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Abstract 
Cold, heat and soil water deficit, are major abiotic stresses that cause spatial and temporal variation in 
chickpea yield. Yield losses depend on the stress intensity in relation to the crop’s phenological 
development. Adjustment of sowing time has been anecdotally used to manipulate flowering time, the most 
sensitive stage of the crop. However, this approach has limitations since flowering also interacts with soil 
water and within-season rainfall. In this study, the APSIM-Chickpea model was validated using field 
experiments. We demonstrate how accounting for improved predictions in flowering time can be used to 
minimise yield losses. Simulated chickpea crops were “sown” at 10-day intervals from 1-March to 29-July 
over a 71-year period. Thresholds of cold temperature, seasonal water supply, and extremes of temperature 
were then examined with respect to chickpea yields. We identified optimal sowing windows that will 
minimise overlap between flowering, extreme temperatures, and terminal soil water stress, leading to 
potential improved yields. 
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Introduction 
Chickpea production in Australia routinely experiences short and intermittent periods of chilling (cold) 
temperatures (average ambient temperature of <15oC) during the reproductive stage. Exposure to this cold 
stress typically results in flower and pod abortion and subsequent yield losses, especially in the 
Mediterranean-type climate in southern Australia (Berger et al. 2004). The NSW DPI chickpea breeding 
program recently released a new chickpea variety, CBA Captain, designed to replace the variety PBA 
HatTrick, which currently accounts for ~ 70% of chickpea production in northern New South Wales (NSW) 
and southern Queensland. CBA Captain has a solid combination of yield, disease resistance and grain quality 
but it had not yet been evaluated for its performance under cold stress. In this study, field experimental data 
were used to validate the Agricultural Production Systems Simulator (APSIM) model (Robertson et al. 
2002). Long-term chickpea simulated yields were then utilized to elucidate relationships between chickpea 
yield and stress factors caused by climate variables and location using CBA Captain. These results can assist 
in the prediction and interpretation of chickpea production under different scenarios of temperature and 
moisture stress. 

Methods 
The APSIM-chickpea model (Holzworth et al. 2014) was parameterized and phenology parameters were 
calibrated for cultivar CBA Captain using field data (2018-2019) from eight sites (Figure 1). The climatic 
data was obtained from SILO (https://legacy.longpaddock.qld.gov.au/silo/ppd/index.php). The performance 
of the APSIM-chickpea model was evaluated using three measures of “goodness-of-fit”: Root Mean Square 
Deviation (RMSD), Willmott’s Index of Agreement (d) (Willmott 1982), and the coefficient of 
determination (r2) between observed and simulated yields. The chickpea module of APSIM currently uses a 
thermal time approach to predict the flowering of chickpea using the inputs of only temperature and 
photoperiod. However, these two factors have inadequately predicted flowering time with a discrepancy of 
about ±10 to ±31 days between observed and simulated flowering time (Anwar et al. 2019). Therefore, an 
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alternative scheme to simulate flowering time in chickpea was developed to include temperature, 
photoperiod, and soil moisture interactions (Chauhan et al. 2019). In the modified scheme, the effect of soil 
water on flowering time was simulated using the following equation: 

TTm = TT ∗ (1.65 − FASW) (when FASW ≥ 0.65 and the chickpea stage ≥ 3)   (1) 
where TTm is the modified thermal time after accounting for decreases associated with soil water, TT is the 
thermal time in the previous version of the APSIM model, and FASW is fractional available soil water 
(Figure 1A). 

APSIM simulation runs were undertaken for four chickpea cultivars (CBA Captain, PBA HatTrick, PBA 
Boundary and PBA Seamer), at fourteen locations, for 16 sowing times (from 1-March to 29-July) in 10-day 
increments (Figure 2), using weather data from the past 71 years (1950 to 2020 inclusive). In this paper we 
focus on only one cultivar, CBA Captain, for two locations (Tamworth and Wagga Wagga in NSW). The 
water supply-demand ratio (SDR) was simulated from the APSIM model. Mild-frost is defined as any day 
where the minimum temperature (minT) is < 2°C; moderate-frost as any day where the minT is < 0°C; 
severe-frost as any day where the minT is < -2°C; and heat-stress as any day where the maximum 
temperature (MaxT) is ≥ 35°C. 

Comparison of sowing periods  
To increase the ease of visualising and comparing the complex interaction between numerous sowing times, 
frost, heat and water stress, the 16 sowing times were grouped into four equal larger groups referred to as 
sowing period (SP): SP1 (1 March-31 March), SP2 (10 April-10 May), SP3 (20 May-19 June) and SP4 (29 
June-29 July). The APSIM plant growth, phenology, and yield outputs were then used as the data for further 
investigations. Steps for pairwise comparison of SPs are as follows: 

1. Define the period (flowering till end of grain filling = reproductive phase) in which the above
stresses were calculated.

2. A multivariate linear model was fitted with yield or stress as the response variable, and site, cultivar,
and sowing time (using the four larger groupings) as the explanatory variables including all
interaction terms.

3. Based on the linear model fitted, yield was predicted at each site, for each cultivar at different
sowing times.

4. The differences in the predicted yields between pairs of sowing periods were calculated. Given four
sowing periods, there were six pairwise comparisons: SP1-SP2, SP1-SP3, SP1-SP4, SP2-SP3, SP2-
SP4, and SP3-SP4.

5. The confidence intervals for the differences in Step 4 were calculated. Since there were more than
one confidence interval (CI), the Bonferroni Method and family-wise error rate of 5% was used.

6. Based on the CIs in Step 5, we determined which sowing period(s) give the highest yields. As the
CIs are based on differences, it is important to see if they include zero or not.

7. If a CI includes zero, the two sowing periods do not provide a significantly different yield. If the CI
excludes zero, the two sowing periods do provide a significantly different yield. The sign of the
difference shows which sowing period is higher yield potential.

Results and discussion 
Figure 1A shows the detailed results for CBA Captain at Wagga Wagga for one sowing date (8-May 2018). 
The model explained 93% of the observed variability in flowering time with a RMSD of 6.7 days (Figure 
1B). The model also showed good predictive capacity (r2=0.85, RMSD = 310 kg/ha) for chickpea grain 
yield. These predictions were closer to the 1:1 line and with a higher r2 than reported recently by Kaloki et al. 
(2019). Sources of error using the point sourced data may explain some of the variation between observed 
and APSIM simulated values as the temperature data used in our simulations were derived from the closest 
Australian Bureau of Meteorology (BOM) recording station for each field site. Localised frosts or cool 
temperatures may have delayed emergence and flowering, having an impact on the length of some crop 
developmental stages.  

The observed yields ranged from about 790 to 3100 kg/ha between Wagga and Tamworth sites. The model 
adequately predicted this range (Figure 1B). The simulated potential yields indicated that the optimum 
sowing time ranged from 21-March to 30-April (Figure 2). Sowing on either side of these dates progressively 
decreased the yield potential. The model adequately considers the impact of water availability on chickpea 
yield but does not simulate the effect of biotic stresses, nutrient deficiencies, frost and heat damage. The 
higher yield tended to coincide with absence of water stress represented as reflected in high supply-demand 
ration (SDR) during the reproductive phase (start-of-flowering to end-of-flowering). 
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The statistically significant differences in the predicted yields, frost events, and heat events under each 
sowing period (SP) were analysed. Figure 3 shows the 95% confidence intervals of the differences in yield 
and mild-frost days (Fig. 3A) or heat-stressed days (Fig. 3B) for all 6 pairwise comparisons of sowing 
periods (SP). We observed the highest difference in the number of mild-frost days in comparing SPs 1 and 4. 
For this comparison, yield was higher in SP 1 compared to SP 4. In the latter sowing periods (SP3 and 4 
pairwise comparison) the difference in number of mild-frost days decreased. Similarly, the relationship with 
mild-frost days across other SPs are shown in the Figure 3A. 

 (A)  (B) 

Figure 1. Evaluation of APSIM-chickpea simulation for cultivar CBA Captain showing (A) simulated (black line) 
vs. observed (black dots) for aboveground biomass (DM) from Wagga trial (8th May 2018 sowing date). Dynamics 
of extractable soil water (ESW in green), observed rain (blue bars), daily thermal time (TT in red), modified 
thermal time (TTm from equation 1 in light blue), observed flowering time (FL, vertical dashed black line), 
predicted pod-initiation (SGF, vertical brown dashed line), fraction of available soil water (FASW in blue) at 60 
cm layer (%), FASW60_threshold (% in orange) and observed frost events (dark blue dots). In (B): observed vs. 
simulated flowering time and yield at physiological maturity using experimental data (n=12, 2018-2019) from 
eight sites (Tamworth, Wagga Wagga, Leeton, Breeza, Narrabri, Trangie, Horsham and Kingaroy). The dashed 
diagonal line is the 1:1 line and insets are the values of RMSD, d (Willmott) and linear regression details. 

Figure 2. Long-term (71-years) abiotic stresses (heat: ≥35°C maximum temperature [maxT]; mild frost: <2°C 
minimum temperature [minT]; moderate frost: <0°C minT; severe frost: <-2°C minT; SDR: water supply-
demand ratio and APSIM simulated potential yield for CBA Captain chickpeas across 16 sowing dates (1-March 
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to 19-July, sown at 10-day intervals) at two sites (Tamworth and Wagga Wagga). The APSIM potential yield 
assumes the absence of frost and heat damage, diseases, and nutrient deficiencies. Black vertical lines: start and 
end of flowering period and vertical dotted line: medium flowering time. 

With respect to heat stress (Figure 3B), there were no significant differences in SP 1 and SP 2 pairwise 
comparisons at both sites. Furthermore, at Tamworth, there were no differences in SPs 1 and 3, and 2 and 3 
pairwise comparisons. In Wagga Wagga, there were no yield differences between SP 1 and SP 2 
comparisons while at Tamworth, SP 2 predicted higher yield than SP 1. Amongst the other contrasting SPs, 
it was clear that late sowing reduced yield more than early sowing, as late sowing coincided with terminal 
drought and heat stress during the reproductive period. 

 (A)  (B) 

Figure 3. Pairwise comparison between sowing periods for mild frost and yield (A) and heat stress and yield (B), 
showing simultaneous confidence intervals (Family-wise error rate=5%) at Tamworth and Wagga Wagga. The mild 
frost and heat stress were during the reproductive phase. 

Conclusion 
The APSIM chickpea model was able to predict flowering time and chickpea yield with reasonable accuracy 
but there were some limitations in quantifying yield impacts under minimum temperatures and frost during 
flowering to pod set. Phenology and yield outcomes generated by APSIM can be used for further 
downstream analysis to understand the effects of major abiotic stresses on yield. The predicted yield will be 
affected by the occurrence of stress events such as heat or frost. Our pairwise comparisons between sowing 
periods statistically demonstrated optimum sowing times for Wagga and Tamworth. Ongoing model 
validation, using 2020 experimental field trial data (Wagga Wagga and Tamworth) and NVT data from 
2014-2018, may further improve model predictions. We plan to further examine phenological 
parameterization of the APSIM-chickpea model, along with temperature, rainfall, chilling effects and 
photoperiod. 
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