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1.1 Landscape Ecology 

Landscapes stretch as far as the eye can see, taking in landforms such as hills and valleys, plants 

and animals, and including weather effects, human activity, land uses and the built environment. 

Landscapes are active and changing as soils form and erode, as plants and animals respond to 

climate and as humans use and change soils, water, plants, animals and the atmosphere i.e. our 

life giving resources. 

Landscape ecology studies the relationships between and within ecosystems and external 

influences such as weather, land uses, built environments and human activities. This multi-

disciplinary science looks for patterns, processes and relevant scales in broad-scale environmental 

issues. A key goal is to identify management options and develop tools which will enable the vital 

natural resources to be improved, maintained and made renewable. 

Biodiversity can be defined as the totality of genes, species, and ecosystems of a region, and is 

often used as a measure of the health of biological systems. Understanding biodiversity is critical 

to sustainable management of ecosystems. But how best to measure biodiversity? This is a major 

challenge in Australian landscapes, to cover large areas, to document variations in vegetation 

communities, and to capture ecological responses to conditions ranging from drought to flood. 

The Eyre Peninsula Natural Resources Management Board recognises climate change as a core 

future influence on the natural resources of the region, placing pressure on native ecosystems, 

production systems and water resources. The .ƻŀǊŘΩǎ ǘŜƴ ȅŜŀǊ {ǘǊŀǘŜƎƛŎ Plan (EP NRM Board, 

2009) places a priority on helping communities to understand, adapt to and mitigate the impacts 

of climate change. Adaptive farming systems will be essential in a changing climate and variable 

economic market, crucial groundwater resources may become stressed and require different 

management, and special attention will be required for the management of areas of native 

habitat that are at risk from climate change. 

1.2 Landscape Scale Research 

Understanding and managing Australian landscapes is a special challenge because of two key 

factors - variability and patchiness. Rainfall is highly variable and patchy, with frequent droughts 

lasting several seasons.  The European agricultural systems known by our immigrant forefathers 

are generally reliable and predictable especially in the temperate and humid environments of the 

northern hemisphere. Much of Europe relies on perennially flowing rivers and annual rainfall 

recharge of shallow groundwater reserves for water supplies. In contrast, Australia has highly 

variable and unreliable water supplies. 
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Australian ecosystems have developed a 'boom and bust' approach to recruitment, adapting to 

the highly variable cycles of flood and drought. The Australian population, on the other hand, 

wants regular and predictable supplies of food and water, creating conflicts between society's 

needs and Australia's highly evolved ecosystems. Managing this conflict is critical because the 

long term success of the economy is increasingly dependent on the provision of services from the 

environment such as basic food supplies, clean water, detoxification and fresh air. 

The introduction of urban and agricultural development to our landscapes has led to significant 

problems which undermine the sustainability of ecosystem services. Loss of vegetation cover 

exposes soil to erosion, and diversions of water from rivers dries floodplains and river channels. 

Replacing perennial ever-green vegetation with short-lived annual crops alters water and salt 

balances, while changes in land management can reduce or increase run-off water and water 

quality. 

The life sustaining system of a landscape is composed of many interacting and dependant 

components. Understanding this complexity and the major interactions is essential for wise and 

sustainable management. Australia's natural resources are declining due to increasing pressures, 

including climate change, urbanization, and intensive agriculture. These problems are being 

addressed through regional plans which attempt to prioritize among a range of possible actions, 

often using a limited and inadequate information base. Ψ[ŀƴŘǎŎŀǇŜ CuturesΩ science is developing 

tools for integrated solutions to manage natural resources. These tools will be used to manage 

whole landscapes and ecosystems, and to select the most effective management actions.  

1.3 Landscape Futures Program 

The Landscape Futures Program at The University of Adelaide, led by Professor Wayne Meyer, has 

been established to respond to the growing need for integration solutions to the management of 

natural resources. It brings together a talented and dedicated group of researchers, teachers, 

managers and communicators to develop tools and research projects to provide answers to 

crucial questions around the issue of sustainable management of our precious natural resources. 

It has developed a systems-wide research approach to explore management options for 

improving agricultural productivity while conserving and restoring natural ecosystems. Developing 

strategies for local governments to adapt to climate change is one key research focus of the new 

Envisioning Future Landscapes Initiative. 

Participants in the Landscape Futures Program hold a vision of a renewable Australian landscape 

that will be used for production consistent with its capacity. It will give due recognition to 

livelihoods and lifestyles as well as retaining endemic biodiversity and it will, in time, be in energy, 
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nutrient and water balance. It will contain a mosaic of connected endemic ecosystems and its 

aesthetic and spiritual qualities will be valued.  The regional population will be supported by the 

resources of the region, they will have access to services that assist with a high quality of life and 

our measure will be improvement in human well being. 

How we use the land, and where we do it, will need to change to adapt to: 

¶ changed climate, 

¶ changed markets, 

¶ changed community values, 

¶ changed opportunities. 

Landscape Futures analysis allows us to identify future land use options to give the best 

combination of environmental, ecological, economic and social outcomes in the face of climate 

and market changes. 

The Landscape Futures Program aims to develop: 

¶ new methods and models for landscape futures analysis that better inform managers and 

policy makers of conservation, repair and maintenance options for sustainable land use; 

¶ improved information systems to assess and monitor natural resource condition and 

provide a basis for projecting likely environmental condition into the future; 

¶ skills and knowledge for planning, implementing and monitoring for improved natural 

resource management. 

The expected outputs produced by the Landscapes Futures Program will: 

¶ improve and verify models used in estimating the water, carbon and nutrient balances of 

different crops and vegetation types with current and future climate conditions; 

¶ identify the economic and community consequences (jobs and services) of changing land 

use practices to improve and conserve resource conditions; 

¶ develop alternative methods for assigning economic, social and environmental values to 

agricultural production, community services and ecosystem services; 

¶ improve methods for assessing and prioritising biodiversity values of different land use 

configurations; 

¶ develop and demonstrate new methods for assessing and monitoring natural resources at 

landscape scales; 
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¶ identify new ways of demonstrating and communicating possible regional landscape 

arrangements and functions using animation and visualisation technology. 

1.4 Climate Change, Community and Environment 

One of the projects within the Landscape CǳǘǳǊŜǎ tǊƻƎǊŀƳ ƛǎ άClimate Change, Community and 

Environment: Building research capability to identify climate change vulnerability and adaptation 

options for South Australian landscapesέ, which was funded by the South Australian Government 

through the Premier's Science and Research Fund (PSRF). This project (CCCE) was initiated in 

2008/09 and looks at planning for adaptation to climate change in the Eyre Peninsula (EP) NRM 

and SA Murray-Darling Basin (SA MDB) regions. It will position South Australian natural resource 

management research and regional implementation in the vanguard of climate change 

vulnerability assessment and adaptation strategies at the landscape scale. 

The overall project aims were achieved through the implementation of three sub-projects: 

¶ EP- Eyre Peninsula Landscape Future (EPFL) - Applying the Climate Change (CC) adaptation 

methodology to the Eyre Peninsula NRM region, including the impact on dryland farming 

(wheat production), biodiversity, and carbon sequestration, and examining future social 

and economic viability. 

¶ SA MDB - Climate Change impact assessment, adaptation and emerging opportunities for 

the SA Murray-Darling region (SBC CCAP) - Applying the Climate Change adaptation 

methodology in the SA MDB, examining future options for CC adaptation across 

horticulture, tourism, carbon capture and bio-fuel production.  Led by the SA MDB NRM 

Board in strong partnership with local councils. 

¶ SA MDB- Developing Landholder Capacity to adapt to Climate Risks and Variable Resource 

Availability in the Bookpurnong and Pyap to Kingston On Murray Regions of the Riverland 

South Australia (MDP LAP) - Developing tools and building capacity to respond to CC 

within the irrigation/horticulture communities of the riverland in South Australia, major 

focus on forward looking business decisions including allocation of water and choice of 

crop types. 

The first project was funded entirely by the PSRF, however the second two received additional 

funding from Strengthening Basin Communities and the CSIRO.  This reflected the overall project 

approach of seeking additional resources to increase project scope and capacity and further test 

project methodologies within a range of scales and contexts.   
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This three year project had contribution from seven partners: 

¶ The University of Adelaide, 

¶ CSIRO Climate Adaptation Flagship,  

¶ South Australian Research and Development Institute (SARDI) / Primary Industry and 

Resources SA (PIRSA), 

¶ Department of Water, Land and Biodiversity Conservation (DWLBC), 

¶ Department for Environment and Heritage (DEH), 

¶ SA Murray-Darling Basin Natural Resources Management Board, 

¶ Eyre Peninsula Natural Resources Management Board. 

Note:  

On July 1st 2010 the natural resources section of DWLBC combined with DEH to form the new 

Department of Environment and Natural Resources (DENR). 

This report focuses on the analyses and results for the Eyre Peninsula NRM region.  

In addition, some results from the completion of the Lower Murray Landscape Future Project 

(LMLF) in the South Australian Murray-Darling Basin and two CMA regions in Victoria are 

presented. This analysis built on the baseline dataset that had been developed by this project 

(LMLF) to investigate the impact of climate change on natural resources and on the 

achievement of NRM plan targets. 

1.4.1 Aims  

Through the CCCE project, we expect to develop the understanding, expertise and tools that 

result in more evidence based planning and implementation of regional NRM. The net result will 

be more cost effective conservation and more resilient viable regional communities. 

We will identify those land use practices and conservation areas that are most at risk from 

adverse effects of climate change and identify adaptation strategies and policy options to support 

planning and implementation by regional natural resource management agencies. In so doing we 

will identify the management investments that get the best improvement in natural resource 

condition while looking after jobs and services for the regional community.  

The research team aims to use Landscape Futures Analysis to estimate responses of regional 

agricultural and carbon production, biodiversity and economics to climate change scenarios which 

can then inform regional scale climate change adaptation strategies within the EP and SA MDB 

NRM regions by 2012.  
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1.4.2 Objectives 

To achieve the aims of this project, a number of specific objectives were established: 

¶ agree on future climate scenarios (one baseline and three potential climate change 

scenarios); 

¶ defining sub regions that recognise the climate, soil and land use differences across the 

Eyre Peninsula NRM region; 

¶ acquire and assemble a variety of both spatial and non-spatial data covering a range of 

biophysical, ecological, social and economic aspects of the EP and SA MDB regions; 

¶ model the impacts of climate (under each of the four future climate scenarios) on each of 

these aspects as a separate module (only some modules wereimplemented for SA MDB); 

¶ gather soil and crop yield data from different locations on Eyre Peninsula to use for crop 

production model validation; 

¶ identify potential changes in plant species distribution under climate change scenarios 

and; 

¶ developing an analysis framework for assessing sub regional vulnerability to climate 

change. 

The outputs from this project will be used to inform community and NRM plans, with the choice 

of preferred options to be made by the community and NRM Board. 

1.4.3 Project Governance and Management 

The University of Adelaide was the agent for the Climate Change, Community and Environment 

(CCCE) project, and a number of groups were established to run this program (Appendix 1).  

An Advisory Group of senior representatives from the two NRM regions, independent NRM 

consultants and a senior ecological researcher met bi-annually. The role of the Advisory Group 

was to provide advice to the Project Leader and Research Team on 

¶ the scope and direction of the research consistent with the agreed project objectives, 

¶ how best to ensure good connection with stakeholders and  

¶ identifying growth and influence opportunities for the project research and its delivery  

Members of this group engaged fully in the project and provided valuable direction to the 

research team, particularly in identifying connections within the two NRM regions, and flagging 

communication needs for the various stakeholder groups. 
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The Project Leader, Professor Wayne Meyer, worked with a partner Management Group to 

deliver the project. Structured meetings of the Management Group were held on the first 

Monday of each month with most members being present in person, others by teleconference.  

The Research Team met each Monday morning for a brief catch-up in which team members 

informally reported on latest developments.  

1.4.4 Publication, Consultation and Community Involvement 

A principal function of the membership of the Advisory and Management Groups was to ensure 

links between the project partners and also to extend the influence of the project through the 

networks of the members with existing projects and activity. 

Annual reports were complemented with a vigorous publication effort (Appendix 2). Numerous 

meetings, consultations, presentations and workshops were also undertaken during the 

course of the project (Appendix 3), with the Project Logic workshop deserving special mention. 

1.4.5 Program Logic 

The mid way point of the CCCE project was used as an opportunity to look ahead to ensure key 

CCCE research project partners understand their roles and responsibilities to maximise the 

research outcomes. Rural Solutions SA was engaged to conduct a program logic workshop with 

key CCCE project partners in Port Lincoln on 16 September 2010, focusing on the Eyre Peninsula 

NRM region, and in Adelaide on 2 February 2011 focusing on the SA MDB NRM region. 

Program logic is an approach that aims to record the rationale (logical hierarchy) behind a 

program and the expected cause and effect relationships between project activities, project 

outputs and outcomes, project goal, intermediate and long term outcomes and aspirational vision 

(Lucy, 2010; Lucy, 2011). 

A key benefit of recording the program logic is that it can be used as a communication tool to 

increase understanding of ΨǿƘŀǘΩ ŀ ǇǊƻƧŜŎǘ ƛǎ ŜȄǇŜŎǘŜŘ ǘƻ ŀŎƘƛŜǾŜ, ŀƴŘ ΨƘƻǿΩ ƛǘ ƛǎ ŜȄǇŜŎǘŜŘ ǘƻ 

achieve that, subject to the underlying key assumptions and factors (both internal and external) 

(Lucy, 2010). 

The program logic workshops were used to facilitate: 

¶ a strategic discussion ς ΨǿƘŀǘ ŀǊŜ ǘƘŜ ///9 ǊŜǎŜŀǊŎƘ ǇǊƻƧŜŎǘ ƻǳǘŎƻƳŜǎΚΩ 

¶ an operational discussion ς ΨƘƻǿ ƛǎ ǘƘŜ ///9 ǊŜǎŜŀǊŎƘ ǇǊƻƧŜŎǘ ƎƻƛƴƎ ǘƻ ŀŎƘƛŜǾŜ ǘƘŜ 

ƻǳǘŎƻƳŜǎΚΩ ŀƴŘ 
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¶ align expectations.  

The developed program logic was interrogated by the participants including identifying 

assumptions and internal and external factors. The remainder of the workshop focused on a 

ΨŘŜǘŀƛƭΩ ƭŜǾŜƭ ōȅ ŘŜǾŜƭƻǇƛƴƎ ŀ Ǉƭŀƴ ŦƻǊ ŘŜƭƛǾŜǊȅΣ ǎǘŀƪŜƘƻlder analysis and key reporting. A flowchart 

of the program logic developed for the CCCE research project in the Eyre Peninsula and SA MDB 

can be seen in Appendix 4. Full details can be found in the commissioned reports (Lucy, 2010; 

Lucy, 2011). 

. 
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Chapter 2 

 

SETTING THE SCENE: 

STUDY AREA, MODELLING MODULES AND DATASETS 
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2.1 Eyre Peninsula NRM Region 

The Eyre Peninsula (EP) Natural Resource Management (NRM) region accounts for a significant 

proportion of the state of South Australia, covering over 55,000 square kilometres (5.5 million 

hectares) of land, or 80,000 square kilometres including marine areas. It includes part of the 

upper Spencer Gulf and the city of Whyalla, stretching across the southern boundaries of the 

Gawler Ranges, past Ceduna to the edge of the Nullarbor Plain and south to the fishing hub of 

Port Lincoln. This region has a third of South Australia's coastline (over 1,800 kilometres) and 

254 offshore islands. 

The region is typified with gentle to low topographic relief mostly less than 150 metres above sea 

level. The most significant topographic features are the Gawler Ranges in the north with peaks of 

around 500 metres, while the Koppio Hills in the south cover an area of over 100 square 

kilometres. 

Climate within the Eyre Peninsula is characterised as Mediterranean with cool, wet winters and 

warm, dry summers. Due to the proximity to the coast areas in the south experience a cooler, 

wetter climate than those regions in the north. Mean annual rainfall ranges from 250 millimetres 

in the north and northwest to more than 500 millimetres in the south. 

Eyre Peninsula retains 45% (about 2,187,560 ha) of the pre-European extent of remnant native 

vegetation and contains important mallee habitat, several woodland communities and a high 

number of endemic species. Clearance of native vegetation ranges from 14% cleared in the far 

west to 72% cleared in the south. About 15% of the region, used mainly for grazing, is covered 

with scattered native vegetation (Figure 1). Forty-four per cent of the remnant native vegetation 

is protected in government reserves or by heritage agreements. The region is a significant 

ecotone (a transition zone between two adjacent but different plant communities), being the 

western limit to a range of eastern Australian species and the eastern limit to many western 

Australian species. There are 61 nationally listed threatened plant and animal species and 46 

migratory species. 

Surface water on Eyre Peninsula is scarce, with only one limited surface catchment (the Tod) 

utilised for storage. Groundwater is the major source of water for the region, with the major 

basins within the Southern Basins Prescribed Wells Area and the Musgrave Prescribed Wells Area. 

There are other localised groundwater lenses that provide limited quantity and varying quality of 

water. The region features fresh and saline wetlands, of which 14 are listed in the Directory of 

Significant Wetlands in Australia. It also has a long and relatively undisturbed coastline with 

important adjacent marine habitats. 
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The Eyre Peninsula region supports a population of 55,000 people concentrated in the towns of 

Whyalla, Port Lincoln, Port Augusta and Ceduna and makes a significant contribution to the 

{ǘŀǘŜΩǎ ŜŎƻƴƻƳȅΦ !ōƻǊƛƎƛƴŀƭ ŎƻƳƳǳƴƛǘƛŜǎ ǊŜǇǊŜǎŜƴǘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ р҈ ƻŦ ǘƘŜ ǊŜƎƛƻƴΩǎ ǘƻǘŀƭ 

population, with the largest community located close to Ceduna. 

Agriculture is the major land use within the region, with dryland cropping dominated by cereals 

such as wheat and barley. The soils of the Eyre Peninsula are typically low in fertility and water 

holding capacity and are deficient in plant nutrients. Despite their relative infertility, the area 

provides significant economic returns from agricultural production producing 33% of South 

!ǳǎǘǊŀƭƛŀΩǎ ƎǊŀƛƴ ƘŀǊǾŜǎǘΦ Other agricultural activities include grazing and wool production, and 

horticulture which is increasingly specialising in grapes and olives. ¢ƘŜ ǊŜƎƛƻƴΩǎ ŎƻŀǎǘƭƛƴŜ sustains 

a number of major rural town centres acting as major tourism destinations, and supports a fishing 

and aquaculture industry that represents 65% of South Australia's seafood harvest. Eyre Peninsula 

also has an established mining sector with a variety of mineral resources (mineral sands, gypsum, 

salt, graphite, marble and jade) and a steel industry with iron ore smelting in Whyalla. 

 

Figure 1: Eyre Peninsula NRM region 

Source: (Ward and MacDonald, 2009) 
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2.2 Lower Murray Region 

Some analysis was carried out in the entire Lower Murray region of southern Australia (Figure 2) 

as part of the Lower Murray Landscape Futures project. This region is defined by the South 

Australian Murray-Darling Basin (SA MDB) Natural Resource Management (NRM) region in South 

Australia and the Mallee and Wimmera Catchment Management Authority (CMA) regions in 

Victoria. The Lower Murray covers a total area of 11,871,363 ha with 51% used for dryland 

agriculture which consists mostly of cropping cereal (e.g. wheat, barley), oilseeds (e.g. canola) and 

pulses (e.g. lupins, beans), and grazing sheep. Along the course of the River Murray there are also 

large areas of high value irrigated agriculture. Approximately 45% of the area is remnant 

vegetation with approximately half of this under formal protection. The historical climate in the 

Lower Murray ranges from cool and temperate in the south to semi-arid in the north. While 

results for the entire region are presented, we are particularly interested in the SA MDB NRM 

region. 

 

Figure 2: Lower Murray study site consisting of the South Australian Murray-Darling Basin NRM region 

and the Mallee and Wimmera CMA regions in Victoria 
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2.2.1 South Australia Murray Darling Basin NRM Region 

The South Australian Murray-Darling Basin (SA MDB) Natural Resource Management (NRM) 

region supports a population of approximately 126,000 people and extends over more than 5.6 

Ƴƛƭƭƛƻƴ ƘŜŎǘŀǊŜǎΣ ŦǊƻƳ ǘƘŜ ±ƛŎǘƻǊƛŀƴ ŀƴŘ bŜǿ {ƻǳǘƘ ²ŀƭŜǎΩ ōƻǊŘŜǊǎ ǘƻ ǘƘŜ ŎŀǘŎƘƳŜƴǘ ōƻǳƴŘŀǊȅ 

along the Mount Lofty Ranges, to the Murray Mouth and up to 14 kilometres into the Southern 

Ocean (Figure 3). 

 
 

Figure 3: The South Australian Murray-Darling Basin showing overlay of local government boundaries 

relevant to this project 

Source: (Meyer et al., 2010) 

 

This is one of SoǳǘƘ !ǳǎǘǊŀƭƛŀΩǎ Ƴƻǎǘ ŜŎƻƭƻƎƛŎŀƭƭȅ ŘƛǾŜǊǎŜ ŀƴŘ ŀƎǊƛŎǳƭǘǳǊŀƭƭȅ ǇǊƻŘǳŎǘƛǾŜ ǊŜƎƛƻƴǎΦ Lǘ 

supports a wide range of flora, fauna, natural environments and human activities. The SA MDB is 
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in the rain shadow of the Mount Lofty Ranges, resulting in a marked reduction in rainfall 

compared to the country to the west. Even over short distances, a large reduction in rainfall can 

occur. Annual rainfall ranges from an unreliable 260 mm at Renmark in the northern part of the 

SA MDB, to 387 mm at Lameroo, near the south-eastern corner of the SA MDB, to 768 mm at 

Mount Barker near the western edge of the SA MDB. 

¢ƘŜ {! a5.Ωǎ ƴŀǘǳǊŀƭ ǊŜǎƻǳǊŎŜǎ ǎǳǇǇƻǊǘ ŀ ǿƛŘŜ ǊŀƴƎŜ ƻŦ ƘǳƳŀƴ ŀŎǘƛǾƛǘȅ ƛƴŎƭǳŘƛƴƎ ƛǊǊƛƎŀǘŜŘ ŀƴŘ 

dryland agriculture, tourism and recreation and various manufacturing industries (notably food 

products, wine and beverages). Many South Australian towns and urban centres, including 

Adelaide, rely heavily on the River Murray for a large proportion of their annual potable water 

supply needs. The SA MDB also faces significant urban growth pressures around some of its major 

towns, most notably Mount Barker, Murray Bridge and Goolwa, placing increased pressure on 

natural resources in these localities. 

Primary production utilises about 82% of the land area of the SA MDB consisting mostly of 

pastoral lands (43%) and dryland cropping and higher rainfall pasture areas (38%). Grazing of the 

rangelands is a major land use north of the River Murray. Adjacent to the River Murray, within 

part of the Mallee and along the Eastern Mt Lofty Ranges, horticulture is a major land use 

consisting of wine grapes, citrus, stone fruit and vegetables. There are also areas of dairy 

production on the Lower Murray Reclaimed Irrigation Areas and around the Lower Lakes. In the 

agricultural areas, broadacre farming is largely mixed cereal and livestock grazing, although pulse 

and oilseed crops are increasing as cropping intensifies, particularly in the more reliable rainfall 

areas to the south. 

The SA MDB has been gripped by severe drought in recent years, with whole of River Murray 

system inflows during the past two years being the lowest on record. Particularly dry winter 

seasons throughout the Murray-Darling Basin have resulted in low inflows, as well as declining 

river and groundwater levels in many areas. The impact of drought is particularly evident at the 

downstream end of the River Murray system and other catchments, including the Eastern Mount 

Lofty Ranges, Burra and the Marne and Saunders.  

Reductions in allocations, limited water access and worsening water quality have significantly 

affected horticultural, agricultural and dairy industry output and, in turn, have had wider impacts 

on local communities and economies. Whilst irrigators along the River Murray system have been 

hit hard with reduced water allocations since  2006/2007 (e.g. closing allocations of 60% in 

2006/2007 and 32% in 2007/2008), water users in other areas have also been impacted by either 

reduced access to water and/or poor water quality. Little improvement is expected without 

significant rainfall and runoff. 
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Major threats to the natural resources of the SA MDB arise from past and current uses or from 

broader global processes. Some arise from decisions and actions made within the SA MDB while 

others arise from the decisions and actions of upstream states or from global processes (e.g. 

climate change). Of particular note are:  

ω the impact of introduced pest plant and animals; 

ω the continued fragmentation and decline of remnant native ecosystems; 

ω ongoing land degradation processes such as dryland salinity and soil acidity; 

ω the allocation, capture and non-licensed extraction of water resources beyond sustainable 

limits; 

ω altered quantity and timing of flows within river systems; 

ω declining water quality due to increasing salinity, nutrients and pollution; and 

ω inappropriate development practices. 

Many of these threats are further compounded by the risk of a warmer, drier region under 

climate change predictions. 
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2.3 Modelling Modules 

The CCCE project was conceived and conducted as a series of modules which were designed and 

structured as stand-alone pieces of research (Figure 4). These model the biophysical (APSIM - The 

Agricultural Production Systems Simulator (Keating et al., 2003); 3PG - Biomass and Carbon 

Sequestration Modelling (Landsberg and Waring, 1997); Species Vulnerability to Climate Change 

(Summers et al., 2012)), economic and social impacts of 4 possible future climate scenarios. The 

key objectives of each module are listed in Table 1.  

       

Figure 4: Modular structure of the CCCE project 
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Table 1: Modelling modules and key objectives 

Module Key Objectives of Module 

Climate Change Scenarios 

Climate Change 
Modelling 

Model climate change for both the Eyre Peninsula NRM region and the Lower Murray 
region (consisting of the South Australian Murray Darling Basing NRM region and the Mallee and 

Wimmera CMA regions in Victoria). 

Define a baseline climate scenario (S0) and 3 suitable climate change scenarios (S1, 
S2, S3) and associated estimates of rainfall, precipitation and atmospheric CO2 from 
regional climate models. 

Model spatial climate surfaces for each scenario using SILO Patched Point Data or 
ECOCLIM data for both the EP and Lower Murray regions. 

Biophysical Modules 

APSIM - Wheat 
Productivity 
Modelling 

Classify EP into sub-regions based on historic climate data for input to the APSIM 
Model. 

Classify EP into sub-regions based on soil characteristics for input to APSIM. 

Define the parameters for wheat cropping under traditional farm management on EP. 

Use APSIM to model wheat yield on EP under the baseline and future climate 
scenarios to inform agricultural economics. 

3PG2 ς Biomass 
and Carbon 
Sequestration 
Modelling 

Model the biomass productivity of a homogenous hardwood plantation of a 
Eucalyptus species, a multi-species environmental plantation, and an oil malle e 
plantation for input into the biomass economic modelling. Do this under the baseline 
and each of the future scenarios for both the EP and Lower Murray regions. 

Calculate the carbon productivity (based on biomass) associated with the 
homogenous plantations of a Eucalyptus species, the multi-species environmental 
plantation and the oil mallee plantation. Do this for the baseline and future climate 
scenarios for both the EP and Lower Murray regions. 

Species 
Vulnerability 
Modelling 

Quantify the vulnerability of native plant species to climate change based on 
exposure, sensitivity and adaptive capacity, for use in the landscape futures analysis. 
(584 native plant species in the Lower Murray region and 285 native plant species in 
the Eyre Peninsula NRM region) 

· vǳŀƴǘƛŦȅ ŜȄǇƻǎǳǊŜ ŀǎ ǎǇŜŎƛŜǎΩ ƎŜƻƎǊŀǇƘƛŎ ǊŀƴƎŜ ǳƴŘŜǊ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ǳǎƛƴƎ ǎǇŜŎƛŜǎ 
distribution models.  

· Calculate sensitivity as a function of tƘŜ ƛƳǇŀŎǘ ƻŦ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ƻƴ ǎǇŜŎƛŜǎΩ 
geographic ranges.  

· vǳŀƴǘƛŦȅ ŀŘŀǇǘƛǾŜ ŎŀǇŀŎƛǘȅ ŀǎ ǎǇŜŎƛŜǎΩ ŀōƛƭƛǘȅ ǘƻ ƳƛƎǊŀǘŜ ǘƻ ƴŜǿ ƎŜƻƎǊŀǇƘƛŎ ǊŀƴƎŜǎ 
under climate change scenarios, using a dispersal kernel.  

Using Zonation, assess the impact of individual components of vulnerability 
(exposure, sensitivity and adaptive capacity) on spatial conservation priorities and 
levels of species representation in priority areas under each climate change scenario.  

Use the full vulnerability framework as a basis for identifying spatial conservation 
priorities under climate change. 

Benefit and Cost (Economic) Modules 

Wheat Economics 
Modelling 

Quantify the economic returns and costs of wheat production in the EP NRM region. 

Model the spatial distribution of economic returns from wheat production on EP 
under the 4 climate scenarios, plus a number of extra scenarios to account for 
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seasonal variations. 

Biomass and 
Carbon 
Sequestration 
Economics 
Modelling 

Quantify the economic returns and costs of biomass production for both the EP and 
Lower Murray regions. 

Model the spatial distribution of economic returns from biomass production under 
the baseline and future climate scenarios for the homogenous plantations of a 
Eucalyptus species and the multi-species environmental plantation. 

Quantify the economic returns and costs of carbon sequestration. 

Model the spatial distribution of economic returns from carbon sequestration (carbon 
trading) under the baseline and future climate scenarios for the homogenous 
plantations of a Eucalyptus species and the multi-species environmental plantation. 

Quantify the economic returns and costs of biofuel production from an oil mallee 
plantation. 

Model the spatial distribution of economic returns from biofuel production under the 
baseline and future climate scenarios for the oli mallee plantation. 

Social Modules 

Social Modelling 

 

Review the literature from Australia and internationally on social indicators that have 
been used to characterise regional social vulnerability to natural hazards such as 
drought. 

Perform surveys of the social relationships within Eyre Peninsula, and perform 
network modelling using these results to determine who influences who in the 
decision making process at various levels. 
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2.4 Datasets 

A large amount of data was collated for the Eyre Peninsula NRM and Lower Murray regions - 

meteorological, land use, cadastral, vegetation distribution, soils, geological, demographic and 

regional economic data. This data comes from many sources including the Bureau of 

Meteorology, Australian Soils Resource Information System, Australian Bureau of Agricultural and 

Resource Economics and Australian Bureau of Statistics as well as State data from Department of 

Water, Land and Biodiversity Conservation, Department for Environment and Heritage and 

Primary Industries and Resources South Australia.  

Table 2 lists the key datasets used in each modelling module for the Eyre Peminsula and Table 3 

those for the Lower Murray. 

A full list of the spatial datasets used in this project, and their custodians, can be found in Lyle 

(2010) for the Eyre Peninsula, and Summers and Lyle (2010) for the Lower Murray. These reports 

contain a more detailed description of each of the datasets. 
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Table 2: Key modelling datasets for the Eyre Peninsula by module 

Module 

Datasets 

Custodian Year Comments 

Climate Change Modelling     

IPCC Global Predictions IPCC (2007)  Climate change projections 

The Suppiah refinement of global scale projections for southern Australia Suppiah et al. (2007)  Climate change projections 

APSIM - Wheat Productivity Modelling    

Weather station locations - Point data Bureau of Meteorology  For APSIM Zones 

Daily rainfall - Gridded data Bureau of Meteorology 1900 to 2008 To classify sub-regions  

SILO Patched Point Dataset - Daily weather station data ς Point data 

¶ maximum temperature 

¶ minimum temperature 

¶ rainfall 

¶ solar radiation 

QCCCE 1900 to 2010 Baseline climate data 

Soils database - Polygon data DENR    

APSIM/APSOIL soil sites database - Point data APSRU   

Wheat cropping system and management parameters APSRU & published research   Non spatial 

Initial nitrogen and applied nitrogen levels Scientific lit. and unpublished 
EP measurements (RSSA) 

 Broad spatial scale 

Eyre Peninsula historic wheat yield data 

¶ data from precision agriculture aggregated to paddock/soil averages 

¶ farmer records of paddock yield from Minnipa over 25 years 

¶ EP red brown earth trails (10 years of data), EP grain and graze upper EP trials 

¶ Regional wheat yields 

 

RSSA & Grower records 

Growers records & MAC 

RSSA 

PIRSA 

 Validation data 

 

3PG2 ς Biomass and Carbon Sequestration Modelling    

Australian Soil Resource Information System (ASRIS) - level 5 (1:100 000), level 4 (1:250 000) & 
level 3 (1:1 000 000) 

¶ soil type 

CSIRO Land and Water 2007  
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¶ available soil water  

SRTM Digital Elevation Model (DEM) ς  оΩ ǎŜŎ флƳΣ - Corrected by Brett Bryan 

¶ used to model solar radiation in ArcGIS 9.3 

¶ used as an input to ESOCLIM 

PIRSA    

ESOCLIM module of ANUCLIM 5.1 ς Output grids (100 m)  of long-term mean monthly 

¶ maximum temperature 

¶ minimum temperature 

¶ rainfall 

ANU 1892 to 2000 Baseline climate data 

Species Parameters 

¶ E. cladocalyx  

¶ E. kochii (oil malle) 

¶ Environmental plantations 

3PG2 - Almeida et al. (2007) 

· Paul et al. (2007) 

· Bryan et al.(2010a) 

· Almeida et al. (2007) 

 Non-spatial 

Biodiversity Modelling    

Australian Soil Resource Information System (ASRIS) - level 5 (1:100 000), level 4 (1:250 000) & 
level 3 (1:1 000 000) 

¶ clay content 

¶ soil pH 

CSIRO Land and Water 2007  

SRTM Digital Elevation Model (DEM) ς  оΩ ǎŜŎ флƳΣ - Corrected by Brett Bryan 

¶ used to model solar radiation in ArcGIS 9.3 

¶ used as an input to ESOCLIM 

PIRSA    

ESOCLIM module of ANUCLIM 5.1 ς Output grids (500 m)  of long-term mean annual 

¶ maximum temperature 

¶ minimum temperature 

¶ rainfall 

ANU 1892 to 2000 Baseline climate data 

Biological survey database DENR   

Wheat Economics Modelling    

Information on costs from gereralised PIRSA and ABS data     

Biomass and Carbon Sequestration Economics Modelling    
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?    

Social Modelling    

wƻŘƻƭǇƘŜΩǎ Survey results    
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Table 3: Key modelling datasets for the Lower Murray and South Australia Murray-Darling Basin by module 

Module 

Datasets 

Custodian Year Comments 

Climate Change Modelling     

IPCC Global Predictions IPCC (2007)  Climate change projections 

The Suppiah refinement of global scale projections for southern Australia Suppiah et al. (2007)  Climate change projections 

3PG2 ς Biomass and Carbon Sequestration Modelling    

Australian Soil Resource Information System (ASRIS) - level 5 (1:100 000), level 4 (1:250 000) & 
level 3 (1:1 000 000) 

¶ clay content 

¶ bulk density 

¶ available soil water  

CSIRO Land and Water 2007  

SRTM Digital Elevation Model (DEM) ς  оΩ ǎŜŎ флƳΣ - Corrected by Brett Bryan 

¶ used to model solar radiation in ArcGIS 9.3 

¶ used as an input to ESOCLIM 

PIRSA    

ESOCLIM module of ANUCLIM 5.1 ς Output grids (100 m)  of long-term mean monthly 

¶ maximum temperature 

¶ minimum temperature 

¶ rainfall 

ANU 1892 to 2000 Baseline climate data 

Species Parameters 

¶ E. cladocalyx  

¶ E. kochii (oil malle) 

¶ Environmental plantations 

3PG2 - Almeida et al. (2007) 

· Paul et al. (2007) 

· Bryan et al.(2010a) 

· Almeida et al. (2007) 

 Non-spatial 

Biodiversity Modelling    

Australian Soil Resource Information System (ASRIS) - level 5 (1:100 000), level 4 (1:250 000) & 
level 3 (1:1 000 000) 

¶ clay content 

CSIRO Land and Water 2007  
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¶ soil pH 

SRTM Digital Elevation Model (DEM) ς  оΩ ǎŜŎ флƳΣ - Corrected by Brett Bryan 

¶ used to model solar radiation in ArcGIS 9.3 

¶ used as an input to ESOCLIM 

PIRSA    

ESOCLIM module of ANUCLIM 5.1 ς Output grids (500 m)  of long-term mean annual 

¶ maximum temperature 

¶ minimum temperature 

¶ rainfall 

ANU 1892 to 2000 Baseline climate data 

Biological survey database DENR   

Biomass and Carbon Sequestration Economics Modelling    

?    
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Chapter 3 

 

MODELLING CLIMATE CHANGE SCENARIOS 
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3.1 Defining Climate Change Scenarios 

The Intergovernmental Panel on Climate Change predicted that climate change will bring about an 

increase in global temperature between 1.1 and 6.0 0C by 2100, an increased variability in rainfall 

and an increase in atmospheric CO2  (IPCC, 2007). Based on this, we defined four scenarios in this 

study for the year 2070 - a baseline climate (S0) and three possible climate change scenarios (S1, 

S2 and S3) (Table 4).  

The climate change scenarios (S1, S2, S3), representing exposure to increasingly severe climatic 

warming and drying, were defined using the Suppiah et al. (2007) refinement for southern 

Australia of IPCC global scale projections (Table 4). These are consistent with those used in 

previous landscape futures analyses and with those being used by other State Government 

Departments (Bryan et al., 2010a; Bryan et al., 2007; Bryan et al., 2011; Bryan et al., 2010b; 

Summers et al.,2012). This ensures a consistency of message in relation to climate change effects 

based on current knowledge. 

Table 4: Climate scenarios  

Scenario Description Temperature Rainfall CO2
 
(Parts per Million)

 

S0 Baseline Historical mean Historical mean 390 

S1 Mild warming and drying 1°C warmer 5% dryer 480 

S2 Moderate warming and drying 2°C warmer 15% dryer 550 

S3 Severe warming and drying 4°C warmer 25% dryer 750 

 

3.2 Data Used to Define the Baseline Climate Scenario 

The baseline scenario S0 is based on historical daily climate records (Table 4). A number of climate 

databases were used by the different modules in this project for modelling, depending on the 

climate inputs required by each (Table 2 and 3 and Figure 5). The APSIM model (Keating et al., 

2003) requires daily climate data; the 3PG model (Landsberg and Waring, 1997) requires monthly 

data, while our biodiversity modelling (Summers et al.,2012) uses annual means. 
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Figure 5: Climate change modelling (baseline climate S0, and 3 climate change scenarios S1, S2, S3) 
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APSIM models agricultural productivity for individual sites in the landscape, and requires daily 

weather data including solar radiation, rainfall, and maximum and minimum temperatures. (See 

Section 4.1 for APSIM modelling.) This climate data came from the SILO Patched Point Dataset 

(PPD), an enhanced climate data bank hosted by the Queensland Climate Change Centre of 

Excellence (QCCCE) (QCCCE, 2012). The Patched Point Dataset provides continuous daily climate 

data from the original Bureau of Meteorology ǊŜŎƻǊŘǎ ŦƻǊ ŜŀŎƘ ƻŦ ǘƘŜ .ǳǊŜŀǳΩǎ ǎǘŀǘƛƻƴǎΣ ōǳǘ ǳǎŜǎ 

interpolated data to fill (άǇŀǘŎƘέύ ŀƴȅ ƎŀǇǎ (missing days) in the observation records. To reflect the 

natural variation in the annual yield over time, including times of drought and flood, as well as 

average years, the baseline scenario S0 used 111 years of data (1900 to 2010).  

Both the 3PG (tree growth) and biodiversity models are spatial models requiring gridded (raster) 

climate data. (See Sections 4.2 and 4.3 for 3PG and biodiversity modelling.) To define the baseline 

scenario S0 for these models we used ESOCLIM a component of the ANUCLIM software package of 

programs (Houlder et al., 1999). ESOCLIM uses thin plate smoothing splines and a digital elevation 

model of the area of interest to interpolate climate surfaces from point data recorded at 

meteorological stations. We used climate data from 109 years (1892 to 2000) and the three 

second Shuttle Radar Topography Mission (SRTM) digital elevation model (DEM) as input for the 

ESOCLIM interpolation. Output grids characterising the spatial distribution of the long-term (1892 

to 2000) monthly means of various climate variables including maximum temperature, minimum 

temperature, rainfall and solar radiation were used by the 3PG model (i.e. 12 grids per climate 

attribute). On the other hand, biodiversity modelling used output grids of the long-term annual 

means of maximum temperature, minimum temperature and rainfall (1 grid per climate 

attribute), but solar radiation was modelled based on the STRM DEM using the Area Solar 

Radiation tool within the ArcGIS 9.3 toolbox (ESRI, 2009). 

3.3 Modelling the Climate Change Scenarios 

For each of the datasets defining the baseline scenario for the various modules, data for the 

climate change scenarios [mild (S1), moderate (S2), and severe (S3) warming/drying] were created 

by modifying the baseline temperature, rainfall and CO2 records by the relevant amounts. 

Solar radiation was kept constant for the change scenarios. 

Modelling methodology was different for the various modules. 

For the baseline scenario S0, APSIM modelled wheat productivity on a daily time scale for each of 

111 years (1900-2010) of historical daily SILO PPD climate records (QCCCE, 2012). (See Section 4.1 

for APSIM modelling.) For modelling the climate change scenarios S1, S2 and S3, daily climate 
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records for each were created by adjusting the 111 years of daily baseline records by the relevant 

temperature, precipitation and CO2 changes (i.e. for S1, add 1°C to every daily record for the 111 

years, decrease the rainfall records by 5% and set the CO2 level to 480 parts per million). 

3PG models tree growth on a monthly time scale. (See Section 4.2 for 3PG modelling.) Two 

different models were run. The first used long term average monthly climate data from 2006 to 

2070 for modelling non-harvested carbon (carbon sequestration) and environmental plantations. 

3PG modelling for the baseline climate scenario (S0) assumes the S0 monthly data will remain 

constant from 2006 to 2070 (i.e. the model is run for 64 years using the same long-term monthly 

climate averages, output from ESOCLIM (Houlder et al., 1999), for each year). For the three 

climate change scenarios, climate values were calculated by altering the baseline (S0) temperature 

and rainfall grid values in annual increments from 2006 to reach either the S1, S2 or S3 values by 

2070, thus modelling the possible progression of climate change over the next 64 years. The 

second 3PG model used a single year of long term monthly average data (either the S0, S1, S2, or 

S3 monthly values) for modelling biomass (oil mallee) under a 6 year rotation.  

The impact of climate change on species and biodiversity was modelled using species distribution 

models (see Section 4.3 for biodiversity modelling). This is done by predicting species distributions 

based on the relationship between independent variables (including climate variables) and known 

species occurrence. The baseline scenario S0 modelling used the long-term annual mean grids 

output from ESOCLIM. Species distributions can be predicted under climate change by substituting 

current climate for future climate layers, reflecting where plant species would struggle or thrive 

under changed climate conditions. Annual mean precipitation and annual mean temperature 

under the three climate change scenarios S1, S2 and S3 were created by adjusting the baseline 

climate grids created in ESOCLIM by the relevant temperature increase and rainfall decrease.  
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Chapter 4 

 

MODELLING THE BIOPHYSICAL IMPACTS OF CLIMATE CHANGE 
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4.1 APSIM ς Wheat Productivity Modelling 

The ability to accurately simulate current yield potential of agricultural soils at a regional scale is 

an important first step for determining the impacts of and gaining an understanding of the 

vulnerability of agricultural areas to climate change.  Within Australian Mediterranean agricultural 

areas where wheat is the major crop grown, climate (in particular rainfall) and its interaction with 

soil properties are major growth limiting factors.  Quantifying the yield potential of these soil 

types for particular sub regions is the first step to understanding climate change vulnerability in 

agricultural areas.  The ability to both reflect on past yields and simulate future yields is an 

advantage of crop modelling and provides a valuable and cheaper alternative to long term trials in 

agricultural areas.  Previous studies have used crop models to simulate our understanding of these 

interactions at various scales.  For regional studies like this one, Asseng et al., 2001a applied the 

APSIM model to five soil types across 2 transects which incorporated 25 locations across a low to 

high rainfall gradient.  Results from the cumulative probability distributions for the soil types were 

then mapped using interpolation to identify the spatial distribution of drainage potential for 

wheat crops.  This methodology was adapted further by Pracilio et al., 2003 producing a high 

spatial resolution estimates of deep drainage for a small catchment based on probabilistic digital 

soil mapping.  Similarly, Luo et al., 2005 used 8 sites across South Australia using one 

representative soil for each location to simulate the effects of a range of probabilistic climate 

change scenarios.  Wang used 16 climate stations and 14 soil profile types deemed representative 

of the broad soil classes over Lower Murray study region.  While Bryan et al., used crop modelling 

to understand the spatial variation in production across the cropping regions of South Australian 

Murray Darling Basin.  Their method involved classifying the study area into representative climate 

zones.  Once these were established, data was gathered to identify the representative soil profiles 

and farming systems for the region.  The APSIM model was then used to model the growth of 

agricultural plants and an assessment of the overall performance of current and alternative 

farming systems was made. 

In this study we further this research by using the APSIM crop model to simulate wheat yield at 

regional scale keeping a fine scale approach by applying spatially dense network of long term 

climate stations and a range of potential soil types that are likely to be found across the Eyre 

Peninsula.   

APSIM parameter set -up 

The Agricultural Production Systems Simulator (APSIM) is a point based farming systems model 

capable of simulating plant growth, water use and water balance under representative climate 
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and farm system management inputs.  It was developed to simulate the dynamic biophysical 

process under changes in climate, cropping stems and fertiliser management.  The 

parameterisation of the model and its outputs has been validated in Australian conditions to 

estimate biophysical and ecological outcomes within a farming system under a variable climate 

(Keating et al., 2003).  It has been used and validated extensively in Australia (Probert et al., 1995; 

Asseng et al., 1998b) and has corroborated its simulation reliability under variable growing 

conditions (Asseng et al., 1998a; Asseng et al., 2001).  Focus of previous modelling has related to 

identifying the affect of climate variability on yield performance and profits, the assessment of 

different crop management strategies such as optimal nitrogen applications (Wang et al., 2009), 

and environmental impact of cropping in agricultural areas.  Several studies have been undertaken 

in southern Australia and the Eyre Peninsula. 

The Agricultural Production Systems Simulator (APSIM) model can simulate numerous plant 

growth scenarios but for this study wheat (Triticum aestivum L.) performance was the primary 

focus.  The model simulate wheat growth by utilising modules that incorporates aspects of soil, 

water, nitrogen, crop residues, crop growth and development and their interactions within a 

crop/soil system that is driven by daily weather data (Keating et al., 2003).  It calculates the 

potential yield, which is the maximum yield reached by a crop in a given environment that is not 

limited by pests, disease, weeds, lodging but is limited by temperature, solar radiation, water and 

nitrogen supply (Asseng et al., 2004).   

Multiple simulations can be run to understand the crop growth of plants based on their response 

to climate, soils and their interactions and the evaluation of management intervention based on 

tillage, irrigation, fertilisation and rotation selection.   

APSIM requires the following input data: 

¶ Daily weather data including global radiation, rainfall, maximum and minium 

temperatures; 

¶ Soil surface characteristics including soil albedo, water entry and retention capacity, 

evaporative potential and surface residue cover; 

¶ Hydraulic properties of soil profile including water contents at saturation drained upper 

limit and 15 bar suction and drainage coefficient for each soil layer; 

¶ Crop variety information (maturity type) and maximum rooting depth in the simulated soil 

profile; 

¶ Cropping systems type including crop type, rotation type and management details such as 

tillage, irrigation and fertilisation 
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The APSIM 7.3 crop model was parameterised for this study.  Hayman, 2010 suggest that in any 

simulation exercise it is a matter of judgement in the setting of fixed or variable parameters and 

when or if to reset soil water and N conditions.  Simulated grain yields are sensitive to sowing 

time, starting soil conditions (especially water stored in the soil) and seasonal conditions.   

APSIM calculates outputs for individual sites in the landscape.  Certain steps were followed in 

order to capture the spatial variation in agricultural production across the Eyre Peninsula through 

crop simulation modelling.  The involved the population of model inputs based on their 

geographic representation with the dominating factors being climate, soil and fertiliser, all of 

which vary spatially.   

A simplified dryland wheat-fallow farming system was adopted to represent a wheat crop that 

was sown every year (continuous wheat monoculture) followed by summer fallow period up until 

ǘƘŜ ƴŜȄǘ ǎƻǿƛƴƎΦ  ¢ƘŜ ΨWŀƴȊΩ ǿƘŜŀǘ ǾŀǊƛŜǘȅΣ ŀ ƳƛŘ ǘƻ ƭŀǘŜ ƳŀǘǳǊƛǘȅ ǾŀǊƛŜǘȅΣ ǿŀǎ ŎƘƻǎŜƴ ǘƻ ōŜ ǎƻǿ 

yearly during the timing window between 1st May and 1st July of each year.  Sowing occurred when 

cumulative rainfall over three consecutive days was greater than 10mm or when the end of the 

sowing window was reached.  Sowing density was set to 180 plants/m2 , sown to a depth of 40mm 

and at a row spacing of 220 mm.  Surface residue was assumed to be wheat stubble and initialised 

to 1 t/ha.  Soil organic carbon level was reset to the starting value for the soil.  The ratio of carbon 

to nitrogen was set to 80. Wheat grain was harvested at maturity.  The soil moisture, soil nitrogen 

and surface organic matter were reset at 1st January each year to remove the impact of the 

previous crop and season on the following crop.  Resetting soil N and organic matter also avoided 

problems such as fertility rundown in a continuous wheat monoculture which would make 

interpretation difficult (CRIMP- Garnaut).  Soil moisture was set to 30% of maximum available 

water for each soil characterisation which was evenly distributed down the profile.  This followed 

the method used by Luo et al., 2009 and Hayman et al., 2010 who set moderate soil water values 

to ensure reasonable emergence rates (17-36%) to eliminate modelled crop failures in order to 

trace and detect the patterns of climate change impact.  One difference between our study and 

those previous was that we set our soil water parameter to reset at 1st January rather than at the 

30th March.  This choice was made to include the influence of the projected reduction in summer 

rainfall caused by climate change on the summer rainfall analogue.   

Rainfall variation across the Eyre Peninsula has an effect on the amount of Nitrogen mineralised in 

the soil and the amount applied for crop management.  For the model this was varied across three 

generalised rainfall regions (low, medium and high) informed by the results from regionalisation of 

the Eyre Peninsula by rainfall.  
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The model incorporates two sources of fertilisation which represent a fixed amount of nitrate 

mineralisation and ammonium at the start of a simulation and an applied amount at sowing and in 

ǎƻƳŜ ŎƛǊŎǳƳǎǘŀƴŎŜǎ ŀ άǘƻǇ ŘǊŜǎǎέ ŀƳƻǳƴǘ ŀǘ ǇŀǊǘƛŎǳƭŀǊ ŎǊƻǇ ƎǊƻǿǘƘ ǎǘŀƎŜΦ  CƻǊ ƛƴƛǘƛŀƭ 

parameterisation mineral nitrogen and ammonium concentration (NO3-N) values in the 0-100cm 

soil profile were set to rainfall zone specific variables, varied linearly across particle size 

differences and distributed uniformly across the rooting depths.  The magnitude of values were 

derived from published (Adcock, 2005) and unpublished measurements of soil nitrate and 

ammonium levels for specific soil textures from Eyre Peninsula soils.  We stratified these 

measurements based on soil texture ranging from sandy loam to clay loam and rainfall zone.  

Linear extrapolation bounded by expert opinion was then undertaken to populate these initial 

nitrogen and ammonium settings across rainfall, rooting depth and texture variables. See 

Appendix 5 for the values used. 

Common agricultural practice is to place nitrogen fertiliser as a blanket rate when sowing is 

undertaken.  Further top-up rates are also applied in medium and high rainfall regions at a 

particular crop growth stage.  Appendix 5 highlights the top up rates that were applied in the 

model between Zaddocks stages 30 and 32.   

Soil type parameterisations of the APSIM model were defined by geographic location.  The 

typological definition of soils through particle size (texture) differences allowed us to distinguish 

variations of soil evaporation parameters in the model.  These variables U which is the amount of 

cumulative evaporation in mm, since soil wetting, before soil supply becomes limiting and CONA 

which is the coefficient used to calculate subsequent soil evaporation in stage 2 that is a fraction 

of the square root of time since the end of first stage evaporation can be changed for each soil 

characterisation.  We linearly adjusted the soil evaporation values based on minimum and 

maximum values of U and CONA from the APSOIL database for the Eyre Peninsula and the degree 

of variation across the textural differences in the soil types (Appendix 5).   

4.1.1 Climate Sub-Region Classification 

One of the first steps in conducting regional climate change impact assessments is to understand 

the variety of localised climatic profiles which currently exist.  However, quality datasets on 

climate variation across regional Australia over time are limited.  We therefore concentrated on 

differentiating sub-regions based on the rainfall which is both the most dominant factor in 

agricultural productivity and mostly widely measured climate variable across the Eyre Peninsula.  

For agricultural areas this is significant in two ways.  First, any change in the seasonal distribution 

of rainfall has a potentially large effect on rain dependant cropping practices. Second, any 
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potential adaptation to changed climate conditions through changed land uses will need to be 

cognizant of potential changes in seasonal rainfall and temperatures.   

The Bureau of Meteorology produces interpolated surfaces of estimated values of daily rainfall 

across the Australian continent.  These interpolated surfaces have an archive back to the year 

1900.  For the analysis, daily rainfall surfaces from 1920-2009 were selected to maximise the 

number of rainfall stations used in the interpolation process.  The surfaces were aggregated to 

monthly totals and clipped to the EP NRM study region with a 50 kilometre inland buffer.  Cluster 

analysis highlighted the statistical, spatial and temporal distributions of monthly rainfall variation 

across the Eyre Peninsula (Appendix 5).  The monthly datasets were then resorted into growing 

season rainfall analogues, April to October for the time period 1920-2009 and cluster analyse was 

re-run to identify the long term growing season rainfall zones.  While a total of 15 rainfall cluster 

zones were identified, only nine of these fell mainly in the EP NRM region, with the other six 

mainly in the 50km buffer (Figure 6). 

 

Figure 6: Rainfall cluster zones in Eyre Peninsula NRM region plus a 50 km inland buffer 

Cluster zones for the aggregated dataset - April to October rainfall over the 1920 to 2009 time period  

 

4.1.2 Soil characterisation of the Eyre Peninsula 

The most important soil factor that controls yield in much of the Australian grain-production 

regions is the quantity of plant available water (Rab et al., 2009).  Variations in the soil moisture or 

water retention can be explained in general terms by texture, soil structure, clay mineralogy and 

texture (Williams et al., 1983).  Plant available water is also a major input into simulating wheat 

crop yield potential within the APSIM crop modelling process.  The model requires the 
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quantification of the plant available water holding capacity to identify how much water is stored 

within the soil profile over variations in rooting depth.  Burk et al., 2008 provides a method to 

characterise soil-water interactions based on field capacity (drained upper limit) and permanent 

wilting point (lower limit) to characterise the.  Differences between the drained upper limit and 

the lower limit for wheat represent PAWC for the specific rooting depth.  Plant available water 

holding capacity is the total of all differences across all rooting depths.  Recent research on 

Australia (Rab et al., 2011) has shown an increasing relationship between field capacity and 

permanent wilting point with soil texture.  Calculation of the PAWC values also showed an 

increasing relationship with soil texture up until the clay-loam soil type category where PAWC 

values remained relatively constant after this category.  Figure 7 shows the lower limit and 

drained upper limit measurements for wheat across three soil types surveyed on the Eyre 

Peninsula.  All soils were characterised at a rooting depth of 1200mm and recorded a PAWC of 

greater than 100mm (sand=113mm, sandy-loam=132mm and clay loam=271mm).  While the 

lower limits for the three soils shown fairly similar levels, the greatest differences are in the 

magnitudes of drained upper limits across the soil textures.  Figure 7 shows that PAWC increases 

with the increase in particle size classifications from sand to sandy-loam to clay-loam soil types.   

The majority of APSIM based studies reflect Plant Available Water Capacity (PAWC) as the total 

mm held within a rooting depth usually over 100 cm (Wang et al., 2009 etc...).  Asseng et al., 

2001a derived PAWC characteristics down to 250cm but limited the potential rooting zone in their 

analysis to 150cm for deep sands, 230cm for loamy sand, 150cm acid loamy sand, 70cm for 

shallow duplex and 130cm for clay soil types.  Holding rooting depth constant means that PAWC 

differ in soil texture only.  In reality, spatial variations in the magnitude of rooting depth and soil 

textures mean different definitions for similar PAWC values.  For example, a PAWC measurement 

of 100mm could be a variety of rooting depths and texture combinations such as a deep sand soil 

type with a rooting depth of 100cm or a clay soil type with a rooting depth of 60cm.  Both of which 

may potentially simulate different wheat yield values within the crop modelling software.  While 

previous studies have assumed rooting depth to be greater than 1m, in reality the root zone depth 

is dependent on seasonal factors and soil constraints.  In the Victorian Mallee, Armstrong et al., 

2009 found that maximum rooting depth was 0.75m and Rab et al., 2009 found that 95% of the 

root mass was found in the top 60cm of the soil profile.   

In order to characterise the wheat yield potential of the Eyre Peninsula we break the variation in 

PAWC magnitudes that is apparent across the Eyre Peninsula into a number of different rooting 

depth and texture categories.   
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Figure 7: Lower and drained upper limit for three soil characterisations for a sand, sandy-loam and clay 

loam  

 

Identifying texture and rooting depth classifications 

The APSOIL database has 69 soil characterisations for the Eyre Peninsula describing information 

on texture specific variables such as the texture classification and measured values for lower limit 

and drained upper limit and crop rooting depth.   

To characterise these soil parameters into a range of texture categories we examined the texture 

description and difference in the drained upper limit and lower limit in the top 10cm and PAWC of 

each soil characterisation.  Studies form the literature (Gijsman et al., 2003; Rab et al., 2011) and 

Figure 7 suggest that PAWC in the top 10cm can reflect different water holding capacities due to 

soil texture differences caused by the amount of clay content present.  Texture categories were 
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quantified by the distribution of field capacity values in Rab et al., 2011 and the particle size 

distribution for soil texture grades in Taylor et al., 2006 and sorted into the texture categories.  

Generalised categories of rooting depth and PAWC were also created to reflect the variations in 

these variables.  These were 0-20cm, 20-40cm, 40-60cm and 60-100cm for rooting depth and 

following Hall et al., 2009, 0-20mm, 20-40mm, 40-70mm, 70-100mm, 100+mm for PAWC 

magnitude categories.  The 69 soil characterisations were sorted into their corresponding, rooting 

depth, PAWC and texture categories producing a matrix of potential soil types which potentially 

reflected the range of rooting depths, plant available water capacities and textures categories on 

the Eyre Peninsula.  Where soil characterisations for particular rooting depths and PAWC 

categories did not exist we manipulated the existing rooting depth to create synthetic 

representations.  A total of 96 measured and synthetic soil characterisation populated the rooting 

depth, PAWC and texture matrix (Table 5) however not all combinations were filled.  For particular 

rooting depth, PAWC and texture categories a number of multiple occurrences were available to 

provide a range of simulated yield comparisons.  This dataset provided a degree of rooting depth, 

PAWC and texture variation that potentially highlight the spatial variation of soils across the Eyre 

Peninsula.   
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Table 5: Observed and synthetic plant available water capacities for specific rooting depth, plant available water capacity and texture categories used in the APSIM crop 

modelling.  Bolded values within the categories are the chosen characterisations used in the final simulations of wheat yield  

Root 
Depth 
(cm) 

PAWC) 

(mm) 

Sand 

(0-6mm) 

Loamy sand 

(6-9mm) 

Sandy loam 

(9-15mm) 

Loam 

(15-18mm) 

Sandy clay loam 

(18-24mm) 

Clay loam 

(24-35mm) 

0-20 0-20 10 *  *  *  *  *  

0-20 20-40 33.3 21,27 21,22,22.5,33.3 29.5,35.4 32.7* *  

0-20 40-70 *  *  *  *  61 *  

0-20 70-100 *  *  *  *  *  75 

0-20 100+ *  *  *  *  *  *  

0-40 0-20 14 *  *  *  *  *  

0-40 20-40 20.9 26.6 30,37,38,38.1 *  *  *  

0-40 40-70 46.8,51.4 *  46.2,49.4,54,60.7,62.7,69.6, *  45.3,59.5,63,67.4,68.3 *  

0-40 70-100 78.5 *  74.7 70.4,75 71,75.5,88 *  

0-40 100+ *  *  *  *  *  109,111 

0-60 0-20 *  *  *  *  *  *  

0-60 20-40 29,36 *  33 *  *  *  

0-60 40-70 57.1,63.6 51.9,64.3 48,51.9,64.3 69.6 53.9,63.6, *  

0-60 70-100 76.8 79.2,82.2 84,86.9,90.3,94.2 *  87.8 83.5 

0-60 100+ *  *  104.5 *  112.5 165 

0-100 0-20 *  *  *  *  *  *  

0-100 20-40 37,40 *  *  *  *  *  

0-100 40-70 70 43.9,58.6,60 55,58,58.6 *  59.5 *  

0-100 70-100 84.5 74,86.8 86,99.1 78.6 78.6 *  

0-100 100+ 103.6,113.6 114.8,164.1 107.8,125.8,129.8,132.4  139 166,271 
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Selection of soil characterisations that represent the range of rooting depths, PAWC and texture 

categories across the Eyre Peninsula 

A four step process was used to identify the appropriate soil characterisation to represent average 

wheat yield for each rooting depth, PAWC and texture category.   

Exploratory Analysis -  

The first step involved using the APSIM crop model to simulate the average wheat yields over 110 

years for each of the 96 soil characterisations across the 76 climate stations within the low, 

medium and high rainfall zones (Appendix 5).  To determine the general trends in the soil 

characterisation dataset we created box plots graphs to visualise the variation in the simulated 

yields from soil characterisation with three or more measured soil water profiles.  The majority of 

which are described as a sandy-loam soil across different ranges of rooting depth and PAWC 

categories.  Figure 8 shows the general increase in simulated yield values with an increase in root 

zone depth and PAWC.  Across all root zone depths, the greatest variation in simulated yield was 

in the 0-20cm and 20-40 mm PAWC category.  The use of the synthetic representations of the 

sandy loam at this root zone show higher simulated yields than would be expected for the 0-20cm 

root zone depth.  Within the 0-40cm rooting depth a range of simulated yields for three PAWC 

categories across the three rainfall zones are shown across two different soil texture categories.  

Tight yield distributions are evident for the 20-40mm PAWC category while the simulated yields 

for the 40-70mm PAWC category are more variable.  The yield distribution for the six 

characterisations show a large outlying maximum simulated yield across all rainfall zones which 

was double that of the minimum yield value.  Simulations for the 40-70mm PAWC sandy clay loam 

soil characterisation show a tight distribution of yield values for the low rainfall zone with 

variation increasing for the medium and high rainfall zones.  For the high rainfall zone, 

visualisation of the box plot constructed from five soil characterisations shows the median of the 

simulated yield values is closer to the maximum yield value.  Comparison across texture variations 

for the 40-70mm PAWC show that simulated yields declined with the change in soil texture from 

the sandy-loam to the sandy-clay-loam category across all rainfall zones.  Changing PAWC 

categories across this rooting depth shows that simulated yields increase for the first two 

categories and then flatten out at the 70-100mm PAWC category.  This is highlighted in the low 

and medium rainfall zone where median yield magnitudes and distributions are fairly constant.  In 

contrast, the estimates for the high rainfall zones show a slight increase in median simulated yield.  

For the 0-60cm rooting depth 40-70mm PAWC and sandy loam texture categories the variation in 

simulated yield values tend to the minimum yield value highlighted by the median value with 
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tighter distributions in the low rainfall zone.  Large maximum values of yield are simulated for all 

rainfall zones.   

 

Figure 8: Magnitudes of average simulated wheat yield (kg/ha) for variations in rooting depth, plant 

available water content and texture categories for low (L), medium (M) and high (H) rainfall zones  

 

The 70-100mm PAWC and loamy-sand soil category which had four soil characterisations had the 

tightest yield distributions across all categories.  Comparison between the 40-70mm PAWC and 

the 70-100mm PAWC category showed a marked increase in yield with a greater increase 

apparent in the high rainfall zone.  Comparison across the 100cm rooting depth 40-70mm PAWC 

show rising simulated yield values across both loamy-sand and sandy-loam texture classifications.  

Similar yield variation between texture categories is apparent in the low rainfall zones highlighted 

by similar box plots.  Differences in yield magnitudes are more noticeable for the yields simulated 

in the medium and high rainfall zones with the sandy-loam soil characterisation generating high 

average yield values.  The simulated yields for the 100+ PAWC sandy-loam category show a tight 

distribution of yield values with median value closer to the minimum in the low rainfall region and 

closer to the maximum value in the high rainfall region.  Figure 8 shows a large simulated yield 

value for the high rainfall zone compared to the other two zones.  Comparison across the PAWC 

categories shows large differences in simulated yields across all rainfall regions.  Interestingly, 

comparisons for yield simulated from different rooting depths for the 40-70mm PAWC sandy-loam 

category showed small yield differences across all rainfall zones.  This highlights the trade-offs 

between the ability to grow roots to depth and the ability to access a greater amount of soil.  For 

example, given that we have a fixed soil moisture value of around 60 mm within the PAWC 

category, categorising the soil as a sandy-loam texture means that 10-15mm are distributed in the 

top 10cm.  This means in a modelling context that a higher content of water is available in the 0-

40cm rooting depth category than in the 0-60cm and 0-100cm.  This interaction may mean that 
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simulated yields will be larger in smaller rooting depths with large PAWC values and therefore the 

applied physical restriction will influence simulated yield potential.   

From our limited results and the review of the literature we propose a number of general rules 

with certain caveats to choose a representative sample of soil characterisations to derive potential 

yield distributions. 

(1)  Within a root zone depth, increases in PAWC will simulate increases in wheat yield. 

This positive relationship between PAWC and simulated grain yield has been highlighted by 

Gijsman et al., 2003; Wong et al., 2006 Wang et al., 2009 however Rab et al., 2009 has also found 

results to contrary.  Results from our limited dataset showed positive relations between simulate 

yield and PAWC with rooting depth categories held constant.  The simulation over the synthetic 

soil characterisations showed that decreases in yield were possible but only in a small number of 

cases.  One caveat to this is the case where low root zone depths are simulated.  Here, steps from 

mid-to large PAWC categories may produce similar yield magnitudes especially in low and medium 

rainfall zones.   

Given a defined PAWC category, increasing soil texture provided several general rules. 

(2)  The movement from coarser sandy textured soil types to the sandy-loam soil type will 

show an increase simulated wheat yields in high rooting depths and medium and high 

rainfall zones.  For lower rooting depths and low rainfall zones, simulated wheat yields 

will increase or stay constant for textural increases up to the sandy-loam soil 

classification.  The movement from sandy-loam to finer textured soil classifications 

may show a reduction in yield in low rainfall areas with low root zones.   

Gijsman et al., 2003 showed increases in simulated soya bean yield were related positively to the 

movement from coarser to finer textures in 5,000 synthetically created soils, after a specific 

texture class (silty loam) the yield trends declined.  Rab et al., 2009 showed textural difference in 

the comparison of low to high yielding production areas.  Within a study area that had a mean 

rainfall of 239mm, the low yielding area had significantly higher mean clay content in the top 

20cm than the higher yield area.  Wang et al., 2009 also found that in drier regions, soils with 

greater PAWC are not fully utilised due to incomplete wetting of the soil profile caused by limited 

rainfall.  Their study also showed that higher PAWC values had little impact on yield magnitude 

but increased yield variability at dry sites.  In low rainfall regions, increases in simulated wheat 

yield with increasing PAWC values were much smaller due to rainfall limitations.  In medium 
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rainfall zones, the trend in simulated wheat yield was positive with increased PAWC values but 

diminished with subsequent increments in PAWC caused by the graduation to finer textured soils.   

(3)  Finer textured soils in high rooting depths and higher rainfall zones may show 

increases in simulated wheat yield from the sandy-loam texture category.   

Wang et al., 2009 highlighted that higher PAWC (shown in their selection of higher textured soil 

types) led to higher and less variable yields in wetter sites stating that higher PAWC had a greater 

reserve to meet crop water demand during dry periods.  Ludwig et al., 2006 also found similar 

results with higher yields in a clay soil type compared to coarser textured acid sandy-loams and 

duplex soils in a high rainfall zone.  Rab et al., 2009 showed that over a range of seasons, the 

ŎƻƴǎƛŘŜǊŀǘƛƻƴ ƻŦ ǘƘŜ ǎǇŀǘƛŀƭ ǾŀǊƛŀōƛƭƛǘȅ ƛƴ ǘƘŜ ǎƻƛƭΩǎ drained upper and lower limits provides a 

logical explanation for zones that may flip-flop between being high and low yielding areas, 

depending on the rainfall distribution.   

Simulated yield values for each soil characterisation were placed into their corresponding rooting 

depth, PAWC and soil texture categories to determine the categorical trends and variations in 

simulated yield by climate station and rainfall region.  Values of average yield for each soil 

characterisation were then averaged by the rainfall zone classification in order to understand how 

yield and soil characterisation differences varied over different rainfall gradients.  To provide 

consistency within the PAWC categories we attempted to select consistent magnitudes of PAWC 

over and across the texture variations for each root depth and PAWC category.  This consistency 

was reliant on the range of soil characterisations measured across the EP and consequently 

certain textures within a rooting depth, PAWC and texture categories had some PAWC differences.  

After this categorisation process, we looked at the distribution of yield variation across rooting 

depth, PAWC and texture categories to define a subset of soil characterisation that agreed to the 

identified selection rules. Table 5 shows the 41 soil characterisation (in bold) chosen from the 96 

potential soil characterisations created for the Eyre Peninsula.  Figure 9 shows the variation of 

simulated yields over the defined rooting depth, PAWC and texture categories.  Lack of 

characterisations across all category distributions meant that not all categories could be 

simulated. 
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Figure 9: Simulated wheat grain yield (kg/ha) for the variation in root zone depth (cm), PAWC (mm) and 

soil texture categories (S =sand, LS=loamy sand, SL=sandy-loam, SCL=sandy-clay-loam, L=loam, CL=clay-

loam) across the low, medium and high rainfall zones  

 

Figure 9 shows that for the lowest rooting, yields increased with the increase in PAWC.  

Graduations in texture in the 20-40mm PAWC category saw an increase in yield while in higher 

PAWC categories and finer textured soils simulated wheat yield declined.  This pattern occurred 

over all rainfall zones.  Within the 40cm root zone, magnitude of simulated yield rose with PAWC 

and texture up until the 70-100 mm PAWC category.  Simulated yields for this category were 

similar for the 40-70mm PAWC category with only the sandy-clay-loam yielding higher in the high 

rainfall category.  Simulated yields for the 100+ mm PAWC were similar to those yields simulated 

in the finer texture soil characterisations in the previous PAWC category.  For the 60cm rooting 

depths, simulated wheat yields decreased in the graduation from sand to sandy-loam soil 

classifications in the 20-40 mm PAWC in the low rainfall zones while yields increased slightly in the 

medium and more substantially in the high rainfall zones.  Movement to the next PAWC category 

saw simulated yields gradual increase both in the low and medium rainfall zones while yields rose 

higher for the high rainfall zone across texture classification gradients.  Comparisons across PAWC 

contents showed that for the sand texture classification higher yields were simulated for the 20-

40mm PAWC category when compared to the 40-70mm PAWC category. At the 70-100 mm PAWC 

category, soil texture showed minimal yield variation from the yields simulated from the sand to 
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sandy-clay-loam texture classes in the low and medium rainfall zones.  For the high rainfall zone, 

the sand and loamy-sand classifications had similar simulated yields.  The movement from the 

loamy-sand to sandy-clay-loam saw a rise in simulated yields which was in contrast to the yield 

change for the other two rainfall zones.  Simulated yields decreased across all rainfall zones when 

moving to the finest textured soil in this PAWC category.   

For the 100+ PAWC category, simulated yield trends were similar across the low and medium 

rainfall zones, with the sandy-loam yielding similar to the clay-loam.  This changed in the high 

rainfall region where the clay-loam had a similar yield to that simulated for the sandy-clay-loam 

soil characterisation.  The magnitude of simulated yield rose with changes in rainfall gradients 

across the sand to sandy-loam soil characterisations.  Both the low and medium rainfall zone 

recorded lower simulated yield estimates for the loamy sand whereas this classification recorded 

an increase in the high rainfall zone.  For the low rainfall zone, the clay-loam showed an increasing 

trend from the loamy-sand but was still lower than the simulate yield for the sandy-loam soil 

classification.  Simulated yields for the finer textured soils after the sandy-loam soil 

characterisation showed a decreasing yield trend.  For this rooting depth and PAWC category, 

simulated yield in the high rainfall zones showed a positive relationship between simulated yield 

and finer textured soils.   

In order to reflect the variability of yield across a region we have typified through the use of 

selection rules 41 soil characterisations which are hoped to match the potential spatial variation of 

physical soil parameters across Eyre Peninsula.  We expect that simulating yield for each of the 41 

soil types would create different yield distributions due to these soil characterisation differences.  

If the yields simulated by crop modelling do not simulate different yield distributions then a range 

of specific field measurements may not be needed.  Specifically, we test whether changing PAWC 

values in defined rooting depth and texture characterisations produce statistically significant 

differences in simulated mean yields.  Secondly we test whether changing rooting depth in 

defined PAWC and texture classifications produce statistically significant differences in simulated 

mean yields.  Thirdly, we test whether changing rooting depth and PAWC values in defined texture 

classifications produce statistically significant differences in simulated mean yields.  Finally, we 

test whether within defined rooting depth and PAWC category, does the texture classification 

produce statistically significant differences in simulated mean yields.  Appendix 5 shows the 

method and results used to test these hypotheses.   
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4.1.3 Modelling climate change with the APSIM model 

Several studies have used the APSIM model to undertake climate change impact assessments on 

crop yields.  Analysis of historical rainfall across the Eyre Peninsula has shown three discrete 

rainfall regions.  The effect on wheat yield of the projected changes in climates will have different 

impacts across these distinct regions.  Impacts will occur across two interacting levels.  The first 

level is climate interaction, the reduction in rainfall and increases in temperature and carbon 

dioxide on the current climate used to simulate wheat yield.  The second is the interaction of the 

first effect with the different soil types which lie within the region.   

Several studies have reviewed this interaction at the first level.  Wang 1992 assessed the 

interactive impacts of CO2 concentration and temperature on wheat yields.  They suggested that 

the doubling of CO2 to 700ppm would increase yield by 28-43% but increases in temperature of 3C 

would decrease yields by 25-60%.  Luo in southern Australia highlighted 

Ludwig et al., 2006 provide a description of how the APSIM model deals with increases in CO2.  The 

model handles elevated CO2 effects using two function; (1) through increased radiation use 

efficiency and (2) through increased transpiration efficiency.  These changes have been tested and 

widely used in the literature (Tubiello et al., 2007) and are described by Reyenga et al., 1999 Luo, 

2003 - check and Asseng et al., 2004.  Asseng et al., 2004 focused on the models ability to simulate 

yield under elevated CO2 levels, temperature increases and water shortages.  Comparison and 

sensitivity analysis of model simulations with data from free air CO2 enrichment and water deficit 

and temperature experiments showed that the model was found suitable to use for studies trying 

to identify directional impacts of future climate change on wheat production (Asseng et al., 2004).  

Conclusions from this seminal study showed elevated CO2 will simulate growth in certain 

situations of water deficit (Kimball, 1995), higher temperatures will usually shorten the growth 

cycle of a given cultivar and together with reduced water supply reduce crop yield.  These effects 

of climate change on growth processes in the context of natural climatic and soil variability and a 

large range of crop management options make it extremely difficult to foresee and quantify any 

consequences of future climate change on crop production (Asseng et al., 2004).    

How climate data was used in the climate change scenarios 

Table 4 inSection 3.1 shows the predicted climate changes for the southern part of Australia 

(CSIRO-DENR-Bom references).  To model these affects of climate change on regions within the 

Eyre Peninsula we followed the method developed by Reyenga et al., 1999.  For each rainfall 

station within a specific region we took the 110 year historical climate analogue and modified the 

daily historic climate data by adding fixed temperature offsets and percentage reductions to the 
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historic data.  This meant that for each station the episodic event of rainfall remained the same 

but the intensity was reduced.   Ludwig et al., 2006 states that using this method is useful because 

it shows what the effect is of reduced rainfall using the same inter-annual variation of the historic 

climate.   

To account for the natural variation in climatic conditions over time, 111 years (1990-2010) of 

daily weather data were extracted from the SILO Patched Point Dataset for the current climate 

scenario (S0) (Table 6?). This data was adjusted to the projected levels for the three climate 

change scenarios (S1, S2 and S3) within the APSIM parameter set-up (see Section 3.1). We also 

modelled an additional 3 scenarios (S4, S5 and S6) to model variations in seasonal rainfall (Table 

6).  These seasonal projections for Eyre Peninsula are based on data from the Bureau of 

Meterology and CSIRO (summary publication by DENR). Once again, the SILO Patched Point 

Dataset was adjusted by their seasonal values outside the APSIM program to mimic the projected 

levels for S4, S5 and S6.  This process followed the methodology shown in Figure 10. 

Table 6: Additional seasonal projection scenarios for APSIM modelling  

Scenario 
Temperature 
(degree C) 

Summer 
Rainfall 

 (%) 

Autumn 
Rainfall  

(%) 

Winter 
Rainfall  

(%) 

Spring 
Rainfall  

(%) 

CO2 
(PPM)

 

S4 +0.80 -3.5 -3.5 -7.5 -7.5 480 

S5 +1.75 -7.5 -7.5 -15.0 -15.0 550 

S6 +2.25 -7.5 -7.5 -15.0 -30.0 550 

 

We ran additional simulations to understand the effect of CO2 increases on wheat yield for each of 

the scenarios.  Table 7 shows the ranges of carbon dioxide used in to illustrate the effect of carbon 

dioxide within the scenario analyses.  

Table 7: Range of carbon dioxide rates for each climate scenario  

Scenario Carbon dioxide scenario 

S1 390, 480 

S2 390, 480, 550 

S3 390, 480, 550, 750 

S4 480 

S5 390, 480, 550 

S6 390, 480, 550 

 

 



 49 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Crop modelling methodology to simulate wheat yield for the current climate and six climate 

change scenarios (S1-S6) 
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The APSIM set-up was run for each of 76 stations across 44 soil types for 110 years for all 

scenarios (S1-S6) as well as the additional carbon dioxide scenarios.  This produced a dataset that 

allowed comparison to the current climate scenario.   

4.1.4 Climate Change Impacts on Wheat Yields 

Three climate change projections (S1,S2 and S3) are based on mitigation story lines from the IPCC.  

The S4, S5, S6 are based on downscaling of the Bureau of Meteorology and CSIRO climate 

predictions for the Eyre Peninsula (BOM reference).  These scenario can be interpreted as either 

climate change in the next 10, 25 or 70 years or if concerted mitigation efforts are undertaken - 

rephrase.   

Simulation of wheat yields for the climate change scenarios.  Appendix 5 shows the ranges in 

impacts for the climate change scenarios presented in Table 7.   

Mild climate change scenarios 

Wheat crop modelling simulations for the S1 and S4 climate change scenario show a slight 

variation both positively and negatively in simulated yields from the temperature and carbon 

dioxide increases and a block shift in a 5% reduction in rainfall across the whole rainfall analogue 

in the low and medium rainfall zones (Appendix 5).  The scenario S4 had a similar temperature and 

carbon dioxide increase but had seasonal rainfall reductions with the main difference being a 7.5% 

reduction in Spring.  This change in rainfall timing has more impact in the low rainfall zones,  

In the high rainfall zone, Error! Reference source not found. shows larger increases in simulated 

yields (<200 kg/ha) when compared to the low and medium rainfall zone.  These increases range 

across all rooting depths and PAWC and soil texture classifications.   
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Figure 11: Simulated average yield (kg/ha) for the S1 climate change scenario for the high rainfall zone 

 

Moderate changes in climate 

The S5, S2 and S6 scenarios have the greatest relevance because they represent potential short 

term climates for the year 2030 if no mitigation action is taken (REFS).   

For the milder climate change scenarios (S3-S5), simulated yield results highlight that only a small 

reduction in production will be evident in the low rainfall zone.  While this seems small (around 

200kg/ha) in absolute terms, the reduction is quite significant because of the regions current yield 

capacity (current average production for a farm is around 1-1.2 t/ha).  Textural differences 

between soil types in this zone have only a minor influence with rainfall the limiting factor. 

Economic analysis will show the impact of these yield losses on low rainfall region productivity.  

Given this may represent a climate for 2030 there may be some urgency to change in this region 

either through the adoption of different agronomic practices or adoption of different land uses.   

Milder CC projections for the medium rainfall zone show similar reductions in average yields but 

these reductions do not have the same relative impact due to these regions generating higher 

yields.   

Milder CC or short term projections for the high rainfall zone show increases in simulated wheat 

yields across the region with negligible reductions across soil types.    
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For the S2 scenario, crop modelling simulations shows reductions in simulated yields across the 

low and medium rainfall zones.  For low rainfall zones, reductions are apparent in the finer 

textured soils across each specific rooting depth and PAWC category around a 15-20% reduction.  

Figure 12 illustrates the reductions in simulated yield apparent for the low rainfall zone.   

Highest reductions are in the 0-60cm rooting depth and 70-100mm PAWC category for both the 

low and medium rainfall zone.  For the high rainfalll zone, simulated wheat yields for the S2 

scenario show increases across the majority of soil characterisations under all carbon dioxide 

levels.  Largest percentage increases are in the lower PAWC categories and coarser textured soils.  

However, reductions in yields are apparent in the finer textured soils in the higher PAWC 

categories.   

 

Figure 12: Percentage change in simulated wheat yield when S2 is compared to the current climate over 

three carbon dioxide levels for the low rainfall zone 

 

Sever climate change scenario 

For the S3 scenario represents the most severe climate change scenario.  Crop modelling 

simulations showed the envelope of simulated wheat yields for four carbon dioxide levels.  In the 

low rainfall zone, largest reductions in yield were in the 0-60cm rooting depth and 70-100mm 

PAWC finer soil textures  



 53 

For the medium rainfall zones, simulated yield reductions are similar to those in the low rainfall 

zone.   

For extreme or longer term CC projections the distribution of soil types will play a more dominant 

factor especially for soils with deep finer textured soils.  Economic analysis of cropping enterprise 

will come into play in this region to determine farm business and community viability.   

Longer term or more extreme CC projections show yield increase with coarser textured soils and 

decrease on finer textured soils.  Although different yield trends exist, increases in yield on coarser 

textured soils show only small relative increases because they come from a smaller yield base.  

These simulated yield increases do not offset the reduction on the finer textured soils.  While this 

CC projection causes large yield reductions, the productivity of the soils still remains substantially 

high.   

4.1.5 Conclusions 

We created 44 soil characterisation that spanned the potential physical characteristics of Eyre 

Peninsual soils.  This showed the range in possible impacts of climate change projections on 

simulated yields.  The simulations showed that there are a variety of impacts with the interactions 

in temperature and carbon dioxide increases and rainfall reductions, soil types and current 

climate.  The low and medium rainfall regions had the greatest percentage reductions in yield.  But 

this will depend on the magnitude area associated with the corresponding soil types and where 

they are within the Eyre Peninsula since there is a degree of spatial variation in the impact of the 

CC projections within the two rainfall zones.   

Applying S1 and S4 scenarios gives an indication of what potential climate could be in the next ten 

years or if significant mitigation efforts are undertaken globally.  Results show increases in wheat 

yield due to the increase in temperature and CO2 level and limited reduction in rainfall across all 

rainfall zones.   

Applying the S2, S5 and S6 CC projections, a possible climate for 2030, show a reduction in 

average yields in the majority of regions that make up the low rainfall zone.  Changes in soil 

texture, a graduation from coarser to finer textures, show an increase in yields for the coarser 

textured soil in the medium and high rainfall zones.  Spatial variation in the impacts of these CC 

projections exists across all rainfall zones.   

Applying the S6 CC projection shows large yield reductions in the low rainfall area, apparent on 

finer textured soils.  In medium rainfall zones, slight increases in yield on coarser textured soils but 
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yield reductions (10-30%) across finer soil types.  In higher rainfall areas, similar simulated yield 

trends are apparent with greater increases (0-20%) on average on coarser and 0-20% yield 

reduction on finer soil types.   

The management of different textured soils through opportunistic cropping or selection of soil 

types for land ςuses change will play an important part in CC management in areas across the EP.   

4.1.6 Spatial Representation of Eyre Peninsula Soils 

¢ƘŜ Ψ{ƻǳǘƘ !ǳǎǘǊŀƭƛŀƴ {ǘŀǘŜ [ŀƴŘ ŀƴŘ {ƻƛƭ LƴŦƻǊƳŀǘƛƻƴ CǊŀƳŜǿƻǊƪΩ (SASLSIF) generated from the 

South Australian State Land and Soil mapping program provides state format attribute soils 

datasets in a spatially distributed format (Soil and Land Program, 2007).  The framework uses a 

polygonal representation to classify the agricultural districts of South Australia according to soil or 

landscape attributes.  These attributes are land surface and soil features which affect land use, 

land management and agricultural productivity.  The framework uses land types to define the 

dominant geological and topographical setting and broad soil grouping within an area.  The spatial 

distribution of land types has been formulated based on past soil and geological mapping data and 

stereoscopic analyses of aerial photographs.  These distributions have been ground truthed 

through field based observations and laboratory analyses and reflect the current understanding of 

the regional landscapes processes and stratigraphy.  While these undertakings provide consistent 

and spatially valid classifications, there is still significant extrapolation and interpolation from 

limited datasets with heavily reliance on local knowledge and experience of field operators.   

To give an overview of the soils which encompass the region of southern south Australia, the large 

magnitude of soils have been organised into 15 soil groups and a subset of 61 subgroup soils.  Soil 

groups are differentiated based upon soil profile features of major significance to land use and 

natural resource management.  Within the soil subgroups, soil distribution and extent, 

characteristics and features of each soil, factors affecting fertility, rain-fed agricultural potential 

and limitations, together with soil conservation issues are described and quantified.  These 

characteristics are land surface and soil features that affect land use, land management and 

agricultural productivity. 

There are several caveats with the use of this information.  Firstly, soils information and land and 

soil attribute maps are derived from limited field inspections and entail significant generalisation.  

Secondly, boundaries between mapping units should be treated as transition zones.  Thirdly, maps 

are intended to provide a regional overview and should not be used to draw conclusions about 

conditions at specific locations.  Fourthly, a specified attribute class map will apply to only 50% or 

less of a soil landscape unit.  This is acceptable in a regional, subregional or catchment level 
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context where maps are intended to provide visualisation of where specific conditions are likely to 

occur.   

In APSIM soil section we highlighted a conceptual model that illustrated the variation of Eyre 

Peninsula soils.  The potential buckets are defined by root zone depth, PAWC magnitude and 

texture.  Within the SASLSIF similar mapped soil attributes are broadly defined.  Root zone for 

wheat however is not mapped explicitly.   

Defining and mapping rooting depth for wheat  

Defining the magnitude of and mapping the rooting depth for wheat was accomplished using a 

two part process based on mapped area.  The first part identified the magnitude of rooting depths 

across particular sub-soil classes and the second relied on distributing these percentage based on 

the mapped area for the sub-soil types. 

Magnitude of rooting depth for wheat 

Hall et al., 2009 ƛŘŜƴǘƛŦƛŜǎ ǘƘŜ άlikely growth of cereal plant roots within the representative soil 

ǇǊƻŦƛƭŜέ for 33 soil groups across the Eyre Peninsula agricultural area (Appendix 5) and four rooting 

depth categories were created 0-20cm, 20-40cm, 40-60cm and 60-100cm.  These values were 

examined by an expert in soil science based on the Eyre Peninsula in order to refine the broad 

percentage to reflect local regional variations (Table 8).  The creation of this information provided 

a potential distribution of rooting depths for wheat by sub-soil type across the Eyre Peninsula 

region.   

Mapping of rooting depth of wheat crops across the Eyre Peninsula 

While a sub-soil class distribution of rooting depth has been created, rooting depth for wheat will 

differ for sub-soil classes across rainfall zones due to the influence of physical and chemical 

constraints.  For example, in high rainfall regions chemical constraints may not restrict root 

growth because of the greater access to water while in drier environments chemical constraints 

have a far greater impact on rooting depths.  To reflect climate and constraint variation we use 

the rainfall regionalisation dataset to spatially identify rainfall differences and the soil attribute 

data available within the SASLSIF to highlight the magnitude of the physical and chemical 

constraints across the Eyre Peninsula within each sub-soil class.  Seven mapped soil attributes 

were selected that would potentially restrict rooting depth across the Eyre Peninsula.  These were 

physical constrictions (depth to hardpan, hard rock) and chemical constrictions (depth to sodium 

and boron toxicity, aluminium toxicity, degree of acidity and dry-land salinity) and the variations in 
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levels of magnitude are shown in Appendix 5.  For each sub-soil class, a unique eight digit 

identifier was created.  The first value represented the sub-soil class while the next seven 

represented the magnitudes of the seven identified soil constraints.  This dataset highlighted the 

magnitude and spatial distribution of soil constraints with each sub-soil class.  This spatial 

distribution of each identifier was then spatially assigned to the corresponding rainfall region.  

From the SASLSIF, the number of hectares corresponding to each identifier was calculated and the 

hectares for each code were apportioned into the four rooting depth categories based on the 

severity of physical and chemical constraints within the three different rainfall zones.  Percentage 

area contributions in each of the four rooting depth categories were then calculated and hectares 

reapportioned to correspond to the regional percentage distributions of rooting depth by sub-soil 

class.  The mapped wheat rooting depths by sub-soil class are highlighted in Table 8.   
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Table 8: Potential and mapped percentage distribution of root zone depth for wheat within each rooting depth categories (cm) for each soil class based on expert opinion and 

adjustments made by geographic attributes (physical and chemical constraints and rainfall gradient)  

 

  
Potential percentage distribution of 
rooting depth within rooting depth 

categories (cm) 

Mapped percentage distribution of rooting 
depth within rooting depth categories  (cm) 

Class Description 0-20 20-40 40-60 60-100 0-20 20-40 40-60 60-100 

A1 Highly calcareous sandy loam 10 20 45 25 3 8 76 13 

A2 Calcareous loam on rock 10 20 65 5 0 0 89 11 

A3 Moderately calcareous loam 0 15 45 40 0 0 48 52 

A4 Calcareous loam 5 15 45 35 1 21 66 12 

A5 Calcareous loam on clay 0 10 25 65 0 6 65 29 

A6 Calcareous gradational clay loam 0 15 35 50 0 5 58 38 

A8 Gypseous calcareous loam 15 55 30 0 13 64 12 12 

B1 Shallow highly calcareous sandy loam on calcrete 25 45 30 0 17 47 36 0 

B2 Shallow calcareous loam on calcrete 70 25 5 0 33 39 27 0 

B3 Shallow sandy loam on calcrete 70 25 5 0 18 70 12 0 

C3 Friable gradational clay loam 0 5 55 40 0 0 100 0 

C4 Hard gradational clay loam 0 5 25 70 0 0 0 100 

D1 Loam over clay on rock 5 15 25 55 0 11 79 10 

D2 Loam over red clay 0 10 30 60 0 0 48 52 

D3 Loam over poorly structured red clay 0 15 45 40 0 42 50 8 

D5 Hard loamy sand over red clay 0 15 45 40 0 28 32 40 

D6 Ironestone gravelly sandy loam over red clay 0 5 5 90 0 0 72 28 

F1 Loam over brown or dark clay 0 5 5 90 0 0 2 98 

F2 Sandy loam over poorly structured brown or dark clay 5 10 30 55 0 0 92 8 

G1 Sand over sandy clay loam 0 10 75 15 0 0 66 34 

G2 Bleached sand over sandy clay loam 0 20 65 15 0 0 91 9 

G3 Thick sand over clay 0 25 60 15 0 16 73 11 
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G4 Sand over poorly structured clay 5 45 50 0 0 36 43 21 

H1 Carbonate sand 0 45 55 0 0 3 93 4 

H2 Siliceous sand 0 35 30 35 0 13 81 6 

H3 Bleached siliceous sand 0 35 45 20 0 0 30 70 

J1 Ironstone soil with alkaline lower subsoil 5 15 75 5 0 0 77 23 

J2 Ironstone soil 5 20 65 10 0 7 76 17 

L1 Shallow soil on rock 75 25 0 0 63 34 3 0 

M2 Deep friable gradational clay loam 0 0 25 75 0 0 22 78 

M3 Deep gravelly soil 0 0 0 100 0 0 0 100 

M4 Deep hard gradational sandy loam 5 10 55 30 0 0 38 62 

N2 Saline soil 100 0 0 0 78 17 5 0 
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Validation of rooting depths 

The apportioning of mapped SASLSIF area to the regional percentage distribution of rooting 

depths by sub-soil class provided a general way to map wheat rooting zone depths across the Eyre 

Peninsula region.  We attempted to validate the modelled spatial distribution of rooting depths by 

using point based measurements of rooting depth which have been recorded across the Eyre 

Peninsula.  Rooting depths for a total of 181 data points were investigated 112 from the SASLSIF 

soil profile dataset and 69 from the soil characterisation available in the APSOIL database 

(Dalgliesh et al., 2006) for the Eyre Peninsula.  Appendix 5 shows a map of their spatial 

distribution across the Eyre Peninsula.  Where two or more soil pit fits were spatially located 

within the same defined area the lower rooting depth value was taken. Table 9 shows the 

resultant spatial agreements between the modelled and observed root zone depth.   

Table 9: Percentage agreement between the modelled and observed rooting depths in the low, medium 

and high rainfall zones. The number of observations used for each zone are identified in brackets  

Rainfall zone SASLSIF observations APSOIL observations 

Low 65 (34) 38 (37) 

Medium 40 (47) 52 (23) 

High 52 (31) 100 (1) 

 

The table shows low to moderate agreement between the two datasets.  This is not surprising 

since the scale of the modelled root zone depths is broad, sub catchment at best and the 

observed soil pit data is substantially finer at a soil pit resolution collected to measure deep into 

the profile to understand the soil profile.  Nonetheless, the comparison allowed for some 

independent ground truthing of the results.  Where the modelled results did not agree we again 

used expert opinion to refine the results.   

Figure 13 show the resultant spatial distribution of wheat rooting depth across the Eyre Peninsula 

cropping area.  This defines one variable for determining the spatial distribution of soil types.   
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Figure 13: The spatial distribution of modelled root zone depth for wheat across the Eyre Peninsula 

cropping area 

4.1.7 Mapping and Measurement of Plant Available Water Holding 

Capacity (PAWC) 

The categories of PAWC in the APSIM modelling have been purposely categorised to match the 

Available Water Holding Capacity (AWHC) defined in the SASLSIF, as the amount of water 

effectively available to wheat plants within a soil profile.  See Appendix 5 for the description and 

category classifications.  For the framework estimates are mapped based on AWHC values for 

various texture classes (Dent et al., 1981;Wetherby, 1992).  From the mapping 11 classes of soil 

texture are defined ranging from sand to clay loam.  These category classes are shown in 

Appendix 5.  The magnitude of AWHC is affected by rooting depth and soil characteristics such as 

porosity, texture (particle size) and texture structure.  We assumed that the mapping of texture 

differences was of a high quality since it was derived from information (geological mapping data 

and stereoscopic analyses of aerial photographs) which illustrate natural processes.  We reviewed 

the spatial distribution of AWHC values to determine if they corresponded to our redefinition of 

wheat root zone depth and assumed texture categories.  Expert knowledge was used to redefine 

AWHC values in areas where either the value did not correspond to the rooting depth and texture 

values or did not reflect local knowledge of the area.  A validation of the mapping of AWHC values 
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was undertaken using the 69 APSOIL sites as an independent dataset.  The measured PAWC 

values were investigated to determine if they fell within the defined AWHC range.  The spatial 

agreement between these datasets was 49%.  Where differences occurred, expert knowledge was 

used to redefine the spatial distribution of AWHC.  Figure 14 and Figure 15 show the spatial 

distribution of the magnitude of AWHC values and texture categories for the Eyre Peninsula 

cropping area. 

A unique combination of values was then created by joining the three soil attributes wheat 

rooting depth, AWHC and soil texture.  This variable showed the spatial distribution of the soil 

attribute variations and was used as the inputs to spatially distribute the simulated wheat yield 

values for the corresponding crop modelling soil characterisations.   

 

Figure 14: Spatial distribution of Available Water Holding Capacity (AWHC) across the Eyre Peninsula 

cropping region 
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Figure 15: Spatial distribution of soil texture across the Eyre Peninsula cropping region 

 

Figure 16 represents the percentage of the Eyre Peninsula area which is associated with the 

defined rooting, depth, plant available water capacity and soil textures classifications.  Both the 

low and medium rainfall zones have fairly similar cropping areas with over 1.1 million hectares 

each.  The high rainfall zone is significantly smaller with around 310 thousand hectares.  The 

greatest amount of area is mapped to the 40-60cm rooting depths with majority being classified 

as 40-70mm PAWC sandy loam soil texture in the low and medium rainfall zone.  For the low 

rainfall zone, the 20-40cm 40-70 sandy loam classification also has a significant area mapped to 

this classification.  The high rainfall zone  has a variety of smaller areas mapped to it soil 

classifications with the highest being in the 70-100mm PAWC and sandy loam soil texture 

classification.   
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Figure 16: Percentage of the Eyre Peninsula area which is associated with the defined rooting, depth, 

plant available water capacity and soil textures classifications 

 

Figure 17 shows the distribution of area associated with specific rooting depth, plant available 

water capacity and soil texture categories as a percentage of their corresponding rainfall zones.  

The majority of mapped area was associated with the 40-60cm rooting depth across all rainfall 

zones with 66% in the low, 59% in the medium and 43% in the high.  For the low rainfall zone, the 

largest area was attributed to the 40-60cm rooting depth, 40-70mm PAWC and sandy loam soil 

texture classification with 47%.  The next two highest were both sandy loam soil textures with 20-

40cm rooting depth and 40-70mm PAWC and40-60cm 70-100mm PAWC both of which 

represented 20% and 10% of the area for the low rainfall zone.  Similar to the low rainfall zone, 

the 40-60cm rooting depth, 40-70mm PAWC and sandy loam soil texture classification had the 

largest amount of area associated to it with 21%.  The remaining 38% of area is then distributed 

across other PAWC and texture categories within this rooting depth.  Around 7% of the areas have 

been classified in the 60-100cm 100+ mm PAWC sandy-clay-loam classification.  This figure shows 

for the high rainfall region the largest area was attributed to the 40-60cm rooting depth 70-

100mm sandy loam texture category.  Both the 60-100cm rooting depth 100+PAWC soil texture 

categories make up around 27% of the high rainfall zone area.   

Both figures show the contributing area of each classification as a percentage the EP for regional 

analysis and as a percentage of the rainfall zone to understand the distribution at a sub-regional 
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scale.  The amount of area assigned and the spatial distributions of soil classifications will affect 

the impact of climate change on the Eyre Peninsula as a whole and in the specific rainfall regions.   

 

Figure 17: Distribution of area associated with specific rooting depth, plant available water capacity and 

soil texture categories as a percentage of their corresponding rainfall zones 

 

4.1.8 Mapping the Spatial Distribution of Simulated Wheat Yields 

The previous section focussed on identifying the impact of a variety of climate change scenarios in 

rainfall aggregated zones (low, medium and high) for 44 potential soil across the Eyre Peninsula.  

Within these zones, spatial variation and impacts on yields may exist due to localised climate 

variation and its interaction with the extent of mapped soil classifications.  To map these local 

interactions we followed the methodology developed in Figure 18.  The first step used cluster 

analysis on monthly gridded rainfall to identify nine rainfall regions with similar rainfall amounts 

across the Eyre Peninsula.  The second step involved retrieving rainfall station data from the SILO 

patch point dataset where rainfall records were greater than 50 years.  A total of 76 stations were 

selected across the Eyre Peninsula.  These datasets were then inputted into a geographic 

information system (GIS) where a spatial analysis function was used to divide up the nine rainfall 

regions into 76 individual areas based on the geographic relationship between the station and 

rainfall zone datasets such that the boundaries of the regions define the area that is closest to 

each station relative to all other stations.  This datasets represented the climate data required for 

the crop modelling.  The previous section describes how soil classifications were mapped through 

spatial datasets and expert knowledge.  The GIS was then used to spatially join both datasets to 
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define the extent of mapped soil classifications for each Thiessen polygon defined rainfall station 

area.  A look-up table was then created listing the rainfall station number and soil classification 

which was used to match with the multiple simulated yield outputs from the crop modelling.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Methodology used to map the rainfall station specific soil classification for the Eyre Peninsula 
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Figure 19: Simulated wheat yields for the current climate by rooting depth, plant available water capacity 

and soil texture categories 

 

Figure 19 represents the corresponding soil classifications mapped on the Eyre Peninsula and 

their associated simulated yields  These yields were matched to the corresponding soil 

classifications to identify the spatial distribution of simulated wheat yield across the Eyre 

Peninsula.  The reductions in simulated yields for the ranges of climate change scenarios for the 

low, medium and high rainfall zones are presented in Appendix 5.   

Figure 20 illustrates the spatial variability of simulated wheat yield for the Eyre Peninsula.  Yield 

variability ranges 150-1,500 kg/ha in the upper part of the Eyre Peninsula (low rainfall zone) and 

increases to 1,500-2,500 kg/ha in the middle medium rainfall zone.  The bottom part of the figure 

illustrates simulated wheat yield for the smaller high rainfall zone with yields varying from 2,500 -

4,500 kg/ha.   
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Figure20: Simulated average wheat yields for the Eyre Peninsula based on 110 years of climate 

information 

 

4.1.9 Validation 

Yield and hence productivity projections associated with future climate scenarios are an essential 

part of developing adaptation options with the landscape futures analysis. Collection of sound 

local yield data is important in establishing the credibility of the crop growth and yield models 

that are used to estimate yields, and hence economic activity, under different climate change 

scenarios. We collated on-ground crop yield and soil data across a variety of scales to validate the 

crop models used to make yield projections with the different climate change scenarios. 

In collaboration with the EP research officer, we identified particular farms located on the major 

soil classes within the climatic sub-regions discussed above. We used the analysis of two spatial 

datasets, the Department of Environment and Natural Resources soils database and the EP based 

Rural Solutions grower database, to identify these farms. Subsequently we collected any previous 

records of within paddock crop yields.  This included: 

¶ Data from precision agriculture aggregated to paddock/soil averages 

¶ Farmer records of paddock yield from Minnipa over 25 years 
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¶ EP red brown earth trails (10 years of data), EP grain and graze upper EP trials 

¶ Regional PIRSA wheat yields 

This data forms the basis for high resolution spatial analysis of current yield stability on the EP and 

validation of future climate effected yield predictions using the Agricultural Production Systems 

Simulator (APSIM).  

4.1.10 Spatial distribution of climate change impacts on simulated 

wheat yield 

 

Figure 21: Simulated average wheat yields for the Eyre Peninsula based on 110 years of climate change 

scenario (S1) 
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Figure22: Simulated average wheat yields for the Eyre Peninsula based on 110 years of climate change 

scenario (S4) 

 

Figure 23: Simulated average wheat yields for the Eyre Peninsula based on 110 years of climate change 

scenario (S5) 
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Figure 24: Simulated average wheat yields for the Eyre Peninsula based on 110 years of climate change 

scenario (S2) 

 

Figure 25: Simulated average wheat yields for the Eyre Peninsula based on 110 years of climate change 

scenario (S6) 
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Figure 26: Simulated average wheat yields for the Eyre Peninsula based on 110 years of climate change 

scenario (S3) 
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4.2 Modelling Biomass and Carbon Sequestration under Climate Change 

Increased levels of greenhouse gases in the atmosphere from the clearing of forests for 

agricultural production over the short, medium and long-term are likely to contribute to the 

impacts of global climate change, resulting in the reduction and potential loss of vital ecosystem 

services (Albrecht and Kandji, 2003; Rodriguez et al., 2006). As a consequence, there is a growing 

interest in the study of alternative land uses in agricultural regions including the production of 

biomass, and reafforestation for carbon sequestration. Each of these strategies provides potential 

benefits including reduced greenhouse gas emissions and economic returns for farmers (Bryan et 

al., 2010a; Bryan et al., 2010b). Eucalypt biomass could supply the renewable electricity, activated 

carbon and eucalyptus oil industries, whereas the benefits of environmental plantations and 

hardwood plantations include the mitigation of dryland salinisation and soil erosion (Bryan et al., 

2010a; Bryan et al., 2010b; Jackson et al., 2005). Environmental plantations also provide support 

for biodiversity (Foley et al., 2005; Jackson et al., 2005). 

Process-based models utilize the biophysical parameters of tree species to simulate how 

characteristics including growth patterns, carbon storage and water cycles will be affected by 

external factors (Almeida et al., 2004b; Feikema et al., 2010). Models such as 3-PG (Physiological 

Principles to Predict Growth) (Landsberg and Waring, 1997; Sands and Landsberg, 2002) have 

been employed to determine forest productivity for a range of forest types, as well as assess site 

productivity and economic returns under different plantation management regimes and 

environmental conditions (Almeida et al., 2004a; Almeida et al., 2004b; Amichev et al., 2011; 

Battaglia and Sands, 1998; Bryan et al., 2010a; Bryan et al., 2007; Coops and Waring, 2001; Coops 

et al., 1998; Coops et al., 2005; Landsberg et al., 2001; Landsberg et al., 2003; Nightingale et al., 

2008). 3PG models forest growth patterns on a monthly time scale and has become the default 

process-based model for forest management due to its simplicity and the fact that it is freely 

available  (Sands, 2004). The CSIRO Land and Water division has recently developed a new version 

of 3PG, named 3PG2, which includes improvements to the water balance predictions by 

incorporating daily rainfall data, as well as including variables for an understorey, site salinity and 

ambient CO2  (Almeida et al., 2007; Polglase et al., 2008). 

We used 3PG2 to predict forest productivity (biomass yield) for a homogenous hardwood 

plantation (E.cladocalyx), a generic oil mallee species and a multi-species environmental 

plantation, based on climate data modelled using the ESOCLIM module of ANUCLIM for each of 

the four climate scenarios (S0, S1, S2, S3) (Section 3.1). (See technical report in Appendix 6). 
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Figure 27: Structure of 3PG biomass and carbon sequestration simulation 
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4.2.1 Modelling Forest Growth with 3PG2 

3PG2 models forest growth patterns based on the absorption of photosynthetically active 

radiation (PAR) and constrained by environmental variables including temperature, vapour 

pressure deficit (VPD), frost, available soil water (ASW), stand age and site nutritional status. The 

spatial version of 3PG2 (Coops et al., 1998) can model productivity using raster data representing 

spatial variance in soil characteristics and climate for an area. The basic structure of 3PG1 is 

outlined in Figure A6-1, and of our simulation modelling in Figure 27.  

3PG2 requires a number of input data sets (Table 2 and 3): 

¶ Monthly climate data including total solar radiation, total rainfall, average temperature, 

average vapour pressure deficit (VPD), rain days per month and frost days per month 

¶ Soil texture and soil depth 

¶ Individual species parameters 

Long term average monthly climate data were sourced from ESOCLIM (Houlder et al., 1999). The 

specific layers used in this modelling were maximum temperature, minimum temperature, 

rainfall, rain days and solar radiation. The baseline climate scenario (S0) was based on the 2006 

climate data remaining constant for a 64 year period (2006 to 2070).  Data for the climate change 

scenarios [mild (S1), moderate (S2), and severe (S3) warming/drying] were created by altering the 

baseline temperature and rainfall records in annual increments from 2006 to 2070 (see Chapter 

3). Solar radiation for the initial year was kept constant for each year under the three climate 

change scenarios, and the amount of frost days was set to zero. 

A raster layer describing the soil type was extracted from the Australian Soil Resource Information 

System (ASRIS) (ASRIS, 2007). This involved combining three different individual databases at 

three different scales. The finest scale soil information ς ASRIS soil level 5 (¢ 1:100 000) ς covered 

the largest area (4,603,900 ha) but in order to cover the whole study area databases with broader 

spatial scales were also included. These included the ASRIS soil level 4 (~ 1:250 000) covering 

111,500 ha of the study area and ASRIS soil level 3 (~ 1:1 000 000) covering 371,100 ha (see Figure 

28). A soil depth raster layer was obtained from Polglase et al (2008) which used MrVBF to 

estimate soil depth for soils greater than 2 metres deep. 

The original species parameters for 3PG were obtained from continued observations and 

measurements of forests and plantations (Landsberg et al., 2001). Almeida et al. (2007) 

recalibrated the original parameter files for use with 3PG2 in order to incorporate the enhanced 
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growth and water balance components of the new model. Species parameters used in this study 

are presented in Appendix 6. 

 

Figure 28: Soil texture in the Eyre Peninsula for 3PG2 modelling 

Fix Map 

Add one for Lower Murray too? 

 

Hardwood plantations were modelled using a species parameter file for E.cladocalyx.  

E.cladocalyx is endemic to the Eyre Peninsula and Flinders Ranges regions and is among the most 

common species used in commercial plantations in southern Australia, with the potential to store 

large amounts of carbon through reafforestation over the long-term (Almeida et al., 2007; 

Polglase et al., 2008). Species parameter files were calibrated for E. cladocalyx (Almeida et al., 

2007; Paul et al., 2007), with parameter adjustments made to the temperature modifiers based 

on the environmental limits outlined by Brooker et al. (1999). Adjustments were also made to the 

maximum stem mass per tree at 1000 trees per hectare, and the maximum age in order to model 

the productivity of carbon plantations over the 65 year period from 2006 to 2070.   

Environmental plantings offer additional benefits over single species plantations including support 

for biodiversity, resilience to climate change and lower ongoing management costs (Bryan et al., 

2007; Polglase et al., 2008; Polglase et al., 2011). There is also the potential that in some areas, 
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environmental plantations may store more carbon than single species plantations over long 

periods of time (Polglase et al., 2008; Polglase et al., 2011). The calibration of species parameters 

for the environmental plantings was based on a mixture of eucalypts, shrubs and acacias (Almeida 

et al., 2007; England et al., 2006; Polglase et al., 2008). Species parameters were recalibrated 

manually by adjusting parameters related to species sensitivity to environmental factors, age, and 

conductance. Due to limited calibration data availability for the Eyre Peninsula, environmental 

plantings parameters were calibrated using 36 measurements from low to moderate rainfall areas 

within the Eyre Peninsula and South Australian Murray-Darling Basin NRM regions. Environmental 

planting models were run over the same climate conditions and over the same period as 

E.cladocalyx (i.e. 2006 to 2070).  

Drought-resistant mallee species have the potential to be useful in the production of bioenergy 

from biomass and eucalyptus oil when coppiced on short rotation under dry conditions (Bryan et 

al., 2010a; Wildy et al., 2004). Parameters for oil mallee were based on the average of E. 

Loxophleba lissophloia, E. polybractea, and E. kocchii (Polglase et al., 2008), and used to represent 

the productivity of a typical oil mallee over a 6 year rotation. Oil mallee parameters used were 

calibrated by Polglase et al. (2008). 

Site parameter files were used to define the study area and modelling scenario. The start age of 

each species was set to one year with assumed values set for initial stem mass, foliage mass and 

root mass, and the initial number of stems per hectare was set to 1000 for each modelled species. 

For the purpose of this study understorey and pasture components were not modelled due to the 

fact that biomass is only simulated for the understorey (Polglase et al., 2008). As 3PG2 does not 

currently account for the effect of atmospheric CO2, ambient CO2 was set to a default value of 

350ppm for each species under each climate change scenario.  

The selected outputs from 3PG2 were the total biomass of forest trees per hectare (tonnes dry 

matter/ha), allocated between foliage, root and stem. Gifford (2000) suggests that a figure of 

50±2%C is a suitable figure to represent the percentage of carbon stored in the total biomass by 

weight. A multiplication factor (3.67) was then used to determine the total amount of CO2 stored  

in the carbon (Standards Australia, 2002). Thus, 3PG estimates of biomass were converted to CO2 

using the formula:  
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Where: 

E = Carbon sequestered (tonnes CO2 
ςe/ha) 

WF = Foliage biomass from 3-PG (tonnes dry matter/ha) 

WR = Root biomass from 3-PG (tonnes dry matter/ha) 

WS = Stem biomass from 3-PG (tonnes dry matter/ha)  

4.2.2 Carbon Sequestration and Forest Growth in Eyre Peninsula 

The total carbon sequestration for the modelled hardwood plantations in the Eyre Peninsula was 

around 326 tonnes/ha, averaging out to a carbon sequestration rate of approximately 5 tonnes 

CO2
-e/ha/year over the 64 year simulation under the baseline climate scenario (Figure 29a). Across 

the study area sequestration rates varied significantly (Figure 30), ranging from 1.4 tonnes CO2
-

e/ha/year in the drier areas up to around 10 tonnes CO2
-e/ha/year in higher rainfall regions . 

Carbon sequestration rates of hardwood plantations decreased under warmer and drier 

conditions. The average annual sequestration rate over the 64 year simulation reduced by 

approximately 4.8% under climate change scenario S1, 15.3% under S2 and 26% under S3 (Figure 

29a). Low productivity areas were affected significantly, with sequestration rates decreasing by up 

to 71% under severe climate change. The wetter, more productive regions experienced a less 

significant reduction in carbon sequestration, with sequestration rates decreasing by up to 2.36% 

under severe climate change (Figure 30). 

Modelling of environmental plantings displayed an average sequestration rate of around 4.35 CO2
-

e/ha/year up to year 54, where the stand matures and the average carbon sequestration rate 

starts decreasing. In comparison to hardwood plantations, carbon sequestration estimates for 

environmental plantations were lower, with a total sequestration of around 227 tonnes/ha under 

the baseline climate scenario. This averaged out to an annual carbon sequestration rate of 

approximately 3.5 tonnes CO2
-e/ha/year over the 64 year simulation (Figure 29b). Spatially, 

sequestration rates varied significantly across the study area (Figure 30, ranging from 0.9 tonnes 

CO2
-e/ha/year in the arid regions up to around 12.5 tonnes CO2

-e/ha/year in the higher rainfall 

regions. 

Average annual carbon sequestration rates of environmental plantings increased by 2.33% under 

climate change scenario S1, and then decreased by around 3.5% under S2 and 9.4% under S3. 

Overall, environmental plantings were more resilient to climate change scenarios than hardwood 

plantations. As with the hardwood plantations, low productivity areas experienced a significant 

decrease in carbon sequestration rates, with sequestration rates decreasing by up to 54.3% under 
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severe climate change. More productive regions experienced an increase in carbon sequestration 

rates under each climate change scenario, with an increase in carbon sequestration rates of up to 

2.4% under climate change scenario S3. 

 

Figure 29: (a) Temporal dynamics and variation in carbon sequestration for hardwood plantations (left) 

and (b) environmental plantings (right) in the Eyre Peninsula under the baseline and climate change 

scenarios 

 

 

 

Figure 30: Estimated CO2 sequestration potential of hardwood plantations and environmental plantings 

in the Eyre Peninsula after 64 years (t/ha) 

 

3PG2 modelling of oil mallee for biomass production under the baseline climate displayed an 

average total dry weight of 22.6 tonnes per hectare, averaging out to an annual growth rate of 

around 3.8 tonnes per year over the first 6 years before harvest. Across the study area, growth 
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rates ranged from less than a tonne per year (0.72 tonnes/ha/year) in lower rainfall areas, to 6.7 

tonnes per year in more productive, higher rainfall areas (Figure 31). 

Average growth rates for oil mallee increased under climate change scenario S1 by 4.7%, but 

decreased by 10.8% under S2 and 34.5% under S3. In lower rainfall areas, growth rates decreased 

by up to 41% under the severe climate change scenario. In contrast, growth rates increased in 

high rainfall areas, with increases of 18.6%, 29.6% and 37.8% observed for S1, S2 and S3 

respectively. 

 

 

Figure 31: Productivity of oil mallee in the Eyre Peninsula after 64 years (t/ha) 

4.2.3 Carbon Sequestration and Forest Growth in the Lower Murray 

Total carbon sequestration of hardwood plantations across the Lower Murray region ranged from 

3.7 tonnes/ha to 688.78 tonnes per hectare (Figure 33), with an average total carbon 

sequestration of 317.67 tonnes per hectare. This translates to an average annual sequestration 

rate of around 5 tonnes CO2
-e/ha/year (Figure 32a). 

Carbon sequestration rates of hardwood plantations decreased across the study area under each 

of the climate change scenarios, with the average sequestration rate decreasing by 8.3% under 

S1, 23% under S2 and 37.15% under S3. Sequestration rates remained stable in higher rainfall 

areas, with potential carbon sequestration decreasing by only 0.69% under severe climate 

change. Areas where sequestration rates were low under the baseline climate saw no change 

under each of the climate change scenarios.  

Modelling of environmental plantings presented a total carbon sequestration amount of 290.44 

tonnes/hectare on average across the study area, translating to an annual sequestration rate of 

4.54 tonnes CO2
-e/ha/year (Figure 32b). Sequestration rates varied across the study area (Figure 

33), with sequestration rates of up to around 10 tonnes CO2
-e/ha/year in more productive areas, 

to  0.07 tonnes CO2
-e/ha/year in the arid regions. 
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Average annual sequestration rates decreased by nearly 9% under climate change scenario S1, 

23% under S2 and 37% under S3. Sequestration rates remained relatively stable in higher 

production areas with carbon sequestration decreasing by up to 2% under the impact of severe 

climate change. In arid areas there was no change in carbon sequestration rates. 

 

Figure 32: (a) Temporal dynamics and variation in carbon sequestration for hardwood plantations (left) 

and (b) environmental plantings (right) in the Lower Murray under the baseline and climate change 

scenarios 

 

 

 

Figure 33: Estimated CO2 sequestration potential of hardwood plantations and environmental plantings 

in the Lower Murray after 64 years (t/ha) 

 



 81 

3PG2 modelling of oil mallee for biomass production displayed an average total dry weight of 43.7 

tonnes per hectare, averaging out to an annual growth rate of around 7.3 tonnes per year over 

the first 6 years before harvest. Across the study area, growth rates ranged from less than a tonne 

per year (0.42 tonnes/ha/year) in lower rainfall areas, up to around 26 tonnes per year in more 

productive, higher rainfall areas (Figure 34). 

Average growth rates for oil mallee decreased by 13% under climate change scenario S1, 30.2% 

under S2 and 46% under S3. Growth rates in high production areas increased by up to 3.3% under 

S1 and 1.7% under S2, but decreased by as much as 6.7% under S3. There was no change 

observed in the minimum growth rates in low rainfall regions of the study area. 

 

 

Figure 34: Productivity of oil mallee in the Lower Murray after 64 years (t/ha) 

4.2.4 Discussion of Carbon Sequestration and Forest Growth 

3PG2 was used to model the biomass productivity of a hardwood plantation and environmental 

plantings for carbon sequestration over 64 years under a baseline and three climate change 

scenarios in the Eyre Peninsula and Lower Murray regions. Similarly, oil mallee was modelled over 

6 years in these same regions to simulate biomass production.  

In the Eyre Peninsula region, average carbon sequestration rates decreased for hardwood 

plantations under all of the climate change scenarios. In comparison, environmental plantations 

were generally more resilient to climate change, with an increase in average carbon sequestration 

observed under mild climate change, and decreases under moderate and severe climate change 

scenarios. Biomass production of oil mallee modelled over 6 years also displayed an increase in 

average growth rates under mild climate change, and more significant decreases under moderate 

and severe climate change. All three land uses displayed a high spatial variability across the study 

area. 
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In the Lower Murray region, average carbon sequestration rates decreased for both hardwood 

and environmental plantations under each of the climate change scenarios. Modelling of oil 

mallee over 6 years also displayed decreases in average productivity under warming and drying 

conditions. 
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4.3 Modelling Species Vulnerability under Climate Change 

Climate change is likely to have significant effects on the distributions of many native plant 

species which may shrink, expand and/or shift their geographic range (Santos et al., 2009; 

Schneider et al., 2007; Vos et al., 2008). Some species will become more vulnerable if natural 

migration is hindered by landscapes altered by humans (Manning et al., 2009). Hence, targeted 

conservation is required to facilitate adaptation and migration, especially for the most sensistive 

native species. 

Three distinct components of vulnerability have been identified including exposure to the stress, 

sensitivity to the stress, and the ability to adapt to the stress or adaptive capacity (Adger, 2006; 

Crossman et al., 2012; Schneider et al., 2007; Williams et al., 2008). Many studies have examined 

these components separately, but recently, studies have integrated the exposure, sensitivity, and 

adaptive capacity components of vulnerability (Carvalho et al., 2010; Crossman et al., 2012; 

Thuiller et al., 2005).  

We modelled the vulnerability of 285 native plant species in the fragmented agricultural Eyre 

Peninsula NRM region under three climate change scenarios (S1, S2 and S3) (see Section 3.1), 

using a methodology developed for the Lower Murray which incorporates these three 

components of vulnerability (Crossman et al., 2012; Summers et al.,2012). Species distribution 

modelling was used to predict how individual species may move or shift geographically under 

climate change. We then assessed the effects of including various combinations of exposure, 

sensitivity and adaptive capacity in complementarity-based spatial conservation priorities for 

reducing vulnerability. 

4.3.1 Data 

Spatial layers of five independent environmental variables were used to predict habitat 

distribution in both the Eyre Peninsula (Table 2) and the Lower Murray (Table 3);  

¶ Soil clay content 

¶ Soil pH 

¶ Temperature 

¶ Rainfall 

¶ Solar radiation 

The two soil variables (clay content and pH) were extracted from the Australian Soil Resource 

Information System (ASRIS) (ASRIS, 2007) at a scale of 1:100 000. The three second Shuttle Radar 
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Topography Mission (SRTM) digital elevation model (DEM) was used to model solar radiation 

using the Area Solar Radiation tool within the ArcGIS 9.3 toolbox (ESRI, 2009), and to model mean 

annual temperature and precipitation layers within the ESOCLIM module of ANUCLIM (Houlder et 

al., 1999). These layers were used as the historical or baseline climate (S0). Annual mean 

precipitation and annual mean rainfall under the three climate change scenarios (S1, S2 and S3) 

were created by adjusting the baseline climate layers by the relevant temperature increase and 

precipitation decrease (see Chapter 3). 

Biological data was sourced from the South Austalian Department of Environment and Natural 

Resources. In the Eyre Peninsula this database consisted of 365 269 geo-located, point-based, 

presence-only records of 4 776 plant species over 6 897 unique sites. This database was refined 

by omitting non-native species, water-dependent species, and species with less than 40 recorded 

observations. The refined database included 286 species with 52 692 records over 2 460unique 

sites. In the Lower Murray this database held 247 839 geo-located, point-based, presence-only 

records with a total of 4 410 plant species over 57 564 unique sites. Like the Eyre Peninsula this 

was refined by omitting non-native species, water-dependent species, and species with less than 

40 recorded observations. The refined database included 584 species with 173,557 records over 

27,810 unique sites. 

4.3.2 Methods 

Exposure 

The exposure of plant species to climate change can be characterised as their predicted 

geographic range or distribution, and can be quantified using species distribution models (SDMs). 

These models quantify the relationship between independent variables and species occurrence 

based on known locations, and then predict species distributions using the independent variable 

layers. We selected three diverse models commonly used to predict species distributions, each 

using a different model: logistic regression (Márcia Barbosa et al., 2003; Schussman et al., 2006) 

using the ArcGIS geographic information system software, generalised additive models (GAM) 

(Elith et al., 2006; Guisan et al., 2002; Luoto et al., 2007) using the GRASP software package, and 

maximum entropy models using the Maxent package (MaxEnt) (Phillips et al., 2006) (see 

Appendix 7 for more details).  

We predicted species distributions (exposure) based on the five independent variables under each 

climate scenario (S0, S1, S2 and S3) using the three models. Distributions were predicted under 

climate change by substituting the current climate layer with the future climate layers, and using 

the current distributions of species and their environmental correlates. For each species, we used 
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the presence records and an equal number of absences randomly selected from the biological 

survey sites where the species was not recorded. To counter the potential bias from the 

generation of synthetic absence data, each of the three models was run ten times for each 

species for each climate scenario. For each run, unique calibration and validation datasets were 

created from the presence and absence species records through a random 70/30 split. The 

validation set was used to assess the predictive accuracy (using area under the curve (AUC) 

statistics) of individual models under the baseline climate (S0). Finally, an ensemble model was 

developed which combined the outputs of the logistic regression, generalised additive, and 

maximum entropy models into a single prediction of species distribution for each species under 

each climate scenario. The predictive accuracy was calculated for each ensemble forecast for 

baseline climate S0 to enable a comparison of accuracy with the three individual models. 

Species sensitivity 

The sensitivity of plants to climate change can be calculated based on the likely impact of climate 

change on their predicted geographic ranges. Those species experiencing the greatest shrinkage 

and shift in geographic range under climate change are the most-sensitive. 

We calculated the sensitivity of species to climate change as a scalar sensitivity weight - i.e. the 

ratio of the change in species distribution to the extent of species distribution under each climate 

change scenario for each species. Higher sensitivity weights are assigned to those species whose 

spatial distribution was projected to contract or shift, particularly if their geographic range is 

already limited. Species with an extensive distribution receive lower sensitivity weights, especially 

where distributions are projected to increase under climate change (see Appendix 7 for more 

details).  

Adaptive capacity 

Adaptive capacity can be quantified ŀǎ ǎǇŜŎƛŜǎΩ ŀōƛƭƛǘȅ to migrate to and colonise new habitat 

under climate change scenarios, as future geographic ranges may be spatially dislocated from 

current locations. This can be quantified using a dispersal kernel from current known species 

locations.  

We calculated the dispersal potential for each species under each climate change scenario (S1, S2 

and S3) to provide a measure of adaptive capacity. This was calculated using a negative 

exponential dispersal kernel based on the Euclidean distance to the nearest known location of 

each species. The negative exponential function creates a dispersal potential layer with values 

ranging between zero (cells that are far away) and one (cells that are close by). Thus, a higher 
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potential dispersal score is assigned to areas closer to known species locations (see Appendix 7 for 

more details).  

Calculating and evaluating spatial priorities for mitigating species vulnerability 

In order to reduce species vulnerability to climate change, the components - exposure, sensitivity, 

and adaptive capacity, need to come together to inform spatial priorities for conservation actions. 

Spatial priorities for conservation may be most effectively identified through the principle of 

complementarity, such that each unique element of biodiversity has a minimum level of 

representation.  

We used the conservation planning software package Zonation (Moilanen and Kujala, 2008b) to 

identify priority areas for reducing species vulnerability under the three climate change scenarios 

S1, S2 and S3, and assessed the levels of species representation in these priority areas. Zonation 

uses a complementarity-based algorithm which iteratively removes cells from the analysis that 

incur the smallest marginal loss in conservation value (species representation) (Moilanen and 

Kujala, 2008a). This software includes a range of methods for identifying and evaluating the 

selection of conservation areas. It also allows for the inclusion of supplementary information such 

as species weights, conservation costs, and the location of existing reserves. In this study, we 

undertook core-area Zonation analyses to identify spatial conservation priorities under the three 

climate change scenarios. Core-area Zonation is designed to identify solutions that prioritise high-

quality locations for all species while still accounting for priority weights attributed to them (see 

Appendix 7 for more details).  

To assess the impact of including individual components of vulnerability (exposure, sensitivity and 

adaptive capacity), we calculated spatial conservation priority layers using Zonation at four levels 

of analysis:  

1. Exposure, sensitivity and adaptive capacity (exp+sens+ac) - Full vulnerability framework 

which includes potential distribution layers multiplied by the dispersal potential for each 

species, and weighted by species sensitivity 

2. Exposure and adaptive capacity (exp+ac) - Potential distribution layers multiplied by the 

dispersal potential for each species, with no species weighting  

3. Exposure and sensitivity (exp+sens) - Potential distribution layers for each species (not 

multiplied by dispersal potential), weighted by species sensitivity 

4. Exposure only (exp) - Potential distribution layers for each species (not multiplied by 

dispersal potential), and no species weighting 
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We quantified the degree of correlation in spatial conservation priorities between the four layers 

output from these four levels of analysis. To minimise spatial autocorrelation we extracted 200 

ǊŀƴŘƻƳ ǇƻƛƴǘǎΣ ǘƘŜƴ ŎŀƭŎǳƭŀǘŜŘ tŜŀǊǎƻƴΩǎ r pairwise correlation coefficients between spatial 

conservation priority layers. This was repeated 1,000 times and the mean and standard deviation 

of the correlation statistics presented.  

We also quantified the level of representation of each species achieved by each layer. AUC 

statistics were calculated based on species representation curves to quantify a threshold-

independent measure of species representation by priority areas for each level of analysis and 

scenario.  For a given scenario and level of analysis, if a particular species exhibits better than 

ŀǾŜǊŀƎŜ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ōȅ ŎƻƴǎŜǊǾŀǘƛƻƴ ǇǊƛƻǊƛǘȅ ŀǊŜŀǎ ǘƘŜƴ лΦр ғ !¦/ Җ мΣ ǿƘƛƭǎǘ лΦр Ҕ !¦/ җ л 

reflects below-average species representation in spatial conservation priorites (see Appendix 7 for 

more details).  

To evaluate the impact of including components of vulnerability, the mean level of representation 

was graphed and the mean AUC calculated under each climate change scenario and level of 

analysis for three indicators:  

¶ all species 

¶ the 50 most-sensitive species 

¶ the five worst-performing species 

4.3.3 Eyre Peninsula Results 

Species vulnerability: exposure, sensitivity, and adaptive capacity 

The generalised additive model (mean AUC = 0.830, S.D. ± 0.090) had the highest accuracy of the 

three individual species distribution models used in the analysis. This was followed by MaxEnt 

(mean AUC = 0.771, S.D. ± 0.129) and then the logistic regression (mean AUC = 0.769, S.D. ± 

0.105). The ensemble model, which combined the three individual models performed better than 

all of the individual models (mean AUC = 0.832, S.D. ± 0.089).  

Each of the individual models and the ensemble returned declining species distributions under 

each of climate change scenarios when compared to the current climate. Using the generalised 

additive model 140 (48.7%), 154 (53.7%) and 151 (59.6%) species had decreased distributions 

under the mild, moderate and severe climate change scenarios respectively. Similarly, using the 

logistic regression 128 (45.0%), 131 (45.6%) and 123 (42.9%) species had reduced projected 

distributions while for MaxEnt the numbers were 244 (85.0%), 248 (86.4%) and 252 (87.8%). The 

combined numbers for the Ensemble prediction were 150 (52.3%) 160 (55.7%) and 152 (53.0%).  
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The ensemble model projections were chosen for subsequent analysis because they provide a 

compromise between the inherent bias within the individual models without jeopardising model 

predictive ability. Ensemble projections for all but one species were sufficiently robust for one 

species (total n = 285) was sufficiently robust (AUC ² 0.6) for further analysis. The projected area 

of species distributions was calculated as the weighted sum of grid cell probabilities from the 

ensemble model. Under the current climate these ranged from 3830 Km2 for Xanthorrhoea 

semiplana to 46,138 km2 for Austrostipa nitida. 

The sensitivity weights assigned to each species during the species distribution modelling ranged 

between 0.04 and 12.1 for the mild scenario, 0.08 and 216.8 for the moderate scenario and 0.08 

and 1056.0 for the severe scenario. Figure 35 ƛƭƭǳǎǘǊŀǘŜ ǎǇŜŎƛŜǎΩ ǊŀƴƎŜ ǎƘƛŦǘǎ ŀƴŘ ǎŜƴǎƛǘƛǾƛǘȅ 

weights. 
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Figure 35: Examples of modelled species distributions in the Eyre Peninsula under climate change and 

resultant sensitivity weights  

 

Examples of adaptive capacity, and adaptive capacity combined with exposure, under current 

climate, and the mild, moderate, and severe climate change scenarios are presented in Figure 36. 



 90 

 

Figure 36: Examples of adaptive capacity, and adaptive capacity combined with exposure under current 

climate, and the mild, moderate, and severe climate change scenarios in the Eyre Peninsula 
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Calculating and evaluating spatial priorities for mitigating species vulnerability 

Figure 37 shows spatial conservation priorities based on the four levels of analysis (exposure, 

sensitivity and adaptive capacity; exposure and adaptive capacity; exposure and sensitivity, and 

exposure only) under the three climate change scenarios. . Using all three components of 

vulnerability (exposure, sensitivity and adaptive capacity) priority areas were largely identified in 

the west, east and south of the EP NRM region under the various climate change scenarios (Figure 

37a-c). For the most part the prioritisation identified large contiguous areas in the east and south 

with more localised priority in the central and western parts of the study area (Figure 37a-c). The 

eastern priority areas coincide with an area of slightly higher elevation. Under the mild climate 

change scenario there were more priority areas identified in the west and centre of the study 

area. Under increasing warming and drying (moderate and severe climate scenarios) there were 

fewer priority areas in the west and a higher concentration in the south and east. This can be seen 

comparing the prioritisations under the mild (Figure 37a), moderate (Figure 37b) and severe 

(Figure 37c) climate change scenarios.  

Omitting sensitivity from the analysis (i.e. exposure and adaptive capacity layers only) created 

spatial conservation layers with priority areas dispersed through the landscape reflecting the 

influence of the dispersal kernel (Figure 37d-f). Omitting adaptive capacity from the analysis (i.e. 

using exposure and sensitivity only) resulted in a overall pattern similar to that achieved with the 

full vulnerability framework (Figure 37a-c), but with some significant local differences. Omitting 

both sensitivity and adaptive capacity (i.e. using exposure only; Figure 37j-l) results in a similar 

prioritisation as those calculated using exposure and sensitivity alone (Figure 37d-f) but with 

reduce spatial contiguity. 

Correlations between spatial priorities calculated based on the full vulnerability framework, 

exposure and adaptive capacity, exposure and sensitivity, and exposure only, under each climate 

change scenario were largely found to be week (0.416) to moderate (0.757) (Table 10). There is 

one exception to this where a strong correlation (0.840) under the mild warming and drying 

scenario between the spatial priorities calculated with exposure and sensitivity and exposure 

alone. 
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Figure 37: Spatial conservation priorities in the Eyre Peninsula. These were determined using exposure, 

sensitivity and adaptive capacity (vulnerability) (a-c); exposure and adaptive capacity (d-f); exposure and 

sensitivity (g-i); and exposure only (j-l)  
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Table 10: Mean and standard deviation of correlation coefficients between four levels of analysis under 

the three climate change scenarios in the Eyre Peninsula 

 Mild scenario (S1) Moderate scenario (S2) Severe scenario (S3) 

Level 
Exp. 
+sens. 
+ac. 

Exp. 
+ac. 

Exp. 
+sens. 

Exp 
+sens 
+ac. 

Exp. 
+ac. 

Exp. 
+sens. 

Exp. 
+sens. 
+ac. 

Exp. 
+ac. 

Exp. 
+sens. 

Exp. + ac. 
0.710 

± 0.036 
  

0.611 

± 0.047 
  

0.514 

± 0.055 
  

Exp. + sens. 
0.726 

± 0.040 

0.475 

± 0.057 
 

0.716 

± 0.041 

0.426 

± 0.060 
 

0.757 

± 0.033 

0.416 

± 0.062 
 

Exp. 
0.674 

± 0.045 

0.510 

± 0.030 

0.840 

± 0.030 

0.575 

± 0.054 

0.427 

± 0.061 

0.541 

± 0.050 

0.505 

± 0.054 

0.457 

± 0.059 

0.545 

± 0.056 

 

Comparing the species representation curves (Figure 38) and AUC indicators (Table 11) reveals 

variation in species representation by spatial conservation priority areas calculated using different 

components of the vulnerability framework. Omitting sensitivity in the identification of spatial 

priorities (Figure 38d-f, Table 11) reduced the mean representation of the 50 most sensitive 

species by 6.5 ς 8.3% across the three climate scenarios. However, this also increased the mean 

representation of the 5 worst performing species (the mean of the five species with the lowest 

representation in the landscape) by between 14.3 ς 46.0% and had a marginal impact on the 

mean representation of all species (-1.4 ς 2.4%). 

Omitting adaptive capacity in the identification of spatial priorities (Figure 38g-i, Table 11) had a 

limited impact on the 50 most sensitive species (-0.69 ς -3.1%). However, this reduced the mean 

representation of the 5 worst performing species by 10.5 ς 19.3% and had a variable impact on 

the mean of all species (-4.6 ς 1.8%).  

Omitting both sensitivity and adaptive capacity in the identification of spatial priorities (Figure 

38j-l, Table 11) reduced the mean representation of all species and the 50 most-sensitive species 

by 4.8 ς 9.6% and 4.4 ς 8.9% respectively. The impact on the mean representation of the 5 worst-

performing species was highly variable (-5.6 ς 15.0%). 
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Figure 38: Species representation curves for spatial conservation priority layers calculated under each of 

the four levels of analysis and three climate scenarios in the Eyre Peninsula 

The coloured lines indicate the most-sensitive (i.e. highest sensitivity weights) in red through to least 

sensitive (lower sensitivity weights) in blue 
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Table 11: Indicators of species representation (AUC) for conservation priority layers calculated using 

different components of vulnerability in the Eyre Peninsula 

 Mild scenario (S1) Moderate scenario (S2) Severe scenario (S3) 

Layers 
Exp+
sens
+ ac 

Exp+
ac 

Exp+
sens 

Exp 
Exp+
sens
+ ac 

Exp+
ac 

Exp+
sens 

Exp 
Exp+
sens
+ ac 

Exp+
ac 

Exp+
sens 

Exp 

Mean all 
species 

0.540 0.553 0.515 0.514 0.541 0.550 0.551 0.505 0.555 0.547 0.545 0.502 

50 most 
sensitive 

0.721 0.674 0.716 0.689 0.708 0.657 0.698 0.659 0.673 0.617 0.652 0.613 

Mean 5 
worst 
performing 

0.391 0.447 0.327 0.369 0.363 0.450 0.293 0.372 0.313 0.457 0.280 0.360 

 

4.3.4 Lower Murray Results 

Speceis vulnerability: exposure, sensitivity, and adaptive capacity 

Looking only at the three individual models, the generalised additive model (mean AUC = 0.8565, 

S.D. ± 0.0820) and the maximum entropy model (mean AUC = 0.8535, S.D. ± 0.0811) performed 

best over the 584 species tested, followed by logistic regression (mean AUC = 0.8038, S.D. ± 

0.0918). Under all of these models declines in area in species distributions were projected for 

most species. Declines of 376 (64.4 %), 355 (60.8 %) and 359 (61.5 %) species were projected 

under logistic regression, 349 (59.8 %), 353 (60.4%) and 360 (61.6 %) under the generalised 

additive model, and 272 (46.6 %), 304 (52.1 %) and 335 (57.4 %) under maximum entropy for the 

mild, moderate and severe climate change scenarios, respectively.  

Similarly, the ensemble model also performed well. A high accuracy assessment was achieved 

(mean AUC = 0.8498, S.D. ± 0.0852) with predicted declines in the distribution of 342 (58.6 %), 

347 (59.4 %) and 352 (60.3 %) species under the mild, moderate and severe climate scenarios 

respectively. Despite the slightly lower AUC value for the ensemble model projections they 

provided a compromise between the bias inherent in the individual models with little trade-off in 

model predictive ability and were therefore used in further analysis. All but one of the ensemble 

species distribution projections όǘƻǘŀƭ рупύ ǿŜǊŜ ǎǳŦŦƛŎƛŜƴǘƭȅ Ǌƻōǳǎǘ ό!¦/ җ лΦсύ ŦƻǊ ŦǳǊǘƘŜǊ 

analysis. The area of projected species distributions under the current climate was calculated as 

the weighted sum of grid cell probabilities from the ensemble model. These ranged from 1,357 
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km2 for Pultenaea costata to 62,475 km2 for Ptilotus sp. The ensemble model outputs were used 

to quantify species exposure to climate change within the vulnerability framewok. 

The sensitivity weights for each species were also assigned from the ensemble species distribution 

modelling. These ranged between 0.06 and 19.0 for the mild scenario, 0.1 and 224.5 for the 

moderate scenario and 0.12 and 2994.7 for the severe scenario. Examples illustrating ǎǇŜŎƛŜǎΩ 

range shifts (exposure) and sensitivity weights are presented in Figure 39.  

A dispersal kernel from known species locations, as determined by the biological survey database 

was used to quantify adaptive capacity. Examples illustrating the dispersal kernel and adaptive 

capacity are presented in Figure 40. These maps demonstrate the higher values (dispersal 

potential) closer to known locations. Also provided in Figure 40 are example of adaptive capacity 

and exposure under the current climate and each of the climate change scenarios. 

Spatial priorities for mitigating species vulnerability 

Spatial conservation priorities determined using the four levels of analysis (exposure, sensitivity 

and adaptive capacity; exposure and adaptive capacity; exposure and sensitivity, and exposure 

only) under the three climate change scenarios are presented in Figure 41. Priority were mostly in 

the western SAMDB, the southern Mallee and large parts of the Wimmera, across all scenarios 

(Figure 41a-c) when identified using all three components of vulnerability (exposure, sensitivity, 

and adaptive capacity). Conservation priority areas are largely contiguous in the south and 

interspersed with localised priority areas (Figure 41a-c). There are localised priority areas in the 

eastern SAMDB and northern Mallee Under the mild climate scenario (Figure 41a) and with 

increasing warming and drying (moderate and severe climate scenarios) these priority areas move 

south and into areas of higher altitude. This is evident in Figure 41b (moderate scenario) and 

Figure 41c (severe scenario) where there are no longer priority areas on the northern border of 

the Wimmera and there is a higher concentration along the western and southern boundary. Also, 

fewer priority areas are identified in the northern half of the SAMDB rather there are increasing 

concentrations along the eastern Flinders Ranges and the southern SAMDB.  
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Figure 39: Examples of modelled species distributions in the Lower Murray under climate change and 

resultant sensitivity weights 
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Figure 40: Examples of adaptive capacity, and adaptive capacity combined with exposure under current 

climate, and the mild, moderate, and severe climate change scenarios in the Lower Murray 
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Figure 41: Spatial conservation priorities in the Lower Murray. These were determined using exposure, 

sensitivity and adaptive capacity (vulnerability) (a-c); exposure and adaptive capacity (d-f); exposure and 

sensitivity (g-i); and exposure only (j-l) 

 
















































































































































































































































































