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ABSTRACT

The objective of this study was to evaluate the ability
of using spectral reflectance indices as a rapid and non-
destructive selection tool to estimate several selection
indices based on grain yield of a wide and diverse
range of spring wheat germplasm under shortage of
water application. A total set of 90 spring wheat lines,
including 86 recombinant inbred lines (RILs, at F6 and
F7) and 4 cultivars, were exposed to moisture stress
before flowering, and different selection indices were
calculated based on grain yield. Five vegetative based
indices (normal, red and green normalized difference
vegetation index, NDVI, RNDVI, GNDVI; simple ratio, SR
and photochemical reflectance index, PRI) and four
water based indices (normalized water indices 1, 2, 3
and 4, NWI-1, NWI-2, NWI-3 and NWI-4) were
calculated at Zadok’s scale 73 of crop development.
The results showed that the different selection indices
based on grain yield i.e. yield stability index (YSI), yield
index (Y1), stress sensitivity index (SSI), tolerance index
(TOL), mean productivity (MP), and geometric mean
productivity (GMP) provided a clear distinction
between parents and RILs.

The tolerant drought parents and RILs exhibited the
least TOL and SSI indices and the highest YSI, YI, MP
and GMP indices and vice versa for the sensitive one.
The five vegetative based indices recorded significant
correlations with all selection indices based on grain
yield with the exception of STI and TOL. The water
based indices NWI-3 and NWI-4 revealed stronger
associations with all selection indices based on grain
yield with the exception of STI, while the water based
indices NWI-1 and NWI-2 did not significantly improve
any relationship with all selection indices. The
relationship of selection indices with NWI-3 and NWI-4

were stronger than with vegetative based indices. The
overall results indicated that several spectral
reflectance indices based on visible and near infrared
wavelengths were effective as a rapid and non-
destructive selection tool to estimate several selection
indices based on grain yield.

INTRODUCTION

In classical breeding programs, it is common practice to
characterize large sets of crosses and select among and
within segregating populations in order to identify the
suitable materials. Moreover, plant breeders around
the world consider grain yield per se as the main
selection criteria for yield improvement (Araus et al.,
2002). However, selection of breeding lines for grain
yield is expensive in terms of time and financial
resources especially when a large number of
germplasm are being evaluated under field stress
conditions (Prasad et al., 2007).

Therefore, further progress in breeding for vyield
improvement under stress conditions requires reliable,
easy, rapid, and inexpensive selection method to
reduce the amount of work and speed up the process
in breeding programs. One of the most popular
methods currently used to phenotype genotypic
performance in terms of grain vyield is spectral
reflectance. Several studies demonstrated that grain
yield in field trails could be predicted by spectral
reflectance method in various crops such as wheat and
maize under different environmental stress (Gutierrez
et al.,, 2010; Montes et al., 2011; Erdle et al., 2013;
Hackl et al., 2014). This rapid and non-destructive
method based mostly on the absorption of light at a
specific wavelength of the spectrum is associated with
specific plant traits.
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For example, the spectral reflectance in the visible
wavelengths (VIS, 400 — 700 nm), near infrared
radiation (NIR, 700 — 1200 nm) and shortwave infrared
(up to 2500 nm) regions of the electromagnetic
spectrum depends on chlorophyll contents, biomass
dry weight per unit leaf area and crop water content,
respectively. If the chlorophyll content is high, the
reflectance in the VIS is low because of the high
absorption of light energy by pigments. However, the
reflectance of the NIR is high when the biomass dry
weight of plant is high due to the multiple scattering of
light by different leaf tissues.

However, the measurements of this reflectance are
significantly affected by ambient environmental
conditions (Ma et al., 2001). To avoid these problems, a
number of spectral reflectance indices derived from
simple mathematical formulae have been tested and
correlated with different vegetation and
physiological parameters, such as total biomass, green
leaf area index, photosynthetic capacity, transpiration
capacity, water index, and vigour growth (Pefiuelas et
al., 1997). From this point of view, the measurement of
spectral reflectance and their indices by using ground-
based proximal sensing techniques can potentially be
used as an easy, rapid, practical, and economic
selection tool to predicatively discriminate yield
variation among a large number of germplasm.

The spectrum reflected from canopy of plant provides
several information that can be used to detect a large
number of traits that related with final grain yield such
as photosynthetic capacity, aboveground biomass,
pigment concentration, photosynthetic radiation use
efficiency and plant water content (Araus et al., 2002;
Sims and Gamon, 2002; Liu et al.,, 2010; Weber et al.,
2012). On the basis of ratios or differences in the
reflectance at given wavelengths, the simple ratio (SR)
and normalized difference vegetative index (NDVI)
which combining information from the VIS and NIR
wavelengths were commonly used to predict different
vegetation traits related to grain yield such as green
biomass, photosynthetic capacity and green leaf area
index (Price and Bausch, 1995).

The water index (WI) which depended only on NIR has
been demonstrated to predict the traits related with
plant water status under water-stressed environments
such as relative water content, leaf water potential,
stomatal conductance, and canopy temperature
(Pefiuelas et al., 1997; Gutierrez et al., 2010).

Experiments in bread and durum wheat grown across a
wide range of water regimes and years for predicting
grain yield have shown that more than 90% of grain
yield variation could be explained using canopy
reflectance measured at 550 nm or spectral indices of
wavelengths from 850 to 970 nm (Royo et al., 2003;
Gutierrez et al., 2010). Raun et al. (2001) reported that
50 to 65% of grain yield variability in bread wheat can
be explained by NDVI and SR. In maize grown under
well-watered  conditions, stepwise  regressions
combining six different wavelengths were able to
explain over 95% of the variation in grain yield
(Osborne et al., 2002).

Weber et al. (2012) reported that the most relevant
wavelengths for predicting grain yield in maize under
different water regimes were associated with
photosynthetic capacity (495—-680 nm), red inflection
point (680-780 nm) and plant water status (900, 970,
and 1450 nm, 1150-1260 nm, and 1520-1540 nm).
Additional wavelengths based on leaf (800, 1000, and
1260-1830 nm) and canopy (988-999 nm and 1430-
1640 nm) reflectance of unknown physiological
relevance were also identified for prediction of grain
yield.

Babar et al. (2006) also reported that the NIR-based
indices such as water index (WI), normalized water
index-1 (NWI-1) and normalized water index-2 (NWI-2)
gave the highest levels of association with grain yield of
wheat under well-watered conditions. From this point
of view, the spectral reflectance properties can be
implemented into a breeding program as a potential
selection tool to predict grain yield in a rapid and non-
destructive manner.

The objective of this study was to test the correlation
of different spectral reflectance indices as a potential
high throughput screening tool with different selection
indices based on grain yield in order to evaluate the
ability of this tool to predict grain yield of large number
of bread wheat genotypes under water shortage
conditions.

MATERIALS AND METHODS

1.0. Plant materials
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A total of 90-spring wheat germplasm, comprising 22,
34 and 30 F4:6 and F4:7 recombinant inbred lines (RIL)
from the crosses Sids1/Sakha61, Sids 1/Sakha 93 and
Sakha 93/Sakha 61, respectively, three parents and one
drought-sensitive cultivar (Yecora Rojo) were evaluated
under moisture stress in the years 2012/2013 (F6) and
2013/2014 (F7). The three parents used in the crosses,
Sids 1, Sakha 93 and Sakha 61, were characterized as
tolerant, moderately tolerant and sensitive to moisture
stress, respectively (Abd El-Kareem and Saidy, 2011).
The 90 wheat germplasms were randomly selected to
represent a range of genetic diversity.

2.0. Experimental conditions

Field experiments were conducted at the Agricultural
Research Station of the King Saud University (Dierab,
near Riyadh; 24° 25N, 46° 34E, 400Alt.). Weather of
this study area is mostly sunny and dry during the
growing cycle of wheat crop. The soil texture at the
experimental station is a loamy sand (82.4% sand, 9.5%
silt and 8.1% clay) with a plant-available water
retention capacity of about 120 mm m™ and slightly
alkaline (pH 7.9) in nature.

Split plot combination of treatments was laid out in
a randomized complete block design replicated
three times. Water regime treatments were assigned
to the main plots and wheat germplasm were assigned
to the subplots. Each germplasm was sown at 300
seeds per square meter in a six-row plot. The plot size
was 4 m in length and 1.2 m in width. All essential
nutrients, including N, P and K, were adequately
applied to avoid any nutrient deficit. Weeds and
diseases were controlled throughout the growing
season.

Water-stressed treatments were achieved by applying
only three irrigations during the growing cycle of
germplasm. The first, second and third irrigation were
applied during the seedling (ZS 15), stem elongation (ZS
39) and before complete emergence of florescence (ZS
65) growth stages (Zadok’s scale, Zadoks et al. 1974),
and these irrigation applications involved 75, 100 and
80 mm of irrigation water, respectively, with the
amount of water totaling 2550 m> ha™.

The control treatment was irrigated when an amount
of evaporated water from Class A pan evaporation
reached 50 mm (7500 m® ha™). Irrigation was provided
via the furrow method. The irrigation system had one
water-emitting tube for each plot to deliver constant

and equal amounts of water to each plot. The amount
of water was monitored with a discharge gauge and
regulated through manually operated control valves.

3.0. Spectral reflectance measurements

Canopy reflectance was measured under clear sky
conditions between 10.00 h and 14.00 h using a
portable FieldSpec spectroradiometer (Analytical
Spectral Devices, Boulder, Co, USA). This instrument
was capable to detect reflectance light from 350 to
2500 nm wavelengths with a sampling interval of 1.0
nm of the spectrum. Thus, 2151 continuous bands
were obtained at each measuring. Reflectance
measurements were taken at a height of 50 cm above
the canopy in nadir position with a 25° field of view
fiber optics at a vertical position after the
spectroradiometer was calibrated using a white
reference panel of barium sulphate (BaSO4).

Four spectral measurements were taken from four
different places in each plot and the mean of four
readings was used to calculate the spectral indices of
each individual plot. Readings were taken at the
beginning of milk development (Zadok’s scale 73)
(Zadoks et al., 1974). Because there was a difference of
2 to 8 days among the tested germplasms in reaching
Zadoks scale 73, the readings were taken at the middle
of this range to ensure minimal influence on the
readings. The spectral reflectance indices were
evaluated within  this study using different
combinations of visible near-infrared wavebands as
ratio and/or normalized indices. Descriptions of the
indices are presented in Table 1.

4.0. Selection indices

Different selection indices were calculated based on
grain yield. The total grain yield per hectare was
determined by harvesting and threshing an area of 3
internal rows, each 3 m in length (1.8 m? in total area),
from each plot. The grain yield was adjusted to a water
content of 15.5%. The different selection indices based
on grain yield are presented in Table 1.

5.0. Data analysis

Analyses of variance using ANOVA was conducted to
test for significant differences among the RILs for
selection indices based on grain yield and spectral
reflectance indices using SAS PROC GLM (SAS Institute,
2001). To assess the ability of spectral reflectance
indices to estimate selection indices based on grain
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yield, relationship between both indices was
established by regression analysis and was
accomplished by the SAS software (SAS Institute,
2001).

6. RESULTS AND DISCUSSION

One important goal of recent innovative breeding
strategies is to maximize the speed of drought-
tolerance breeding. This goal can be achieved through
established various effective drought selection traits
and estimated these traits in a rapid and non-
destructive manner. To establish effective drought
selection traits, it is necessary to compare these traits
using a more diverse germplasm (Lu et al. 2011).

The 90 bread wheat germplasms used in this study
represent exceptionally wide genetic diversity,
including three parents differing in drought tolerance
(Sids 1, Sakha 61 and Sakha 93), one check drought-
sensitive cultivar (Yecora Rojo), and 22, 34 and 30 F6
and F7 families resulting from crosses between Sids 1
and Sakha 61, Sids 1 and Sakha 93, and Sakha 93 and
Sakha 61, respectively. Therefore, the final grain yield
measured across the 90 germplasms and growing
seasons were quite variable.

The minimum, maximum, mean and standard error of
different selection indices based on grain yield is
presented in Table 2. The results display significant
genotypic differences and wide range between the
minimum and maximum values for different selection
indices. The values across the germplasm and growing
seasons for yield stability index (YSI) ranged from 0.29
to 0.98; yield index (YI) from 0.42 to 1.50; stress
sensitivity index (SSI) from 0.07 to 2.32; stress
tolerance index (STI) from 0.13 to 0.58; tolerance index
(TOL) from 0.12 to 6.75; mean productivity (MP) from
3.03 to 9.09 and geometric mean productivity (GMP)
from 2.90 to 8.88.

(Table 2). Among the three parents, the Sids 1
exhibited the least TOL and SSI values followed by
Sakha 93, whereas the highest values were recorded in
Sakha 61 as well as in the sensitive one (Yecora Rojo).
Highest YSI, YI, MP and GMP indices were recorded for
Sids 1 and Sakha 93 and vice versa for Sakha 61 and
Yecora Rojo (Table 3).

The lines No. 10, 12, 14, 15, 16, 18 and 19 from the
cross Sids 1 x Sakha 61; 1, 10, 12, 13, 14, 16, 18, 20, 24
and 26 from the cross Sids 1 x Sakha 93 and 2 and 5
from the cross Sakha 93 x Sakha 61 exhibited the lower
TOL and SSI values and higher YSI, YI, MP and GMP
values than the two parents Sids1 and Sakha 93 (Table
3). These results indicate that these selection indices
are able to discriminate between the yields of different
genotypes under water shortage conditions. Several
authors (Ramirez and Kelly, 1998; Fernandez, 1992;
Talebi et al., 2009; Singh et al., 2011; Sobhani et al.,
2012; Hefiny et al.,, 2013) have reported on the
potential use of different selection indices such as YSlI,
YI, TOL, SSI, MP and GMP to differentiate genotypes for
grain yield under diverse environmental stress.

For instance, Fernandez (1992) reported that
genotypes with an SSI of less than a unit are more
adapted to moderate stress than other genotypes with
high SSI value. Sobhani et al. (2012) also reported that
MP, GMP and STI are reliable indices for screening of
different bread wheat recombinant inbred lines under
stress and non-stress conditions. Therefore, estimated
of these indices by an easy, rapid and non-destructive
selection tool may help breeders to screen a large
number of genotypes in a relatively short time.

In this study, we observed a wide range of genetic
variation for different spectral indices. The values
across the germplasm and growing seasons for
normalized difference vegetation index (NDVI) ranged
from 0.41 to 0.84; green normalized difference
vegetation index (GNDVI) from 0.43 to 0.68; red
normalized difference vegetation index (RNDVI) from
0.38 to 0.82; simple ratio from 2.43 to 9.63;
photochemical reflectance index (PRI) from -0.062 to
0.053; normalized water index-1 (NWI-1) from -0.038
to -0.005; normalized water index-2 (NWI-2) from -
0.040 to -0.007; normalized water index-3 (NWI-3)
from -0.045 to -0.005 and normalized water index-4
(NWI-4) from -0.039 to -0.013 (Table 2).
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Table 1. Description of the selection indices based on grain yield and the spectral reflectance indices used in this study.

Spectral reflectance indices Formula Reference

Yield stability index (YSI) VS = Vo / ¥z Bouslama and Schapaugh (1984)

Yield index (Y1) ¥I = ¥/ ¥, Gavuzzi et al. (1997)

Stress Sensitivity Index (SSI) 551 =1 — (¥ — ¥}/ 51 Fischer and Maurer (1978)

Stress Tolerance Index (STI) STI = (Vg % Y5 )/ (Vp)? Fernandez (1992)

Tolerance Index (TOL) TOL =¥g; — ¥y Hossain et al. (1990)

Mean Productivity (MP) MP = (V¥ +V;0/2 Hossain et al. (1990)

Geometric Mean Productivity (GMP) GMP = (Vg % V)™ Fernandez (1992)

Normalised difference vegetation index (NDVI) (Rgoo — Reso)/(Rsoo + Reso) Claudio et al. (2006); Mistele and Schmidhalter (2008)
Green normalized difference vegetation index (GNDVI) (R780 = Rss0)/(R7s0 + Rsso) Aparicio et al., 2000

Red normalized difference vegetation index (RNDVI) (R780 — Rg70)/(R7s0 + Rg70) Raun et al., 2001

Simple ratio (SR) Rooo/Reso Gitelson et al., 1996

Photochemical reflectance index (PRI) (Rs31 — Rs70)/(Rs31 + Rs7o) Pefiuelas et al., 1997

Normalized water index 1 (NWI-1) (Rg70 = Rggo)/(Rg70 + Rago) Babar et al. (2006); Prasad et al. (2007)
Normalized water index 2 (NWI-2) (Rg70 — Rss0)/(Rg70 + Rsso) Babar et al. (2006); Prasad et al. (2007)
Normalized water index 3 (NWI-3) (Rg70 — Rsgo)/(Rg70 + Rsgo) Babar et al. (2006); Prasad et al. (2007)
Normalized water index 4 (NWI-4) (Rg70 — Rg20)/(Rg70 + Roz0) Babar et al. (2006); Prasad et al. (2007)

Where, Ypi and Ysi are the grain yield of a wheat germplasm in normal and water shortage conditions, respectively. Sl is stress intensity, where: Sl = 1- Ys/Yp, Ys
and Yp are the mean grain yield of all germplasms under stressed and controlled conditions, respectively.
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Table 2. Basic statistics (maximum, minimum, means and standard error (SE) for grain yield, different selection indices and spectral

reflectance indices on the basis of the 90 spring wheat germplasms investigated under water shortage conditions

Minimum Maximum Mean SE Signlifica:nce

GY 2.14 7.55 4.93 0.13 o
Ysi 0.29 0.98 0.70 0.019 o
Yl 0.42 1.50 0.98 0.026 o
ssi 0.07 2.32 0.99 0.061 =
STI 0.13 0.58 0.25 0.009

TOL 0.12 6.75 2.34 0.17 =
MP 3.03 9.09 6.10 0.13 o
GMP 2.90 8.88 5.93 0.13 e
NDVI 0.41 0.84 0.66 0.010 =
GNDVI 0.43 0.68 0.56 0.003 =
RNDVI 0.38 0.82 0.66 0.009 =
SR 2.43 9.63 6.00 2.15 o
PRI -0.062 0.053 0.0002 0.0007 =
NWI-1 -0.038 -0.005 -0.024 0.0001 *
NWI-2 -0.040 0.007 -0.019 0.0001 *
NWI-3 -0.045 -0.005 -0.027 0.0001 =
NWI-4 -0.039 -0.013 -0.026 0.0001 =

The full name of abbreviations is presented in Table 1.
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Table 3. Tolerance indices of 90 wheat germplasm grown under shortage water conditions

Germplasm YSI Yl SSI STI TOL MP GMP YSI Yl SSI STI TOL MP GMP
Sids 1 0.86 1.11 047 0.28 093 6.07 6.05 200 088 080 041 041 058 434 433
Sakha 61 0.53 067 155 0.24 3.05 493 4.69 21 063 074 120 0.28 217 483 471
Sakha 93 0.77 118 074 0.23 174 684 6.79 22 071 106 094 023 217 643 6.34
Yecora Rojo 0.44 042 185 0.29 278 354 3.25 23 076 0.70 080 0.38 1.13 4.10 4.07
Sids 1 * Sakha 61 24 093 086 0.22 042 031 448 447
1 076 123 0.77 0.22 191 717 7.11 25 037 046 207 0.22 399 433 384
2 0.57 078 141 0.23 299 545 524 26 094 075 019 048 0.23 390 3.90
3 0.76 129 080 0.20 209 7.56 7.48 27 038 044 205 0.23 373 411 3.66
4 0.81 143 064 020 175 8.10 8.05 28 049 051 167 029 265 3.88 3.65
5 075 126 080 0.21 207 737 730 29 029 051 232 015 6.27 573 4.80
6 0.83 131 055 0.23 134 728 7.25 30 050 099 164 015 504 754 711
7 0.83 120 054 025 120 6.65 6.62 31 037 075 208 013 6.59 7.09 6.28
8 075 141 081 019 234 829 821 32 042 091 191 0.13 +6.46 785 7.15
9 0.78 102 0.72 0.27 144 586 5381 33 055 1.02 147 017 4.20 7.27 6.96
10 094 107 019 034 033 557 557 34 063 1.06 122 0.19 3.17 694 6.76
11 0.66 098 113 022 258 6.22 6.08 Sakha 93 * Sakha 61
12 091 087 030 040 044 459 459 1 073 125 089 0.20 237 751 7.41
13 0.73 134 088 019 249 8.00 7.90 2 093 114 023 031 043 597 596
14 094 125 020 0.29 041 652 6.52 3 0.84 126 053 024 124 7.01 6.98
15 092 107 026 033 046 561 561 4 079 080 070 035 110 459 456
16 0.97 150 010 0.25 0.24 7.67 7.67 5 095 105 015 035 0.25 544 544
17 064 088 116 024 245 566 553 6 0.72 121 093 0.20 243 732 7.22
18 097 132 010 0.29 0.21 6.76 6.76 7 0.41 076 194 0.15 554 6.59 598
19 095 125 0.17 029 034 648 6.48 8 045 062 180 021 383 505 4.67
20 056 086 144 0.20 339 6.04 5.79 9 059 085 136 0.22 3.05 583 5.63
21 062 099 125 020 3.09 655 6.37 10 0.70 1.04 098 023 226 640 6.30
22 0.81 144 063 0.20 171 812 8.07 11 079 102 068 0.28 135 584 581
Sids 1 * Sakha 93 12 069 124 102 019 283 7.68 7.55
1 093 127 023 0.28 048 6.63 6.63 13 067 102 1.07 022 251 641 6.29
2 0.62 092 124 022 283 6.05 5388 14 048 064 171 022 352 499 4.67
3 0.84 107 052 029 103 592 590 15 035 0.72 213 013 6.75 7.01 6.14
4 0.61 110 1.26 0.18 347 7.27 7.06 16 046 078 176 017 458 6.22 578
5 063 117 122 0.17 350 7.66 7.46 17 044 075 183 0.17 479 6.18 5.69
6 064 141 117 015 394 9.09 8.87 18 051 087 160 018 421 6.52 6.17
7 0.62 096 123 0.21 291 6.28 6.11 19 044 073 184 017 470 6.02 554
8 0.77 109 075 025 165 634 6.29 20 057 082 142 0.22 3.15 569 547
9 0.57 078 142 0.23 3.01 545 524 21 058 087 137 021 316 595 574
10 095 124 015 030 030 640 6.40 22 069 069 101 034 156 425 4.18
11 0.70 082 100 0.28 183 5.08 5.00 23 062 090 126 022 284 599 5381
12 090 059 032 058 032 312 311 24 0.77 111 075 0.24 166 6.46 6.41
13 090 103 034 033 061 552 551 25 056 1.10 144 0.16 438 775 744
14 098 105 007 037 012 535 535 26 050 074 163 020 3.68 557 525
15 0.84 088 051 035 083 486 4.85 27 053 1.07 153 015 473 7.78 741
16 094 104 019 035 032 539 5.39 28 062 080 124 0.25 245 528 5.13
17 0.79 098 0.70 0.28 135 562 5.58 29 083 1.07 056 028 111 596 5093
18 090 123 033 028 0.70 6.56 6.55 30 082 104 057 029 112 580 577
19 0.67 060 108 037 149 3.79 3.72
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The NDVI, GNDVI, RNDVI and SR measure the greenness of
the canopy and PRI is an indicator of radiation use
efficiency in plants, while the spectral indices based on NIR
(NWI-1, NWI-2, NWI-3 and NWI-4) measure the water
status at the canopy level. A low reflectance between 750
and 800 nm indicates a lower brown pigment content and
thus less leaf senescence (Pefiuelas et al., 1997; Weber et
al., 2012). Moreover, a low canopy reflectance between
1150 and 1260 nm were associated with high relative water
content in a wide range of species (Sims and Gamon, 2002).
Therefore, these spectral reflectance indices based on VIS
and NIR wavelengths are indicative of healthy plant under
stress conditions and, as a result, give higher correlation
with final grain yield. Therefore, these spectral reflectance
indices could be used to adequately predict the selection
indices for a large number of genotypes in a rapid and non-
destructive manner. In this study, we observed a significant
correlation between some spectral reflectance indices and
selection indices that calculated based on grain yield. The
spectral reflectance indices NDVI, GNDVI, RNDVI, SR and
PRI were significantly correlated with YSI, YI, SSI, MP and
GMP but not with STI and TOL. Among the four normalized
water indices (NWIs) used in the current study, the NWI-3
and NWI-4 were better correlated with selection indices
based on grain yield compared to the NWI-1 and NWI-2
(Table 4). These results indicate that the large proportion of

the variation in selection indices based on grain yield under
shortage of water could be explained by spectral indices in
a rapid and non-distractive manner. These results generally
agree with the findings obtained by Royo et al. (2003),
Gutiérrez et al. (2010) and Weber et al. (2012), they
reported that the most relevant wavelengths for predicting
grain yield variation were associated with photosynthetic
capacity (495-680 nm), red inflection point (680—780 nm)
and plant water status (900, 970, and 1450 nm, 1150-1260
nm, and 1520-1540 nm). Additional wavelengths based on
leaf (800, 1000, and 1260-1830 nm) and canopy (988-999
nm and 1430-1640 nm) are able also to predict the
variation in grain yield (Weber et al., 2012). Prasad et al.
(2007) also reported that Use of the NIR-based indices,
especially NWI-3 and NWI-4, shows promise in selecting
desired genotypes for higher grain yield.

The results of relationship between spectral reflectance
indices and selection indices also show that the normalized
water indices (NWI-3 and NWI-4) had always provided a
higher association with selection indices based on grain
yield compared to the vegetative based indices (NDVI,
GNDVI, RNDVI, SR and PRI) (Table 4). This observation
indicated that these both normalized water indices have
higher predictability at the genotypic level for grain yield
variation compared to the vegetative based indices under
water shortage conditions.

Table 4. Correlation coefficients between spectral reflectance indices and selection indices based on grain yield

YSI Yl SSI STI TOL MP GMP
NDVI 0.40* 0.71** 0.40* 0.0001 0.20 0.31* 0.43*
GNDVI 0.33* 0.60** 0.33* 0.03 0.12 0.35* 0.43*
RNDVI 0.37* 0.60** 0.37* 0.03 0.10 0.29 0.36*
SR 0.35* 0.63** 0.35* 0.0007 0.17 0.29 0.38*
PRI 0.33* 0.40* 0.33* 0.004 0.15 0.27 0.35*
NWI-1 0.07 0.11 0.07 0.0001 0.06 0.03 0.05
NWI-2 0.20 0.24 0.19 0.002 0.13 0.06 0.11
NWI-3 0.35* 0.70** 0.35* 0.02 0.31* 0.39* 0.49*
NWI-4 0.41* 0.82*** 0.41* 0.005 0.36* 0.51** 0.63**

* ) kE xEX Significant at the 0.05, 0.01 and 0.001probability levels, respectively.

The full name of abbreviations is presented in Table 1.
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