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Chickpeas are a globally crucial agricultural product, currently at risk due to
human-induced climate change. There has been little research into the impact of
heat stress on chickpea compared to other crops, but it is known that heat stress
can cause up to 100% yield loss. This study measures Growing Degree Days
(GDD) in chickpeas, utilizing an existing calculation. This formula has been
expanded for heat stress, titled Stress Degree Days (SDD), to examine the
effects of high temperature stress on commercially important traits such as
yield and seed size. Using a multi-environment trial, traits such as time to
flowering, and seed size were observed in 148 chickpea cultivars across two
sowing times in two different Australian locations (Narrabri in New South Wales,
and Kununurra in Western Australia). It was determined that there is a significant
correlation between yield, GDD, and SDD at all locations, sowing times, and life
stages of the crop. These metrics allowed greater differentiation between
environments when compared to a count of the number of calendar days
required for each cultivar to reach a set life stage (flowering and maturation),
allowing more accurate investigation the impacts of high temperature stress. It
was also determined that loss of yield and a decrease in seed size was
significantly correlated with high GDD and SDD, though seed size had less
environmental plasticity (variability) compared to yield, and therefore higher
stability under stress. GDD and SDD were shown to be useful for predicting
genotype adaptation to locations and seasons thus providing a basis for varietal
recommendations. This information could also be used to breed environment
specific cultivars and to understand trait plasticity.
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1 Introduction

Chickpea (Cicer arietinum L.) is a crucial source of protein and
starch in many countries (Abbo et al., 2003), making up roughly
20% of global pulse production (FAO, 2020). Chickpea is adapted to
low-nutrient, water-limited conditions, and is able to extract 80% of
its nitrogen requirements from soil (Sharma et al., 2013).
Nevertheless, abiotic stresses such as drought and heat cause
~70% of global yield losses (Varshney et al., 2019). Human driven
climate change remains a critical risk to global agriculture. The
global mean departure year (the year when the projected mean
climate moves to a state permanently outside historical bounds) is
2069 + 18, if global emissions are stabilized, and 2047 + 14 if not
(Mora et al., 2013). Previous research has demonstrated that high
temperature stress can severely damage chickpea plants, with
processes such as photochemical efficiency, pollen viability and
germination, and pod set all negatively impacted (Kumar et al,
2013). Improved knowledge of the mechanisms of heat tolerance
will assist the genetic improvement of this important crop and its
continuation as an important food staple (Blum, 1986).

Growing Degree Days (GDD) is a unit of measurement that
relates plant growth and development to air temperature. A degree
day is a calculation of the cumulative temperature experienced by a
plant at which growth is possible, calculated as GDD = ¥[Tmax +
Tmin/2] - Tbase, where (Tmax+Tmin)/2 refers to the average daily
temperature, and Tbase is the minimum temperature at which the
crop can grow (Mavi and Tupper, 2004).

GDD can be more effective than season length for recognizing
physiological responses to temperature (Russelle et al., 1984) and
has been used to calculate yield potential in wheat, cowpea, grape,
soybean, and tomato (Akyuz et al., 2017; Bondade and Deshpande,
2021; Hall, 2000; Pathak and Stoddard, 2018; Raun et al., 2001).
This calculation has also been used to model the growth and
development of chickpea, with the earliest study published in
1996 (Singh and Virmani, 1996). Since then, there have been
studies examining critical temperatures (Devasirvatham et al,
2012; Sadras and Dreccer, 2015), and phenological variation
across varied environments (Dreccer et al., 2018). These studies
have been limited in scope due to their use of a small number of
genotypes (Dreccer et al., 2018; Sadras and Dreccer, 2015; Verghis
et al,, 1999), and data collected from simulations (Dreccer et al,,
2018; Soltani and Sinclair, 2011). A more recent study has focused
on sowing date selection for assurance of healthy growth in
chickpea, using thermal sum calculations to optimize sowing time
and ensure a healthy growing period devoid of excess heat stress
(Richards et al., 2020). In order to strengthen this crop against the
impacts of increasing temperatures, it is essential to understand trait
plasticity and genetic control among a diverse population under
commercial field conditions. This would vastly improve genetic
selection and breeding efforts for future cultivars. Similar
calculations have been used in chickpea and mung bean to
determine methods to breed for cultivars with longer maturation
times, to offset maturity acceleration under higher temperatures
(Fatima et al., 2021).

GDD is a useful metric with which to evaluate specific crop
genotypes for individual farmers, based on their expectation of the
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season (Hall, 2000). Appropriate application could allow farmers to
continuously supply product to market, by choosing genotypes with
different GDD requirements and sowing times at different locations
(Bondade and Deshpande, 2021). Additionally, the ability to more
effectively and accurately align season and harvest expectations
could assist in management decisions such as scheduling labor,
processing, and long term water management based on season
length (Pathak and Stoddard, 2018). In this study, the calculation
was modified to include Stress Degree Days (SDD), which refers to
the cumulative temperature experienced by plants exposed to
temperature stress. This stress is recorded here as a decrease in
yield or seed size, as per existing literature (Davies et al., 1999;
Kumar et al, 2013; Zinn et al, 2010). In this paper, stressful
temperatures are considered to be above 30°C as per existing
literature (Sleimi et al., 2013).

This study uses GDD to evaluate 148 genotypes in two
contrasting environments to select genotypes based on their
performance and phenotypic plasticity. These were; a tropical
environment that experiences consistent high temperatures but is
otherwise “ideal” due non-limited water availability and light
conditions, and a more variable, temperate environment
considered more typical to the “Mediterranean” type for which
Chickpea was domesticated (Abbo et al., 2003). SDDs were
calculated to understand the impact of cumulative heat-related
stress on the crop to determine both genetic and environmental
effects on the traits assessed. Better understanding the response of
genotypes to varying climates provides a critical tool that farmers
can use to improve and secure harvest outcomes.

2 Materials and methods
2.1 Data collection — field trials

Two Australian locations with varying climates were chosen to
collect physiological data. The first was in Kununurra, Western
Australia (15.7783°S, 128.7439°E), the second in Narrabri, New
South Wales (30.2737°S, 149.7350°E). The recorded minima and
maxima temperature for these locations are shown in Appendix 1,
and these data were collected from stations managed by
ozforcast.com.au and weather.agric.wa.gov.au, respectively. In
summary, for the purpose of this trial, Kununurra is considered
an environment in which the trials experienced only high
temperature stress, as the trials were flood irrigated and regularly
treated with nitrogen. Due to this, the Kununurra site could be
considered an “ideal” environment when studying heat stress, as
other confounding stressors are absent. Narrabri can be considered
a more typical environment for chickpea production, experiencing
the milder mid-season temperatures, with the crop receiving rain
and supplementary irrigation as required.

Field experiments were conducted at these locations in 2019, at
two sowing times. Experiment refers to the year and environment in
which the trial was executed. The first time of sowing (TOS) was
based on typical commercial growing times within each region, and
the second was delayed so that flowering would occur when average
temperatures were higher, thus generating heat stress from
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reproductive development onwards. In Kununurra, this delay was 1
month, as the higher temperatures caused a shorter season length.
In Narrabri it was 2 months, due to the milder conditions. This
resulted in a total of 4 experiments across 2 environments and 2
TOS.No soil analyses were conducted as the focus was on the
temperature stress (manipulated through location and time of
sowing). Experimental plots were located in the same field with
the same cropping history/agronomic practices minimizing
soil variability.

The 148 elite chickpea genotypes evaluated included 10 Desis
and 138 Kabulis, originating from Syria (129), India (10), and
Australia (9) (Appendix 2). Those genotypes not from Australia
were provided by ICARDA and ICRISAT and were considered high
yielding in hot environments. Australian genotypes were chosen as
comparison, being already used in Australian environments.
Genotypes were sown according to commercial standards (~169
seeds and ~381 seeds per plot in Narrabri and Kununurra
respectively) in randomized complete block designs of 2 replicates
for each TOS in plots of 8 m>. Randomized complete block designs
were used to control for variability across the field. Differences
between replicates were considered through randomized complete

10.3389/fpls.2024.1496629

block design and treating replicates as random effects. Main effects
of genotype and environment (location and time of sowing) were
significant, while differences between replicates were
inconsequential (Tables 1-3). Each trial was prepared and treated
using standard agronomic practice including fertilizer, herbicide
and pesticide recommendations at each location (Appendix 3).
Plots were inspected daily to identify date of flowering and
maturity. This was recorded as the number of days from sowing
to each stage of development. According to standard commercial
practices, the growth season for Chickpea in Kununurra is typically
shorter than in Narrabri (GRDC, 2016; Regan, 2015). All plots were
harvested when the entire experiment attained harvest ripeness.
Gross yield and 100 seed weight (HSW) was assessed in grams post-
harvest. Weather data was collected using an on-site weather station
which sampled every 15 minutes. This was collated into daily
averages across the season. Across all trials, data can be
categorized into plant physiological and climate data. Plant
physiological data comprised number of days to flowering, and
maturity, the weight of 100 seeds in grams, and gross plot yield in
grams. Climate data refers to the temperature regimes at each
location over the duration of the trial.

TABLE 1 Superiority and Static stability coefficients for 100 seed weight (HSW) and yield depicting the 10 highest ranked genotypes for each trait

and metric.
Superiority Static Stability
Narrabri Kununurra Narrabri Kununurra
1 * A 139 * 4139 38 89
2 1 *138 109 11
3 *88 *88 34 68
4 60 22 10 71
5 *75 21 12 58
HSW
6 *138 *75 122 D141
7 61 *53 **39 22
8 127 137 82 *100
9 *53 98 70 5
10 21 *1 *100 P 133
1 * D142 A 146 24 97
2 *70 * A 145 30 127
3 A 131 *142 69 77
4 * A 145 40 39 92
5 36 114 78 54
Yield

6 47 *70 120 33
7 A 143 115 46 75
8 76 128 88 67
9 62 37 3 68
10 DA 140 116 116 DA 140

Genotypes denoted with * have high ranking for the trait in both environments, and those denoted with ** have high rankings for both traits in that environment. Superscript D refers to

genotypes that are Desi type, and superscript A refers to Australian genotypes.
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TABLE 2 Summary of average number of days to reach each life stage (Age), average number of days with temperature suitable for growth (# Days),
average growing degree days (GDD), average stress degree days (SDD), average yield, and average 100 seed weight (HSW) for each time of sowing
(TOS) and location.

Flowering Maturity Yield HSW TOS
#Days GDD Age #Days GDD spp  (T/ha) )
85+5 ‘ 62 182 + 20 0+1 134 + 2 111 511 + 18 13+2 223 +£0.39 ‘ 35.16 + 5.29 1 Narrabri
65+3 58 281 + 34 5+3 102 +2 95 673 + 23 25+2 1.15 £ 0.30 ‘ 31.57 +5.15 2
57+9 54 783 + 105 118 + 11 128 +3 125 1561 + 114 216 + 13 3.51 £ 0.69 ‘ 36.95 + 6.34 1 Kununurra
55+7 55 641 £ 71 76 +7 131+6 131 1591 + 109 246 + 24 3.3+£0.58 39.04 + 6.68 2

Flowering is determined as the date at which > 50% of plants have > 1 flower, maturity is determined as the date at which > 50% of plants are > 50% desiccated.

2.2 Data analysis

2.2.1 Physiology and environment

Preparation of the data, and other relevant statistical tests were
completed using Genstat (VSN-International, 2022). Genotypes and
times of sowing were considered fixed effects at each location in each
year, and rows and ranges within replications and times of sowing as
random effects. Predicted means were calculated for further analysis.
Correlations between the generated GDD and SDD data and the crop
physiological traits, and their significance, were assessed using the
Spearman’s rank correlation coefficient. Predicted means were used
for both yield and related physiological traits.

GDD was calculated from sowing to each key life stage
using the R package “cropgrowdays” (https://cran.r-project.org/
package=cropgrowdays). The base temperature was set at 10°C

(Tmin), and a chosen thermal maximum at 30°C (Tmax), in
accordance with existing literature (Sleimi et al., 2013), to ensure
the calculation only accounted for temperatures at which growth was
optimal. SDD was calculated by repeating this script, with the thermal
maximum set to 50°C, then subtracting the original GDD value
(Formula 1). Subscripts refer to the selected thermal maximum).

SDD = GDDs, — GDDy, (1)

GDD = ' [Tmax + Tmin/2] - Tbase 2)

50°C was chosen as it was deemed higher than the recorded
maximum temperature experienced in all experiments, thus
isolating all days above 30°C for the calculation. Genotypes are
labelled numerically for simplicity (Appendix 2), and a summary of

TABLE 3 Spearman'’s rank correlation between Growing Degree Days (GDD) and Stress Degree Days (SDD) of two growth periods with grain yield and
100 seed weight (HSW) at each location.

Location Growth Period Variate 1 Variate 2 Adjusted R?
HSW 0.041
GDD
Yield *-0.18
Vegetative
HSW -0.082
SDD
Yield **-0.198
Kununurra
HSW 0.015
GDD
Yield *0.183
Reproductive
HSW *0.164
SDD
Yield **0.187
HSW **-0.29
GDD
Yield **-0.807
Vegetative
HSW **-0.333
SDD
Yield **-0.489
Narrabri
HSW *-0.182
GDD
Yield **-0.615
Reproductive
HSW **-0.306
SDD
Yield **-0.802

Vegetative is defined as the period between sowing and flowering, and Reproductive as the period between flowering and physiological maturity. * and ** denote significant (p <0.05) and highly
significant (p < 0.001) correlations respectively.
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the temperature regimes recorded in each experiment is given in
Appendix 1.

Superiority refers to the performance of each genotype for the
given trait, compared to the others in the population. The stability
coefficient refers to variance among means in various environments
(Lin and Binns, 1988; Nassar and Huehn, 1987). Superiority
coefficients are a calculation of the cultivar superiority measure
described in Lin and Binns (1988). Static stability coefficients refer to
the variance between means in various environments, which provides a
measure of genotypic consistency (VSN-International, 2022).
Superiority and static stability coefficients were also calculated using
the Meta-Analysis suite found in Genstat by grouping data by genotype
and TOS. One calculation was completed for each location, with Y-
variate and Environment represented by the assessed trait and TOS
respectively, and data was then sorted according to the ranks of each
trait’s superiority score (Table 1), and then according to the ranks of the
Static Stability (Table 1). Those that were ranked 10" or lower were
selected to highlight in Table 1.

2.2.2 Genotypes

GGE biplots were constructed using the Genstat Meta-Analysis
suite, with data grouped by both year and location alongside
genotype. GGE biplots are multivariate PCA biplots that represent
genetic versus phenotypic plasticity of a particular trait among a
range of genotypes and environments. Plasticity refers to the ability of
the plant to change in response to certain stimuli, such as heat
(Scheiner, 1993). PC refers to the principal component, with PC1
representing the maximum variance direction in the data. The origin
of each individual graph represents a calculated “virtual” genotype
with average performance or broad adaptation across environments,
and genotypes that fall closer to a specific environmental vector
perform better for that trait in that environment. The angle between
environmental vectors indicates the degree of correlation between
environments, with a smaller angle denoting greater similarity
(Simon Harding, 2010). The choice to use GGE biplots was based
on their creation of a number of “virtual” genotypes in order to
observe their performance across the various environments, thus
examining their plasticity when exposed to different stimuli.

Broad sense heritability was calculated using the equation H* =
(ng)/[sgz + (s,2/r)], in which sg2 represents the genetic variance, 5.2
represents residual variance, and r represents the number of
genotype replicates (Gitonga et al., 2014). Heritability was
calculated using predicted means within sites, creating a within-
environment model. This means there was one model created per
environment. The genetic and residual variance were calculated
using a Linear Mixed Model in Genstat, in which the fixed and
random models were experiment and genotype respectively, and the
Y-variate was the assessed trait.

3 Results
3.1 Environment and physiology

There was greater range and variability in the SDD and GDD
data when compared to Grow Days (Table 2). This was particularly
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notable when considering the difference in grow days between
locations for maturity, compared to their respective GDD and SDD
values. The GDDs for Kununurra at maturity were triple those of
Narrabri, and the SDDs tenfold, whereas the grow days (# Days) were
30% higher at most. Additionally, there was a greater proportional
difference between flowering GDD at Narrabri (TOS2 was 35.3%
larger than TOS1), than between TOS in Kununurra (TOS2 was
18.1% larger than TOS1). There was greater variation for age at
flowering between TOS in Narrabri (23.5%) compared to Kununurra
(3.5%), and both TOS in Kununurra reached flowering in a much
shorter time compared to Narrabri (32.9% and 15.4% faster,
respectively). However, the time between flowering and maturity
was shorter for both TOS in Narrabri (49 and 37 days, respectively)
compared to Kununurra (71 and 76 days, respectively).

A large difference in yield was observed between locations, with
mean yield at Kununurra (x = 3.4 T/ha) 50% higher and HSW (x =
38.0 g) 12.1% higher than Narrabri. However, there was less
variation between TOS in Kununurra for both yield (6%) and
HSW (5.4%), than Narrabri (48.5% and 10.2% respectively).
There was also less variation for HSW than Yield, (19.2% and
67.3% respectively) across all experiments.

GDD and SDD are predominately significantly correlated with
HSW throughout the lifespan of the crop (Table 3). This correlation
was mostly negative, particularly at Narrabri (R* = -0.333, -0.29,
-0.182, P < 0.001, P < 0.001, P = 0.002), though the SDD value in
Narrabri was consistently much lower than Kununurra (Table 2).
However, there was a significant positive correlation between HSW
and SDD observed during the reproductive stage in Kununurra
(R? = 0.164, P = 0.005). There was no significant correlation
between GDD and SDD for HSW in the vegetative period at
Kununurra (P = 0.479, P = 0.158), nor was there for GDD during
the reproductive period (P = 0.802).

From Table 3, it can be noted that both GDD and SDD are
highly significantly correlated with Yield (P < 0.05): particularly in
Narrabri (P < 0.001). This correlation is exclusively negative in the
vegetative growth period (R* from -0.807 to -0.180) but positive in
Kununurra during the reproductive period, with a stronger
correlation between yield and SDD (R* = 0.187, P < 0.001) than
GDD (R* = 0.183, P = 0.002).

Figure 1 continues to show the negative correlation between
GDD, SDD and yield between sowing and flowering. This trend is
strongest in Narrabri for both SDD and GDD compared to
Kununurra, with negative exponential trends and higher R’
values. For Narrabri, the trend between GDD and yield is
stronger than SDD and yield (R* = 0.66 and 0.58 respectively),
whereas for Kununurra, the reverse is true, with SDD having a
stronger negative correlation compared to GDD (R* = 0.04 and 0.03
respectively) (Figure 1).

3.2 Trait plasticity

The GGE effects of each environment on yield and HSW are
given in Figures 2A-F. HSW was more influenced by genotype than
environment, evidenced by high PC1 scores (89.63 — 94.29%) and
acute angles between each environmental vector. Genotypes that
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Graphs depicting trends between growing degree days (GDD), stress degree days (SDD), and gross yield (grams) within two separate environments
(Narrabri NSW and Kununurra WA) in 2019. Flowering refers to the date at which 50% of the plants in the plot have at least one flower. Graphs have
been labelled (A-D), according to their location and whether they depict GDD or SDD data.

clustered towards the origin demonstrated a similar performance to

the virtual genotype.

further from each other, with some genotypes associated with specific
environmental vectors.

Yield was impacted more significantly by the environment in
comparison to HSW. There are wider angles between environmental
vectors, and lower PC1 scores (61.87 — 83.29%). Genotypes are spread
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Variance in yield at Narrabri was more strongly related to
genotype (83.29%) than Kununurra (73.25%). In Kununurra, a
larger number of genotypes aligned more closely with specific
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FIGURE 2

Biplots comparing the Genotype x (Genotype x Environment) (known as GGE) effects across all genotypes, in each environment and combined
across environments for grain yield and HSW (100 seed weight). PC1 and PC2 refer to the percentage of variance explained by the genotype and
environment respectively. Numbers refer to individual genotypes, whose official titles and countries of origin can be found in Appendix 1. (A) refers
to Narrabri HSW, (B) refers to Kununurra HSW, (C) refers to the combined environments HSW. (D) refers to Narrabri total yield, (E) refers to
Kununurra total yield, and (F) refers to the combined environments' total yield.

environmental vectors than Narrabri, demonstrating superior
performance in this environment.

For HSW, 60% of top performers were common to both
environments, and 10% were top performers or highly stable
across traits in each environment (Table 1). For yield, 30% of top
performers were common to both environments and 10% were
highly stable (Table 1). In terms of consistent stability across traits,
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genotypes 39 and 68 had high stability for both HSW and yield in
Narrabri and Kununurra (Table 1).

No genotypes were both high performers and highly stable in
each environment.

Desi genotypes represent 6.76% of the genotypes assessed in
these experiments but represented 30% of the genotypes ranked in
the top 10 for yield (Table 1). Desi genotypes represented 20% of the
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genotypes ranked in the top 10 for HSW stability, but these
genotypes were only considered highly ranked based on
performance in Kununurra (Table 1).

3.3 Heritability

HSW had a higher heritability than yield overall (H* = 0.916 -
0.970 and 0.378 - 0.956, respectively). HSW had a more consistent
heritability estimated across environments when compared to yield
(3.6% and 60.4% variation, respectively). HSW had a more
consistent heritability estimate in Narrabri compared to
Kununurra (0.2% and 4.6% variation respectively), whereas yield
showed consistently lower heritability in Narrabri compared to
Kununurra (17.9% and 4.3% variation respectively). The
experiment with the highest heritability across both traits was
Narrabri TOS 2, and the lowest was Kununurra TOS 2.

4 Discussion
4.1 Climate and physiology

This study showed that GDD and SDD provide greater variation in
field data compared to a simple count of the number of days that were
at suitable temperature for growth. Data for both geographical
locations were vastly different for each calculation, however this was
to be expected, considering the vast differences overall climate
(Appendix 2), and the differing agronomy practices at each location,
such as more extensive watering at Kununurra. However, this variation
allowed detailed investigation of genotypic and environmental
influences on key traits (Figure 2, Table 2), due to the bespoke
environment of each trial. This diversity of conditions highlights the
need to develop location-specific cropping strategies and genotypes for
farmers. This study helps provide the ability to develop these strategies
with the capacity to predict the impact of climate on yield potential,
given a single year of data (Figure 1; Table 3).

Both TOS in Kununurra reached flowering sooner than Narrabri,
likely due to a larger accumulation of GDD in Kununurra over both
TOS (Table 2). Additionally, yield in Kununurra was 50% higher on
average than Narrabri (Table 2). This high GDD indicates a
consistently warm environment, with reduced vegetative
development and earlier flowering. Furthermore, several studies
have shown a correlation between early flowering and high yield
(Kumar et al., 2013; Rubio et al., 2004; Siddique et al., 2003). Apart
from higher GDD, Kununurra also had higher SDD across the season
compared to Narrabri. As the SDD calculation refers to the stress
experienced at this location, one may expect a decrease in yield in
Kununurra compared to Narrabri. However, commercial irrigation
standards in Kununurra are considerably more generous, thus plants
had greater capacity for stress-management via transpiration cooling,
compared to Narrabri, where trials were irrigated according to typical
rainfed conditions for the region. Previous research on the impacts of
temperature and water stress on chickpea, found that sites with high
rainfall typically demonstrated high yield performance (Dreccer et al.,,
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2018), and this was likely due to the plant’s ability to reduce canopy
temperatures by 6-10°C (Mathur et al., 2014). Interestingly, HSW in
TOS2 was also 5.4% larger than TOS1 in Kununurra (Table 2), likely
due to a longer period between flowering and maturity. This longer
grain filling period results in larger seeds (Davies et al., 1999; Zaiter and
Barakat, 1995), as well as the consistent development of new seeds/
pods due to the indeterminate nature of the species (Singh, 1997).
There is a delicate balance here, as it has been shown that in Australian
conditions, early maturing chickpeas with limited water have higher
yields only when temperatures are optimal (Sabaghpouretal., 2003).In
this study, SDD and GDD were both negatively correlated with yield
throughout the season in Narrabri, particularly in TOS2 (Figure 1;
Tables 2, 3). Thus, it can be seen that even though SDD was lower than
Kununurra, stress management is often reliant on resource availability
(Mathur et al., 2014).

4.2 Trait plasticity

4.2.1 Seed size stability

HSW showed less variation than yield across environments
across TOS (Table 2). Multivariate analysis showed that HSW was
more strongly influenced by genotype than the environment,
evidenced by high PCI scores (89.63 — 94.29%) and acute angles
between each environmental vector (Figures 2A-C; Table 2).
Stability coefficients for HSW showed that 60% of the top-ranked
genotypes occurred in both locations, compared to 30% for yield,
and correlations between GDD and SDD for HSW were lower than
observed for yield (Table 3). Seed size was also found to be 10.15%
and 58.57% more heritable than yield in Narrabri and Kununurra
respectively (Table 4). These data confirm that yield is an
environmentally plastic trait, whereas HSW is more genotypically
fixed (Figure 2; Table 2) and therefore stable. Others reported that seed
size in chickpea is controlled by two genes with dominance epistasis
(Upadhyaya et al,, 2006) and by additive effects (Upadhyaya et al.,
2011) and molecular markers directly related to seed size have also
been identified (Cho et al., 2002; Cobos et al., 2007; Jamalabadi et al.,
2013). These key genetic loci are likely to be present among the
genotypes in this study, given that seed size was clearly under
relatively strong genetic control. Whereas yield is known to be
significantly influenced by environment and therefore less stable
(Millan et al., 2006). Several other relevant genetic loci have recently
been found related to seed size and yield, which could be used alongside
these calculations for breeding improved cultivars (Jeffrey et al., 2024).

TABLE 4 broad sense heritability estimates (H?) across location and time
of sow (TOS) for 100-seed weight (HSW) and gross yield.

Location TOS HSW H? Yield H?
1 0.970 0.785
Narrabri
2 0.968 0.956
1 0.950 0.395
Kununurra
2 0.916 0.378

frontiersin.org


https://doi.org/10.3389/fpls.2024.1496629
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jeffrey et al.

4.2.2 Room for enhancement with yield plasticity

One of the benefits of environmental impacts on yield is the
option to breed specifically adapted cultivars once the degree of
yield plasticity is known. Figure 2 demonstrates the possibility of
choosing genotypes specifically adapted to each environment type.
Figures 2D-F show a greater spread of data points across the biplot,
along with lower PCI scores compared to those of A, B, and C. It is
therefore possible to identify genotypes that are better adapted to
TOS2, where temperature stress is likely to be higher. This is
particularly evident in Kununurra (Figure 2E; Table 2), which
could be a consequence of the transpiration cooling mentioned
previously (Mathur et al,, 2014).

In Narrabri, variance in yield was more strongly related to
genotype (83.29%) than Kununurra (73.25%) (Figures 2D, E;
Table 2), which is also supported by the higher heritability of yield at
Narrabri compared to Kununurra (x = 0.871 and 0.387 respectively)
(Table 4). Several genotypes in plot E align more closely with one
specific vector, demonstrating more variation in genotype
performance at each TOS in this location (Figure 2; Table 2).
Clearly, some genotypes are better adapted to TOS2 than TOS1 for
yield (and vice-versa). For example, in Narrabri, genotypes 38, 144,and
142 appear to have superior yield in TOS2, whereas genotypes 70, 146,
and 143 have higher yield in TOSI (Figure 2D; Table 2). Similarly, in
Kununurra, genotypes 38, 115,and 128 appear to have superior yield in
TOS2, whereas genotypes 105, 143, and 144 were higher yielding in
TOS1 (Figure 2E; Table 2). Understanding these relationships provides
a basis for future chickpea improvement, as parents can be selected to
either breed for broad adaption or specific adaptation to particular
environment types.

4.3 Future directions and breeding

Australian genotypes represented 5 of the 10 highest yielding
genotypes with highest HSW across environments HSW (Table 1).
However, in terms of static stability, only one genotype was
represented, ranking 10" in yield, and this was predominately
observed only at Narrabri (Table 1). This suggests that the
Australian genotypes are well adapted to this environment,
although the average yield loss between Narrabri times of sowing
was 32.34% (Table 2). It can therefore be concluded that the heat
tolerance of Australian cultivars could be improved by utilizing
some of the international genotypes that ranked highly in static
stability as parents (Table 1; Appendix 1).

There is clearly a trade-oft between seed size and seed number
with consequences for yield. However, this allows for tailoring of the
product to several markets. Farmers will be driven by price. If gross
margins are greater for high yield, then smaller seeded types will be
produced. However, a premium price for large seed may change this
equation. Unfortunately, no genotypes that ranked highly for both
stability and yield. However, some genotypes had both HSW and
yield in specific environments, suggesting these may be good choices
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as breeding stock. Due to the vast differences in environments both
between and within locations, it would be unlikely that high
performers for either trait would also be stable. However, stable
genotypes (Table 1) may be a good choice for farmers in highly
variable environments with unpredictable seasons.

5 Conclusion

The GDD metric calculation is a viable and highly effective tool
for assessing the impact of temperature regimes on commercially
cultivated chickpeas. With the addition of SDDs, it is possible to
further examine the effects of temperature stress on commercially
important traits such as yield and seed size and potentially predict
the impacts that predicted climate will have on these traits. These
models could be further improved with use on literature data for
granularity. As risks related to temperature stress increase globally,
it is crucial to rapidly find new ways to model and improve
genotypes to safeguard food production. This study demonstrated
there is a significant correlation between heat stress and yield loss,
as well as heat stress and a decrease in seed size. However, seed size
was found to be impacted significantly less by environmental factors
than yield and largely related to genotype. With these findings, these
calculations could be used by breeders to further inform efforts to
improve heat tolerance in legume crops such as chickpea, or to
prepare for high temperature seasons by choosing specific
genotypes. This research provides a basis for selecting chickpea
genotypes adapted across environments and/or adapted to specific
environment types including high temperatures.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

CJ: Writing - original draft, Writing — review & editing. LZ: Writing
— original draft, Writing — review & editing. BK: Writing — review &
editing. RT: Writing - original draft, Writing — review & editing.

Funding

The author(s) declare financial support was received for the research,
authorship, and/or publication of this article. Produced with funding
assistance from the CRC-P58604, "Developing sustainable cropping
systems for cotton, grains and fodder", in conjunction with the
Northern Australia Crop Research Alliance (NACRA).

frontiersin.org


https://doi.org/10.3389/fpls.2024.1496629
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jeffrey et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

Abbo, S., Berger, J., and Turner, N. C. (2003). Evolution of cultivated chickpea: four
bottlenecks limit diversity and constrain adaptation. Funct. Plant Biol. 30, 1081-1087.
doi: 10.1071/FP03084

Akyuz, F. A., Kandel, H., and Morlock, D. (2017). Developing a growing degree day
model for North Dakota and Northern Minnesota soybean. Agric. For. Meteorology
239, 134-140. doi: 10.1016/j.agrformet.2017.02.027

Blum, A. (1986). The effect of heat stress on wheat leaf and ear photosynthesis. J. Exp.
Bot. 37, 111-118. doi: 10.1093/jxb/37.1.111

Bondade, V., and Deshpande, S. K. (2021). Studies on Determination of Critical
Growing Degree Days, Base Temperature (Tb) and Response of Temperature
Variations on Flowering and Yield per se in Cowpea [Vigna unguiculata (L.) Walp.
Legume Research-An Int. J. 44, 1430-1436. doi: 10.18805/LR-4262

Cho, S., Kumar, J., Shultz, J. L., Anupama, K., Tefera, F., and Muehlbauer, F. (2002).
Mapping genes for double podding and other morphological traits in chickpea.
Euphytica 128, 285-292. doi: 10.1023/A:1020872009306

Cobos, M. J., Rubio, J., Fernandez-Romero, M. D., Garza, R., Moreno, M. T., Millan,
T., et al. (2007). Genetic analysis of seed size, yield and days to flowering in a chickpea
recombinant inbred line population derived from a KabulixDesi cross. Ann. Appl. Biol.
151, 33-42. doi: 10.1111/j.1744-7348.2007.00152.x

Davies, S., Turner, N, Siddique, K., Leport, L., and Plummer, J. (1999). Seed growth
of desi and kabuli chickpea (Cicer arietinum L.) in a short-season Mediterranean-type
environment. Aust. J. Exp. Agric. 39, 181-188. doi: 10.1071/EA98134

Devasirvatham, V., Gaur, P. M., Mallikarjuna, N., Tokachichu, R. N., Trethowan, R.
M., and Tan, D. K. (2012). Effect of high temperature on the reproductive development
of chickpea genotypes under controlled environments. Funct. Plant Biol. 39, 1009-
1018. doi: 10.1071/FP12033

Dreccer, M. F., Fainges, J., Whish, J., Ogbonnaya, F. C.,, and Sadras, V. O. (2018).
Comparison of sensitive stages of wheat, barley, canola, chickpea and field pea to
temperature and water stress across Australia. Agric. For. Meteorology 248, 275-294.
Available at: https://www.sciencedirect.com/science/article/pii/S016819231730326X.

FAO (2020). Crops (Food and Agriculture Organisation of the United Nations).
Available online at: http://www.fao.org/faostat/en/data/QChttp://www.fao.org/faostat/
en/data/QC (Accessed 25 May 2020).

Fatima, Z, Atique ur, R, Abbas, G, Igbal, P, Zakir, I, Khan, M. A, et al. (2021).
Quantification of climate warming and crop management impacts on phenology of pulses-
based cropping systems. Int. J. Plant Production 15, 107-123. doi: 10.1007/s42106-020-00112-6

Gitonga, V. W., Koning-Boucoiran, C. F. S., Verlinden, K., Dolstra, O., Visser, R. G.
F., Maliepaard, C., et al. (2014). Genetic variation, heritability and genotype by
environment interaction of morphological traits in a tetraploid rose population.
BMC Genet. 15, 146-146. doi: 10.1186/s12863-014-0146-z

GRDC (2016). Chickpeas northern region - growNotes. Available online at: https://grdc.
com.au/resources-and-publications/grownotes/crop-agronomy/chickpeagrownotes.

Hall, A. E. (2000). Crop responses to environment (Boca Raton, USA: CRC press).

Jamalabadi, J. G., Saidi, A., Karami, E., Kharkesh, M., and Talebi, R. (2013).
Molecular mapping and characterization of genes governing time to flowering, seed
weight, and plant height in an intraspecific genetic linkage map of chickpea (Cicer
arietinum). Biochem. Genet. 51, 387-397. doi: 10.1007/s10528-013-9571-3

Jeffrey, C., Kaiser, B., Trethowan, R,, and Ziems, L. (2024). Genome-wide association
study reveals heat tolerance qtl 1 for canopy-closure and early flowering in chickpea.
Front. Plant Sci. 17 (15), 1458250. doi: 10.3389/fpls.2024.1458250

Kumar, S., Thakur, P., Kaushal, N., Malik, J. A., Gaur, P., and Nayyar, H. (2013).
Effect of varying high temperatures during reproductive growth on reproductive
function, oxidative stress and seed yield in chickpea genotypes differing in heat
sensitivity. Arch. Agron. Soil Sci. 59, 823-843. doi: 10.1080/03650340.2012.683424

Frontiers in Plant Science

10.3389/fpls.2024.1496629

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1496629/

full#supplementary-material

Lin, C.-S., and Binns, M. R. (1988). A superiority measure of cultivar performance for
cultivarx location data. Can. J. Plant Sci. 68, 193-198. doi: 10.4141/cjps88-018

Mathur, S., Agrawal, D., and Jajoo, A. (2014). Photosynthesis: response to high
temperature stress. J. Photochem. Photobiol. B: Biology 137, 116-126. doi: 10.1016/
j.jphotobiol.2014.01.010

Mavi, H. S., and Tupper, G. J. (2004). Agrometeorology: principles and applications of
climate studies in agriculture. Ist ed (Boca Raton, USA: CRC Press).

Millan, T., Clarke, H. J., Siddique, K. H. M., Buhariwalla, H. K., Gaur, P. M., Kumar,
J., et al. (2006). Chickpea molecular breeding: New tools and concepts. Euphytica 147,
81-103. doi: 10.1007/s10681-006-4261-4

Mora, C,, Frazier, A. G., Longman, R. J., Dacks, R. S., Walton, M. M., Tong, E. ], et al.
(2013). The projected timing of climate departure from recent variability. Nature 502,
183. doi: 10.1038/nature12540

Nassar, R., and Huehn, M. (1987). Studies on estimation of phenotypic stability:
Tests of significance for nonparametric measures of phenotypic stability. Biometrics 43,
45-53. doi: 10.2307/2531947

Pathak, T. B., and Stoddard, C. S. (2018). Climate change effects on the processing
tomato growing season in California using growing degree day model. Modeling Earth
Syst. Environ. 4, 765-775. doi: 10.1007/s40808-018-0460-y

Raun, W. R,, Solie, J. B., Johnson, G. V., Stone, M. L., Lukina, E. V., Thomason, W. E.,
etal. (2001). In-season prediction of potential grain yield in winter wheat using canopy
reflectance. Agron. J. 93, 131-138. doi: 10.2134/agronj2001.931131x

Regan, K. (2015). High value kabuli chickpea production in the Ord River Irrigation
Area - pre planting guide. Pulses. Available at: https://www.agric.wa.gov.au/chickpeas/
high-value-kabuli-chickpea-production-ord-river-irrigation-area-pre-planting-guide
(Accessed October 05, 2022).

Richards, M. F., Preston, A. L., Napier, T., Jenkins, L., and Maphosa, L. (2020).
Sowing Date Affects the Timing and Duration of Key Chickpea (Cicer arietinum L.).
Growth Phases 9, 1257. Available at: https://www.mdpi.com/2223-7747/9/10/1257.

Rubio, J., Moreno, M. T. M., Cubero, J. L, and Gil, J. (2004). Effect of the gene for
double pod in chickpea on yield, yield components and stability of yield. Plant Breeding
117, 585-587. doi: 10.1111/j.1439-0523.1998.tb02214.x

Russelle, M., Wilhelm, W., Olson, R., and Power, J. (1984). Growth analysis based on
degree days [Barley, Hordeum vulgare, maize, net assimilation rate. Crop Science. 24,
28-32. doi: 10.2135/cropsci1984.0011183X002400010007x

Sabaghpour, S., Kumar, J., and Rao, T. N. (2003). Inheritance of growth vigour and its
association with other characters in chickpea. Plant Breed. 122, 542-544. doi: 10.1111/
j.1439-0523.2003.00905.x

Sadras, V., and Dreccer, M. (2015). Adaptation of wheat, barley, canola, field pea and
chickpea to the thermal environments of Australia. Crop Pasture Sci. , 66, 1137.
doi: 10.1071/CP15129

Scheiner, S. M. (1993). Genetics and evolution of phenotypic plasticity. Annu. Rev.
Ecology Evolution Systematics 24, 35-68. doi: 10.1146/annurev.es.24.110193.000343

Sharma, S., Upadhyaya, H. D., Roorkiwal, M., Varshney, R. K., and Gowda, C. L. L.
(2013). “4 - chickpea,” in Genetic and genomic resources of grain legume improvement.
Eds. M. Singh, H. D. Upadhyaya and I. S. Bisht (Elsevier, Oxford), 81-111.

Siddique, K. H. M,, Loss, S., Thomson, B., and Saxena, N. P. (2003). Cool season grain
legumes in dryland Mediterranean environments of Western Australia: significance of
early flowering. (New Delhi India: Oxford University Press).

Simon Harding, R. P. (2010). A guide to multivariate analysis in genstat
(Hertfordshire UK: VSN International).

Singh, K. B. (1997). Chickpea (Cicer arietinum L.). Field Crops Res. 53, 161-170.
doi: 10.1016/S0378-4290(97)00029-4

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1496629/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1496629/full#supplementary-material
https://doi.org/10.1071/FP03084
https://doi.org/10.1016/j.agrformet.2017.02.027
https://doi.org/10.1093/jxb/37.1.111
https://doi.org/10.18805/LR-4262
https://doi.org/10.1023/A:1020872009306
https://doi.org/10.1111/j.1744-7348.2007.00152.x
https://doi.org/10.1071/EA98134
https://doi.org/10.1071/FP12033
https://www.sciencedirect.com/science/article/pii/S016819231730326X
http://www.fao.org/faostat/en/data/QC
http://www.fao.org/faostat/en/data/QC
http://www.fao.org/faostat/en/data/QC
https://doi.org/10.1007/s42106-020-00112-6
https://doi.org/10.1186/s12863-014-0146-z
https://grdc.com.au/resources-and-publications/grownotes/crop-agronomy/chickpeagrownotes
https://grdc.com.au/resources-and-publications/grownotes/crop-agronomy/chickpeagrownotes
https://doi.org/10.1007/s10528-013-9571-3
https://doi.org/10.3389/fpls.2024.1458250
https://doi.org/10.1080/03650340.2012.683424
https://doi.org/10.4141/cjps88-018
https://doi.org/10.1016/j.jphotobiol.2014.01.010
https://doi.org/10.1016/j.jphotobiol.2014.01.010
https://doi.org/10.1007/s10681-006-4261-4
https://doi.org/10.1038/nature12540
https://doi.org/10.2307/2531947
https://doi.org/10.1007/s40808-018-0460-y
https://doi.org/10.2134/agronj2001.931131x
https://www.agric.wa.gov.au/chickpeas/high-value-kabuli-chickpea-production-ord-river-irrigation-area-pre-planting-guide
https://www.agric.wa.gov.au/chickpeas/high-value-kabuli-chickpea-production-ord-river-irrigation-area-pre-planting-guide
https://www.mdpi.com/2223-7747/9/10/1257
https://doi.org/10.1111/j.1439-0523.1998.tb02214.x
https://doi.org/10.2135/cropsci1984.0011183X002400010007x
https://doi.org/10.1111/j.1439-0523.2003.00905.x
https://doi.org/10.1111/j.1439-0523.2003.00905.x
https://doi.org/10.1071/CP15129
https://doi.org/10.1146/annurev.es.24.110193.000343
https://doi.org/10.1016/S0378-4290(97)00029-4
https://doi.org/10.3389/fpls.2024.1496629
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jeffrey et al.

Singh, P., and Virmani, S. M. (1996). Modeling growth and yield of chickpea (Cicer
arietinum L.). Field Crops Res. 46, 41-59. Available at: https://www.sciencedirect.com/
science/article/pii/0378429095000852.

Sleimi, N., Bankaji, ., Touchan, H., and Corbineau, F. (2013). Effects of temperature
and water stresses on germination of some varieties of chickpea (Cicer arietinum).
South Afr. J. Educ. 12, 2201-2206. doi: 10.5897/AJB12.2323

Soltani, A., and Sinclair, T. R. (2011). A simple model for chickpea development,
growth and yield. Field Crops Res. 124, 252-260. Available at: https://www.
sciencedirect.com/science/article/pii/S0378429011002280.

Upadhyaya, H. D., Kumar, S., Gowda, C., and Singh, S. (2006). Two major genes for
seed size in chickpea (Cicer arietinum L.). Euphytica 147, 311-315. doi: 10.1007/
510681-005-9013-3

Upadhyaya, H., Sharma, S., and Gowda, C. (2011). Major genes with additive effects
for seed size in kabuli chickpea (Cicer arietinum L.). J. Genet. 90, 479-482. doi: 10.1007/
$12041-011-0099-1

Frontiers in Plant Science

11

10.3389/fpls.2024.1496629

Varshney, R. K., Thudi, M., Roorkiwal, M., He, W., Upadhyaya, H. D., Yang, W.,
et al. (2019). Resequencing of 429 chickpea accessions from 45 countries provides
insights into genome diversity, domestication and agronomic traits. Nat. Genet. 51, 857.
doi: 10.1038/s41588-019-0401-3

Verghis, T. I, McKenzie, B. A, and Hill, G. D. (1999). Phenological development of
chickpeas (Cicer arietinum) in Canterbury, New Zealand. New Z. J. Crop Hortic. Sci. 27,
249-256. doi: 10.1080/01140671.1999.9514103

VSN-International (2022). Genstat for windows (Hemmel Hempstead UK: VSN
International). Available at: https://vsni.co.uk/software/genstat.

Zaiter, H., and Barakat, S. (1995). Flower and pod abortion in chickpea as
affected by sowing date and cultivar. Can. J. Plant Sci. 75, 321-327. doi: 10.4141/
cjps95-056

Zinn, K. E,, Tunc-Ozdemir, M., and Harper, J. F. (2010). Temperature stress and
plant sexual reproduction: uncovering the weakest links. J. Exp. Bot. 61, 1959-1968.
doi: 10.1093/jxb/erq053

frontiersin.org


https://www.sciencedirect.com/science/article/pii/0378429095000852
https://www.sciencedirect.com/science/article/pii/0378429095000852
https://doi.org/10.5897/AJB12.2323
https://www.sciencedirect.com/science/article/pii/S0378429011002280
https://www.sciencedirect.com/science/article/pii/S0378429011002280
https://doi.org/10.1007/s10681-005-9013-3
https://doi.org/10.1007/s10681-005-9013-3
https://doi.org/10.1007/s12041-011-0099-1
https://doi.org/10.1007/s12041-011-0099-1
https://doi.org/10.1038/s41588-019-0401-3
https://doi.org/10.1080/01140671.1999.9514103
https://vsni.co.uk/software/genstat
https://doi.org/10.4141/cjps95-056
https://doi.org/10.4141/cjps95-056
https://doi.org/10.1093/jxb/erq053
https://doi.org/10.3389/fpls.2024.1496629
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	A growing degree day model determines the effect of temperature stress on diverse chickpea genotypes
	1 Introduction
	2 Materials and methods
	2.1 Data collection – field trials
	2.2 Data analysis
	2.2.1 Physiology and environment
	2.2.2 Genotypes


	3 Results
	3.1 Environment and physiology
	3.2 Trait plasticity
	3.3 Heritability

	4 Discussion
	4.1 Climate and physiology
	4.2 Trait plasticity
	4.2.1 Seed size stability
	4.2.2 Room for enhancement with yield plasticity

	4.3 Future directions and breeding

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


