OFFICIAL

OFFICIAL

OFFICIAL

Supplementary Material

Pre-sowing and early growing-season rainfall are key drivers of wheat yield change in Australia
Chao Chen1*, Ming Li2, Noboru Ota1, Bin Wang3,4,5, Bangyou Zheng6, Andrew Fletcher1, Yvette Oliver1

1CSIRO Agriculture and Food, Private Bag 5, Wembley, WA 6913, Australia
2CSIRO Data61, PO Box 1130, Bentley, WA, 6102, Australia
3NSW Department of Primary Industries, Wagga Wagga Agricultural Institute, Wagga Wagga, NSW, Australia
4Hawkesbury Institute for the Environment, Western Sydney University, Richmond, NSW, Australia 
5Gulbali Institute for Agriculture, Water and Environment, Charles Sturt University, Wagga Wagga, NSW 2650, Australia
6CSIRO Agriculture and Food, Queensland Biosciences Precinct, St Lucia, Queensland 4067, Australia

*Corresponding author: chao.chen@csiro.au


1. APSIM-Wheat module
APSIM simulates wheat development, growth, and grain yield in response to inputs of weather (rainfall, temperature, and radiation), soil conditions (water and nitrogen), and management (fertilizer and cultivar) with a daily time step. Wheat phenology is simulated as development progress from sowing to ripening. Phenological development of wheat from emergence towards terminal spikelet is determined by requirement of vernalization and sensitivity to photoperiod of the cultivar, which also determines the final leaf number. The duration from terminal spikelet to flag leaf is directly linked to leaf phyllochron and the number of leaves left to emerge at terminal spikelet. The duration from flag leaf appearance to anthesis is driven by thermal time but is also influenced by photoperiod (Brown et al. 2013). Phenological development from flowering to maturity is driven by accumulation of thermal time. Biomass of wheat is simulated as the product of the amount of solar radiation intercepted by the canopy (through the leaf area index computations) and stage-dependent radiation use efficiency (RUE). The RUE could be reduced by suboptimal nitrogen, temperature, and water stresses. The partitioning of biomass among organs of the plant is a function of the phenological stage (Brown et al. 2019). Wheat yield is calculated from its components of grain number, grain size, and filling rate (Brown et al. 2014).

2. Agronomic management setup
Cultivar and sowing date decisions were based on latitude along the east coast of Australia (i.e. north or south of Dubbo at latitude -32.24), rainfall, and soil water status. For the southern and western wheat belts, the most common wheat cultivar Scepter (Tang 2022) was sown if rain reached ≥ 15 mm over 3 days during April 26–July 15, regardless of soil moisture. While for the northern wheat belt (north of Dubbo), the high yielding cultivar Suntop (Fletcher et al. 2019) was sown if rain reached ≥ 15 mm over 3 days and plant available water at sowing (PAWS) ≥ 30 mm during the same period. If these criteria were not met, a fixed sowing date of July 15 was used, consistent with common practices in Australian wheat simulation studies (e.g., Hochman & Horan 2018; Flohr et al. 2017), representing the latest practical date for crop development under dry conditions. All simulations assumed a plant density of 150 plants m⁻², row spacing of 0.25 m, and sowing depth of 30 mm. Sufficient fertilizer was applied to ensure that climate was the only factor limiting crop growth. Based on Yield Gap Australia (YGA 2024), at sowing, soil nitrate in the top 60 cm was topped up as needed to ensure a minimum of 100 kg ha⁻¹, accounting for existing nitrate in the soil. This means that the net nitrate application rate was not fixed and varied each season depending on the previous year’s climate conditions and soil type. An additional 70 kg ha⁻¹ nitrate was applied if nitrate in the top 60 cm fell below 80 kg ha⁻¹ and PAWS exceeded 30 mm.
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Supplementary Fig. 1.  Comparison of plant available water at sowing (PAWS) trends under two soil‑water initialization methods at four representative locations across the Australian wheatbelt: (a) Corrigin in the West, (b) Cummins in the South, (c) Wagga Wagga in the South‑East, and (d) Dalby in the East. Blue triangles represent PAWS simulated with soil water initialized at the crop lower limit on January 1, 1990, while orange dots represent PAWS simulated with soil water initialized using the long‑term average plant available water (PAW) on January 1.
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Supplementary Fig. 2.  The spatial variation of the importance of rainfall-related variables to the simulated wheat yields.


Supplementary Table S1: Summary of studies evaluating APSIM performance in simulating wheat, including reference sources, tested regions, the coefficient of determination (R²) between observed and simulated yields, root mean squared deviation (RMSD), and the ranges of observed and simulated wheat yields.
	 Reference
	Region
	R2
	RMSD (kg ha-1)
	Observed range (kg ha-1)
	Simulated range (kg ha-1)

	Probert et al. 1995
	Queensland
	0.30
	940
	300–4800
	900–4900

	Asseng et al. 1998
	Western Australia
	0.77
	400
	1000–4000
	1000–4800

	Sadras et al. 2003
	South Australia
	0.74
	190
	700–3800
	500–4000

	Wang et al. 2003
	Queensland
Western Australia
	0.80
	740
	300–7600
	200–7800

	Yunusa et al. 2004
	South Australia
	0.69
	450
	1300–4000
	1300–4500

	Oliver et al., 2006
	Western Australia
	0.80
	300
	400–3700
	300–3600

	Whitbread and Hancock 2008
	South Australia
	0.66–0.79
	300-640
	300–3600
	100–5300

	Anwar et al. 2009
	Victoria
	       0.96
	310
	100–5200
	100-4300

	Lawes et al. 2009
	Western Australia
	0.86
	310
	500–3700
	400–3600

	Hochman et al. 2009
	Victoria
South Australia
New South Wales 
Western Australia
Queensland  
	      0.71
	800
	0–8000
	0–7500

	Monjardino et al. 2013
	South Australia
	0.65
	820
	500–6600
	1000–6600

	O'Leary et al. 2016
	New South Wales, Queensland
	0.03–0.57
	1040–1580
	0–7000
	300–6200

	Fletcher et al. 2020
	Western Australia
	0.69
	770
	350–3200
	500–4000

	Feng et al., 2022
	Queensland, New South Wales, Victoria, South Australia, Western Australia
	
	700
	100–4300
	200-4900

	Lilley and Kirkegaard, 2024
	New South Wales
	
	540
	1630–8330
	2000–8350

	Richetti et al., 2024
	Queensland, New South Wales, Victoria, South Australia, Western Australia
	0.5–0.89
	1110–1140
	100–8500
	100-8700





Supplementary Table S2. Climate scenarios designed to analyze the effects of the changes in rainfall-related variables on wheat yield in the simulation study.
	Scenarios
	Time series of rainfall
	Time series of Temperature (maximum and minimum)
	Time series of solar radiation

	1
	1990-2023
	1990
	1990

	2
	1990-2023
	1991
	1991

	3
	1990-2023
	1992
	1992

	4
	1990-2023
	1993
	1993

	5
	1990-2023
	1994
	1994

	6
	1990-2023
	1995
	1995

	7
	1990-2023
	1996
	1996

	8
	1990-2023
	1997
	1997

	9
	1990-2023
	1998
	1998

	10
	1990-2023
	1999
	1999

	11
	1990-2023
	2000
	2000

	12
	1990-2023
	2001
	2001

	13
	1990-2023
	2002
	2002

	14
	1990-2023
	2003
	2003

	15
	1990-2023
	2004
	2004

	16
	1990-2023
	2005
	2005

	17
	1990-2023
	2006
	2006

	18
	1990-2023
	2007
	2007

	19
	1990-2023
	2008
	2008

	20
	1990-2023
	2009
	2009

	21
	1990-2023
	2010
	2010

	22
	1990-2023
	2011
	2011

	23
	1990-2023
	2012
	2012

	24
	1990-2023
	2013
	2013

	25
	1990-2023
	2014
	2014

	26
	1990-2023
	2015
	2015

	27
	1990-2023
	2016
	2016

	28
	1990-2023
	2017
	2017

	29
	1990-2023
	2018
	2018

	30
	1990-2023
	2019
	2019

	31
	1990-2023
	2020
	2020

	32
	1990-2023
	2021
	2021

	33
	1990-2023
	2022
	2022

	34
	1990-2023
	2023
	2023
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