
Frontiers in Plant Science

OPEN ACCESS

EDITED BY

Rangjian Qiu,
Wuhan University, China

REVIEWED BY

Yousef Alhaj Hamoud,
Hohai University, China
Akanksha Sehgal,
Agricultural Research Service (USDA),
United States
Vanaja Maddi,
Central Research Institute for Dryland
Agriculture, Indian Council of Agricultural
Research, India

*CORRESPONDENCE

Rajkumar Dhakar

rajdhakar.iari@gmail.com

Vinay Kumar Sehgal

vk.sehgal@icar.gov.in

†
PRESENT ADDRESS

Debasish Chakraborty,
ICAR Research Complex for North-Eastern
Hill Region, Umroi, Meghalaya, India

RECEIVED 22 February 2023
ACCEPTED 19 April 2023

PUBLISHED 16 May 2023

CITATION

Dhakar R, Nagar S, Sehgal VK, Jha PK,
Singh MP, Chakraborty D, Mukherjee J and
Prasad PVV (2023) Balancing water and
radiation productivity suggests a clue for
improving yields in wheat under combined
water deficit and terminal heat stress.
Front. Plant Sci. 14:1171479.
doi: 10.3389/fpls.2023.1171479

COPYRIGHT

© 2023 Dhakar, Nagar, Sehgal, Jha, Singh,
Chakraborty, Mukherjee and Prasad. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

TYPE Original Research

PUBLISHED 16 May 2023

DOI 10.3389/fpls.2023.1171479
Balancing water and radiation
productivity suggests a clue for
improving yields in wheat under
combined water deficit and
terminal heat stress

Rajkumar Dhakar1*, Shivani Nagar2, Vinay Kumar Sehgal1*,
Prakash Kumar Jha3, Madan Pal Singh2, Debasish Chakraborty1†,
Joydeep Mukherjee1 and P.V. Vara Prasad3,4

1Division of Agricultural Physics, ICAR - Indian Agricultural Research Institute, New Delhi, India,
2Division of Plant Physiology, ICAR - Indian Agricultural Research Institute, New Delhi, India, 3Feed
the Future Sustainable Intensification Innovation Lab, Department of Agronomy, Kansas State
University, Manhattan, KS, United States, 4Department of Agronomy, Kansas State University,
Manhattan, KS, United States
Sustaining crop yield under abiotic stresses with optimized resource use is a

prerequisite for sustainable agriculture, especially in arid and semi-arid areas.

Water and heat stress are major abiotic stresses impacting crop growth and yield

by influencing complex physiological and biochemical processes during the life

cycle of crops. In a 2-year (2015–2017) research, spring wheat cv. HD-2967 was

grown under deficit irrigation and delayed sowing conditions to impose water

and terminal heat stresses, respectively. The data were analyzed for seasonal

crop water use, radiation interception, water productivity (WP), and radiation

productivity (RP) under combined water deficit and terminal heat stresses.

Seasonal crop water use was significantly affected by stresses in the order of

water + terminal heat > water > terminal heat. Water stress showed minimal

effect on the light extinction coefficient and consequently on seasonal

intercepted photosynthetically active radiation (IPAR). However, seasonal IPAR

was primarily affected by combined water + terminal heat and terminal heat

stress alone. The slope of crop water use and IPAR, i.e., canopy conductance, an

indicator of canopy stomatal conductance, was more influenced by water stress

than by terminal heat stress. Results showed that linear proportionality between

WP and RP is no longer valid under stress conditions, as it follows a curvilinear

relation. This is further supported by the fact that independent productivity

(either water or radiation) lacked the ability to explain variability in the final

economic yield or biomass of wheat. However, the ratio of RP to WP explained

the variability in wheat yield/biomass under individual or combined stresses. This

suggests a clue for improving higher wheat yield under stress by managing WP

and RP. The highest biomass or yield is realized when the ratio of RP to WP

approaches unity. Screening of genotypes for traits leading to a higher ratio of RP

to WP provides an opportunity for improving wheat productivity under

stressed environments.

KEYWORDS

canopy conductance, water use, light interception, water use efficiency, radiation
use efficiency
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1 Introduction

The increasing population in the global south faces the

challenge of enhancing food production from limited available

resources. Water is increasingly becoming a limited resource in

recent years due to the overexploitation of groundwater and

increased evapotranspiration in the wake of climate change.

Recent reports have reported that the extent of productive

cropping systems in Asia has been receiving lesser sunlight in

recent years as compared to the past due to increased aerosols in

the atmosphere (van Oldenborgh et al., 2018). Resources like water

and radiation may pose a serious constraint to agricultural

production and its sustainability in the near future. One of the

effective strategies for sustainable agricultural production is to

enhance the efficiencies or productivity of resources like water,

radiation, and nutrients. In the past few decades, targeted efforts are

being made by researchers to understand the water productivity

(WP) and radiation productivity (RP) of various crops under

different environments in relation to crop productivity (Caviglia

and Sadras, 2001; Narayanan et al., 2013; Camargo et al., 2016;

Pradhan et al., 2018).

Wheat (Triticum aestivum L.) ranks second in global food grain

production and consumption. However, its productivity is

threatened by mainly abiotic stresses like drought and heat

(Prasad et al., 2008b; Prasad et al., 2011; Sehgal et al., 2018; Priya

et al., 2019). Both drought and heat are associated with each other

and often occur in combination, and these stresses will further

increase due to climate change and variability. High temperature,

especially during the reproductive stage leading to terminal heat

stress in wheat, affects grain development, grain filling duration, and

the source–sink relationship, consequently lowering grain numbers,

individual grain weights, and final yield (Prasad et al., 2008b; Prasad

et al., 2011; Reynolds et al., 2012; Mondal et al., 2013; Nagar et al.,

2015b; Yadav et al., 2022). Water deficit stress hampers growth,

development, nutrient and water relations, and photo-assimilation

and its partitioning, ultimately leading to a decline in crop yields

(Farooq et al., 2011; Nagar et al., 2015a; Jha et al., 2018). However,

the interactive effect of water deficit and heat stress is complex in

nature and studies about them are less common (Prasad et al.,

2008a; Pradhan et al., 2012a; Sehgal et al., 2017; Hlaváčová et al.,

2018; Sehgal et al., 2018; Hussain et al., 2019). Most of these studies

emphasized the effect of combined stress on physiological processes

such as oxidative stress, photosynthesis, yield attributes, and yield.

However, there is limited knowledge on the effect of drought and

heat stresses on light interception and crop water use, an important

determinant of aboveground biomass (AGB) and crop yield.

Productivity is generally expressed as a quotient of output and

input. The output is taken as biomass while input may be taken as

water transpired or the amount of radiation intercepted by the

canopy over its growing period. The concept of WP and RP is

widely used in crop growth models (Monteith, 1977; Sinclair and

Muchow, 1999). Significant variation in WP and RP of crop plants

has been reported among the species as well as among genotypes

within species. Both are affected by environmental factors and

management practices. Water stress affects WP through both

stomatal and non-stomatal limitations (Martin and Ruiz-Torres,
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1992). Moderate water stress generally increases the WP of plants

by lowering the transpiration rate through reduced stomatal

aperture (Van den Boogaard et al., 1997; Rekika et al., 1998).

However, under conditions of severe water stress, a decrease in

WP has been reported in plants, which are usually associated with a

larger decrease in photosynthetic rate due to impaired biochemical,

physiological, or metabolic changes (El Hafid et al., 1998; Anyia and

Herzog, 2004; Jha et al., 2018). Water stress may be associated with

an increase in WP; however, it frequently leads to reduced yield

(Blum, 2005). Water stress causes a reduction in leaf area index

(LAI), which consequently results in reduced intercepted

photosynthetically active radiation (IPAR), ultimately lowering

the RP (O’Connell et al., 2004). RP is a function of the light

extinction coefficient (k) that determines the efficiency of light

interception by crop canopies. Several authors have shown that

deficit irrigation had a non-significant effect on k of wheat in semi-

arid locations (Thomas, 2013; Pradhan et al., 2018). Temperature is

another important meteorological factor that influences the WP

and RP. Mendham et al. (1981) showed that oilseed crops exposed

to high temperatures due to delayed sowing resulted in lower RUE

than normal sown crops. Pandey et al. (2004) reported a decrease in

RP with delayed sowing of wheat at Anand in India. However, there

is limited information on the effect of terminal heat stress on k, WP,

and RP in wheat crops altogether.

The understanding of either WP or RP in various crops has

been done independently, and limited studies that explore the link

between the two are available. Moreover, few studies have

investigated such relations under deficit water (Caviglia and

Sadras, 2001; Narayanan et al., 2013). In general, WP and RP are

linearly proportional to each other, and the proportionality

constant is termed “crop conductance”, representing the amount

of crop water used or transpired per unit of intercepted radiation

(Sadras et al., 1991; Caviglia and Sadras, 2001). An important

unanswered question is: Does the linear proportionality of WP

and RP hold true under stressed conditions? To answer this, the

current study was designed with the following objectives: (i) to

understand the interactive effect of water deficit and terminal heat

stress on crop water use, IPAR, and biomass production of spring

wheat grown in a semi-arid environment; (ii) to investigate the

effect of water deficit and terminal heat stress on resource

productivity of the wheat crop at the field scale; (iii) to examine

the proportionality of WP and RP in spring wheat under stressed

conditions; and (iv) to test the hypothesis of whether a balance

between WP and RP may lead to higher wheat yield under stressed

conditions. This study will advance the knowledge of enhancing

wheat productivity under stressed environments.
2 Materials and methods

2.1 Study area and experimental details

A field experiment was conducted at the experimental farm

(Main Block 4C) of the Division of Agricultural Physics, Indian

Agricultural Research Institute, New Delhi, located at 28°38′23″N
latitude and 77°09′27″E longitude with an altitude of 228.6 m above
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mean sea level. The climate was subtropical and semi-arid

characterized by a hot–dry summer and a cold winter. The mean

monthly maximum temperature in the rabi season (November to

April) ranges from 20 to 36°C and the mean monthly minimum

temperature ranges from 6 to 19°C. The mean annual rainfall (30

years average) was 769.3 mm, of which 75% is received during the

southwest monsoon season between July and September, and the

remaining rain is received in the rabi season.

The extent of the experimental site was 0.055 ha, out of which

the net sown area was 0.036 ha with an individual plot size of 5 m by

5 m. The soils of the site are deep, well-drained, and sandy loam in

texture throughout the profile. Spring wheat (cv. HD-2967) was

grown during the rabi seasons of 2015–2016 and 2016–2017 in a

split-plot design with the number of irrigations as main treatments

and date of sowing as subplot treatments with three replications.

The field was prepared following the usual pre-sowing operations of

disking and leveling. The irrigation treatments included the

following: I5, five irrigations [at crown root initiation (CRI),

tillering, booting, flowering, and milking stages]; I3, three

irrigations (at CRI, tillering, and flowering stages); and I1, one

irrigation (at CRI stage). Approximately 60 mm of water was

applied in each irrigation event, as measured by Parshall Flume.

The two dates of sowing treatments were as follows: D1, timely sown

(20 November 2015) and D2, late sown (9 December 2015) during

rabi season 2015–2016; and D1, timely sown (17 November 2016)

and D2, late sown (7 December 2016) during 2016–2017. The

sowing was done manually using a handheld seed drill with the

recommended spacing of 22.5 cm between rows. A plant–plant

distance of 5 cm was followed as practice in the wheat belt of Indo-

Gangetic plains. The recommended dose of NPK fertilizers, i.e.,

120:60:60 was applied. Urea as nitrogenous fertilizer was applied in

three doses (50% as basal during sowing, 25% during the CRI stage,

and 25% during the flowering stage). However, in the case of I1

treatment, urea was applied in two doses (50% as pre-plant

incorporation and 50% during the CRI stage) synchronizing with

irrigation dates. The whole amount of P and K was applied in a

single dose during sowing. The recommended cultural practices of

weeding and plant protection measures were followed. The crop

was hand-harvested after complete drying.
2.2 Aboveground biomass

Dry AGB was measured periodically during crop growth using

destructive sampling. AGB and crop yield at harvest were measured

on a unit area (per m2) basis and expressed as kg ha−1.
2.3 Intercepted photosynthetically
active radiation

Line Quantum Sensor (LI-191, LI-COR Biosciences, Lincoln,

NE, USA) was used with an integrator (LI- 250A, LI-COR

Bioscience, Lincoln, NE, USA) for measuring the incident and

IPAR by a wheat canopy. PAR measurements were taken above

the canopy with the sensor facing the sky to account for incident
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radiation (Io) received and the sensor looking downwards for

reflected radiation (Ir) from the canopy. Data were recorded

below the canopy keeping the sensor just above the soil but

across the rows with the sensor looking upwards for the

transmitted radiation (It) through the canopy and with the sensor

looking downwards for radiation reflected (Ie) from the soil. Three

sets of measurements were recorded in each plot and averaged. The

above measurements were taken at regular intervals on clear days

between 11:30 and 12:00 hours IST (Indian Standard Time) when

disturbances due to leaf shading and solar angle were minimum.

These measurements were used to derive the fraction IPAR (fIPAR)

as given in the formula:

fIPAR =
(I0 − It)

It
(1)

Values for fIPAR for each day after sowing were interpolated

between actual measurements by linear interpolation throughout

the crop season. Daily bright sunshine hours (n) values were

recorded at the meteorological observatory and were used to

calculate solar radiation (MJ m−2) by using the Angstrom formula

(using coefficients a = 0.32, b = 0.46).

Solar   radiation = Ra*(a + (b*
n

N= )) (2)

where N is astronomically maximum possible sunshine hours

and Ra is extraterrestrial solar radiation.

The daily incident PAR was calculated by multiplying global

radiation with a factor of 0.48. Daily incoming PAR values were

multiplied by corresponding daily fIPAR values to compute daily

IPAR. The daily IPAR was accumulated corresponding to the crop

growth period.
2.4 Crop water use

Crop water use was calculated using the field water balance

equation; i.e., crop water use is equal to the sum of water applied as

irrigation, rainfall received, and soil moisture storage applied. Soil

moisture content (v/v, %) up to 120 cm depth was measured

periodically using Neutron Moisture Probe (CPN-503 DR

Hydroprobe, Campbell Pacific Nuclear International Inc. USA).

Soil moisture storage was computed from the depletion of moisture

from 0 to 120 cm soil depth between two subsequent dates,

assuming no deep drainage occurred, no capillary rise

contribution from the water table as it is quite deep (>10 m), and

no runoff occurred as the plots were bunded to a height of 15 cm.
2.5 Canopy conductance, water
productivity, and radiation productivity

The canopy conductance (CC) (mm-m2 MJ−1) was determined

with least-square regression by calculating the slope of the

regression between crop water use (mm) and IPAR (MJ m−2)

with an intercept set to zero. WP (g m−2 mm−1) was calculated as

the slope of the linear regression between AGB (g m−2) and

cumulative crop water use (mm) by keeping the intercept as zero.
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RP (g MJ−1) was calculated as the slope of the linear regression

between AGB (g m−2) and cumulative total IPAR (MJ m−2) by

keeping the intercept as zero.
2.6 Statistical analyses

Analysis of variance (ANOVA) as applicable to split plot design

was performed using the “aov” function available in the “stats”

package of statistical software “R”. Tukey’s “Honest Significant

Difference” method (using the TukeyHSD function in “R”) was

used to analyze the differences between the means of different

factors at a 5% probability level. Box-and-whisker plots of the

response variable were created using the “boxplot” function

available in the “graphics” package of R. Regression analyses were

performed using the data analysis tool pack of MS Excel (2013) and

statistical significance of coefficient of determination (R2) was tested

through ANOVA.
3 Results

3.1 Environmental conditions

The phenophase-wise mean of maximum and minimum

temperature and rainfall for two sowing dates in both years, i.e.,

2015–2016 and 2016–2017, are presented in Figure 1. It shows that

higher maximum temperatures prevailed during the reproductive

stage (~4°C higher during booting to anthesis and dough to
Frontiers in Plant Science 04
physiological maturity) for delayed sowing compared to normal

sowing in 2015–2016. In 2016–2017, maximum temperatures were

higher by ~2.5–5°C in delayed sown crops compared to that of the

normal sown crop during jointing to booting and milking to

physiological maturity stages. In both years, the mean maximum

temperature was almost similar during the dough to physiological

maturity stage in delayed sown crops, but minimum temperatures

were higher during 2016–2017. In normally sown crops, the mean

maximum temperature during anthesis to physiological maturity

was higher (1–2°C) in 2015–2016 than that in 2016–2017. Thus,

delayed sown crops experienced relatively higher temperatures,

especially during reproductive stages, and experienced heat stress

in both years compared to normal sowing. The wheat growing

season of 2016–2017 received more rainfall (87.4 mm) than that of

the previous year (19.2 mm). In the year 2016–2017, the occurrence

of a heavy rainfall event of 59.8 mm coincided with the jointing to

the booting stage of the normal sown crop and tillering to the

jointing stage of the delayed sown crop. Delayed sown crop in

2015–2016 received two significant rainfall events of 6 mm and

11 .8 mm, co inc id ing wi th the anthes i s and dough

stages, respectively.
3.2 Canopy light extinction coefficient (k)

The slope of the regression line between LAI and ln(1 −

fIPAR), i.e., canopy light extinction coefficient (k), was

calculated to study the effect of sowing (heat stress) and

irrigation treatments (water) on radiation interception, and
FIGURE 1

Meteorological conditions during the crop growth at different growth stages in 2015-16 and 2016-17 under different sowing dates (D1 normal; and
D2 delayed sowing). CRI, crown root initiation; Phy. maturity, physiological maturity.
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results are shown in Figure 2. The degree of relationship as

exhibited by R2 varied between 0.68 and 0.80, which are

statistically significant at p< 0.05. The “k” varied between 0.43

(D1I1) and 0.56 (D2I5) across the 2 years (data not shown) with a

mean value of 0.50. The irrigation levels had a non-significant

effect on the canopy light extinction coefficient. The estimated

value of “k” was 0.50, 0.48, and 0.46 for I5, I3, and I1 treatments,

respectively. Delay in sowing altered “k” from 0.46 in D1 to 0.53 in

D2 sown crop, which is statistically significant.
3.3 Seasonal crop water use and IPAR

Wheat crops exhibited significant variations in seasonal crop

water use among the late sown and irrigation treatments

(Figure 3A). A significant decrease in seasonal crop water use was

noticed in the D2I1 treatment (170 mm) compared to the D1I5

treatment (330 mm). The increase in irrigation increased the

seasonal crop water use. PAR intercepted during the crop growth

period was significantly decreased by delayed planting, while it

increased with the level of irrigation, but statistically, it was non-

significant (Figure 3B). The interaction of delayed sowing and

irrigation treatments also significantly affected the PAR

interception. Thus, irrigation alone did not affect the total

interception of PAR. Delayed planting reduced the seasonal IPAR
Frontiers in Plant Science 05
by 21% over the normal sowing. The mean values of seasonal IPAR

varied between 430 MJ m−2 (D1I5) and 320 MJ m−2 (D2I1) in the 2

years of experimentation.
3.4 Biomass production

The temporal variation in biomass for sowing dates and

irrigation treatments over the 2 years is shown in Figure 4. Crops

started differing in biomass production after 50 and 35 days after

sowing in normal and late sowing, respectively. In delayed sowing,

significant differences in biomass production were observed only

after anthesis, where I5 and I3 treatments had higher biomass than

the I1 treatment during the rest of the growth period in 2015–2016.

Irrigation treatments had a little differential effect on biomass

production between the sowing and the anthesis stage of crop

growth in both years. Pooled analysis showed that irrigation

treatments, delayed sowing, and their interactions significantly

influenced final dry biomass (Figure 5).
3.5 Water productivity

The linear regression between biomass and cumulative crop

water use during crop growth under different sowing and irrigation
A B

FIGURE 2

The light extinction coefficient of the wheat canopy as influenced by (A) sowing dates and (B) irrigation treatments, pooled for two years. LAI, leaf
area index; IPAR, intercepted photosynthetically active radiation. Dl, normal sowing; D2 delayed sowing; 15, five irrigations; 13 three irrigations, and
11, one irrigation.
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treatments is shown in Figure 6. The slope of the regression line

represents the WP in each case. The WP (i.e., biomass produced per

unit of crop water use) varied between 2.9 (D2I5) and 6.0 g/m2-mm

for the pooled data over the 2 years (Figure 6). Figure 6 also shows

that the strength of the linear relationship (in terms of R2)

successively reduced as the environment became stressful (delayed

sowing with deficit irrigation). An opposite pattern was seen in WP.
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Figure 7 shows the effect of sowing dates and irrigation treatments on

seasonal WP. It indicates significant differences (p< 0.05) in WP

when plants are exposed to temperature stress through delayed

sowing. Delayed sowing decreased WP by approximately 27%.

It may be due to greater evapotranspiration (ET) caused by

progressively higher vapor pressure deficit (associated with higher

temperature) experienced by the crop during the later stage of the
FIGURE 4

Temporal profile of biomass production for different sowing and irrigation levels. The shaded area shows the standard error of the observation. D1,
normal sowing; D2 delayed sowing; I5, five irrigations; I3 three irrigations, and I1, one irrigation.
A

B

FIGURE 3

Effect of delayed sowing and irrigations on (A) Seasonal crop water use, and (B) Seasonal intercepted PAR. Letters over box and whisker plots indicate
the significant differences in mean values through TukeyHSD test. D1, normal sowing; D2 delayed sowing; I5, five irrigations; I3 three irrigations, and I1,
one irrigation.
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crop season. Irrigation treatments significantly affected WP;

reduced water availability resulted in the enhancement in WP.

The I1 treatment (least irrigation) had the highest WP (5.5 g/m2-

mm) followed by the I3 treatment (4.2 g/m2-mm) and the lowest

was observed in the I5 treatment (3.5–4.2 g/m2-mm). Significant

differences in WP were observed in the interaction of irrigation and

delayed sowing treatments. Results indicate that crops sown at a

normal time (D1 sowing) and with one irrigation efficiently used

the available water resulting in higher WP compared to other

treatments. It also shows that the D1I1 treatment had greater

variability in WP measurements over 2 years of study than any

other treatment.
Frontiers in Plant Science 07
3.6 Radiation productivity

The relationship between biomass and cumulative IPAR during

crop growth is shown as least-square regression lines for different

treatments (Figure 8). The slope of least-square regression lines

represents the RP of the crop, i.e., biomass per unit of cumulative

IPAR. The RP of wheat varied between 2.66 g MJ−1 and 3.42 g MJ−1

for the pooled data over the 2 years, i.e., 2015–2016 and 2016–2017.

It was observed that delay in sowing caused a significant reduction

in RP by ~16% (Figure 9). However, RP values were not

significantly different among irrigation treatments and the

interaction of sowing date and irrigation treatments.
3.7 Canopy conductance

CC represents the amount of water crop uses per unit of

radiation intercepted by the crop canopy during the crop growth.

It is calculated as the slope of the regression line between cumulative

crop water use and cumulative IPAR as shown in Figure 10. A delay

in sowing caused an increase in the CC. The linear proportionality

of crop water use per unit of IPAR was diminished to a greater

extent under stressful environments due to delayed sowing and

reduced water availability as exhibited by lower R2 in D2I3 (0.27)

and D2I1 (0.14). Under delayed sowing and reduced water

availability conditions, the crop showed a non-linear (quadratic)

response between crop water use and IPAR. It is supported by a

higher R2 of 0.71 and 0.46 for quadratic response function under

D2I3 and D2I1 treatments, respectively. Even lowering of R2 in

D2I1 than in D2I3 further suggests that as the degree of stress

increases, the interaction of thermal and water stress becomes more

complex and even quadratic response may also not hold true in

such cases.
FIGURE 6

Regression between biomass and cumulative crop water use under
different sowing and irrigation treatments (slope indicates WP) for
data pooled over the two years. D1, normal sowing; D2 delayed
sowing; I5, five irrigations; I3 three irrigations, and I1, one irrigation.
FIGURE 5

Influence of delayed sowing and irrigations on total dry matter (TDM) production of wheat pooled over the two years. Letters over box and whisker
plots indicate the significant differences in mean values through TukeyHSD test. D1, normal sowing; D2 delayed sowing; I5, five irrigations; I3 three
irrigations, and I1, one irrigation.
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3.8 Relation of yield and biomass with
WP and RP

The relation of resources (water and radiation) productivity

with biomass and economic yield at harvest was analyzed through

regression analysis, and its results are presented in Figure 11. It was

observed that WP had no definite linear relation with final biomass

or yield, as evidenced by poor R2 values, which were statistically

non-significant. However, RP had positive linear relation with both

biomass and yield, but the relation was statistically significant with

biomass (R2 = 0.43, p< 0.05) but was non-significant with

economic yield.
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3.9 Coordination between WP and RP

We hypothesized that, independently, WP and RP may have

poor relationships with final biomass/economic yield due to the

interaction of multiple stresses to a metrics of coordination between

WP and RP, which could better explain the variability in final

biomass or yield. In order to explore the coordination of WP and

RP, the two metrics tried were (a) the product of WP and RP

(WP*RP) and (b) the ratio of RP and WP (RP/WP). These two

metrics were regressed against the final biomass and yield for the

treatments in 2 years. The results showed that WP*RP has no

relation with final biomass or yield; however, the RP/WP ratio

showed a significantly strong positive linear relationship with both

final biomass and yield (Figure 12). The divisive effect of WP and

RP on biomass/yield was much stronger than that of the

multiplicative effect of either WP or RP alone. It can also be seen

very clearly from Figure 12 that the higher ratio of RP and WP,

approaching unity, is associated with the higher biomass/yield

under multiple stressed environments.
3.10 Relation between water and
radiation productivity

To understand the association between WP and RP, the WP

and RP under different sowing dates and irrigation treatments were

plotted as a scatter diagram (Figure 13). It was observed that the

linear proportionality of WP and RP holds true under non-stressful

environments only (i.e., I5). Under stress conditions (I3 and I1), the

linear proportionality of WP and RP is no longer valid, rather it

follows a quadratic response function. It implies a trade-off between

WP and RP under stressed conditions. Figure 13 also shows that till

mild levels of water stress, the increase in WP is accompanied by an

increase in RP, but as water stress increases further, the RP
FIGURE 8

Regression between biomass and cumulative intercepted PAR for
different sowing and inigation treatments (the slope indicates RP) for
data pooled over the two years. D1, normal sowing; D2 delayed
sowing; I5, five irrigations; I3 three irrigations, and I1, one irrigation.
FIGURE 7

Water productivity of wheat as influenced by sowing and irrigation treatments for pooled data over the two years. Letters over box and whisker plots
indicate the significant differences in mean values through TukeyHSD test. D1, normal sowing; D2 delayed sowing; I5, five irrigations; I3 three
irrigations, and I1, one irrigation.
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stagnates, and as water stress levels increase further, the RP starts

to decrease.
3.11 Yield penalty

Figure 14 shows the relation between crop yield penalty and the

ratio of RP to WP. The yield penalty here refers to the difference in

economic yield realized (kg ha−1) in a treatment from the maximum

economic yield obtained in any of the treatments in a crop season

(Figure 14A). It was also expressed in terms of percentage

(Figure 14B). There is a very significant inverse linear relation

between the two. The increase in RP/WP ratio leads to a decrease in

yield penalty under stresses. A 50% yield penalty was observed
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when the ratio of RP/WP reached approximately 0.61. It implies

that under stress conditions, the yield penalty can be minimized by

increasing both the productivities proportionally. A larger trade-off

between the two productivities may result in a higher yield penalty.
4 Discussion

WP can be largely enhanced by increased production of

biomass with no changes in crop water use or no change in

biomass production but using less water or a combination of both

(Blum, 2005). Analogously, improvement in RP can be achieved by

manipulation of biomass production and IPAR. Understanding the

behavior of crops for their biomass production, crop water use

IPAR, and ultimately their resource use efficiency for water and

radiation under stressful environments in field conditions is

important. Field studies on WP and RP are challenging due to

the lack of simple measurement techniques and the complexity of

these traits (Hall et al., 1990; Sinclair and Muchow, 1999;

Narayanan et al., 2013). The combined effect of water deficit and

terminal heat stress on resource use efficiency (water and radiation)

of field crops has not been well understood (Prasad et al., 2008a;

Fahad et al., 2017) and is less researched. Water stress often limits

leaf expansion, which is considered one of the most sensitive growth

processes hit by drought (Alves and Setter, 2004). Lower seasonal

crop water use under deficit irrigation conditions may be attributed

to smaller transpiring surfaces coupled with low soil water

availability even though large vapor pressure deficit conditions

may exist during the growing season. The smaller differences in

mean seasonal crop water use observed between normal sown and

late sown crops may be ascribed to a lesser change in leaf elongation

rate caused by terminal heat stress (Bos et al., 2000). Combined

water and terminal heat stresses have an additive effect on crop

water use.

A higher IPAR is more often associated with higher LAI (Han

et al., 2008; Bassu et al., 2011). Higher IPAR by normal sown crop

compared to late sown may be because of longer crop duration and
FIGURE 9

Radiation productivity of wheat as influenced by sowing and irrigation treatments. Letters over box and whisker plots indicate the significant differences
in mean values through TukeyHSD test. Dl, normal sowing; D2 delayed sowing; I5, five irrigations; I3 three irrigations, and I1, one irrigation.
FIGURE 10

Regression between cumulative crop water use and cumulative
intercepted PAR under different sowing and irrigation treatments
(the slope indicates canopy conductance). Data pooled over two
years. D1, normal sowing; D2 delayed sowing; I5, five irrigations; I3
three irrigations, and I1, one irrigation.
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higher LAI. The results were in conformity with the study by

Pradhan et al. (2018). Irrigation treatments had a non-significant

effect on seasonal IPAR, which may be attributed to the non-

significant effect of irrigation treatment on plant architecture light

extinction coefficient as reported by Thomas (2013) and Pradhan

et al. (2018). Our results showed a non-significant effect of irrigation

treatments on the light extinction coefficient. However, delayed

sowing caused a moderate increase in the light extinction coefficient

from 0.45 to 0.53. The delayed sowing resulted in shorter inter-

nodal length, consequently decreasing plant height. This decrease in

the vertical separation of leaves and reduced LAI resulted in

changed canopy architecture, causing an increase in the light

extinction coefficient. The combined effect of water and terminal

heat stress had differential effects on LAI expansion and canopy

architecture, thus causing a reduction in seasonal IPAR.

A decrease in the aboveground dry biomass of wheat under

water stress conditions led to reduced leaf area and crop growth as a

consequence of the reduction in cell division and elongation

(Hussain et al., 2008; Farooq et al., 2009). The water deficit stress

restricts the potential carbon assimilation rate mainly due to a

reduction in leaf expansion, impaired photosynthetic apparatus,

and early leaf senescence (Wahid et al., 2007). Another reason for

low dry matter production under water stress is that it might have

altered the photo-assimilate partitioning; more assimilate might

have diverted toward roots under water stress conditions (Anapalli
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et al., 2008; Dhakar et al., 2018). The decrease in dry biomass of

wheat under terminal heat stress conditions may be due to the

shorter duration of grain filling (Prasad et al., 2008a, Prasad et al.,

2008b), decreased photosynthesis (Djanaguiraman et al., 2020), and

increased maintenance respiration. The combined effect of water

and terminal heat stress on dry matter production was much higher

than that of each stress alone, which resulted in a higher reduction

in both IPAR and crop water use. Similar results of combined water

and heat stress on dry biomass and yield have been reported on

wheat and other crops (Wahid et al., 2007; Pradhan et al., 2012a;

Lipiec et al., 2013; Sehgal et al., 2017).

TheWP values obtained from the 2-year study (2.9 to 6.0 g m−2-

mm) were within the range of those commonly reported for wheat

(Caviglia and Sadras, 2001). The increase of WP under deficit

irrigation conditions may be attributed to the well-known effect

of stomatal closure without impairing the metabolic changes in the

plant (Johnson, 1993; Morgan et al., 1993; Van den Boogaard et al.,

1997; Rekika et al., 1998), but this increase in WP was at the cost of

yield penalty. The doubling of WP (3 g m−2-mm to 6 g m−2-mm)

caused the proportional yield penalty (approximately 5.0 t ha−1 to

2.5 t ha−1) under stresses (data not shown). A decrease in WP of

wheat exposed to terminal heat stress may be associated with poor

plant vigor, higher soil evaporation, and ultimately higher crop

water use and a decrease in biomass. Early planting as an agronomic

strategy has been suggested to have early crop vigor associated with
D

A B

C

FIGURE 11

Relation between (A) WP and economic yield, (B) RP and economic yield, (C) WP and biomass, and (D) RP and biomass. D1, normal sowing; D2
delayed sowing; I5, five irrigations; I3 three inigations, and I1, one irrigation. Asterisk(*) indicates statistically significance of R2 at p<0.05.
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higher WP (Oweis et al., 2000; Richards et al., 2002). However, the

combined effect of water and terminal heat stress resulted in a

decrease in WP. Though water stress leads to an increase in WP,

severe water stress is also known to decrease WP (El Hafid et al.,
Frontiers in Plant Science 11
1998; Anyia and Herzog, 2004). In our study, the additive effect of

water and terminal heat stresses might have caused severe stress,

which usually result in a decrease in photosynthesis due to

decreased chlorophyll index, the quantum yield of the

photosystem, and increased production of reactive oxygen species,

and oxidative damage to membranes (Pradhan et al., 2012a;

Pradhan et al., 2012b; Pradhan et al., 2012c; Pradhan and Prasad,

2015; Narayanan et al., 2016), consequently decreasing WP under

combined water and heat stress (Lawlor, 2002).

It was observed that terminal heat stress in wheat caused a

significant reduction in RP. This may be caused by a higher rate of

reduction in biomass as compared to that of IPAR under delayed

sowing. The higher rate of reduction in biomass in delayed sowing

may be caused by higher maintenance respiration due to increased

temperature as well as a decrease in grain filling duration. Irrigation

treatments had a non-significant impact on RP, and these results are

in conformity with other studies (Pradhan et al., 2018). RP and

IPAR were more sensitive to high-temperature stress during the

reproductive stage than water stress, as seen by the non-significant

effect of irrigation treatments on RP and IPAR. Combined water

and heat stress had a non-significant effect on RP, implying the

domination of the non-significant effect of water stress on IPAR

over the significance of terminal heat stress on IPAR. The values of

RP (2.66 to 3.42 g/MJ) for wheat reported in this study were also
D

A B

C

FIGURE 12

Relationship between (A) Yield versus the product of radiation productivity (RP) and water productivity (WP), (B) Biomass versus the product of RP
and WP, (C) Yield versus a ratio of RP to WP, and (D) Biomass versus a ratio of RP to WP. D1, normal sowing; D2 delayed sowing; I5, five irrigations;
I3 three inigations, and I1, one irrigation. Asterisk (*) indicates statistically significance of R2 at p<0.05.
FIGURE 13

Understanding relation between WP and RP under non-stressed (15
treatments) versus stressed environments (I3 and I1 treatments). D1,
normal sowing; D2 delayed sowing; I5, five irrigations; I3 three
irrigations, and I1, one irrigation. Coefficient of determination (R2 is
statistically significant at p<0.001.
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consistent with values reported in earlier studies (Sinclair and

Muchow, 1999; Pradhan et al., 2018).

CC may be taken as an indicator of aggregated leaf stomatal

conductance at the canopy scale when the soil evaporation

component is much lower (Sadras et al., 1991; Caviglia and

Sadras, 2001). Caviglia and Sadras (2001) showed that the CC of

wheat crop is largely unaltered by the contrasting supply of nitrogen

in temperate environments. However, we found that CC is more

affected by water stress than terminal heat stress in a subtropical

environment. To the best of our knowledge, no study in the

literature analyzed the behavior of crop conductance under

combined water deficit and terminal heat stress. Our results

showed that CC decreased significantly under deficit irrigation

treatments, which is in conformity with the results of decreasing

stomatal conductance under water stress in wheat (Nagar et al.,

2015a). In contrast, the CC increased with the delay in sowing in

our case. Literature also suggests an increase in stomatal

conductance and decreased chlorophyll index under high

temperature/heat stress (Pradhan et al., 2012a; Nagar et al.,

2015b; Pradhan and Prasad, 2015). A decrease in stomatal

conductance and chlorophyll index because of water deficit could

also be a main reason for the reduced CO2 assimilation rate, which

leads to lower grain yields.

Our study clearly showed a poor correlation of WP with final

biomass and yield when data are pooled over the water and terminal

heat stress treatments. These point to a complex interaction of water

and heat stress on WP. Various studies have also reported no or

poor definite relationship between transpiration efficiency, i.e., WP

at the leaf level and yield (Specht et al., 2001; Saranga et al., 2004;

Monneveux et al., 2005). However, RP was somewhat better related

to final biomass and economic yield but the correlation values were

still poor. It may be concluded that RP-based yield/biomass models

may work better than that based on WP under a combined stress

environment. Our hypothesis that coordination between RP and

WP can better explain the variability in biomass/yield under

multiple stresses than individually by RP or WP seems to hold

true. Our field study clearly showed that the ratio of RP to WP is a

much better metric to explain the variability in final yield/biomass
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than their product under multiple stress conditions. The highest

biomass or yield is realized when the ratio of RP to WP approaches

unity. We did not come across any such study in literature that

depicted this kind of relationship at the field scale.

By definition, the ratio of RP to WP is mathematically

equivalent to the ratio of crop water use to IPAR, i.e., CC. Thus,

RP is expected to be linearly related to WP (Narayanan et al., 2013).

However, our study found this positive linear relationship to hold

under a non-stressful environment only. Stresses altered this

relationship as both RP to WP and water use to IPAR (i.e., CC)

(Figures 10, 13) showed strong curvilinear relationships, implying a

trade-off between the RP andWP under a stress environment. It can

be seen that lower wheat yield is realized when we maximize or

minimize both WP and RP. Lower yield under lower water or

radiation productivities may be because of impairment of

photosynthetic or metabolic machinery due to severe stress. Thus,

it implies that coordination is required between these two

productivities so as to maximize the yield gain or minimize the

yield penalty under multiple stresses. However, it is important to

confirm this with the range of wheat genotypes.

The suitability of WP as an important trait in breeding

programs of crops under water-limited environments has been

debated much but literature suggests that WP is a very complex

trait and also not universal (Blum, 2005; Tambussi et al., 2007).

Identifying traits that contribute to high yield potential under high

temperature and water deficit stress is the prerequisite for a

successful breeding program. It is suggested that screening for

traits leading to a higher ratio of RP to WP for the selection of

lines in wheat breeding may have scope to improve the wheat yield

under multiple stress environments.
5 Conclusions

A 2-year field study was conducted on a dominant wheat

cultivar (HD-2967) to quantify the interactive effect of water

stress and terminal heat stress on growth, biomass, yield, and

productivity of water and radiation. Normally, under a non-stress
A B

FIGURE 14

Relation between RP/WP to (A) absolute yield penalty (in kg/ha), and (B) percent yield penalty (%) for different treatments of sowing date and irrigation.
Coefficient of determination (R2) is statistically significant at p<0.001.
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environment, the RP and WP are linearly related in wheat but the

study showed that under the combined effect of increasing water

stress and terminal heat stress, the linear proportionality between

RP and WP breaks down. It implies that a trade-off happens

between radiation and WP under an increasingly stressed

environment and so there may be a coordinated response

between the two. Furthermore, the study found that the ratio of

RP to WP is a much better indicator of biomass and economical

yield under combined stresses and both of these crop attributes can

be maximized when this ratio approaches unity. The study

concludes that breeders should identify traits in wheat plants that

can help in maximizing the ratio of RP to WP to minimize yield

penalty due to multiple stresses than looking at traits for increasing

WP or RP separately. Selection of parents in wheat breeding based

on such type of trait, i.e., ratio of RP and WP, may have a scope to

improve yield under a stressed environment. It is expected that this

behavior shall hold true for other wheat cultivars as well as for crops

of the same family, in general. However, these results need to be

further confirmed across different crops and their genotypes in

different regions with varying degrees of multiple stresses

and environments.
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Prasad, P. V. V., Pisipati, S. R., Momčilović, I., and Ristic, Z. (2011). Independent and
combined effects of high temperature and drought stress during grain filling on plant
yield and chloroplast EF-tu expression in spring wheat. J. Agron. Crop Sci. 197, 430–
441. doi: 10.1111/j.1439-037X.2011.00477.x

Prasad, P. V. V., Pisipati, S. R., Ristic, Z., Bukovnik, U., and Fritz, A. (2008b). Impact
of nighttime temperature on physiology and growth of spring wheat. Crop Sci. 48,
2372–2380. doi: 10.2135/cropsci2007.12.0717

Prasad, P. V. V., Staggenborg, S. A., and Ristic, Z. (2008a). Impacts of drought and/or
heat stress on physiological, developmental, growth, and yield processes of crop plants.
Response Crops to limited water: Understanding modeling Water Stress effects Plant
Growth processes (response crops) 1, 301–355. doi: 10.2134/advagricsystmodel1.c11

Priya, M., Dhanker, O. P., Siddique, K. H., HanumanthaRao, B., Nair, R. M., Pandey,
S., et al. (2019). Drought and heat stress-related proteins: an update about their
functional relevance in imparting stress tolerance in agricultural crops. Theor. Appl.
Genet. 132, 1607–1638. doi: 10.1007/s00122-019-03331-2

Rekika, D., Nachit, M. M., Araus, J. L., and Monneveux, P. (1998). Effects of water
deficit on photosynthetic rate and osmotic adjustment in tetraploid wheats.
Photosynthetica 35 (1), 129–138. doi: 10.1023/A:1006890319282

Reynolds, M., Foulkes, J., Furbank, R., Griffiths, S., King, J., Murchie, E., et al. (2012).
Achieving yield gains in wheat. Plant Cell Environ. 35 (10), 1799–1823. doi: 10.1111/
j.1365-3040.2012.02588.x

Richards, R. A., Rebetzke, G. J., Condon, A. G., and Van Herwaarden, A. F. (2002).
Breeding opportunities for increasing the efficiency of water use and crop yield in
temperate cereals. Crop Sci. 42 (1), 111–121. doi: 10.2135/cropsci2002.1110

Sadras, V. O., Whitfield, D. M., and Connor, D. J. (1991). Transpiration efficiency in
crops of semi-dwarf and standard-height sunflower. Irrigation Sci. 12 (2), 87–91. doi:
10.1007/BF00190015

Saranga, Y. E., Jiang, C. X., Wright, R. J., Yakir, D., and Paterson, A. H. (2004).
Genetic dissection of cotton physiological responses to arid conditions and their inter-
relationships with productivity. Plant Cell Environ. 27 (3), 263–277. doi: 10.1111/
j.1365-3040.2003.01134.x

Sehgal, A., Sita, K., Kumar, J., Kumar, S., Singh, S., Siddique, K. H., et al. (2017).
Effects of drought, heat and their interaction on the growth, yield and photosynthetic
function of lentil (Lens culinaris medikus) genotypes varying in heat and drought
sensitivity. Front. Plant Sci. 8, 1776. doi: 10.3389/fpls.2017.01776

Sehgal, A., Sita, K., Siddique, K. H., Kumar, R., Bhogireddy, S., Varshney, R. K., et al.
(2018). Drought or/and heat-stress effects on seed filling in food crops: impacts on
functional biochemistry, seed yields, and nutritional quality. Front. Plant Sci. 9. doi:
10.3389/fpls.2018.01705

Sinclair, T. R., and Muchow, R. C. (1999). “Radiation use efficiency,” in Advances in
agronomy, vol. 65. (Philadelphia, PA, USA: Elsevier), 215–265.

Specht, J. E., Chase, K., Macrander, M., Graef, G. L., Chung, J., Markwell, J. P., et al.
(2001). Soybean response to water. Crop Sci. 41 (2), 493–509. doi: 10.2135/
cropsci2001.412493x

Tambussi, E. A., Bort, J., and Araus, J. L. (2007). Water use efficiency in C3 cereals
under Mediterranean conditions: a review of physiological aspects. Ann. Appl. Biol. 150
(3), 307–321. doi: 10.1111/j.1744-7348.2007.00143.x

Thomas, P. (2013). M.Sc. Thesis in agricultural physics (New Delhi, India: PG
School IARI).

Van den Boogaard, R., Alewijnse, D., Veneklaas, E. J., and Lambers, H. (1997).
Growth and water-use efficiency of 10 Triticum aestivum cultivars at different water
availability in relation to allocation of biomass. Plant Cell Environ. 20 (2), 200–210. doi:
10.1046/j.1365-3040.1997.d01-60.x

van Oldenborgh, G. J., Philip, S., Kew, S., van Weele, M., Uhe, P., Otto, F. E. L., et al.
(2018). Extreme heat in India and anthropogenic climate change. Natural Hazards
Earth System Sci. 18, 365–381. doi: 10.5194/nhess-18-365-2018

Wahid, A., Gelani, S., Ashraf, M., and Foolad, M. R. (2007). Heat tolerance in plants:
an overview. Environ. Exp. Bot. 61 (3), 199–223. doi: 10.1016/j.envexpbot.2007.05.011

Yadav, M. R., Choudhary, M., Singh, J., Lal, M. K., Jha, P. K., Udawat, P., et al. (2022).
Impacts, tolerance, adaptation, and mitigation of heat stress on wheat under changing
climates. Int. J. Mol. Sci. 23 (5), 2838. doi: 10.3390/ijms23052838
frontiersin.org

https://doi.org/10.2135/cropsci1990.0011183X003000020011x
https://doi.org/10.17221/421-PSE
https://doi.org/10.1016/j.fcr.2018.02.022
https://doi.org/10.1111/j.1439-037X.2008.00305.x
https://doi.org/10.1111/j.1439-037X.2008.00305.x
https://doi.org/10.1038/s41598-019-40362-7
https://doi.org/10.1016/j.fcr.2018.01.029
https://doi.org/10.2135/cropsci1993.0011183X003300010030x
https://doi.org/10.2135/cropsci1993.0011183X003300010030x
https://doi.org/10.1093/aob/mcf110
https://doi.org/10.1093/aob/mcf110
https://doi.org/10.2478/intag-2013-0017
https://doi.org/10.1104/pp.100.2.733
https://doi.org/10.1017/S002185960006617X
https://doi.org/10.1016/j.fcr.2013.06.015
https://doi.org/10.1016/j.fcr.2013.06.015
https://doi.org/10.1016/j.eja.2004.03.001
https://doi.org/10.1098/rstb.1977.0140
https://doi.org/10.1098/rstb.1977.0140
https://doi.org/10.2135/cropsci1993.0011183X003300010032x
https://doi.org/10.1007/s40502-014-0134-3
https://doi.org/10.1007/s11738-015-2017-2
https://doi.org/10.2134/agronj2012.0377
https://doi.org/10.2134/agronj2012.0377
https://doi.org/10.1111/pce.12649
https://doi.org/10.1016/S0378-4290(03)00156-4
https://doi.org/10.2134/agronj2000.922231x
https://doi.org/10.1371/journal.pone.0116620
https://doi.org/10.1071/FP11245
https://doi.org/10.2135/cropsci2011.04.0186
https://doi.org/10.1071/FP11171
https://doi.org/10.1007/s40502-018-0400-x
https://doi.org/10.1111/j.1439-037X.2011.00477.x
https://doi.org/10.2135/cropsci2007.12.0717
https://doi.org/10.2134/advagricsystmodel1.c11
https://doi.org/10.1007/s00122-019-03331-2
https://doi.org/10.1023/A:1006890319282
https://doi.org/10.1111/j.1365-3040.2012.02588.x
https://doi.org/10.1111/j.1365-3040.2012.02588.x
https://doi.org/10.2135/cropsci2002.1110
https://doi.org/10.1007/BF00190015
https://doi.org/10.1111/j.1365-3040.2003.01134.x
https://doi.org/10.1111/j.1365-3040.2003.01134.x
https://doi.org/10.3389/fpls.2017.01776
https://doi.org/10.3389/fpls.2018.01705
https://doi.org/10.2135/cropsci2001.412493x
https://doi.org/10.2135/cropsci2001.412493x
https://doi.org/10.1111/j.1744-7348.2007.00143.x
https://doi.org/10.1046/j.1365-3040.1997.d01-60.x
https://doi.org/10.5194/nhess-18-365-2018
https://doi.org/10.1016/j.envexpbot.2007.05.011
https://doi.org/10.3390/ijms23052838
https://doi.org/10.3389/fpls.2023.1171479
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Balancing water and radiation productivity suggests a clue for improving yields in wheat under combined water deficit and terminal heat stress
	1 Introduction
	2 Materials and methods
	2.1 Study area and experimental details
	2.2 Aboveground biomass
	2.3 Intercepted photosynthetically active radiation
	2.4 Crop water use
	2.5 Canopy conductance, water productivity, and radiation productivity
	2.6 Statistical analyses

	3 Results
	3.1 Environmental conditions
	3.2 Canopy light extinction coefficient (k)
	3.3 Seasonal crop water use and IPAR
	3.4 Biomass production
	3.5 Water productivity
	3.6 Radiation productivity
	3.7 Canopy conductance
	3.8 Relation of yield and biomass with WP and RP
	3.9 Coordination between WP and RP
	3.10 Relation between water and radiation productivity
	3.11 Yield penalty

	4 Discussion
	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


