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Abstract: Chickpea growth, development and grain yield are affected by a range of climatic and
environmental factors. Experiments were conducted across four sowing dates from mid-April to the
end of May, over two years at Trangie in central western New South Wales (NSW), and Leeton, Wagga
Wagga and Yanco (one year) in southern NSW, to examine the influence of sowing time on biomass
accumulation, grain yield and plant yield components. Climatic and experimental location data
were recorded during the growing seasons. Early sowing (mid-April) resulted in taller plants, higher
bottom and top pod heights, fewer pods, more unfilled pods and greater biomass accumulation,
but low harvest index due to reduced grain yield compared with late sowing (end of May). Grain
number was positively correlated with grain yield and was the main yield component accounting for
most of the variation in yield. There was largely a positive correlation between biomass and yield,
especially with delayed sowing except for Leeton experiments. This study concludes that sowing
around the end of April in central western NSW and mid-May in southern NSW is conducive to
higher grain yield as it minimises exposure to abiotic stresses at critical growth periods and allows
efficient conversion of biomass to grain yield.

Keywords: abiotic stresses; biomass; chickpea; phenology; sowing date; yield

1. Introduction

Chickpea (Cicer arietinum L.) is a cool-season legume grown over a wide range of
environments mainly in the arid and semi-arid regions of the world, where it often encoun-
ters hostile climatic conditions. Its numerous nutritional and farming system benefits are
well documented. Chickpea is a source of essential proteins and amino acids in human
diets [1] and provides valuable energy and proteins in animal feed [2]. Within farming
systems, it is a useful break crop for weed control and prevention of soil- and stubble-borne
disease outbreaks. Furthermore, its ability to fix atmospheric nitrogen improves soil fertility,
providing benefits for subsequent cereal crops.

Although chickpeas are grown in approximately 17.8 million ha across 56 countries [3]
the Indian subcontinent is the major producer and consumer [4,5]. In Australian Mediter-
ranean regions, it is predominantly grown in the northern parts, in Queensland and
northern New South Wales (NSW). Over a 20-year period (1999-2019), in Australia the har-
vested area increased from 218,000 to 263,000 ha, with a corresponding increase of 229,900
to 281,200 tonne production [3]. However, over this period yield gains have been minimal,
increasing by 14 kg per ha (1055 to 1069 kg/ha) [3]. The northern regions of Australia have
deep soils and high water-holding capacity, and chickpea is sown in late autumn and/or
early winter when the soil water profile is full. Due to summer dominant rainfall [6] these
regions receive low in-crop rainfall and thus chickpeas get exposed to unfavourable climatic
conditions such as terminal water deficit and extreme high temperatures later in the season,
which limit yield potential. The benefits to farming systems and profitability of chickpeas
have encouraged production to expand into new agroecological zones such as the central
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western and southern regions of NSW. In these colder- and winter-rainfall-dominated
regions [6], biomass accumulation and grain yield are constrained by cold temperatures
and frost events early in the growing season and terminal drought and heat stress later in
the season.

The optimum temperature during the sensitive reproductive phase for chickpea pro-
duction is between 10 and 30 °C [5], with flower/pod abortion and yield reductions
observed at temperatures above or below this range [7-12]. In this temperature range there
tends to be sufficient accumulation of biomass and its efficient conversion to grain yield.
The number of productive flowers and filled pods is greatly affected by high temperatures,
and therefore these traits can be used as a selection criterion for heat tolerance [5]. Further-
more, a mean daily temperature of approximately 15 °C is required for successful pod set
and grain retention [7,8]. At very low temperatures, frost induces flower and pod abortion
leading to a high number of empty pods. In most growing regions chickpea is largely
grown on stored soil moisture, with no supplementary irrigation, and therefore tends to
encounter terminal drought. Globally, drought accounts for about 50% of the chickpea yield
reductions [13]. While grain weight, grain number and pod number contribute to final
grain yield, grain number has been overwhelmingly shown to be the main driver of yield
in crops [6,14]. Grain weight, however, has important commercial quality implications
especially if abiotic stresses result in shrivelled or small grain [6,15].

Identifying crop varieties that are suitable for new production environments is key
to increasing crop expansion, adaptation and overall productivity [16,17]. Understanding
the mechanisms for maintaining productivity and/or increasing yield under multiple
stresses assists in determining varietal suitability in other environments. Desi chickpea
varieties tend to be more tolerant of abiotic stresses such as drought and heat than the kabuli
varieties [5]. Generally, crops adopt a range of avoidance or tolerance strategies to survive
and yield satisfactorily under abiotic constraints [18,19]. In chickpea, the reproductive
phase is more sensitive to environmental stresses than the vegetative phase. However, due
to its indeterminate growth habit, these growth phases can overlap, and chickpeas can be
exposed to the same environmental stressors during both growth phases simultaneously.
Biomass accumulation and satisfactory conversion to grain yield can be maximised through
management practices such as optimising sowing dates for specific varieties, to ensure that
the crop is not in susceptible growth phases when environmental stresses are highest [20].

Sowing across a range of dates and different environments is a practical way of testing
both a crop’s adaptability to and productivity in new regions and matching the genetic
performance of varieties to the long-term average climatic conditions. The aim of this
study was to identify the varieties best adapted to two agroecological environments of
central western and southern NSW through varying sowing date and to understand the
genotype-by-environment (G x E) interactions. The study also aimed to quantify the
drivers of chickpea yield by measuring yield components, biomass, harvest index and the
relationships between grain number and biomass with grain yield.

2. Materials and Methods
2.1. Experimental Locations and Seasonal Conditions

In 2018, the experiments were conducted at four locations, Trangie Agricultural Re-
search Centre (TARC; 31.99° S, 147.95° E), Wagga Wagga Agricultural Institute (WWAIL
35.05° S, 147.35° E), Leeton Field Station (LFS; 34.59° S, 146.36° E) and Yanco Agricultural
Institute (YAI; 34.61° S, 146.41° E). YAl is 6 km from LFS and was considered as a drought
stressed companion to the LFS experiment. In 2019 experiments were conducted at TARC,
WWALI and LFS but not at YAIL Experiment details, overall trial management and long-term
seasonal conditions, have been presented previously [21] and in Supplementary Figure
S1. Daily temperatures (maximum and minimum) and rainfall amount for all experiments
(Table 1) were obtained from the local Bureau of Meteorology (BOM) weather stations. The
experiments were sown on similar dates at all the locations, with fortnightly sowing from
mid-April to end of May.
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Table 1. Rainfall, supplementary irrigation, minimum (min) and maximum (max) temperatures
recorded in 2018 and 2019. TARC18 = Trangie Agricultural Research Centre 2018 experiment;
WWAI18 = Wagga Wagga Agricultural Institute 2018 experiment; LFS18 = Leeton Field Station 2018
experiment; YAI18 = Yanco Agricultural Institute 2018 experiment; TARC19 = Trangie Agricultural
Research Centre 2019 experiment; WWAI19 = Wagga Wagga Agricultural Institute 2019 experiment;

and LFS19 = Leeton Field Station 2019 experiment.

Experiment Jan Feb Mar Apr May Jun Jul. Aug Sep Oct Nov Dec

TARC18 Rainfall (mm) 26.2 13 7.8 3 14.2 27.2 08 238 92 59 50 28.8
Irrigation (mm) 0 0 40 15 30 0 20 20 0 0 0 0

Min Temp. (°C) 20.6 19.1 17.5 14.7 7.4 5.5 2.7 3.8 79 135 155 193

Max Temp. (°C) 36.9 34.8 334 30.1 21.7 178 181 189 237 275 292 348

WWAI18 Rainfall (mm) 60.3 46.5 7.7 39 26.8 40.1 152 19 253 223 913 484
Irrigation (mm) 0 0 0 16 18 0 0 0 0 0 0 0

Min Temp. (°C) 18.2 16.3 13.6 11 5.5 3.9 14 2.7 3.8 9.3 13 17.5

Max Temp. (°C) 34.5 32.6 30.2 27.9 18.6 15 142 151 195 263 267 326

LFS18 Rainfall (mm) 242 1 42 2 232 29.2 5.8 8.8 124 74 576 226
Irrigation (mm) 0 0 220 0 10 0 0 0 12 12 0 0

Min Temp. (°C) 19 17.7 144 114 6.1 3.8 2.1 3.3 48 104 136 186

Max Temp. (°C) 35.8 33.9 31 28.9 19.6 154 159 169 212 27 279 338

YAI18 Rainfall (mm) 242 1 42 2 23.2 29.2 5.8 8.8 124 74 576 226
Irrigation (mm) 0 0 0 11 11 0 0 16 48 0 0 0

Min Temp. (°C) 19 17.7 14.4 114 6.1 3.8 21 3.3 48 104 136 186

Max Temp. (°C) 35.8 33.9 31 28.9 19.6 154 159 169 212 27 279 338

TARC19 Rainfall (mm) 58 16.8 17.6 0 18.6 5.8 9.8 3.2 54 22 202 24
Irrigation (mm) 0 60 60 49 24 0 25 20 30 0 0 0

Min Temp. (°C) 24.6 19.8 18 14.5 8.6 5 5.2 3.6 78 129 155 19.6

Max Temp. (°C) 39.7 342 31.9 28.2 21.5 179 183 192 243 291 307 364

WWAI19 Rainfall (mm) 255 114 39.7 23 53.9 443 255 184 19 87 549 77
Irrigation (mm) 0 0 0 15 0 0 0 0 0 0 0 0

Min Temp. (°C) 221 16.7 15.2 11.4 6.3 2.8 3.6 1.1 3.8 8.1 114 159

Max Temp. (°C) 38 31.8 28.6 25 17.7 14.5 14 144 199 261 273 34

LFS19 Rainfall (mm) 10.6 28.4 14.8 334 34 374 288 132 132 7 412 49
Irrigation (mm) 0 0 0 200 0 0 0 0 0 0 0 0

Min Temp. (°C) 219 17.1 15.5 12 6.7 32 4.2 1.6 49 94 122 167

Max Temp. (°C) 38.9 33 30.1 26.1 19 154 149 158 214 276 286 346

Southern and central western NSW had low autumn and growing season rainfall in
2018 and 2019. At TARC the long-term average growing season (April-October) rainfall is
248 mm, but only 137 and 45 mm was received in 2018 and 2019, respectively. At WWAI
the long-term average growing season rainfall is 322 mm, but only 153 and 193 mm was
received in 2018 and 2019, respectively. Likewise, the 87 mm of growing season rainfall
received at LFS (6 km from YAI) in 2018 was well below the 193 mm long term average,
but improved in 2019 to 160 mm. All experiments received supplementary irrigation to
maintain them considering the very dry conditions. The LFS experiments received the most
supplementary irrigation (244 and 220 mm in 2018 and 2019, respectively).

2.2. Plant Material and Experimental Conditions

Varieties (genotypes) were selected based on their diverse characteristics, including
maturity classification, adaptation to the agroecological zones and disease resistance. In
total, nine chickpea genotypes were examined: the desi varieties PBA Striker, PBA Slasher,
PBA Boundary, PBA HatTrick, Neelam and CBA Captain (previously reported /known
as breeding line CICA1521) and the kabuli varieties, Genesis™ 079, Genesis™ 090 and
Genesis™ Kalkee. Seven of these genotypes were common across the three regions and
two years, as PBA HatTrick replaced Neelam in 2019. Four sowing dates (SD) were used to
identify the optimal sowing period, timed to coincide with ‘very early” (SD1), ‘early’ (SD2),
‘timely” (SD3) and ‘late” (SD4) sowing practices.
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Each experiment was established as a split-block design with three replicates, with
sowing date as main plots and varieties as subplots. In both years, the experiments were
sown with a five (TARC) or six-row cone seeder, at 3-5 cm depth. The row spacing was
0.33 m at TARC, 0.3 m at WWAI and 0.25 m at both LFS and YAI The area of each plot
was 16.5 m? at TARC, 21.6 m? at WWAI, 15 m? at LFS and YAI. All experiments had a
target sowing density of 40 plants/m?. At sowing, a Rhizobium group N inoculant (New
Edge Microbials), was made into a water slurry and injected into the furrow at a rate
of 50 L/ha. Local management practices, including hand chipping and application of
registered herbicides, fungicides and pesticides, were used to maintain the plots free of
weeds and diseases.

2.3. Measurements at Physiological Maturity

Plant height was measured in situ, from the base to the top of the plant, with five
plants randomly measured within each plot at maturity. At harvest, two 1 m? quadrats
were cut from the inner rows and at least 1 m from the end of each plot [22]. These samples
were dried at 72 °C for at least 48 h. Total above ground biomass (t/ha), grain yield (t/ha),
harvest index (HI), grain number and weight (g) were calculated from the dried quadrat
samples. Harvest index was calculated as grain yield/total shoot dry weight. In addition,
10 plants were taken at random from each plot to measure and/or count plant components
including: top and bottom pod height, number of filled /unfilled (viable/unviable) pods,
total pods, pod weight, branch number, grain number and grains per pod. These were
expressed on a per plant basis.

2.4. Statistical Analyses

Statistical analysis was performed using the REML linear model algorithm of GenStat
19th Edition [23]. The effects of sowing date, genotype and their interaction were tested
separately for each environment, as the datasets were unbalanced among environments.
The multi environment correlation of the 14 traits measured in this study was analysed.
The contribution of the yield components to grain yield on per plant basis was assessed by
simple linear regression, with yield as the response variant and the yield components as
explanatory variants. The predicted means, generated by the REML linear model algorithm,
for grain yield were used to test the environmental correlations, genotype-by-environment
(G x E) interactions and genotype adaptability/stability using the additive main effects
and multiplicative interaction (AMMI) model. Furthermore, the predicted means were
used to characterise the environments using the genotype main effects (G) and genotype-
by-environment interaction (G x E) GGE model.

3. Results
3.1. Correlation between Traits

Significant positive phenotypic correlations were observed between biomass and
yield-related traits (Table 2). The strongest positive correlations (r > 0.70) were between pod
number with branch number and filled pods. The number of filled pods was correlated
with both grains per plant and grain yield per plant. Plant height was correlated with both
bottom and top pod heights, while biomass was strongly correlated with both plant height
and top pod height. Bottom and top pod heights were correlated with each other. Pod
number per plant was correlated with both grains per plant and grain yield per plant. The
number of grains per plant was correlated with both grain yield per plant and overall grain
yield, with both these traits also correlated.
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Table 2. Multi-environment phenotypic correlation coefficients for biomass- and yield-related traits.

Branch Number (BN)
Dry matter (DM) (t/ha)
Filled pods per plant (FPP)

100 grain weight (100 GW) (g)

Harvest index (HI)
Plant height (PH) (cm)

Bottom pod height (BPH) (cm)

Top pod height (TPH) (cm)
Pod number per plant (PNP)
Grains per plant (GPPI)
Grains per pod (GPP)
Grain yield per plant (GYP)

Unfilled pods
Grain yield (

er plant (UPP)
GY (t/ha)

0.19 -

0.69 0.16 -

018 —-0.09 -0.07 -

022 —-038 0.53 0.08 -

-0.05 073 0.00 —0.35 —-045 -

-023 058 025 -0.33 —-0.50 0.78 -

0.06 081 015 -0.29 —0.35 0.88 0.78 -

0.70 023 099 —0.04 049 003 —-022 0.19 -
0.67 026 092 —0.01 051 006 —0.18 024 093

0.27 014 015 0.22 0.17 003 —-0.04 0.08 018 0.40 -

0.68 034 085 0.08 049 007 —-0.13 027 088 093 041 -

0.42 046 043 0.17 0.07  0.18 002 031 058 052 022 056 -

0.42 042  0.67 0.04 064 011 007 029 069 074 033 081 047 -
BN DM FPP 100GW HI PH BPH TPH PNP GPPlI GPP GYP UPP GY

Moderate correlations (r = 0.50-0.69) were observed between branch number with
filled pods, grains per plant and grain yield per plant. There was also moderate correlation
between bottom pod height and dry matter. Filled pod number was moderately correlated
with total grain yield and harvest index. Harvest index was correlated positively with
grains per plant and negatively with bottom pod height. The number of unfilled pods was
correlated with pod number, grains per plant and grain yield per plant, while pod number
was correlated with number of unfilled pods.

3.2. Biomass and Related Traits

In both years, harvest index, above ground biomass, plant and bottom pod height all
varied with sowing date (Table 3; Supplementary Tables S1-57). Genotypes, sowing date
and their interactions were all sources of variation for the measured traits.

Harvest index increased with delayed sowing at all locations across both years, ranging
from 0.22 at YAI to 0.55 at LFS (during 2018) and 0.04 at WWALI to 0.44 at TARC (during
2019). Genotype-by-sowing date (G x SD) interactions were significant at only the WWAI
and YAl locations during 2018 and at all the locations during 2019.

Later sowing resulted in lower biomass across both years. In 2018, biomass accumu-
lated from the earliest and latest sowing dates ranged from 2.35 t/ha (SD4 at WWALI) to
7.66 t/ha (SD1 at LES), and in 2019, from 1.95 t/ha (SD4 at WWAI) to 7.36 (SD1 at LES). G
x SD interactions for biomass were only found at WWAI during 2019.

Later sowing reduced plant height at most locations across both years. In 2018, plant
height ranged from 35.64 cm at WWAI (SD4) to 57.89 cm at LFS (SD1), with no differences
at YAL Plant height was not measured at TARC. In 2019, plant height ranged from 36.99 cm
at WWAI (SD4), to 63.63 cm at LFS (SD1). Across both years, only WWALI had a significant
G X SD interaction for plant height.

Bottom pod height was lowered by delayed sowing across both years. In 2018, this
ranged from 18.78 cm at TARC (SD3) to 33.05 cm at LES (SD1). In 2019, this ranged from
21.47 cm for SD4 at TARC to 41.62 cm for SD1 at LFS. Across both years, G x SD interactions
for bottom pod height were only found at WWAI in 2019. Branch number was affected by
sowing date only at WWAI2018, WWAI2019 and LFS2019, with more branches at earlier
sowing times and lowest in the later-sown treatment (SD4).
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Table 3. Effect of sowing date on chickpea architecture and biomass accumulation. The values in
the table are the mean values predicted by linear modelling. Means followed by the same letter
are not significantly different. TARC18 = Trangie Agricultural Research Centre 2018 experiment;
WWAI18 = Wagga Wagga Agricultural Institute 2018 experiment; LFS18 = Leeton Field Station 2018
experiment; YAI18 = Yanco Agricultural Institute 2018 experiment; TARC19 = Trangie Agricultural
Research Centre 2019 experiment; WWAI19 = Wagga Wagga Agricultural Institute 2019 experiment;
and LFS19 = Leeton Field Station 2019 experiment.

Experiment Sowing Date Branch Number Bottom Pod Top Pod Plant Height Biomass Harvest
per Plant Height (cm)  Height (cm) (cm) (t/ha) Index
TARC18 SD1 5.29 20.26 38.33b - 3.87 0.34
SD2 5.24 19.37 34.82 a - 3.25 0.33
SD3 6.07 18.78 38.64 b - 2.99 0.37
SD4 4.73 19.24 36.99 ab - 2.52 0.40
p-value ns ns * - ns ns
TARC19 SD1 5.39 31.70b 49.97b 52.71b 545c 0.34a
SD2 4.84 28.31b 45.67 b 55.47 b 4.69 bc 0.41 bc
SD3 4.38 2416 a 38.06 a 4549 a 3.82 ab 0.39b
SD4 4.64 2147 a 3373 a 39.99 a 324a 044c
p_value ns %% *3%% bt *3%% bt
WWAI18 SD1 9.02¢c 27.69d 4291 ¢ 45.37 ¢ 349 c 0.35a
SD2 8.53 ¢ 25.90 ¢ 42.03 ¢ 45.19 ¢ 3.23¢ 041b
SD3 6.55b 23.30b 35.62b 39.25b 291b 0.48c
SD4 549 a 2150 a 31.96 a 35.64a 235a 0.51c
p'Value *4% %k *%% et 4% et
WWAI19 SD1 6.31d 33.42d 43.80d 51.71d 4.58 d 0.04a
SD2 579 c 29.46 ¢ 44.15¢ 4735 ¢ 3.53 ¢ 0.17b
SD3 448D 27.20b 39.74b 4213b 2.69b 0.31c
SD4 3.55a 24.56 a 34.28 a 36.99 a 195a 0.38d
p_Value H%% %% *%% %% *%% %%
LFS18 SD1 11.73 33.05c¢ 58.01d 57.89 ¢ 7.66d 0.29 a
SD2 10.92 30.24b 49.77 ¢ 47.21b 5.85c¢ 0.38b
SD3 1047 27.07 a 46.87b 45.83 b 5.01b 0.49 c
SD4 10.91 25.55a 4431a 4261a 438a 0.55d
p_Value ns %% *%% Eatd %% Etat
LFS19 SD1 474b 41.62d 63.11d 63.63 d 7.36d 0.13a
SD2 539 ¢ 37.09 c 57.97 c 58.21c¢ 6.97 ¢ 0.23b
SD3 441 ab 29.77b 4891b 48.38 b 523b 0.30c
SD4 4.00 a 25.05a 41.53 a 41.75a 3.96 a 0.37d
p_Value *%4% b *%% et *3%% *%%
YAI18 SD1 9.47 2093 a 35.53 35.69 4.05c 0.22a
SD2 10.33 19.66 a 38.65 39.61 431c 0.32b
SD3 7.42 20.18 a 35.78 41.15 3.53b 041c
SD4 5.12 24.36 b 36.22 37.76 295a 041c
p-value ns * ns ns i ok

- = missing data/not measured, ns = not significant, * = p < 0.05, *** = p < 0.001.

3.3. Yield and Yield Components

Yield and yield components responded to variation in sowing date across locations
in both years (Table 4; Supplementary Tables S1-57). The main effects of genotypes and
sowing date, together with their interactions, were all sources of variation for the measured
traits.
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Table 4. Effect of sowing date on chickpea yield and yield components. The values in the table are the
mean values predicted by the linear modelling. Means followed by the same letter are not significantly
different. TARC18 = Trangie Agricultural Research Centre 2018 experiment; WWAI18 = Wagga
Wagga Agricultural Institute 2018 experiment; LFS18 = Leeton Field Station 2018 experiment; YAI18
= Yanco Agricultural Institute 2018 experiment; TARC19 = Trangie Agricultural Research Centre 2019
experiment; WWAIL9 = Wagga Wagga Agricultural Institute 2019 experiment; and LFS19 = Leeton
Field Station 2019 experiment.

Experiment Sowing  Filled Pods Unfilled Pods Pods per Grains per Grains per 100 Grain Grain
Date per Plant per Plant Plant Pod Plant Weight (g)  Yield (t/ha)
TARC18 SD1 32.6 102 a 42.8a 1.1 38.5 229 1.302
SD2 23.6 59b 295b 1.2 275 23.0 1.071
SD3 27.8 41b 31.8Db 12 34.3 235 1.095
SD4 25.1 3.7b 28.8Db 1.3 32.0 23.23 1.001
p-value ns il * ns ns ns ns
TARC19 SD1 15.2 4.0 19.2 12 18.1 237 a 1.868 a
SD2 155 3.2 18.7 1.3 19.6 233a 1.903 a
SD3 15.1 3.5 18.5 1.2 18.9 219b 1473 b
SD4 15.3 3.6 18.9 12 18.8 20.7 c 1.438 b
p-value ns ns ns ns ns o *
WWAI18 SD1 22.8 bc 1.7a 24.6 bc 09a 19.1a 22.2 1.216
SD2 25.6¢ 18a 274 bc 09a 23.3b 223 1.306
SD3 20.4 ab 1.4 ab 21.8a 1.0ab 195a 223 1.377
SD4 17.0c 11b 18.1 ab 11b 18.8 a 22.0 1.209
p-value ** * * * * ns ns
WWAI19 SD1 46a 0.5 5.0a 12a 47a 5.0a 0.173 a
SD2 99b 1.0 109b 1.1ab 103 b 159b 0.600 b
SD3 12.6 ¢ 1.0 13.6 ¢ 1.0 ab 13.6 ¢ 175 ¢ 0.812 ¢
SD4 10.6 b 14 12.0 bc 1.0b 124 ¢ 15.8b 0.747 d
p_Value *A% ns *%% E *A% *%% %%
LFS18 SD1 34.0 70b 41.0b 13a 43.1 25.1a 2221a
SD2 28.6 47a 333a 1.4 ab 39.2 26.2b 2190 a
SD3 28.8 40a 328a 14 ab 39.5 26.1Db 2422b
SD4 29.7 37a 334a 15b 425 26.0Db 2.335 ab
p_value ns %% *% *3%% ns %% *
LFS19 SD1 10.1a 2.7 12.8 a 1.0 134 a 215 0.983 a
SD2 15.0b 3.4 18.4b 11 20.3b 20.8 1.593 b
SD3 13.7b 3.7 17.5Db 1.0 18.0b 23.8 1.552b
SD4 13.4 ab 33 16.7 ab 1.0 17.2 ab 212 1.475b
p-value * ns * ns * ns ok
YAI18 SD1 11.2 2.8 14.0a 1.3 148 a 18.1b 0.871a
SD2 17.2 4.5 216D 13 232b 175Db 1.384 bc
SD3 - - - - - 163 a 1.439 ¢
SD4 14.6 2.1 16.7 ab 1.4 19.7 ab 152 a 1.225 ab
p-value ns ns * ns * i i

- = missing data/not measured; ns = not significant; * = p < 0.05; ** = p < 0.01; *** = p < 0.001.

3.3.1. Mean Grain Yield

Very low rainfall led to low grain yield, LFS2018 being an exception with the highest
yields of any location/year combination (location mean yield 2.29 t/ha) as compared
with WWAI2019 the lowest (location mean yield 0.59 t/ha). Grain yield was impacted
by sowing date at all locations/years except WWAI and TARC during 2018. The highest
yield occurred at LFS during 2018, with 2.4 t/ha from SD3, and the lowest at WWAI during
2019 with 0.173 t/ha from SD1. Generally, at southern NSW locations the greatest yields
were from SD3, whereas earlier sowing (SD1 and SD2) produced greater yields in central
NSW. The highest yielding varieties across this study were PBA Slasher, PBA Striker, PBA
Boundary and CBA Captain at almost all location/year combinations, with the exceptions
of PBA Boundary and PBA Slasher at WWAI2019 and PBA Boundary at LFS during 2019
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and YAI2018. The other varieties, Genesis™ 079, Genesis™ 090, Genesis™ Kalkee and
Neelam, were generally low yielding, with the exception of Genesis™ 079 at TARC and
LFS during 2018. G x SD interactions were found at WWAI, LFS, and YAI during 2018,
and only TARC during 2019.

3.3.2. Pod Number and Pod Fill

Pod number was affected by sowing date at most locations during 2018 and 2019
(except TARC in 2019), with a general trend of more pods developing from earlier sowing
(SD1 and SD2) except WWALI in 2019 that had highest pods at SD3. The highest pod number
occurred at TARC in 2018 (42.8 pods per plant in SD1) and the lowest at WWAI in 2019
(5.0 pods per plant from SD1). Filled pod number was only affected by sowing date at
WWALI (both years) and LFS during 2019, whereas the unfilled pod number was affected at
all locations except YAI during 2018, and at no location in 2019. Generally, grains per pod
had a negative correlation with pod number across sowing dates at all locations. At TARC
in 2018, pod number and unfilled pods were highest at SD1, with no differences in filled
pod number, but with significant G x SD interactions for all three traits. There were also
no differences in grains per pod, 100 grain weight and grain yield per plant, though they
showed G x SD interactions. This was in contrast to the results from the following year,
which showed that sowing date had no effect on filled, unfilled, total pod numbers, grains
per pod and grains per plant and there were no G x SD interactions. However, sowing
date affected grain weight which ranged from 20.69 (SD4) to 23.65 g (SD1), though there
were no G x SD interactions.

At WWALI in 2018, late sowing decreased the total number of pods, filled and unfilled
pod numbers but increased number of grains per pod, but had no effect on grain weight.
This was in contrast to the results from 2019, which had higher filled pod and pod numbers
later in the season (SD3 and SD4). No differences were found for unfilled pod numbers
in 2019, but grain weight and grains per plant were significantly different across sowing
dates.

At LFS in 2018, pod numbers and unfilled pod numbers were highest in the earliest
sown treatment, but no differences were found for the number of filled pods. However,
the number of grains per pod increased as sowing was delayed. In 2019, this was reversed,
with SD1 recording the lowest filled pod number, total pod number and grains per plant
and SD2 the highest filled pod number, total pod number and grains per plant.

No significant differences were found for filled and unfilled pod numbers or grains
per pod across sowing dates at YAI in 2018, although total pod number, grains per plant
and grain weight were highest in SD2.

3.4. Contribution of Yield Components to Final Grain Yield

The various yield components when regressed towards final grain yield differed on
their contribution on a per plant basis across experiments and sowing dates. Grain number
accounted for most of the variation (84.9%), followed by pod number (78.3%), with grains
per pod contributing the least (29.2%). The relationship between grain yield per plant
and grain number was explored and showed positive correlations in all the experiments
(Figure 1a—g). At TARC, there was a high correlation between grain number and grain yield
per plant in 2018 except for SD4 (R? = 0.045), with SD1 having R? = 0.97 value. However, in
2019 at TARC the correlations were low with a high of R? = 0.52 in SD1. At WWAI in both
years the R? values were large, ranging from 0.62 for SD4 in 2018 to 0.98 for SD1 in 2019.
At LFS and YAI the correlations were high except for SD4 in 2018, with R? = 0.45 and 0.48,
respectively.
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Figure 1. (a-g) Relationship of grain number per plant with grain yield (g/plant) at four sowing dates
(SD) at Trangie (TARC), Wagga Wagga (WWALI), Leeton (LFS) and Yanco (YAI) during 2018 and 2019.
(a) TARC2018; (b) TARC2019; (c) WWAI2018; (d) WWAI2019; (e) LFES2018; (f) LFS2019; (g) YAI2018.
TARC18 = Trangie Agricultural Research Centre 2018 experiment; TARC19 = Trangie Agricultural
Research Centre 2019 experiment; WWAI18 = Wagga Wagga Agricultural Institute 2018 experiment;
WWAI19 = Wagga Wagga Agricultural Institute 2019 experiment; LFS18 = Leeton Field Station 2018
experiment; LFS19 = Leeton Field Station 2019 experiment; and YAI18 = Yanco Agricultural Institute
2018 experiment.

3.5. Relationship between Biomass and Grain Yield

The correlation between total biomass and grain yield was highest in the late-sown
experiments (SD3 and/or SD4) in all the environments except for LFS (Figure 2a—g). Cor-
relations were mostly positive except in WWAI2018 (SD1), WWAI2019 (SD1 and SD2)
LFS2018 (SD2 and SD3) and LFS2018 (SD1) that showed negative correlation between
biomass and grain yield. Correlations were generally low for LFS, which had very high
biomass of up to 8 t/ha for some varieties, ranging from no correlation for SD3 in 2018 to
moderately high correlation (R? = 0.55) for SD4 in 2018.
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Figure 2. (a—g) Relationship of total above biomass (t/ha) with grain yield (t/ha) at four sowing
dates (SD) at Trangie (TARC), Wagga Wagga (WWAI), Leeton (LFS) and Yanco (YAI) during 2018
and 2019. (a) TARC2018; (b) TARC2019; (¢) WWAI2018; (d) WWAI2019; (e) LFS2018; (f) LFS2019;
(g) YAI2018. TARC18 = Trangie Agricultural Research Centre 2018 experiment; TARC19 = Trangie
Agricultural Research Centre 2019 experiment; WWAI18 = Wagga Wagga Agricultural Institute 2018
experiment; WWAI19 = Wagga Wagga Agricultural Institute 2019 experiment; LFS18 = Leeton Field
Station 2018 experiment; LFS19 = Leeton Field Station 2019 experiment; YAI18 = Yanco Agricultural
Institute 2018 experiment.

3.6. Environmental Correlations

An additive main effects and multiplicative interactions (AMMI) biplot provides a
visual representation of genotype performance and environmental correlations for grain
yield (Figure 3). Both PCA1 and PCA2 are significant at the 0.001 level, with the PC1 axis
explaining 49% and the PC2 axis explaining 41.3% of the G X E interaction sum of squares.
Together, these two principal components explained 90.3% of the G x E interaction. The
genotypes did not cluster together in the AMMI biplot, but some environments did, such
as WWAI2018 and WWAI2019. There was no correlation between TARC2018 with either
LFS2018 or YAI2018, and a negative correlation between TARC2018 and the rest of the
environments. There was a positive correlation between WWAI2018/WWAI2019 with
both YAI2018 and LFS2019, and a negative one with LFS2018 and TARC2019. LFS2018
was positively corelated with TARC2019, uncorrelated with LFS2019 and TARC2018, and
negatively correlated with the rest of the environments. Varieties PBA Slasher and PBA
Striker were closer to the origin and Genesis™ 090 and PBA Boundary were further from
the origin. Environments in southern NSW (WWAI2018 /2019, LFS2018/2019 and YAI2018)
were closer to the origin than the central western NSW environments (TARC2018/2019).
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AMMI biplot for grain yield (environment scaling)
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Figure 3. AAMI biplot for grain yield showing the correlation between environments and overall
genotype stability and adaptability. At origin GEI = 0. Acute angle = positive correlation; right
angle = no correlation and obtuse angle = negative correlation. TARC18 = Trangie Agricultural
Research Centre 2018 experiment; TARC19 = Trangie Agricultural Research Centre 2019 experiment;
WWAI18 = Wagga Wagga Agricultural Institute 2018 experiment; WWAI19 = Wagga Wagga Agricul-
tural Institute 2019 experiment; LFS18 = Leeton Field Station 2018 experiment; LFS19 = Leeton Field
Station 2019 experiment; and YAI18 = Yanco Agricultural Institute 2018 experiment.

Southern NSW environments followed a general trend of positive interactions with
Genesis™ 090 and Genesis™ Kalkee and negative interactions with PBA Striker and PBA
Slasher based on the projection of genotype onto the environmental axis. The exception
to this trend was LFS2018, with an inverse response for interaction for these varieties
(negative interaction with Genesis™ 090 and Genesis™ Kalkee and positive interaction
with PBA Striker and PBA Slasher). The only consistent interactions in the central western
environment were a positive interaction with PBA Slasher, and negative interactions with
Genesis™ 090 and Genesis™ Kalkee across both 2018 and 2019. Strong positive interac-
tions were found with TARC2019 and Genesis™ 079, and WWAI2018 and WWAI2019 and
Genesis™ Kalkee. Despite the differences in environment and years, the AMMI analysis
demonstrated that TARC2019 and LFS2018 influenced genotypes in a similar manner.

A ‘which-won-where’ analysis divided the seven environments into three mega en-
vironments (Figure 4). TARC2018 formed one mega environment on its own (ME1); a
second mega environment contained LFS2018, LFS2019 and TARC2019 (ME2); the final
mega environment contained WWAI2018, WWAI2019 and YAI2018 (ME3). No variety
performed well in ME1; Genesis™ 079 and PBA Slasher were the best-performing varieties
in ME2; PBA Striker and PBA Captain (CICA1521) performed best in ME3. PBA Boundary,
Genesis™ 090 and Genesis™ Kalkee were not suited to any specific mega environment.
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PC2 - 16.10%
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Figure 4. GGE biplot for grain yield showing different vectors and three mega environments and vari-
ety performance in the respective vectors and mega environments. The overlapping environments in
MES3 are YAI2018, WWAI2019 and WWAI2019. TARC18 = Trangie Agricultural Research Centre 2018
experiment; TARC19 = Trangie Agricultural Research Centre 2019 experiment; WWAI18 = Wagga
Wagga Agricultural Institute 2018 experiment; WWAI19 = Wagga Wagga Agricultural Institute
2019 experiment; LFS18 = Leeton Field Station 2018 experiment; LFS19 = Leeton Field Station 2019
experiment; and YAI18 = Yanco Agricultural Institute 2018 experiment.

4. Discussion

A wide sowing window ranging from mid-April to end of May tested the effects
of sowing date on chickpea biomass accumulation and overall yield in central west-
ern and southern NSW environments. Varying sowing date to test for adaptability in
new potential production areas or response to abiotic stresses is a commonly adopted
approach [6,11,24-26]. Planting varieties at the optimum sowing time can minimise the
risk of environmental stresses such as frost, heat and drought coinciding with sensitive
growth phases such as flowering and podding that are critical to yield formation [20].

Genotype and sowing date were sources of variation for biomass accumulation and
yield across locations and years. Previous observations have shown that abiotic stresses
such as drought and heat and the resultant G x E interaction strongly influence a crop’s
ability to develop and produce yields [7,27]. In our study, sowing earlier than the current
regional guidelines and recommendations (SD1) resulted in taller plants and higher biomass
accumulation but low harvest index, as the biomass did not translate into greater grain
production. This illustrates weak source-sink relationships; the large source of biomass
not being translated into grain yield, with the limitation being on the sink side of the
relationship. Source-sink relationships and the subsequent remobilisation and partitioning
of photo assimilates and nutrients into the developing grain influence final grain yield and
narrowing of the yield gap.
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Harvest index is an indicator of efficiency of converting the source organs (fully devel-
oped leaves as components of biomass) into sink organs (developing grain as components
of yield) [28,29]. The low harvest index and poor correlation between biomass and grain
yield (Figure 2a—g) in earlier sown treatments was caused by early sown crops consuming
the limited and valuable resources such as water and nutrients during the vegetative phase
and subsequently suffering moisture stress during the pod fill stage. At harvest, soil water
in SD1 was lower than in SD4 (EM38 data not shown). This was most likely due to greater
water use by larger plants growing over a longer season. It was previously shown that the
growth duration is longer at late sowing dates in these environments [21]. However, this
low correlation between biomass and grain yield was not observed at TARC in 2018 due to
low plant density not using available soil water. Additionally, the dense canopy of large,
high biomass early sown crops reduces light penetration and shades the lower flowers, and
this has been shown to increase flower abortion in pulses [30] and therefore reduces grain
number and overall yield potential.

Biomass and yield at LFS were higher than at the other experiments. The importance
of water availability to yield is highlighted when comparing the LFS and YAI experiments.
These experiments were only 6 km apart and had very similar weather and environmental
conditions, which suggests that the 103 mm of extra supplementary irrigation was responsi-
ble for LFS accumulating more biomass and outyielding YAI by 1.06 t/ha (averaged across
sowing dates). These differences in supplementary irrigation also suggest that Genesis'™
090 may be drought susceptible, as it showed visual signs of stress such as yellowing and
crop wilting at the dry experiment (YAI) but not when more water was available (LFS).
The regression analysis showed that grain and pod number were the highest contributors
to yield. This confirms the close relationship between chickpea yield and grain number,
and by inference pod number [20]. It is widely accepted that grain number is more plastic,
responsive to environmental changes and easier to manipulate than grain size in most
crops [14,20,31-33]. High grain number was due to a high proportion of filled pods, or
fewer unfilled pods per plant. Unfavourable conditions such as severe frost when the
crop was at sensitive growth phases could account for most of the observed unfilled pods,
especially for the early sown treatments.

Generally, the desi varieties have been observed to display higher levels of tolerance to
abiotic stresses such as drought and heat than the kabuli varieties [5]. In agreement with this
observation, the desi varieties PBA Striker, PBA Slasher, PBA Boundary and CBA Captain
were the highest-yielding varieties in all the experiments (Supplementary Tables S1-57).
The yield advantage of early flowering and maturing varieties [21] in stressful environments
was observed in this study with the fast flowering and maturing PBA Striker being the
highest-yielding variety at all experiment locations. This agrees with another study where
short-duration genotypes outyielded long-duration ones under heat stress [11]. When sown
in the optimum window, early varieties will mature before stored soil moisture is depleted
and before the onset of high temperature in late spring and/or early summer, which is
a common occurrence in the locations used in this study. Early flowering will increase
potential yield by using stored soil water during the reproductive phase to fill grain rather
than during the vegetative phase to grow biomass. Late-season heat stress can reduce
the potential yield, with losses estimated to be between 10% and 15% for every degree
increase in temperature above the optimum temperature range [26]. These late-season
high temperatures often coincide with moisture stress, which will reduce grain yield as
plants remobilise stored reserves to buffer the impact of these stresses [30]. This highlights
the importance of early-mid season maturity, especially during dry years in avoiding
late-season abiotic constraints.

The genotypes behaved differently across environments and demonstrated their di-
versity by not clustering together in the AMMI biplot (Figure 3). Varieties CBA Captain,
PBA Slasher and PBA Striker are closer to the origin, which shows that they are broadly
adapted and less sensitive to environmental changes, while PBA Boundary, Genesis'™
Kalkee, Genesis™ 090 and Genesis™ 079 are further from the origin, which demostrates
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sensitivity to environmental interactions, and shows specific adaptation [34]. Genesis™

Kalkee was consistently low yielding across environments and was in a sector which does
not include any specific mega environment (Figure 4). It is therefore likely not suited to the
environments of central western and southern NSW, or at least not during dry years. This
is possibly explained by its overall long growing season [21] which will likely expose it to
late-season soil water and heat stress.

The WWAI environments clustered together and influenced genotypes in a similar way
across the two years, as similar conditions and management practices were experienced
and/or applied. A higher positive correlation between the WWAI environments with
YAI2018 might partly be because of similar dry conditions, while correlation with both
YAI2018 and LFS2019 might also be due to similar climatic conditions because of geographic
proximity. However, lack of correlation with LFS2018 demonstrates that other confounding
factors such as irrigation, beyond climatic conditions and geographic proximity, also had an
effect. Differences between experiments are due to the diverse range of climates including
altitudes, watering regimes and soil types in the experimental locations. Year-on-year
variation was observed at TARC, where TARC2018 did not cluster with any environment,
including TARC2019, and formed its own mega environment (ME1). No variety performing
well in MEL. Dry conditions at TARC in 2018 created challenges with establishment and
overall plant density and this could have made this environment unique and unrelated to
TARC2019, which was in the same mega environment as the LFS environments. TARC2019,
like LFS2018 and LFS2019, received a significant amount of irrigation (175 and 87 mm
pre- and post-sowing, respectively) and this limited moisture stress might have driven
the similarities. This was possibly the case with the clustering of the WWAI and YAI
experiments as these received minimal irrigation during the season. At the other locations,
the year-on-year variation was minimal as the LFS and WWALI experiments fell into the
same mega environments across the two years. However, this study demonstrates the
importance and need to take year-on-year variation into consideration when interpreting
multi-year field studies.

5. Conclusions

The 2018 and 2019 seasons in southern and central western NSW were very chal-
lenging for growing chickpea due to low growing season rainfall. This study identifies
mid to the end of May as the optimum sowing time for chickpea in southern and central
western NSW agroecological zones, and pod and grain numbers as major drivers of yield
and overall adaptation. Sowing at this time maximises potential yield by increasing the
probability of avoiding/escaping stressful events such as winter frosts and late-season
drought and heat stress during critical growth phases. Harvest index was higher in smaller,
late-sown plants, indicating that when combined with early maturity they may have a com-
petitive advantage in water-limited environments. Given the indeterminate growth habit
of chickpea, the low harvest index and poor correlation between biomass and grain yield
observed in this study might not be as pronounced under more favourable seasonal condi-
tions. Moisture was important in environmental classifications, with the more irrigated
experiments (LFS2018, LFS2019 and TARC2019) falling into the same mega environment.
Similarly, the environments with limited irrigation (YAI2018, WWAI2018, and WWAI2019)
clustered together. The results of this study indicate a need for more multi-environmental
studies on chickpeas under Australian conditions to draw more detailed inferences and
comparisons.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /agronomy12010160/s1, Supplementary Figure Sla: Trangie
Agricultural Station climate 2018, Figure S1b: Trangie Ag-ricultural Research Centre climate 2019,
Figure Slc: Wagga Wagga Agricultural Institute climate 2018, Figure S1d: Wagga Wagga Agricultural
Institute climate 2019 (Supplementary Figure S1d), Figure Sle: Leeton Field Station and Yanco Agricul-
tural Institute climate 2018, Figure S1f: Leeton Field Station climate 2019. Table S1: ST1_TARC_2018,
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