ocean-atmospheoéeatiing is needed before confidence can be
increased in such projections. One possible baakbatcome from such changes in the frequency of
El Nifio/La Nifia events is that this may assist antgmagement by increasing the frequency of years
in which seasonal forecasting can be used to gume management (eg Meinke and Hochman 2000,
Gifford et al. 1996).

Following early demonstrations of the value of gsstatistical seasonal forecasting in cropping
management decisions (e.g. Clewett et al. 199%retthas been widespread adoption of this
information (Meinke et al. 2006). If the relationzh between local weather and these broadscale
factors (e.g. the Southern Oscillation Index oriorgl sea surface temperatures) remains largely
stable, then the continued use of statistical sedsolimate forecasts provides a key way for
agriculture to ‘track’ climate changes (McKeon amolwden 1992; McKeon et al. 1993; Gifford et al.
1996). Process-based forecasts using coupled @teasphere models hold out the prospect of
improved forecasts which will automatically incorate the climate changes (Meinke et al. 2001). If
forecast accuracy can be improved then there map e a broader range of landuses at a given
location that can be chosen so as to adapt to tistzange. Utility of this information could alse b
enhanced by development of alternative farm enssplans depending on the forecasts taking into
account the different benefits, costs and resoumesach. Farmer respondents suggested that
significant improvements in the reliability of seaal forecasting would revolutionise the industry
allowing better tailoring of decisions to achieyesified outcomes.

Decision-making using seasonal forecasts is imgrai@llied with on-ground observations such as
soil moisture content at planting (e.g. Crimp et 2007 also see following section on
monitoring/evaluation) which is already a critigaput into planting decisions especially in regions
with heavier soils. Lessons learned from the adoptf seasonal climate forecasting into decision
making can now be used to address climate chasgesgMcKeon et al. 1993; Meinke et al. 2001).
This requires a) further improvements in dynamimate modelling tailored towards decision making
in agriculture, b) continued investment in croppgygtems modelling and quantitative approaches to
risk management and (c) improvement in our undeditg and predictive abilities in relation to pest
and disease management.

Irrigation

Irrigation is one way to reduce climate risks bgnowing water limitations to crop growth. However,

both existing and proposed changes to the way ichwvater rights are managed and traded have
significant implications for the irrigated croppirsgctor that may, under some proposals, result in
seasonally-varying allocations. This will introdueéements of climate risk back into the sector.
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Scenarios of climate change indicate substantélations in mean flows but higher flow variability

in Australia (Arnell 1999 and see the Water Resesichapter) at the same time as possibly increased
evaporative demand, indicating that climate chamtjegreatly increase that risk, particularly where
water rights are expressed as a proportion of flblae current period of low water allocations is
increasingly being seen by industry as potentiplgsaging conditions that may be more frequent
under climate change.

Farmer respondents stated that traditional irriy@®pping will be increasingly more market driven
by having to meet long term supply contracts. Thesdracts will be written to assure the buyer of a
supply of consistent specified-quality producedpffor niche markets beyond conventional broadacre
cropping e.g. human consumption pulses, vegetaplasts with medicinal qualities) and provide the
producer a satisfactory long term pricing arrangem8table supplies of irrigation water would be a
pre-requisite and consequently management of airohinge may need the establishment of water
trading arrangements (e.g. equivalent to forwalihgg to cope with the possible change in flowslan
variability. In such a case, profitability will neg¢o be more dependent on return per megalitre of
water (rather than per hectare) and informationcasuwill need to be upgraded to facilitate effeti
decision-making. With water becoming more criti¢hkre will be a need for further improvements in
water distribution systems (to reduce leakage araparation), irrigation practices such as water
application methods, irrigation scheduling and ruwes monitoring. Shorter season varieties of
summer crops may be necessary to avoid the inatedsmce of weather damage at harvest in the
autumn especially in light of the suggested in@ddatensity rainfall. These shorter season vaseti
should also have a lower total water requirement.

Monitoring and evaluation

An important proactive step for producers to adapa changing climate is to maintain a thorough
measurement and analysis program of their own kdoahte and production systems to compare with
climate change scenarios (Giffoetlal. 1996). Linked with this activity could be a natibsarvice to
maintain farm instrument calibration, collate faweather records and interpolate them in relation to
the meteorological station records, and providéwsoke and advisory service for interpretation @ th
data in relation to seasonal weather forecasts production and predictions of climate change hSuc
proactive climate data acquisition and interpreta@t the farm level could provide the capacity for
reactive and opportunistic adaptive measures by faanagers. Parts of such a system already exist,
for example with the Silo database (joint QDNRM d@weau of Meteorology supported by MCVP)
that can provide an interpolated climate recorddioy point in the nation, the AussieGrass project
(established by the Climate Variability in Agriamle Program) that provides spatial assessment of
grazing systems across the nation and the Austr&®&nMan decision support package. There are
many other activities that could contribute to tpaal but largely remain uncoordinated and unlinked
to climate change adaptation.

Management of pest and diseases

Pest impacts on crops are widespread and cosihdtstry, and include many trade access issues for
grains and pulses. Many of the pests suchelsthis moths, armyworms, sucking bugs, diamond
backed moths (oBrassicg) respond strongly to climate signals and thejpaets are very dependent
on climatic variability.
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Adaptations to climate change are likely to happémn increased understanding of impacts and
potential responses of recent climate variabilignifestations (last 20 years) and are best delivere
via the two key emerging strategies: (a) integragest management and (b) area-wide management
(i.e. coordinated responses of growers and poliakars across an entire region).

Many of these tools rely on either intensive matiitgp or on computer simulations of pest numbers to
flag high-risk periods for each species of peskt HEitter are poorly developing in Australia complare
with our competitors overseas (one of the mostessgfal in the USA uses Australian software!). A
large proportion of growers choose to apply exeesamount of chemical as ‘insurance treatments’
often because they do not have ready access ableelnformation on the risks to the crop.

Similarly, many diseases are strongly influencedlbyatic factors and so are anticipated to altith w
climate change. Some of the diseases which may afee Take-all Gaeumannomyces gramijyis
which is a fungal disease that causes major cregewhen there are extended periods of high soll
moisture. Its severity may be reduced if therenisnarease in rainfall variability and drier windeas
suggested by recent climate change scenarios fbhesm Australia. The development of stripe rust
(Puccinia striiformi$ is highly sensitive to temperature increasingwtémperatures up to %6 then
declining with further warming. The amount of s&ipust and yield losses is dependent on
temperature during grain filling such that a tenapare rise may increase the amount of stripe st b
not necessarily mean additional yield losses. @urckmate change scenarios suggest the changes in
impact of this rust will vary regionally, with mag@ment and with cultivar. Septoria blot@eptoria
tritici) incidence is affected by the time of sowing amel amount of rainfall at heading. The current
scenarios of reduced rainfall over southern Austr@éss severe infection) but increased tempegatur
(more severe infection) result in an uncertain onte. Viral diseases such as Barley Yellow Dwarf,
which rely on transfer by aphids, may increase widtnmer winter temperatures. Climate change may
also affect the balance between soil-based patlsdgetusarium graminearurand their antagonists
such asTrichodermabut again, outcomes are uncertain. Elevated €@centrations may also
increase the fecundity and evolution rate of amtihoae Colletotrichum gloeosporioid¢sand other
pathogens (Chakraborty and Datta 2003) whilst teaipee increases can increase pathogen
development and survival rates, disease transmissid hoist susceptibility (Harvell et al. 2002).

Summer rainfall could also be a problem with weedlunteer cropping) species providing ‘green
bridges’ for the diseases of our winter crops dns would necessitate their control in the summer
months with spraying or grazing.

Current management practices that respond to,aride, climatic variability include:
Genetic modification of crop plants to createetisor disease resistant and herbicide tolerant

varieties (plant breeding and GMOs)

Importation of exotic natural enemies of pestt thiere previously introduced without them.
Also repeated, mass (inundative) releases of parasisps to control insect pests.

Isolation and propagation of local natural enetiiseases (e.gvetarhiziumon locusts,
termites)

Cultural practices such as crop rotations, migeaps, use of physical barriers to reduce
disease transmission

Chemical pesticides and increasing bio-pesticideg Bt) and bio-fumigation of soils using
Brassica spas alternate crops
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Monitoring and use of predictive models to imprdiming of interventions to coincide with
high risk periods.

Landscape scale-management involving groups @ierms cooperating to reduce communal
threats. e.g. when growing melons in rotation veitlya beans or sugar, or chickpeas mixed
with cotton.

These generally will need to be fine-tuned so asdye with new challenges arising from climate
change. Farmer respondents noted particularly éxgsting reliance on research and development and
the likely need for increased R&D to cope with @ie change. There may also be a need for the
development of new crops to use in rotations. Gkmzhange may also reduce the frequency of
conditions suitable for spraying insecticides, i@des and fungicides, requiring alterations inagpr
technologies and practices (Howden et al. 2007b).

Under climate change the seasonal timing and magmiof pest and disease outbreaks will change
and effective responses will need to be based prowved understanding and more reliable indicators.
Specifically, better indicators are needed of sssftg over-wintering of a wide range of insect pest
and plant diseases. This could then be fed intogbgical models and GIS that are applicable around
the country (i.e. producing geographical scale atstin real-time).

There will be a need for enhanced communicationmttke farmers aware of the nature of any
imminent pest and disease risks and effective ngtior their control. A continuing commitment may
be needed from Agricultural Protection Boards, &taavernments and Shire Councils to extend their
commitment to controlling listed weeds and pest$ @mntrol volunteer crop species on road verges
and Crown land to prevent disease build-up. Implogegagement on climate change issues by
groups such as Plant Health Australia and AnimalltHeAustralia could assist.

R&D and education

Farmers cannot conduct controlled experimentsgdesasdifferent management alternatives in an ever-
changing environment. Instead, a key adaptatidgheahational level would be public sector support
from a vigorous agricultural research and breedifigrt, channelling experimental information into
cultivar, breeds and technological and managemiatnatives. Complementing this would be an
agricultural advisory network capable of interpngtproperty specific climate records and production
in terms of research findings. Mechanisms are rebedgo to ensure that farmer innovations for
adapting to climate change are linked back to tB&® Ryroups for evaluation. Farmer respondents
noted that they needed to be ready to adapt —~vi@ the market information and R&D either in place
or streamlined for rapid responses.

Farmers in ‘core’ cropping areas may be also ablkeedrn much from those in currently marginal
areas in terms of dealing with moisture limitationsitrient and residue management and disease
management.

The farmer respondents considered that:

continuation of the public/private funded varidtaeeding programs with access to global
gene pools was needed to meet the new challengedwied rainfall and higher temperatures
(with or without GM crops) including

58 Climate change adaptation in Australian primary industries



a continuing commitment to research was neededrbgnizations such as the GRDC and
CSIRO into areas such as cropping systems managemen

maintenance of a research base was importahasalt the scientific tools will be available

continued investment in organizations such asBilmeau of Meteorology, CSIRO and State
Agencies such as the Queensland Department of Brimdustries and Forestry and SARDI
(South Australian Research and Development Insjituthich are world leaders in dealing
with climate forecasts of different types and theie in agricultural decision-making.

if variability in the farming environment increzsas a result of climate change then there may
need to be a revision and modification of existpaicy instruments that support financial
viability over the longer term (e.g. farm drougianils)

Research information needs to be substantiated 'weidh life' trials and scenarios. For example, the
on-farm demonstrations activities of farmer mactynand practice by groups such as the Birchip
Cropping Group and the Topcrop program. Such dies/ensure that the information is relevant and
delivered to the user efficiently.

Some farmer respondents were concerned about thiécations of climate change in relation to

maintaining a viable regional Australia not justiblie farming. For example, the implications of

climate change for small regional business andaiti@ptations that they will need. Farmers also
thought that governments need to move away froomdbats’ that occur in dry years and

encourage/offer incentives to small business toagarvariability and change for themselves. The
respondents thought that a safety net system lgeetally around Exceptional Circumstances for
extreme events is still needed but with much griguidelines than are currently in place — some
farmer respondents noted that poor (or aggresshemagement was still being rewarded whilst
ideally government support should be directed tus¢hfarmers who work to manage climate risks
effectively. Some suggestions were for the gui@alito include more training to improve self-

reliance.

Land use change (infrastructure, knowledge base)

Regional land use patterns are strongly affectedibyate. Hence, changes in climate would indicate
corresponding changes in land-use (e.g. Howden. é&081a,b, Ramankutty et al. 2002). In some
cases, this could mean retreat of cropping zormes the dry margins and in others possibly expansion
into either marginal zones in the north (i.e. Mélthlgrass downs) or the wetter margins outside the
current southern cropping zones (Howden et al. d9%8yenga et al. 1998, 1999a, 2001). The
increasing water use efficiency from increasing agpheric CQ is expected to have particularly
strong effects on crop productivity at the dry niasge.g. Gifford 1979, Ramankutty et al. 2002) but
this effect can only compensate for lower rainfalé limited extent and extremely dry conditiond wi
still result in very low yields. If the more extreneslimate change scenarios eventuate, it may become
necessary to switch land use systems completelygdmple from mixed farming to solely grazing or
to water catchment or plantation forestry in somems. Governments may have a role in monitoring
land use and fostering change when necessary\j@.dndustry restructuring) taking into account
potential competing uses (e.g. nature conservatowjronmental stewardship) and dealing with
potential conflict. For such large-scale adaptatioraddition to transitional support, there wikely

be a need for a continuing education plan to netpabducers in new enterprises and to maintain
flexibility in adapting to new circumstances. Theseeds are only marginally different to those
existing needs for increased management skillsfestering flexibility in agriculture. Infrastructer
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changes may also be needed to meet transport andsging changes if there is substantial landuse
change (e.g. Hayman and Alston 1999).

Another aspect of rationalisation of agricultureynb@ increasing farm sizes to increase economies of
scale - as has been happening for decades. Onerfegapondent noted that there may be an increase
in the proportion of corporate to family-owned farms the large corporations will likely have the
financial reserves to get through adverse climateods and adaptation transitions.

Financial institutions and trade

Lending policies of financial institutions can gilgaconstrain options for producers to adjust their
operations in the light of change. Lending institng may have to change their policies to take
account of predicted changes in the circumstantcéeo customers: information needs to be supplied
to both the financial and farming industries. Supgand education) of approaches such as forward
selling may be a constructive role for the sector.

Increased use of crop insurance is one possiblatata but recent rapid rises in insurance prersium
have (at least temporarily) made this problemdinere are actuarial issues that may arise in angess
risks in a changing climate as distinct from thstdrical risk assessment approaches conventionally
adopted in the industry. The conventional approadiyedefinition will provide a poor assessment of
future risk. The insurance industry is pro-actimessessing climate change consequences and may be
in a position to provide insurance products foiagture.

Climate changes will also affect our trade competit The limited global analyses available so far o
this suggest that there may be new cropping laabl@iin the northern hemisphere as a result of
climate change but little in the tropics, that tegjative effects of higher temperature (especialtign

it exceeds about’2) are likely to be pervasive across the equattwiatid-latitude cropping belts and
that the USA, South America, South Africa, India &hina are all likely to be negatively impacted
by rainfall reductions (Ramankutty et al. 2002, tEdimg et al. 2007). The net effects of climate
change interacting with improvements in produggivin global grain production are likely to
approximately balance for some decades but thed temvards the negative (Tubiello and
Schmidhuber 2007). A capacity to assess the ongmioduction prospects of market competitors as
well as the factors driving demand may assist Alisin industry and government policymakers in
framing their own responses to climate change rafiestively.

Risks of Maladaptation

Maladaptation can occur through both over and uadaptation to potential climate changes. Indeed,
it could be argued that given the uncertainty dased with climate change, then some degree of
maladaptation is inevitable. Effective monitorioigadaptation at a range of scales could help eeduc
the risks of maladaptation by learning what adagptatwork, which do not and why (Howden et al.
2007).

Maladaptation can also arise through unintendecineg consequences either inside or outside the
agricultural value chain. For example, it is impoittto ensure that adaptations themselves do do lea
to increased net greenhouse gas emissions suclighs aocur if there is increased application of
fertiliser nitrogen to offset reductions in grairofein and to enable full response to rising atrhesig
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concentrations of COAs noted in the following section, such an adégacould lead to significant
emission of greenhouse gases as well as a rarmbaf on-site and off-site impacts. However, at the
moment, there is no comprehensive analysis of tligses of maladaptations. Consequently, a
significant benefit from adaptation research orppiog systems may be understanding how short-
term response strategies (e.g. peri-urban develapimehigh rainfall areas potentially suitable for
agriculture) may link to long-term options (e.gndase change) so as to make sure that, at a
minimum, management and/or policy decisions impleie over the next one to three decades do not
undermine the ability to cope with potentially largmpacts later in the century.

Costs and benefits of adaptation

Many of the adaptations required for adapting tmate change are extensions of those currently used
for managing climate variability (e.g. Howden et 2007). The goals of such existing management
strategies are usually to deliver on one or mopees of the ‘triple-bottom line’ (i.e. economic,
environmental and social outcomes). As such, tlaptations generally have immediate application as
well as relevance to adapting to climate changeat known of the benefits of adaptation to
productivity and sustainability of cropping systehas been outlined in the previous section. In $¢erm
of making some assessment of the direct costs emefits of adapting to climate change, there remain
few studies to date in Australia. In particularapthtions always have some costs and these are ofte
overlooked (Scheraga and Grambsch 1998).

The national financial benefit to the wheat indysif a subset of the possible adaptations to cémat
change have been assessed by Howden and Jones Z20@) and Howden and Crimp (2005) using
risk analysis approaches. The adaptations weretahichange and alteration of planting windows —
key adaptations previously explored with farm legrgss margin analyses by Howden et al. (1999d).
Just these two adaptations could save the natigheat industry between $100M and $500M each
year (in current dollar terms) by maintaining prouhity in the face of change. These adaptations
changed the mean result from being negative (oanbal of probabilities) to positive. Clearly,
investment in adaptation is extremely worthwhile tfte wheat industry. However, in that study there
remained a large negative ‘tail’ of results resigtfrom very dry and hot climate change scenarios:
hence adaptation cannot remove all the risk framate change. Furthermore, since those analyses,
the newer climate change scenarios have incredmegrbbability and degree of serious negative
climate change (CSIRO 2007). If such changes eatmtuadditional adaptations such as those
identified in the previous section of this chapteuld further significantly reduce the negative auofs

of such changes — at least in most regions. Howeanprehensive assessment of the benefits of
adaptation options remains to be undertaken.

At the farm level, Howden et al. (1999¢) assesslgbtations of fertiliser addition to maintain grain
nitrogen contents at historical levels. They fotmat there will be a need to increase applicatadas

by 40 to 220 kg/ha depending on the future clinatd CQ scenario and location (Howden et al.
1999¢). Optimum fertiliser application adaptationd given scenario increased gross margin by about
20 to 25% (e.g. Figure 2.3). However, at higheelg\f fertiliser applications, the increased aufst
fertiliser was not offset by increased income (ite strategy became maladaptive) with this level o
fertiliser application being lower in drier regioasid higher in wetter regions. Furthermore, such
adaptations of increased fertiliser use will haweirtown impacts on soil acidification processed an
water quality in some regions and on farm econoniitese were not costed. Furthermore, such
adaptation could be a significant source of greasbayas emissions as production, packaging and
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distribution of nitrogenous fertiliser generate®@h5.5 kg CQ per kg N (Leach 1976) and as both
fertilisation and legume rotations increase emissiof nitrous oxide (Prather et al. 1995).

Fertiliser (kg/ha)

400 h
—— Baseline

—a— -20%
—o— 0%

0
200 —m— 20%
250
200 4 ./'\0//‘\‘\‘\'

150

350 1

Gross Margins ($/ha)

100

50 4

T T T T T T :
50 100 150 200 250 300 350 400
Fertiliser (kg/ha)

Figure 2.3: Gross Margins ($/ha) for wheat in Wongan Hills (WA) under different fertiliser application rates (kg
N/ha) for a 4°C temperature increase scenario with different rainfall scenarios (-20%, no change and +20%).
Note, all climate change scenarios are run assuming 700ppm COs,.

Knowledge gaps and priorities

The sections above have detailed a large rangetehtial adaptation options. Some of these are
largely new activities that may need to be impleteénspecifically in relation to climate and
atmospheric changes (e.g. breeding to maximisen gnaitein in the face of higher levels of O
However, many of these options are currently b@imgemented to greater or lesser degrees as part of
managing for climate variability, market vagariextant pest, disease and weed problems or the
rundown of natural resources. Climate change &ito raise the importance of these adaptatiods an
require more widespread and rigorous implementatifien based on ongoing research, development
and extension (RD&E). In this context, even thosgfctly some of these adaptations do not qualify
as knowledge gaps (as there is some related prawk)wthey are frequently likely to be key
adaptations, thus remaining a priority.

One key knowledge gap that does not fit well ifite tormat of the table below is how to implement
adaptation across the value chain of the croppimdystries. This will likely involve multiple
interacting adaptations, dealing with technical, negerial, structural and policy aspects and
interacting with a large range of other stressopgportunities and barriers. The analysis of thisdse

to be considered in an even broader frameworkubes participatory approaches to translate climate
scenarios to biophysical impacts on crops and éngpgystems to enterprise level adaptation options
to farm financial impacts to regional and valueinhaconomic and social impacts (such as via
livelihoods analysis) and then through to policyiaps. Integration and adaptive learning are ditic
and could occur through social and analytical lin&sk to the enterprise scale.
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Table 2.3: Summary of climate change adaptation options for the grain industry indicating whether the option 1)
has already been assessed or is a remaining knowledge gap, 2) is highly feasible, 3) would be feasible / effective

immediately, or 4) should be a high priority for research, assessment and implementation in developing

adaptation strategies.

Adaptation to climate change — policy level

Develop linkages to existing government policies
and initiatives e.g. GGAP, Greenhouse challenge,
salinity, water quality, rural restructuring

Ensure communication of broader climate change
information

Maintenance of effective climate data distribution
and analysis systems

Modification of existing Federal and State Drought
policies to encourage adaptation

Continue training to improve self-reliance and to
provide knowledge base for adapting

Policy settings that encourage development of
effective water-trading systems that allow for
climate variability and support development of
related information networks

Public sector support for a vigorous agricultural
research and breeding effort with access to global
gene pools

Maintain R&D capacity, undertake further
adaptation studies which include costs/benefits and
streamline rapid R&D responses

Develop further crop systems modelling capabilities
such as APSIM and quantitative approaches to risk
management

Encourage appropriate industry structures to
enable flexibility

Encourage diversification of farm enterprises

Ensure support during transition periods caused by
climate change and assist new industry
establishment

Altering transport and market infrastructure to
support altered production regimes caused by
climate change

Encourage financial institutions to be responsive to
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changing industry needs

Continuing commitment from all levels of

government for pest, disease and weed control v
including border protection
Introduction of climate change adaptation into X

Environmental Management Systems

Adaptation to climate change — crop and farm management

Development of participatory research approaches
to assist pro-active decision making on-farm and
across the value chain

v

Develop further risk amelioration approaches (e.g.
zero tillage and other minimum disturbance
techniques, retaining residue, extending fallows,
row spacing, planting density, staggering planting
times, erosion control infrastructure)

Develop further controlled traffic approaches —
even all-weather traffic

Research and revise soil fertility management
(fertilizer application, type and timing, increase
legume phase in rotations) on an ongoing basis

Alter planting rules to be more opportunistic
depending on environmental condition (e.g. soil
moisture), climate (e.g. frost risk) and markets

Expand routine record keeping of weather,
production, degradation, pest and diseases, weed
invasion

Tools and extension to enable farmers to access
climate data and interpret the data in relation to
their crop records and analyse alternative
management options (e.g. Yield Prophet).

Adaptation to climate change — climate information and use

Improve dynamic climate modelling tailored
towards decision making in agriculture

X

Incorporate seasonal forecasts and climate change
into farm enterprise plans so as to be able to
readily adapt

Maximise utility of forecasts by RD&E on combining
them with on-ground measurements (i.e. soil
moisture, nitrogen), market information and
systems modelling.

Warnings prior to planting of likelihood of very hot
days and high erosion potential

Adaptation to climate change — water resource issues

Further improvements in water distribution systems
(to reduce leakage and evaporation), irrigation
practices such as water application methods,
irrigation scheduling and moisture monitoring to
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increase efficiency of use

Maintain access rights to water v
Develop water trading system (and associated

information base) that can help buffer increased X
variability

Maximise water capture and storage on-farm — v

needs R&D and policy support

Adaptation to climate change — managing pests, disease and weeds

Improve pest predictive tools and indicators

v

Improve quantitative modeling of individual pests to
identify most appropriate time to introduce controls

v

Further development of Area-wide Management
operations

Further development of Integrated Pest
Management

Improved monitoring and responses to emerging
pest, disease and weed issues

Adaptation to climate change — crop breeding

Selection of varieties with appropriate thermal time
and vernalisation requirements, heat shock
resistance, drought tolerance (i.e. Staygreen), high
protein levels, resistance to new pest and diseases
and perhaps that set flowers in hot/windy
conditions

Ongoing evaluation of cultivar/management/climate
relationships

Adaptation to climate change — landuse

Potential for cotton, summer-growing grains and
pulses further south

Movement to more livestock in the enterprise mix
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3: COTTON

Bange, M, McRae, B and Roth, G.

1.

2.

3.

CSIRO Division of Plant Industry, Locked Bag B&rrabri, NSW, 2390
Queensland Department of Natural Resources aatdiWTor St, Toowoomba, NSW, 4350

Cotton Catchment Communities Cooperative Rebdaentre, Narrabri, NSW, 2390

Key Messages:

Less availability of water resources resulting frolimate change will increase competition for
these resources between irrigated cotton produetnonother cops and environmental uses which
emphasises the need for continual improvement wleviarm and crop water use efficiencies.

There will be a need to maintain and increase nggtofitability through practices that increase in
both yield and fibre quality, whilst improving ragce use (especially water and nitrogen use).

Regional specific effects will need to be asses#iserbughly as the predominant cotton production

regions span from southern NSW to north Queenslartds is necessary so that cotton growers

can assess likely impacts at their business |®edearch into the development of responsible and
sustainable cotton systems for northern Australieere water supply is more assured is also
needed.

Research into integrated affects of climate chatemperature, C§ and water stress) on cotton
growth, yield and quality need further analysicliiling the development of varieties tolerant to
abiotic stress (especially heat and water defici@pnsideration or allowances in these studies of
adaptation of both cotton cultivars and insect péisat will have been selected in rising £O
environments is also needed.

Cotton is adapted to hot climates. With the currgedgraphical spread of Australia’s cotton
breeding program along with new biotechnology tomtsl other plant and crop physiological
research identifying and assessing adaptationstragw varieties with improved water use
efficiency and heat tolerance will be selected thig better suited to climate variability and
change.

Maintain R&D capacity, undertake further adaptatgindies which include costs/benefits and
develop focused and streamlined rapid R&D responses
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Introduction

Much of the material provided in this report ontootwas taken from a scoping document prepared
for the Australian Cotton Industry as part of thiem@te Change in Cotton Communities project

funded by the Australian Greenhouse Office andGlo#ton Catchment Communities Cooperative

Research Centre (McRatal.2007).

Cotton is a natural fibre produced by the cottoanpl a leafy, green shrub and a member of the
Hibiscus family. Although cotton is a perennialdhthat grows naturally to 3.5 metres, commercially
it is grown as an annual crop. Australia’s cottgowing season usually starts in September and
October with planting and finishes in March to Apvith picking.

Everyday, clothing made from cotton fibre and pridunade from cotton seed oil are used. Cotton is
the most widely produced natural fibre in the waaltd represents about 46 per cent of the global
textile market. By contrast, wool accounts for 3 pent, synthetics 51 per cent and other fibres lik
silk, hemp and mohair make up a very small proporti

Cotton seed is a by-product of the more valuabtwodibre, and makes up about 15 per cent of the
total financial returns to farmers. For every 226dcam bale of cotton lint, about 300 kilograms of
cotton seed is produced. Cotton seed is a valwednaterial for food oils for human consumption and
high protein feed for livestock. Cottonseed oibige of the world’s most popular vegetable oils.

The Australian Cotton Industry

Currently seventy per cent of Australia’s cottorgiewn in New South Wales (the Macquarie Valley,
the Namoi Valley, the Gwydir Valley, Bourke, Hilist, Hay and Menindee districts) with the
remainder grown in Queensland (the Macintyre Vallegrling Downs, St George, Theodore, Biloela
and Emerald regions) (Figure 1).

Depending on water availability about 400,000 hestaf irrigated cotton is grown in Australia. The
area of dryland or rain grown cotton varies consilly from year to year depending on commodity
prices, soil moisture levels and rain. The aredrgfland crop can vary from 5000 to 120,000 hestare
(Figure 2).

In an effort to expand the cotton growing regionsl address some of the challenges raised by our
variable climate, cotton growing has been triallednorthern Australia (including the Ord River
Irrigation Area — Kununurra, and the Burdekin Rilreigation Area in north Queensland).

Broadly the regions could be described as:

1. Northern NSW (Namoi Valley, Gwydir Valley, MacquaNalley, Bourke);
2. Southern NSW (Hillston, Hay and Menindee districts)

3. South Queensland (Macintyre Valley, Darling Dowas{eorge); and

4. Central Queensland (Theodore, Biloela and Emegmgibns);

5. Northern Australia (Ord River and Burdekin IrrigatiAreas).
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Most Australian cotton farms are owned and operbiefamily farmers, are typically between 500 to
2000 hectares, are highly mechanised, capital shtentechnologically sophisticated and requirenhig
levels of management expertise. About 80 per cémbtion farms are irrigated and as part of the
enterprise mix generally grow other crops such lasatvand sorghum and/or graze sheep and cattle.

D Potential cotton regions
(not to scale)

@ Existing cotton regions
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Figure 3.1: Australian cotton growing regions (Cotton Catchment Communities CRC)

Industry productivity

On a global scale Australia is a relatively smathducer growing about 3 per cent of the world’'s

cotton. Similar to other agricultural commoditie®gn in Australia, the Australian cotton industsy i

a large exporter. As of 2007 the largest cottordpecers are the China, India, USA, Pakistan, Brazil,
Uzbekistan and Turkey. Major importers of Austmaligotton are Indonesia, Japan, China, Thailand
and South Korea. Australia’'s reputation for prodgchigh quality cotton means it is competitive in

the international marketplace.
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Figure 3.2: Area and overall production (bales) of the Australian cotton industry (source ABARE and RCMAC).

Since 1960, lint yields have increased at abouki®rams of lint per hectare per year. Australian
average yields are now the highest of any majdoogiroducing country in the world and lint yields
have continued to edge upwards from 1200 kg/h&en1970s, through 1400 kg/ha in the 1980s to
1600 kg/ha in the 1990s and are now above 180@&kdfie adoption of research and development by
Australian cotton growers has under-pinned thegeifgiant increases in production. According to
International Cotton Advisory Committee forecadtse average global yield during 2006/07 was
expected to be 716 kg/ha which is well below Augtneproductivity levels.

The gross value of cotton produced in Australiainaseased rapidly since 1985, with the exception
of the drought years 1986, 1992 to 1994, and 20Q03/2 The gross value of production peaked at
$1.9 billion in 2000/2001 and was $1.2 billion i802/2005 and $1.1 billion in 2005/06 making the
industry important not only for the economy in oottgrowing communities but also for Australian
community as a wholehttp://www.cottonaustralia.com.gu/ Drought conditions still plague the
industry’s access to water resources and contmuestrict cotton production (Figure 2).

Climate Change Impacts
Projections of Climate change Impacting Cotton Prod uction

Key findings of the CSIRO (2007) climate changeiorgl projections for Australia relevant for
cotton production in Australia are:
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Temperature
Key findings of the CSIRO 2007 climate change raglotemperature projections for Australia
include:

* The best estimate of annual warming over Austiali2030 relative to 1990 is about 1.0°C for the
mid-range emissions.

* Warming is expected to be higher inland

* The pattern varies little seasonally, although wagnis less in winter in the south. The range of
uncertainty due to differences between models aa180.6°C to 1.5°C for most of Australia, with
the probability of the warming exceeding 1°C by @@®ing 10-20% for coastal areas, and more
than 50% for inland regions.

* An increase in the average number of extreme hgd dad decrease in the average number of
extreme cold days and frosts

Simply, this means a higher incidence and increasedrity of heatwaves and a decline in the number
of very cold nights. These changes have the paiewatiprovide both opportunities and threats to the
Australian cotton industry.

Rainfall
» Climate model results for rainfall change show dases and increases for many locations.

« Where at least two-thirds of the spread of modslilie are less than zero, decreasing rainfall is
considered ‘likely’. Decreases in rainfall are likén southern areas in the annual average and in
winter, and in southern and eastern areas in spftigerwise the models do not give a likely
direction of rainfall change, although model rangBsw a tendency to decrease in most cases. In
no region or season do models suggest a ‘likelyrdase in rainfall.

* For 2030, best estimates of annual rainfall chaingecate little change in the far north and
decreases of 2% to 5% elsewhere. Decreases of darbun prevail in winter and spring,
particularly in the south-west where they reach 1B#summer and autumn, decreases are smaller
and there are slight increases in New South Walsammer.

« The range of rainfall change in 2030, allowing differences between models, is large. Annually
averaged, it is around -10% to +5% in northernsiga -10% to little change in southern areas.
Winter and spring changes range from -10% to lgllange in southern areas of the south-east of
the continent, -15% to little change in the soudsty and -15% to +5% in eastern areas. In
summer and autumn, the range is typically -15% 106%. There is a 20% to 30% chance of a
simulated annual rainfall decrease of at least 10%western and central areas, whereas the
probability of a simulated increase of at least 18%ery low. Decadal-scale natural variability in
rainfall is comparable in magnitude to these ptejgcchanges and may therefore mask, or
significantly enhance, the greenhouse-induced asng

* Models also show an increase in daily rainfall msigy (rain per rainy day) and in the number of
dry days.

* Extreme daily rainfall tends to increase in mangaarbut not in the south in winter and spring
when there is a strong decrease in mean rainfall.

Evaporation and Moisture balance

* A tendency towards an increase in potential evdporaof 0 to 8% per degree of warming
throughout most of Australia with the larger tendewhere there is a corresponding decrease in
rainfall
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« A tendency towards a decrease in the annual watante throughout most of Australia of 40 to
120 mm per degree of warming

» This represents a decrease of 15 to 160 mm by 268340 to 500 mm by 2070 with the largest
impact in spring

Even if rainfall remains consistent with long teawerages, the rise in overall temperatures and
potential decreases in water balance indicategegre@isture stress throughout Australia. Therefore
water use efficiency, access to water and soil masnagement will remain dominate issues into the
future.

Impact of Climate Change on Cotton Production

Cotton Gossypium hiristunL.) is a perennial plant with an indeterminate vgito habit. Wild
ancestors of cotton are found in arid regions oftgh high temperatures and are naturally adapied t
surviving long periods of dry weather. Modern mats have inherited these attributes, making the
cotton crop well adapted to intermittent water $yppat occurs with rain-fed (dryland) and irrigate
production (Hearn, 1990). Compared with otherdfielops however, its growth and development is
complex. Vegetative and reproductive growth ocdomutaneously making interpretation of the
crop’s response to climate and management somedliffiesilt.

Climate change impacts for cotton growth and dguaknt that influence yield and fibre quality will
most likely be a result of the net effects of:

1. increases in (Carbon Dioxide) G&ncentration;

2. reduced water availability and increased atmospharaporative demand as a result of lower
rainfall and relative humidity; and

3. increases in temperature.

These effects are discussed in more detail below.

Increases in CO;
Two sources of research are currently availabledisauss the impact of G@n cotton’s growth and
development. Both studies were in controlled comass in the USA.

The first block of research summarised by Reddgl.ef1996) discusses impacts of £i@crease on
cotton in growth chambers. This work showed ttathling CQ concentrations in the atmosphere
increased photosynthesis by about 40% which leth¢eased growth and yield in well watered
environments. This work also showed that increpsO, increased water use; however, the
efficiency of water use was improved. From théirdges they postulated that increased growth and
yield would occur with higher CQOconcentrations even in dry or nutrient deficiatiagions. Using
this work we could assume that with an increas€dnto levels predicted for 2020 (406 to 415 ppm)
and 2050 (473 to 555 ppm) photosynthesis wouldeame by approximately 23 and 29% respectively.

In other work by Pinter et al. (1994) on field growotton, they explored increases in 4Ging free
air CG, enrichment (FACE) facilities. They found thatiegtbn use efficiency (dry matter per unit of
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intercepted radiation) was improved on average fthf6 to 1.97 g M3 resulting in increased
biomass when COwas increased to 550 ppm. In addition they atsestigated the impact of GO
elevation with different irrigation regimes. Thigund that regardless of irrigation treatment (et
dry) radiation use efficiency was increased in,@®vated treatments. This suggested that a rise in
atmospheric C@Oconcentrations may partially compensate for psrgss caused by water shortages.
As a consequence lint yield on average was incdebged3% and was attributed to increased early
leaf area and a longer flowering period (Maueewl. 1994).

Recent research on cotton into elevated @dubling of current ambient) has also shown thean
affect leaf chemistry reducing concentrations & Bt toxin expressed in transgenic cotton cultivars
used to controHelicoverpaspp (Wu et al. 2007) by up to 3.1%. While thisaarch suggests
changes in plant-herbivore interactions these afmhgve not necessarily translated into reductions
performance of the transgenic cultivars (Chen .€2@07; Wu et al. 2006). There is some evidence to
suggest thatlelicoverpaspp. are adversely affected by feeding on cottdnjested to elevated G@s
there lifespan is increased however, there pupahyesurvival rate, fecundity, frass output, rfat
mean growth rates, and the efficiency of convergibingested and digested food is decreased. All
these factors lead to adverse effectéleticoverpaspp. population size and dynamics.

Detailed research that investigates a greater rahgeater stress and higher temperature scenarios
(especially in Australian climatic conditions) tooperly assess the impact that elevated @®Ocotton
growth and insect pests, and the translation ofethehanges into yield and quality are needed.
Consideration or allowances in these studies obtatian of both cotton cultivars and insect pelsid t
will have been selected in rising @é&nvironments is also needed.

Reduced Water Availability and Higher Evaporative Demand

Undoubtedly less water for irrigation will mean veéd cotton yield unless improvements in farm and
agronomic water use efficiencies can improve. Wateess in cotton restricts both vegetative and
fruit growth. Cotton’s response to stress variedhe stage of growth, the degree of stress, amd th
length of time imposed. Research in Australiadtasvn that to optimise yield, cotton crops gengrall
require on average enough water to allow 700 mnewapotranspiration (transpiration plus soil
evaporation) (Tennakoon and Milroy 2003).

Recent research in cotton has shown that regardfe®e water availability in the soil there is an

increase in plant stress associated with highempaative demands (Neilsen 2006). Higher

evaporative demand in well watered crops has thengal to increase transpiration and soil

evaporation lowering water use efficiency. In aftans where water is limited and there is high
evaporative demand, crops will struggle to tramspiénough to keep the canopies cool. Leaf
temperatures are then increased to a point wher@gmthesis and growth are impaired (Hearn and
Constable, 1984). Research is currently being iiakien to quantify the effects of relative humidity

on cotton growth on soils with different water halgl capacities.

Water availability and changes in relative humidifif affect all cotton production regions.

Increase in Temperature
Temperature has two main influences on cotton dramd development. Firstly it determines rates
of morphological development and crop growth (egden development, rate of fruit production,
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photosynthesis and respiration) (Hearn and Corestdi®i84). Secondly, it also helps determine the
start and end of a growing season (eg. timingaxt§).

Consequently climate change raising temperaturgs imerease average daily temperatures warming
both the start and end of cotton seasons allowimgdnger and better cotton growth (a positive
effect); increase average temperatures duringfiislp predisposing crops to high micronaire issue
(a negative effect); and increase the number awerisg of days with very high temperatures during
the cotton season (negative effect). Both negaiiepositive effects are discussed below:

Increase in frequency of very hot days

Many areas in which cotton is grown around the @varid in Australia already experience extremely
high temperatures during the growing season (Fig)reparticularly during flowering and boll
development. Climate change may increase the draxyuof these high temperatures. Cotton plants
maintain optimum growing temperatures by openiognstes in the leaves, allowing water to pass out
and evaporate, thus cooling leaves (transpiration).
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Figure 3.3: Comparison of monthly average maximum and minimum temperatures for Narrabri and Emerald
(Australia, Source Bureau of Meteorology) and other hot cotton production areas Maricopa, Arizona (USA) and
Multan (Pakistan) (Source www.weatherbase.com). Yield potential is significantly less in Maricopa and Multan as
a result of the hot temperatures.

The impacts of high temperature have been revidwe#iearn and Constable (1984). Excessively
high temperatures (greater than 35°C) during tlyecda decrease photosynthesis while warm nights
(above 25°C) mean that leaf temperature remairs hitd respiration remains high, consuming stored
assimilates. Maintenance respiration approximadelybles for every 10 °C rise in temperature. Both
situations reduce the amount of assimilates availfms growth, and in turn reduce yield by: causing

increases in square and boll shedding; and redseiad number per boll. Loss of fruit may cause the
crop to grow excessively vegetatively (rank) follog/the period of heat stress.

In addition to reductions in assimilates availafile growth, heat stress can also directly damage
cotton plant tissue. During the day very high iehumidity (which restricts evaporative cooling)
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combination with clear skies can also increaseudistemperature to approach or exceed air
temperature. Two known consequences of direatdidgamage from severe heat stress are:

* Parrot Beaked Bolls — High temperatures reduceittality of the pollen at flowering. This
reduces boll size and can reduce yield. The réswdtnall bolls with uneven seed numbers
between the locks caused by poor pollination /sstgarticularly in one lock. There are no
known studies to show if the plant compensatep#&orot beak bolls by having other normal
bolls grow bigger.

« Boll Freeze, Cavitation or Boll Dangle — Occurs wh@ung bolls die before the abscission
layer forms. Again this loss of fruit may cause ttrep to grow excessively vegetatively
(rank) following these symptoms.

Large increases in temperature also reduce thevattdetween flowering and boll opening,
shortening the time to maturity and reducing yidldis may increase final micronaire by limiting the
number of late set bolls that can have lower miaiten Fibre length can also affected by sustained
periods of high temperatures as the time requicedilbre elongation is reduced, not allowing for
genetic potential for fibre length to be reachetbcBon and Walhood (1960) found that as boll
temperatures increased above 32 °C fibre lengthredased.

The consequences of hot conditions for yield analityuare exaggerated if water stress also occurs
during these periods. These issues will be impofta all cotton producing regions.

Warming the start and end of cotton seasons

Increased average temperatures especially at #ineastd end of cotton season can have positive
effects on growth, development and ultimately yield

Low temperatures after sowing increase the tinemergence and reduce cotton seedling vigour often
leading to poor establishment, poor early growtt mrcreased risk of seedling diseases (Constable
and Shaw 1988). A key indicator used in the Austnatotton industry of the degree of very cold
temperatures that contribute to the conditions fapat above is the ‘cold shock’ concept. A cold
shock is defined as when minimum daily temperatares 11°C and each event extends the duration
to flowering by 5.2 day degrees (Hearn and ConstdbB4). In some cotton producing regions in
Australia early in cotton growth the number of celtbcks can be as frequent as 40 (period 15th Sep.
to 30 Nov.). Climate change has the potentiahtser minimum temperatures and significantly reduce
the number of cold shocks.

Cotton is a perennial crop; warmer temperaturélseastart and the end of cotton seasons will irs&rea

the length of time cotton has to grow and produeddy provided adequate water and crop nutrition
are available. For every extra week that the gngwdriod (time between sowing and maturity) may
be allowed to be extended through warmer tempearaitihas the potential to increase lint yield By 6

and 136 kg ha(Bange and Milroy 2004).

Extending cotton season has the potential to betredi northern and southern NSW and southern
Queensland cotton producing regions especiallyetistern boundaries of these areas where cooler
conditions prevail. It also provides growers wgfteater flexibility with sowing dates at the staft

the season.
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Warmer temperatures during boll filling

A key factor effecting micronaire (a fibre qualityait) is the temperature during boll filling.
Micronaire is a measure of fibre fineness and nitgtuFibre fineness is determined primarily atréb
initiation on a seed. Finer fibres mean that tteeemore fibres in the cross section of a yarn when

is spun and thus the yarn is stronger. Fibre rigtisrthe proportion of fibre cross section oc@adpi

by cellulose and is influenced by variations in faisgnthesis affecting assimilate supply and demand
for resources by the developing bolls. The degreéboe maturity impacts dye absorbency and
retention. As photosynthesis increases with tentperan the absence of water stress, more resources
are available to mature the fibres thus increasiigyonaire. Situations where seasons are warmer
more often during boll filling predispose cropssituations where high micronaire will be more likel

to occur.

With the exception of southern NSW and some pdrtsocthern NSW which have shorter growing
seasons which often predispose them to lower magrenthe issues of higher and less desirable
micronaire will be an issue for all other produntie@gions. This may also benefit cotton production
in northern Australia (especially the ORIA) as thare also issues of low micronaire when cotton is
grown in the dry season from cooler temperatures.

Adaptation Options
Current Options for Dealing with Climate Variabilit y

The wide geographic spread of the industry meaatsrttanagement practices are different in cotton
producing regions in response to their various aen. Specific cotton crop management options for
dealing with issues relating to climate variabibtye summarised below:

Variety Selection

Variety choice is a strong component of realisinthitarget yield and fibre quality levels on farin.
delicate balance needs to be resolved between, yiddce quality, price and other important
considerations such as disease resistance, anct inseé herbicide resistance. To meet this need
Australian cotton breeding programs are alreadydiat developing cotton varieties well suited ® th
environmental and climatic conditions experiendamughout all the cotton production regions (hot
and cool), and therefore give growers options éeing varieties suitable to their conditions.

Varieties developed by CSIRO dominate the Austnaki@tton market. CSIRO’s investment in
research and plant breeding has already developeigties with known high heat tolerance
(Constableet al. 2001), which will help to accommodate climate dmarespecially for regions in
Southern Queensland and Northern NSW. In additicdhése breeding efforts accounting for regional
climatic diversity there is also specific breedprggram in place for rain-fed cotton productiorist
means that there are already varieties that aterbedapted to less than fully irrigated and s&éss
conditions.

With the assistance of new biotechnology tools adl as the measurement of yield performance
under varying environmental conditions and otheyspdlogical measurements assessing adaptation
traits, cotton breeding efforts are already focusedidentifying genes and cotton germplasm to
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improve water use efficiency and heat toleranceetter adapt to climate variability and change. As
cotton is already grown in hotter climates tharrently experienced in Australia (Figure 3), thege i
significant potential for accessing germplasm thay offer improved heat tolerance.

Planting time variation

Changing planting time offers Australian growersystems solution’ that can provide benefits both

in terms of: maintaining yield; improving fibre ditg; reducing the risk of adverse effects of high
temperatures; and reducing the incidence of segdiiseases early in the season. Recent research by
Bangeet al. (2007) with the introduction of transgenic cudiis (with improved insect protection that
lead to crops with higher fruit retention) have whothat in the Northern NSW region delaying
sowing time could maintain yield and improve fibgeality (both in terms of fibre length and
micronaire). In a changing climate with the inioton of new varieties there will need to be
ongoing reassessment of planting time as a manageopdion in the different cotton production
regions. Current research is assessing the watemidrogen use efficiencies of different planting
dates.

Irrigation management

Most cotton in Australia is fully or partially igated which serves to reduce climate variability
associated with rainfall. However, recent drougbhditions coupled with reductions in water
allocation across all major cotton production regidas placed significant emphasis on managing
water resources more efficiently. Practices fhatralian cotton growers have adopted with an aim
to improve the water use efficiency include:

« Implementation of systems that monitor and assésdesfarm water use efficiency to identify
parts of the system which are inefficient. Growessisistently adopt practices to improve
water storages, and reduce transmission and appiidasses.

« Use of alternative irrigation systems such as &t@ove or drip irrigation systems.

e Use of technologies to monitor weather (automat@atier stations) and crop soil water use
(capacitance probes, neutron moisture meters)tterlsehedule irrigations.

« Improving soil management by adopting reducedgdlgractices to minimise compaction
which improves soil structure and increases thémgaone.

¢ Adoption of management practices in limited wattragions by:

0 Reducing risk of crop failure by modifying the ambwf the area of cotton grown
before the season begins.

0 Choosing varieties suited to production regionscivhalso have inherently higher
fibre length to reduce the risk of incurring fingadgenalties for short fibre length.

0 Avoiding excess nitrogen so that vegetative groittiscouraged. This also has the
benefits of reducing nitrogen dioxide emissiongéghouse gas).

0 Avoiding stress during the flowering period.

Recent research and advancements in irrigation veetdr management in the Australian cotton
industry has been summarised by Roth (2007).
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Rain-fed Cotton Systems

Rain-fed cotton production can be a significantpprrtion (as high as 15% of total production arda) o
the Australian Cotton Industry especially in thgsars where prices for cotton are acceptable and
there is a forecast for reasonable rainfall Bagigal. 2005). One of the management techniques that
rain-fed cotton growers have is to modify row cgofiation. Configurations that have entire rows
missing from the sowing configuration are ofteneregd to as ‘skip row’. Skip configurations are
used to: increase the amount of soil water avail&in the crop, which can influence the poteniial |
yield; reduce the level of variability or risk asgded with production associated with climate
variability; enhance fibre quality; and reduce inpasts (Banget al. 2005).

Manipulating Crop Maturity

Crop maturity can be manipulated by choice of galti insect management, nutrition, or late season
irrigation management. Early crop maturity maypwaligrowers to pick the crop in a timely manner to

avoid quality down grades and perhaps save on watiate season insect protection. However, this
needs to be balanced against the fact that in tiggrélian environment reduces lint yield by 68 and

136 kg h&d per week (Bange and Milroy 2004). Reducing theetto maturity and managing a crop to

achieve targeted economic yield threshold is amoppin those climates that have limited water

availability.

Crop Nutrition

Monitoring soil fertility and crop nutrient uptakeas become commonplace within the Australian
cotton industry, as growers realise the importasfcavoiding nutrient deficiency and the economics
and environmental concerns of excess fertiliser. @erently, the NutriLOGIC decision support
system provides information for determining the rappate rates for N fertiliser use and the need
other nutrients based on crop stage (utilising alennformation) and performance.

While cotton yields have increased steadily overghst decade, so have N fertiliser applicatiogsrat
in most regions. Also, use of P and K fertiliseas increased. The cotton industry promotes effectiv
use of fertilisers in the Best Management Prograngely to minimise the risk of environmental
damage from nutrient leaching and greenhouse gassiems. Crop nutrition research is however
reporting a wide range of nutrient use-efficiencieglicating scope for improvement in some
circumstances (Rochestral. 2006).

Legume rotation crops are grown so cotton growers reduce N fertiliser use, improve P and K
nutrition of following cotton, and improve overalil quality (Rochester and Peoples 2005; Rochester
2004).

Nutrient removal escalates as yield increases. ¢lethere is increased grower interest to maintain
high soil fertility by applying equivalent amourdag macronutrients nitrogen (N), phosphorus (P) and
potassium (K) to those removed in seed cotton (Bsteln 2007). By applying these nutrients, growers
can arrest soil fertility decline and delay or altiie onset of nutrient deficiencies, even thoungne
may be no lint yield response to P or K applicatibhis constitutes a strategic change in nutrient
management, instead of applying fertilisers whdrerd was an economic response to nutrient
application. Growers are combining nutrient remamédrmation with more traditional soil and tissue
testing, so they can ensure soil fertility is mainéd and crop nutrition improved.
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Pest Management

One major production issue that these growersédacé season is the protection of the crop against a
range of insect and mite pests. Key invertibragstp of Australian cotton includdelicoverpa
armigeraandHelicoverpa punctigeraspider mitesTetranychus urticde aphids Aphis gossypjiand
mirids (Creontiades dilutys The insect pest and beneficial complex is bisoaohilar for all cotton
growing regions (including northern Australia). Tontrol these pests they have historically relied
strongly on intervention with chemical pesticidefich remain a significant component of the cost of
production (Fitt and Wilson 2000). In addition tbee of chemical sprays gives rise to ecological
problems from pesticide resistance in key pestsl anvironmental concerns about pesticide
movement off-farm (Wilson et al. 2003; Fitt 2000).

The development of transgenic cotton with two Bhege (Bollgard 1l) has reduced pesticide use for
the control of majorLepidopteranpests (particularhHelicoverpaspp.) however, as the system is
changing pests formerly suppressed by these spgoayslelicoverpa spp. are emerging as new
challenges. The Australian industry is modifyifgM strategies to meet the challenges of emerging
pests as well as maintaining viability of convenéib and transgenic systems against pesticide
resistance (Wilsort al 2003).

Seasonal climate variability (especially in relatio variations in temperature and rainfall) inflaes
the distribution and abundance of insect pests. pbeature directly affects insect, development,
survival, number of generations, timing and theatlan of diapause, while rainfall affects the griowt
of plant hosts leading to differences in distribatand abundance of insect pests.

In the past the industry has experienced extremay and very dry years and the pest issues
associated with these climates. Wet and warm yeawve seen abundant winter and summer weed
hosts contributing to pest build ups. Hot dry geahen irrigation water is available are favourable
for cotton growth and most likely have less ingeest build also contributing to improved yields. A
particular issue encountered in warmer seasoneisncreasing abundance of silver leaf whitefly
(Bemisia tabaciB-Biotype) due to more generations developingha warmer conditions. In a
climate change scenario where southern regionsheaegme warmer, whiteflies maybe become more
of an issue.

One of the fundamental elements of an IPM appreadpted by the Australian industry is the regular
and accurate monitoring of the numbers of pest laewkficial insects and the use of economic
thresholds to guide decisions on pest manageméntdoing this growers are already responding
accordingly and adapting to regional and seasaraton.

Differences in weeds and crop diseases also ocrassregions and seasons because of variation in
rainfall and temperature. Australian cotton grawvemploy the use of transgenic cotton that allows
over the top application of glyphosate for weedtamito allow for rapid response to weed control
along with integrated weed management. In the oaskseases cold wet conditions are favourable
for Black root rot Thielaviopsis basicola Fusarium Wilt Fusarium oxysporujnand Verticillium

Wilt (Verticillium dahliag. When conditions are warm and moist AlternareaiLSpot Alternaria
macrosporeand Alternaria alternatacan be an issue. The industry employs an integrdisease
management approach, and breeding efforts are hdagussed on developing germplasm with in-
built resistance.

Changes in climate will need to ensure industry itooing strategies are in place to identify changes
in the pest, weed and disease spectrums, espetlialbg that prefer warmer climates. There is
significant opportunity to further develop pestdoasting systems that can be used to predict the
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effects of climate change. As an example, a sitimmanodel already used in the Australian cotton
industry for Helicoverpaspp. is the HEAPS (HElicoverpa Armigera and Pwecd Simulation)
model which has been used to assess movementlohaaths within a regional cropping system (Fitt
et al 1995). HEAPS includes modules for spatigresentation if the region, moth movement,
oviposition, pest and crop development and pestatityr Components of this technology have been
available to industry via decision tools (Hearn &ashge 2002).

Regional Expansion

There is significant opportunity for cropping reggosuch as the Ord and Burdekin Irrigation Areas in
northern Australia to produce cotton. Despite unssasful attempts at cotton production in northern
Australia in the past, the introduction of transgesotton with in-built protection télelicoverpaspp.

as well as adopting cropping practices tailoredcifigally to these regions has meant cotton
production may well be a viable alternative forppmg producers established in these regions. For
the industry as a whole these regions have gewes@gaificant interest with the opportunity of more
reliable water supply for production compared wattisting cotton regions that have limitations to
water supplies as a result of recurring droughtsraductions to allocations. An issue that may well
be perpetuated with climate change.

For the Ord River Irrigation Area research has destrated that cotton can be grown sustainably
when grown with transgenic insect protected cotiorthe dry season. Management guidelines
specific to this region have been developed (NORp@kd River Irrigation Area cotton management

guidelines 2007). In the Burdekin Irrigation Areesearch is currently underway to develop a
sustainable system with key challenges relatingclimate variability. The challenges are low

radiation and high humidity during cotton growtldagnsuring integration with sugar cane cropping
systems (Grundy and Yeates 2007).

Extension Material and Decision Tools

Guidelines for crop management practices spedaifiAtistralian cotton systems are delivered in
through publications and decision support toolshese publications make specific reference to
managing climate variability and are made availahi®ugh the Cotton Catchment Communities
website fittp://www.cotton.crc.org.all/ Some significant publications include:

» WATERpak — provides technical information and picadtadvice to help cotton irrigators
improve irrigation practices, minimise environmerntapacts, and increase farm profits from
cotton.

* NUTRIpak — a manual of cotton nutrition, designednform cotton growers and consultants
of the importance of providing their crops withudfigient supply of nutrients and improving
their fertiliser management.

* FIBREpak introduction - contains information for maging fibre quality at every step, from
pre-planting to processing.

« NORpak - Cotton production and management guidelfoe the Ord River Irrigation Area
(ORIA).

e IPM guidelines - guidelines designed to assist greawmplement IPM strategies to suit their
individual farming systems that account for thet@motgrowing season as well as other times
of the year.
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« WEEDpak - a guide for integrated management of wéedotton.

e Australian Dryland Cotton Production Guide — speaibnsiderations for managing rain-fed
cotton.

« Integrated Disease Management Guidelines for AlimtraCotton - a tool to assist the
management of diseases in cotton.

Decision support tools available to the Australaatton industry that integrate knowledge of cotton
management and climate that can be used to s@lgifiteal with climate variability include:

e OZCOT cotton crop simulation model (CSIRO Plantusity; Hearn 1994) is available to the
Australian cotton industry for use in research sssg the impact of climate variability and
management on yield on both irrigated and drylarapging systems (Milroy et al. 2004).
OZCOT is also the cotton module contained withinSA® model (Keating et al. 2003).
Current research for OZCOT is focussed on the nsoalellity to simulate high fruit retention
transgenic cotton and enabling the model to préditiict quality.

« HydroLOGIC - a stand alone software applicationagsist in the effective and timely
application of irrigations for furrow irrigated ¢oh crops. It is able to provide information to
help growers assess the consequences of differaggtion strategies on crop growth, yield
and water use. Utilises climate databases an@#&OT cotton crop simulation model.

» Cotton Day Degree Calculator — web application thgises SILO patched point datasets that
assess cotton crop development and compares witlstoribel averages
(http://tools.cotton.crc.org.au/Tools/Agronomy/SID&yDegCalc.ht

» Crop Development Tool — web application that assisbwers to monitor the performance of
their crops in relation to potential growth basedn oprevailing climate.
(http://tools.cotton.crc.org.au/CottonLOGIC/Qdt/

» CottBASE — a standalone software application basedhe Whopper Cropper software
concept that is used to analyse pre-run simulatirise OZCOT cotton simulation model to
assess the effect of climate variability on cofitaigation practice.

* Cotton Greenhouse Gas Calculator — web applic#iianestimates greenhouse gas emissions
from use of nitrogen fertiliser and fuel consumptio
(http://www.isr.qut.edu.au/tools/index.jsp

¢ NutriLOGIC — a web application that estimates feser requirements of cotton based on soil
and plant measurements and crop stage estimatedn fprevailing climate
(http://tools.cotton.crc.org.au/CottonLOGIC/NutriL GL3).

e Helicoverpa Diapause Induction and Emergence To@ web application that predicts
seasonal potential insedti€licoverpaspp.) related issues based on the SILO patched poi
datasetsHttp://tools.cotton.crc.org.au/cl2/diapause/indspe@ Will adjust predictions based
on temperature.

Cotton growers in many instances grow other cropthsy have access to knowledge and technology
available to other cropping industries. In addit@mtton growing is also serviced by agronomists an
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consultants that enhance access to specialised I|éagev on cotton production
(http://www.cottonconsultants.com.gu/

Adaptation Options for Dealing with Climate Change

Many of the potential adaptation responses availabthe Australian cotton industry have production
efficiency benefits regardless of the rate andneatd future climate change. Key industry productio
issues that will encompass climate change include:

« Improving nitrogen use efficiency of crops.

« Improving water use efficiency of the whole cotttaiming system. Cotton growers are
increasing seeing themselves as irrigated grovetherr than just cotton growers to be more
opportunistic for gains in water use.

* Improving management of climate variability (impnoy use of short, medium and long-term
weather and climate forecasts, improving climasik rmanagement including understanding
and managing the trends and extremes regionallykmtoclly for production and implications
for our markets such as impact of potential glalyging trends on our competitors).

« Plant breeding and farming systems to take advantdgincreased temperatures, handle
increased water stress, improve agronomic watereffsgency, and respond to elevated
atmospheric CQ

« Avoiding resistance of pests (both insects and wjettdtough appropriate integrated pest and
weed management systems to maintain transgenicdkgies.

» Capacity to forecast likely pest pressures.

< Auditing energy use in cotton farming systems idelg developing benchmarks and tools to
assess and improve efficiency and being readypm#opportunities such as bio-diesel.

« Developing Best Management Practices for minimisihg industry’s greenhouse carbon
footprint.

Given that there will be the no one solution fdrail the challenges raised by climate change and
variability the best adaptation strategy for arguisiry will be to develop more resilient systematl{e
implementation of adaptation strategies particylarl regard to enhancing resilience, have the
potential to significantly reduce the negative itgaof climate change (Howde al. 2003).

Costs and Benefits

No explicit investigation of the benefits of implenting adaptation practices for climate change has
been conducted for the Australian cotton industjowever, a recent report commissioned by the
Cotton Research and Development Corporation andCiitton Catchment Communities CRC by
Boyce Chartered Accountants (2007) showed averagenses for cotton production have risen
significantly as a result of increases in coststa@mical insecticides, fertiliser, fuel and oildamater
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charges and purchases, thus reducing profitabilithis only emphasises the importance of those
adaptation strategies identified and mentionedipusly.

There is a genuine need for information that helgantify the value (including economic,
environmental and social) and the degree of chaageired of strategies that help meet issues of
changing climate, resource limitations (such asewatlong with rising production costs to ensure
cotton’s viability. This analysis needs to be aactdd as soon as possible so that industry can
appropriately focus it's investment on the mostcegsful adaptation strategies.

Knowledge Gaps and Priorities

As part of the Climate Change in Cotton Communipegect funded by the Australian Greenhouse
Office and the Cotton Catchment Communities CRiInatle change workshops were run at Narrabri,
Dalby, St George, Goondiwindi and Emerald in 20@6me common themes that highlighted
knowledge gaps, priorities and opportunities father discussion within the cotton industry were
developed. A sample of feedback from workshop gigdnts covered by those themes included:

Crop Management/Agronomy

* Management is the key — always has been alwaydwvill

« Opportunities to take advantage of increased temtyers especially at the start and end of the
growing season

* Better manage current system; row configuratiamgiation strategies, improve water storage
and infrastructure

« Improve on-farm water use efficiency — aim to irage quantity and quality of yield over
smaller area

« Use soil moisture tools and better schedulingriajation.

e Early maturing of crops using less water becaushefhorter growing season. Opportunity
to grow more crops in the rotation

« Plant breeding /transgenic development providesiippities

Cotton Farming Systems

* Profitability in the short term is worrying growemnsore than climate change in the long term
at the moment.

« Develop adaptable farming systems — already exiatanage for change as it occurs

» Designing a profitable and sustainable farm busirediversification and grow other crops.

* Educate about other suitable crops and droughiaiaiearieties

« Diversify into other crops and livestock.

e Struggling with limited financial and time resousce solutions need to be realistic and
profitable

« Develop a clear assessment of present impacte dtusiness level and what are the changes
that can be made
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Industry

* Water availability (access, government regulatian#i)oe a challenge

* Industry expansion or relocation from traditionatton growing regions raises a number of
challenges - the expansion south may simply besaltref growers taking advantage of the
recent window of warm weather and good prices anithto an area where there is already
strong competition for water; while there may berenavailable water any further expansion
into northern Australia will have pest and diseiasaes to overcome

e The industry is already dealing with climate changes

* Address community resilience - think globally amtllacally - focus on the local scale

« Industries will respond at different rates

* Legitimate adaptation strategy is to exit industry

e Continue to build adaptive capacity and industrgrgjths

« Identify false hopes and promises like the shifntwth Queensland — while it may provide
increased access to water it raises different ehgéls with soil types and pest and weeds
issues - so focus more on building industry resdeeand less on industry relocation

« External pressures are overwhelming at times

e Link communities to the catchments as well as itrglus

Research

* Greater understanding on links to water availabditd river flows is highest priority need

* Need more research on the impacts on quality (repagtticularly) and yield

* Need more research on the likely impacts of in@e&3Q

« Utilise information currently available and doninid duplicate research.

* Need downscaled information - current broad (egigaivith rainfall) information little use at
all

» Accept temperature projections but what about decadtter and drier patterns - it's hard to
believe that average rainfall is going to decréasestraight line in Queensland and NSW

There is already significant investment in reseatitht has specific aims to improve resource
efficiency, and raise cotton yields and fibre giyali Recently the Cotton Catchment Communities
CRC have instigated a research program titled IResiCotton Farming Systems’ explicitly aimed at
addressing issues of cotton sustainability in aalée and changing climate. As this is only a new
initiative, projects focussing on climate change still being developed. The Cotton Research and
Development Corporation have also invested in ptsjevestigating a cotton system’s contribution
to greenhouse gases and potential mitigation giesge
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Table 3.1: Summary of climate change adaptation options for the cotton industry indicating whether the option 1)
has already been assessed or is a remaining knowledge gap, 2) is highly feasible, 3) would be feasible / effective

immediately, or 4) should be a high priority for research, assessment and implementation in developing

adaptation strategies.

Policy/Industry

Develop linkages to existing government policies
and initiatives e.g. GGAP, Greenhouse challenge,
salinity, water quality, rural restructuring

Expansion of industry to other regions (including
northern Australia)

Ensure communication of broader climate change
information

Address community resilience to the effects of
climate change on the cotton industry

Maintenance of effective climate data distribution
and analysis systems

Continue training to improve self-reliance and to
provide knowledge base for adapting

Policy settings that encourage development of
effective water-trading systems that allow for climate
variability and support development of related
information networks

Public sector support for a vigorous agricultural
research and breeding effort with access to global
gene pools

Maintain R&D capacity, undertake further adaptation
studies which include costs/benefits and streamline
rapid R&D responses

Develop further crop systems modelling capabilities
such as OZCOT and APSIM and quantitative
approaches to risk management

Encourage appropriate industry structures to enable
flexibility

Encourage diversification of farm enterprises (other
crops and livestock)

Ensure support during transition periods caused by
climate change and assist new industry
establishment

Investigate trends and extremes resulting from
climate change both regionally and globally for
production and explore implications for our markets
and impact on our competitors

Altering transport and market infrastructure to
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support altered production regimes caused by
climate change

Encourage financial institutions to be responsive to X v X X
changing industry needs

Continuing commitment from all levels of
government for pest, disease and weed control v v v v
including border protection

Introduction of climate change adaptation (including
minimising industry’s greenhouse carbon footprint) v v v v
into Environmental Management Systems (BMP
Cotton)

Auditing energy use in cotton farming systems
including developing benchmarks and tools to X v X X
assess and improve efficiency and being ready to
exploit opportunities such as bio-diesel

Provide information that acknowledges that exiting X v X X
industry is a legitimate adaptation strategy

Crop and farm management

Maintain farm profitability v v v v

Development of participatory research approaches v v v v
to assist pro-active decision making on-farm

Improve nitrogen use efficiency of cotton crops v v v v

Develop practices to take advantage of increased
temperatures especially at the start and end of the 4 v v v
growing season to raise yields

Improved management options in limited water
situations (alterative irrigation systems; row v v v v
configurations, irrigation scheduling strategies)

Research and revise soil fertility management
(fertilizer application, type and timing, increase v v v v
legume phase in rotations) on an ongoing basis

Alter planting rules to be improve yield and quality X v v v
Expand routine record keeping of weather,

production, degradation, pest and diseases, weed v v v v
invasion

Avoiding resistance of pests (both insects and
weeds) through appropriate integrated pest and v v v v
weed management systems to maintain transgenic
technologies

Maximise whole farm water and crop water use v v v v
efficiencies
Tools and extension to enable farmers to access X v v v

climate data and interpret the data in relation to their
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crop records and analyse alternative management
options.

Develop tools to measure crop water use accurately

Develop cotton systems that are earlier maturing,
use less water and allow more crops to be grown in
rotation

Link on-farm adaptation with catchments impacts

Climate information and use

Improve dynamic climate modelling tailored
towards decision making in agriculture

Provision of information to cotton growers of the
likely impacts at their business level (downscaling
climate change predictions to regional scales)

Incorporate seasonal forecasts and climate change
into farm enterprise plans so as to be able to
readily adapt

Maximise utility of forecasts by RD&E on combining
them with on-ground measurements (i.e. soil
moisture, nitrogen), market information and
systems modelling.

Warnings prior to planting of likelihood of very hot
days and high erosion potential

Enhance capacity to forecast pest pressures
(weeds, invertebrate and diseases)

Water resource issues

Further improvements in water distribution systems
(to reduce leakage and evaporation), irrigation
practices such as water application methods,
irrigation scheduling and moisture monitoring to
increase efficiency of use

Maintain access rights to water

Develop water trading system (and associated
information base) that can help buffer increased
variability

Maximise water capture and storage on-farm —
needs R&D and policy support

Develop greater understanding of water availability
in relation to river flows

Managing pests, disease and weeds

Improve pest predictive tools and indicators

Improve quantitative modeling of individual pests to
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identify most appropriate time to introduce controls

Further development of Area-wide Management
operations

Further development of Integrated Pest
Management

Improved monitoring and responses to emerging
pest, disease and weed issues

Crop breeding

Selection of varieties with appropriate, heat shock
resistance, drought tolerance, higher agronomic
water use efficiency, improved fibre quality,
resistance to new pest and diseases (including
introgression of new transgenic traits).

Ongoing evaluation of cultivar/management/climate
relationships (including investigations in higher CO,
environments) on both yield and quality
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4: RICE

Gaydon, D!, Beecher, H.G, Reinke, R, Crimp, S!, Howden, S.M.

'CSIRO Sustainable Ecosystems, GPO Box 284, Canl#tra 2601

’NSW Department of Primary Industries, Yanco Agtiatdl Institute, Yanco, NSW 2703

Key Messages:

Limitations in projected irrigation water supply der climate change are likely to have a
significant impact on Australian rice productiorhieh is totally dependent on supply of irrigation
water.

Evapotranspiration rates over the rice-growing qekrare projected to increase over the next
century, however the effect on total water demahiice crops may be balanced in part by faster
development of the crop and a shorter growth cycle.

The risk of low-temperature damage during repradecphase, one of the major historical
limitations to rice production, is likely to be meged under climate change projections. While the
net impact of increased temperatures and, G rice is largely unknown in the Australian
environment, climate change may increase the fisgleat-damaged crops (not currently a major
issue).

There is some scope to further adapt existingproeluction methods to reduce irrigation demand
— through reduction in the duration of ponding wperational (direct drilling) and breeding
(yield/duration) means, as well as reduction inpdeercolation losses through enhanced definition
and regulation of rice-suitable soils. Significantprovements in water productivity will be
difficult to achieve under the existing productisystem, and the immediate consequence of less
water will be less rice. However aerobic and abgz-wet-and-dry (AWD) rice may present the
Australian rice industry with new options, and majow increased water productivity (kg
grain/ML) in a changing climate. The viability diigse novel rice production systems for the
Australian environment warrants immediate research.

Potential new methods of rice production (aeroliituce) may allow expansion of rice growing
to new areas or regions.

The rice industry has been highly successful imeasing water-use efficiency over its history,

and must continue to do so in adapting to climetiange. Rice farmers will need to consider a
wide range of potential farming system changes (aaxieties/crops, rotations, water priorities,

irrigation methods, farm layouts, use of seasotialate forecasts in management) to adapt to
predicted changes in on-farm climate and water Igupger the coming century. Research into
the viability of new farming system ideas, in comgan with traditional systems, is urgently

needed to allow for future farm planning.
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Introduction

Rice was first commercially grown in Australia imetearly 1920’s near the townships of Leeton and
Yenda in the New South Wales Riverina. The curnadustry in Australia has a restricted
geographical range, encompassing the irrigatedomegbf southern NSW and northern Victoria
(Figure 4.1). Rice growing is concentrated in thia due to the availability of irrigation
infrastructure, historical availability of wategrge areas of flat land, suitable clay-based swmitsthe
development of storage and milling infrastructureor near the regional towns. Also, institutional
policies restricted rice growing to the irrigatiareas and districts until the 1980s.
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Figure 4.1: Australia’s Rice-growing Regions (courtesy of the Ricegrowers Association of Australia)

Economic value

In a year without climate-induced restrictions Bigerina region produces around 1.3 million tonnes
of rice. Of this, 85% is exported and 15% servitesdomestic market. In such a year, the inglustr
earns around $800 million in revenue, which inchidearly $500 million from value-added exports.
Rice is Australia's third largest cereal grain ekpand the ninth largest agricultural export @dlta
from Sunrice)

Annual rice production internationally is approxiels 550-600 million tonnes (Macleagt al. 2002),
making Australia a relatively small player, howevaustralia grows high quality rice to service
specific markets. Also, only 25 million of the 6@tllion tonnes of world annual rice production is
traded outside the country of origin. Therefor¢ha@ligh Australian rice only represents around 0.2%
of world rice production, exports represent over dPaorld trade of medium grain rice (Sunrice).
The sustainability of a large number of regionale and communities in the Riverina is highly-
dependant on rice-based farming systems (Linneghkoodside 2003).
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Agronomy

Australia’s rice-growing region experiences evetilstributed annual rainfall, with the mean annual
average ranging between 350 — 450 mm per annuie iRia summer grown crop, sown in windows
according to variety from mid-September to mid Nober. The crop has a growing season of
approximately 6 months, and due to the relatively tainfall the crop is totally reliant on the slypp

of irrigation water during this period. Rice costaighly 1150 $/ha to establish and grow compared
with $250 for dryland wheat, (NSW DPI Farm EntesprBudget Series 2005/2006), hence farmers
are conservative in estimating the total rice #ogalant, due to the economic consequences of mgnni
out of water. Large yield losses can be expedtgumnding cannot be maintained for the required
length of time (Heenan and Thomson, 1984).

Rice is grown in rotation with a range of othera@ps including cereals, oilseeds, pulses and pEstur
and is only one component in a diverse farmingesyistlt is however the dominant broadacre crop, in
good seasons occupying 10—-25% of the landscageeimajor irrigation regions for about 6 months
each year, and accounting for 50—-70% of the tatgation water use (Humphregs al. 2006).

At various stages throughout the year the farmestnmake decisions on the proportion of area
cropped and crop mixes based on available watecatlbn information. Certain restrictions apply.
For example, the area of rice that may be plantedng time is limited to 69 ha or 30% of the
approved rice-growing land, whichever is greatéfistorically, approved rice-growing soils were
defined physically based on clay content (Humphegyal. 1994). Current rice soil suitability criteria
also incorporate electromagnetic surveying and areasent of soil exchangeable sodium percentage
(a measure of soil sodicity) (Beechet al. 2002). Soils with potentially high deep percolatio
characteristics are therefore removed from ricevgrg. Table 4.1 shows the average gross-margin
returns and water-use efficiencies for crops in M@rumbidgee Valley (2005/2006). Water-use
efficiency is defined here as the gross marginperifdgation water used.

From the perspectives of both gross margin andrweste efficiency, farmers seeks to maximise their
planted rice area (Table 4.1).

Table 4.1: Murrumbidgee Valley average Figures for 2005/2006 (source :NSW Department of Primary Industries
“Farm Enterprise Budget Series” )

Crop Gross Margin ($/ha) Water Use Efficiency ($/ML)
Aerial-sown medium-grain rice | 1550 111

Irrigated Soybeans 636 79

Irrigated Wheat 263 75

The rice produced in Australia is mostly of thaponicatype, which are relatively soft-cooking
medium and short-grain types as distinct frimaica (predominantly firm-cooking long-grain types)
which is grown throughout the tropical world. Jajoa rice is more suited to the temperate micro-
climate of Australia’s rice growing region. Evemotigh Japonica rice is more tolerant of cooler
conditions, cold induced spikelet sterility remaorge of the major constraints to yield in the regio
(Humphreyset al. 2006). Average Australian rice yields are amortdst highest in the world,
averaging 10.4 tonnes grain yield per hectare 0846lumphreyst al.2004)
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Water requirements

The long term average &t Griffith is 1160 mm (11.6 ML/ha) over the riseason, while rain
averages 160 mm (Humphreys and Meyer 1996). Teisefore means that on average rice requires
1000 mm of irrigation water to meet net evaporatieenand (Humphreys 1999). The district average
irrigation water requirement of 1400mm (14 Ml/heaves a balance of 400mm which is lost between
deep drainage, runoff, and on-farm channel losdeshot, dry years the average irrigation water
requirement can increase from 14 Ml/ha to in exoéds6 Ml/ha. Falling water tables due to drought
may also result in similar increases in rice irig)a water requirements, particularly on more maagi
rice soils where the presence of shallow wateetbhther than low soil hydraulic conductivitynili
percolation. (Arun Tiwari, Coleambally Irrigationirhited, pers com). Average field water
productivity (kg grain per ML applied irrigation wex) of the total NSW rice crop roughly doubled
over the period 1980-2000. This was primarily doeincreased yields (breeding, management,
nitrogen management, water management (Lacy 19%4), partly due to reduced water use
(Humphreys and Robinson 2003) brought about byrgeeof industry-imposed restrictions and
regulations.

Water Supply

Surface water is the major source of irrigationexwatupply for rice-growers in the Riverina (river
water, pumped directly or diverted into canal syste although some groundwater is also used
(Humphreyset al.2006). Farmers own licences entitling them t@rdain water allocations, however
allocation amounts are regulated according to dramra supply. In brief explanation, water licence
entitlements are divided into high and low securify ‘high security’ licence guarantees the licanse
of receiving their full entittement in 99% of seaso High security licences are generally issued fo
town water supplies, stock and domestic needs,sindl uses, as well as permanent plantings like
vineyards and orchards. The remaining water availtor use after environmental demands and high
security allocations have been met, is termed ‘ggraecurity’. This is made available to farmers
growing annual crops such as rice, wheat, soybaadgastures. General security allocations are by
definition subject to much greater variation froegaries in climate, represented by in inflows i@
storage dams (Blowering, Burrinjuck, Hume, and Daxth). (For more details see
http://www.dlwc.nsw.gov.au/water/index.shjml

The irrigation season in the Riverina rice-growitigtricts is from July through to the following
May/June. The first general security announceri'entade in the middle of August and is based on
current dam levels and minimum historical inflov@@%o reliability). There is hence a 99% chance
that more water will become available for allocates the season proceeds (Klearal. 2004). The
announced percentages apply to the individual redley and are made by the NSW Department of
Water and Energy each subsequent month or on tasion of significant inflows into the dams. The
announcement is in the form of a percentage, iafgto the proportion of the irrigator’s total lieged
amount that is guaranteed to be available by thke gfnFebruary. Each month, the announced
allocation can, in theory, only be increased oraienhe same.

Currently, for general security irrigators theraisallocation ‘cap’ of 83% of the total licenceamt,
and an allowable carry-over of 15% to the followiygpr, so long as the carry-over amounts do not
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increase the subsequent year’s allocation to ath6@80. (Murrumbidgee Allocation Plan 2004/05,
Murray and Lower Darling Allocation Plan 2004/05).
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Figure 4.2: Irrigation water allocations (percentage of licensed quota) for Murrumbidgee Irrigation Area (MIA),
1980/81 — 2007/08.

As depicted in Figure 4.2, rice-growers have exexed a precipitous drop in irrigation water
allocations over the last decade in stark contrmast history of receiving 100% of licensed allooati
every season, if not more.

Factors affecting current water supply

In Australia, the supply of water to rice-growers mot affected by climatic factors alone.
Environmental policies and the National Competitiolicy have also resulted in decreased water
availability to irrigators, and threaten increaseater prices in the future (Humphreys and Robinson
2003).Worldwide, water for agriculture is becomingreasingly scarce (Rijsberman 2006). Various
sectors with increasing demand (urban, industeia/jronmental) competing for this limited resource
are likely to exacerbate the impact of climate deaeffects on water supply to rice-growing areas
globally (Boumaret al.2007).
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Climate Change Impacts
Irrigation Water Supply

Practically all of Australia’s rice is grown in aditions of shallow (10cm) ponded water.
Consequently, total rice production in Australiss leastrong linear relationship with total irrigatio
water allocations in the rice-growing districtsdiie 4.3). Deviations around this linear relatfops
are likely due to a range of other less influerfé@kors affecting rice production such as tempees,
disease, and market dynamics.
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Figure 4.3: The relationship between annual irrigation water allocation and annual rice production for the
Coleambally Irrigation Area, NSW, (1998-2007) (statistical data provided courtesy Roger Clough, Grower
Services, SunRice, Leeton).

The effect of projected climate change on irrigatieater supply to the Riverina rice growing areas i
therefore a dominating factor in assessing clinshgnge impacts on rice production. Recent climate
change projections suggest 16-25% reduction inageeMurray-Darling stream-flows by 2050 and
16-48% reduction by 2100 (Pittock 2003; Christenseml 2007). This is likely to have dramatic
implications for irrigation water allocations inetfRiverina (Jones and Pittock 2003). The strong
relationship between available irrigation water @andduction (Figure 4.3) would suggest significant
impacts in future production in response to likaégclines in average stream-flow, however thereaare
number of other confounding factors relating toeextof changes in competing water sectors (i.e.
domestic, environmental allocations, industrial) éfcdamsonet al. 2007; Humphreys and Robinson
2003).

A more updated assessment of stream flow is expeoben the CSIRO Land & Water “Murray
Darling Basin Sustainable Yields Project” at thel exi 2007. This project will assess a range of
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projected future climate scenarios (using tffeIRCC Report archived modelling results for 15
General Circulation Models (GCMs)) and potentidlfe development scenarios (farm dams, surface
and groundwater extractions, commercial plantafic@mestic requirements etc) for all major
catchments within the Murray Darling Basin, and artpon surface water and ground water
availability impacts both in terms of average ygeld but also variability
(http://www.csiro.au/partnerships/MDBSY .hijml

Irrigation Water Demand

Seasonal irrigation water requirements in the Rmgermave historically exhibited high levels of
variability. Annual water requirement for rice peoto meet evapotranspiration can rise above the
mean value by up to 30% (up to 16 MI/ha with a metah2 Ml/ha, (Peter Sheppard rice farmer, pers
com)). Modelled annual whole-of-farm water requiegrfor a sample farm at Kerang, Vic, growing
perennial pasture was noted to vary between appedrly 210 Ml to 370 MI, around an average of
approximately 290 MI over the period 1975-1996 €0R000), a variation of roughly 30% either side
of the mean.

A global modelling study on the impacts of climat&nge on irrigation water requirements found that
significant variation could be expected geograghid®oll 2002). For South-Eastern Australia, this
study found that the projected impact of climatargfes on irrigation demand is smaller than the
existing interannual climate variability. Figured4shows the comparison between historical pan
evaporation at G riffith (1900-2006), and projecpeth evaporation at Griffith using the HadleyCM2
GCM for low and high forcing climate change sceosrfIPCC B1 and A1F1 respectively) for (a)
2030 and (b) 2070. (Gaydon & Crimp, in prep)
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Figure 4.4: Figure 4 Historical and projected cumulative seasonal pan evaporation over the rice growing season
(15 October — 15 April) for Griffith. Projections developed using the HadleyCM2 GCM for low and high forcing
scenarios (IPCC B1 and Al1F1 respectively) for (a) 2030 and (b) 2070. ‘Baseline’ refers to historical records.
Within the grey boxes, the dotted line is the mean, the solid line the median.

We could find no published research on potentigdaots of climate change scenarios on Australian
water use in rice crops, however international asgde suggests that a combination of increased
evaporative demand and decreased rainfall wouldltres average Sri Lankan paddy water
requirement increasing by 13-23% depending on tB8&1Gorcing scenario (De Silva et al. 2007).
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Given that Australia represents a markedly differge-growing environment, and is less reliant on
in-crop rainfall, further research into this isssieequired.

In summary we can expect that climate change nailease the irrigation water demand of rice crops,
however mean increases will most likely not excedrange of historically-experienced variability
although individual years may exceed the rangetertthing the projection to 2070 could see some
large increases in water demand if a high forcirgegetion is considered. Also, projected decreases
in regional rainfall (Christensen, 2007) could ads® the contribution to total rice water requiretne
from irrigation water increase as the rainfall cimition decreases, thereby further adding to
irrigation water demand.

Increased temperatures

There is little published work on impacts of in@ed maximum and minimum temperatures on
Australian rice varieties, however there is sulthliterature from international research. Flaing

and booting (microsporogenesis) are the most stibeptages of development to temperature in rice
(Satake and Yoshida 1978; Farrell al 2006a). Studies detailed in Satake and Yoshi@ag)
indicate that spikelets which are exposed to teatpegs >35C for about 5 days during the flowering
period are sterilized and do not seed. Jagaelisil (2007) in greenhouse experiments with both
indica andjaponicagenotypes, found that less than one hour of expasutemperatures above 33.7
°C was sufficient to induce sterility. However stimportant to note that the temperatures quoted in
each of these studies refers to the actual tempesatxperienced by the spikelets, not the ambient
temperature. There is generally significant caplat the spikelet due to transpiration within the
canopy, particularly in the low humidity rice grawi environments of Australia. This has been
measured at 4 - 6@ under conditions of 34.8°C ambient temperatuck 20% relative humidity in
Australian environments (Matsui et al. 2007). Aalsan rice crops regularly receive ambient
temperatures in excess of 35 during this period, hence if it were not for tlev humidity and
consequent evaporative canopy cooling, it appdwt high temperature sterility issues could be a
major limiting factor for rice production in Austi@ There is the possibility that climatic change
could produce even greater cooling differentials.

However despite this, the potential for greatereswes in maximum temperatures under climate
change (Christensen et al. 2007) still pose atagtice at flowering and booting stages in Aus&ali
Each of these periods lasts for around 5 days istmioe genotypes, and in the Riverina occurs
sometime between™sJan — 18 Feb (Farrell et al. 2006b). Figure 4.5 (from Galyd& Crimp, in
prep) shows the significantly increased likelihaddiangerously high canopy temperatures (@b
during this period, assuming &®cooling within the canopy at time of maximum terature. The
risk of high temperature more than doubled for #owg rice crops at Griffith by 2070. There isaals
evidence that in addition to large negative yietdpacts from short periods above very high
temperatures, damage may be cumulative with duraifoexposure above certain lower, threshold
temperatures. These will vary between cultivagddissh et al. 2007), however this has not been
considered in this analysis.
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Figure 4.5: Effect of climate change scenarios on risk of experiencing dangerous high temperatures at rice
flowering/booting for Griffith. Warming projection developed using the HadleyCM2 GCM for a high forcing
scenario (IPCC A1F1) (Gaydon & Crimp, in prep).

It is suggested that increases in average minimempératures may be more significant in overall
terms than increases in maximum temperatures (Beal 2004). In trends at the International Rice
Research Institute (IRRI) Farm, Los Banos, Phihpgi between 1979 and 2003, rice grain yield
declined by 10% for each 1°C increase in growirgsea minimum temperature in the dry season,
whereas the effect of maximum temperature on creld yvas insignificant. Decreases in rice yields
are attributed to increasing night-time temperatumssociated with global warming. IRRI annual
mean maximum and minimum temperatures increaseédl3s’C and 1.13°C respectively, during the
25-year sampled period. This equates to 0.0140a045°C per year for average maximum and
minimum temperatures respectively. The increaseimmum temperature was 3.2 times greater than
the increase in maximum temperature, which is cteist with the observation that minimum
temperature has increased approximately three tiagegnuch as the corresponding maximum
temperature from 1951 to 1990 over much of thelEadurface (Karl 1991). Figure 4.6 shows both
the observed trends in average minimum and maxirtemperature in the Riverina over the rice
growing period (Oct — April) between the years 188d 2005.

Past observations show a pattern of higher avaragemum temperatures associated with drought
years (ie. less cloud cover) and lower average maxi temperatures associated with years of above
average rainfall (ie. more cloud cover). Hencetdmperature trends evident may be substantially a
function of more drought years in the second hélthe record compared with the first. Whilst a
strong correlation exists between droughts anceas®d average maximum temperatures recent work
by Nichols (2004) has demonstrated that over tsie5@ years droughts have, on average, been hotter.

We can find no published evidence to show trendsenied by Peng et al (2004) are mirrored in
Australian rice yields, however similar trends &deen observed elsewhere in the world (Pathak and
Ladha ,et al. 2003). There may be different factors at playlifferent environments, however the
observed IRRI trend suggests that further inveBtigamay be warranted for projected Australian
climate scenarios.
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Figure 4.6: Trends in average (a) minimum and (b) maximum temperatures during rice season (Oct-April) at

Coleambally (1957- 2006).
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Figure 4.7: Average canopy temperature during rice growing season for Griffith under historical climate, and
low/high climate change forcing scenarios using the HadleyC2 GCM (scenarios are IPCC bl and alfl), assuming
a canopy cooling of at least 4 °C (Matsui et al 2007) applied to maximum daily temperatures. The threshold is
average season temperature (Peng et al, 1995) above which a negative yield response could be expected.

There is general agreement that increased aveeaggetatures will have a negative effect on rice
yields internationally, with yield decreases dugetmperatures alone (in isolation from £fcreases)
estimated to range between 5 and 10% g€rrise in average season temperatures in some areas
(Penget al. 1995; Bakeet al. 1992; Baker and Allen 1993) . Peagal (1995) suggested a negative
yield response to increasing average rice seasopet@atures above a threshold of Z6.  In
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Australia, the range of average temperature dutitegy growing season is shown in Figure 4.7 for
historical and high & low forcing climate changejections.

Australia and other temperate rice growing zoneshefworld may experience an increase in rice
production with temperature, as climate changese@ses average canopy temperatures which are
currently below the 26C threshold (Pengt al. 1995). Note that this threshold was reportedridida
varieties, and on the basis of no further infororatihis analysis assumes it is the same for japonic
varieties. As can be seen in Figure 4.7, if therage maximum daily temperatures are reduced
according to the evaporative canopy cooling effieeasured by Matsui et al (2007) of@ Australian
rice production seems a considerable way from éapeing yield reductions due to climate change
effects. Figure 4.7 suggests that this would leectise even under the highest climate change ¢prcin
scenario for 2070, if the threshold suggested mgRe al (1995) applies. There is further evidence
that some Australian varieties have other physiolldeatures/characteristics conferring toleratace
high temperatures which may increase the threst{Mdssui et al. 2007), however this is a research
area in which information is limited and further nlkas warranted to define these mechanisms and
ensure future varieties have equal or improvedrdalee levels. Baker and Allen (1993) suggest
potentially reduced evaporative cooling of the gnainder increased GGscenarios. It is also
unknown whether the canopy cooling effect detablgdMatsui et al (2007) would apply to aerobic
and AWD rice cultures, and the extent to which thagild effect high temperature risk in this culture

There is evidence of a likely strong interactiotwmen temperature and g@hich is discussed in the
Combined Temperature and £BEXffects section below.

Cold temperature damage and frost risk

There is presently significant risk of low-temperat damage during the reproductive stage in rice
under Australian conditions. Low minimum temperasucan lead to pollen sterility and low yield in
high N status crops. Minimum temperatures less tha19°C during panicle development are
considered dangerous (Farretl al, 2006b). The development of semi-dwarf variealewed the
effective use of deep floodwater levels as a mamageé strategy during this period as a management
strategy to minimise risk by inundating the devéigppanicles (Williams and Angus 1994). At
critical times, paddy water may be 5 warmer than the ambient air conditions.

The coldest temperature often occurs just befovendal' he temperature of the rice plant components
exposed to the ambient air has been shown to lmtigaly identical to ambient air temperatures at
this time (Williams and Angus 1994). The probapilif encountering such ambient air temperatures
during flowering are around 20-25% in the Griffitinea, for the most commonly-planted cultivar
Amaroo (Farrelet al 2006b). The degree to which projected climéi@nge scenarios might impact
that risk is shown in Figure 4.8 (Gaydon & Crimppirep).

Figure 4.8 shows projected climate change (IPCC1Addenario, 2070) is likely to reduce the risk of
low temperature occurrence at rice flowering bygtuy one third. Currently this risk is mediated by
the use of increased water levels (20cm) overghisod, however adaptive options such as aerobic
rice (see section below under Adaptation Optioshat have this protection and the projection ia th
risk is relevant to deliberations on this option.

There is evidence that frost risk may increase wlithate change in southern Australia, hence furthe
analysis of this matter is recommended.
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Figure 4.8: Risk of ambient temperatures below 15 °C during rice flowering time under historical and projected
climate for Griffith, 2070 (general period of rice flowering is defined as 5th Jan — 15th Feb (Farrell et al, 2006b),
however in any given year occurs over only five days). Risk per season is defined as the number of days per 5"
Jan — 15" Feb period in which minimum temperature falls below 15°C. Warming projection developed using the
HadleyCM2 GCM for a high forcing scenario (IPCC A1F1).

CO,, fertilisation

Several free-air CQenrichment (FACE) experiments have been condugtdrice, although none in
Australia. Recent experiments in Japan and Chiimeguksponica cultivars found that crop response to
elevated C@was associated with N uptake, and varied througtimiseason (Kimt al 2003; Yang

et al. 2007). For Coenvironments 200 ppm greater than ambient Kim egcrded an average 15%
increase in rice grain yield when N was in goodpbyipless for low N treatments. They found that
green leaf area index response to increasegd V&3 positive during vegetative stages and negative
after panicle initiation. This phenomenon was afdiserved in the Chinese experiments, with
researchers suggesting that the recommended tgmrtions and timing of nitrogen application
should be reconsidered under increased ©Qake full advantage of early uptake capacity also
facilitate subsequent N uptake (Yang et al. 200Mis study reported a rice grain yield increase of
13%. There is evidence from experiments in théigpmes that even higher G@oncentrations (300
ppm above ambient) can result in greater rice yigdeases of (27%, (Ziska et al. 1997)). Note tha
mid-range projections of GOn 2100 are about 350ppm higher than present.

The implications of an increase in atmospheric, @ rice production under Australian conditions
are not known, however it would seem reasonabkssmme similar potential rice yield increases as
those observed in the Japanese and Chinese studies.
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Combined Temperature and CO, Effects

Several studies have shown that high air tempersitean reduce grain yield even under,CO
enrichment (Baker and Allen 1993; Zisk& al. 1997). There is also evidence to indicate that th
relative enhancement of rice yields due to,@tilisation is gradually reduced with increagesir
temperatures (Matsui et al. 1997), as the crite@perature for spikelet sterility is reduced.

It is difficult to make inferences on the implicats for Australian rice production particularlyszsne
studies have reported significant variance in #gponse of different cultivars to g®ertilisation
(Baker 2004; De Costa et al. 2007; Moya et al. 19%ka et al. 1996). A modelling study covering a
diverse range of agro-climatic zones in India, (&ggal and Mall 2002) found that climate change
outcomes on rice grain yield were positive regaslief the uncertainties and climate change forgings
with average rice grain yield increases rangingnfrb — 38%. In contrast, negative trends in rice
yields were found in a modelling study in India digeincreases in minimum temperature and
decreases in incident radiation (Pathak et al. RO0®is result was supported by observed data, and
the researchers also suggested that these dediemds should be taken as an indication of a éutur
problem in food security.

Given the disparity in existing international stegliand the lack of published Australian studigs it
difficult at this point to make any informed judgemt on the combined effect of increased
temperature and GQ@oncentrations on Australian rice production.

Summary of Climate Change Impacts

The largest impact from projected climatic changeAaistralian rice production is likely to be from
reduced supply of irrigation water. Projected wabuns in Murray-Darling stream-flows of 16-25%
by 2050 and 16-48% by 2100 are likely to resulsimilar levels of reduction in rice production,
under current production and water use system&keyAquestion relates to the projected increase in
variability of water supplies, how often signifidaiice plantings will be possible, and hence hois th
will affect the cost/benefits of maintaining currerce production infrastructure. Farming systems
changes in response to a reduced and more vamatitr supply (ie changed rotations, irrigations
methods, crops, layouts etc) could see additioealuations in rice production, however the
costs/benefits of various adaptation options aresatly unknown and this is a major research aoea f
irrigated farming in the Riverina.

The impacts on rice yields in the Australian situatfrom projected C@fertilisation and changes in
temperature are much more uncertain, and requitheiu research. It would appear that yield
reductions due to extreme high temperatures presepbssible risk, given the current high ambient
temperatures during rice microspore and the likelih of increased temperature extremes in
combination with potentially reduced evaporativeolocg of the canopy under increased O
scenarios. It is unlikely that increases in aversmperatures over the growing period will present
significant production risk, as considerable bufikeady exists between current average tempegature
and the reported average temperature thresholdsidarring yield losses. Increased temperatures
associated with climate change may reduce theofis&w temperature damage during microspore —
one of the largest limitations to rice productianAustralia currently.
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Adaptation Options

Current Options for Dealing with Climate Variabilit y

Cropping Area Modification

The process of irrigating crops is in itself anioptfor dealing with climate variability. When rdall

is less forthcoming, extra irrigation water is dpglto meet the deficit. Similarly, less irrigatiovater

is required in seasons with higher on-farm rainfélbt, dry growing seasons result in increasedwat
demand, and historical climate variability in theergrowing districts has been characterised by
significant variance in seasonal water requiremenfgroduce a rice crop. There are existing option
for managing this variability in water demand. Whaalculating areas for sowing to rice, farmers
often employ a small ‘buffer’ in their calculatiotssaccount for the possibility of encounteringajes
than average evaporative demand in the coming seas@r example, if a farm has a historical
average water requirement of 12 Ml/ha to produdeeacrop, the farmer may utilise a figure of 14-15
Ml/ha in calculating the area serviceable fromifrigation water allocation. Hence,

1000 Ml allocation / 14 Ml/ha = 71.5 ha

In this example, the farmer would conclude he caspw any more rice than 71.5 ha. In this way, if
the season water demand runs higher than averagellfonly be short of water on the most extreme
of years. If the demand runs to average levels tie will have excess water, which can be used
elsewhere or used as ‘carry-over’ for the subsegwemer crop or following years summer crop.
Alternatively growers might adopt a strategy of wmgfial sowing, increasing over the planting
window as progressive allocation increases are randeare anticipated into the future.

Purchase/sale of Water on Open Market

Water can be bought and sold on the open markétrepresents an option for managing situations in
which a growers encounters water shortages due litbatc variability. (for example see
http://www.waterfind.com.al/

Investment in more efficient irrigation technology

The majority of the other crops in the rice-growidigtricts are irrigated using surface irrigation
methods (furrow, border-check bays) which may lefficient on light-textured soils (Watson and
Drysdale 2006) - although growers are moving to higber flows and maodified layouts to improve
efficiency. With increasing pressure on decreasivager supplies, and likelihood of increased
variability, some growers are now considering invest in more water efficient irrigation methods
(pressurised systems, lateral move, subsurface fimpnon-rice crops on non-rice soils. For rice
crops, shallow standing water is still necessanychethis potential adaptation does not apply, and
improved surface application techniques/layoutsbaiag pursued actively by growers (North 2007).
However savings on other parts of the farm haveptitential to affect water available for rice. Afl
the more efficient irrigation technologies requiansiderable initial investment and the cost-begefi
are largely unknown. This represents a major rebeaeed in the Riverina irrigation districts,
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particularly as a function of soil type, climateacige scenario, water pricing scenarios, and criap pr
scenarios.

Flexible rotations

In managing variability in water supply, rice fammdnave a high degree of inbuilt flexibility in the
farming systems in comparison with operations basegermanent plantings such as grapes, fruit
trees etc.. If water allocations are reduced,oesg strategies include:

* Reduce rice area sown (but still maximising potdntice areas with the limited water
available) and leave larger areas of the farm mrsar fallow. Generally, farmers will still
aim to maximise their rice areas (see table 1pthiction, for reasons) in accordance with
available water. Spring watering of winter cropsainfall is insufficient provided winter crop
prices allow for good profit per hectare or megalit

* Reducing rice areas sown even further, and alsoatber less water-intensive summer crops
(eg soybean)

» Take the primary focus off rice, and plan to diarailable water to subsequent winter cereals
and pulses which require only supplementary irfagain most/many seasons

* Sow no rice, and plan to hold the limited wateoedttion for potential sale later in the season
when other more adventurous growers run out, amevtiter price is high.

The cost-benefits of each of these approacheskisown, and represents a research need with the
irrigated farming community.

Sowing winter crops directly after rice

During the rice phase of rotations, the soil i®éled until shortly before the crop matures in Agild
hence effectively has a full profile of stored ntoie at harvest. Growing winter crops immediately
after rice harvest (direct-drilling) minimises thmepact of climatic variability on the subsequendgcr
by providing a soil water buffer against the likelod of a dry winter. Also, if not followed by a
winter crop, the rice field will usually lie fallowver the winter until the next rice crop (depegdim
the rotation). In addition to increasing the grow@roduction, the planting of a sod-sown winte
creates the capacity in the profile to capture evimainfall instead of losing it as runoff or deep
percolation (Humphreys et al. 2006).

Nutrient management adjustment

The MaNage Rice decision support software provittes farmer with guidance in determining
nitrogen application rates (Angus et al. 1996; Mfitls et al. 1996) and is a key tool in managing
climate variability for individual crops. The safire allows the grower to download weather data,
and conduct an analysis of various N managemeategies as a function of sowing date, seasonal
conditions, variety and water depth, based on assa# of N uptake at panicle initiation. It fuacts

in much the same way as the Yield Prophsoftware (Hunt et al. 2006) which aims to asdist t
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farmer in better tailoring fertiliser requirements individual seasons, and hence managing risk
associated with climate variability. MaNage Riseai product of CSIRO and NSW Department of
Primary Industries and in the past updates weretsal rice farm businesses on a CD.

Water Management

Low minimum (<15-18°C) temperatures during the oépctive stage in rice can cause catastrophic
damage to crops, particularly those with high NustgWilliams and Angus 1994). One consequence
of the historically variable climate in the Riveainis that low temperatures are occasionally
encountered during this brief (5 day) period in tive life cycle (see Figure 4.8). Due to plant-to
plant variation the five days at risk for a singlant equates to roughly a 10-14 day risk periodafo
individual crop. A management adaptation to thisnate variability which allows growers to
maintain high N-status (and hence potentially highlding) rice crops is establishment and
maintenance of increased depth over the criticabdaperiod. The normal ponded water depth is
often approximately 50-100 mm deep, however thethdép increased to around 200mm for two
weeks, before returning to 50-100 mm for the rewh@inof the ponded period. The developing
microspores are submerged or partially submergeadided low air minimum temperatures, using
the thermal mass of the water as protection. Higtpplications have been shown to lead to high rice
yields provided the microspores are protected flom temperatures in this manner (Williams and
Angus 1994). This was a scientific developmentrafy massive impact in the Australian rice
industry, is an integral component in the succésRigeCheck’ recommendations (Lacy 1994 ) and
the technology has had roughly 60% uptake by grew@ihe remaining 40% of growers encountered
a range of difficulties including inability of sysnh channel flow capacity to meet crop demand
(sometimes out of farmer control).

Stubble retention

As detailed in the Grains chapter of this repampkle retention for the purposes of soil moisture
conservation is a widespread technique used to geaclimate variability during non-rice phases in
the rice-growing districts, however rice stubbleugially burnt prior to sowing of subsequent crops
due to mechanical difficulties involved in sowinga the high-density biomass. Options are being
researched to overcome this, such as the “HappgeBeSidhuet al, 2007). 1t is likely that climate
change will drive continued changes in residue rgameent practices over Australia as growers seek
to conserve soil moisture and modify greenhousesgassions (Howden and O'Leary 1997)
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Adaptation Options for Dealing with Climate Change

Altering varieties, planting times, nitrogen managat and irrigation management to better match the
new environments experienced under climate chasdj&ealy to increase yields compared to a non-
action scenario. This can be viewed as the benefitsdaptation. When summarised over a large
number of studies globally, the benefits of adaptaincrease significantly with increasing levefs o
change (Figure 4.9). However, a similar analysig/leat-based cropping systems suggests that there
are limits to the benefits from management adaptatiwithout making more fundamental system
changes (Howdeet al. 2007). In that case, the benefits were largelynébwith only a 2 to T
increase in temperature and the associated changaisfall and CQ. Rice systems appear to have a
greater range of adaptive response with this bfgingd up to 8C. However, many of the studies on
which this analysis is based assume continuinglabibiy of irrigation water and this may not
eventuate. When options for fine-tuning the undegyice-based system have been exhausted with
high levels of climate change, there will be a needdopt more systemic change such as moving to
intermittently-irrigated systems or dryland systemas stated by Humphreyst al 2006, there is
limited scope for further significant increaseringation or input water productivity by reducingter
application under the current Australian rice fargnisystem, and future savings must come from
implementation of alternative, lower water-use sys with greater water productivity.
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Figure 4.9: Mean benefit of adapting rice systems to impact of temperature and rainfall changes calculated as
the difference between % yield changes with and without adaptation. Values are means for tropical and temperate
systems. The mean benefit of adapting was not significantly different for temperate and tropical systems. Data
sources are listed in Figure 5.2 of (Easterling et al. 2007). The temperature changes have associated changes in
rainfall and CO, that vary between sites, scenarios and publications.

Reductions and increased variability in irrigatisater supply are likely to represent the greatest
challenge to the Australian rice industry from paigd climate change. Hence water use efficiency
measures in existing systems figure strongly inscteration of current options for dealing with the
threat, in addition to future prospects for altéineasystems. Options are considered below, ¥irstl
looking at potential water productivity improvemeni existing systems, and secondly looking at a
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range of new ideas and potential modifications ysteans which may hold the promise of
enhancements to whole farm water productivity.

Increasing on-farm WUE within current farming systems
Better definition of rice-suitable soils

Historical methods of classifying rice-suitable Isoilepended on single-point paddock sampling.
Groundwater recharge below ponded rice fields @significant contributor to rising groundwater
levels leading to soil and water salinisation. ResglLigroundwater recharge is essential for sust@nab
rice-based, irrigated farming systems in southeustralia both from a groundwater/ salinity and a
water productivity viewpoint. Until recently a seilas deemed as suitable for rice production ifill so
profile per 4 ha contained 2 metres or more of inoous medium or heavy clay textured material.
However it has been demonstrated that clay comient is a poor predictor of groundwater recharge
(Beecheret al. 2002). Electromagnetic induction surveys of rigdds can show variation in soil
physico—chemical properties across rice fieldssHtlows the delineation of distinctly differeneas

of a field based on EM readings and allows accuiatgeting of soil sampling and measurements.
Current rice soil suitability criteria incorporatekectromagnetic surveying and measurement of soil
exchangeable sodium percentage (a measure of aidity) enabling soils with potentially high
percolation characteristics to be removed from mggewing. Consequently, there is significant
potential to further increase water productivityotlgh reduced water use in rice production through
more accurate determination of the least permestile using the revised rice soil suitability cri¢e
This technology has had varied adoption at thisnpei in some jurisdictions electromagnetic
surveying has been widespread whilst sodicity assest is being adopted gradually. The approach
has been adopted in principle by all authoritiegitating rice land suitability.

Piping water on-farm

Rice farms generally convey water around the ptygeropen earth-lined channels and incur both
seepage and evaporation losses of water as a. r&egearch into on-farm channel seepage losses has
been performed on nine Riverina rice farms previoigdentified with seepage problems (Akbar and
Khan 2005; Kharet al.2007; Kharet al.2005). The farms had a total of 32.2 km of urdicbannels
and 7.5 km of drains. Seepage losses were genbetiyeen 1 and 2%, with one farm losing 4% of
allocated water due to particular soil conditiorf3or a large rice farm with a licensed allocatidn o
1400 ML, it was shown that combined losses could>b@0 ML/year — representing 4-5% of the
farm’s available water. Options to reduce thessds include lining or piping of channels, however
there are significant practical limitations relgtito the need to move large volumes of water aad th
energy costs of doing so. This attitude could geamowever with potential increase in water costs,
and from this perspective is worthy of further ddesation.

Piping water in the district, or lining supply channels

Over 42 GL/yr of water is lost from 500 km of chaisas seepage, in addition to 12.5 GL/yr through
evaporation from channel water (Akbar and Khan 2005Seepage occurs primarily through “hot
spots”, ie where channels/drains cross coarsaregkthighly permeable materials. Potentially some
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100 GL of water in the Murrumbidgee Irrigation Araad 105 GL in the Coleambally Irrigation Area

(with potentially equivalent savings in the Murrdglley Irrigation Districts) can be saved each year
through smarter and more integrated scheme toromfiganagement. This represents roughly 16% of
total water in these schemes so is a significavingahowever capital investment in improvements
required to achieve these savings are large ($800& per ML water saved, depending on local
conditions). (Akbar and Khan 2005;Khahal.2007; Kharet al.2005)

Whole farm planning

Through currently available technology, electrong&gnsurveys of whole-farm soil characteristics is
possible. This has the potential to allow morécifht design of farm layouts to (for example) avoi
inclusion of old stream-beds in rice bays, and betw reduce drainage losses in irrigated rice
production. Greater understanding of variatiorsaif type in a spatial sense also allows similar so
types to be grouped together in management zoeading to increased efficiency in a range of
processes from fertiliser utilisation to drainadgevater.

The need for improved surface irrigation layouts thllow for the incorporation of the widest rarude
cropping options along with infrastructure (on fadrainage recycling facilities, investigated and
evaluated soil suitability, large capacity supphdalrainage facilities) to allow for large irrigari
water volumes- and subsequently fast irrigation andinage times are likely to be important
adaptations — these strategies align with Land Avdter Management Plans- but have been
constrained in current adoption due to financraitations during current drought conditions.

Raised beds in bays

Raised beds within irrigation bays has been sugdes$ a means of increasing water productivity in
Riverina rice-based operations. In a north Quesaksktudy in the 1990s, 32% water saving was
demonstrated through the use of raised beds ammasad soil culture, over traditional flooding
practice. No significant reduction in yield wasoeded (Borrellet al. 1997). In more recent
experiments in the Riverina, however, such watedpctivity benefits have not been demonstrable.
High yielding rice crops can be successfully grawmraised beds, but when beds were ponded after
panicle initiation for the required cold-tempera&tyrotection, there was no measured water saving
compared with rice grown on a conventional flaolaty(Beecheet al. 2006). The authors concluded
that on Riverina rice-suitable soils, until pondedter is no longer required (for low temperature
protection for current varieties, weed control getitjere is little scope for saving water while
maintaining yield on suitable rice soil through tise of beds. The major difference with the stofdy
Borrell et al. (1997) was the degree of permeability of the soilie Queensland soil used in the
experiments would not be classified as a rice-blgtsoil under Riverina guidelines due to higher
levels of internal drainage. With growing inter@siaerobic rice cultivars which may be more suited
to higher permeability soils (see section below agrobic rice) raised beds may offer water
productivity gains. There are likely to be increflezibility and cropping.

Beds within terraced, bankless channel systemdeireg adopted in the Murrumbidgee Irrigation,
Coleambally Irrigation, Murray Valley and by ripan and groundwater irrigators. A range of crops
are being grown under variations of this style aydut including rice, wheat, maize, cotton,
fababeans, chickpeas, barley, sunflowers. The afeadoption is not great at this stage but
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considerable attention is being focussed on top#réormance of these commercial fields by other
irrigators.

Surveyors and designers are generating and imgattigation designs based on these conceptsein th
rice growing areas of southern New South Wales. esgmowers are using relatively expensive
designs in terms of structures and piping to aehiearraces/steps between bays in commercial
situations but consider the labour saving benefaghwhile. The ongoing adoption of terraced zero
graded bankless channel rice layouts, includingerhibeds, appears likely given the increased
cropping choice and flexibility and the significgnteduced labour requirement made possible by this
type of layout. The adoption of these layouts Wil constrained to locations where existing land
grades allow creation of zero graded layouts wjiprapriate terrace widths (landforming costs not
being excessive) and steps to allow adequate dmiaad to where access to large irrigation floves ar
available in order to achieve satisfactory shoratian water on/water off times for crops othermtha
rice. There may be significant improvements to lsdenwhere pastures are grown in rotation with
rice in flat layouts by increasing irrigation flaates and reducing water on/ water off times.

The potential of these irrigation layouts fits wighower and grains industry desires to increasp cro
flexibility and yield potential e.g. crops afterdaim rotation with rice, fababeans, soybeans, @nol
wheat, barley. The layouts would link to precisiagriculture concepts — compaction control,
tramlining, machinery efficiencies and uniform @ried input application.

Irrigation Scheduling

Water savings may be available from more efficestteduling of irrigation for crops in rotation with
rice. lIrrigation scheduling aims to apply the regd amount to the crop at critical times, and
minimise losses through runoff and deep percolatidrilst maximising crop production. A study in
California found that optimal irrigation requireesk (48-63%) water than what local growers referred
to as ‘full’ irrigation. This also reduced both tHeep percolation and runoff losses and caused a 31
43% increase in the application efficiency, and2s63% increase in net return (Raghuwanshi and
Wallender 1998). There appears to be considesdnipe within existing Australian irrigated rice-
based farming systems to irrigate non-rice cropsenafficiently and hence potentially divert more
water for rice enterprises. This could includeeistynent in more efficient irrigation technologyédse
below), in addition to more targeted applicationrofation water.

Combine and Sodsowing of rice

Combine and sodsowing of rice allows the possjbiit delaying introduction of standing water, with
the aim of reducing water loss through evaporaéind drainage (Tabbait al. 2002). An ancillary
benefit in Australian rice systems is a decreaisgdof duck damage to the young crop compared with
crops established by aerially-sowing into standireger. Water savings have been reported however
further research is required to understand thegs®on a range of soil types. Drilling rice présen
problems in the heavy clay sodic soils such asethinsthe Murray valley where drilled rice has
difficulty breaking through drying surface layetsie to the rice plant’s weak emergence capacity.
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Breeding
e increased yields to increase WUE.

Average field water productivity of the total NSW¢e crop roughly doubled over the period 1980—
2000 (Humphreyset al. 2006). This was largely due to increased yieldsnf new cultivars,
overcoming restraints due to cold temperature damaged control, higher N rates, landforming etc,
and water use savings from industry-regulatediotisins on allowable rice soils. The rice industry
Australia continues to invest in cultivar developthto deliver increased yields from less water as a
means of increasing water productivity further.

* Varieties to reduce ponded evaporation

Simpson et al (1992) found that for evapotranspinafrom aerially-sown rice, 40% on average is due

to evaporation from the ponded water surface, hadémaining 60% from the rice plants themselves.
Early in the season all of the loss was evapordtmmn the water surface. In mid-December two thirds

was via the plants, increasing to 90% in mid-Jaynwudirhas been suggested that development of new
varieties with optimum sowing dates which move paEhgeriods outside peak evaporation periods

may represent another option for incremental gaimgater productivity (Humphreyst al. 2005).

* shorter season varieties

Water use in ponded rice culture can potentiallyréduced by the development of varieties with
shorter crop duration (up to 10%)(Rein&kal. 1994), however there is some evidence that shorter
durations will also result in less yield and heneduced WUE (Williamset al. 1999). The length of
the vegetative period is reduced for short-seasoietes, thus limiting the time for sufficient onass
production to support high yield. Provided there ao limitations to growth during the foreshortened
vegetative phase, short-season types have beemgbdvave similar yield potential to current long-
season types. In recent times, however, by fogusim seedling vigour and early growth shorter
duration varieties with high yield potential haveeb developed (Reinket al. 2004). An associated
benefit of shorter season rice varieties from anflag systems perspective is that they may faaditat
earlier establishment of following winter cropsnbe leading to higher yields and better system WUE
(Humphreyset al. 2005). Continuing development of shorter seabagher WUE conventionally-
irrigated rice cultivars is warranted, however ffigant industry interest in the Riverina is curtign
focussed on breeding and selection of aerobic #athate wet-and-dry cultivars for the longer term
(see section below) as a response to climate charige region.
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Increasing on-farm WUE by modifying farming systems
Aerobic and AWD rice

It has been suggested there is limited scope fthdusignificant increase in irrigation or inpuater
productivity through reduction in water use in emtrrice farming systems in Australia, and future
savings must come from changing to alternative glowater use practices, which are currently under
investigation (Humphreyst al.2006).

These include the potential for aerobic rice caltir Australia. There is published evidence from
overseas that aerobic rice culture has the potdatiacrease water productivity over conventiopall
irrigated rice — by 32—-88% (Boumat al. 2007; Boumaret al. 2005). Water losses are constrained
by treating the rice like any other irrigated creyich as wheat or maize — once soil moisture has
decreased to a specified level irrigation is thppliad to bring the soil moisture content in thetro
zone up to field capacity. Ideally, the amounirefjation required should match the evaporatiamfr
the soil surface and transpiration from the crofhe potential water-use reduction at the paddock
level is large, especially in soils with higher idesge rates. In addition to drainage below thd roo
zone declining, the concept is that evaporatiomedeses since there is no free water surface. Résea
in Australia on intermittent watering using exigtirice cultivars showed that saturating the riast ro
zone with flooding every 7 days throughout the seagduced water use by 60%, but the negative
effect on yields was dramatic (1-2 t/ha compareth Wi t/ha for conventional ponded culture)
(Heenan and Thompson 1984). Grain quality was radgatively affected.

Experiments were also performed in the Riveringhwprinkler irrigation (Humphreyst al. 1989)
and although water-use was reduced by 30-70%,syiddlined by an even larger amount, resulting in
decreased water productivity. These past expeasgenc Australia suggest a critical issue when
considered alongside more positive reports (Bourearal. 2005) is the importance of cultivars
selected for their aerobic potential. Ideal aeayobice cultivars combine the drought-resistant
characteristics of upland varieties with the higélding characteristics of irrigated varieties (itiafet

al. 2002). Chinese breeders have produced aerokic/aigeties with an estimated yield potential of
6—7 t ha. There are currently steps underwayabsome of these varieties in Australian condiion

A major issue which will affect success of new &gaice cultivars in Riverina growing conditiors i
tolerance to low temperatures during microspores pfeviously discussed, Australian varieties are
protected from this risk by a water depth to 20cBuch an option is not available in aerobic rice
culture, and the reliance must come back onto getaérance. It is possible that the best susigit

to aerobic rice production in Australia are the enbbeely draining soils currently not suitable fore
under ponded culture (due to high drainage losHetiis is the case, then another potential metiiod
addressing the cold temperature constraints inRiverina is to relocate aerobic rice production
further north to warmer climatic conditions hencéigating low temperature risk.

Another outstanding issue for aerobic rice in theeRna is weed control. In addition to providing
water supply and low temperature protection tgated rice, it would be expected that aerobic rice
would require conventional weed control and heeseilt in increased chemicals in these systems.

118 Climate change adaptation in Australian primary industries



Yield (t ha™")

ﬂt Technologies to reduce water input
Furrow, flush, AwD| ssc Soil management,
0k sprinkler irrigation reduced water depth
Aerobic rice Lowland rice
system I
Traditional = [ pfenmemntt
sl upland rice
system
IAY = f (variety, management)
0
Low Water availability High
Aerobic [ ] Flooded
] T
FC )
Soil condition

Figure 4.10: Schematic presentation of yield responses to water availability and soil conditions in different rice
production systems and their respective technologies to reduce water inputs. (Bouman et al. 2007). AWD =
alternate wetting and drying, SSC = saturated soil culture, FC = field capacity, S = saturation point, AY = change
in yield.

AWD refers toalternate wet and drgulture, also aimed at reducing evaporation arep dirainage
losses, but not to the extent of aerobic rice. deorent Australian rice varieties, there is ndd/iiess
with intermittent irrigation for the first 10-11 wks, offering the opportunity to save irrigationtera
and increase water productivity immediately (Hungysr2006). Following the intermittent irrigation
phase management proceeds as for normal irrigated providing the low temperature protection
with increased water depth at the critical stagataNuse saving of 10-15% may be possible for no
appreciable loss in yield. Saturated soil cultu8&¢) or very shallow water (Bouman and Tuong
2001) is another option, reducing hydraulic headjnédige losses, and there is evidence that it can
increase water productivity. Figure 4.10 cleahgws a succession of options for reducing water use
in rice production systems and general consequemds in yield.

In summary the AWD technology presents the mostediate option for the Australian situation,
although it offers only modest increases in watedpctivity and limits rice production to existing
rice-suitable soils. Aerobic culture offers themise of significantly enhanced water productivity
benefits, together with the potential for expansiorgeographical range of production. There is a
need for further research into suitability of exigtinternational aerobic cultivars for Australian
conditions and variety of soils, including issuekating to water productivity, irrigation and féiger
management, weed control, and low temperaturetsatysi
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New farm layouts

A potential strategy is to intensively irrigateraadler area of the farm as close as possible tavtter
supply source, and consider the remainder drylghdreby minimising losses from channel
conveyancing systems. This may work best in carjan with new irrigation technologies (see
below). Similarly the lowest percolation soils able selected for an intensive rice rotation ielad
terraces best suited to rice with separate newltayased for non rice rotations.

Investment in more efficient irrigation technology

With increasing pressure on decreasing water segpdind likelihood of increased variability, some
growers are now considering investment in more waftécient irrigation methods (pressurised
systems, lateral move, centre pivot, subsurfag@akia means of watering non-rice crops on lighter-
textured soil. Water savings benefits from morécedt irrigation technology in the Riverina range
between 16-35% for cereals, 15% for soybeans, &tmdor maize (Kharet al, 2005). Lateral move
systems cost roughly $1500/ha, and centre-pivdesys $2000-$2500/ha (Khat al. 2005). Centre-
pivot and lateral move irrigation systems have lalour requirements (Raine and Foley 2002), which
needs to be accounted for in any economic analyaisthese systems require considerable initial
investment and the cost-benefits are largely unknomgpresenting a major research need in the
Riverina irrigation districts, particularly as anfttion of soil type, climate-change scenario, water
pricing scenarios, and crop price scenarios. Qislo pressurised irrigation systems are not an
option for existing rice growing systems, however mon-rice areas of the farm (lighter soils)
represent an option for increasing water produgtisnd hence could influence rice production via
affect on available water.

New crops, rotations and priorities for water

With climate change projections suggesting a futediiced and more variable water supply, some
Riverina irrigators are questioning previous pties for water and asking questions like:

* what do optimal irrigation water priorities lookd if my farm is no longer to be a fully-
irrigated enterprise? Is it better to partiallsigate everything or plan to intensively irrigate a
small portion of the farm with the remainder dryd&n

* how does a small intensively irrigated area of t&gles, maybe under a sub-surface drip
irrigation system compare with conventional riceduction?

« how would aerobic rice (if found to be viable) a&ffevater priorities on farm, and impact on
other crops, rotations, weed control, diseases etc.

* with reduced water, what is the optimal combinatbhivestock and cropping

« is water better diverted to winter crops as firgbgity due to their need for supplemental
irrigation only, and should rice be considered ptiam only in years with high allocation.

* how would alternative rice production systems (heré& AWD) affect the water equation

These are all very valid questions for which thexean absence of research answers at present,
particularly under a changing climate.
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Risks of Maladaptation

* The water saving possibilities with aerobic ricétue could lead to increased problems with
cold damage, nitrogen loss and weeds, with polgntizore chemicals in the environment,
and accumulation of salt in the root zone. Conweratily irrigated rice results in a net
movement of salt down through the profile, andigstan important tool for managing salinity

* Piping of water increases efficiency and reducesewdoses, but could have significant
negative effects on biodiversity, native vegetatiamd could potentially increase water
demand of other crops which benefited from the agep

* Reduced areas of irrigated rice culture may hagatiee biodiversity consequences on-farm
(Doodyet al.2004).

* Increased N fertilisation in response to higher C&aRild have negative greenhouse gas
implications

« Life cycle analyses (ie breakdown of materialspiping as greenhouse gases associated with
these

* Large investments by irrigated industries in infinasture costs, new irrigation technologies
and equipment is setting the scene for even gréadees if the current situation of no water
continues

* Increased water infrastructure costs may not offsger losses

Costs and Benefits

AWD Rice Culture

The costs of implementing AWD culture is minimalres new infrastructure is required, and 10-15%
savings are potentially available.

Piping/lining channels

Capital investment in improvements required to eohithese savings are large ($500-$4000 per ML
water saved, depending on local conditions)(Ketal.2007; Kharet al. 2005). In view of potential
earnings from irrigation water from rice and whek5 and 75 $/Ml respectively), a pay-back period
in the range of 6 — 53 years is estimated.

Investment in more efficient irrigation technology
Lateral move systems cost roughly $1500/ha, antre@ivot systems $2000-$2500/ha (Khetnal.

2005). Potential benefits are likely to dependvigaon soil type, enterprise mix, water and
commodity process, and irrigators considering itmesits of this type feel they do not have access to
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enough information on these. This represents gentirknowledge gap in adaptation of Riverina
irrigated farming systems.

Knowledge Gaps and Priorities

What will be the impact of climate change on allocations in the Riverina?

A more updated assessment on sustainable irrigatiater allocations under climate change is
expected from the CSIRO Land & Water “Murray DagliBasin Sustainable Yields Project” which is
due to report to the National Water Commissionh®yénd of 2007. This project will assess a range
of projected future climate scenarios (using théRCC archived modelling results for 15 GCMs) and
potential future development scenarios (farm dasugace and groundwater extractions, commercial
plantations, domestic requirements etc) for allanaptchments within the Murray Darling Basin, and
report on surface water and ground water avaitghitipacts both in terms of average yields but also
variability

Use of Seasonal Climate Forecasts

With projected increases in water supply variapilihere is a growing need for effective and tagdet
seasonal climate forecasting to assist in earlprptey of farm operations from expectations of the
coming season’s water supply and demand. Limiesstarch has been conducted into how this
information should best be used in irrigated fagngystem management, yet potential benefits are
large.

Aerobic and AWD Rice in Australia

There is evidence that aerobic rice represents @ioro to increase water productivity whilst
maintaining production of rice which supports nuawer regional towns and industries in the Riverina.
There are numerous unknowns:

* Regional and physical applicability of aerobic rice
* Potential impact on water productivity as a funetad soil type and region.
» Optimal irrigation, weed control and fertilisatistrategies

« Potential of internationally-available aerobic riceltivars with cold tolerance to allow the
shift away from the current irrigated rice systenfustralia.

* Most important traits associated with adaptationagyobic conditions in Australia — an
understanding of these is critical to facilitateguial further breeding efforts.
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Cost-benefits of investment in more efficient irrigation technologies

Growers throughout the Riverina need to includet-besefit analysis of investment in efficient
irrigation technologies into their planning for theure, however there is a real and significaok laf
understanding relating to the water productivityingaachievable from investment in different
irrigation technologies (lateral move, centre pjvaibsurface drip) under a changing climate (Sam
North, NSW DPI, Deniliquinpers comms These gains are likely to vary greatly as afiom of soil
type, potential future water pricing, commodityqas etc.

Better water productivity from new farming systems

Rice farmers are involved in a wide range of adtiral industries in addition to rice. In a futuséth
projected reductions in average water supply, as@d demand, and a likelihood of increased
variability of supply, there is a lack of knowledgeboth the farming and research communities on
how current farming systems compare with a widegeaof potential modified systems. Questions
needing to be answered include:

« What might the optimal rotations and farm layouwsK like with less water in a changed
climate?

* At what point in terms of allocation reductions daebecome uneconomic to maintain the
existing bays and surface irrigation infrastructure

« Does potential investment in new irrigation teclugyl change the picture for optimum
enterprise mixes under a changed climate?

These are only a small selection of whole-of-facale questions which need urgent research attention
from the perspective of adapting irrigated farmsygtems in the Riverina to climatic change.

Catchment Issues

A better understanding is needed of how water ggvan farm effect water demand in other areas of
the catchment (ie whole-of-catchment modellingddation scenarios)
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Table 4.2: Summary of climate change adaptation options for the rice industry indicating whether the option 1)
has already been assessed or is a remaining kngavigp, 2) is highly feasible, 3) would be feasible
effective immediately, or 4) should be a high ghofor research, assessment and implementation in
developing adaptation strategies.

Policy level

Develop linkages to existing government policies
and initiatives e.g. GGAP, Greenhouse challenge, v 4 4 4
salinity, water quality, rural restructuring

Ensure communication of broader climate change v v v v
information
Maintenance of effective climate data distribution v v v v

and analysis systems

Modification of existing Federal and State Drought X X v v
policies to encourage adaptation

Continue training to improve self-reliance and to X v v v
provide knowledge base for adapting

Policy settings that encourage development of
effective water-trading systems that allow for climate v v v v
variability and support development of related
information networks

Public sector support for a vigorous agricultural
research and breeding effort with access to global 4 v 4 4
gene pools

Maintain R&D capacity, undertake further adaptation
studies which include costs/benefits and streamline v v v v
rapid R&D responses

Develop further crop systems modelling capabilities

such as APSIM and quantitative approaches to risk 4 4 X 4
management

Encourage appropriate industry structures to enable - - s s
flexibility ) ) ) )
Encourage diversification of farm enterprises v X X v

Ensure support during transition periods caused by
climate change and assist new industry X v X v
establishment

Altering transport and market infrastructure to
support altered production regimes caused by X 4 X X
climate change

Encourage financial institutions to be responsive to s o s v
changing industry needs ’ ) )

Continuing commitment from all levels of v v v v
government for pest, disease and weed control
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including border protection

Introduction of climate change adaptation into v v v v
Environmental Management Systems

Crop and farm management

Establish new higher water productivity farming s s " v
systems ( potentially including aerobic & AWD rice) ) ) )

Investment in more efficient irrigation technology ? ? ? v
Improved farm plans and layouts ? ? ? v
Development of participatory research approaches s v v v

to assist pro-active decision making on-farm

Develop further risk amelioration approaches (e.g.
zero tillage and other minimum disturbance
techniques, retaining residue, extending fallows, row v v v v
spacing, planting density, staggering planting times,
erosion control infrastructure)

Develop further controlled traffic approaches — even v v v v
all-weather traffic

Research and revise soil fertility management
(fertilizer application, type and timing, increase v v v v
legume phase in rotations) on an ongoing basis

Alter planting rules to be more opportunistic
depending on environmental condition (e.g. soil v v v v
moisture), climate (e.g. frost risk) and markets

Expand routine record keeping of weather,
production, degradation, pest and diseases, weed X v v v
invasion

Tools and extension to enable farmers to access
climate data and interpret the data in relation to their X v v v
crop records and analyse alternative management
options.

Climate information and use

Improve dynamic climate modelling tailored - s s v
towards decision making in agriculture ) ) )

Incorporate seasonal forecasts and climate change
into farm enterprise plans so as to be able to ? ? ? v
readily adapt

Maximise utility of forecasts by RD&E on combining
them with on-ground measurements (i.e. soil s o s v
moisture, nitrogen), market information and ) ) )
systems modelling.

Warnings prior to planting of likelihood of very hot - s s v
days and high erosion potential ) ) )
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Water resource issues

Further improvements in water distribution systems
(to reduce leakage and evaporation), irrigation
practices such as water application methods,
irrigation scheduling and moisture monitoring to
increase efficiency of use

Maintain access rights to water

Develop water trading system (and associated
information base) that can help buffer increased
variability

Maximise water capture and storage on-farm —
needs R&D and policy support

Managing pests, disease and weeds

Improve pest predictive tools and indicators

Improve quantitative modeling of individual pests to
identify most appropriate time to introduce controls

Further development of Area-wide Management
operations

Further development of Integrated Pest
Management

Improved monitoring and responses to emerging
pest, disease and weed issues

Crop breeding

Selection of varieties with appropriate thermal time
and vernalisation requirements, heat shock
resistance, drought tolerance (i.e. Staygreen), high
protein levels, resistance to new pest and diseases
and perhaps that set flowers in hot/windy
conditions

Ongoing evaluation of cultivar/management/climate
relationships

Land use

Potential for cotton, summer-growing grains and
pulses further south

Movement to more livestock in the enterprise mix
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5:  SUGARCANE
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Key Messages:

Probably the greatest impact (and adaptation cigalefor the Australian sugarcane industry will
be the projected change in the amount, frequendyirgansity of future rainfall. In many regions
the amount of effective rainfall available to thep will be reduced, whilst demand is likely to
increase due to greater rates of evapotranspirkitiked to atmospheric warming.

A range of adaptation strategies are needed attresmtire sugar cane industry value chain in the
coming years if it is remain sustainable under anging climate. Strategies must be tailored to
individual regions to take account of differenae®iophysical and logistical characteristics.

Adaptation options available to the sugarcane itmgusan be categorised into those seeking to:
improve the management of limited water supplieshhological fixes based on reductionist

analysis; engineering design principles, or compaitgded models; altered cropping system design
and agronomic management (typically requiring cleanon attitudes and behaviour); decision

making tools (including the use of climate foreoapiand information sources); and institutional

change.

This chapter has detailed humerous knowledge gaghgaority areas for research, development
and extension (R,D&E). These include: improvemeatsfarming practice; development of
innovative farming and processing systems that éakimtegrated and sustainable approach to risk
and opportunity across all inputs; capitalisatidnbm-energy opportunities and carbon trading
potential for value adding; greater focus on sugecphysiology and plant improvement in
varietal characteristics; enhancing human capltedugh building skills and enhancing science
capability in climate understanding and risk mamagpet; the linking of biosecurity management
to a changing climate; and a greater understarfitige global context of climate change impacts
on worldwide production, profitability and marketdative to the Australian sugar industry.

Many of the knowledge gaps detailed above can befiied through the enhancement of existing
R,D&E activities. Other knowledge gaps are eitlested to projection uncertainty and impacts of
future climate variability, or sugarcane physiology

Building social capital through targeted extensiamproving skills and providing a more
industry-wide knowledge base are all essentiafdture adaptation. Additional knowledge gaps
will undoubtedly come to light as the sugarcaneigty responds to a changing climate.
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Introduction

Sugarcane production in Australia is mainly focusediscontinuous regions spanning 2100 km of the
coastal plains of eastern Australia, from Mossmarthe Far North of Queensland, to Grafton,
northern New South Wales (Figure 5.1). The majoatythese regions are within 50 km of the
coastline and in close proximity to tidal rivergdasreeks. In 2006 production in Queensland occupied
nearly 380,000 ha of land (Australian Sugar Milli@guncil, 2006). Queensland generally produces
approximately 94% of the country’s raw sugar praduc(CANEGROWERS, 2007). Northern New
South Wales accounts for around 4% of productiahaaemall area in Western Australia’s Ord River
Irrigation Area produces the remainder. Dependim@rices, the industry generates between $1.5 - $2
billion in direct revenue, with approximately $1b#llion from export markets (CANEGROWERS,
2007).
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Figure 5.1: Sugarcane growing regions of the east coast of Australia. Source: CANEGROWERS website.

The sugarcane industry on the east coast of Aisitah be categorised into four regions referred to
as the Far North (Mossman in the north, south ¢gtndm), the Burdekin and Atherton Tablelands, the
Central region (Proserpine south to Maryborouglt) e remaining areas in south east Queensland
and northern New South Wales. The four regions spamumber of climatic zones, from the wet
tropics in the north through to the dry tropics dmuainid sub-tropics in more southerly locations, and
can be defined by 3 major climatic constraintsrimpry production; water availability, radiationdan
temperature.
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Potential yield is limited in the Far North by amcess of summer rainfall (annual rainfall is
approximately 3000 mm) and associated cloud comdrlaw levels of radiation. The Burdekin and
Atherton Tablelands, although not geographicalikdd, are both distinct from other cane growing
regions in that production is enhanced by an aminslapply of irrigation water from the Burdekin
Dam and the Atherton Tableland water supply scheasnectively. The production potential of the
dry tropics of the Central region, although prorglan ideal temperature for the growth of sugarcane
is constrained by a limited supply of irrigationdarainwater. Conversely, south east Queensland and
northern New South Wales receive abundant rairftall sugarcane production, but cool winter
temperatures and low radiation levels result imvgioowth rates.

Climate Change Impacts
Climate Change Projections

Many regions have already experienced changesinmatd, including warming of minimum and
maximum temperatures as well as changes in pratigoit Some of these changes can be directly
attributed to global climate change, such as redisrarming however recent changes in rainfall are
far more difficult to attribute to this driver (OSD 2007). Whilst some uncertainty does exist ahd¢o
extent to which historical changes in climate caratiributed to global climate change it is cldeatt
further changes are expected in the future.

CSIRO (2007) national projections of climate chapggticularly relevant to the present sugarcane
production areas include:
e General trend towards a hotter and drier climate.

e Projected change in maximum and minimum temperatuesulting in a decrease in diurnal
temperature range.

e Strong increase in the frequency of hot days amdnwaghts and a moderate decrease in frost.

< Little change in precipitation in the far north. @eases in precipitation elsewhere (particularly in
winter and spring months), with slight increasesimmer and autumn.

* Increase in daily precipitation intensity and theentber of dry days.
e Little change to annual solar radiation.
« Increase in annual potential evapotranspiration.

* Increase in agricultural droughts (i.e. changethéenseasonal temperatures and/or the distribution
or amount of rainfall producing periods of extreynielw soil moisture).

« Tendency for increased average wind speed in noastal areas.

* Global average sea level rise of between 18 anchb8y 2100 (excluding any contribution from
ice sheets) relative to 1990, with increases orettst coast of Australia possibly greater than the
global mean. Sea level rise and increased wind dspexacerbating storm surges and the
inundation of low-lying coastal terrain.

* Increased number of intense tropical cyclones, gmgsible decrease in the total number of
cyclones.

¢ Uncertain effect on El Nifio Southern OscillatioiN&O)
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Projected temperature and precipitation changes @y significantly at fine spatial scales,
particularly in coastal areas (CSIRO, 2007). Ineortb capture this spatial variability point scale
seasonal projections of temperature and rainfalhgh have been extracted for 11 sugarcane growing
regions along Australia’s east coast using the OELkcenario generator developed by CSIRO
Atmospheric Research and the International Global hamge Institute
(http://www.cmar.csiro.au/ozclimFurther details of the methodology used andeated changes
for 2020 and 2030 can be found in the Appendix (fdral3).

Expected regional changes in temperature

Projections for 2020 suggest that minimum tempeestTmin) across the sugarcane regions of
Queensland will increase between @C3(low emission scenario) and @ (high emission scenario)
relative to the mean baseline period of 1961 td0188aximum temperatures (Tmax) are projected to
increase by a similar extent.

By 2030 minimum temperatures are projected to aseeby 0.4C (low emission scenario) to 1°6
(high emission scenario) with similar increasesnmaximum temperatures. The similar rates of
projected change in maximum and minimum temperatame at odds with current observations
showing a 32% faster rate of warming in Australimisimum temperatures (CSIRO 2007)

Expected regional changes in precipitation

Scenarios generated using the DARLAM125 climate ehaaldicate that by 2020 a slight
increase (up to 4.2%) in autumn and winter rainfallikely to occur. This increase will be
offset by reductions in both summer and springfaflifup to 2.5%). By 2030 continued
increases in autumn and winter rainfall are prg@dup to 6.4%) and continued declines in
spring and summer rainfall (as much as 3.6%).

Scenarios generated using the HADCM3 model sudigest reductions in annual rainfall of between
5 to 7% by 2020 and up to 10% by 2030.

Impacts

A number of primary and secondary impacts are drgea response to warming and rainfall change.
Table 5.1 provides a summary of possible impactsliofiate change on sugarcane production in
Australia on the grower, harvest, transport andimgilsectors. This information has been drawn from
physiological data for sugarcane and other crogispgwith an emphasis on othes @ass species),
climate change literature and consultation withustdy stakeholders at regional workshops. Climate
change is likely to have both direct and indirespacts on sugarcane production. Table 5.1 provides
an overview of possible direct impacts at the fistthle and the immediate management of the
cropping cycle.
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Table 5.1: Summary of possible impacts of climate change and potential adaptation strategies on the grower,
harvester, transport and milling sectors of the sugar industry in Queensland (adapted from Park et al. 2007c).

Grower

1. Increase in atmospheric CO,

a. Increased crop biomass (through CO, Optimise availability of all necessary
fertilisation resulting in an increase in water resources to the crop.
use efficiency (WUE), and stalk growth,
diameter and tillering).

b. Increased abundance and competitiveness of Use transgenic cultivars, biocontrol agents,
weeds (particularly those with a C; cultural practices and expert systems for
photosynthetic pathway). Could lead to an improved weed management.
increased resistance to glyphosate.

c. Increased partitioning to vegetative matter Increased capacity for weed suppression in
(i.e. increased volume of trash). trash blanketed systems.

d. Higher C:N ratio of leaves (i.e. reduced leaf N Improved management of N inputs at
concentration) resulting in slower rates of sowing and during growth.
decomposition and greater immobilisation of
soil N stores, and impact on photosynthetic
capacity.

e. Higher C:N ratio of leaves resulting in altered Increased integrated pest management.
leaf palatability for sucking insects and
pathogenic fungi (with possibly compensatory
pest feeding in response to low N
concentrations in leaves and cane.

2. Increase in temperature

a. Increased yield as a result of accelerated In growth-constrained regions, revise the

phenology reducing the time to crop maturity
and maximum sucrose content, increased rate
of canopy development, extended growing
season due to increase in minimum
temperatures, less restrictions on growth in
presently cool locations.

b. Decreased yields as a result of increased

vapour pressure deficit, stomatal closure and
leaf damage resulting from high temperatures.

Climate change adaptation in Australian primary industries

cropping cycle to either grow crops for a
longer period of time to increase yield,
grow crops for shorter periods to maintain
current yields and enable additional fallow
or cash crops to be included in the
cropping cycle, or plant crops earlier in the
season to coincide with cooler seasonal
temperatures. In high input regions already
experiencing excessive stalk growth rates
and lodging (e.g. Burdekin), manage for
shorter crops and reduced biomass
accumulation by planting later and
emphasising erect growth habit in breeding
and variety selection.

Use varieties with greater tolerance to
higher temperatures.
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Decrease in sucrose content (as a result of
higher temperatures during the harvest
season).

Increased incidence of pests and diseases,
either through increased survival of
populations through the winter periods, the
spread of exotic populations into more
extensive climatic windows, and altered
ecological interactions with natural enemies.

Increased C decomposition and soil N
mineralisation may occur under changed
temperature and rainfall conditions
(stimulating net primary production) resulting
in a change in the C:N ratio of the soil.

Increased partitioning into trash and fibre (at
the expense of sucrose storage in the cane
stalk).

Altered flowering propensity and regimes
affecting in-field breeding programmes.

Poleward shift in climatic zones suitable for
sugarcane production.

Impacts on CCS of warmer autumn and winter
temperatures and changes in the diurnal
temperature range.

Optimise availability of all necessary
resources, alter the duration of the harvest
season to coincide with cooler
temperatures, use varieties (or
management practices, i.e. irrigation
scheduling) to limit expansive growth in
favour of sucrose accumulation, use
ripeners to better manage sugar
accumulation.

Use cultural practices (e.g. strategic tillage,
use of legume crops to break soil pest and
disease cycles), insecticides, fungal and
bacterial biopesticides, varieties with
improved resistance, integrated pest
management, decision support software,
revision of quarantine boundaries and
consideration of pest strategies presently
used by more northerly regions.

Review best management practice with
regard to soil C and N management, (may
include the use of precision agriculture and
legume crops to boost soil organic C and N
stores).

Where sugar is the focus of production,
use varieties with low vegetative growth
habits and stalk fibre content, and cultural
practices to reduce vegetative growth (e.g.
irrigation).

Management of crop development using
controlled temperature facilities.

Relocation of sugarcane production (taking
into account present milling capacity and
location, supporting infrastructure and
competing land uses).

Use varieties suited to altered climatic
conditions.

. Decrease in rainfall

136

Climate change adaptation in Australian primary industries




Sector

Likely impact

Potential adaptation strategies

a.

In moisture limited regions, decreasing yields
as a result of increased crop water stress
(through decreased availability of sail
moisture and supplementary water supply),
decreased quality of supplementary water,
increased solar radiation and evaporation
through reduced cloud cover, reduced rate of
early leaf area and canopy development
through water stress, reduced photosynthesis,
decreased tillering and stalk length, and
increased cost of production as a result of
increased use of irrigation water and the
exacerbation of soil salinity and rising water
tables.

Excess water regions = increased yields as a
result of decreased water-logging and flooding
events, increased solar radiation through
reduced cloud cover, decreased nutrient loss
through erosion, potential increased CCS
through a more effective drying-off period,
increased trafficability for harvest machinery.

a. Introduction of irrigation technology,
increased use of supplementary water
through irrigation, optimisation of irrigation
scheduling to maximise WUE, use of more
effective irrigation water delivery
technologies (i.e. trickle tape), construction
of on-farm water storage facilities, laser
levelling to direct excess surface water to
storage facilities, use of drought-tolerant or
more water efficient varieties, modification
to row spacing, minimum tillage and the
use of cover crops.

b. Optimise availability of all resources
(possibly through precision agriculture).

4. Increase in rainfall intensity

a.

b.

Increased offsite movement of nutrients and
sediment.

Decreased yield through reduced infiltration of
rainfall into the soil.

a. Use of trash blanketing to intercept
raindrops, inhibit lateral movement of
water, reduce evaporation, and improve
soil structure and water infiltration through
retention of trash blanket to increased soil
C stores, use of conservation tillage to
reduce soil compaction, and the use of
drainage ditches and laser levelling to
control localised flooding and retention of
surface water, nutrients and sediment.

b. Use trash blanketing to intercept raindrops
and increase water infiltration; conservation
tillage to reduce soil compaction, and
alterations to row configurations.

5. Rise in sea level

a.

Increased flooding, land degradation, and
damage to infrastructure.

Exacerbation of storm and cyclone damage.

Increased intrusion of saltwater into coastal
aquifers impacting on the quality and quantity
of coastal fresh water supplies.

a. Construction of man-made seawater
defences, and relocation of the cane
industry.

b. Construction of man-made seawater
defences, and relocation of cane industry.

c. Restrictions on groundwater pumping and
construction of new bores, abandonment of
bores already impacted by saltwater
intrusion, ongoing monitoring of water
quality.

6. Increase in cyclone intensity
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Sector | Likely impact Potential adaptation strategies
. . . a. Plant trees around the paddock to act as a
a. Physical damage to crops (including leaf . X .
. . ; windbreak, use harvesting machinery
pruning, lodging and complete unearthing) suitable for harvesting a lodged crop
and infrastructure. o : : P
varieties with reduced propensity to lodging
and cultural practices to reduce lodging (e.g.
hilling up), diversify into crops with a shorter
duration, and utilise insurance and re-
insurance options to offset risk
a. Change inyield and increase in trash volume. | a. Use appropriate harvester technologies
and cutting rate.
b. Change in the time of crop maturity and b. Use seasonal climate forecasts to help plan
harvesting. harvesting and optimisation decision-
— making tools to aid rostering of harvests
8 and labour and equipment resources.
% c. Excess water areas - decreased rainfall as a c. Utilise optimisation decision-making tools
T result of improved harvester efficiency (less to aid rostering of harvests and seasonal
slippage of harvester and haul-out machinery) climate forecasts to aid the planning of
and reduced stool and paddock damage. labour and equipment.
d. Decreased yield as a result of increased d. Use appropriate harvester technologies
lodging from cyclone and storm events. and cutting rate, decrease capital stock in
proportion to reductions in crop yield.
a. Increased damage to infrastructure (especially | a. Construction of man-made seawater
coastal highways and railways) as a result of defences, relocation of cane industry.
s an increased number and intensity of extreme
8_ events.
)
c b. Change in yield volume and the addition of b. Ultilisation of existing transport capacity and
E other crop species into the cropping cycle. additional road networks to transport cane
= and other crop species, decrease capital
stock in proportion to reductions in
sugarcane yield.
a. Increased damage to mill infrastructure as a a. Construction of man-made seawater
result of an increased number and intensity of defences, relocation of cane industry.
extreme events.
b. Alteration in the timing and duration of the b. Use seasonal climate forecasts to help plan
crushing season. optimum harvesting and crushing season.
o c. Decrease in yields resulting in the reduced c. Excess mill capacity utilised by diversifying
£ financial viability of the mill. into additional crop species (e.g. sorghum),
g optimise crushing rate.
d. Deceleration of mill processing, suppression d. Utilise advances in mill technology
of sucrose extraction, increased wear and tear including improved clarifier design and
on infrastructure and increased volumes of modified mud scrapers.
mill mud for disposal as a result of an
increased volume of extraneous matter
contained in the cane consignment due to
increased lodging.
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In order to consider the climate change impactshensugarcane industry, is it important to
undersand the integrated nature of the value chainoescases, a positive impact in one sector may
result in a negative impact elsewhere in the vahan. For example, an extended harvest season may
be a positive impact for the harvesting, transportl milling sectors since it would reduce the
requirement for capital stock (harvesters, tru@s), but it may be negative for the growing sector
since a greater proportion of the crop may be reduio be harvested at a time of year when CCS
levels are less than optimal. Individual climatamge variables have been considered in a value chai
context for the Maryborough mill region (Parka. 2007). In this study, the adaptive responses to
primary impacts of climate change are consideredutthout the value chain, and secondary and
subsequent impacts and response strategies assesaedcheaningful whole of industry context.
Maryborough mill region has been used in this eXangs it is typical of many of the sugarcane-
producing regions on the east coast of Austratidhat it is close to the coast and tidal waterways
contains areas of low-lying production and predantty relies on rainfed production.

The impacts detailed in Table 5.1 above do not ieilpl take into account institutional and
biophysical differences between the sugar-growaggans in Australia. Regional variations imply that
the magnitude of impacts (and opportunities) orheaagion will vary with geographic location. In
order to illustrate more regionally-specific imp@aciable 5.2 provides a summary of the present
constraints to production in 5 cane-growing regiand the likely impacts of climate change on these.
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Table 5.2: Summary of potential climate change related impacts on sugarcane production regions on the eastern
coast of Australia (adapted from Park et al. 2007a).

Region

Present or potential future constraints

Likely impact of climate change

Northern

Low radiation experienced when cloudy.

Constraint likely to be unchanged by limited
changes in radiation, but may increase as
rainfall reduces.

Damage to the crop (and subsequent ratoon
crops) during cyclone events.

Increased damage to crop (and subsequent
ratoon crops) with an increase in cyclone
intensity.

Excess of water (rainfall and regional flooding)
during the wet season leading to waterlogged
paddocks and limited access for operations
including harvesting.

Whilst there is projected to be only small
changes in rainfall in the near future,
reductions in rainfall by the middle of the
century will reduce the extent and frequency
of waterlogging and improve the timeliness of
in-field operations. Any increase in autumn
and winter rainfall may shorten duration of
harvest season and increase the need for
greater mill capacity, and delay seasonal
increases in CCS (and the start of the harvest
period).

Offsite movement of nutrients, chemicals and

sediments to the Great Barrier Reef Marine Park.

Likely to increase with the projected increase
in the intensity of rainfall and cyclone events.

Poor crop establishment.

Projected reduction in spring rainfall may
inhibit establishment.

Poor drainage.

Likely to be exacerbated by projections of sea
level rise and rainfall intensity.

Herbert / Burdekin

Security of water supply in the Burdekin region.

Likely to experience increasing competition for
water from the Burdekin Dam due to (a)
reduced quantity and effectiveness of rainfall
(increased runoff resulting from increased
rainfall intensity), and (b) human population
growth and industrial expansion of the
Townsville - Bowen region.

Rising water table and salinity issues in the
Burdekin River Irrigation Area

Likely to increase with increased use of
irrigation under hotter temperatures and
reduced rainfall, increased evapotranspiration,
especially in the absence of improvements in
water use efficiency and irrigation scheduling.

Rising saline groundwater table (Burdekin) and
poor drainage (Herbert and lower Burdekin)

Likely to be exacerbated by projected sea
level rise and potential intrusion into the
ground water.

Catchment hydrology and water availability
(Burdekin floodplain).

Reductions in rainfall will reduce the recharge
rate into the Burdekin aquifer.

Poor harvesting efficiency.

Projected reduction in winter and spring
rainfall are likely to increase the efficiency of
harvesting operations, increased cyclone
intensity may increase lodging and reduce
harvesting efficiency.
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Region | Present or potential future constraints

Likely impact of climate change

Offsite movement of chemicals, nutrients and
sediments to the Great Barrier Reef Marine Park.

Likely to increase with an increase in the
intensity of rainfall and cyclone events.

Tidal intrusion in the Herbert and lower Burdekin
deltas.

Likely to be exacerbated by projected sea
level rise.

Limited supply of irrigation water.

Likely to be exacerbated by projected
reduction in rainfall, increase in rainfall
intensity (reduced infiltration) and the number
of dry days, increase in evapotranspiration
and agricultural droughts.

Limits to crop growth in the frost-prone areas in
the western districts.

Projections of an increase in minimum
temperatures and decreased frost likely to
decrease limits to crop growth.

S
E Offsite movement of chemicals, nutrients and Likely to increase with the projected increase
8 sediments to the Great Barrier Reef Marine Park. | in the intensity of rainfall and cyclone events.

Variable annual yields Projected increase in temperatures likely to
extend the growing season with the potential
of increased productivity and reduced impact
from variable yields (providing all other inputs
are unlimited — see ‘Limited supply of
irrigation water’ above).

Poor drainage and tidal intrusion in the lower Likely to be exacerbated by projected sea

floodplains. level rise.

Limited supply of irrigation water Likely to be exacerbated by the projected
decrease in rainfall.

Crop growth limited by low winter temperatures Projected increase in minimum temperatures

- and short duration of growing season. likely to reduce constraint with a potentially

E increase productivity (providing all other

‘g‘ inputs are not limited).

n Present competition for land-use from other crops | Competition may increase due to the relatively

e.g. horticulture and tree crops. greater risk of growing a 4-5 year sugarcane
crop given projections of increased extreme
climate events, compared with short-duration
annual crops.

Low levels of solar radiation constrain crop growth | Projections of a decrease in rainfall and
associated cloud cover likely to reduce
constraint.

Production is prone to frost damage Projections of an increase in minimum
temperatures and a reduction in frost are
likely to decrease constraint.

c% Crop growth presently limited by low winter Projections of an increase in minimum
b4

temperatures and short duration of growing
season (necessitating a crop duration of 2 years)

temperatures likely to reduce constraint.

The presence of acid sulfate soils and the need
for drainage requires careful management of the
watertable.

Projections of sea level rise are likely to
increase the difficulty of managing water
tables and acid sulfate soils and may
potentially reduce the areas suitable for crop
growth.
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Quantitative Assessment of Impacts

Whilst the above provides an indicative or qualiatassessment of the likely impacts of changes in
individual climate variables on sugarcane produttbere is a growing demand to examine integrated
impacts across the value chain. Some efforts asady underway, both nationally and internationally
to provide quantitative estimates of climate chamge sugarcane production using a range of
biophysical modelling capabilities. In the Austaali context, a number of studies using the
Agricultural Production Systems Simulator (APSIMyegting et al. 2003) together with historic
climate data altered to reflect projections of fatuemperature, rainfall and GChave been
undertaken. For example, simulations of sugarcanetf) were produced for the canelands at the
Sunshine Coast (McDonaéd al, 2006) and Rocky Point (Pearseinal, 2007). In the first study only
the impacts of changing temperature and rainfalleweonsidered, whereas in the second study the
impact of varying C@ concentrations was also considered. In both cage®rous combinations of
agronomic management and soil type were considererter to examine a broad range of additional
agents of change. Changes in sea level rise, Hainfensity, number of dry days and average wind
speed, while likely to impact crop productivity veayet to be considered.

For the Sunshine Coast study sugar yields wereges to change by -2 to 7.4% by 2030 depending
on soil type and crop management. Whereas at RBokyt greater variation in potential sugar yield
was simulated (i.e. 12 to -19% by 2030). A simithrsk-top study was conducted on the most
northerly (Mossman) and most southerly (Rocky Bomitll regions in Queensland. These also
suggested yield losses by 2030, particularly in ¢beler southern regions due to increased water
stress (Parkt al.200%).

In a study by Roebelingt al. (2007) on the land use and management optionsvider quality
improvement in the production of sugarcane andrathap species in the Tully-Murray catchment, a
similar modelling approach was used to that abovassess sugarcane production under a changed
climate. Their study contained gross margin analyse sugarcane production and showed that
reduced sugarcane growth by the year 2070 couldt iesa change in gross margin of between -20%
and 10% depending on tillage management. Simukatioih bare and legume sugarcane fallow
management under an altered climate at 2070 resulta change in gross margin of between -20%
and 5%.

In order to consider the potential financial imgaof climate change on other sectors in the value
chain, a preliminary analysis was conducted on itlteemental impact of changes in sugarcane
production on the harvesting and transport secbtise value chain in the Maryborough region (Park
et al, 2007A). The analysis was conducted using a value chaiteh{Archeret al, 2004; Thorburret

al., 2006) and yield projections output from APSIM.eTkalue chain model was run to produce
estimates of the percentage change in costs (elttithe year 2003). The model was parameterised
with the worst-case scenario estimates of yielcdhghaof -4% by 2030 (consistent with a warming of
1°C and annual rainfall decline of 14%) and -47% By @ (consistent with a warming of@ and
decline in rainfall of 42%), respectively, for tidaryborough region. Total harvesting costs were
projected to decrease by between 3 and 27%, babtiger tonne of cane would increase by between
2 and 34% due to reduced harvesting efficiency lamer returns on capital. Total transport costs
similarly reduced under reduced sugarcane yielalsingreased per tonne of cane transported by up to
13%. Production in this region relies primarily mad transport as opposed to rail transport inrothe
regions and hence can be more readily altered ufitinaurring significant costs. This means that the
impact on costs per tonne of cane in the transaatior is likely to be less than that for harvesim
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this region. This is unlikely to be the case inioeg where rail transport is used since it involaes
large amount of capital in rail track, locomotivaesd wagons which are owned by the mill.

In summary, qualitative assessments suggest ttegegteémpacts of climate change are likely to be
experienced on the grower sector of the Austradiagarcane industry (Pagt al. 200t). However,
net productivity gains/losses will ultimately depeon the availability of a number of resources,
particularly water, and the plant’s physiologicasponse to relative changes in all climate vargable
Whilst the capacity within the sugar industry vatimin is considered sufficient to absorb an irgea
in yield, a decrease may financially challenge mianlis.

International impacts

A small number of studies detailing productivityden climate change have been produced for other
sugarcane producing nations. Sugarcane yieldsimdad are estimated to reduce by approximately
42% given a rise in mean temperature of arod@(3ingh and Mayaar, 1998), and decreases of up to
57% are predicted for sucrose yields in Maurititsinereased temperatures of €6(Cheeroo-
Nayamuth and Nayamuth, 2001; Nayamuth and CheeeyauNuth, 2005). In contrast, the South
African sugarcane industry is projected to expe&gean increase in crop yield with temperature
increases of up to°2 and rainfall changes of plus or minus 10% (S&w@@07). No quantitative
estimates of changes in yield have been found t® fida the other major sugar-producing nations of
Brazil, China, Cuba and India.

Adaptation Options
Current Options for Dealing with Climate Variabilit vy

A number of web-based sources of information antktare presently available (or in design) to assis
sugarcane industry stakeholders manage climatabitity through informed decision making. These
include the tools and information sources detaite€hapter 1 which are generally applicable to a
wide range of agricultural industries. Table 5.8ade decision support tools and forecasting system
more specifically designed and tested for the Alisin sugarcane industry.

The tools and forecasting systems detailed in Tat8eare used to support a range of management
decisions that are impacted by climate, and forctvineliable seasonal climate forecasts are availabl
Technologies presently exist to help optimise ptanand harvesting dates, the scheduling of limited
irrigation water, nitrogen fertiliser managementor(fboth optimal production and minimal
environmental impact), drying-off strategies, ahd tesign of on-farm water storage facilities. One
example is the ENSO EIl Nino/Southern Oscillatiggnal. This can be used early in the year in certain
sugarcane-growing regions to predict likely climaaed hence sugarcane productivity, around the
time of harvest. Having this information 7 month®pto harvest enables the scheduling of harvest
start date to be optimised for productivity. Suafoimation is also useful to marketers planning
customer allocations, shipping schedules and storaguirements for the next season, and has been
found to provide financial benefits for the indysfAnthonyet al 2002).
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Table 5.3: Decision support tools and sources of information for managing climate variability that have been specifically developed or applied to the Australian sugarcane
industry. Sectors utilising the tools or information sources are indicated as follows: (1) value chain, (2) grower, (3) harvest and transport, (4) milling, and (5) marketing.

Rain Gauge CD
(2,3,4)

Everingham (2002)

Utilises patched point data to produce regional-wide climate forecasts for sugarcane farmers in the Herbert
region. This tool was used to demonstrate that whilst rainfall amounts vary across the region, the chance of
exceeding specified rainfall amounts remains constant.

Forecasting
Compendium (4)

Recipes and Everingham (2002) Provides a step-by-step guide to climate forecasting in the Herbert region. The book contains short stories

Rain Gauges about how growers and millers in the Herbert have used seasonal climate forecasts.

(2,3,4)

Excel-based Contact Andrew Wood, CSR, Following on from project CTA036, CSR in the Herbert produced their own forecasting system using Excel.

rainfall Ingham Research staff have used this tool to provide climate forecasts for inclusion in the local newsletters and internet

forecasting site.

(2,3,4)

RainForecaster Everingham et al. (2006); Computer-based tool that produces 3-monthly forecasts of rainfall and wetdays. The program is run by local

(2,3,4) Everingham (2007a) coordinators to produce climate updates and forecasts tailored to their region. Initially designed to provide
forecasts for the case study regions (SRDC project CSE009), but is also utilised by Tully, NSW, Camilla,
Koumala and Plane Creek regions.

Marketing, Everingham (2002) Booklet for marketers that summarises how seasonal climate forecasts can impact on rainfall and sugarcane

Climate yields.

WaterSense (2)

Inman-Bamber et al. (2005, 2006)

www.clw.csiro.au/watersense/pag

es/main.aspx

Web-based irrigation water optimising tool for determining the best time to irrigate sugarcane with a limited
amount of irrigation water at a paddock level. The tool utilises an APSIM-Sugarcane like model to devise an
optimum irrigation strategy that simultaneously minimises overall crop water stress and provides the highest
possible crop yield. WaterSense is presently linked to 21 SILO and automatic weather stations and could be
expanded. WaterSense can now also be used in a full irrigation mode where water stress can be practically
eliminated.

Irrigation
scheduling (2)

Inman-Bamber et al. ( 2001)

Uses APSIM simulations together with long-term climate records to determine the optimum timing of limited
irrigation in Bundaberg and the impacts of EI Nino and La Nina conditions on irrigation management.
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Nitrogen
management (2)

Everingham et al. (2006)

Used to determine optimum nitrogen fertiliser application timing and the amount of maximum productivity and
minimum environmental losses given the SOI phase. Uses APSIM simulations and historic climate data. The
technology was developed for a project group in the Tully region, but as the results were confounded, it is
presently not in use. Further research is continuing.

Long lead
forecasting
system using the

Everingham et al. (2007a)

Use of a statistical model to predict the likelihood of harvest rainfall (August to December) in the NSW
sugarcane regions using the previous La Nina signals in January, February and March (thereby eliminating the
autumn predictability barrier). Offers the NSW sugar industry a valuable source of information to aid decisions

ENSO signal that must be made early in the year that impact rainfall-dependent operations much later in the year.

(2,3,4)

Long lead Everingham et al. (2007b) Uses a Bayesian discriminant analysis procedure to determine the likelihood of a small, medium, or large crop
forecasting across 4 major sugarcane-growing regions in Australia (Ingham, Ayr, Mackay, and Bundaberg) for use as
system for marketing intelligence. Compared with the current industry approach, the discriminant procedure provided a

estimating yield
size (5)

substantial improvement for Ayr and a moderate improvement over current forecasting methods used in the
other 3 regions, with the added advantage of providing probabilistic forecasts of crop categories.

Long-lead rainfall
forecasts (1)

Everingham et al. (in press a)

A long-lead statistical ENSO prediction model aimed at reducing the risk associated with decisions that must be
made before autumn and are effected by rainfall anomalies post-autumn. The outcome can provided an early
indication of the likelihood of disruption to harvest due to wet conditions in a year.

ENSO El
Nino/Southern
Oscillation signal

®)

Everingham et al. (2003; 2001a)

The five phases of the southern oscillation index are used for certain sugarcane growing regions to indicate
sugarcane yield anomalies 7 months prior to the commencement of harvest. Advance knowledge of crop size
can assist industry decision makers in scheduling when the harvest season should commence and be used by
marketers to improve planning of customer allocations, shipping schedules and storage requirements for the
next season.

Decadal
forecasting
system (2,3,4)

Jaffres and Everingham (2005)

Based on a relationship between long-term variations in sea surface temperature (SST) and mean sea level
pressure (MSSLP) for a number of sugar-growing locations on the east coast of Australia. Whilst a strong
relationship between decadal rainfall and the indices was uncovered, it is recommended that further research
be conducted to clarify whether this relationship is a statistical artefact or it is underpinned by a physical
phenomena.

Irrigation
optimisation (1)

Park (2006); Everingham et al.
(2006)

Study conducted into the usefulness of the three- and five-phase seasonal climate forecasting systems in
determining the optimal timing of irrigation events (and hence maximum crop yield). The forecasting systems
were used in conjunction with an APSIM routine (Inman-Bamber et al. 2001) to assess maximum crop yield

Climate change adaptation in Australian primary industries

145




attainable under historic climate scenarios. The model simulations revealed that growers who followed an
irrigation schedule tended to have higher yields in La Nina type years and that for selected soils and locations
there was a slight tendency for the model to schedule irrigations earlier in El Nino years.

Relationship
between ENSO
and decadal
systems (2,3)

Jones and Everingham (2005)

Demonstrates an absence of intensified harvest rainfall amounts for 7 sugarcane growing regions suggesting a
close watch be kept on ENSO signals such as the southern oscillation index and equatorial sea surface
temperatures to gain insight about conditions for the coming season.

Comparison of
phase based
seasonal climate
forecasting
systems (2,3)

Everingham (2007b); Jones and
Everingham (2006); Everingham
et al. (2006)

Statistically compares a number of climate forecasting systems against the five-phase SOI system (Stone et al.
1996), i.e. the benchmark forecasting systems used in the Australian sugar industry. These systems included
two versions of the three-phase, or ENSO forecasting system, the nine-phase SST system (Drosdowsky and
Chambers 1998; Drosdowsky 2002) using several performance measure criteria.

Estimation of risk
associated with
drying-off
strategies (2)

Robertson et al. (1999)

Study linking the relationships between cane yield, cane dry weight and sucrose concentration to APSIM and
long-term climate data to determine the economically optimum duration of drying off in the sugarcane crop, and
its variability from season to season for 2 locations in Australia and one location in South Africa, and for a range
of harvest dates and soil types.

Value chain
based decision-
making (1)

Everingham et al. (2002a)

A comprehensive systems approach for using seasonal climate forecast systems to improve risk management
and decision-making capability across all sectors of the sugarcane industry. The application of this approach is
outlined for decisions relating to yield forecasting, harvest management, and the use of irrigation.

DamEasy (2.)

Lisson et al. (2003)

A decision support tool developed principally for extension officers or industry consultants working in
collaboration with, or on behalf of, farmer clients wanting to investigate the economic, cane yield and
environmental implications of incorporating an on farm water storage into an existing sugarcane farming
enterprise.

Value chain Everingham et al. (2002b) Investigates the utility of climate forecasting systems to assist industry planning at the farming, harvesting,

based decision- milling and marketing components. The research demonstrated the potential to improve industry management

making (1) by (i) forecasting Burnett River streamflows to improve knowledge of water availability for irrigation; (ii)
forecasting harvest season rainfall to improve scheduling, and (iii) forecasting sugarcane yields to assist
forward selling by marketers. Demonstrates that due to the autumn predictability barrier, seasonal climate
forecasts are not able to assist millers with planning for the season ahead.

Forecasting Everingham et al. (2001b) Analysis of a climate forecasting system to forecast unseasonally high rainfall in the May-June and October-
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wetdays during
the harvest
season (2,3,4)

November that typically affects crush start time, timing of sugar supply, harvest season length and ratooning
capability for the following season. The climate forecast system offers some benefits associated with
forecasting ‘'wetdays' during October-November, but is more limited for forecasting 'wetdays' during May-June.

Forecasting
water allocations

&)

Everingham et al. (in press b)

Outlines a process for forecasting water allocations using phases of the southern oscillation index for
canefarmers on the southern Bundaberg Water Supply Scheme. Also links forecasted allocations to an
irrigation scheduling system.

Forecasting
sugarcane yields
(3.4)

Kuhnel (1994)

Demonstrates the relationship between the Southern Oscillation Index and the sugarcane yield anomalies at 27
mills in Queensland. It showed the SOI to be a useful indicator of yields for the northern sugarcane districts,
less so as predictor of total sugarcane yields over large areas.
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Adaptation Options for Dealing with Climate Change

The sugarcane industry in Australia has a longrleobmanaging the impacts of weather and climate-
related events. Nevertheless, additional adaptatieasures will be required to reduce the adverse
impacts of projected climate change and variabiliggardless of the scale of mitigation undertaken
over the next two to three decades. (IPCC 2007#il&i to other cropping systems, many of the
management-level adaptation options suitable tostlgarcane production system (detailed in Table
5.1 and Table 5.2 above) are largely extensiomstensifications of existing climate risk managemen
or production enhancement activities in response potential change in the climate risk (Howden et
al., 2007). Adaptation strategies can be categbirge the following approaches:

Improved management of limited water supplies— this may be achieved through more efficient use
of water supplies (e.g. the use of more efficiengation water delivery technologies and schedules
improved soil structure for improved infiltratiomeé moisture conservation, and trash blanketing, and
minimum tillage for reduced evaporation); improveabture and storage of water (e.g. harvesting
rainfall and excess surface water in on-farm swrigilities, laser levelling and the re-use of tai
water), and the maintenance of below-ground waterces (e.g. restrictions on groundwater pumping
and the construction of new bores, abandonmerdliofesbores, ongoing monitoring of water quality).
Integration of streamflow forecasting, storage ami and crop water demand could also go a long
way to improving the use of catchment runoff fooogrproduction. A change in pricing and
regulations, such as the date of the water yeauldradso help create incentives for more efficiese

of catchment runoff.

Technological fixes — these might be achieved through technologie®itly on the market or those
which await invention, refinement or delivery. Taclogical fixes may include improved varieties
with desirable traits consistent with prevailingn@te conditions (e.g. greater drought resistance,
water use efficiency, tolerance of increased teatpees, reduced lodging, low vegetative growth and
stalk fibre content); or machinery technologieg.(avet-weather harvesters and machinery able to
effectively harvest lodged cane, and improved withill clarifier design and modified mud scrapers).
These technical fix adaptive options are genetadlyed on reductionist analysis, engineering design
principles, and computer-aided modeling, as oppts@dore attitudinal fixes that require a change of
thought process or behaviour.

Cropping system design and agronomic management strategies — these may include farm-scale
planning and design (e.g. tree planting for shedted soil protection, introduction of precision
agriculture, laser levelling, diversification intdternative/additional crop species), or improved a
more flexible agronomic management (e.g. adjustraeptanting dates and crop varieties; revision of
best management practice for erosion, pest, diseadeweed control, trash blanketing, nutrient
cycling and improved soil structure, and the opetion of resources to achieve maximum yield in
the prevailing climate). These adaptive optionsinega greater element of attitudinal change than t
technical fixes detailed above.

Improved decision-making — this may be achieved through the utilisatiordetision-support tools
and information (Table 5.3), especially those ipooating seasonal climate forecasts, to reduce
production risk.

Institutional change — these might include physical infrastructure .(ea@nstruction of seawalls and
storm surge barriers, dune reinforcement, landiattoun and the creation of marshland/wetlands as
buffer zones against sea level rise and flooding] the protection of existing natural barriers),
industry reform (e.g. revision of quarantine bourata relocation of the sugarcane production to ore

An overview of climate change adaptation in the Australian agricultural sector 149



southerly areas to track poleward shifts of climatmes, increased flexibility in capacity and
operations in the value chain to track change$énquality and quantity of throughput to maintain
optimal efficiency), or greater diversification andlternative rural enterprises and off-farm income

The adaptation strategies in Table 5.1 and Tallle®d noted above, are qualitative in nature aihd fa
to estimate the extent or scale of the adaptatoiorarequired. Eco-physiological models, such as
APSIM, provide a useful means to not only quantifg potential impacts of climate change in terms
of crop yield, but also the assess the efficacgdafptation strategies to ameliorate the negatieetsf
and capitalise on the possible benefits of a chamgéimate.. For example, Paék al. (200%) used
APSIM to simulate sugarcane planting at Rocky Péihtays earlier than is currently practised. This
increased simulated median cane yield by up to 8%990 levels for 2030 , whilst delaying planting
by up to 30 days had little effect on crop prodiitti In contrast, simulated planting 60 days s

the Mossman region showed a decrease in yield agtyn&0%, whilst planting up to 30 days later in
the season, increased vyields by up to 3%. The iatwve study highlights the importance of
accounting for regional biophysical and institutibrdifferences across the Australian sugarcane
industry when considering both the impact of clienehange and adaptation strategies. Interestingly,
the simulation study also suggested that a changkanting date of up to 60 days earlier and 3Gday
later than is presently practised is unlikely tyfameliorate yield losses resulting from changes
rainfall and temperature by 2030 in the Rocky Poegion. A later planting date in Mossman may
offset much of the potential yield losses predidimdthe region. This method can be extended to a
range of adaptation strategies including chandmegtime and duration of the harvest season, variety
selection and irrigation practices.

Risks of Maladaptation

No research has to date been undertaken explaéfining the risks of maladaptation to climate
change for the sugar industry. However, the apprdaken in Parlet al. (200) which expresses
impacts and adaptation strategies in a value at@itext, highlights a number of possible conflicts.
Some maladaptation risks include:

« An extended harvest season may be a positive infpathe harvesting, transport and milling
sectors since it would reduce the requirement &pital stock (harvesters, trucks, etc), but it may
be negative for the growing sector since a greateportion of the crop may be required to be
harvested at a time of year when CCS levels asties optimal.

* An increased use of irrigation water in some areay result in an increased risk of salinity or
exacerbation of a rising water table

« The use of increasing volumes of trash on thesoflace may immobilise soil N stores to below
crop demand, necessitating an increased amount dériNiser to be used (and increased
greenhouse gas emissions and increased risk siteffmpact).

« The removal of trash from the paddock for co-geti@ma(as a mitigation strategy) has the
potential to reduce crop yields (primarily througieduction in the input of C and N to the soil)
and increase the cost of alternative weed contezlsures (Thorburet al2006). It is also likely
to negatively impact erosion control and soil maigtretention.

Adaptation strategies must also be regionally-djgean design, as exemplified by a change of
planting date having a differential response offdyiie simulation studies conducted for the Mossman
and Rocky Point cane regions (Patkal. 200). It will also be necessary to iteratively deveboud
apply adaptation strategies in line with progressilianges in climate to avoid maladaptation.
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Costs and Benefits

Whilst only a few studies (Roebelirg al. 2007; Parlet al. 2007) have made preliminary studies of
the cost of climate change impact on the Austrasiagar industry (see the section above on climate
change impacts), these studies have been condoctadingle region and been limited to considering
changes in only temperature and the amount ofathir@learly there is a need for further analydis o
the costs and benefits of climate change on sugangaoduction in Australia.

Knowledge Gaps and Priorities

In the recently published SRDC Climate Change TeethnReport (Parket al. 2007&) it was
concluded that further R&D projects should addrdss following knowledge gaps and priority
research, development and extension (R,D&E) areas:

« Improvements in farming practice, especially priecisrrigation, on-paddock water use and off-
paddock water quality impacts and the managemenhatased climate variability through
seasonal forecasting;

< Innovative farming and processing systems that aakimtegrated and sustainable approach to risk
and opportunity across all inputs such as plarietias, nutrient management practices and energy
use in mills, through to the outputs of sugar,iliser and bio-energy, ensuring a flexible and
financially resilient industry;

« Capitalisation of bio-energy opportunities and cartirading potential for value adding and
preferably integrated within innovative farming ampgocessing systems to maximise cross
industry benefits;

e Greater focus in sugarcane physiology and plantrargament in varietal characteristics that
enhance resilience to climate change, industry tatlap to higher temperatures, reduced water
availability, and extreme events. This will alsgui@e knowledge of the genetic x environment x
management (G*E*M) interactions.

» Enhancing human capital through building skills awhancing science capability in climate
understanding and risk management across the sugastry so that the knowledge and tools
required by the industry may be delivered;

» Linking of biosecurity management to a changingnalie so that potential threats in biosecurity
are understood,

« An understanding of the global context of climateamge impacts on worldwide production,
profitability and markets relative to the Australisugar industry to help continually optimise
market position.

Parket al. (2007) note that many of the knowledge gaps detailed@lsan be best filled through the
enhancement of existing R,D&E activities. For exlmpesearch into plant agronomy, physiology
and plant genetics already incorporates many ofkdyeattributes of climate, albeit with increased
emphasis on climate related attributes called forpart of the response to a changing climate.
Likewise, research on sustainability of on-farmgbices is already addressing issues regarding off-
farm pollutant and enrichment. A more variable amdnt-driven climate will make this research even
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more imperative if the sugarcane industry is tpoesl to community demands and demonstrate
resilience.

Many of the knowledge gaps detailed above can befiied through the enhancement of existing R,
D&E activities. Other knowledge gaps are more djetd climate change science and increasing
climate variability. One of these applications miag in predicting climatically-optimal growth
locations for the relocation of sugarcane productim addition, building social capital through
targeted extension, improving skills and providiagmore industry-wide knowledge base are all
essential. Additional knowledge gaps will undoubtedome to light as the sugarcane industry
responds to a changing climate.
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Table 5.4: Summary of climate change adaptation options for the sugarcane industry indicating whether the
option 1) has already been assessed or is a remaining knowledge gap, 2) is highly feasible, 3) would be feasible /
effective immediately, or 4) should be a high priority for research, assessment and implementation in developing
adaptation strategies.

Policy level

Develop linkages to existing government policies
and initiatives e.g. GGAP, Greenhouse challenge, X v v v
salinity, water quality, rural restructuring

Ensure communication of broader climate change v v v v
information
Maintenance of effective climate data distribution v v v v

and analysis systems

Modification of existing Federal and State Drought X X v X
policies to encourage adaptation

Continue training to improve self-reliance and to v v v v
provide knowledge base for adapting

Policy settings that encourage development of
effective water-trading systems that allow for climate v v v v
variability and support development of related
information networks

Public sector support for a vigorous agricultural
research and breeding effort with access to global v v v v
gene pools

Maintain R&D capacity, undertake further adaptation
studies which include costs/benefits and streamline v 4 v v
rapid R&D responses

Develop further crop systems modelling capabilities

such as APSIM and quantitative approaches to risk 4 v v v
management

Encourage appropriate industry structures to enable X X v X
flexibility

Encourage diversification of farm enterprises v X v X

Ensure support during transition periods caused by
climate change and assist new industry X 4 X X
establishment

Altering transport and market infrastructure to
support altered production regimes caused by X v X X
climate change

Encourage financial institutions to be responsive to X v X X
changing industry needs

Continuing commitment from all levels of
government for pest, disease and weed control v v v v
including border protection
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Introduction of climate change adaptation into X v v v
Environmental Management Systems

Crop and farm management

Development of participatory research approaches v v v v
to assist pro-active decision making on-farm

Develop further risk amelioration approaches (e.g.
zero tillage and other minimum disturbance
techniques, retaining residue, extending fallows, row v v v v
spacing, planting density, staggering planting times,
erosion control infrastructure)

Develop further controlled traffic approaches — even v v v X
all-weather traffic

Research and revise soil fertility management
(fertilizer application, type and timing, increase 4 v v v
legume phase in rotations) on an ongoing basis

Alter planting rules to be more opportunistic
depending on environmental condition (e.g. soil 4 v v v
moisture), climate (e.g. frost risk) and markets

Expand routine record keeping of weather,
production, degradation, pest and diseases, weed X 4 4 4
invasion

Tools and extension to enable farmers to access
climate data and interpret the data in relation to their X v v v
crop records and analyse alternative management
options.

Climate information and use

Improve dynamic climate modelling tailored v v v v
towards decision making in agriculture

Incorporate seasonal forecasts and climate change
into farm enterprise plans so as to be able to v v v v
readily adapt

Maximise utility of forecasts by R, D&E on
combining them with on-ground measurements (i.e. v v v v
soil moisture, nitrogen), market information and
systems modelling.

Warnings prior to planting of likelihood of very hot v v X v
days and high erosion potential

Water resource issues

Further improvements in water distribution systems
(to reduce leakage and evaporation), irrigation
practices such as water application methods, v v v 4
irrigation scheduling and moisture monitoring to
increase efficiency of use

154 Climate change adaptation in Australian primary industries




Maintain access rights to water

Develop water trading system (and associated
information base) that can help buffer increased
variability

Maximise water capture and storage on-farm —
needs R&D and policy support

Managing pests, disease and weeds

Improve pest predictive tools and indicators

Improve quantitative modeling of individual pests to
identify most appropriate time to introduce controls

Further development of Area-wide Management
operations

Further development of Integrated Pest
Management

Improved monitoring and responses to emerging
pest, disease and weed issues

Crop breeding

Selection of varieties with appropriate thermal time
and vernalisation requirements, heat shock
resistance, drought tolerance (i.e. Staygreen), high
protein levels, resistance to new pest and diseases
and perhaps that set flowers in hot/windy
conditions

Ongoing evaluation of cultivar/management/climate
relationships

Land use

Potential for cotton, summer-growing grains and
pulses further south

N/A

N/A

N/A

N/A

Movement to more livestock in the enterprise mix
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6: VITICULTURE

Wehbb, L*'2and Barlow, E.W.R.
1. CSIRO Division of Marine and Atmospheric Reskarc

2. School of Agriculture and Food Systems, University of Melbourne, Parkville Victoria

Key Messages:
« A warmer climate will hasten the progression ofrpilegical stages of the vine so that ripening
will occur earlier in the season.

* Budburst may be affected in some of the more maeitclimates due to less chilling over the
winter dormancy period.

» Grape quality will be negatively impacted if no ptidion measures are implemented.

» Water demand for winegrape vines will increase iwamer climate while rainfall and, more
importantly, runoff to water storages is projectediecrease.

» Shifting to cooler sites can alleviate some ofwa@ming impact. As vineyards have a life of 30+
years, planning for this should begin now.

e Within regions, existing varieties can be replagétth ‘longer season’ varieties to compensate for
the warmer temperatures and compressed phenology.

* Winery infrastructure and staffing levels need t@eanmodate more compressed vintages, i.e.
possible increased intake over a shorter period.

» Consumer education to accept new wine styles anelties will be important.

Figure 6.1: Sauvignon Blanc vineyards (Photo: Ashley Wheaton).
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Introduction

The Australian wine industry is an important cdmitor to the Australian economy with wine exports
being the third largest valued agricultural expantnmodity behind wheat and beef products (ABARE
2006). Exports for the year 2007 are reported toAAb&3billion. The industry currently occupies
160,000ha (Fletchest al.2007) with winegrape production expanding markedIthe 10 years until
2004 (Gordon 2004) but reduced since then dueitmatit and economic influences (Fletcletral.
2007). With expectations of reduced amounts of watailable for irrigation in the warm inland
districts, yields may be below average again inrB2@0NVBC 2007).

Winegrapes are planted in diverse climatic regiomsustralia (Smaret al. 1980) mainly between the
latitudes of 30°S-40°S (Figure 6.2). There areeruly 60 wine growing regions and these have been
legally defined and described (AWBC 2006). Theggars range in climate type from some of the
warmest wine growing regions of the world to cotimate regions capable of producing more
delicate wine styles (Johnson 1989). For the pwpo$ assessment where 10 climatic zones are being
assessed (see Table 1-3 in the introductory chaptiis document), the ‘Mediterranean’ and ‘cool-
climate temperate’ climate zones contain the mgjaf the wine regions of Australia (Hoblsid
Mcintyre. 2005).

The wine industry is particularly interested inn@dite change because the production of fine wine is
intimately wedded to the concept ¢érroir: matching premium grape varieties to particular
combinations of climate and soils to produce unigires of particular styles (Seguin 1986). Changes
in climate will alter thes¢erroirs and challenge the adaptive capacity of the inglustvestors in the
wine industry as well as consumers of its outpwt Hrerefore alert to the prospect of such
consequences stemming from climate variability ahdnge and are increasingly exploring the
available options to enable the industry to adaghiange.

110°0'0"E 120°0'0"E 130°0'0"E 140°0'0"E 150°0'0"E

10°0'0"S 10°0'0"S

20°00"§ g S p0°0'0"S

40°0'0"S 10°0'0"S

Australian Gl wine regions X P

120°0'0"E 130°0'0"E 140°0'0"E 150°0'0"E

Figure 6.2: Australian Geographic Indication (GI) wine regions (green areas).
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Climate Change Impacts
Impact of temperature increase
Phenology

Winegrape vinegVitis Vinifera) have four main developmental stages: budburstefting, veraison
(colour change and berry softening), and harvesip@maturity) (Mcintyrest al. 1982). The duration
of these phenological stages varies greatly widlpgvine variety, climate, and geographic location
(Jonesand Davis 2000). Matching the developmental phakgsapevines to a climate is an important
factor in the planning of any vineyard developm&htre optimizing quality is a priority. A warmer
climate will hasten the progression of phenologstagies of the vine so that ripening will occutiear
(Jonesand Davis 2000; Jonest al. 2005a; Weblet al. 2007b). This will impact on the Australian
wine industry in positive and negative ways depegdon the present climate of the region.
Maintaining consistency of quality is the biggesiltenge to the Australian wine industry under
global climate change scenarios.

Greenhouse gas-induced climate change will affemtmer viticulture regions (e.g. Swan Valley
(WA), Sunraysia, Riverina, Hunter Valley). Grapes monitored for sugar, acidity and flavour levels
as these develop through the ripening period. Timeah the winemaker is to harvest the crop when
the balance of these compounds will be expectgidaduce the desired wine style. The rate of change
in these compounds is temperature dependent wghehitemperatures increasing the speed of
development. Consequently, higher ripening tempegatallow for a narrower window from which to
determine the optimum harvest time. In cooler clesain more southerly parts of Australia
(Tasmania, Mornington Peninsula) global warming raigw varieties that are marginal now to be
grown and ripened more fully. In intermediate cliesathe season will begin earlier and phenological
stages will be accelerated leading to ripeninchan earlier hotter months with the chance of reduced
quality.

Warmer winter temperatures may cause problems alleck of winter chilling as suggested by Dry
(1988). Many perennial plants have a physiologregjuirement for a quota of cold temperatures
through the dormancy period, known as a chillingureement, before budburst will commence
(Laveeand May 1997). The mean July temperature in thegitet River, WA, (13.ZC) is already
known to be associated with problems of lack ofnaiicy (Dry 1988) and a recent study has
highlighted the reducing trend in the hours of letgl in this region (Lyons and Considine 2007).
Winter temperatures may increase by about®.31.5C by 2030 in most winegrape growing areas
(Whetton, 2001). This may cause a reduction inliogiland resultant problems with non-uniform
dormancy breaking.

The phenological shifts will also result in shortesrvest periods with varieties presently being
harvested sequentially, perhaps reaching matumtyeraynchronously (Webdt al. 2007b). Attendant
problems for intake scheduling may also make itaasingly difficult to process each and every batch
of fruit when quality is deemed ‘optimal’. This mémave implications to infrastructure and staffing
over the vintage period.

Winegrape and wine quality

The quality of winegrapes is affected by tempegatarthat higher ripening temperatures can lea to
reduction in colour for red winegrapes (Haselgretel. 2000; Moriet al. 2007) and altered aroma
profiles of white and red winegrapes (Marais 20@&ayais et al. 2001). Modelling studies assessing
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the projected impact of climate change on winegrguaity (Webbet al. 2007a) and wine quality
(Joneset al. 2005b) indicate that, provided grapes are ablgtn in a given climate currently, if the
climate warms, quality will be negatively impaci@suming no adaptive measures are taken).

In a warmer than ideal environment, the grapeviilé go through its phenological events more
rapidly resulting in earlier and likely higher sug#peness. While the winemaker is waiting for the
flavours to develop, acidity is lost, leading toigk of less well balanced wine (Jones 2007). Adre
of increasing alcohol levels has been noted in ssmdies (Duchenand Schneider 2005; Godden
and Gishen 2005).

Changes in frequency of extreme events are likelpdcur more rapidly than changes in climatic
averages. An increase in the frequency of days 87& from an average of 32 days during the 1971-
2000 period to 39 days by 2030 or 45-60 days by 267 Mildura, for example, is projected (CSIRO
and BoM 2007). This increase in extreme temperatwi# have the greatest effect on viticulture in
currently warm to hot areas. Studies focussed eretfect of extreme temperatures on grapevines and
determinations of any threshold for ‘damage’ rentaitbe made. Anecdotal evidence describing vine
‘shut-down’ and sunburn impact are well described.

Australian viticulture is concentrated in cool dwrm regions and is affected by indigenous insect
pests, especially light brown apple moth (LBAM)danngal diseases like downy mildew, powdery
mildew, black spot, botrytis (which is helped by AR infestation) andPhomopsisAll of these are
strongly influenced by climate (Bob Sutherst, pemnm). Increasing temperatures, especially night-
time temperatures, may increase the number of DoMiilglew primary infections. Temperatures
falling below 10 degrees at night currently elima#he possibility of many primary infections. The
current trend towards increased night-time tempeesat if continued into the future, may result in
significantly increased risk of Downy Mildew andated diseases (Magareyal. 1994b).

Impact of increase in carbon dioxide concentration

Increased growth of vines under higher atmosplenibon dioxide (Cg concentrations may lead to
problems of excessive vegetative development anidiracanopy shading (Dry 1988), whereby the
grapes can be excessively shaded by the surroucdimgpy. Studies showing the effect that within-
canopy shading decreases potential fruitfulnes® Hmeen numerous (Magt al. 1976; Smartand
Robinson 1991). This will tend to occur only if wais limiting growth to some extent, as £€fects
are usually small when water availability is highaly et al. 1976; Smaraand Robinson 1991).

Increased concentrations of €@ the atmosphere result in reduced stomatal atiadoe (Longet al.
2004). Whether this affects water use efficiencyhaf whole crop depends on whether increased leaf
surface area, caused by the increased growth iohexr CQ environments, counteracts the effect of
reduced stomatal conductance. (Gifford 1988) fothmat the rate of soil water depletion was not
appreciably altered in enriched €@nvironments with an almost exact trade-off betwesduced
transpiration per unit leaf area and increaseddezd.

The effect of increased G@nd temperature on the growth of vinessitu has been modelled for
Europe (Bindiet al. 1996). The model predicted a 35% increase in faid if CO, was increased
from 350ppm to 700pprwithout a corresponding temperature increase. An incretsagderature
caused a decreased length of growing season (detyseviously) and resultant decreased yield.
Bindi, Fibbi et al (1995) have shown that the effectbmth CO, and temperature increases together
will mean that average crop yield will change a®sult of climate change. Overall, simulations did
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not provide a conclusive answer to the questiontadther the potential negative effects of the warme
temperatures would be compensated for by-fe@ilization effects under climate change.

In addition to changes in mean crop yield, modéds detect increases in year-to-year variability of
crop vields. The difference between very high \8eklithievable in good years under increased
atmospheric C@concentrations and lower yields in bad years bélllarger than at present, implying
a higher economic risk for growers (Biretial. 1996).

Plants grown in elevated atmospheric Qgpically have lower protein and nitrogen concatitms
(Drake et al. 1997; Morisonand Lawlor 1999) and this may influence fermentatiwocesses. The
survey by Drakeet al. (1997) found that the carbon:nitrogen ratio (Cdtla) will increase in plants.
In winegrape juice such an effect would reduceatailability of nitrogen for yeast nutrition during
fermentation, increasing the risk of a fermentafaiture.

The importance of nitrogen on yeast nutrition idlwederstood. Many wineries measure FAN (free
amino nitrogen); and YAN (yeast available nitrogeam)d adjust winegrape juice accordingly.
However, research into the effect of increasingaapheric CQ concentrations on the quality of

wines has not been undertaken broadly, althougte sesearch is occurring in Europe. If amino acid
levels of winegrape-juice are affected the consege® of this on quality will need to be studied.

Impact of water balance changes
Reduced water supply

Annual rainfall totals for most of the grape growiregions may decrease by 2% to 10% by 2030 and
5 to 20% by 2070 (CSIRO and BoM 2007). Becauséhefvariation in annual rainfall between the
different winegrowing regions, the impact this nfeave on viticulture will need to be assessed region
by region. Seasonally, for most regions, the getadercentage reduction in rainfall is in springthw
little change in summer. The Hunter Valley is ohéhe few winegrowing regions likely to experience
an increase in summer rainfall.

CSIRO has calculated projections of change in pistieevaporation (atmospheric water demand) and
regardless of whether the rainfall is projectedinorease or decrease, increases in potential
evaporation occur in all seasons in the winegrapsvigg regions of Australia (CSIRO and BoM
2007). The increases tend to be larger where thereorresponding decrease in rainfall (Kirata@l.
2006).

The reduced rainfall and higher evaporation resnlteduced runoff to farm dams, streams and rivers
(Cai and Cowan submitted; Jonasd Durack 2005). This factor will have more impact the
viticulture industry than rainfall decline alonehd@ majority of vineyards in Australia rely on a sec
irrigation supply (McCarthyet al. 1992). When water is not available, yields canlidec(AWBC
2007).

Vineyards sourcing their own local surface and ugaeind water with no access to public irrigation

schemes were thought to be more vulnerable thase twith access. Allocations from public irrigation

schemes have been reduced to 16% of the normahtitlo in South Australia in the current drought
(2007/08 season) and the reliability of what wamight of as a relatively secure supply is now being
questioned (MDBC 2007). The general pressure oenmgipplies will mitigate strongly against the

licensing of more farm dams or bores with regulaicestrictions already existing on amounts being
drawn from underground water sources in some areas.
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Growing season rainfall is conducive to fungal die(Magaregt al. 1994a). Rain, especially after
veraison, plus associated humidity, predisposepegrao berry splitting, Botrytis, and other fungal
diseases. According to climate projections growseason rainfall is likely to reduce in most
winegrape growing regions. As a result climate ¢jeais likely to be associated with a decreasirig ris
of fungal disease.

If summer rainfall increases, as may occur in thmter Valley, and with lower probability in other
regions, fungal pressure may increase. Increasaegoeation in the grapevine canopy created by
higher temperatures will decrease leaf wetnesshande fungal pressure, so there may be no overall
change in susceptibility to fungi. If the effect micreased evaporation does not offset possible
increases to rainfall increased fungal problems atayr.

Even where mean rainfall may decrease, extreméahainay increase. Extreme rainfall events may
increase by up to 4% in south-eastern Australiautumn (CSIRO and BoM 2007), which is the
period in which harvest occurs for winegrap&otrytis cinerea,or grey mold, can devastate
winegrape crops. This fungus develops in wet armithiconditions. Heavy rainfall in the harvest
period predisposes the crop to this fungus.

Figure 6.3: Botrytis affecting some Riesling berries.
Frost

Climate change projections indicate fewer frostsday it might be expected that a warmer climate
would experience less frost damage. However, abustitself will be earlier, frost risk may not be
greatly reduced (Nemaet al.2001; Smart 1989)).

Reduced rainfall is projected for spring when sha@t emerging and the potential for impact oftfros
damage to reproductive parts of the vine is at aimmam. Drier soil, fewer clouds and lower dew
points may increase both frost occurrence and f®atrity. One recent example of increasing frost i
a warming climate occurred in 2006, the warmeshgpon record (since 1950) in southern Australia
(BoM 2007). Indeed, widespread frost damage ocdurreseasons coinciding with both of the most
recent Australian droughts (i.e. 2002/03 and 2006/ the 2006/7 season the severe frosts, along
with the drought, were deemed responsible for dverely reduced national winegrape yield (AWBC
2007).

Salinity

Salinization of arable land is already a significgmoblem in Australian agriculture. This is
particularly the case in the more intensely irgghtareas in Australia’'s southeast and in dryland
agriculture regions throughout southern and noatftegn Australia. There is very limited research in
the area of climate change and soil salinity effestrelation to grapevines. Investigations intbeot
agricultural systems suggest that the amount afrgtevater recharge may reduce significantly across
southern Australia (Howdeat al. 1999; van lIttersunet al. 2003) but that the relative impact on
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recharge and on aquifer productivity varies byaagby soil type and by management techniques. In
the main grape growing areas, whilst the longantask of salinisation may be decreased by climate
change (due to lower rainfall/recharge), there &y short-term risk with reduced streamflows.

Fire

A link has been identified showing smoke signifitarinfluences the chemical composition and
sensory characteristics of wine and causes an epgamoke taint’ (Kennisont al.2007). Australian
grape growers claim wildfires cost them more th@rb3$nillion in lost revenue during the 2003 and
2004 vintages due to smoke taint. The Canberrafioestof 2003 resulted in heavy smoke damage,
while growers in Victoria suffered at least $4 ioifi losses from fires in adjoining national parks.
With incidence of bushfires projected to increaséhie future (Lucagt al. 2007) risk of smoke taint
may also increase.

Current Options for Dealing with Climate Variabilit vy
Variability in temperature

Hot temperatures (>4Q) experienced during the growing season are manbge=nsuring that the
vineyards are kept well watered. For a vineyardeg@rotected from heat stress it may be necessary t
begin watering up to three days before a forecatsévent. There is a limit to how much water can be
applied to a vineyard however, especially postigera(colour change and berry softening), as juice
dilution due to excessive swelling of the berrigh impact on quality. Water stress post-veraissn i
essential for quality wine, though abundant watest{veraison is of less harm to the resulting berry
quality than excessive water between floweringaradison (McCarthyet al. 1992).

Windbreaks can be useful to protect the outsidesrofva vineyard from hot, dry, northerly winds.
They can impact negatively by housing birds (a pesblem), robbing vines of nutrients and water,
and increasing the risk of frost by trapping ofccair around the vines.

Sudden hot snaps can result in sunburn on theokire berry. The impact of this is most severeraft
leaf plucking (a practice intended to optimise Hurxposure to sunlight). Wine grape purchase
contracts penalize growers for this berry faultamg reliable forecasting can aid the timing of som
viticultural operations.

Variability in the ripening of grapes due to coal lt summers has been managed as a matter of
course. Cool growing seasons can, in some casesf ne less than desirable ripening of the grapes.
Volatilization of aroma compounds in warmer tempams, or changes in the relative concentration
of these compounds, may affect wine styles (JacksohLombard 1993). One of the interesting and
intrinsic values of wine is the variation of theoguct from season-to-season, resulting in ‘better
vintages’ and ‘poorer vintages'. There is, in tt@gard, an inbuilt flexibility in the industry talapt to
climate variability in that it is already accepteyl consumers that variation exists. Australia isvikn

for its consistency in product though, especiailyhie UK. This consistency is maintained by varying
sources of winegrape supply from year to year.

Most grape varieties can have various end useshwhtilitate adaptation to interannual temperature
variability. Chardonnay grapes for instance, camnded in sparkling wine or a more full-bodied white
table wine depending on the temperature of the igipweason. The winemaker commonly blends
wine from different regions, or different varietide take advantage of the complementary flavour
profiles developed in the grapes.
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Frost is presently managed by site selection, @aattsprinklers, helicopters (to create air movement
and mixing), soil moisture maintenance (througigation), vine training systems (higher canopy),
keeping soil surface cleaner (free of mulch), avgljérs.

Variability in rainfall

In Australia most grape production occurs wherevtheer requirement of vines is far higher than the
quantity of water provided by rainfall. Irrigatidras therefore been widely adopted in Australia. To
manage water availability to the vines the majoatyineyards in Australia are equipped with soil
moisture monitoring devices ranging from simple giyp blocks, to neutron probes. In areas with
salinity issues, computer controlled irrigationtsyss are used to increase efficiency while reducing
the impact on the environment.

High rainfall in most areas results in lowering frequency or rate of irrigation. High rainfall areas
where vigour may be a problem due to good soiilitgrtor cooler growing conditions, has to be
managed by canopy manipulations, or trellis design.

Low rainfall in summer has been managed by inctaseerstanding of vineyard water requirement.
More efficient watering strategies have been impgleted, such as regulated deficit irrigation
(Goodwin and Jerie1992) and partial root-zone drying (Dand Loveys 1998). Regulated deficit
irrigation will ultimately lower yield by reducingerry size, while partial root-zone drying does not
(Possingham 2002).

Rainfall impacts on disease incidence. This is it as grape purchase contracts have inbuilt
penalties linked to various levels of disease. Rest disease management in the current climate is
dependent on a limited understanding of the ecolwigyight Brown Apple Moth (LBAM) and long
experiences with the fungi involved. LBAM affectineyards by larvae physically damaging the
developing grape berries predisposing them to Eetimyfection. Inundative releases of moth parasite
have been trialled to control LBAM. Even without ABI, rainfall up to and during harvest has the
greatest impact on the crop with potential for dagses due to Botrytis infection affecting thertes:
Chemical control is expensive does not always piewffective control of Botrytis. Downy Mildew
and Powdery Mildew, two other important fungal dises, are adequately effectively controlled in
most climates.

Adaptation Options for Dealing with Climate Change
Temperature increase

Suitability for growing different winegrape varies will change in a warmer climate. Matching a
variety of winegrape to a particular climate sot tthee winegrapes ripen at the optimal time in the
harvest period is fundamental for the productiomuadlity wine. Two main adaptation options exist
for the viticulture industry to adapt to a warminfjmate: Either new sites can be selected for a
particular variety to match the warmer climate; ‘longer-season’ varieties than those presently
planted can be established in existing sites.
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Figure 6.4: Projected shifting of grapevine growth suitability zones in South-eastern Australia under a high
warming scenario in 2050 (best estimate) compared to current climate.

Change varieties of grapes grown in a region

To maintain consistency of quality wines, the irtdusan adapt to temperature increases by changing
the varieties of grapes growing in different aremsnatch the likely future growing season profiles.
Ripening can then coincide with the best possilieate conditions (Schultz 2000). In regions where
the current climate is already considered warmaip lhowever, replacing existing varieties with fate
ripening wine grape varieties that have market ptecee may not be possible with currently available
varieties. Breeding of wine grape varieties thpenmi later in the season and are able to maintain a
good sugar to acid balance is one of the aims @fGBIRO vine breeding program (Clingeleffer
1985).

Removal of vines at some break-even costing to taiaimphenological suitability could be practiced.
The loss of production, and planting costs, canwbaghed against quality loss, as the variety loses
fitness for the particular climate. The rate ofriie change will determine the rate of variety gean
Vineyard life may decrease from the accepted 36 phars.

The opportunities to manipulate phenology by caltar chemical means are limited. In cases where
demand for varieties has varied, top grafting &fedent varieties has been successful.

Australian wine law does not have variety reswitsi built into it so there is greater adaptation
potential than in Europe. Adaptation in Europeesstricted due to the Appellations Contrblées system
(France), and the Denominazione di Origine Cordtall(ltaly), for example. The wine law in these
two countries allows for only certain grape vasdstio be grown in certain regions for wines produce
to be awarded the regional quality classificatidbohfison 1989).

Change vine/vineyard locations

Calculation of potential areas available for vitiate in the future indicates that the potentiaaar
available in Australia for cool variety grape gragicould be severely reduced. In fact, if the oVera
quality of grapes is to remain equivalent to thfathe present day the area suitable for viticultura
production may reduce by 40% by the year 2050 (W&lilf) (Figure 6.4). The reduction in land area
suitable for viticulture has also been found toueedin the United States (Whi¢ al.2006).

There is some potential for climate amelioratiorotiyh exploitation of alternative sites within and
surrounding existing vineyards. Variations in feefitructure can alleviate vigour problems crediygd
some climatic factors. Use of mesoclimates hasledalnes to be grown in marginal areas by taking
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advantage of e.g. more direct solar radiation.hia selection of alternative sites, consideration of
landscape (i.e. tree belts, valleys, north-facloges) will be necessary.

Within a region movement in elevation and aspe@ci@r 1977), or complete relocation, to take
advantage of future climate potential may be nesgddonest al. 2004; Kennyand Harrison 1992;
Webb 2006). It may only be on the hot extremes @h@rieties become redundant, or new varieties
will be required (Webb 2006).

Many factors other than temperature will need t@kemined to assess the potential of new sitels: soi
type (Northcote 1977), water availability (McCartétyal. 1992) and infrastructure. Neither the vines
nor the infrastructure associated with them (s&lly, wine processing and tourism facilities) can b
moved on a year-to-year basis, limiting geogragtiiezibility.

Viticultural practices to affect timing of bud-break

If bud-break becomes uneven or protracted dueetehiiling requirement of vines not being met, use
of chemical dormancy breakers (Shulmanh al. 1983), or other management treatments, e.g.
evaporative cooling treatment (Nt al. 1988) may offer some alternative adaptive measures

Phenology will be difficult to influencen situ. However some potential exists to slightly delag b
break by delayed pruning bud. Dunn and Martin (20@&e manipulated the timing of budburst from
shoots by delays in pruning (six-weeks) to push gt forward (buds burst about 4 days later). The
use of some rootstock material may affect timingpudbreak (Dry 2007).

Risk assessment: sustainable industry in more marginal areas

The methodology of Kenny and Harrison (1992) irakshing criteria for identifying unacceptably
high frequencies of extremes, and has been expl@garding viticulture suitability (Webket al.
2007c), but this could be expanded with regarddtewbalance (drought/ flood/frost), or heat stress

Winemaking adaptation and winery infrastructure

Wine making techniques could be developed whereigcgl and other smoke taint compounds could
be effectively removed. Similarly, alcohol levetswine may need to be managed. Alcohol removal
from wine is a costly process.

Cabernet Sauvignon currently finding a home in mpremium lines of a wineries output (e.g.
Penfolds Bin 707) may end up in a different prodeaj. Rawsons Retreat). This grape source change
will occur gradually. Improved long range forecagticould help growers and winemakers finalize
contracts depending on the expected climatic outcofhthe season.

Winery capacity is built around expected winegraptke. This infrastructure and has some
flexibility in that more processing vats can beadiuced. With more fruit coming into the winery ove
a shorter time-frame, pressure on crushing/presgirgations will also exist. Again, more, or larger
capacity, units can be installed. These adaptaaomsiot, however, without major cost penalties.

Carbon dioxide enrichment
Viticultural management adaptations to increased vegetative growth

Increasing trellis complexity, with a correspondingrease in cost of vineyard management, has been
one way of managing increased vegetative growthigmer rainfall regions (Smagnd Robinson
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1991). This practice is used in some of the cdoigher rainfall winegrape-growing regions where
winegrape vine vigour can be a problem. The impzfcan increase in within-canopy shading
associated with enriched G©Oonditions may necessitate the need for an inedeaamber of passes
of vine hedging equipment post-veraison. In warmegjions, these two adaptation options may be
prohibitively expensive due to lower returns on thiep and a shortage of labour. Therefore other
more cost effective growth management options nesyrio be explored.

Regulated deficit irrigation and more recently @ntootzone drying are water saving management
practices that could be utilised to regulate vigé@oodwinand Jerie 1992) and offset any growth
enhancement from elevated £€dn most environments the aim is to increase wdedicits post-
flowering and pre-veraison to stop growth. Coortidaadjustment of irrigation scheduling and leaf
area will be needed in response to,CBanges.

Adjust vine nutrition to address imbalance in carbon:nitrogen ratios

Should increasing CQconcentrations negatively impact fermentation uigioincreases in C:N ratios

in the winegrape juice then two possible adaptatigiions could be implemented. (Moakal. 1986)
found that by fertilizing vines (200kg nitrogen/h&e produced juice with similar elevated
fermentation properties to those where diammonitosphate (an additive that increases the nitrogen
content of winegrape-juice) was added.

Management to reduce the impact of increased yield variability

Flexibility in the winery with regard to processingpacity (tonnage) will be required if the progstt
increasing yield variability with increasing tempemres and COenrichment is realised (Bindi al.
1996). Yields can already vary by over 30% fromryteayear (Dunret al.2004).

The study by Dunret al. (2004) show that better yield regulation is pdssilbut this relies on:
accurate yield forecasts to begin with; a quamgatinderstanding of yield compensation in response
to regulation at different times throughout theseeg and accurate methods to thin crops.

Supply of unwanted varieties and substandard guadihegrapes is currently being managed by a
prohibitive pricing policy. If the supply became raovariable the question is who wears the risk of
extreme climate induced reductions in winegrapdityydhe winegrape grower or the winery? An
essential adaptation to climate change may ber gddicy to distribute the risk appropriately tocha
partner. Winegrape supply contracts are usually émi five to ten years. With forward planning,
wineries can manipulate sourcing to allow for chesm temperature.

Water balance
Rainfall: short-term and longer-term forecasting

The scope of the impacts of lower rainfall depemasemperature, existing water sources, evaporative
demand, competition for water supply from altenatindustries, irrigation infrastructure, soil type
and timing of water shortages in the vine growtbleyThese factors can be incorporated into models
which evaluate water balance and irrigation nediere is a need to allocate water more effidient
then the timing of water supply may have a largaring on the yield and this will need to be
understood in the context of future reduced rainfabst and efficiency of holding dams, off-peak
rates, and water quality will need to be explored.
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Rain, or the threat of rain, may induce growerspick early (to reduce risk of Botrytis and/or
winegrape juice dilution) and provide immature vgragpes for processing (Jackson and Lombard,
1993). Climate change may result in a greater #aqu of extreme rainfall events (CSIRO and BoM
2007). Short-term forecasting of such events atdsrtime is crucial, and will become more so.

Water purchasing

Compared with some of the other water users irMhegay Darling Basin, grape growers have a low
demand (average water application rates for maigated cultures in the Murray-Darling Basin:
3.0ML/ha for grapes, 8.2ML/ha for cotton, 12.9ML/ha for rice
(http://audit.ea.gov.au/anra/atlas_home)3frd\s a proportion of the value of the crop, ttestcof
water may not have as much impact for viticultuseitawould for other industries, provided the
industry can purchase the water it needs (NLWRAL200

Vineyard irrigation management

Increasing efficiencies in irrigation of vines ctatilitate the management of limited water supplies
Regardless, it will be necessary to re-assess wedeurces and drought management in the context of
future reduced rainfall. Applying saline water tgically may assist growers to cope with drought,
though extreme caution would need to be applield weijard to effects on soil structure (Clark 2004).

Viticultural practices to address salinity

Development of salt tolerant rootstocks (Dry 208y better irrigation management (see above) may
only partly overcome the problem of salinity. Sajyinissues can also be addressed with existing
management practices. Banrock Statibttp(//www.banrockstationwines.comjatand many other
vineyards use computer controlled irrigation sclieduto ensure that no water seeps into the water
table. They control the volume of water in the gwibfile by having soil moisture probes regulating
the irrigation frequency and, consequently manadjdesels.

Water purification and recycling

Waste water from wineries, or large population m@sjtcan be used on vineyards. Water recycling
allows extra water to be directed to vineyards. Wieineyards (e.g. near Sunbury, near Ararat, and in
McLaren Vale) utilize winery or town waste wateready. With the demand for such water recycling
likely to increase with climate change, there ise&d to evaluate the long-term sustainability ¢f th
approach given the sometimes elevated levels gbldisd mineral salts in the water (Hermetnal.
2004; McCarthyand Downton 1981).

Management of the inter-row environment

Schultz (2000) explains that in Europe, shifts liecipitation patterns may necessitate introductibn
cover crops between vine rows over winter in otdeminimize soil erosion and to maximize water
and nutrient storage. The future precipitationmegwill have longer dry spells interrupted by heavi
precipitation events (CSIRO and BoM 2007), incnegsthe need for both water conservation
practices and also erosion control measures. Swasumes could include the planting of inter-row
ground-cover using ‘drought tolerant’ grass anditeg species.
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Understand the effect of increasing CO, on vine water requirements

Whether elevated atmospheric £€dncentration reduces whole-plant evapotranspiradepends on
the effects on leaf area index (LAI) as well asstomatal conductance (Drakeal.1997). No savings

in water can be expected where elevated €ihcentrations stimulate increases in LAl thaselff
decreases in stomatal conductance. This balanteeat to be better understood for grapevines to
determine future water requirements as above.

Pest and disease risk management

Grapevine disease is currently managed by canopgipoiation and with use of chemical
pesticides/fungicides. Understanding the actiotheffungus can reduce necessity for chemical input.
Some disease modelling programmes (e.g. AusVith(A892) have been developed to increase
efficiency of management. Development of, and béttieyeted application methods for, pesticides,
increased knowledge of vine and pest dynamics anlnblogical advances in machinery will be
essential.

Successful adaptation of viticulture pest manageneenlimate change will rely on having a quality
Decision Support System, based on a quantitatidenstanding of the ecology of each pest. It will be
important to avoid surprise outbreaks that can &gy \damaging to high-value crops. Biological
models could be linked to Geographic Informatiostegns to provide nation-wide geographical scale
outputs in real-time (Bob Sutherst, pers. comm)e Question the industry would like to know about
is under existing conditions what is the potentéadge of the Glassy Winged Sharp-shooter (Leick
al. 2002)?

The effect of increased temperature and E@ichment may change disease dynamics from tim¢ po
of view of the pest. Host-pathogen interactionsehaeen found to change in high £é&hvironments
(Coakleyet al. 1999). Adaptation will need to account for this.

Risks of Maladaptation

Winegrape varieties that ripen later than ‘ideater current climate conditions, but with the ollera
‘best match’ for future climate conditions will 8ky prove advantageous in the long term. However,
this may incur opportunity costs earlier on as\hdety will not be optimal for current conditions.
Hence, some mix of strategies may be needed tayd#irs risk. A cost-benefit analysis for planting
longer season varieties that incorporates projestiof regional climate variability (Timbaind
McAvaney 2001) could help avoid these problems.

Selecting more elevated sites is one measure dliéd be used to reduce temperatures in the vineyard
Many of the more elevated sites may have beenfasddrestry or have been uncleared in the present
day. These sites may therefore have higher risksushfires, and access for fire-fighting may be

deterred. For this reason, the more elevated sit@®g have a higher risk of exposure to bushfire

smoke.

Costs and Benefits
Temperature increases

Vineyards usually have a life of at least 30 yeaithin the time scale in which significant changes
the climate are expected to occur. Therefore, pignfor climate change impacts with regard to
phenological matching of climates should start now.
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Webb (2006) has performed an evaluation of climiates at an industry level with regard to impact to
winegrape quality. In this context, potential figtusuitable winegrape varieties for each growing
region and potential future suitable sites for grmvwinegrape vines have been considered.
Evaluation of threshold events to determine th& db climate extremes is being addressed with
consideration of different macroclimates and maswes (Sadras, Pers comm.).

With careful planning, matching the variety to thienate to achieve the best quality wine over tfee |
of a vineyard should be achievable. An alternativehis option is to bear the cost of replanting
vineyards more frequently or top-working with matgtable varieties if trellis and rootstocks ati#h st
satisfactory.

CO5 enrichment

Canopy management in an enriched,@avironment will need to be addressed. Cost efkess,
and adaptability to mechanization will be important

The nitrogen balance in grapevines in C&hriched growing conditions has yet to be adedyate
described. We will benefit by understanding theefion wine quality and yeast nutrition so as to be
able to modify management practices.

Rainfall changes

It will be necessary to address both future waggurements and also water availability. Climate
models, scaled down to a regional level, can b&ysed and impact assessments made of the effect of
climate change on water budgets in present andjpaitéuture vineyard sites. It will be necessany t
continue improving irrigation technology. The effe¢ enriched C@on water requirements will need

to be better understood.

Effects on the risk of pest and diseases will nieeble addressed region by region. ‘Regional scale’
humidity projections could be utilised in the coxitef future winegrape disease risk. Céifects on
disease have to be considered when addressing fiisgase risks.
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Knowledge Gaps and Priorities

Table 6.1: Summary of climate change adaptation options for the viticulture industry indicating whether the
option 1) has already been assessed or is a remaining knowledge gap, 2) is highly feasible, 3) would be feasible /
effective immediately, or 4) should be a high priority for research, assessment and implementation in developing
adaptation strategies.

Temperature increase

Change varieties of winegrapes grown in a region v 4 v v
Assess new sites v v v v
Vineyard design strategies to ameliorate climate 4 v X X
impacts

Chilling requirement analysis X v

Consumer and product flexibility v 4

CO2 enrichment

Cultural management to increased growth X 4 4 v
CO, on vine water interactions X v

Vine nutrition to address imbalance in C: N ratios X v

Impact of the interaction of a temperature increase and CO, enrichment

Cultural management to reduce variability X v 4 4
Infrastructure adaptation for varying yields v X XV X
Economic and legal adaptations to manage the X v X X

financial risk of yield variation

Rainfall changes

Water balance predictions (inc. extremes) X v v v
Irrigation management to increase efficiency v v v X/ v
Water purification and recycling X/ v v v v
Management of the inter-row environment X v v

Pest and disease risk management X O X

Salinity

Irrigation and cultural practices to address salinity X v v v
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/7 HORTICULTURE

Webb, L.} ?Hennessy, K.and Whetton, P.H.
1. CSIRO Division of Marine and Atmospheric Resbharc

2. School of Agriculture and Food Systems, University of Melbourne, Parkville Victoria

Key Messages:

< Site suitability may change for some horticultucebps. There may be a reduction in areas for
growing stone- and pome-fruits requiring chillirend an expansion in areas for growing sub-
tropical crops.

e Sunburn, timing of crop stages, vegetable croprmpljpremature flowering), colouration effects,
flowering and pollination timing and failure, anther quality and yield issues will need to be
monitored.

e Varietal selection can be used to better matchctiop to the new climate regime. Utilising
existing variation or breeding new varieties cailitate adaptation. Drought tolerant plants for
amenity horticulture will be favoured in drier clates.

« Water demand will increase for most crops growindar warmer conditions. Changes in rainfall
and evaporation are likely to reduce soil moistanel runoff in much of southern and eastern
Australia. Increased water demand combined withuced water supply poses significant
challenges. Increasing water use efficiency prastigill be paramount.

» CO,concentration will increase in the atmosphere betrtet effect is crop specific. Elevated £O
can enhance photosynthesis and water use efficiarsgyme plants. More research will need to be
undertaken to fully understand the impact on each.c

* Pests and disease pressure may change. Decreasifgl rand humidity may reduce fungal
pressure, depending on the timing. Summer rain mesease in some regions (e.g. Northern
NSW) favouring fungal growth. Flooding due to ertiee rainfall events could benefit some soil
borne pathogens. Cold season suppression of somie species may be reduced. Higher
temperatures can increase the activity of pestsimaéses, and perhaps have a negative impact on
the effectiveness of parasites and beneficial asgas

« Consumers may require assistance to accept somgezhauality of produce (colour changes).
More of a range of tropical produce may becomelabis. The cost of crops tends to rise during
droughts, which are likely to occur more often.

* Integrating knowledge from agronomists, agrometegists, and farmers to assess and access the
utility of short- and medium-term forecasts, anddderm climate projections to capture and
evaluate relevant knowledge will enable risk assesss to be undertaken that include the social,
economic and environmental costs and benefits aptaton. We need research on adaptive
governance, resilience and barriers to adaptabimlustry-wide strategic planning will assist the
industry to manage these future changes effectively
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Introduction

The horticultural industry is extremely diverseAastralia, ranging from tropical fruits, vegetables
and nuts to those with significant cold-temperateuirements. Horticultural industries producehhig
value products from small areas. The industriesequently have a high level of management input,
often aimed at ameliorating climate risks (e.g. wiggation). However, in many cases they retain
considerable exposure to various climate-relatgdsri

In Australia, in the year 2005, the gross valuepobduction from fruits and nuts (excluding
winegrapes) was $A2.55billion, from vegetables, $#8billion and nursery $A768million (ABS
2005). Together these accounted for about 15%eofdtal gross value of agricultural production for
that year. Key fruit species include bananas, apphble-grapes, oranges, peaches, pears, plums,
pineapples, apricots, mandarins and strawberrieg. Wegetables include potatoes, tomatoes, lettuce,
brassicas, beans, pumpkins, carrots, onions arel @¢laer significant contributors to the horticudtu
sector include the floriculture industry and the tndustry (ABS, 2007).

The broad pattern of climate projections reportadMustralia indicate likely rainfall reductions ihe
temperate and sub-tropical regions, while in themébttle change is indicated for annual rainfall.
Droughts and fires are likely to occur more oft&ven where rainfall is projected to decrease,
precipitation intensity is projected to increas¢hwonger periods between rainfall events. Hailsior
may increase in the east and decrease in the steniperatures are projected to increase more in the
central regions of the continent and less in thestd areas (CSIRO and BoM 2007). Humidity is
likely to decrease, and solar radiation is likadyincrease in the south. This means, depending on
where the crops are growing, the impact will bextedd to the regionally specific magnitude and
direction of projected climate change.

Due to the diversity of the industry regarding plapecies and their agronomic and botanical
differences, impacts will be considered in thrediboltural groupings: temperate and Mediterranean,
sub-tropical, and tropical, represented by fiveasafe climate categories that have been descriped b
Hobbs and Mcintyre (2005) (Table 7.1). These holtiral groups fall roughly into three distinct
latitudinal zones (Figure 7.1).
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Table 7.1: Horticulture group, major growing regions, major crops grown in the regions and the climatic zones
populated by horticultural production in Australia.

Temperate Tasmania, Potatoes, onions, | Stone fruit, pome fruit, | Temperate cool-
and Victoria, South- | brassica, lettuce, | berries, citrus season wet
Mediterranean | west Western tomatoes, carrots | (oranges), table di

Australia and and pumpkins grapes, and nuts Mediterranean

the Murray (almonds).

Darling Basin
Sub-tropical Central NSW-to | Tomatoes, Bananas, pineapples, Sub-tropical moist

Bundaberg potatoes, avocados, citrus

(QId). capsicum, (mandarins), nuts,

brassica, beans, | avocados, some stone
lettuce, pumpkin | fruit and strawberries in
the elevated areas.

Tropical Darwin and the | Cucumbers, Mangoes, pineapples, | Tropical warm-

Kimberley and | melons, chillies, bananas, avocados, season wet

Central and Far | beans capsicum | coffee Tropical

North and tomatoes. ropical warm-

Queensland season moist
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Figure 7.1: Major horticultural production regions in Australia 2001/2002 (ANRDL 2007).
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Climate Change Impacts
Climate impacts
Temperate and Mediterranean horticulture

In the temperate and Mediterranean zones of Aigtrial the southern part of the continent (Table
7.1), temperatures are projected to rise by 0.8°C€.6°C by 2030 and up to 2.5°C to 3.0°C by 2070.
The best estimate (8(percentile) of rainfall change is that it is exjgetto reduce in the range 2%
and 10% by 2030, and between 10% to 20% by 2078t ofathe reduction being in the winter and
spring periods. Diurnal temperature range may Bs@ein southern Australia, so maximum
temperatures are likely to rise faster than mininmtemperatures. Humidity is expected to decrease
and sunshine is expected to increase (CSIRO and ZEiiM).

For most vegetables grown in these regions, graowilittbe more rapid as temperatures increase, up to
a threshold of 2% (Krug 1997). In these areas where mean daily ¢éeatpres do not currently
exceed 2%C during growing season, overall temperature chagffiets should not have deleterious
effects, while they may be negative where growiegssn temperatures are currently higher (Peet and
Wolfe 2000).

Higher temperatures tend to shorten the period@ith of individual crops. The opportunity to plant
earlier in the season, or harvest later, will déffety extend the length of the growing seasonhia t
case of lettuce (Pearsat al. 1997; Wurret al. 1996), french bean (Wuet al. 2000), and tomato
(Maltby 1995). With shorter phenological cyclesulte cropping (plant another crop after harvesting
the first in the same season) may become possilgjewith lettuce (Pearsat al. 1997).

A reduction in the requirement of transplantingdtiegs may benefit some enterprises. Solanaceous
vegetable crops are generally seeded in heateshglases and not transplanted into the field uméil t
danger of frost is past (Peet and Wolfe 2000). &lmesps may be able to be direct seeded if frekt ri
reduces, and soil temperatures increase. Very higasts (-5°C and below) can damage broccoli, so
future reduction in frost risk could allow earligianting dates (Deuter 1995). On the other hargl, th
emergence of cauliflower could be affected in watimates due to poor vernalisation if planted too
late in a season (Wuet al.1995).

In some cases higher temperatures may not be behe¥varmer summer temperatures for Hayward
kiwifruit are likely to increase vegetative growtlit the expense of fruit growth and quality
(Richardsonet al. 2004). Kiwifruit budbreak is likely to occur latereducing flower numbers and
yield in warmer areas (Ha#it al. 2001). Bolting (premature formation of the seeddittowers) of
some vegetables (e.g. lettuce, parsley, spinactsifuaatbeet (chard) increases in frequency withhhig
temperatures (Dioguardi 1995). Lettuce tipburny@mning of the inner leaf margins, occurs due to
inadequate calcium distribution, combined with hiltytime temperatures (>30°C) (Dioguardi 1995).
The practice of lifting onions and allowing themdare in the field is only possible if temperatudes
not exceed 30°C. Temperatures in this range afeqgbed to increase in frequency in future climates
so alternative curing techniques for onion may beEmore common (Salvestrin 1995).

Temperatures above 27°C can lead to poor pollemigation for tomato plants (Maltby 1995).

Strawberry plants cease to fruit and commence rupradluction in late spring and summer as day
length increases and temperatures exceed 28-302Cregular basis (Morrison 1995). Heat stress is
displayed in tomato plants grown at 35°C (Rivesbal. 2003). Sunburn of some vegetable and fruit
crops will result from extremely hot days (Wand 2p0OWhile small temperature increases are
beneficial for cauliflower, higher temperatures rease the duration of the growing season for
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cauliflower, and reduce the curd quality possilggding to crop failure (Olesen and Grevsen 1993).
Warmer than average growing seasons can res@ssrtthan desirable ripening of some fruit. Reduced
sugar content in fruit such as pea, strawberry awedon produced under warm nights is often
attributed to increased night-time respirationh@ligh it may be caused by the shorter period over
which the fruit develops at high temperatures (\Wi6Aa7).

Apples, a major perennial crop, are very likelyfimver and reach maturity earlier, with possible
increased fruit size (Austiat al. 2000) (if access to water does not change). Horygveduction of
anthocyanin, the pigment causing colouration ofegps suppressed by high temperatures (Ewa Ubia
et al. 2006).

Most deciduous fruit and nut trees need sufficieetumulated chilling, or vernalisation, to break
winter dormancy (Coombs 1995; Hennessy and Claggmene 1995). Inadequate chilling due to
higher temperatures may result in prolonged dormamcuneven dormancy break (Lavee and May
1997), leading to reduced fruit quality and yietbnnessy and Clayton-Greene, (1995) found that
warming in Australian fruit growing regions cauggeater reduction in chilling at sites with a highe
present mean temperature and/or a wider diurnape¢esture range. At marginal sites, such as
Manjimup (WA), Renmark (SA), Griffith (NSW), Starmifpe (QLD) and Swan Hill (Vic), the
percentage of years with enough chilling for pomst fcan be more than halved for &lwarming,

or reduced to zero for &2 warming. At relatively cold sites such as Lensa/¢8A), Orange (NSW),
Tatura (Vic) and Grove (Tas.), there is enoughlioilfor stone fruit for a warming of up to°@
(Figure 7.2).

Percent of years with greater than 800 chilling uni  ts for some important Australian
horticultural regions under a warmer climate.

Grove Tas

Kyabram Vic

Tatura Vic

Swan Hill Vic

Stanthorpe QId
Orange NSW
Griffith NSW

Lenswood SA
Loxton SA [
Renmark SA

‘D 2°C warming ‘

Manjimup WA
Bridgetown WA [

T T
0 10 20 30 40 50 60 70 80 90 100
Percent

Figure 7.2: Projected change in the percent of year suitable for growing stone fruit as indicated by the reduction
in chilling units in a future warmer climate. 100% of years in all described regions have greater than 800 CU in the
current (1961-1990) climate.

The survival of pests that normally do not withst@old winters is of some concern as this may tesul
in additional threats to crops and the increased mer pesticides (Coaklest al. 1999). The Cabbage
Moth (Diamondback moth) is a pest of worldwide #igance wherever crops of Brassica (e.g.
Broccoli) are grown. The pest is most destructiveemwan extended growing season occurs or where
temperatures during the production season are (gluter 1995). With a warming climate the
cabbage moth may have an increased impact.
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Auramboutet al. (2006) reported that “A poleward shift in the gesgghical range of some pests and
pathogens has been observed during the last cénixgmples of this potential are demonstrated in a
recent modelling analysis which indicated thatififus canker had become established in Queensland,
the geographical range of the pathog€anthomonas axonopodiw. citri, was predicted to extend
further south with a 1-5°C temperature increas& [®#swijk et al. unpublished); and a predicted
increase in winter temperatures may prolong theigairof weed hosts through winter increasing the
ability of Sliverleaf Whitefly to overwinter (knowas a “green bridge”).

The economic impact of cost of control and yielgskes for the Australian horticulture industries due
to weeds have been estimated at $A19million (adt)e@indenet al. 2004). Shifts in weed species
will need to be monitored, since climate changey albw tropical weed species to move further
south, and changes in competitiveness may allowmgdth seed dispersal mechanisms. Ziska and
Teasdale (2000) have shown that sustained stimnlatf photosynthesis and growth of perennial
weeds could occur as G@hcreases, with a reduction in effectiveness afesahemical controls (e.g.
glyphosate) and potential increases in weed/cragpedition.

Generally, for the southern regions of Austral@nfall is projected to decline (CSIRO and BoM
2007). Lower rainfall combined with more evaporatilnder climate change will result to decreased
inflow into catchments (Cai and Cowan submittednhtesssyet al. 2007; Jones and Durack 2005) and
this means less water will be available for irfigat This factor will have a major impact on the
horticulture industry as these crops are genemdilyated whereby the availability of water tends t
offset the climatic variations and allows produgdoé supplied with a greater degree of regularity a
security. However, as horticultural products teadéve higher value per unit water used than other
agricultural products there is the likelihood dfatting the irrigation resource away from someabro
acre activities (NLWRA 2001), as occurred in 2006/0

Severe water shortages can affect survival of sameand tree crops, as has been observed with the
2006/7 drought (MDBC 2007), so overall vulneragilit greater than annual horticultural or cereal
crops in these instances, as re-establishmentris costly.

Amenity horticulture and parks and gardens managem# be required to adapt to drier conditions

in future climates in southern Australia. In sonaseas e.g. in Perth, Western Australia, watering of
gardens is currently restricted to twice per weekce only on each allocated day (see
http://www.waterwisewaysforwa.com.au/go/secondayvigation/what-are-my-watering-dgys

Drought tolerant plants, domestic water storagegimdens or grey water recycling can help with
adaptation to watering demands.

Consequences of increased frequency and scaletr@fimex rainfall events for horticulture include
flood damage, erosion damage and increase of diggassure after such events. Recent floods in the
Gippsland region (June, 2007), had a significamnemic impact on the horticulture, dairy, timber
and tourism industries in Gippsland. Some vegetgbdevers in the low lying river flats lost their
entire planting and substantial amounts of top-ddidre than 1500 farms, over 100 businesses and
more than 200 houses were significantly affectednivicommunities that were hit by the flooding had
already been in recovery mode from the effectsxtéreled drought and recent bushfires. The Flood
Recovery Ministerial Taskforce announced a recoveagkage totalling more than $60 million
(Business Victoria 2007).

Hail damage can result in serious financial loskasapple and cherry growers (Urry 1995).
Projections of changes in hail risk for the endhaf century indicate an increase in large hail sk
eastern Victoria and along the coast of NSW. Thgelhail risk for this region is projected to alrhos
double, increasing by between 4 to 6 days per (&avs and Rafter 2007).
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Frost incidence is expected to reduce in futureugi with changes to phenology of some perennial
crops, e.g. earlier budburst (Spastsal. 2005), the frost risk may stay the same. In droygars,
which are expected to occur more often (Mpelasatkal. 2007) with drier soil and less cloud cover,
tendency for frost increases.

Apple and pear scabs, and brown rot of stone fret the most important diseases of temperate
deciduous fruit in Australia. High moisture levelssist their survival. Important vegetable diseases
include Target spot (potato and tomato) and Vdition wilt (tomato). There has been little analysis
of the implication of these and many other diseaseter climate change but with reduced growing
season rainfall and humidity in southern regionespure from these fungal pathogens may be
reduced.

Sub-tropical horticulture

In the subtropical horticulture zone of Australiae mid-eastern part of the continent (Table 7.1),
temperatures are projected to rise by 0.6°C taClsP 2030 and 1.5°C to 4.0°C by 2070. Annual
rainfall is projected to reduce in the range 29%%% by 2030 (50th percentile), and 5% to 20% by
2070 (50th percentile), though the 10th to 90tkteetile uncertainty range is very large in the icap
regions by 2070. Diurnal temperature range is ptegeto decrease in the north of Australia, with
minimum temperatures increasing faster than maxirtemperatures, leading to a reduction in frost
frequency (CSIRO and BoM 2007).

Over the past three decades in particular there haen substantial changes in frost characterigtics
eastern Queensland, there has been significantimgrim May (reducing incidence of early frosts)
and earlier date of the last frost suggesting draotion in the frost period (McKecet al. 1998). In a
study of New South Wales and Queensland frost &equ (Stoneet al. 1996) suggest a downward
trend in numbers of frosts over the period of rdc@t the 95% confidence level) at six of the nine
stations considered. With trends of increasing mimh temperatures projected to continue (CSIRO
and BoM 2007), then there could be quite markededeses in the length of the frost season over the
next decades.

The benefits in reduction in frost incidence hawerb illustrated by expected increases in spatial
distribution of areas suited climatically to optimugrowth of two subtropical crops, avocado and
pecan nut, in South Africa in future climates. Gl thresholds for optimum growth of these species
were identified and modelled increases in suitgbitir growing these crops were found (Schulze and
Kunz 1995).

Pineapples are extremely sensitive to both frodttamperatures higher than 32.2°C. Hot dry westerly
winds in the summer season can also cause sewsesldPlanting in the coastal zone (within 40km of
the coast north from Brisbane to Gympie) is undemato avoid frost(Scott 1995). Projections of
increasing (overall) wind speed for this region {loé order -2% to +7.5% by 2030) are projected
(CSIRO and BoM 2007).

For citrus, winter temperatures in the range of(6fi@) to 14°C(max) are required for the ‘resting
period’ for bloom, so some of the warmer sites rhagome too warm for optimum production. A
study over twenty-two sites in the US indicated ttimus plantings may shift slightly poleward et
southern states of America (Rosenzwetigl. 1996).

Excessively warm temperatures during the bloomanlydruit set period are also known to induce
fruit abscission in citrus. Fruit quality, with mexct to both development of sugars and coloursis a
greatly influenced by temperature, with tree sterime decreased and rind re-greening increased as

Climate change adaptation in Australian primary industries 187



temperatures rise (Rosenzwedty al. 1996). High temperatures at flowering also advgrséfect
pollination of some sub-tropical crops, e.g. avacéschafferet al. 2002).

Capsicum and chillies grow best when temperaturedetween 20°C and 30°C. Temperatures above
30°C can result in flower buds falling off and ddleing affected, while temperatures below 15°C are
also not ideal. The red colour of ripening capsisudevelops between 18°C and 25°C but if
temperatures rise above 27°C during the ripeningellowish colour results (Murison 1995).
Yellowing can also occur if tomatoes experiencdh@mperatures when ripening (Maltby 1995).

After harvest, produce such as beans, melons aadlstrries (important crop types grown in this
region) are required to be cooled so as to remiele lieat quickly (Coombs 1995), so with projected
temperature rises, the costs and benefits of siftiarvest time to a cooler part of the day, or
increased refrigeration expenses, will need todsessed.

Pest impacts are widespread and costly (Queen$landly and the light brown apple moth alone
cost Australian horticulture and viticulture ab&0M p.a.), and include major trade access issues f
fruit fly host crops in particular (Sutherst al. 2000). The pests, such as Queensland fruit fly
(affecting all stone and pome fruit, citrus, tragi€ruits, and some vegetable crops), heliothish®ot
(fruit, melons, vegetables), and diamond back nfbbthssica vegetables) respond strongly to climate
signals and their impacts are extremely dependentimatic variability.

Increasing frequency in extreme rainfall events hesyl to conditions favouring some root invading
fungi, for example, the funguBhytophthora cinnamomiyhich affects avocado. Pressure from these
type of organisms may need to be carefully monidkowdenet al.2006).

Tropical horticulture

In the tropical horticulture zone of Australia, thmrthern part of the continent (Table 7.1),
temperatures are projected to rise by 0.6°C taClsP 2030 and 1.5°C to 4.0°C by 2070. Annual
rainfall is projected to change in the range 2%teveb 2% drier by 2030 (8percentile), with some
models projecting up to 40% wetter (or 20% drier)the tropical regions by 2070 fl@nd 96
percentile). Diurnal temperature range is projettedecrease in tropical Australia (CSIRO and BoM
2007).

As with sub-tropical horticulture, climate changayresult in expansion of some of the horticulture
industries suited to tropical climates. Mango, iftstance, which was introduced into Australia ia th
mid to late 18 century (Beal 1976) is now commercially grown frtime northern tropics through to
subtropical regions of Australia (ABS 2007). Ningtgrcent of production comes from the cultivar
Kensington Pride. If grown in the subtropics of Kaba, where winter temperatures fall below 10°C
regularly, leaf yellowing occurs due to photoinkitm of the photosynthetic apparatus (Sukhvieul
al. 2000). This low temperature photoinhibition hasoabeen reported for lychee and rambutan
(Diczbalis and Menzel 1998) and banana (Musa sfipamascoet al. 1997). In a warmer future
climate, cold-induced photoinhibition will be redutand greater agronomic potential would exist in
some currently marginal areas.

Lady Finger bananas are more adapted to coolerittmml than Cavendish bananas. Cavendish
bananas can have a ‘muddy’ appearance if growrmahec conditions. Climate change may favour
varietal trends away from the Lady Finger in cutfe@mnana growing sites, or enable growth of Lady
Finger varieties in sites previously too cool. $g@n for new lines of Lady Finger more suited to
warmer conditions can be part of a program to emeesuitability of this variety. In a recent stutly
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was found that Cavendish bananas grown in highiefathsites were firmer, and a deeper yellow
colour was noted in bananas grown in cooler sea®ugaudet al. 2007).

Rockmelons (cantaloupes) are best grown in thetrdpics and inland irrigation areas as dews and
wet conditions encourage fungal diseases (Coom®8)1%3iming of planting to ensure harvesting in
the drier months may need to be shifted if projgctenfall patterns change.

Australian region studies indicate a likely incre&s the proportion of tropical cyclones in the mor
intense categories, but a possible decrease itothkenumber of cyclones (CSIRO and BoM 2007).
An example of the magnitude of the impact of a eewgyclone is demonstrated by the devastation
caused by Tropical Cyclone Larry, on the 20 Mar@B& The total cost due to all damage was $A351
million. Fortunately, the 1.75m storm surge occdrat low tide (BoM 2006; Queensland Government
2006). The significant damage to the banana ingusas been calculated and the breakdown is
presented in Table 7.2. There are approximatelydIPhectares devoted to banana production in this
area employing approximately 4000 people (1 wonger 3 hectares) directly. Many more are
employed indirectly in the provision of supportiggods and services. Annual production for the
cyclone affected area is approximately 17 milli@kd cartons with production costs estimated at $15
per carton (ABGC 2006).

Should an increasing percentage of rainfall comehdéavy downpours then run-off containing
fertilizers, pesticides, and animal wastes fromicadfural activities would contribute to reducing
water quality for downstream users. There may becased risk of soil erosion in agricultural areas
from the expected increase in the frequency ohsgerainfall events (Ceret al. 2007; Yu and Neil
1995). This will require improved soil surface mgement to reduce runoff rates (McKeenh al.
1988). In the tropical region the Great Barrier Realready seen as particularly vulnerable tmalie
change (Hennessgt al. 2007). The impact of runoff into these ecosystatfter extreme rainfall
events is exacerbated by fertiliser (Wooldridgel. 2006) and regulation of runoff may become more
intensely monitored in future.
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Table 7.2: Cost of damage to the banana industry as a result of severe tropical cyclone Larry (Source: ABGC
(2006)).

Banana crop losses in the cyclone affected regions have been estimated as follows:
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climate change, is positive. Recent studies confirat the effects of elevated €0n plant growth

and yield will depend on photosynthetic pathwagcsps, growth stage and management regime, such
as water and nitrogen (N) applications (Easteréitgl. 2007). This variation in response is displayed
when considering some studies involving horticatarops. Wurret al. (2000) found a null response

of French bean to CQenrichment in contrast to positive effects on an{®aymondet al. 1997),
beetroot and carrots (Wuet al. 1998), avocado (Schaffet al.2002), citrus (Rosenzweigt al. 1996)

and banana (Schaffet al. 1996). Tree crops respond more than herbaceops twoa CQ enriched
environment (Ainsworth and Long 2005). Consideratib the effect of C@Qenrichment crop by crop
will be necessary to maximize benefits and mininpizeblems.

To assess the implications of these crop specifie €fects, it will be necessary to relate the likely
temperature change that will be associated withréuelevated COconcentrations. Temperature and
precipitation changes in future decades will moddpnd often limit, direct COeffects on plants
(Easterlinget al. 2007). Some studies have been performed on hibatiecrops where this effect is
demonstrated. For instance, with lettuce, increpsd®, should increase yield, but this will be
partially offset by warmer temperatures (Pearsbial. 1997). While Migliettaet al. (2000) found a
positive effect of C@on potato crop growth that may be counteractethbyeffect of a temperature
rise, depending on the initial temperature regimBosenzweiget al. (1996) found minimal
compensating effect of GQon potato yields. Wuret al. (1998) found carrots had a temperature
optimum of about 15 for maximum responsiveness to S&richment.
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Plants grown in elevated atmospheric carbon diotigecally have lower protein and nitrogen
concentrations (Draket al. 1997; Morison and Lawlor 1999) though a recentengvof many free air
CO, enrichment (FACE) studies has reported these rdiifees to be small (Ainsworth and Long
2005). Regardless, this may impact on the nutritigkie of some vegetable crops and should be
assessed.

An example of this effect can be seen in the cédséh® Colorado potato beetlé gptinotarsa
decemlineatg one of the most important worldwide pests ofapmt(though it is not found in
Australia). Lower protein intake as a result of rdped leaf composition (reduced C:N ratios) under
enriched C® environments decreases the growth rates of Calobaetle larvae feeding on potato
leaves. Reduced growth of the larvae may resutivirer larvae reserves at the time of pupation, with
possible negative consequences for the ability hef insect to survive winter conditions while
diapausing into the soil (Hare 1990). This effealyrmteract with substantial increases in the gakn
distribution of the Colorado beetle as a resuhigher temperatures alone (e.g. in the UK; (Baker a
Allen 1993; Bakeet al. 1998). The net outcome is uncertain.

Increasing concentrations of gMay also improve water use efficiency in some msta (Granet

al. 2004; Morganet al. 2004). Increased concentration of £i@® the atmosphere reduces stomatal
conductance. If the reduced leaf conductance daésresult in a very large increase in leaf

temperature, which might increase the transpiratate, then the smaller aperture would reduce
transpiration (Boa@t al. 1988; Kriedemanmet al. 1976). Whether this affects water use efficienty o

the whole crop depends on whether the increasdsafnarea, caused by the increased growth in
enriched carbon dioxide environments, counteraetefifiect of reduced stomatal conductance (Drake
et al. 1997; Rosenbergt al. 1990).

Adaptation Options
Current Options for Dealing with Climate Variabilit vy
Site selection

Site selection to avoid unsuitable climate factergracticed as a matter of course in horticultéric.

all horticultural crops temperature is the maimeitic factor which determines where and when crops
are grown, and also has a significant influencecmp performance (i.e. time to harvest, product
quality, and to a less extent, yield). For exampleeapples are only grown in a narrow coastal band
of the continent to prevent injury to this extreyngbst-susceptible crop (Scott 1995), and sweat co
is grown in Victoria only in the summer, and in tioQueensland only in the winter. Avoiding
planting some crops in seasons, or areas, likelgxjgerience ‘above threshold’ temperatures can
minimise risk. For example temperatures of gretiten 30°C could be avoided in the case of lettuce
to reduce chances of lettuce tipburn (Dioguardis}99

A very early study showed that &2warming may extend the range of citrus and spitab crops to
latitude 40S in New Zealand (Salinger 1988). In the lattert phithe last century, a coffee industry
was established in far North Queensland near Karafdis industry was severely affected by frost in
1901, and during the ensuing decade recurrentsfragbed out the industry (Mann, 1961). The
industry began expanding again in 1980. Similatlye citrus industry in Emerald in Central
Queensland was established in the 1980's and 1980@wving a significant increase in winter
temperatures as compared with the 1960’'s (P. DeRggs. Comm.).

Crop management
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Variability in the ripening of fruit and vegetabldse to seasonal temperature variability has laenb
managed as a matter of course. Timing of produddohniques, such as sowing, planting, fertilizing,
irrigation, and using protective covers can be ssthjjo manage climate variability (Krug 1997).
Earlier production in some years is possible dudettreased frosts (Peet and Wolfe 2000), however
depending on the region, higher temperatures carteshthe growth of some individual crops and
extend the season of production in others. Vargshdction is practiced as a matter of course tzima
harvest timing and daylength requirements e.gwtearies (Morrison 1995).

Climate-ameliorating measures used to reduce saribadlude evaporative cooling, Surround® WP (a
kaolin based coating also used as a pest rep€liboimas, Mulleret al. 2004)), and shade net (Wand
2007). Shade nets have the ability to preventdaitage as well. A recent study assessed transparent
compared to black shade net and found that tempesatind sunburn were reduced in the apple crop
tested, though fruit colour was reduced under thekbnet, and the expense uneconomic compared
with paying for hail insurance (in Spain) (Iglesa® Alegre 2006). Hail netting is very cost efifeet

in the Granite Belt region of Qld to protect appiiesn hail damage — extensive areas of netting have
been erected over new high density plantings dwepast 20 years (P. Deuter, Pers. comm.).

Celery @pium graveolens. var.dulce (Mill) Pers.) is a biennial vegetable and requires apaildd

to produce seed the following season (Pressman)19Biing of transplantation (Morgan 1995) can
be adapted to reduce the impact of the warmer Gefdlitions. ‘Warmer than average’ temperatures
can cause premature bolting (flower formation) witklery production. To avoid this celery
production is confined to the highland areas otlseun Queensland (where bolting can still occua in
warm winter/spring period) and to southern staedeuter, Pers. comm.).

Varying crop selections incorporates some natw@sistance to heat stress. Experience suggests that
crops with extended potential flowering periods lass sensitive to periods of heat stress compared
with those that have more tightly determined flowgitimes. It has been suggested that indeterminate
crops like peas and pumpkin, are less sensitiyeetinds of heat stress because time of flowering is
extended compared with determinate crops like ftawier and broccoli (Peet and Wolfe 2000).
Selecting less risky periods or microclimates flanfing the more susceptible crop reduces negative
impacts.

With regard to adapting to inadequate chilling, mloal treatments are currently used to induce
budbreak in some maritime or subtropical environisiedse of Dormex (Hydrogen cyanamide) as a
way to promote budburst is becoming more commopeirennial fruit growing operations (George
and Nissen 1990). Other management approacheshegve used including evaporative cooling by
water sprinkling, high temperature treatment, Eigumn application of nitrogen and irrigation. Kiwi
fruit is an example of a crop that requires wintkilling for adequate bud break and flowering. An
increase in warm winters has led to a decline wifkiit in the North Island of New Zealand, with a
halving of the area planted in the period 1994-2Q08: of HiCane (a product containing Hydrogen
cyanamide) and organically acceptable alternataresbeing evaluated in New Zealand for use on
kiwifruit crops.

Varietal selection

Intervarietal variation in chilling requirementusilized with some stone and pome fruit (e.g. Golde
Queen Peach (Atkins and Morgan 1990)) and kiwi frarieties (e.g. Zespri Gold kiwi fruit) (Kenny
2001) to reduce the risk of poor dormancy break.

Cultivar selection and planting dates are dired¢tedard either suppressing flower initiation, in the
case of celery, onion or cabbage, or delaying ithim case of broccoli and cauliflower, until the
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seedling is big enough to support formation of rgdahead. Many vegetable growers base planting
dates on soil temperature conditions, which autmaidy allows the adaptation to climate variability
to occur.

Breeding varieties more adapted to high temperataem reduce quality concerns with regard to
lettuce (Wurret al. 1996), and yield concerns with peas (Olestal. 1993) and potatoes (Manrique
and Bartholomew 1991). Growing slow bolting cultiveof lettuce can reduce losses due to this
problem (Coombs 1995).

Water management

In Australia, most horticultural production occuvbere the water requirement of crops is far higher
than that provided by effective rainfall (rainfatlinus evaporation). Irrigation has become widely
adopted in Australia so that yield and quality barmaximised, and so that the development phases of
crops can be better predicted (giving more surétyaovest dates to maximise the marketing plans of
growers). A large percentage of horticultural gmtises in Australia are equipped with soil moisture
monitoring devices ranging from simple gypsum bkd¢l neutron probes. These enable improved
efficiency in water use.

In areas with salinity issues, computer controiteidation systems are also used to reduce thedmpa
on the environment. Lining the base and sidesrigfation channels, and covering the top of irrigati
channels, is proposed for the Wimmera region othreast Victoria. Supplying irrigation water in
pipes can reduce losses. Many vegetable groweradangting drip irrigation technologies providing
significant water-use efficiencies, especially witempared to furrow or ‘big gun’ irrigation systems

Watering to reduce heat stress and to manage ffostsalleviate some extreme conditions.

Low rainfall during harvest (and to some extentimyrother development phases of many
horticultural crops) is a real advantage as dispasssure is reduced. Horticultural growers seteet
most favourable locations for production based onuenber of factors, and high rainfall during
harvest one factor that is avoided.

Flooding is managed by avoiding risky sites, susHl@odplains, or ensuring adequate drainage is
maintained. Increased understanding of crop watquirement, and employing increasingly more
efficient irrigation practices have been used toage low rainfall in summer.

Hail netting is becoming increasingly introducedti@gher value crops like cherries (Coombs 1995).

Pests and diseases

Climate variability also affects pest and diseawidience. Pesticides are increasingly used alotig wi
both cultural practices and biological control nueth. However, pesticides are expensive and not
always effective whilst integrated management atibgtural pests in relation to current climatic
variability depends on effective monitoring and dictive systems. For example, a Black Spot
warning service operates in the Granite Belt oft®dtast Queensland. This fee-for-service bulletin
provides weekly updates on occurrence of pestsieeadses of apples. It also provides advice taeappl
growers of potential incursions of the major pasi diseases (Codling Moth and Black Spot). This
advice is based on degree days and leaf wetnesslsremt allows for targeted and timely application
of pesticides/fungicides (Peter Nimmo, Pers. Comm).

Current management practices that respond to,aride, climatic variability include:
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« Importation of exotic natural enemies of pests thate previously introduced without them. Also
repeated, mass (inundative) releases of parasispsvto control insect pests.

* Cultural practices such as mixed crops, crop fredyrction, or use of physical barriers to reduce
disease transmission.

e Biosecurity and good hygiene in orchards.
» Chemical pesticides and increasing bio-pesticides Bt).

« Monitoring and use of predictive models to impreéweing of interventions to coincide with high-
risk periods.

e Landscape scale-management involving groups of gmeveooperating to reduce communal
threats.

« Monitoring and mating disruption using insect plmonmes.

« Automated weather stations that incorporate simteilation models to warn growers when the
risks of particular pests or diseases are rising.

Consumer behaviour

Availability of most horticultural crops, e.g. sivberries, will tend to increase throughout the year

Availability of some crops may be reduced in som@ssns. If production becomes more difficult due

to the effects of higher temperatures or droughtstloer climatic events, then consumers pay higher
prices to Australian growers or for an importedduct. Banana prices increased dramatically after
severe tropical cyclone devastated the crop in 2006

Integrating knowledge: Seasonal forecasts

Fruit and vegetable growth and quality are verysdie to extremes of weather such as very high
temperature, severe frost and persistent drougimséjuently, some producers are now considering
crop selection based on seasonal forecasting pictic The possibility of using such forecasts to
enable progressive adaptation to climate changefinsisraised by McKeon and Howden (1992).
Seasonal forecasts are routinely produced now dth kainfall and temperature. Their use in other
agricultural production systems and decision-suppas been well-explored. For example, peanut
processing and marketing bodies profitably usectsts of likely production to adjust their operaso
strategically (Meinke and Hammer 1997). Horticudluindustries’ requirements for seasonal
temperature (and rainfall) forecasting informatignwide and varied (a large number of commodities
and cropping systems, spread over a very wide rahgématic regions) (P. Deuter, Pers. Comm).

Adaptation Options for Dealing with Climate Change
Site selection

In future, this practice of carefully selecting appriate sites will be maintained. Consideratiorihaf
changing climate should be made when selectingnpék varieties and where these should be
planted. Identification of threshold temperaturesother climate conditions for crops, spatially
represented for a range of future climates, cam&xpisky, or less risky, areas. In the coolerargi

of Australia some spatial studies have been peddriioodet al. 2002) and are being undertaken
(Sposito 2007). There may also be landscape désigtibns (i.e. tree belts, valley location) thatym
enable amelioration of warmer conditions. This tygfeanalysis could be extended to yield or
profitability expectations.
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Growers of frost-sensitive fruit may consider plagtin regions once considered unsuitable due to
frost risk. Studies have shown an expansion ofsaegaoss the Mediterranean region of Europe
suitable for growth of tropical and sub-tropicabes such as citrus, avocados and bananas (Hoetrou
al. 1992) and similarly in Southern Africa for avocadmd pecan nuts (Schulze and Kunz 1995). A
similar trend is likely for Australia though thisoakelling has not yet been performed for sub-trdpica
regions of Australia.

Crop Management

Fruit and vegetable growth and quality are verysdae to extremes of weather such as very high
temperature, severe frost and persistent drougbtveder, the amount of damage suffered often
depends on the development stage reached whernxtteene conditions occur and this phenological
information needs to be incorporated into adaptagtvategies. Understanding when the likelihood of
extremely hot days (e.g. daily maximum temperativeve 38C) may occur, along side projected

phenological timing, can inform risk assessments.

Pears/peaches/cherries require matching of crdiegiing varieties for fertilization (Baxter 1997f

all varieties of cross pollinators are not phenmally affected in the same way then there may be a
need to take action to ensure future flowering hymgization. Similarly, adaptation will be required
to manage the variability and protracted full bloofmpip, stone fruit and nut trees if dormancy is
affected, leading to non-uniform budburst (AtkinsdaMorgan 1990) e.g. pesticides with longer
residual action, harvest and marketing implicatiang other management practices extended.

Cherries are particularly sensitive to solar radimtThe production of quality fruit can be sevgrel
limited even by short periods (1-2 weeks) of insezhradiation at critical times in their growth and
development. Radiation is projected to increas¢h@ spring months (CSIRO and BoM 2007) so
possible shading protection, that would also offail and bird protection (often used in cherry
growing) may be warranted (Iglesias and Alegre 2006

Modelling of crop yields of almonds, table grapesanges, walnuts and avocados resulted in
reductions to future yields due to climate charifjad adaptation implemented) (Lobeit al. 2006).

All climate scenario experiments for vining peaswéd that the duration from sowing to harvest is
reduced for a given variety and that seed yieldsadese relative to the original climate (Oles¢ral.
1993). This yield decrease may be compensatedyfaalier sowings. Where crops mature more
rapidly, if yield is not affected, it may be necassto plant smaller areas of crop more frequeintly
an attempt to smooth out supply functions e.g.iftawier (Olesen and Grevsen 1993).

Timing of planting will be changed for some cropsitumn soil temperatures could become too high
in some areas for good germination of celery (RadtWolfe 2000). For potatoes, planting later @ th
season to avoid the very hot temperatures may impr@mised by the shorter day lengths later in the
year. These may have a negative impact on yielddRoveiget al. 1996). Thus, any change in
sowing needs to be accompanied by changes in dgihleequirements.

Varietal selection

In some cases, long season varieties will beneiih fclimate change more than short season varieties
e.g. onion (Daymondet al. 1997), due to the hastened progression throughngbbgical
(developmental) stages. The winter lettuce andsirasseason (mid-April to October) in south-east
Queensland will be shortened by several weeks tooath by 2030 without a change to more
adaptable cultivars (P. Deuter, Pers. comm.).
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Breeding of heat tolerant, low chill, and more adbfe varieties of various horticultural crops must
begin. In the case of perennial fruit crops, comstion of canopy structure could be exploited
whereby structures with natural self-shading abitibuld be selected. Product quality given growth
under enhanced G@nd elevated temperatures will need to be evaluate considered in breeding

programs.

Water

The significant implications of climate change ¥aater resources in the southern catchments (Cai and
Cowan submitted; Hennessy al. 2007), the adoption of water trading and the alfion of water for
environmental flows mean that future horticultysedduction will not be independent of the futurés o
other industries. Water shortages would sharperpetitton among various users of water, especially
where large diversions are made for economic pepdsurthermore, there is a 50% chance by 2020
of the average salinity of the lower Murray Rivexceeding the 800 EC threshold set for desirable
drinking and irrigation water (MDBMC 1999).

Rural communities, businesses and their represerdamust assess the strength of current planning
and policies dealing with climate change and agitice. To do so, the effects of climate change need
to be fully understood throughout the communityerms of industry, economic, social and landscape
change. A sustainable groundwater management plapeérs of poor river flow or high rainfall
years) will be necessary. In addition there isremeasing emphasis on using reclaimed wastewater fo
agricultural/horticultural enterprises.

Changing levels of CO

A key adaptation to engage in now may be to ingeshe research effort into identifying plant
characteristics that will be responsive to projéaeanges, incorporating them into breeding program
so that genetic variation in these characterigiesaximised and maintained in breeding programs fo
recombination to take place (Richards 2002).

Additional fertiliser applications may be requiredmaintain product quality (Mon&t al. 1986) but
noting that this may increase greenhouse gas emissis well as having a range of other impacts.
Costs of increased use of fertilizers, pesticides{ding herbicides) will need to be assessechab t
plant productivity could be sustained.

Certain weeds are also likely to benefit from hightevels of carbon dioxide, thus necessitating
increased application of herbicides, which may léadther environmental impacts. Tolerance to
herbicides in increased G@ one of many issues that needs to be examined.

Pest and disease management and risk

Under climate change it will be important to hatér Decision Support Systems based on a sound
understanding of the ecology of each pest to asuigrise outbreaks. In particular, models should be
developed to explain over-wintering of a wide ranfénsect pests and plant diseases, and changes in
the timing and severity of pest populations. Pesgct models usually base diapause on 7.5-10°C i.e.
over wintering occurs when temperatures are belosvlevel. Increased winter temperatures mean
these levels may not be reached in some region&ingsin impacts to intervention measures used for
control. Adaptations to the changes in the risledt and diseases will need to be addressed area by
area.
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Both fruit and vegetable production still rely heavily chemical pesticides despite recent attempts to
improve the information available to guide bettecidion-making using climate-driven models and
the wide-spread adoption of IPM systems. Strengith@fforts on the use of bio-pesticides and natural
enemies will help to prevent crop damage, but thlsp demand support from better information
systems. Biological models could be linked into Gtthe results are applicable around the country
(i.e. geographical scale outputs in real-time).

In some cases the disease risks may decline buirth@hers they may increase. Assessments of
changes in the potential distribution of a rangéaticultural pests and diseases, in conjunctigh w
exploration of adaptation options for managing thenged risks, will be required. @ffects on
disease have to be considered when addressing fiisgase risks.

Consumer impacts

Vegetables such as turnip or swede may suffer ronsumer neglect, as more exotic vegetables may
become more available/ affordable. For exampleiaduand other tropical crops may be able to be
grown. Hence, a key adaptation may be marketingpreses.

Colour of produce could be impacted with some ef fhssible aesthetic impacts identified being re-
greening of oranges, and yellowing of tomatoes eayoksicums. Increasing consumer awareness is
currently undertaken in supermarkets and greenegyagtores in ongoing marketing programmes e.g.
ZESPRI™ GOLD Kiwifruit(http://www.zesprikiwi.com/goldkiwi.htm

Prices paid for produce may change. As food piilce®ase, so will imports of cheaper products,lunti
such time as Australians ‘want’ to consume Ausraljrown, or supply of imports is reduced by other
factors such as increased costs or increased defoandconsumers in the exporting country — this
will happen in China within the next 5 years (P.ug, Pers. Comm.). A review of the third
assessment report which assessed the consequdraisabe change for food and forest resources
found that a global temperature rise of greaten th&°C is likely to reverse the trend of fallireplr
food prices that would be occurring to that poEagterling and Apps 2005).

Integrating relevant networks and past experieaclkect best adaptation options

Climate science can provide insights into climgatiocesses, agricultural systems science can ttansla
these insights into management options and ru@blegists can help determine the options that are
most feasible or desirable from a socio-economispeetive. Any scientific breakthroughs in climate
forecasting capabilities are much more likely twéh@n immediate and positive impact if they are
conducted and delivered within a framework that ludes: farmers, climate scientists,
agrometeorologists and rural sociologists (Meink@ Stone 2005; Salinget al.2005).

The improvement in seasonal forecasts in the pashde and the anticipated improvement in the
future will ensure that they remain pertinent undeanged climatic regimes. However, whilst such
forecasts are linked to production outcomes usergal crop and grazing models, to date such strong
analytical linkages have not been developed for it and vegetable growing industries.
Nevertheless, the use of forecast accumulated urdtt to model crop development and compare
information with forecasts of extreme weather ooence offers great potential for management for
horticultural industries.

Economic analysis of the costs of climatic drivike ‘El Nino’ have been carried out for Ecuador
where small farmers were shown to be most vulner@bos and de Labastida 1999) and the cost of
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the drought in Australia (Adamst al. 2002) where the impact on different geographid¢asescowas
analysed. Measuring costs of adaptation, or mghadian, will be instructive for this industry.

Risks of Maladaptation

Fruit and vegetable production and marketing angy \@osely linked. A mismatch resulting in
oversupply and undersupply has a dramatic effeqrmes paid to growers. Therefore any adaptation
strategies which result in changes to productiomniy and location will have consequences for the
supply and demand chain. If they significantly aarthe timing and amount of product being
supplied, over or undersupply can result, with egent effects on both producer and consumer.

Drought relief packages for growing of crops notitesh to an area could be considered a
maladaptation cost. Average production by ruraligides fell about 10 per cent due to the 1991-1995
drought, resulting in possible $5 billion cost te tAustralian economy, with $590 million drought
relief provided by the Commonwealth Government leenv September 1992 and December 1995
(BoM 2007). Droughts may become more frequent anere in future climates (Mpelasoka al.
2007; Nicholls 2004).

Costs and Benefits
Temperature

Fruit orchards have a life of 20-60+ years. Curggdantings will be producing in the climate we are
predicting to be warmer due to climate changesaritte with regard to phenological matching of
climates should begin immediately to avoid mismeglof varieties in a warmer climate.

It will be necessary to validate climate indiceattilescribe current horticultural enterprises with
regard to phenology of desired varieties. Once ithisstablished it will be necessary to incorporate
climate projections in models of crop growth. listbontext, prediction of potential suitable crdpis
each region, or potential suitable sites for paléic crops, can be considered. Determination of the
risk of climate extremes can be addressed at tmee sime with consideration of different
macroclimates and mesoclimates. Managing the o§kkamaging temperature threshold events will
provide substantial benefits.

Rainfall changes

To manage the risks associated with reduced watmlys and increases in water demand it will be
necessary to develop suitable models. Regionabaal Iclimate projections can be used as input to
catchment-scale run-off models to assess the effeavater budgets in present and future potential
production sites so as to identify adaptations edett will be necessary to continue improvements i
irrigation technology. The effect of enriched £6n water crop water-use will need to be better
understood when looking at the water requiremeartdrticultural crops.

Adaptations to the changes in the risk of pestdiselases will need to be addressed area by area.

002 enrichment

Canopy management in an enriched,@avironment will need to be addressed. Cost efkess,
and adaptability to mechanization will be importafihe nitrogen balance in G@nriched growing
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conditions has yet to be adequately described.dtfitian, we need to consider the effect of LO
enrichment crop by crop to maximize benefits andimize problems. CQeffects on disease have
also to be considered when addressing future disess.

Additional costs to farmers to take advantage cfsjide benefits from increased levels of carbon
dioxide will need to be considered. These costddcimelude increased use of fertilizers, pesticides
and herbicides so that plant productivity couldshbistained. Energy costs (heating for glass houses)
and the cost of maintaining the desired,@&els in the glasshouse atmosphere are liketietwease.
Research into the effect of increasing atmosph@@g on the nutritional quality of horticultural crops
has been infrequently undertaken to date. If yielWlkrise with increasing C@there is scope for
improvements in the efficiency of photosynthesisl amater use. This, however, requires more
research on an up-scaled ‘canopy’ level.
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Knowledge Gaps and Priorities

Table 7.3: Summary of climate change adaptation options for the horticulture industries indicating whether the
option 1) has already been assessed or is a remaining knowledge gap, 2) is highly feasible, 3) would be feasible /
effective immediately, or 4) should be a high priority for research, assessment and implementation in developing
adaptation strategies.

Temperature increase

Re-assess location in regional terms. X v v v
Link climate change and quality issues. X v

Change crop production schedules to align with new X v

climate projections.

Decreased reliance on glasshouses. X v X X
Invest in biotechnology and conventional breeding X v v v
Use seasonal forecasts v v v v
Develop markets for new crops. X v X X
CO,

Ascertain the effect crop by crop. X v v v
Cost of production changes (e.g. savings in X 4

glasshouse management).

Rainfall

Integrated catchment management. X v v

Irrigation management to increase efficiency. v v v

Implement water trading in conjunction with water v v v X
efficiency initiatives.

Pests and diseases

Integrated pest and disease risk management: X 4 v v
varies from area to area.
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8: FORESTRY

Booth, T.H?, Kirschbaum, M.U.E.and Battaglia, M.

1.

2.

CSIRO Forest Biosciences, GPO Box E4008, Kingstanberra, ACT 2604.

Landcare Research, Private Bag 11052, Palmekkith 4442
New Zealand.

CSIRO Forest Biosciences, Private Bag 12, Hpbhag 7001.

Key Messages:

Australia’s native forests, which cover about 164liom hectares, include more than two
thousand tree species many of which are highlyeralole to climate change because of their
narrow climatic ranges.

Australia’s plantation forests are dominated Bwyus radiata (radiata pine) andtucalyptus
globulus subsp.globulus (blue gum), which together account for about 68 qant of the total
plantation area. As both are grown over relativeiye climatic ranges, they should not be highly
vulnerable to climate change in the short to mediemm.

Bioclimatic analysis can identify plantations tlatrrently experience particularly hot and/or dry
conditions. These sites could be monitored to idean early warning if conditions become
unsuitable for particular species in particularoeg.

At the same time, plantation productivity may ber@ased by rising levels of atmospheric carbon
dioxide, but may be reduced by temperature chamggecially in conjunction with greater water
loss at higher temperature or if rainfall is redilic&here are also potential problems due to
increased risks from pests and diseases and tgntiore frequent and more severe bushfires.

There is an urgent need to improve the understgndinthe effects of increased levels of
atmospheric carbon dioxide and changes in temperaand rainfall on tree growth. It is
particularly important to assess whether growthegatf particular species are likely to be
increased or decreased at particular sites and theegs respond to stress through particular
combinations of climatic changes.
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Introduction

Forestry involves the study and management of fe@asd plantations for a wide range of commercial
and environmental values, including wood produgtimatershed protection, biodiversity conservation
and carbon sequestration. Forestry may be besidsyed as a continuum with native forests at one
extreme and large-scale industrial plantationshat dther (Donaldson and Pritchard 2000). Farm
forestry refers to the management of trees in standvoodlots for traditional wood products, aslwel
as providing other benefits such as shade, naturgecvation and dryland salinity amelioration (Abel
et al 1997). Both forestry and farm forestry can iwmeomanagement of native stands, but apart from
some brief background information on native foreitis review concentrates mainly on plantations.

The formal definition of forests refers to vegedatof a mature or potentially mature height excegdi
two metres with an existing or potential crown aooe20% or more. There are 164 million hectares
of forest in Australia, but only about 7% of thaéa is native forest managed for timber production,
and only about 1% is plantation forest. Though @hare only about 1.8 million hectares of
commercial plantations, these produce 62% of I@gsdsted from all forests. Farm forestry involves
plantations of less than 1000 hectares under siogleership and accounts for about 20% of
plantations. It is growing in importance and abatitird of farm forest plantations have been @ednt
since 1995 (National Forest Inventory 2007a). Aimillion hectares of the 164 million hectares
of forests are woodland areas, where extensivargraather than wood production is the primary
economic activity.

Native forests, including woodlands, form an impottcomponent of many farms. Climate change
will place many unmanaged native forests at rigkustralian forests include many hundreds of
different tree species. Many of these species ltaweparatively limited distributions and hence
occupy narrow climatic ranges. For example, 82rise in mean annual temperature would result in
about half of Australia’s approximately 800 eucalgpecies having their entire distributions shifted
be outside their current climatic range (Hugbkesil. 1996; Kirschbaum 2000). This does not mean
that eucalypts or other forest species growingidettheir current climatic ranges would necessarily
all die, but it is likely that they may well be giieater risk of extinction (Booth 2007). Climateange
will also pose problems for plantation forests, ibwtill be possible for plantation managers torpla
different species that are better adapted to chgrmdimatic conditions if this becomes necessary.

Hennessyet al. (2007) have reviewed the likely effects of climateange on Australia and New
Zealand for the Intergovernmental Panel on Clima@ieange (IPCC). They suggested that
"productivity of exotic softwoods and native hardwloplantations are likely to be increased by,CO
fertilisation effects, although the amount of irase will be limited by projected increases in
temperature, changes in rainfall and by feedbackk as nutrient cycling”. Where tree growth is not
water-limited, warming could additionally expandettength of the growing season in southern
Australia, but they also cautioned that increasest,glisease and fire damage may negate some gains
so that productivity declines are also a possybilit is important to recognise that climatic and
atmospheric changes are likely to have both peasitimd negative impacts on forestry, which we
describe in further detail in the following secton

Australia had about 1.8 million hectares of plaots in 2006. Of those, about 44% were hardwood
and 56% softwood species (National Forest Inver20§7b). Of the hardwood plantations, 61% were
Eucalyptus globuluspp.globulus (blue gum) while 75% of the softwood plantationsrevelanted
with P. radiata (radiata pine). Figure 8.1 shows how hardwood tptaons have increased in size in
recent years while the area of softwood plantatioass remained stablE. globulusis grown mainly
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for paper products, whilB. radiatais grown mainly for sawn timber, posts and poleish residues
being used for paper, particle board and otherlpar®othE. globulusandP. radiataare grown in
temperate parts of AustraliBucalyptus grandigflooded gum) andEucalyptus dunni{Dunn’s white
gum) are hardwood species grown in subtropicakpafriAustralia.Pinus elliottii (slash pine)Pinus
caribaea(caribbean pine) and the hybrid between thesesiveaies are grown insteadRfradiatain
subtropical regions, such as south east Queensidiatble 8.1 shows the most recent regional data fo
the six main forestry centres. These account fouaB0% of the total plantation area. Numbers in
brackets indicate the regions shown in Figure 8.2.

Table 8.1: Total plantation areas — Major regions (2005).

1) Western Australia 270,813 104,480 375,293
4) Green Triangle 130,145 166,650 296,795
6) South East Queensland 31,675 161,052 192,727
11) Murray Valley 6,380 178,100 184,480
13) Central Gippsland 33,298 58,803 92,101
15) Tasmania 155,500 71,600 227,100
Other regions 370,954
Total (2005) 1,739,450

Data from National Forest Inventory (2006).
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Figure 8.1: Total Plantation Area, 1994-2006 (from National Plantation Inventory 2007b).
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Figure 8.2: National Plantation Inventory Regions (From National Plantation Inventory 2006).

The following comments on the six major regions besed mainly on a report by the National
Plantations Inventory (2006). Plantations in Wiesigustralia are largely located in the south va#st
the State (see Figure 8.2). The total plantatiea éncreased from about 131,100 hectares in 2394,
recorded by the first National Plantation Inventoty over 375,000 hectares in 2005. The vast
majority of this increase has beenHn globulusplantations, but the rate of expansion is slowdsg
areas established in the 1990s become availableafeesting and replanting. The ared@ofadiata

is fairly stable at about 60,000 hectares, whikedrea oPinus pinaste(maritime pine) plantings for
salinity control is gradually increasing from th&rrent level of about 44,000 hectares.

The Green Triangle region includes south east Saugitralia and south west Victoria. This has been
a major softwood plantation region since the e@@y century. The region includes some of
Australia’s most productive. radiataplantations and virtually all the softwood plaidas are of this
species.E. globulusplantation development began on a large scaleeil990s, and the area planted
has nearly doubled since 2000. Virtually all trerdwood plantations in the Green Triangle are
E. globulus

The South East Queensland region is mainly basedndr softwood species, increasingly the
P.elliottii x P. caribaeahybrid. Other significant species includeaucaria cunninghamiihoop
pine), a native softwood species, which is growrabaut 43,000 hectares of plantations. Hardwood
planting has increased significantly in recent geaith nearly 24,000 hectares planted in 2001-2005.
This includes species suchBsdunnii(Dunn’s white gum)E. grandis(flooded gum) an€orymbia
species (spotted gums). The Murray Valley regitretshes from Gundagai south east towards
Melbourne. The total plantation area of 184,48@tdres is 97% softwood, with. radiata
comprising about 98% of the softwoods. The Cemippsland region stretches from Melbourne east
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to Bairnsdale and north to the Great Dividing Rang&bout 36% of the area is planted with
hardwoods and 64% with softwoods. Nearly 38% ef tlardwoods ar&. globulus around 31%
Eucalyptus regnangmountain ash) and 17%ucalyptus nitengshining gum). The softwood
plantations are virtually alP. radiata Plantations in Tasmania are concentrated athessorth of
the State and in the south east corner inland folrart. The plantations are comprised of about 32%
softwoods (nearly all P. radiatg and 68% hardwoods (nearly Bll globulusandE. niteng.

New farm forestry plantations are currently preduanily of eucalypts, such & globulus although
pines, particularlyP. radiataare also important (National Forest Inventory 2008owever, there is
increasing interest in evaluating the potentialester-known species, suchEscalyptus cladocalyx
(sugar gum) anéucalyptus occidentalisswamp yate), that are suitable for low-medium @7#@m)
rainfall environments (Consortium 2001). Oil mallspecies, such d&ucalyptus polybracteaare
also being increasingly planted in low-medium ralhfireas, usually in belts between agricultural
crops rather than as block plantings.

Climate Change Impacts

Several studies have previously examined possibfgacts of climate change on Australia’s forests
(e.g., Booth and McMurtrie 1988; Howden and Gornd&99). It is generally recognised that in
Australia’s dry environment, water limitations, atie possibility of increasing water shortages, are
the greatest concern for plantations in the fuiiifistock et al. 2001). Tree deaths, especially of
Eucalyptus globulushave already been a concern for some plantations series of years with well
below-average rainfall may lead to tree mortalityegs trees have access to sufficient water reserve
deep within the profile (Smetteet al. 1999). Any reduction in rainfall, as seen in vasalimate
change scenarios, coupled with increased wateireggents in a warmer climate (Kirschbaum 2000),
is likely to lead to increased tree mortality aegresents a major concern for plantation managers i
Australia.

Most previous studies have recognised the impogtafi@ssessing the effects of atmospheric as well
as climatic change. Atmospheric €@ a basic substrate for photosynthesis, whicheties$ plant
growth. Steffen and Canadell (2005) prepared aulsefroduction to carbon dioxide fertilisation.
Increasing C® concentration can affect tree growth directly tlgio increased photosynthetic rates
and indirectly through improved water-use efficiendt is well established that short-term
photosynthetic rates inz@lants increase by 25-75% for a doubling of ,@0Oncentration (Kimball,
1983; Eamus and Jarvis, 1989; Luxmoetal, 1993; Drakest al. 1997). It is also recognised that the
sensitivity of G photosynthesis to COconcentration increases with increasing tempesatur
(Kirschbaum, 1994), and hence the stimulation ehplgrowth by increasing GQ&oncentration is
likely to be larger at higher temperatures (Rawd®92), with little stimulation and sometimes even
inhibition at low temperatures (Kimball, 1983). lited observational evidence from international
research suggests that the effects of elevatedd€ease as trees age (Steffen and Canadell 2005).

One of the key questions for future water use figant canopies is the response of stomata to
increasing C@ concentration. Morison (1985) and Allen (1990) pded a range of observations
from the literature, and showed that stomatal cotahce was reduced by about 40% when, CO
concentration was doubled. Drageal. (1997), however, found stomatal closure by onl¢e2@nd
Medlyn et al. (2001) found a 21% decrease in stomatal conduetanstudies on European trees, and
Curtis and Wang (1998) found even lesser stomédale in their wider review of studies on woody
plants. Reduced stomatal conductance has alsodashrted from analysis of herbarium specimens
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that has shown that the number of stomata on Idaagslecreased with historical increases in global
CGO, concentration (Woodward, 1987; Rundgren and Bji26k3; Kouwenbergt al, 2003).

The carbon isotope discrimination betwédp0, and**CO, can also be used to infer changes in the
intercellular CQ concentration (Farquha&t al 1982; Korolet al. 1999) during historical changes in
atmospheric C@(Dawsonet al 2002) Using this approach, Arnaghal (2002) and Duquesnagy al
(1998) reported data showing some stomatal closuresponse to increasing atmospheric, gt
Marshall and Monserud (1996) and Monserud and Mdir¢B001) found no evidence of stomatal
closure in their data sets.

These existing observations and reviews thusls#itl to conflicting conclusions, yet this is ansaoé

key importance for understanding the future respaiscosystems to climatic changes. Hence, there
is an important need to further review the existimigservations and find the commonalities in
observations and obtain a generalised global utedetisg.

In addition, these studies all report on the retatesponse of plants to climate change when theey a
either unstressed or only mildly stressed, yes$ ibfi particular importance to understand how plants
will respond to episodes of stress. Episodic periotidrought could become more severe through
higher temperatures. Under those conditions, plamtdikely to close their stomata to conserve wate
Nonetheless, water shortages may intensify funtingler intense atmospheric evaporative demand. It
is not known whether elevated ¢€@an confer some kind of protection under theseeme
conditions, or whether trees instead become moteexable owing to possibly greater leaf area
development. This tree response is critically intgiat; but extremely difficult to investigate, arndte

is very little research information available on it

Increased photosynthetic rate and decreased weairement translate into increased tree seedling
growth (Luxmooreet al, 1993) which has more recently also been obsdimenhature trees in ‘free
air CQ, enrichment’ (FACE) experiments in largely undibienl forests (Herrick and Thomas 2001;
Gundersoret al 2002). Based on summarising all available evide@ielen and Ceulemans (2001)
concluded that the growth of poplar trees may heusated by about 30% by doubling €O
concentration. As water use efficiency can be fyeanhanced by increased €®@oncentration
(Eamus and Jarvis, 1989), relative plant respotwséscreases in COshould be most pronounced
under water-limited conditions (e.g., Gifford, 197dlen, 1990). Growth enhancements by e
also evident under nutrient-limited conditions (eldso and Idso, 1994) but these tend to be hess t
under conditions where nutrition is adequate (Deetka. 1997).

Kirschbaum (1999b) used CenW to investigate thal\likesponse of plant growth to climate change
under the range of climatic conditions found in #aka. The model was initialised under current
climatic and fertility conditions. Temperature, £@oncentration and/or precipitation were then
changed, and growth was recorded in response teetldbanged conditions, but with responses
constrained by the set of limitations that had bestablished under steady-state conditions in the
current climate. With that modelling approach, #imulated responses to climate change differed
greatly across the continent. For example, posijievth responses to increasing temperature were
found in wet and nutrient-limited regions because higher temperature led to increased nitrogen
mineralisation, which stimulated enhanced growthedse same regions showed only slight responses
to increased CQconcentration because increased carbon produetibto immobilisation of nitrogen

in soil organic matter. It highlighted an importammbblem in trying to adapt to climatic changest no
only is the nature of climate change not yet adedyiknown, but plant responses are difficult to
predict even where the nature of change is known.
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While Kirschbaum (1999b) examined the effects onege plant growth, Battaglia and Bruce (in
prep.) are carrying out a major project assessiagmpacts of climate change on particular Australi
plantation species for Forest and Wood Productdralies (formerly the Forest and Wood Products
Research and Development Corporation). For exgrplaenticipate the interactive effect of climate
change and elevated g@Battaglia and Bruceldc. cit) have applied the process-based model
CABALA (Battagliaet al.2004) to a selection d?. radiataplantations. Preliminary results include
five sites in Tasmania and four sites in the Grégangle. Weather sequences for 2030 and 2070
were produced by applying change estimates to 2Quanweather sequences drawn with starting
years from 1960 to 1980. Volume changes are tleeage of 20 simulations representing planting
years for current (1960-1980), 2030 (2015 to 2@8%) 2070 (2055-2075). All 2030 simulations start
with an assumed atmospheric £gncentration of 450ppm and all 2070 simulatiorastsyith an
assumed atmospheric &ncentration of 650ppm. Atmospheric £Oncentrations are assumed to
rise 4ppm each year from the date of planting.

There is considerable uncertainty around down-gdgpri of photosynthesis at sustained elevategd CO
levels, but there is some evidence that photosgighmay be down regulated by around 20% at
doubled atmospheric GQoncentration (after Medlyret al. 2001, Ainsworth and Long, 2005;
Buckley, 2008). This led Battaglia and Brudec( cit) when evaluating the effects of elevated,CO
up to 700ppm to modify the model such that the maxn rate of C@saturated photosynthesis, A*
umol(CO,) m?s* (eq. A.22 in Battaglizet al 2004),is down regulated according to the following
equation:

A*=A, (1.2-0.0006,),

where A is the base level of maximum photosynthetic rateagurating C@without acclimation and
ca is the atmospheric carbon dioxide concentrationa] moi™).

In evaluating the effects of climate change on potidn the use of scenarios in the way developed
here must be approached with caution. The outcaraasbe influenced markedly by the climate
model selected, the sites chosen and the modeltisgmptions made. To overcome these limitations
Battaglia and Bruceldc. cit) are using a range of climate models and dowrirggaéchniques are
including a sensitivity analysis of assumptiongret physiological responses such as photosynthetic
down-regulation.

Preliminary results suggest that production in Tasiany which is relatively wet and cold, are likédy
rise slightly by 2030 with a smaller gain betwe@3@ and 2070 in areas where rainfall is abundant.
In the north and north-east of Tasmania, whereymgliof the climate is forecast, these increaseg ma
not occur (for example, at St Helens and Deloraina)the south of Tasmania, the combination of
increased temperature and little or positive chanigerainfall may result in markedly increased
production. In the Green Triangle, a sharp dedineainfall is predicted between 2030 and 2070.
Preliminary predictions suggest that this may dffgey productivity gains arising from elevated
carbon dioxide levels. The impact is most markethe drier northern extent of the Green Triangle
pine estate.

In addition to the impacts on production, a dryalighate is likely to affect the water balance ofégh
plantations, decreasing the amount of rainfall tbattributes to run-off or drainage. Taking the
Caroline site in South Australia as an examplénoaigh the total stand water use (tree transpiration
crown evaporation and soil evaporation) declined toe proportion of rainfall that is used by the
stand remains unchangdtlie amount of water that contributes to deep dganar run-off falls by
10% between 2000 and 2070.
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These preliminary results suggest that the impattslimate change on forest production may be
highly site-specific and will depend upon the extenwvhich temperature changes and rainfall changes
decrease the potential productivity gains throughiaged atmospheric GO

Interactions between GQCconcentration and plant physiological functioningt only affect tree
productivity, but also sometimes produce some gingr effects on trees. For example, work with
seedlings oEucalyptus pauciflorgsnow gum) grown in open-topped chambers indic#tatl those
grown under elevated GQevels suffered 10 times as much leaf damage fadnost event than the
seedlings grown under ambient conditions (Badteal. 2005).

Whilst atmospheric change may affect both tree ycbdity and seedling survival rates, climatic
factors are important criteria in selecting appiater species for planting in forestry systems in
different regions. Booth and Jovanovic (2005) gsed the climatic requirements of 31 tree species
including species currently important for farm fetrg, such ag&. globulusandP. radiata as well as
lesser-known species, such &sicalyptus argophloia(Chinchilla white gum) andEucalyptus
kartoffiana (Araleun gum), which may have potential for faranefstry. Their climatic requirements
were assessed by bioclimatic analysis of their rahtdistributions and also from analyses of
conditions at trial sites outside their naturaltritisitions both in Australia and overseas. These
descriptions were used to generate maps indicatimgtically suitable areas under current condgion
and under two contrasting sets of future scenamalitions for 2030 and 2070.

Figure 8.3 shows a simplified version of the prasticchange in suitable growing region Rarradiata
(Booth and Jovanovic 2005). Booth and McMurtri©88) had shown that mo$R. radiata
plantations are located in temperate medium-higifathareas of Australia defined by a mean annual
temperature of 10-£8 and mean annual rainfall of 600-1800 mm receivednly in winter or
uniformly throughout the year (see Figure 8.3ahisTncludes the Western Australia, Green Triangle,
Central Tablelands, Southern Tablelands, MurrayieyalCentral Victoria, Central Gippsland, East
Gippsland-Bombala and Tasmania regions shown inr€i@.2. Figures 8.3b and 8.3c show the
location of the temperate medium-high rainfall avealer a climate change scenario developed by
CSIRO Marine and Atmospheric Research for the y2@89 and 2070 (McGregor 2003) . The main
features of this scenario are a 3@5%ise in temperature by 2030 and a°2.3ise in temperature by
2070, combined with a percentage reduction in pition of 3.9% in 2030 and 10.7% in 2070.
These are mean values from across the contineotigththe actual data used varied spatially.
Differences between current conditions and 2030reledively slight. There is some reduction in the
climatically suitable area in Western Australia @hd unsuitable area in Central Victoria becomes
larger. The changes become greater in 2070 withdureductions in the suitable areas in Western
Australia and western Victoria being most obviottwever, most of the maj@. radiataplantation
areas remain climatically suitable (see, for exanateas 4 and 11 in Figure 8.2).

Pests and diseases provide other potentially compteractions between climate change and plant
responses. Podget al. (1990) investigated climatic factors affecting thistribution of the soil borne
fungusPhytophthora cinnamonin Tasmania. Chakraborgt al. (1998) published a useful review of
potential impacts of climate change on plant diesascluding those which affect tree species, sisch
P. radiataandE. globulus Boothet al. (2000a, b) described the climatic requirementpathogens
that either are already present in Australia orhihjgpse a potential threat to trees in Australide
CLIMEX model (Sutherst and Maywald 1985) is beingrently used to study the effects of climate
change on pests and diseases important for foréktiticos, D. pers. comm.). A study for the
Australian Greenhouse Office (AGO) is using CLIMEX assess the potential effects of climate
change on the distribution of a eucalypt pest asdagde inesampela privitaAutumn gum moth and
Mycosphaerellaspp., crinkle leaf disease) as well as a pine apdtdiseaseEssigella californica
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pine aphid andDothistroma septosporaDothistroma needle blight). For example, thaleigredicts
that, by 2070, the distribution dflycosphaerellaspp. leaf disease will shift south and increase in
altitude. The predicted distribution of the disessbeing compared with the current and likely fatu
distribution of E. globulusplantations in order to examine any potential gigRinkard, L., pers.
comm.).

Figure 8.3: Black shaded areas are temperate medium-high rainfall areas suitable for growing P. radiata under
(a) current climatic conditions, (b) a 2030 CSIRO climate change scenario and (c) a 2070 CSIRO climate change
scenario. Prepared using program developed by Booth and Jovanovic (2005) using scenario described by
McGregor (2003).

A range of major experiments are either under wahave been proposed to address a number of
specific questions about atmospheric change. Thekelsbury eucalypt experiment is examining
effects of increased carbon dioxide using whole-tleambers. While the enclosures allow,Gvels

to be increased, it is difficult to reproduce tlmmnditions that are experienced by trees growinthén
open. The concern therefore remains whether obdersponses to GQvould also be found under
more natural conditions. Hence, there has beeniggoiterest to conduct FACE experiments where
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the atmosphericCO, concentration is raised around a group of plaritbout enclosing plants in
chambers. Raisoet al. (2007) reviewed the feasibility of FACE experingimt Australia. Indicative
annual running costs are approximately $2M to $4.pdbt year for each experiment. They
recommend that an initial FACE study should beldistaed either in open dry sclerophyll forest or
woodland that typically has a nitrogen fixing uraterey. A FACE study could be established in a
plantation at a later time with the support of aygprate stakeholders.

Adaptation Options
Current Options for Dealing with Climate Variabilit vy

Managing for climatic variability is particularlyriportant for forestry as it can take many years for
trees to produce a commercial product. For exaniplglobulusrequires about 12 years to produce a
pulpwood cropP. radiatatypically takes about 30 years to produce a fsablog crop and\cacia
melanoxylon(blackwood) may take 50 or more years to produgk-talue timber. The full value of
the trees is only realised if the stands compliggr tfull rotation period. Managing for rainfall
variability is likely to become more important fforestry as new plantations are increasingly being
located in lower rainfall zones to meet naturabtese management aims such as salinity control and
carbon sequestration (Consortium 2001). For examideumanret al. (2006) describe how the
FloraSearch project is evaluating forestry and fagestry systems suitable for the 250-650 mm
rainfall zone of southern Australia.

Severe droughts have already caused tree deatlssnie areas oP. radiata and E. globulus
plantations. For example, in south-eastern NewS@iales,P. radiataplantations suffered losses as

a result of a run of months with below averagefadiirstarting in April 1997. Rainfall at Albury was
less than half the average amount from April ty 1997 (inclusive), and the total for the 12 months
to July 1998 was only 417 mm compared to the mesrua rainfall of 706 mm. The dry months
coincided with a period of negative Southern Oatidh Index values that started in March 1997 and
continued to April 1998 (inclusive). The greatestmber of tree deaths occurred where planting
densities were high, where soils were shallow ahdres pine aphids had caused further tree damage
(H. Dunchue, State Forests of New South Wales, persm.).

Increasingly, growers can anticipate drought proilslend adapt their actions accordingly. Tools such
as the Queensland Department of Primary IndustResmiMan (vww.dpi.gld.gov.au/rainmajy/
Bureau of Meteorology products on the SILO webgitevw.nrw.gld.gov.au/silg/ Queensland
Department  of Natural Resources products  on the gRaddock  website
(www.longpaddock.gld.gov.au/and the Bureau of Rural Sciences Rainfall Rdiigbiwizard
(www.brs.gov.au/rainfal)/ can assist these analyses. Information on likelyNifio conditions,
particularly the Southern Oscillation Index (SGH,also now available to assist decision-making.
Another adaptation to reduced rainfall is the dedacof species that are drought tolerant. The
Australian Low Rainfall Tree Improvement Group (ALKS) is a cooperative involving CSIRO, the
Australian National University and organisationsnfr New South Wales, South Australia, Tasmania
and Victoria, that is developing improved germpldsmow rainfall (400-600mm) environments.
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Adaptation Options for Dealing with Climate Change

A number of policy options are listed in Table 8at these may be somewhat similar across all
agricultural sectors and so are not discussed h&enerally there are three situations that forest
managers may encounter:

1) After significant climatic changes have occurred drefore establishing a new plantation.
This is the situation that growers may encountduiare decades. In this case the adaptation regpon
for tree growers is relatively simple. They can tlse experience gained previously in those places
that have a climate similar to that to which thealoclimate has changed and change species or
management options.

2) Thedimate changes after plantations have been estaddisT his is the case when trees have
been planted some time ago, but where the roté&iogth is such that it will take some more years
before it is time to harvest the stand, and thenatie has changed adversely. In that case, the
adaptation options are limited and limited to thignthe stand, adding or withholding fertiliser, or
adding water, although irrigation is seldom a pcatioption.

3) Significant climatic change has not yet occurredt b is recognised that conditions may
change in the futurdJnder those circumstances, different species @rgmances may be selected for
planting, or trees could be planted at wider sgadimm the beginning. These available response
strategies could also be described in more generais, such as by adopting a generally more
conservative strategy — to plant fewer trees, salegver-growing, but more resistant ones, or te us
less fertiliser. In some already very marginal emwinents, tree growers may even consider growing
no trees at all because of that uncertain future.

The following sections explore some of the indidtadaptation strategies that are needed in the
above cases.

Genotypes

Even though species selection is still importam, ¢hoice of material to plant increasingly invalve
the selection of appropriate provenances (i.e. sé@dspecies from a particular location), hybras
clones. In future, the use of genetically modifi&M) material may also be considered, though GM
material based on native species would need tddriesto avoid transfer of genes to native stands.
The quality of information available on the used anvironmental requirements of particular trees is
rapidly improving. For example, CAB Internationd2005) has developed a CD-based Forestry
Compendium that allows users to select speciesherbasis of information on distribution, uses,
environment and silviculture. The Compendium u$esdame descriptions of climatic requirements
used in climatic mapping programs (see, for exapntdeth and Jovanovic 2005). Generally, the cost
of material for planting is a small fraction of ptation establishment costs. Clonal material istmos
expensive, followed by hybrids, provenances anc@llfinspecies material of unspecified origin.
Selecting the most appropriate species to plambigously vitally important, as genetic material
cannot be changed once trees are in the groundcyidhe from planting to final harvest is usually at
least ten years. The selection of genetic matatiplanting time therefore has a strong and long-te
effect on the stand’s potential biological perfonoe.

In most cases, pulp plantations will probably bkedab complete their current rotation before they a
significantly impacted by climate change, and ddfé genetic material could be chosen for the next
rotation if that seems warranted. That is moreidliff for longer-term sawlog plantations that may
well grow for long enough to experience a considiereextent of climate change over a single
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rotation. In this case, it becomes important toosloappropriate genetic material that can grow not
only under current conditions but also under thssjidy changed conditions in 30 or 40 years time.
Selecting the best genotype could then make tliereifce between profit and loss. More information
on the relative performance of particular genotypeglifferent environments is needed to assist
growers to make appropriate choices for both ctireen future conditions. Even though species
change may seem like a relatively easy adaptatmiorg it is important to also consider the final
product, which may limit the full scope for adapiat Processing facilities usually have specific
product requirements, and trees must be choseret timese needs.

Spacing and thinning

Simple adaptations to reduced rainfall include tfientrees at wider spacings (Smettetral. 1999),

as well as thinning existing stands. Wider spacihtgees reduces the competition between trees, an
allows each individual tree to exploit a larger urak of soil. This is particularly effective as a
safeguard against drought-induced mortality (sgeir€i 8.4). However, spacing at wider than optimal
density may reduce stand growth as trees onlyypatilise available site resources. Battagitaal
(2004) have described how computer modelling oé tygeowth and drought risk can be used to
recommend appropriate spacing levels for differmtironments. Establishment costs per unit of
land are not greatly reduced by using lower plantiensities, as a similar area of land has to be
prepared, and savings in planting stock are likelige minor. A low planting density may also cause
problems with the form of the trees, as wide spaissb tend to produce many large branches. Hence,
while wider spacing is one of the few available @dton options to guard against drought-induced
deaths, it does reduce stand productivity and ttezadl economic viability of projects under current
climatic conditions.

Figure 8.4: The effect of initial planting —
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Watering

Trees are sometimes watered just after plantingstst in the early establishment phase. Under
drought conditions, however, farm animals or craps usually given a much higher priority than
forestry plantations. Only small areas of irrighterestry plantations have been established, &s it
not generally possible to justify the cost of iatigng trees. There may be some potential for thtemwi
use of effluent irrigation (Myers et al. 1999), wihiis seen as a promising means of disposing of
effluent and creating some useful product at threesime. In contrast, extensive use of freshwater
irrigation for trees seems a very unlikely optias,water will probably become even more expensive
in the future and there are likely to be more patlie uses for any available water.
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Nutrients

The rate of water loss from plantations is strorrighpted to the total leaf area of trees. Totaldteaf
area can be modified through tree spacing as disduabove, or, more subtly, through adjusting
fertility levels. Nutrient-limited stands producevfer leaves, and that makes them less vulnerable to
developing water stress. Reducing leaf area, amtehevater loss, through reduced fertiliser
application is a possible adaptation option tordemnditions. However, opportunities for adjusting
nutrition in forestry systems are limited. Latgeafertilisation is not generally used in forestry
plantations and good nutrition at planting is intpat to ensure successful early growth. Plantations
are now almost always established on cleared dgmauland that already has high fertility levelse

to many years of fertiliser additions. While lowfertility makes stands less prone to water strigss,
also reduces growth under conditions when wataptdimiting, and it creates another instance of a
conflict between the need to be guarded againstradwconditions in the long term and maximising
growth and economic returns in the short term.

Site selection

In regions where climate change is likely to brieguced rainfall, an obvious adaptation might be to
restrict the planting of trees to wetter environtserHowever, as mentioned in the introduction,
forestry is currently tending to move into lowemfall regions because of the greater availabiity
cheap land and associated environmental benefitglasfting trees in drier, and more marginal,
agricultural areas (Consortium 2001). Greatly iasea plantings in high rainfall (>800 mm mean
annual rainfall) environments may also become imstt in future because of concerns about their
impact in reducing catchment runoff (Nambiar andviar 2001, Keenan et al. 2006).

At the landscape scale, the location of forestanfihgs that are directed towards addressing diylan
salinity problems will increasingly be driven by pnoved knowledge of sub-surface groundwater
reserves and water flows. A possible adaptatiofutiere drier conditions might be to locate trees in
areas where they can make use of groundwater. WHidemight be a low-cost adaptation option in
the short term and have some desirable environinesde-effects, trees may overly reduce
groundwater tables to make that option not sudbééna the long term.

Fire management

Any form of forestry is a long-term investment whimakes it particularly vulnerable to loss by
bushfires. Changed climatic conditions, particylavermer, drier and potentially windier periods are
of concern. The small-scale and relatively isaatature of most farm forestry plantings provides
some protection as it makes it hard for fires teag from one isolated stand to another, whileclarg
scale commercial plantings can maintain good acsesgorks and staff well trained in fire fighting.
Adaptation options if fire risks increased woulctlude allowing greater width in firebreaks and
carrying out more frequent controlled burns whemgrapriate to reduce the risk of wildfires.

Pest and disease management

As information on the likely impacts of climate cigg on pests and diseases becomes increasingly
available this information will assist forest maaagent including the selection of appropriate tfees
planting at particular sites, as well as on-goiibg ianagement.
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Weed management

If weeds are present in plantations, they can ceenpeh trees for access to soil resources, esipecia
water. If wider tree spacing is used as an adaptab lower rainfall, it will allow more light to
penetrate stands and the trees will provide lesgetition for water and nutrients. This could l¢ad

a greater proliferation of weeds and partly neghie benefits of wider spacings. Good weed
management is particularly important to ensure geady tree growth and its importance is well
recognised in commercial plantations. The qualftyveed control is more variable in farm forestry
plantings. But as farm forestry becomes more comanuth practices improve, good weed control
should be carried out on all sites anyway regasdbdésoncerns about climate change.

Establishment strategies

Mortality during establishment is a significantiksigarticularly for plantings in lower rainfall rems.
There is a wide range of establishment strategiesladle, including tubestock, direct seeding,
assisted and natural regeneration, in combinatidah different site preparation and management
regimes. In principle, matching combinations ofséhéo seasonal climate forecasting may provide
useful ways of managing climatic risks while minéinig financial risks. However, specific research
on these as suitable options has not yet been takédar In particularly dry countries, such as Ikrae
tree plantings sometimes include special site pegioa, which increases the micro-catchment area of
individual trees or small stands (e.g. Lovensteéial€1991). Strategies such as these could beinsed
response to drier conditions, but are generallyetquensive for current use.

Climatic risks

Tree selection is usually based on matching knawa tharacteristics to long-term mean climatic
data, but changing climates will require the suitigbof particular trees to be reassessed for gigec
locations. When carrying out these analyses it ditnal prudent to place increasing reliance on more
recent climatic records. For example, it may beisable to consider frost risks on the basis of data
from the last twenty-five years rather than the kasndred years, or to fit a linear trend of frost
incidence over the past record to provide the tpeistance to likely conditions in the future.

-
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Figure 8.5: Mean annual temperature from 1900 to 2001 for Low Head, Tasmania. This data set is chosen as an
example for a site for which a long climate record is available. The solid line gives a linear fit to the data. The
long-dashed lines gives the mean of all data from 1900 to 2001, and the shorter-dashes give the mean
temperature from 1975 to 2001.
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Risks of Maladaptation

Many forest managers would like to be more congeevan their management to be prepared for
climatic changes, but the imperative to achieve imar growth rates and maximum economic
returns makes such a cautious strategy difficultrtplement. A typical example is seen in the rapid
expansion of. globulusplantations which has led them to be pushed td, @erhaps sometimes
beyond, reasonable rainfall limits as cheaper laad been sought for further expansion of the
plantation estate. These economic imperatives nitaftéficult to cope even with current climatic
variability, let alone allow the extra flexibilityf dealing with future climate change.

The worst case scenario for a tree species undwatel change would be death due to its present
environment becoming totally climatically unsuitablThis may constitute a real risk for some native
species with very limited climatic ranges growing matural ecosystems (Hughes al 1996),
although many species may be more adaptable trenrtatural distribution suggests (Kirschbaum
2000; Booth 2007). However, Figure 8.3 and thdyaea of Booth and Jovanovic (2005) suggest that
commercial species are not generally in immediategdr of their most commercially important
locations becoming climatically unsuitable. Thssprobably because commercial species tend to be
planted in relatively good climatic locations farogith and these major plantation areas tend to be
somewhat different to their absolute limits to gtiowFor example, mo#. radiataplantations are in
locations with mean annual temperature beloWC14hough some areas are in locations aboV€ 16
Booth and McMurtrie 1988). Mean annual tempeeguvould probably need to rise by well over
2°C before they made the major commercially importagtons totally unsuitable for species such as
P. radiataandE. globulus However, changing climatic conditions may affpest, disease and fire
risk conditions at particular sites and reduce dghowates long before it becomes completely
climatically unsuitable for a particular tree speCi

More extreme adverse climatic changes may evenectues death of some trees. Recent drought
conditions have already caused significant tresdesn some areas. Though it is not yet postible
be certain that recent droughts in southern Auateak part of climate change, it appears increisin
likely that they are.

Costs and Benefits

The Allen Consulting Group prepared a report f& Mustralian Greenhouse Office (AGO 2005) that
discussed possible costs and benefits of climaa@gsh for several agricultural sectors and forestry.
Though it did not provide a quantitative analysisuiggested a framework for this type of analysi$ a
identified some of the key issues that would neebd considered. The current annual value of the
wood and wood products industries is about $18ohilland it employs about 83 000 people (BRS
2007). Vulnerability is a function of the expostioeclimate factors, of the sensitivity to change a

of the capacity to respond and adapt to that charfg@restry has significant exposure to climate
change in terms of reduced rainfall, drought, iasesl fire hazard, pest infestations and soil emosio
Immature forests are particularly susceptible mudht. Sensitivity of the plantation industry esfis

the responsiveness of the system to climatic inftes, and the degree to which changes in climate
might affect it in its current form. Sensitive ssis are highly responsive to climate and can be
significantly affected by small climate changesheTAGO (2005) report assessed forestry to be
moderately sensitive. Though the two major plamtaspecies have broad climatic ranges, many
native species have narrow climatic ranges. Fyress considered to have a high adaptive capacity
as alternative species could be planted if requibedl long planning horizons could make changes
difficult.  The report concluded that forestry hidie potential to benefit from early attention to
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adaptation planning through better selection otigseand management planning that takes climate
change into account.

While climate change creates some potential probléon forest managers, it also provides new
opportunities. There is increasing interest insbouestration i.e. planting trees to remove carbon
dioxide from the atmosphere and store the carbograming trees or wood products. Australia is
largely on track to meet its Kyoto Protocol comnents almost entirely thanks to trees, in particular
the reduced clearing of woodlands for agriculturd encreasing the areas of plantations (AGO 2006).
The Prime Ministerial Task Group on Emissions Tmgd{2007) advised that “undertaking low-cost
measures to reduce deforestation and promote caibks, both within Australia and internationally,
should be an immediate priority”. For exampleNovember 2007 Woodside announced that it has
entered into a $100 million program with CO2 Auligratd to plant mallee trees to help offset carbon
emissions from the Pluto gas field in Western Aalslls north west. The Australian Bureau of
Agricultural Research Economics (ABARE) has examlinBmate change issues for agriculture and
forestry (Gunasekarat al 2007), including a consideration of costs andeffies of forest-based
carbon offsets.

There is also potential for forest products anddress to be used for the production of bioenergy.
Raison (2006) estimated that about 14-16 milliobicumetres a year of forest waste products are
available that could be used for energy generatipnco-firing, bioenergy plants or small scale
gasification. There is also increasing intereghim production of cellulosic ethanol as a biofuel
forest products or residues, as these can ofteprdduced on lower-value land than agricultural
alternatives.

Knowledge Gaps and Priorities

Effective adaptive responses rely on good knowledfyanticipated changes. Therefore, a high
priority for research must be the generation ofen@liable projections of likely climatic changds a
the regional level. However, it must be acknowlebtigieat there will always remain fundamental
uncertainty in climate change predictions due toeutainty in emissions scenarios. That is not an
uncertainty that can be reduced through furtheengific work. Future emissions will largely depend
on technical, political, social and economic fast@nd are thus inherently difficult to predict.
Furthermore, the global society is actively workingnodify future emissions through processes such
as the Kyoto Protocol. Actual future emissions eadsequential climatic changes will thus depend in
part on the success or failure of these internatiatiempts at emission control.

Priority research areas for forestry adaptatioclitnate change include:

1) Bioclimatic analyses to improve knowledge of ttienatic requirements of particular genotypes
and to identify particularly vulnerable plantatisites for monitoring;

2) Evaluation of the impacts of high g@nddrought risk on tree mortality, including identditoon of
the optimal strategy between high growth (e.g. destands with high leaf area) and risk aversion (e.
sparse stands with low leaf area) for particulassand particular trees/products.

3) More detailed assessment of drought tolerancenpbrtant species and development of more
drought-tolerant genotypes;
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4) Enhancement and application of process-basedtigrmodels using information from the other
priority studies and extending findings from indival sites to large areas, including cost/benefit
studies of alternative adaptation strategies;

5) Development of improved assessments of pestasiésand weed risks; and

6) Development of improved assessments of bustigike.

Table 8.2: Summary of climate change adaptation options for the forestry industry indicating whether the option
1) has already been assessed or is a remaining knowledge gap, 2) is highly feasible, 3) would be feasible /
effective immediately, or 4) should be a high priority for research, assessment and implementation in developing
adaptation strategies.

Policy level

Maintain forestry R&D capacity, undertake further
adaptation studies which include costs/benefits and v v v v
streamline rapid R&D responses

Develop further bioclimatic analysis and forest
systems modelling capabilities and quantitative v v v v
approaches to risk management

Ensure communication of broader climate change v v v v
information
Provide training to improve self-reliance and to X v v v

provide knowledge base for adapting

Encourage public sector support for a vigorous
forest research and breeding effort e.g. Australian v v v v
Low Rainfall Tree improvement Group (ALRTIG)

Encourage financial institutions to be responsive to X v X X
changing industry needs

Support continuing commitment from all levels of
government for pest, disease and weed control 4 4 v v
including border protection

Promote introduction of climate change adaptation X 5 X X
into forest management systems ’

Forest management

Develop systems to assist genotype selection that
takes into account likely climate changes over the X X v v
whole rotation.

Provide advice on appropriate spacings for different v v v v
genotypes and environments.

Improve knowledge of water use of plantations X v v v
under climate change.
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Provide advice on opportunities to use nutritional
adjustments as an adaptation to climate change.

Develop systems to minimise fire risk e.g. by
assisting in design of firebreaks and planning of
controlled burns.

Provide advice on appropriate weed management
strategies for particular plantation systems.

Improve pest and disease predictive tools

Improve monitoring and responses to emerging
pest, disease and weed issues

Provide improved advice on establishment
technigues to minimise tree deaths

Improve use of climatic data in species-site selection
e.g. give greater weight to more recent climatic data

Develop participatory research approaches to assist
pro-active forest management decision making

Expand routine record keeping of weather,
production, degradation, pest and diseases, weed
invasion

Provide tools and extension to enable foresters to
access climate data and interpret the data in relation
to their permanent sample plot (PSP) records and
analyse alternative management options

Climate information and use

Improve regional level climate change modelling to
provide more reliable scenarios to assist decision
making in forestry
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9: BROAD ACRE GRAZING
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Key Messages:

The main challenges facing the grazing industryliaedy to be declines in pasture productivity,
reduced forage quality, livestock heat stress,tgrgaroblems with some pests and weeds, more
frequent droughts, more intense rainfall eventd,greater risks of soil erosion.

Increased adoption of climate forecasting to infagkisting strategies for coping with climate
variability will assist the grazing industry in dieg with the early stages of climate change (but
these strategies need to incorporate consideratidosg-term climate change trends).

The adaptation challenge needs to be clearly difigequantifying the range of impacts uncertain
climate change will have on the grazing industrgt )|mming these challenges in terms of existing
management pressures. Likely responses of pasterahd policy makers to these impacts need
to be determined and comprehensively evaluated.

The most arid and least productive rangelands nay €onfidence) be the most severely

impacted by climate change, while the more progacgastern and northern rangelands may
provide some opportunities for slight increaseprimduction. However, a rigorous analysis of the
regional variation in impacts of climate changeamgelands still needs to be conducted.

Participatory research approaches that utilise ymed knowledge will assist in assessing
vulnerability of the pastoral industry to climateange, indentifying practical adaption options,
and determining the limits of adaptations for cgpivith climate change.
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Introduction

Extensive grazing is by far the most widespreadtaljural land use in Australia. Most of the caynt
is unsuitable for intensive agricultural productiamd is used instead for low intensity productién o
beef and sheep (meat and wool).

The grazing industry has been an important cortwibto the overall economic growth of Australia.
The impact of historical climate events on beefoplhand sheep meat industries has been the sulbject o
a large number of studies ranging in scale fronfaom to continental scale (Campbell 1958; Gibbs
and Maher 1967; Anderson 1979; Anderson 1991) 3Jdwsitivity of agricultural production to
climatic fluctuations has been identified as an onmgnt contributor to volatility in Australia’s
economy (White 2000). For example, modelling stadoy ABARE determined that the drought
event of 1994 to 1995 reduced the gross valuerof faoduction by as much as 9.6% or $2.4 billion
(Hoganet al. 1995; Hogaret al. 1995).

The native and improved pastures that form theeiamgls cover over three quarters of the continent
(Figure 9.1). The diversity of Australia’s rangadarreflects their broad geographic extent across th
country. The rangelands have been classified teto categories based on grouping Interim
Biogeographical Regions of Australia with simildin@atic characteristics (Figure 9.1). These range
from the central deserts, to southern temperatepsgeazing areas, to the highly-modified productive
eastern subtropical woodlands, to the northerridabgavannas.

For the purposes of this chapter we simplify tressification of rangelands into just three catesgori
1) the arid deserts of the centre, 2) the adjasemi-arid region, which includes grasslands, anthé3)
remaining more mesic rangelands consisting of tbpidal savannas to the north and productive
subtropical woodlands to the east (Figure 9.2).e Variety of ecological characteristics within the
rangelands means that there are likely to be ragjiand local differences in the effects of climate
change.

Climate change will add to and exacerbate exisjiagtoral management challenges such as
undesirable grass species, shrub invasions, smsiogr, salinisation, soil acidification, and prabke

with animal nutrition and health. While technolcgiadvances have been developed to address some
of these issues (Quirk 2002), with climate chargwill become even more important to ensure
widespread adoption of these practices.

We review the potential impacts of climate changeAoistralia’s grazing industries and options for

adapting to these changes. We also identify a eundab key knowledge-gaps that need to be
addressed in order to prepare adaptation stratdgieshe pastoral industry and outline the

requirements for a coherent research and delivamédwork that would enable the pastoral industry
to more effectively consider climate impacts andmdtions in their decision-making.
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Figure 9.1: Grazing Land Management Zones: classification of Australian rangelands based on groupings of
IBRA regions with similar pastoral characteristics.

1. Arnhemland and Tiwi Islands

2. Tropical savannas

3. Mitchell grass downs

4. Einasleigh and Desert Uplands, north Queensland
5. Arid deserts

6. Central Australia cattle grazing

7. Pilbara

8. Southern Australia sheep and cattle grazing

9. Extensive sheep grazing

10. Highly modified rangelands

Figure 9.2: Classification of Australian rangelands based on a moisture index: Arid (rainfall < 20% of potential
evaporation [=250 mm yr'l]), Semi-arid (rainfall = 20 to 40% of potential evaporation [=250-350 mm yr'l]),
remainder (rainfall > 40% potential evaporation [=350 mm yr'l]).

iQWNSVILLE

B ~id
- Semi-arid

“ Rangelands boundary
© Copyright CSIRO, Sustainable Ecosystems, 2005 U
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Climate Change Impacts

Climate change will impact the pastoral industryottyh complex interactions involving climate,
atmospheric composition, grazing management anotenpally wide range of indirect impacts that
may affect animal production. But the most diredtuences will be through changes in forage
production and livestock performance. In the lortgem, if graziers do not adjust their land
management practices to suit the changed climatdittans, then risks of land degradation may
increase and/or new opportunities may be lost (Mctat al. 2004).

Animal performance (e.qg., live weight gain, woobgth, flock/herd reproduction and mortality, and
milk production) is strongly related to the availdyp of young, digestible plant material (Mannetje
1974; Ashet al. 1982; McLennaret al. 1988; Howdenet al. 1999c), which in turn is strongly
influenced by the frequency of weather conditionstable for plant growth. Grazing history
(frequency and intensity) and pasture managememhifig, tree regrowth control — or legislated lack
thereof, applied nutrients, herbicide use) can d&awe major impacts on the botanical species
composition and hence diet quality (McMeningtral. 1986; Orr 1986; Aslet al. 1995), as does, the
availability of soil nutrients such as nitrogen goltbsphorus (McLeapt al. 1990; O'Rourkeet al.
1992; McCosker and Winks 1994), extent and duratbrbeneficial flooding (White 2001) and
atmospheric C@®concentration (Lilleyet al. 2001b). Thus any impacts of climate change on the
composition and growth of pastures will have impottconsequences for animal production (McKeon
et al. 2004).

To ensure that pastoral enterprises remain produeind sustainable, graziers have to tackle several
management concerns. These include: (1) pastotugtivity, (2) forage quality (3), pests, diseases
and weeds, (4) botanical changes pasture compas{Bp soil erosion and (6) animal husbandry and
health (Hallet al. 1998). We therefore review current understandihdgnow atmospheric/climate
change will affect each of these six componentpasdtoral management, and follow this with a
section presenting some of the management optiveits dould be employed to cope with these
impacts.

Pasture productivity

Rising atmospheric CQlevels, increasing temperature, and changing atimégimes will alter
pasture productivity. Pasture growth is expectebeé dominated by changes in rainfall (Hztlal.
1998; Crimpet al. 2002), but changes in the temporal distributioma@ffall may reduce productivity

in regionally specific ways, even if annual avesagemain the same. This is because the
effectiveness of rainfall could be reduced by prtgd increased variation within seasons (fewergemor
intense rainfall events) and from year to year @ndroughts and floods). Changes in river flow
regimes and beneficial flooding may alter the putidun of ephemeral pastures on floodplains. Rising
temperatures could benefit pastures in cooler,hgont climates by increasing the length of the
growing season and reducing frost damage. Howdéwvereased plant growth in the cooler months
could deplete soil moisture at the expense of sjuws# pasture growth in the spring. These seasonal
changes in forage production and availability coyldse additional challenges for grazing
management. In warmer climates, increased headsstand increased evaporative demand would
likely have negative effects on pastures. Whiéng CQ will enhance plant growth (Gifford 1988;
Lilley et al. 2001a), through improved nitrogen and radiatioa eficiencies, plants differ in their
responsiveness to GOSpecies differences will be further enhancedhmgnging species interactions,
such as altered patterns of water and nitrogemvitean plant communities.
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Beneficial flooding on the vast floodplains of ar&hd semi-arid Australia makes a significant
contribution to ecosystem processes and pastoduptivity. Once water levels recede vast
quantities of ephemeral vegetation emerge, ancetgeswvth responses differ substantially between
those generated by rainfall (Edmondston 2001; W20@1). Furthermore a different suite of species
is seen in winter to those seen if rain or floodsus in summer. Each response has differing
palatability, nutrition, and persistence. Givers thatural variability it is difficult to accuratebssess
the impacts of climate change, however long-terrmnges in rainfall, temperature and evaporation
may alter flow regime on these river systems causihanges in inundation area, waterhole
persistence and connectivity, natural ecosystenas production of herbage (Cobon and Toombs
2007a). The driest and wettest extremes examineged a range of change in mean annual flow at
Windorah of -7 to 2% by 2030, the median and dgnsacios showed a reduced frequency of low daily
flows (<1000 ML/d), extended periods of no flowdueed inundation from small flood events and
reduced peak flow, compared to a base period freéi-1990.

In the past, measurements of leaf physiology héesn deen used to emphasise the differences in CO
responses between plants with the C3 (most woodyharbaceous plants, and cool season grasses)
and C4 (tropical grasses) photosynthetic pathwagising CQ increases water- and nitrogen use
efficiency in both C3 and C4 plants but, increagedight use efficiency, mainly due to reduced
photorespiration, are largely restricted to C3 fgarHowever in rangelands, moisture and nitrogen a
generally more limiting to plant growth than liglsh theoretical leaf level advantages of C3 plants
(greater light use efficiency) may be constrainedeial-world environments. Indeed, in C3 pastures
where the components of response to,G&re experimentally separated, increases in plant
production were found to be almost entirely attidifale to indirect effects of moisture savings, eath
than directly stimulated photosynthesis (Vak al. 2000; Niklauset al. 1998). There is growing
evidence that the most important influence of, ©® water-limited plant communities will be through
altered patterns of water use and, corresponding, pastures may not be substantially less
responsive to COthan C3 pastures (Morgaat al. 2004; Wullschlegeket al. 2002; Owensbyt al.
1993). For example, a statistical meta-analysishef literature between 1980 and 1997 on non-
domesticated gras®¢acaeag species (Wandt al. 1999) found that the biomass of §pecies under
doubled CQ concentration was 33% above that under ambient @@centration while that figure
was 44% for the £species. It now seems that other physiologicdl morphological attributes of
plants may be more important than photosynthetibvpay in determining differences in species
responses to CQOparticularly in natural, mixed species vegetation

There are strong interactions of pasture respdnsgs), with other variables such as temperature, soil
moisture and soil nutrient availability, especiaflifrogen (Fischeet al. 1997; Suteret al. 2002).
Consequently, when increases in £@xcur in field conditions (e.g. in Free Air Carbdioxide
Enrichment [FACE] experiments) the growth respongkile still present in both moist temperate
(Campbellet al. 1997) and arid (Smitbt al. 2000)conditions, can be even more variable (Nowak

al. 2004). This is especially so after several yeenen pasture species composition has changed
under elevated CQOconcentration owing to differential increases aghepecies of the number of
seeds produced (Edwarelsal. 2001) and other competitive effects (Sndthal. 2000).

Studies on livestock carrying capacity across émgelands indicate the non-linear response toalainf
(Wilson and Harrington 1984). Small changes intiap&limate are associated with large relative
changes in livestock carrying capacity. Pasturéetimg studies that have calculated safe livestock
carrying capacity from resource attributes and atardata (Scanlagt al. 1994; Johnstoet al. 1996;
Day et al. 1997) also indicated the sensitivity to small &aans in climate. In a detailed study of
Queensland native pastures (Hatllal. 1998), calculated climate change impacts on ‘sedefying
capacity varied considerably across the State didpgion whether moisture, temperature or nutrients
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were the limiting factors. Without the effect obubling CQ, warmer temperatures ant 0%
changes in rainfall resulted in —35 to +70% changesafe’ carrying capacity depending on location.
With the effect of doubling COncluded, the changes in ‘safe’ carrying capaayged from —12 to
+115% across scenarios and locations. When agegdga a whole-of-State carrying capacity, the
combined effects of warmer temperature, doubling &@i+10% changes in rainfall resulted in ‘safe’
carrying capacity changes of +3 to +45% dependmpaofall scenario and location. A major finding
of the sensitivity study was the potential impodamf doubling C®in mitigating or amplifying the
effects of warmer temperatures and changes inalhinf

Under similar climate change conditions in cen@aieensland on soils of average fertility without
trees, changes in native pasture growth were -14% ®%6 for reduced and enhanced rainfall
respectively (Coboret al. 2005a), however higher variability of annual growdssociated with
reduced rainfall scenarios may make livestock memamt more challenging in future (Cobon and
Toombs 2007b).

Forage quality

Three major aspects of forage quality for animatriion are energy supply (non-structural
carbohydrate), protein (N) content, and digestipiliAll of these forage attributes decline witheaaf

the herbage Stimulation of forage production by, @@mes at the expense of declines in forage
protein content in (Waneét al. 1999), and increases in forage non-structural atgrirates in ¢
species (Wanet al. 1999; Lilley et al. 2001b) but not £(Wand and Midgley 2004) and decreases
digestibility of tropical grasses, although theraynbe little change in digestibility of other spesti
(Lilley et al. 2001b). Warmer conditions tend to significantlcrease non-structural carbohydrate
concentrations (and digestibility in tropical sg=)iwhile also slightly reducing leaf N-contentheT
combined effect of increases in forage quantitydmdlining quality depends on the balance between
reduced protein intake by the animal and increasetbolisable energy intake which fosters efficient
protein utilisation by ruminants (Beever 1993). eTimpact of elevated GGand temperature on the
synchrony between protein and utilisable energyfavhge in ruminant nutrition has not been
investigated.

A pasture and animal model (GRASP) that used gisys as a proxy for forage quality and

liveweight gain showed that, when rainfall was rioiting, increased temperatures in central
Queensland triggered a response in pasture grawathiveeweight gain (LWG/hd) that was associated
with a longer growing season during winter (Cobad @doombs 2007b). However the low rainfall

scenarios were associated with higher risk of lowual LWG/hd (10% versus 20% chance of <140
kg/yr) by 2030, and higher variability of annual IGAd.

Pests, diseases and weeds

Historically the grazing industry has demonstratethe degree of vulnerability to pests, disease and
weed infestation (Mcleod 1995; Sutherst 1990; Sstle al. 1996) and the following examples serve
to illustrate the costs involved. In their reviefpotential climate change impacts Hetlal. (1998)
reported that McLeod (1995) estimated that caitlkestcost the northern tropical beef cattle industr
$41 million annually in control measures and $91liom in productivity losses. Roundworms, lice
and blowflies cost the Australian sheep industnpZ5nillion annually in control measures and
production losses (Mcleod 1995). The cost of waedhe Australian wool industry was estimated at
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10% of the value of the total woolclip (ARMCANZ 189 Chippendale and Panetta (1994) estimated
the cost of parthenium weed to the Queenslandecattiustry was $16.5 million annually. Any
climate-induced changes in pests and diseasesthlefore have significant management and
economic implications.

A major risk to the grazing industry from climatbange relates to the potential change in the
distribution of pests, feral animals, diseaseswaedds, particularly a southward range shift of izalp
pests following warming conditions. However, ire tbontext of shifting species distributions under
climate change, more care will be needed in trgadith ‘undesirable’ pasture species as a problem
requiring control. For example, in those rangetaatkas where climates become harsher, the most
‘desirable’ forage plants may start being replaogdhardier plants that are less suitable as foragfe,
better suited to the changing climate. It will im@re productive to recognise, facilitate and direct
climate-induced changes in species distributiotierahan trying to completely prevent them.

Botanical change in native pastures

In the past, the species composition of nativeypasthas fluctuated in response to climate vaiigbil
and changes in grazing pressure (Patrlal. 2003; McKeonet al. 2004). Orr (1986) found that
invasion byAristida latifolia occurred during a series of above average sumangfiali years whilst
species occurrence declined during drought ye@isilarly Bisset (1962) concluded that the invasion
of the undesirablédeteropogon contortuinto the Mitchell grasslands was associated witttey
years in the early 1950's. Thus, future changesimfall (annual average, seasonal distribution a
year-to-year variability) are likely to lead to clges in species composition. Where climates become
hotter and drier, pasture composition is likelystift to more xeric species that may be less slgitab
for grazing, and grazing management practices raag to change to match the new vegetation and
climate. However, offsetting any reduction in falhis the increasing water use efficiency under t
increasing C@concentration.

Further changes in rangeland vegetation are expeicteresponse to rising atmospheric £O
concentration (Warwiclet al. 1998; Howderet al. 1999b; Howderet al. 2001b). Rising C®will
affect pastures by changing the temporal and dgmtiterns of soil moisture availability: highewéds

of CO, delay soil moisture depletion following rainfaltents (Giffordet al. 1996) thereby increasing
the availability of moisture deeper in the soil foeo Differences in species responses to, @&
therefore likely to be strongly influenced by difaces in rooting patterns and the ability of pdaot
rapidly exploit savings in soil moisture from reddctranspiration of other plants. Deep-rooted
woody plants and legumes are likely to be advantayer grasses at higher €l@vels, both because
of higher CQ-sensitivity of growth (Ainsworth and Long 2005)dabecause of the ability to tap deep
water while still competing with grasses for moistin shallow soil layers.

In formulating adaptation responses, it will therefbe important to determine how increases in CO
and climate change will interact, and ultimatelyaicge the spatial distribution of rangeland plant
species.

Soil erosion

The modelling of regional climate change in Aus&ralvhich was used to prepare the CSIRO climate
change scenarios (CSIRO 2007), projects increasimdall intensity on rainy days (mm/day) and
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more dry days per year over most of Australia (Taibet al. 2006). Such changes in patterns of
rainfall intensity are likely to increase the rist& soil erosion. This will likely be exacerbatbg
increased year-to-year variability in rainfall, lvitnore droughts and more floods, and therefore a
greater chance of erosion events where a wet ydiaws a drought. During periods of reduced
rainfall, plant cover declines and the rangelarfdsustralia become highly susceptible to soil evosi
Erosion reduces pasture productivity through |ldsgatuable soil nutrients (nitrogen and phosphorus)
and loss of infiltration capacity. Thus during ipés of enhanced soil erosion a small loss of serfa
soils will remove a large proportion of the avaitalsoil nutrients and hence result in markedly
reduced potential productivity (McKeon and Hall 2D0 In areas where climate models simulate
increases in extreme daily rainfall, in conjunctieith reductions in annual rainfall amounts and/or
increases in interannual rainfall variation, saibston may become an increasingly challenging
management consideration.

Animal husbandry and health

Animal health, as with the other management isdisted above, is intrinsically linked to the
exploitation of animal behaviour or traits that yide some form of adaptation to existing climate
conditions. The upward trend in animal numberdustralia has been made possible by continued
breeding improvement in livestock, especially didugesistance in sheep and cattle, resistance to
pests and diseases (Lloyd and Burrows 1988). @inwhange will substantially increase the
frequency of heat stress days, particularly in e Australia (Howden and Turnpenny 1997;
Howdenet al. 1999a) reducing productivity, decreasing reprodactates and increasing concerns
about animal welfare in locations where grazingyajons are concentrated, such as feedlots. As
conditions in southern regions become harsherppists will be able to use hardier northern bseed
(and crosses), but this will come at a cost beceahess-stress-tolerant breeds tend to be less
productive, have lower fecundity and have lower thogality.

Other impacts

In addition to direct climate change impacts, iadireffects such as changes in fire patterns, gl
international markets, land use and economic ret(pnice vs. costs) are also likely to shape the
nation’s future grazing industry. For example, r&dro milder winters in the northern hemisphere
(Keeling et al. 1996; Myneniet al. 1997) may alter global demand for wool. In theecaf meat,
prices received by graziers are strongly influeniaggroduction of overseas competitors (influenced
in turn by world grain production) and hence globatiation climate change impacts will also
influence the financial performance of local gragzemterprises (White 1972; Herne 1998).

Enterprises operating at the extreme of their mhttange maybe forced to change land-use under
climate change conditions. For example, drylar@pping is an important industry for the Fitzroy
Basin, but it is located at the northern marginh&f wheat cropping region of Australia. Priorle t
1970s, the Emerald region was primarily used fazung beef cattle despite the potential for higher
gross margins in cropping. Subsequently in thé B@xears cropping developed in importance and it
is possible that the relative suitability of cropgiversus grazing is an artefact of recent climate
(Howdenet al. 2001a). If the increase in cropping was due togiterm multi-decadal climate
variability then cropping is likely to decline ihd region as conditions return to those experienced
earlier in the record. If the increase in croppivers related to climate change (a persistent upward
downward trend in climate) then cropping in theioags likely to persist. These changes in lanel us
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influence the natural resources and one possibp@diis the sediment loads in rivers and their
eventual deposition onto the water around the sonthart of the Great Barrier Reef. More cropping
land-use and less grazing is likely to be assatiatih higher sediment loads, whereas decreased
cropping and more grazing with lower sediment lpadsnpared to 1961-1990 (Cobenal. 2007).

Regional variation in impacts

The geographic diversity of rangelands (Figures @&hil 9.2) combined with regional variation in
climate change projections (Figures 1.2 and 1.3)nae¢hat responses of rangelands to climate change
are likely to differ from region to region. Antpmating this variation and engaging with pastorslist
directly will assist in preparing an appropriatega of adaptation strategies for land managers. A
comprehensive analysis of regional impacts of dineange, combining current climate projections
with ecosystem models, has yet to be conductedce@imng the caveat that regional projections of
climate change involve a high degree of uncertaamy that rigorous quantitative analyses haveoyet t
be conducted, we summarise what some of the pessglonal differences in climate change impacts
across the rangelands may be.

The direct effects of COwill benefit pastures mainly by increasing theadincy with which plants
use limiting soil moisture resources. This benefiay be greatest in ecosystems receiving
intermediate amounts of rainfall (about 500 — 108® yr', depending on latitude) (Nowak al.
2004; Stokes and Ash 2006) where water is limitlnging most periods of active plant growth. In
very arid climates, high rates of evaporation freunface soils may limit the potential for any £0
induced water savings to benefit plant growth altyh this may depend on how rainfall regimes, soil
properties, and rooting patterns influence whenwlnere plants access moisture in soil profiled)e T
stimulating effects of rising CQOon pasture production may therefore be weake#itarcentral arid
rangeland. However, it remains a research quest®mno the extent that pasture growth in arid
rangelands can respond to the increasing atmosp8€ki In the more mesic savanna and woodland
rangelands, rising COmay stimulate pasture growth in the short ternt,this effect may be partly
offset if tree biomass increases in the longer tefimee biomass in rangelands is dependent not only
on environmental conditions but also on the abitityproducers to control trees, which depends on
both economic factors and legislation. Semi-arasglands, such as the Mitchell grass downs, may
therefore receive the greatest benefit from ris<d@. However, stimulation of forage production by
CO, comes at the expense of declines in forage qualfurthermore, COwill also favour the
encroachment of woody weeds into grasslands, se eftort may be required in weed control.

Changes in rainfall and temperature are both piejeto have their greatest negative impacts in the
arid rangelands (Chapter 1). Rising temperaturesligely to be greatest towards the centre of

Western Australia, while drying trends are projddi® be greatest across the central to south wester
parts of the country (Figures 1.2, 1.3 and 9.2he $emiarid mixed sheep and cattle grazing areas in
the southwest of the rangelands are also projectbd adversely affected by declining rainfall.

The more productive northern and eastern rangelarelfikely to be the least adversely affected by
climate change (Crimpt al. 2002). The northern savannas are the only aréheotountry where
rainfall is not projected to decline with climateange, and the proximity to the coast should mddera
increases in temperature (Chapter 1). However,sommrains are projected to increase in intensity,
increasing the risks of soil erosion and potentisgiducing the effectiveness of rainfall (by inGieg
runoff and reducing available soil moisture formlagrowth). In the eastern woodlands there is
projected to be some drying and increases in yege#r variability in rainfall may increase the
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frequency of droughts (Cai 2003; Nicholls 2003; e and Suppiah 2003). Moderate amounts of
warming may benefit pasture growth by extendinggrmving season, so that there is projected to be
a slight net increase in pasture productivity (Hewet al. 1999d; Crimpet al. 2002), but small
increases in the length of the growing season asater growth efficiency due to higher ¢failed to
compensate for reduced moisture levels in centu@e@sland (Coboet al. 2005a).

The general pattern of the impacts of climate chamgoss the rangelands may therefore be that the
least productive arid rangelands are the most nedyatffected. Marginal pastoral enterprisestid a
rangelands may be at the greatest risk of beconmngviable under climate change. In contrast, the
more productive eastern and northern rangelandhanmost likely to provide opportunities for sligh
increases in productivity (Heyhet al. 2007). Rising temperatures are most likely tsedueat stress
problems in the northern rangelands, but in thelezpsouthern areas, some warming may be
beneficial in extending the growing seasons.

Adaptation Options
Current options for dealing with climate variabilit y

Australia’s rangelands are characterised by high-y@year variability in rainfall that, in turnrides
high variability in plant growth, nutrients availakto livestock and availability of land management
options (e.g., use of fire and spelling) (McKestnal. 2004). Tactical reactive adaptive responses to
short term climatic variability would automaticalhelp to adapt an agricultural system to a longer
term overlay of climatic change (McKeon and Howd&®2; Giffordet al. 1996; Cobon and Toombs
2007b). Analysis of historic relationships betwesimate variability and changes in pastoral land
condition have shown that episodes of major degi@dan Australian rangelands have often been
associated with drought, that land can be degradedrapidly, and that recovery of degraded lasds i
very difficult (McKeon et al. 2004). Climate variability therefore presents naty an economic
challenge for managing variable enterprise profitgb but also a serious challenge to utilizing
rangeland resources sustainably. The difficultythaé challenge is likely to increase with climate
change and future increases in climate variability.

In many parts of Australia, much of the year-toryeariability in rainfall is associated with the El
Nino-Southern Oscillation (ENSO) and the Interdeta@dacific Oscillation (IPO) (McKeomt al.
2004). Based on these phenomena, operational redaBmecasts have been developed using
changing patterns in sea surface temperatures €Day. 2000). These statistical relationships are
strongest (and therefore their forecasting utilitygreatest) for the eastern third of Australia anel
weakest for a north-south band running througheeastVestern Australia. Using seasonal climate
forecasts to adjust stock numbers is likely touecessful in climates where there is a high prdivabi

of extended droughts of more than 1 year (McKeod Hall 2000). As the majority of grazing
enterprises rely on a constant nucleus of bree(®mws or ewes) to maintain herd and flock
populations (O'Rourket al. 1992), there is limited flexibility to make rapatljustments in stock
numbers (McKeon and Hall 2000). Seasonal climatecasts can benefit pastoral enterprises if they
use a strategy of raising stocking rates by 20%bove average, use standard stocking rates in
average years, and reduce stocking rates by 208é¢ldnv average years (Agt al. 2007; McKeoret

al. 2000; Stafford Smitlet al. 2000; Coboret al. 2005b).

It has been suggested that methods that adjustgear@mt practices to track year to year climate
variability, will also automatically track climaihange over several decades (McKeon and Howden
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1992; Gifford et al. 1996). Tracking climate change could thereforevigle a useful form of
adaptation during the early stages of climate chamgfore climate events start to regularly fall
outside the bounds of historic variation. Toolsagsist pastoralists in tracking climate variaypilit
should therefore be enhanced and promoted asfpaatapting to climate change.

A major issue is the uncertainty with regard taufatrainfall projected under climate change. For
example, CSIRO (CSIRO 2007) (page 65) indicatet‘thgional precipitation variations can be quite
sensitive to small differences in the circulatiowd ather processes, as is evident from the largeala
variability of precipitation over Australia. Diffent models may therefore simulate somewhat
different rainfall changes. As with previous clim@hange projections, it will not be possible taken
definitive statements on the direction of precigpita change in many cases’. In addition projected
precipitation changes for 2050 and 2070 are laagel more sensitive to emission scenarios. The
range of precipitation change in 2030 range froff61to +5% in northern areas and -10% to little
change in southern areas. CSIRO (2007) (page &®drthat ‘decadal-scale natural variability in
precipitation is comparable in magnitude to thesgiegted changes and may therefore mask, or
significantly enhance, the greenhouse-forced chgingé&urthermore other human-induced climate
forcings such as stratospheric ozone depletionarAsierosols and land cover change need to be
considered in evaluating current trends and prigiestin rainfall (McKeon 2006; McAlpinet al.
2007; Burroughs 2003).

Not surprisingly graziers and their advisers faa#ti this continuing uncertainty as to the direntiaf
projected changes in rainfall are likely to rely @ither responding to immediate rainfall variagilit
(e.g., the last five years) or including year-lBayresponses incorporating seasonal climate feieca
To some extent this approach may have allowed sataptation since the 1980s as there have been a
greater number of El Nifio events compared to LaaN&vents (Power and Smith 2007). In
Queensland, the perceived drying of Queenslandrgrdands since 1950 has been consistent with
historical variation in ENSO and inter-decadal gadi of the Pacific Ocean (Crimp and Day 2003).
(However, see “Maladaptations” below, for cautiomadjusting management based on experiences of
recent climate fluctuations.)

There are other strategies for coping with climaaeiability that do not involve tracking climate

variation. These include using a conservative, tmstant, stocking rate from year to year;
diversifying sources of income; and diversifyingn@te risk geographically by owning multiple

pastoral properties in regions with different patteof climatic variability. While these strategie

would not necessarily provide the automatic beradfitracking climate change, they may still be of
adaptive value in increasing the capacity of pastmterprises to with future uncertainty.

Adaptation options for dealing with climate change

In order to adapt to climate change, pastoraligtsweed to change their management practiceski ta
full advantage of new opportunities and minimizg aegative impacts. At a national industry level,
there are likely to be winners and losers, with samngelands becoming more productive while
others become less suitable for grazing. For theigg industry as a whole, it may be possible to
offset some of the losses in regions that are hegataffected by taking advantage of opportunities
where rangeland productivity increases. ). Momigptrends in pasture production and quality, woody
vegetation, pest and weed densities and animaluptioth will raise community awareness and
understanding of the impacts of climate change faster development of adaptation strategies.
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Below we discuss adaptation options against theomajeas of land management that will be
impacted by climate change (from the discussiovepo

Managing pasture productivity and grazing pressure

To offset the negative effects of increasing terapees and regional changes in rainfall, adaptation
actions will need to focus on enhancing the benefitCQ on resource use efficiency and extended
growing seasons from earlier warming at the stérthe growing season in southern climates.
Traditional efforts to improve or increase forageductivity of native pastures in more humid
rangelands have been achieved by removing of steredds, to increase the availability of water,
nutrients and light for grass growth (Burroesal. 1988). To counteract the tendency to woodier
vegetation at present, and in the future (Burretal. 2002), it may become more desirable to use fire
and selective thinning, to maintain current treeele and pasture productivity. However, continued
removal of tree/shrubs will remain a controversidiaptive strategy due to potential impacts on
hydrology, biodiversity and greenhouse gas emissiand may continue to be restricted by
legislation.

In regions where rainfall is projected to decre@sg. southern areas of Australia) opportunities to
improve pasture productivity will be limited andig unlikely that it will be possible to maintain
current productivity. This especially likely inniperate and Mediterranean native pastures where
grazing has had the effect of decreasing woodyispetensity, causing concerns for biodiversity
conservation (Dorrougret al. 2006; Pettet and Froend 2000). Problems of daglirpasture
productivity with future drying in these regionsdikely to be compounded by the need to increase
woodiness of native temperate pastures for biogityeconservation.

Additional adaptation strategies to maintain oramde current forage production may include: (1)
sowing new pastures which are better adapted teehigmperatures, higher @€oncentration, water
constraints and changes in soil fertility; and/®y groviding additional nitrogen through use of sow
legumes (Lodgest al. 1984; Walker and Weston 1990). However, if newtya species are to be
introduced, it will also be necessary to considghsrof introduced species becoming weeds, impacts
on biodiversity, and effects on soil acidity (fotrioduced legumes).

Current management, and particularly rehabilitatmfrpastures requires careful grazing management
including conservative stocking rates, strategiellsg and responsive adjustments to stocking rates
based on seasonal climate forecasts (McKeon anddeloww992; Johnstoet al. 2000; Cobon and
Clewett 1999; Cobon 1999). These practices widobpee more important with climate change and
will be necessary to ensure desirable pasture epedtablish and are maintained as species ranges
shift under climate change. Similarly, careful zingg management will be required to facilitate the
establishment of any introduced species. Withtshdf rainfall patterns that increase the riskaf s
erroision, it will become increasingly important &nsure that ground cover is maintained in
rangelands. It will be necessary to redefine safieying capacities, pasture utilization levels and
grazing management practices.

Managing forage quality

In adapting to climate change, it will be importémiconsider changes in forage quality. In temigera
pastures, there is generally insufficient metalbblis energy in fodder for protein to be fully wéd.
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Increases in non-structural carbohydrates (the ceowf energy for the rumen) can therefore
compensate for the declines in protein that ocdtlr wcreasing C@(Lilley et al.2001b) or declining

N availability (Peyraud and Astigarraga 1998). sbwn pastures, breeding for grass varieties having
high levels of non-structural carbohydrates hasnbatgle to compensate for reduced presence of
legumes (Evangt al. 1996). Similarly, in temperate pastures it mayuseful to breed for grass
cultivars with high non-structural carbohydratedisvto compensate for reduced protein levels under
rising CQ. In the higher rainfall rangeland areas the dsatooduced legumes can greatly increase
the nitrogen input to, and productivity of both fpmes and livestock, as could fertilizing pastures
(although soil acidification and increasegdNemissions need to be considered).

The above options may be useful in the most produgastures, but are unlikely to be viable in
extensively managed rangelands. In the latter, gastoralists will likely to have to rely on inased

use of feed supplements (N, P and energy) and runuglifiers to compensate for declining forage
quality. In rangelands that are close to grairdpoing areas it may be possible to concentrate on
utilizing pasture growth earlier in the seasontoldsng earlier, and to make greater use feedtots t
finish livestock.

Managing pests, disease and weeds

Current methods for controlling pests and diseaséhé grazing industry include: applications of
pesticide and chemicals to respond to outbreatategic use of fire to control weeds; biologicalede
control; vaccinations to enhance resistance tdiegipests and disease; and selection of tickteedis
(Bos indicu} cattle in the northern Australia. Pesticidesenproved useful in the past but they are
likely to become less effective options in the fatbecause of rising costs and resistance. Instead
developing improved predictive tools and indicatei provide opportunities to reduce reliance on
pesticides. Quantitative modelling has provedipaldrly useful in managing cattle ticks in norther
Australia by identifying areas and periods of geetitisk. Other options that could be developed to
improve management of pests and diseases incledéfidng opportunities to introduce more species
of dung fauna (to eradicate buffalo fly larvae)c@uraging greater use of traps (buffalo fly aneegh
blowfly) and vaccines (cattle ticks and worms).witl also be important to improve monitoring and
border surveillance of pests and diseases whosgesaare currently limited by cold temperatures
(e.g., flies and ticks). The introduction of newogc pests such as screw worm fly would prove
catastrophic for all mainland animal species. @tenchange may give such a pest species the
opportunity to establish in far northern Australia.

Woody weeds, particularly legumes in tropical rdagds, are likely to require more attention with
climate change. Chemical and mechanical contralldvbe more economically-viable under such
conditions (Burrowset al. 1990). Where pasture productivity increases witmate change, there

may also be opportunities for more frequent usérefto control woody weeds. However, where
pasture productivity declines under future climatiesvill become more difficult to use fire as a
management tool.

Animal husbandry and managing health

One of the greatest climate change challengeshirgtazing industry will be its vulnerability to
extreme temperatures and water limitation. Howaleh Turnpenny (1997) and Howden et al. (1999a)
showed that the incidence of heat stress has sedesignificantly since 1957 across large areas of
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Australia.  This would suggest that the practice sdlecting cattle lines with effective
thermoregulatory controls or adaptive charactedstwvithin breeds, such as coat colour and
conversion efficiency, would need to continue ifreat levels of productivity are to be maintained.
This practice may need to become more common ire reoutherly regions as the frequency of heat
stress days increases. Additional adaptationegfied such as modifying the timing of mating could
also serve to match nutritional requirements of @wd calf to periods with favourable seasonal
conditions. This means that the animal producsgatem (cow/calf steer trading, finishing for
market) would have to become more flexible in orleaccommodate potential changes to climate
variability (McKeon et al. 2004), including changes in timing of supplemaotatand weaning
(Fordyceet al. 1990).

In some grazing enterprises such as feedlots,dhstriction of shading and spraying facilities may
represent an economically feasible adaptation megsee following chapter intensive livestock). In
areas that may experience greater extremes thignopill be of particular value. It may also be
necessary to plant plots of suitable shade trembirgrease the number of water points. In areais t
become more prone to flooding it will also be intpat to provide livestock with access to areas of
higher ground.

Barriers and synergies to adaptation

As confidence in climate change projections grons taends in observed weather data become more
apparent, the motivation for adaptation in the igIgamdustry will increase. Howevehe adoption of
new property management practices will require:c@fidence that climate change can be separated
from the naturally high year-to-year climate vaiiipinherent in these production systems; (2) the
motivation to change based on the perceived ris# apportunities of climate change, (3)
establishment and implementation of applicable temlnologies and demonstration of their benefits;
(4) buffering against establishment failure of nenactices during less favourable climate periofis; (
alteration of transport and market infrastructwesaipport altered production (McKeet al. 1993),

and (6) development and modification of governmemlicies and institutions to support
implementation of the required changes.

Government, at all levels, is continually develgpend modifying strategies, initiatives and pokcie
to deal with environmental issues such as land itond biodiversity, greenhouse gas emissions,
drought, salinity and water quality. While sometbése policies are compatible with promoting
adaptation to climate change, others will serve dasncentives and barriers to adoption of
recommended practices. Similarly, managementipegcin the grazing industry are constantly being
adapted to an ever changing operating environmAntpresent, management practices are changing
in response to influences such as shifting rurgdufaiion densities, reduced on-farm profitability,
changes in government legislation for drought felend enforcement of legislation on resource
management and animal cruelty (McKeeh al. 1993). Some of these changes will prepare
pastoralists for climate change, while others wilider adaptation efforts. It will be important to
identify and promote any synergies with existingiatives and address any conflicts that create
barriers to adaptation.

The Australian Federal Exceptional Circumstancesigint scheme provides welfare, and interest rate
subsidies for the duration of a drought-declareibdeand for a further year after revocation, étogr
making the scheme more sensitive to the duratipratier than, the frequency of droughts (Pitteck

al. 2001). State drought schemes, such as in Queehslee more sensitive to the frequency rather
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than duration of drought (Pittookt al. 2001). For this reason, if Australia’s climateedachange
towards drier conditions, more frequent and lordy@ught declarations will occur under the current
drought policies (Pittoclet al. 2001). This may, as has been the case in bothvtioé and sugar
industries, catalyse a shift in policy from thatsofpport to facilitation of restructuring (Pittoek al.
2001).

Similarly initiatives and strategies in place tocearage reductions of greenhouse gas emissions,
sequestration and potential trading of carbon (€&geenhouse Gas Abatement Program and
Greenhouse Challenge) may represent synergies xfuorang changes to on-farm management.
Recent studies (Burrowst al. 2002; Henryet al. 2002) in northeast Australia have indicated that
regrowth in grazed eucalypt woodlands (60M ha) aot® for a sink of approximately
0.53t C hd yr! of above and below-ground biomass. For this ma$@arbon becomes a tradeable
commodity, loss of productivity from reduced lardazing may be temporarily offset by gains in
tradeable carbon stocks if an acceptable C-acaauntiethodology can be cost effectively instituted.
There may be further opportunities for carbon setjaon in soils, particularly through recovery of
degraded rangelands where past overgrazing hasteesloil carbon.

There are many existing initiatives that promotetaimable use of rangelands by encouraging
stewardship of natural resources and developingdipacity to cope with variable climate and other
uncertainties and changes affecting business apesat It will be important to incorporate
considerations of climate change into these exjstiitiatives to further enhance the capacity @ th
grazing industry to prepare and implement adaptatimategies.

Risks of maladaptation

There are several situations in which response®diat dealing with specific aspects of climate
change could have unintended negative consequevioes viewed in the broader context of land
management and climate change adaptation. Weigdtighdome of these risks of maladaptation
below.

The proposal discussed earlier for adapting toetly stages of climate change is to enhance and
increase the adoption of strategies to adjust nemagt actions (particularly stocking rates) to

climate variability using seasonal climate foresasSome problems may exist with this approach
given current levels of forecast skill and challemghat still exist in extending seasonal climate

forecasts out beyond the 6 month period.

However there is a striking incongruity betweemd® in rainfall across Australia over the past few
decades (Figure 9.3) and future projected trendterunlimate change (Figure 1.3). This raises
concerns about potential maladaptation. Where i+ped#tr and multi-decadal cyclical patterns of
climate variability are in a phase that is opposdgelong-term climate change trends, this could
encourage land managers to rely more on practfeswill not be appropriate under longer-term
climate change. For example, there has been igettrend in north-western Australia over thet pas
fifty years (Figure 9.3) and some pastoralistshis tegion have taken advantage of increased gastur
production by moving towards more intensified ligek production systems (Asét al. 2006).
However, these trends may reverse with climate ghaver the next 30 to 70 years, with projected
drying and warming across much of central and eontiWestern Australia (Figures 1.2 and 1.3). In
such situations, changes to enterprise managerhaehthtive been made to take advantage of the
temporary favourable conditions may leave pass&tgtinore poorly prepared for longer-term drying.
Future use of tools for dealing with climate vailido should therefore take climate projectionsoint
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account so that decisions to take advantage ofdmarify favourable opportunities can be balanced
against preparing for longer-term impacts of clinglhange.

Figure 9.3: Trends in observed annual rainfall from 1950 to present (www.bom.gov.au)
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One option for offsetting declines in forage qualitnder climate change would be to introduce
legumes into native pastures. This might seemicpdatly attractive since higher GQevels are
expected to favour legumes over grasses for drjemptoduction and reproductive effort (Ainsworth
and Long 2005; Jablonse&t al. 2002). However this benefit needs to be consitieagefully together
with the risk of soil acidification that the intraction of legumes brings. There are also locations
where introduced legumes (e.g., seca stylo) haabled livestock to drastically reduce the grass
component of pastures, creating legume monocultusse generally, caution needs to be exercised
in other proposed solutions to improve pasturesmbgducing species/varieties that are hoped to be
superior under altered climate conditions. The pasory of introducing desirable species to paestu
has not always been successful, with some speaesniing weeds, reducing biodiversity or
otherwise negatively affecting ecosystem health.

There are several situations related to greenhgaseemissions in which adjustments that land
managers make to deal with climate change coulé hagative consequences. In rangelands where
woody weed invasions and vegetation thickeningease under climate change, managers might
consider increased use of fire to control the bl However, this would increase the emission of
nitrous oxide, a powerful greenhouse gas. Thernaldvalso be an increase in GHG emissions from
methane if livestock production is intensified neas that are favourably affected by climate. Efo

to curb GHG emissions through trading schemes caldd provide opportunities for carbon
sequestration in rangelands, particularly savanifieagequate C-accounting methodologies can be
devised. The short-term benefits of participatmghese schemes need to be balanced againstionger
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term effects on the pastoral productivity. Forragée, some forms of carbon sequestration, such as
managing land for increased woody vegetation, wdwdde an ongoing negative impact through a
decline in pasture production. There is also thk that increased stores of sequestered carbon in
rangelands may not be sustainable as the climategels, particularly in locations that become drier
(or from wildfire), and the later depletion of tieestores would create carbon emission liabilitas f
land owners.

In developing sound climate change adaptationeglies it will be important to consider not only the
direct, intended benefits of proposed actions, dlsd the broader, unintended consequences (both
positive and negative) of those actions.

Costs and benefits

To date there have not been any comprehensivesasabf the costs and benefits of climate change
impacts to the pastoral industry, nor of the castd benefits of adaptation measures to offset these
impacts. There have been some modelling studige baen conducted to determine the likely
impacts of climate change on pasture productiatifierent rangeland regions. In addition, (Howden
et al. 2003) assessed the economic trade-offs betweedugiion and carbon sequestration if
pastoralists were to engage in carbon trading. tiigare has been no assessment of costs of devglopin
and implementing adaptation strategies and thefitelieese could yield in reducing the impacts of
climate change or exploiting new opportunities.

In the short-term, the most cost-effective adaptastrategies may be to identify synergies with
existing natural resource policies, and promoteoastthat provide dual benefits for current land
management and future preparedness for climategehahlowever, such incremental strategies may
be insufficient where transformative changes irdlagse are required, either because grazing becomes
non-viable or where new opportunities emerge. &haere substantial adaptation measures will be
important to fully adjust to climate change, butlwe more costly implement (and likely to become
more costly and difficult the later decisions aetagted).

Knowledge Gaps and Priorities

Over the past twenty years there have been madiestof the potential impacts of climate change on
the grazing industry, but these have tended tosfacuindividual components of the problem. For
example, studies have tended to focus on individgpécts of climate change (rainfall, temperature o
C0O,), individual impacts (e.g., heat stress, pastucelyction or woody encroachment) and specific
geographic locations in the rangelands. Such etudiave been necessary to build a base
understanding of some of the individual componesftlimate change responses, and focussed
investigations will continue to be essential fdlirfg knowledge gaps. Many discrepancies in rasult
which need resolution, have been identified ingheve discussion. Much remains to be done at that
base level in the system hierarchy. But, to prggaform decisions on adaptation, it is also neaeg

to combinine these individual components of climetange and the production system. Below we
outline some of the steps that will be requiredbtdld more a comprehensive, cross-regional
understanding of the broad suite of climate chamgacts on the grazing industry.
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1) Systems description of the grazing industry

Existing knowledge needs to be synthesised to egpitee grazing industry as a production system
with a flow of materials (e.g. rainfall, irrigatiprcarbon, energy, plant growth, animal products)
including land use/location, bio-physical constraifdisease, pests, terrain) and other factorsefwat
demand, greenhouse gas emissions, and exchangedbk (in dollar terms)). In addition, the
dominant climatic impacts, including past expereiné climatic variability (e.g. drought in grazing
lands), need to be clearly identified.

2) Modelling impacts of climate change

As a starting point for adaptation, it will be nssary first to clearly define the challenge to vihic
solutions are being sought. This requires quantifithe range of plausible, but uncertain, impacts
that the grazing industry could be exposed to uwterate change. The recent IPCC report (IPCC
2007) highlights how poorly the impacts of climateange have been studied in Australia compared to
other parts of the world.

a) Systems models: Property level models neecttddyeloped to include the direct, indirect and
interactive effects of climate, atmospheric &@ncentration and land management. In additfaret

is a need to develop forecasting schemes thatpocate long term climate change trends to allow
management options to be explored at seasonal alidseasonal timescales.

b) Greenhouse gas linkages: The current linkageésden industry models and national greenhouse
gas inventories should be enhanced to allow theimggaindustry to be evaluated in terms of
greenhouse gas emissions and carbon sequestrafias. will become patrticularly important if the
grazing industry wants to evaluate participatiocanbon trading schemes.

¢) Standard climate scenarios: Efforts need tomagle to produce a commonly-utilised set of
scenarios suitable for property scale and natioewitbdelling efforts. This should include the
provision of downscaled climate changes scenanitisa same form as historical climate data.

d) Standard site parameterizations: Similarly, efiity efforts would be assisted by developingta se
of standard site descriptions (ecological paranegtions of current soils, vegetation and climate)
represent each of the different types of rangeiaride country.

e) Aggregating to national scale: The modellingatdlity needs to be developed to apply/aggregate
property-scale models to regional and continentadipction scales. These aggregated models need to
be able to estimate national impacts of climatengbafor specific aspects of the grazing industry,
including effects of soils, terrain, and uses @xigenterprise management. These models should als
be able to identify where and under what conditiexisting enterprises become marginal or fail.

3) Expand current adaptation options (Incremertahge)

Once the adaptation challenge has been clearlytifideln a set of adaptation options need to be
developed to address the range of plausible imphatsthe grazing industry could face. As a first
step, graziers and policy makers should be corstitedetermine what their immediate reactions to
these impacts would be. A comprehensive evaluatiaghe full costs and benefits of these responses
would reveal which behaviours would provide genuimelaptation benefits, which were
maladaptations, and where modified or alternatdegpéve responses would be more appropriate.

4) Explore alternative industries (Transformatihamge)

Compare alternative land uses/industries/commeaditied calculate the effect of optimising land
use/commodity choice. This procedure should shdwres alternative land uses overlap (e.g. cattle
and grain), where the viability of pastoral entesggs may be threatened, and where grazing may
become more suitable than existing land uses dliteate change. It will be important to identify
regions where changes in land use are requiredqubecthese will present some of the biggest
challenges for adaptation.
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5) Improve current monitoring of components of gin@zing industry

Improve current monitoring systems that are ablprtwide insight into changing grazing pressure,
carrying capacity, pasture production and wateilawdity. These should reveal any trends towards
deterioration of natural resources or enterprisdopmance, allowing early remedial action, thus
encouraging a more robust grazing industry withtdbeadaptive capacity to climate change: for
example, improvement in current real-time climated adegradation alert systems such as
AussieGRASS (Cartaat al. 2000).

6) Facilitating adoption

Communities will need to be supported in adaptimg dimate change, particularly where
socioeconomically disruptive transformative changesrequired. This will require that appropriate
adaptation strategies are developed and that simgpolicies and institutions are put in placex |
addition, information regarding both the potenimpacts of climate change and potential adaptation
strategies will need to be effectively disseminatedand implemented by pastoral managers and
policy makers (e.g., through GLM workshops).

Grazing will continue to play an important roleshaping Australia’s economy and land use over the
coming decades. Significant contributions to soatsle management have resulted from efforts to
better understand grazing ecology, grazing pras@eel productivity (Quirk 2002). Climate change is
adding another dimension to the existing challenfge$ng grazing enterprises. To assist with
priority-setting in addressing this challenge, duaptation options discussed in this review hawen be
summarised below (Table 9.1). Adaptation optioms #re already well assessed have been identified,
along with their feasibility and immediacy, andgrity knowledge gaps that need to be filled. By
developing and implementing adaptation measuresigfir existing initiatives aimed at improving the
sustainability of pastoral enterprises and thegacity to adapt to change, we will be able to Ibette
prepare the grazing industry for the challengeslibahead.
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Table 9:1: Summary of climate change adaptation options for the grazing industry indicating whether the option
1) has already been assessed or is a remaining knowledge gap, 2) is highly feasible, 3) would be feasible /
effective immediately, or 4) should be a high priority for research, assessment and implementation in developing
adaptation strategies.

Broad scale adaptation

Define the adaptation challenge by describing the
(uncertain) range of impacts that could affect X v v v
pastoralists under a range of plausible climate
change scenarios.

Obtain feedback on the immediate management
responses that producers would be likely to employ X 4 4 4
to deal with impacts (above point).

Obtain feedback on the immediate policy
responses that policy makers would be likely to X v v 4
employ to deal with impacts (above point).

Encourage linkages with existing government
policies and initiatives e.g. GGAP, Greenhouse X v v v
challenge, salinity, water quality

Modification of existing Federal and State Drought X v v v
Schemes to encourage adaptation

Introduction of ISO standards to grazing enterprises
that acknowledge climate change adaptive X 4 X X
management strategies

Ensure adequate buffering against establishment or X v v v
adaptation failure

Altering transport and market infrastructure to
support altered production

Improved water management at the on-farm scale

Pasture productivity and grazing pressure

Redefine safe stocking rates and pasture utilization

levels under climate change X X X
Diversification of on-farm production v v v v
Expand current area of grazing potential v X X X
Expar_wd routine recor_d kee_ping of weather, pest X v v v
and diseases, weed invasion and outputs

Intro_duce software for use by producers to interpret X v v v
grazier records

Increase sowing of new pastures v v X X
Selection of sown pastures better adapted to higher v v v X
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temperatures and water constraints

Provision of additional nitrogen through sown

v v
legumes X
Provision of phosphates to both improved and
unimproved pasture X* X X
*(but well assessed in southern regions)
Provision of urea and phosphates directly to stock
via reticulation X* v X
*(not assessed on a large scale)
Greater utilisation of strategic spelling X v v
Introduction of responsive stocking rate strategies X v v
based on seasonal climate forecasting
Development of regional safe carrying capacities v X v
i.e. constant conservative stocking rate
Development of software to assist pro-active v v v
decision making at the on-farm scale
Pests, ferals, diseases and weeds
Improve pest predictive tools and indicators v v 4
Improve gquantitative modelling of individual pests to X v v
identify most appropriate time to introduce controls
Increased use of biological controls X X X
Increased use of insect traps X v X
Incorporation of alternative chemical and X v X
mechanical methods for reducing woody weeds
Animal husbandry and health
Selection of animal lines that are resistant to higher v X v
temperatures
Modify timing of mating based on seasonal v X v
conditions
Modify timing of supplementation and weaning v X X
Construction of shading and spraying facilities v X X
Increase use of trees as shading and reducing wind v X X
erosion
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10: INTENSIVE LIVESTOCK
INDUSTRIES

Miller, C.J1, Howden, S.M, and Jones, R.RI.

1.

2.

3.

CSIRO Sustainable Ecosystems, 306 Carmody Rdjc4, Brisbane, QLD 4067
CSIRO Sustainable Ecosystems, GPO Box 284, Canl#CT 2601

CSIRO Marine and Atmospheric Research, PMB peAdale, VIC 3195

Key Messages:

Increased climatic variability, including changes rainfall, will challenge traditional dairy
production systems.

Warmer and drier conditions are projected for niatgnsive livestock producing regions, raising
the likelihood of heat stress conditions.

Enterprise level adaptation needs to be complerdebte policy level analysis and possible
reform.

Enterprise and policy level adaptation options #hobe developed and tested through
comprehensive systems analysis

Traditional high energy and water use options fioproving the environment of livestock under
higher heat stress conditions are likely to be auzptive. Low energy options should be
identified and evaluated.

Competition for feed stock may increase as optfonsiofuels and international food markets
increases.
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Introduction
Dairy

The Australian dairy industry is the third most ongant rural industry behind beef and wheat, valued
at $3.2 billion in 2006/07, and the fifth most innf@mt agricultural export, valued at $2.5 billion
(Australian Bureau of Statistics). The bulk of knjproduction occurs in Victoria (approximately
65%), although all States have viable dairy indestthat supply fresh milk to nearby cities and
towns. The industry occurs within eight adminite dairy regions, established for the purposes of
targeting research, development and extension (& it

» Subtropical Dairy; extending from Kempsey in NSWtle Atherton Tablelands in Far North
Queensland.

e Dairy Industry Development Company (DIDCO); covéne eastern fringe of New South
Wales.

* Murray Dairy; the largest dairying region in Audia straddling the Murray River from the
Alps to Swan Hill. It covers the Northern Irrigati@and North-East regions of Victoria and the
Riverina and Upper Murray regions of New South Wale

* GippsDairy; covers the Gippsland region, Victoria.

* WestVic Dairy; covers the south-west of Victoria.

* DairyTas; Tasmania.

» DairySA; South Australia.

* Western Dairy; the majority of farms occur in c@hsbuth west Western Australia.

Milk production is largely based on pasture-systaimst are affected by seasonal rainfall and
temperature patterns, although a significant priigoiis on irrigated pasture. Farms range from low
input to high input across the country, with cafyioccurring both seasonally and year-round. An
increasing number of farmers are supplementingupadeed with other feedstock, such as grain and
sorghum, and dairy feedlots are also increasirgg@msequence of the current drought. Farms in the
Murray Dairy region are highly productive, givenetiMediterranean climate, proximity to grain
growing regions, and access to a reliable supplwater for irrigation, although this reliable water
supply may change.
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Main dairy regions of Australia

Dairy SA
-DainﬂS
| DIDCO

B GIPPS Dairy
| Murray Dairy
| Sub Tropical Dairy
Western Dairy
| West VIC Dairy

Figure 10.1: Location and distribution of the eight Australian dairy regions (Source: Dairy Australia).
Pigs

Pig production occurs in approximately 2,800 farspsead across all States of Australia, with the
highest proportion of producers located aroundgtan, sorghum or maize-growing regions. For
example, 30% of Queensland’s producers are locatedhe Darling Downs, an extensive grain
producing region (Sourcexww.dpi.gld.gov.au/pigs Intensive piggeries usually house their animals
indoors for the duration of their life, in specgdd sheds. Approximately 50% of Australia’s pigs a
raised in deep litter housing systems and/or Edtesk®. These sheds tend to use passive end to end
ventilation systems, with some having cross flowiays. Free range piggeries run their animals in
paddocks that have rooting areas, wallows, andfbutshelter. Climatic and soil conditions liminet
suitability of many areas for free range farmingy, €xample, as temperatures cannot be kept below
27° C.

Poultry

The Australian poultry industry is primarily focesson chicken meat (broiler) production and egg
production. There are a small number of turkey atiger fowl producers; the issues and options
raised here are likely to be similar to chickendwuction, but are not explicitly considered here.

Chicken meat production is becoming increasingtyiaiealised, following initial development near
the major capital citiesSpource www.poultryhub.org;

* New South Wales - Outer metropolitan Sydney, Cén@aast, Newcastle, Tamworth,
Griffith, Byron Bay
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* Queensland - South East Queensland

* Victoria - Mornington Peninsula, east Melbournegldag, Bendigo
* South Australia - Outer metropolitan Adelaide, TWells

* Western Australia - Outer metropolitan Perth

e Tasmania - Outer metropolitan areas

* Northern Territory - No commercial farms

Breeding farms owned by the integrated meat conggaaie located away from traditional poultry
rearing areas to reduce disease risks. Grow omsfavhere chickens grow from day-olds until they
are ready for processing, are generally within 10@i the processing plant, and require a guaranteed
feed source, guaranteed water supply and guaratieed phase electric power. Most vertically
integrated companies own feed mills, with theirakien driven by transport costs of feed ingredients
and proximity to the farms.

The majority of commercial grow-out farms are irsige and highly mechanised, with the chickens
raised in large open sheds. These sheds tendltwdee with 3 to 10 sheds per farm, holding 40,000
to 60,000 chickens per shed. Shed temperatureidityrand air quality are carefully controlled and
regulated.

Egg production and supply to the Australian maiketargely met by 423 companies (ABS 2005),
located largely around major metropolitan or reglocentres and with easy access to feed stock.
Farms range in size, with the largest having betwi#0,000 and 500,000 hens contained in multiple
level sheds, although many will not have more tB@®00 birds. There is an increasing number of
free range or barn raised egg farms due to conspraérences or perceptions around animal welfare.
As with chicken meat farms, shed temperature, hitynghd air quality are carefully controlled and
regulated, and a guaranteed supply of water isnejource www.poultryhub.org.

Feedlots

Beef feedlots are concentrated in the major agticall regions of Australia where they have adequate
supplies of cattle, water, grain and other feedistufhe majority are in southern Queensland ang Ne
South Wales. At last estimate available to théa@ustthere were around 600 accredited feedloth, wit
some 860,000 head of cattle (Australian Lot Feedasociation Overview 2002). Regional and
annual climatic variability, and product qualitysasance, have driven the use of feedlots for grgwin
beef, in preference to pasture or rangelands.

An increasing number of dairy farmers are utilisiegdlots to supplement or replace their reliante o
pasture, particularly in south east QueenslandmeStarmers are also buying up grain producing
properties in order to help ensure a reliable faeuply.

Climate Change Impacts

Climate projections for Australia in 2030 indicatewarming of about 1°C relative to the average
temperature from 1980-1999. The degree of warnsimxpected to be less in coastal areas and higher
inland. The majority of climate models indicatecmsed rainfall over the next 20 years, with
decreased annual average and winter rainfall ithsoo areas, decreased spring rainfall in southern
and eastern areas, and autumn decreases alongsheoast. Little change is projected for rainfall
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the far north. Specific projections for the daiggions of Australia in 2030 indicate that climatic
conditions will be warmer and drier, resulting intieased evaporation and reduced runoff (Hennessy
2007). Temperatures are projected to increaseeetvd.4 to 1.5 °C, with increased maximum
temperatures in southern Australia and increasedmim temperatures in northern Australia. The
greatest declines in rainfall are projected to odtspring and winter.

The impacts of climate change for intensive livektproduction in Australia are likely to be both
direct and indirect. The direct impacts are thobi&h act explicitly on the stock or management,uni
such as heat stress reducing productivity. Intimapacts are those which act on necessary elements
of the production system, but are outside of thetrob of the farmer. These may include reduced
water supply and increased prices or regulatiom, @arbon tax on carbon emitting energy production.

A significant direct impact of climate change oteimsive livestock is likely to be heat stress (Hewd
and Turnpenny 1997). Heat stress is a functioairofemperature, relative humidity, air movement,
and solar radiation. An animal suffers heat stvesan it is unable to cool itself, or thermoregeldb
within its thermal tolerance levels, and this isnajor issue for livestock production in the warmer
parts of the world. Below a lower critical tempera an animal must increase its metabolic rate and
activity (e.g. shivering) to maintain body temperat while at the upper critical level the animalshn
expend energy (e.g. through ear flapping and pghtind water in order to cool. Animals respond to
heat stress in a number of ways including: 1) redufeed intake, 2) increased water intake, 3)
changed metabolic rate and maintenance requiremdhtéincreased evaporative water loss, 5)
increased respiration rate, 6) changed blood hoengontent, and 7) increased body temperature.

Heat stress results in significant economic andlypcton losses for dairy operations throughout the
world as, even with low humidity, when the temperatexceeds 27°C the effective temperature is
above the comfort zone for high producing dairy sd#haroni et al. 2005). One of the unintended
consequences of achieving improvements in milkdyterough selective breeding is that it is more
difficult for cows to thermoregulate, even in temgie areas (Hansen 2007). This simply results from
high productivity generating large amounts of metigbheat which needs to be shed so that the
animal can maintain body temperature at acceptablgds. Along with reduced productivity, heat
stress also reduces the reproductive successtlsf aarcia-Ispierto et al. 2007), pigs (Wettem&nn
Bazer 1985) and poultry (Cooper & Washburn 1998)has been suggested that a 1°C rise in mean
temperature will mean that passively ventilatedree-range pig production units may no longer be
viable in the eastern states.

One commonly used measure of heat stress is th@dratare-Humidity Index (THI; Johnson et al.
1963) which has been shown to be a robust prediftbeat stress in cattle, and is related to redluce
milk production in dairy cattle (Hahn and Oosbu®69), conception rates (Hahn 1981) mortality
rates (Hahn 1985), and distribution of beef cattiieties in Africa (King 1983). It is used
operationally for heat stress assessment in dattiean South Africa (Du Preez et al. 1990). Thdél T

is commonly used to indicate the degree of strassairy cattle, with a reading over 72 indicatihg t
potential for heat stress and higher readings &gsocwith progressively more negative impacts.
While humidity may decrease in some situations umtlemate change, increases in temperature are
likely to lead to increases in heat stress andftbguency of heat stress in almost all instances
(Howden & Turnpenny 1997, Howden et al. 1999).

Another significant issue is that climate changdikisly to impact on the quality, productivity and
composition of pasture and will also affect thelijpand productivity of crops and the locations in
which they can be successfully grown (Tubiello e2@07). CQ enrichment is known to increase
plant biomass, yield and water use efficiency algiothere is a decrease in protein content. ¢ als
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favours G grasses over Lgrasses, a compositional change that is genepalgjtive for dairy
production. However, in terms of pasture compasitithe positive effects of GQnrichment are
likely to be counteracted through increased tenipera and reduced rainfall. , Grasses are likely to

be favoured over {yrasses in a warming environment, with the inadasater efficiency potentially
reducing the impact of drier conditions to a snialfjree. The balance between these two alternating
processes is likely to be situation dependent ambi well understood at present (e.g. Howden.et al
1999b).

Increased temperatures and reduced rainfall widkeiase demand for livestock drinking water
(Howden and Turnpenny 1997), irrigation, or watardvaporative cooling. This is likely to occur in
a political and market environment where watercatmn from aquifers or waterways is more strictly
controlled and regulated than it has been in trst, @and where the cost of water is greater than it
currently is. Intensive livestock farming is alleely to be competing with urban water demand,
where the urban market can afford to pay moreHersame unit of water.

Climate change is also likely to result in increahsempetition for supplementary or total feed stock

between farmers, and between farmers and otherefisaitr the same product. Farmers are already
concerned about the potential for the biofuel miat&ereduce the supply of feed stock. The move

towards more biofuels is likely to be driven by theed to reduce the use of fossil fuels as a aimat

mitigation measure, although this also has therpiaieto be a maladaptation.

The energy demand for climate control in productiorits where livestock are farmed in indoor

climate controlled conditions is likely to increas&he majority of this energy is generated by coal
fired power stations, and is likely to incur a aamltax of some kind, adding to the cost of energy.
There is also likely to be competition for peak @ypwith residential users and other industries,
potentially resulting in brown-outs in some ardageinerating capacity is not increased to cope with
increased demand.

Adaptation Options
Current Options for Dealing with Climate Variabilit vy
The current options for dealing with climate vaiii@pin the intensive livestock industry are:

» Intensification of irrigation systems to maximisater use efficiency.

* Agistment of stock outside of the region where ssagy.

» Shift from perennial pastures to a mix of annual perennial pastures.
* Increase forage cropping.

* Use of feedlots.

» Supplementary feeding with grains or other feedstoc

» Ownership of feedstock producing farm.

* Maintenance or reestablishment of shelter trees.

» Changing calving patterns.

» Genetic selection for heat tolerant phenotypes.
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» Climate controlled production sheds through medsrur natural air conditioning.
» Naturally ventilated production sheds.

* Heat abatement through water misting and evaperatwling of stock.
Adaptation Options for Dealing with Climate Change

These adaptation options have not necessarily lassessed for efficacy, practicality or cost
effectiveness. Rather they are identified as ogtior further consideration, and are not listedmy
particular order of priority.

Option 1 Increasing landscape resilience through revegetation and rehydration

Agricultural development has relied heavily on ttlearance of native woody vegetation and the
draining of wetlands. While this has resultedigngicant economic returns nationally, it has reeld

the capacity of agricultural land to cope with aedover from events such as droughts and floods.
The natural capital of the land, its soils and wadtelding capacity, have been degraded and the
impacts of this for agriculture are likely to beaerrbated under the climate change projections.

While research is needed to identify the most gmeite configurations, the resilience of agricuddur
landscapes to climate change can be enhanceddbggitr revegetation and the recreation of wetland
systems. For example, Ryan (2007) has shownttigpbssible to reduce stormwater velocities and
runoff, and hence erosion, while increasing irdiibn and soil recharge by dissipating water flow
through the strategic placement of tree belts dhshipes currently covered with grass. Such
revegetation can also provide immediate sheltemfrsolar radiation for stock and equable
microclimates, while at larger scales may also caffegional climates and precipitation regimes
(Avissar and Pielke 1991; Pielke 2001, Pielke e2@D7, Pitman et al. 2004).

The drainage of wetlands of all types to increasstyre cover, and the removal of impounding debris
from streams and waterways, has resulted in a tiedum the capacity of soils to retain or store
water, particularly during dry periods. Conseqlyentigation is required; in many instances this
water is drawn from aquifers or streams whose mgehar baseflow is contingent on wetlands
retaining water in the landscape (e.g. Evans 20019ation water is also increasingly saline innya
agricultural areas. Wetlands also provide ecogsystervices in the form of mitigating or attenuating
flood flows and through trapping eroded soil arathed nutrients.

While this is largely a catchment scale issue, allsnumber of horticultural production units hawe o
are about to utilise wetland recreation to, amowngjser things, reduce reliance on depleting oneali
aquifers and maintain soil moisture during dry dbads (Pat Byrne, Best Results Pty Ltd, personal
communication 2007). There is no reason why tbislct not be assessed and/or implemented for
dairy production systems.

Option 2 Summer housing for dairy cattle

It is possible that the frequency of heat stresgitimns in many regions may affect productivity to
the degree that it is no longer profitable to rarylcows on pasture, particularly during summkr.
many cold regions of the world, cattle are housetbors during winter where the climatic conditions
can be controlled. The converse, i.e. housingydeattle indoors with a controlled climate during
summer, may become necessary in some areas teeenstained productivity. This feedlot model
for dairy is not necessarily a desirable or prattdaptation and, as with other options, wouldireq

a comprehensive benefit-cost analysis.
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Option 3 Altered farm management

Howden et al (2007) identify a number of enterptesel management options for adapting practices
to climate change. These are:

» Matching stocking rates with variable pasture pudidn
* Rotational grazing and pasture spelling

* Modification of grazing times

» Timing of reproduction

» Alteration of animal or forage types

* Altered integration within mixed livestock crop syss
» Ensuring adequate storage of water

* Use of supplementary feeds.

A number of these options are already standardtipeaon dairy farms across Australia. Dairy
farmers in the south of Australia are also applygxhniques from north Queensland for dealing with
heat stress. The most important aspect is toifglearid evaluate options that increase the capatgity
farmers and farming systems to cope with or takeaathge of increased climatic variability and
external economic dynamics, including shocks.

The use of shelter and shade where dairy cowsaameet in feedlots is essential, and techniques such
as using sprinklers, misters, or shade cloth tg ke animals cool are desirable. However humidity
may be increased by the use of evaporative coddinlgniques, which adds stress to the animals, so
there is a need to ensure adequate air velocibydjtr the area (Berman 2006). It has been suggested
that night feeding of cattle in feedlots may redtice energy expenditure associated with foraging
during the heat of day and result in sustained gidkd over time (Aharoni et al. 2005).

Option 4 Redesign of buildings for passive cooling

The energy demand for cooling in production shedshe reduced by applying new building designs
or materials (e.g. Raman et al. 2001). This cara lmapital intensive option, but the energy cost
savings achieved through retrofitting existing shethy offset the capital outlay. New sheds should
be designed and built with passive cooling andihgats the key driver, to be supplemented by active
air conditioning where necessary.

Option 5 Supplementary or complete power generation onsite

Advances in photovoltaic technology are bringingvdaheir cost and significantly increasing their

efficiency and capacity to generate electricity 8r 2006). Production sheds and other buildings
often provide suitable sites for photovoltaic celhich can supplement or completely supply the
electricity needs for livestock production. Thigpe of power source will also be providing peak

power at the time of peak demand for cooling: &twien potential competition for energy and hence
energy prices are greatest.

There are also other options, such as wind powetoegeneration using effluent and waste feed
stock, for onsite generation of electricity.
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Option 6 Clustering of compatible industries

Clustering of compatible industries with intensiiwestock production, in order to tighten or cldke
resource loop, is another option. Agriculturalusttial parks that co-locate industries involved in
waste processing, energy generation, water captumé recycling, feedstock and foodstuff
manufacture etc with livestock production have dpé&on to reduce energy demand from fossil fuels
and increase value in the value chain.

The siting of these agricultural industrial parkeld be determined after considering the potefial
increased exposure of the site to climate change.

Risks of Maladaptation

There are a number of risks of maladaptation tmatlé change in intensive livestock farming. The
greatest risk is increasing reliance on fossil heded energy and water intensive solutions. iEhis
likely to reduce the resilience of the industryeieergy or water shocks, as well as adding to the
problem of emissions and reduced water availabil®ther adaptation options are likely to impact on
the financial viability of the enterprise. For exale, genetic selection for high producing dairitlea
has reduced their capacity to thermoregulate argk ogith increased temperatures; conversely
selecting for heat tolerant phenotypes can redtmeuptivity (Hansen 2007).

It is important that adaptation options be testmwigh multi-scale systems analysis so that the
negative and positive feedbacks resulting from phgposed adaptation options can be explicitly
identified. Dairy Australia is in the process ofgaging in this form of analysis with stakeholdainsl
participants in the Australian dairy industry.

The siting of new enterprises should consider tlveeiased risk of exposure to climate change. For
example, siting new enterprises in the north oftrglig or in areas where water supplies are likely
diminish is maladaptive.

Costs and Benefits

To our knowledge there are few cost-benefit analydeadaptation options for dealing with climate
change and intensive agriculture. We consider ¢bat-benefit analysis is an integral component of
assessing the value or utility of adaptation ogjgmarticularly those recommended at an industry
level. A cost-benefit analysis was recently coneddo evaluate salinity mitigation measures fer th
Mary River (Mclnnes 2004), and the method usedb®en proposed as the benchmark method for
future cost-benefit evaluations of projects involyenvironmental change.

The most relevant cost-benefit analyses relatingtemsive livestock farming that we could find éisc

on the issue of heat stress management. We aokdgeithat heat stress management is not
necessarily the highest priority adaptation opfiondairy. Davison et al. (1996) used cost benefit
analysis to show that net savings could be madproyiding shelter for dairy cattle over much of
Australia. Jones and Hennessy (2000) conducteskasisessment of heat stress on dairy cattle in the
Hunter Valley, NSW, which farmers could use in ecomgtion with a cost-benefit analysis for their
own situation. Their provisional cost-benefit aisd, using the method of Davison et al. (1996)
demonstrated that the capital costs of $30 pertoowstall shade and sprinklers, in order to adapt
increased heat and humidity, resulted in a grassnmef $14 per cow. While this analysis didnkea
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all factors into account it did suggest that héatss management in the upper Hunter Valley wats cos
effective.

Knowledge Gaps and Priorities

268

The two most significant high level priorities dceconduct a comprehensive policy analysis and
review across agricultural, energy, taxation aratlér portfolios (Howden et al. 2007) and to
conduct systems analysis of adaptation optionssadre intensive livestock and other agricultural
sectors. Policy analysis is necessary to redueeishs of maladaptation or counter-acting policy
and regulation inherent in portfolios with diffetenbjectives. Systems analysis of adaptation
options is also necessary to avoid maladaptatiah tiey occur when cross-scale processes or
feedback loops are not considered by the farméndustry participant. Participatory systems
analysis, as initiated by Dairy Australia, providbe opportunity for industry participants and
scientists to be involved in identifying potentadaptation options and testing their efficacy and
practicality.

Guidelines should be developed for building orafting energy and water efficient livestock
production buildings, incorporating options for egyegeneration and passive or environmental air
conditioning. These options may also be built iptanning codes and building regulations for
future sustainable developments.

Communication with the industries in terms of tleed to take into account climate change in the
design of new infrastructure to allow for increasagacity to keep animals cool but also to reduce
greenhouse gas emissions in both the construatidmaintenance phases.

Understanding the risks to feed supplies due toaaed or more variable grain yields and/or
increased competition from use of feed stock fofugls or international food markets.

Assessing the vulnerability of the irrigated daimgustry to prospective reductions in irrigation
supply, and placing this within a regional assesdriramework.
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Table 10.1: Summary of climate change adaptation options for the intensive livestock industry indicating whether
the option 1) has already been assessed or is a remaining knowledge gap, 2) is highly feasible, 3) would be
feasible / effective immediately, or 4) should be a high priority for research, assessment and implementation in
developing adaptation strategies.

Policy level

Comprehensive policy analysis and review across X v v v
agriculture, energy, taxation and trade portfolios

Conduct systems analysis of policy and X v v v
management adaptation options

Building code requirement for passive cooling,

appropriate insulation of, and stormwater harvesting X 4 X 4
from, production sheds

Zoning for agricultural industrial parks X v X X
Understanding the risks to feed supplies from X v v v
variable supply or competition

Assessing the vulnerability of irrigated dairy to X v v v
reduced water supply

Farm management

Increasing landscape robustness and resilience X v v v
through revegetation and wetland creation

Summer housing for dairy cattle X v X X
Matching stocking rates with pasture production v 4 4 4
Rotational grazing v v v v
Madification of grazing times X v v v
Night feeding in feedlots X v v v
Timing of reproduction v v v v
Alteration of animal or forage types X v v v
Ensuring adequate storage of water v v v v
Use of supplementary feeds v v v v
Redesign of buildings for passive cooling X v v v
On-site power generation X v X v
Climate information and use

Improve dynamic climate modelling tailored v v v v
towards decision making in agriculture

Incorporate seasonal forecasts and climate change X v v v
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into farm enterprise plans so as to be able to
readily adapt

Warnings of heat stress days

Water resource issues

Rehydrating landscapes through wetland re-creation X v v v

Further improvements in water distribution
systems, irrigation practices such as water
application methods, irrigation scheduling and
moisture monitoring to increase efficiency of use

Develop water trading system (and associated
information base) that can help buffer increased
variability

Maximise water capture and storage on-farm —
needs R&D and policy support

270
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11: WATER RESOURCES

Jones, R.N.

1. CSIRO Marine and Atmospheric Research, Aspen8aks

Key Messages:

» Three quarters of Australia’s irrigated land ar@ea been nominated as occurring in catchments
with “high” or “very high” risk scores, highlighton the close spatial and causal links between
irrigation and water supply constraints. In thegation regions of the Murray-Darling Basin,
north-eastern New South Wales and south-easterar@laand, multiple factors interact to threaten
water resources: significant development of surtawe groundwater resources, declining rainfall
in recent decades, and projected reductions imgutinfall and runoff.

» For adaptation to succeed, a “whole of climate”rapph to operational and strategic decision-
making is needed. The most prudent course is & thee decreased levels of rainfall occurring
over the past decade as the “new normal”. Climati&ely to warm at 0.2°C or more for the next
few decades. The greenhouse signal for rainfall ouech of Australia is likely to be negative and
may accelerate in line with warming.

* On-farm and systems efficiencies can be improvealigh better use of technology, co-ordination
of delivery mechanisms, evaporation control, rdtiofy leaky systems, the provision of
probabilistic seasonal forecasts and improved sdhmed

* Integrated catchment management is the princigaluree management framework in Australia.
The relationships between water quality, surfacel aroundwater extraction, waterway
management and land-use need to be considered integrated manner, incorporating both
climate and non-climatic influences. Institutiormlrangements will need to be improved to
manage this.

e Assess options for adaptation in highly allocatgsteans. Existing measures to augment supply
or the creation of a free water market may not k®sgufficient or socially acceptable solutions if
changes to supply become substantial. Additioreisures will need to be found, and their social
acceptability needs to be considered.

» Develop conceptual frameworks and tools using nelhagement principles to include climate
change in water planning and management. Stakefsoétknowledge the importance of climate
change but at present lack methods to includettiéir mainstream business. Contingency plans
acknowledging progressive levels of stress areetkéel.g., green, yellow, amber and red system
status).
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Introduction

About 10% or so of national rainfall ends up asoftjrwith <1% (15,000 GL annually) estimated to
contribute to groundwater (Dunlop et al. 2001h).2004—05 an estimated 2.8 million GL of rainfall
fell, with a 9% runoff of 242,800 GL (ABS 2006). &2004—-05 water year was relatively dry,
following on from a further three dry years inclodi the 2002-03 drought. The amount and
proportion would be higher in a wet year. Austratias one of the highest per capita water
consumption rates in the world (1.31 ML/person/yétWRA 2001). 79,800 gigalitres (GL) of water
was extracted from the environment for use in 2084(ABS 2006), up from 72,400 in 2000-01
(ABS 2004). Most of this extracted water was usedtieam, mainly for hydroelectricity generation,
so was available for re-use further downstream.

Water consumption was 21,700 GL water in 2000—0BS/&2004) but fell to 18,800 GL in 2004—-05
(ABS 2006). More than two-thirds (15,000 GL or 6986 this water was used by the agricultural
sector in 2000-01 (ABS 2004) falling to 12,200 (§5%2004—-05 (ABS 2006). Most of this decline
was in agricultural consumption and the one-thirdso used for urban and industrial purposes
remained fairly constant. This shows the higherusgc nature of water for urban and industry
compared to agriculture. Urban and industrial sypplunlikely to decline significantly until water
restrictions have been in place for some time. Wadegime of capped allocations of general and low
security water, agriculture is much more exposdtutuations in supply.

The accounting of embodied water in goods and sesvand their trade is an important recent
development. The water consumed in the producti@engmod or service is traced from source to final
destination. Lenzen and Foran (2001) showed th#t @DAustralia’s water requirement was devoted
to domestic food production and a further 30% t@agts, finding a net annual trade deficit in
embodied water of approximately 4,000 GL. Thisrapph allows a triple bottom line assessment of
how and where water is used in the Australian eegnand provides the basis for assessing how
ongoing socio-economic change may affect water deinfgoran et al. 2005).

Most agricultural purposes require access to antemupted water supply. To achieve this, large
infrastructure investments have been made and exmphter allocation policies put in place.
Between 1857 and 2003 thousands of weirs and beks constructed (3,600 in the Murray-Darling
Basin alone), and thousands of kilometres of Idageks, 446 large dams, and over 50 inter- and-intra
basin water transfer schemes (Arthington and PR86g).

This review relies substantially on a recent re@mnate Change and Australian Water Resources:
Preliminary Risk Assessmeptepared by CSIRO for the Australian Greenhousic®©fand the
National Water Commission.

Agricultural Water Use

Agricultural water use includes water for livestakd irrigation. The largest users of water in 2004

05 were dairy farming (2,276 GL or 19%), pastutleeotthan for dairy (1,928 GL), cotton (1,822 GL

or 15%), sugar (1,269 GL or 10%) and grain crop$62 GL) (ABS 2006). The largest percentage
decreases in water consumption from 2000—-01 to-AW®4vere for rice (72%) and cotton (37%). This

is due to dry conditions experienced mostly in N8auth Wales and illustrates the opportunistic
nature of these cropping systems. Agricultural waises in 2000-01 and 2004-05 are shown in
Figure 11.1.
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Slightly more than half the water consumed by tiécalture industry in 2004-05 was self-extracted
(6,582 GL or 549%) with distributed water (5,329 GL or 44%) and eewsater (280 GL or 2%)
accounting for the remainder. Most the self-exedctvater was surface water (74%), while
groundwater accounted for 23%. The largest pergenszlf-extracted surface water was Tasmania
(92%), Victoria (84%) and Queensland (76%). Prdpogt of self-extracted groundwater were:
Northern Territory (82%), South Australia (46%), $t&rn Australia (26%), New South Wales (25%)
and Queensland (23%).

Livestock, pasture, grains & other +——————————————————— ——— — — — ——— — — — [ 19)
Rice +———0O ——————————— @
Cotton +————————————— o————- @
Grapes +—————€®
Fruit +———-0
Sugar +———————— -©
Vegetables ———€P
Dairy farming +———————————————— -o-@ 8 2882:82
T T T T
0 1000 2000 3000 4000 5000
GL

Figure 11.1: Total water use by agricultural activity, 2000-01 and 2004—-05 (ABS 2006).

Figure 11.2 shows irrigated crops and pastures pereentage of total land use in Australia, by
drainage division. The majority of intensive cramgyasture irrigation occurs in the Murray-Darling
drainage division. New South Wales had the largegation area with 910,000 hectares or 38% of
the national total. It is not clear from the NatbkVater Accounts (ABS 2004, 2006), what proportion
of water use, especially self-extracted water,uigpied to livestock, compared to the irrigation of
crops and pastures.

The area of irrigated land decreased by 8% frommiléon hectares in 2000-01 to 2.4 million
hectares in 2004—-05. Areas irrigated for livestaelgar, fruit and grapes increased and areastedga
for dairy farming, vegetables, cotton and rice dased. Cotton experienced the greatest decrease
from 437,378 hectares in 2000-01 to 269,677 hexiard004—-05. The largest decrease in percentage
terms was a 71% decrease in irrigated rice, froB)965 hectares to 51,216 hectares.

The two states with the largest proportion of hédficiency methods of irrigation are South Australi
and Western Australia, both hot, dry states withitéd surface water storage capacity. They utilise
about one-third drip irrigation compared to a nadilcaverage of just under 10%. Of the easternsstate
Queensland utilises 50% flood irrigation and Vida@and New South Wales use more than 70%.

In terms of reconciling the water accounts withoime from agricultural commodities, the gross value
of irrigated production does not determine the agjhvalue water use (ABS 2006). The value of
agricultural production from irrigation depends the amount of rainfall and evaporation and non-
climatic factors such as land, fertiliser, labomachinery and other inputs. These factors cannot be
separated using current data.

! Self-extracted water can consist of surface water (dams, rivers and lakes) or groundwater, but is
extracted by the user and not delivered through a distribution system.
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The total gross value of irrigated agricultural guotion in 2004-05 was $9,076 million compared to
$9,618 million in 2000-01. The decrease in grodsevaf irrigated production mainly occurred in
New South Wales and Australian Capital Territorynbined, from $2,371 million in 2000-01 to
$1,867 million in 2004-05. Reductions in income dotton were $1,222 million to $908 million and
rice, $350 million to $102 million.

Irrigated production contributed 23% to the totedsy value of agricultural commodities produced in
2004-05. Fruit was the largest contributor to ttedue ($1,777 million or 20%), followed by
vegetables ($1,761 million or 20%) and dairy famgni$i1,632 million or 18%).
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Figure 11.2: Irrigation areas in Australia (ABS 2006).

Establishing Baselines and Planning Horizons

The management of water resources requires a vefiaimate approach that incorporates ongoing

natural climate variability. However, to assay dna baseline or reference is needed. Climate
baselines may include climate trends and differeatles of variability. Comprehensive baselines of

the total resource may also require its operatiamal environmental history and responses to past
changes.
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Baselines:

« Provide a historical record of how climate risksséndbeen managed in the past and of which
adaptations were successful and unsuccessful.

« Provide a record of system performance that caresas the basis for projecting possible future
changes.

* Provide a link between past climate and adaptigparses that serve as the building blocks for
future adaptation.

« Provide a record of how climate risks interact witiher processes such as other biophysical
changes, socio-economic change and system perfoeman

Management decisions are influenced by a rangelainmg horizons. Some decisions can be
ongoing, but others need to be made well in advameexample, the planning cycle for new supply
infrastructure needs decisions on investment, desigvironmental impact, public consultation and
construction years in advance of when it is regui® operate. Its design and operation needs to
consider changing climatic risks that range fronorsterm flooding to long-term fluctuations in
rainfall and supply. Different agents (e.g., usegpgrators, or regulators) may be involved in denis
making, depending on the time-horizon of the atiin question. Managing climate risk is therefore
a process of identifying the relevant time horiZon a given activity, the responsible agents and
planning in sufficient time to accommodate a chaggilimate (Table 11.1).

Feedback from the water industry suggests that 20802050 are the most suitable dates for strategic
planning under climate change. For example, sti@mgnning is often looked at in 5-year increments
between reviews (e.g., Catchment Management Auayhplans). Targets such as 2015 and 2020 for
strategic planning are common. For the next fevades, the main drivers will include current climate
conditions, socio-economic trends affecting dempatterns and land-use change combined with
climate change scenarios and projected populationty.

Climate baselines

Water management has traditionally applied theunséntal climate record with the assumption that
climate is stationafy The bulk of Australia’s water supply and disttion systems were developed
during the latter half of the #0century, a period of generally favourable rainf&curity of supply
during that period was high, leading many water ag@&ns and users to believe that their systems were
largely “climate proof’. However, climate variaibyl is now recognised as having significant impacts
over decadal time scales.

Different modes of natural climate variability cdominate the frequency and magnitude of risks to
water resources (Vivés and Jones 2005). The mgsifisant are decadal modes of variability lasting
from twenty to more than fifty years that are lidk ocean-atmospheric phenomena such as the
Interdecadal Pacific Oscillation (IPO; Powaral. 1999). Changes between different modes can be
abrupt and are identified by statistical tests thetect rapid changes while ignoring gradual trends
Variables that show distinct decadal modes incladavy daily rainfall, decadal mean rainfall, El
Nifilo-Southern Oscillation (ENSO) behaviour and itapcyclones.

% Most often assumed as a serially independent random walk of climate variability surrounding a mean
value. Climate change is often then imposed as a gradual trend on top of this.
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Table 11.1: Management and planning activities in the water sector as they relate to climate over different time
horizons.

Day to day Intraseasonal | Seasonal Delivery of orders and | Water operators and
management availability of allocations, flow users at enterprise
(Tactical) water, short-term | regulation, flood level (e.g., farmers,
rainfall events, control, maintenance engineers)
short-term of water quality,
evaporation rates | irrigation, drainage
Seasonal Seasonal Inter-annual Allocations, seasonal Water authorities,
management rainfall variability, | planning, cropping and | farmers, regulatory
(Tactical) seasonal soil stock returns, drought | bodies
moisture balance | control
Mid-term Multi-seasonal | Frequency of dry | Policy (e.g., action Catchment
planning (2-15 years) & wet years, plans for dryland and managers,
(Strategic) decadal irrigation salinity), legislators,
variability economic reform, governments,
whole farm planning, individual farmers,
catchment strategies, professional and
Landcare research
organisations
Long-term Decades Decadal Infrastructure Planning bodies,
planning variability, climate | planning, sustainability | whole of government
(Strategic) change approach, visionaries

The two most identifiable modes of decadal varigbaffect 1) interannual rainfall and 2) decadal
average rainfall. In the first mode, oscillatingNifio—La Nifia dominated phases of ENSO influenced
by the IPO affect the frequency and magnitude @bdk and droughts. Changes in a cycle lasting
roughly 22 years can be observed around 1895, 19288, 1976 and 1999 (Powetral, 1999;
Kiem et al. 2003; Kiem and Franks 2004; Verdon et al 2004; &awal. 2005). In the second mode,
oscillating drought and flood-dominated periodeffmean rainfall and levels of intensity for sever
decades or more (Warner 1987, Vives and Jones 286H)stically significant changes from drought
to flood-dominated modes have been detected inréliest rainfall records in Eastern Australia in
1946-8 and 1972 and from flood to drought-dominawedes in eastern Australia in 1895 and south-
west Western Australia in 1946 and 1965-7 (Vivés Jones 2005; Let al. 2005). Therefore, the first
mode is associated with seasonal risks, whereasdbend is associated more with stresses that
accumulate over time.

When historical climate is separated into statidijcdistinct modes, then perturbed by a common set
of climate change scenarios, the likelihood of sk be very different depending on which mode is
selected as the baseline (Jones and Page 200%)isTHalevant with regard to dry periods lasting a
decade in southeastern Australia and three decadessuthwestern Australia. For example, in

southeastern the decrease in streamflow is equivedesome of the largest reductions derived from
climate model projections for 2030—-2050. Inflowsithe Thomson Dam in Gippsland decreased by

278 Climate change adaptation in Australian primary industries



almost 35% in the period 1997-2004, compared tal-498 (Marsden and Pickering 2006b). This is
as severe as thdpercentile scenario (drier than 95% of other sdespprojected for 2050 by the
Melbourne Water Study (CSIRO and Melbourne Wat&520

For the Murray Darling Basin, the mean annual adirdnd modelled runoff, averaged over 1895 to
2006 are 457 mm and 27.3 mm respectively. Overpt ten years (1997-2006), mean annual
rainfall decreased to 440 mm, about 4 percent laigm the 1895 to 2006 long-term mean. The mean
annual runoff averaged over the MDB in the pastytars (1997-2006) is 21.7 mm, about 21 percent
lower than the long-term mean. The biggest diffeesrare in the southern half of the MDB, where the
1997 to 2006 runoff is more than 30 percent lowantthe long-term mean, and up to 50 percent
lower in the southernmost parts (Chiew et al. 2008)

Clearly, the prevailing mode of climate variabilityimportant. If a brief run of dry or wet yeass i
observed, and random variability is assumed asdlise, a return to “normal conditions” would be
anticipated in the short-term. Long runs are maiféicdlt to diagnose and may be due to 1) a
statistically rare but random series of annual aalm®, 2) a possible change in a natural mode of
variability, 3) a climate change, or 4) a combioatof 2 and 3. If a natural mode of variability
changes, the new conditions would be expected tsighefor some decades but not assumed as
permanent. Changes due to human-induced climategehaould be considered likely to persist over
the very long term.

The continuing dry conditions in southern Australieat have now persisted for a decade would
suggest that alternatives two or three or a contibimaf both (where climate variability and climate

change are interacting), are most likely (e.g., 1Q@?2). The Water Corporation in Western Australia
has already responded to recent decreases in lraamid surface water supply by altering their

working baseline, previously based on data frormiice 1970s, to data recorded from 1997.

Water resource baselines

Reliable data on water budgets incorporating thadrdiggic cycle, and water management and use are
required for proper planning of water resourceswelger, until recently, Australia’s water budget has
been poorly known.

Two phases of National Land and Water Resourcest ANHWRA 2001) have created the Australian
Natural Resources Atfashat maintains all the data collated for the repimcluding the status of
Surface Water Management Areas (SWMAs) and groutetwaanagement units (GMUSs). Other data
included are catchment statistics on water sugplglity and use at the management area/unit scale,
historical streamflow data and spatial data setshydiroclimatic variables such as potential
evaporation.

Buddet al. (2004) reviewed the existing audit data agairadtetiolder requirements and priorities and
identified data gaps, consistency, appropriatersgst spatial coverage of data. They found that
although the audit was the most comprehensivetdfiatate, a range of improvements could be made.
The comprehensive list of improvements and new datals listed by Budet al. (2004) would also
improve climate change risk assessments. In patican accurate national water budget that cositain
temporal and spatial variability, surface and gowater relationships, and water quality-quantity
relationships would be of value. Thiational Plan for Water Securityow authorises the Bureau of
Meteorology to collect and publish high-quality emtinformation including a National Water

3 http://audit.ea.gov.au/ANRA/atlas_home.cfm
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Account and periodic reports on water resource aisg availability. The Bureau will also be
empowered to set and implement national standardsdter information.

Water accounts are a vital component of baselit@. ddne Australian Bureau of Statistics maintains
the National Water Account (ABS 2004, 2006b), agitgl account that consists of supply and use
tables, information on water stocks and relatedess The Water Account integrates data from
different sources, making it possible to link plogdidata on water to economic data. The Water
Account uses methods proposed in the System ajrbtied Environmental and Economic Accounting

(UN 2003). The same methods are used by Ferah (2005) to construct input-output relationships

for water in a triple bottom line physical accougtiof water applying economic, social and

environmental measures. Water accounting methadsegiewed by Lenzen (2004).

Water accounting methods are in their early stagelsrequire a range of further improvements (ABS
2004; Lenzen 2004). In particular, an accurateonati water budget delineating different sources,
longitudinal records that can link climate and watse over time and removal of systematic errors is
needed. Such improvements and further integratidraseline information would greatly improve the
existing capacity to carry out assessments undeatd change.

Climate Change Impacts
Projected Climate Change

The most recent projections of climate change fostfalia (CSIRO and BoM 2007) present a range
of potential changes for a wide range of climatdaldes. These encompass uncertainties associated
with different emissions scenarios and climate rha@msitivities, as well as differences between
models in forecasting regional climate change.

In contrast with an earlier emphasis on changemeéan climate, changing climate variability and
extremes are now widely recognised as greatestcsooir climate-induced stress affecting most
systems, including hydrological systems. This pssamay involve the existing pattern of variability
shifting to a new mean climate, creating new exéggnor involve changing patterns of variability; fo

example, the changing distribution of daily raihfa most locations toward fewer raindays with
higher extreme rainfall events. This requires a l&hof climate approach to water resource
management, where climate change projections anbioed with knowledge of ongoing processes
affecting both short and long-term climate varidypil

Temperature

The best estimate of annual warming over Austiayi&030 relative to 1990 is about 1.0°C for the
mid-range emissions, with warmings of around 0.92@.in coastal areas and 1-1.2°C inland. The
pattern varies little seasonally (Figure 11.3haligh warming is less in winter in the south. Téuege

of uncertainty due to differences between mode&bmut 0.6°C to 1.5°C for most of Australia, with
the probability of the warming exceeding 1°C by @@&ing moderate for coastal areas, and high for
inland regions (Figure 11.3).
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Figure 11.3: a) Best estimate (50th percentiles) of projected mean warming (C) by 2030 relative to 1990 for
mid-range emissions (A1B scenario); b) Probability of exceeding various annual warming thresholds, relative to
1990, based on the spread of climate model results (CSIRO and BoM 2007).

Warming later in the century is more dependent upe@nassumed emission scenario. By 2070, the
annual warming is around 1.8°C (range of 1.0°C .8 @) for the low emissions case and around

3.4°C (range of 2.2°C to 5.0°C) for the high engasicase. By 2070 for the low emissions case, it is
very likely that warming will exceed 1°C throughoMstralia, with a 20—-60% chance of exceeding

2°C over most inland areas, and about a 10% chaiherceeding 2°C in most coastal areas (Figure
11.3). The high emissions case produces about acB@¥ce of exceeding 3°C in southern and eastern
coastal areas and a much greater chance inlant thibi chance of exceeding 4°C is around 10% in

most coastal areas and 20-50% inland.

Substantial increases in the frequency of days 8%e€ are likely in most warmer regions. Fewer
frosts are also likely.

Rainfall

Climate model results for rainfall change projeothbdecreases and increases for many locations.
Where at least two-thirds of the spread of modslite is negative, decreasing rainfall is considere
‘likely’. Decreases in rainfall are likely in sowin areas in the annual average and in winter, in
southern and eastern areas in spring, and alonweéke coast in autumn (Figure 11.4). Where not
deemed likely, model ranges tend towards decreaggost cases. In no region or season do models
suggest a likely increase in rainfall.
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Figure 11.4: a) Best estimate (50th percentiles) of projected rainfall change (%) for 2030 relative t01990 under a
mid-range emissions (A1B) scenario. Stippling indicates where a decrease is ‘likely’ (more than two thirds of the
model range less than zero). No areas show ‘likely’ increase; b) Probability (%) of annual rainfall change, relative
to 1990, exceeding various thresholds based on the spread of climate model results. The mid, low and high
emissions are A1B, B1 and A1FI (CSIRO and BoM 2007).

For 2030, best estimates of annual rainfall chandieate little change in the far north and decesas

of 2% to 5% elsewhere (Figure 11.4). Decreasesrobtiral 5% prevail in winter and spring,
particularly in the south-west where they reacl4/.;n summer and autumn, decreases are smaller.
There are slight increases in New South Walesrimser.

The range of rainfall change in 2030, allowing thbiferences between models, is large. Annually
averaged, it is around -10% to +7.5% in northeeagarand -10% to little change in southern areas.
Winter and spring changes range from -10% to lgdtange in southern areas of the south-east of the
continent, -15% to little change in the south-wesigl -15% to +5% in eastern areas. In summer and
autumn, the range is typically -15% to +10%. Thisra 20% to 30% chance of a simulated annual
rainfall decrease of at least 10% in western amdrakareas, whereas the probability of a simulated
increase of at least 10% is very low (Figure 11[@@cadal-scale natural variability in rainfall is
comparable in magnitude to these projected chaaggsnay therefore mask, or significantly enhance,
the greenhouse-induced changes.

In 2070, the low emissions case produces a rangemofial rainfall change of -20% to +10% in
central, eastern and northern areas, with a béistags of little change in the far north grading to
around -7.5% elsewhere. The range of change irheoutareas is from -20% to little change, with a
best estimate of around -7.5%. Seasonal changéswfdhe pattern seen for 2030, but are
correspondingly larger. There is a 40% to 50% chaofca simulated annual rainfall decrease of at
least 10% in western and central areas, and teesielD% to 20% chance of rainfall decreases of at
least 20% in these areas (Figure 11.4). Therel3%to 20% chance of rainfall increases of attleas
10% in parts of the north.
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In 2070, the high emissions produces a range aiamainfall change in central, eastern and nonther
areas of -30% to +20%, with a best estimate ¢ lthange in the far north grading to around -10% i

the south-west. The range of change in southemsadsefrom -30% to +5%, with a best estimate of
around -10%. Seasonal changes may be larger, wifegeed winter and spring decreases in the
south-west of up to 40%. There is a 40% to 50%mchaf rainfall decreases of at least 20% in the
southwest (Figure 11.4) and a 10% to 20% chancaimfall increases of at least 20% in the north.

Models also show an increase in daily rainfall msity (rain per rainy day) and in the number of dry
days. Extreme daily rainfall tends to increase amgnareas but not in the south in winter and spring
when there is a strong decrease in mean rainfall.

Recent analyses of projected climate changes shoae sconsistency with observed changes in
regional rainfall in recent decades. For examgézreases in winter and spring rainfall in southern
Australia, and increases over Tasmania, are censistith a strengthening of the westerly frontal
system and its movement southward. Recent incréasesnmer rainfall over north-west and central
Australia also resemble projected patterns of cedngm some climate models, although a recent
survey on rainfall trends by Smith (2004) was ueadiol attribute any definite cause. Recent work
suggests the “Asian haze” has generated increasinfall and cloudiness since 1950, especially over
north-west and central Australia. The effect ocduesause the haze cools the Asian continent and
nearby oceans, altering the delicate balance op¢eature and winds between Asia and Australia
(Rotstaynret al. 2007).

Interannual rainfall variability over much of Aualia, monsoon behaviour and cyclone frequency and
distribution are all affected by the El Nifio South®scillation (ENSO). The link between rainfall,
streamflow and ENSO is statistically significanh{€w et al. 1998). Higher-resolution climate models
indicate that under most climate change scenani@s-annual climate variability is likely to remain
high. It is not yet clear, however, whether or EbtSO and ENSO-like conditions will strengthen or
weaken. If the nature of ENSO changes, then tadigtive modelling systems used to forecast likely
supply may need to be recalibrated and new deeisimking guidelines developed.

The northern Australian wet season (November—Agila part of the summer monsoon. Northern
Australian monsoon patterns are influenced by evénthe Indonesian archipelago and the South
China Sea. How these phenomena may change undeatelichange remains unclear. Although
coupled ocean-atmosphere models reproduce manlgeoplienomena associated with inter-annual
variability, long-term changes have low predictipil

Potential evaporation

Changes in temperature and rainfall affect evaporatates from land (including evapotranspiration
from vegetation) and water. Despite rising gloteshperatures, observations indicate declining pan
evaporation in areas of the northern hemisphere tve past 50 years (Peterseh al. 1995;
Chattopadhyay and Hulme 1997; Thomas 2000). Thesi@menon was largely attributed to decreases
in solar irradiance and/or changes in the diureahperature range and vapour pressure deficit
(Roderick and Farquhar 2002). Roderick and Farq®@04) analysed pan evaporation data from
Australia, concluding pan evaporation has also tguiee a marked decrease since 1970. However,
more recent assessments following removal of datamogeneities suggest negligible positive and
negative trends over Australia (Jovanowéttal.in press; Kirono and Jones 2007).
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Figure 11.5: Best estimate (50th percentiles) of projected potential evaporation change (%) for 2030 relative
t01990 under a mid-range emissions (A1B) scenario (CSIRO and BoM 2007).

Simulated annual potential evapotranspiration im®es over Australia (Figure 11.5). Largest increase
are in the north and east, where the change by 208fks from little change to a 6% increase, with
the best estimate being a 2% increase. By 2070Bthscenario gives increases of 0 to 6% (best
estimate around 3%) in the south and west and 288tadbest estimate around 6%) in the north and
east, while the ALFI scenario gives increases oft@%0% (best estimate of around 6%) in the south
and west and 6% to 16% (best estimate around 1®%ginorth and east.

Extreme rainfall and flooding

Extreme rainfall events have increased throughoostnof Australia since the early 20th century

(Suppiah and Hennessy 1998). This is consisteift avihore vigorous hydrological cycle expected in

response to global warming (IPCC 2007). Howeversée trends have varied significantly. Increases
in extreme rainfall of 20 to 30% have occurred iewNSouth Wales in autumn and summer, in the
Northern Territory in autumn, and in Western Ausran summer. South-west Western Australia has
experienced a 15% decrease in heavy rainfall inerifManinset al. 2001).

Further increases in the future are projectedpatth models suggest considerable variation across
regions and in the magnitude of the changes (Adblad. 2005). In northern regions, extreme rainfall
events increase in intensity over mountainous itefoat tend to decrease or be weaker elsewhere.
Increases in extreme rainfall intensity of morentt¥% by 2070 occur in regions that currently
experience the most extreme rainfall events. Deee@n extreme rainfall intensity are projected in
the lee of mountainous regions. In south-easterstrAlia the influence of topography is not as
coherent. Small increases occur over the plair®oth-western New South Wales with slightly larger
increases occurring on the western and northenkdlaf the Great Dividing Range. The largest
increases in projected extreme rainfall intensitgur along the coastline of southern Victoria and
west of Melbourne.

Although a relationship between extreme rainfalll looding is well established, predicting flood
dynamics in response to specific rainfall eventsai@s difficult. Floods range from flash floodsin
small storm cells through to multi-day events aided with tropical and mid-latitude depressions
and cyclones. Flood risks are expected to incraader climate change but these increases will not
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occur everywhere. Although flood risks could ini§n regions of mean rainfall decrease, increased
risks are most likely where mean rainfall remainsstant or increases. A significant amount of
irrigation occurs on flood plains, but it is unalé®w flood risk may change.

Extreme rainfall is often a product of cycloniciaity. Tropical cyclones are responsible for annual
damages averaging $267 million, about 25% of altAalian weather-related damages (BTE 2001).
Damage stems from extreme winds and flooding astatiwith heavy rainfall and storm tides.
Agricultural infrastructure and crops can both beausly affected. The central pressure of tropical
cyclones over Australia has decreased over thehadftentury, indicating stronger winds (Pittock
2003), although cyclone numbers have declined.b&lyp cyclones are expected to strengthen under
climate change, both with respect to average wiagds and associated rainfall (Henderson-Sedters
al. 1998; Walstet al. 2004).

Droughts

In Australia, the droughts of 1982-1983, 19911868 2002—2003 cost $3 billion, $5 billion and
$10 billion, respectively (Adams et al., 2002; Bo0Q06). The Commonwealth Department of
Agriculture, Fisheries and Forestry is responsible assessing eligibility for ‘drought assistance’,
based primarily on criteria for ‘exceptional circstances’ (AFFA, 2005) and independent advice
from the National Rural Advisory Council. Droughdsestance includes income support and interest
rate subsidies. Exceptional circumstances are i@eLlar “events triggering ... an impact so severe
and prolonged that they are likely to occur onlg@every 20-25 years”. In the case of drought, the
definition of the 1-in-20 year ‘event’ is not presed in terms of rainfall, agricultural yield oarm
income — this is assessed by the Department otAlgure, Fisheries and Forestry.

Droughts can be grouped into four types (AMS 1997):

4, Meteorological drought: A period of months to yeatsen atmospheric conditions result in low
rainfall. This can be exacerbated by high tempeeatiand evaporation, low humidity and
desiccating winds.

5.  Agricultural drought: Short-term dryness in thefaoe soil layers (root-zone) at a critical time
in the growing season. The start and end may lagaha meteorological drought, depending
on the preceding soil moisture status.

6. Hydrological drought: Prolonged moisture deficitgatt affect surface or subsurface water
supply, thereby reducing streamflow, groundwatamand lake levels. This may persist long
after a meteorological drought has ended.

7. Socio-economic drought: The effect of elementshef above droughts on supply and demand
of economic goods.

A drought index based on rainfall deficiency alomeuld not account for the effect of projected
increases in potential evaporation, so an inisgeasment of changes in agricultural drought hes be
made. There have been no Australia-wide studigeeofmpact of climate change on hydrological or
socio-economic drought.

Agricultural drought is defined as a period of ertiely low soil moisture. To compare meteorological
and agricultural droughts, the same definitionsliagpby the BoM to meteorological drought were
applied to modelled soil moisture. Three-month guigiwere analysed to see whether they lie below
the first decile (lowest 10% on record). Once ad@ith period was classified as a drought, it renthine
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in the drought category until the deficiency wamoged. Drought was considered removed if the soll
moisture for the past three months was above tengle decile (highest 30% on record). Results from
two climate models project up to 20% more drougivsr most of Australia by 2030 and up to 40%
more droughts by 2070 in eastern Australia, with tap80% more in south-western Australia

(Mpelasokeet al.in press).

Further work on the three latter forms of droughhéeded to provide further information on thegisk
facing agriculture, particularly as much of the iy is currently facing hydrological drought that
unprecedented in the modern era. Continuing evehtthis magnitude or larger would cause
significant hardship.

Surface water supply

Runoff is a direct measure of climate change’s ichman water resources, integrating the combined
impacts of changes in rainfall, temperature, arapetranspiration, but is most sensitive to changing
rainfall. Impact assessments and sensitivity stdiidicate a general relationship between rainfall
and runoff in Australian catchments: a 1% changaeéan annual rainfall will result in a 2-3% change
in mean annual runoff (Chiew and McMahon 2002; Ghi006; Jone®t al. 2006). The runoff
sensitivity to rainfall is greater in drier regioarsatchments with low runoff coefficients. Modieg
studies also indicate that each 1% increase innpateevaporation will lead to about a 0.5-1%
reduction in mean annual runoff (Chietval. 2005; Jonest al. 2006).

Since coupled atmosphere ocean climate models gameise in use in the late 1990s, their results
used in impact assessments have projected decreasegamflow over most of the country. For
example, based on output from the UK HadCM2 andG#48 models, Arnell and Liu (2001) found
marked decreases in runoff over most of mainlanstrilia with some increases over Tasmania. For
the Murray-Darling Basin (MDB), decreases in mdawfranged from about 12 to 35% by the 2050s,
and decreasing magnitude of 10-year maximum andnmmam monthly runoff. Recent studies are
summarised in Hennessy al. (2007).

Recently the CSIRO 2007 Murray-Darling Basin Susthle Yields Project estimated the median
estimate change in mean annual runoff in the MDRQBO relative to 1990 be 5% to 10% lower in
the northeast and southern half, and about 15%rlowihe southernmost parts. Averaged across the
entire MDB, the median estimate is a 9% decreasmaan annual runoff. There is considerable
uncertainty in the estimates, and averaged oveeitiee MDB, the extreme estimates range from a
33% decrease to a 16% increase in mean annuaf (@ioéw et al. 2008).

Natural climate variability is also critical for dace water supply. A probabilistic risk analysis
changes to streamflow in the Macquarie Basin usingnge of climate scenarios applied to three
modes of baseline decadal rainfall regimes showet & combination of drought-dominated
conditions and climate change produced the worsiboes (Jones and Page 2001).

A simple but robust model that estimates changesitiace runoff in response to climate change has
been developed (Jones and Durack 2005), enablbrgad range of climate futures to be simulated
across a range of spatial scales. The model usefalraand potential evaporation relationships
developed from simulations with hydrological modat&l can be used where more detailed studies are
unavailable. Such estimates are valuable for sgdjkaly estimates of plausible runoff changeshat t
catchment scale, and comparing the relative vubilgsaof different catchments to climate change.
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Figure 11.6: Estimated percentage changes in Australian runoff in 2030 produced using a simple hydrological
model. Upper) Median estimates based upon a series of 66 simulations using 11 different climate models, three
different emissions scenarios, and low and high climate sensitivities. 5th and 95th percentiles calculated from the
mean and standard deviations assuming normally distributed data. Lower) Range between minimum and
maximum result for all 66 simulations indicating levels of confidence. Smaller ranges indicate higher confidence in
the projections. Catchment boundaries correspond to the 325 SWMAs.
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A version of this model was applied by Jones effaithcoming) nationally for a rapid assessment of
catchment runoff may be altered with climate changder a wide range of plausible scenarios for
2030. These scenarios accounted for a range mii models, different emissions futures, and
different climate sensitivities. Averaged estinsabé regional runoff are presented in Figure 11.6a.

Except for some of the arid interior (where thexdittle effective annual runoff) and the far nanth
extent of Queensland and the Northern Territorysthalian runoff is projected to decline. Declines
are greatest along the west coast, western Vidtastern South Australia, and north-east New South
Wales to south-eastern Queensland.

The uncertainty of these 2030 estimates is, howearsiderable. The 90% confidence limits (the
range lying between thé"&nd 95' percentiles) produce regional runoff uncertaintésip to +45%
(e.g., central coastal Western Australia). Whewesting the results across Australia’s 325 surface
water management areas (SWMAs), 84% were biasedrdswrunoff reductions, with average
changes ranging from 25% to 99% for individual SWSAAT herefore, most of Australia is exposed to
the risk of runoff reductions, and for some catchtsgreductions are virtually certain accordinghte
range of models used.

Groundwater supply

Groundwater represented approximately 23% of thienmased in agriculture in 2004-05, a slightly
larger proportion than 2000-01 due the drier cimdit in the later period reducing surface water
supplies (ABS 2006). Groundwater use has increa8éd nationally since 1983—4 and by over 200%
in New South Wales, Victoria and Western Australihis volume represents about 10% of the total
groundwater that could be extracted sustainablpwéver, about 30% of groundwater management
units are either over- or near fully allocated (NR¥W 2001). Groundwater use is most important in
areas with limited surface water supply or surfa@ger supplies need to be supplemented during
periods of shortage. Areas where surface wateasliegphave become fully allocated often undergo a
shift towards greater groundwater use. Recerily jriterchanges of water between surface water and
groundwater and the need to account for this haea better recognised as part of the National Water
Initiative.

The volume and sustainability of groundwater reddatethe balance between the input of water to a
groundwater system (recharge) and the output oeémaischarge) and their relation to the total
storage volume. The renewability of a groundwagsource depends on the timing and rate of
recharge and consequently the age and volume arw@hallow, unconfined aquifers are usually
replenished on an annual basis, but others arangeth by extreme events, sometimes very rare ones.
A number of aquifers in inland Australia contairci@mt water dating back to wetter periods in the
geological past and cannot be considered to bevadsie under currently applied planning horizons.

Climate change can affect groundwater balance noraber of ways, with the response often being
spatially variable across the same aquifer:

Climate change can affect groundwater recharge by:

» Changing mean annual rainfall. Both diffuse anchlised recharge are highly correlated with
mean annual rainfall;
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« Changing seasonality of rainfall. Summer dominaainfall occurs at a time of higher
evapotranspiration and hence leads to relatively techarge;

» Changing periodicity of rainfall. For areas wheveriodicity dominates, any change in the
frequency of wetter years or of larger rainfall mgewill affect the total recharge;

« Changing land use over large areas. The diffusearge is strongly related to land use; and

» Changing management of surface water. Localisedarge can be affected by any changes in
surface water management.

Climate change can affect the groundwater dischiayge

* Causing shifts in water use between surface watkgeoundwater;

« Changing water levels leading to changed evapqiiaimon;

« Changing water use patterns by vegetation in arkesisallow water tables; and
* Changing surface water management.

« Changes in the balance between groundwater rechaydischarge may impact on the following
management issues:

* Groundwater allocation for irrigation and othersise

e Soil salinity;

e Protection of groundwater-dependent ecosystems;

» Stream depletion caused by groundwater extraciod;
« Deteriorating groundwater quality.

Many of these changes will affect the sustainaliddy For several southern mainland systems, a
decrease in winter rainfall is more likely, whiclowmd be expected to decrease groundwater recharge
and hence, sustainable yield. By 2070, projectectehse in winter rainfall on the south-eastern
mainland could exceed 20% and in the south-west. 40%& most optimistic case is either zero or a
small increase in rainfall. For inland Queensland New South Wales, the intake beds for the Great
Artesian Basin, rainfall projections tend towardsslight decrease but increases are possible.
Increased evaporation, especially over winter gnthg in New South Wales and South Australia,
may also affect recharge.

Despite a theoretical understanding of the fundaatemelationships between surface and
groundwater, the level of knowledge regarding tlaus, sustainable yields, and localised processes
needed to quantify recharge and discharge for idd#al aquifers in Australia remains poor (Neal

al. 2001; Crosbie 2007). Improved accounting of gowmier resources is needed to produce a
traceable account of groundwater production andamseto provide a reliable baseline for assessing
climate change impacts. It is also required for ageninteractions between surface and groundwater
where both become a common tradeable resource @uwld2004). To aid in this process, significant
resources have been allocated byThe National Plan for Water Security more accurate metering
and monitoring of both surface and ground water use

Catchment water supply

In the recent CSIRO reporifThe Risk of Climate Change to Australia’s Water dReses: a
Preliminary Assessmefilones et al. forthcoming) the risk posed to wygield from climate change
was assessed at the catchment level by calculatisgnple qualitative metric, referred to as a
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catchment risk score It is summarise here. This risk score was caostd using five indicators:
status of surface and groundwater resources tipaegent baseline conditions, recent rainfall and
population trends that represent how supply andadenis changing, and projected changes to runoff
in 2030. Models of changes to runoff use the simpldrological sensitivity approach presented
earlier.

Data sources for the five indicators are the Fiational Land and Water Resources Audit (NLWRA,
2001) for surface and groundwater status, the Aligir Bureau of Statistics for recent population
data, the Bureau of Meteorology for recent rainfedhds and projections of future runoff in 2030

presented in Figure 11.6.

[ .
Gadexd

S

LF & &

Figure 11.7: Catchment risk scores for Australia's SWMAs based upon various indicators. Catchments at low
risk of significant reductions in future runoff and with significant remaining development potential are at a lower
vulnerability than those catchments projected to experience significant reductions in runoff and are already fully or

over-developed.

Mapping of catchment risk scores illustrates thasdriiution of water resources risk across Australia
(Figure 11.7). “High” to “very high” risks are coaentrated in the eastern third of the contineninfro
northern Victoria through to southern Queenslatross this region, multiple drivers interact to
create risk: full to overdevelopment of surface gnoundwater resources; declining trends in rainfal
over recent decades; population growth; and pmejeceductions in runoff in 2030. Risk to the
catchments of the MDB and south-east Queenslangatiularly high. The catchments of south-
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west Western Australia are also assigned a hidh richere, surface water resources were assigned
moderate development status, shallow coastal gwated resources high development status, and
historical rainfall trends and future projections ranoff indicated substantial declines. However,
significant potential remains for future developinehdeep aquifers.

Some less populated areas have relatively highsdskes. For example, depletion of aquifers sich a
the Great Artesian Basin, combined with decliniagfall and projected reductions in future runoff,
will likely affect aquatic ecosystems as well asaimegional communities. Most of the areas
indicating the lowest risk to supply are regionseveh runoff increases correspond with limited
resource development, such as the arid interitmeofar northern regions of the NT and Queensland.

However, this simple risk metric (as well as thehods for deriving the constituent indicators) ddou

be interpreted cautiously due to limitations of thput data and absence of other change critdria.
particular, the risk scores are influenced by thie-assessment conducted by each of the states and
territories of sustainable yields of surface andugdwater resources and levels of development,
which was provided to the NLWRA (2001). Such assesds are of questionable quality, particularly
for groundwater resources. Improvements in thessssent of sustainable yield are needed to provide
more reliable estimates of development status.

Uncertainty in future runoff changes is substaritiasbome regions. Although a best estimate from a
range of climate models was utilised, the runofmponent should also be treated cautiously.
Estimates of projected changes in land use and ¢awdr would help in estimating non-climatic
stresses on supply. Although census data are ebytiollected, assumptions of potential long-term
changes in demand would be improved by the addafgorojected population trends to 2030, along
with estimated changes in per capita water demand.

Although this risk metric has low precision, it higyhts the influence of existing conditions, indinig

the decision-making environment, on future riskspéarticular, constraints on water resources ity ful
to over-allocated catchments and groundwater systanit resilience and the capacity to adapt to
climate change. Such areas have limited flexjbdit the supply side of the water balance equation
address growing demand, long-term reductions infaliiand runoff, or periodic shocks such as
droughts. For some regions with the capacity diothier resource development, the impacts of climate
change on rainfall and runoff, combined with otlohanges, may be large enough to erode that
capacity. In part, this depends on whether clinmthanging faster than adaptation to climate-eelat
risks is being planned and implemented.

Agriculture
Dryland agriculture

Aside from the impact of changing rainfall and othariables on various aspects on dryland farming,
which are discussed in individual chapters, thetmalsvant direct impacts on water resources are fo
stock and domestic water. Stock water suppliesbemmome limited in periods of prolonged drought
and water may need to be purchased off-farm andpiated to wherever it is needed.

Irrigated agriculture

Almost two-thirds of Australian water consumptian2004—05 (65%) was used for agriculture, with
the great majority being used for irrigation. Thegation industry is undergoing a period of great
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change. Climate and the water reform process apentain drivers of that change. Dry conditions
across most irrigation regions, combined with caps supply have combined to create severe
shortages decades such changes were anticipaaedemut of climate change.

Few hydrological studies have examined the impécgeductions on irrigation itself. Wangt al.
(1999) investigated the Campaspe River water supplfictoria using a scenario of rainfall decrease
in the first half of the year and rainfall increasehe second half for a net annual decreasgalion
allocations were based on a ‘water right’ with opat further 120% of sales water in years when
supply was available. The modelled reliability bétbasic water right was reduced by 1% in 2030
(0.8°C global warming), 4% in 2070 (1.8°C globalrméng), and 16% for 4.1°C global warming, the
latter temperature plausible late this century. Eesv, under rules applied in the model, irrigation
security was maintained at the expense of dowmsteavironmental flows.

Using scenarios derived from the same climate madstudy of the Macquarie River basin in New
South Wales estimated inflow reductions into ther&udong Dam of 10-30% by 2030 with reduced
irrigation allocations and environmental flows (al and Associates 1998). An updated assessment
using scenarios from a range of models suggestawst likely’ reduction in inflows of 0-15% by
2030 although the total range was 0 to -30% (JandsPage 2001; Box 3.1).

Catchment risk scores for Australia’s irrigateddsuidentified 76% of irrigated land area as ocaoigrri

in catchments with “high” or “very high” risk scaréFigure 11.8), highlighting the close spatial and
causal links between irrigation and water supplyst@ints. In the irrigation regions comprising finuc
of the Murray-Darling Basin, north-eastern New ®dltales and south-eastern Queensland, multiple
factors interact to threaten water resources: fiogmt development of surface and groundwater
resources, declining rainfall in recent decaded, @ojections of significant reductions in rainfatld
runoff in the future.

50

45
40 -

35

30 4

25 4

20 4

15 A

10 A

1l m_

0 |

Very High High Moderate Very Low No Data
Catchment Rlsk Score

Percentage of Irrigated Land

Figure 11.8: Percentage of irrigated land falling within catchments with different risk scores (as defined in section
3.4). Land use data are based upon the 1996-97 1km land use map of Australia produced by the Bureau of Rural
Sciences for the National Land and Water Resources Audit.
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Although CQ can potentially increase plant water use effigjeaoed growth rates, the extent of this
benefit in irrigation systems is poorly known. Kak and Associates (2002) showed that despite
projected reductions for irrigation allocations tiree northern rivers of the MDB by 2030, overall
increases in cotton production due to higher, @@re than compensated for losses in irrigation

supply.

To date, no integrated assessments have used aadglimg to assess the combination of irrigation
application and Cofertilisation effects, water trading and on-farmdasystem adaptations to assess
how the risk of limited supplies may be ameliorateduture. However, the scientific knowledge

required to carry this out does exist.

Where strong interconnections exist between urbgncultural, and environmental uses, entitlements
and allocations for irrigation are likely to dedinas available resources become increasingly
constrained, and available entitlements are puezhby other parties. Ultimately these processes ar
likely to drive careful evaluation of the implicatis of climate change in determining suitable
agricultural areas, raising questions as to wheihdividual farmers or entire agricultural sectors
could gain relief from climate change and othespuees by shifting locations or crop selection.

Water risk may ultimately accelerate structuralngein Australian agriculture, favouring large-scal
technologically sophisticated, industrial farmingpable of effectively maximising water efficiency
and competing in water markets over individual owoperators (Tonts and Black 2002). Such
concerns are already present within regional conii@sn Furthermore, growing pressure on irrigators
is likely to drive resistance to water reforms amdding (particularly inter-basin transfers and
diversions to urban areas; Tisdell and Ward 20@8)J pressure farmers to seek greater water
independence through farm dams and bores thatotifnmanaged properly, may compromise the
development of robust water allocation systems.

For those possessing an existing water right tgate, the challenge of climate change is in coping
with potential increases in the frequency or doratdbf water shortages. With the introduction of
supply caps and seasonal allocations (and prieebjd water availability, it may be difficult faome
farmers to acquire sufficient resources during dhtsi to ensure a successful season. This is
especially important for long-lived resources sashivestock and tree and vine crops.

A higher value on water may see farmers enter\wdter trading, such as price taking in times of
shortage, rather than risking crop failure or hguim purchase expensive supplies in order to haaves

crop. Therefore, the dynamics of future droughnditions may influence some farm operations.
Drought relief is currently based upon the defomitiof “exceptional circumstances” meaning

relatively rare, severe, and unforeseeable droegbnts (AFFA 2005). What constitutes exceptional
circumstances in a changing climate, and what aspéclimate change, if any, may be judged to be
foreseeable? We have also seen that baselinetiomsdcan contain different forms of “exceptions”.

Whereas many regions of Australia continue to dpeessuming recent low rainfall conditions

represent “drought”, other areas, such as south-Wésstern Australia, have redefined what
constitutes “normal” conditions.

Some climate change is inevitable — if the levelenfissions in 2000 is held constant over time,
warming by 2100 is estimated to be in the rangeDXC (Wigley 2005). Since 1980, mean global
warming has increased by 0.2°C per decade, suggehtt by 2100, a minimum 2°C warming can be
expected. Therefore, by the end of the century gésito surface water balance due to human induced
climate change are projected to be at least 2-8stithhe magnitude of temperature change shown in
Figure 11.3.
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Adaptation Options
Current Options for Dealing with Climate Variabilit y

As stated earlier, a whole of climate approacheuired to deal with irrigation, which is currently
undergoing a period of significant restructuringpast of the National Water Initiativé¥ 6ung et al.
2006). Much of the irrigation system and its opeatules were set up during the latter half of the
20" century, a period of generally favourable rainfdlhe distributed irrigation system was well-
adapted to interannual variability, with large gaover storages and extensive distribution systems
with defined water rights. Self extraction fromeaig and streams downstream from those storages also
benefited. However, the managed system was opevatgcdconservatively, with allocations often set
according to the drought of record, or similareami (Long and McMahon 1996). Australian water
supply systems were very successful in providisgaure water supply, leading many water managers
and users to believe that their systems were kargémate proof” except for the most severe floods
and droughts.

Although managing for these issues will also imgrdkie ability of farmers to respond to climate
variability, the industry as it was structured vedways going to struggle if water resources were to
become scarce. The increasing water consumptidnctirinued until the cap was set in 1996-97,
was driving the system towards scarcity, indepethgef climatic influences.

While many of the current options for dealing wdlmate variability will continue to be relevant,
especially at the individual farm level, at a systievel, large changes are already in train. Bexaus
allocations were not capped until the late 199@gcilic management for climate variability was
secondary to concerns such as managing waterlaggaiiity, efficiency and productivity. These
give rise to actions such as the following:

e identifying irrigation seepage hotspots,

* identifying realisable irrigation water savingsyabgh on farm water management and water
saving technology,

e improving irrigation scheduling using moisture sagsand better targeting of growth cycles,
« developing national effluent irrigated plantatiandglines, and
« developing farming systems with reduced deep dgaita@sses.

Rather than separating options for dealing withrantrclimate variability from those aiming to deal
with climate change it makes more sense to combiese in a whole of climate approach to
adaptation. Changes occurring over the past deshde that climate change (a combination of
natural and human-induced) is happening now.

Adaptation Options for Dealing with Climate Change

The following areas are grouped according to pckgreasing irrigation efficiency and seasonal
prediction systems are stand alone actions wilebemdividual operators and can also be applied a
the system scale. They are the subject of a sigmifiresearch effort. The planning of irrigation
futures brings together a large number of stratagt long-term concerns, and provides the platform
for their integration. Each element will have ataetted set of adaptation options, but these are
combined and implemented through the planning msdeinally, the recommended approach used in
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assessing and managing change is risk assessmgnmamagement, in a process that involves
stakeholders and researchers.

Increasing irrigation efficiency
Current inefficiencies are estimated as followsIS 2007):
* Between 10-30% of the water diverted from rivets irrigation systems is lost before it reaches

the farm gate.

« Up to 20% of water delivered to the farm gate maydst in distribution channels on-farm and
around 60% of water used for irrigation on farmapglied using flood irrigation or aerial sprays.

* More than 10-15% of water applied to crops is tbhsbugh over-watering, whereas scheduling
tools and observational data could more precisebtcm water application to crop water
requirements.

* Inaccurate measurement of water diversions frorarsivand water use on farms is leading to
unintentional and intentional over use.

Adaptations include:

* Identifying high seepage areas in the delivery esystimproving channel efficiency and
evaporation controls.

« Efficient on-farm delivery systems, laser-layoutagty systems, replacement with hose,
microspray and trickle/drip systems.

e Scheduling according to soil moisture, evaporatismasurements, timers and sensors, growth
phase of crop/pasture, partial root drying (e.gicwture).

* More accurate metering, full monitoring of all eadtions, staged metering (detecting system
losses), improved data collection for physical acting.

Seasonal Prediction Systems

The base case in distributed and some extractisemsg is that initial allocations based on a water

right are made prior to every irrigation seasonetdasn the existing resources and updated once or
twice during the season. With self extractive syst¢here may be a finite allocation with the pasnt

to be exhausted under various combinations of lgpply and high demand. Seasonal predictions of

changes in allocations and crop water balanceaNdw better forward planning for crops and areas

planted, scheduling and minimise price risk if thera need to purchase supplementary water.

Adaptations include:

« ENSO-related indices can be linked to streamflowjctv integrates a great deal of potential
uncertainty between rainfall and streamflow for equivalent level of predictability to the
relationship between ENSO indices and rainfall (iKbaal. 2004).

« Developing forecast systems based on a combinafionedium range weather forecasting and
catchment soil moisture which is even closer tesstiflow. Both remote sensing and modelling
can be used.

e Water distributors providing likelihoods of chandesllocations based on the above systems.

Climate change adaptation in Australian primary industries 295



e Seasonal crop modelling of irrigated crops as iw feing done in dryland systems, using
ongoing information to reduce uncertainty througe season and better target inputs (water,
fertiliser etc).

Planning Irrigation Futures

Strategic planning of irrigation futures betweemksholders and research institutions have the
potential to provide better security for the indysimprove environmental outcomes, identify and
implement change processes with a shared visiondandify further knowledge needs. For example:

* In Western Australia, the South-West water futusegject is developing best land and water
resource use options for the South-West irrigatthstrict of Western Australia to ensure
maximum economic, environmental and social benefits

* In Queensland, the Great Barrier Reef floodplaiteveal project is helping to change floodplain
land management to improve water quality and ptatecGreat Barrier Reef.

« In Northern Australia, the Northern Australia latgpn Futures project is providing new
knowledge, tools and processes to support debatedacision making regarding irrigation in
northern Australia.

e The Murrumbidgee catchment, in the Murray-DarlingsB, is providing groundbreaking
knowledge, skills and technology to the world’sdegt and most intensive irrigation regions
under UNESCO'’s global HELP (Hydrology, Environmdrfe and Policy) program.

Developing risk management

Risk is defined as a combination of likelihood aathsequence of one or more events. The scope of a
risk assessment can be as small or as large asded and can encompass the outcomes from a single
type of event (e.g., flood risk) through to a fullegrated regional assessment (e.g., MDB futuves o

the coming century).

« For adaptation to succeed, a “whole of climate”rapph to operational and strategic decision-
making is needed. The most prudent course is & thee decreased levels of rainfall occurring
over the past decade as the “new normal”. Climati&ely to warm at 0.2°C or more for the next
few decades. The greenhouse signal for rainfalt owech of Australia is likely to be negative and
may accelerate in line with warming

« Develop risk-based decision-making to adaptatida all levels of operation and planning from
tactical to long-term.

« Develop better understanding of integrated catchmemagement amongst different users. The
relationships between water quality, surface amligdwater extraction, waterway management
and land-use need to be considered in an integratgt incorporating both climate and non-
climatic influences. Institutional arrangementslwéed to be developed to manage this.

* Develop contingency based decision-making instehdone action fits all circumstances”.
Business as usual (green), watching brief (yellowgar critical (amber) and emergency
management (red) are all codified stages that sosteategic considerations relevant to planning
horizons under climate change depending on thermityxto critical outcomes.

« The assessment of outcomes in value-based teramsiigegral part of risk management. Improve
multiple understandings of water related “valugwgbtigh research, community-wide discussion

296 Climate change adaptation in Australian primary industries



and outreach in an iterative process where multiptgpositions are examined in an iterative
process.

Risks of Maladaptation

The cross-cutting nature of water and its imporeafoc So many environmental, social and economic
outcomes requires an integrated approach. Witlmegiation, there is a significant risk of unintedd
consequences. The fear of unintended outcomesei®bthe reasons that such debates are amongst
the most emotionally charged of public debates, why discussions of water futures are so vital in
rural areas. Some of these risks are:

« Many gravity-fed systems are considered to beiciefit in their water use. Their replacement by
more energy-intensive but water-efficient systemmfisthe risk from water resources to climate
change because of higher emissions. Efforts t@bfreenhouse gas emissions from new systems
may have an opportunity cost if those offsets thedwes are a limited resource and could have
been used to offset less tractable emissions. Rggosts from base load coal-powered energy
systems, particularly in Victoria, already carrgesignificant greenhouse penalty.

« More efficient agriculture leading to less wastetewgroduction and therefore reduced inflows
into streams and wetlands.

» Stranded infrastructure from the trading of waights out of an area, perhaps hastened by chronic
water shortage, can lead to the abandonment afsimércture linked to activities that are efficient
and productive. This can have flow-on effects iotmal economies.

* Market power being used to control a significardgartion of the water resource when prices are
low, disadvantaging smaller operators, with theawatrhaps not being used any more efficiently.
Profits being made on speculation and trading rétien on productive uses. Both these fears are
currently very active in farming communities.

e Limited uptake of new and cutting edge knowledgealise of such fears, the risk of failed
investment in applying such methods, in prefereéadbe traditional but less efficient methods.

* New irrigation developments may not be as efficie® they should be because of an
unwillingness to bear the upfront capital costs amdjoing costs of managing for sound
environmental outcomes.

Costs and Benefits

The costs and benefits of many individual adaptatiptions, such as technological improvements to
improve on-farm efficiency, can be assessed thragyiventional agricultural economics. Further
research in this area is being pursued throughebosiich the Co-operative Research Centre for
Irrigation Future$

Climate change, combined with full cost measuresviater being pursued through the National Water
Initiative have the potential to change the ecomsnif irrigated agriculture substantially. Any
adverse climate change that increases the scaftisater will increase the value of water within a
water market. Yet, as values rise, investments likedy to be driven toward alternatives to
competitive trading of surface and groundwatercaltimns. Increased water recycling, more efficient

* http://www.irrigationfutures.org.au/

Climate change adaptation in Australian primary industries 297



water appliances and the construction of a degalimalant are all examples of this process. Such
investments may act to dampen rising water pridésnately, any increase in the unit value of water
will be capped by the value of commodities that t@nproduced using water supplied by water
distribution authorities.

In Australia, all water supply authorities are e tprocess of moving to full cost pricing that ud#s

the cost of environmental externalities where f@asand practical. Aside from potential changes in
the cost of such externalities, which remain higlrigertain, the main price impact of climate change
will be on the cost of underutilised, prematurebamdoned or damaged infrastructure. If climate
change is expected to result in excess capacitjoatide abandonment of infrastructure before its
construction costs can be written off, water ugiitmay set higher prices to recover that costt Fo
example, projects currently being implemented amgfer water from one region to another to secure
supply may not be robust to climate change impa€Gtiven sufficient knowledge of the risks of such
impacts to future infrastructure performance, #itytmay seek to pass that risk on to end users in
order to reduce institutional exposure. In pragtlogwever, low confidence in the ability to predict
and attribute climate change means that a pricalagyy may only allow negligible increases to
account for potential infrastructure risks. Prevée.g., on-farm) infrastructure may also be & ffis
climate stress leads to a water right being sold.

Furthermore, within the broader community, watesoaholds very strong social and environmental
values. Important decisions on the future of waksed to take these values into account. Although
some work in this area has been undertaken, furéserarch is needed to ensure that these values are
fully reflected in the costs and benefits of adaptes affecting the future of water resources.

Knowledge Gaps and Priorities

Ten immediate knowledge needs listedGhmate Change and Water Resources in Australia: a
Preliminary Assessmeate (Jones et al., forthcoming):

« Develop more comprehensive climate change projestgpecifically suited to water resource
applications in Australia, downscaled for use inevaesource assessments.

« Develop hydrological models and water planning niedieat are responsive to climate change.
Much hydrological modelling is based on past rel&hips between rainfall and runoff. Future
relationships will be different and we need modkkt predict these well for all attributes of the
hydrologic regime.

e Better understanding of evaporative demand undarrduclimate and its interactions with
vegetation. Changing evaporative demand resuliogh altered rainfall, temperature, CO2
concentration and humidity and wind is a major @rief change to water demand, water supply
and plant growth.

» Predict consequences of climate change on grouedwatharge, discharge and extractive use,
including interactions with surface water system&roundwater is becoming increasingly
significant as a water source yet we have a mudhtgpainderstanding of the consequences of
climate change for sustainable extraction ratessamdich poorer capacity to adapt.

* Understand how to protect and restore aquatic stasy. These ecosystems depend on both
surface water and groundwater regimes. Concerm egesystem protection is growing but
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guantitative predictive ecology is needed to askesssystems will respond to climate and water
regime changes.

» Forecast and manage future water demands. Cliotetege will be one of the main driving
forces of growing demand in both urban and rurakewaystems. Water systems are managed to
match demand with supply so demand predictionsaegled, including environmental demand.
Methods to manage demand are equally as important.

e Assess options for adaptability to climate chamghighly allocated systems. Existing measures
of augmentation of supply or creation of a freeevabarket may not provide sufficient or socially
acceptable solutions to some of the larger projeckenges. Additional measures will need to be
found, and their social acceptability needs todmesilered.

e Develop conceptual frameworks and tools to inclulimate change in water planning and
management. Stakeholders acknowledge the impertahclimate change but at present lack
methods to include it in their mainstream busindssw make contingency plans for the future.

« Develop options for increasing flexibility in ourater systems. Water trade, multiple use and new
infrastructure can significantly increase our adhpity by allowing freer movement of water and
greater ability to deal with climate variability.

« Integrate hydrology and climate in The Australiaon@nunity Climate Earth-System Simulator.
This will fully integrate the interactions betwewesater and climate and lead to more accurate and
more efficient predictions of water resource impact
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Table 11.2: Summary of climate change adaptation options for the water industry indicating whether the option 1)
has already been assessed or is a remaining knowledge gap, 2) is highly feasible, 3) would be feasible / effective
immediately, or 4) should be a high priority for research, assessment and implementation in developing
adaptation strategies.

Operational

More efficient on-farm use of water through v v v v
improved technology and scheduling

Develop and apply probabilistic forecasts of likely v v v v
water allocation changes

Use of water management tools (crop models, v v v v
decision support tools)

Increase crop choice to maximise efficiency and v v v s
profit )

Improve distribution system operation and delivery v v v ?
Increased monitoring of the water cycle for v v v v
accounting purposes

Manage stream and channel flow regimes to X v v v
minimise losses and maintain environmental values

Strategic

Build climate change into integrated catchment X v v v
management and relevant strategic policies

Develop more equitable sharing of climate risks X - - v
amongst different uses (irrigation/environment) ) )

Build climate change risks into caps/bulk allocation X s 5 X
arrangements ) )

Prepare for altered flood risks X v X X

Continue to improve water trading to remove
perverse incentives and reduce the transfer of risk, X 4 4 4
especially during drought

Control over the building of private water storages v X - X
(e.g. developed within guidelines, need water right) )

Iptroduce income spreading strategies to manage X v v X
risk

Build flexibility into allocation choices between

agricultural, environmental, urban and industrial X 4 4 v
uses

Develop full cost provisions of water and water X v v v

trading, and a robust water trading system

Improve understanding of groundwater-surface X v X v
water-climate interactions
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Improve understanding of sustainable yield

Long-term planning

Incorporate climate change into long-term water
sharing agreements

<

Jointly manage climate change and salinity risks

Develop groundwater storage options

Build adaptation to climate change into new
infrastructure

X X [ X

Develop understanding of critical thresholds and
limits within water collection delivery and use
systems

Manage catchments and provide strategic design
for land-use to maximise water yield and water
quality within a framework of long-term
sustainability

Institutional capacity

Develop risk-based decision-making into all levels
of operation and planning from tactical to long-term

Develop better understanding of integrated
catchment management amongst different users

Develop contingency based decision-making
instead of “one action fits all circumstances”

Improve multiple understandings of water related
“values” through research, discussion and outreach
to the community

Develop a “whole of climate” approach to
operational and strategic decision-making
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12: MARINE FISHERIES AND
AQUACULTURE

Hobday, A. J, Poloczanska, E. S.

1.

Wealth from Oceans National Research FlagshfiRO Marine and Atmospheric Research,

GPO Box 258, Hobart, Tasmania, 7000

Key Messages:

General ocean warming around Australia and in @&gr on the east coast, strengthening of the
East Australia Current, is predicted to changedib&ibution of species targeted in wild fisheries,
and modify the location of suitable environmentsdquaculture species.

Consideration of changes in distribution may allistheries management to facilitate adaptation
to climate change.

Selective breeding of aquaculture species may adldaptation to warmer conditions, although
changes in location may be inevitable for some atpens.

Focused regional studies on the relationship betvibe climate variables and the species of
interest are one way to improve understanding @ptbtential impacts of climate change.
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Introduction

The key variables expected to drive climate changmcts on fisheries and aquaculture are changes
in temperature, ocean currents, winds, nutrienplgiipainfall, ocean chemistry and extreme weather
conditions. It is very likely that changes in arfytlmese would also significantly change the marine
ecosystems (Denman et al. 1996, Cox et al. 2000p Bbal. 2001, Boyd & Doney 2002, Sarmiento et
al. 2004), and consequently the distribution, glgwiecruitment, and catch of exploited marine
species, their prey and predators (Hobday et art200

To give an indication of how the Australian margmvironment may change, we use climate change
projections from the CSIRO Mk 3.5 climate model (@G et al. 2002). Although there are subtle
differences between the CSIRO models and othemiaienal models, many of the general trends in
these fields are similar and we focus on thesadgreéather the absolute magnitude of the predicted
changes. Output from the model of the future keyirenmental variables for Australia using
greenhouse gas emissions scenario 1S92a, oftemeefi® as ‘business as usual’, are shown in Table
12.1 Projections of climate change for the 2030adecis one temporal scale of interest to many
fisheries and aquaculture operators and managersever, projections for the 2070 decade are also
provided as indicators of longer-term changes.

Marine fisheries and aquaculture are important sties in Australia, both economically (gross value
over A$2.12 billion in 2005/06) and socially. Thegtralian Fishing Zone (AFZ) is one of the largest
in the world, ranging from Torres Strait in the faorth to waters adjacent to continental Antargtica
and from Lord Howe Rise in the east to Christméamnts in the west. The gross value of Australian
fisheries production was estimated to be A$2.1Rohilin 2005-06 of which about 35% is from the
aquaculture industry (ABARE 2007). Rock lobsteravpns, abalone and tuna are the most valuable
fisheries, accounting for 55% of Australia’s greatue of fisheries production in 2005-06.

Australian fisheries are managed and regulatedyuwsicombination of geographic regions, gear types
and species groups. As a result there is no simgteoverlapping regionalisation. To describe the
Australian fisheries and aquaculture sector fa thiview, we have used a simplified set of geogcaph
regions that may include multiple fishery typesg(fe 12.1). Where a fishery type is conveniently
treated singly, such as the pelagic fisheries, aeeldone so. Aquaculture is also treated as aesing|
region, although we distinguish between geogramrieas in the review. These areas can be
considered as regional production areas, althoggimareporting of value and production statistics
can be state-based, commonwealth-based, or fidizexye.
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Table 12.1: Observed and projected changes in physical and chemical characteristics of Australia’s marine realm
including the Southern Ocean. The categories match the sub-sections used in each fisheries and aquaculture
chapter. The predictions are derived from the CSIRO Mk 3.5, under greenhouse gas emissions scenario 1S92a,
which is a mid-range scenario. SST = sea surface temperature, MLD = mixed layer depth. Observations of
change come from a variety of sources summarised in the text.

Temperature
and solar
radiation

SST: Warming
recorded Maria Island,
Tasmania of
approximately of 1.5C
since 1950s

SST: Warming of 1-2C
around Australia with
the greatest warming
off SE Australia (2C).
Solar Radiation: There
will generally be
increases in incident
solar radiation

SST: Warm of 2-3C, around
Australia with the greatest
warming off SE Australia
(3C). At a depth of 500 m
warming of 0.5-1C.

Solar Radiation: Increase in
incident solar radiation
between 2 and 7 units W m™

Winds, ocean
currents, MLD
& ocean
stratification

Little evidence for
changes around
Australia

Winds: An increase of
0-0.5 ms™ in surface
winds

Currents: Increased
strength of the East
Australia Current

Winds: An increase of 0-1 ms™
in surface winds

Currents: A general decline in
the strength of surface
currents of between 0-1.2 ms™
MLD/Stratification: Almost all
areas of Australia will have
greater stratification and a
shallowing of the mixed layer
by about 1 m, reducing
nutrient inputs from deep
waters

Precipitation,
extreme
events, and
terrestrial
runoff

Precipitation
Long-term declines in

some regions, such as
south-east Queensland
and south-west
Western Australia
Storms

Increases in intense
events noted for recent
years

Precipitation
Average annual

decrease of 0 to 5%
over most of Australia.
Storms

Frequency of intense
storms expected to
increase

Precipitation
Continued decrease over most

of Australia.

Storms

Frequency of intense storms
expected to increase

Sea level (not
including the

rise due to ice
sheet melting)

20th century rate of sea
level rise of 1.7 =
0.3mmyrt

Arise of 0.3-0.5m is
expected around
Australia

A rise of 0.6 to 0.74 m, with
greater increase on the east
compared with west coast

in Antarctica over the
period 1979-2000, in

either observations or
model.

to decrease by 10%

Acidification The pH of surface A decline in pH by ~0.1 | A decline in pH by 0.2-0.3
(pH) oceans has dropped by | units units

0.1 units since the

industrial revolution
Sea Ice No significant change Sea ice cover predicted | Sea ice cover predicted to

decrease in winter (25%), and
disappear completely in
summer (IPCC 4™ assessment
WG 1 Report)
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Figure 12.1: Australian fishery and aquaculture regions, together with example fisheries in each region that are
covered in this report. These geographic regions have generally coherent changes in the climate system.
Aquaculture is widespread around the Australian continent. Pelagic fisheries, denoted by the colour of text, occur
in all the wild fishery regions shown in this figure and are treated as a separate section in this review.

Table 12.2: . Aquaculture production (A$'000) of most valuable species per state plus Northern Territory, 2005-06
(from ABARE 2007). * production figures not available, but the species farmed are noted.

Salmon 0 0 0 0 0 221,013

Trout 1,742 8,624 0 0 447 0

Tuna 0 0 0 0 155,795 0

Barramundi 1,238 0 13,900 0 2,029 0 *
Pearl oysters | 0 0 0 122,000 0 0 *
Edible oysters | 34,093 0 570 0 32,480 16,720
Prawns 3,387 0 46,500 0 0 0 *
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1.  Aquaculture occurs in most coastal waters around Australigm&aids (salmon and trout),
southern bluefin tuna, pearl oysters, edible ogsted prawns are the most valuable aquaculture
species accounting for 86% of the industry gros$sevhaut barramundi and abalone aquaculture
industries are expanding rapidly (ABARE 2007). Bamundi, prawns and pearl oysters are
grown mainly in Australian tropical and sub-tropieaters while salmon, trout, edible oysters
and tuna are cultivated in the cooler southern msaf€able 12.2). The salmon aquaculture
industry is based almost entirely in Tasmania.

2. Northern fisheries target a wide variety of sea life including peda@rawns and squid,
demersal finfish, shark, grey and spanish mackbegtamundi, threadfin salmon, Torres Strait
lobsters, sea cucumbers, trochus shells, coral, tred throat emperor, various, live reef fish,
and portunid crabs (see Caton & McLoughlin 2005)broad range of marine organisms is also
taken by traditional (aboriginal) hunting, fishirend gathering, by other artisanal fishing and
by recreational fishing (Henry & Lyle 2003). Indition, illegal, unregulated and unreported
fishing is growing in northern Australia (DEH 200Zhe Northern Prawn Fishery (NPF) is one
of Australia’s most valuable commercial fisheridBARE 2007), averaging 8,500 tonnes of
prawn landings per year over the last decade anelsamated 8 to 21 times that amount of
bycatch species (Pender et al. 1992, Brewer 40688B, Stobutzki et al. 2000). The value of the
NPF fishery was A$73 million in 2004-05 (Stobut&McLoughlin 2007).

3. Fisheries in theouth-eastern region comprise an extremely diverse set of activitied ttan be
divided biologically and economically by depth (st [0-50 m]), shelf [50-200 m], slope
[200-700 m] and deepwater [> 700 m], by gear typledry (e.g. southern shark, demersal trawl,
scallop dredge, rock lobster, squid), and by mamege jurisdiction and agency (State-
managed fisheries versus those managed by thealastiGovernment). The region also has
the longest European fishery-history in Austral@s the highest numbers of commercial
species, and is one of the most heavily exploiggbns in Australia. In the 2006 annual report
on the state of Australia’s fisheries, the AustralBureau of Rural Sciences (2007) reported
that 11 of the 19 nationwide were overfished (Larbe & McLoughlin 2007). Despite this, the
southeast fisheries are still amongst the mostatdduin Australia. In 2005/06 the combined
value of the Tasmania, Victoria, New South Waled Anstralian Government wild fisheries
catch in the south-east region (other than pelfgfieries) was about A$700m: A$240m from
molluscs (primarily abalone), A$100m from crustategrimarily crayfish) and A$136m from
fish (ABARE 2007). The most valuable fisheries edl for molluscs and crustaceans - are
mainly inshore and on the shelf. Due to their prity to major urban centres in south-east
Australia, the socio-economic value of the souti-Eaheries is substantial.

4.  Western fisheries harvest demersal, coastal and pelagic specieagipedpecies are covered in
the pelagic fisheries section). The demersal fissedominate with respect to landings and
value, and the main species harvested are invate=br West coast fisheries (excluding
commonwealth fisheries) account for 29% (~A$542liam) of the Australian fisheries
production value (ABARE 2007). The relatively higatch of invertebrate species in Western
Australia compared to finfish is in sharp contresbther regions of the world, where finfish
production usually dominates (Lenanton et al. 1%3arce & Caputi 1994). This low level of
finfish production is primarily due to the Leeuw@urrent, which brings warm, low-nutrient
waters southward along the edge of the continestielf of the Western Australian coast
(Lenanton et al. 1991; Ridgeway and Condie 2004)e Western rock lobster fishery is
Australia’s most valuable single-species fishergnéal production, which averages in excess
of 11,000 t, is worth $250-350 million (ABARE 2007)he other important species include
prawns (A$38 million), abalone (A$12 million) ancediops (A$9 million) (ABARE 2007).
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Australian sub-Antarctic fisheries. The Australian sub-Antarctic fisheries concemtran
Patagonian toothfish and mackerel icefish arounartHand MacDonald Islands (3 vessels) and
Macquarie Island (1 vessel). The total allowablkeltdor 2005-06 for Patagonian toothfish and
mackerel icefish was 2584 t and 1210 t respectifigbnder and Larcombe 2007). Because of
the small number of operators, the value of thelcest not reported in national statistics.

The mainpelagic fisheries in Australia are managed as three separate fesheaithough the
target species are the same or similar in all tfiskeries. Tuna (yellowfin, bigeye, albacore
and southern bluefin) and billfish (broadbill swiist, striped marlin) are the main target
species in the eastern and western longline fiehéBETBF and WTBF), while southern bluefin
tuna is the single target species in a purse-sigshery in the Great Australia Bight (SBT
fishery). A second purse seine fishery for skipjagka was recently separated from the ETBF
for management purposes, although it remains sinallalue and tonnage (Larcombe &
McLoughlin 2007). The gross value of productiorthe ETBF in 2005/06 was A$28.7 million,
down from A$42.5 million in 2004/05 (ABARE 2007)hiE decline was due to a decline in the
catch of some species e.g. swordfish, lower acHigr&es due to a strengthening Australian
dollar, as well as a shift to lower value specigbgcore). Whether this pattern is related to
changes in the regional oceanography is not ckeéishing practices were also altered to target
deeper-living albacore. However, the impact of égking on swordfish in particular cannot be
ignored. Declines in value for the other fishenesre relatively minor 3% (WTBF: 2005-06
A$2.7 million) and 4% (SBT: 2005-06 A$37.5 milliowjld caught value), and related to prices
for the key species (ABARE 2007).

In the 2006 annual report on the state of Austeafiaheries, the Australian Bureau of Rural Scesc
classified 19 of the 97 stocks assessed as eittegfished and/or subject to overfishing, 51 asustat
uncertain, and 27 as not overfished (Larcombe & 8ahlin 2007). The high proportion of stocks
classified as uncertain reflects the addition ofvr&ocks not previously classified and revised
classification of some stocks for which assessmastg previously thought to be more reliable. The
high proportion of uncertainty, especially considgrthe addition of cumulative pressures associated
with a changing climate, highlights the need folialde assessment information and a growing
understanding of complex relationships betweerefisls stocks and climate.

Climate impacts will also be experienced by maspecies of interest toecreational and
indigenous fishers. Most focus has been for commercial species asldeffs, and so the
information relevant to other sectors is more lgditSome impacts for the species of interest
and the fishers are briefly outlined, based onlalke knowledge.

The value of fisheries resources to the recredtiseetor is approximately equal to the commercial
sector. Recreational fishers spent nearly $2 bilaoyear on fishing related activities and equiptmen
and in the year surveyed by Henry & Lyle (2003nad$t 20% of Australians participated in the
activity. Significant investment is made by pagits, with estimates of over 500,000 boats worth
$3.3 billion used for recreational fishing (HenrpdalLyle 2003). Approximately 41% of total
recreational fishing effort occurs in coastal wateastuarine waters account for 35%, offshore water
about 4%, while freshwater fishing represents 20%tal effort (Henry and Lyle 2003). The focus of
this summary is marine recreational and indigerisigng.
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A number of commercial sectors depend on recredtifishing, including charter boat operators and

associated tourism businesses. Approximately 4%Q;8®0 in the year 2000) of visitors to Australia

participate in fishing activities, with significasipending in some regional economies (Henry and
Lyle, 2003).

Indigenous people are a small, but important, pitigro of the total Australian population: an
indigenous population of about 420,000 people,asgmting approximately 2.2% of the Australian
population, was recognized in the 2001 nationabesr{ABS, 2002). Fishing is a prevalent activity
amongst indigenous Australians, with participatiates exceeding 90% reported in northern Australia
(Henry & Lyle 2003). Capture of marine resourcezesents and important contribution to diet and to
cultural events in northern Australia.

Target species for both recreational and indigerimiers differ, and while specific knowledge on
many groups is lacking, climate impacts on theseigg are expected.

Recreational fishers harvest significant numberfinfish, small baitfish, crabs and lobsters, prawn
and yabbies, cephalopods, molluscs and other Td&prominent species finfish species in terms of
numbers captured are whiting, flathead, Australenring, bream, King George whiting, mullet,
garfish, tailor, Australian salmon and pink snapfidenry and Lyle, 2003). There is significant
overlap between commercial and recreational cafiturgpecies, including abalone and rock lobster.

Indigenous fishers harvest millions of aquatic aisnin northern Australia, including finfish
(particularly mullet, catfish, sea perch/ snappdnmgam and barramundi), shellfish, prawns and
yabbies, crabs and lobsters, and a range of o#txar fThe most prominent non-fish species were
mussels, cherabin, other bivalves, prawns, oystedsmud crabs (Henry and Lyle, 2003). Indigenous
fishers also harvest some commercial species (ispdrepang), plus a number of species groups that
have protected status for non-indigenous peopleudimg dugong and turtles which have high
cultural and spiritual significance to indigenoasrenunities.

Climate Change Impacts

Climate change is generally considered a thredgheosustainability of fisheries and aquaculture in
Australia; however, there is little consolidatecdbwtedge of the potential impacts. Opportunities may
also result from climate change, however, conslderstructural adjustment may be needed to realise
these benefits (Hobday et al 2007b). The key viasabxpected to drive climate change impacts on
fisheries and aquaculture are changes in temperataean currents, winds, nutrient supply, rainfall
ocean chemistry and extreme weather conditioris.Very likely that changes in any of these would
also significantly change the marine ecosystemawfiza et al. 1996, Cox et al. 2000, Bopp et al.
2001, Boyd & Doney 2002, Sarmiento et al. 2004)d @onsequently the distribution, growth,
recruitment, and catch of exploited marine spedhesr prey and predators. Given the high endemism
of marine species in Australian temperate watefsag been suggested that climate changes would
therefore have greater impacts on the biodiverdfitgustralia’s temperate zones than tropical waters
(e.g. Pittock 2003; Poloczanska et al 2007b). Nbeéss, many marine species not endemic to
Australia are in fact confined to the Indo-Westifabiodiversity hotspot, with Australia becomiag

last refuge for some species affected by degradmgronments in neighbouring countries. This is
worrying given that several lines of evidence iadiic Australia’s northern (tropical) ecosystems are
vulnerable to climate change (e.g. Hill et al. 2002 addition to the effects of fishing. Thus, the
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impact of climate change on these ecosystems may densequences beyond fisheries (Hobday et al
2007c; Poloczanska et al 2007b).

1. Agquaculture — around Australia

For most marine species growth, survival and aborek of various life stages are sensitive to
extreme temperatures and to shifts in temperaekgénes. A change of only a few degrees might
mean the difference between a successful aquaewlanture and an unsuccessful one. It is expected
that climate change will have adverse impacts @ ploduction of species in Australia’s cooler
southern waters, particularly on Tasmania's vaklakhimon aquaculture industry. The largest
warming of marine waters in the southern hemisphenerojected in the Tasman Sea, linked to a
projected strengthening of the East Australian €htri(Ridgway 2007). The stocks of Tasmanian
salmon (Atlantic salmo&almo salay came from Canada and are farmed near the uppies bf their
optimal growing temperature in Tasmanian waterse Thcent above average summer water
temperatures in southern Tasmania have alreadgdsed mortality (Pittock 2003) and necessitate
remedial action by the industry over the upcomiagadie.

Climate change will also influence aquaculture uesd in tropical and subtropical regions (Preston
and Poloczanska 2007). Analysis of intensively ngadaprawn farm ponds Queensland demonstrated
variations in pond temperature had pronounced itspafcon farm production, with maximal growth
rates of tiger prawndPgnaeus monodpmluring sustained periods of warmer pond waterkSlan &
Wang 1998). This suggests that the production ieffay of tropical and sub-tropical species of
farmed prawns, such &. monodonand P. merguiensismight be increased by a rise in water
temperature. Rising temperatures may not only mrgngrowth rates at existing sites, but also extend
the cultivation area suitable for farming thesecgefurther south. On the other hand, an increase
pond water temperature might threaten the viabityfarming cooler-water species, such as the
penaeidP. japonicuswhose production is restricted to a relativelyroa range of latitudes compared
to the sub-tropical species (Preston et al. 200Mag. projected decreases in rainfall over much of
Australia will impact freshwater aquaculture indigst that rely directly on rainfall to supply their
dams or ponds or to recharge groundwater sup@i@squate supplies of freshwater are required to
maintain the water quality in these systems.

The projected increases in the intensity of stoamd cyclones will increase flood risk which are a
threat to stock through overflows or damage to panddam walls. For coastal and offshore
aquaculture, more frequent and intense stormstrisuicreased physical damage and stock losses,
both of which are costly to operations. Many cdagtacesses, such as sediment transport, happen
mostly during high-energy events (storms). An iasein storm activity may therefore change the
direction of river flow, and initiate erosion. Tleeand other effects can affect facilities outside t
direct exposure to increased wind and wave activitgr example, in April 1996 Australian southern
bluefin tuna farms at Port Lincoln in South Ausaauffered losses of up to 75% of total production
which was attributed to asphyxiation of fish byiseehts re-suspended during a severe storm (Preston
et al. 1997). Any severe flooding event could regulmass mortalities of animals in aquaculture
ponds, open-water rafts, and lines or cages inaoasd offshore areas.
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2. Northern fisheries region

Notwithstanding regional and species differenceghim relationship with rainfall, penaeid prawn
fisheries and other estuarine-dependent fishdmiesighout northern Australia appear to be somewhat
sensitive to climate-related changes in rainfatl feshwater flow (see review by Robins et al. 2005
The sensitivity of northern Australia’s penaeidvana to freshwater flows is also well illustrated by
the demonstrated relationships between the soutberitlation index, which is strongly associated
with regional rainfall patterns, and both bananawms (positive) and tiger prawns (negative) (Love
1987, Catchpole & Auliciems 1999).

Changes in rainfall and freshwater flow patternsidcalso be likely to change nutrient runoff into
Northern Australia’s coastal waters, which stroriguences the productivity of these otherwisedow
nutrient tropical waters (see Vance et al. 2008eration of freshwater flows related to changes i
climate patterns might affect northern Australghéries in other ways as well. For instance, a ¢ds
synchrony between the timing of life history stagmsd environmental forces could disrupt
reproductive stages of life cycles and communitierimctions, especially considering that other
interacting species will be responding to theseireninental changes in different ways. Seagrass
beds and mangrove forests are considered critiggleny habitats for many marine species including
commercially-targeted prawns (Vance et al. 1990ndragan et al. 1994, Haywood et al. 1995,
Sheaves 1998, Blaber 2000). For example, catchasopital commercial species such as banana
prawns, mud crabs and barramundi have been shoiva telated to mangrove abundance and extent
(Lee 2004, Loneragan et al. 2005, Manson et al5R0hese habitats are particularly vulnerable to
cyclones, sea level rise, and their interactiveeadtff. Projected sea level rise is expected to
considerably reduce these habitats in the soutBedh of Carpentaria (Hill et al. 2002), an area
critical to much of northern Australia’s prawn figies while projected increase in cyclone intensity
will increase disturbance regimes in northern vgater

3. South-east fisheries region

Warming in the south eastern portion of Australiatsean is projected to be the greatest in the
southern hemisphere (Ridgway 2007). This warmingimpacts fished species in a variety of ways,
including growth, distribution and abundance (Thexset al 2007b).

Juvenile growth rates of shallow water, commergiakploited fish species in the southeast have
increased significantly since the early 20th cgntbased on historical analysis of the width ofwain
increments in their otoliths (Thresher et al. 2Q0Tae changing growth rates do not appear toatfle
changes in the abundance of the fish (due to sffettfishing, for example), but rather correlate
significantly with the Maria Island temperature érseries (Thresher et al 2007a, b). This increase
restricted to shallow water species; among deepEdQ0 m) species examined, growth rates have
been falling, paralleling declining water temperatuat intermediate depths. An effect of water
temperature on growth rates is not surprising, @a®mtemperature is one of the principal determan
of growth rates in fishes, as in other poikilothermpecies. Consequently, increased growth rates
could be widespread among shallow water marineiespéc southeast Australia. The consequences
of such changes on population and community dyrnaimwe not yet been examined.

The projected warming of ocean waters will haveqund effects on the distribution of many species.
As a result, we can expect to see major changesnmmunity composition and ecosystem function as
species geographical distributions shift northwaadd phenology alters. Such changes are already
being recorded in commercial and hon-commerciaptate fish species in the Northern Hemisphere
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(Perry et al. 2005, Brodeur et al. 2006) and sinshafts are emerging from the sparse Australiaa da
(Last pers com). Unlike Northern hemisphere saesahowever, the east-west orientation of the
temperate Australian coastline and restricted oental shelf to the south means there are few
opportunities for species to move south as watapégatures increase (Poloczanska et al. 2007).

In the last decade, there have been conspicuousyeban the distribution of Tasmanian marine
fishes. Some 36 species in 22 families (about %he inshore families of the region) have
exhibited major distributional changes: some hageome newly established south of Bass Strait;
others have markedly increased in abundance irheoutTasmania, by shifting their ranges south
along the Tasmania coast; and others are totally neeords for Tasmania (P. Last, in Lyne 2005).
Most of the species exhibiting a clear polewardtshidistribution are reef species, mainly western
warm temperate or eastern warm temperate specessy Bre normally found off the NSW coast, in
habitats also associated with the long-spined s&lsiny Centrostephanous rodgersithis urchin, an
important habitat modifier in New South Wales, sext Bass Strait in the mid-1960s and was first
discovered on the east coast of Tasmania in 19tthédn et al 2005; Ling et al in review). The
poleward shift in the distribution of this spechess been associated with the decline of urchirebarr
on the NSW coast, which adversely affected thel labalone fishery, while its arrival in Bass Strait
and subsequent spread along the east coast of fiashas led to development of extensive urchin
barrens in areas where they did not previous eXibe arrival ofC. rodgersiioff Tasmania appears to
be disrupting the existing balance between macaealgbalone, rock lobsters and the native urchin,
which apparently accounts for a negative relatignbletween the abundance ©f rodgersiiand the
density of commercially fished abalone and rocksteh It is predicted that without management
intervention,C. rodgersiibarrens will eventually cover 50% of the rockyfrlabitat on Tasmania’s
east coast and have serious implications for tis¢aswability of rock lobster and abalone fisheries
(Johnson et al. 2005).

The gemfish fishery, already under pressure fropaggnt over-fishing (like many of the south-east
stocks), collapsed altogether when the zonal witedtdined to their predicted low point in the 104yea
cycle (1989). In fact, the zonal winds in this yeaare at the lowest levels ever reported. Sinea,th
the winds have fallen further, perhaps reflectimg predicted onset of overall weak zonal wind$an t
south-east region due to climate change, and addwaps explaining why, despite the fishery being
closed, there has been little or no sign of regpe¢ithe eastern gemfish stock (Caton & McLoughlin
2004). Observations of an increase of juvenile2dA3/04, based on incidental catches, have been
interpreted as suggesting improved recruitment ddmbe & McLoughlin 2007), which would be
consistent with an increase in the persistencketonal west winds during that period.

4. Western fisheries region

The influence of ocean temperatures along the oastt of Australia is expressed through changes in
the Leeuwin Current. The major influence of thelem Current on recruitment of fished species is
during their larval phase (Lenanton et al. 1991puliaet al. 1996). The strength of the current &das
significant positive influence during the larvadge of the western rock lobst®anulirus Cygnushut

a negative influence on the larval life of the kg@Amusium ballotin Shark Bay and at the Abrolhos
Islands (Pearce & Capuiti 1994). For pelagic fimfigecies, the current has an adverse effect on the
survival of pilchard larvae Sardinops sagax neopilchardushut a positive impact on whitebait
(Hyperlophus vittatusand also on recruitment of Western Australiamnsal Arripis truttaceu$ and
Australian herring Arripis georgianu} to South Australia (Pearce & Capuiti 1994). Therent
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appears to have a correspondingly negative impadhe recruitment of Australian herring in the
south-west of Western Australia.

Western Australian fisheries, such as the rockt@bfishery, also correlate (some positively, some
negatively) with phases of the El Nifio-Southernilldmn (ENSO) as well as the strength of the
Leeuwin Current through unknown mechanisms (Penralet2005). For example, pearl oyster
(Pinctada maximpcatch rates are affected by a number of environaherariables including El Nifio
events: catch rates were enhanced two years dftéifig events (Hart et al. 1999). Explanations for
the positive relationship between Leeuwin Currér@ngth and levels of rock lobster settlement have
shifted from the direct influence of ocean currantsransporting larvae to the indirect influences
their growth and mortality. The available infornaeti suggests two hypotheses. Firstly, laboratory
tests indicate that the warmer waters associatéld avistronger Leeuwin Current could help the
growth and survival of the larvae. Secondly, thetlsdlowing Leeuwin Current may increase larval
retention by eddies and assist in the transporthef late-larval stages and puerulus across the
continental shelf into coastal reef nursery areapgcially in the southern areas like Cape Mentelle
(Caputi et al. 2001, 2003). The fluctuation in \alof the rock lobster catch, which is related to
environmental variation indicates that socio-ecomwoeffects can be large. Under various climate-
change scenarios, changes in the frequency of it Bihd the strength of the Leeuwin Current may
directly impact the rock lobster fishery. It istkmown whether the species’ spawning strategy doul
adapt to a sustained shift to a weaker Leeuwinédtiand warmer temperatures. Further, it is unclear
whether these mechanisms would continue to openader the combined influence of a sustained
weaker Leeuwin Current (which would tend to redtesperatures) and the regional rise in sea-
surface temperature along the coast of Westernrdlissdue to global warming. A major concern is
that climate change might cause a systematic s$hifthe larval settlement—Leeuwin Current
relationship, which could invalidate the presentagement approach. The combination of ocean
warming and changes in the strength of the Lee@urrent might increase the growth rate of larvae,
changing their time of settlement (Matear et alZ200

5. Sub-Antarctic fisheries region

Antarctic fish are adapted to stable water tempegatwithin narrow ranges (Roessig et al. 2004).
Evidence suggests life stages of Antarctic fish im@yparticularly sensitive to changing temperatures
mediating population response (Hill et al. 2005%. ttmperatures rise, Antarctic fish will disappear
from banks and around oceanic islands at the norteeges of their distributions, such as the
mackerel icefish from banks north of Heard Islakaak & Everson 2003). Low stock sizes of
mackerel icefish around the Kerguelen Islands stheemid-1990s may have been partly caused by
poor recruitment and/or increased emigration dugaoner than average water temperatures (Kock &
Everson 2003). Even slight changes in the temperatuAntarctic waters may cause Antarctic fish to
shift migratory patterns and distributional rangé®essig et al. 2004). On a positive note, the
warming of the ocean and the infusion of freshwater likely to intensify biological activity and
increase growth rates of fish (Everett & Fitzha#98). Ultimately, this is expected to lead to an
increase in the catch of marketable fish and inftwel reserve, which could offset the long-term
nutrient loss resulting from reduced deep-wateharge.

The impacts of ocean acidification on Southern @ckll, fish and other species has not been
assessed. Given the projected under-saturationreggrd to calcium carbonate of the entire Southern
Ocean water column by the end of this century (€ledd& Wickett 2005, Orr et al. 2005), this must
be a priority area for research. As well as digsmiuof carbonate (aragonite and calcite) shell$ an
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structures produced by calcifying organisms (Riebest al. 2000), acidification will increase
physiological stress on marine fauna by influenaimgtabolic rates (Portner et al. 2004). The impacts
of ocean acidification are most likely to be evideth in alteration of plankton communities at theeba
of food webs, such as pteropods, with their aragastiells (Orr et al 2005). Pteropods are prominent
components of the Southern Ocean web and also @tcfauhe majority of the annual export flux of
both carbonate and organic carbon in the South@ea@ Populations are likely to decline in the
Southern Ocean over the coming century as the tgadaration with regard to calcium carbonate of
Southern Ocean waters increases, with knock-oretsffer higher trophic levels such as commercial
fish and baleen whales. Climate change in Antaadscalso projected to reduce the areal extent of
sea-ice; this would almost certainly reduce phottsstic carbon fixation, destroy habitats, and
disrupt the life cycles of many marine animalsudéhg commercial fish (Poloczanska et al 2007a).

6. Pelagic fisheries region

Ocean temperatures have a demonstrated effecieatigtribution of the target species in Australia’s
pelagic fisheries (e.g. SBT: Reddy et al. 1995)dénce is also strong in other parts of the waatdj
temperature is one of the strongest drivers ofgielish distribution (Laurs et al. 1984, Andrade &
Garcia 1999, Schick et al. 2004, Kitagawa et aD630The strongest environmental signal in the
ocean, the ENSO phenomena, has been shown to hmagoraimpact on the distribution of tropical
tunas (Lehodey et al. 1997).

On the east coast, pelagic species are capturthe i@oral Sea, East Australian Current, and Tasman
Sea regions. There are seasonal changes in thelaalmen of species such as yellowfithgnnus
albacare$ and bigeye tunar( obesuscaptured in the longline fishery that are posigMinked to the
expansion and contraction of the East Australiamrétd (Campbell 1999). At a finer scale the
distribution of yellowfin tuna has been linked tetdistribution of mesoscale environmental features
such as eddies generated by the East Australiaei@(Young et al. 2001). The known relationships
between the distribution and abundance patterssme pelagic species on the east coast suggest that
changes in the strength of the East Australiane@tinvould have dramatic effects on the availability
of key pelagic species to the fishery, although nimbility of the fishing fleets might reduce the
immediate economic impact. Changes in productigéyn also affect the pelagic ecosystem and the
harvested species at the top of the food chaieareh in this area is in its infancy (Young & Hopda
2004). Preliminary analyses have found spatialediffices in productivity and pelagic ecosystem
structure, and it is believed these regional d#fifiees could mimic the temporal changes that might
occur as a result of climate change.

In southern Australia, juvenile southern bluefimauSBT) have been the subject of several studies
investigating distribution and abundance relatigrsko mesoscale environmental variability (Hobday
2001, Cowling et al. 2003) or to prey (Young et1896). In general, the environmental linkages to
abundance are not strong at the mesoscale, althanadems with the spatial resolution of some
biological data have confounded analyses. A resamdy did not find a link between an apparent
decline in a fishery-independent abundance indexgef1 SBT and environmental conditions (SST,
Leeuwin Current strength, winds) in south-westenmstfalia (Hobday et al. 2004). This index of
abundance has not yet been validated, and so emeét-SBT relationships may have been
overlooked. In contrast, at a larger scale, sedsbramges in the abundance of juvenile SBT (ages 1-
5) in southern Australia are well documented. SB& resident along the shelf during the austral
summer (Cowling et al. 2003) and then migrate sdutiing the winter. Interannual variation in SBT
abundance within the main fishing grounds in theaBrAustralia Bight has not been linked to the
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environment, although variation in the arrival tiroé schools has been attributed to unspecified
environmental factors (Cowling et al. 2003). Vddatin the availability of SBT prey (sardines and
anchovies) as a result of changes in wind-drivemali;ng (Dimmlich et al. 2004) are also likely if
climate change affects the strength of upwellingotaable winds (Hertzfeld & Tomczak 1997),
which might ultimately affect the pelagic predatofsnally, the impact of climate change on the
winter SBT feeding grounds in the southern oceay Ioeamore dramatic (e.g. Sarmiento et al. 2004);
it remains an area for investigation (Hobday pessam.).

The two pelagic longline fisheries have a large benof byproduct and bycatch species, which may
also experience climate-related impacts, while tawer value fisheries (squid and small pelagic
fisheries) target key species at intermediate iof#vels. These intermediate levels contain ctucia
species for the rest of the ecosystem and coulghbtécularly sensitive to climate impacts (e.g. Your
et al. 2000, Rose 2005, Hunt & McKinnell 2006).

Pelagic squid captured in the southern squid jghefiy (SSJF) have more flexible life history
strategies and greater tolerances to environmehtaige than the fishes making up the small pelagic
fishery (SPF) (Pecl & Jackson 2005). They couldgfiefrom climate induced changes in the regional
oceanography, possibly at the expense of the spe€ithe SPF which feed mainly on zooplankton
that are restricted to temperate waters (Yound.et9®3). In the Eastern Tropical Pacific Ocean,
there has been an expansion in the range and secieraabundance of the jumbo squid, Dosidicus
gigas. The jumbo squid expansion has been linkedeaollapse of the shortbelly rockfiSebastes
jordani, which is also a prey of the squid (Field & Ba?207). Although the cause of the increase in
these squid is unclear, warming of the regionakoography has been implicated (Olson & Young
2007).

In the east coast small pelagic fishery (since 5)98hanges in fishing method (purse-seine to
midwater trawl) have confounded potential environtak relationships with small pelagic fish
distribution and abundance (Lyle et al. 2000) theate been so clearly documented elsewhere in the
world (e.g. Chavez et al. 2003, Jacobson et all0@owever, off the coast of Tasmania, declining
growth rates of jack mackerel and a change in geestructure of the catch through the 1990s may
have both an environmental and an anthropogenicpooent (Lyle et al. 2000, Browne 2005).
Changes in the relative dominance of the East Aligitr Current and the sub-Antarctic water masses,
and consequently the regional prey communities relge been implicated in changes in local
productivity off the east coast of Tasmania (Yoeh@l. 1993, 1996). For example, the disappearance
of krill, Nyctiphanes australjgrom the shelf ecosystem of eastern Tasmaniagariwarm (La Nina)
event in 1989 was linked to the simultaneous dieagmce of their main predator, jack mackerel
(Trachurus declivisYoung et al. 1993). Given th&t. australisis at the base of most Tasmanian
shelf marine ecosystems, and that it is a cool#wspecies, any persistent warming of the regional
oceanography would have a profound effect on Belbendent food chains. These food chains include
cephalopods (Pecl & Jackson 2005), seabirds (B2004), small pelagic fish and tunas (Young et al.
2001).

7. Recreational and Indigenous fishers

Some impacts of climate change will be similarreereational, indigenous and commercial fisheries,
including:
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« Movement of target and bait species to more sontlagitudes or to greater water depth, related to
ocean warming. This may result in an increasedpital species for south-eastern Australia in
particular.

« Changes in availability, due to changes in localnatance and/or growth rates that may interact to
reduce catch where size limits are employed. Speaei@ant on freshwater flows (estuarine) may
be particularly impacted by terrestrial and marmpacts.

Environmental changes may impact both recreatiamal indigenous fishers more severely than
commercial fishers who generally use larger boatsraore sophisticated and robust gear. Reductions
in fish catchability may be expressed via

* Increased storm activity — may reduce suitable fayactivity
* Increased wave activity — may impact vessel andeshased fishers

* Changes in seasonality — reduction in period whativiey can occur, particularly if open seasons
are not amended to account for seasonality changes.

Adaptation Options
Current Options for Dealing with Climate Variabilit vy

The current options for dealing with climate vaiiigpowill be discussed separately for wild fishesi
and for aquaculture. At this time for both fisherend aquaculture, climate variability is just pafrt
the “environment”, and most operators and managdersot deal explicitly with variability, beyond
responding to the observed patterns. Within eachosehowever, there are common approaches
across regions, and thus the geographical approb@&arlier sections is not followed here. This
approach also allows insight to be gained for figsethat are not explicitly covered in this review

1. Fisheries

Fishers have had to cope with changes in abundamtelistribution of key species in many regions,
such as the south east (e.g. Smith & Smith 2001g.Western rock lobster industry already copes with
significant interannual catch fluctuations, as dssed earlier, and utilises a catch predictionesyst
that allows industry to prepare for harvests sdwarars ahead. Salmon abundance also varies along
the southwest coast of Australia, and boom and yemts also occur in the scallop sector. In boom
and bust fisheries, one adaptation strategy isatget different species in different years. Climate
change may lead to additional changes in the alteenspecies harvested when the primary species is
less available. Thus, the robustness of fishertosgcsuch as the western zone, may decline imefutu

if climate variability increases, as variation iatch between years will increase. Interaction betwe
the commercial and recreational sector and otheinmausers are also resulting in zoning that
excludes fishing activities in some areas (e.geanal fishing zones, marine protected areas).

Fishers often exhibit considerable fish findinglskiTheir target species roam widely, and are esttbj

to considerable interannual fluctuations in disttibn and relative abundance. To counter this
variability, fishers use a range of environmentabdocts, such as satellite information and
sophisticated on-board electronic equipment. Thedp them to locate suitable conditions for the
species that is being targeted. Continued use mmmoved availability of these products and
development of new predictive tools may improveahpacity of the fishers, providing the stocks can
sustain the continued or enhanced harvests. In dsmeries, spotter planes also reduce the search
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time by locating schools of fish (e.g. northernvaman southern Gulf of Carpentaria, southern bluefi
tuna in the Great Australian Bight, skipjack tumetibe east coast of Australia).

Current approaches for dealing with changes inefigls as a result of climate variability include;
changes in fishing ports used, changes in fishexgsa changes in the quota allocated for harvedt, a
closures in some fisheries or fishing areas. THg Auastralian example (and perhaps internationally)
where environmental information is incorporatedoird management response that accounts for
seasonal and interannual climate variability isthe east coast pelagic longline fishery. Southern
bluefin tuna T. maccoyii SBT) are restricted to the cooler waters soutthefEast Australian Current
and range further north when the current contraptshe New South Wales coast (Majkowski et al.
1981, Hobday & Hartmann 2006). This response tmati¢ variability has allowed real-time spatial
management to be used to restrict catches of SBiiohyquota holders in the east coast fishery by
restricting access to ocean regions believed ttagoi®$BT habitat (Hobday & Hartmann 2006). This
habitat prediction is based on the relationshipvben water temperature (from the surface to 200 m)
and the abundance of SBT. The current distribubiotie tuna habitat is derived with a near-reaktim
ocean model and then relayed to management dumenfishing season. As the distribution of the SBT
habitat changes during the season, managementtsadhes location of restricted access areas
throughout the season.

2. Aquaculture

Climate variability is a fact of life for many ofaors in the aquaculture sector. While the enviremm
is regulated for some stages of a species lif@fyige.g. indoor hatcheries for salmon, abalorte, t
adults are usually exposed to a more natural emviemt. Even in this more natural environment,
attempts are made to reduce the effects of climatibility via feeding (e.g. salmon, barramundi,
prawns), cleaning or removal of competitors (e.garp oysters), and thinning conspecifics (e.g.
oysters and mussels).

Responses to climate variability also occur dunngfter the “climate” event, such as treatment for
disease. In the Atlantic salmon industry, the plervee of a gill disease is increased in warm water,
and bathing in fresh water is used as a treatnhentiarmer summers, increased bathing is used to
combat outbreaks.

Selective breeding is the other major adaptatidengit. There is considerable effort in the
aquaculture industry for developing strains witbr@ased biological performance (e.g more robust
stocks with fast growth).

The use of information on climate variability isnited, although many in the industry recognize that
improved use of the available information will assiverall economic performance.

Adaptation Options for Dealing with Climate Change

The fisheries and aquaculture sectors are jushbiegj to develop strategies for climate change, and
these efforts will gain momentum in the near futlree adaptation options are best illustrated with
several examples of how fisheries or aquacultung mspond to climate change. Additional solutions
will be developed as awareness increases, andabiimn is designed to stimulate additional ideas f
adaptation options.
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Climate change adaptation options for the fishesiestor have been seen mostly in the context of
management options, including building resilienaemtgh improved stock status (e.g. Jackson et al
2001; Steneck et al 2002). Climate change impactsexploited species could directly affect
Australian fisheries management in several waysludling setting of climate regime-specific
reference points, spatial management (includingwks), and predictive models for harvest levels
(Hobday et al 2007b). For example the Commonwedlfinvest strategy policy sets certain
benchmarks to define overfishing, including biomiasd reference points (Rayns 2007). These could
well change as productivity or distribution changéh significant impacts on quotas and effort leve
given the direct link between the benchmarks andagement decisions. The guidelines to the policy
already envisage that account should be taken afigthg benchmarks, but the difficulty will be in
detecting the effects and determining the chanigebday et al 2007b). Another management issue is
that most fisheries are defined by jurisdictionalibdaries that determine access and property rights
As species distributions change, fishers' righty mianinish, while other fishers currently without
species access rights may gain effective accettgetfish. Management policies can differ between
regions: movement of stocks to areas without adequanagement may also lead to resource conflict
(Miller 2007, Stenevik & Sundby 2007). Proactivelipp development is needed to avoid such
conflict.

Changes in the abundance of species that are ple@dolw historic levels (e.g. southern bluefinayn
can be positive or negative. In the case of ine@adbundance (population recovery), rapid industry
adaptation will be likely — driven by economic opipmity. It will be a challenge to determine if the
change in abundance is likely to be sustaineds @ue to interannual variability. This distinctign
crucial for long-term business decisions around sayeasing fleet capacity or making technological
investments. In the case of declining abundancdusimy may be forced to adopt additional
management measures to protect a particular specidso may have reduced flexibility to target the
non-impacted species. Thus adaptation options rddiice non-target capture will be useful in a
changing climate, as well as improve the sustalityabi fisheries in general.

As illustrative examples, we discuss three optifmmsdifferent sectors dealing with climate change.
These are not exhaustive or even comprehensivesemd merely as a guide to potential adaptation
strategies.

Option 1 - Aquaculture —rising temperature in southern Australia

The aquaculture industry has several options faptdion to climate change including selectively
breeding for tolerance to altered temperature regimr the use of alternate species that are pre-
adapted to the temperature regimes; and relocafiproduction facilities, including the movement of
cage systems to deeper offshore waters (PrestoR@ndzanska 2007).

The predicted temperature change in waters aroursirélia over the coming century is relatively
slow compared to the generation times of the Aliatraaquaculture species that are currently
considered amenable to selective breeding; theggeriiom a year or less for prawns (Preston et al.
2004), two years for oysters (Appleyard et al. 2a0&hree years for Atlantic salmon (Elliott & By
2003) and temperate abalone (Shepherd et al. 18fHpugh there appears to be significant potential
to adapt these aquaculture species to changempetature within appropriate time frames, whether
this is possible will depend on the genetic divgrsf the breeding population. The development of
new aquaculture species to meet the growing denfandseafood products will also increase
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adaptability of aquaculture industries to climabtamge, however, the choice of new species is not
independent of markets, competitors, and biolodicatations (Preston and Poloczanska 2007).

Impacts can be mitigated to some extent by forésigplanning and selection of sites and of species
Rapid response to the projected warming can beeaettiin farming of caged fish, such as salmon, by
moving cages offshore to deeper, cooler watersréell® increasing global interest in offshore
aquaculture for a number of reasons, includingribed to avoid adverse impacts on fish health and
quality from pollutants discharged into coastal evat(Ryan 2004). Ameliorating, the impacts of
climate change, particularly for species at thet$irto their thermal tolerance, may provide additio
incentive to develop offshore aquaculture technglog

Option 2 — Following the fish — changes in distribution of pelagic species

For pelagic fisheries, most of the immediate impadtclimate change will be expressed as changes in
distribution of the target stocks (Hobday et al 2600 As a result, the potential adaptation options
devised to date are mostly around changing digtabs. Adaptation strategies include: improvements
in locating stocks of fish, changes in home porinirease or minimise economic costs associated
with transport, and zoning of fish habitats to mirse unwanted species interactions.

Fishers often use a range of ports along the caast,change location during the season as fish
distribution or availability changes. Infrastrua@umay vary between these ports, such as the number
of berths, storage facilities, ship chandleriesl aansport links. Processing facilities and akdirare
considered the main bottlenecks. If ports receivdy mccasional usage by some boats, then
infrastructure is not stretched, however, if magranges in the usage resulted from changed
distribution of the catch, infrastructure may prowde inadequate in new areas (Hobday et al 2007b)

Changes in species distributions where stocks becmore separated may reduce the restrictions
introduced when species overlap. For example, thaaud contraction in the distribution of southern
bluefin tuna (SBT) on the east coast of Austral@uld allow longline fishers targeting other species
to fish more freely areas previously occupied byr §Bobday and Hartmann 2006), which may be an
economic advantage.

As climate-driven changes in fish distribution agdwowever, commercial fishers may not be able to
simply follow the stocks as they may contract idifferent management regions. Information on the
potential changes will enhance industry capabiiityadapt to climate change, and make sensible
business and investment decisions. This informadimes not always exist, and where it does, it may
not be accessible to those who need it.

Option 3 — Ecosystem-based fishery management — climate change is part of the
system

Ecosystem-based fisheries management (EBFM) tak&es account interrelationships between
exploited fish stocks, non-target species, therenment, and human action (e.g. Link et al 2002).
The effect of climate on fisheries is recognisedngzortant in this approach, and adaptation options
are being explored within ecosystem models (B.drylipers. comm). Ecosystems are extremely
complex and current challenges include definingsgstem and fisheries objectives to be conserved or
met, as well as defining indicators, reference fsoéimd implementation mechanisms. The transition to
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EBFM may entail short-term costs and sacrificeshayfishing industry but these will be out-weighed

by longer term benefits. In one example, the NartHerawn Fishery is moving to ecosystem based
management through the Northern Prawn Fishery Managt Plan (1995) which implements various
fishery effort, target species and bycatch spduigts.

Such holistic approaches to fishery managementalgth increase industry adaptation in the face of
climate change, as increased attention to EBFMxe@ed to increase resilience of fisheries to a
range of impacts. Other holistic approaches, irinlyithe CSIRO Ecological Risk Assessment for the
Effects of Fishing (Hobday et al 2007a), also supgge EBFM approach, and could be adapted to
provide estimates of risks due to climate changis. lecognized that adapting to climate changé wil

most successful when undertaken in conjunction wilsting strategies (Smit and Wandel 2006),

such as EBFM.

Adaptation options under the EBFM umbrella includevelopments in bycatch reduction, and
improved targeting practises that will have thelduenefit of minimising impacts on non-target
species, and provide potential alternatives toiapelbsures to protect the particular species.tMul
species fisheries should continue to develop spepecific fishing gears and targeting practices to
improve future adaptability. Species-specific geati allow individual species to be targeted,
without impacting other species that may be in idectlue to climate change, and protected from
fishing.

This move in Australia to EBFM is illustrative falimate adaptation, because it entails explicit
recognition for the importance of understanding iemmental relationships. Thus, an EBFM

approach will also facilitate adaptation to climateange through the holistic approach (Smit and
Wandel 2006).

Option 3 — Recreational and indigenous fishers

Recreational and indigenous fishers are increasisghre that they may have a significant impact on
biological populations. As a result of climate cganmanagement of the fisheries may change. For
example, recreational fishers may advocate chatgésg or size limits. They may also advocate
increased support for research through licence, feesffer targeted collection or reporting to
supplement the knowledge base on particular spesigsugh Henry and Lyle (2003) report that the
motivation of many recreational fishers is not toyide food, fishing is unlikely to take place imet
absence of fish. Thus, changes in fish abundandestibution will be a concern to fishers.

Indigenous fishers, particularly those harvestimg $ame species as commercial operators may seek
greater involvement in integrated management, amgpb@t a reduction of fishing pressure on
impacted species.

Both groups will be impacted by changes in the maysnvironment, and must advocate that vessel
and shore-based safety regulations are adheredstipport increased use of ocean forecasts, and
become active in fisher education to increase avem®of environmental changes.

There may be opportunities for business in neworegiand for longer seasons in the same regions.
For example, game fishing targets “warm water g®ciso southward movements due to ocean
warming may be an advantage with regard to lonigaing seasons, and increased availability to the
south.
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Risks of Maladaptation

While the potential for maladaptation exists inuhat strategies, the development of adaptation
strategies is in the early stages for Australishdries and aquaculture. At this time, recognitiat
some strategies may have unintended consequerncegrate change is an important point to make.
A few speculative suggestions of potential malaal#mt are offered as illustrations rather than case
studies.

1. Fisheries

One risk of maladaptation is via potential relaxatof spatial management regulations. This may not
lead to fishers following climate-driven spatialaciges in “peak abundance” as desired; it may lead
instead to serial depletion of separate stockss Tikk exists because information on fish distiiut
and response to climate is lacking. An adaptatémponse that includes reduced spatial restricton f
fishers should be preceded by studies on stoclonsgs to changing environmental conditions, fish
movement responses to the environment, and fiskeaior.

Relaxation of spatial restrictions of some fishigtivities may have unforseen consequences. For
example, the cost of fuel is a large proportiorihef financial cost of fishing and one that is likéb
increase in the future as diminishing reservesiaci@asing demand drive up the price of fossilduel
Increased travel distances as new areas are op8slkedstocks shift or diminish, and projected
increases in ocean storminess (hence lengtherdngl ttimes), together with burgeoning fuel costs
may lead to further economic crises in fisheries2000, global fisheries were estimated to have
burned 50 billion litres of fuel, accounting for2% of global oil consumption — equivalent to the
amount burned by the $&anked oil consuming country globally — and endit@er 130 million
tonnes of C@into the atmosphere (Tyedmers et al 2005). Gihenréliance of the modern fishing
fleet on fossil fuels, future management and pola§f need to consider reducing these costs.
Providing suitable infrastructure at a range oftp@ould reduce the reliance on long journeys to a,
say, a single landing and processing facility.

2. Aquaculture

Aquaculture currently accounts for almost 50 perodrihe world’s food fish and has the potential to
meet the estimated demand for the additional 4bomitonnes of aquatic food that will be requirad b
2030 to maintain the current per capita consumpfokO 2006). Of concern is the potential impact
of climate change on the supply of aquaculture-feegtedients. Feeds used in the culture of
carnivorous fishes (e.g. salmon and barramundi)caustaceans (e.g. prawns) generally contain high
concentrations of protein, much of which is at presobtained through the inclusion of wild-harvest
fish (Preston and Poloczanska 2007). Expansiongofeulture industries is placing increasing
demand on global supplies of wild-harvest fishnteaprovide protein and oil ingredients for aqua-
feeds. The potential for adverse impacts of clingtange on global fishmeal production is well
illustrated by periodic shortages associated wittmate fluctuations such as El Nifio (e.g. Barlow
2002). Irrespective of the impacts of climate clegngroduction of fish meal and fish oil from the
oceans is likely to decline as demand increasesr @ past 20 years, efforts to find cost-effectiv
alternatives have centered on proteins from tera¢gtiants, particularly soy bean meal. If, asrsse
likely, that the use of soy bean meal and otheestnal plant proteins increases, then the impafcts
climate change on national and global terrestrialpcplant industries will become increasingly
relevant for finfish and crustacean aquaculturegt®n and Poloczanska 2007).
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Costs and Benefits

Climate change will impact the biological, econoraitd social aspects of many fisheries; and both
positive and negative impacts are expected. Fishexill be impacted differently according to the
physical changes in the regional environment, f@ngple, south-east fisheries are most likely to be
affected by changes in water temperature, nortfigheries by changes in precipitation, and western
fisheries by changes in the Leeuwin Current (Vateal 2006, Hobday et al 2007b). Wild fisheries
will see increased opportunity where tropical spganove southward, while for southern fisheries,
reconciling non-climate threats with increasing pemature will require proactive management
(Hobday et al 2007b). With regard to socio-econormgpacts, aquaculture industries have
considerable adaptation potential via selectiveding, regulating the environment, and new species
opportunities (Preston and Poloczanska 2007). Mamagt structures and policies that account for
climate change will allow most flexibility in adapg to future patterns.

In common with other food production sectors, clienahange is likely to have direct and indirect
impacts on all Australian aquaculture productioniemments (Preston and Poloczanska 2007). These
include freshwater ponds, brackish water and mgromels, and industries that use rafts, lines cesag
in coastal or offshore waters. Given the projedtagiacts of climate change on freshwater supplies in
Australia (Hennessey et al. 2007), freshwater agtae industries may be the most vulnerable.
Conversely, pond-based or open water marine aduaeusectors could perceivably benefit from
climate change and be well placed to respond tgltiteal demand for aquatic food. Climate change is
likely to favour the development of new industrigsch as microalgae biomass production. The
emergence of global interest in the potential fasencultivation of microalgae as a source of bisfue
feeds, chemicals, pharmaceuticals and nutracesitiBgnemann 1992, Borowitzka 1997, Spolaore et
al. 2006, Chisti 2007) could provide an opporturidy Australia to take advantage of increased solar
radiation and elevated temperatures. The developroernthis new aquaculture sector could be
particularly significant if mass cultivation of maalgae proves to be an effective method of post-
combustion of C@from Australia’s coal fired power stations (Kaddd®97, de Morais and Costa
2007).

The impacts of climate change on aquaculture &sdylito heighten public awareness of the need to
respond to the changes. As many aquaculture venéuieein public waterways, acute impacts - such
as the farmed tuna mortalities noted earlier ity to be highly visible. This increased awazss
could lead to more concerted efforts to rigorousbgess and predict the likely impacts of climate
change on aquaculture. At the same time, quotactieths in the wild capture fisheries are having
major impacts on the economic viability of coastatnmunities outside the cities; aquaculture is one
of the few alternative sources of employment gdheeaxailable in coastal towns. The interaction of
social and economic factors in relation to climatgacts and setting public policy has yet to be
played out.

Knowledge Gaps and Priorities

It has been recognized for over 100 years thatrocgaocesses, for example advection and water
temperature affect biological processes such asiteent to fish stocks (e.g. Hjort 1914; Hannesson
2007). Recent progress has been made in the noftleenisphere on the influence of climate change
on such processes (e.g. Clark et al 2003; Rosd,, Zinkwater 2005; Perry et al 2005). Considerable

326 Climate change adaptation in Australian primary industries



progress is also being made through research onoteeof climate variability (such as El Nifio —
Southern Oscillation events) in influencing biolealiprocesses (e.g. Lehodey et al 1997), which will
inform how climate change may impact fish stockkisTapproach typically requires time-series of
biological and physical data covering more than oyee of the climate variability pattern. Climate
variability usually operates on shorter time-scalegh as annual or decadal, while climate change
operates over many decades or longer.

The evidence for climate change impacts on Austnalarine fisheries so far, has been largely
inferred from studies of climate variability (Hobdat al 2007b). This is because (i) climate change
scenarios for the coastal and pelagic environmeat®, until recently, lacked the spatial resolution
necessary for biological studies, and (ii) modtdiges and their captured species are not amet@mble
experimental manipulation, and so climate changeaits cannot be readily measured as for some
terrestrial or benthic systems such as coral. Eurthustralia suffers from a lack of long-term déda
most fisheries, which hinders research into climatgacts, despite more then a century of
exploitation in some regions. Fishers were not ireguto complete fishery logbooks until
comparatively recently; the logbooks are the mashmon data source used to assess resource
abundance. Fishery-independent sampling is far ¢essmon. Australia’s participation in several
international programs focused on the climate irtgpan fished species may help to overcome the
temporal limitation by enabling spatial comparisdretween regions. Two such programs are the
GLOBEC (Global Ocean Ecosystem Dynamics) initiadiv@PACC (Small Pelagics and Climate
Change) and CLIOTOP (Climate Impacts on Top Oceadd®ors). This Australian contribution to
these international efforts will likely increasetire coming years.

In future, information on the biological relatiotigh with climate variability must be collected tivey
insight into the impacts of climate change on fisggeand aquaculture. With additional information,
assessments of future impacts can be made wittegre@nfidence and management responses can be
justified to sometimes reluctant stakeholders. é¥gective analyses, including paleo-ecological
studies, will continue to be crucial in resolvingypical-biological relationships, with ocean models
providing previously missing or unattainable enmmeental data (Hobday et al 2007c). The research
partnership between climate modellers and fishaaig$ aquaculture scientists must be fostered to
ensure that biologically relevant information asidable spatial and temporal scale will be avadabl
from the climate models.

Immediate progress with maximum reward can be m@adendertaking focused regional studies.
Hobday et al (2007b) recommended several studias rtay provide rapid insight and generate
improved understanding of climate change thregigounities and adaptation strategies.

o0 Investigation of climate impacts on south-east dseailefisheries. The relatively long
biological time-series already in existence andudmzented range changes suggest this is an
area where clear impact will occur. The south-eash is also the region where climate
models indicate rapid warming (Tasman Sea warmiagyl considerable social disruption
would occur if key fisheries were affected. It mportant to consider the potential for
mitigation or adaptation to any anticipated charsheries and the management approach in
this region are also undergoing major restructuang have shown willingness to consider
climate information in setting catch levels. Intpdue to this recommendation for a south-east
focus, the Australian Greenhouse Office througiCiastal Vulnerability Adaptation Program
has selected the east coast of Tasmania as ohe sixtregional case studies. The impact of
climate change on a fishery in this region willibeestigated in 2008.
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Investigation of climate impacts on western rodsker. The recruitment link currently used
by management to set quotas is a statistical oelship whose mechanism is not fully
understood. If climate change leads to decouplinthis link, such that the adult biomass is
no longer well predicted by larval settlement, thia current management regime may be
compromised, and a valuable and high-profile inguséthpacted. Elucidating the role of
climate variability in this fishery would supportsastainable future. By investigating and
identifying the mechanistic link between the Leeu@iurrent and rock lobster settlement, one
would obtain the essential information to assessaté-change impacts on the rock lobster
fishery. Such work would be critical to addressihg impacts of climate change within the
management framework of the rock lobster fishergd &m ensuring a sustainable future
fishery. Research on the Leeuwin Current-rock lkebbbk would also benefit other fisheries
in Western Australia.

Investigation of socio-economic impacts of climate fisheries and aquaculture. A regional
focus study, such as on the Eastern Tuna anddBilFishery, where environmental variability
is a key driver of fishing effort, or on an aquaatg industry such as salmon farming, would
allow development of integrated models predictirgvhthe socio-economic impacts of
climate change will be felt. This challenging areauld require partnerships between
biologists, social scientists, economists and ocemdellers from a range of Australian
organisations.

Investigation of changes in productivity around #aka. Current ocean forecasts focus on
physical changes; the crucial next step is to fsechange at the base of the food chain. For
example, changes in upwelling and mixing may impacgional productivity and thus the
range and distribution of key species that occuwssca variety of fisheries.

Climate change adaptation in Australian primary industries



Table 12.3: Summary of climate change adaptation options for Australian fisheries and aquaculture indicating
whether the option 1) has already been assessed or is a remaining knowledge gap, 2) is highly feasible, 3) would
be feasible / effective immediately, or 4) should be a high priority for research, assessment and implementation in
developing adaptation strategies.

Policy level
Develop linkages to existing government policies
and initiatives e.g. GGAP, Greenhouse challenge,
salinity, water quality, rural restructuring
Fisheries] X X v v
Aquaculture X 4 v v
Ensure communication of broader climate change
information
”? v v v
Fisheries]
Aquaculture| ? v v v
Maintenance of effective climate data distribution
and analysis systems
. . X v X v
Fisheries|
Aquaculture| X v X v
Continue training to improve self-reliance and to
provide knowledge base for adapting
v
Fisheries| X X X
Aquaculture] X v v v
Increase R&D capacity, undertake further adaptation
studies which include costs/benefits and streamline
rapid R&D responses
Fisheries] ? ? v v
Aquaculture] v 4 v v
Develop further harvest modelling capabilities and
quantitative approaches to risk management L,
Fisheries|
? ? ?
Aquaculture] v
Encourage appropriate management, policy, and
industry structures to enable flexibility
. . ? v v
Fisheries] X
Aquaculture] X v v
Encourage diversification of enterprises (e.g.
ecotourism, scientific charters, recreational fishers)
. . v
Fisheries| X
?
Aquaculture| v : X
Ensure support during transition periods caused by
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climate change and assist new industry
establishment or exit from the industry

) ) v v
Fisheries|
? 2 ? ?
Aquaculture] ’ : ) )
Altering transport and market infrastructure to
support altered production regimes caused by
climate change
Fisheries| X ? X X
Aquaculture ? ? ? ?
Introduction of climate change adaptation into
Ecosystem-based Fisheries Management, and
regional management plans
Fisheries| v v
Aquaculture] v v
Climate information and use
Improve dynamic climate modelling tailored
towards decision making
. . v v
Fisheries
v v
Aquaculture
Incorporate seasonal forecasts and climate change
into business plans to improve adaptive capacity
. . v v v
Fisheries
v v v
Aquaculture
Development of tools and extension to enable
operators to access climate data and interpret the
data in relation to their harvest records and analyse
alternative management options.
Fisheries| s s n n
Aquaculture| v v v v
Warnings about likelihood of extreme events prior
to decision making period
?
Fisheries )
Aquaculture ? ? ? ?
Target species issues
Improve predictive tools and indicators for species
impacted by climate change
. . X v v v
Fisheries
v v v
Aquaculture X
Selection of varieties with appropriate physical
tolerances and phenological characteristics
n/a n/a n/a n/a
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Fisheries v v v
Aquaculture
Ongoing evaluation of climate relationships for key
species (e.g. distribution, phenology/life history)
. . v v v
Fisheries
Aquaculture v v v
Flexibility to shift efforts between species (fisheries
and aguculture) or genetic stocks (aquaculture) to
take advantage of novel conditions (e.g. very warm
year)
Fisheries 2 2
Aquaculture v v
Ecosystem management
Further development of regional management plans
that are appropriate for the distribution of the
species being harvested or farmed.
Fisheries| ? v v
Aquaculture 4 v X
Develop precautionary approaches that reduce the
risk of non-target impacts
Fisheries|
v v v
Agquaculture]
v v v
Alter harvesting practices to be more opportunistic
depending on environmental conditions (e.g. water
temperature), climate (e.g. ENSO risk) and markets
Fisheries] ? v X
Aquaculture ? v ?
Improve pest and disease predictive tools and
indicators
Fisheries
X v v
Aquaculture
v v v
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13: APPENDIX - OZCLIM CLIMATE
CHANGE PROJECTIONS FOR
SUGARCANE REGIONS

OZCLIM generates regional climate change scenddsgd on the spatial patterns of change from 12
different Global climate models (GCMs) combined hwit8 different greenhouse gas emission
projections (IPCC, 2001For the purposes of this reviewojections have been determined from
regional patterns of projected climate change geadrfrom the Hadley Centre (HADCM3) fully
coupled model and CSIRO limited area model (DARLAML to examine a broad range of likely
changes in temperature and rainfall at both 2020 2080. The regional patterns of change were
scaled using a low future emission trajectory (A2Y high emission trajectory (A1T) for 2020 (Table
13:1) and 2030 (Table 13:2) (SRES, 2000). Theivelgtlow temperature sensitivity to double €0
concentrations demonstrated by DARLAM meant scesaproduced by this model represented the
lower end of projected changes (i.e. 2020 or 2@8@),l whereas the HADCM3 projections more
extreme projections or change (i.e. 2020 or 208@)hi
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Table 13:1: Seasonal baseline (1961-1990 mean) maximum temperature (Tmax, °C), minimum temperature (Tmin, °C) and rainfall (R’fall, mm), and climate change projections
for low and high emission scenarios for 2020 for Tmax (°C), Tmin (°C) and R’fall (%) for a range of locations in the Australian sugarcane industry.

£| Tmin (°c) 19.0 171 12.6 16.0 16.2 0.3 0.4 0.3 0.4 0.4 1.0 0.9 0.8 0.8 0.9
g Tmax (°C) 27.8 24.2 21.4 26.3 24.9 0.3 0.3 0.3 0.4 0.3 1.0 0.8 0.8 0.8 0.8
= R’fall (mm/%) 1237.0 1022.0 247.0 304.0 2810.0 -1.4 14 0.0 -0.3 -0.1 5.1 -2.7 -9.8 -13.3 -5.5
< Tmin (°C) 20.5 17.8 12.4 16.4 16.8 0.3 0.4 0.3 0.4 0.3 0.9 0.9 0.8 0.8 0.9
% Tmax (°C) 29.8 26.6 23.8 28.4 27.2 0.3 0.3 0.3 0.4 0.3 0.9 0.8 0.8 0.7 0.8
= Rfall (mm/%) 628.0 421.0 67.0 116.0 1232.0 -1.6 14 0.3 -0.7 -0.4 -5.4 -3.9 9.4 -15.1 -6.0
o Tmin (°C) 23.4 21.3 16.7 20.0 20.4 0.3 0.3 0.3 0.3 0.3 0.9 0.8 0.8 0.7 0.8
'.‘% Tmax (°C) 30.8 28.4 25.1 28.5 28.2 0.3 0.3 0.3 0.3 0.3 0.9 0.8 0.8 0.7 0.8
® Rfall (mm/%) 1610.0 1582.0 354.0 385.0 3931.0 -2.0 2.3 0.4 -0.8 0.1 -5.2 -2.7 -8.5 -13.1 -5.3

Tmin (°C) 22.9 20.5 15.0 19.2 19.4 0.3 0.3 0.3 0.3 0.3 1.0 0.9 0.9 0.8 0.9
E‘ Tmax (°C) 31.3 28.7 25.2 29.2 28.6 0.3 0.3 0.3 0.3 0.3 1.0 0.8 0.9 0.8 0.9

R’fall (mm/%) 1294.0 1244.0 274.0 300.0 3112.0 -2.5 2.7 1.0 -0.5 0.1 -4.4 -3.7 -7.6 -13.6 -5.3
£ Tmin (°C) 23.8 20.8 14.9 20.1 19.9 0.3 0.4 0.4 0.3 0.4 1.0 1.0 0.9 0.9 1.0
'g, Tmax (°C) 32.0 295 25.8 29.9 29.3 0.3 0.4 0.3 0.4 0.3 11 0.9 0.9 0.9 0.9
- R’fall (mm/%) 1003.0 642.0 94.0 185.0 1924.0 -2.1 2.7 1.4 -0.9 -0.2 -5.0 -5.7 -6.5 -14.4 -6.2

Tmin (°C) 23.3 20.0 14.0 19.1 19.1 0.3 0.4 0.4 0.3 0.3 1.0 1.0 0.9 0.9 1.0
5 Tmax (°C) 31.6 28.9 25.1 295 28.8 0.3 0.3 0.3 0.3 0.3 11 0.9 0.9 0.9 0.9

Rfall (mm/%) 587.0 328.0 72.0 94.0 1081.0 -1.6 4.2 15 -0.8 0.5 -4.9 -5.6 -6.8 -13.9 -6.0
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.GE) Tmin (°C) 22.3 18.7 12.0 17.6 17.7 0.4 0.4 0.4 0.4 0.4 1.1 1.0 1.0 1.0 1.0
g; Tmax (°C) 30.7 27.6 23.4 28.3 27.5 0.3 0.4 0.3 0.4 0.3 11 0.9 0.9 0.9 1.0
DE- R’fall (mm/%) 800.0 462.0 99.0 146.0 1507.0 -0.8 4.1 1.4 -0.8 0.9 -3.9 -6.0 -7.9 -13.1 -5.7

Tmin (°C) 235 20.0 13.6 19.5 19.1 0.3 0.4 0.3 0.4 0.4 11 1.0 1.0 1.0 1.0
§ Tmax (°C) 30.4 27.2 22.6 27.8 27.0 0.3 0.4 0.3 0.4 0.3 11 0.9 1.0 1.0 1.0
g R’fall (mm/%) 837.0 548.0 123.0 176.0 1684.0 -0.3 3.5 1.8 -1.2 1.0 -2.5 -5.8 -9.3 -13.1 -5.2
g Tmin (°C) 21.6 18.1 11.7 17.2 171 0.4 0.4 0.3 0.4 0.4 1.0 0.9 0.9 1.0 1.0
gﬁ Tmax (°C) 30.2 27.3 22.6 27.1 26.8 0.3 0.4 0.3 0.3 0.3 11 0.9 1.0 1.0 1.0
@ R’fall (mm/%) 459.0 276.0 143.0 192.0 1070.0 0.8 13 2.1 -0.7 0.8 -1.4 -7.7 -1.7 -9.5 -5.3
< | Tmin (°c) 20.6 16.8 9.5 15.2 155 0.4 0.4 0.3 0.3 0.4 1.0 0.9 0.9 1.0 0.9
g Tmax (°C) 29.8 26.7 22.2 27.1 26.5 0.3 0.4 0.3 0.3 0.3 1.0 0.8 0.9 1.0 0.9
= R’fall (mm/%) 476.0 305.0 178.0 225.0 1184.0 0.2 11 2.6 -0.6 0.7 -1.0 -8.2 -7.8 -9.5 -5.5

Tmin (°C) 19.7 16.1 9.4 14.7 15.0 0.3 0.4 0.3 0.3 0.3 0.9 0.8 0.9 0.9 0.9
'E, Tmax (°C) 28.5 255 20.9 25.2 25.0 0.3 0.4 0.3 0.3 0.3 1.0 0.9 0.9 1.0 0.9
| Rfall (mm/%) 494.0 419.0 215.0 252.0 1380.0 0.5 0.9 21 -0.4 0.7 -1.7 -10.3 -9.1 -9.9 -7.0
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Table 13:2: Seasonal baseline (1961-1990 mean) maximum temperature (Tmax, °C), minimum temperature (Tmin, °C) and rainfall (R’fall, mm), and climate change projections
for low and high emission scenarios for 2030 for Tmax (°C), Tmin (°C) and R’fall (%) for a range of locations in the Australian sugarcane industry.

S Tmin (°C) 19.0 171 12.6 16.0 16.2 0.4 0.6 0.5 0.5 0.5 1.4 1.3 1.2 1.2 13
g Tmax (°C) 27.8 24.2 21.4 26.3 24.9 0.4 0.4 0.5 0.5 0.5 1.4 1.2 1.2 11 1.2
= R’fall (mm/%6) 1237.0 1022.0 247.0 304.0 2810.0 -2.1 2.0 0.1 -0.4 -0.2 -7.4 -4.0 -14.3 -19.5 -8.1
h Tmin (°C) 20.5 17.8 12.4 16.4 16.8 0.4 0.5 0.5 0.5 0.5 1.4 13 1.2 1.2 13
% Tmax (°C) 29.8 26.6 23.8 28.4 27.2 0.4 0.5 0.5 0.5 0.5 1.4 1.2 1.2 11 1.2
= R’fall (mm/%) 628.0 421.0 67.0 116.0 1232.0 -2.4 2.1 0.4 -11 -0.6 -8.0 -5.7 -13.8 -22.1 -8.8
L Tmin (°C) 23.4 213 16.7 20.0 20.4 0.4 0.5 0.5 0.5 0.5 13 1.2 1.2 1.1 1.2
'.‘% Tmax (°C) 30.8 28.4 25.1 28.5 28.2 0.4 0.4 0.5 0.5 0.4 1.3 1.1 1.2 11 1.2
® R’fall (mm/%) 1610.0 1582.0 354.0 385.0 3931.0 -2.8 3.4 0.6 -1.2 0.1 -7.7 -4.0 -12.4 -19.2 -7.8

Tmin (°C) 22.9 20.5 15.0 19.2 19.4 0.4 0.5 0.5 0.5 0.5 1.4 1.3 13 1.2 13
E‘ Tmax (°C) 31.3 28.7 25.2 29.2 28.6 0.4 0.5 0.5 0.5 0.5 1.4 1.2 13 1.2 13

R’fall (mm/%0) 1294.0 1244.0 274.0 300.0 3112.0 -3.6 3.9 15 -0.8 0.1 -6.4 -5.5 -11.2 -19.9 -7.8
£ Tmin (°C) 23.8 20.8 14.9 20.1 19.9 0.5 0.5 0.5 0.5 0.5 15 1.4 14 1.3 1.4
'g, Tmax (°C) 32.0 29.5 25.8 29.9 29.3 0.4 0.5 0.5 0.5 0.5 1.6 1.3 13 1.3 1.4
B R’fall (mm/%0) 1003.0 642.0 94.0 185.0 1924.0 -3.0 4.0 2.0 -1.3 -0.3 -7.4 -8.3 -9.5 -21.1 9.1

Tmin (°C) 23.3 20.0 14.0 191 19.1 0.5 0.5 0.5 0.5 0.5 15 1.4 1.4 13 1.4
5 Tmax (°C) 31.6 28.9 25.1 29.5 28.8 0.4 0.5 0.5 0.5 0.5 1.6 1.3 14 1.3 1.4

R’fall (mm/%) 587.0 328.0 72.0 94.0 1081.0 -2.3 6.1 2.3 -11 0.7 -7.1 -8.3 -10.0 -20.3 -8.8

Climate change adaptation in Australian primary industries 345



.GE) Tmin (°C) 22.3 18.7 12.0 17.6 17.7 0.5 0.6 0.5 0.6 0.5 15 1.4 1.4 1.4 1.4
g; Tmax (°C) 30.7 27.6 23.4 28.3 27.5 0.4 0.5 0.5 0.5 0.5 1.6 1.3 14 1.4 1.4
DE- R’fall (mm/%) 800.0 462.0 99.0 146.0 1507.0 -11 6.0 21 -11 1.3 -5.8 -8.8 -11.6 -19.1 -8.4

Tmin (°C) 235 20.0 13.6 19.5 19.1 0.5 0.6 0.5 0.6 0.5 1.6 1.4 14 15 15
_§ Tmax (°C) 30.4 27.2 22.6 27.8 27.0 0.4 0.5 0.5 0.5 0.5 1.6 1.3 14 1.4 1.4
g R’fall (mm/%) 837.0 548.0 123.0 176.0 1684.0 -0.5 5.1 2.7 -1.7 14 -3.7 -8.5 -13.7 -19.1 -7.6
g Tmin (°C) 21.6 18.1 11.7 17.2 171 0.5 0.6 0.5 0.5 0.5 15 1.3 13 15 1.4
gﬁ Tmax (°C) 30.2 27.3 22.6 27.1 26.8 0.4 0.6 0.4 0.5 0.5 15 1.3 14 15 1.4
@ R’fall (mm/%) 459.0 276.0 143.0 192.0 1070.0 1.2 1.9 3.0 -1.0 1.2 -2.0 -11.3 -11.3 -14.0 -7.8
5, Tmin (°C) 20.6 16.8 9.5 15.2 155 0.5 0.6 0.5 0.5 0.5 1.4 1.2 13 1.4 13
g Tmax (°C) 29.8 26.7 22.2 27.1 26.5 0.4 0.6 0.4 0.5 0.5 15 1.2 14 1.4 1.4
= R’fall (mm/%) 476.0 305.0 178.0 225.0 1184.0 0.4 1.6 3.8 -0.8 1.0 -1.5 -12.0 -11.4 -13.8 -8.1

Tmin (°C) 19.7 16.1 9.4 14.7 15.0 0.5 0.6 0.5 0.4 0.5 1.4 1.2 13 1.4 1.3
;;E_; Tmax (°C) 28.5 255 20.9 25.2 25.0 0.4 0.6 0.4 0.5 0.5 1.4 1.3 14 15 1.4
| Rfall (mm/%) 494.0 419.0 215.0 252.0 1380.0 0.7 14 3.1 -0.5 11 -2.5 -15.1 -13.4 -14.5 -10.2
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