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Abstract: Productive water use can be an effective adaptation strategy for improving crop perfor-
mance. A 2-year field study was undertaken in 2018 and 2019 to investigate the effect of sowing date
and genotype on water-use efficiency of lentils grown in diverse locations in Australia. Above-ground
dry matter accumulation, grain yield, soil evaporation, water use, and water-use efficiency (WUE)
were measured and/or calculated at crop maturity. Early sowing (SD1/mid-April), late maturity and
supplementary irrigation increased water use. The long growth cycle resulting from early sowing
influenced WUE for dry matter production and grain yield. WUE ranged from 10.5 to 18.8 kg dry
matter ha=! mm~—1 (WUEgr (evapotranspiration)) and 17.1 to 28.3 kg dry matter ha~! mm~—1 (WUE7
(transpiration)) for dry matter production. For grain yield, WUE ranged from 2.11 to 5.65 kg grain
ha=! mm~1 (WUEgt) and 4.71 to 9.19 kg grain ha—! mm~! (WUEy). There was more water loss
through soil evaporation in SD1 compared to the other sowing dates. Excessive or limited availability
of water did not translate to more dry matter accumulation and grain yield. The study concluded that
SD1 gives the maximum water productivity for biomass, and SD2 (end of April) and SD3 (mid-May)
for grain yield.

Keywords: dry matter; grain yield; lentil; water use; water-use efficiency

1. Introduction

Water is an important component in agricultural production, but it is becoming
scarce due to climate change causing variable rainfall patterns and drought events [1].
Agriculture consumes over 80% of available freshwater, with a large proportion of this
used for cropping [2], but it faces competition for the water from other industries and
households. This limited water availability challenges the agricultural industry’s ability to
produce more food to feed the increasing world population. Therefore, there is a growing
need to produce higher yields from limited amounts of water, and research approaches
have focused and committed resources on breeding drought-tolerant and/or water use
efficient crops. Advances in agronomy and management practices are complementing
these efforts.

Water-use efficiency (WUE), also commonly referred to as water productivity, can
be an effective adaptation strategy for improving crop performance by producing ‘more
crop per drop of water [3-5]. It is broadly defined in crop science as the ratio of above-
ground biomass or economic grain yield to the evapotranspiration or total water use by
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the crop [6-9]. Overall, it is an important determinant of grain yield especially under
water-limited conditions, with the water use efficient crops potentially yielding better.

A number of factors such as climate, soil type, sowing time, crop and land man-
agement practices, the intensity of tillage, and crop sequence influence WUE [10-12].
Genetically, it can be influenced by inter and intra crop variation due to differences in
growth habit and architecture, maturity class, rooting pattern, osmotic adjustment, transpi-
ration efficiency, and assimilate redistribution, which facilitates different drought coping
mechanisms [7,10,11,13]. Physiological processes including transpiration, osmotic potential,
turgor potential and photosynthesis, influence water use, WUE and the overall crop water
balance [14]. Vigorous early growth will shade the soil surface, reduce soil evaporation,
evapotranspiration and soil temperature and potentially increase the availability of soil
water in the post-flowering period and WUE [15-17]. However, the larger canopy would
likely lead to more water loss through transpiration, necessitating a need to strike a bal-
ance between water loss and saving it through shading. Deeper roots will ensure that
water at depth is not wasted through drainage but is available to the crop to improve
crop performance and WUE [7]. Drought tolerant genotypes have been found to produce
higher root density and/or deeper and more vigorous roots, while susceptible ones tend
to have shallow rooting systems and suffer water stress, especially during later stages
of growth as the surface soil dries up due to high temperature-induced evaporation and
rainfall decrease in Mediterranean environments [13,14]. The rooting depth for lentils is
around 60-90 cm [18-20], and the depth of soil moisture capture can be used as a surrogate
for root depth [21]. While root characteristics are largely genetically determined, they
are also significantly influenced by the environment. For example, hostile soils limit root
penetration and prevent moisture capture at lower subsoil layers.

For sustainable grain crop productivity, sufficient water is required during the vege-
tative stage, early in the season, and at the later stages of grain and/or pod filling. Early
maturing genotypes will tend to use less water during the vegetative phase and retain more
water for the reproductive phase, which improves grain yield and WUE [14]. When leaf
areas and evaporative demand are small early in the season, water use is minimal. Excess
water is stored in the soil profile or is lost through evaporation. Use of large amounts
of water early in the season might result in the production of excessive biomass, which
would not be converted to grain yield due to water scarcity during crucial grain/pod filling
phases later in the season [22]. This source-sink imbalance has been observed in chickpea
sowing date studies [23]. Synchronising the timing of key growth phases and their duration
to expected and predicted seasonal conditions is an important step towards increasing
adaptation and productivity across a range of environments through using available water
at key growth phases. Agronomic management approaches such as adjusting the planting
calendar and seeding rates, efficient irrigation methods, soil and weed management can
all be used to alleviate the severity of water stress and/or improve crop WUE [24]. Early
sown crops generally have a longer life cycle which extends the growing season duration
and might allow for root growth and development of deeper root systems.

A meta-analysis study has shown that summer crops have higher average WUE
(3.23 kg m~3) than winter crops (1.03 kg m~3), and that legumes have lower WUE
(0.42 kg m~3) compared to cereals (2.37 kg m~?), oilseeds (0.69 kg m~3), and fibre crops
(0.45 kg m~3) [11]. This is because it takes less energy to produce starch, which is a domi-
nant component in cereals than to produce protein and oil, which are dominant in legumes
and oilseeds, respectively. Lentil is more water efficient compared to the other legumes [11].
For example, the WUE for dry matter (WUE,,,) and seed yield (WUE,,) was 13.7 and
3.8 kg ha~! mm™!, respectively, compared to chickpea, whose WUE,,, and WUE,;, were
8.7 and 3.2 kg ha—! mm~! [20]. However, for chickpea, higher values (22-29 kg dry matter
ha~! mm~! and 10-13 kg seed yield ha~! mm~!) have also been reported [25].

In Australia, lentils are grown mostly under dryland conditions in areas with low and
variable seasonal rainfall and as a result, commonly suffer moisture stress, especially in arid
years. Production is mostly concentrated in Victoria and the mid-north of South Australia
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on mostly alkaline soils, and yields are on average 1200 kg ha~! [26,27]. Overall, lentils
are cultivated on an area of over 412,381 ha, and produce about 525,848 t total grain per
annum [27]. In 2020, Australia contributed approximately 8% of global lentil production,
with Canada being the largest producer at 43% [27]. Grain yield in the Mediterranean-type
dryland cropping regions of southern Australia is largely dependent on the growing season
rainfall (GSR) and the available soil water in the shallow (0.10-0.60 m) subsoil [13,19]. If
supplemental irrigation is to be used, there is a need for information on optimal irrigation
strategies to achieve high WUE in lentils and combat drought effects. The adaptation
and response of lentils to different levels of rainfall and supplementary irrigation has not
been extensively explored, as evidenced by very few published papers on lentil WUE in
Australia. The aim of this study was to understand the impact of water parameters on lentil
dry matter accumulation and grain yield. It focused on soil evaporation, water use, and
WUE of lentil varieties grown under diverse environments in southern and western NSW,
Australia, and with different sowing times.

2. Materials and Methods
2.1. Experimental Details

A chickpea companion paper includes detailed experimental information, including
designs and climatic conditions [28]. Briefly, field experiments were conducted between
April and November in 2018 and 2019, at the New South Wales Department of Primary
Industries (NSW DPI) research facilities located at Trangie Agricultural Research Centre
(TARC; 31.99° S, 147.95° E) in central-western NSW, Wagga Wagga Agricultural Institute
(WWAL 35.05° S, 147.35° E), Leeton Field station (LFS; 34.59° S, 146.36° E), Yanco Agricul-
tural Institute (YAI; 34.61° S, 146.41° E) in southern NSW, Australia (Figure 1). The YAI
experiment was conducted in 2018 only and is 6 km from LFS. The soils at the individual
sites are Red Chromosol at TARC, Kandosol at WWAI, and Brown Chromosol at both YAI
and LFS. Eight diverse lentil genotypes consisting of released varieties (Table 1), were used
in this study across four sowing dates, two years and four locations. A split-block design
with three replicates was used with sowing date as main plot and genotypes randomised
within plots. The four sowing dates were mid-April (SD1), end of April (SD2), mid-May
(SD3) and end of May (SD4). In both years, at TARC 85 kg ha~! of GranulockZ Extra (N
9.86: P 16.83: K 0.0:S 4.59: Zn 1.70) was applied, while at WWALI 100 kg ha~! of Granulock
Z Soygran (N 5.5: P 15.3: K 0.0: S 7.5) was applied as fertiliser. At LFS no fertiliser was
applied in 2018, while in 2019 55 kg ha~! Utiliser pulse mix (N 13.5: P 13.5: K 0.0: S 9.5) was
applied. At YAI 80 kg ha™! of Energiser Plus was applied. The experiments were sprayed
with recommended chemicals to keep them weed, pest and disease free.

Table 1. Lentil genotypes and their classification/characteristics evaluated in the 2018 and 2019

seasons.
. . g e Herbicide Tolerance
Variety Maturity Type Seed Classification (Imidazolinone)

PBA Ace Mid Medium red No
PBA Blitz Early Medium red No
PBA Bolt Early/Mid Medium red No
PBA Hallmark XT Mid/Late Medium red Yes
PBA Hurricane XT Mid Small red Yes
Nipper Mid Small red No
PBA Jumbo2 Mid Large red No
PBA Greenfield Mid/Late Large green No

Two harvest cuts to calculate total above ground biomass/dry matter (kg ha~!) and
grain yield (kg ha~!) were taken from a m? area of the inner rows, excluding border rows
at least 1 m from the ends of each plot. Water parameters (soil evaporation, water use
(WU) and water use efficiency (WUE) were calculated at the end of the season. All the
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experiments (location by year combination) experienced below-average growing season
rainfall.

Trangie AW
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Figure 1. Location of the field experiments conducted in 2018 and 2019 at New South Wales Depart-
ment of Primary Industries (NSW DPI) research facilities.

The season duration, in-crop rainfall, and irrigation applied were recorded (Table 2).
Daily weather (maximum temperature (MaxT), minimum temperature (MinT), and rainfall
and solar radiation) parameters were obtained from the Scientific Information for Land
Owners website (SILO) (https:/ /legacy.longpaddock.qld.gov.au/silo/about.html (accessed
20 February 2021); [29]).

Table 2. Growing season duration across the sowing dates (SD), and water received during 2018 and
2019 at the experimental sites. TARC = Trangie Agricultural Research Centre; WWAI = Wagga Wagga
Agricultural Institute; LFS = Leeton Field station; YAI = Yanco Agricultural Institute.

TARC WWAI LFS YAI
2018 2019 2018 2019 2018 2019 2018
Growing season sD1 169 180 194.8 1922 195.1 188.8 188.9
duration (days)
SD2 160 169 180.2 179.2 180.5 172.6 172.9
SD3 154 157 166.5 167.5 164.1 160.5 158.4
SD4 148 141 155.7 156.3 152.1 148.9 148
Soil acidity
pHc, (at 10 cm) 5.6 5.9 5.9 5.0 6.4 6.0 6.0
Pre-sowing watering 40 175 Zero Zero 220 200 77
(mm) (1 event) (6 events) (flood) (flood) (overhead)
In-crop watering 85 87 10 15 24 Jero 64
(mm) (5 events) (4 events) (overhead) (SDlonly) (overhead) (overhead)
Growing season
rainfall (April-Oct) 137 45 15 193 87 160 87
(mm)
208
Total water received 262 307 163 (SD1 only) 331 360 28
(mm) 193

(other SDs)
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The mean temperatures for the 2018 and 2019 years were recorded (Table 3). Detailed
climatic data including long term rainfall and temperature data, have previously been
published [28] and are therefore provided as Supplementary Figure S1.

Table 3. Mean temperature at the experimental sites during the years in which the experiments were
conducted. For site abbreviations, see text.

Site Year Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Now. Dec.

TARC 2018 28.8 27.0 255 224 14.6 11.7 10.4 114 15.8 20.5 224 27.1
2019 32.2 27.0 25.0 214 151 11.5 11.8 11.4 16.1 21.0 23.1 28.0

WWAI 2018 26.4 24.5 21.9 19.5 12.1 9.5 7.8 8.9 11.7 17.8 19.9 25.1
2019 30.1 243 219 18.2 12.0 8.7 8.8 7.8 11.9 17.1 19.4 25.0
&[Fj) 2018 27.4 25.8 22.7 20.2 12.9 9.6 9.0 10.1 13.0 18.7 20.8 26.2
2019 30.4 25.1 22.8 19.1 12.9 9.3 9.6 8.7 13.2 18.5 204 25.7

2.2. Soil Water Balance Parameters

Rainfall, evapotranspiration (ET), runoff and drainage are important water param-
eters [30] that influence water availability to crops [31,32]. Temperature, rainfall, initial
soil water and soil water at harvest were measured, and these data were used as the basis
for calculating water parameters for this study [33,34] following the procedure of [35] to
determine the soil water balance. The farming systems model APSIM [36] version 7.10 was
used to calculate the hydraulic parameters (starting and ending daily soil water content,
water use, runoff, drainage and soil evaporation). The parameters in the Soil Water module
of APSIM are the same as those used in [33,34]. We assumed that the initial soil water was
equal to LL15 (water content at 15 bar suction) on 1 January 2009. This LL15 value was
determined in the Wagga Wagga Agricultural Institute soil moisture analysis laboratory.
The APSIM model was then run continuously until the end of 2019 (31 December), without
resetting soil water conditions, in order to obtain the “initial soil water at sowing” and the
“soil water at harvest” for each of the lentil experiments [35]. The APSIM crop sequence
used in the 10-year run-up period before the lentil experiments was a typical one for the
lentil growing regions in Australia: wheat(W)-canola(C)-barley(B)-W-B-C-W-C-B-W.

Total water use (WU) expressed as ET was calculated by subtracting the water remain-
ing at the end of the season from the initial water at the beginning. This was added to water
received from any irrigation and rainfall events using the soil water balance Equation (1).

ET=P+SWs—SW,—R—D 1)

Transpiration, which does not include soil evaporation, was calculated using the soil
water balance Equation (2).

T=P+SW;—SW, —R—D—E @)

In both Equations (1) and (2) P, R and D are cumulative rainfall, runoff and deep
drainage from the day of sowing to harvesting and SW;, SW, are soil water at the date of
sowing and harvest. In Equation (2), E is the cumulative soil evaporation from the day of
sowing to harvesting.

All variables in Equations (1) and (2) are in units of millimetres.

Water use efficiency (WUEg,), Equations (3) and (4), for grain yield, is defined as grain
yield per unit of water (kg ha~! mm ™) lost by evapotranspiration (ET) or transpiration
(7).

WUEgr ET = GR/ET for ET (©)]

WUEgr T = GR/ET for T )
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Similarly, water use efficiency (WUE,,,), Equations (5) and (6), for dry matter (biomass
accumulation) is defined as dry matter per unit of water (kg ha~! mm~!) kg, ha~') lost by
ETorT.

WUEdm ET = DM/ET for ET (5)

WUEdm T = DMJET for T (6)

2.3. Statistical Analysis

For each of the eight variables: ET (mm), T (mm), grain yield (GR) (kg ha~1), above-
ground dry matter (DM) (kg ha—1), WUE ergr» WUETg, WUEET 31, and WUET gy, a linear
mixed model was fitted using R software v4.1.3 running under the RStudio IDE [37].
Cultivar and sowing time, and the interaction between them, were considered as fixed
factors. Site and year were considered as random factors. The goodness of fit was measured
using the conditional R? proposed by [38], which considers the effects of both fixed and
random factors. Nipper and SD1 were used as references for comparison of genotypes and
sowing dates.

The following packages in R were used to generate the outputs presented: Ime4 [39]
for fitting mixed models; ImerTest [40] for generating the p-values under the mixed models;
sjstats [41] for the conditional RZ; emmeans [42], multcomp and multcompView (multcom-
pView: Visualizations of Paired Comparisons version 0.1-8 from CRAN (rdrr.io)) [43] for
the multiple pairwise comparisons and the compact display of significance. The overall
means across sowing time and cultivars within each variable were compared using Tukey’s
post-hoc tests at a family-wise error rate of 5%.

3. Results
3.1. Summary of Overall Statistical Results

Interaction effects between cultivar and sowing time were statistically insignificant
in all the models considered and were thus removed from the models. The estimated
coefficients and model summaries are reported in Table 4. The linear mixed models were
able to explain a large proportion of the variances of the response variables considered,
with conditional R? values ranging from 0.776 to 0.909 (Table 4). In all models, statistically
significant differences were found among cultivars and sowing times. The estimated means
under each combination of cultivar and sowing time are reported in Tables 5-7.

Table 4. Estimates and F-ratios of fixed factors, variances of random factors, and conditional R? of
mixed models for each variable. Values in parentheses indicate p-values. Ref = the reference level for
that factor against which the other levels of that factor are tested.

WUEET, Gr WUETy, Gr GR WUEET, pm WUETy41, DM DM
Fixed Effects
Intercept 3.690 5.591 951.935 17.388 26.053 4610.341
Cultivar F =5.966 F=5.789 F =5.809 F =6.656 F=6.548 F=6421
(<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)
Nipper 0.000 0.000 0.000 0.000 0.000 0.000
(Ref) (Ref) (Ref) (Ref) (Ref) (Ref)
PBA Ace —0.111 —0.200 —37.675 1.461 2.236 354.679
(0.765) (0.732) (0.669) (0.017) (0.018) (0.019)
PBA Blitz —0.543 —0.882 —157.293 —1.579 —2.421 —459.857
(0.144) (0.132) (0.075) (0.010) (0.011) (0.002)
PBA Bolt —0.432 0.682 85.821 0.457 0.750 46.679
(0.245) (0.244) (0.330) (0.453) (0.425) (0.756)
PBA Greenfield —1.586 —2.482 —374.725 —1.932 —2.964 —391.571

(<0.001)

(<0.001) (<0.001) (0.002) (0.002) (0.010)
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Table 4. Cont.

WUEET, Gr WUET4, Gr GR WUEET, pm WUETran, DM DM
PBA Hallmark XT 0.236 0.300 60.457 0.436 0.600 126.500
(0.525) (0.608) (0.492) (0.474) (0.523) (0.400)
PBA Hurricane 0.229 0.314 33.404 —0.279 —0.425 —138.750
(0.538) (0.591) (0.704) (0.647) (0.651) (0.357)
PBA Jumbo2 —0.114 —0.204 —45.421 —0.493 —0.675 —168.536
(0.758) (0.728) (0.606) (0.419) (0.472) (0.263)
Sowing Date F=11.743 F=17.257 F=9.425 F =48.944 F=34.332 F=92.758
(<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)
SD1 0.000 0.000 0.000 0.000 0.000 0.000
(Ref) (Ref) (Ref) (Ref) (Ref) (Ref)
SD2 0.991 1.829 229.230 —1.057 —0.400 —420.375
(<0.001) (<0.001) (<0.001) (0.015) (0.547) (<0.001)
SD3 1.539 2916 312.855 —2.293 —-1.727 —916.250
(<0.001) (<0.001) (<0.001) (<0.001) (0.010) (<0.001)
SD4 0.923 1.891 127.298 —4.936 —6.002 —1682.589
(<0.001) (<0.001) (0.042) (<0.001) (<0.001) (<0.001)
Random Effects
Site 1.166 1.491 137,370 25.294 43.825 2,479,614
Year 5.523 13.061 322,292 5.852 13.660 226,771
Residual variance 1.920 4.776 108,156 5.176 12.313 315,629
Conditional R? 0.793 0.776 0.820 0.873 0.842 0.909
Table 5. Calculated values of grain yield (GR) and dry matter (biomass) accumulation (DM) from the
fitted linear mixed models. Different letters indicate significantly different values. The values for the
genotypes at each sowing date (SD) are the means of three replicates.
GR (kgha™1) DM (kg ha—1)
SD1 SD2 SD3 SD4 Mean SD1 SD2 SD3 SD4 Mean
Nipper 952 1181 1265 1079 1119 b 4610 4190 3694 2928 3856 bed
PBA Ace 914 1143 1227 1042 1082 b 4965 4545 4049 3282 42104
PBA Blitz 795 1024 1107 922 962 ab 4150 3730 3234 2468 3396 @
PBA Bolt 1038 1267 1351 1165 1205 P 4657 4237 3741 2974 3902 bed
PBA Greenfield 577 806 890 705 7452 4219 3798 3303 2536 3464 b
PBA Hallmark XT 1012 1242 1325 1140 1180 P 4737 4316 3821 3054 3982 od
PBA Hurricane 985 1215 1298 1113 1153 P 4472 4051 3555 2789 3717 abe
PBA Jumbo2 907 1136 1219 1034 1074 b 4442 4021 3526 2759 3687 abe
Mean 8982 1127 1210¢  10252b 45324 4111¢  3615P 28492

3.2. Dry Matter and Grain Yield

Statistically significant (p < 0.001) genotypic and sowing time effects were observed
for dry matter production (Table 5). PBA Ace accumulated the most above-ground biomass
at a value of 4210 kg ha~! while PBA Blitz accumulated the least (3396 kg ha~!) (Table 5).
The above-ground biomass for PBA Ace was significantly higher than those for PBA
Blitz, PBA Greenfield, PBA Hurricane and PBA Jumbo2 (Table 5). Total above ground
biomass, when averaged over all varieties, progressively decreased as the time of sowing
was delayed from mid-April to end of May (SD1 > SD2 > SD3 > SD4; Table 5). The
mean accumulated biomasses among different sowing times were significantly different,
with values of 4532 kg ha~! and 2849 kg ha~! at SD1 and SD4, respectively. Statistically
significant (p < 0.001) genotypic and sowing time effects were also observed for grain yield
(Table 5). PBA Bolt was the highest yielding variety (1205 kg ha~!), and PBA Greenfield
(745 kg ha—!) was the lowest yielding one (Table 5). The grain yields obtained for PBA Bolt
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were similar to the other six genotypes. Early (SD1) and late sowing (SD4) resulted in grain
yield penalties, with the SD2 and SD3 showing significantly higher yield (Table 5).

Table 6. Calculated values (mm) of evapotranspiration (ET) and transpiration (T) from the fitted
linear mixed models. Different letters indicate significantly different values. The values for the
genotypes at each sowing date (SD) are the means of three replicates.

ET (mm) T (mm)

SD1 SD2 SD3 SD4 Mean SD1 SD2 SD3 SD4 Mean
Nipper 262 253 242 234 248 ab 174 161 151 147 158 2
PBA Ace 261 252 241 234 247 2b 173 160 151 146 158 2
PBA Blitz 258 249 238 231 2442 171 158 149 144 1552
PBA Bolt 258 249 238 231 2442 171 158 149 144 1554
PBA Greenfield 269 260 249 242 255b 178 165 155 151 1624
PBA Hallmark XT 262 253 242 235 248 ab 174 161 152 147 1592
PBA Hurricane 258 249 238 231 2442 171 158 149 145 1562
PBA Jumbo2 260 251 240 233 2462 172 159 150 146 1574
Mean 2614 252°¢ 241" 2342 173 € 160 ° 1514 146 @

3.3. Water Use

Application of irrigation influenced total crop water use measured as ET and T
(Table 6). Water use decreased as sowing was delayed. ET differed between sowing
dates, with total crop water use varying from 234 mm (SD4) to 261 mm (SD1) (Table 6). PBA
Greenfield used 255 mm, statistically more water than PBA Blitz, PBA Bolt, PBA Hurricane
and PBA Jumbo2 with water use ranging between 244 to 246 mm (Table 6). When water
use was measured as T, there were no genotypic differences observed. However, it ranged
from 146 mm (SD4) to 173 mm (SD1), with SD3 and SD4 statistically similar (Table 6).

The water use efficiency benchmarking approach of [44] was generated (Figure 2a,b)
for lentils. The graph shows the relationship between water use measured as ET with grain
yield and dry matter. The French and Schultz approach is a rainfall-based benchmark, and
they proposed a rule of soil evaporation as 60 per cent of the seasonal rainfall but it does not
account for the timing of rainfall. In pulse crops, deficit rainfall or soil water deficit during
the reproductive stage can cause large reductions in yield and water use efficiency [45].
In our lentil experiments, there was large season-to-season variation in soil evaporation
and rainfall and early sowing resulted in more dry matter accumulation and higher water
use (Tables 5 and 6). However, higher or lesser water use did not necessarily translate to
higher grain yield. Greatest grain yield was obtained at intermediate sowing dates, when
intermediate amounts of water were consumed.

3.4. Water Use Efficiency

For grain yield, PBA Greenfield had the lowest WUET and WUEgT, which were signif-
icantly different from all other genotypes except PBA Blitz (Table 7). WUEgr ranged
from 2.97 kg grain ha—! mm~! (PBA Greenfield) to 4.99 kg grain ha~! mm~! (PBA
Bolt). Correspondingly, WUET ranged from 4.77 kg grain ha~! mm~! (PBA Green-
field) to 7.93 kg grain ha~! mm~! (PBA Bolt). For grain yield, SD3 resulted in the high-
est WUE (WUEr = 8.20 kg grain ha~! mm~! and WUEgr = 5.04 kg grain ha=! mm™1),
while early sowing (SD1) had the lowest WUE (WUEr = 5.28 kg grain ha~! mm~! and
WUEgr = 3.51 kg grain ha~! mm~! (Table 7). For grain yield, SD2 and SD3 resulted in the
highest WUE, but SD2 was also not significantly different from SD4. The trend for WUE
corresponds and aligns to overall grain yield observation where low yielding factors (SD1)
and genotypes (PBA Greenfield) also have overall low WUE (Tables 5 and 7).
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Figure 2. (a,b). French and Schultz [44] type graph showing the relationship between total water
use during the season and biomass accumulation and grain yield. The x-intercepts (115 mm) are
based on [17]. Slopes of the three drawn lines are based on values provided in [17,20] (top to bottom
lines: maximum, mean and minimum WUE). The red lines were fitted by eye as estimated upper
boundaries of this data, and to contrast them with other published values.

PBA Ace accumulated the most biomass, with PBA Greenfield and PBA Blitz ac-
cumulating the least. Correspondingly, PBA Greenfield had the lowest WUEgry,, for
biomass accumulation (13.4 kg dm ha~! mm™!), but it was not significantly different
from PBA Blitz. PBA Ace (16.8 kg dm ha~! mm~1), which was not significantly differ-
ent from Nipper, had the highest dry matter WUE (Table 7). PBA Hallmark, PBA Bolt,
PBA Blitz, Nipper, PBA Hurricane and PBA Jumbo2 had similar WUE for biomass accu-
mulation. Similarly, PBA Greenfield had the lowest WUET,,, for biomass accumulation
(21.1 kg dm ha~! mm™1), Still, it was not significantly different from PBA Blitz. In contrast,
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PBA Ace (26.3 kg dm ha~! mm™1), which was not significantly different from Nipper, PBA
Hurricane, PBA Hallmark and PBA Bolt, had the highest WUE for biomass.

More biomass was accumulated due to early sowing (Tables 5 and 7) and gradually de-
creased as sowing was delayed. Correspondingly, early sowing (SD1 resulted in the highest
WUE for biomass (WUEr;,,, = 25.7 kg dm ha=! mm~Y; WUEg,, = 17.1 kg dm ha=! mm™1),
which decreased as sowing was delayed. However, SD1 was not statistically significant
from SD2. SD4 had the lowest WUE (WUEr,, = 19.7 kg dm ha=! mm™;
WUEEg, =122 kg dm ha=! mm™1).

Table 7. Calculated values of water use efficiencies for grain yield and biomass accumulation from
the fitted linear mixed models. Different letters indicate significantly different values. The values for
the genotypes at each sowing date (SD) are the means of three replicates.

WUEET gr (kg ha—1 mm~1) WUET, gg (kg ha—1 mm~1)
SD1 SD2 SD3 SD4 Mean SD1 SD2 SD3 SD4 Mean
Nipper 3.69 4.68 5.22 462 455P 5.59 7.42 8.51 7.48 7.25b
PBA Ace 3.58 457 5.11 451 4440 5.39 7.22 8.31 7.28 7.05b
PBA Blitz 3.15 414 468 407 4,01 2b 4.71 6.54 7.63 6.6 6.37 ab
PBA Bolt 4.12 5.12 5.65 5.05 499P 6.27 8.1 9.19 8.16 7.93b
PBA Greenfield 2.11 3.1 3.64 3.03 2974 3.11 494 6.03 5.00 4774
PBA Hallmark XT ~ 3.93 492 5.46 485 479b 5.89 7.72 8.81 7.78 7.55b
PBA Hurricane 3.92 491 5.45 484 478b 5.91 7.73 8.82 7.8 7.57b
PBA Jumbo2 3.58 457 5.11 45 44470 5.39 7.22 8.3 7.28 7.05b
Mean 3512 450b 5.04P 443D 5.282 7.11°P 820¢ 7.17 be
WUEEgT pm (kg ha=! mm™1) WUET pym (kg ha=! mm™1)
SD1 SD2 SD3 SD4 Mean SD1 SD2 SD3 SD4 Mean
) 15.3 bed
Nipper 17.4 16.3 15.1 12.5 bed 26.1 25.7 243 20.1 24.1
PBA Ace 18.8 17.8 16.6 13.9 16.8 € 28.3 27.9 26.6 22.3 2634
PBA Blitz 15.8 14.8 135 10.9 13.8ab 23.6 232 21.9 17.6 21.6 P
PBA Bolt 17.8 16.8 15.6 12.9 159P 26.8 26.4 25.1 20.8 24.8cd
PBA Greenfield 15.5 14.4 13.2 10.5 1342 23.1 227 214 17.1 2112
PBA Hallmark XT ~ 17.8 16.8 155 12.9 15.8P 26.7 26.3 24.9 20.7 247 ¢cd
PBA Hurricane 17.1 16.1 14.8 12.2 15.1P 25.6 25.2 23.9 19.6 23.6 abed
PBA Jumbo?2 16.9 15.8 14.6 12 14.8P 25.4 25 23.7 19.4 23.4 abc
Mean 17.1¢ 16.1¢ 149P 12.22 25.7°¢ 25.3 be 24.0P 19.7 2

4. Discussion

The growing season environments at the diverse experimental locations differed in
climatic conditions. Temperature, rainfall, evapotranspiration (ET), runoff and drainage
are important factors for crop growth, and all determine the soil water holding capacity
and the amount of water available to the crop. The two years of study were classified as
dry and received rainfall that was below the long-term average (Supplementary Figure S1).
The long-term average growing season rainfall at Trangie is 200 mm, but only 137 mm and
45 mm was received in 2018 and 2019, respectively. At Wagga Wagga the long-term rainfall
is 322 mm, but only 153 mm and 193 mm was received in 2018 and 2019, respectively. At
Leeton and Yanco the long-term rainfall is 193 mm, but 87 mm and 160 mm was received in
2018 and 2019, respectively. The sites differ in soil characteristics, affecting water holding
capacity and root perforations. In general, sandy soils have poor holding capacity though
encouraging adventurous rooting behaviour. Under moisture stress, the crops are forced
to develop deeper roots searching for soil water and nutrients. On average, lentils extract
soil moisture to a depth of 80 cm [8]. However, it has been observed that irrespective
of soil type, grain yield appears not to be linked with available soil moisture at sowing,
as crops grown under low starting soil water maintained their yield potential and had
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high water-use efficiency, but in contrast, higher available soil water at sowing did not
necessarily translate to higher yields [19].

The loss of water due to evaporation ranges from 30 to 170 mm in diverse soils [44]. The
exact amount of water lost depends on rainfall distribution, crop species and canopy type
as well as soil type and surface residue. In this study, the French and Schultz approach [44],
a rainfall-based benchmark of crop productivity, was adopted for lentil grain yield and
biomass accumulation. Due to large season-to-season variation in soil evaporation and
rainfall in the diverse experiments, differences in yield and biomass were observed, and
were attributed to the effects of both genotypes and sowing dates. Commercially available
lentil cultivars have variable architecture and growth habits which range from erect to
prostrate, but largely have thin open canopies, which would allow for more soil evaporation.
There is bound to be more evaporation in plots of late maturing varieties as evaporation
would happen over a more protracted period. In addition, late varieties would mature at the
onset of summer when temperatures are conducive to greater soil evaporation. However,
early sowing despite a longer growing season might limit soil evaporation because the
longer vegetative phase would allow for biomass accumulation which shaded the soil, as
was observed in this study. Early establishment, vigour, ground cover, and shading of soil
surface have been shown to effectively reduced soil evaporation [15,16].

Lentils do not have a dominant tap root nor a more fibrous root system, consequently,
they tend not to dry the soil and thus leave more residual moisture for subsequent crops [20].
The effective water use leads to differences in the pattern and depth of water extraction and
overall crop water requirements at different growth phases. The relationship between water
use and biomass or grain production is known and was extensively reported [20,44]. The
amounts of water used (197-304 mm) measured in our study were consistent with other
studies which showed that a fully irrigated lentil crop uses 332 mm in New Zealand [46],
194-278 mm in Nepal [47], 174-273 mm in Western Australia [17], 188-317 mm in Victoria
and South Australia [19]. A multi-site/year study in Australia showed that lentil yields
ranging from 400-2500 kg ha~! are obtainable in areas with growing season rainfall of
118-229 mm [19]. The lentils in this study were not fully irrigated, potentially explaining the
slightly lower amount of water use. Overall, to produce grain yields of 900-3000 kg ha~!,
a lentil crop required between 100 and 450 mm of water [48,49], and 475 mm in South
Australia for maximum yield (French 1978, quoted in [44]). The time of sowing and soil
water content at sowing have both been noted to have a big impact on grain yield, with
stored water being more efficient in producing biomass and grain yield than in-season
rainfall because it is less prone to run off and/or evaporation loss as well as being prevented
from going into the root system by the canopy itself [44]. The importance of season duration
is demonstrated where the late-maturing genotype PBA Greenfield used the most water,
while there was overlap between the mid/late maturing PBA Hallmark and other mid
maturing varieties such as Nipper, PBA Ace and PBA Jumbo2. Equally, there was similarity
in the amount of water used by the early maturing PBA Blitz, which used the least water,
compared to other early and/or early early mid varieties such as PBA Bolt and PBA
Hurricane, PBA Ace and PBA Jumbo2. Water use progressively decreased as sowing
was delayed, with more water being used in SD1 which was accompanied by a longer
growing season and bigger biomass. WUE for dry matter and grain yield for cultivars and
at different sowing times mirrored these respective traits.

The WUE values obtained in this study are comparable to others reported in literature
with ranges of 1.9-8.5 kg grain ha~! mm™! for WUE, and 2.4-16.7 kg dry matter ha~! mm™!
for WUE,,,, [17,19,20]. However, the differences across studies reflect the differences in
environments due to different soil types, climate and soil moisture. Moreover, rapid growth,
as was observed in early sowing, could limit the loss of water through evaporation and
thus change the total water use and the calculated WUE. Most studies assume there is
no drainage or runoff, but these were calculated in this study, possibly accounting for
differences between studies.
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Late maturing PBA Greenfield had low WUE efficiency regarding biomass accumula-
tion and grain yield, but the maturity class was not the sole driver, as it had similar biomass
WUE to the early variety PBA Blitz. WUE might also be partly confounded by possible
differences in varietal tolerance to acidic soils in NSW. It has been suggested that crop
WUE tends to be higher under drought stress and reduced water supply and in conditions
characterised by dry soils and high air temperatures [11,50,51]. However, in chickpea,
higher WUE efficiency was observed under irrigated conditions [10]. The differences are a
manifestation of the diversity of environments and /or management practices, as it has been
observed that a range of management practices such as crop sequence [12], the intensity of
tillage [10] and stubble retention [52] influence available soil water and WUE. Early sowing
was observed (companion paper) to favour a longer vegetative period and greater biomass
accumulation, which is reflected by higher biomass WUE. However, this did not translate to
higher WUE for grain yield. This could partly be due to the ‘haying off” effect, where plants
use most of the water to produce biomass and thus suffer moisture limitations during the
grain filling phase [22]. This reflects a disconnection between an abundantly available
source (biomass) not being converted to sinks (grain). This may also suggest that most
of the water is extracted during the vegetative phase, favouring biomass accumulation,
with little left to be extracted during grain filling. Crop response to moisture stress is very
complex [53], and the impact depends on the crop growth phase. During the vegetative
phase it reduces crop growth, biomass accumulation and transpiration, resulting in low
leaf expansion, early leaf senescence and a shorter growing season duration [54]. However,
if water stress occurs at the reproductive phase, yield and quality penalties are suffered,
resulting in small and shriveled grains, with altered chemical composition [55].

An effect of sowing date on WUE efficiency has been reported in other legumes such as
chickpea, where delaying sowing decreased WUE by up to 80% for seed yield [25], and this
study reports the importance of sowing time on managing water and water parameters in
lentils. Here we demonstrated the link between ET and WUE in lentils in different southern
and western NSW environments and the importance of starting soil water content, season
duration and crop maturity class. However, the 2018 and 2019 seasons in southern and
central western NSW were atypical and lentil crops experienced low autumn and winter
rainfall, below average seasonal rainfall, and low temperatures early in the season. Despite
these obstacles, our results show that water-use efficiency in lentils can be significantly
improved by management practices, such as cultivar choice, and optimal sowing time, to
ensure sufficient biomass accumulation and its efficient partitioning into grain yield.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /agronomy12071542 /s1, Figure S1: Climatic conditions at the
experimental locations in 2018 and 2019.
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