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Abstract
Phenological development is critical for crop adaptation. Phenology models are typically driven by temperature and photoperiod, 
but chickpea phenology is also modulated by soil water, which is not captured in these models. This study is aimed at evaluat-
ing the hypotheses that accounting for soil water improves (i) the prediction of flowering, pod-set, and flowering-to-pod-set 
interval in chickpea and (ii) the computation of yield-reducing frost and heat events after flowering. To test these hypotheses, we 
compared three variants of the Agricultural Production System Simulator (APSIM): (i) APSIMc, which models development 
with no temperature threshold for pod-set; (ii) APSIMx, which sets a threshold of 15 °C for pod-set; and (iii) APSIMw, derived 
from APSIMc with an algorithm to moderate the developmental rate as a function of soil water, in addition to temperature 
and photoperiod common to all three models. Comparison of modelled and actual flowering and pod-set of a common cheque 
cultivar PBA BoundaryA in 54 diverse environments showed that accuracy and precision were superior for APSIMw. Because 
of improved prediction of flowering and pod-set timing, APSIMw improved the computation of the frequency of post-flowering 
frosts compared to APSIMc and APSIMx. The number of heat events was similar for all three models. We conclude that account-
ing for water effects on plant development can allow better matching between phenology and environment.

Keywords  APSIM · Cicer arietinum L. · Crop modelling · Heat · Frost · Phenology · Risk · Sowing date

1  Introduction

Chickpea is the world’s second most important food legume 
(FAOSTAT 2021) and shares nutritional and agronomic benefits 
with other legumes, including protein-rich seed, biological nitro-
gen fixation, and rotational advantages in cereal-pulse systems 
contributing to sustainability (Pyett et al. 2019; Palmero et al. 
2022; Cutforth et al. 2009; Naderi et al. 2021; Rani and Krishna 
2016; Gan et al. 2011; Saget et al. 2020). However, chickpea 
yield is low, hovering around 1 t/ha globally (FAOSTAT 2021), 
and the rate of increase in chickpea yield has been slower than 
for other winter crops (Joshi and Rao 2017).

The critical period for the yield of chickpea spans ~ 800 
°Cd, centred at 100 °Cd after flowering (Lake and Sadras 
2014). Abiotic stresses coinciding with this period constrain 
chickpea yield (Anwar et al. 2021; Richards et al. 2019; Peake 
et al. 2021; Lake and Sadras 2017, 2016). As a result, avoiding 
exposure to these stresses is a top priority for agronomists and 
breeders. Therefore, matching chickpea’s timing of the critical 
period to the environment is central to managing the trade-
offs between low temperature for fast-developing phenotypes 

Highlights 
• Photoperiod and temperature-based models were incomplete 
predictors of chickpea phenology.
• Including soil water in the APSIM model improved the prediction 
of timing of flowering and pod-set.
• Improved prediction of flowering and pod-set led to improved 
computation of the frequency of frost and heat-stress events.
• The matching of phenology and environments needed to account 
for the effect of water on development.
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and high temperature and drought for their slower-developing 
counterparts (Lake et al. 2021; Anwar et al. 2021; Berger et al. 
2004, 2003). Experiments combining varieties and sowing 
dates, complemented with modelling, are commonly used to 
investigate the relationship between timing of phenology and 
stress (Anwar et al. 2021; Richards et al. 2020, 2022; Peake 
et al. 2021; Jenkins and Brill 2012).

Experimental and modelling evidence support a substan-
tial effect of water supply on the reproductive development 
of chickpea (Krishnamurthy et al. 2011; Johansen et al. 
1994; Ramamoorthy et al. 2016; Singh 1991; Chauhan et al. 
2019). Recent research revealed temperature-dependent and 
temperature-independent effects of plant water status on the 
reproductive development of chickpea (Li et al. 2022). Crops 
develop faster in drier soils relative to wetter soils, and this 
effect is genotype-dependent (Li et al. 2022).

Chickpea models in DSSAT (Decision Support System for 
Agrotechnology Transfer) and APSIM (Agricultural Produc-
tion Systems sIMulator) do not account for the effects of soil 
water on phenology (Singh and Virmani 1996; Holzworth 
et al. 2014; Robertson et al. 2002; Boote et al. 2018). Chau-
han et al. (2019) have advanced a model that captures the 
dynamic effect of soil water on flowering by moderating the 
thermal time experienced by the crop. This model needed 
broader testing, primarily at higher latitudes where delayed 
flowering was more commonly reported (Kumar and Abbo 
2001; Berger et al. 2012). In addition, we needed to know if 
this model can also help explain the failure of chickpeas to 
set pods in some environments (Berger et al. 2012; Rani et al. 
2020). Pod-set seems to fail below a daily mean temperature 
threshold of 15 or 21 °C (Berger et al. 2012; Croser et al. 
2003) and frost compounds this issue (Chauhan et al. 2022).

This study is aimed at evaluating the hypotheses that 
accounting for soil water improves (i) the prediction of flow-
ering, pod-set, and flowering-to-pod-set interval in chickpea 
and (ii) the computation of yield-reducing frost and heat 
events after flowering.

2 � Methods

2.1 � Field experiments

We grew the commercial variety PBA BoundaryA in experi-
ments that combined sowing dates ranging from 28 June 
2013 to 1 July 2020, and 10 locations spread between 26.6 
and 34.6 °S and 138.7 and 151.8° W in south-eastern Aus-
tralia (Table 1 and Fig. 1). Daily weather data from the near-
est Bureau of Meteorology weather stations were sourced 
from the SILO website (https://​longp​addock.​qld.​gov.​au/​silo/​

point-​data/). Some experiments were irrigated before sow-
ing or during the growing period to improve crop growth 
in hot and/or dry seasons. We checked the crops at least 
twice a week to 50% flowering when 50% and when half 
of the plants in a plot had at least one open flower (referred 
to as ‘flowering’ hereafter) and 50% pod-set when half of 
the plants in the plot had at least one visible pod and were 
expressed as days after sowing (DAS) (“pod-set” hereafter).

2.2 � Model comparison

We modelled chickpea flowering and pod-set using three vari-
ants of the APSIM model (https://​www.​apsim.​info/) (Holz-
worth et al. 2014, 2018). We used (i) APSIMc version 7.10, 
which models crop development with no temperature thresh-
old for the pod-set; (ii) APSIMx, which sets a threshold of 
15 °C for the pod-set based on the experimental observations 
(Clarke and Siddique 2004); and (iii) APSIMw, which incor-
porates an algorithm into the APSIMc model, to moderate the 
crop development rate by a function of soil water, in addition 
to temperature and photoperiod common to all three models. 
APSIMw does not use threshold temperature for pod-set. We 
included APSIMc and more recent APSIMx because these are 
currently the benchmark models available for chickpea. The 
phenology model in the APSIMc was described by Robert-
son et al. (2002). The APSIMx, described by Holzworth et al. 
(2022), uses different temperature and photoperiod parameters 
and thermal time requirements than APSIMc (Supplementary 
Tables 1 and 2). In all three models, thermal time was used to 
drive phenological development, calculated using a standard 
set of three cardinal temperatures: base = 0 °C, optimum = 30 
°C, and maximum = 40 °C. The daily thermal time is accu-
mulated into a thermal time sum, and reaching a particular 
target determines the phase’s duration. In APSIMw, thermal 
time accumulation is moderated as function of soil water. The 
inputs for all three models include crop management (sowing 
date, irrigation, and variety), daily weather data (minimum 
and maximum temperature, global solar radiation, and rain-
fall), and cultivar parameters. Cultivar parameters for PBA 
Boundary were obtained in experiments conducted from 2013 
to 2017 (Chauhan et al. 2019).

Chauhan et al. (2019) fully described the rationale and 
algorithms to account for soil water effect on flowering in 
APSIMw, which assumes that the cultivar PBA BoundaryA 
(i) has a unique thermal time requirement to commence 
flowering and pod-set, (ii) has no temperature threshold for 
pod-set, and (iii) soil water moderates the thermal time accu-
mulation to flowering and pod-set. To incorporate the effect 
of soil water on flowering and pod-set, we used the following 
two equations in the manager module of APSIMc:

(1)TTm = TT ∗ (a − FASW)(when FASW ≥ 0.65 and the chick pea stage ≥ 3)

https://longpaddock.qld.gov.au/silo/point-data/
https://longpaddock.qld.gov.au/silo/point-data/
https://www.apsim.info/
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TT (°Cd) is the daily thermal time, and TTm (°Cd) is the 
thermal time scaled by fractional available soil water (FASW) 
in the surface 60 cm layer from the emergence stage, which 
is called stage 3 in APSIMc. TTm equals TT when FASW 
≤ 0.65, leading to faster thermal time accumulation when 
FASW ≤ 0.65. In all three models, the daily mean ambient 
temperature up to 30 °C adds TT of 30 °Cd and declined 
proportionally to become 0 °Cd when it reached the ceiling 
temperature of 40 °C (Robertson et al. 2002). The parameter 
‘a’ in Equation 1 is a constant set at 1.65 through manual 
optimisation, and FASW ≥ 0.65 represents readily available 
water.

FASW in Equation 1 was computed in the manager module 
of APSIMw as the ratio of the available soil water, which is 
the difference between actual soil water content and the lower 
limit of soil water content, to the potentially available soil 
water, which is the difference between the upper and lower 
limits of soil water content, in the top 60 cm layer, as given 
in Equation 2.

(2)
FASW = Σ(sw_dep(i) − ll15_dep(i))∕Σ(dul_dep(i) − ll15_dep(i))

where sw_dep(i) is the soil water content (mm) present in 
the soil at the time of measurement, ll15_dep(i) is the soil 
water (mm) content corresponding to a soil water potential 
of 1.5 MPa, and dul_dep(i) is the soil water content (mm) 
at 0.033 MPa in each layer (i) in the top 60 cm soil sur-
face layers. The parameters for this equation were obtained 
from the soil cascading water balance model, capturing soil 
water infiltration, movement, evaporation, runoff, drainage, 
extractable soil water, and the total available water. Soil-
specific parameters used to calculate the water budget were 
obtained through systematic soil sampling and characterisa-
tion in the APSoil database (Dalgliesh et al. 2012).

We calibrated a base thermal time requirement of 200 
°Cd for simulating the pod-set. APSIMc does not simulate 
pod-set, but as the transition to this stage was driven by 
only temperature (Robertson et al. 2002), we, therefore, 
considered that the model will simulate pod-set when 
the thermal time target of 200 °C over the thermal target 
set for flowering was achieved. This target for pod-set in 
APSIMc was not modified by soil water and photoper-
iod or temperature threshold of 15 °C. This phase was 
assumed to be unresponsive to photoperiod in APSIMw 

Table 1   Location, season, plant available water holding capacity 
(PAWC), initial soil water, sowing date, in crop rain, and irrigation. 
aDetails of the experiments conducted at Leeton, Trangie, Wagga 
Wagga, and Yanco in the 2018 and 2019 seasons are also given by 
Richards et al. (2020). The irrigation in bold was before the first sow-

ing. At the start of each planting season in every location, we set the 
simulated water content of the soil to 60% of its plant-available water-
holding capacity. If pre-sowing irrigation was done, the soil water 
content was adjusted to 20% the day before the first sowing.

Locationa Season_rainfed 
(R) or irrigated 
(I)

PAWC (mm) Initial soil 
water (%)

Sowing date (Julian) In-crop rain (mm) Irrigation (mm)

Breeza 2019_I 255 60 135 71 200
Horsham 2019_R 248 60 136 210
Kingaroy 2019_I 109 60 138 100 25
Leeton 2018_I

2019_R
220
220

20
20

107, 121, 129, 135, and 148
105, 120, 135, and 150

87, 87, 148, 70, and 141
167, 173, 146, and 141

220, 24, 24, 0, 36, and 24
200

Narrabri 2017_R 176 60 151 and 206 148 and 146
2019_I 176 20 200 22 200

Roseworthy 2013_R 126 60 158 and 190 105 and 176
2013_I 126 60 158 and 190 172 and 176 40
2014_R 126 60 161 and 196 137 and 101
2014_I 126 60 161 and 196 137 and 101 153 and 162

Tamworth 2018_I
2020_R

245
245

60
60

127 and 163
120, 148, and 181

164 and 176
274, 237, and 208

60 and 40

Trangie 2018_I
2019_I

141
141

20
20

108, 122, 136, and 150
105, 120, 135, and 149

70, 55, 40, and 87
87, 87, 87, and 87

40, 118, 118, 128, and 120
175, 45, 45, 27, and 26

Wagga Wagga 2018_I 128 20 128 and 148 164 and 176 50, 20, and 20
2019_I 128 60 128 225 38
2020_R 128 60 116, 136, and 157 320, 265, and 232
2018_I 128 60 106, 134, 120, and 148 232, 253, 229, and 229 34, 19, 8, and 0
2019_I 128 60 105, 120, 135, and 150 178, 232, 226, and 210 0, 0, 0, and 15.5

Yanco 2018_I 293 60 107, 121, 135, and 148 87, 87, 70, and 69 75, 64, 75, and 64
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as well. The time (days) taken to reach the thermal time 
target was increased depending upon the scaling of daily 
thermal time in Equation 1.

Flowering and pod-set were also predicted using the 
default parameters in APSIMx. The model assumes ther-
mal time targets for flowering and a calendar day require-
ment for pod-set (Supplementary Table 3). The pod-set in 
the model was triggered when the crop experienced five 
days of temp above 16 °C or ten consecutive days at 15 
°C after flowering.

For simulations, the initial soil water was set to 60% on 
the day of sowing except for those locations where pre-
sowing irrigation was applied (Table 1). At these locations, 
soil water was initialised at 20% plant available water a day 
before the pre-sowing irrigation.

2.3 � Frequencies of post‑flowering frost and heat 
stress

Frost and heat frequencies were observed and calculated 
from weather data with actual and modelled flowering times 
using APSIMc, APSIMx, and APSIMw. Frost frequency was 
computed as the number of days with minimum temperature 
<=0 °C at 1.2 m height (Chauhan et al. 2022) and heat stress 
frequency as the number of days with maximum temperature 
>=32 °C (Devasirvatham et al. 2012).

2.4 � Model performance evaluation

We compared actual and modelled flowering and pod-set 
with least square linear regressions and a series of param-
eters, including coefficient of determination (R2), the nor-
malised root means square error (NRMSE) as precision 
parameters, and Lin’ concordance correlation (LinCCC) and 
Willmott index as model performance (accuracy) parameters. 
The relationship between observed (x variables)/simulated 
flowering and pod-set (as y variables) was quantified using 
a linear regression with the R programme (Team 2021). The 
normalised root mean square error (NRMSE) was computed 
using the following equations in the same programme.

where Si and Oi are the simulated and the observed value, 
respectively; O is the mean of the observed values; n is the 
number of observed values. NRMSE is expressed in % when 
multiplied by 100. A lower value of NRMSE indicates better 
precision. The Willmott index agreement proposed by Will-
mott et al. (2012) was computed using the following equation.

(3)NRMSE =

�

1

n

∑n

i=1
(Si − Oi)2

−

O

(4)d = 1 −
∑n

i=1
(Oi−Si)2

∑n

i=1
(∣Si−O∣+∣Oi−O∣)

2

Fig. 1   The ten field experimen-
tal sites (black dots) in Australia 
used in our study.
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The resulting value of 1 indicated a perfect match, and 0 
indicated no agreement. LinCCC (Lin 1989), another index of 
agreement, was computed in Excel using the following equation:

where �x and �y are the means of two variables (simulated 
and observed, respectively), σ2

x
 and σ2

y
 are the corresponding 

variances (simulated and observed, respectively), and ρ is 
the correlation coefficient between the two variables.

McBride (2005) suggested the following guidelines to 
infer a model’s predictive performance:

ρc < 0.90: poor
ρc > 0.90 to 0.95: moderate
ρc > 0.95 to 0.99: substantial
ρc > 0.99 is almost perfect.

3 � Results

3.1 � Weather

Across ten locations, the ambient mean maximum tempera-
ture ranged between 15.8 and 22.7 °C, and the minimum 
ambient temperature was 1.3 and 9.4 °C (Supplementary 
Table 3). Narrabri was the warmest location, whilst Wagga 
Wagga was the coolest. Breeza was the driest location, with 
only 71 mm in-season rainfall, and Wagga Wagga was the 
wettest, with up to 300 mm in-season rainfall.

3.2 � Observed timing of flowering and pod‑set 
in fifty‑four site‑sowing date‑year combinations

Time to 50% flowering ranged between 61 and 154 DAS 
(Fig. 2a) and pod-set between 70 and 169 DAS (Fig. 2b). 
Time between pod-set and flowering varied from 5 to 55 
days (Fig. 2c). The longer time from flowering to pod-set 
occurred in earlier sowings.

3.3 � Prediction of flowering time

The predicted vs observed regression line was closer to the 
1:1 line (ideal fit) for APSIMw than for APSIMc and APSIMx 
(Fig. 3a–c). Model precision quantified with R2 and the 
measurement error ranked APSIMw > APSIMx > APSIMc 
(Fig. 3a–c). The LinCCC and Wilmott indexes showed that 

(5)x =
2ρ�x�y

σ2
x
+�2

y
+ (�x−�y)

Fig. 2   Observed days after sowing to flowering (a), to pod-set (b) 
and flowering–pod-set interval (c) across different sowing dates in 10 
locations.

▸
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there was a poorer agreement between the observed and simu-
lated flowering times for APSIMc and APSIMx (Fig. 3a and 
b) than for APSIMw (Fig. 3c). The prediction of flowering 
times by APSIMw was generally better than APSIMc and 
APSIMx for early, mid, and late sowing times with predicted 
mean and standard deviations more closely reflecting the 
observed values (Supplementary Table 4).

3.4 � Prediction of pod‑set

The regression line related to the predicted and observed 
time of the pod-set was closer to the 1:1 line for APSIMx 
and APSIMw than for APSIMc (Fig. 3d–f). The precision 
(R2, NRMSE) ranked APSIMw > APSIMx > APSIMc. The 
LinCCC and Wilmott indexes showed there was a poorer 

Fig. 3   Comparison of observed 
flowering (a, b, and c) and 
pod-set (d, e, and f) and 
predictions with APSIMc (a 
and d), APSIMx (b and e), and 
APSIMw (c and f) for cultivar 
PBA BoundaryA across ten 
locations (n = 54). The default 
model in APSIMc and APSIMx 
has different photoperiod and 
temperature parameters. The 
insets are the coefficient of 
determination of the linear rela-
tionship; normalised root means 
square error (NRMSE), Lin’s 
concordance correlation coeffi-
cient (LinCCC), and Willmott’s 
index (WI).
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agreement between the observed and simulated pod-set for 
APSIMc and APSIMx (Fig. 3d and e) than APSIMw (Fig. 3f). 
Prediction of pod-set by APSIMw was better than APSIMc 
and APSIMx for all three ranges of sowings (Supplemen-
tary Table 4). The standard deviation across different sowing 
groups was similar between the observed and modelled values 
for APSIMw but different for APSIMc and APSIMx.

3.5 � Flowering to pod‑set interval

APSIMw reported the highest model performance for flow-
ering to pod-set interval simulation (Fig. 4) though not as 
accurate as for flowering and pod-set. The values of precision 
parameters, including R2 (0.62) and NRMSE (0.38), were 
reasonable. The flowering and pod-set interval in APSIMc 
and APSIMx ranged from negative to positive values indicat-
ing both models, in a few cases, predicted pod-set to occur 
earlier than actual flowering, highlighting their limitations.

3.6 � Frequencies of post‑flowering frosts and heat 
events

The APSIMw predicted post-flowering frosts and heat events 
with reasonable accuracy, especially for locations with 
higher frequencies of events (Fig. 5). The R2 for the predic-
tion of frost was highest and significant only with APSIMw 
(0.88). The R2 of prediction for heat stress was significant 
only with APSIMw (0.99) and APSIMc (0.93) and not with 
APSIMx. Frost events after flowering calculated using 
default phenology models within APSIMc and APSIMx 
were overestimated, but heat stress events were comparable 
to APSIMw. Heat events after flowering were similar with 
APSIMw and APSIMc and slightly over or under-predicted 
by APSIMx. Within early, mid, and late sowing windows, 
frost and heat stress frequencies were identical with a simi-
lar range of variation (Supplementary Table 4). Heat stress 
frequencies of APSIMc were also identical to APSIMw.

4 � Discussion

Photoperiod and temperature are the primary drivers of 
chickpea phenology (Roberts et  al. 1985; Soltani et  al. 
2006). More recently, evidence has emerged on the role of 
soil water content on chickpea development. Trials in India 
and Australia show a positive relationship between water 

Fig. 4   Comparison of observed flowering-to-pod-set interval and pre-
dictions with APSIMc (a), APSIMx (b), and APSIMw (c) for cultivar 
PBA BoundaryA (n = 54). The insets are the coefficient of determi-
nation of the linear relationship (R2), normalised root means square 
error (NRMSE), Lin’s concordance correlation coefficient (LinCCC), 
and Willmott’s index (WI).

▸
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stress and time to flowering (Li et al. 2022; Sihag et al. 
2019). Vadez et al. (2013) found no association between 
chickpea time to flowering (biological days) and latitude as 
expected from variation in temperature and photoperiod but 
showed that flowering was positively related to the amount 
of rainfall. Other studies showed that soil water, which var-
ies with rainfall, evaporative demand, and soil characteris-
tics, influences the phenological development of chickpea 
(Ramamoorthy et al. 2016; Chauhan et al. 2019; Richards 
et al. 2020).

In our study, the inclusion of soil water improved the 
prediction of flowering and pod-set over predictions based 
on ambient temperature and photoperiod alone (Fig. 3). 
The prediction of the timing of flowering could be further 
improved with site-specific weather and soil attributes and 
genotype-specific parameters (Chauhan et al. 2019). Addi-
tionally, there could be an error in visually recording flower-
ing time due to some subjectivity of individuals recording 
these events (Maphosa et al. 2020). A standard protocol was 
applied to reduce bias in recording phenology.

In this study, we extended the effect of soil water influ-
encing pod-set timing. Currently, pod-set in the chickpea 
crop is mainly limited by the mean ambient temperature 
below 15 °C when soil moisture is adequate (Croser et al. 
2003). The later work from Western Australia indicated 
this threshold to be 21 °C (Berger et al. 2012). In Kinga-
roy, pod-set occurred even when the mean ambient tem-
perature was <15 °C (Yash Chauhan, unpublished results). 
This observation suggests that caution is needed in using 
temperature thresholds, mainly when temperature interacts 
with soil water and day length. APSIMx predicted the time 

to pod-set better than APSIMc by delaying pod-set until 
the average temperature of 10 consecutive days exceeded 
15 °C (i.e., 150 °Cd for the first pod initiation). In our 
study, we set a minimum thermal time target of 200 °Cd 
for pod-set for PBA BoundaryA, and thermal time was 
scaled by soil water to account for the delay. This thermal 
time target of 200 °Cd could be a varietal trait, but its scal-
ing by soil water could also vary amongst varieties which 
remain to be investigated. APSIMw’s ability to predict 
flowering and pod-set has been verified with three other 
chickpea varieties, including PBA HattrickA, Amethyst, 
and Tyson (Yashvir Chauhan, DAF, unpublished, 2023).

Improved phenological prediction by accounting for 
soil moisture is consistent with empirical observations (see 
Introduction). Therefore, water availability has a dual role: in 
growth (Anwar et al. 2003) and development (Chauhan et al. 
2019). Wet soil delays flowering and increases the number 
of pod-bearing nodes and hence grain number later in the 
season (Lake and Sadras 2016). Alternatively, earlier flow-
ering in dry soil will reduce the risk of drought and heat 
during the critical period, at the expense of increased risk 
of lower temperature compromising the yield potential (Li 
et al. 2022). Soil water promotes the production of infertile 
pseudo flowers (Smithson et al. 1985). The production of 
these infertile flowers could lead to a delayed pod-set (Rob-
erts et al. 1985).

For this reason, farmers in India do not irrigate chick-
pea when it is close to flowering (Khanna-Chopra and 
Sinha 1987). These hard-to-notice pseudo-flowers can also 
result in misinterpretation of flowering time (Roberts et al. 
1985). Given that short-photoperiod (<12 h) and low night 

Fig. 5   Evaluation of observed 
and APSIMw, APSIMc, and 
APSIMx predicted frequen-
cies of frosts (a) and heat stress 
events (b) after flowering.
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temperature also promote the development of pseudo-flow-
ers (Roberts et al. 1980; Or et al. 1999), we speculate that 
the effect of water availability might be partially associated 
with genes modulating the formation of fertile flowers in 
response to photoperiod and low temperature. These pseudo-
flowers can also be produced under very high temperatures 
(Jumrani and Bhatia 2014). Saini et al. (2022) reported that 
chickpea plants primed with drought at the vegetative stage 
had better reproductive functioning. The connection between 
pseudo-flower production in wetter soils and low to elevated 
temperatures and short photoperiods should be investigated 
as it could provide a better understanding of the ecological 
basis of adaptation of chickpea.

The gap between flowering and pod-set varies both within 
and across locations and with sowing time (Fig. 2). When 
this gap increases, the growing duration also increases, 
which results in the exposure of the crop to a greater degree 
of drought and heat stress (Maphosa et al. 2020; Graham 
et al. 2022). Reducing chickpea sensitivity to low temper-
atures has been the focus of research efforts in Australia 
(Croser et al. 2003; Berger et al. 2005). Our study provides 
indirect evidence that soil water influences this gap. The pre-
diction of the time between flowering and pod-set was more 
accurate with APSIMw (Fig. 4) than the other two models, 
including APSIMx, that incorporate a temperature thresh-
old. In the context of the failed attempts to improve pod-set 
under low temperatures, focusing on podding in response to 
soil water could be more fruitful, as significant intraspecific 
variation has been reported (Li et al. 2022).

The implication of the accuracy and precision in predict-
ing phenology became more apparent when we computed 
frequencies of post-flowering frost and heat events with 
and without soil water input. The number of post-flowering 
frosts computed was threefold more with APSIMc than their 
actual occurrences, as this model predicted flowering much 
earlier than the actual observed date. Flowering and pod-set 
prediction without considering soil water effects would lead 
to recommending delayed sowing to reduce the frequency of 
yield-reducing frosts. The significant delays in sowing could 
lead to a lower yield than what could be obtained when fre-
quencies of frosts are predicted more accurately.

Research on how soil water affects chickpea phenology has 
been reported sporadically. This study highlights the need for 
more systematic research to understand its impact on chick-
pea’s adaptation to climate, including its interactions with 
other drivers of phenology like photoperiod and temperature. 
By interpreting the observed responses of a single cultivar 
in a range of environments using a modelling approach, this 
study provides a compelling case for investigating various 
chickpea cultivars to determine if phenological responses 
differ in response to soil water and whether this information 
can be used to improve cultivar performance and agronomy.

5 � Conclusions

The study highlights the importance of accounting for soil 
water in predicting the timing of flowering and pod-set in 
chickpea. A better prediction of the critical period would 
improve the pairing of sowing date and cultivar to man-
age the trade-offs between frost, drought, and heat stress. 
Priorities for trait-based crop improvement would benefit 
from considering the effect of soil water modulating chick-
pea development. An additional focus on the effects of soil 
water on chickpea phenology (Saini et al. 2022) can con-
tribute to reducing the flowering-to-pod gap that is critical 
for yield, in addition to ongoing research focus on increas-
ing chilling tolerance of cultivated chickpea (Mir et al. 
2019). Our results suggest that accounting for the effect 
of soil water on phenological development will improve 
not only modelling but also allow for better management 
of the risk of frost and heat stress management, agronomy 
and possibly breeding.
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