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Abstract

Mungbean is grown as a summer crop in subtropical climates globally. The global demand
for mungbean is increasing, and opportunities exist to expand production regions to more
marginal environments, such as southern Australia, as an opportunistic summer crop to
help meet the growing global demand. Mungbean has the potential to be an opportunistic
summer crop when an appropriate sowing window coincides with sufficient soil water.
This expansion from subtropical to temperate climates will pose challenges, including
low temperatures, a longer day length and a low and variable water supply. To assess
mungbean suitability to temperate, southern Australian summer rainfall patterns and soil
water availability, we conducted field experiments applying a range of water treatments
across four locations with contrasting rainfall patterns within the state of Victoria (in
southern Australia) in 2020-2021 and 2021-2022. The water treatments were applied prior
to sowing (60 mm), the vegetative stage (40 mm) and the reproductive stage (40 mm)
in a factorial combination at each location. Two commercial cultivars, Celera II-AU and
Jade-AU, were used. Water scarcity during flowering and the pod-filling stages were
important factors constraining yield. Analysis of yield components showed that increasing
water availability at critical growth stages, viz. the vegetative and reproductive stages, of
mungbean was associated with increases in total biomass, HI and grain number in addition
to increased water use and water use efficiency (WUE). Average WUEs ranged from 1.3 to
7.6 kg-ha~!-mm~!. The maximum potential WUE values were 6.4 and 5.1 kg-ha~!-mm~!
for Celera II-AU and Jade-AU across the sites, with the estimated soil evaporation values
(x-intercept) of 83 and 74 mm, respectively. Nitrogen fixation was variable, with %Ndfa
values ranging from 9.6 to 76.8%, and was significantly affected by soil water availability.
This study emphasises the importance of water availability during the reproductive phase
for mungbean yield. The high rainfall zones within Victoria have the potential to grow
mungbean as an opportunistic summer crop.
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1. Introduction

Mungbean (Vigna radiata (L.) Wilczek) is a short-duration legume grown as a summer
crop in subtropical regions globally. Mungbean is a crop rich in proteins, vitamins and
minerals [1] and is a very important staple food, particularly in Asia. The largest producer
of mungbean is India (3 million ha under cultivation), followed by China (0.6 million ha)
and Myanmar (0.7 million ha), with these three countries contributing more than 50%
of annual global production [2]. Currently, global mungbean production is 5.3 million
tonnes with a productivity of 0.7 t-ha~! from 7.3 million hectares [3]. Australian production
averages 90,000 tonnes annually across 120,000 hectares [4]. Recently, there has been
a rise in demand for legumes worldwide, which has translated to an increase in global
production. The growth in consumption of legumes has partly been driven by legumes
satisfying several consumer trends—plant-based protein, non-GMO, gluten-free and clean
label—with much of the growth attributed to an increasing global population [5,6]. Given
the trajectory of population growth, it is projected that legume consumption will increase
by 23% by 2030 compared to 2017 levels [7]. Furthermore, the global mungbean market
is also expected to rise to reach USD 5.82 billion by 2033, up from USD 4.49 billion in
2024, exhibiting a growth rate of 2.79% from 2025 to 2033 [8]. Increasing the production of
legumes, including mungbean, poses a significant challenge and will require expansion
into new cropping regions. The importance of mungbean as a summer rotation crop in
Australia is increasing due to its high export demand and market value (worth up to AUD
1200 ton~! in 2023) [9]. The average return of mungbean is higher compared to chickpea
(AUD 670 ton™1), faba bean (AUD 350 ton~!) and lentil (AUD 700 ton~!) [10]. In 2022,
Australia was the third-largest exporter after China and Myanmar, accounting for 3% of
the total mungbean export market share, worth AUD 144 (~USD 98) million [11].

In Australia, mungbean is typically grown in the north-eastern subtropical regions
during summer, with 90% of Australian-grown mungbean exported to Asian markets,
including China, India and Indonesia, as well as to American markets such as the USA
and Canada [4,11,12]. While winter cereals and pulses typically dominate the rainfed
farming systems of southern Australia, expanding mungbean production into this region
offers the opportunity to diversify income sources, improve soil fertility via additional
nitrogen fixation and utilise out-of-season rainfall with summer cropping [13]. In high
rainfall areas, summer crops may enhance the productivity of subsequent winter crops
by using excess soil water and mitigating waterlogging [14]. The challenge with growing
summer crops in southern Australia is the winter-dominant rainfall patterns common in
this region. Typical summer rainfall ranges from 50 to 200 mm, with moderate to very high
variability (index of variation 0.75-2.0) [15]. In traditional growing regions, mungbean
exhibits high yield variability across locations and seasons [16]. The rainfall pattern of the
northern Australian mungbean growing region is summer-dominant, whereas in southern
Australia, the rainfall is winter-dominant with hot and dry summers. In current production
regions of north-eastern Australia, mungbean requires 350400 mm of water to achieve
maximum yield potential [17] and starting soil water (90 mm Plant Available Water—PAW)
is important to overcome unpredictable in-season rainfall [18]. In mungbean, water stress
during vegetative growth has been found to impose limitations on plant size, leaf area,
root growth [19,20], flowering and seed set, leading to reduced yields [21,22]. Additionally,
water stress during the reproductive growth stage of mungbean has been associated with
decreased pod initiation and pod growth rates, shortened plant height and a reduced
maturing period, ultimately affecting yield potential [23] with a yield reduction of up to
59% in subtropical conditions [22]. Wenham et al. [24] reported that drought stress during
vegetative growth stages reduced yield by 10-33%, while drought stress during flowering
reduced yield by 5-27% and drought stress during early podding reduced yield by 53-75%
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in comparison to non-stressed crops. Additionally, drought at the reproductive stage is more
susceptible to yield loss compared to the vegetative stage (yield loss of up to 100% versus
up to 45%) [25]. However, in another study, the vegetative stage was reported to be more
susceptible to drought linked with insufficient above-ground biomass production prior
to flowering [26], which emphasises the importance of biomass accumulation for yield
in mungbean [27]. Additionally, the crop yield potential is influenced by phenological
dynamics due to eco-physiological responses [28]. Key events, such as flowering time
and grain-filling duration, are significantly impacted by agro-climatic conditions [29-31].
However, the effect of environmental factors on mungbean phenology at a large scale
has not been assessed in southern Australian climates. Therefore, further investigation
into the effects of seasonal water variability on mungbean growth and productivity across
southern Australian farming systems will be necessary to expand mungbean cultivation
from subtropical regions to temperate areas of southern Australia.

Under northern Australian growing conditions, inoculated mungbean has been shown
to fix up to 42 kg N-ha~!, ranking lowest for nitrogen fixation potential compared to
soybean (313 kg N-ha™!), lentil (111 kg N-ha~!) and field pea (227 kg N-ha1) [32]. Soil
water deficit has a significant negative impact on nitrogen fixation [22], and in soil with
higher levels of nitrogen, mungbean fixes less nitrogen [33]. In soils with low nitrogen,
mungbean can fix sufficient nitrogen to meet plant requirements and provide some residual
N benefit for the following crop [34]. With effective nodulation, mungbean can fix up to
70 kg N-ha~!, sufficient to achieve a crop yield of 1 t-ha~! [35]. However, while there
have been limited studies regarding the adaptation of summer legumes to temperate
climates such as southern Australia, there are no detailed studies on potential N fixation by
mungbean in southern Australian environments.

A foundational study was therefore needed to understand how water supply and N
dynamics influence the growth, development and yield potential of mungbean in southern
Australian environments. This study tested the following hypotheses by growing Aus-
tralian mungbean cultivars (Jade-AU and Celera II-AU) under different water availability
treatments to simulate potential seasonal variability in low, medium and high rainfall zones
of Victoria, Australia:

(i) Increasing water supply to mungbean during the early podding period will be more
beneficial to yield than increasing water supply during the vegetative growth phase.

(i) Nitrogen fixation will be strongly affected by water availability at key growth stages
of mungbean grown in southern Australia.

2. Materials and Methods
2.1. Site Description

A series of field trials were conducted over two years during the summers of 2020/21
(Trial year 2020) and 2021/22 (Trial year 2021) at four locations across Victoria, Australia.
Trials were located at Hamilton (37°49'38" S, 142°04’12" E and 207 masl (masl: metres
above sea level)), Horsham (36°44'57" S, 142°06'59” E and 128 masl), Ouyen (35°00'32" S,
142°15'00” E and 52 masl) and Woomelang (35°45'49” S, 142°30'08"” E and 85 masl)
(Figure 1). The climate of three of the sites (Ouyen, Woomelang and Horsham) is semi-arid
(Koppen Climate Classification System: BSk) with high evapotranspiration and low rainfall,
with cool, relatively long winters and short, hot summers, while Hamilton has a cool
oceanic climate (Koppen Climate Classification System: Cfb). Rainfall is winter-dominated
with episodic summer rainfall typically associated with storms [36]. Sites are characterised
as low rainfall (Ouyen and Woomelang), medium rainfall (Horsham) and high rainfall
(Hamilton) zones with long-term total annual rainfalls of 330, 348, 378 and 619 mm, respec-
tively. Experimental site details including soil type, cropping history, total in-crop rainfall,
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and sowing and harvesting dates for each site are described in Table 1. Data on rainfall and
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Figure 1. (A) The Australian map showing mungbean-growing local government areas in a green

colour and the state of Victoria as a red inset [38]. The Australian states and territories are identified

by boundaries indicated with black lines and labelled in a blue font. (B) Average annual rainfall in
Victoria, Australia, 30-year climatology (1991 to 2020) [39]. Within Victoria, there are three major crop-
ping zones, which are characterised by rainfall: low rainfall zone (Ouyen and Woomelang) < 350 mm,
medium rainfall zone 350450 mm (Horsham) and high rainfall zone > 450 mm (Hamilton).

Table 1. Site characterisation (soil type, soil pH, growing season rainfall (GSR), and sowing and
harvest dates of mungbean trials conducted at Hamilton, Horsham, Ouyen and Woomelang during

the 2020 and 2021 summer seasons.

Location
Characteristic
Hamilton Horsham Ouyen Woomelang
Soil type (Australian Soil Classification) Chromosol Vertosol Calcarosol Calcarosol
Soil pH (CaCly), 2020 - 8.2 8.3 8.4
Soil pH (CaCly), 2021 5.8 8.1 8.3 8.0
Soil nitrate (mg-kg 1), 2020 - 7.8 5.0 52
Soil nitrate (mg-kg'), 2021 6.0 4.12 8.3 8.0
GSR (mm), (2020) - 93 52 24
GSR (mm), (2021) 133 127 108 137
Sowing (2020) - 5 November 2020 3 November 2020 4 November 2020
Sowing (2021) 23 December 2021 19 November 2021 4 November 2021 12 November 2021
Harvest (2020) - 11 May 2021 21 April 2021 19 May 2021
Harvest (2021) 4 May 2022 28 April 2022 31 March 2022 4 May 2022

2.2. Experimental Design

The experiments were a split-plot design with four replicates [40]. The water treat-

ment was assigned as the main plot, and variety was assigned as the subplot. The water

treatments were designed to simulate various water availability scenarios that growers
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may encounter in temperate dryland systems during summer. To ensure establishment
across all treatments, 20 mm of water was applied across all sites post-sowing. Factorial
combinations of either 0 or 40 mm were then applied as a single application during veg-
etative growth stages (prior to floral initiation) or reproductive growth stages (start of
podding, Table 2). In 2021, an additional treatment was applied at Ouyen, Woomelang
and Horsham, with 60 mm of water applied as a single application prior to sowing in
factorial combinations with other in-season water applications. Two commercial varieties of
mungbean, Jade-AU and Celera II-AU, were utilised for the experimental program. These
genotypes were selected based on their contrasting plant architecture, growth habit and
grain type (market class) [38]. Jade-AU is large seeded (74 mg), while Celera II-AU is small
seeded (48 mg). The seeds of these mungbean varieties were obtained from the Australian
Mungbean Association, Australia.

Table 2. Definition of the water supply treatment.

Growth Stages and Water Application

Treatment Pre-Sowing Sowing Vegetative Reproductive
(mm) (mm) (mm) (mm)

0-0-0 0 20 0 0
0-0-40 0 20 0 40
0-40-0 0 20 40 0
(0-40-40 0 20 40 40
60-0-0 60 20 0 0
60-0-40 60 20 0 40
60-40-0 60 20 40 0
60-40-40 60 20 40 40

2.3. Crop Management

Trials were established at similar times during November—December across the sites
(Table 1). The trials were sown using a tractor-mounted plot-scale seeder equipped with
narrow-point tynes and press wheels, with seed rates to achieve a target plant density of
35 plants'm 2 as per Australian industry standard practice [17,41,42]. The plot size was
3 m in length with four rows spaced at 0.28, 0.30, 0.38 and 0.30 m at Ouyen, Woomelang,
Horsham and Hamilton, respectively. The areas were 0.56, 0.60, 0.76 and 0.60 m? at Ouyen,
Woomelang, Horsham and Hamilton, respectively. The seeds were sown at a depth of
0.03 m. Prior to sowing, seeds were inoculated with NoduleN™ Mungbean Inoculant (Peat)
Standard (Group I) rhizobia (New-Edge Microbials, Australia) at a rate of 5 g-kg ™! of seed.

The field was fertilised with a basal application of mono-ammonium phosphate (MAP)
at a rate of 50 kg-ha~! (5.5:11:0 kg NPK ha~?!) placed below the seed at sowing. Weeds
were controlled using commercial herbicides, including glyphosate, carfentrazone-ethyl
and trifluralin, at label rates and timings. Similarly, insecticides, including chlorpyrifos
and bifenthrin, were applied to control insect pests. Intensive manual weeding was also
undertaken on two occasions each year to control weeds not removed by herbicides.

The water treatment was applied by Toro Aqua-Traxx™ drip tape (Toro, Australia)
with an emitter flow rate of 1.6 L-ha~! between each row and outlets every 20 cm. This
was installed over each crop row at sowing.

2.4. Measurement of Nitrogen Fixation

The N, fixation of mungbean was assessed in the second trial year (summer 2021) using
the 1°N natural abundance technique [43], which exploits naturally occurring differences in
15N composition between plant-available N sources in soil and that of the atmosphere [32].
Canola (Brassica napus L.) was selected as the non-N,-fixing reference plant. At sowing,
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the canola reference plants were planted at the edge of each plot. Biomass samples of the
reference canola and respective mungbean plots were harvested at pod filling. The biomass
samples were dried at 40 °C until constant weight and ground to <0.10 mm particle size
using a CT 293 Cyclotec™ laboratory mill (FOSS, Hillerad, Denmark) and collected in
3 mL tubes. Samples were analysed for §!°N using a continuous flow system consisting
of a Delta V Plus mass spectrometer connected with a Thermo Flush 1112 via Conflo IV
(Thermo-Finnigan/Germany) at the West Australian Biogeochemistry Centre, University
of Western Australia, Perth, Australia.

The percentage of nitrogen derived from the atmosphere (%Ndfa) was calculated as:

O/ONdfa = (615Nreference plant_élleegume) x 100/ (615Nreference plant — B)

where 5'°N,, ference plant and 510 Niegume are the deviation of the reference species and the
N,-fixing legume sample "N:'*N ratio from the standard (air) and { is the 5!°N value of
nitrogen in shoots of mungbean grown in N-free media (—2.50) [44]. The total nitrogen
amount in mungbean shoots was calculated as the product of the percentage of nitrogen in
mungbean shoots by shoot dry biomass. The nitrogen fixed was determined by multiplying
the percentage of nitrogen derived from atmospheric nitrogen fixation by the total nitrogen
content of mungbean shoots [43,44].

2.5. Data Collection
2.5.1. Soil Water

The soil water content of experimental plots was determined for all plots 37 days
before sowing and shortly after harvest. A single soil sample from surface to 1.2 m was
acquired using a 5 cm diameter corer and split into 7 intervals: 0-0.1, 0.1-0.2, 0.2-0.4,
0.4-0.6, 0.6-0.8, 0.8-1.0 and 1.0-1.2 m. For the 0-0.1 m sample, an additional core was
collected for each plot. Soil water content was measured using the oven dry method at
105 °C to constant weight. The measured gravimetric soil water content was converted to
volumetric units using soil bulk densities for the same depth intervals [45].

Total water use of the crop including evaporation was calculated for each plot using
the following equation:

Total water use (mm) = R + (6s — Of) + I

where

Os = soil water at sowing (mm).

Of = soil water at harvest (mm).

R = total rainfall (mm) received from pre-sowing soil sampling (6s) until harvest soil
sampling (6f).

I = total water applied (mm).

Water use efficiency (kg-ha~!-mm~!) was computed as the ratio of grain yield and
total water use (mm), as described in the following equation:

grain yield (kg-ha_l)
Water use ef ficiency (kg-ha '-mm™1!) =

total water use (mm)

2.5.2. Phenology

Flowering dates were recorded when the first flowering was observed in a plot. The
start of flowering is defined as the reproductive growth stage. The podding date was also
recorded when the first pod set was observed in a plot.

The number of days to maturity was recorded when 90% of pods were mature.
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2.5.3. Crop and Yield Components

Above-ground biomass was determined at podding (podding biomass) by sampling
the inner two rows over a length of 0.5 m. The areas for yield determination were 0.28, 0.30,
0.38 and 0.30 m? at Ouyen, Woomelang, Horsham and Hamilton, respectively. The har-
vested plants were dried until constant weight at 40 °C. The final harvest was undertaken
when the pods were mature, specifically from the inner two rows of each plot. Samples
measuring 1 m long were taken at ground level from the centre two rows and dried at
40 °C. The samples were used for determining shoot biomass, plant height, grain number
(grains-m~2), grain weight, harvest index and grain yield. Grain yield was adjusted to
10% moisture content and presented as kg-ha~!.

2.6. Data Analysis

Analysis of each variable was conducted separately for each site. A linear mixed
model approach using the residual maximum likelihood method (REML) was used to test
the effect of water treatment and variety. The experiment was conducted in a split-plot
design with four replicates, where the water treatment was assigned as the main plot
and variety was the subplot. Therefore, water treatment, variety and their interaction
were considered fixed effects, whereas replication and whole plot were fitted as random
effects. The error was divided into three levels of effect: water treatment, variety and
variety X water treatment. The effect of water treatment was tested against the main
plot error (replication x whole plot), and variety and variety x water treatment were
tested against the residual error of the experimental units or subplots. Statistical analyses
were performed using the Asreml-R package version 4.2.0.355 [46] in R version 4.4.2. The
interaction effects are presented in graphs, and where there was no interaction, the main
effects only are presented.

The means were compared by using Tukey’s honest significant difference (HSD)
test [47] using the ‘biometryassist” package version 1.3.0 [48] in R. The significance level
was set at 5% in all comparisons. Correlation analysis was carried out to determine
the relationships between yield and yield parameters using the package ‘rstatix’ version
0.7.2[49]in R.

3. Results
3.1. Weather

The maximum temperature, minimum temperature and rainfall varied across sites
and experimental years (Figure 2). For Horsham, Ouyen and Woomelang in 2020, the total
rainfall prior to sowing, from August to October, was 151, 123 and 125 mm, respectively,
which is above the long-term average for these sites. In 2021, the average rainfall prior
to sowing, from August to October, was 178, 102, 96 and 89 mm at Hamilton, Horsham,
Ouyen and Woomelang, respectively, compared with long-term averages of 201, 115, 100
and 83 mm. The total growing season rainfall for Horsham, Ouyen and Woomelang was 93,
52 and 24 mm, respectively, during the 2020 summer season. In the 2021 summer season,
the totals for Hamilton, Horsham, Ouyen and Woomelang were 127, 133, 108 and 137 mm,
respectively. The total rainfall received was less at Horsham, Ouyen and Woomelang in the
summer of 2020 compared to the summer of 2021. The total rainfall received from sowing
to 100 days (effective growing season) after sowing was 112, 62, 44, 45, 76, 18 and 30 mm
for Hamilton 2021, Horsham 2020, Horsham 2021, Ouyen 2020, Ouyen 2021, Woomelang
2020 and Woomelang 2021, respectively.

The mean air temperatures in 2020 were 18.2, 21.5 and 20.1 °C at Horsham, Ouyen and
Woomelang, respectively, and in 2021, 18.5, 20.0, 22.9 and 21.5 °C at Hamilton, Horsham,
Ouyen and Woomelang, respectively, during the growing period. The temperature ranged
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from a maximum of 42.7, 45.6 and 43.9 °C to a minimum of —1.8, 2.2 and —2.8 °C at
Horsham, Ouyen and Woomelang, respectively, in 2020, while in 2021 they ranged from
38.5,40.1, 40.5 and 40.4 °C to 3.1, 1.8, 3.4 and 1.5 °C at Hamilton, Horsham, Ouyen and
Woomelang, respectively. Across all sites and years, mungbean experienced between 5
and 15 days per season during which the maximum temperature exceeded 35 °C in the
sensitive reproductive period (estimated as 5 days prior to flowering until 30 days after the
start of flowering). Heat stress days were more prevalent at Ouyen, similar at Woomelang
and Horsham and least common at Hamilton. Across all sites, temperatures gradually
decreased from January to May.

(A) Ouyen 2020 (B) Quyen 2021
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Figure 2. Rainfall, maximum temperature and minimum temperature as monthly averages for seven
trial sites: (A) Ouyen 2020, (B) Ouyen 2021, (C) Woomelang 2020, (D) Woomelang 2021, (E) Horsham,
2020, (F) Horsham 2021, (G) Hamilton 2021. Black horizontal bars represent long-term rainfall
averages. The dark grey bar represents total rainfall and the light grey bar represents water applica-
tions made before sowing, at sowing and during vegetative and reproductive growth stages. Open
circles represent average minimum temperature and closed grey circles represent average maximum

temperature. Arrows indicate sowing, flowering and harvesting for the mungbean varieties.
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3.2. Days to Flowering

There was no significant effect of water treatment and varieties on days to flowering
across the sites. Average days to flowering ranged from 38 to 78 days after sowing (DAS)
across the sites (Table 3). The average growing degree days (GDDs) ranged from 495 to
1195, and the average photoperiod (one week to flowering) ranged from 14.03 to 14.50 h.

Table 3. Number of days from sowing to flowering, average growing degree days (GDDs) and average
photoperiod (h) of mungbean at Hamilton, Horsham, Ouyen and Woomelang in 2020 and 2021.

Site Year Days to Flowering Sowing to Flowering GDDs g;i:;:i};g:;:gggﬁ%
Hamilton 2021 38 495 14.15
Horsham 2020 69 829 14.50
Horsham 2021 67 913 14.22
Ouyen 2020 78 1170 14.18
Ouyen 2021 68 974 14.37
Woomelang 2020 71 985 14.38
Woomelang 2021 78 1195 14.03
Note: 7.5 °C temperature is used as base temperature for calculating GDDs [50].
3.3. Biomass and Yield Components
3.3.1. Hamilton 2021
In-season water treatment showed no significant (p > 0.05) effect on podding biomass
(kg-ha™1), grain number (grains-m~2), yield (kg-ha~?!) or harvest index (HI), although there
was a trend towards increased biomass production where additional water was applied.
However, significant differences (p < 0.05) were observed between varieties; Jade-AU
tended to produce more biomass and a larger grain size but a lower grain number, HI and
grain yield (Table 4). A significant interactive effect of variety and water treatment was
observed for grain weight, with Celera II-AU producing a significantly higher grain weight
when water was applied during the reproductive growth stages compared to application
during vegetative growth stages or combined vegetative and reproductive stages (p < 0.05,
Figure 3C).
Table 4. Yield components at the Hamilton site in 2021 for podding biomass (kg-ha™1!), grain number
(grains~m_2), grain weight (mg), yield (kg-ha‘l) and harvest index (HI) of mungbean varieties Celera
II-AU and Jade-AU under different water treatments.
Yield Component
Treatment Podding Bi_omass Crain Namb
(kg-ha™1) ratlt MUMPSE Grain Weight (mg)  Yield (kg-ha—1) HI (%)
(grains-m~—2)
0-0-0 1564 1599 54 be 755 19
Water 0-40-0 2564 2505 51b 989 16
0-0-40 1243 2048 54 c 915 21
0-40-40 2117 1818 47 a 1079 17
Variety Celera II-AU 1698 3224 b 38a 1262 b 26b
Jade-AU 2047 761 a 65b 607 a 11a
Variety p-value <0.001 <0.001 <0.001 <0.001

Data with the same letter within a treatment are not significantly different at p < 0.05.

3.3.2. Horsham 2020

Podding biomass, grain number, grain weight, yield and HI were significantly affected
by water treatments (Table 5). Significant differences were observed between varieties
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for grain number, grain weight and HI, while grain weight was significantly affected by
an interaction of variety x water treatment (Figure 3).

1007 (A) Ouyen 2021 1007 (B) Horsham 2021
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Figure 3. Grain weight (mg) (A-C) and harvest index (HI) (D) of mungbean varieties Celera II-AU
and Jade-AU under different water treatments at Ouyen 2021 (A,D), Horsham 2021 (B) and Hamilton
2021 (C). Error bars indicate the 95% confidence interval of each mean value. Data with the same

letter within a treatment are not significantly different at p < 0.05.

Table 5. Podding biomass (kg-ha™!), grain number (grains-m~2), grain weight (mg), yield (kg-ha~')
and harvest index (HI) of mungbean varieties Celera II-AU and Jade-AU under different water
treatments at Horsham in 2020 and 2021.

Yield Component

Podding Gral
Year Treatment Biomass rain Grain Yield o
(gha™h) ggi‘;l‘gt;ffz) Weight (mg)  (kg-ha-1) HI (%)
0-0-0 1460 a 497 a 59 a 276 a 26a
Water 0-40-0 2104 be 749 b 59a 387 ab 26 a
0-0-40 1809 ab 800 b 65b 502 b 30b
L 0-40-40 2455¢  1299c 64b 769c¢  3lb
2020 Variet Celera II-AU 1894 996 a 442 438 27a
y Jade-AU 2019 677 b 80 b 529 30b
__ Water  pvalue <0001 <0001 - <0001 - <0001 <0.001
Variety p-value <0.001 <0.001 <0.001
0-0-0 984 655 a 55b 345 a 26 ab
0-40-0 1407 1442 be 55b 695 ab 29 ab
0-0-40 1073 1327 abc 55b 645 ab 27 ab
Water 0-40-40 1308 1871 ¢ 52 ab 907 b 30b
60-0-0 1011 836 ab 53 ab 410a 25a
60-40-0 1461 1194 abc 54 ab 598 ab 27 ab
2021 60-0-40 958 1248 abc 56 b 623 ab 27 ab
. ________604040 1672 16llc 5la 811b 29ab
Variet Celera 1I-AU 1067 a 1568 a 36a 582 29a
y Jade-AU 1401 b 978 b 72b 676 27b
__ Water  pwvalke <0001 0003 - <0001 0027
Variety p-value 0.014 <0.001 <0.001 0.004

Data with the same letter within a treatment are not significantly different at p < 0.05.
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Applying 40 mm of water at both the vegetative and reproductive growth stages (0-40-
40) significantly increased mungbean yield, podding biomass, grain number, grain weight
and HI compared to those rainfed (0-0-0). An increased water supply at the vegetative
(0-40-0) or reproductive (0-0-40) growth stages significantly increased podding biomass
and grain number compared to those rainfed, while grain weight, yield and HI were
significantly increased with additional water supply at reproductive growth stages but not
at vegetative growth stages compared to rainfed mungbean.

Jade-AU had a significantly higher grain weight and HI compared to Celera II-AU,
while grain number was significantly higher for Celera II-AU compared to Jade-AU
(Table 5). Yield was higher for Jade-AU compared to Celera II-AU, but differences were not
significant (p > 0.05).

3.3.3. Horsham 2021

Grain number, yield and HI were significantly affected by water treatment and variety
at Horsham in 2021 (p < 0.05, Table 5). Podding biomass was significantly affected by variety
while grain weight was significantly influenced by variety x water treatment interaction
(Figure 3).

Applying 80 mm of water in-season significantly increased mungbean yield and grain
number compared to those rainfed. Additional stored soil water (where 60 mm of water
was applied at pre-sowing) had no significant effect on podding biomass, grain number,
grain weight, yield or HI. Similarly, an additional water supply at the vegetative and repro-
ductive growth stages trended towards an increased grain number, grain weight, yield and
HI. However, the difference was not significant (p > 0.05). For Celera II-AU the water treat-
ment did not have a significant effect on grain weight; for Jade-AU, the 60-0-40 treatment
significantly increased grain weight by 13.6% compared to the 60-40-40 water treatment.

Comparing varieties, Jade-AU had a significantly higher podding biomass and grain
weight compared to Celera II-AU. In contrast, Celera II-AU had a significantly higher grain
number and HI compared to Jade-AU. The yield was higher for Jade-AU compared to
Celera II-AU, but the difference was not significant.

3.3.4. Ouyen 2020

The podding biomass (kg-ha~!), grain number (grains-m~?2), grain weight (mg), yield
(kg-ha~') and HI of mungbean were significantly affected by water treatment (Table 6).
Grain number was significantly affected by variety (Table 6), while grain weight was
significantly influenced by variety x water treatment interaction (Figure 3).

The podding biomass, grain number, yield and HI of mungbean were significantly
higher where 80 mm of water was applied during the growing season (0-40-40) compared to
those rainfed. Podding biomass was significantly increased with additional water applied
at the vegetative growth stages compared to rainfed mungbean. Furthermore, grain number
and yield were all significantly greater where water was applied during the reproductive
growth stages than in rainfed conditions. However, there was no significant difference in
podding biomass from water application at the vegetative and reproductive growth stages.
Grain weight was significantly greater where water was applied at the reproductive growth
stage (61 mg) compared to vegetative growth stages (49 mg).

Jade-AU had a significantly higher grain weight (70 mg) compared to Celera II-AU
(40 mg), while Celera II-AU (529 grains:m2) had a significantly higher grain number
compared to Jade-AU (327 grains-m~2). Yield and HI were not significantly different
between Jade-AU and Celera II-AU.



Agronomy 2025, 15,1711

12 of 26

Table 6. Yield components at the Ouyen site in 2020 and 2021 for podding biomass (kg-ha™?),
grain number (grains-m~2), grain weight (mg), yield (kg-ha~!) and harvest index (HI) of mungbean
varieties Celera II-AU and Jade-AU under different water treatments.

Yield Component
Podding -
Year Treatment Biomass NGraLn Grain Yield HI (%)
(kg-ha—1) (grailgzniz) Weight (mg) (kg-ha—1) °
0-0-0 383 a 135a 53 ab 77 a 18 a
0-40-0 815 bc 272 ab 49 a 118 ab 20 a
Water 0-0-40 519 ab 459b 61b 258b 26 ab
0-40-40 962 ¢ 846 ¢ 56 ab 455 ¢ 29b
2020 " CelerallAU 588 ! 529b 40a 211 25
Variety Jade-AU 752 327a 70b 243 22
Water p-value 0.001 <0.001 0.006 <0.001 0.006
Variety p-value 0.005 <0.001
0-0-0 1331 a 1671 ab 62 1032 ab 24
0-40-0 1442 ab 1989 ab 61 1399 ab 23
0-0-40 1452 ab 2344 b 63 1441 ab 27
Water 0-40-40 1511 ab 2420 b 62 1504 b 26
60-0-0 1597 ab 1366 a 60 839 a 24
60-40-0 2148 b 1644 ab 60 967 ab 24
2021 60-0-40 1586 ab 2061 ab 59 1376 ab 27
60-40-40 2035 ab 2379 b 60 1412 ab 26
~_  CeleralllAU 1472a 1927 41a 839a  22a
Variety Jade-AU 1804 b 2042 81b 1654b 28b
Water p-value 0.02 0.004 0.004
Variety p-value 0.012 <0.001

Data with the same letter within a treatment are not significantly different at p < 0.05.

3.3.5. Ouyen 2021

Podding biomass (kg-ha™') and yield (kg-ha~!) were significantly affected by water
treatment and variety (Table 6). Grain number (grains-m~?2) significantly differed between
the water treatments. Additionally, the interaction between variety and water treatment
significantly influenced grain weight (mg) and HI (Figure 3).

Podding biomass and yield were not significantly influenced by 40 mm in-season
water application during the vegetative and reproductive growth stages as compared to
rainfed varieties (0 mm). Additional water availability at the vegetative or reproductive
growth stages had no significant effect on podding biomass, grain number or yield, even
though there was a trend towards increased production with increased water availability.
However, grain number was significantly higher where water was applied at vegetative
and reproductive growth stages compared to those rainfed when the additional pre-sowing
stored water of 60 mm was available. Biomass, grain number and yield were significantly
lower with pre-sowing water and no in-season water application (60-0-0) in comparison
to no pre-sowing water with water application during vegetative and reproductive stages
(0-40-40).

The grain weight for Jade-AU with the 0-40-0 water treatment was significantly higher
compared to the 60-0-0 water treatment. In contrast, for Celera II-AU, irrigation had the
opposite effect on grain weight for those under water treatment, with the 60-0-0 water treat-
ment recording significantly higher grain weights compared to the 0-40-0 water treatment.

Applying additional water in-season had no significant effect on HI for Jade-AU. In
contrast, for Celera II-AU, HI increased for the 0-0-40 treatment compared with 0-40-0. The
remaining water treatments did not have a significant effect on the HI of Celera II-AU
compared to the rainfed treatment.
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Podding biomass and yield were significantly higher for Jade-AU compared to Cel-
era II-AU.
3.3.6. Woomelang 2020
Podding biomass (kg-ha~!), grain number (grains-m~2) and yield (kg-ha ') differed
significantly between water treatments (Table 7). Grain number, grain weight, yield and HI
differed significantly between varieties (Table 7).
Table 7. Yield components at the Woomelang site in 2020 and 2021 for podding biomass (kg-ha=1),
grain number (grains~m_2), grain weight (mg), yield (kg~ha_1) and harvest index (HI) of mungbean
varieties Celera II-AU and Jade-AU under different water treatments.
Yield Component
Podding -
Year Treatment Biomass NGraLn Grain Yield HI (%)
(ke-ha—1) umber . P o
g (grains-m2) Weight (mg) (kg-ha—1)
0-0-0 1197 a 456 a 59 242 a 17
Wat 0-40-0 1373 ab 520 a 59 283 a 19
ater 0-0-40 1317 ab 723 ab 62 408 ab 20
020 e 04040 217b__1058b ¢ 0 558b 2
Variet Celera II-AU 1405 916 b 42 a 384D 22b
anety Jade-AU 1697 463 a 77b 362a 16a
o Water  pvalue 0024 <0001 <ooot
Variety p-value <0.001 <0.001 0.003
0-0-0 727 a 88 a 50 a 16 a 11a
0-40-0 1328 abc 372 abc 56 ab 168 ab 21b
0-0-40 942 ab 281 abc 54 ab 135 ab 16 ab
Wat 0-40-40 1507 bed 514 bc 61b 251 ab 24Db
avet 60-0-0 1032 ab 192 ab 54 ab 98 ab 20 ab
60-40-0 1835 cd 623 bc 61Db 320b 23b
2021 60-0-40 1257 abc 274 abc 58 ab 151 ab 24b
60-40-40 2054 d 640 c 61b 360 b 24Db
" CelerallAU 1i1a 380 40a 19a 20
Variety Jade-AU 1559 b 366 74b 255b 21
__ Water ___ _pvalue - <0.001 _ _ __ _ <0001 _ _ _ _ | 0.005_ _ _ _ _ _ 0.001L _ _ ___ <0.001 _ _ _
Variety p-value 0.004 <0.001 0.001

Data with the same letter within a treatment are not significantly different at p < 0.05.

In terms of water availability, treatments that received water during the vegetative
and reproductive stages exhibited a significantly higher podding biomass, grain number
and yield compared to rainfed treatments. While additional water during these stages was
associated with increased podding biomass, grain number, grain weight, yield and harvest
index, these differences were not statistically significant. Grain weight (mg) and HI showed
no significant differences between the water treatments.

Celera II-AU demonstrated a significantly higher grain number, harvest index and
yield compared to Jade-AU. Conversely, Jade-AU exhibited a significantly greater grain
weight than Celera II-AU.

3.3.7. Woomelang 2021

Podding biomass (kg~ha’1), grain number (grains-m’Z), grain weight (mg), yield
(kg~ha’1) and HI (%) were significantly influenced by the water treatments (Table 7).
Additionally, grain weight and yield showed significant differences between varieties
tested (Table 7).

Podding biomass and grain number were significantly higher when water was applied
during the vegetative and reproductive stages than when rainfed. However, grain weight
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and HI were significantly higher for in-season water availability than rainfed water when
there was no pre-sowing water availability. The yield was significantly higher when both
in-season water (80 mm) and pre-sowing water (60 mm) were available (60-40-40) compared
to the rainfed treatment (0-0-0). Furthermore, the additional stored soil water from the
pre-sowing application of 60 mm did not have a significant effect on podding biomass,
grain number, grain weight, yield or HI. Similarly, while the extra water supply during
the vegetative and reproductive stages indicated a trend towards increased grain number,
grain weight, yield and harvest index, the differences were not statistically significant.

Of the varieties, Jade-AU consistently demonstrated a significantly greater podding
biomass, grain weight and yield compared to Celera II-AU. There were no significant
differences in grain number or harvest index between the two varieties.

3.4. Water Use and Water Use Efficiency (WUE)

Total water use differed significantly between water treatments across all trials
(p < 0.01, Table 8). The effect of water treatments was significantly higher when the water
supply was at both the vegetative and reproductive stage compared to rainfed treatment
across the trials. However, the impact of water supply at only either the vegetative or
reproductive stage was significantly higher in the drier environments of Ouyen, Woome-
lang and Horsham 2021. Across the trials the water use was not significantly different
between the vegetative and reproductive water treatments. The impact of the pre-sowing
water treatment of 60 mm was significantly greater water use compared to no pre-sowing
water applications only at Ouyen 2021. At Ouyen 2020, for total water use (mm), there
was a significant interactive effect of variety and water treatment (p < 0.01, Table 8). Under
the rainfed condition, Jade-AU had significantly lower water use (80 mm) compared to
Celera II-AU (124 mm). Conversely, Jade-AU had significantly higher water use (204 mm)
with water treatment at both the vegetative and reproductive stages (0-40-40) compared to
Celera II-AU (175 mm).

The in-season water availability at different growth stages significantly affected WUE
in drier environments (Ouyen, Woomelang and Horsham) (Table 9). In contrast, at Woome-
lang 2020 and in the high rainfall zone (Hamilton), the effect of water treatment on WUE
was not significant. Additionally, the WUE of varieties was dependent on the water treat-
ment in Ouyen 2021 (significant variety x water treatment interaction at p < 0.05, Table 9).
The in-season water application at both the vegetative and reproductive stage without
pre-sowing water application had a significantly higher WUE compared to the rainfed
treatment in Horsham 2020, Horsham 2021 and Ouyen 2020, whereas at Woomelang 2021
the in-season water application at both the vegetative and reproductive stage along with
pre-season water application had a significantly higher WUE compared to the rainfed
treatment. Importantly, water treatment at the reproductive stage had a significantly higher
WUE in Horsham 2020. For variety, Jade-AU recorded a significantly higher WUE in drier
environments (Ouyen, Woomelang and Horsham), except at Ouyen 2020 and Woomelang
2020. In contrast, Celera II-AU had a higher WUE in the high rainfall zone of Hamilton
compared to Jade-AU.
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Table 8. Water use (mm) of mungbean varieties Celera II-AU and Jade-AU under different water treatments at Hamilton, Horsham, Ouyen and Woomelang in 2020

and 2021.
Hamilton 2021 Horsham 2020 Horsham 2021 Ouyen 2020 Ouyen 2021 Woomelang 2020 Woomelang 2021
] =] =] =] =] =] =]
< B < B < B < B < B < B < B
Water Treatment = < 5 = < g = < 5 = < § = < 5 = < g = < g
o L il U © L « U © L o U « L
b 9 = s} =t = 3 ° = s} -] = 3 ° = s} ] 3 o] -t =
o —_ o] —_ o —_ o) —_ o —_ o —_ o) —_
o o o o o v o
0-0-0 285 270 278 a 170 154 162 a 244 221 233 a 124 80 102 a 100 108 104 a 77 95 86 a 112 117 115a
0-40-0 357 259 308 ab 208 200 204b 240 246 243 a 152 141 147 b 155 161 158 b 133 159 146 b 121 172 147 ab
0-0-40 275 247 261 a 213 195 204 b 249 272 260 ab 155 175 165 be 147 151 150 b 114 130 122b 153 170 162 ab
0-40-40 346 392 369 b 247 243 245 ¢ 292 275 284 b 175 204 190 ¢ 183 202 193 ¢ 174 186 180 ¢ 199 202 207 b
60-0-0 235 233 234 a 146 179 163 b 105 133 119 a
60-40-0 265 270 267 ab 207 207 207 ¢ 186 181 183 b
60-0-40 237 240 238 a 183 194 189 ¢ 166 174 170 ab
60-40-40 283 303 293 b 237 243 240 d 165 236 200 b
Mean 316 292 304 210 198 204 256 258 257 152 150 151 170 181 175 125 143 134 151 173 162
__ Water x Variety _ pwvalwe _ __ _ _ ___ _ _ _ _ _ _ __ _ _ _ _____________________ 0008 o _________.
o _Water ___ _ pvalue o001 _ _ _____ 0001 _ _ _ ______ <0001 _ _ _ _____ 3 <02  ___ _____<eo0O0_________<00__ _______oo;
Variety p-value 0.003 0.039 0.017

Data with the same letter within a treatment are not significantly different at p < 0.05.

Table 9. Water use efficiency (kg-ha~!-mm ') of mungbean varieties Celera II-AU and Jade-AU under different water treatments at Hamilton, Horsham, Ouyen and
Woomelang in 2020 and 2021.

Hamilton 2021 Horsham 2020 Horsham 2021 Ouyen 2020 Ouyen 2021 Woomelang 2020 Woomelang 2021
= =} =} =} =} =} =}
I o2 ) I o2 ) I o8 ) I o2
Water Treatment = < 5 = < g = < 5 = < g = < E = < g = < g
< ] < ] < ] < ] < ] < ] < ]
] = = b ] p= bl = = b 2 p= bl k] = b 2 p= 3 k] =
o} —_ o] —_ o —_ o) —_ o —_ o —_— o) —_
O o O 1Y) o O o
0-0-0 39 19 2.9 15 2.0 17a 1.3 2.0 l6a 04 12 0.8a 75 129 102c¢ 36 22 2.9 0.5 0.7 0.6a
0-40-0 5.1 2.1 3.6 18 24 2.1ab 2.9 3.2 3.1b 1.1 0.5 0.8a 36 140 88bc 22 1.9 2.0 1.8 14 1.6 ab
0-0-40 4.4 2.6 3.5 23 32 2.7 bc 2.8 2.2 2.5 ab 15 1.6 1.6 ab 73 145 109c¢ 37 33 3.5 0.6 0.7 0.7 ab
0-40-40 4.7 17 3.2 3.0 34 32c¢ 2.6 3.9 32b 23 26 24b 5.6 9.9  7.7abc 36 28 3.2 11 18 14ab
60-0-0 1.8 18 1.8ab 2.8 7.1 50a 0.6 2.1 1.3 ab
60-40-0 2.0 2.3 2.2ab 3.6 5.8 47a 1.6 18 1.7 ab
60-0-40 24 2.9 2.6 ab 6.0 85 7.2abc 0.6 18 1.2ab
60-40-40 27 27 2.7 ab 48 8 6.4 ab 1.8 22 2.0b
Mean 4.5 2.1 3.3 2.2 2.8 2.5 2.3 2.6 2.5 13 15 14 52 101 7.6 3.3 2.6 29 11 1.6 13
.o Waterx Variety __ pvalue o ____________ oo .
oo Water | _pvale ____________ oot . 0006 - _ _ _____ oot _____ o _0®e
Variety p-value <0.001 0.027 0.002 <0.001 0.030

Data with the same letter within a treatment are not significantly different at p < 0.05.
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The average WUE across the sites for Celera II-AU and Jade-AU was 2.3 kg-ha~!-mm !
for both varieties (Figure 4). From the same figure, an arbitrary line which encloses the
highest-yielding points of different levels of water use was used to calculate the maximum
potential WUE for mungbean varieties. The maximum potential WUEs for mungbean
varieties Celera II-AU and Jade-AU were 6.4 and 5.1 kg-ha~!-mm ™!, respectively. The soil
evaporation values of Celera II-AU and Jade were 83 and 74 mm respectively.

(A) Celera lI-AU 25009 (B) Jade-AU
WUE (mean) = 23kg-ha ' -mm"’ * &
y = 4.77x + 456 20004 WUE (mean) = 2.3kg- ha'-mm™
Maximum potential r=0.83"* Maximum potential . ¥ =2.88x-106
WUE =64 kg-ha™'-mm™ WUE =51kg-ha™'-mm™’ r=0.78"*
'@ 15001
bl e
o
e
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>_
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Total Water Use (mm) Total Water Use (mm)
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Pre-sowing water ® No O Yes

Figure 4. Relationship between grain yield and total water use in Hamilton, Horsham, Ouyen and
Woomelang for (A) Celera II-AU and (B) Jade-AU. The solid lines represent the maximum potential
water use efficiency across the trials using the French and Schultz [51] frontier approach, where
an arbitrary line is drawn that encloses nearly all the highest-yielding crops at varying water-use
levels, thereby establishing a linear relationship between potential yield and water use. The x-
intercept represents the water loss by direct evaporation and the slope represents the maximum
potential water use efficiency. The dotted line shows the fitted regression line. Asterisks (***) denote
a significant correlation at p < 0.001. Black points = without pre-sowing water treatment; white
points = with pre-sowing water treatment. Grey-coloured diamond points represent the data from
Ouyen 2021 which are excluded from calculations of the benchmark WUE and WUE (mean) across
the trial.

3.5. Nitrogen Derived from the Atmosphere (%Ndfa)

The %Ndfa varied significantly across the sites ranging from 24 to 70%. The %Ndfa
value was relatively higher (70%) at Woomelang 2021 compared to Ouyen 2021 (61%),
Hamilton 2021 (37%) and Horsham 2021 (24%). Water treatment had a limited effect on
%Ndfa apart from in Horsham and Woomelang in 2021. At Horsham 2021, a significant
interactive effect of variety and water treatment on %Ndfa was observed at Horsham
(p < 0.05, Table 10). Jade-AU with the 0-40-0 mm and 60-0-0 mm water treatments had
a significantly higher %Ndfa compared to Celera II-AU, while there was no significant
difference between the varieties for the other water treatments. The %Ndfa ranged from 9.6
to 39% at Horsham 2021. At Woomelang 2021, the water treatment had a significant effect
on %Ndfa (Table 10). Water treatment at the vegetative and reproductive stage (0-40-40)
had a significantly higher %Ndfa (75.8%) compared to water treatment at the pre-sowing
and vegetative stage (60-40-0) with a value of 64.1%. The %Ndfa values did not differ
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significantly between varieties and water treatment at the other sites, Hamilton 2021 and
Ouyen 2021 (Table 10).

Table 10. %Ndfa of mungbean varieties Celera II-AU and Jade-AU under different water treatments
at Hamilton, Horsham, Ouyen and Woomelang in 2021.

Hamilton 2021 Horsham 2021 Ouyen 2021 Woomelang 2021
=) =) =) =)
< 2 < 2 < 2 < 2
Water Treatment = < g = < § = < § = < g
« ) « ) « ) « )
2 S = o o = o ° = o o =
o) - o) - o) - o) -
) ) @) )
0-0-0 46.2 350 40.6 20.0 19.6 19.8 a 604  65.2 62.8 63.6 71.1 674ab
0-40-0 40.0 344 37.2 212 328 27 ab 568 573 57.1 670 693 68.1ab
0-0-40 415 343 37.9 256 268 262ab 602 652 62.7 624 694 659ab
0-40-40 389 267 32.8 39.0 323 35.6b 56.3 634 59.9 768 748 75.8b
60-0-0 9.6 23.2 164 a 65.9 675 66.7 764 621 69.2ab
60-40-0 213 161 18.7 a 599 619 60.9 65.0 63.2 64.1a
60-0-40 18.0 20.5 19.2a 59.0 625 60.7 725 759 742ab
60-40-40 253 252 252a 58.7 585 58.6 701 726 713ab
Mean 416 326 37.1 225 246 23.5 59.7 627 61.2 69.2 69.8 69.5
_ Water x Variety _ _pvalue  ____ ___ _________ 0041 o ____.
Water p-value <0.001 0.025

Data with the same letter within a treatment are not significantly different at p < 0.05.

3.6. Total N Fixation

The total N fixed (kg-ha~!) differed significantly between water treatment and vari-
eties in Horsham 2021, Ouyen 2021 and Woomelang 2021 (Table 11). At Horsham 2021,
significantly higher N fixation was recorded with water treatment at both the vegetative
and reproductive stage water treatments without pre-sowing water (0-40-40) compared
to the rainfed treatment (0-0-0), whereas in Ouyen 2021, the total nitrogen fixed was sig-
nificantly higher for the rainfed condition when there was no pre-sowing water available
(0-0-0) compared with the rainfed treatment with pre-sowing water availability (60-0-0).
In Woomelang, the total N fixation was significantly higher with 80 mm in-season water
availability at the vegetative and reproductive stages, with or without pre-sowing water
availability (0-40-40 and 60-40-40) compared to those rainfed (0-0-0).

Table 11. Total amount of nitrogen (kg-ha~!) derived from fixation for mungbean varieties Celera
II-AU and Jade-AU under different water treatments at Hamilton, Horsham, Ouyen and Woomelang
in 2021 summer season.

Hamilton 2021 Horsham 2021 Ouyen 2021 Woomelang 2021
=] =] =] =}
< 2 < 2 < 2 < =)
Water Treatment = < E = < E = < § = < §
[+] U [+] U [+] U [+] U
3 o = o} ] = o} ] = o} ] =
o o o o
0-0-0 20.0 33.0 26.5 2.1 2.8 25a 33.9 81.9 579b 2.8 10.7 6.7a
0-40-0 32.4 27.1 29.8 3.4 7.5 5.4 ab 35.8 72.3 54.1 ab 8.2 10.6 9.4 ab
0-0-40 22.6 35.2 28.9 5.3 6.2 5.8 ab 43.4 80.9 62.1b 6.4 18.2 12.3 ab
0-40-40 31.2 23.6 27.4 4.2 10.0 71b 48.8 73.6 61.2b 9.2 20.1 14.7b
60-0-0 1.5 5.7 36a 21.3 448 33.0a 4.3 13.4 8.8 ab
60-40-0 3.3 3.0 31a 28.0 39.5 33.7 a 9.3 15.4 12.3 ab
60-0-40 29 54 4.2 ab 39.0 60.9 49.9 ab 7.4 12.0 9.7 ab
60-40-40 3.7 7.1 5.4 ab 38.8 47.6 43.2 ab 10.1 20.4 15.2b
Mean 26 297 281 33a  60b 46 L6027 494 724 1 12
o _Water  __ _ pvalue ___ _ _ _ _ _ _________ eoor - _ ____ 5 <0oot - _{ 0005
Variety p-value <0.001 <0.001 <0.001

Data with the same letter within a treatment are not significantly different at p < 0.05.

The variety Jade-AU had significantly higher N fixation in Horsham 2021, Ouyen 2021
and Woomelang 2021 compared to Celera II-AU in Horsham 2021, Ouyen 2021 and Woome-
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lang 2021 (Table 11). Total N fixation was not significantly different for water treatment
and variety in Hamilton 2021 where the overall site mean N fixation was 28.1 kg-ha~! with
a range of 20.0-35.2 kg-ha 1.

4. Discussion

Understanding the effect of temporal and absolute water availability on the growth
and yield components of mungbean is critical to testing their suitability in new growing
environments. The focus of the present work was to examine the interactive effects of
variety and water supply on the growth and yield of mungbean. Mungbean yield varied
between years (e.g., 227-1247 kg-ha~! at Ouyen) and across sites (187-1247 kg-ha~!). The
variability in yield across the sites is likely due to the range of weather and soil conditions
across the trial environments. The addition of water during the vegetative and reproductive
stages significantly influenced mungbean grain yield across all sites except at Hamilton
2021. Water use efficiency was influenced by water treatment at all sites except Hamilton
2021 and Woomelang 2020.

4.1. Relationship of Weather, Water Availability and Phenology to Mungbean Yield

Mungbean is typically adapted to subtropical climates characterised by warm summer
temperatures and a shorter daylength in comparison to the semi-arid environments of
south-eastern Australia. As a result, growing mungbean in this environment was expected
to significantly alter the rate of phenological development. While mungbean is classified
as a short-day crop [29-31,52-54], Australian commercial cultivars such as those grown
in this experiment are generally considered photoperiod-insensitive [55] when grown in
traditional production regions. However, in these experiments mungbean showed a level of
photosensitivity, flowering at a variety of thermal time intervals across locations (Table 3). In
northern Australia, mungbean flowering is typically initiated after 600 growing degree days
(GDDs) [28]. However, in the present study, flowering started at a range of 829-1198 GDDs.
Furthermore, sowing prior to the summer solstice (Ouyen, Woomelang and Horsham)
typically resulted in a longer pre-flowering period compared with sowing after the summer
solstice (Hamilton). In addition to temperature and photoperiod differences between cold
semi-arid and subtropical environments, rainfall patterns and water supply are a clear
point of difference between south-eastern Australia and traditional mungbean growing
regions. Importantly, it was observed in the current study that water supply had no
significant impact on time to flowering, which is in line with a previous study by Kumar
and Sharma [56]. While this study provides an initial assessment of mungbean suitability in
this environment, it highlights the need for further physiological studies to understand the
phenological response to the photoperiod and temperatures typical of southern Australia.

While south-eastern Australia is a typically cooler environment than subtropical re-
gions, the summer period is subject to extreme temperatures (>35 °C) on a semi-regular
basis, with the potential to coincide with key growth stages in mungbean. Previous studies
have highlighted the importance of extreme temperatures to grain set [57], as tempera-
tures above 35 °C during the reproductive stage have a negative impact on mungbean
yield [28,58]. Mungbean can undergo significant loss of flowers and pods in the field when
exposed to high temperatures [59]. Rachaputi et al. [28] reported up to a 50% yield reduc-
tion in mungbean when exposed to air temperatures above 35 °C during flowering and
pod set in Central Queensland, Australia. Across all sites, a minimum of 5 days per season
with maximum temperatures > 35 °C from flowering to 30 days after flowering (i.e., during
February) was measured during the experimental period. This high temperature may have
caused significant pollen sterility, leading to a substantial reduction in grain number across
the sites, resulting in yield loss in the low rainfall areas of Ouyen and Woomelang compared
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to the high rainfall and more temperate environment of Hamilton. Trial results suggest the
decline in mungbean yield is primarily due to reduced grain set, supported by a positive
relationship between grain number and yield across the sites (r = 0.96 ***). These findings
align with earlier work by Kaur et al. [57], who reported that high temperatures during
flowering reduce grain set by producing less viable and less vigorous pollen, ultimately
leading to flower abortion. Pollen viability in high temperatures can reduce pollen fertility
by 60% and flower number by 32%, resulting in the reduction in total grain number [60].
Analysis of historical climate records for the month of February indicates that a minimum
of 5 days with maximum temperatures exceeding 35 °C occur in 90%, 100%, 70% and 20%
of years at Ouyen, Woomelang, Horsham and Hamilton, respectively. Hence, with the
current temperature patterns and existing phenology, mungbean is better suited to the
climate of Hamilton. However, further research is needed to fully understand the complex
interactions between temperature and reproductive processes—including pollen develop-
ment, fertilisation and grain filling—to develop an agriculture system fit for mungbean
cultivation during the summer season in southern Australia.

In addition to extreme temperatures, the mean daily temperature can have a significant
effect on the rate of development. In the current study, growing mungbean in cooler
environments led to extended flowering and grain filling, setting up higher yield potential.
A negative correlation (r = —0.83 *) was observed between mean daily temperature from
flowering to harvest and days to harvest from flowering, similar to previous studies [31].
As a result, mungbean grown at Hamilton exhibited an extended grain-filling period,
leading to a delayed harvest compared to environments with higher temperatures (Ouyen
and Woomelang). Another aspect of extended maturity is related to the non-synchronous
maturity of mungbean varieties [61], which is caused by their indeterminate growth habit
triggered by water availability during the reproductive period [62]. Favourable conditions
result in additional flowering and pod setting, extending the duration of maturity [63].
These effects need to be considered when assessing the suitability of mungbean to southern
Australia since uneven maturity could have a variety of negative effects ranging from yield
and grain quality to the logistics of growing mungbean in a broader farming system.

4.2. The Relationship Between Water Availability and Yield-Determining Attributes

Changing water availability at different growth stages had a significant influence on
yield and components. Each additional water application after sowing significantly in-
creased yield across all sites except in Hamilton 2021, where supplementary water treatment
had no yield advantage over those rainfed alone. This might be due to higher in-season
rainfall before sowing (178 mm), and during flowering and pod setting at Hamilton 2021
(Figure 2). The soil water available at sowing in Hamilton 2021 was 71 mm with an addi-
tional 112 mm of rainfall during the first 100 days after sowing, whereas at other sites, the
soil water at sowing was less than 65 mm and rainfall during the first 100 days after sowing
was less than 76 mm. The long-term summer rainfall at Ouyen, Woomelang, Horsham and
Hamilton was 69, 72, 78 and 100 mm, respectively, with Hamilton receiving the highest
average annual rainfall [39]. Analysis by Christy et al. [64] assessed the probability of
receiving sufficient rainfall to support summer cropping across Victorian grain-growing
regions. Defined as a minimum of 30 mm of rainfall to enable sowing between October and
December, followed by 150 mm of follow-up rainfall within a 90-day growing season, the
probability of sufficient rainfall was 28, 19, 33 and 55% at Ouyen, Woomelang, Horsham
and Hamilton, respectively [64]. Therefore, before deciding on the cultivation of mungbean,
the status of stored water needs to be considered.

Water availability during the reproductive stage of mungbean had a significant effect
on grain number, as previously observed by Wenham et al. [24]. Water stress can reduce pod
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set by 10-35%, resulting in yield losses of up to 75% in plants stressed during podding [24].
Grain number is primarily determined by pod set and pollen fertility [60]. In our study, the
yield and grain number at Hamilton were not significantly affected by the water treatment,
indicating that stored soil water and in-season rainfall likely met the crops’ requirements. In
contrast, at the lower rainfall sites (Ouyen and Woomelang), water stress had a significant
negative impact on both mungbean grain yield and grain number, likely due to lower soil
water availability and less in-season rainfall compared to Hamilton. The grain numbers
recorded for water treatments during the reproductive stage at Ouyen and Woomelang
were lower compared to Hamilton. The lower grain yield in low rainfall sites, Ouyen and
Woomelang, could be a result of a reduction in grain number caused by water stress, as
evidenced by the significant correlation between grain yield and grain number (r = 0.96 ***)
across the sites and at each site. These findings align with previous research, which has
shown that mungbean yields decrease by 53-75% under water stress during reproduction,
with a strong correlation between grain yield and grain number [24,65]. Analysis of yield
components showed that the yield response to additional water was significantly correlated
with harvest index (r = 0.45 ***). The positive response of an increased HI to water treatment
was consistent with other studies [21]. The effect was significantly greater when water was
applied at both the vegetative and reproductive stages compared to rainfed treatments
across the sites, except at the high rainfall zone (Hamilton 2021). Increased water availability
across the growing season allows mungbean to maximise leaf area index and consequently
achieve higher photosynthetic efficiency [25]. Water availability during the vegetative
stage is essential to support leaf emergence and expansion [66,67]. Similarly, a higher
HI with each additional water treatment resulted in a higher yield through a greater
grain number. Furthermore, the yield was greater when water was available during the
reproductive stage compared to the vegetative stage, even though the difference was not
significant across the sites. The significant effect of each additional water treatment at
critical stages on grain number is consistent with the findings of earlier studies [26,65,68,69].
Importantly, the higher grain number likely resulted from the higher availability of sinks
and increased biomass during the grain-filling phase in the irrigated treatments [69]. The
sensitivity of grain number and seed size to mungbean yield under water stress has been
well documented [21,22,24,65]. Water stress during microsporogenesis will affect pollen
viability and plant fertility, resulting in a lower grain set [70,71]. A greater grain number
was due to the lesser stress resulting from the availability of soil water with each additional
water treatment [26]. Therefore, sufficient water availability during the reproductive stage
for flowering and pod development is critical for mungbean yield [72,73], emphasising
the need to select sites with a higher probability of receiving follow-up rainfall during the
growing period, particularly at the reproductive growth stage (e.g., Hamilton).

Yields with water supply at the vegetative and reproductive stages in the current study
of southern Australia for mungbean are similar to those observed by Rachaputi et al. [28]
under rainfed conditions in Queensland, where yields up to 2000 kg-ha~! were achieved
with supplementary irrigation for the mungbean variety Jade-AU. With water supply
during the vegetative and reproductive stages, mungbean can be successfully grown in
southern Australia, highlighting its potential as a rotation crop in dryland systems during
years with sufficient spring soil water, or within irrigation regions as a pulse phase. Most
of the irrigated land in southern Australia is in northern Victoria and southern New
South Wales, forming part of the Murray—Darling Basin and the Goulburn River irrigation
systems [74]. These systems support more than 400,000 ha of irrigated crops such as corn,
oilseed and barley in northern Victoria [75]. Across these irrigated regions, there is already
some production of other summer crops such as soybean, navy bean and corn [76]. Given its
high market value and relatively low irrigation requirement (3.5-4.5 ML-ha~!), mungbean
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has the potential to expand into these regions as a reliable summer crop [17]. However,
further research on mungbean agronomy is needed to support expansion in these systems.

4.3. Relationship Between Yield and Water Use

Total water use varied between the sites, ranging from 134 mm at Woomelang in
2020 to 304 mm at Hamilton in 2021. Crops with water applied at both the vegetative
and reproductive growth stages extracted significantly more water compared to those
rainfed across all sites (Table 8). Additional water availability at both growth stages
likely led to higher water extraction due to increased water demand from the increased
canopy [42,66,67] and reduced loss from soil evaporation, which ultimately improved
WUE [42]. Additional water supply at vegetative or reproductive stages did not result
in significant differences in total water use at any sites. However, the total water use
was greater when applied at both the vegetative and reproductive stages compared to
rainfed conditions across the sites. Mungbean was able to extract water from up to 1.2 m
deep at some sites where additional water was applied pre-sowing, which was consistent
with observations from tropical environments [42]. Additionally, a significant positive
correlation was observed between total water use and both podding biomass (r = 0.38 **)
and yield (r = 0.34 ***) across all the treatments and sites. Previous studies have also
reported positive relationships between total water use and biomass and grain yield in
various grain crops [77,78].

The maximum potential WUEs observed in the current study (6.4 and 5.1 kg-ha~!-mm !
for Celera II-AU and Jade-AU, respectively) were lower than previous estimates
(7.1 kg-ha='-mm~!) by Collins et al. [79] under subtropical growing conditions in
Queensland and New South Wales, Australia. However, the average WUE observed
by Collins et al. [79] was similar to the present study (4.4 kg-ha~!-mm™'). For both vari-
eties, the yield was driven by the higher water use across the locations. Additionally, the
greater maximum potential WUE of Celera II-AU compared to Jade-AU could be driven
by its response to higher total water use in Hamilton, producing a significantly higher
yield. The lower WUE values measured in this study could be attributed to the increased
transpiration efficiency in subtropical environments associated with rapid canopy cover,
leading to reduced soil exposure and improved effective water use [26]. Another factor
could be the timing of water availability, as Bourgault et al. [80] reported that insufficient
water availability during flowering and podding had a negative effect on yield, resulting
in a lower yield. Therefore, it is important to consider the size of rainfall events that
drive soil evaporation in southern Australia, where rainfall during summer is likely to be
highly episodic compared to the subtropical growing conditions of Queensland and New
South Wales. However, in the current study conducted at Ouyen in 2021, the yield was
disproportionately elevated in relation to the corresponding water use. This phenomenon
may have arisen from the effects of in-season lateral flow within the soil associated with
a dune/swale topography [81], resulting in an underestimation of water use calculations.
Consequently, it could have inflated the Water Use Efficiency (WUE) values in Ouyen 2021.

4.4. Effect of Water Availability at Different Growth Stages on %Ndfa and Total N Fixation

The %Ndfa values observed in this study (9.6-76.8%, Table 10) are consistent with the
range (15-90%) observed by Peoples et al. [82]. It has also been reported that the %Ndfa in
mungbean can be up to 100% [83], indicating a wide variation in mungbean atmospheric N
fixation. The significantly higher %Ndfa and N accumulation with the additional water
availability at vegetative and reproductive stages compared to the rainfed treatment at
Horsham 2021 and Woomelang 2021 was consistent with the results of Thomas et al. [22].
Water availability plays a significant role in nitrogen fixation and N accumulation, as
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demonstrated at Horsham in 2021, where biomass production was reduced by 55% under
rainfed conditions compared to water application at vegetative and reproductive growth
stages, resulting in a 65% reduction in N fixation. Water availability is a major contributor
to yield and supporting rhizobia and nodule function. Therefore, water availability during
the vegetative and reproductive growth stages of mungbean could have created conducive
conditions for rhizobia to fix nitrogen, while a lack of water during these stages might have
caused nodule senescence under rainfed treatment [84]. In contrast, at Hamilton in 2021 and
Ouyen in 2021, nitrogen fixation was not affected by water treatment. This could be due to
water availability throughout the season from stored soil water, resulting in reduced effects
of water treatment or increased soil N levels [85,86], as measured at Hamilton in 2021. In
the current study, total N fixation was not strongly linked to %Ndfa across the sites, while
the variable N fixation observed across the sites appears to be associated with differences
in biomass production, as indicated by a significant positive correlation between biomass
and N fixation (r = 0.78 *). This relationship has also been reported in earlier studies in
soybean [86] and mungbean [22]. The increased %Ndfa values on Calcarosols (Ouyen
and Woomelang) compared to the Vertosols and Chromosols of Horsham and Hamilton
could be due to soil texture [87]. Therefore, mungbean cultivation in southern Australia
will require inoculation of seeds with the appropriate rhizobia strain [88,89] and selecting
sites with a higher likelihood of receiving follow-up rainfall during the growing period,
particularly at the reproductive growth stage. However, further investigation of soil N
fixation with below-ground N in roots could reveal new insights into the nitrogen fixation
of mungbean under water-limited soils in southern Australia.

5. Conclusions

The growth of mungbean differed markedly across sites, water treatments and va-
rieties. Yields of more than 1000 kg-ha~! were observed at Hamilton and Ouyen when
the crop received sufficient water during critical growth stages, viz. the vegetative and
reproductive stages of mungbean. Crops that received 52 mm of rainfall during the growing
period (i.e., Ouyen) yielded 300 kg-ha~!, while in a year with 108 mm of rainfall, grain
yield exceeded 1000 kg-ha~!. Rainfall during February and March would be critical to
avoid the effects of drought, which could lead to a significant reduction in grain number
and HI, resulting in lower yields. Phenology was largely influenced by photoperiod and
had no significant effect on yield. Photoperiod-insensitive varieties could improve the
adaptation of mungbean to the environments of southern Australia, by avoiding cooler
temperatures from the onset of autumn, thereby constraining the reproductive period and
bringing forward maturity. Total water use was influenced by the environment, particularly
seasonal rainfall and stored soil water. Assessment of nitrogen fixation across the sites
indicated that nitrogen accumulation differed across water treatments. Due to the critical
nature of stored soil water and in-season water availability to mungbean growth, the high
rainfall zone within Victoria (Hamilton) appears the best option for considering mung-
bean as an opportunistic summer crop. For southern Australia, this study demonstrates
that mungbean sowing must be tailored to regional conditions, particularly by aligning
sowing with rainfall events and avoiding the risk of high temperatures (>35 °C) during
the reproductive phase. Regions receiving more than 450 mm of annual rainfall, such as
Hamilton and Rutherglen, are better suited to opportunistic mungbean cultivation within
an October-December sowing, provided there is adequate soil water at sowing (more than
100 mm) and sufficient rainfall (more than 200 mm) to support crop growth.
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