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reliance upon the whole or any part of the contents of this publication. 

Deakin University expressly disclaims all and any liability to any person in respect of 
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person in reliance, whether whole or partial, upon the whole or any part of the contents 
of this subject material. 

The likely climate change futures discussed in this report are based on the development 
of scenarios that are consistent with climate change scenarios developed by the 
Intergovernmental Panel on Climate Change (IPCC). They represent a range of possible 
futures for Southern Grampians, Victoria, Australia, although none of them may ever 
eventuate. Observed values of key climatic variables are current at the time of writing; 
however, new information is being made available on a frequent basis that may impact 
upon some of the conclusions presented in this report.  
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EXECUTIVE SUMMARY

Climate change is a serious threat to Australia’s economy, environment and communities. However, 
for communities with the foresight to strategically plan for the likely climatic changes in their 
regions, it also presents significant economic, social and environmental opportunities. In this 
context, a joint study by the Southern Grampians Shire Council (hereafter ‘the Council’) and Deakin 
University, Understanding and adapting land use capability under a changing climate, was 
developed for Southern Grampians (i.e. ‘the study region’). Around 80 percent of the land use in the 
study region is dedicated to agriculture and this economic sector is the largest employer. The main 
Objectives for the study were: 

• A data display showing relevant land and climate data including, but not limited to, soil, water,
topography, and climatic variables.

• A series of maps showing land use suitability across the Shire under current and future climatic
conditions taking into account soil, water and topography.

• A text description and explanation of the data in report format.

This Technical Report primarily covers the last two objectives, whilst relevant data used in 
the modelling was included in the report. 

The methodology employed to understand the current situation and likely climate change impacts 
on agriculture has as its core the application of biophysical Land Suitability Analysis (LSA); it hence 
deploys specific models for each of the agricultural commodities assessed. The methodology was 
formulated by the authors of this report and extensively applied over the past fifteen years in 
several regions of Australia, including Victoria. Development of the LSA models for specific 
application in Southern Grampians was based on scientific information – mainly growth 
characteristics of the commodities of interest – combined with the knowledge of local experts 
including farmers, agronomists, soil scientists, hydrologists, Councillors and Council staff. 

After discussion with the Steering Committee (Project Control Group), the agricultural commodities 
selected for suitability modelling were (as categorised in three groups): cropping (grains –wheat, 
canola and flaxseed), pastures as proxy for dairy and beef production (phalaris and ryegrass), and 
vegetables (brassicas, lettuce and onions). 

Five climate variables were identified as the main drivers of agriculture development and its 
associated land uses: maximum temperature, mean temperature, minimum temperature, rainfall 
and solar radiation. Using CSIRO Mark 3.5 global climate model, relevant information on the likely 
values of these variables was developed for three future years (2030, 2050 and 2070) under the 
Intergovernmental Panel on Climate Change (IPCC) worst greenhouse emissions/global warming 
scenario A1FI (fossil fuel intensive); the projections were compared with a historical period 
(1961-1990). The IPCC A1FI scenario was chosen because current climatic changes are 
tracking above the trajectory depicted by A1FI.  The information thus generated is presented in 
the report in graphic and map form. Briefly, the analysis showed that in Southern Grampians: 

ð The yearly maximum temperature is likely to increase from the historical period to 2070. The
projected maximum temperature by 2070 is about 18% greater than the value observed
during the historical period. 

ð The yearly mean temperature would increase from the historical period to 2070. The projected 
mean temperature by 2070 is about 21% greater than the value observed during historical the 
period. 

 The yearly minimum temperature is likely to increase from the historical period to 2070. The 
projected minimum temperature by 2070 is around 30% greater than the value observed during 
the historical period. 
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 The yearly amount of rain is likely to decrease from the historical period to 2070. The projected 
rainfall amount in 2070 is 38% less than the amount observed during the historical period. 

ð The yearly solar radiation would increase from the historical period to 2070. Solar radiation
seemed to be close to a maximum value from 2070 and further into the future. The 
projected solar radiation amount by 2070 is about 8% greater than the value observed during 
the historical period. 

The main conclusions of the land suitability assessment are succinctly mentioned below according to 
the three groups: cropping, pastures and vegetables. In the text, comparison is made to a ‘baseline’ 
defined as the average climatic conditions in the period 1996-2005. 

Cropping – Southern Grampians is particularly suitable for the cultivation of wheat, canola and 
flaxseed. The baseline land suitability maps for wheat and canola production indicated that for both 
of these commodities around 83% of the study region has a suitability equal or superior to 70%. 
Moreover, land suitability for both of them is likely to remain relatively constant into the future. The 
baseline land suitability map for flaxseed production showed that the bulk of the Southern 
Grampians has a suitability of 70% or higher. Future land suitability projections showed that the land 
suitability for these three commodities would decrease over the years. In these suitability maps, 
some areas were highlighted with hash patterns to indicate that they are less appropriate for 
cropping, usually because of poor drainage and/or shallow depth to bedrock. However, these areas 
could still support production if these factors are dealt with. In the case of poor drainage, this 
(temporary) constraint can be tackled, for example, through the use of raised beds  

Pastures - The baseline land suitability map for phalaris production indicated that about 84% of 
Southern Grampians has a suitability equal or greater 80%. Projections showed that the land 
suitability will potentially increase over future years. By 2030, the situation would be similar to the 
baseline, with only the emergence of small areas of highest suitability. However, a strong increase of 
suitability is likely by 2050 and 2070. The baseline land suitability map for ryegrass production 
indicated that around 82% of Southern Grampians has a suitability between 50% and 80%. In 
contrast with the situation for phalaris, projections for ryegrass showed that the land suitability 
is likely to decrease over future years. The decrease of land suitability was particularly apparent by 
2050, and would continue to decline by 2070. 

Vegetables - The baseline land suitability map for brassica production indicated that over 80% of 
Southern Grampians has a suitability equal or superior to 70% with some areas in the highest 
category of 90% and above. The land suitability would remain similar from the baseline to 2050. 
From 2070, a suitability decrease is however likely; this would be reflected by an increase of area 
with a suitability between 70 and 80%, and by a decrease in the area with a suitability between 
90 and 100%. The baseline land suitability map for lettuce production showed that about 80% of 
the study region has a suitability equal or superior to 80%. The land suitability would be similar 
from the baseline to 2030. From 2050 onwards, a suitability decrease is however likely. The 
baseline land suitability map for onion production indicated that about 84% of Southern 
Grampians has a suitability equal or superior to 70%. The land suitability is quite similar from 
the baseline to 2050, albeit with a small increase by 2030. By 2070, a suitability decrease is 
possible. This is reflected by an increase of area with a suitability between 60 and 80%, and by 
a decrease of the area with a suitability between 90 and 100%. 
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Therefore, in the context of the analyses described in this report, it is clear that Southern 
Grampians, in particular, and the South-west Region of Victoria, in general, have all the conditions 
to be a significant player in ensuring that the envisaged growth potential in agriculture can be 
realised. In order to do that, however, several actions need to be taken regarding likely climate 
change impacts in the region and its agricultural production. Important actions include the following. 

(i) The designation of agricultural Production Areas where a multiplicity of agricultural 
commodities can suitably be grown now and in the future. Nevertheless, in the study 
covered in this report only eight agricultural commodities were analysed. Therefore, in 
order to have a complete understanding of the agricultural potential of Southern 
Grampians, it will be necessary to assess several other commodities. For example, in a study 
undertaken by the authors of this report in Gippsland for the Local Government Network 
(GLGN), a total of twenty agricultural commodities were modelled. An optimisation program 
was also developed and applied to investigate several factors including maximising regional 
income and/or job creation. In Gippsland, this information was used to promote, nationally 
and overseas, investing in, and attracting people and industries into, the region. 

(ii)  An economic industrial analysis should be undertaken to explore the possibility of setting-
up processing plants in the Southern Grampians Shire. For instance, canola production has 
been exceptional this year and our study shows that its future development would be bright 
despite likely changes in climatic conditions. The current processing of flaxseed in the study 
region shows the path in terms of local job creation and other associated benefits.  

(iii) The development of Blue-Green Infrastructure - It is anticpated that with a likely future 
increase in the frequency and severity of extreme weather events, flooding will become 
more problematic in many regional areas, including parts of the Southern Grampians. The 
Dutch have dealt with flood risk by developing and implementing Blue-Green Infrastructure, 
a concept that involves modifying the landscape to mitigate flood damage and to secure 
water for agriculture, amongst other benefits. Deakin University are currently establishing 
the feasibility of implementing Blue-Green Infrastructure in Australia, especially to drought-
proof and flood-proof newly developed agricultural production areas. The Southern 
Grampians would be an ideal candidate area to carry out further feasibiity studies, given the 
opportunities for agricultural development in the region.
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CHAPTER 1 - INTRODUCTION 
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1.1.   BACKGROUND 
Climate change is a serious threat to Australia’s economy, environment and communities. However, 
for communities with the foresight to strategically plan for the likely climatic changes in their 
regions, it also presents significant economic, social and environmental opportunities. 

Within this context, a joint study by the Southern Grampians Shire Council (hereafter ‘the Council’) 
and Deakin University, titled Understanding and adapting land use capability under a changing 
climate, has developed for Southern Grampians (i.e. ‘the study region’) specific information on 
climate change and related evidence. It was intended that the information generated in the study 
will assist the Council and other government instrumentalities, agribusinesses, related industries and 
the wider community: (i) adapt to potential climate change impacts, and (ii) identify and capitalise 
upon the economic, social and environmental opportunities for agricultural and associated 
development across the region. 

Specific Objectives for the study were: 

• A data display showing relevant land and climate data including, but not limited to, soil, water, 
topography, and climatic variables. 

• A series of maps showing land use suitability across the Shire taking into account soil, water and 
topography under current and future climatic conditions. 

• A succinct textual description and explanation of the data in report format. 
• Outputs must web-enabled to allow Council to share information with primary producers and 

investors, 
• Outputs must be in a Geographic Information Systems (GIS) format, compatible with Council’s 

system. 
The study region was limited to the physical area within the boundaries of Southern Grampians Shire 
Council (Figure 1); this is a region located in the south-west part of the State of Victoria, Australia, 
with an area of about 6.680 km2. Around 80% of the land use in Southern Grampians is dedicated to 
agriculture; this economic sector is the largest employer in the region. 

 

 
 

Figure 1: Localisation of Southern Grampians region within the State of Victoria  
Source: “Australia_Victoria_location_map.svg” 
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After discussion with the Steering Committee (Project Control Group), the agricultural commodities 
selected for suitability modelling were (as categorised in three groups): cropping (grains –wheat, 
canola and flaxseed), pastures as proxy for dairy and beef production (phalaris and ryegrass), and 
vegetables (brassicas, lettuce and onion). 

This comprehensive Technical Report substantially covers the outputs indicated in the Objectives 
mentioned above. 

 

1.2.       CLIMATE CHANGE – A COMPLEX PROBLEM 
The Earth’s climate is regulated, in part, by the presence of gases in its atmosphere; they include two 
broad categories: (i) well-mixed gases collectively referred as greenhouse gases (GHGs) and (ii) short-
lived gases and aerosols. The GHGs can trap radiation in a manner analogous to the glass of a 
greenhouse and have a warming effect on the planet. The GHGs include water vapour, carbon 
dioxide (CO2), methane (CH4), nitrous oxide (N20) and halocarbons (a group of gases containing 
fluoride, chlorine and bromide). Since the beginning of the Industrial Revolution (around 1750) the 
concentrations of CO2, CH4 and N2O have increased markedly and now far exceed pre-industrial 
levels. Their sources include fossil fuel combustion from energy generation, industry and transport; 
agricultural activities (e.g. releasing carbon from soils or methane from livestock) and land use 
changes, particularly intensification of urban uses and deforestation (Intergovernmental Panel on 
Climate Change - IPCC, 2007; Garnaut, 2008 and 2011).  

The Working Group I contribution to the IPCC Fifth Assessment Report (AR5) mentions that “human 
influence has been detected in warming of the atmosphere and the ocean in changes in the global 
warming cycle, in reductions in snow and ice, in global mean sea level rise, and in changes of some 
climate extremes. This evidence for human influence has grown since AR4 [Four Assessment Report, 
IPCC, 2007]. It is extremely likely [i.e. 95-100% certain] that human influence has been the dominant 
cause of the observed warming since the mid-20th century” (IPCC, Summary for Policy Makers, p. 
SPM-12). It is also mentioned in this IPCC report that GHGs contributed a global mean surface 
warming in the range of 0.5ºC to 1.3ºC over the period 1951-2010 with the contributions from other 
anthropogenic forcing, including the cooling effect of aerosols in the range of -0.6ºC to 0.1ºC. Taken 
into account the contribution from natural forcing and from natural variability, together these 
assessed contributions are consistent with observed warming of approximately 0.6ºC to 0.7ºC over 
the 1951-2010 period. Furthermore, since the 1950s warming of the climate system is unequivocal 
and, since that time, many of the observed climatic changes are unprecedented over decades to 
millennia. 2 shows the observed global mean combined land and ocean surface temperature 
anomalies (relative to the mean of 1961-1990) from 1850 to 2012.  
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Figure 2: Observed globally averaged combined ocean surface temperature anomaly 1850-2012; annual mean values (top 

panel); decade mean values (bottom panel). 
Source: IPCC, 2013, p. SPM-3. 

Climate change projections for Australia indicate increasing temperatures, changes to rainfall 
patterns and elevated atmospheric carbon dioxide concentrations, all of which are likely to affect 
agricultural production, productivity and other important economic activities (CSIRO and BoM, 
2007). The overall effect, however, is difficult to estimate precisely and will show considerable 
variation at the regional level. 

Figure 3 shows the projections across the state for the year 2050, month of February, using the 
latest CSIRO climate change model termed Mark 3.5 (CSIRO and Bureau of Meteorology - BoM, 
2007; Clarke, 2010).  It can be seen that if climate change unfolds as predicted, the northern regions 
of Victoria will be between 10ºC-15ºC warmer than the southern regions. 
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Figure 3: Projected average maximum temperature for Victoria, February 2050, IPCC A1FI climate change scenario. 

 

The geographic (i.e. spatial) distribution of plant species, vegetation types and cropping patterns 
demonstrate the strong influence that climate has on plant growth. Solar radiation, temperature and 
precipitation (in turn impacting on water availability) and seasonal patterns are key determinants of 
plant growth through a diversity of direct and indirect effects. Other climatic characteristics, such as 
wind speed and storm intensity and frequency, are also major influences. Furthermore, plant 
function is inextricably linked to climate and atmospheric carbon dioxide concentrations. On the 
shortest and smallest temporal and spatial scales, the climate influences the distribution of species 
and community compositions as well as determines what crops can be viably produced in managed 
agro-ecosystems.  Plant growth also influences the local, regional and global climate through the 
exchanges of energy and gases that the plants and the air around them (Morison and Morecroft, 
2006). 

Different aspects of climate change, such as higher atmospheric CO2 concentrations, increased 
temperatures and altered rainfall patterns all have different non-linear effects on plant production 
and crop yields and differ significantly between soil types and location. In combination, these effects 
can either increase or decrease plant production, or the net effect of climate change on crop yield 
depends on the interaction between the different factors. 
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1.3.      METHODOLOGICAL APPROACH 
The assessment of the suitability of the land resource for the production of all the commodities 
studied in Southern Grampians uses the biophysical Land Suitability Analysis (LSA) modelling 
approach. Biophysical suitability analysis is defined as the process of determining the fitness, or the 
appropriateness, of a given area of land for a specified use (adapted from FAO, 1977; see also 
McHarg, 1969/1992 and 1997; Hopkins, 1977; and Steiner, 2008). Biophysical LSA can provide a 
rational basis for the most favourable utilisation of land resources and land use planning (FAO, 
1993). It examines the degree of land suitability for the growth (cultivation or cropping) of the 
agricultural commodities of interest. Modifications in the agriculture land suitability caused by 
climate change can thus be assessed by comparing future suitability maps (years 2030, 2050 and 
2070) with the baseline maps (average of the climatic conditions during the 1996-2005 decade – 5 
years either side of the year 2000).  

The LSA focuses upon the biophysical factors that affect the suitability of a unit of land. Therefore 
the LSA requires several data inputs that are derived from the plant growth characteristics or abiotic 
factors; these include climate (historical observed weather for the baseline 1996-2005 in our study), 
soil and landscape. Economic and crop management information is also important, but they do not 
inform the LSA modelling approach used in this report.   

We developed a semi-quantitative approach to map and assess regional agricultural land suitability 
through the deployment of a Multiple-criteria Analysis (MCA) (Figure 4), or Multiple-criteria 
Evaluation (MCE), method. MCA/MCE has been developed to investigate a number of alternatives 
(or choice possibilities) in the light of multiple objectives (or criteria) and conflicting preferences (or 
priorities). It is a very useful method when a set of alternatives needs to be evaluated on the basis of 
conflicting and incommensurate criteria (Keeney and Raiffa, 1976; Voogd, 1983). MCE has been 
utilised around the world for land suitability modelling where it is primary concerned with combining 
information from several criteria to form a single index of evaluation. In this project, the MCE 
method used is the Analytic Hierarchy Process – AHP (Saaty, 1994/2000; 1995) in a GIS domain 
(Carver, 1991; Malczewsky, 1999).  
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Figure 4: Methodological Approach. 

 

 

With contributions from experts and empirically-based data, an AHP in the form of a hierarchical 
decision tree is constructed for the agricultural commodity of interest. Comprehensive explanations 
of the approach are in Sposito et al. (2010, 2013).  
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1.4.     EVOLUTION OF CLIMATE PARAMETERS IN THE SOUTHERN GRAMPIANS REGION 
Climate is an important driver of the development of agriculture and its associate land uses. To 
understand how climate change affects agricultural land suitability in Southern Grampians, it is 
necessary to determine which climate parameters are involved in the efficient development of 
farmed commodities. So for each commodity studied, critical climate parameters have been defined 
in our study. As mentioned in the Background Section, the agricultural commodities to be examined 
are: wheat, canola, brassica, phalaris, flaxseed, ryegrass, lettuce and onion. For these commodities, 
the following critical parameters (defined by bibliographic research and experts’ consultation) were 
considered: 

1. Maximum temperature 
2. Mean temperature 
3. Minimum temperature 
4. Rainfall 
5. Solar radiation 

To be able to determine the influence of these parameters’ variation on land suitability, each of 
these parameters was first thoroughly analysed. Five periods of time were studied: 

• 1961 – 1990 (historical period) 
• 1996 – 2005 (baseline period) 
• 2030 (according to A1F1 scenario) 
• 2050 (according to A1F1 scenario) 
• 2070 (according to A1F1 scenario) 

 
Maximum temperature 

a. Yearly maximum temperature evolution 

To have a global idea of maximum temperature evolution through the past years, yearly maximum 
temperature average (Figure 5) has been calculated for the whole Southern Grampians. During the 
baseline decade (1996-2005), average annual maximum temperature increased by around 0.3°C 
compared to the 30-year historical average (1961-1990). Further increases in temperature are 
projected of around 0.8 °C between the baseline and 2030, and additional 1 °C between 2030 and 
2050, plus another 1.3 °C  between 2050 and 2070.  

 
Figure 5: Global yearly maximum temperature average 
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• The yearly maximum temperature in Southern Grampians is likely to increase exponentially from 
the historical period to 2070. The projected maximum temperature in 2070 is about 18% greater 
than the value observed during historical period. 

 

b. Monthly maximum temperature evolution 

For the five periods studied, the projected monthly average maximum temperature is shown in 
Figure 6. 

 
Figure 6: Global monthly maximum temperature average 

 

c. Maximum temperature evolution throughout Southern Grampians 

Yearly maximum temperature average has been calculated more precisely on a 5 per 5 km basis 
(Figures 7 - 11). This allows us to see maximum temperature variations between different places in 
Southern Grampians. 
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Figure 7: Max temperature yearly average - Historical 

 
Figure 10: Max temperature yearly average – 2050 

 
Figure 8: Max temperature yearly average – Baseline 

 
Figure 11: Max temperature yearly average – 2070 

 
Figure 9: Max temperature yearly average - 2030 
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Mean temperature 

a. Yearly mean temperature evolution 

To have a global idea of mean temperature evolution through the years, yearly mean temperature 
average (12) has been calculated for the whole Southern Grampians. 

In Southern Grampians, during the baseline decade, average annual mean temperature slightly 
decreased by around 0.1 °C compared to the 30-year historical average. Then, an increase of 
temperature was projected with more 0.9 °C between the baseline and 2030, more 0.9 °C between 
2030 and 2050 and more 1.2 °C  between 2050 and 2070.  
 

 
Figure 12: Global yearly mean temperature average 

• The yearly mean temperature in Southern Grampian globally increases from the historical period 
to 2070. The estimated mean temperature in 2070 is about 21% more important regarding to 
the value observed during historical period. 

 

b. Monthly mean temperature evolution 

For the five periods studied, month average mean temperature has been calculated (Figure 13). 
 

 
Figure 13: Global monthly mean temperature average 
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c. Mean temperature evolution throughout Southern Grampians 

Yearly mean temperature average has been calculated more precisely on a 5 per 5 km (Figures 14-
18). It allows us to see mean temperature variations between different places in Southern 
Grampians. 
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Figure 14: Mean temperature yearly average – Historical 

 
Figure 17: Mean temperature yearly average – 2050 

 
Figure 15: Mean temperature yearly average – Baseline 

 
Figure 18: Mean temperature yearly average – 2070 

 
Figure 16: Mean temperature yearly average - 2030 
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Minimum temperature 

a. Yearly minimum temperature evolution 

To have a global idea of minimum temperature evolution through years, yearly minimum 
temperature average (Figure 19) has been calculated for the whole Southern Grampians region. 

In Southern Grampians during the baseline decade, average annual minimum temperature 
decreased by around 0.4°C compared to the 30-year historical average. Then, an increase of 
temperature is planned by climate prevision with more 0.9 °C between the baseline and 2030, more 
0.9 °C between 2030 and 2050 and more 1 °C  between 2050 and 2070.  
 

 
Figure 19: Global yearly minimum temperature in Southern Grampians 

• The yearly minimum temperature in Southern Grampian globally increases from the historical 
period to 2070. The estimated minimum temperature in 2070 is 30% more important regarding 
to the value observed during historical period. 

 

b. Monthly minimum temperature evolution 

For the five periods studied, month average minimum temperature has been calculated (Figure 20).  

 
Figure 20: Global monthly minimum temperature average 
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c. Minimum temperature evolution throughout Southern Grampians 

Yearly minimum temperature average has been calculated more precisely on a 5 per 5 km b (Figures 
21-25). It allows us to see minimum temperature variations between different places in Southern 
Grampians. 
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Figure 21: Min temperature yearly average – Historical 

 
Figure 24: Min temperature yearly average – 2050 

 
Figure 22: Min temperature yearly average – Baseline 

 
Figure 25: Min temperature yearly average – 2070 

 
Figure 23: Min temperature yearly average – 2030
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Rainfall  

a. Yearly rainfall evolution  

To have a global idea of rainfall evolution through years, yearly rainfall average (Figure 26) has been 
calculated for the whole Southern Grampian region. 

In Southern Grampians during the baseline decade, average annual rainfall amount decreased by 
around 5.5 mm compared to the 30-year historical average. The amount of rain in 2030 prevision is 
quite similar to observation made during the baseline period. Even though a slight decrease is 
observed. For 2050 and 2070 prevision, a decrease of respectively 6.4 and 7.5 mm is estimated per 
20-years. 

 
Figure 26: Global yearly rainfall average in Southern Grampians 

• The yearly amount of rain in Southern Grampian decreases from the historical period to 2070. 
The estimated rainfall amount in 2070 is 38% less important regarding to the amount observed 
during historical period. 
 

b. Monthly rainfall evolution 

For the five periods studied, month average rainfall has been calculated (Figure 27).  

 
Figure 27: Global monthly rainfall average 
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c. Rainfall evolution throughout Southern Grampians 

Yearly rainfall average has been calculated more precisely on a 5 per 5 km basis (Figures 28-32). It 
allows us to see rainfall variations between different places in Southern Grampians. 
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Figure 28: Rainfall yearly average – Historical 

 
Figure 31: Rainfall yearly average - 2050 

 
Figure,29: Rainfall yearly average – Baseline 

 
Figure 32: Rainfall yearly average - 2070 

 
Figure 30: Rainfall yearly average – 2030 
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Solar radiation 

a. Yearly solar radiation evolution  

To have a global idea of solar radiation evolution through years, yearly solar radiation average 
(Figure 33) has been calculated for the whole Southern Grampian region. 

In Southern Grampians during the baseline decade, average annual solar radiation decreased by 
around 0.4 MJ/m2/day compared to the 30-year historical average. Then, an increase of solar 
radiation is planned by climate prevision with more 0.4 MJ/m2/day between the baseline and 2030, 
more 0.2 MJ/m2/day between 2030 and 2050 and more 0.2 MJ/m2/day between 2050 and 2070.  

 
Figure 33: Global yearly solar radiation average (in MJ/m2/day) 

 
• The yearly solar radiation in Southern Grampian increases from the historical period to 2070 in a 

log-log way. So solar radiation seems to be close to a maximum value from 2070 and further. 
The estimated solar radiation amount in 2070 is 8% more important regarding to the value 
observed during historical period. 
 

b. Monthly solar radiation evolution 

For the five periods studied, month average solar radiation has been calculated (Figure 34).  

 
Figure 34: Global monthly solar radiation average 

20 
 



c. Solar radiation evolution throughout Southern Grampians 

Yearly solar radiation average has been calculated more precisely on a 5 per 5 km basis (Figures 35-
39). It allows us to see solar radiation variations between different places in Southern Grampians. 
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Figure 35: Solar radiation yearly average – Historical 

 
Figure 38: Solar radiation yearly average – 2050 

 
Figure 36: Solar radiation yearly average - Baseline 

 
Figure 39: Solar radiation yearly average - 2070 

 
Figure 37: Solar radiation yearly average - 2030 
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Concluding comments - Significant climate changes have been projected in Southern Grampians for 
2030, 2050 and 2070. On the one hand, there would be increases of temperature and solar radiation 
and, in the other hand, concomitant decreases of rainfall amount are likely. Overall, conditions are 
likely to become increasingly drier in the future, which will impact on agricultural land suitability. 

 

1.4.       CAVEATS 
 

The core of the methodology used in this study is the application of biophysical Land Suitability 
Analysis (LSA) models that estimate the likely situation of the agricultural commodity of interest, in 
terms of their biophysical land suitability, to current climate and potential future climate change 
(provided in the form of projections / scenarios). The LSA models are validated using current climate 
data (considered as the average of the climatic conditions during 1996-2005) and input by experts. 
There are important considerations that the reader should be aware of when using this report to 
understand the potential climate change impacts on the agricultural landscape of Southern 
Grampians.  

1. The methodology has been formulated and applied at regional/local level. In particular, 
biophysical LSA maps were developed and presented with a spatial resolution of 5 square km, 
which is the higher resolution of the downscaling climate change projections. Therefore, LSA 
maps should not be used to infer (current and future) conditions below the 5 square km 
resolution (e.g. at site level). 

2. LSA models and maps depicting future conditions (for 2030, 2050 and 2070) substantially 
depend on the climate change projections which, in themselves, are surrounded by deep 
uncertainty.  The climate information used in the LSA models was generated through 
internationally accepted Global Climate Models run under a variety of potential GHGs emissions 
scenarios.  The uncertainty of the projected climate data and the utility of the scenarios have 
been extensively discussed and reviewed by the scientific community. For this study, we have 
selected the ‘most likely’ future climate projections based on advice from CSIRO. There are 
however multiple (potential) future climate outcomes that, in turn, will be reflected in a diversity 
of (likely) futures. In other words, a multiplicity of futures is possible depending on major 
decisions along the path to the future and how the climate system will respond to them.  
Therefore the outputs of the LSA models presented in this report represent only one potential 
future and by no means the only possible future.  

3. The modelling approach does not enable to take account of some important requirements for 
plant growth; for instance, the effect that changing climatic conditions may have on pollination 
agents (e.g. bees and/or birds depending on the plant species) that are essential for pollen tube 
growth and pollen germination. 

4. With the projected regional increase in temperature and concomitant decline in rainfall, fire 
risks are likely to increase across the study region. This is not considered in the present study 
and will require undertaking complementary research and the preparation of overlay maps 
showing areas of greater risks. 

5. Each commodity’s biophysical requirements – i. e., factors or criteria for climate, soil and 
landscape (aspect) - were identified by a thorough review of the scientific literature and the 
factors and their value rages were validated using expert opinion.  It is nonetheless possible for 
some subjective information, via the expert opinion phase of the exercise, to influence the 
model design or the weighting of individual criteria within the models.  

6. The study did not examine different varieties within a particular agricultural commodity. 
Considerable variation can occur between varieties within a species with respect to their 
biophysical requirements. For example, the popular broccoli cultivar ‘Ironman’ (one of the 
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brassica species) prefers cooler spring temperatures and matures in 10-12 weeks, while the 
cultivar ‘Ovation’ prefers warmer summer temperatures and matures in 9-10 weeks. 

7. It is difficult to account for the contribution that a grower’s skill level can make to the suitability 
of a specific commodity at a particular geographical location. It is hence entirely possible for a 
particular grower to achieve good yields at a location that has been modelled as having a low 
biophysical suitability and, conversely for a grower to achieve poor yields at a location that is 
ranked with a high biophysical suitability. It should also be noted that the models do not take 
into account other factors that may impact on suitability and yield, such as extreme climate 
events (briefly described in Section 1.2), pests and diseases, or socio-economic considerations. 

8. The report has looked at a selection of eight agricultural commodities across Southern 
Grampians. The reader should therefore be aware that the designation of an area in the region 
as less suitable or less versatile in future climates only applies to the particular commodities 
modelled in this report, and that those same areas may become more suitable or versatile for 
other crops. Future research work will need to examine other agricultural commodities in order 
to have a comprehensive view on the agricultural potential of Southern Grampians, now and in 
the future. 

9. The LSA modelling approach relies on informed opinion and as such necessitates generality. The 
outputs are dependent on the quality of data, the data deemed to be appropriate and the scale 
at which it is produced.  As mentioned as Point 1, the scale issue and data type generally limit 
the applicability to a broader scale rather than at a farm scale.   
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2.1.  WHEAT REGIONAL BIOPHYSICAL LAND SUITABILITY MODEL 
The wheat biophysical Land Suitability Analysis (LSA) model targets the identification of land capable 
of producing between 7 tonnes of wheat per hectare per year (t/ha/y) (Figure 40). The model used 
in this report has been specifically developed for Southern Grampians, and has been validated by 
local experts. 

The Land Suitability Analysis model used is made of three branches: ‘Soil’, ‘Landscape’ and ‘Climate’. 
‘Soil’ branch has been assigned by a weight of 30% (or 0.3), Landscape branch by a weight of 5% (or 
0.05) and ‘Climate’ branch by a weight of 65% (or 0.65). In each branch of the hierarchy, there are 
several further branches down the model, each with their own weighting factors. For example, if one 
progress downs the ‘Soil’ branch, ‘Drainage’ is one of the most influential branch with a weight of 
25% (or 0.25). Each final branches is detailed by several classes the parameter can be defined by. In 
this case we have: ‘Well’, ‘Moderately’, ‘Imperfectly’, ‘Rapidly’, ‘Poorly’ and ‘Very poorly’. Each class 
is ranked by a weight, which traduce the influence of this specific value of the parameter. 

Overall, branches with a higher weighting will have a large influence on the model output whereas 
branches (and sub-braches) with smaller weightings will have a lesser impact.  

The execution of the model produces composite maps that ranks areas in term of suitability  for the 
growth of  wheat; it has an index range of 0 to 1, where 0 means a site which is deemed to have no 
potential for growing wheat, and 1 a site deemed ideal for growing wheat (i.e. 100% of suitability). 
Therefore, the productivity of a particular area can be estimated by multiplying a value in the yield 
range defined at the top of the LSA model (here 7 ton/ha/y). For example, in an area with a 
suitability of 0.8 (or 80%), we can expect a yield of about (0.8 × 7t/ha/y =) 5.6 t/ha/y. 
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Figure 40: Biophysical Land Suitability Model for Pereia Ryegrass/Sub Clover 
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2.2.  LAND SUITABILITY ASSESSMENT 
Using the wheat LSA model, four maps have been produced: 

• A baseline map, which is a representation of mean land suitability using a ten-year climate 
average value between 1996 and 2005 (Figure 41). 

• An estimation of land suitability by 2030, according to A1F1 scenario (Figure 42). 
• An estimation of land suitability by 2050, according to A1F1 scenario (Figure 43). 
• An estimation of land suitability by 2070, according to A1F1 scenario (Figure 44). 

 
The baseline land suitability map for wheat production indicates that 83% of the Southern 
Grampians region has a suitability equal or superior to 70%. The remaining 17% is not suitable 
because it is public land or because it has been classified as permanently not suitable (generally 
because of slope). Other areas are highlighted with hash patterns to indicate they are less 
appropriate for wheat production because of poor drainage or shallow depth to bedrock. But, these 
areas could still support wheat production if these factors are dealt with (such as by improving 
drainage through the use of raised beds). In the case of depth to bedrock, site-specific analyses 
would be required. 

Land suitability is relatively constant into the future (Table 1). From baseline to the 2070 estimation, 
approximately 17 – 18% of land is rated at 70% suitability, and 63 – 65% of land is rated at 80% 
suitability.  

Table 1: Wheat land suitability for baseline, 2030, 2050 and 2070 (“Temp NS” = temporarily not suitable and “Perm NS” 
= permanently not suitable) 

 

 

 

 Suitability Temp NS Perm NS Public land 0 to 60% 70% 80% 90% 100% 

Amount 
 (%) 

Baseline 0 1 16 0 17 65 1 0 
2030 0 1 16 0 18 65 0 0 
2050 0 1 16 0 18 63 2 0 
2070 0 1 16 0 18 65 0 0 

Amount 
(ha) 

Baseline 0 6,680 106,888 0 113,568 434,232 6,680 0 
2030 0 6,680 106,888 0 120,249 434,232 0 0 
2050 0 6,680 106,888 0 120,249 420,871 13,361 0 
2070 0 6,680 106,888 0 120,249 434,232 0 0 
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Figure 41:  Wheat land suitability in Southern Grampians– Baseline (1996 – 2005) 

 

Figure 43: Wheat land suitability in Southern Grampians – 2050 (A1F1) 

 
 

 
Figure 12: Wheat land suitability in Southern Grampians – 2030 (A1F1) 

 

 Figure 44: Wheat land suitability in Southern Grampians - 2070 (A1F1)

Shared legend: 
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2.3.  AREAS CLASSIFIED AS UNSUITABLE FOR WHEAT 
About 17.29% of the area of the Southern Grampians region has been classified as unsuitable for 
wheat. Two types of unsuitability have been defined (Table 2 and Figure 45): 
 

1. Public land. This is protected areas, with no agricultural activities. 
2. Permanently not suitable. These areas are not suitable because of extreme conditions that 

are generally considered to be not conducive for the growth of wheat, such as slopes greater 
than 25%, and/or a total rainfall between July and August greater than or equal to 180 mm. 

 
 

 Part of Southern Grampians area 
Suitable 82.72 % 

Permanently NS 0.83 % 
Public land 16.45 % 

Table 2: Wheat land suitability – Focus on unsuitable land 

 

2.4. LAND SUITABILITY CHANGE 
To better visualise suitability changes over time, a comparison map was produced between the 
between the baseline map and 2050 (Figure 12). 

As has already been pointed out, there is very little change over time in land suitability for wheat 
production between the baseline period, 2030 and 2050 estimations (Table 3, Figure 45). 

Table 3: Wheat land suitability change (table view) 

 Suitability change -20% -10% 0% +10% +20% 

Amount  
(%) 

2030 vs baseline 0 1 98 1 0 
2050 vs baseline 0 1 96 3 0 

2070 vs baseline 0 1 99 0 0 

Amount 
(ha) 

2030 vs baseline 0 6,680 654,689 6,680 0 

2050 vs baseline 0 6,680 641,328 20,041 0 

2070 vs baseline 0 6,680 661,369 0 0 

Unsuitable 

33 
 



 

 

Figure 45: Wheat land suitability change in Southern Grampians – 2000 (baseline) to 2050 (A1F1) 
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2.5. CRITICAL PARAMETER IN SUITABILITY CHANGE 
Climate is the only part of the model changing between baseline map and 2030, 2050 and 2070 
maps. It is assumed that soil and landscape remain constant during the study period. So to 
understand the main cause of suitability change by 2070, a first step is to carefully look at the 
climate branch of the model and identify sub-branch with the highest weight (Figure 46). 
 

 
Figure 46: Climate part of the AHP model for wheat. 

 

In the wheat model, the key parameter is rainfall. To well understand influence of parameters, it is 
necessary to undertake a correlation study between the five parameters and the final climate result 
(Table 4). 

Correlations coefficients traduce the existing link between two parameters. These coefficients can 
take values between -1 and 1. The closer the correlation coefficient is to these extreme values, the 
more linked the parameters are. If coefficient is equal to 0, it means there is no link between 
parameters. 

 
 

 

 

 

Table 4: Correlation coefficients between climate part of the model parameters, and final climate model for 
2030, 2050 and 2070 

 

• The little suitability changes observed between baseline, 2030, 2050 and 2070 seems to be 
mainly due to variation of the rainfall between July and August. 

 CLIMATE 
 Rainfall Temperature 
 Total rainfall 

(Apr – Jun) 
Total rainfall 
(July - Aug) 

Total rainfall 
(Sept - Oct) 

Max temp 
(Apr – May) 

Max temp 
(Oct - Dec) 

2030 0.052123 0.999875 0.011741 -0.54405 0.343894 
2050 0.359614 0.29879 0.057837 0.375064 0.131457 
2070 -0.140632 0.634504 0.361227 0.328811 0.002250 

  
  

 
  

 
  

 
  

 
 Strong correlation
 Weak correlation
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CHAPTER 3 – CANOLA 
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3.1. CANOLA REGIONAL BIOPHYSICAL LAND SUITABILITY MODEL 
The canola biophysical Land Suitability Analysis (LSA) model targets the identification of land capable 
of producing between 2.5 - 3 tonnes of canola per hectare per year (t/ha/y) (Figure 47). The model 
used in this report has been specifically developed for Southern Grampians, and has been validated 
by local experts. 

The Land Suitability Analysis model used is made of three branches: ‘Soil’, ‘Landscape’ and ‘Climate’. 
‘Soil’ branch has been assigned by a weight of 30% (or 0.3), Landscape branch by a weight of 5% (or 
0.05) and ‘Climate’ branch by a weight of 65% (or 0.65). In each branch of the hierarchy, there are 
several further branches down the model, each with their own weighting factors. For example, if one 
progress downs the ‘Soil’ branch, ‘Drainage’ is one of the most influential branch with a weight of 
25% (or 0.25). Each final branches is detailed by several classes the parameter can be defined by. In 
this case we have: ‘Well’, ‘Moderately’, ‘Imperfectly’, ‘Rapidly’, ‘Poorly’ and ‘Very poorly’. Each class 
is ranked by a weight, which traduce the influence of this specific value of the parameter. 

Overall, branches with a higher weighting will have a large influence on the model output whereas 
branches (and sub-braches) with smaller weightings will have a lesser impact.  

The execution of the model produces composite maps that ranks areas in term of suitability  for the 
growth of  canola; it has an index range of 0 to 1, where 0 means a site which is deemed to have no 
potential for growing canola, and 1 a site deemed ideal for growing canola(i.e. 100% of suitability). 
Therefore, the productivity of a particular area can be estimated by multiplying a value in the yield 
range defined at the top of the LSA model (here 2.5 - 3 ton/ha/y). For example, in an area with a 
suitability of 0.8 (or 80%), we can expect a yield of about (0.8 × 2.75 t/ha/y =) 2.2 t/ha/y. 
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Figure 47: Canola biophysical land suitability model (Land Suitability Analysis or LSA model)
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3.2.  LAND SUITABILITY ASSESSMENT 
Four relevant maps have been prepared applying the canola LSA model: 

• A baseline map, which is a representation of mean land suitability using climate average value 
between 1996 and 2005 (Figure 48). 

• An estimation of land suitability by 2030, according to A1F1 scenario (Figure 49). 
• An estimation of land suitability by 2050, according to A1F1 scenario (Figure 50). 
• An estimation of land suitability by 2070, according to A1F1 scenario (Figure 51). 

 
The baseline land suitability map for canola production indicates that about 83% of the land in 
Southern Grampians has suitability equal or superior to 70%. The remaining 17% of the land is noted 
as unsuitable for canola production because it is public land or because it has been classified as 
permanently not suitable (generally because of slope). In the maps, other areas are highlighted with 
hash patterns to indicate that they are less appropriate for canola production because of poor 
drainage and/or shallow depth to bedrock. However, these areas could still support canola 
production if these factors are dealt with. In the case of poor drainage, this (temporary) constraint 
can be tackled, for example, through the use of raised beds. In the case of depth to bedrock, site-
specific analyses would be required, but contacted farmers generally considered that this is not a 
major limitation that cannot be overcome at a reasonable additional cost.  

These maps show that the land suitability for canola production in Southern Grampians is quite 
constant over the years (Table 5, Figure 52). From the baseline to 2070, about 25% of land is rated 
with a suitability of 70%, and nearly 60% of land with a suitability of 80%. In the 2030 and 2050 
projections, about 1% of land shows a suitability of 90%.  

Where “Temp NS” means temporarily not suitable and “Perm NS” permanently not suitable 

Table 5: Canola land suitability for baseline, 2030, 2050 and 2070 (table view) 

 Suitability Temp NS Perm NS Public land 0 to 60% 70% 80% 90% 100% 

Amount 
 (%) 

Baseline 0 1 16 0 25 58 0 0 
2030 0 1 16 0 24 58 1 0 
2050 0 1 16 0 25 57 1 0 
2070 0 1 16 0 25 58 0 0 

Amount 
(ha) 

Baseline 0 6,680 106,888 0 167,012 387,469 0 0 
2030 0 6,680 106,888 0 160,332 387,469 6,680 0 
2050 0 6,680 106,888 0 167,012 380,788 6,680 0 
2070 0 6,680 106,888 0 167,012 387,469 0 0 
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Figure 2: Canola land suitability for baseline, 2030, 2050 and 2070 (graphic view)
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Figure 48: Canola land suitability in Southern Grampians– Baseline (1996 – 2005) 

 
Figure 50: Canola land suitability in Southern Grampians – 2050 (A1F1) 

 
 

 
Figure 49: Canola land suitability in Southern Grampians – 2030 (A1F1) 

 
Figure 51: Canola land suitability in Southern Grampians - 2070 (A1F1) 

Shared legend: 
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3.3.  AREAS CLASSIFIED AS UNSUITABLE FOR CANOLA 
About 17.32% of the area of Southern Grampians has been initially categorised as unsuitable for 
canola.  Two types of unsuitability have been define (Table 6 and Figures 53-55): 
 

• Public land. This is protected areas, with no agricultural activities. 
• Permanently not suitable. These areas are unsuitable because of extreme conditions which are 

generally considered to be not conducive to canola growth, such as slopes greater than 25%, 
and/or a total rainfall between July and August superior or equal to 180 mm.  
 

 Part of Southern Grampians area 
Suitable 82.68 % 

Permanently NS 0.87 % 
Public land 16.45 % 

Table 6: Canola land suitability – Focus on unsuitable land 

 

 
Figure 53: Southern Grampians unsuitable areas for 

canola - Baseline 

 
Figure 55: Southern Grampians unsuitable areas for 

canola – 2050 to 2070 

 
Figure 54: Southern Grampians unsuitable areas for 

canola - 2030 

 

 

 

 

 

 

 

 

 

 

Unsuitable areas 

Shared legend: 
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3.4. LAND SUITABILITY CHANGE 
In order to better visualise land suitability changes, a comparison map between the baseline map 
and 2050 has been produced (Figure   57). As it has already been pointed out, land suitability is really 
similar between the baseline period, 2030 and 2050 projections (6). 

Table 6: Canola land suitability change (table view) 

 Suitability change -20% -10% 0% +10% +20% 

Amount  
(%) 

2030 vs baseline 0 0 99 1 0 

2050 vs baseline 0 1 97 2 0 

2070 vs baseline 0 1 99 0 0 

Amount 
(ha) 

2030 vs baseline 0 0 661,369 6,680 0 

2050 vs baseline 0 6,680 648,008 13,361 0 

2070 vs baseline 0 6,680 661,369 0 0 
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Figure 56: Canola land suitability change in Southern Grampians – 2000 (baseline) to 2070 (A1F1) 
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3.5.     CRITICAL PARAMETER IN SUITABILITY CHANGE 
Climate is the only part of the LSA model changing between the baseline and future years 2030, 
2050 and 2070. It is assumed in the modelling that soil and landscape remain constant during the 
study period. Therefore, to understand the main cause of suitability change in these future years, we 
need to examine the climate branch of the model and identify the sub-branch with the highest 
weight (Figure 58). Thus, the key parameter in the climate branch of the canola LSA model is rainfall 
with a weight of 0.60. 
 

 
Figure 57: Climate part of the AHP model for canola. 

 

To confirm its influence in the overall climate result, it is hence necessary to undertake a correlation 
analysis between rainfall and the other parameter (i.e. temperature) and the final result (Table 7). 
Correlations coefficients traduce the existing link between two parameters; they can take values 
between -1 and 1. The closer the correlation coefficient is to these extreme values, the more linked 
the parameters are. If the coefficient is equal to 0, it means there is no link between parameters. 

 CLIMATE 
 Rainfall Temperature 
 Total rainfall 

(Apr – June) 
Total rainfall 
(July - Aug) 

Total rainfall 
(Sept - Oct) 

Maximum 
(Apr – May) 

Maximum 
(Oct - Dec) 

Climate 2030 0.052131 0.999870 0.011799 0.255266 0.343313 
Climate 2050 0.377144 0.280240 0.065278 0.362832 0.221983 
Climate 2070 -0.109602 0.567750 0.398574 0.450593 0.225755 

Table 7: Correlation coefficients between climate part of the model parameters, and final climate model for 
2030, 2050 and 2070 

 

• Consequently, it appears that the small suitability changes projected between the baseline, 
2030, 2050 and 2070 are mainly due to the variation of rainfall between July and August. 

  
  

 
  

 
  

 
  

 
 Strong correlation
 Weak correlation
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CHAPTER 4 – FLAXSEED 
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1.1.    FLAXSEED  REGIONAL BIOPHYSICAL LAND SUITABILITY MODEL 
The flaxseed biophysical Land Suitability Analysis (LSA) model targets the identification of land 
capable of producing between 1.25 – 1.5 tonnes of flaxseed per hectare per year (t/ha/y) (Figure 
58). The model used in this report has been developed for this study, and has to be validated by 
experts. 

The Land Suitability Analysis model used is made of three branches: ‘Soil’, ‘Landscape’ and ‘Climate’. 
‘Soil’ has been assigned a weight of 45% (or 0.45), ‘Landscape’ a weight of 5% (or 0.05) and ‘Climate’ 
by a weight of 50% (or 0.5). Overall, branches with a higher weighting will have a large influence on 
the model output whereas branches with smaller weightings will have a lesser impact.  In each 
branch of the hierarchy, there are several further branches down the model, each with their own 
weighting factors. For example, if one progress downs the ‘Soil’ branch, ‘Texture’ is one of the two 
most influential branches with a weight of 25% (or 0.25); it includes two sub-branches – ‘Topsoil’ 
(40%), and ‘Subsoil’ (60%). Each final branches is detailed by several classes the parameter can be 
defined by. Finally each class is ranked by a weight, which traduce the influence of this specific value 
of the parameter. 

The execution of the model produces composite maps that ranks areas in term of suitability  for the 
growth of  ryegrass; it has an index range of 0 to 1, where 0 means a site which is deemed to have no 
potential for growing flaxseed, and 1 a site deemed ideal for growing flaxseed (i.e. 100% of 
suitability). Therefore, the productivity of a particular area can be estimated by multiplying a value in 
the yield range defined at the top of the LSA model (here 1.25 – 1.5 ton/ha/y). For example, in an 
area with a suitability of 0.8 (or 80%), we can expect a yield of about (0.8 × 1.37 t/ha/y =) 1.1 t/ha/y.
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Figure 58: Flaxseed biophysical land suitability model (Land Suitability Analysis or LSA model)
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4.1.     LAND SUITABILITY ASSESSMENT 
Applying the flaxseed LSA model, four maps have been prepared: 

- A baseline map, which is a representation of mean land suitability using climate average 
value between 1996 and 2005 (Figure 59). 

- An estimation of land suitability by 2030, according to A1F1 scenario (Figure 60). 
- An estimation of land suitability by 2050, according to A1F1 scenario (Figure 61). 
- An estimation of land suitability by 2070, according to A1F1 scenario (Figure 62). 

The baseline land suitability map for flaxseed production indicates that more than half of Southern 
Grampians has a suitability between 70 and 80%. The remaining land has a lower suitability rankings 
or are categorised as unsuitable for flaxseed production. 

Future land suitability estimations show that the land suitability would decrease over the years 
(Table 7, Figure 63). A small change appears in the 2030 prevision, with a little decrease (39% to 
37%) of the land with a suitability of 80% and a concomitant increase in the suitability of 70%. A 
greater change in land suitability is possible between 2030 and 2050 prevision. Indeed, by 2050 we 
have about 63% of land with a suitability of 70%, against 12 % with a suitability of 80%. This change 
is even greater by 2070 with 49% of land with a suitability of 70%. 

Where “Temp NS” means temporarily not suitable and “Perm NS” permanently not suitable 

Table 7: Flaxseed land suitability for baseline, 2030, 2050 and 2070 (table view) 

 

 
Figure 63: Flaxseed land suitability for baseline, 2030, 2050 and 2070 (graphic view)

 Suitability Temp NS Perm NS Public land 0 to 40% 50% 60% 70% 80% 

Amount 
 (%) 

Baseline 0 1 16 0 0 0 8 39 
2030 0 1 16 0 0 3 30 37 
2050 0 1 16 0 0 8 63 12 
2070 0 1 16 0 1 32 49 1 

Amount 
(ha) 

Baseline 0 6,680 106,888 0 0 0 53,444 260,539 
2030 0 6,680 106,888 0 0 20,041 200,415 247,178 
2050 0 6,680 106,888 0 0 53,444 420,871 80,166 
2070 0 6,680 106,888 0 6,680 213,776 327,344 6,680 
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Figure59: Flaxseed land suitability in Southern Grampians– Baseline (1996 – 2005) 

 

 
Figure 61: Flaxseed land suitability in Southern Grampians – 2050 (A1F1) 

 

  
Figure 60: Flaxseed land suitability in Southern Grampians – 2030 (A1F1) 

 

 

Figure 63: Flaxseed land suitability in Southern Grampians – 2070 (A1F1) 

Shared legend: 
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4.4. FOCUS ON AREAS CLASSIFIED AS UNSUITABLE FOR FLAXSEED 
The bulk of the Southern Grampians region is suitable (70% or higher) for the production of flaxseed 
(Table 8, Figure 64), with the exception of public land and very small areas that have been classified 
as permanently unsuitable. However, some areas have been classified as temporarily unsuitable due 
to soil pH (topsoil and subsoil) and due to soil texture characteristics that result in poor drainage:  

• Temporarily not suitable. a modification of critical parameters would allow these areas to 
become suitable. These parameters are: texture of subsoil, with currently heavy clay (HC); 
pH of subsoil, higher than 8.5; and/or pH of topsoil, lower than 5 (Figure 65). 

• Permanently not suitable. These areas have been thus categorised because of extreme 
conditions: a slope higher than 25%, and/or a depth to bedrock lower than 30 cm.  
 

•  Part of Southern Grampians area 
Suitable 82.73  % 

Permanently NS 0.82 % 
Public land 16.45 % 

Table 8: Flaxseed land suitability – Focus on unsuitable land 

 
Figure 64: Flaxseed land unsuitable areas – 2000 (baseline) to 2070 (A1F1) 

 Considering that the texture of subsoil, pH of subsoil and pH of topsoil can be improved, 
the land currently marked as ‘temporarily not suitable’ could become suitable. With this 
improvement, suitable land in Southern Grampians for flaxseed growth would represent 
nearly 84% of the total area. 

Legend: 

Unsuitable areas 
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Figure 65: Details of parameters responsible for temporarily unsuitability - Flaxseed 

Legend: 
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To examine the possibility of cultivation in areas currently classified as ‘temporarily not suitable’, we 
have considered soil texture and pH as suitable but with the lowest rate. So, in the following map, 
soil texture and pH have been changed in the areas with those limitations (Table 9, Figure 66). In this 
situation, 75% of the previous not suitable areas would become suitable with a rate of 70%. 

 

 

 

 

Table 9: Possible suitability of current ‘temporarily NS’ areas with an improvement of the soil (table view) 

 
Figure 66: Possible suitability of current ‘temporarily NS’ areas with an improvement of the soil (map view) 

 

  Amount (%) 

Suitability 

0 – 50% 0 
60% 18 
70% 75 
80% 7 

90 – 100% 0 

Legend: 
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 Therefore, a change of soil texture would imply around 1,300 extra km2 available for 
cultivation, with a suitability at least equal to 60%. 
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4.5. LAND SUITABILITY CHANGE 
In order to better visualise land suitability changes, three comparison maps have been prepared: 

• Comparison between the baseline map and 2030 (Figure 67). 
• Comparison between the baseline map and 2050 (Figure 68). 
• Comparison between the baseline map and 2070 (Figure 69). 

As it has already been pointed out, land suitability is likely to decrease in future years (Table 10, 
Figure 70). 

Table 10:  Flaxseed land suitability change (table view) 

 

 
Figure 70: Flaxseed land suitability change (graphic view) 
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Figure 67: Flaxseed land suitability change in Southern Grampians 

– 2000 (baseline) to 2030 (A1F1) 

 
Figure 69: Flaxseed land suitability change in Southern Grampians 

– 2000 (baseline) to 2070 (A1F1) 

 
Figure 68:: Flaxseed land suitability change in Southern 

Grampians – 2000 (baseline) to 2050 (A1F1) 

Shared legend: 
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4.6  CRITICAL PARAMETER IN SUITABILITY CHANGE 
Climate is the only part of the LSA model changing between the baseline and future years 2030, 
2050 and 2070. It is assumed in the modelling that soil and landscape remain constant during the 
study period. Therefore, to understand the main cause of suitability change in these future years, we 
need to examine the climate branch of the model and identify the sub-branch with the highest 
weight (Figure 71). Thus, the key parameter in the climate branch of the flaxseed LSA model is 
rainfall with a weight of 0.60. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 71: Climate part of the LSA model for flaxseed. 

 
To confirm that, it is necessary to undertake a correlation study between the four parameters in the 
climate branch and the final climate result (Table 11). Correlations coefficients traduce the existing 
link between two parameters. These coefficients can take values between -1 and 1. The closer the 
correlation coefficient is to these extreme values, the more linked the parameters are. If coefficient 
is equal to 0, it means there is no link between parameters. 
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 CLIMATE 
 Rainfall Temperature 
 Total rainfall 

(Nov – Jan) 
Total rainfall 
(June - Oct) 

Maximum temperature 
(Apr – May) 

Maximum temperature 
(Oct – Dec) 

Climate 2030 0.83238 0.74227 0.50886 0.35909 
Climate 2050 0.70777 0.77367 0.65880 0.35823 
Climate 2070 0.36055 0.85167 0.49595 0.49595 

Table 11: Correlation coefficients between climate part of the model parameters, and final climate model for 
2030, 2050 and 2070 

 

 For the 2030 projection, the total rainfall between November and January is the key 
parameter in the climate branch of the LSA flaxseed model. For 2050 and 2070 projections, 
the key parameter is the total rainfall between June and October. Therefore, suitability 
changes observed in the future are mainly  due to rainfall variations. 

  
  

 
  

 
  

 
  

 
 Strong correlation
 Weak correlation
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5.1.      PHALARIS REGIONAL BIOPHYSICAL LAND SUITABILITY MODEL 
The phalaris biophysical Land Suitability Analysis (LSA) model targets the identification of land 
capable of producing between 7 – 10 tonnes of phalaris per hectare per year (t/ha/y) (Figure 79). 
The model used in this report is an adaptation to the specific conditions in Southern Grampians of 
two phalaris model previously developed. In particular, the soils and climate branches of the model 
have been adapted from the model used in Change Impacts on Agriculture and forestry Systems in 
South West Victoria, Australia (Sposito et. al., 2008a). The landscape branch has been adapted from 
the report Climate Change Implication for implementing the North East Regional Catchment Strategy 
(Sposito et. Al., 20008b). A full listing of experts who worked on the model is noted in the 
Acknowledgement Section of this report. 

As shown in Figure 72, the LSA model for phalaris production consists of three branches: ‘Soil’, 
‘Landscape’ and ‘Climate’. In the model, ‘Soil’ has been assigned by a weight of 35% (or 0.35), 
‘Landscape’ by a weight of 5% (or 0.05) and ‘Climate’ by a weight of 60% (or 0.6).  In each branch of 
the hierarchy, there are several further branches down the model, each with their own weighting 
factors. For example, if one progress downs the ‘Soil’ branch, ‘pH’ is the most influential branch with 
a weight of 50% (or 0.5); it includes two sub-branches – ‘Topsoil’ (50%) and ‘Subsoil’ (50%). Each 
final branches is detailed by several classes the parameter can be defined by. If we take the ‘Subsoil’ 
branch, we find four classes: ‘5.8 – 7.5’, ‘4.5 – 5.8 or 7.5 – 8.8’, ‘4.0 – 4.5’ or ‘>8.8’ and ‘< 4.0’. Each 
class is ranked by a weight, which traduce the influence of this specific value of the parameter. 

Overall, branches with a higher weighting will have a large influence on the model output whereas 
branches with smaller weightings will have a lesser impact.  

The execution of the model produces composite maps that ranks areas in term of suitability  for the 
growth of  phalaris; it has an index range of 0 to 1, where 0 means a site which is deemed to have no 
potential for growing phalaris, and 1 a site deemed ideal for growing phalaris (i.e. 100% of 
suitability). Therefore, the productivity of a particular area can be estimated by multiplying a value in 
the yield range defined at the top of the LSA model (here 7 - 10 ton/ha/y). For example, in an area 
with a suitability of 0.8 (or 80%), we can expect a yield of about (0.8 × 8.5 t/ha/y =) 6.8 t/ha/y.
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Figure 72: Phalaris biophysical land suitability model (Land Suitability Analysis or LSA model)

Phalaris / Sub 
Clover 

7 - 10 
ton/ha/year 

 

Soil 

(0.35) 

Climate 

(0.60) 

Landscape 

(0.05) 

Slope 

(0.10) 

Aspect 

(0.90) 

< 5% 

(Rating = 1.0) 

5 – 10% 

(Rating = 0.7) 

10 – 20% 

(Rating = 0.3) 

E, SE, S, SW, W 
67.50 - 112.50 - 
157.50 - 202.50 - 
247.50 - 292.50,  
 (Rating = 1.0) 

NW,N,NE 

0 – 67.50, 292.5 
– 3600 

 (Rating = 0.5) 

Total Annual 
Rainfall 

(0.60) 

450 – 700 mm 

(Rating = 1.0) 

350 – 450 mm 

700 – 1500 mm 

(Rating = 0.8) 

300 – 350 mm 

> 1500 mm 

(Rating = 0.4) 

Depth to 
Bedrock 

(0.25) 

Texture 

 (0.20) 

CL, FSCL, L, 
LFSCL, LSCL, 
LZCL, VFSCL, 

ZCL, ZL, * 

(Rating = 1.0) 

FLS, FSC, 
KSCL, LC, LS, 
SCL, VFSL, ** 

(Rating = 0.6) 

FS, FSL, HCL, 
KSL, LFSL, LKS, 
LMC, LSL, MC, 

SL, *** 

(Rating = 0.3) 

> 1.2 m 

(Rating = 1.0) 

0.5 – 1.2 m 

(Rating = 0.6) 

< 0.5 m 

(Rating = -1) 

(Permanently 
NS) 

> 20% 

(Rating = 0) 

   
Topsoil 

(0.20) 

Subsoil 

(0.80) 

CL, CL/LC, 
LC/SC, FSCL, L, 

VFSCL, ZCL, 
ZL, **** 

(Rating = 1.0) 

C, KSCL, LC, 
SCL, VFSLC, 

ZC 

(Rating = 0.6) 

CKS, CS, HC, 
HCL, KS, LMC, 
LS, LSC, MC, 
SC, SL, ***** 

(Rating = 0.3) 

S 

(Rating = 0) 

 

ECe 

(0.05) 

Topsoil 

(0.50) 

Subsoil 

(0.50) 

Very Low, Low 

(< 2 dS/m) 

(Rating = 1.0) 

Medium 

(2 – 4 dS/m) 

(Rating = 0.5) 

High 

(4 – 6 dS/m) 

(Rating = 0.3) 

Very Low, Low 

(< 2 dS/m) 

(Rating = 1.0) 

Medium 

(2 – 4 dS/m) 

(Rating = 0.5) 

High 

(4 – 6 dS/m) 

(Rating = 0.3) 

Very High 

(> 6 dS/m) 

(Rating = -1) 

 
 

Very High 

(> 6 dS/m) 

(Rating = -1) 

 
 

S, S/LS, S/ZCL 

(Rating = 0) 

 

pH 

(0.50) 

Topsoil 

(0.50) 

Subsoil 

(0.50) 

5.8 – 7.5 

(Rating = 1.0) 

4.5 – 5.8 

7.5 – 8.8 

(Rating = 0.8) 

4.0 – 4.5 

> 8.8 

(Rating = 0.6) 

5.8 – 7.5 

(Rating = 1.0) 

4.5 – 5.8 

7.5 – 8.8 

 (Rating = 0.8) 

4.0 – 4.5 

> 8.8 

(Rating = 0.6) 

Monthly Mean 
Temperature 

(0.40) 

15 – 25 C 

(Rating = 1.0) 

10 – 15 C 

25 – 30 C 

(Rating = 0.6) 

> 30 C 

< 10 C 

(Rating = 0.1) 

< 4.0 

(Rating = -1) 

(Temporarily 
NS) 

< 4.0 

(Rating = -1) 

(Temporarily 
NS) 

* CL/FSCL, ZL/ZCL 

** LC/CL, LS/LKS 

*** HCL/LC, SL/LS 

**** FSCL/LC, FSLC, LVFSCL/Z, 
ZCL/MC, ZLC 

***** HC/MC, HSCL, KLS, KSL, KSLC, 
LC/MC, LMC/MHC, LMC/SC, MC/HC, 
MC/LC, MHC, MHC/MC, SC/MC, 
SL/SCL, SLC 

< 300 mm 

(Rating = 0.2) 
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5.2.  LAND SUITABILITY ASSESSMENT 
Four maps have been prepared using the phalaris LSA model: 

- A baseline map, which is a representation of mean land suitability using climate average 
value between 1996 and 2005 (Figure 73). 

- An estimation of land suitability by 2030, according to A1F1 scenario (Figure 74). 
- An estimation of land suitability by 2050, according to A1F1 scenario (Figure 75). 
- An estimation of land suitability by 2070, according to A1F1 scenario (Figure 76). 

The baseline land suitability map for phalaris production indicates that about 84% of Southern 
Grampians has a suitability equal or superior to 80%. The remaining 16% of land are considered is 
classified as unsuitable for phalaris production; see a discussion of this in Sub-section 5.3, below. 

Land suitability projections show that the land suitability will potentially increase over future years 
(Table 12, Figure 77). By 2030 situation is pretty similar to the baseline, with only the emergence of 
small areas of highest suitability. Nevertheless, a strong increase of suitability is likely by 2050 and 
2070; that is: 

By 2050 - 45% of the land with a suitability of 90%  
22% of the land with a suitability of 100% 

By 2070 – 75% of the land with a suitability of 90% 

Where “Temp NS” means temporarily not suitable and “Perm NS” permanently not suitable 

Table 12: Phalaris land suitability for baseline, 2030, 2050 and 2070 (table view) 

 
Figure 77: Phalaris land suitability for baseline, 2030, 2050 and 2070 (graphic view)

 Suitability Temp NS Perm NS Public land 0 to 60% 70% 80% 90% 100% 

Amount 
 (%) 

Baseline 0 0 16 0 0 84 0 0 
2030 0 0 16 0 0 83 1 0 
2050 0 0 16 0 0 17 45 22 
2070 0 0 16 0 4 4 75 1 

Amount 
(ha) 

Baseline 0 0 106,888 0 0 561,162 0 0 
2030 0 0 106,888 0 0 554,481 6,680 0 
2050 0 0 106,888 0 0 113,568 300,622 146,971 
2070 0 0 106,888 0 26,722 26,722 501,037 6,680 
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Figure 73: Phalaris land suitability in Southern Grampians– Baseline (1996 – 2005) 

 
Figure 75: Phalaris land suitability in Southern Grampians – 2050 (A1F1) 

 
Figure 74: Phalaris land suitability in Southern Grampians – 2030 (A1F1) 

 
Figure 76: Phalaris land suitability in Southern Grampians - 2070 (A1F1) 

Shared legend: 
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5.3.  FOCUS ON AREAS CLASSIFIED AS UNSUITABLE  
About 16.50 % of the area of Southern Grampians has been categorised as unsuitable for phalaris 
production. Two types of unsuitability have been defined (Table 13, Figure 77): 
 

• Public land. This is protected areas, with no agricultural activities. 
•  

• Permanently not suitable. These areas are unlikely to become suitable in the future because 
of the existing limiting conditions: depth to bedrock < 0.5 m, and/or a topsoil with Ece > 6 
dS/m, or/and a subsoil with Ece > 6 dS/m.  

 
 Part of Southern Grampians area 

Suitable 83.50 % 
Permanently NS 0.05 % 

Public land 16.45 % 
Table 13: Phalaris land suitability – Focus on unsuitable land 

 
Figure 77: Phalaris land unsuitable areas – 2000 (baseline) to 2070 (A1F1) 

 Areas of Southern Grampians considered as unsuitable through the application of the LSA 
model for phalaris production would not become suitable unless physical constraining 
conditions are modified (e.g. depth to bedrock) or chemical limitations are addressed (e.g. 
Electrical conductivity Ece). 

Unsuitable areas 

Legend: 
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5.4.      LAND SUITABILITY CHANGE 
In order to better visualise land suitability changes, three comparison maps have been prepared: 

• Comparison between the baseline map and 2030 (Figure 78). 
• Comparison between the baseline map and 2050 (Figure 79). 
• Comparison between the baseline map and 2070 (Figure 80). 

 As it has already been pointed out, land suitability is really similar between the baseline period and 
2030. By 2030, 67% of the land has a suitability increase in comparison to the baseline, and 76% by 
2070. (Table 14, Figure 81). 

Table 14: Phalaris land suitability change (table view) 

 

 
Figure 81: Phalaris land suitability change (graphic view) 

 
Suitability change -20% -10% 0% +10% +20% 

Amount  
(%) 

2030  
vs baseline 0 0 99 1 0 

2050  
vs baseline 0 0 33 45 22 

2070  
vs baseline 0 4 21 75 1 

Amount 
(ha) 

2030  
vs baseline 0 0 661,369 6,680 0 

2050  
vs baseline 0 0 220,456 300,622 146,971 

2070  
vs baseline 0 26,722 140,290 501037 6,680 
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Figure 78: Phalaris land suitability change in Southern Grampians 

– 2000 (baseline) to 2030 (A1F1) 

 
Figure 80: Phalaris land suitability change in Southern Grampians 

– 2000 (baseline) to 2070 (A1F1) 

 
Figure 79: Phalaris land suitability change in Southern Grampians 

– 2000 (baseline) to 2050 (A1F1) 

Shared legend: 
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5.5.   CRITICAL PARAMETER IN SUITABILITY CHANGE 
• It is assumed in the modelling that soil and landscape remain constant during the study period. 

Climate is thus the only part of the LSA model changing between the baseline and future years 
2030, 2050 and 2070. Therefore, to understand the main cause of suitability change in these future 
years, we need to examine the climate branch of the model and identify the sub-branch with the 
highest weight (Figure 81). The key parameter in the climate branch of the phalaris LSA model is 
rainfall with a weight of 0.60. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 81: Climate part of the LSA model for phalaris 

 

To confirm that its importance (or otherwise) in suitability results it is necessary to undertake a 
correlation study between the two parameters and the final climate result (Table 15).   
Correlations coefficients traduce the existing link between two parameters. These coefficients can 
take values between -1 and 1. The closer the correlation coefficient is to these extreme values, the 
more linked the parameters are. If coefficient is equal to 0, it means there is no link between 
parameters.  
 

 

 

Table 15: Correlation coefficients between climate part of the model parameters, and final climate model for 
2030, 2050 and 2070 

 Consequently, for 2030 and 2050 projections, the monthly mean temperature is the key 
parameter in the climate branch of the phalaris LSA model. For 2070, the key parameter is 
the rainfall.  Therefore, suitability changes projected by 2030, 2050 are mainly due to 
temperature variations whilst changes projected by 2070 chiefly reflect rainfall variations. 

 CLIMATE 
 Rainfall Mean temperature 

Climate 2030 0.51534 0.90281 
Climate 2050 0.30296 0.90737 
Climate 2070 0.89383 0.22734 

  
  

 
  

 
  

 
  

 
 Strong correlation
 Weak correlation
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6.1.   RYEGRASS  REGIONAL BIOPHYSICAL LAND SUITABILITY MODEL 
The ryegrass biophysical Land Suitability Analysis (LSA) model targets the identification of land 
capable of producing between 6 – 8 tonnes of ryegrass per hectare per year (t/ha/y) (Figure 82). The 
model used in this report is an adaptation of two ryegrass model previously developed. The soil and 
climate branches of the model have been adapted from the model used in Change Impacts on 
Agriculture and forestry Systems in South West Victoria, Australia (Sposito et. al., 2008a). The 
landscape branch has been adapted from the report Climate Change Implication for implementing 
the North East Regional Catchment Strategy (Sposito et. al., 2008b). A full listing of experts who 
worked on the model is noted in the Acknowledgement section of this report. 

The LSA model comprises three branches: ‘Soil’, ‘Landscape’ and ‘Climate’. Overall, branches with a 
higher weighting will have a large influence on the model output whereas branches with smaller 
weightings will have a lesser impact. ‘Soil’ has been assigned by a weight of 25% (or 0.25), 
‘Landscape’ by a weight of 15% (or 0.15) and ‘Climate’ by a weight of 60% (or 0.6).  In each branch of 
the hierarchy, there are several further branches down the model, each with their own weighting 
factors. For example, if one progress downs the ‘Soil’ branch, ‘Water Holding’ is the most influential 
branch with a weight of 50% (or 0.5); it includes three sub-branches – ‘Coarse Fragments’ (10%), ‘ 
Depth to Bedrock’ (20%) and ‘Texture (Topsoil)’ (70%). Each final branches is detailed by several 
classes the parameter can be defined by. Finally each class is ranked by a weight, which traduce the 
influence of this specific value of the parameter. 

The execution of the model produces composite maps that ranks areas in term of suitability  for the 
growth of  ryegrass; it has an index range of 0 to 1, where 0 means a site which is deemed to have no 
potential for growing ryegrass, and 1 a site deemed ideal for growing ryegrass (i.e. 100% of 
suitability). Therefore, the productivity of a particular area can be estimated by multiplying a value in 
the yield range defined at the top of the LSA model (here 6 - 8 ton/ha/y). For example, in an area 
with a suitability of 0.8 (or 80%), we can expect a yield of about (0.8 × 7 t/ha/y =) 5.6 t/ha/y. 
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Figure 82: Ryegrass biophysical land suitability model (Land Suitability Analysis or LSA model)

Perennial 
Ryegrass / Sub 

Clover 

6 – 8 
ton/ha/year 

 

Soil 

(0.25) 

Climate 

(0.60) 

Landscape 

(0.15) 

Slope 

(0.40) 

Aspect 

(0.35) 

< 4.50 

(< 5%) 

(Rating = 1.0) 

4.50 – 90 

(5 – 10%) 

(Rating = 0.7) 

90 - 180 

(10 – 20%) 

(Rating = 0.3) 

E, SE, S, SW, 
W 

67.50 - 292.50,  

 (Rating = 1 0) 

 

NW,N,NE 

0 – 67.50, 
292.5 – 3600 

 (Rating = 0 5) 

 

Mean 
Temperature 

(0.40) 

Total Rainfall 

(0.60) 

15 – 20 C 

(Rating = 1.0) 

10 – 15 C 

20 – 25 C 

(Rating = 0.7) 

< 10 C 

25 – 30 C 

(Rating = 0.4) 

> 700 mm 

(Rating = 1.0) 

600 – 700 mm 

(Rating = 0.8) 

500 – 600 mm 

(Rating = 0.7) 

pH 

(Topsoil) 

(0.25) 

Water Holding 
Capacity 

(0.50) 

Drainage 

(0.10) 

Well 
Moderately, 

Rapid 

(Rating = 1.0) 

Imperfect 

(Rating = 0.8) 

Poor 

(Rating = 0.5) 

Nil, Slight 

(0 – 10%) 

(Rating = 1.0) 

Moderate 

(10 – 20%) 

(Rating = 0.8) 

High 

(20 – 50%) 

(Rating = 0.5) 

5.5 – 6.5 

(Rating = 1.0) 

5.0 – 5.5 

6.5 – 8.5 

(Rating = 0.9) 

4.0 – 5.0 

(Rating = 0.8) 

180 – 31.50 

(20 – 35%) 

(Rating = 0.1) 

March – 
November 

(0.50) 

    

Coarse 
Fragments 

(0.10) 

Depth to 
Bedrock 

(0.20) 

Texture 

(Topsoil) 

(0.70) 

> 1.2 m 

(Rating = 1.0) 

0.8 – 1.2 m 

(Rating = 0.9) 

0.5 – 0.8 m 

(Rating = 0.7) 

< 0.5 m 

(Rating = 0.5) 

CL, FSCL, 
FSL, L, LC, 

LFSL, LSCL, 
SCL, VFSL, 
ZCL, ZL, * 

(Rating = 1.0) 

FLS, LMC, LS, 
LS/LKS, MC 

(Rating = 0.8) 

KSCL, KSL, 
LSL, S, SL, 

SL/LS 

(Rating = 0.5) 

< 4.0 

> 8.5 

(Rating = -1) 

 
 

> 30 C 

(Rating = -1) 

(Permanently 
NS) 

400 – 500 mm 

(Rating = 0.5) 

Very High 

(> 50%) 

(Rating = -1) 

 
 

ECe 

(0.15) 

Topsoil 

(0.50) 

Subsoil 

(0.50) 

Very Low, Low 

(< 2 dS/m) 

(Rating = 1.0) 

Medium 

(2 – 4 dS/m) 

(Rating = 0.5) 

High 

(4 – 6 dS/m) 

(Rating = 0.3) 

Very Low, Low 

(< 2 dS/m) 

(Rating = 1.0) 

Medium 

(2 – 4 dS/m) 

(Rating = 0.5) 

High 

(4 – 6 dS/m) 

(Rating = 0.3) 

Very High 

(> 6 dS/m) 

(Rating = -1) 

 
 

Very High 

(> 6 dS/m) 

(Rating = -1) 

 
 

Very Poorly 

(Rating = 0.2) 

HCL, HCL/LC 

(Rating = 0.2) 

December – 
February 

(0.50) 

350 – 400 mm 

(Rating = 0.2) 

 

> 300 mm 

(Rating = 1.0) 

200 – 300 mm 

(Rating = 0.8) 

100 – 200 mm 

(Rating = 0.4) 

< 100 mm 

(Rating = 0) 

* CL/FSCL, FS, FSC, LC/CL, LFSCL, LKS, 
LZCL, VFSCL, ZL,ZCL 

> 31.50 

(> 35%) 

(Rating = 0) 

Altitude 

(0.25) 

 

< 400 m 

(Rating = 1.0) 

> 400 m 

(Rating = 0.7) 

March – May 

(0.25) 

June - August 

(0.25) 

15 – 20 C 

(Rating = 1.0) 

10 – 15 C 

20 – 25 C 

(Rating = 0.7) 

< 10 C 

25 – 30 C 

(Rating = 0.4) 

> 30 C 

(Rating = -1) 

(Permanently 
NS) 

September – 
November 

(0.25) 

December – 
February 

(0.25) 

15 – 20 C 

(Rating = 1.0) 

10 – 15 C 

20 – 25 C 

(Rating = 0.7) 

< 10 C 

25 – 30 C 

(Rating = 0.4) 

> 30 C 

(Rating = -1) 

(Permanently 
NS) 

15 – 20 C 

(Rating = 1.0) 

10 – 15 C 

20 – 25 C 

(Rating = 0.7) 

< 10 C 

25 – 30 C 

(Rating = 0.4) 

> 30 C 

(Rating = -1) 

(Permanently 
NS) 

< 350 mm 

(Rating = 0) 
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6.2.   LAND SUITABILITY ASSESSMENT 
Four maps have been prepared using the ryegrass LSA model. 

- A baseline map, which is a representation of mean land suitability using climate average 
value between 1996 and 2005 (Figure 83). 

- An estimation of land suitability by 2030, according to A1F1 scenario (Figure 84). 
- An estimation of land suitability by 2050, according to A1F1 scenario (Figure 85). 
- An estimation of land suitability by 2070, according to A1F1 scenario (Figure 86). 

The baseline land suitability map for ryegrass production indicates that 82% of Southern Grampians 
has a suitability comprise between 50 and 80%. The remaining 18% of land are initially categorised 
as unsuitable for ryegrass production (see Section 6.3 a discussion on this issue). 

Future land suitability projections show that the land suitability for ryegrass production is likely is 
likely to decreases over future years (Table 16, Figure 87). The decrease of land suitability is first 
clear by 2050 prevision, and would continue to decline by 2070: 

 By 2050 - 53% of the land with a suitability of 50-60%  
33% of the land with a suitability of 70% 

By 2070 – 85% of the land with a suitability of 50-60% 
 

Where “Temp NS” means temporarily not suitable and “Perm NS” permanently not suitable 

Table 16:  Ryegrass land suitability for baseline, 2030, 2050 and 2070 (table view) 

 

 
Figure 87: Ryegrass land suitability for baseline, 2030, 2050 and 2070 (graphic view)

 Suitability Temp NS Perm NS Public land 0 to 40% 50 to 60% 70% 80% 90 to 100% 

Amount 
 (%) 

Baseline 0 2 16 0 40 41 1 0 
2030 0 2 16 0 43 40 0 0 
2050 0 2 16 0 49 33 0 0 
2070 0 2 16 0 81 1 0 0 

Amount 
(ha) 

Baseline 0 13,361 106,888 0 267,220 273,900 6,680 0 
2030 0 13,361 106,888 0 287,261 267,220 0 0 
2050 0 13,361 106,888 0 327,344 220,456 0 0 
2070 0 13,361 106,888 0 541,120 6,680 0 0 
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Figure 83: Ryegrass land suitability in Southern Grampians– Baseline (1996 – 2005) 

  
Figure 85: Ryegrass land suitability in Southern Grampians – 2050 (A1F1) 

 

 
Figure 84: Ryegrass land suitability in Southern Grampians – 2030 (A1F1) 

 
Figure 86: Ryegrass land suitability in Southern Grampians – 2070 (A1F1) 

Shared legend: 
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6.3.     FOCUS ON AREAS CLASSIFIED AS UNSUITABLE  
Approximately, 18.16 % of the total area of Southern Grampians which has been initially ranked as 
unsuitable for ryegrass production. Two types of unsuitability have been defined (Table 17, Figure 
87): 
 

• Public land. This is protected areas, with no agricultural activities. 
•  

• Permanently not suitable. These areas will never become suitable because of extreme 
conditions which are coarse fragment > 50%, and/or a topsoil Ece > 6 dS/m, or/and a subsoil 
Ece > 6 dS/m.  

 
 Part of Southern Grampians area 

Suitable 81.84 % 
Permanently NS 1.71 % 

Public land 16.45 % 
Table 17: Ryegrass land suitability – Focus on unsuitable land 

 
Figure 87: Ryegrass land unsuitable areas – 2000 (baseline) to 2070 (A1F1)  

 Similarly to the situation regarding phalaris production (referred to in Chapter 5), the areas of 
Southern Grampians classified as unsuitable through the application of the LSA model foe 
ryegrass production would not become suitable unless physical constraining conditions are 

Unsuitable areas 

Legend: 
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modified (e.g. depth to bedrock) or chemical limitations are addressed (e.g. Electrical 
conductivity Ece). 
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6.4. LAND SUITABILITY CHANGE 
In order to better visualise land suitability changes for the production of reyegrass in Southern 
Grampians, three comparison maps have been prepared: 

• Comparison between the baseline map and 2030 (Figure 88). 
• Comparison between the baseline map and 2050 (Figure 89). 
• Comparison between the baseline map and 2070 (Figure 90). 

 As it has already been pointed out, land suitability for ryegrass production is likely to decrease over 
future years. In comparison to the baseline, around 7% of land would experience a suitability 
decrease by 2030, around 15% by 2050 and 54% by 2070. (Table 18, Figure 91). 

Table 18: Ryegrass land suitability change (table view) 

 

 
Figure 91: Ryegrass land suitability change (graphic view) 

 
Suitability change -20% -10% 0% +10% +20% 

Amount  
(%) 

2030  
vs baseline 0 7 90 3 0 

2050  
vs baseline 0 15 85 0 0 

2070  
vs baseline 2 52 46 0 0 

Amount 
(ha) 

2030  
vs baseline 0 46,763 601,245 20,041 0 

2050  
vs baseline 0 100,207 567,842 0 0 

2070  
vs baseline 13,361 347,386 307,303 0 0 
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Figure 88: Ryegrass land suitability change in Southern Grampians 

– 2000 (baseline) to 2030 (A1F1) 

 
Figure 90: Ryegrass land suitability change in Southern Grampians 

– 2000 (baseline) to 2070 (A1F1) 

 
Figure 89: Ryegrass land suitability change in Southern Grampians 

– 2000 (baseline) to 2050 (A1F1) 

Shared legend: 
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6.5. CRITICAL PARAMETER IN SUITABILITY CHANGE 
Climate is the only part of the ryegrass LSA model changing between the baseline and 2030, 2050 
and 2070. It is thus assumed that soil and landscape remain constant during the study period. 
Therefore, to understand the main cause of suitability change over future years, we need to examine 
the climate branch of the model and identify parameters with the highest weight (Figure 91). 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 91: Climate part of the LSA model for ryegrass 

 

In the ryegrass model, key parameters seem to be the rainfall between March and November, and 
the rainfall between December and February. To confirm that, it is necessary to undertake a 
correlation study between the six climate parameters and the final climate result (Table 19). 
Correlations coefficients traduce the existing link between two parameters. These coefficients can 
take values between -1 and 1. The closer the correlation coefficient is to these extreme values, the 
more linked the parameters are. If coefficient is equal to 0, it means there is no link between 

parameters. 
 

 

Table 19: Correlation coefficients between climate part of the model parameters, and final climate model for 2030, 2050 
and 2070 

 CLIMATE 
 Mean temperature Rainfall 
 March - May June - August Sept - Nov Dec- Feb Mar- Nov Dec - Feb 

Climate 
2030 0.08297 0.47759 -0.17865 0.25304 0.72204 0.47351 

Climate 
2050 -0.13542 -0.16173 -0.23200 0.45842 0.94087 0.30375 

Climate 
2070 

-0.17215 -0.13115 -0.09238 0.24467 0.77309 0.21228 

  
  

 
  

 
  

 
  

 
 Strong correlation
 Weak correlation

88 
 



 Therefore, total rainfall between March and November is the key parameter in affecting 
the climate branch, and so overall results, of the ryegrass model. Therefore, suitability 
changes projected by 2030, 2050 and 2070 are mainly due to variations of this parameter 
over years. 
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7.1. BRASSICA REGIONAL BIOPHYSICAL LAND SUITABILITY MODEL 
The brassica biophysical Land Suitability Analysis (LSA) model targets the identification of land 
capable of producing between 10 – 40 tonnes of brassica per hectare per year (t/ha/y) (Figure 92). 
The model used in this report is an adaptation of the model developed and applied for several 
technical reports across Victorian regions, such as Wellington Environmental Planning Study (Sposito 
et. al., 2001a) and The Baw Baw Environmental Planning Study (Sposito et. al., 2001b). A full listing 
of experts who worked on the model is noted in the Acknowledgement section of this report. 

The Land Suitability Analysis model used is made of three branches: ‘Soil’, ‘Landscape’ and ‘Climate’. 

‘Soil’ and ‘Climate’ branches have been assigned by a weight of 40% (or 0.4), and ‘Landscape’ by a 
weight of 20% (or 0.2).  In each branch of the hierarchy, there are several further branches down the 
model, each with their own weighting factors. For example, if one progress downs the ‘Soil’ branch, 
‘Sodicity’ is the most influential branch with a weight of 40% (or 0.4); it includes two sub-branches – 
‘Topsoil’ (50%) and ‘Subsoil’ (50%). Each final branches is detailed by several classes the parameter 
can be defined by. If we take the ‘Subsoil’ branch, we find three classes: ‘Not sodic’, ‘Slightly sodic’ 
and ‘Sodic’. Each class is ranked by a weight, which traduce the influence of this specific value of the 
parameter. 

Overall, branches with a higher weighting will have a large influence on the model output whereas 
branches with smaller weightings will have a lesser impact.  

The execution of the model produces composite maps that ranks areas in term of suitability  for the 
growth of  brassica; it has an index range of 0 to 1, where 0 means a site which is deemed to have no 
potential for growing brassica, and 1 a site deemed ideal for growing brassica (i.e. 100% of 
suitability). Therefore, the productivity of a particular area can be estimated by multiplying a value in 
the yield range defined at the top of the LSA model (here 10 - 40 ton/ha/y). For example, in an area 
with a suitability of 0.8 (or 80%), we can expect a yield of about (0.8 × 25 t/ha/y =) 20 t/ha/y.
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Figure 92: Brassica biophysical land suitability model (Land Suitability Analysis or LSA model)
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7.2. LAND  SUITABILITY ASSESSMENT 
According to the brassica LSA model, four maps have been realised: 

- A baseline map, which is a representation of mean land suitability using climate average 
value between 1996 and 2005 (Figure 93). 

- An estimation of land suitability by 2030, according to A1F1 scenario (Figure 94). 
- An estimation of land suitability by 2050, according to A1F1 scenario (Figure 95). 
- An estimation of land suitability by 2070, according to A1F1 scenario (Figure 96). 

The baseline land suitability map for brassica production indicates that 83% of Southern Grampians 
has a suitability equal or superior to 70%. The remaining 17% of land are considered as unsuitable 
for brassica production. 

The land suitability is similar from baseline to 2050 (Table 20, Figure 97). From 2070, a suitability 
decrease can be pointed out. This is reflected by an increase of area with a suitability comprise 
between 70 and 80% of suitability, and by a decrease of area with a suitability comprise between 90 
and 100 %. 

Where “Temp NS” means temporarily not suitable and “Perm NS” permanently not suitable 

Table 20: Brassica land suitability for baseline, 2030, 2050 and 2070 (table view) 

 

 
Figure 97: Brassica land suitability for baseline, 2030, 2050 and 2070 (graphic view)

 Suitability Temp NS Perm NS Public land 0 to 60% 70% 80% 90% 100% 

Amount 
 (%) 

Baseline 0 1 16 0 8 39 26 10 
2030 0 1 16 0 8 39 26 10 
2050 0 1 16 0 9 39 26 9 
2070 0 1 16 0 20 43 15 5 

Amount 
(ha) 

Baseline 0 6,680 106,888 0 53,444 260,539 173,693 66,805 
2030 0 6,680 106,888 0 53,444 260,539 173,693 66,805 
2050 0 6,680 106,888 0 60,124 260,539 173,693 60,124 
2070 0 6,680 106,888 0 133,610 287,261 100,207 33,402 

94 
 



95 
 



 
Figure 93: Brassica land suitability in Southern Grampians– Baseline (1996 – 2005) 

 
Figure  95:  Brassica land suitability in Southern Grampians – 2050 (A1F1) 

 
Figure 94: Brassica land suitability in Southern Grampians – 2030 (A1F1) 

 
Figure 96: Brassica land suitability in Southern Grampians - 2070 (A1F1)

Shared legend: 
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7.3. FOCUS ON UNSUITABLE AREAS CLASSIFIED AS UNSUITABLE 
There is 17.32% of the area of Southern Grampians which is considered as unsuitable for canola. 

Three types of unsuitability have been defined (Table 21, Figure 97): 
 

- Public land. This is protected areas, with no agricultural activities. 
•  

- Permanently not suitable. These areas will never become suitable because of extreme 
condition which is a slope higher than 25%. 

•  

- Temporarily not suitable. A modification of a critical parameter would allow these areas to 
become suitable. This parameter is the pH of topsoil, which is currently lower than 4.8. 

 
 Part of Southern Grampians area 

Suitable 82.68 % 
Temporarily NS 0.12 % 
Permanently NS 0.74 % 

Public land 16.46 % 
Table 21: Brassica land suitability – Focus on unsuitable land 

 
Figure 97: Brassica land unsuitable areas – 2000 (baseline) to 2070 (A1F1) 

Unsuitable areas 

Legend: 
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7.4. LAND SUITABILITY CHANGE 
In order to better visualise land suitability changes, three comparison maps have been realised: 

- Comparison between the baseline map and 2030 (Figure 98). 
- Comparison between the baseline map and 2050 (Figure 99). 
- Comparison between the baseline map and 2070 (Figure 100). 

 As it has already been pointed out, land suitability is really similar between the baseline period, 
2030 and 2050 estimations. A decrease of suitability is observed in 2070 with 34% of Southern 
Grampians’ land loosing 10% of suitability (Table 22,Figure 101). 

Table 22: Brassica land suitability change (table view) 

 

 
Figure 101: Brassica land suitability change (graphic view) 
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vs baseline 0 0 668,050 0 0 
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vs baseline 0 13,361 654,689 0 0 
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vs baseline 0 227,137 440,913 0 0 
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Figure 98: Brassica land suitability change in Southern Grampians 

– 2000 (baseline) to 2030 (A1F1) 

 
Figure 100: Brassica land suitability change in Southern 

Grampians – 2000 (baseline) to 2070 (A1F1) 

 
Figure 99: Brassica land suitability change in Southern Grampians 

– 2000 (baseline) to 2050 (A1F1) 

Shared legend: 
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7.5. CRITICAL PARAMETER IN SUITABILITY CHANGE 
Climate is the only part of the model changing between baseline map and 2030, 2050 and 2070 
maps. It is assumed that soil and landscape remain constant during the study period. So to 
understand the main cause of suitability change by 2070, a first step is to carefully look at the 
climate branch of the model and identify sub-branch with the highest weight (Figure 101). 
 
 
 

 

 

 

 

 

 

 

 

 
 

 

Figure 101: Climate part of the AHP model for brassica. 

 

In the brassica model, a key parameter seems to be maximum temperature, but the rainfall between 
May and September equally show high weights. To well understand influence of parameters, it is 
necessary to undertake a correlation study between the five parameters and the final climate result 
(Table 23). 
Correlations coefficients traduce the existing link between two parameters. These coefficients can 
take values between -1 and 1. The closer the correlation coefficient is to these extreme values, the 
more linked the parameters are. If coefficient is equal to 0, it means there is no link between 
parameters. 

 CLIMATE 
 Temperature Rainfall 

Irrigation  Maximum (monthly 
average) 

Minimum (monthly 
average) 

Mean monthly 
(May – Sept) Annual average 

Climate 2030 1.00000 0.51605 -0.00665 -0.17587 -0.00665 
Climate 2050 0.27274 0.07102 0.95375 0.32989 -0.01808 
Climate 2070 0.14674 -0.09705 0.87269 0.45278 0.00029 

 
 

Table 23: Correlation coefficients between climate part of the model parameters, and final climate model for 
2030, 2050 and 2070 

  
  

 
  

 
  

 
  

 
 Strong correlation
 Weak correlation

101 
 



 Notable suitability changes appears from 2070. These changes are mainly due to variations 
of rainfall between May en September. 
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CHAPTER 7 – LETTUCE 
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8.1. LETTUCE REGIONAL BIOPHYSICAL LAND SUITABILITY MODEL 
The lettuce biophysical Land Suitability Analysis (LSA) model targets the identification of land 
capable of producing between 10 – 40 tonnes of lettuce per hectare per year (t/ha/y) (Figure 102). 
The model used in this report has been developed for this study, and has to be validated by experts. 

The Land Suitability Analysis model used is made of three branches: ‘Soil’, ‘Landscape’ and ‘Climate’. 

‘Soil’ branch has been assigned by a weight of 40% (or 0.4), ‘Landscape’ by a weight of 5% (or 0.05) 
and ‘Climate’ by a weight of 55% (or 0.55).  In each branch of the hierarchy, there are several further 
branches down the model, each with their own weighting factors. For example, if one progress 
downs the ‘Soil’ branch, ‘Sodicity’ is the most influential branch with a weight of 25% (or 0.25); it 
includes two sub-branches – ‘Topsoil’ (50%) and ‘Subsoil’ (50%). Each final branches is detailed by 
several classes the parameter can be defined by. If we take the ‘Subsoil’ branch, we find three 
classes: ‘Not sodic’, ‘Slightly sodic’ and ‘Sodic’. Each class is ranked by a weight, which traduce the 
influence of this specific value of the parameter. 

Overall, branches with a higher weighting will have a large influence on the model output whereas 
branches with smaller weightings will have a lesser impact.  

The execution of the model produces composite maps that ranks areas in term of suitability  for the 
growth of  lettuce; it has an index range of 0 to 1, where 0 means a site which is deemed to have no 
potential for growing lettuce, and 1 a site deemed ideal for growing lettuce (i.e. 100% of suitability). 
Therefore, the productivity of a particular area can be estimated by multiplying a value in the yield 
range defined at the top of the LSA model (here 10 - 40 ton/ha/y). For example, in an area with a 
suitability of 0.8 (or 80%), we can expect a yield of about (0.8 × 25 t/ha/y =) 20 t/ha/y.
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Figure102: Lettuce biophysical land suitability model (Land Suitability Analysis or LSA model)
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7.2. LAND SUITABILITY ASSESSMENT 
According to the lettuce LSA model, four maps have been realised: 

- A baseline map, which is a representation of mean land suitability using climate average 
value between 1996 and 2005 (Figure 103) 

- An estimation of land suitability by 2030, according to A1F1 scenario (Figure 104). 
- An estimation of land suitability by 2050, according to A1F1 scenario (Figure 105). 
- An estimation of land suitability by 2070, according to A1F1 scenario (Figure 106). 

The baseline land suitability map for lettuce production indicates that 80% of Southern Grampians 
has a suitability equal or superior to 80%. The remaining 20% of land are considered as unsuitable 
for lettuce production. 

The land suitability is similar from baseline to 2030 (Table 24, Figure 107. From 2050, a suitability 
decrease can be pointed out. This is reflected by an increase of area with a suitability comprise 
between 70 and 80% of suitability, and by a decrease of area with a suitability comprise between 90 
and 100 %. 

Where “Temp NS” means temporarily not suitable and “Perm NS” permanently not suitable 

Table 24: Lettuce land suitability for baseline, 2030, 2050 and 2070 (table view) 

 

 
Figure 107: Lettuce land suitability for baseline, 2030, 2050 and 2070 (graphic view)

 Suitability Temp NS Perm NS Public land 0 to 60% 70% 80% 90% 100% 

Amount 
 (%) 

Baseline 0 4 16 0 0 27 33 20 
2030 0 4 16 0 0 27 33 20 
2050 0 4 16 0 5 44 28 3 
2070 0 4 16 0 28 32 20 0 

Amount 
(ha) 

Baseline 0 26,722 106,888 0 0 180,373 220,456 133,610 
2030 0 26,722 106,888 0 0 180,373 220,456 133,610 
2050 0 26,722 106,888 0 33,402 293,942 187,054 20,041 
2070 0 26,722 106,888 0 187,054 213,776 133,610 0 
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Figure 103: Lettuce land suitability in Southern Grampians– Baseline (1996 – 2005) 

 
Figure 105: Lettuce land suitability in Southern Grampians – 2050 (A1F1) 

 
Figure 104: Lettuce land suitability in Southern Grampians – 2030 (A1F1) 

 
Figure 106: Lettuce land suitability in Southern Grampians - 2070 (A1F1) 

Shared legend: 
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7.4. FOCUS ON UNSUITABLE AREAS CATEGORISED AS UNSUITABLE 
There is 20.81% of the area of Southern Grampians which is considered as unsuitable for lettuce. 

Two types of unsuitability have been defined (Table 25, Figure 107): 
 

- Public land. This is protected areas, with no agricultural activities. 
•  

- Permanently not suitable. These areas will never become suitable because of extreme 
condition which is a slope higher than 15%. 

•  

 
 Part of Southern Grampians area 

Suitable 79.19 % 
Permanently NS 4.35 % 

Public land 16.46 % 
Table 25: Lettuce land suitability – Focus on unsuitable land 

 
Figure  107: Lettuce land unsuitable areas – 2000 (baseline) to 2070 (A1F1) 

 

Unsuitable areas 

Legend: 
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 All areas of Southern Grampians considered as unsuitable for lettuce will never be considered 
as suitable. 
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7.5. LAND SUITABILITY CHANGE 
In order to better visualise land suitability changes, three comparison maps have been realised: 

- Comparison between the baseline map and 2030 (Figure 108). 
- Comparison between the baseline map and 2050 (Figure 109. 
- Comparison between the baseline map and 2070 (Figure 110). 

 As it has already been pointed out, land suitability is similar between the baseline period, and 2030 
estimation. Regarding to the baseline, 44% of land has a suitability decrease in 2050, and 76% in 
2070. (Table 26, Figure 111). 

Table 26: Lettuce land suitability change (table view) 

 

 
Figure 111: Lettuce land suitability change (graphic view) 

 
Suitability change -20% -10% 0% +10% +20% 

Amount  
(%) 

2030  
vs baseline 0 0 100 0 0 

2050  
vs baseline 0 44 56 0 0 

2070  
vs baseline 5 71 24 0 0 

Amount 
(ha) 

2030  
vs baseline 0 0 668,050 0 0 

2050  
vs baseline 0 293,942 374,108 0 0 

2070  
vs baseline 33,402 474,315 160,332 0 0 
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Figure 108: Lettuce land suitability change in Southern Grampians 

– 2000 (baseline) to 2030 (A1F1) 

 
Figure 110: Lettuce land suitability change in Southern Grampians 

– 2000 (baseline) to 2070 (A1F1) 

 
Figure 109: Lettuce land suitability change in Southern Grampians 

– 2000 (baseline) to 2050 (A1F1) 

Shared legend: 
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7.6. CRITICAL PARAMETER IN SUITABILITY CHANGE 
Climate is the only part of the model changing between baseline map and 2030, 2050 and 2070 
maps. It is assumed that soil and landscape remain constant during the study period. So to 
understand the main cause of suitability change by 2070, a first step is to carefully look at the 
climate branch of the model and identify sub-branch with the highest weight (Figure 111). 
 
 
 

 

 

 

 

 

 

 

 

 
 

 

Figure 111: Climate part of the AHP model for lettuce. 

 

To well understand influence of parameters, it is necessary to undertake a correlation study 
between the five parameters and the final climate result (Table 27). 

Correlations coefficients traduce the existing link between two parameters. These coefficients can 
take values between -1 and 1. The closer the correlation coefficient is to these extreme values, the 
more linked the parameters are. If coefficient is equal to 0, it means there is no link between 
parameters.  

 CLIMATE 
 Temperature Rainfall 

Irrigation 
 Maximum (monthly 

average) 
Minimum (monthly 

average) 
Mean monthly 

(May – Jul) Annual average 

Climate 2030 0.611173 -0.017303 0.062717 -0.176201 -0.006797 
Climate 2050 0.062328 0.739894 0.771881 0.439865 -0.0012 
Climate 2070 -0.056042 0.470400 0.961632 0.60591 0.017576 

 
 

Table 27: Correlation coefficients between climate part of the model parameters, and final climate model for 
2030, 2050 and 2070 

  
  

 
  

 
  

 
  

 
 Strong correlation
 Weak correlation
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 Suitability changes appears from 2050 onwards. These changes are mainly due to 
variations of rainfall between May en July. 
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CHAPTER 8 – ONION 
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8..1. ONION REGIONAL BIOPHYSICAL LAND SUITABILITY MODEL 
The onion biophysical Land Suitability Analysis (LSA) model targets the identification of land capable 
of producing 50 tonnes of onion per hectare per year (t/ha/y) (Figure 112, Figure 113, Figure 114). 
The model used in this report has been developed for this study, and has to be validated by experts. 

The Land Suitability Analysis model used is made of three branches: ‘Soil’, ‘Landscape’ and ‘Climate’. 

‘Soil’ branch has been assigned by a weight of 50% (or 0.5), ‘Landscape’ by a weight of 5% (or 0.05) 
and ‘Climate’ by a weight of 45% (or 0.45).  In each branch of the hierarchy, there are several further 
branches down the model, each with their own weighting factors. For example, if one progress 
downs the ‘Soil’ branch, ‘Texture’ is the most influential branch with a weight of 40% (or 0.4); it 
includes two sub-branches – ‘Topsoil’ (75%) and ‘Subsoil’ (25%). Each final branches is detailed by 
several classes the parameter can be defined by. Each class is ranked by a weight, which traduce the 
influence of this specific value of the parameter. 

Overall, branches with a higher weighting will have a large influence on the model output whereas 
branches with smaller weightings will have a lesser impact.  

The execution of the model produces composite maps that ranks areas in term of suitability  for the 
growth of  onion; it has an index range of 0 to 1, where 0 means a site which is deemed to have no 
potential for growing onion and 1 a site deemed ideal for growing onion (i.e. 100% of suitability). 
Therefore, the productivity of a particular area can be estimated by multiplying a value in the yield 
range defined at the top of the LSA model (here 50 ton/ha/y). For example, in an area with a 
suitability of 0.8 (or 80%), we can expect a yield of about (0.8 × 50 t/ha/y =) 40 t/ha/y.
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Figure 112: Onion biophysical land suitability model (Land Suitability Analysis or LSA model) - Part 1 
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Figure 113: Onion biophysical land suitability model (Land Suitability Analysis or LSA model) - Part 2 

 

120 
 



 
Figure 114: Onion biophysical land suitability model (Land Suitability Analysis or LSA model) – Part 3
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8.2. LAND SUITABILITY ASSESSMENT 
According to the onion LSA model, four maps have been realised: 

- A baseline map, which is a representation of mean land suitability using climate average 
value between 1996 and 2005 (Figure 115). 

- An estimation of land suitability by 2030, according to A1F1 scenario (Figure 116). 
- An estimation of land suitability by 2050, according to A1F1 scenario (Figure 117). 
- An estimation of land suitability by 2070, according to A1F1 scenario (Figure 118). 

The baseline land suitability map for onion production indicates that 84% of Southern Grampians has 
a suitability equal or superior to 70%. The remaining 16% of land are considered as unsuitable for 
onion production. 

The land suitability is quite similar from baseline to 2050 (Table 28, Figure 119), with a light increase 
in 2030. In 2070, a suitability decrease can be pointed out. This is reflected by an increase of area 
with a suitability comprise between 60 and 80% of suitability, and by a decrease of area with a 

suitability comprise between 90 and 100 %. 

Where “Temp NS” means temporarily not suitable and “Perm NS” permanently not suitable 

Table  28: Onion land suitability for baseline, 2030, 2050 and 2070 (table view) 

 

 
Figure 119: Onion land suitability for baseline, 2030, 2050 and 2070 (graphic view)
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 Suitability Temp NS Perm NS Public land 0 to 50% 60% 70% 80% 90% 100% 

Amount 
 (%) 

Baseline 0 0 16 0 0 6 42 36 0 
2030 0 0 16 0 0 2 32 46 4 
2050 0 0 16 0 0 6 40 38 0 
2070 0 0 16 0 3 32 46 3 0 

Amount 
(ha) 

Baseline 0 0 106,888 0 0 40,083 280,581 240,498 0 
2030 0 0 106,888 0 0 13,361 213,776 307,303 26,722 
2050 0 0 106,888 0 0 40,083 267,220 253,859 0 
2070 0 0 106,888 0 20,041 213,776 307,303 20,041 0 
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Figure  115:  Onion land suitability in Southern Grampians– Baseline (1996 – 2005) 

 
Figure 117: Onion land suitability in Southern Grampians – 2050 (A1F1) 

 
Figure 116: Onion land suitability in Southern Grampians – 2030 (A1F1) 

 
Figure 118: Onion land suitability in Southern Grampians - 2070 (A1F1) 

Shared legend: 
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8..4 FOCUS ON AREAS CLASSIFIED AS UNSUITABLE 
There is 16.50% of the area of Southern Grampians which is considered as unsuitable for onion. 

Two types of unsuitability have been defined (Table 29, Figure 119): 
 

- Public land. This is protected areas, with no agricultural activities. 
•  

- Permanently not suitable. These areas will never become suitable, because of the presence 
of lake (no data available on these areas). 

 
 Part of Southern Grampians area 

Suitable 83.50 % 
Permanently NS 0.05 % 

Public land 16.45 % 
Table 29: Onion land suitability – Focus on unsuitable land 

 
Figure 119: Onion land unsuitable areas – 2000 (baseline) to 2070 (A1F1)  

 

 All areas of Southern Grampians considered as unsuitable for onion will never be considered 
as suitable. 

Unsuitable areas 

Legend: 
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8.5. LAND SUITABILITY CHANGE 
In order to better visualise land suitability changes, three comparison maps have been realised: 

- Comparison between the baseline map and 2030 (Figure 120). 
- Comparison between the baseline map and 2050 (Figure 121). 
- Comparison between the baseline map and 2070 (Figure 122). 

 As it has already been pointed out, land suitability is quite similar between the baseline period, 
2030 and 2050 estimation, with a notable increase of land suitability in 2030. Regarding to the 
baseline, 62% of land has a suitability decrease in 2070 (Table 30, Figure 123). 

Table 30: Onion land suitability change (table view) 

 

 
Figure 123: Onion land suitability change (graphic view) 
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Amount  
(%) 

2030  
vs baseline 0 1 79 20 0 

2050  
vs baseline 0 2 94 4 0 

2070  
vs baseline 2 61 37 0 0 

Amount 
(ha) 

2030  
vs baseline 0 6,680 527,759 133,610 0 

2050  
vs baseline 0 13,361 627,967 26,722 0 

2070  
vs baseline 13,361 407,510 247,178 0 0 
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Figure 120:  Onion land suitability change in Southern Grampians 

– 2000 (baseline) to 2030 (A1F1) 

 
Figure 122: Onion land suitability change in Southern Grampians – 

2000 (baseline) to 2070 (A1F1) 

 
Figure 121: Onion land suitability change in Southern Grampians – 

2000 (baseline) to 2050 (A1F1) 

Shared legend: 
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8.6. CRITICAL PARAMETER IN SUITABILITY CHANGE 
Climate is the only part of the model changing between baseline map and 2030, 2050 and 2070 
maps. It is assumed that soil and landscape remain constant during the study period. The climate 
part of onion model is dealing with 21 parameters. To well understand influence of these 
parameters, it is necessary to undertake a correlation study between them and the final climate 
result (Table 31). 
 
Correlations coefficients traduce the existing link between two parameters. These coefficients can 
take values between -1 and 1. The closer the correlation coefficient is to these extreme values, the 
more linked the parameters are. If coefficient is equal to 0, it means there is no link between 
parameters.  

    Climate 2030 Climate 2050 Climate 2070 

Oct - Jan 

Temperature 
Max (Oct – Nov) 0.494781 0.577643 0.274355 
Min (Oct – Nov) 0.395451 0.093565 -0.145807 

Mean (Jan) 0.693652 0.781239 0.851799 

Water 
availability 

Irrigation 0.041785 0.081231 0.085225 

Rainfall 
Oct -0.126349 0.462672 0.351566 

Nov - Dec 0.101526 0.696183 0.840702 
Jan 0.225345 0.387211 0.539410 

Jan – Apr 

Temperature 
Max (Jan - Feb) 0.288451 0.284894 0.812222 
Min (Jan - Feb) 0.316770 -0.017212 0.035927 

Mean (Apr) 0.386918 0.398323 0.323132 

Water 
availability 

Irrigation 0.041785 0.081231 0.085225 

Rainfall 
Jan 0.529258 0.476824 0.539850 

Feb - Mar 0.342840 0.500583 0.581423 
Apr 0.522215 0.564147 0.852971 

Apr - Oct 

Temperature 
Max (Apr - May) 0.455862 0.105742 0.171767 
Min (Apr - May) 0.511858 0.078945 -0.061629 

Mean (Oct) 0.082804 0.203754 0.249010 

Water 
availability 

Irrigation 0.041785 0.162941 0355108 

Rainfall 
Apr 0.522216 0.564147 0.852971 

May - Jul -0.041785 -0.081231 0.091957 
Aug - Oct -0.041785 -0.081231 -0.448856 

 
 

Table 31: Correlation coefficients between climate part of the model parameters, and final climate model for 
2030, 2050 and 2070 

 

 The suitability decrease observed in 2070 is mainly due to variations of the rainfall in April. 

  
  

 
  

 
  

 
  

 
 Strong correlation
 Weak correlation
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CONCLUDING COMMENTS 
The first two decades of the 21st Century are being regarded as the age of environmental awareness, 
when global movements and world forums are focused on changing societies’ behaviour. In this age, 
the environment can no longer be considered as a fringe concern. It is an integral part of the 
sustainable functioning of a country or region, now and in the future. We must learn how to achieve 
economic development together with conserving our precious and finite natural resources.  

The most recent report of the Climate Council (2014) considered global efforts in the past few years 
to tackle climate change; it focused, in particular, on China, the United States (US) and the European 
Union (EU), which together are responsible for more than half (or 53%) of the global emissions of 
GHGs. The report also compared developments in Australia over the past year. Given the importance 
of the analysis, the Key Findings are briefly mentioned below. 

1. China and the US have firmly moved from laggards to global leaders on climate change. These 
two world powers have recently strengthened their response to climate change. China now has 
the world’s second largest market with seven domestic emissions trading schemes (ETS) being 
trialled in five cities – Beijing, Tianjin, Shanghai, Chongqing and Shenzhen - and two provinces. 
China is also now the number one country in the world for installed renewable energy capacity, 
new installations and investment. Renewable energy provides about one fifth of China’s annual 
electricity generation and this industry employs over 2.6 million people. Climate change action in 
China has driven a decline in about 26% in carbon intensity in the last eight years. The US is now 
second in the world for installed renewable energy due to a range of state-based renewable 
energy targets, incentives and initiatives. The centrepiece of the US national plan to reduce GHG 
emissions is to cut pollution from coal power plants by 30%.  

2. In the last five years, most countries around the world have accelerated action on climate change 
as the consequences have become clearer. Actions include thirty-nine countries placing a price 
on carbon pollution and setting renewable energy targets. The EU, the world’s third largest 
emitter of GHGs, has reduced emissions by 19.2% since 1990. The EU has adopted a new 
emissions reduction target of 40% below 1990 levels by 2030 and a renewable energy target of 
27% by that year. 

3. Australia’s situation. Australia is the 15th largest emitter of GHGs; greater than 170 other 
countries. Australia’s emission reduction target (5% reduction by 2020) has been found by the 
national Climate Change Authority to be too low and out of step with our trading partners. It 
recommended that Australia move to a minimum 19% target as a defensible contribution to 
global climate change effort. 

4. Global action must accelerate to protect Australia and the world form the consequences of a 
changing climate, sea level rise and more intense and frequent extreme weather. It is indicated in 
the report that GHG emissions are already at dangerous levels and continue to increase globally. 
Hence, to prevent catastrophic rises in global temperature, humanity must substantially curtail 
the use of coal and other fossil fuels. In this context, the importance of appropriate policy 
settings is vital to the competitiveness of renewal energy. As mentioned by the International 
Energy Agency (2014): ”Even with growing competitiveness, policies remain vital to stimulating 
investment in capital intensive renewables. Scaling up deployment to higher levels would 
require stable, long-term policy frameworks and market design that prices the values of 
renewable to energy systems and increases power flexibility.” 

On 12 November 2014, the US and China announced an historic agreement that would see the 
world’s two largest economies and climate change polluters  - together accounting for about 40% of 
global emissions - to slash GHG emissions. In particular, China set up a goal of increasing the share of 
zero-emission non-fossil fuel to 20% of the country’s energy mix by 2030. This has significant 
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negative medium and long-term implications for Australian exports of coal to China (The Age, 
13/11/2014). 

On 17 November 2014, Australia and China signed a far-reaching Free Trade Agreement (FTA) 
affecting about 95% of Australian exports to China. The FTA has the potential to lead to a massive 
increase in export for Australian firms and to be a boost for local employment. In particular, 
agricultural tariffs (i.e. import taxes) will be removed for dairy products (over 4 – 11 years), beef 
products (over 9 years) and wine (within four years).  

Therefore, in the context of the analyses described in this report, it is clear that Southern Grampians, 
in particular, and the South-west Region of Victoria, in general, have all the conditions to be a 
significant player in ensuring that the envisaged growth potential in agriculture can be realised. In 
order to do that, however, several actions need to be taken regarding likely climate change impacts 
in the region and its agricultural production. Important actions include: (i) the designation of 
agricultural Production Areas where a multiplicity of agricultural commodities can suitably be grown 
now and in the future, and (ii) the development of Blue-Green Infrastructure - a holistic and 
innovative construct, which includes several components to secure water for agriculture and 
industrial uses as well as improve the environment (Sposito et al., 2014). 

In a very perceptive and holistic analysis of environmental, including climatic, changes in past 
societies, Diamond (2005) argued that two types of choices have been crucial in tipping their 
outcomes towards success or failure: (i) long-term planning and (ii) a willingness to reconsider 
societal core values. The first of these choices depended on the foresight to practice long-term, 
strategic thinking as well as to take bold, courageous and anticipatory decisions at a time when 
problems have become perceptible but before they have reached crisis proportions and critical 
thresholds have been overcome. This type of decision making is precisely the opposite of the short-
term and reactive one which so often characterises how decisions are made in government and 
private organisations. The other crucial choice informed by the past involves the courage to make, 
sometimes painful, decisions about core values. This implies, in particular, a fundamental rethinking 
on the economic basis of our societies to move towards sustainability in all areas of living and work. 
The environmental age calls for well-thought climate change responses now at the individual and 
collective levels. 
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1. Executive Summary 
Land Capability or Suitability Assessment of the Glenelg Hopkins Catchment is a climate change 

adaptation project aimed at informing government (Local and State), the agricultural sector and the broader 

community, of the possible impacts of climate change on key commodities produced across the study region. 

The information has been developed to  

1) Generate and communicate specific long-term data, information and strategic plans that enable 

Local Government Authorities and the agriculture sector in the Glenelg Hopkins catchment to adapt to climate 

change effectively with a focus on regional development, infrastructure and agricultural industry 

transformation  

2) Reduce risks of soil degradation through farming practices inappropriate to future warmer, drier 

climate conditions.   

The project has been co-funded by the Glenelg Hopkins CMA with the support of the Australian 

Government National Landcare Programme, Southern Grampians Shire Council and Deakin University. This 

report outlines an analysis of the potential implications of regional climate change on cropping, through GIS 

modelling of broadacre crops barley (autumn sown), red wheat (autumn sown), quinoa (spring and autumn 

sown), chickpeas (autumn sown), faba beans (autumn sown), mustard seed (autumn sown), sunflower seed 

(spring sown) and industrial hemp (spring and autumn sown). An expert-systems based modelling approach 

was used that considers climatic, soil and landscape parameters to map expected yield across the region. The 

models and maps were validated with local farmers, farming groups and agronomists then modified according 

to their feedback, before running the models again with climate change projection data to understand how 

projected variability in climate might influence the expected yield and subsequently land suitability. The 

outputs are intended for strategic, regional-level decision making in relation to agricultural development, 

infrastructure and water. So, it is important to understand the assumptions and caveats associated with the 

modelling before interpreting the maps, which are covered in the body of the report. Also, the maps and 

associated information may assist to inform on-farm adaptation, to guide breeding programs and regional 

trials, among other more localised issued. But, decisions at such localised or specific levels will need to be 

informed by additional, more targeted research outside the scope of this project. 

According to the available climate projection data, the region will become hotter and drier, particularly 

in the north-east part of the catchment, the traditional cropping zone. The implications on cropping in the 

region may be significant. Projected changes to the values of key climatic variables, such as rainfall and 

temperature, could potentially impact the optimal growth conditions for these commodities. Increased 

temperatures could have negative impacts in terms of increased heat stress, increased evapotranspiration (and 

therefore increased irrigation requirements) and changes to phenology that impact on sowing and harvest 

times. 

The modelling indicates a likely shift of the traditional cropping zone from the northeast corner of the 

catchment further south and west, following the projected rainfall decline. Such a shift may increase suitability 

in the south, specifically for winter cropping commodities sensitive to waterlogging, but the equivalent 

decrease of precipitation is likely to cause water shortages and subsequent suitability decline in the traditional 

cropping zone around Ararat, Tatyoon, Lake Bolac and Streatham. Southward spread of cropping can already 

be observed, but other high-value land uses (such as dairy or cattle and sheep grazing along the coast) are likely 

to continue offering larger returns. This report looks at alternative commodities that are summer grown, often 

more drought and heat resistant than the currently grown species, or that have a high market value, in order 

to encourage more regional trials and inform adaptation efforts.  
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3. List of Acronyms 
 

ABARES Australian Bureau of Agricultural and Resource Economics and Sciences 

AHP Analytical Hierarchy Process 

AR5 Fifth Assessment Report (on climate change from International Panel on Climate Change) 

BoM Bureau of Meteorology 

CMA Catchment Management Authority 

CSIRO Commonwealth Scientific and Industrial Research Organisation 

DEM Digital Elevation Model 

DPI NSW Department of Primary Industries, New South Wales 

DPIPWE Department of Primary Industries, Parks, Water and Environment, Tasmania 

DSITIA Department of Science, Information Technology and Innovation, Queensland 

FAO Food and Agriculture Organisation of the United Nations 

GCM Global Climate Model 

GHC Glenelg Hopkins Catchment 

GHG Greenhouse Gas 

GIS Geographical Information Systems 

GRDC Grains Research & Development Corporation 

IPCC 

IR 

International Panel on Climate Change 

Irrigation Requirement 

LSA Land Suitability Assessment 

MCA Multi Criteria Analysis 

NASA National Aeronautics and Space Administration 

PNS Permanently Not Suitable 

RCP 

Re 

Representative Concentration Pathways 

Effective Rainfall 

RIRDC Rural Industries Research & Development Corporation 

SILO Scientific Information for Land Owners 

SRTM Shuttle Radar Topography Mission 

TNS Temporarily Not Suitable 

USGS United States Geological Survey 

VIC The State of Victoria 

VLUIS Victorian Land Use Information System 

VRO Victorian Resources Online 

WA The State of Western Australia 

WMO World Meteorological Organisation 

WorldClim Global Climate Data 
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4. Key Definitions 
 

Analytical Hierarchy 
Process 

Is a set of biophysical variables (criteria) that determine the growth and production of the 
selected agricultural commodity, arranged into a hierarchical order, which forms a 
decision making structure that can be evaluated by assigning weights to each criteria 

Baseline Baseline is a description of historical biophysical attributes of the Glenelg Hopkins 
catchment for 1960 – 1990, supported by available historical data for that period and 
agreed upon during validation stages of this project  

Climate Change 
Projections 

Show how climate and its variables such as temperature and rainfall are likely to change 
in the future based on the outputs of global climate models and their mathematic 
depiction of both atmospheric and oceanic circulation systems subjected to different 
types and levels of forcings 

Multi Criteria Analysis Its primary focus is combining biophysical data with expert knowledge to formulate a 
single suitability index class 

Land Suitability or 
Capability 

examines the degree of land suitability for the growth (cultivation or cropping) of the 
agricultural commodity of interest while reaching an adequate yield for each commodity  

Representative 
Concentration Pathways 

Are a set of scenarios developed by the International Panel on Climate Change for four 
plausible gas concentrations dependent on the level of anthropogenic forcing. They range 
from RCP 2.6 with a decline in emissions through RCP 4.5 of low increase of emissions to 
RCP 8.5 of high emissions pathway that is currently being followed  

Validation Is a model and suitability map verification process of face-to-face interviews with local 
stakeholders (predominantly farmers, Landcare groups and agronomists)  

Waterlogging 
Susceptibility 

Is defined by a set of soil attributes influencing the likelihood of the soil profile to get 
saturated with water, resulting in insufficient oxygen in the pore space for plant roots to 
be able to adequately respire 
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6. Introduction 

A comprehensive account of the project background will follow the publication of all three commodity 

group technical reports (cropping, pastures and horticulture) in the final project background report. The 

following introductory, climate change and methodology chapters will be adapted and expanded upon in that 

project report. 

The outputs of the project include climate projections for the region, maps showing the climate change 

impacts and opportunities for commodity production, and regionally-focused strategic plans that explicitly 

incorporate local knowledge and aspirations in order to maximise both economic and environmental outcomes 

with an emphasis on soil health. The input given by farmers during face-to-face round of consultation is 

essential to validate the results of land suitability assessment or LSA models for each commodity. Any input on 

commodity-specific growing requirements is reflected in the final regional maps of land suitability and 

subsequently in this report. 

7. Project Scope and Strategic Objectives 
The land suitability assessment part of this project, as the main subject of this report, aims to determine 

the extent of climate change impacts on the yield of selected cropping commodities. A list of 8 broadacre crops 

has been selected by the Project Control Group to include commodities already grown in the region as well as 

a number of potential future additions to the south west crop rotation. Surface water availability will decrease 

and temperatures will increase. To sustain agricultural livelihoods, it is therefore imperative that farm-level 

adaptation measures are supported by strategic planning using region-specific impact information, regional 

development and council-supported business development in order to assist agricultural transformation. 

In the above context, the main aim of this project is to generate and communicate specific long-term 

data, information and strategic plans that enable Local Government Authorities and the agriculture sector in 

the Glenelg Hopkins catchment to adapt to climate change effectively with a focus on regional development, 

infrastructure and agricultural industry transformation. The project has synthesised existing climate change 

and agricultural research as well as spatial data, and generated new information, to establish decision-making 

tools for Local Government and CMA adaptation planning. 

8. Climate Change & Agriculture 
Australian agriculture and its key industries are being exposed to rapid, intensive and extensive 

transformations associated with the influences of various drivers of change.  The main driving forces include 

globalisation, climate change, new markets and trade arrangements, competition for natural resources (land 

and water), and socio-cultural and organisational changes.  Consequently, our farmers are facing 

unprecedented pressures and uncertainties.  At the same time, exciting new opportunities are emerging.  These 

changes will be far reaching and will have a profound and lasting impact on agriculture and forestry production 

in Australia, in general, and Victoria, in particular, over the coming decades.  

There is wide acceptance that human well-being is linked to land uses that can sustain a diversity of 

ecosystem services (Reid et al., 2005).  Many countries are therefore re-evaluating how they can retain high 

levels of agricultural food production whilst balancing other demands for the land resource such as maintaining 

good drinking water quantity and quality, limiting Green-House Gas (GHG) emissions, or safe-guarding the 

socio-cultural and economic benefits of the their landscapes (Brown et al., 2008).  Unfolding changes in climatic 

conditions are of particular importance (Flannery, 2005, Ruth et al., 2006, Reid et al., 2005, IPCC, 2007b, IPCC, 

2013). 



CeRRF, Deakin University – Broadacre Cropping, Technical Report 10 

 

8.1 Climate Change Implications for Plant Growth 
The geographic (spatial) distribution of plant species, vegetation types and cropping patterns 

demonstrate the strong influence that climate has on plant growth.  Solar radiation, temperature and 

precipitation (in turn impacting on water availability) and seasonal patterns are key determinants of plant 

development through a variety of direct and indirect effects. Other climatic characteristics, such as wind speed 

and storm intensity and frequency, are also major influences.  Plant function is directly linked to climate and 

atmospheric carbon dioxide (CO2) concentrations.  On the shortest temporal and smallest spatial scales, the 

climate affects the plant’s immediate environment and thus directly affects physiological processes.  On longer 

time and larger spatial scales, the climate influences the distribution of species and community composition 

and can determine what crops can be viably produced in managed agro-ecosystems.  Plant growth also 

influences the local, regional and global climate through the exchanges of energy and gases between the plants 

and the air around them (Morison and Morecroft, 2008, Hillel and Rosenzweig, 2011, Stokes and Howden, 

2010). 

There is a rapidly growing number of well-documented instances of change in ecosystems due to recent 

(and most likely human-induced) climate change (Steffen, 2009, Reid et al., 2005, Callaghan et al., 2004, Steffen 

et al., 2006).  Overall, the Intergovernmental Panel on Climate Change (IPCC, 2007b, IPCC, 2013) concluded that 

“from collective evidence, there is high confidence that recent regional changes in temperature have had 

discernible impacts on many physical and biological systems”.  These recent climate changes are likely to 

accelerate as human activities continue to perturb the climate system and many reviews have made predictions 

of serious consequences for ecosystems.  

Climate change poses major scientific and practical challenges.  Our comprehension of plant responses 

to future climate must be built on a better understanding of the climate system itself, especially at the regional 

scale.  Plant production needs to be maximised to overcome the new, or altered, climatic conditions on food 

and fibre production in the face of continuing population growth, with a focus on sustainable actions.  The 

sustainability of agricultural and forestry production systems needs to be improved by reducing GHG emissions 

and the use of fossil fuels and by reducing water and nutrient consumption.  The management of natural 

resources must be adapted to conserve biodiversity in changing environmental conditions. 

 

8.2 Regional Scale Climate Change 
CSIRO and the Bureau of Meteorology (BoM) published climate change projections for Australia and its 

States in October 2007, with an update in 2015. (CSIRO and BOM, 2007, CSIRO and BOM, 2015).  These reports 

provide the information on observed climate change in the country and its likely causes, as well as updated 

projections of change in the key climatic variables and other aspects of climate that can be expected over the 

coming decades.  Projections are formulated for the years 2030, 2050 and 2070.   

At Glenelg Hopkins catchment scale, climate change scenarios were visualised and reported upon in 

the previous report “Analysis of Climate Projections for GHC region” in September 2016. The baseline climate 

data has been derived from an averaged overlay of SILO and WorldClim datasets. SILO data has a resolution of 

5 km2 and provides historical climate data (precipitation; maximum, minimum and mean temperature) from 

Australian Bureau of Meteorology. (Department of Science, Information Technology and Innovation 2016) 

WorldClim data has a resolution of 1 km2 and was created by interpolating average monthly values by 

combining data from a number of global as well as local Australian databases. (Hijmans et al. 2005) The output 

baseline layers have a 1 km2 resolution, to be comparable with the projection datasets. Values for 2030, 2050 

and 2070 have been derived using a 1 km2 ACCESS 1.0 global climate model developed for Australia by CSIRO-

BOM. This model represents the most recent Representative Concentration Pathways (RCP) scenarios. Outputs 

for this climate change scenario projects by comparison to the baseline year that there will likely be:  
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 An increase of between 3°C to 4°C in the average maximum temperature for the high emissions scenario RCP 8.5. 

 An increase of between 1.5°C to 2°C in the average mean temperature for the high emissions scenario RCP 8.5. 

 An increase of between 1°C to 2°C in the average minimum temperature for the high emissions scenario RCP 8.5. 

 A decrease of about 50mm per year to 100mm per year in the total annual rainfall for the high emissions scenario 
RCP 8.5. 
 

Figure 1 shows a projected overall decrease in rainfall over seasons, with a potential for a slight increase 
in summer under the low emissions pathway RCP 4.5 and high emissions pathway RCP 8.5. Figure 2 
demonstrates the likely future increase in mean, maximum and minimum temperatures alike, under both low 
and high emissions scenarios RCP 4.5 and 8.5, respectively. The extent of changes is significant, suggesting high 
variability of future climate. The averaged values suggest an increase across all seasons, with the highest rise 
in summer temperatures. 

 

Figure 1 - Seasonal Mean Rainfall for baseline, RCP 4.5 and RCP 8.5 2050 

 

Figure 2 - Seasonal average of mean temperature for baseline, RCP 4.5 and RCP 8.5 2050 (with deviation bars 
showing average maximum and minimum temperatures for particular season) 
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Projected values indicate decrease in rainfall and increase in temperature, with the most prominent 

changes in both extremes of maximum and minimum temperature. The resulting climate shift in the region is 

milder than in the rest of Victoria, but presents Glenelg Hopkins catchment with opportunities to diversify its 

land-use by adding crops more suited for warmer climates into its agricultural production. It also calls for an 

improvement of water management and water allocation methods in parts of the catchment. Maps 

demonstrating the projected change in annual rainfall and mean temperature can be found in Figure 3 and 

Figure 4. 

 
Figure 3 - Mean annual rainfall for baseline 1960-1990 and RCP 8.5 projections 

 
Figure 4 - Annual Mean Temperature for baseline 1960-1990 and RCP 8.5 projections 
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9. Methodology 
In order to generate the specific long-term data, information and strategic plans to adapt to climate 

change, a simplified model of the approach is diagrammatically depicted in Figure 5 was applied in this study.  

The overall methodological approach used to assess the degree of land-use suitability, in both a current and 

future climate, integrates a Multi Criteria Analysis (MCA) applied with an Analytical Hierarchy Process (AHP) in 

a Geographic Information System (GIS), to spatially represent land-use suitability. The methodology is 

informed, and takes place within, the policy context established by the relevant government policy statements 

at national, state and regional levels. 

The MCA is implemented using an AHP (Saaty, 1980, Saaty, 1995, Saaty, 1994).  Broadly defined, for 

the study region, biophysical variables (criteria) that determine the growth and production of the selected 

agricultural commodity, are arranged into a hierarchical order, this forms a decision making structure that can 

be evaluated (an example of such hierarchy can be found in Appendix I). Criteria are then assigned numerical 

values (weights), which are determined primarily from expert knowledge and judgement. These weights are 

placed on each criterion and indicate the relative importance to one another and to the overall output. MCA 

has been used extensively around the world in many studies based on land-use suitability, where a primary 

focus is combining biophysical data with expert knowledge to formulate a single suitability index class 

(Jankowski and Richard, 1994, Hossain et al., 2006).The first module in the methodological approach are 

historical climatic inputs and future climate change projections as derived from the global IPCC Assessment 

Reports (IPCC, 2007a, IPCC, 2013).  In particular, future climate projections are based on the CSIRO ACCESS1.0 

Global Climate Model (GCM) (Ramirez & Jarvis 2008) at the spatial resolution of 1 km2 using emissions scenarios 

created from the Representative Concentration Pathways RCP (CSIRO and Bureau of Meteorology 2015; van 

Epersele 2014). This model uses the Intergovernmental Panel Climate Change (IPCC) scenarios employed in the 

IPCC Fifth Assessment Report (AR5).  These are scaled down to a regional level for each of the key climatic 

variables.  As shown in the figure, several other data inputs, in addition to climate, are necessary; these can 

include, but are not solely limited to, soils and landscape. In all, the combination of these three main inputs can 

be used to describe the primary growth requirements of common crop plants. 

Climatic conditions are key metrics for modelling plant growth, either by restricting ecological process 

(e.g., plant establishment and growth rate), or by limiting management activities such as the timing of specific 

farm practices (e.g., ploughing, sowing or harvesting).  These climatic metrics are a significant link between 

prevailing climatic conditions, as measured at weather stations, and their specific relevance to land use 

activities.  A change in climatic conditions implies new opportunities for, or risks to, land use (Stone and Meinke, 

2006).  Therefore, exploration of climate change impacts on land suitability can identify areas where the range 

of options is changing or may be expected to change in the future, and whether the inherent biophysical 

flexibility in land-use options is increasing or decreasing.  This information can then provide the platform from 

which to explore the socio-economic implications of climate change alongside other drivers of change (Brown 

et al., 2008).  

The AHP allows for experts’ participation in the decision making process.  Compared to empirical 

models this expert systems model incorporates the knowledge of experts who have an in-depth understanding 

of one aspect of the specific system of concern.  This is seen as an essential step in suitability analysis because 

expert based knowledge can fill gaps created by poor empirical based knowledge or poor data quality. With 

the contribution of regional experts in agronomy, soil science and farming (amongst others), an AHP model is 

constructed for each particular commodity. 
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Figure 5 – LSA methodology 

9.1 Suitability Analysis 
The methodological approach adopted in this project includes at its core Biophysical Land Suitability 

Analysis (LSA) for the agricultural commodities of interest, which is focused at the regional level. Biophysical 

LSA is defined as the process of determining the fitness, or the appropriateness, of a given area of land for a 

specified use (FAO, 1976); see also (McHarg, 1969, Hopkins, 1977). Biophysical LSA can provide a rational basis 

to identify the most favourable utilisation of land resources and land use planning (FAO, 1993). It examines the 

degree of land suitability for the growth (cultivation or cropping) of the agricultural commodity of interest. It 

has thus gained wide acceptance and adoption across a wide range of users including land managers, 

agriculturalists and planners.  

Modifications in agricultural land suitability caused by climate change can be assessed by comparing 

future suitability maps (using climate change projections) with current suitability maps (using historical/present 

climatic conditions). Overall this can provide an assessment of the potential climate change impacts on 

agricultural systems, be utilised as a decision support tool and facilitate discussions of the policy options to 

respond to the likely impacts.   

Further comprehensive explanations of the Biophysical LSA methodology can be seen in the 

publications of Geography Compass (Sposito et al., 2010a), Applied Spatial Analysis (Pelizaro et al., 2010), 

Applied GIS (Sposito et al., 2009) and Open Journal of Applied Sciences (Sposito et al., 2013) to which the reader 

is referred. In this report, only a brief explanation of the approach is provided with an emphasis on the 

development and application of the LSA models to cropping systems. 
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9.2 Suitability Framework 
The United Nations Food and Agricultural Organisation (FAO) have an established framework structure 

for the assessment of suitability for any type of land use and land cover (FAO, 1976). This structure is 

hierarchical in design and comprises of Orders, Classes, Subclasses and Units. Suitability Orders indicate if a unit 

of land is Suitable (S) or Not Suitable (NS), hence there are two suitability orders. Suitability Classes are used to 

reflect degrees of suitability, for example, at base three classes can be defined; High (80% - 100%), Moderate 

(50% - 70%) and Low Suitability (0% - 40%).  Furthermore, the Not Suitable order can be defined into two 

classes; Temporarily Not Suitable and Permanently Not Suitable. This framework has been modified slightly for 

use in the Glenelg Hopkins study.  The core of the framework is maintained for application in the study region.  

The two principle suitability orders are maintained; S and NS. NS is further defined into Permanently Not 

Suitable (PNS) for areas excluded based on factors that cannot be changed by farm management practices (ex. 

soil depth) and Temporarily Not Suitable (TNS) for areas with currently unsuitable factors that can be made 

favourable by management practices (such as application of lime on acidic soils).   

9.3 Caveats 
The LSA models are validated using regional expertise and input by local growers and experts. 

However, it is important to be aware of a number of caveats when interpreting the results of the models: 

1. The methodology has been formulated for application at regional and local levels.  In particular, LSA maps are 
developed and presented at a regional level with a spatial resolution of 1 km2, which is the resolution of the 
downscaled climate change projections. Therefore, LSA maps should not be used to infer (current and future) 
conditions at a site level (e.g. at farm level). 
 

2. LSA maps depicting future conditions substantially depend on the input climate change projection data, which are 
inherently uncertain.  A multiplicity of futures is possible depending on major policy decisions over time and how the 
climate system will respond to them.  Therefore, future LSA maps depict a likely future projected by the IPCC and, by 
no means, the only future.   
 

3. The modelling approach does not account for some important components of crop production; for instance, the 
effect that changing climatic conditions may have on bees and pollination, or on crop disease status. It also does not 
consider management practices that also significantly influence crop yields. Therefore, LSA maps depict strictly 
biophysical conditions that are based on currently available reginal-scale data. 
 

4. With the projected regional increase in temperature and associated decline in rainfall, extreme weather events, 
(including fire risk) are likely to increase across the study region.  This is not considered in the present study and will 
require complementary research and (possibly) the preparation of overlay maps showing areas of greater risks. 
 

5. Each commodity’s biophysical requirements for climate, soil and landscape – were identified by a review of the 
scientific literature and their value ranges were validated using expert opinion and regional expertise.  It is 
nonetheless possible for some subjective information, via the expert opinion phase of the exercise, to influence the 
model design or the weighting of individual criteria within the models, especially in the case of emerging commodities 
that have not been grown on a large scale in the region.  

 

6. The spatial soil data available for the LSA modelling is limited to the data availability. Region specific issues such as 
aluminium toxicity could not be included in the model since there are not available in a spatial format. Waterlogging 
susceptibility layer supplied by the Glenelg Hopkins CMA has been included in the model, although, management 
practices improving drainage such as raised beds or liming to decrease soil acidity, could not be incorporated. 
 

7. The study did not examine different varieties within a particular agricultural commodity. Considerable variation can 
occur between varieties within a species with respect to their biophysical requirements.  

 

8. This study contains a number of commodities that are either grown on a small commercial scale limited to a certain 
area of the catchment or not at all (such as quinoa, hemp, Citrus, panic grass etc.). The lack of growers in the region 
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made it harder to validate such models. They are predominantly reliant on scientific literature and expert opinion of 
agronomists and farmers growing similar crops, and will be amended once more trials are available from the region. 
 

9. It is difficult to account for the contribution that a grower’s management practices can make to the suitability of a 
specific commodity at a particular geographical location. It is hence entirely possible for a particular grower to achieve 
good yields at a location that has been modelled as having a low biophysical suitability and, conversely for a grower 
to achieve poor yields at a location that is ranked with a high biophysical suitability. It should also be noted that the 
models do not take into account other factors that may impact on suitability and yield, such as extreme climate 
events, pests and diseases, or socio-economic considerations. 

 
10. The report has looked at a selection of agricultural commodities across the Glenelg Hopkins catchment. The reader 

should therefore be aware that the designation of an area in the region as less suitable in future climates only applies 
to the particular commodities modelled in this report, and that those same areas may become more suitable for 
other crops. Additional modelling will be required to examine other agricultural commodities in order to have a more 
comprehensive understanding of the agricultural potential of the Study Region, now and in the future. 
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10. Biophysical Data Inputs 

10.1 Observed Climate 
Past and current climate data was obtained through the SILO Project (Jeffrey et al., 2001), which is 

hosted by the Science Delivery Division of the Queensland Department of Science, Information Technology, 

Innovation and the Arts (DSITIA).  SILO is based on Bureau of Meteorology (BoM) climate data and includes 

multiple datasets of variables such as temperature and rainfall.  The data is Victoria-wide and is available at a 

resolution of 5 km2 (grid). In order to increase coastal coverage and get a finer resolution data of 1 km2, the 

SILO data has been averaged with WorldClim data, as mentioned in Chapter 0 on climate change. 

Interpolation techniques (thin plate smoothing splines for climatic variables and ordinary kriging for 

rainfall) are used on weather observation station climate information supplied by the BoM (Jeffrey et al., 2001).  

There are several points where uncertainty can affect data quality, such as the physical weather observation 

stations themselves. Data can be lost at these points due to instrument failure, non-reporting of data or 

incorrect recordings. In the interpolation of climate data, there is also an associated level of error, given values 

are being estimated between two points. The associated levels of error in the SILO and WorldClim climate 

datasets, and how these are handled, are explored and quantified in Jeffrey et al., (2001).  

Commonly used in climate studies is the ‘climate normal’, which is used as a reference period for 

comparative purposes between current, historical and future climates. Generally, they are calculated over a 

standard period of thirty years, which is long enough to include year to year variations but not that long to 

allow it to be influenced by long term climate trends. The World Meteorological Organisation (WMO) uses the 

period of 1961 to 1990, which is also used in Australian meteorological references. WorldClim data set uses 

period of 1960 to 1990. This study has used the 1960-1990 climate normal period as a baseline comparison 

against future climate projections and simulated suitability analyses.  The climate normal, hereafter, will be 

referred to as the ‘baseline’ climate. 

10.2 Future Climate 
Future climate scenarios were created using the CSIRO’s Global Circulation Model (GCM) CSIRO-

ACCESS1.0 model (Ramirez & Jarvis 2008) and RCP 4.5 and 8.5 emissions scenario (van Epersele 2014; CSIRO 

and Bureau of Meteorology 2015). The 4.5 (low emissions) and 8.5 (high emissions) scenarios are one of the 

scenarios used in GCM models and climate change analysis.  Projections are based on assumptions about future 

demographic, economic, land use, and science and technological changes and are reported on in the IPCC 

Representative Concentrations Pathways (van Epersele 2014).  

10.3 Landscape 
A Victoria wide Digital Elevation Model (DEM) provided the basis for landscape analysis.  This is in a 

raster grid format, with a grid cell resolution of 100m2. This dataset represents the ground surface topography 

or terrain of Victoria.  The dataset allowed the calculation of critical geographic features such as slope, altitude 

and aspect.  The DEM has been sourced from NASA’s Shuttle Radar Topography Mission (SRTM) landscape 

dataset (NASA and USGS, 2014), which is supplied at 1 arc second (equivalent to a 30 metre resolution).  This 

is hosted in conjunction with the United States Geological Survey (USGS). 
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10.4 Soils 
Soil type (Isbell and CSIRO., 2002) is one of the most important factors that influences land utilisation.  

It provides the physical, chemical and biological activity basis required for plant growth.  Principal information 

for soils data for this study has been sourced from Soils and Landform Mapping, undertaken by the Victorian 

State Government found on the Victorian Resources Online (VRO) web-based platform (Victorian State 

Government, 2015b) or the Victorian Data Portal, data.vic.gov.au (Victorian State Government, 2015a).  These 

studies are at a geographic scale of primarily 1:100,000 and these surveys and maps provide a description of 

the land and associated soil types/units.  Finer scale mapping can be more accurate, but the available data at 

all scales across the Glenelg Hopkins catchment is sufficient for suitability modelling.  Further information for 

soils data and attributes have been sourced from the Soil and Landscape Grid of Australia, produced by the 

CSIRO (CSIRO and TERN, 2015) and from the soil layers supplied by the CMA (containing waterlogging, salinity, 

erosion and other susceptibility maps). 

Soil attributes, as used in land-use suitability modelling, can be categorised into two broad groupings; 

physical attributes and chemical attributes. Physical attributes relate to the actual physical properties of the 

soil and include measures such as texture or soil horizon depth.  Measurements for these are usually done in 

the field at a soil pit.  Chemical attributes relate to the chemical composition of the soil and can include 

measures such as soil nutrient composition or soil pH.  Measurements for these are usually done in a soils 

laboratory on collected field samples. The attributes that are used within the AHP are listed in Table 1. 

Table 1 – Soil attributes included in the LSA models 

Soil Grouping soil attribute 

Physical Texture, Drainage, Useable Depth (2/3 of Horizons A & B), Depth to Bedrock, Coarse 
Fragments, Waterlogging Susceptibility, Stoniness 

Chemical Soil pH in water & CaCl2, Salinity/Electrical Conductivity (ECe), Sodicity 
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11. Validation 
The AHP, at its core, is an expert’s system model, in that much of the decision points in an AHP are 

derived from expert based knowledge. This can range from the weightings placed on each hierarchy level to 

the growth indices used to formulate suitability index class values. This expert input is an essential step in LSA 

because it fills information gap due to poor empirical based knowledge or poor data quality, and also ensures 

the outputs are more locally-relevant. As such, the expert input that is used to formulate an AHP land-use 

suitability model is used to validate the output. 

Initial AHP land-use suitability models were formulated based on previously-developed LSA models for 

different regions of Victoria. These were adapted and adjusted for use in the Glenelg Hopkins catchment 

through a thorough literature review, and run to produce a preliminary output map of suitability. The initial 

maps, for the baseline climate, were then reviewed by local ‘experts’ (farmers, farming groups, agronomists, 

plant breeders, among others) at a wide cross-section of locations around the catchment. Based on experts’ 

knowledge of the region, any inconsistencies in the predicted suitability were identified and the model 

amended accordingly by making adjustments to weights and ratings. As a matter of course, this validation 

process is repeated until there is a general satisfaction with the map output. In this particular study, the 

validation input on whether the initial ‘preliminary’ map reflected their understanding of the region’s suitability 

for the selected commodities has been quite diverse. It largely depended on the location and primary land use 

therein. The Glenelg Highway, being traditionally thought of as a divide between cropping and pasture based 

land-use, has often been referenced as a suitability demarcation. The overall validation feedback and a number 

of successful cropping farms established further south suggest a likely shift of the notional cropping line closer 

to the Hamilton Hwy. The climate conditions in north-west are favourable for cropping, as seen on the 

suitability maps, but areas of sandy soils and landscape restrictions complicating cultivation and use of 

machinery due to its hilliness, decrease its broadacre cropping potential. This validation process was followed 

for each of the AHP land-use suitability models, as used in this project. Suggested changes to the models were 

made and are emphasised in latter parts of this report, specific to each commodity. 

In general, changes have been made to match the regional growing season, amending the spring and 

autumn break windows suggestive of planting and harvest timing. These models have been therefore amended 

based on the limited feedback and any available trials in close vicinity to the catchment or other parts of 

Australia with similar biophysical conditions. All the assumptions made are detailed at the pertinent 

commodity-specific sections of this report.   

Due to high waterlogging susceptibility of the regions soils, mentioned at every validation session, a 

rainfall cut-off has been introduced into the models to control for suitability in areas with good drainage, but 

excessive rainfall. For most winter crops, that cut-off has been set between 550 and 650 mm of rainfall per 

growing season (depending on the crop requirements and sensitivity) after which the suitability ranking rapidly 

drops off. A waterlogging susceptibility data supplied by the CMA has also been imbedded within this project’s 

models. A regional issue of aluminium toxicity hindering plant development has been pointed out on numerous 

occasions in both crop and pasture validation sessions. A spatial dataset containing specific catchment-wide 

aluminium levels is not available. The models are therefore using the values of pH and soil textures as an 

indication of potential Al toxicity issue.  
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12. Crop Production 
As mentioned in Chapter 8 on Climate change and Agriculture, Glenelg Hopkins catchment has very 

diverse biophysical conditions, extending over two major climatic zones. Those are represented in the 

agroecological zones defined by the Australian Export Grains Innovation Centre (Appendix II) as: 

 South Australia – Victoria Border – Wimmera 

Winter dominant rainfall with major crops such as wheat, barley, oats, triticale, lupins, field peas, canola, 

chickpeas, faba beans, vetch, lentils, safflower  

 Victoria High Rainfall  

Winter dominant rainfall with major crops such as wheat, barley, oats, triticale, lupins, field peas, canola 

Majority of the catchment has been traditionally dominated by pastures, particularly the coastal areas 

and the hilly north-west. The feedback received during validation suggests a recent trend of cropping to extend 

further south. Consistent with those observations, the projected changes in climate are very likely to cause a 

shift of agroecological zones southward. Likely increase in summer rainfall would suggest a potential for the 

region to introduce more summer crops into the cropping mix. Although, based on the validation feedback 

from regional croppers, it is predominantly the spring rainfall that determines the crop’s success. With hot and 

dry springs becoming more prevalent, the soil moisture content is insufficient and is likely to result in yield 

potential decline. As demonstrated in Figure 6, an occasional wet year, such as 2016 is likely to significantly 

increase production regardless of commodity prices shown in Figure 7, that otherwise influence production 

decisions. 

 

Figure 6 – Crop production by state for 2016/2017 and 5 year average (Source: Australian Crop Update April 
2017)(AgAnswers 2017) 
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Figure 7 – Indexes of crop prices in Australia for 2007 - 2017 

The production of crop commodities in the Southern and Western Victoria have been relatively stable 

during the past 5 years, as shown in Figure 8. Similarly to the rest of Victoria, majority of the produce are grains, 

namely barley and wheat, followed by canola and other oilseeds, and a low share of pulses/legumes. As 

presented in Figure 9, the overall area of cropping within the Glenelg Hopkins Catchment has been increasing 

from 15% in 2011/2012 to 22% in 2014/2015 (ABS 2016). Accounts from local farmers and agricultural groups 

during suitability model validation suggest a shift of cropping production south.  

 

Figure 8 – Total Quantity of Cropping Commodities Produced in Southern and Eastern Victoria for 2000-2016 in tonnes 
(Source: ABARES, 2016) (ABARES 2017) 
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Figure 9 – Broadacre Cropping by Percentage of the Total Estimated Area of Agricultural Land in Glenelg Hopkins Catchment 
Area for 2011 - 2015 (Source: ABS, 2016)  
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A. Grains 
Barley (autumn sown) 

 

 

 

Production of barley in Australia is the second largest after wheat (same as in Southwest Victoria, 

demonstrated in Figure 8), with almost 70% being exported (Neil et al. 2010). As shown in Figure 10, the extent 

of barley growing area across Victoria has been rather stable over the past 10 years, with a recent 

improvements in productivity increasing the overall production volume (ABARES 2017). Similarly to other grain 

crops, the 2016/2017 season has been exceptional in terms of production (see Figure 6), but short term 

forecasts predict a decline of barley production due to low commodity prices as demonstrated in Figure 7 (Rural 

Bank Ltd & Bendigo and Adeleide Bank Limited 2016; AgAnswers 2017).  

 

Figure 10 – Barley production in Victoria by volume and area for 2005 – 2016 (Source: ABARES, 2017) 

Based on National Variety Trials done by the Grains Research & Development Corporation GRDC 

initiative around Streatham and Hamilton, barley has been modelled as a long, cold season grain crop sown in 

late autumn (mid-May) with target yield of 5 – 8 t/ha (GRDC: Grains Research & Development Corporation 

2017c; Grains Research & Development Corporation 2016a). It is more frost tolerant at flowering than wheat 

and can be therefore planted earlier in the season (Grains Research & Development Corporation 2016a; Kelly 

et al. 2015). Profitability of barley is determined by grain quality (differentiating between barley for malt and 

for feed) and yield. The quality is partially influenced by weather conditions with early planting being more 

likely to produce higher yields, larger grain size and lower protein levels that all determine the malting quality. 

Late maturing in hot and dry weather reduces grain size and subsequently the quality and yield. (Grains 

Research & Development Corporation 2016a; Macquarie Franklin 2011)  

Winter barley needs a vernalisation period of low temperatures between 0 and 10°C (Neil et al. 2010). 

The different length of vernalisation needed among varieties is not considered in this model. Paddock selection 

also has a crucial impact on production yield and quality. Slope should not exceed 25%, depending on the risk 

of soil erosion and machinery access, but also run-off accumulation at the low-lying areas. Barley can be grown 

on a range of soil textures, from heavy clays to light and sandy loams, as long as they are well drained (DPIWE 

Tasmania 2012a). It has a higher salinity tolerance than wheat but is more sensitive to soil acidity, affecting 

yields if pH (CaCl2) is less than 4.5, and to waterlogging (Department of Agriculture Forestry and Fisheries 2009; 
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Grains Research & Development Corporation 2016a; Neil et al. 2010). Validation feedback received from 

farmers pointed out waterlogging as one of the most limiting factors. Rainfall cut-off has been hence introduced 

into the LSA model, radically decreasing suitability index of areas where seasonal rainfall reaches over 550 mm.  

Figure 11 shows the land suitability maps for barley as modelled for the historical baseline of 1960 – 

1990 and subsequent climate change projections RCP 8.5 out to 2070. The baseline map shows high suitability 

in the drier, traditional cropping areas of the catchment with rainfall between 300 – 500 mm per growing 

season. Any additional rainfall decreases suitability due to increased risk of waterlogging and associated 

diseases. Projected decrease in winter rainfall results in higher suitability further south, suggesting the potential 

of cropping to expand to what have traditionally been pasture-dominated areas.  

 

 

Figure 11 – Barley (autumn sown) land use suitability maps for baseline of 1960-1990 and climate projections RCP 8.5 for 
2030, 2050 and 2070  
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Temperature shifts are likely to be less dramatic, not having a significant impact on suitability until 

2070, when the increase in temperature in the northern part of the catchment is likely to decrease its suitability. 

Nevertheless, barley is projected to be highly suitable for approximately 2/3 of the catchment by 2070, as 

shown in Figure 12. Despite climate being the driving factor in barley’s land suitability model, soil parameters 

such as pH, drainage and waterlogging susceptibility also have a significant weight on the overall suitability 

index. Stoniness, preventing access or successful operation of machinery has also been taken into account and 

is presented as an overlay of paddocks with rocks on more than 20% of their area in Figure 11. 

 

 

Figure 12 – Land Suitability Area Change for Autumn Sown Barley 
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Red Wheat (autumn sown) 
 

 

 

Wheat is a grain with the highest production in Australia (same as in Southwest Victoria, 

demonstrated in Figure 8), with almost 70% of production being exported (NSW DPI 2007). As shown in Figure 

13, the extent of wheat production area across Victoria has been rather stable over the past 10 years, with a 

recent increase in productivity (ABARES 2017). Similarly to other grain crops, the 2016/2017 season has been 

exceptional in terms of production (see Figure 6), but short term forecasts predict a decline of wheat production 

due to low commodity prices as demonstrated in Figure 13 (Rural Bank Ltd & Bendigo and Adeleide Bank 

Limited 2016; AgAnswers 2017).  

 

Figure 13 – Wheat production volume and area in Victoria for 2005 – 2016 (Source: ABARES)  

Based on National Variety Trials done by the GRDC initiative around Streatham and Hamilton, red 

wheat has been modelled as a long, cold season grain crop sown in mid to late autumn with target yield of 

5 – 8 t/ha (GRDC: Grains Research & Development Corporation 2017c; Grains Research & Development 

Corporation 2016a). High soil temperatures during sowing are likely to hinder establishment, the temperature 

range for germination in this model is 12 – 25°C (Grains Research & Development Corporation 2016b; E. 

Acevedo et al. 2015). Winter wheat needs a vernalisation period of low temperatures between 0 and 10°C (Neil 

et al. 2010). The different length of vernalisation needed among varieties is not considered in this model. Even 

though wheat needs a period of low temperatures, frost at flowering stage (end of spring) can cause the grain 

not to fill, resulting in reduced yield (E. Acevedo et al. 2015; Bill Cotching et al. 2012). Paddock selection also 

has a crucial impact on production yield and quality. Slope should not exceed 25%, depending on the risk of soil 

erosion and machinery access, but also run-off accumulation at the low-lying areas. Soil type and drainage are 

interrelated factors that strongly affect land suitability, although wheat is less sensitive to waterlogging than 

barley. Red wheat can be grown on a range of soil textures excluding sandy soils susceptible to erosion. It is 

suitable to well, moderately and excessively drained soils (DPIWE Tasmania 2012a). Soil acidity affects yields if 

pH (H2O) is less than 5.0, with ideal range between 6.0  and 6.5 (Bill Cotching et al. 2012; E. Acevedo et al. 2015; 

NSW DPI 2007). It is less tolerant to soil salinity than barley. Areas with ECse < 3dS/m in topsoil are 

unsuitable(Bill Cotching et al. 2012). 

Validation feedback received from farmers reported red wheat being higher yielding than white wheat. 

It also stressed the importance of good drainage and sufficient soil depth, but pointed out its tolerance to acidic 
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subsoils. Due to potential waterlogging issues in the south of the catchment, rainfall cut-off has been 

introduced into the LSA model, radically decreasing suitability index of areas where seasonal rainfall reaches 

over 650 mm.  

Figure 14 shows the land suitability maps for red wheat as modelled for the historical baseline of 1960 

– 1990 and subsequent climate change projections RCP 8.5 out to 2070. The baseline map shows the highest 

suitability of 90 – 100% in the drier, traditional cropping areas of the catchment with rainfall between 300 – 

550 mm per growing season. Any additional rainfall decreases suitability due to increased risk of waterlogging, 

but due to wheat’s higher tolerance, 70% of the catchment area at baseline is highly suitable for red wheat. 

Projected decrease in winter rainfall results in increasing suitability further south, suggesting the potential of 

cropping to expand to what have traditionally been pasture-dominated areas.  

 

 

Figure 14 – Red Wheat (autumn sown) land use suitability maps for baseline of 1960-1990 and climate projections RCP 8.5 
for 2030, 2050 and 2070 
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Temperature shifts are likely to be less dramatic, not having a significant impact on suitability. Red 

wheat is projected to be highly suitable for approximately 90% of the catchment by 2070, as shown in Figure 

15. Despite climate being the driving factor in wheat’s land suitability model, soil parameters such as salinity, 

drainage and waterlogging susceptibility also have a significant weight in the overall suitability index. Stoniness, 

preventing access or successful operation of machinery has also been taken into account and is presented as 

an overlay of paddocks with rocks on more than 20% of their area in Figure 14. 

 

 

Figure 15 – Land Suitability Area Change for Autumn Sown Red Wheat 
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Quinoa (spring sown) 
 

 

 

Quinoa is a grain crop native to Andes region of South America, being grown in a range of altitudes, 

climate and soil conditions. It belongs to the same family as Sugar Beet, Table Beet Spinach and Swiss Chard 

(Vogel et al. 2008). The world prices of quinoa have increased substantially in recent years (Foster et al. 2005). 

The main exporters are still South American countries Peru, Bolivia, Chile and Ecuador, but a number of 

European countries have been increasing their share in the world production since 2010 (Vogel et al. 2008; 

Foster et al. 2005; Advisory 2013). The largest producer of Quinoa in Australia is in Northern Tasmania, but 

cropping trials have also been successful in Western Australia.  Figure 16 shows details of Quinoa’s phenology 

and cultivation as applied in the primary production areas of South America with identical growing season 

specifications as for Australia.  

 

Figure 16 – Quinoa: Cultivation and Phenology (Source: Quinua.pe, 2001) (Angel Mujica et al. 2001) 
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Quinoa is grown in multiple agroecological zones with very different climate and soil conditions and 

corresponding yields ranging from 1.5 t/ha to 11 t/ha (Bojanic 2011). It withstands temperatures from -4°C to 

38°C and is highly water efficient, withstanding rainfall as low as 100 – 200 mm and as high as 1000 – 2000 mm 

per growing season (with drainage constraints due to low waterlogging tolerance) (Mina & Bazile, D.; Bertero, 

D. ; Nieto 2014; Bojanic 2011; Rural Industries Reserach and Development Corporation 2014). Ideal 

temperatures are 10°C – 18°C during germination and 15°C – 23°C for maturing (Mina & Bazile, D.; Bertero, D. ; 

Nieto 2014; Bojanic 2011). Quinoa can therefore be grown in both winter and summer, as modelled below. 

Based on the available trials in WA, it is vital for farmers to select an appropriate variety for their location 

(general agroecological zones suited for quinoa are in Table 2). Quinoa prefers loamy soil texture with good 

drainage. Neutral pH (H2O) 5.5 – 8.5 is optimal, but plants tolerate acidic pH 4.5 to alkaline pH 9.5 soils (Apaza 

et al. 2015; Rural Industries Reserach and Development Corporation 2014; Mina & Bazile, D.; Bertero, D. ; Nieto 

2014). 

Table 2 - Precipitation and temperature requirements of Quinoa cultivars in different agroecological zones 

DE VALLE 700 – 1500 mm 3°C minimum 

DE ALTIPLANO 400 – 800 mm 0°C minimum 

DE LOS SALARES 250 – 400 mm -1°C minimum 

DE NIVEL DEL MAR 800 – 1500 mm 5°C minimum 

YUNGAS 1000 – 2000 mm 11°C minimum 

(Source: Mina, D. et al 2014) (Mina & Bazile, D.; Bertero, D. ; Nieto 2014) 

The model for spring sown quinoa is based on Bolivian cultivars grown in WA with low rainfall 

requirements of 350 – 450 mm per growing season. The plants are sown in mid-spring and harvested in mid-

autumn, with temperatures of 8°C - 27°C. Due to waterlogging issues in the catchment, a rainfall cut-off was 

set at 600 mm. Soil texture, pH and drainage are the most limiting soil factors. The land suitability model 

projects high suitability on 90% of the catchment area, with little change into the future, as demonstrated in 

Figure 18 and Figure 17. Medium suitability is in areas with poor drainage or soils of heavy and sandy textures. 

Slight reduction in suitability in the south or the catchment is due to projected increase in summer rainfall. 

 

Figure 17 – Changed in land suitability area of spring sown quinoa 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

1960-1990 2030 2050 2070

Su
it

ab
ili

ty
 In

d
ex

Quinoa (spring sown) 
Land Suitability Area Change

TNS 60% 70% 80% 90% 100% PNS



CeRRF, Deakin University – Broadacre Cropping, Technical Report 31 

 

 

 

Figure 18 – Spring sown quinoa land use suitability maps for baseline of 1960-1990 and climate projections RCP 8.5 for 2030, 
2050 and 2070 

Quinoa (autumn sown) 
 

 

 

The model for autumn sown quinoa has been based on Peruvian cultivars requiring higher rainfall of 

450 – 600 mm per growing season, and cooler temperatures of 4°C - 15°C for germination and growth. Due to 

waterlogging issues in the catchment, a rainfall cut-off was set at 700 mm. Soil texture, pH and drainage are 

the most limiting soil factors. The land suitability model projects high suitability on approximately 85% of the 

catchment area, with an increase in the south-west of the catchment but a decrease in the north-east, 

demonstrated in Figure 19 and Figure 20. Projected winter rainfall reduction improves the conditions for quinoa 

plants in the south, but has adverse effect in the north. An overall increase in winter temperature also improves 

suitability and potential yields set at conservative 2 – 4 t/ha. Medium suitability is in areas with poor drainage 

or soils of heavy and sandy textures.  
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Figure 19 - Autumn sown quinoa land use suitability maps for baseline of 1960-1990 and climate projections RCP 8.5 for 
2030, 2050 and 2070 

 
Figure 20 – Area Change in Land Suitability of autumn sown Quinoa 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

1960-1990 2030 2050 2070

Su
it

ab
ili

ty
 In

d
ex

Quinoa (Autumn Sown) 
Land Suitability Area Change 

TNS 50% 60% 70% 80% 90% 100% PNS



CeRRF, Deakin University – Broadacre Cropping, Technical Report 33 

 

B. Pulses 

Chickpeas (autumn sown) 

 

Chickpea is a nitrogen fixing pulse crop and is therefore highly beneficial for soil health when 

incorporated into the existing cereal crop rotation (Victorian Winter Crop Summary 2016; Jenkins & Brill 2011). 

Chickpea production in Victoria has recently dropped, as shown in Figure 21, but is likely to increase due to low 

prices of cereals and rise in demand from South-east Asian countries (Pulse Australia 2016).  

 

Figure 21 – Chickpea production volume and area in Victoria for 2005 – 2016 (Source: ABARES, 2017) 

Traditionally, chickpeas have not been a part of the south west Victorian winter crop rotation due to 

their high sensitivity to waterlogging, soil acidity and low temperatures. Projected shift in future temperatures 

has the potential to improve growing conditions to suit chickpeas in parts of the catchment with adequate soil 

parameters. Based on National Variety Trials done by the GRDC initiative around Horsham, Kabuli Chickpeas 

have been modelled as a cold season pulse crop sown in late autumn with target yield of 2-4 t/ha (GRDC: Grains 

Research & Development Corporation 2017c). Rainfall requirements are 350 – 450 mm. The plant is relatively 

drought resistant due to its long taproot but has low tolerance to waterlogging (Corp et al. 2004; GRDC: Grains 

Research & Development Corporation 2016). Significant limitation for growing chickpeas in the area are winter 

temperatures. Mean daily temperatures below 15°C causes flower drop and over 35°C result in flower abortion, 

leading to yield reduction(VIC & Pulse Australia 1990; Anwar et al. 2003). Crop growth is limited due to sub-

optimal temperatures in winter, but accelerates with warmer weather in spring (VIC & Pulse Australia 1990). 

Slope should not exceed 25%, depending on the risk of soil erosion and machinery access, but also run-off 

accumulation at the low-lying areas. Chickpeas thrive on well-drained loam to clay soils with neutral pH (H2O) 

of 6-8 (GRDC: Grains Research & Development Corporation 2016; VIC & Pulse Australia 1990; Corp et al. 2004). 

It will not grow on acid or saline soils with poor drainage.  

Validation feedback received from farmers pointed out soil pH, drainage and waterlogging as the most 

significant factor impacting chickpea production. Due to potential waterlogging issues in the south of the 

catchment, rainfall cut-off has been introduced into the LSA model, radically decreasing suitability index of 

areas where seasonal rainfall reaches over 550 mm. Since chickpeas are harvested very close to the ground, a 

rockiness overlay has also been included on the suitability maps in Figure 22. The insufficient winter 

temperatures would suggest the potential for chickpeas to be grown as a summer crop. Consultation of local 
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cropping farmers pointed out the low reliability of spring break rainfall needed to accumulate a sufficient 

amount of soil moisture for successful plant germination. This model therefore treats chickpeas as a winter 

crop.  

 

Figure 22 - Autumn sown chickpeas land use suitability maps for baseline of 1960-1990 and climate projections RCP 8.5 for 
2030, 2050 and 2070 

Land suitability model of autumn sown chickpeas shows a low to medium suitability for baseline. A 

medium suitability of 70% is limited to the traditional cropping areas of the catchment with lowest rainfall. 

Temperatures across the catchment are projected to increase and precipitation is likely to decrease, improving 

the climate suitability of chickpeas in the area. The overall suitability is predominantly driven by rainfall and soil 

parameters, which results in 10% of the area falling into the Temporarily Not Suitable category of pH (H2O) 

lower than 5.5, and 70% of the catchment having medium suitability by 2070 (viz. Figure 23).  
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Figure 23 – Autumn sown chickpeas land suitability change in area percentage 
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Faba Bean (autumn sown) 

 

Faba bean is a nitrogen fixing pulse crop and is therefore highly beneficial for soil health when included 

in the existing cereal crop rotation(The State of Victoria Department of Environment and Primary Industries 

2013; Matthews & Marcellos 2003). Chickpea production in Victoria has been steadily growing with a recent 

drop, as shown in Figure 24, but is forecasted to increase due to low prices of cereals (Pulse Australia 2016). 

Due to previous crop failures of faba beans in the Glenelg Hopkins catchment, their incorporation into the crop 

rotation is likely to be slower than in the rest of Victoria. 

 

Figure 24 – Faba bean production volume and area in Victoria for 2005 – 2016 (Source: ABARES, 2017)  

Based on National Variety Trials done by the GRDC initiative around Horsham, Kaniva, Wonwondah and 

Lake Bolac, faba bean has been modelled as a cold season pulse crop sown in mid-autumn with target yield of 

3-6 t/ha (GRDC: Grains Research & Development Corporation 2017c). Rainfall requirements are above 400 mm, 

with a rainfall cut-off at 550 mm. The plant is more resistant to waterlogging than chickpeas, but is prone to 

disease and pest infestation in in high-rainfall areas(GRDC: Grains Research & Development Corporation 2017a; 

The State of Victoria Department of Environment and Primary Industries 2013; Matthews & Marcellos 2003). 

Optimal growing temperatures are 15°C – 20°C, but frost is tolerated(The State of Victoria Department of 

Environment and Primary Industries 2013; Matthews & Marcellos 2003). Flowering will abort at temperatures 

over 30°C (Matthews & Marcellos 2003), cooler spring conditions are therefore ideal for successful pod 

development(The State of Victoria Department of Environment and Primary Industries 2013).  Slope should not 

exceed 25%, depending on the risk of soil erosion and machinery access, but also run-off accumulation at the 

low-lying areas. Soils with limited soil depth, very light and sandy in texture and low pH (CaCl2) <5.2 are to be 

avoided, but they have been successfully grown on pH of 4.6 but with low Aluminium content (GRDC: Grains 

Research & Development Corporation 2017a; Matthews & Marcellos 2003). Faba beans prefer loamy clays that 

hold moisture. 

Validation feedback from farmers emphasised high acidity and sodicity as limiting factors for faba 

beans. It also stressed the importance of heavier textured soils that retain moisture but are also sufficiently 

drained. The issue of pests and disease spread during conditions with excess moisture is substantial, but could 

not be included in this model. Similarly to grains and chickpeas, a rockiness overlay has also been included on 

the suitability maps presented in Figure 25. 
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Figure 25 - Autumn sown faba bean land use suitability maps for baseline of 1960-1990 and climate projections RCP 8.5 for 
2030, 2050 and 2070 

Baseline suitability of faba beans shows low to medium suitability across majority of the catchment. 

Light textured soils in the north-west, pH and drainage are the main limiting soil factors. Growing season 

temperatures remain within the optimal range and the likely decrease in winter rainfall increases the overall 

suitability in the region. Due to those climatic trends, faba beans are projected to be highly suitable (between 

80 and 90% Land Suitability Index) on approximately 70% of the catchment area by 2070, as shown in Figure 

26. 
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Figure 26 – Land suitability area change for autumn sown faba bean 
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C. Oil Crop Plants 

Mustard Seed (autumn sown) 

 

Mustard seed belongs to brassicas and is very similar to canola, although less common. As 

demonstrated in Figure 27, production along with productivity of canola is likely to increase due to projected 

commodity prices (Rural Bank Ltd & Bendigo and Adeleide Bank Limited 2016). Mustard seed as a condiment 

mustard has a rather limited market in Australia, but as a drought resistant oil seed, it can present a viable 

option as a meal quality oil or biofuel.  

 

Figure 27 – Production volume and area of canola in Victoria for 2005 – 2016 (Source: ABARES, 2017)  

There are multiple varieties of mustard. This model is based on Brassica Junacea or Indian mustard, a 

close relative of canola that has been bred as a heat and drought resistant alternative (Norton et al. 2009), 

yielding 2 – 3 t/ha based on variety evaluation experiments at the Mallee Research Station and Minnipa 

Research Centre(Castleman 1994). It is suited to areas with rainfall below 350 mm and can be sown mid- to 

late-autumn(Norton et al. 2009). Temperature requirements are similar to canola, 10°C – 25°C, but can 

withstand maximum heat stress of up to 32°C without having adverse effects on the quality of oil during 

flowering and pod fill (canola’s maximum is 26.5°C without an impact on the oil composition)(Johnston et al. 

2002; Edwards & Hertel 2011; Chauhan et al. 2009). Slope should not exceed 25%, depending on the risk of soil 

erosion and machinery access, but also run-off accumulation at the low-lying areas. Junacea canola, or mustard 

seed, grows on most soil types but prefers medium and lighter textured substrate, tolerating moderately acidic 

to alkaline soils with pH (CaCl2) above 5.0 and below 8.5 (Norton et al. 2009; Hunt & Norton 2011). It is sensitive 

to waterlogging and sodicity levels(Norton et al. 2009; Holland et al. 1999; Edwards & Hertel 2011).  

Validation feedback confirmed higher heat and drought tolerance and suggested planting at the same 

time or later than canola. It also identified soil type and drainage as important factors influencing soil suitability 

in relation to waterlogging susceptibility.  
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Figure 28 - Autumn sown mustard seed land use suitability maps for baseline of 1960-1990 and climate projections RCP 8.5 
for 2030, 2050 and 2070 

Figure 28 shows highest baseline suitability for mustard seed in the driest area of the catchment (the 

traditional cropping region in the north-east corner of Glenelg Hopkins), indicating high influence of rainfall on 

suitability. The high suitability area increases from 20% of the catchment for 1960-1990 to over 50% in 2070, 

as demonstrated in Figure 29. It follows a similar pattern to barley and red wheat by suggesting a spread of 

cropping further south. Drainage and soil type are the most significant soil factors influencing the commodity 

performance. Stoniness, preventing access or successful operation of machinery has also been taken into 

account and is presented as an overlay of paddocks with rocks on more than 20% of their area. Approximately 

5% of the area fall under temporarily not suitable category due to its subsoil pH (CaCl2) level below 5.  
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Figure 29 – Land suitability area change of autumn sown mustard seed 
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Sunflower Seed (spring sown) 

 

Sunflower is an alternative oil seed whose production in Victoria has been rather volatile, with a 

sharp increase in 2009/2010 season and a gradual decline since then, as demonstrated in Figure 30. 

 

Figure 30 – Sunflower seed production volume and area in Victoria for 2005 – 2016 (Source: ABARES, 2017)  

Sunflower is tolerant of both low and high temperatures. It is able to withstand longer dry periods due 

to its long taproot, but requires sufficient soil moisture for sowing as well as an in-season rainfall between 500 

and 1000 mm (National Sunflower Association 1999; Department of Agriculture Forestry and Fisheries 2010; 

NSW DPI 2016). Sown in early spring, sunflowers will germinate at temperature as low as 5°C, but adequate 

range is between 14°C and 21°C. Optimal growth temperature is 23°C – 28°C with maximum up to 34°C without 

adverse effects on yield (Department of Agriculture Forestry and Fisheries 2010; GRDC: Grains Research & 

Development Corporation 2017b) Sunflowers grow on a range of soils from sandy loams to clays with sufficient 

depth (with taproot penetrating as deep as 1.5m) and water holding capacity (Department of Agriculture 

Forestry and Fisheries 2010; NSW DPI 2016). Ideal pH (CaCl2) ranges between 4.8 and 7.5 with good drainage 

and low salinity (Putnam et al. 1990; Roe 2001). This model has been designed to reach yield of 1.5 – 3 t/ha 

based on available data from case studies in NSW (Keen & Charlesworth 2009). 

Being a summer crop with high water requirements, sunflowers are best fit to the coastal, high-rainfall 

climate conditions of catchment, unless irrigated (viz. Figure 31). Validation feedback brought up an issue 

presented by a relatively long growing season of sunflowers and the traditional timing of autumn break, 

conflicting with the crop’s harvest in May. 
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Figure 31 - Spring sown sunflower seed land use suitability maps for baseline of 1960-1990 and climate projections RCP 8.5 
for 2030, 2050 and 2070 

The limiting factors driving this model’s suitability range are rainfall (total and timing during planting 

and harvest), finishing temperature, soil depth, texture and drainage. Baseline model shows sunflowers as 

medium to highly suitable on approximately 60% of the catchment area. Despite favourable projections of 

rising summer temperature, the decline in spring and autumn rainfall are likely to result in suitability decrease 

as shown in Figure 31Figure 32, with over 90% of the region being 60% to 70% suitable by 2070. 
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Figure 32 – Land suitability area change of spring sown sunflower  
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D. Fibre Crop Plants 

Hemp (autumn sown) 

 

Industrial hemp production can be licensed in all states apart from South Australia, with each state 

having their own set of regulations. It is a versatile plant that can be grown for fibre, seed or oil. This model has 

been built around hemp production for fibre. It grows in temperate, subtropical and tropical climate, but is 

intolerant to frost (DPIWE Tasmania 2012b; RIRDC 2017). It prefers mild and humid conditions with rainfall of 

600 – 700 mm. Ideal growing season temperatures are between 15°C and 28°C (RIRDC 2017; DPIWE Tasmania 

2012b; Zurbo & Cole 2008).  

Hemp prefers neutral to slightly alkaline soils (ideal pH H2O range of 6.5 – 7.5) with good drainage(Zurbo 

& Cole 2008; Kaiser et al. 2014). It grows well on light to medium textured soils of clay loam or silt loam, and 

requires deep soil profile for its taproot that can penetrate as deep as 2m (DPIWE Tasmania 2012b; Zurbo & 

Cole 2008). High salinity and acidity are likely to reduce crop yields. 

 
Figure 33 - Autumn sown hemp land use suitability maps for baseline of 1960-1990 and climate projections RCP 8.5 for 2030, 

2050 and 2070 

Scientific name:  Cannabis sativa 

Common name: Hemp, industrial 

Family: Cannabaceae 
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It has a high light requirement during its growing period, making it suitable as a summer crop(RIRDC 

2017). This report modelled hemp as both a summer crop, satisfying its light and temperature requirements, 

and a winter crop to meet its water requirements. Figure 33 Figure 34 show models of hemp as a winter crop, 

with a baseline suitability of 80% - 90% on approximately half of the catchment area (predominantly the higher 

rainfall southern and eastern parts). The suitability is predominantly driven by rainfall since winter 

temperatures in the region are suboptimal, potentially limiting the growth of hemp to fibre instead of seed or 

oil. With the projected decline in winter rainfall, the suitability index is likely to drop significantly to approx. 

25% of the catchment by 2070. Most significant soil parameters influencing the suitability model are drainage, 

texture and waterlogging susceptibility. An overlay of rocky patches is also incorporated into the model. 

Validation feedback has been limited, stressing the importance of soil texture and depth, and excluding 

stony areas from production. It also pointed out the trade-off between water availability and intended use for 

fibre or seed. 

 

Figure 34 – Autumn sown hemp land suitability change 
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Hemp (spring sown) 

 

It has a high light requirement during its growing period, making it suitable as a summer crop(RIRDC 

2017). This report modelled hemp as both a summer crop, satisfying its light and temperature requirements, 

and a winter crop to meet its water requirements without irrigation. As can be seen in Figure 35, Glenelg 

Hopkins catchment has a low baseline suitability for hemp as a summer crop due to insufficient summer rainfall. 

With a projected increase in summer precipitation, the suitability is likely to improve to medium by 2070 as 

demonstrated in Figure 36.  

Figure 37 and Figure 38 show an irrigated spring sown hemp and the significant positive impact that 

adequate amount of available water could have on its production. Irrigation was only used in months when 

effective rainfall was insufficient to cover crop water requirements.  

 

 Effective rainfall was calculated as:  

Effective rainfall [mm] (Re) = Total Rainfall – Runoff – Evaporation – Deep Percolation 

 Irrigation requirement was calculated as: 

Irrigation requirement [mm] (IR) = Effective Rainfall – Commodity Water Use – Soil Water Reserve 

 Water Use was conditioned as: 

If Irrigation Requirement is higher than Effective Rainfall, then the sum of Irrigation Requirement and 

Effective Rainfall is used. If Irrigation Requirement is lower than Effective Rainfall, then irrigation is not 

required and Effective Rainfall is used. 

 

Although the baseline suitability is significantly higher for irrigated hemp than non-irrigated hemp, the 

median (average) suitability is likely to decrease from 79% in 1960-1990 to 71% by 2070. The climate 

projections predict a rapid increase of water requirements in the south of the catchment, hence decreasing 

hemps suitability. Likely increase in temperature and summer rainfall in the north-west results in a suitability 

increase by 2050, but an eventual drop by 2070 also caused by high water requirements. Most significant soil 

parameters influencing the suitability model are drainage, texture and waterlogging susceptibility. And overlay 

of rocky patches is also incorporated in the model. 

Scientific name:  Cannabis sativa 

Common name: Hemp, industrial 

Family: Cannabaceae 
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Figure 35 - Spring sown hemp land use suitability maps for baseline of 1960-1990 and climate projections RCP 8.5 for 2030, 

2050 and 2070 

Figure 36 – Spring sown hemp land suitability area change 
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Figure 37 – Irrigated spring sown hemp land use suitability map for baseline of 1960-1990 

 

Figure 38 – Irrigated spring sown hemp land suitability area change 
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13. Concluding remarks 
This report has been structured in several components, with a focus on the likely impacts of climate 

change on the production of barley, red wheat, quinoa, chickpeas, faba beans, mustard seed, sunflower seed 

and hemp in the Glenelg Hopkins catchment. Figure 39 shows the overall trends in land suitability, indicating 

that red wheat, barley, mustard seed, faba beans and chickpeas are likely to become more suitable, whereas 

the suitability of quinoa, hemp and sunflower is projected to decline. The overall trend in land capability of the 

Glenelg Hopkins catchment is positive, with the overall median suitability index of 69.0% for baseline 1960-

1990 projected to increase to approx. 72.9% by 2070 (an average increase in suitability for cropping of 3.9% 

and median of 9% by 2070). In general, the suitability of winter crops sensitive to waterlogging increases due 

to projected rainfall decline. Summer crops are likely to benefit from higher temperature, but the increasingly 

limited water availability often outweighs the impacts of temperature and results in future lower suitability.  

 

Figure 39 – Projected change in median land suitability index values for broadacre cropping 

Within this study, it can be reasoned that for an agriculturally-based region to have the capacity to 

flexibly respond to changing conditions, it is necessary that significant areas of the available land for agricultural 

production be able to sustain multiple agricultural uses, either to a particular commodity grouping or for all 

agricultural systems.  Similarly, those areas capable of sustainably producing a variety of commodities (not 

necessarily at the same time) are considered to be highly versatile.  In terms of the suitability modelling, this 

refers to land which has been categorised as suitable for agricultural purposes, especially in the higher ranks 

(index in the 80-100% range).  

Despite the quality of soil and overall suitability of the southern part of the region, the potential of 

cropping extending into these areas is limited by both historical land use of the coastal areas for dairy and 

cattle or sheep grazing, and their rising commodity prices that currently outcompete grain production on 

Australian as well as world markets, despite growing demand (AgAnswers 2017).   
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1. Executive Summary 
Land Capability or Suitability Assessment of the Glenelg Hopkins Catchment is a climate change 

adaptation project aimed at informing government (Local and State), the agricultural sector and the broader 

community, of the possible impacts of climate change on key commodities produced across the study region. 

The information has been developed to  

1) Generate and communicate specific long-term data, information and strategic plans that enable 

Local Government Authorities and the agriculture sector in the Glenelg Hopkins catchment to adapt to climate 

change effectively with a focus on regional development, infrastructure and agricultural industry 

transformation  

2) Reduce risks of soil degradation through farming practices inappropriate to future warmer, drier 

climate conditions.   

The project has been co-funded by the Glenelg Hopkins CMA with the support of the Australian 

Government’s National Landcare Programme, Southern Grampians Shire Council and Deakin University. This 

report outlines an analysis of the potential implications of regional climate change on horticulture, through GIS 

modelling of fruit: citrus, berries, stone fruit (early), stone fruit (late), pome fruit (early), and pome fruit (late). 

An expert systems-based modelling approach was used that considers climatic, soil and landscape parameters 

to map expected yield across the region. The models and maps were validated with local farmers, farming 

groups and agronomists then modified according to their feedback, before running the models again with 

climate change projection data to understand how projected variability in climate might influence the expected 

yield and subsequently land suitability. The outputs are intended for strategic, regional-level decision making 

in relation to agricultural development, infrastructure and water. So, it is important to understand the 

assumptions and caveats associated with the modelling before interpreting the maps, which are covered in the 

body of the report. Also, the maps and associated information may assist to inform on-farm adaptation, to 

guide breeding programs and regional trials, among other more localised issued. But, decisions at such localised 

or specific levels will need to be informed by additional, more targeted research outside the scope of this 

project. 

The projected higher mean temperature is likely to stimulate ripening of fruit, increasing the suitability 

of horticultural commodities. The accompanying decline in chill accumulation can cause insufficient 

vernalisation and hinder fruit development. Weather extremes such as frost, heat, hail, wind, and storm activity 

are likely to negatively impact yields. Irrigation is required for all modelled commodities, with the irrigation 

requirement increasing out to 2070 due to higher evapotranspiration and lower effective rainfall. The necessity 

of horticultural commodities to be irrigated negatively impacts on their suitability for the Glenelg Hopkins CMA 

region due to the currently limited access to water suitable for irrigation, especially in the north-west part of 

the catchment. Southern part of region and areas around Ballarat and Colac have access to high-yielding ground 

water aquifers with low salinity levels, making them more likely to be able to support horticultural industry. 

Compared to broadacre crops and hay from pastures, fruit is highly perishable, and as such requires adequate 

storage and chilling facilities, careful handling during harvest, storage and transport. The quality of 

infrastructure and distance to market or processing plants are of paramount importance in terms of product 

quality, and are likely to be a challenge for horticultural businesses in the region. 
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4. Key Definitions 
 

Analytical Hierarchy 
Process 

Is a set of biophysical variables (criteria) that determine the growth and production of the 
selected agricultural commodity, arranged into a hierarchical order, which forms a 
decision making structure that can be evaluated by assigning weights to each criteria 

Baseline Baseline is a description of historical biophysical attributes of the Glenelg Hopkins 
catchment for 1960 – 1990, supported by available historical data for that period and 
agreed upon during validation stages of this project  

Climate Change 
Projections 

Show how climate and its variables such as temperature and rainfall are likely to change 
in the future based on the outputs of global climate models and their mathematic 
depiction of both atmospheric and oceanic circulation systems subjected to different 
types and levels of forcings 

Multi Criteria Analysis Its primary focus is combining biophysical data with expert knowledge to formulate a 
single suitability index class 

Land Suitability or 
Capability 

examines the degree of land suitability for the growth (cultivation or cropping) of the 
agricultural commodity of interest while reaching an adequate yield for each commodity  

Representative 
Concentration Pathways 

Are a set of scenarios developed by the International Panel on Climate Change for four 
plausible gas concentrations dependent on the level of anthropogenic forcing. They range 
from RCP 2.6 with a decline in emissions through RCP 4.5 of low increase of emissions to 
RCP 8.5 of high emissions pathway that is currently being followed  

Validation Is a model and suitability map verification process of face-to-face interviews with local 
stakeholders (predominantly farmers, Landcare groups and agronomists)  

Waterlogging 
Susceptibility 

Is defined by a set of soil attributes influencing the likelihood of the soil profile to get 
saturated with water, resulting in insufficient oxygen in the pore space for plant roots to 
be able to adequately respire 
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6. Introduction 

A comprehensive account of the project background will follow the publication of all three commodity 

group technical reports (cropping, pastures and horticulture) in the final project background report. The 

following introductory, climate change and methodology chapters will be adapted and expanded upon in that 

project report. 

The outputs of the project include climate projections for the region, maps showing the climate change 

impacts and opportunities for commodity production, and regionally-focused strategic plans that explicitly 

incorporate local knowledge and aspirations in order to maximise both economic and environmental outcomes 

with an emphasis on soil health. The input given by farmers during face-to-face round of consultation is 

essential to validate the results of land suitability assessment or LSA models for each commodity. Any input on 

commodity-specific growing requirements is reflected in the final regional maps of land suitability and 

subsequently in this report. 

7. Project Scope and Strategic Objectives 
The land suitability assessment part of this project, as the main subject of this report, aims to determine 

the extent of climate change impacts on the yield of selected fruit commodities. A list of 6 fruit commodities 

has been selected by the Project Control Group to include commodities already grown in the region as well as 

a number of potential future additions to the south west horticultural industry. Surface water availability will 

decrease and temperatures will increase. To sustain agricultural livelihoods, it is therefore imperative that farm-

level adaptation measures are supported by strategic planning using region-specific impact information, 

regional development and council-supported business development in order to assist agricultural 

transformation. 

In the above context, the main aim of this project is to generate and communicate specific long-term 

data, information and strategic plans that enable Local Government Authorities and the agriculture sector in 

the Glenelg Hopkins catchment to adapt to climate change effectively with a focus on regional development, 

infrastructure and agricultural industry transformation. The project has synthesised existing climate change 

and agricultural research as well as spatial data, and generated new information, to establish decision-making 

tools for Local Government and CMA adaptation planning. 

8. Climate Change & Agriculture 
Australian agriculture and its key industries are being exposed to rapid, intensive and extensive 

transformations associated with the influences of various drivers of change.  The main driving forces include 

globalisation, climate change, new markets and trade arrangements, competition for natural resources (land 

and water), and socio-cultural and organisational changes.  Consequently, our farmers are facing 

unprecedented pressures and uncertainties.  At the same time, exciting new opportunities are emerging.  These 

changes will be far reaching and will have a profound and lasting impact on agriculture and forestry production 

in Australia, in general, and Victoria, in particular, over the coming decades.  

There is wide acceptance that human well-being is linked to land uses that can sustain a diversity of 

ecosystem services (Reid et al., 2005).  Many countries are therefore re-evaluating how they can retain high 

levels of agricultural food production whilst balancing other demands for the land resource such as maintaining 

good drinking water quantity and quality, limiting Green-House Gas (GHG) emissions, or safe-guarding the 

socio-cultural and economic benefits of the their landscapes (Brown et al., 2008).  Unfolding changes in climatic 

conditions are of particular importance (Flannery, 2005, Ruth et al., 2006, Reid et al., 2005, IPCC, 2007b, IPCC, 

2013). 
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8.1 Climate Change Implications for Plant Growth 
The geographic (spatial) distribution of plant species, vegetation types and horticultural industries 

demonstrate the strong influence that climate has on plant growth.  Solar radiation, temperature and 

precipitation (in turn impacting on water availability) and seasonal patterns are key determinants of plant 

development through a variety of direct and indirect effects. Other climatic characteristics, such as wind speed 

and storm intensity and frequency, are also major influences.  Plant function is directly linked to climate and 

atmospheric carbon dioxide (CO2) concentrations.  On the shortest temporal and smallest spatial scales, the 

climate affects the plant’s immediate environment and thus directly affects physiological processes.  On longer 

time and larger spatial scales, the climate influences the distribution of species and community composition 

and can determine what fruit can be viably produced in managed agro-ecosystems.  Plant growth also 

influences the local, regional and global climate through the exchanges of energy and gases between the plants 

and the air around them (Morison and Morecroft, 2008, Hillel and Rosenzweig, 2011, Stokes and Howden, 

2010). 

There is a rapidly growing number of well-documented instances of change in ecosystems due to recent 

(and most likely human-induced) climate change (Steffen, 2009, Reid et al., 2005, Callaghan et al., 2004, Steffen 

et al., 2006).  Overall, the Intergovernmental Panel on Climate Change (IPCC, 2007b, IPCC, 2013) concluded that 

“from collective evidence, there is high confidence that recent regional changes in temperature have had 

discernible impacts on many physical and biological systems”.  These recent climate changes are likely to 

accelerate as human activities continue to perturb the climate system and many reviews have made predictions 

of serious consequences for ecosystems.  

Climate change poses major scientific and practical challenges.  Our comprehension of plant responses 

to future climate must be built on a better understanding of the climate system itself, especially at the regional 

scale.  Plant production needs to be maximised to overcome the new, or altered, climatic conditions on food 

and fibre production in the face of continuing population growth, with a focus on sustainable actions.  The 

sustainability of agricultural and forestry production systems needs to be improved by reducing GHG emissions 

and the use of fossil fuels and by reducing water and nutrient consumption.  The management of natural 

resources must be adapted to conserve biodiversity in changing environmental conditions. 

 

8.2 Regional Scale Climate Change 
CSIRO and the Bureau of Meteorology (BoM) published climate change projections for Australia and its 

States in October 2007, with an update in 2015. (CSIRO and BOM, 2007, CSIRO and BOM, 2015).  These reports 

provide the information on observed climate change in the country and its likely causes, as well as updated 

projections of change in the key climatic variables and other aspects of climate that can be expected over the 

coming decades.  Projections are formulated for the years 2030, 2050 and 2070.   

At Glenelg Hopkins catchment scale, climate change scenarios were visualised and reported upon in 

the previous report “Analysis of Climate Projections for GHC region” in September 2016. The baseline climate 

data has been derived from an averaged overlay of SILO and WorldClim datasets. SILO data has a resolution of 

5 km2 and provides historical climate data (precipitation; maximum, minimum and mean temperature) from 

Australian Bureau of Meteorology. (Department of Science, Information Technology and Innovation 2016) 

WorldClim data has a resolution of 1 km2 and was created by interpolating average monthly values by 

combining data from a number of global as well as local Australian databases. (Hijmans et al. 2005) The output 

baseline layers have a 1 km2 resolution, to be comparable with the projection datasets. Values for 2030, 2050 

and 2070 have been derived using a 1 km2 ACCESS 1.0 global climate model developed for Australia by CSIRO-

BOM. This model represents the most recent Representative Concentration Pathways (RCP) scenarios. Outputs 

for this climate change scenario projects by comparison to the baseline year that there will likely be:  
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 An increase of between 3°C to 4°C in the average maximum temperature for the high emissions scenario RCP 8.5. 

 An increase of between 1.5°C to 2°C in the average mean temperature for the high emissions scenario RCP 8.5. 

 An increase of between 1°C to 2°C in the average minimum temperature for the high emissions scenario RCP 8.5. 

 A decrease of about 50mm per year to 100mm per year in the total annual rainfall for the high emissions scenario 
RCP 8.5. 
 

Figure 1 shows a projected overall decrease in rainfall over seasons, with a potential for a slight increase 
in summer under the low emissions pathway RCP 4.5 and high emissions pathway RCP 8.5. Figure 2 
demonstrates the likely future increase in mean, maximum and minimum temperatures alike, under both low 
and high emissions scenarios RCP 4.5 and 8.5, respectively. The extent of changes is significant, suggesting high 
variability of future climate. The averaged values suggest an increase across all seasons, with the highest rise 
in summer temperatures. 

 

Figure 1 - Seasonal Mean Rainfall for baseline, RCP 4.5 and RCP 8.5 2050 

 

Figure 2 - Seasonal average of mean temperature for baseline, RCP 4.5 and RCP 8.5 2050 (with deviation bars 
showing average maximum and minimum temperatures for particular season) 
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Projected values indicate decrease in rainfall and increase in temperature, with the most prominent 

changes in both extremes of maximum and minimum temperature. The resulting climate shift in the region is 

milder than in the rest of Victoria, but presents Glenelg Hopkins catchment with opportunities to diversify its 

land-use by adding fruit species more suited for warmer climates into its agricultural production. It also calls 

for an improvement of water management and water allocation methods in parts of the catchment. Maps 

demonstrating the projected change in annual rainfall and mean temperature can be found in Figure 3 and 

Figure 4. 

 
Figure 3 - Mean annual rainfall for baseline 1960-1990 and RCP 8.5 projections 

 
Figure 4 - Annual Mean Temperature for baseline 1960-1990 and RCP 8.5 projections 
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9. Methodology 
In order to generate the specific long-term data, information and strategic plans to adapt to climate 

change, a simplified model of the approach is diagrammatically depicted in Figure 5 was applied in this study.  

The overall methodological approach used to assess the degree of land-use suitability, in both a current and 

future climate, integrates a Multi Criteria Analysis (MCA) applied with an Analytical Hierarchy Process (AHP) in 

a Geographic Information System (GIS), to spatially represent land-use suitability. The methodology is 

informed, and takes place within, the policy context established by the relevant government policy statements 

at national, state and regional levels. 

The MCA is implemented using an AHP (Saaty, 1980, Saaty, 1995, Saaty, 1994).  Broadly defined, for 

the study region, biophysical variables (criteria) that determine the growth and production of the selected 

agricultural commodity, are arranged into a hierarchical order, this forms a decision making structure that can 

be evaluated (an example of such hierarchy can be found in Appendix I). Criteria are then assigned numerical 

values (weights), which are determined primarily from expert knowledge and judgement. These weights are 

placed on each criterion and indicate the relative importance to one another and to the overall output. MCA 

has been used extensively around the world in many studies based on land-use suitability, where a primary 

focus is combining biophysical data with expert knowledge to formulate a single suitability index class 

(Jankowski and Richard, 1994, Hossain et al., 2006).The first module in the methodological approach are 

historical climatic inputs and future climate change projections as derived from the global IPCC Assessment 

Reports (IPCC, 2007a, IPCC, 2013).  In particular, future climate projections are based on the CSIRO ACCESS1.0 

Global Climate Model (GCM) (Ramirez & Jarvis 2008) at the spatial resolution of 1 km2 using emissions scenarios 

created from the Representative Concentration Pathways RCP (CSIRO and Bureau of Meteorology 2015; van 

Epersele 2014). This model uses the Intergovernmental Panel Climate Change (IPCC) scenarios employed in the 

IPCC Fifth Assessment Report (AR5).  These are scaled down to a regional level for each of the key climatic 

variables.  As shown in the figure, several other data inputs, in addition to climate, are necessary; these can 

include, but are not solely limited to, soils and landscape. In all, the combination of these three main inputs can 

be used to describe the primary growth requirements of common fruit plants. 

Climatic conditions are key metrics for modelling plant growth, either by restricting ecological process 

(e.g., plant establishment and growth rate), or by limiting management activities such as the timing of specific 

farm practices (e.g., ploughing, sowing or harvesting).  These climatic metrics are a significant link between 

prevailing climatic conditions, as measured at weather stations, and their specific relevance to land use 

activities.  A change in climatic conditions implies new opportunities for, or risks to, land use (Stone and Meinke, 

2006).  Therefore, exploration of climate change impacts on land suitability can identify areas where the range 

of options is changing or may be expected to change in the future, and whether the inherent biophysical 

flexibility in land-use options is increasing or decreasing.  This information can then provide the platform from 

which to explore the socio-economic implications of climate change alongside other drivers of change (Brown 

et al., 2008).  

The AHP allows for experts’ participation in the decision making process.  Compared to empirical 

models this expert systems model incorporates the knowledge of experts who have an in-depth understanding 

of one aspect of the specific system of concern.  This is seen as an essential step in suitability analysis because 

expert based knowledge can fill gaps created by poor empirical based knowledge or poor data quality. With 

the contribution of regional experts in agronomy, soil science and farming (amongst others), an AHP model is 

constructed for each particular commodity. 
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Figure 5 – LSA methodology 

9.1 Suitability Analysis 
The methodological approach adopted in this project includes at its core Biophysical Land Suitability 

Analysis (LSA) for the agricultural commodities of interest, which is focused at the regional level. Biophysical 

LSA is defined as the process of determining the fitness, or the appropriateness, of a given area of land for a 

specified use (FAO, 1976); see also (McHarg, 1969, Hopkins, 1977). Biophysical LSA can provide a rational basis 

to identify the most favourable utilisation of land resources and land use planning (FAO, 1993). It examines the 

degree of land suitability for the growth (cultivation or cropping) of the agricultural commodity of interest. It 

has thus gained wide acceptance and adoption across a wide range of users including land managers, 

agriculturalists and planners.  

Modifications in agricultural land suitability caused by climate change can be assessed by comparing 

future suitability maps (using climate change projections) with current suitability maps (using historical/present 

climatic conditions). Overall this can provide an assessment of the potential climate change impacts on 

agricultural systems, be utilised as a decision support tool and facilitate discussions of the policy options to 

respond to the likely impacts.   

Further comprehensive explanations of the Biophysical LSA methodology can be seen in the 

publications of Geography Compass (Sposito et al., 2010a), Applied Spatial Analysis (Pelizaro et al., 2010), 

Applied GIS (Sposito et al., 2009) and Open Journal of Applied Sciences (Sposito et al., 2013) to which the reader 

is referred. In this report, only a brief explanation of the approach is provided with an emphasis on the 

development and application of the LSA models to horticultural systems. 
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9.2 Suitability Framework 
The United Nations Food and Agricultural Organisation (FAO) have an established framework structure 

for the assessment of suitability for any type of land use and land cover (FAO, 1976). This structure is 

hierarchical in design and comprises of Orders, Classes, Subclasses and Units. Suitability Orders indicate if a unit 

of land is Suitable (S) or Not Suitable (NS), hence there are two suitability orders. Suitability Classes are used to 

reflect degrees of suitability, for example, at base three classes can be defined; High (80% - 100%), Moderate 

(50% - 70%) and Low Suitability (0% - 40%).  Furthermore, the Not Suitable order can be defined into two 

classes; Temporarily Not Suitable and Permanently Not Suitable. This framework has been modified slightly for 

use in the Glenelg Hopkins study.  The core of the framework is maintained for application in the study region.  

The two principle suitability orders are maintained; S and NS. NS is further defined into Permanently Not 

Suitable (PNS) for areas excluded based on factors that cannot be changed by farm management practices (ex. 

soil depth) and Temporarily Not Suitable (TNS) for areas with currently unsuitable factors that can be made 

favourable by management practices (such as application of lime on acidic soils).   

9.3 Caveats 
The LSA models are validated using regional expertise and input by local growers and experts. 

However, it is important to be aware of a number of caveats when interpreting the results of the models: 

1. The methodology has been formulated for application at regional and local levels.  In particular, LSA maps are 
developed and presented at a regional level with a spatial resolution of 1 km2, which is the resolution of the 
downscaled climate change projections. Therefore, LSA maps should not be used to infer (current and future) 
conditions at a site level (e.g. at farm level). 
 

2. LSA maps depicting future conditions substantially depend on the input climate change projection data, which are 
inherently uncertain.  A multiplicity of futures is possible depending on major policy decisions over time and how the 
climate system will respond to them.  Therefore, future LSA maps depict a likely future projected by the IPCC and, by 
no means, the only future.   
 

3. The modelling approach does not account for some important components of horticultural production; for instance, 
the effect that changing climatic conditions may have on bees and pollination, or on plant disease status. It also does 
not consider management practices that also significantly influence yields. Therefore, LSA maps depict strictly 
biophysical conditions that are based on currently available reginal-scale data. 
 

4. With the projected regional increase in temperature and associated decline in rainfall, extreme weather events, 
(including fire risk) are likely to increase across the study region.  This is not considered in the present study and will 
require complementary research and (possibly) the preparation of overlay maps showing areas of greater risks. 
 

5. Each commodity’s biophysical requirements for climate, soil and landscape – were identified by a review of the 
scientific literature and their value ranges were validated using expert opinion and regional expertise.  It is 
nonetheless possible for some subjective information, via the expert opinion phase of the exercise, to influence the 
model design or the weighting of individual criteria within the models, especially in the case of emerging commodities 
that have not been grown on a large scale in the region.  

 

6. The spatial soil data available for the LSA modelling is limited to the data availability. Region specific issues such as 
aluminium toxicity could not be included in the model since there are not available in a spatial format. Waterlogging 
susceptibility layer supplied by the Glenelg Hopkins CMA has been included in the model, although, management 
practices improving drainage such as raised beds or liming to decrease soil acidity, could not be incorporated. 
 

7. The study did not examine different varieties within a particular agricultural commodity. Considerable variation can 
occur between varieties within a species with respect to their biophysical requirements.  
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8. Irrigation is vital for a successful fruit production in the region. LSA models used in this project base the final water 
use of commodities on a calculated irrigation requirement and effective rainfall, and operate under the assumption 
that irrigation water of sufficient quality is available. As presented in Chapter 12.2 on water use, this is currently not 
the case in some areas of Glenelg Hopkins catchment. Water availability for irrigation and its quality therefore 
presents a major consideration when dealing with horticultural commodities and is a part of a different study.   

 

9. This study contains a number of commodities that are either grown on a small commercial scale limited to a certain 
area of the catchment or not at all (such as quinoa, hemp, Citrus, panic grass etc.). The lack of growers in the region 
made it harder to validate such models. They are predominantly reliant on scientific literature and expert opinion of 
agronomists and farmers growing similar pasture species, and will be amended once more trials are available from 
the region. 
 

10. It is difficult to account for the contribution that a grower’s management practices can make to the suitability of a 
specific commodity at a particular geographical location. It is hence entirely possible for a particular grower to achieve 
good yields at a location that has been modelled as having a low biophysical suitability and, conversely for a grower 
to achieve poor yields at a location that is ranked with a high biophysical suitability. It should also be noted that the 
models do not take into account other factors that may impact on suitability and yield, such as extreme climate 
events, pests and diseases, or socio-economic considerations. 

 
11. The report has looked at a selection of agricultural commodities across the Glenelg Hopkins catchment. The reader 

should therefore be aware that the designation of an area in the region as less suitable in future climates only applies 
to the particular commodities modelled in this report, and that those same areas may become more suitable for 
other pastures. Additional modelling will be required to examine other agricultural commodities in order to have a 
more comprehensive understanding of the agricultural potential of the Study Region, now and in the future. 
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10. Biophysical Data Inputs 

10.1 Observed Climate 
Past and current climate data was obtained through the SILO Project (Jeffrey et al., 2001), which is 

hosted by the Science Delivery Division of the Queensland Department of Science, Information Technology, 

Innovation and the Arts (DSITIA).  SILO is based on Bureau of Meteorology (BoM) climate data and includes 

multiple datasets of variables such as temperature and rainfall.  The data is Victoria-wide and is available at a 

resolution of 5 km2 (grid). In order to increase coastal coverage and get a finer resolution data of 1 km2, the 

SILO data has been averaged with WorldClim data, as mentioned in Chapter 0 on climate change. 

Interpolation techniques (thin plate smoothing splines for climatic variables and ordinary kriging for 

rainfall) are used on weather observation station climate information supplied by the BoM (Jeffrey et al., 2001).  

There are several points where uncertainty can affect data quality, such as the physical weather observation 

stations themselves. Data can be lost at these points due to instrument failure, non-reporting of data or 

incorrect recordings. In the interpolation of climate data, there is also an associated level of error, given values 

are being estimated between two points. The associated levels of error in the SILO and WorldClim climate 

datasets, and how these are handled, are explored and quantified in Jeffrey et al., (2001).  

Commonly used in climate studies is the ‘climate normal’, which is used as a reference period for 

comparative purposes between current, historical and future climates. Generally, they are calculated over a 

standard period of thirty years, which is long enough to include year to year variations but not that long to 

allow it to be influenced by long term climate trends. The World Meteorological Organisation (WMO) uses the 

period of 1961 to 1990, which is also used in Australian meteorological references. WorldClim data set uses 

period of 1960 to 1990. This study has used the 1960-1990 climate normal period as a baseline comparison 

against future climate projections and simulated suitability analyses.  The climate normal, hereafter, will be 

referred to as the ‘baseline’ climate. 

10.2 Future Climate 
Future climate scenarios were created using the CSIRO’s Global Circulation Model (GCM) CSIRO-

ACCESS1.0 model (Ramirez & Jarvis 2008) and RCP 4.5 and 8.5 emissions scenario (van Epersele 2014; CSIRO 

and Bureau of Meteorology 2015). The 4.5 (low emissions) and 8.5 (high emissions) scenarios are one of the 

scenarios used in GCM models and climate change analysis.  Projections are based on assumptions about future 

demographic, economic, land use, and science and technological changes and are reported on in the IPCC 

Representative Concentrations Pathways (van Epersele 2014).  

10.3 Landscape 
A Victoria wide Digital Elevation Model (DEM) provided the basis for landscape analysis.  This is in a 

raster grid format, with a grid cell resolution of 100m2. This dataset represents the ground surface topography 

or terrain of Victoria.  The dataset allowed the calculation of critical geographic features such as slope, altitude 

and aspect.  The DEM has been sourced from NASA’s Shuttle Radar Topography Mission (SRTM) landscape 

dataset (NASA and USGS, 2014), which is supplied at 1 arc second (equivalent to a 30 metre resolution).  This 

is hosted in conjunction with the United States Geological Survey (USGS). 
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10.4 Soils 
Soil type (Isbell and CSIRO., 2002) is one of the most important factors that influences land utilisation.  

It provides the physical, chemical and biological activity basis required for plant growth.  Principal information 

for soils data for this study has been sourced from Soils and Landform Mapping, undertaken by the Victorian 

State Government found on the Victorian Resources Online (VRO) web-based platform (Victorian State 

Government, 2015b) or the Victorian Data Portal, data.vic.gov.au (Victorian State Government, 2015a).  These 

studies are at a geographic scale of primarily 1:100,000 and these surveys and maps provide a description of 

the land and associated soil types/units.  Finer scale mapping can be more accurate, but the available data at 

all scales across the Glenelg Hopkins catchment is sufficient for suitability modelling.  Further information for 

soils data and attributes have been sourced from the Soil and Landscape Grid of Australia, produced by the 

CSIRO (CSIRO and TERN, 2015) and from the soil layers supplied by the CMA (containing waterlogging, salinity, 

erosion and other susceptibility maps). 

Soil attributes, as used in land-use suitability modelling, can be categorised into two broad groupings; 

physical attributes and chemical attributes. Physical attributes relate to the actual physical properties of the 

soil and include measures such as texture or soil horizon depth.  Measurements for these are usually done in 

the field at a soil pit.  Chemical attributes relate to the chemical composition of the soil and can include 

measures such as soil nutrient composition or soil pH.  Measurements for these are usually done in a soils 

laboratory on collected field samples. The attributes that are used within the AHP are listed in Table 1. 

Table 1 – Soil attributes included in the LSA models 

Soil Grouping soil attribute 

Physical Texture, Drainage, Useable Depth (2/3 of Horizons A & B), Depth to Bedrock, Coarse 
Fragments, Waterlogging Susceptibility, Stoniness 

Chemical Soil pH in water & CaCl2, Salinity/Electrical Conductivity (ECe), Sodicity 
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11. Validation 
The AHP, at its core, is an expert’s system model, in that much of the decision points in an AHP are 

derived from expert based knowledge. This can range from the weightings placed on each hierarchy level to 

the growth indices used to formulate suitability index class values. This expert input is an essential step in LSA 

because it fills information gap due to poor empirical based knowledge or poor data quality, and also ensures 

the outputs are more locally-relevant. As such, the expert input that is used to formulate an AHP land-use 

suitability model is used to validate the output. 

Initial AHP land-use suitability models were formulated based on previously-developed LSA models for 

different regions of Victoria. These were adapted and adjusted for use in the Glenelg Hopkins catchment 

through a thorough literature review, and run to produce a preliminary output map of suitability. The initial 

maps, for the baseline climate, were then reviewed by local ‘experts’ (farmers, farming groups, agronomists, 

plant breeders, among others) in the most prominent fruit production areas of Glenelg Hopkins region around 

Portland. Based on experts’ knowledge of the region, any inconsistencies in the predicted suitability were 

identified and the model amended accordingly by making adjustments to weights and ratings. As a matter of 

course, this validation process is repeated until there is a general satisfaction with the map output. In this 

particular study, the validation input on whether the initial ‘preliminary’ map reflected their understanding of 

the region’s suitability for the selected commodities has been quite low, due to the limited number of fruit 

producing businesses in Glenelg Hopkins region (statistics ca be found in the next chapter in Figure 7).  

For both pome and stone fruit, early varieties are more suitable to the region because local climate 

conditions with a typical onset of autumn break between April and May hinder ripening of late varieties. For 

citrus, current horticultural areas around Portland get too wet too early in the growing season to get a 

successful harvest, and would be therefore more suitable further north. In general, the feedback stressed the 

need for irrigation and the historical presence of commercial scale fruit production in the south west of the 

catchment around Portland and Nelson. The importance of adequate chilling was also mentioned as well as the 

potential negative impacts of extreme weather (excessive frost, heat, wind, hail etc.). Insufficient infrastructure 

in the region (both road/rail and irrigation) and high initial costs of farm-level investment and set-up were also 

pointed out during the validation. 
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12. Horticultural Production 

12.1 Fruit Production in Victoria and Glenelg Hopkins 
In terms of gross value (AU$) of Australian production, the state of Victoria has produced the highest 

amount of fruit and nut commodities, accounting for approximately 30% of the production in 2015-2016 (ABS 

2016). As presented in Figure 6, the highest yielding Natural Resource Management (NRM) regions of Victoria 

are Mallee and Goulburn Broken accounting for over 80% of the overall fruit and nut production. The bottom 

five producing NRMs account for less than 1% of the production, Glenelg Hopkins having the lowest value of 

fruit and nut production of 0.05% (ABS 2016). 

 

Figure 6 – Percentage fruit & nuts production in each NRM region of Victoria for 2015-2016 source: ABS, 2016 

Figure 7 then shows the gross value of specific groups of fruit and nut production in Glenelg Hopkins 

NRM, showing that the only significant fruit commodities commercially grown in the region in 2015-2016 are 

pome fruit, strawberries and grapes. 

 
Figure 7 – Gross value (AU$) of fruit commodity groups in Glenelg Hopkins for 2015-2016; source: ABS, 2016 
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12.2 Regional Climate and Water Use 

Chilling 
Deciduous fruit trees, including stone trees, develop their vegetative and fruiting buds in the summer.  

As winter approaches, the already developed buds go dormant in response to both shorter day lengths and 

cooler temperatures.  This dormancy, or sleeping stage, protects buds from the effects of cold weather.  Once 

buds have commenced their dormancy, they will be tolerant to temperatures much below freezing and will not 

grow in response to mid-winter warm spells. 

The buds remain dormant until they have accumulated sufficient chilling, or vernalisation, to break the 
dormancy.  When enough chilling accumulates, the buds are ready to grow in response to warm temperatures.  
As long as there has been enough accumulated chilling, the flower and leaf buds will develop normally.  
Maximum chilling tends to occur between 6-8°C, with very little chilling accumulated below 2°C or above 10-
12°C (Hennessy and Clayton-Greene 1995). If the buds do not accumulate sufficient chilling during winter to 
completely release dormancy, trees can develop delayed foliation, reduced fruit set and buttons or reduced 
fruit quality. Different cultivars require different chilling requirements as their flowering and growing periods 
occur at different times from one another. Extended periods of frost, on the other hand, can severely damage 
the crop, especially during flowering. Same negative impacts are caused by other extreme weather events, such 
as excessive heat, hail, winds and storm activity in general, whose incidence is projected to increase in the 
future (STOKES & HOWDEN 2010). If the buds do not accumulate sufficient chilling during winter to completely 
release dormancy, trees will develop one or more of the physiological symptoms associated with insufficient 
chilling.  These include the following.  

 Delayed foliation – A tree may have a small tuft of leaves near the tips and be devoid of leaves for 30-50 
centimetres below the tips. Lower buds would eventually break, but full foliation is significantly delayed, 
fruit set is reduced, and the tree is weakened. 

 Reduced fruit set and buttons – Flowering, in response to insufficient chilling, often follows the pattern 
seen with leaf development. Bloom is delayed, extended, and due to abnormalities in pistil and pollen 
development, fruit set is reduced. In some cases, buttons result from flowers that apparently have set but 
never develop into full-size fruit. 

 Reduced fruit quality – These effects are subtle and can occur when other symptoms do not. In the 
instance of pome fruit, insufficient chilling will cause many cultivars to have an enlarged tip and reduced 
firmness. The fruit background coloration may be greener than usual, possibly due to the fruit loosing 
firmness before the background colour can fully change from green to yellow. 

Irrigation 
Glenelg Hopkins catchment has a number of aquifers at different levels, whose water quality differs 

significantly, especially in terms of salinity. All levels of ground water are shown in Figure 8, Figure 9 and Figure 

10. Middle aquifers are predominantly used by agribusinesses, since they generally provide higher yields and 

better quality water than upper aquifers (Southern Rural Water 2011), but they are predominantly situated in 

the southern half of the region. The quality of water used in horticulture is essential, influencing plant growth, 

yields but also taste and fruit quality (Department of Agriculture and Food 2016; Shannon & Grieve 1998; 

Mizrahi & Pasternak 1985) As demonstrated in Figure 9, the salinity levels in majority of the catchment’s middle 

aquifers are less than 3500mg/L. Even though the upper aquifers underlie majority of the region, their quality 

is lower than that of middle and lower ones, with the exception of aquifers close to the border with South 

Australia, near Ballarat and Colac that provide high yielding and good quality groundwater (Southern Rural 

Water 2011).   



CeRRF, Deakin University – Horticulture, Technical Report 22 

 

 
Figure 8 – Map of salinity of ground water in the Upper aquifers in South West Victoria (source: Southern Rural Water 2011) 

 

Figure 9 - Map of salinity and yield of ground water in the Middle aquifers in South West Victoria (source: Southern Rural 
Water 2011) 
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Figure 10 - Map of salinity and yield of ground water in the Lower aquifers in South West Victoria (source: Southern Rural 
Water 2011) 

Water use was determined for each commodity, using effective rainfall, irrigation requirement, 

evapotranspiration, and soil water reserve, as specified below. Irrigation need has been calculated for every 

month of a growing cycle specific to each commodity, based on a crop coefficient changing between the initial, 

mid-season and end of late season stages (Allen et al. 1998). Irrigation was only used in months when effective 

rainfall was insufficient to cover crop water requirements.  

 Effective rainfall was calculated as:  

Effective rainfall [mm] (Re) = Total Rainfall – Runoff – Evaporation – Deep Percolation 

 Irrigation requirement was calculated as: 

Irrigation requirement [mm] (IR) = Effective Rainfall – Commodity Water Use – Soil Water Reserve 

 Water Use was conditioned as: 

If Irrigation Requirement is higher than Effective Rainfall, then the sum of Irrigation Requirement and 

Effective Rainfall is used. If Irrigation Requirement is lower than Effective Rainfall, then irrigation is not 

required and Effective Rainfall is used. 

Irrigation requirement values and their projected change with shifts in climate are presented at 

separate sections of this report, specific to each commodity. Figure 11 shows the projected change in seasonal 

evapotranspiration based on the mean of all evapotranspiration values in the catchment. Consistent with the 

likely increase in mean temperature, evapotranspiration is projected to increase by 118 mm/day or 9.6% 

between 1960-1990 and 2070.  
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Figure 11 – Change in regional mean of seasonal evapotranspiration 

Figure 12 shows the projected change in seasonal effective rainfall based on the mean of all aggregate 

rainfall values in the catchment. Due to high precipitation variability across the region (much higher than the 

temperature variability), the data is presented to demonstrate general trends rather than specific values. 

Projected values indicate a decrease in spring, autumn rainfall and winter effective rainfall, and an increase in 

summer rainfall. An overall drop in effective rainfall levels of 77.8 mm/year or 25% is projected. The likely 

increase in evapotranspiration and decrease in effective rainfall both indicate higher irrigation requirements in 

the future.  

 

Figure 12 – Change in regional mean of seasonal effective rainfall 
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A. Stone Fruit 
Stone fruit trees are deciduous and grow to a height of 5 to 10 metres. They can live from 20 to 30 

years in age, but in cultivated commercial plantings the life span is from 12 to 15 years, mainly due to loss in 

fruiting productivity (Bassi & Monet, 2008).  Stone fruit trees produce flowers, which differ in appearance 

according to cultivar however are usually small and white or pink in colour. 

Stone fruit trees produce a wide range of fruits from a variety of cultivars. Peaches, nectarines, plum 

and apricots are round in shape and skin colours range from red, yellow to white. Flesh colours also vary both 

between cultivars and across varieties. Fruits mature at different times and undergo differing and complex 

flowering, maturing and harvesting seasons, shown in Appendix II. Any businesses growing stone fruit on a 

commercial scale have not been identified and are not included in the ABS agricultural statistics of Glenelg 

Hopkins region for 2015-2016. 

Stone fruit trees can be highly adaptable to a range of different soils, although they do prefer soils with 

high sand to clay ratio or loamy type soils (Bellini et. al., 2009).  The root system is ideally developed in deeper 

soil profiles of more than 1m.  The trees prefer well drained soils and do not tolerate waterlogging.  The optimal 

pHCa range is near neutral from 6.5 to 7.5.  At the higher and lower levels of the pHCa range, soil conditions will 

become unsuitable for production.  Higher pH levels, for example, can induce foliar chlorosis, a condition where 

the leaves don’t produce enough chlorophyll.  Salinity levels below 2 dS/m are preferred; levels above 3 dS/m 

can impair peach and nectarine growth (Bellini et. al., 2009), as indicated in the above section on water use 

and irrigation.  

Landscape characteristics for a stone fruit orchard contribute to the growth and development of fruit 

more significantly than in previous commodity groups of cropping and pastures. Trees prefer full sunlight, 

although areas with minimal shading are tolerated. A north west to north east aspect is optimal as these will 

receive greater amounts of sunlight during spring days. A southerly aspect receives less sunlight; hence it can 

be colder and be more susceptible to frosts, negatively impacting fruit trees in flowering stage. A slight and 

gentle slope is optimal for stone fruit trees as this can aid in air drainage. This is particularly important in areas 

with incidences of spring frosts, a slope will allow cold air to drain away from the orchard into lower areas 

preventing any frost damage. Low lying areas, for this reason, should be avoided, as these regions can trap 

colder air which can increase incidences of frost occurring. Steep slopes should be avoided to reduce the risk 

of soil erosion and nutrient runoff. 

Stone fruit are considered less cold hardy than many other tree fruit species. They prefer a temperate 

climate with cold winters, moderate springs and hot and dry summers. The trees can tolerate very low 

temperatures during winter, but prolonged period of extremes are likely to damage dormant flower buds. 

Flowers that develop during spring are extremely sensitive to cold temperatures and frosts; if temperatures fall 

below -4°C the majority of open flowers can be killed. The fruits, during summer, require high mean air 

temperatures of up to 30°C. This allows the fruit to mature and ripen sufficiently. Stone fruit do not require 

cool nights to develop their red skin colour, as seen in apples; the skin colouration is more attributed to the 

cultivar and light exposure rather than temperatures. 
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Stone Fruit (early) 

Diagrams specifying the timing of maturing for different stone fruit varieties can be found in Appendix 

II, early maturing examples are: apricots – Early Divinity or Fireball; plums – Santa or Queen Rosa; nectarines – 

Cardinal or Firebrite and peaches – Sunset peach or Springcrest.  

 Figure 13 shows the change of seasonal irrigation requirement based on a mean of all regional values. 

Due to the aforementioned likely increase in evapotranspiration and decrease in effective rainfall, stone fruit 

is projected to need more irrigation to support its production. The warmer stages of the growing season (late 

spring-summer) require the highest amount of irrigation (increasing the most between the baseline and 2070). 

The mean irrigation requirement of early stone fruit is projected to change by 19.7% (approximately 140 mm) 

between the baseline and 2070. 

 

Figure 13 – Regional change in Irrigation requirement for stone fruit (early varieties) between baseline, 2030, 2050 and 2070 

Figure 14 presents land suitability maps for early varieties of stone fruit accompanied by a suitability 

change diagram in Figure 15. Overall climate suitability is projected to significantly decrease in the south while 

slightly improving in the north of the catchment. Increase in mean temperature, especially during summer and 

autumn, are counteracted by a decline in the number of chill units, especially in the south, causing the apparent 

decrease in suitability. Water requirements increase in the future, especially in the north, driving suitability 

down, but the projected improvement of temperature keeps the suitability in the north at 70-80% even in 2070. 

The overall suitability of early varieties of stone fruit is projected to increase slightly, by 0.6% between 1960-

1990 and 2070. As mentioned in previous sections, even though the projected increase in extreme weather 

events is likely to have a negative impact on stone fruit production, it could not be accounted for in this study 

due to the unpredictability of their incidence as well as the nature of the LSA model. 
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Figure 14 – Land suitability maps of early varieties of stone fruit in Glenelg Hopkins region 

 
Figure 15 – Land suitability area change of early varieties of stone fruit 
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Stone Fruit (late) 
Diagrams specifying the timing of maturing for different stone fruit varieties can be found in Appendix 

II, mid and late maturing examples are: apricots – Hunter; plums – Stirling or Ruby Blood; nectarines – Fantasia 

or New Boy; and peaches – Elberta or Golden Queen. 

Figure 16 shows the change of seasonal irrigation requirement based on a mean of all regional values. 

Due to the aforementioned likely increase in evapotranspiration and decrease in effective rainfall, stone fruit 

is projected to need more irrigation to support its production. The warmer stages of the growing season 

(summer-early autumn) require the highest amount of irrigation (increasing the most between the baseline 

and 2070). The mean irrigation requirement of late stone fruit is projected to change by 19.6% (approximately 

135mm) between the baseline and 2070. 

 

Figure 16 - Regional change in Irrigation requirement for stone fruit (late varieties) between baseline, 2030, 2050 and 2070 

Figure 17 presents land suitability maps for late varieties of stone fruit accompanied by a suitability 

change diagram in Figure 18. Suitability in terms of water requirements is projected to decline, particularly in 

the north of the catchment due to the projected decline in effective rainfall and increase in evapotranspiration 

during the delayed growing season (over the hot summer months) when compared to early varieties. Decrease 

in chill units is also likely to lower the suitability of late stone fruit varieties, predominantly in the south and 

south-west of the region. The increase in mean temperature counteracts this trend by increasing suitability out 

to 2070, particularly in the north. The severe increase water use and hence irrigation requirement causes the 

overall land suitability for late varieties of stone fruit to decline by 6.6% between the baseline and 2070. As 

mentioned in previous sections, even though the projected increase in extreme weather events is likely to have 

a negative impact on stone fruit production, it could not be accounted for in this study due to the 

unpredictability of their incidence as well as the nature of the LSA model. 
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Figure 17 – Land suitability maps of late varieties of stone fruit in Glenelg Hopkins region 

 

Figure 18 – Land suitability area change of late varieties of stone fruit 
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B. Pome Fruit 
There are many different varieties of apples and pears that are cultivated in Australia. Each of the 

varieties has their own particular phenological stages; in general, however, all pome fruit will flower from early 

October to early November and are harvested from February to early May, differentiating between early and 

late varieties. Varieties that flower early generally tend to have an extended growing phase and are harvested 

later in the season, whilst the late flowerers have a quick growing phase and are some of the first to be 

harvested. This occurrence is a reflection of the particular climatic conditions that each variety prefers. Usually, 

an early flowering varieties are grown in warmer climates, whereas short season cultivars are grown in cooler 

climates with less frost risk due to late flowering. 

While apple trees, like most other pome fruits, are tolerant of a range of soils, poor soils do not allow 

for the production of heavy crops without the application of additional nutrients, making fertile soils more 

suitable.  Apples prefer soils that are well drained but with a good capacity to hold moisture. Typically, they 

grow best on soils with a clay-loam, silty clay-loam, or other loam texture soils. These types of textured soils 

have a good water and nutrient holding capacity, but have enough drainage to minimise any moisture retention 

problems that may affect the apple tree. Deep soils are preferred for apple growth, to allow for greater root 

penetration and greater chance of both withstanding dry periods and ensuring against root rots during 

excessively wet periods (Dart, 2008). Optimum pH for apple growth is between 5.5 and 7, however, apples can 

be tolerant of slightly acidic soils.   

Pears have a deep and extensive root system and have traditionally been grown on heavy soils. They 

can withstand a wet and waterlogged soil better than most other fruit trees and tend to be a long-lived tree.  

They do not tolerate saline soils; the variety Williams, in particular, is very sensitive to salt damage which causes 

a brown marginal left scorch and restricts growth. Depending on the ambient pH levels, pear trees are also 

susceptible to a number of diseases caused by deficiencies in trace elements such as iron, boron or manganese. 

Like the majority of pome fruits, apples prefer a temperate climate with a cool to cold winter during 

the maturation period and a mild to warm spring and summer during the growing period. Apple trees need 

consistently available moisture during their growing season to deliver regular and heavy production. Frosts are 

harmful once buds begin to open.  Strong winds and hail can also create several problems with fruit damage, 

pollination issues and loss of flower and/or fruit.  Windbreaks or sheltered orchards are hence utilised to 

minimise damage. Pears grow well in a temperate climate and in warm inland areas, varieties such as Williams 

and Winter Nelis are recommended, while areas with mild winters and low chill are more suited to Corella.  

Gentle slopes facing north are desirable for the growth of pome fruit trees. Slopes with a south facing 

aspect are generally colder and hence more prone to frost; they may also not be warm enough in spring to 

allow for bees to actively pollinate the flowers. Slopes with a north aspect are ideal as they capture more light 

and hence are warmer. A slight and gentle slope is optimal for pome fruit trees as this can aid in air drainage. 

This is particularly important in areas with incidences of spring frosts, a slope will allow cold air to drain away 

from the orchard into lower areas preventing any frost damage. Low lying areas, for this reason, should be 

avoided, as these regions can trap colder air which can increase incidences of frost occurring. Steep slopes 

should be avoided to reduce the risk of soil erosion and nutrient runoff. 
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Pome Fruit (early) 
Diagrams specifying the timing of maturing for different pome fruit varieties can be found in Appendix 

II, early maturing examples are: apples – Gravenstein, Gala; pears – Hood, Corella. 

 Figure 19 shows the change of seasonal irrigation requirement based on a mean of all regional values. 

Due to the aforementioned likely increase in evapotranspiration and decrease in effective rainfall, pome fruit 

is projected to need more irrigation to support its production. The warmer stages of the growing season (late 

spring-summer) require the highest amount of irrigation (increasing the most between the baseline and 2070). 

The mean irrigation requirement of early pome fruit is projected to change by 16.2% (approximately 132 mm) 

between the baseline and 2070. 

 

Figure 19 - Regional change in Irrigation requirement for pome fruit (early varieties) between baseline, 2030, 2050 and 2070 

Figure 20 presents land suitability maps for early varieties of pome fruit accompanied by a suitability 

change diagram in Figure 21. In terms of water use, suitability between 1960-1990 and 2070 is due to decrease, 

with virtually unchanged values in the north but high irrigation requirement in the central parts of the 

catchment and its south causing suitability to drop. Chill units are likely to decrease, although staying high 

enough to allow sufficient vernalisation. Suitability in terms of temperature is rather low across the region and 

projected to decrease, especially in the north. Overall suitability for early varieties of pome fruit is due to 

decrease by 4.9% between the baseline and 2070. As mentioned in previous sections, even though the 

projected increase in extreme weather events is likely to have a negative impact on pome fruit production, it 

could not be accounted for in this study due to the unpredictability of their incidence as well as the nature of 

the LSA model. 
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Figure 20 – Land suitability maps of early varieties of pome fruit in Glenelg Hopkins region 

 

Figure 21 – Land suitability area change of early varieties of pome fruit 
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Pome Fruit (late) 
Diagrams specifying the timing of maturing for different pome fruit varieties can be found in Appendix 

II, early maturing examples are: apples – Granny Smith, Cripps Pink; pears – Williams’, Winter Nelis. 

Figure 22 shows the change of seasonal irrigation requirement based on a mean of all regional values. 

Due to the aforementioned likely increase in evapotranspiration and decrease in effective rainfall, pome fruit 

is projected to need more irrigation to support its production. The warmer stages of the growing season 

(summer-early autumn) require the highest amount of irrigation (increasing the most between the baseline 

and 2070). The mean irrigation requirement of early pome fruit is projected to change by 16.6% (approximately 

166 mm) between the baseline and 2070. 

 

Figure 22 - Regional change in Irrigation requirement for pome fruit (late varieties) between baseline, 2030, 2050 and 2070 

Figure 23 presents land suitability maps for late varieties of pome fruit accompanied by a suitability 

change diagram in Figure 24. Similarly to the early varieties of pome fruit, the amount of chilling units stays 

above 500 chill hours, allowing for sufficient vernalisation. Land suitability in terms of water use increases in 

the future, especially in the south where it reaches high suitability index values while staying medium in the 

north. With an increase in mean temperature, late varieties are more likely to ripen and suitability therefore 

increases. As apparent from the suitability maps, overall suitability of late varieties of pome fruit is likely to 

increase in the future by 11.3% between the baseline and 2070. As mentioned in previous sections, even though 

the projected increase in extreme weather events is likely to have a negative impact on pome fruit production, 

it could not be accounted for in this study due to the unpredictability of their incidence as well as the nature of 

the LSA model. 
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Figure 23 – Land suitability maps of late varieties of pome fruit Glenelg Hopkins region 

 

Figure 24 – Land suitability area change of late varieties of pome fruit 
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C. Citrus 
Citrus is an important fruit industry in Australia, with major growing areas being traditionally situated 

in warmer regions of NSW, WA or QLD. This model is based on growing requirements of lemons detailed below. 

Water availability, temperature and wind are the two most important climate factors influencing growth. 

Lemons and limes are very sensitive to frost, and they should therefore be planted in areas with winter 

temperatures falling below -4°C. Other citrus varieties such as oranges are more frost tolerant. The optimum 

temperature for growth is 25-30°C, temperatures below 25°C have lower rate of photosynthesis while 

temperature above 40°C stunt growth. Oranges are less tolerant to heat than lemons (Hardy 2004; Department 

of Agriculture and Fisheries: Queensland Government 2016). Due to high sensitivity to wind, strong or cold 

winds cause a reduction in yields and lower fruit quality by bruising.  

Citrus trees require a range of nurients in the soils, the level or concentration of which can affect vigour, 

health and yield. Citrus does not like very acid soils of pHCa below 5 (all temporarily not suitable areas) or very 

alkalike above 8. Teh preferered pHCa is 6.0-7.0. They require well structured soils with lighter texture, good 

drainage and topsoil of at least 0.6m (Department of Agriculture and Fisheries: Queensland Government 2016; 

Revelant et al. 2004).  

Gentle slopes facing north are desirable for the growth of citrus trees. Slopes with a south facing aspect 

are generally colder and hence more prone to frost; they may also not be warm enough in spring to allow for 

bees to actively pollinate the flowers. Slopes with a north aspect are ideal as they capture more light and hence 

are warmer. A slight and gentle slope is optimal for citrus fruit trees as this can aid in air drainage. This is 

particularly important in areas with incidences of spring frosts, a slope will allow cold air to drain away from 

the orchard into lower areas preventing any frost damage. Low lying areas, for this reason, should be avoided, 

as these regions can trap colder air which can increase incidences of frost occurring. Steep slopes should be 

avoided to reduce the risk of soil erosion and nutrient runoff. 

Figure 25 shows the change of seasonal irrigation requirement based on a mean of all regional values. 

Despite the aforementioned likely increase in evapotranspiration and decrease in effective rainfall, the 

irrigation need of citrus is projected to decline. The warmer stages of the growing season (summer-early 

autumn) require the highest amount of irrigation. The mean irrigation requirement of citrus is projected to 

change by 23.8% (decreasing by approximately 73 mm) between the baseline and 2070. 

 

Figure 25- Regional change in Irrigation requirement for citrus between baseline, 2030, 2050 and 2070 
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Figure 26 presents land suitability maps for citrus accompanied by a suitability change diagram in Figure 

27. Suitability in terms of water use increases in the future from low to medium, with the biggest change in the 

north. Temperatures are projected to be get higher, increasing the suitability across the region, and especially 

in the north. The overall suitability of citrus is projected to increase by 9.2%, staying in the medium index range, 

as apparent on the maps below. As mentioned in previous sections, even though the projected increase in 

extreme weather events is likely to have a negative impact on citrus production, it could not be accounted for 

in this study due to the unpredictability of their incidence as well as the nature of the LSA model. 

 

Figure 26 – Land suitability maps of citrus in Glenelg Hopkins region 
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Figure 27 – Land suitability change of citrus 
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D. Berries 
This report based the LSA model of berries on raspberries and other cane fruit. There are many varieties 

of berries, which, along with climate, influence the timing of their growth stages. The growth cycle stages have 

been set to accommodate for both Floricane and Primocane varieties, flowering has therefore been set 

between September and November, and harvest between January and April.  

The primary climate factors influencing cane fruit are temperature at key growth stages and dry 

conditions at harvest (Buntain & Sparrow 2012; Agriculture Victoria 2013). Similarly to pome and stone fruit 

trees, berries also need adequate chilling (>800 hill hours between 0°C and 7°C) (Buntain & Sparrow 2012) to 

overcome dormancy. Plants that are flowering or carry young fruit have low tolerance to frost that decreases 

yield. So do high temperatures (extended periods over 30°C) or rainfall during harvest, causing damage to the 

berries.  

Berries prefer a well-drained site with soil depth of at least 25cm. Ideal soil has a pHCa of 5.5-6.5 and no 

salinity. Soils with heavy subsoil or rocky layer are not suitable (Buntain & Sparrow 2012; Agriculture Victoria 

2013). Gentle slopes facing north are desirable for the growth of berries. Slopes in general are not a concern, 

but slopes with a south facing aspect are generally colder and hence more prone to frost. Slopes with a north 

aspect are ideal as they capture more light and hence are warmer. A slight and gentle slope is optimal for 

berries as this can aid in air drainage. This is particularly important in areas with incidences of spring frosts, a 

slope will allow cold air to drain away from the plantings into lower areas preventing any frost damage. Low 

lying areas, for this reason, should be avoided, as these regions can trap colder air which can increase incidences 

of frost occurring. Steep slopes should be avoided to reduce the risk of soil erosion and nutrient runoff. Aspect 

can be important, depending on the most prevalent direction of wind, since hot and dry winds cause damage 

to the fruit. The output land suitability maps reflect a model strictly based on biophysical factors, windbreaks 

or tunnels used by growers, sheltering their crops from weather extremes could therefore not be accounted 

for. 

Figure 28 shows the change of seasonal irrigation requirement based on a mean of all regional values. 

Due to the aforementioned likely increase in evapotranspiration and decrease in effective rainfall, berries are 

projected to need more irrigation to support their production. The warmer stages of the growing season 

(summer-early autumn) require the highest amount of irrigation (increasing the most between the baseline 

and 2070). The mean irrigation requirement of cane fruit is projected to change by 16.3% (approximately 155 

mm) between the baseline and 2070. 

 
Figure 28 - Regional change in Irrigation requirement for berries between baseline, 2030, 2050 and 2070 
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Figure 29 presents land suitability maps for berries accompanied by a suitability change diagram in 

Figure 30. Land suitability in terms of water use stays the same throughout the time series, at high suitability 

range. The amount of chilling in 1960-1990 is above the optimum, but decreases to the optimum range of 800-

1600 chill hours between 2030 and 2050, after which it drops below 800 and decreases the suitability slightly 

in 2070. With temperature suitability for the growth and maturing of cane fruit increasing across the region, 

the overall suitability is also likely to increase by 7.6% between 1960-1990 and 2070. As mentioned in previous 

sections, even though the projected increase in extreme weather events may have a negative impact on cane 

fruit production, it could not be accounted for in this study due to the unpredictability of their incidence, 

shelters used by the growers as well as the nature of the LSA model.   

 

Figure 29 – Land suitability maps of berries in Glenelg Hopkins region   
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Figure 30 – Land suitability change of berries 
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13. Concluding remarks 
This report has been structured in several components, with a focus on the likely impacts of climate 

change on the pasture growth of early and late varieties of pome fruit, stone fruit, citrus and berries in the 

Glenelg Hopkins catchment. Figure 31 Figure 31 shows the overall trends in land suitability, indicating that early 

stone fruit, late pome fruit, citrus and berries are likely to become more suitable, whereas the suitability of late 

stone fruit and early pome fruit is projected to decline. The overall median suitability index for fruit in Glenelg 

Hopkins region is 69.4% for baseline 1960-1990 likely to increase to approx. 74.1% by 2070 (an average increase 

in suitability for pastures excluding ryegrass is 4.7% by 2070).  

In general, the increase in mean temperature is likely to stimulate ripening of fruit, but the 

accompanying decline in chill accumulation can cause insufficient vernalisation. Weather extremes such as 

frost, heat, hail or wind and storm activity are likely to negatively impact yields. Irrigation is required for all 

modelled commodities, with the irrigation requirement increasing out to 2070 due to higher 

evapotranspiration and lower effective rainfall. The necessity of horticultural commodities to be irrigated 

negatively impacts on their suitability for the Glenelg Hopkins region due to the currently limited access to 

water suitable for irrigation, especially in the north-west part of the catchment. Southern part of Glenelg 

Hopkins region and areas around Ballarat and Colac have access to good quality ground water, making them 

more likely to be able to support horticultural industry. Compared to broadacre crops and hay from pastures, 

fruit is highly perishable, and as such requires adequate chilling facilities, careful handling during harvest, 

storage and transport. The quality of infrastructure and distance to market or processing plants are of 

paramount importance in terms of product quality.  

 

Figure 31 – Projected change in median land suitability index values for horticulture 
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Appendix I – Stone Fruit (early varieties) hierarchy 
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Appendix II – Ripening times based on South Australia 
 (source: Balhannah Nurseries 2016) 

 

A. Stone Fruit 
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B. Pome fruit 
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The likely climate change futures presented in this report are based on the development of scenarios 

which are consistent with climate change scenarios developed by the Intergovernmental Panel on Climate 

Change (IPCC). They represent a range of possible futures for the Glenelg Hopkins Catchment Region, Victoria, 

Australia, although none of them may ever eventuate. Observed values of key climatic variables are current at 
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upon some of the conclusions presented in this report.  
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1. Executive Summary 
Land Capability or Suitability Assessment of the Glenelg Hopkins Catchment is a climate change 

adaptation project aimed at informing government (Local and State), the agricultural sector and the broader 

community, of the possible impacts of climate change on key commodities produced across the study region. 

The information has been developed to  

1) Generate and communicate specific long-term data, information and strategic plans that enable 

Local Government Authorities and the agriculture sector in the Glenelg Hopkins catchment to adapt to climate 

change effectively with a focus on regional development, infrastructure and agricultural industry 

transformation  

2) Reduce risks of soil degradation through farming practices inappropriate to future warmer, drier 

climate conditions.   

The project has been co-funded by the Glenelg Hopkins CMA with the support of the Australian 

Government’s National Landcare Programme, Southern Grampians Shire Council and Deakin University. This 

report outlines an analysis of the potential implications of regional climate change on pastures, through GIS 

modelling of grasses: perennial ryegrass (winter active), phalaris (winter active) and panic grass (summer 

active); herbs: plantain (winter active); and legumes: lucerne (summer active). An expert systems-based 

modelling approach was used that considers climatic, soil and landscape parameters to map expected yield 

across the region. The models and maps were validated with local farmers, farming groups and agronomists 

then modified according to their feedback, before running the models again with climate change projection 

data to understand how projected variability in climate might influence the expected yield (in tonnes of dry 

matter per hectare per year [t DM/ha/yr]) and subsequently land suitability. The outputs are intended for 

strategic, regional-level decision making in relation to agricultural development, infrastructure and water. So, 

it is important to understand the assumptions and caveats associated with the modelling before interpreting 

the maps, which are covered in the body of the report. Also, the maps and associated information may assist 

to inform on-farm adaptation, to guide breeding programs and regional trials, among other more localised 

issued. But, decisions at such localised or specific levels will need to be informed by additional, more targeted 

research outside the scope of this project. 

According to the available climate projection data, the region will become drier in the winter, 

particularly in the north-east part of the catchment, but with rainfall likely to increase in the summer. Hotter 

summers in the north are also likely to impact pasture production. Projected changes to the values of key 

climatic variables, such as rainfall and temperature, could potentially impact the optimal pasture growth 

conditions. Increased temperatures could have negative impacts in terms of increased heat and water stress 

due to higher evapotranspiration. Higher incidence of summer rainfall events have the potential to stimulate 

summer active species. 

The modelling indicates significant shifts in suitability that vary between pasture species depending on 

their heat and drought tolerance, and also dormancy. Species with lower water requirements and deep 

taproots are likely to be more persistent, but will require less intensive grazing management (ex. rotational 

grazing) allowing for sufficient rest periods. This report looks at alternative commodities that are summer 

active, often more drought and heat resistant than the currently grown species, or that have a high market 

value, in order to encourage more regional trials and inform adaptation efforts. Needless to say, new cultivars 

of currently favoured ryegrass and phalaris species are constantly being developed, increasing their persistence 

and applicability but could not be included in the current modelling. 
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4. Key Definitions 
 

Analytical Hierarchy 
Process 

Is a set of biophysical variables (criteria) that determine the growth and production of the 
selected agricultural commodity, arranged into a hierarchical order, which forms a 
decision making structure that can be evaluated by assigning weights to each criteria 

Baseline Baseline is a description of historical biophysical attributes of the Glenelg Hopkins 
catchment for 1960 – 1990, supported by available historical data for that period and 
agreed upon during validation stages of this project  

Climate Change 
Projections 

Show how climate and its variables such as temperature and rainfall are likely to change 
in the future based on the outputs of global climate models and their mathematic 
depiction of both atmospheric and oceanic circulation systems subjected to different 
types and levels of forcings 

Multi Criteria Analysis Its primary focus is combining biophysical data with expert knowledge to formulate a 
single suitability index class 

Land Suitability or 
Capability 

examines the degree of land suitability for the growth (cultivation or cropping) of the 
agricultural commodity of interest while reaching an adequate yield for each commodity  

Representative 
Concentration Pathways 

Are a set of scenarios developed by the International Panel on Climate Change for four 
plausible gas concentrations dependent on the level of anthropogenic forcing. They range 
from RCP 2.6 with a decline in emissions through RCP 4.5 of low increase of emissions to 
RCP 8.5 of high emissions pathway that is currently being followed  

Validation Is a model and suitability map verification process of face-to-face interviews with local 
stakeholders (predominantly farmers, Landcare groups and agronomists)  

Waterlogging 
Susceptibility 

Is defined by a set of soil attributes influencing the likelihood of the soil profile to get 
saturated with water, resulting in insufficient oxygen in the pore space for plant roots to 
be able to adequately respire 
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6. Introduction 

A comprehensive account of the project background will follow the publication of all three commodity 

group technical reports (cropping, pastures and horticulture) in the final project background report. The 

following introductory, climate change and methodology chapters will be adapted and expanded upon in that 

project report. 

The outputs of the project include climate projections for the region, maps showing the climate change 

impacts and opportunities for commodity production, and regionally-focused strategic plans that explicitly 

incorporate local knowledge and aspirations in order to maximise both economic and environmental outcomes 

with an emphasis on soil health. The input given by farmers during face-to-face round of consultation is 

essential to validate the results of land suitability assessment or LSA models for each commodity. Any input on 

commodity-specific growing requirements is reflected in the final regional maps of land suitability and 

subsequently in this report. 

7. Project Scope and Strategic Objectives 
The land suitability assessment part of this project, as the main subject of this report, aims to determine 

the extent of climate change impacts on the performance of selected pasture commodities. A list of 5 pasture 

species has been selected by the Project Control Group to include commodities already grown in the region as 

well as a number of potential future additions to the south west pasture systems. Surface water availability will 

decrease and temperatures will increase. To sustain agricultural livelihoods, it is therefore imperative that farm-

level adaptation measures are supported by strategic planning using region-specific impact information, 

regional development and council-supported business development in order to assist agricultural 

transformation. 

In the above context, the main aim of this project is to generate and communicate specific long-term 

data, information and strategic plans that enable Local Government Authorities and the agriculture sector in 

the Glenelg Hopkins catchment to adapt to climate change effectively with a focus on regional development, 

infrastructure and agricultural industry transformation. The project has synthesised existing climate change 

and agricultural research as well as spatial data, and generated new information, to establish decision-making 

tools for Local Government and CMA adaptation planning. 

8. Climate Change & Agriculture 
Australian agriculture and its key industries are being exposed to rapid, intensive and extensive 

transformations associated with the influences of various drivers of change.  The main driving forces include 

globalisation, climate change, new markets and trade arrangements, competition for natural resources (land 

and water), and socio-cultural and organisational changes.  Consequently, our farmers are facing 

unprecedented pressures and uncertainties.  At the same time, exciting new opportunities are emerging.  These 

changes will be far reaching and will have a profound and lasting impact on agriculture and forestry production 

in Australia, in general, and Victoria, in particular, over the coming decades.  

There is wide acceptance that human well-being is linked to land uses that can sustain a diversity of 

ecosystem services (Reid et al., 2005).  Many countries are therefore re-evaluating how they can retain high 

levels of agricultural food production whilst balancing other demands for the land resource such as maintaining 

good drinking water quantity and quality, limiting Green-House Gas (GHG) emissions, or safe-guarding the 

socio-cultural and economic benefits of the their landscapes (Brown et al., 2008).  Unfolding changes in climatic 

conditions are of particular importance (Flannery, 2005, Ruth et al., 2006, Reid et al., 2005, IPCC, 2007b, IPCC, 

2013). 
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8.1 Climate Change Implications for Plant Growth 
The geographic (spatial) distribution of plant species, vegetation types and pasture types demonstrate 

the strong influence that climate has on plant growth.  Solar radiation, temperature and precipitation (in turn 

impacting on water availability) and seasonal patterns are key determinants of plant development through a 

variety of direct and indirect effects. Other climatic characteristics, such as wind speed and storm intensity and 

frequency, are also major influences.  Plant function is directly linked to climate and atmospheric carbon dioxide 

(CO2) concentrations.  On the shortest temporal and smallest spatial scales, the climate affects the plant’s 

immediate environment and thus directly affects physiological processes.  On longer time and larger spatial 

scales, the climate influences the distribution of species and community composition and can determine what 

pastures can be viably grown in managed agro-ecosystems.  Plant growth also influences the local, regional and 

global climate through the exchanges of energy and gases between the plants and the air around them 

(Morison and Morecroft, 2008, Hillel and Rosenzweig, 2011, Stokes and Howden, 2010). 

There is a rapidly growing number of well-documented instances of change in ecosystems due to recent 

(and most likely human-induced) climate change (Steffen, 2009, Reid et al., 2005, Callaghan et al., 2004, Steffen 

et al., 2006).  Overall, the Intergovernmental Panel on Climate Change (IPCC, 2007b, IPCC, 2013) concluded that 

“from collective evidence, there is high confidence that recent regional changes in temperature have had 

discernible impacts on many physical and biological systems”.  These recent climate changes are likely to 

accelerate as human activities continue to perturb the climate system and many reviews have made predictions 

of serious consequences for ecosystems.  

Climate change poses major scientific and practical challenges.  Our comprehension of plant responses 

to future climate must be built on a better understanding of the climate system itself, especially at the regional 

scale.  Plant production needs to be maximised to overcome the new, or altered, climatic conditions on food 

and fibre production in the face of continuing population growth, with a focus on sustainable actions.  The 

sustainability of agricultural and forestry production systems needs to be improved by reducing GHG emissions 

and the use of fossil fuels and by reducing water and nutrient consumption.  The management of natural 

resources must be adapted to conserve biodiversity in changing environmental conditions. 

 

8.2 Regional Scale Climate Change 
CSIRO and the Bureau of Meteorology (BoM) published climate change projections for Australia and its 

States in October 2007, with an update in 2015. (CSIRO and BOM, 2007, CSIRO and BOM, 2015).  These reports 

provide the information on observed climate change in the country and its likely causes, as well as updated 

projections of change in the key climatic variables and other aspects of climate that can be expected over the 

coming decades.  Projections are formulated for the years 2030, 2050 and 2070.   

At Glenelg Hopkins catchment scale, climate change scenarios were visualised and reported upon in 

the previous report “Analysis of Climate Projections for GHC region” in September 2016. The baseline climate 

data has been derived from an averaged overlay of SILO and WorldClim datasets. SILO data has a resolution of 

5 km2 and provides historical climate data (precipitation; maximum, minimum and mean temperature) from 

Australian Bureau of Meteorology. (Department of Science, Information Technology and Innovation 2016) 

WorldClim data has a resolution of 1 km2 and was created by interpolating average monthly values by 

combining data from a number of global as well as local Australian databases. (Hijmans et al. 2005) The output 

baseline layers have a 1 km2 resolution, to be comparable with the projection datasets. Values for 2030, 2050 

and 2070 have been derived using a 1 km2 ACCESS 1.0 global climate model developed for Australia by CSIRO-

BOM. This model represents the most recent Representative Concentration Pathways (RCP) scenarios. Outputs 

for this climate change scenario projects by comparison to the baseline year that there will likely be:  
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 An increase of between 3°C to 4°C in the average maximum temperature for the high emissions scenario RCP 8.5. 

 An increase of between 1.5°C to 2°C in the average mean temperature for the high emissions scenario RCP 8.5. 

 An increase of between 1°C to 2°C in the average minimum temperature for the high emissions scenario RCP 8.5. 

 A decrease of about 50mm per year to 100mm per year in the total annual rainfall for the high emissions scenario 
RCP 8.5. 
 

Figure 1 shows a projected overall decrease in rainfall over seasons, with a potential for a slight increase 
in summer under the low emissions pathway RCP 4.5 and high emissions pathway RCP 8.5. Figure 2 
demonstrates the likely future increase in mean, maximum and minimum temperatures alike, under both low 
and high emissions scenarios RCP 4.5 and 8.5, respectively. The extent of changes is significant, suggesting high 
variability of future climate. The averaged values suggest an increase across all seasons, with the highest rise 
in summer temperatures. 

 

Figure 1 - Seasonal Mean Rainfall for baseline, RCP 4.5 and RCP 8.5 2050 

 

Figure 2 - Seasonal average of mean temperature for baseline, RCP 4.5 and RCP 8.5 2050 (with deviation bars 
showing average maximum and minimum temperatures for particular season) 
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Projected values indicate decrease in rainfall and increase in temperature, with the most prominent 

changes in both extremes of maximum and minimum temperature. The resulting climate shift in the region is 

milder than in the rest of Victoria, but presents Glenelg Hopkins catchment with opportunities to diversify its 

land-use by adding pastures more suited for warmer climates into its agricultural production. It also calls for an 

improvement of water management and water allocation methods in parts of the catchment. Maps 

demonstrating the projected change in annual rainfall and mean temperature can be found in Figure 3 and 

Figure 4. 

 
Figure 3 - Mean annual rainfall for baseline 1960-1990 and RCP 8.5 projections 

 

Figure 4 - Annual Mean Temperature for baseline 1960-1990 and RCP 8.5 projections 
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9. Methodology 
In order to generate the specific long-term data, information and strategic plans to adapt to climate 

change, a simplified model of the approach is diagrammatically depicted in Figure 5 was applied in this study.  

The overall methodological approach used to assess the degree of land-use suitability, in both a current and 

future climate, integrates a Multi Criteria Analysis (MCA) applied with an Analytical Hierarchy Process (AHP) in 

a Geographic Information System (GIS), to spatially represent land-use suitability. The methodology is 

informed, and takes place within, the policy context established by the relevant government policy statements 

at national, state and regional levels. 

The MCA is implemented using an AHP (Saaty, 1980, Saaty, 1995, Saaty, 1994).  Broadly defined, for 

the study region, biophysical variables (criteria) that determine the growth and production of the selected 

agricultural commodity, are arranged into a hierarchical order, this forms a decision making structure that can 

be evaluated (an example of such hierarchy can be found in Appendix I). Criteria are then assigned numerical 

values (weights), which are determined primarily from expert knowledge and judgement. These weights are 

placed on each criterion and indicate the relative importance to one another and to the overall output. MCA 

has been used extensively around the world in many studies based on land-use suitability, where a primary 

focus is combining biophysical data with expert knowledge to formulate a single suitability index class 

(Jankowski and Richard, 1994, Hossain et al., 2006).The first module in the methodological approach are 

historical climatic inputs and future climate change projections as derived from the global IPCC Assessment 

Reports (IPCC, 2007a, IPCC, 2013).  In particular, future climate projections are based on the CSIRO ACCESS1.0 

Global Climate Model (GCM) (Ramirez & Jarvis 2008) at the spatial resolution of 1 km2 using emissions scenarios 

created from the Representative Concentration Pathways RCP (CSIRO and Bureau of Meteorology 2015; van 

Epersele 2014). This model uses the Intergovernmental Panel Climate Change (IPCC) scenarios employed in the 

IPCC Fifth Assessment Report (AR5).  These are scaled down to a regional level for each of the key climatic 

variables.  As shown in the figure, several other data inputs, in addition to climate, are necessary; these can 

include, but are not solely limited to, soils and landscape. In all, the combination of these three main inputs can 

be used to describe the primary growth requirements of common pasture species. 

Climatic conditions are key metrics for modelling plant growth, either by restricting ecological process 

(e.g., plant establishment and growth rate), or by limiting management activities such as the timing of specific 

farm practices (e.g., ploughing, sowing or harvesting).  These climatic metrics are a significant link between 

prevailing climatic conditions, as measured at weather stations, and their specific relevance to land use 

activities.  A change in climatic conditions implies new opportunities for, or risks to, land use (Stone and Meinke, 

2006).  Therefore, exploration of climate change impacts on land suitability can identify areas where the range 

of options is changing or may be expected to change in the future, and whether the inherent biophysical 

flexibility in land-use options is increasing or decreasing.  This information can then provide the platform from 

which to explore the socio-economic implications of climate change alongside other drivers of change (Brown 

et al., 2008).  

The AHP allows for experts’ participation in the decision making process.  Compared to empirical 

models this expert systems model incorporates the knowledge of experts who have an in-depth understanding 

of one aspect of the specific system of concern.  This is seen as an essential step in suitability analysis because 

expert based knowledge can fill gaps created by poor empirical based knowledge or poor data quality. With 

the contribution of regional experts in agronomy, soil science and farming (amongst others), an AHP model is 

constructed for each particular commodity. 
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Figure 5 – LSA methodology 

9.1 Suitability Analysis 
The methodological approach adopted in this project includes at its core Biophysical Land Suitability 

Analysis (LSA) for the agricultural commodities of interest, which is focused at the regional level. Biophysical 

LSA is defined as the process of determining the fitness, or the appropriateness, of a given area of land for a 

specified use (FAO, 1976); see also (McHarg, 1969, Hopkins, 1977). Biophysical LSA can provide a rational basis 

to identify the most favourable utilisation of land resources and land use planning (FAO, 1993). It examines the 

degree of land suitability for the growth (cultivation or cropping) of the agricultural commodity of interest. It 

has thus gained wide acceptance and adoption across a wide range of users including land managers, 

agriculturalists and planners.  

Modifications in agricultural land suitability caused by climate change can be assessed by comparing 

future suitability maps (using climate change projections) with current suitability maps (using historical/present 

climatic conditions). Overall this can provide an assessment of the potential climate change impacts on 

agricultural systems, be utilised as a decision support tool and facilitate discussions of the policy options to 

respond to the likely impacts.   

Further comprehensive explanations of the Biophysical LSA methodology can be seen in the 

publications of Geography Compass (Sposito et al., 2010a), Applied Spatial Analysis (Pelizaro et al., 2010), 

Applied GIS (Sposito et al., 2009) and Open Journal of Applied Sciences (Sposito et al., 2013) to which the reader 

is referred. In this report, only a brief explanation of the approach is provided with an emphasis on the 

development and application of the LSA models to pasture systems. 
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9.2 Suitability Framework 
The United Nations Food and Agricultural Organisation (FAO) have an established framework structure 

for the assessment of suitability for any type of land use and land cover (FAO, 1976). This structure is 

hierarchical in design and comprises of Orders, Classes, Subclasses and Units. Suitability Orders indicate if a unit 

of land is Suitable (S) or Not Suitable (NS), hence there are two suitability orders. Suitability Classes are used to 

reflect degrees of suitability, for example, at base three classes can be defined; High (80% - 100%), Moderate 

(50% - 70%) and Low Suitability (0% - 40%).  Furthermore, the Not Suitable order can be defined into two 

classes; Temporarily Not Suitable and Permanently Not Suitable. This framework has been modified slightly for 

use in the Glenelg Hopkins study.  The core of the framework is maintained for application in the study region.  

The two principle suitability orders are maintained; S and NS. NS is further defined into Permanently Not 

Suitable (PNS) for areas excluded based on factors that cannot be changed by farm management practices (ex. 

soil depth) and Temporarily Not Suitable (TNS) for areas with currently unsuitable factors that can be made 

favourable by management practices (such as application of lime on acidic soils).   

9.3 Caveats 
The LSA models are validated using regional expertise and input by local growers and experts. 

However, it is important to be aware of a number of caveats when interpreting the results of the models: 

1. The methodology has been formulated for application at regional and local levels.  In particular, LSA maps are 
developed and presented at a regional level with a spatial resolution of 1 km2, which is the resolution of the 
downscaled climate change projections. Therefore, LSA maps should not be used to infer (current and future) 
conditions at a site level (e.g. at farm level). 
 

2. LSA maps depicting future conditions substantially depend on the input climate change projection data, which are 
inherently uncertain.  A multiplicity of futures is possible depending on major policy decisions over time and how the 
climate system will respond to them.  Therefore, future LSA maps depict a likely future projected by the IPCC and, by 
no means, the only future.   
 

3. The modelling approach does not account for some important components of pasture production; for instance, the 
effect that changing climatic conditions may have on bees and pollination, or on plant disease status. It also does not 
consider management practices that also significantly influence pasture growth. Therefore, LSA maps depict strictly 
biophysical conditions that are based on currently available reginal-scale data. 
 

4. With the projected regional increase in temperature and associated decline in rainfall, extreme weather events, 
(including fire risk) are likely to increase across the study region.  This is not considered in the present study and will 
require complementary research and (possibly) the preparation of overlay maps showing areas of greater risks. 
 

5. Each commodity’s biophysical requirements for climate, soil and landscape – were identified by a review of the 
scientific literature and their value ranges were validated using expert opinion and regional expertise.  It is 
nonetheless possible for some subjective information, via the expert opinion phase of the exercise, to influence the 
model design or the weighting of individual criteria within the models, especially in the case of emerging commodities 
that have not been grown on a large scale in the region.  

 

6. The spatial soil data available for the LSA modelling is limited to the data availability. Region specific issues such as 
aluminium toxicity could not be included in the model since there are not available in a spatial format. Waterlogging 
susceptibility layer supplied by the Glenelg Hopkins CMA has been included in the model, although, management 
practices improving drainage such as raised beds or liming to decrease soil acidity, could not be incorporated. 
 

7. The study did not examine different varieties within a particular agricultural commodity. Considerable variation can 
occur between varieties within a species with respect to their biophysical requirements. Grazing management is also 
a significant factor influencing establishment rates as well as persistence. 

 

8. This study contains a number of commodities that are either grown on a small commercial scale limited to a certain 
area of the catchment or not at all (such as quinoa, hemp, Citrus, panic grass etc.). The lack of growers in the region 



CeRRF, Deakin University – Pastures, Technical Report 16 

 

made it harder to validate such models. They are predominantly reliant on scientific literature and expert opinion of 
agronomists and farmers growing similar pasture species, and will be amended once more trials are available from 
the region. 
 

9. It is difficult to account for the contribution that a grower’s management practices can make to the suitability of a 
specific commodity at a particular geographical location. It is hence entirely possible for a particular grower to achieve 
good pasture growth and persistence at a location that has been modelled as having a low biophysical suitability and, 
conversely for a grower to achieve poor yields at a location that is ranked with a high biophysical suitability. It should 
also be noted that the models do not take into account other factors that may impact on suitability and yield, such 
as extreme climate events, pests and diseases, or socio-economic considerations. 

 
10. The report has looked at a selection of agricultural commodities across the Glenelg Hopkins catchment. The reader 

should therefore be aware that the designation of an area in the region as less suitable in future climates only applies 
to the particular commodities modelled in this report, and that those same areas may become more suitable for 
other pastures. Additional modelling will be required to examine other agricultural commodities in order to have a 
more comprehensive understanding of the agricultural potential of the Study Region, now and in the future. 
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10. Biophysical Data Inputs 

10.1 Observed Climate 
Past and current climate data was obtained through the SILO Project (Jeffrey et al., 2001), which is 

hosted by the Science Delivery Division of the Queensland Department of Science, Information Technology, 

Innovation and the Arts (DSITIA).  SILO is based on Bureau of Meteorology (BoM) climate data and includes 

multiple datasets of variables such as temperature and rainfall.  The data is Victoria-wide and is available at a 

resolution of 5 km2 (grid). In order to increase coastal coverage and get a finer resolution data of 1 km2, the 

SILO data has been averaged with WorldClim data, as mentioned in Chapter 0 on climate change. 

Interpolation techniques (thin plate smoothing splines for climatic variables and ordinary kriging for 

rainfall) are used on weather observation station climate information supplied by the BoM (Jeffrey et al., 2001).  

There are several points where uncertainty can affect data quality, such as the physical weather observation 

stations themselves. Data can be lost at these points due to instrument failure, non-reporting of data or 

incorrect recordings. In the interpolation of climate data, there is also an associated level of error, given values 

are being estimated between two points. The associated levels of error in the SILO and WorldClim climate 

datasets, and how these are handled, are explored and quantified in Jeffrey et al., (2001).  

Commonly used in climate studies is the ‘climate normal’, which is used as a reference period for 

comparative purposes between current, historical and future climates. Generally, they are calculated over a 

standard period of thirty years, which is long enough to include year to year variations but not that long to 

allow it to be influenced by long term climate trends. The World Meteorological Organisation (WMO) uses the 

period of 1961 to 1990, which is also used in Australian meteorological references. WorldClim data set uses 

period of 1960 to 1990. This study has used the 1960-1990 climate normal period as a baseline comparison 

against future climate projections and simulated suitability analyses.  The climate normal, hereafter, will be 

referred to as the ‘baseline’ climate. 

10.2 Future Climate 
Future climate scenarios were created using the CSIRO’s Global Circulation Model (GCM) CSIRO-

ACCESS1.0 model (Ramirez & Jarvis 2008) and RCP 4.5 and 8.5 emissions scenario (van Epersele 2014; CSIRO 

and Bureau of Meteorology 2015). The 4.5 (low emissions) and 8.5 (high emissions) scenarios are one of the 

scenarios used in GCM models and climate change analysis.  Projections are based on assumptions about future 

demographic, economic, land use, and science and technological changes and are reported on in the IPCC 

Representative Concentrations Pathways (van Epersele 2014).  

10.3 Landscape 
A Victoria wide Digital Elevation Model (DEM) provided the basis for landscape analysis.  This is in a 

raster grid format, with a grid cell resolution of 100m2. This dataset represents the ground surface topography 

or terrain of Victoria.  The dataset allowed the calculation of critical geographic features such as slope, altitude 

and aspect.  The DEM has been sourced from NASA’s Shuttle Radar Topography Mission (SRTM) landscape 

dataset (NASA and USGS, 2014), which is supplied at 1 arc second (equivalent to a 30 metre resolution).  This 

is hosted in conjunction with the United States Geological Survey (USGS). 
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10.4 Soils 
Soil type (Isbell and CSIRO., 2002) is one of the most important factors that influences land utilisation.  

It provides the physical, chemical and biological activity basis required for plant growth.  Principal information 

for soils data for this study has been sourced from Soils and Landform Mapping, undertaken by the Victorian 

State Government found on the Victorian Resources Online (VRO) web-based platform (Victorian State 

Government, 2015b) or the Victorian Data Portal, data.vic.gov.au (Victorian State Government, 2015a).  These 

studies are at a geographic scale of primarily 1:100,000 and these surveys and maps provide a description of 

the land and associated soil types/units.  Finer scale mapping can be more accurate, but the available data at 

all scales across the Glenelg Hopkins catchment is sufficient for suitability modelling.  Further information for 

soils data and attributes have been sourced from the Soil and Landscape Grid of Australia, produced by the 

CSIRO (CSIRO and TERN, 2015) and from the soil layers supplied by the CMA (containing waterlogging, salinity, 

erosion and other susceptibility maps). 

Soil attributes, as used in land-use suitability modelling, can be categorised into two broad groupings; 

physical attributes and chemical attributes. Physical attributes relate to the actual physical properties of the 

soil and include measures such as texture or soil horizon depth.  Measurements for these are usually done in 

the field at a soil pit.  Chemical attributes relate to the chemical composition of the soil and can include 

measures such as soil nutrient composition or soil pH.  Measurements for these are usually done in a soils 

laboratory on collected field samples. The attributes that are used within the AHP are listed in Table 1. 

Table 1 – Soil attributes included in the LSA models 

Soil Grouping soil attribute 

Physical Texture, Drainage, Useable Depth (2/3 of Horizons A & B), Depth to Bedrock, Coarse 
Fragments, Waterlogging Susceptibility, Stoniness 

Chemical Soil pH in water & CaCl2, Salinity/Electrical Conductivity (ECe), Sodicity 
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11. Validation 
The AHP, at its core, is an expert’s system model, in that much of the decision points in an AHP are 

derived from expert based knowledge. This can range from the weightings placed on each hierarchy level to 

the growth indices used to formulate suitability index class values. This expert input is an essential step in LSA 

because it fills information gap due to poor empirical based knowledge or poor data quality, and also ensures 

the outputs are more locally-relevant. As such, the expert input that is used to formulate an AHP land-use 

suitability model is used to validate the output. 

Initial AHP land-use suitability models were formulated based on previously-developed LSA models for 

different regions of Victoria. These were adapted and adjusted for use in the Glenelg Hopkins catchment 

through a thorough literature review, and run to produce a preliminary output map of suitability. The initial 

maps, for the baseline climate, were then reviewed by local ‘experts’ (farmers, farming groups, agronomists, 

plant breeders, among others) at a wide cross-section of locations around the catchment. Based on experts’ 

knowledge of the region, any inconsistencies in the predicted suitability were identified and the model 

amended accordingly by making adjustments to weights and ratings. As a matter of course, this validation 

process is repeated until there is a general satisfaction with the map output. In this particular study, the 

validation input on whether the initial ‘preliminary’ map reflected their understanding of the region’s suitability 

for the selected commodities has been quite diverse. It largely depended on the location and primary land use 

therein. The Hamilton Highway has often been referenced as a suitability demarcation for perennial ryegrass. 

Validation feedback often mentioned decrease in persistence of perennial ryegrass in southern high-rainfall 

areas traditionally used as dairy farms. In contrast, the area under more resilient phalaris has been increasing. 

The validation process was followed for each of the AHP land-use suitability models, as used in this project. 

Suggested changes to the models were made and are emphasised in latter parts of this report, specific to each 

commodity. 

In general, changes have been made to match the regional pasture growth curve (as recorded from 

EverGraze trials in 2013), differentiating between winter and summer active pasture species. Perennial ryegrass 

and phalaris have been added to the commodity list as reference species, allowing farmers to compare novel 

species with currently prevalent pasture systems. Less abundant commodities (plantain, panic grass and 

lucerne) received a rather mixed feedback of both successes and failures. More trials are therefore needed, 

but as mentioned by a number of farmers, high seed prices and the ever-unpredictable changes in seasonal 

climate conditions, limit their willingness to experiment. All other assumptions made are detailed at the 

pertinent commodity-specific sections of this report.   

A waterlogging susceptibility data supplied by the CMA has also been imbedded within this project’s 

models of species such as lucerne that are intolerant to waterlogging. A regional issue of aluminium toxicity 

hindering plant development has been pointed out on numerous occasions in both crop and pasture validation 

sessions. A spatial dataset containing specific catchment-wide aluminium levels is not available. The models 

are therefore using the values of pH and soil textures as an indication of potential aluminium toxicity issue.  
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12. Pasture Production 
Majority of the catchment has been traditionally dominated by dryland pasture systems based on 

winter active varieties of perennial ryegrass or phalaris with subterranean clover (Morant & Miller 2016). 

Establishment and less demanding grazing management of the conventional ryegrass cultivars are the greatest 

advantage of winter active perennial ryegrass cultivars, although, increasingly prevalent hotter summers cause 

a significant decline in its persistence. Use of new ryegrass cultivars, or more drought persistent phalaris, is 

therefore needed to sustain current production levels.  There is also an increasing trend of using summer active 

pasture species to cover feed requirements of stock during the warm season, instead of heavily relying on 

silage. Figure 6 shows the standard pasture growth curve of winter active species traditionally grown in the 

region, as demonstrated at the EverGraze Hamilton trial site in 2016 (Behrendt R, Morant A, Clark S, McCaskill 

M, Raeside M, Ward G, Cameron F 2013). The introduction of summer active species is likely to complement 

existing pasture management systems. Although summer crops and lucerne have the potential to provide out 

of season feed, progressively shorter springs with insufficient rainfall increase the risk of pasture or crop failure 

(Cloven Hills Est. 2014). 

 

Figure 6 – Standard year pasture growth curves for different pasture species in Hamilton EverGraze trial site in 2013 (Source: EverGraze, 
2013) 

Factors affecting pasture growth are (PGG Wrightson Seeds 2016c; DairyNZ 2008): 

- PASTURE COVER: pasture growth rates are low if pasture cover is very high or very low 

- TEMPERATURES: pasture growth is limited if ambient temperature is too low or too high 

(ideal temperature range differs for each species but also between varieties of the same 

pasture species) 

- MOISTURE: pasture growth rate is reduced if available soil moisture is insufficient, but also 

if excessive rainfall and soil parameters cause waterlogging 

- NUTRIENTS: pasture growth decreases with dropping nutrient levels 

- PLANT DAMAGE: pasture growth rates are low due to insect infestation or overgrazing 

The climate projections used in our models predict a slight increase in annual production of perennial 

ryegrass and white clover pasture mix, which is likely to be reversed to a decline by 2070 caused by stimulation 

of winter and early spring pasture growth rates by higher temperatures, but counteracted by shorter springs 

(Eckard R. & Cullen B. 2008). The feedback received during validation suggests a recent trend of cropping to 

extend south, creating mixed pasture and cropping management systems or replacing pasture based farming 

altogether. Consistent with those observations, the projected changes in climate are very likely to cause a shift 

of agroecological zones (found in Appendix II) southward.  
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A. Grasses 
Perennial Ryegrass (winter active) 

 

 

 

Perennial ryegrass is a long-lived, densely tillered tufted grass native to regions with a temperate 

climate, and used for both pasture and turf in Australia (State of Victoria DPI: Office of the Gene Technology 

Regulator 2008). Its traditional cultivars (such as Victorian) have been widely used across the southern parts of 

the region due to its ease of management that tolerates different grazing practices, and high nutritive value 

(Morant A & Sargeant K 2013).  The fastest growth of grass leaves appears in spring (every 7 days) and slows 

down in the winter (every 30 days) as demonstrated in Figure 7. Ryegrass tillers always have only 3 live leaves 

that die after 21 days in spring and 90 days in winter (DairyNZ 2008). The disadvantages of perennial ryegrass 

are its shallow root system, spring dominant growth pattern with low summer productivity, and poor 

persistence in hot and dry summers (Morant A & Sargeant K 2013).  

 

Figure 7 – Standard year ryegrass & phalaris pasture mix growth curves on multiple Evergraze trial sites across Glenelg 
Hopkins Region (source: EverGraze, 2013) 

Validation input stressed the significant differences in persistence between all available cultivars and 

its susceptibility to hot and dry summers negatively affecting the pasture persistence. LSA model of perennial 

ryegrass was based on the NUI cultivar with 0 heading days and target yield of 6-8 t/ha. Ideal temperature 

range is 5°C - 18°C (DairyNZ 2008), minimum rainfall of 600 mm/year (Smith 2012b).  Frost has little effect on 

perennial ryegrass, but prolonged periods of hot and dry conditions lead to reduced persistence (PGG 

Wrightson Seeds 2016c).  Poor nutrient content in soils limits pasture growth, but perennial ryegrass tolerates 

waterlogging as well as limited levels of elevated soil salinity and acidity. The ideal pHCa range is between 5.6 – 

7.0 (Smith 2012b). The model outputs can be found in Figure 8 as a set of land suitability maps and as a graph 

with suitability area change in Figure 9.  

The projected increase of mean temperature and decrease in rainfall during the pasture’s active period 

is likely to significantly lower the land suitability of perennial ryegrass. Baseline suitability determined by the 

LSA model is 72.9% but drops significantly, to 60.2% by 2070, limiting the growth of perennial ryegrass to high 

rainfall, coastal areas. As mentioned above, successful pasture growth and its persistence differs greatly 

between cultivars and could not be accounted for by the model. 
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Figure 8 – Land suitability maps of winter active perennial ryegrass in Glenelg Hopkins region 

 

Figure 9 – Land suitability area change of winter active perennial ryegrass 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

1960-1990 2030 2050 2070

Su
it

ab
ili

ty
 In

d
ex

Perennial Ryegrass (winter active)
Land Suitability Area Change

30% 40% 50% 60% 70% 80% 90% 100% PNS



CeRRF, Deakin University – Pastures, Technical Report 23 

 

Phalaris (winter active) 
 

 

 

Phalaris is a temperate perennial grass with good persistence in areas of high rainfall, heavy soils, low 

aluminium content and medium to high fertility (EverGraze 2008; Clements et al. 2003). Frost resistance, 

drought and heavy grazing tolerance, ease of establishment, good recovery and fast response to autumn 

rainfall, high productivity, high competitiveness with weeds as well as tolerance to waterlogging and moderate 

salinity are the main advantages of phalaris (with certain variability between cultivars)(Watson et al. 2000; Knox 

et al. 2006). The disadvantages are susceptibility to competition from annual grasses during establishment, risk 

of phalaris poisoning, low responsiveness to summer rainfall and its sensitivity to acidic soils (Watson et al. 

2000; Clements et al. 2003; Knox et al. 2006). Although phalaris can persist under a variety of grazing 

management practices, its ability to outcompete legumes can cause a decline in pasture quality and production, 

stressing the need to maintain grass-legume balance (Watson et al. 2000). As depicted in Error! Reference 

source not found., the pasture growth curve of traditional phalaris cultivars is consistent with that of perennial 

ryegrass, with highest growth in autumn to late spring and summer dormancy (Clements et al. 2003; Behrendt 

R, Morant A, Clark S, McCaskill M, Raeside M, Ward G, Cameron F 2013). Varieties such as Holdfast and Sirosa 

are also winter active but have low to moderate summer dormancy (Watson et al. 2000; PGG Wrightson Seeds 

2016a). 

Average annual rainfall required by phalaris is between 550 and 600 mm (Watson et al. 2000), with the 

minimum being 400 mm/year (Knox et al. 2006). Ideal temperature for pasture growth is between 15°C and 

25°C (Watson et al. 2000). Phalaris can grow on a wide range of soils but performs well on deep, heavy textured 

soils of high fertility and low acidity (ideal pHCa 5.8-7.5, with areas with pHCa < 4.0 being temporarily not suitable 

due to increased potential of aluminium toxicity)(Knox et al. 2006; Watson et al. 2000). Validation stressed the 

issue of soil acidity and higher persistence in the north of the catchment. 

The modelled decrease in winter rainfall and increase in mean temperature is likely to increase the 

suitability of phalaris further south to areas traditionally dominated by ryegrass, but slight decrease to 80% 

suitability in the north-east of the region by 2070 (as shown in Figure 10). Figure 11 indicates an increase in 

median suitability of the catchment to grow phalaris from 76.1% in 1960-1990 to 81.9% in 2070. Phalaris is 

projected to have the highest increase in suitability out of the 5 selected pasture commodities.  

Scientific name:  Phalaris aquatica 

Common name: Canary Grass, Harding Grass 

Baseline varieties: Holdfast 
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Figure 10 – Land suitability maps of winter active phalaris in Glenelg Hopkins region 

 

Figure 11 – Land suitability area change of winter active phalaris 
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Panic Grass (summer active) 

 

Panic grass is a tufted, tall, C4, summer-growing perennial, producing feed over spring, summer and 

autumn (FAO 2016; Mcdonald 2003). Its quick response to summer rainfall make it superior to many other 

tropical grasses and likely to complement winter dominant, dry-land pasture systems found in Glenelg Hopkins 

region. As a tropical grass, panic requires higher temperatures to stimulate its growth and is intolerant to frost. 

Validation predominantly reflected on Green or Gatton panics, stressing the importance of drainage and 

temperature for successful pasture growth. Green and Gatton panics have poor tolerance to flooding and 

drought, unlike Bambatsi panic, which has a superior tolerance to flooding and moderate frost tolerance 

(Mcdonald 2003).  

 
Figure 12 – Land suitability maps of summer active panic grass in Glenelg Hopkins region 

 

 

Scientific name:  Megathyrsus maximum 

Common name: Green Panic, Guinea grass 

Baseline varieties: Green panic 
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Panic grass grows best on cracking clay or loamy soils of medium to high fertility with pHCa between 5.0 

to 8.0 (FAO 2016; Mcdonald 2003). Areas with topsoil pHCa <5.0 and subsoil pHCa <4.6 are marked as temporarily 

not suitable. Bambatsi panic requires a minimum average rainfall of 450 mm/yr, whereas Green and Gatton 

panics prefer areas with more than 500 mm/yr (Mcdonald 2003). Panic grass is palatable when kept short and 

once established, it persists well under set stocking (Daur 2016; Mcdonald 2003). 

Figure 12 shows the modelled suitability of panic grass in the region, which increases from the baseline 

64.9% to 66.5% by 2070. The positive changes are predominantly driven by a projected increase in 

temperatures as well as summer rainfall events, particularly along the coast. Temperate conditions in the 

catchment with lower mean temperatures but sufficient summer rainfall in the south, and more favourable, 

higher temperature but limited summer rainfall in the north, cause panic grass to remain within the medium 

suitability range (depicted in Figure 13).  

 

 

Figure 13 – Land suitability area change of summer active panic grass 
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B. Herbs 

Plantain (winter active) 

 

Plantain is a winter active, tap-rooted, perennial herb of moderate to high feed quality with a high 

mineral content and dry matter yield (NZ Forage Systems 2011; Judson & Moorhead 2009; Moore 2013; 

Agricom Ltd 2012 2012). It has a good heat and drought tolerance (but less so than lucerne due to shallower 

depth of its taproot and high number of fibrous roots in the topsoil) (NZ Forage Systems 2011; Judson & 

Moorhead 2009). Plantain has excellent dry matter production, especially during the winter. It is highly 

responsive to autumn and spring rainfall (Judson & Moorhead 2009) with opportunistic summer growth (Moore 

2013). Plantain is relatively slow to establish due to low competitiveness with other more vigorous species, it 

therefore requires careful management in order to persist (NZ Forage Systems 2011). Its advantages are a good 

pest resistance and low fertility requirements (Knox et al. 2006). 

 

Figure 14 – Land suitability maps of winter active plantain in Glenelg Hopkins region 

Scientific name:  Plantago lanceolata 

Common name: Tonic plantain, narrow-leaved plantain 

Baseline varieties: Tonic plantain 
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Plantain requires average annual rainfall above 450 mm and ideal temperatures for growth between 

10°C and 25°C (Moore 2013). It can grow on a wide range of soil types apart from deep sands and soils 

susceptible to waterlogging . It tolerates low fertility and pHCa between 4.2 – 7.8 (Moore 2013; NZ Forage 

Systems 2011; Agricom Ltd 2012 2012). Validation feedback stressed the need of sufficient rainfall even during 

summer months, low tolerance to waterlogging and aluminium toxicity.  

Figure 14 shows modelled land suitability maps for plantain, with a distinction between the north-west 

part of the catchment with lower summer rainfall and more extreme summer temperatures. Even though both 

rainfall and temperature requirements are likely to be satisfied in the future, high waterlogging susceptibility 

throughout the catchment limits plantain’s suitability to 70-80% over the majority of Glenelg Hopkins region 

(demonstrated in Figure 15). Median suitability is projected to increase from 77.0% in 1960-1990 to 78.4% by 

2070, with the highest change in the north-west part of the catchment.  

 

 

Figure 15 – Land suitability area change of winter active plantain 
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C. Legumes 

Lucerne (summer active) 

 

Lucerne is a temperate perennial legume with high nutritional value, high yield and good persistence 

under dry conditions, given appropriate grazing management is in place (PGG Wrightson Seeds 2016b; 

Mcdonald et al. 2003; The State of Victoria Department of Environment and Primary Industries 2012). Its 

drought tolerance is due to a taproot that can reach water from deep soil layers, high water use efficiency and 

responsiveness to summer rainfall or irrigation (PGG Wrightson Seeds 2016b; The State of Victoria Department 

of Environment and Primary Industries 2012).  Model used in this project focused on semi-winter dormant 

lucerne varieties with peak production in spring, summer and early autumn (dormancy groups with their 

definitions can be found in Table 2). Lucerne has the potential to provide high quality feed during times of the 

year when most currently utilised pastures are dormant, but it has very low tolerance of continuous grazing  

(PGG Wrightson Seeds 2016b; Knox et al. 2006). 

Table 2 – Dormancy groups of lucerne (source: adjusted from PGG Wrightson Seeds 2016) 

DORMANCY CHARACTER DETAILS 

1 – 3 Winter dormant No winter growth – very short growing season 

4 – 5 Semi-winter dormant 
Very little winter growth, good persistence and summer 

quality for hay and or grazing 

6 – 7 Winter active Dense and reasonably persistent. Dual purpose types 

8 – 9 Highly winter active 
Good seedling vigour and fast recovery from cutting. Good 

short term stands for South West Victoria 

10 - 11 Very highly winter active  Best suited to NSW and QLD for short term hey stands 

Lucerne has low waterlogging, acidity and salinity tolerance (Knox et al. 2006). It also needs soils that 

are deep enough and easy to penetrate and develop its root system (The State of Victoria Department of 

Environment and Primary Industries 2012). It therefore performs best on lighter, free-draining soils where pHCa 

is > 5.0 due to its intolerance to high aluminium levels. Lucerne requires as little as 250 mm, but up to 700 mm 

of average annual rainfall (EverGraze 2008; Mcdonald et al. 2003; Smith 2012a). In areas with rainfall below 

500 mm/yr, lucerne should be sown in autumn, and in late winter to early spring in areas with rainfall above 

500 mm/yr (Morant A & Sargeant K 2013). Lucerne can be grown in temperatures between 10°C and 30°C, with 

ideal production temperature of 25°C (Department of Agriculture and Food 2017). Validation feedback 

repeatedly pointed out aluminium toxicity and insufficient subsoil drainage issues, hindering lucerne growth. It 

also pointed out the preference of light textured soils and hill tops, preventing waterlogging. 

Scientific name:  Medicago sativa 

Common name: alfalfa 

Baseline varieties: semi winter dormancy (3-5) 
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Figure 16 shows modelled suitability maps for lucerne with areas of pHCa < 4.6 in subsoil categorised as 

temporarily not suitable. Based on validation, soil factors were assigned higher importance than climate factors 

in the LSA model. Projected decrease in winter rainfall and increase in summer rainfall are likely to result in 

higher suitability, but due to the higher weight of soil conditions, any shifts in climate are not likely to have a 

significant impact on the overall lucerne’s suitability in the region.  As shown in Figure 17, median baseline 

suitability of lucerne is 63.3% and improves to 66.1% by 2070.  
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Figure 16 – Land suitability maps of summer active lucerne in Glenelg Hopkins region   

 

Figure 17 – Land suitability change of summer active lucerne 
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13. Concluding remarks 
This report has been structured in several components, with a focus on the likely impacts of climate 

change on the pasture growth of perennial ryegrass, phalaris, panic grass, lucerne and plantain in the Glenelg 

Hopkins catchment. Figure 18 shows the overall trends in land suitability, indicating that phalaris, plantain, 

panic grass and lucerne are likely to become more suitable, whereas the suitability of perennial ryegrass is 

projected to decline. The overall median suitability index for pastures in Glenelg Hopkins region is 72.9% for 

baseline 1960-1990 likely to decrease to approx. 66.5% by 2070 (an average increase in suitability for pastures 

excluding ryegrass is 2.9% by 2070, but the high decline in perennial ryegrass suitability drives the total average 

land capability in 2070 down).  

In general, decline in winter rainfall is likely to decrease land suitability for pasture species such as 

perennial ryegrass, reliant on higher moisture availability. Suitability of pasture species requiring less annual 

rainfall such as phalaris, or winter-dormant species responsive to summer rainfall, is projected to increase. The 

introduction of heat and drought resistant or summer active species to complement existing pasture systems 

in Glenelg Hopkins region, by supplying feed in months when stock has traditionally relied on silage, is 

significant. The likely increase in summer rainfall has a potential to stimulate such changes, but the projected 

unreliability of spring rainfall incidence can offset the benefits of higher moisture availability in summer by 

decreasing seedling vigour, hindering establishment, competitiveness and reducing persistence. 

 

Figure 18 – Projected change in median land suitability index values for pastures 

  



CeRRF, Deakin University – Pastures, Technical Report 33 

 

References 

ABS 2012a. 7121.0 - Agricultural Commodities, Australia, 2010-11. Australia: Australian Bureau of Statistics. 
ABS 2012b. 7501.0 - Value of Principal Agricultural Commodities Produced, Australia, 2010-11. Australia: Australian 

Bureau of Statistics. 
BARLOW, S., GRACE, P., STONE, R., GIBBS, M., HOWDEN, M., HOWIESON, J., UGALDE, D., MILLER, C., ECKARD, R., 

ROWLAND, S., MCKELLAR, R. & STADLER, F. 2010. National Climate Change Adaptation Research Plan for 
Primary Industries. Queensland, Australia: National Climate Change Adaptation Research Facility. 

BROWN, I., TOWERS, W., RIVINGTON, M. & BLACK, H. I. 2008. Influence of climate change on agricultural land-use 
potential: adapting and updating the land capability system for Scotland. Climate research (Open Access for 
articles 4 years old and older), 37, 43. 

CALLAGHAN, T. V., BJÖRN, L. O., CHERNOV, Y., CHAPIN, T., CHRISTENSEN, T. R., HUNTLEY, B., IMS, R. A., JOHANSSON, M., 
JOLLY, D. & JONASSON, S. 2004. Responses to projected changes in climate and UV-B at the species level. 
AMBIO: A Journal of the Human Environment, 33, 418-435. 

CSIRO & BOM 2007. Climate Change in Australia: Technical Report 2007. In: PEARCE, K., HOLPER, P. N., HOPKINS, M., 
BOUMA, W. J., WHETTON, P. H., HENNESSY, K. J. & POWER, S. B. (eds.). Australia: CSIRO Marine and 
Atmospheric Research; Bureau of Meterorlogy. 

CSIRO & BOM 2015. Climate Change in Australia Information for Australia’s Natural Resource Management Regions: 
Technical Report. In: WHETTON, P. H., EKSTRÖM, M., GERBING, C., GROSE, M., BHEND, J., WEBB, L. & RISBEY, J. 
(eds.). Australia: CSIRO; Bureau of Meteorology. 

CSIRO & TERN. 2015. Soil and Landscape Grid of Australia [Online]. Australia: CSIRO. Available: 
http://www.clw.csiro.au/aclep/soilandlandscapegrid/index.html [Accessed 2015]. 

FAGGIAN, R. & SPOSITO, V. A. 2013. Agriculture Industry Transformation – Gippsland. Melbourne, Victoria: University of 
Melbourne & Gippsland Local Government Network. 

FAO 1976. A Framework for Land Evaluation, Rome, Italy, Food and Agriculture Organisation of the United Nations. 
FAO 1993. Guidelines for Land-Use Planning, Rome, Italy, Food and Agriculture Organisation of the United Nations. 
FLANNERY, T. F. 2005. The Weather Makers: The History and Future Impact of Climate Change, Melbourne, Australia, 

Text Publishing Company. 
GARNAUT, R. 2008. The Garnaut Climate Change Review. Cambridge, Cambridge. 
GARNAUT, R. 2011. The Garnaut Climate Change Review - Update. Global Environmental change, 13, 1-5. 
GORDON, H. B., O'FARRELL, S. P., COLLIER, M., DIX, M., ROTSTAYN, L., KOWALCZYK, E., HIRST, T. & WATTERSON, I. 2010. 

The CSIRO Mk3. 5 climate model, CAWCR. 
HILLEL, D. & ROSENZWEIG, C. 2011. Handbook of Climate Change and Agroecosystems, World Scientific. 
HOOD, A., CECHET, B., HOSSAIN, H. & SHEFFIELD, K. 2006. Options for Victorian agriculture in a “new” climate: Pilot 

study linking climate change and land suitability modelling. Environmental Modelling & Software, 21, 1280-
1289. 

HOPKINS, L. D. 1977. Methods for Generating Land Suitability Maps: A Comparative Evaluation. Journal of the American 
Institute of Planners, 43, 386-400. 

HOSSAIN, H., SPOSITO, V. & EVANS, C. 2006. Sustainable land resource assessment in regional and urban systems. 
Applied GIS, 2, 24.1-24.21. 

IPCC 2007a. Climate Change 2007: Synthesis Report. Contribution of working groups I, II and III to the Fourth Assessment 
Report of the Intergovernmental Panel on Climate Change. In: PACHAURI, R. K. & REISINGER, A. (eds.). 
Cambridge, United Kingdom and New York, NY, USA: Intergovernmental Panel on Climate Change. 

IPCC 2007b. Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment 
Report (AR4) of the Intergovernmental Panel on Climate Change. In: SOLOMON, S., QIN, D., MANNING, M., 
CHEN, Z., MARQUIS, M., AVERYT, K. B., TIGNOR, M. & MILLER, H. L. (eds.). Cambridge, United Kingdom and New 
York, NY, USA: Cambridge University Press. 

IPCC 2013. Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment 
Report (AR5) of the Intergovernmental Panel on Climate Change. In: STOCKER, T. F., QIN, D., PLATTNER, G.-K., 
TIGNOR, M., ALLEN, S. K., BOSCHUNG, J., NAUELS, A., XIA, Y., BEX, V. & MIDGLEY, P. M. (eds.). Cambridge, 
United Kingdom and New York, NY, USA: Cambridge University Press. 

ISBELL, R. F. & CSIRO. 2002. The Australian Soil Classification, Collingwood, Victoria, Australia, CSIRO. 
JANKOWSKI, P. & RICHARD, L. 1994. Integration of GIS-based suitability analysis and multicriteria evaluation in a spatial 

decision support system for route selection. Environment and Planning B: Planning and Design, 21, 323-340. 
JEFFREY, S. J., CARTER, J. O., MOODIE, K. B. & BESWICK, A. R. 2001. Using spatial interpolation to construct a 

comprehensive archive of Australian climate data. Environmental Modelling & Software, 16, 309-330. 

http://www.clw.csiro.au/aclep/soilandlandscapegrid/index.html


CeRRF, Deakin University – Pastures, Technical Report 34 

 

KENNY, G. J. & HARRISON, P. A. 1992. The effects of climate variability and change on grape suitability in Europe. Journal 
of Wine Research, 3, 163-183. 

KETELS, C. H. 2006. Michael Porter’s competitiveness framework—recent learnings and new research priorities. Journal 
of Industry, Competition and Trade, 6, 115-136. 

MCHARG, I. L. 1969. Design with nature, Garden City, N.Y., Published for the American Museum of Natural History [by] 
the Natural History Press. 

MORISON, J. I. L. & MORECROFT, M. D. 2008. Plant growth and climate change, John Wiley & Sons. 
NAKICENOVIC, N., ALCAMO, J., DAVIS, G., DE VRIES, B., FENHANN, J., GAFFIN, S., GREGORY, K., GRUBLER, A., JUNG, T. Y. 

& KRAM, T. 2000. Special report on emissions scenarios: a special report of Working Group III of the 
Intergovernmental Panel on Climate Change. Pacific Northwest National Laboratory, Richland, WA (US), 
Environmental Molecular Sciences Laboratory (US). 

NASA & USGS 2014. Shuttle Radar Topography Mission (SRTM) 1 Arc-Second Global. USA: NASA, USGS. 
NSW DPI 2000. Phalaris Pastures: Agfact P2.5.1. In: INDUSTRIES, D. O. P. (ed.). New South Wales: NSW Department of 

Primary Industries. 
OLESEN, J. E. & BINDI, M. 2002. Consequences of climate change for European agricultural productivity, land use and 

policy. European Journal of Agronomy, 16, 239-262. 
PEARSON, R., DAWSON, T., BERRY, P. & HARRISON, P. 2002. SPECIES: a spatial evaluation of climate impact on the 

envelope of species. Ecological Modelling, 154, 289-300. 
PELIZARO, C., BENKE, K. & SPOSITO, V. 2010. A modelling framework for optimisation of commodity production by 

minimising the impact of climate change. Applied spatial analysis and policy, 4, 201-222. 
PORTER, M. E. 2011. Competitive advantage of nations: creating and sustaining superior performance, Simon and 

Schuster. 
RAHMSTORF, S., CAZENAVE, A., CHURCH, J. A., HANSEN, J. E., KEELING, R. F., PARKER, D. E. & SOMERVILLE, R. C. 2007. 

Recent climate observations compared to projections. Science, 316, 709-709. 
RAMIREZ-VILLEGAS, J., JARVIS, A. & LÄDERACH, P. 2013. Empirical approaches for assessing impacts of climate change on 

agriculture: The EcoCrop model and a case study with grain sorghum. Agricultural and Forest Meteorology, 170, 
67-78. 

REED, M. 1999. Agriculture Notes: Phalaris. In: ENVIRONMENT, D. O. N. R. A. (ed.). Hamilton, Victoria: Department of 
Natural Resources and Environment. 

REID, W. V., MOONEY, H. A., CROPPER, A., CAPISTRANO, D., CARPENTER, S. R., CHOPRA, K., DASGUPTA, P., DIETZ, T., 
DURAIAPPAH, A. K., HASSAN, R., KASPERSON, R., LEEMANS, R., MAY, R. M., MCMICHAEL, T., PINGALI, P., 
SAMPER, C., SCHOLES, R., WATSON, R. T., ZAKRI, A. H., SHIDONG, Z., ASH, N. J., BENNETT, E., KUMAR, P., LEE, M. 
J., RAUDSEPP-HEARNE, C., SIMONS, H., THONELL, J. & ZUREK, M. B. 2005. Millennium Ecosystem Assessment: 
Ecosystems and human well-being. In: JOSÉ SARUKHÁN & WHYTE, A. (eds.). Washington DC, USA: Island Press. 

RICKARDS, L. & HOWDEN, S. 2012. Transformational adaptation: agriculture and climate change. Crop and Pasture 
Science, 63, 240-250. 

RIDLEY, A., SLATTERY, W., HELYAR, K. & COWLING, A. 1990. Acidification under grazed annual and perennial grass based 
pastures. Animal Production Science, 30, 539-544. 

RIDLEY, A. & WINDSOR, S. 1992. Persistence and tolerance to soil acidity of phalaris and cocksfoot in north-eastern 
Victoria. Animal Production Science, 32, 1069-1075. 

RIDLEY, A. M., WHITE, R. E., SIMPSON, R. J. & CALLINAN, L. 1997. Water use and drainage under phalaris, cocksfoot, and 
annual ryegrass pastures. Australian Journal of Agricultural Research, 48, 1011-1024. 

ROMEIJN, H., FAGGIAN, R. & SPOSITO, V. 2015. Climate Smart Agricultural Development in the Goulburn Broken: Project 
Background and Review of Literature. Melbourne, Australia: Deakin University. 

RUTH, M., DONAGHY, K. & KIRSHEN, P. H. 2006. Regional Climate Change and Variability: Impacts and Responses, 
Edward Elgar. 

SAATY, T. L. 1980. The analytic hierarchy process : planning, priority setting, resource allocation, New York ; London, 
McGraw-Hill International Book Co. 

SAATY, T. L. 1994. Fundamentals of decision making, and prority theory : with the analytic hierarchy process, Pittsburgh, 
PA, RWS Publications. 

SAATY, T. L. 1995. Decision making for leaders : the analytical hierarchy process for decisions in a complex world, 
Pittsburgh, Pa., RWS Publications. 

SMIT, B. & SKINNER, M. W. 2002. Adaptation options in agriculture to climate change: a typology. Mitigation and 
adaptation strategies for global change, 7, 85-114. 

SPOSITO, V. A., BENKE, K., PELIZARO, C. & WYATT, R. 2010a. Adaptation to Climate Change in Regional Australia: A 
Decision-Making Framework for Modelling Policy for Rural Production. Geography Compass, 4, 335-354. 



CeRRF, Deakin University – Pastures, Technical Report 35 

 

SPOSITO, V. A., FAGGIAN, R., ROMEIJN, H., REES, D., PELIZARO, C., HOSSAIN, H. & IKEURA, A. 2010b. Assessment of 
Climate Change Impacts on Horticulture - Pear Production in the Goulburn Broken Region, Victoria, Australia. 
Melbourne, Australia: Department of Primary Industries. 

SPOSITO, V. A., PELIZARO, C., BENKE, K. K., ANWAR, M., REES, D., ELSLEY, M., O'LEARY, G., WYATT, R. & CULLEN, B. 2008. 
Climate Change Impacts on Agriculture and Forestry Systems in South West Victoria, Australia. In: DEPARTMENT 
OF PRIMARY INDUSTRIES, F. F. S. R. D. (ed.). Melbourne, Victoria: Department of Primary Industries, Future 
Farming Systems Research Division. 

STEFFEN, W. 2009. Climate change science: faster change and more serious risks, Commonwealth of Australia. 
STEFFEN, W., SANDERSON, R. A., TYSON, P. D., JÄGER, J., MATSON, P. A., MOORE III, B., OLDFIELD, F., RICHARDSON, K., 

SCHELLNHUBER, H. J. & TURNER, B. L. 2006. Global change and the earth system: a planet under pressure, 
Springer Science & Business Media. 

STOKES, C. & HOWDEN, M. 2010. Adapting agriculture to climate change: preparing Australian agriculture, forestry and 
fisheries for the future, CSIRO PUBLISHING. 

STONE, R. C. & MEINKE, H. 2006. Weather, climate, and farmers: an overview. Meteorological Applications, 13, 7-20. 
VERZANDVOORT, S., RIETRA, R. & HACK, M. 2009. Pressures on prime agricultural land in Europe. Wageningen UR, 17. 
VICTORIAN STATE GOVERNMENT. 2015a. Victoiran Government Data Portal [Online]. Victoria: Victorian State 

Government. Available: https://www.data.vic.gov.au/ [Accessed 2015]. 
VICTORIAN STATE GOVERNMENT. 2015b. Victorian Resources Online [Online]. Victoria: Victorian State Government. 

Available: http://vro.agriculture.vic.gov.au/dpi/vro/vrosite.nsf/pages/vrohome [Accessed 2015]. 

 

Agricom Ltd 2012, 2012. Tonic Plantain. Tonic. Available at: http://agricom.com.au/products/herbs/plantain/tonic/ 
[Accessed July 25, 2017]. 

Behrendt R, Morant A, Clark S, McCaskill M, Raeside M, Ward G, Cameron F, S.K., 2013. Pasture production results from 
Hamilton EverGraze Proof Site - EverGraze More livestock from perennials. EverGraze, p.3. Available at: 
http://www.evergraze.com.au/library-content/hamilton-key-result-productive-persistent-pastures-data/ [Accessed 
July 13, 2017]. 

Clements, B. et al., 2003. The Grazier’s Guide to Pastures. , p.42. 
Cloven Hills Est., 2014. Cloven Hills Newsletter. , p.6. 
CSIRO and Bureau of Meteorology, 2015. Projections: Atmosphere and the land, 
DairyNZ, 2008. 1-20 How do pastures grow? FarmFacts, p.5. 
Daur, I., 2016. Feed value of blue panic (Panicum antidotale retz.) grass at different growth stages and under varying 

levels of humic acid in saline conditions. Turkish Journal of Field Crops, 21(2), pp.210–217. 
Department of Agriculture and Food, W.A., 2017. Lucerne - the plant and its establishment | Department of Agriculture 

and Food. Pasture establishment, p.7. Available at: https://www.agric.wa.gov.au/pasture-establishment/lucerne-
plant-and-its-establishment?page=0%2C0 [Accessed July 20, 2017]. 

Department of Science Information Technology and Innovation, 2016. SILO Climate Data. The State of Queensland, p.1. 
Available at: https://www.longpaddock.qld.gov.au/silo/. 

Eckard R. & Cullen B., 2008. 2030 and 2070 Pasture Predictions for Terang « Dairy Australia. WFSAT Phase II – Final 
Report: Whole Farms Systems Analysis and Tools for the Australian and New Zealand Grazing Industries. Available at: 
http://frds.dairyaustralia.com.au/myregions/western-victoria/2030-and-2070-pasture-predictions-for-terang/ 
[Accessed August 15, 2017]. 

van Epersele, J.-P., 2014. Update on Scenario Development: from SRES to RCPs, 
EverGraze, 2008. South West Victoria ( Lower ) – Pastures. , (Sargeant). 
FAO, 2016. Panicum maximum. Panicum maximum var. trichoglume (K. Schum.). Available at: 

http://www.fao.org/ag/agp/agpc/doc/gbase/data/pf000279.htm [Accessed July 26, 2017]. 
Hijmans, R.J. et al., 2005. Very high resolution interpolated climate surfaces for global land areas. International Journal of 

Climatology, 25(15), pp.1965–1978. 
Judson, H.G. & Moorhead, A.J.E., 2009. Benefits and uses of plantain ( Plantago lanceolata ) cv . Ceres Tonic in livestock 

production systems in New South Wales Key attributes. , (2006), pp.151–152. 
Knox, J., Thompson, R. & Campbell, S., 2006. Species for Profit, 
Mcdonald, W. et al., 2003. AGFACTS Lucerne for. NSW Agriculture, p.39. 
Mcdonald, W., 2003. Panic grasses for AGFACTS pastures. NSW Agriculture, p.5. 
Moore, G., 2013. Chapter 6 Herbs. Perennial Pastures for Western Australia, 168, pp.167–174. 
Morant, A. & Miller, L., 2016. EverGraze: South West Victoria overview. EverGraze website, Future Farm Industries CRC, 

p.1. Available at: http://www.evergraze.com.au/library-content/south-west-victoria-lower-overview/ [Accessed 
August 4, 2016]. 

http://vro.agriculture.vic.gov.au/dpi/vro/vrosite.nsf/pages/vrohome
https://www.data.vic.gov.au/


CeRRF, Deakin University – Pastures, Technical Report 36 

 

Morant A & Sargeant K, 2013. South West Victoria (Lower) - Pastures - EverGraze More livestock from perennials.  
EverGraze website, Future Farm Industries CRC, p.4. Available at: http://www.evergraze.com.au/library-
content/pastures/ [Accessed July 12, 2017]. 

NZ Forage Systems, 2011. Future F orage Systems Project Plantain – A brief literature review. Future Forage Systems 
Project, (December 2012), pp.1–6. Available at: http://www.nzforagesystems.co.nz/uploads/library/Muir/Plantain_-
_A_brief_Literature_Review_-_December_2012.pdf. 

PGG Wrightson Seeds, 2016a. Confederate phalaris. Grass: phalaris, p.5. 
PGG Wrightson Seeds, 2016b. Lucerne Management Guide, 
PGG Wrightson Seeds, 2016c. Pasture Manual: Ryegrass, 
Ramirez, J. & Jarvis, A., 2008. High Resolution Statistically Downscaled Future Climate Surfaces, model ACCESS 1.0. CCAFS 

GCM DATA PORTAL, International Center for Tropical Agriculture (CIAT); CGIAR Research Program on Climate Change, 
Agriculture and Food Security (CCAFS)., p.1. Available at: http://ccafs-climate.org/data/ [Accessed September 11, 
2016]. 

Smith, R., 2012a. Lucerne growing in Tasmania. 
Smith, R., 2012b. Perennial ryegrass growing in Tasmania. DPIPWE of Tasmania, p.2. 
State of Victoria DPI: Office of the Gene Technology Regulator, 2008. The Biology of Ryegrass and Tall fescue. Office of 

the Gene Technology Regulator, Version 1(May), pp.1–83. Available at: http://www.ogtr.gov.au. 
The State of Victoria Department of Environment and Primary Industries, 2012. Perennial legumes : Lucerne , red clover 

and white clover. 3030, p.7. 
Watson, R.W., Mcdonald, W.J. & Bourke, C.A., 2000. Agfact P2.5.1 Phalaris Pastures. NSW Agriculture, p.32. 
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