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Abstract 
An understanding of the spatial and temporal distribution of abiotic factors, crop mega-environments, and 
their relationship to productivity can support focused research on genotype evaluation and breeding. The 
Northern Grains Region (NGR) is characterised by different climates ranging from tropical to subtropical in 
the north to temperate in the south, allowing production of a variety of grain crop genotypes. In this study, 
we examined a range of spatial climatic data to show decadal trends across the NGR. Additionally, we used 
multi-environment trial (MET) data analysis to examine crop yield responses to genotype (G) and 
environment (E) aiming to identify different mega-environments (ME) across the more optimal canola 
growing region across the NGR. The spatial data analysis on average winter growing season rainfall for the 
last three decades showed a reduction in rainfall across large parts of the NGR and an increase in maximum 
temperatures with a spread in area particularly in the northern part of the NGR. The MET analysis across 
five years (2013–2017) for canola genotypes identified a clustering of trial locations into two MEs based on 
yields and climatic parameters, with ME1 being characterised by cooler average temperatures and higher 
rainfall during the pre and post-flowering period compared to ME2. Averaged yields over the five years were 
higher in ME1 than ME2. However, annual variability of growing season rainfall resulted in good yields for 
some ME2 locations in some years. The findings from this study showed that the larger canola growing 
environment across the NGR can be grouped into two MEs that potentially suit different genotypes. 
Knowledge of the climatic characteristics of canola MEs and their geographic boundary can support targeted 
research in terms of crop adaptation.  
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Introduction 
Crop phenology describes crop growth stages and the timing of biological events in a crop’s life cycle. 
Matching a crop’s phenology to its environment is important to guide crop management and optimise crop 
yield and quality. A range of studies have investigated crop responses to various abiotic factors by using 
field observations and crop models (Hodson and White 2007; Zhang et al. 2013, Sadras and Dreccer 2015, 
Dreccer et al. 2018). Very few studies have used spatial data to investigate environment by genotype 
analyses that allow the development and understanding of a ‘mega-environment’ (ME) map that 
encompasses a functional zonation for particular crop types and genotypes (Hodson and White 2007; Silva et 
al. 2014). Zhang et al. (2013) analysed multiple-environment trial (MET) data and identified two distinct 
MEs in the winter-cropping region of south-western Australia for canola genotypes, based on growing 
season rainfall and temperature. They suggested that ME maps can guide crop breeding methods and cultivar 
recommendations. Our study aims to identify and map the geographical distribution of abiotic factors across 
Australia’s Northern Grains Region (NGR) and derive maps for eight winter crops by using climatic, soil and 
topography spatial data, together with MET data, to characterise MEs for specific crops. As part of this 
larger ongoing study, we present here our results for canola mega-environments.  
 

Methods 
Spatial and temporal distribution of abiotic factors 
Changes in the spatial and temporal distribution of major climatic factors driving crop productivity during 
recent decades in the NGR were depicted using data from ANU Climate (0.01° resolution). Long-term mean 
climatic parameters were calculated over a 30-year period as this is the standard time period defined as 
‘Normal’ by the World Meteorological Organization (WMO 2017). To show the temporal and spatial 
distribution of the climatic parameters, data were calculated in 10-year time periods, defined as ‘Period 
averages’ (WMO 2017). Presented here are average winter growing season (April–October) rainfall and 
maximum temperature for three decades. Rainfall totals for each decade were calculated using daily data 
from 1 April to 31 October and then divided by the time period of 10 years. Daily maximum temperature 
data from 1 April to 31 October were averaged. ArcGIS™ v10.6.1 was used to generate the maps.  
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Multi-environment trial analysis 
MET data for canola triazine tolerant (TT) varieties for 12 locations across the NGR were collated from the 
National Variety Trial (NVT) website from 2013 to 2017. Site yield means (as an index of the site quality) 
and climatic parameters were combined to create a matrix for principal component analysis (PCA) as an 
approach for classifying locations and environments (combinations of locations and years). Two approaches 
were used for the genotype by environment analysis; the additive main effects and multiplicative interaction 
(AMMI) model (Gauch and Zobel 1997) and the genotype and genotype × environment interaction (GGE) 
biplot (Yan et al. 2000). Partial least squares (PLS) was also used to check the relationship between GY and 
climatic parameters. All analyses were performed using R (version 3.5.2, R Core Team 2018).  

Results 
Abiotic factors 
The spatial and temporal distribution of winter growing season rainfall and maximum temperature across the 
NGR was investigated. Growing season rainfall (April–October) has decreased throughout the NGR over 
recent decades along with a change in distribution (Figure 1A). Areas that received less than 200 mm 
covered 19% of the NGR from 1987 to 1996 and this has increased to 37% during the most recent decade 
(2007–2016). Areas that received 200–400 mm, which includes most of the dryland cropping zone, covered 
68% of the NGR from 1987 to 1996 and this has decreased to 55% in the most recent decade. Areas that 
received more than 400mm have also decreased. (Figure 1A). The mean growing season maximum 
temperature increased (from 5.8 °C to 6.7 °C) (Figures1B). The area with temperatures from 24–27> °C has 
increased, covering 21% of the NGR from 1985 to 1994 and 36% during the most recent decade (2005–
2014) (Figure 1B). The area in the temperature range <9–24 °C has decreased, covering 79% of the NGR 
from 1985 to 1994 and 64% of the NGR from 2005 to 2014.  
 

 
Figure 1. Mean winter growing season rainfall (A), annual mean maximum temperatures (B) and patterns  
of change across the GRDC Northern Grains Region over three decades.  
 
Canola multi-environment data 
The ME map for canola is presented in Figure 2 and is based on long-term average climatic factors, pH and 
topography (slope). A range of criteria were set (shown in the small tiles in Figure 2) representing crop 
requirements during critical phenological growth stages. Based on these criteria, the more optimal areas for 
canola are in the southern part of the NGR across the medium and high rainfall zone of NSW. Trial locations 
in NSW align reasonably well with the suitable growing area for canola, but trial locations in the Queensland 
part of the NGR do not, due to insufficient growing season rainfall. Rainfall from April to September in 
these locations ranges from 150 mm to 200 mm, placing this part of the NGR in a low winter growing 
rainfall category. Figure 2 also shows the NVT trial locations grouped to form MEs from the MET data 
analysis. These MEs are based on yield and climatic parameters at the time of the crop trials from 2013 to 
2017. 
 
PCA and clustering analyses identified two MEs for canola trial locations based on the average site climate 
and grain yield (GY) during 2013–2017 (Figure 3A). ME1 locations were characterised by higher growing 
season rainfall and cooler temperatures, compared with ME2 locations. A high positive correlation was 
identified between GY and the average growing season rainfall (pre-flowering April–August (rAA), April–
November (rAN), post-flowering September–November (rSN)) shown by the closeness of the variables to 
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GY and the length of the lines representing their importance to GY variation (Figure 3B). Temperature 
during the growing season had a negative correlation with GY except for the minimum temperature during 
the pre-flowering phase (tminAA), which had a small effect. Figure 3C shows that annual variability had a 
significant effect on the results of G × E analysis aligning 2016 trials with higher rainfall in one group. 
During this five-year period total growing season rainfall across the locations varied, with 2016 being above 
average across all locations. The AMMI model analysis of maturity type and locations showed that there 
were no particular genotypes that stood out at a particular location (results not shown). When analysing the 
mean GY by ME, yields for locations in ME1 were higher than yields for locations in ME2. However, the 
average yield was the same for both MEs for 2016. Yields for ME2 were marginally higher (5%) during 
2013.  

 
Figure 2. Canola – suitable growing areas (depicted in green) based on long-term climate data (1987–2016), soil 
pH and topography; black dots represent trial sites, mega-environments (ME1 and ME2) identified from the 
principal component analysis. 
 
 

 
Figure 3. Principal component analysis (PCA) and clustering of canola trials from 2013 to 2017 in the NGR; 
cluster plot for the locations of canola trials based on climatic indices (A), the PCA of GY and climate using PLS 
showing the relationship between GY and climatic indices (B) and the biplot of GY and climate across trials (C).  
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Discussion 
This study identified that the geographical range of the more suitable growing areas for canola are mainly 
located in the southern half of the NGR. Within this area the NVT trial locations were grouped into two MEs 
based on average yield performance in relation to growing season rainfall and temperatures. These findings 
are similar to other studies that identified several MEs or subdivisions of a crop growing environment and 
indicated their usefulness for supporting breeding programs (Sadras et al. 2013, Zhang et al. 2013). Growing 
season rainfall and temperature were the main factors in delineating the optimal growing areas. Robertson 
and Holland (2004) identified climatic influences on canola production in the summer-dominant rainfall zone 
of the NGR in a simulation study, showing grain yield to be positively related to growing season rainfall up 
to 300 mm. The authors concluded that the choice to sow canola in these regions can be tactical by looking at 
the stored soil water level, rainfall around optimal sowing opportunities, incorporating the seasonal climate 
outlook, prices and costs. These management strategies identified canola as an alternative broadleaf break-
crop in winter rotations for the northern part of the NGR. No particular genotypes stood out as performing 
better at a particular location, similar results were found by Zhang et al. (2013). However, the genotypes 
included in our analysis were of similar maturity which may have contributed to the results. Higher yields 
were achieved in ME1, characterised by cooler temperatures and higher rainfall. Zhang et al. (2013) also 
found yields across their four-year study from 2006 to 2009 being higher in the ME with cooler growing 
season temperatures and higher rainfall. However, due to annual variability in growing season rainfall, 
locations in ME2 can also be productive as yields were the same in 2016 and marginally higher in 2013. 
Further work should investigate how the climatic parameters of the five-year trial period compare with long-
term averages to show the geographical boundaries of these MEs and whether they are any overlaps. This 
study has shown that winter growing season rainfall has decreased over large parts of the NGR and 
maximum temperatures have increased as well as the area where this occurred. Projected climate change 
trends will impact further on seasonal temperature and rainfall patterns and thereby impact on crop 
phenology. Therefore, further work should consider how the optimal area for canola may change under 
future climate scenarios. The results from this study showed that different MEs with differing yield potential 
exist within a suitable crop growing region. The identification of distinct MEs can be used to support 
breeding for specific adaptation and recommendations on suitable cultivars for different areas. 
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