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ABSTRACT: The drier inland edge of the Australian grain belt, where wheat cropping transitions
into extensive grazing, is an important economic and ecological margin. This margin is determined primarily by climate rather than topography or soil type. In South Australia a line drawn by
the Surveyor General George Goyder in 1865 between land that was reliable for wheat growth
and land that was unreliable has become an icon of land use planning. In this study we compare
Goyder’s Line with maps of pre-European vegetation, climate variables such as temperature, rainfall, ratio of precipitation to evaporation (P:E ratio), current land use as measured by the edge of
grain farming in 2008 and crop simulation on a transect. Although Goyder’s Line is a reasonable
representation of the margin of reliable cropping in some regions, it is internally inconsistent and
care should be used if interpreting it as an isopleth of crop production risk. A better fit to the South
Australian and Australian grain belt was the ratio between rainfall (P) during the growing season
(April to October) and potential evaporation (E) of 0.26. The surprisingly close fit of this ratio with
much of the Australian grain belt suggests a climatically determined hard edge to the cropping
zone. The paper explores how the 0.26 P:E ratio may shift under projected changes in climate
using 2 global climate models, one ‘dry’ and one ‘wet’. We observe that the speed of change in km
decade−1 will be greater where the edge of grain farming is on extensive plains than in those areas
where it is topographically determined.
KEY WORDS: Climate change · Shifting crop margins · Australian grain belt · Landuse change ·
Risk management · Crop simulation model
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The role of climate in defining margins or edges of
bioregions has long been a rich source of enquiry for
ecology (Root et al. 2005, Crawford 2008, Rosenzweig et al. 2008). If climate is a key factor determining the boundary of a bioregion, it follows that a
change in climate will lead to a shift of the boundary.
A meta-analysis of global ecological data over the
last century indicates a poleward shift in species distributions of 6 km decade−1 largely as a result of rising

temperatures (Root et al. 2005). When existing spatial
gradients of temperature are combined with climate
change projections to calculate the velocity of boundary change in km yr−1 (Loarie et al. 2009), there is a
much greater spatial shift of margins on plains than
mountains. The influence of climate in determining
current and future agricultural land use has been
studied through agro-climatic zones (Williams et al.
2002, Hutchinson et al. 2005), agro-ecoregions (Padbury et al. 2002) and the agro-ecological zone analysis (AEZ), the latter of which has been promoted by
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the United Nation’s Food and Agricultural Organisation (FAO) (Fischer et al. 2002).
One of the most studied aspects of the interaction
of climate and landuse in Australia is the location of
the ‘grain belt’, a region where wheat and other cereals are grown, often in rotation with pastures grazed
predominantly by sheep (Taylor 1918, Nix 1975,
Williams et al. 2002). Australia is a large, flat continent with approximately concentric zones of rainfall
that decrease with distance from the coastal fringe
towards the extensive arid interior. Attention has
focussed on the drier margins of the grain belt where
cropping gives way to extensive grazing. This transition zone, which is highly sensitive to climate factors, especially rainfall, has not been static but has
changed over time depending on sequences of good
or poor cropping seasons and technology (Meinig
1962, Davidson 1981, Howden & Reyenga 2001,
Inakwu et al. 2011).
There has long been a fascination from the wider
community with the margin between the arable and
the desert; the safe ‘inner’ (i.e. closer to the coast) with
more reliable rainfall and the dangerous northern
‘outer’ (i.e. further inland) with low, erratic rainfall,
higher evaporation and high temperatures. According to Clark (1962), these margins exist in almost all
grain growing regions of the world, but there are few
cases where the history and identification is as well
documented as in South Australia. South Australia
was established as a colony on the southern edge of
the Australian continent in 1836. The colony grew
inland with significant expansion of cropping as a
result of what, in hindsight, was a run of unusually
wet seasons. The subsequent return to normal or
below average rainfall resulted in major land degradation and economic and social disruption. After the
severe drought during 1863 to 1866, the then Surveyor-General George Goyder established a line that
marked areas of reliable and unreliable annual rainfall; this line came to be understood as a line beyond
which cropping was unreliable (Reyenga et al. 2001,
Sheldrick 2005). The history of Goyder’s Line is
elaborated in Meinig’s (1962) book ‘On the margins
of the good earth’ and Sheldrick (2005).
Goyder was instructed by the government to ‘lay
down on the map, as nearly as practicable, the
demarcation between the portion of the country
where the rainfall has extended and the drought
prevails’ (Meinig 1961). The resultant line was more
than the extent of the 1865 drought, as Goyder was
guided by vegetation as an integrator of the mean
and variability of climate, soil and topography. According to Taylor (1915), the line followed the south-

ern boundary of ‘salt bush, mulga and dwarf Mallee
country’. In addition to vegetation, Goyder had access
to the experience of local graziers, including the line
drawn in 1858 by the pastoralist and parliamentarian
George Hawker (Sheldrick 2005). Although limited,
there were some rainfall records that had been collated by Charles Todd who arrived in Adelaide in
1855 (Rogers 2008).
Since Goyder’s time, there have been a number of
approaches to identify the climatically-determined
edge of the grain belt. Taylor (1915) had the advantage of access to more extensive rainfall records
than Goyder. He stated that the ideal for wheat was
15 inches (375 mm) annual rainfall with the extreme
boundary found in South Australia as the 6 inch
(150 mm) winter isohyet, which was estimated to be
parallel and 25 miles (40 km) north of the 10 inch
(250 mm) isohyet noting (in reference to the 15 inch
isohyet): “This is considerably beyond Goyder’s well
known line, which was based on the native flora, and
was indeed within the 10 inch (250 mm) line”. Rainfall records are still used to identify margins. For
example the Australian Natural Resources Atlas
(ANRA 2001) uses the reliability of rainfall as an indicator of land use. For cereals it is assumed that a minimum of 20 mm mo–1 for the 4 mo of June to September is required (as distinct from the chances of
receiving at least 80 mm of total rain in 4 mo).
In the 1930s, 3 researchers at the Waite Institute
in Adelaide (J. A. Prescott, B. R. Davidson & H. C.
Trumble) built on the work from De Martonne
(1926) to combine rainfall and evaporation. Trumble
(1939) defined the limit of safe wheat growth in
South Australia based on where May to September
rainfall was ~1/3 of evaporation (P :E ratio of 0.3).
Marshall (1973) combined the work of Trumble,
Prescott and Davidson to produce a map based on
what she called the Waite Index. French (1988) identified the April to October P :E ratio of 0.26 based on
Minnipa on the upper Eyre Peninsula (EP), where
there is an agricultural research centre at the northern edge of the cropping belt (see Fig. 1). This ratio
is broadly consistent with the 0.30 suggested by
Trumble (1939).
An early simulation modelling approach to the
Australian grain belt was by Nix (1975) who incorporated knowledge of wheat crop physiology to identify
critical times when the crop was sensitive to moisture
stress and frost risk. He also systematically allowed
for different soil and farming systems such as in the
northern agricultural regions of Australia where fallow storage of rainfall is important. Importantly, he
incorporated risk on the basis that the limit of wheat
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production was as much an economic consideration
as a physical one. Consequently, he represented the
boundary of the grain belt as the region where stored
soil moisture plus annual rainfall should exceed
6 inches (150 mm) in 8 yr out of 10. Nix concluded
that this analysis would improve with better data and
improved simulation models. Hammer et al. (1987)
assessed potential expansion of cropping across the
grain belt in SE Queensland using the daily time step
soil moisture-crop modelling framework Agricultural
Production Systems Simulator (APSIM). This modelling system has since been used to assess the changing risks of cropping under climate change and CO2
increase in northern New South Wales (NSW) (Howden & Reyenga 2001) and across Goyder’s Line in
South Australia (Reyenga et al. 2001) and Western
Australia (van Ittersum et al. 2003).
The purpose of this paper was to reflect on what
Goyder’s Line as an agro-ecological isopleth means
in a climate that is variable and changing. We compared Goyder’s Line with a number of climate variables such as rainfall, ratio of precipitation to evaporation (P:E ratio), current land use as measured by
the edge of grain farming in 2008 and crop simulation on a transect. This study explores how the ‘margin’ might shift under projected changes in climate
using 2 global climate models, one ‘dry’ and one
‘wet’, over Australia using the P:E ratio isopleth as a
reference.

2. METHODS
2.1. Data
Data used in this paper comprises of (1) Goyder’s
Line: archive of 1865 map was sourced from the erstwhile South Australian Department of Water and
Land Conservation (www.archives.sa.gov.au/exhibits/
saonmap/geographer/rainline.html); (2) land cover
map of 2008; (3) soils data, sourced from Primary
Industries and Resources South Australia (PIRSA),
with land cover and soils data at 1:50 000 scale; (4) a
map of pre-European vegetation (DENR 2009); (5)
climate surfaces sourced from Queensland Department of Primary Industries Silo database (Carter et
al. 1996, Jeffrey et al. 2001) on a 5 km grid. The climate surface gridded data has been developed using
the ground based observational data. Continuous
daily time step records have been constructed using
spatial interpolation algorithms to estimate missing
data. Data sets have been constructed for daily rainfall, temperatures, evaporation, solar radiation and
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vapour pressure. For details regarding the accuracy
of the interpolated data and spatial error analysis
please refer to Jeffery et al. (2001); further information on this data set is also available at the Silo
Patched Point dataset (www.longpaddock.qld.gov.
au/silo/). For the simulation model APSIM (Keating
et al. 2002), daily weather records were obtained
from the Silo Patched Point dataset from 1900 to
2007. Climate change model data were accessed
from OzClim Climate Change Scenario Generator
(~25 km spatial grids) (www.csiro.au/ozclim) using
models from the Fourth Assessment of the Intergovernmental Panel on Climate Change (IPCC) (Ricketts
& Page 2007).

2.2. Identifying the segments along Goyder’s Line
Previous studies on Goyder’s Line have focussed
on a single point (e.g. Minnipa) (French 1988) or a
transect (Reyenga et al. 2001). In this study we took
a spatial approach studying the line along the outer
boundary of the South Australian grain belt (Fig. 1).
Based on geographical regions and discussion with
local farmers and agronomists, we identified 7 segments of Goyder’s Line: (1) Western Eyre Peninsula
(EP), (2) Eastern EP, (3) Upper Yorke Peninsula, (4)
Southern Flinders Coastal Plain, (5) Upper North,
(6) Eastern Fall and the (7) the Murray Mallee.
Strips or buffers of 10 km width on either side of
Goyder’s Line were generated for each of the 7 segments for a distance 120 km north and 50 km south
(Fig. 1). The buffers were used to extract data
from the spatial layers indicated in the Data section.
For the climate variables (viz. rainfall, evaporation,
P:E ratio), mean values during the growing season
(April to October) were calculated for every 10 km
buffer for each of the segments on either side of the
line. For cropping areas, the percent area of crops in
a particular strip or buffer was calculated, assuming
that all the buffer area was potentially agricultural.
For soils, percent area of a particular texture was
calculated with reference to the 10 km strip or
buffer.

2.3. Generating P :E ratio data
The April-October growing season precipitation
and evaporation data were generated by averaging
daily climate surface data for 1970–2008 across
Australia (evaporation data prior to 1970 are less
reliable). The 0.26 P :E ratio was derived by dividing
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Fig. 1. Study area depicting Goyder’s Line, 10 km buffers on either side of the line and cropping areas. EP: Eyre Peninsula,
S Flinders: South Flinders

the P by E and generating an isopleth that could be
used on the South Australian and the Australian
grain belt.

2.4. Crop simulation across transects on the
segments
The cropping simulation model APSIM is a point
source model that uses climate data to simulate a
daily soil water balance, daily crop growth and partitioning into harvestable yield. APSIM was used to
investigate the range in simulated wheat yields for
the generated buffer zones for the 7 segments. In this
study our primary interest is the simulated effect of
changes in climate across the 7 segments on relative
wheat yield. APSIM has been validated in the southern Australian grain belt (e.g. Sadras et al. 2003,
Yunusa et al. 2004, Whitbread & Hancock 2008) and
previously used for studies on climate variability
(Hayman et al. 2010) and climate change in the
region (Howden & Reyenga 2001, Reyenga et al.
2001, Luo et al. 2005, Alexander & Hayman 2008).
Daily climate files from 1910 to 2008 were extracted

from Silo Data Drill (Jeffrey et al. 2001; www.longpaddock.qld.gov.au/silo/) for every second buffer
zone north and south of Goyder’s Line as shown in
Fig. 1, and are therefore ~20 km apart. For a yield
comparison, 3 soils were used. The first was a loam
over medium-light clay (Morchard Plain No. 603)
with plant available water capacity (PAWC) of
150 mm and organic carbon (OC) content of 0.74% in
the top 25 cm. This soil was classified in Morchard in
the South Australia Upper North. The second soil
classified in the upper EP was a sand (Mudamuckla
No. 372b) with a PAWC of 40 mm and OC content of
0.64% in the top 10 cm. The third soil was a Calcarosol described as a light loamy sand over a highly
calcareous sandy loam. This was measured at Waikerie in the Murray Mallee and has a PAWC of 67 mm
and OC content of 0.61% in the top 10 cm (Hayman
et al. 2010). The 3 soils were selected to represent a
range from finer texture (Morchard Plain) to coarser
textured sand (Mudamuckla) across the low rainfall farming region in South Australia. Soil water,
soil nitrogen and surface organic matter were reset
each year on May 15 so that there were no carry-on
effects from the previous season’s crop, or any effect
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Table 1. Management settings used in APSIM runs across the Goyder’s Line
segments. SA: South Australia. PAWC: plant available water capacity
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age temperature and the slope of the
regression equation gives the mean
local change per degree of global
Variable
Setting
warming. This conveniently decouples
the local change from the emission sceRotation
Wheat-wheat
nario underlying the global warming.
Cultivar
Frame
Sowing date
Fixed May 20
This means the local change can be
Sowing density; depth 180 plants m−2; 40 mm
scaled by a range of global warming
Row spacing
220 mm
values, for different times or different
N fertiliser
125kg N ha−1 (as urea) at sowing
emission scenarios (Whetton et al. 2001,
Soil water reset
May 15, 20 mm (30% PAWC)
Soil N reset
May 15, < 5 kg N ha−1
CSIRO 2007). The future climate change
Residue reset
May 15, 1000 kg ha−1 wheat stubble
scenarios are thus very strongly related
Climate
Silo Data Drill, 1910−2008
to the extent of future global warming
CO2
380 ppm
as well as the pattern of change deterSoil 1
Loam clay (Morchard, SA); PAWC 150 mm
•U=4
mined by the climate model examined.
• Cona = 2.5
For the purposes of this project, we
• Salb = 0.13
sampled
across both of those elements.
• DiffusConst = 88
Using Goyder’s Line as a reference,
• DiffusSlope = 35
• CN2Bare = 73
possible shifts in the P:E ratio under a
Soil 2
Sand (Upper Eyre Peninsula, SA); PAWC 40 mm
changing climate were generated. This
•U=4
analysis was carried out using 2 mod• Cona = 2
els: CSIRO Mk 3.5 and CC MIROC-H,
• Salb = 0.13
• DiffusConst = 250
A1FI scenario under moderate sensi• DiffusSlope = 22
tivity for the growing season period of
• CN2Bare = 73
April to October. These models were
Soil 3
Calcarosol (Waikerie, SA); PAWC 67 mm
chosen on the availability of projec• Summer U = 6
tion information, model performance in
• Winter U = 2
• SummerCona = 3.5
southern Australia (Suppiah et al. 2006)
• WinterCona = 2
and patterns of future rainfall change.
• SummerDate = 1-Nov
The CSIRO MK 3.5 model simulates
• WinterDate = 1-Apr
• Salb = 0.13
a reduction in future rainfall or a drier
• DiffusConst = 250
future over Australia. The model pro• DiffusSlope = 22
jects a 10 to 20% reduction in growing
• CN2Bare = 68
season rainfall over South Australia
for 2030. The CCR MIROC-H climate
model produces a relatively ‘wetter’ future, simulatfrom summer fallow. Available soil nitrogen from soil
ing increased rainfall in eastern and mid-western
and fertiliser at sowing was set at 125 kg N ha–1 leadAustralia (up to 10%) with decreases in rainfall in
ing to a nitrogen limit in about the wettest quarter
southern and northern Australia (0 to 5%) (CSIRO
of years. Table 1 provides the APSIM management
2007). P:E ratio isopleths were generated from the
settings.
CSIRO Mk3.5 and CC MIROC-H model data for
2030 and 2050 for the April-October period and overlaid on the current cropping areas and a transect of
2.5. Climate change impacts on shift in P :E ratios
current climate P:E ratios.
The OzClim scenario generator developed by
Commonwealth Scientific and Industrial Research
3. RESULTS
Organisation (CSIRO)’s Marine and Atmospheric
Research and the International Global Change Insti3.1. Current land use
tute was used to generate scenarios of future rainfall
and evaporation change (www.csiro.au/ozclim; RickA comparison of Goyder’s Line and the current
etts & Page 2007). In OzClim, regional scenarios are
cropping boundary (Fig. 1) shows that while in
generated by linearly regressing the local seasonal
Western EP, Upper North and Eastern Fall there is
mean temperature (or rainfall) against global aver-
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good agreement; in other segments, cropping has
extended well inland of Goyder’s Line. In Upper
Yorke cropping has extended to the Spencer Gulf,
and in Murray Mallee it has extended to the Murray
river with almost no cropping to the north of the river.
Although vegetation was an important aspect of
Goyder drawing his line, we could not find a strong
relationship between boundaries of pre-European
vegetation as represented at a state-wide scale and
either Goyder’s Line or the current boundary of
cropping (DENR 2009) (data not shown). There is
closer agreement in the Eastern Fall, but this is a
case where there is a strong topographic influence
that is linked to both soils and rainfall and hence
vegetation.
Soils are highly spatially heterogeneous across
most of the South Australian grain growing region.
The dominant surface texture of soils on the EP and
the Murray Mallee are sands or loams, whereas the
Upper Yorke, South Flinders Coastal Plain and Upper
North have a higher portion of soils with higher clay
content (Maschmedt 2002). We could not find a
change in soil type as an indicator for either Goyder’s
Line or the current extent of cropping when we calculated the dominant soil texture for each 10 km segment to the outside (north) and inside (south) of the
line. In the Eastern Fall and South Flinders Coastal
Plain segments there are differences in soils and vegetation across Goyder’s Line, but these changes in
soil and vegetation follow major topographic and
geological changes associated with the Flinders
Ranges. In these cases topography, not soil type, is
the main determinant of land use.

the Murray Mallee, the 220 mm rainfall isohyet is
located well south of Goyder’s Line, which in turn is
south of the 0.26 P :E ratio line and the edge of cropping. It is the 0.26 P :E isopleth that follows the edge
of cropping that extends up to the Murray River. Figs.
2 & 3 show the unexpected result that a single measure of P :E ratio of 0.26 selected for Minnipa research
station and based on Trumble’s analysis in the 1930s
explains the drier edge of much of the Australian
grain belt. This simple measure shows a remarkable
fit in Western Australia, most of South Australia, Victoria, parts of NSW and the southern section of the
Queensland grain belt (Fig. 3).
As pointed out by Nix (1975), there is good reason
for the P :E ratio from South Australia to have less
value in central and northern NSW and be close to
meaningless in central Queensland. Nevertheless,
extending this line across the Australian grain belt
will indicate where this relationship breaks down.
The P:E ratio varies slightly for a range of towns on
the edge of the Australian grain belt from Western
Australia across the southern states to NSW and
Queensland (Fig. 4, Table 2). The growing season
rainfall is lowest at Waikerie (175 mm) and Mildura
(174 mm), but these locations also have lower potential evaporation than other sites in southern
regions of the grain belt, primarily due to their more
southerly position. There is considerable year to year
variability in the P:E ratio at all sites but this tends to
increase anticlockwise around the grain belt from
Western Australia to Queensland.

3.3. Simulated wheat growth using APSIM
3.2. Rainfall as a ratio of evaporation
The Southern Australian grain belt is set in a
Mediterranean climate with a strong winter dominant rainfall. French (1988) observed that Minnipa
on Eastern EP, the site of a low rainfall farming
research station, had a winter growing season (April
to October) rainfall of 220 mm (annual rainfall:
300 mm) and a P :E ratio for April to October of 0.26.
Although it is probable that French (1988) would
have examined a number of sites, we cannot find any
record of French drawing a line based on spatial climate data. When the 220 mm growing season rainfall
isohyet and a 0.26 P :E isopleth are extended spatially
from Minnipa, they follow the contours of the edge
of the South Australian grain belt remarkably well
(Fig. 2). For most of the grain belt, the 220 mm rainfall
isohyet and the P :E ratio are very similar. However in

APSIM wheat yield simulations for every second
10 km buffer zone surrounding Goyder’s Line in the
Eastern EP and Upper North using the Calcarosol soil
are shown in Fig. 5a,b respectively. As expected,
there is a decline in simulated yield across the tranTable 2. Mean precipitation (P; mm), mean evaporation
(E; mm) and coefficient of variation (CV, calculated as SD
divided by the mean) for P :E ratio in the selected locations
Locations

P

E

CV of P :E (%)

Sth Cross
Minnipa
Orroroo
Waikerie
Mildura
Walgett
St George

222
242
234
175
174
229
229

826
862
743
642
773
799
859

35
39
42
44
48
53
55
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Fig. 2. Goyder’s Line in relation to 0.26 precipitation:evaporation (P:E) ratio isopleth and 220 mm isohyte for Apr−Oct in South
Australia (SA)

Northern Territory
Queensland
Western Australia

St George

South Australia

Walgett
Southern Cross
Minnipa

Cobar
Orroroo
Waikerie Mildura

New South Wales

Apr-Oct 220 mm rainfall isohyet
April-Oct 0.26 P:E ratio isopleth
Wheat growing regions
300 150 0

300 km

Victoria

Fig. 3. Precipitation:evaporation (P :E) ratio of 0.26 line and 220 mm rainfall isohyte for Apr−Oct drawn across the Australian
wheat growing regions
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southward shift of the 0.26 P :E ratio isopleth in the
EP and Murray Mallee. In the EP, the CSIRO Mk3.5
model indicates that by 2050, the 0.26 P :E isopleth
will be where the current 0.35 P :E isopleth is. The
projections from the wetter model, CC MIROC-H,
do not suggest a large shift.

4. DISCUSSION

sect from south to north. On eastern EP, the largest
decline in median yield occurs between 60 and
80 km north of Goyder’s Line, which corresponds
with the edge of the cropping zone (Fig. 2). In contrast, there is a steadier drop in yield across Goyder’s
Line in the Upper North, with the largest decline
between 20 to 40 km north of the line. The spatial
pattern of decline was similar for the 2 other soil
types (not shown).

a

4
3.5
3

Yield (t ha –1)

Fig. 4. Range in precipitation:evaporation (P :E) ratio for
1970−2009 for sites in Fig. 3. Boxes: median and interquartile range (IQR) between 25th and 75th percentile.
Whiskers: range up to ±1.5 × IQR, closed circles: outliers up
to ± 3 × IQR. SA: South Australia, NSW: New South Wales,
Qld: Queensland, WA: Western Australia, Vic: Victoria

Goyder was an observant surveyor who travelled
on horseback; while he had access to the experience
of pioneer graziers, he only had access to the limited
rainfall records that existed at the time. Policy makers today have access to easy road transport, satellite
imagery, computer data-bases of production, extensive climate records and daily simulations of 100 yr of
crop growth and yield. The fact that Goyder’s Line
drawn in 1865 still approximates much of the boundary between low rainfall cropping and the pastoral
zone in South Australia is a testament to Goyder’s
judgement.

2.5
2
1.5
1
0.5

3.4. Climate change impacts on shifts in margin

0

40

20

0
S

b

40

60

80

100

120

4
3.5
3

Yield (t ha –1)

The OzClim projections of annual temperature and
rainfall for the South Australia grain region are given
in Table 3.
Fig. 6 illustrates the result of generating 0.26 P :E
ratio isopleths from both CSIRO Mk3.5 and CC
MIROC-H models for 2030 and 2050. For 2030, both
the models indicate a southward shift of 0.26 P :E
ratio isopleths in Western EP while in eastern EP
there is a marginal shift to the south. In the Upper
North, both models align with the boundary of current cropping areas. In the Murray Mallee, CSIRO
Mk 3.5 indicates a noticeable southward shift of the
0.26 P:E ratio isopleth. Interpreting this shift in other
words could mean that what is currently a P :E ratio of
0.30 could be the future 0.26 in the Murray Mallee
using the CSIRO MK3.5 model. The 0.26 P :E ratio
isopleth generated from the CC MIROC-H model
follows the current cropping boundary for 2030. For
2050, CSIRO Mk 3.5 model indicates a significant

20
N

2.5
2
1.5
1
0.5
0
20

S

0

N

20

40

60

80

100

120

Distance (km) from Goyder’s Line
Fig. 5. Simulated wheat yield distributions for ‘Calcarosol’
soil at locations passing through Goyder’s Line (0) to 120 km
(120) north of Goyder’s Line in (a) the Eastern Eyre
Peninsula and (b) the Upper North region, South Australia.
Boxes: median and interquartile range (IQR) of yields
between the 25th and 75th percentile; whiskers: all yields
up to ±1.5 × IQR; circles: outliers > ±1.5 × IQR. See Fig. 4
for plot symbols
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Fig. 6. Precipitation:evaporation (P :E) ratio of 0.26, generated for 2030 and 2050 using CSIRO Mk3.5 and CC MIROH-H
climate models. Transect values = P :E ratios of current climate along Goyder’s Line in South Australia (SA)

Table 3. Climate change projections for the South Australian grain
regions based on CSIRO Mk3.5 and CC MIROC-H models for 2030
and 2050. Temperature (Temp): mean annual change (°C) from base;
rainfall (Rain): change from base climate (%; base climate is for
1980−1999). For these projections, we used the A1FI emission scenario and assumed the rate of global warming to be moderate. EP:
Eyre Peninsula
CSIRO Mk3.5
Rain Temp
2030
Western EP
Eastern EP
Southern Flinders Coastal Plain
Upper Yorke
Upper North
Eastern Fall
Murray Mallee
2050
Western EP
Eastern EP
Southern Flinders Coastal Plain
Upper Yorke
Upper North
Eastern Fall
Murray Mallee

CC MIROC-H
Rain Temp

−10
−10
−12
−10
−12
−12
−14

1
1
1
1
1
1
1

−3
−3.5
−2.5
−1.5
−0.20
−0.9
−1

+ 0.7
+ 0.7
+ 0.7
+ 0.7
+ 0.7
+ 0.7
+ 0.7

−17
−20
−24
−23
−25
−25
−28

2
2
2
2
2
2
2

−6
−6
−5
−3
−0.5
−2
−2.5

+1.5
+1.5
+1.5
+1.5
+1.5
+1.5
+1.5

This study compared Goyder’s Line to
boundaries of pre-European vegetation (not
shown here), the current extent of cropping
(Fig. 1), soil type, rainfall, P :E ratio (Fig. 2) and
APSIM-modelled wheat yield. All of these
boundaries correspond to at least some sections of Goyder’s Line. This is to be expected
given the strong interaction between topography and distance from the coast. However, we
were unable to find any single environmental
proxy that consistently matched Goyder’s
Line. We could not support an assertion that
Goyder’s Line was the boundary of Mallee
and salt bush vegetation, the 300 mm annual
rainfall isohyet, the 220 mm growing season
isohyet, an isopleth of P :E ratio of 0.26, or a
point of simulated wheat yield or risk of failing
to achieve a certain yield.
It may be the case that finer scale vegetation, soil or climate data would lead to an environmental proxy with a closer fit to Goyder’s
Line. In particular, when Goyder’s Line is
compared with the 220 mm rainfall isohyet
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and the P :E ratio of 0.26 (Fig. 2), it does not match
consistently. While Goyder’s Line is close to the 0.26
P :E ratio at many points such as Minnipa in western
EP and Orroroo in Upper North, there are other sections where Goyder’s Line under-estimates cropped
areas consistently more than the 0.26 P :E isopleth
ratio. The transects of P :E ratios in Fig. 6 show that on
eastern EP, Goyder’s Line is closer to a P :E ratio of
0.36 and in Murray Mallee to 0.33. This lack of internal consistency should caution against using Goyder’s Line as an agro-ecological isopleth or an isopleth of grain farming risk.
Perhaps the most relevant comparison is between
Goyder’s Line and current wheat farm locations.
Although the line is a reasonable geographic estimate of the northern boundary of the grain belt,
there are consistent anomalies in the location of the
line (Fig. 1). Grain farmers, especially those in eastern EP, Upper Yorke Peninsula and Murray Mallee
are aware that they are ‘outside’ (north of) Goyder’s
Line. These farmers acknowledge that they are farming in a high-risk environment, but argue that the
line is in the ‘wrong place’ and they are taking no
greater climatic risks than other farmers in the low
rainfall zone who are on the ‘safe’ side of Goyder’s
Line (McCormack 2009). This assertion is supported
by climate analysis shown in Fig. 2 and APSIM
simulations for the 7 segments (EP and Upper North
shown in Fig. 5a,b).
An unexpected result from this study was that a
single measure of P:E ratio of 0.26 matches with the
drier edge of not only the South Australian grain belt
but much of the rest of the Australian grain belt. This
ratio was originally selected for the Minnipa research
station and was based on Trumble’s analysis in the
1930s. The ratio seems to work for strongly winter
dominant Mediterranean climates in West and South
Australia through more seasonally uniform rainfall in
NSW, to a subtropical climate in Queensland. The
robust 0.26 P :E isopleth result is surprising because it
is a simple measure of climate and only considers the
growing period (April to October); no account is
taken of the substantial summer rainfall in northern
NSW and southern Queensland, nor the timing of
rainfall events through the season, nor the direct
measure of temperature on phenology and wheat
crop heat stress. There are some anomalies such as
south east West Australia and southern NSW where
the edge of the grain belt is more conservative
than the P :E ratio. These areas warrant further study,
in order to explore the possibility of expansions of
cropping areas, which is beyond the scope of this
paper. Only in central Queensland, which is a strongly

summer dominant rainfall environment, does the
edge of the grain belt extend well inland of the P :E
ratio. We expected to find many more anomalies
between the edge of the grain belt and the P :E ratio
given the differences in productivity measures (Kokic
et al. 2006) seasonality of climate, size of rainfall
events (Sadras & Rodriguez 2007), history of development, technologies available, level of risk aversion of
different communities and even the level of drought
support, which historically has differed from state to
state (Botterill 2003).
Soil type is an important consideration for low rainfall cropping. In more northern regions of Australia,
the drier edge of the grain belt benefits from fine textured soils with a high water holding capacity where
water can be stored during the summer wet season.
In the south of the country and in West Australia,
recent droughts have highlighted that soils with
lighter textured surfaces have performed better than
soils with heavier texture. This is most likely due to
lower amounts of soil evaporation (Gregory et al.
2000). Despite the importance of soil type, the close
relationship between the 0.26 P :E isopleth and the
margin of the grain belt indicates that the margin is
determined more strongly by climate, and soil type
makes a small contribution to defining the boundary.
Climate change projections for South Australia indicate a general drying and warming trend for 2030
and beyond (CSIRO 2003, 2007), and obviously this is
concerning for those farming enterprises on the hot,
dry edge of the grain belt. It is also a concern for
grain production across all of the grain belt with
implications for food security. However, it is important to not over-interpret Fig. 6 as a confident prediction of the location of the future grain belt. Rather, it
is to be seen as a representation of the possible location of the 0.26 P :E isopleth under different climate
change projections. Not only are the projections uncertain, there is much that is unknown about future
technologies. Farmers have developed effective climate risk management and there is increased focus
on developing effective adaptation options to climate
change that may tend to moderate land use changes
(Doudle et al. 2009). For example, the introduction
of zero-tillage has enabled increased water use efficiency (Kirkegaard & Hunt 2010), and further technological and managerial advances are possible.
Similarly, elevated atmospheric carbon dioxide concentrations can increase crop growth and yield
especially under dry conditions, reducing risks of
land-use change under climate change (Howden &
Reyenga 2001). However, a warming and drying trend
will not just bring drought, it is expected to manifest
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in increased aridity. While many farm enterprises in
these regions have been resilient during drought and
productive in good seasons, there is little evidence of
expansion beyond the existing edge of the grain belt.
The main finding of this paper is that the drier margin of the Australian grain belt may be a climatically
determined ‘hard edge’. We arrived at this conclusion by considering Goyder’s Line, developed almost
150 yr ago, the P :E ratio suggested by Trumble
(1939), applied by French (1988) to Minnipa, and
now by extending the 0.26 P :E isopleth across the
Australian grain belt. If this finding is correct, it follows that a warming and drying trend will shift the
0.26 P :E isopleth and hence the edge of the grain belt
towards the coast. Although we are cautious about
projecting where this shift will be, the transects of
P :E ratio in Fig. 6 show that while there is uncertainty in future projections, the area affected for a
given change in P:E can be predicted. Regions such
as the Eastern Fall and South Flinders coastal zone
have strong gradients of topography, climate, soils
and vegetation, crop production and hence land
values. In these sites, there will likely be smaller
changes in location of the P :E isopleth. However, as
can be seen in the transect of the current P :E in
Fig. 6, most of the grain belt in EP and the Murray
Mallee is on an extensive plain with widely spaced
isopleths of P :E. When climate change is measured in
a southerly shift (km decade–1) of the 0.26 P :E ratio
isopleth, the fastest rate of change will be across
relatively flat plains. This rate of change may be a
challenge for individual farm enterprises, communities
and governments.
Low rainfall farming communities acknowledge
that they are farming in a risky environment, and
most maintain that they can cope with the early
stages of a warming and drying trend with current
and future technologies (Doudle et al. 2009). The surprising but concerning finding from this study is that
so many low rainfall farming communities around
Australia are on a similar climatic edge. This does not
mean that there is no future for low rainfall farming
regions, but it does mean that there are no obvious
Australian grain farming regions that low rainfall
farmers in South Australia can visit to get an idea of
how their farming future may look.
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