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Abstract. Stay-green plants retain green leaves longer after anthesis and can have improved yield, particularly under
water limitation. As senescence is a dynamic process, genotypes with different senescence patterns may exhibit
similar final normalised difference vegetative index (NDVI). By monitoring NDVI from as early as awn emergence
to maturity, we demonstrate that analysing senescence dynamics improves insight into genotypic stay-green variation.
A senescence evaluation tool was developed to fit a logistic function to NDVI data and used to analyse data from three
environments for a wheat (Triticum aestivum L.) population whose lines contrast for stay-green. Key stay-green traits
were estimated including, maximum NDVI, senescence rate and a trait integrating NDVI variation after anthesis, as
well as the timing from anthesis to onset, midpoint and conclusion of senescence. The integrative trait and the timing
to onset and mid-senescence exhibited high positive correlations with yield and a high heritability in the three
studied environments. Senescence rate was correlated with yield in some environments, whereas maximum NDVI was
associated with yield in a drought-stressed environment. Where resources preclude frequent measurements, we found
that NDVI measurements may be restricted to the period of rapid senescence, but caution is required when dealing with
lines of different phenology. In contrast, regular monitoring during the whole period after flowering allows the
estimation of senescence dynamics traits that may be reliably compared across genotypes and environments. We
anticipate that selection for stay-green traits will enhance genetic progress towards high-yielding, stay-green
germplasm.

Additional keywords: drought, leaf senescence, Triticum aestivum, wheat.

Received 18 February 2014, accepted 17 June 2014, published online 19 August 2014

Introduction

Plants with a stay-green phenotype retain green leaf area for
longer after anthesis than standard genotypes. The stay-green
phenotype has been linked to higher yield in several cereal crop
species, including wheat (Triticum aestivum L.) and sorghum
(Sorghum bicolor (L.) Moench), particularly under terminal
drought stress (recently reviewed in Gregersen et al. 2013).
Hence, stay-green is considered an important potential target
phenotype to improve crop adaptation to water-stressed
environments (Borrell et al. 2006; Christopher et al. 2008;
Lopes and Reynolds 2012; Jordan et al. 2012).

Stay-green has been assessed in the field using several
techniques. Visual stay-green ratings can be rapid and require
no specific equipment. The downside of such phenotyping
approaches is that visual ratings are inevitably subjective and
methods can differ significantly between researchers. This
complicates comparison of results from independent studies.
Visual assessments have been performed for the number of
green leaves per culm (Haussmann et al. 1999), greenness of
all fertile shoots (Foulkes et al. 2007) and greenness of just the
flag leaf and peduncle (Joshi et al. 2007). More objective
methods have also been applied, with measurements of
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individual leaves using instruments such as the Minolta SPAD
meter (Harris et al. 2007; Christopher et al. 2008). However,
such methods can be time-consuming and impractical for
measurements of large numbers of genotypes, as they require
repeated measurements of multiple leaves to provide reliable
information for a single trial plot. Recently, methods have
been developed using normalised difference vegetative index
(NDVI) measurements from devices such as the hand-held
Greenseeker (NTech Industries, Ukiah, CA, USA) (Lopes and
Reynolds 2012;Kipp et al. 2014). The advantageof suchmethods
is that they provide objective, integratedmeasurements of canopy
greenness and only take a few seconds to measure a field plot
(versus several minutes required for SPAD measurements).
NDVI-based methods can provide measurements of hundreds
of field plots in an hour and thus can be used to screen large
numbers of plots (e.g. breeding populations or structured
populations for genetic studies). As they are nondestructive
and relatively rapid, repeated measurements can be made on
the same plots over the period of crop development. Studies
reporting NDVI-based measurements of the stay-green
phenotype commonly rely on measurements from one or a few
time points late in the crop cycle (e.g. Lopes and Reynolds
2012). However, are measurements of NDVI at one or a few
time points sufficient for selection decisions? Given the
potential offered by NDVI methods, what is the most efficient
way to detect genetic stay-green variation in terms of the timing
and frequency of measurement and the integration of the data?

To capture senescence dynamics, linear regressions have
been fitted to measurements taken when plants are fully green
as well as close to maturity (Harris et al. 2007; Lopes and
Reynolds 2012). However, traits such as senescence onset
vary between genotypes and the date of measurements could
thus impact the results. In addition, the dynamics of senescence
probably follows a nonlinear pattern (Vijayalakshmi et al. 2010).

The aims of this study were (i) to propose a method to
phenotype stay-green dynamics, (ii) to determine whether there
is potential advantage in taking multiple NDVI measurements
during the crop life cycle from before anthesis to maturity, and
(iii) to investigate cheaper alternative methods for high-
throughput phenotyping. In particular, we wished to answer
several questions of interest for crop improvement
phenotyping. Can measurements on senescence dynamics give
additional information about genetic variation for stay-green?
Conversely, can information from one or a few time points be
used to select for stay-green in breeding programs? If so, how
many measurements are needed and when should they be
taken? To address these questions, NDVI was measured on
lines of a population contrasting for stay-green that were
grown in three field environments in southern Queensland,
Australia.

Materials and methods
Plant material

NDVI was measured on a population of 184 doubled haploids
derived from the bread wheat (Triticum aestivum L.) cultivars
SeriM82 and Hartog, plus the parents and a small number of
controls. SeriM82 is a high-yielding drought-tolerant CIMMYT
line derived from the Veeri cross (Sivapalan et al. 2000, 2001;

Olivares-Villegas et al. 2007). Hartog is a locally-adapted line
derived from the CIMMYT cross Pavon. SeriM82 and Hartog
have been shown to differ in yield adaptation to water-limited
environments, in root architecture and in stay-green (Manschadi
et al. 2006, 2010; Christopher et al. 2008). The 184 lines studied
here were selected from a larger population, based on their
similarity in height and maturity date (Christopher et al. 2013).

Field sites and treatments

Field trials were established during three seasons (2010, 2011
and 2012) at two sites in southern Queensland, Australia: Gatton
(GAT: 27�540S 152�340E, 89m above sea level) in 2010;
Warwick (WAR: 28�210S 152�100E, 480m above sea level) in
2011 and 2012. Experiment names are derived from a
combination of location (‘GAT’ or ‘WAR’) and year (e.g. ‘10’
for 2010) such that the trial at Warwick in 2011 is designated
‘WAR11’. Heavy alkaline cracking clay soils with high
moisture-holding capacity and no known subsoil constraints
predominated at both sites. These environments are typical of
the northern subtropical cereal cropping region of Australia.

Crops were sown in 2m� 6m plots with a row spacing of
25 cm and a target population density of 100 plantsm�2. Soil
tests were performed before planting to estimate soil N and P
levels aswell as parasitic nematode densities.Nematode densities
were below levels known to cause damage to sensitive wheat
cultivars. Luxury levels of nutrients were applied using
120 kg ha–1 urea before sowing and 40 kg ha–1 of Starter Z
(Granulock ® Z Extra, Incitec Pivot Ltd, Southbank, Vic.,
Australia) containing 10.5N, 19.5 P, 2.2 S and 2.2 Zn (%w/w)
at sowing. Weeds and diseases were controlled as necessary.
Crops were sown into soil near field capacity at WAR11 and
WAR12. At GAT10, soil was irrigated to field capacity by
addition of 25mm immediately after sowing, with an additional
42mm of supplementary irrigation applied immediately before
anthesis.

Trial design

All three trials were designed as partially replicated row–column
experiments (Cullis et al. 2006). The designs included an
underlying component for autocorrelation in the column and
row direction. All designs were generated using lmmdesign
(Butler et al. 2008). At the GAT10 trial, 198 lines were grown
in a 20 columns� 13 rows layout grouped into two replicate
blocks. The two parents (SeriM82 and Hartog) plus 60 other
lines were replicated twice, providing ~30% of replicated
material. At WAR11, 183 lines were grown in 8 columns� 33
rows grouped in two replicate blocks. SeriM82 and Hartog
were each replicated five times, but 73 other lines were
replicated twice, providing ~40% of replicated material. At
WAR12, 198 lines were grown in 8 columns� 33 rows
grouped in two replicate blocks. SeriM82 and Hartog were
each replicated five times, but 58 other lines were replicated
twice, providing ~30% of replicated material.

Measurements

Emergence scores were taken to ensure plots were well
established. For each plot, Zadoks stages were recorded
weekly to determine flowering date (Zadoks code 65; Zadoks
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et al. 1974). NDVI was measured weekly for each plot starting
from awn emergence (Zadoks code 49) in Warwick 2012 and
just before anthesis (Zadoks code 60) at the other two trials up
until after maturity using a hand-held Greenseeker model 505
(NTech Industries). At the end of the experiment, grain was
harvested using a small plot harvester to estimate yield. Plots
affected by disease were removed from the analysis.

Estimation of stay-green traits

A wheat senescence evaluation tool was developed in the
computer package R (R Development Core Team 2013). This
application fits a logistic function (Eqn 1; Fig. 1a) to NDVI
data centred at the anthesis for each plot. To enable proper fits
to the data, an extra NDVI value corresponding to the final
NDVI of the fully senesced crop was added after maturity, at
1000 degree-days (�Cd) after the last measurement date. The
NDVI value of this extra point corresponds to the minimum

between 0.15 and the minimum NDVI recorded for the plot
considered.

NVDI ¼ Nfinal þ Ngreen max

1þ t
TFN50SR
� �

 !

; ð1Þ

where Nfinal is the final NDVI of the dead plants, Ngreen_max

corresponds to the difference in NDVI between the maximum
and final values (i.e. maximum NDVI (Nmax) is equal to
Nfinal +Ngreen_max), TFN50 is the thermal time from anthesis to
loss of 50% of Ngreen_max, SR is an indicator of the senescence
rate and t is the thermal time from the plot anthesis (Fig. 1,
Table 1).

The stay-green evaluation tool was used to estimate stay-
green traits for each plot (Table 1; Fig. 1; Eqn 1), including
maximum NDVI (Nmax), and the thermal time from anthesis to
(a) senescence onset (which corresponds to the thermal time
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Fig. 1. Change in canopy greenness in wheat over time presented for (a) an illustration of the fitted
logistic curve and the estimated stay-green traits and for (b) three contrasting genotypes BC1–144,
SHF1–26 and HSF1–261 at Warwick in 2011 (WAR11). In (b), symbols represent measured
experimental normalised difference vegetative index (NDVI) values (‘Meas.’), whereas the lines
represent the regressionfittedusingEqn1 (‘Fit’).A list of the stay-green traits and their descriptions are
given in Table 1.

Table1. Abbreviationsanddescriptionsof stay-green traits andnormaliseddifference vegetative index (NDVI) estimates
at regular intervals in wheat

Stay-green traits were estimated for each plot of each genotype from a logistic function (Eqn 1) fitted to NDVI field data centred at
anthesis. Fig. 1 provides a graphical representation of these traits. NDVI estimates were calculated every 100 degree-days (8Cd)

from anthesis to 11008Cd after anthesis

Abbreviation Stay-green traits Description

Nmax Maximum leaf greenness Maximum NDVI value usually near or before
anthesis (Nfinal +Ngreen_max)

TFN90 Senescence onset Thermal time from anthesis to 90% of Ngreen_max

TFN50 Midpoint of senescence Thermal time from anthesis to 50% of Ngreen_max

TFN10 Senescence concluding Thermal time from anthesis to 10% of Ngreen_max

SR Indicator of senescence rate Indicated the rate of NDVI decrease; see Eqn 1
SGint Stay-green integral NDVI integral from anthesis to senescence completion
N90 NDVI at senescence onset NDVI value at TFN90
N50 NDVI at midpoint of senescence NDVI value at TFN50
N10 NDVI at senescence concluding NDVI value at TFN10
SG100 to SG1100 NDVI estimates at various times NDVI values at 100�Cd intervals from 100�Cd to

1100�Cd after anthesis estimated from Eqn 1
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when Ngreen_max dropped by 10%; TFN90), (b) the midpoint of
senescence (TFN50; i.e. a drop of 50% from Ngreen_max) and (c)
senescence nearing conclusion (TFN10; i.e. a drop of 90% from
Ngreen_max). In addition, NDVI values for each plot were
estimated at the thermal times TFN90, TFN50 and TFN10,
and were designated ‘N90’, ‘N50’ and ‘N10’, respectively
(Table 1). The indicator of the senescence rate (SR) was
estimated as described in Eqn 1. The stay-green integral
(‘SGint’) was calculated as the integral from anthesis to
1500�Cd after anthesis (i.e. after the completion of senescence
in all environments). Thus, SGint corresponds to the area under
the stay-green curve from anthesis until the completion of
senescence (grey area in Fig. 1a) and is related to the overall
green-leaf area retention of the crop after anthesis.

In order to determinewhenNDVIwasmost closely correlated
with yield, correlations were estimated at 100�Cd intervals
from 100�Cd to 1100�Cd after anthesis (Table 1), a thermal
period of 100�Cd corresponding approximately to a weekly
NDVI sampling period in these trials.

In order to assess the value of a simpler and more direct
phenotyping method, the correlation between yield and NDVI
was also determined for direct NDVI measurements at actual
sampling times. Sampling times were expressed relative to the
flowering date of a single reference genotype, Hartog.

Genetic correlations of stay-green traits and NDVI
measurements with yield
For each trial, a series of separate bivariate linear mixed models
were used to calculate the genetic correlation between yield and
the stay-green traits, yield and NDVI measurements, as well as
yield and each of the NDVI estimates that were calculated at
100�Cd intervals using the logistic function (Eqn 1). In the
analysis model, genotypes were considered to be a random
effect, since the interest was in the variation in genotype
ranking between yield and NDVI. Each bivariate model
estimated the genetic correlation between the two traits, yield
and NDVI, allowing for heterogeneous variance for each trait.
The correlation and heterogeneity are denoted by ‘corh’ in the
basemodel detailed below. Since yield andNDVIweremeasured
in the same field plot, correlation and separate variances were
also included at the observational unit (field plot) level (denoted
‘rcov’ in the base model). The experimental design was based
on two replicate blocks, denoted ‘Block’ in the base model. In
addition, spatial variation was modelled through a separable
autoregressive structure for both rows and columns at the
residual level, and any extraneous field trends due to rows and
columns in the field were included, following the method of
Gilmour et al. (1997).

The base ASReml-R syntax was:

fixed = ~Trait,
random=~corh(Trait) : Genotype +Block,
rcov = ~corh(Trait) : ar1(Row):ar1(Column).

Genetic correlations between NDVI measurements
and between stay-green traits

To assess the possible change in genotype ranking across weekly
NDVI measurements, a multitrait analysis was applied using a
factor analytic approach (Smith et al. 2001). Because the NDVI
measurements were taken repeatedly across time from the same
plot, an ante-dependence covariance structure was applied at the
field plot level, thus accounting for any covariance (correlation)
between plot measurements over time. The residual term also
included a separable autoregressive model for spatial variation
over the rows and columns in the field. In addition, terms
associated with the field rows and columns were included,
which were specific for each site and measurement time. The
set of measurement times is grouped and denoted as ‘Trait’ in the
syntax below. Each trial was analysed separately.

The base ASReml-R syntax was:

fixed = ~Trait,
random=~fa(Trait, k) : Genotype +Block,
rcov = ~ante(Trait) : ar1(Row):ar1(Column),

where k is the number of factor loadings that explain a significant
amount of variation in the data.

The factor analytic approach was also used to determine the
level of agreement between the traits TFN90, TFN50, TFN10,
Nmax, SGint, SR, N90, N50 and N10.

For each trait, the statistical model provided the best linear
unbiased predictors of the genetic effects. The residual maximum
likelihood (Patterson and Thompson 1971) algorithm was used
to provide estimates of the variance components.

Data were analysed with ASReml-R (Gilmour et al. 1999;
Butler et al. 2009) using R software.

Results

Yield varied between genotypes and environments

For all trials, the deep clay soils held substantial plant-available
soil moisture at sowing from the previous summer fallow, as
typically observed in this cropping environment (Table 2). In-
crop rainfall varied between trials from 216mm at GAT10 down
to 109mm atWAR12 (Table 2). At GAT10 andWAR11, in-crop
rainfall, stored soil moisture at sowing (plus irrigation at GAT10)
resulted in little or no moisture stress during the growing season
(corresponding to environment Type 1 from Chenu et al. 2013).

Table 2. Year, site, trial name (Trial ID), sowing date (Sow), irrigation (Irri, in mm), date of Hartog anthesis (DHA), plant-available soil moisture
at sowing (PAW, in mm), in-crop rainfall (ICR, mm), average daily (Ave T) and cumulative incident radiation (Radn, in MJm–2) for three wheat

trials in southern Queensland
GAT10, trial at Gatton in 2010; WAR11, trial at Warwick in 2011; WAR12, trial at Warwick in 2012

Year Site Trial ID Sow DHA PAW Irri ICR Ave T Radn

2010 Gatton GAT10 26 May 29 August 191 67 216 15.7 1808
2011 Warwick WAR11 24 June 2 October 256 0 187 13.2 2447
2012 Warwick WAR12 22 June 7 October 255 0 109 13.8 2649
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Minor stress occurred for only a short period before anthesis at
WAR11. In contrast, WAR12 experienced moisture stress
from before anthesis to just after the middle of the grain filling
period, which was relieved only by late rainfall (environment
Type 3 from Chenu et al. 2013). Frequent in-season rainfall
and prolonged periods of cloud cover reduced radiation at
GAT10, particularly during the grain filling period (Table 2).
The reduced radiation contributed to a lower site mean yield
at GAT10 (464 g–2) compared with WAR11 (567 g–2; Table 3).
Lack of rainfall leading up to anthesis and during the early grain
filling period affected yield at WAR12, leading to the lowest
site mean yield (415 g–2; Tables 2 and 3). Site mean yields at
WAR11 andWAR12 were above the district average commercial
yield of 300–350 g–2 (Potgieter et al. 2002, 2004). Significant
yield variation was observed between genotypes, for all
environments (P� 0.05).

Genotypic differences in stay-green traits indicate
variation in stay-green expression

The logistic function in Eqn 1 provided a close fit to the
experimental data (e.g. Fig. 1b). Coefficients of determination
(r2) averaged more than 0.99 overall and were greater than 0.86
for all plots. Correspondingly, the residual mean square error
and coefficient of variation of error were low, with an overall
average of 0.027 and 0.062, respectively.

The dynamics of senescence varied between genotypes
(Fig. 1; Table 3), with significant genetic variation (P� 0.05)
observed for all stay-green traits (Table 1; Fig. 1) in all
environments except for TFN10 at GAT10 and N50 at
WAR11 (P� 0.05; Table 3). Some examples of the types of
variation observed are illustrated in Fig. 1b for three genotypes
grown at WAR11. Here, HSF1–261 had a relatively low Nmax

(~0.7) versus BC1–144 and SHF1–26 (~0.8). HSF1–261 had the
earliest onset of senescence (TFN90) and was also the earliest
genotype to lose 50% NDVI with TFN50 at 428�Cd from

anthesis versus BC1–144 and SHF1–26 at 456�Cd and
524�Cd, respectively (Fig. 1b). In contrast, final NDVI was
similar for the three genotypes.

Times taken to reach certain stages of senescence were
highest in the wettest environment (GAT10) and lowest in the
stressed environment (WAR12, Table 3) where maturity was
also reached earlier. For example, the time taken for NDVI to
fall to specific levels as estimated such as TFN90, TFN50 and
TFN10 were greatest at GAT10 and least at WAR12. Similarly,
mean Nmax values and mean NDVI values reached at specific
points during senescence (e.g. N90, N50 and N10) were also
generally greater at GAT10 than at WAR11 and WAR12
(Table 3).

Broad-sense heritability for yield was higher in GAT10 than
in the other two environments (Tables 2 and 3). Several traits
exhibited greater heritability than yield in certain environments
(Table 3). For example, SGint exhibited heritability of 77% and
61% at GAT10 and WAR11 respectively, versus 66% and 49%
for yield. Similarly, TFN90 and TFN50 exhibited relatively
high heritability, with values ranging between 58% and 85%
(Table 3). In contrast, Nmax had a high heritability of 72% at
WAR12 but lower values in the other two environments. SR
had heritability values of 78% and 67% at WAR11 and WAR12
but only 37% at GAT10. N90 and N50 heritabilities were
moderate, ranging from 42% to 59%, whereas N10 exhibited
low heritability at each environment, probability due to low
genetic variation in final NDVI.

In contrast to stay-green traits, time to anthesis was not
significantly correlated with yield at any of the trials
(P > 0.05), despite significant variation between genotypes at
all three trials (P < 0.05). Height was significantly negatively
correlated with yield only at GAT10 despite also exhibiting
significant variation between genotypes at each site (P < 0.05).
The small s.e. for height and time to flowering at each site
indicate that the selection for these traits has reduced the range
of variation within sites as targeted (Table 2).

Table 3. Mean predicted values (best linear unbiased predictors; Pred.), s.e. and broad-sense heritability (h2) for wheat yield,
height and thermal time from sowing to anthesis as well as the stay-green traits estimated from fitted logistic curves for each

field plot at Gatton (GAT10) and Warwick (WAR11 and WAR12) in southern Queensland
NA, the estimated genetic variance for these traits in these environments was close to zero;Nmax, maximum leaf greenness; TFN90, onset
of senescence; TFN50, midpoint of senescence; TFN10, conclusion of senescence; SR, senescence rate; N90, normalised difference
vegetative index (NDVI) at the onset of senescence; N50, NVDI at the midpoint of senescence; N10, NDVI at the conclusion of

senescence; SGint, stay-green integral

Trait GAT10 WAR11 WAR12
Pred. s.e. h2 Pred. s.e. h2 Pred. s.e. h2

Yield (gm–2) 464 11 66 567 10 49 415 10 63
Height (cm) 104 0.5 77 90 1.5 93 74 1.9 86
Anthesis (oCd) 1251 3.8 81 1126 9.3 77 1259 1.2 74
Nmax 0.87 0.002 38 0.76 0.006 35 0.72 0.01 72
TFN90 454 4.4 73 384 7.62 78 110 29.8 61
TFN50 696 6.8 85 555 9.79 72 316 23.9 58
TFN10 1097 38.0 NA 749 9.95 29 644 41.4 48
SR 5.28 0.123 37 7.01 0.27 78 5.67 0.69 67
N90 0.80 0.001 42 0.70 0.005 12 0.66 0.01 58
N50 0.51 0.001 59 0.452 0.004 NA 0.42 0.01 55
N10 0.23 0.003 39 0.20 0.002 24 0.19 0.01 34
SGint 524 9.1 77 343 5.06 61 382 20.0 50
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Strong genetic correlations were observed between traits
involved in early to mid-senescence
Several high correlations between traits were observed at all
three sites, particularly for traits affecting early to mid-
senescence (Table 4). For instance, there was a consistent and
strong positive correlation between the timing of senescence
onset (TFN90) and mid-senescence (TFN50), and, to a lesser
degree, between NDVI values close to anthesis (Nmax), at
senescence onset (N90) and at mid-senescence (N50).
Correlations among Nmax, N90 and N50 probably arose as
N90 and N50 were defined as set proportions of Ngreen_max

(Fig. 1), whereas Nfinal varied little. However, correlations
between early to mid-senescence NDVI values and their
timing (i.e. N90 vs. TFN90 and N50 vs. TFN50) were weak in
WAR11 andWAR12, but were strongly negative in the irrigated
trial at GAT10. Well watered genotypes with high NDVI
around anthesis in GAT10 tended to have a slower senescence
rate, as indicated by the strong negative correlation between
Nmax and SR in this environment.

Correlations between traits influencing early to mid-
senescence versus late senescence were less consistent. The
timing of senescence onset (TFN90), although strongly
positively correlated with mid-senescence (TFN50),
generally exhibited weak correlation with the timing of

concluding senescence (TFN10; Table 4). Limited genetic
variation was observed in NDVI value towards the end of the
crop cycle, partly explaining the weak correlations observed
between N90 and N10, and between TFN90 and TFN10 in all
environments. Both TFN90 and TFN50 exhibited correlations
with N10 that varied from strongly negative at GAT10 to
positive at WAR11 and WAR12, indicating a genotype by
environment interaction. These results suggest that traits
measured late in senescence are not necessarily dependent on
those measured early and may respond differently to
environmental variations.

SR was moderately to strongly positively correlated with
TFN90 in all three environments (Table 4). These correlations
are consistent with the fact that increases in the time to
senescence onset, as estimated by TFN90, did not necessarily
correspond with similar increases in the time to senescence
concluding (TFN10), leading to increased SR. An example of
this relationship is illustrated by the senescence patterns of the
three genotypes represented in Fig. 1b.

Increases in SGint generally corresponded with increased
TFN90 and TFN50 values. SGint correlations with TFN90
and TFN50 were strong at GAT10 and WAR11, but weaker in
the stressed environment of WAR12, indicating variation in
stay-green patterns among genotypes and environments.

Table 4. Correlations among stay-green traits in wheat at three environments in southern Queensland
GAT10, trial atGatton in 2010;WAR11, trial atWarwick in 2011;WAR12, trial atWarwick in 2012;Nmax,maximumleaf greenness;TFN90, onset of senescence;
TFN50, midpoint of senescence; TFN10, conclusion of senescence; SR, senescence rate; N90, normalised difference vegetative index (NDVI) at the onset of
senescence;N50,NDVIat themidpointof senescence;N10,NDVIat the conclusionof senescence;SGint, stay-green integral;NA,not applicable, as the estimated

genetic variance for these traits in these environments was close to zero

Trial Trait Nmax TFN90 TFN50 TFN10 SR N90 N50 N10

GAT10 TFN90 –0.55 – – – – – – –

TFN50 –0.23 0.94 – – – – – –

TFN10 NA NA NA – – – – –

SR –0.85 0.45 0.17 NA – – – –

N90 0.99 –0.64 –0.33 NA –0.84 – – –

N50 0.67 –0.99 –0.88 NA –0.55 0.74 – –

N10 –0.01 –0.83 –0.97 NA 0.03 0.10 0.74 –

SGint 0.01 0.83 0.97 NA –0.03 –0.10 –0.74 –1.00

WAR11 TFN90 –0.15 – – – – – – –

TFN50 –0.02 0.99 – – – – – –

TFN10 0.56 –0.20 –0.12 – – – – –

SR –0.24 0.92 0.89 –0.24 – – – –

N90 1.00 –0.13 0.00 0.56 –0.23 – – –

N50 NA NA NA NA NA NA – –

N10 0.13 0.55 0.58 0.01 0.48 0.14 NA –

SGint 0.52 0.74 0.82 0.20 0.61 0.54 NA 0.55

WAR12 TFN90 0.02 – – – – – – –

TFN50 0.14 0.95 – – – – – –

TFN10 0.30 –0.40 –0.10 – – – – –

SR –0.11 0.93 0.81 –0.55 – – – –

N90 1.00 0.04 0.16 0.28 –0.08 – – –

N50 0.96 0.21 0.26 0.08 0.11 0.97 – –

N10 0.25 0.70 0.49 –0.73 0.75 0.28 0.49 –

SGint 0.78 0.44 0.65 0.43 0.23 0.78 0.74 0.17
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Traits expressed during early to mid-senescence
correlated with yield

Many stay-green traits were significantly positively correlated
with yield (Fig. 2). Traits influencing early to mid-senescence
were particularly well correlated with yield, with, for instance,
significant positive correlations observed for TFN90 and TFN50
in all three environments (Fig. 2b). Nmax was also significantly
correlated with yield but only in the stressed environment of
WAR12 (P� 0.05). By contrast, traits related to late senescence
(TFN10, N10) were not significantly correlated with yield in
any trial.

In contrast to TFN90 and TFN50, which indicate the timing
of certain stages of senescence, NDVI values at those stages
(N90 and N50, respectively) were not significantly correlated
with yield (Fig. 2b, P� 0.05). N10 was also not significantly
correlated with yield in any environment. These results are partly
explained by the fact that N90, N50 and N10 are defined as
fractions of Ngreen_max (Fig. 1), which is the difference between
(i) Nmax, which was not significantly correlated with yield in
GAT10 and WAR11, and (ii) Nfinal, which varied little.

Traits related to the more general senescence pattern varied
in their correlation with yield. SR was significantly positively
correlated with yield in the environments at WAR11 and
WAR12 but not at GAT10 (P� 0.05). However, SGint, which
tends to integrate the senescence pattern overall, was one of the
traits most consistently correlated with yield in all three
environments (Fig. 2b).

NDVI during the rapid phase of senescence correlated
significantly with yield

To determine when the correlation between NDVI and yield is
strongest, NDVI was estimated from the fitted logistic function
for individual genotypes every 100�Cd from anthesis onwards

(Fig. 2a). The strongest correlations were 0.76, observed at
300�Cd after anthesis for WAR11, 0.63 at 300�Cd for GAT10
and 0.50 at 700�Cd for WAR12 (Fig. 2). The correlation
between yield and the extrapolated NDVI values was positive
during most of the period after anthesis. The correlation was
significant at all three environments from 200�Cd to 700�Cd
after anthesis (i.e. during the period of rapid senescence common
to all trials; P� 0.05, Fig. 3).

A single time-point measurement can indicate
stay-green phenotype

As resources may limit the frequency of field observations, we
wished to establish whether significant correlations with yield
could be detected with a limited number of measurements
and, if so, at which dates. To examine this possibility, the
correlations between yield and NDVI measurements were
calculated for NDVI values expressed relative to the anthesis
date of the standard genotype Hartog (Fig. 4).

Significant positive correlations between yield and
NDVI measurements were observed for different dates of
measurements in each environment (Fig. 4). As for the NDVI
values estimated with the logistic function, genetic correlations
were strongest for times when crops were rapidly senescing.
In contrast, for dates before the onset of rapid senescence, or
when senescence was near completion, NDVI was often not
significantly correlated with yield (Figs 4 and 5). The timing
of the rapid senescence period relative to the anthesis date of
Hartog varied with environment (Fig. 5) but, in these
experiments, included a common period from 16 to 33 days
after Hartog anthesis (Figs 4 and 5). This suggests that
repeated measurements of NDVI and the fitting of the logistic
function may not always be required to find significant
correlations with yield if measured during the period of
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Fig. 2. Genetic correlations between wheat yield and (a) normalised difference vegetative index
(NDVI) values after anthesis estimated at intervals of 100 degree-days (�Cd) from the fitted logistic
function (Eqn 1) and (b) stay-green traits. Data are for three trials in southern Queensland
(Table 1). Probability of correlations are indicated at less than 0.05 (*) and 0.01 (**) levels. The grey-
shaded box in (a) represents the period when correlations between yield and NDVI were significant in
all three environments (P� 0.05). The absence of a bar in (b) indicates that estimated genetic variance was
close to zero for the trait.
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rapid senescence. However, it must be cautioned that these are
results from only three environments and come from a
population of lines selected to have similar flowering dates
(Christopher et al. 2013; Table 1).

Genotype ranking for NDVI can vary over the cycle

In each of the three environments, positive correlations were
observed between NDVI measurements (best linear unbiased
predictors) taken on different dates from near anthesis onwards
(Fig. 5; Table 5), namely from –1 to 40 (days after Hartog

anthesis) DHA at GAT10, from –4 to 40 DHA at WAR11 and
from –12 to 36 DHA at WAR12. These correlations were
moderate to high at GAT10 (ranging from 0.54 to 0.94) and
WAR12 (0.41–0.98) but some were lower at WAR11
(0.26–0.96).

Correlations between NDVI measured at different dates
within the common rapid senescence phase, where NDVI was
significantly correlated with yield, were consistently strong
and positive in all three environments (grey shaded boxes in
Fig. 5 and bold italicised values in Table 5). During this
period, the correlations were 0.89 at GAT10, 0.60–0.84 at
WAR11 and 0.86–0.98 at WAR12 (Table 5). These
observations indicate that NDVI measurements at a single
date during the common rapid senescence phase are likely
to capture genotypic variation. However, lower genetic
correlations were observed when comparing values from
one date with those from earlier or later dates, suggesting
that changes in ranking (crossovers) might occur during the
crop cycle.

Genotype rankings for NDVI value can change during the
suggested rapid senescence sampling period (Figs 6 and 7). For
instance, genotypes like SHF1–2 have a relatively high NDVI
at anthesis and during early grain filling, but senesce rapidly
and have relatively low NDVI later (Fig. 6). In contrast, a
genotype like HSF1–294 had a low relative NDVI at early
stages but a slow senescence rate that allowed it to retain green
leaves longer. Thus the ranking between these genotypes
changes from early to late grain filling.

To examine how frequently NDVI measurements taken on
different dates during the rapid senescence phase provide
inconsistent genotype rankings, genotype ranks for NDVI at
the start and the end of the common rapid senescence period
were compared (Fig. 7). At GAT10, NDVI rankings at the two
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25th percentiles) or to the most extreme observed value, whichever is smallest. Dots above or below the whiskers represent individual
values outside this range.
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Table 5. Genetic correlations between normalised difference vegetative index (NDVI) measurements taken on various dates and broad-sense
–heritability at those dates (h2) for wheat grown in three environments in southern Queensland

Correlations were calculated between dates relative to the date of Hartog anthesis (DHA). Dates during the period when correlations between NDVI and
yield were significant (P� 0.05) in all environments (Fig. 5) are highlighted grey with bold text and values for correlations between NDVI values taken on these

dates are given in bold italics

GAT10 DHA –1 22 33 40 h2

–1 74
22 0.54 85
33 0.69 0.89 89
40 0.68 0.63 0.88 79
50 0.70 0.56 0.87 0.94 35

WAR11 DHA –4 1 8 16 23 33 40
–4 32
1 0.77 50
8 0.35 0.29 45

16 0.69 0.58 0.26 47
23 0.80 0.68 0.30 0.60 67
33 0.96 0.80 0.36 0.72 0.84 80
40 0.77 0.64 0.29 0.57 0.67 0.80 86

WAR12 DHA –26 –17 –12 –4 1 10 15 23 29 36
–26 46
–17 0.93 67
–12 0.57 0.83 61
–4 0.64 0.86 0.95 64
1 0.31 0.65 0.93 0.89 69
10 0.20 0.51 0.83 0.80 0.88 53
15 –0.02 0.27 0.64 0.61 0.74 0.89 57
23 –0.32 –0.01 0.46 0.41 0.63 0.86 0.86 58
29 –0.16 0.13 0.54 0.51 0.66 0.91 0.88 0.98 54
36 0.13 0.41 0.70 0.66 0.77 0.78 0.69 0.65 0.67 51
44 0.55 0.55 0.37 0.37 0.29 –0.05 –0.18 –0.4 –0.4 0.05 45
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measurement dates within this period were generally well
correlated, exhibiting a regression line with a slope close to
1 at 0.95 and an r2 value of 0.91 (Fig. 7a). However, a small
number of genotypes diverged widely from the 1 : 1 line,
indicating a large change in rank between the two dates
(Fig. 7). At WAR11 and WAR12, the degree of correlation
between first and last measurement dates was less consistent
than at GAT10. At Warwick, a greater number of genotypes
changed ranking for NDVI so that a lower r2 of 0.70 and
0.84 was observed at WAR11 and WAR12, respectively.
The estimated slopes for the regression lines at these trials
also deviated slightly further from the expected 1 : 1 ratio
than they did at GAT10, with slopes of 0.84 and 0.91 for
WAR11 and WAR12, respectively. The changes in ranking
indicate that selection of genotypes with high NDVI based on
measurements from a single date could lead to quite different
outcomes depending on which date is used.

Genetic relationships between stay-green indicators
and yield varied across environments
To further examine the genetic relationships between (i)
stay-green traits, (ii) NDVI measurements during the
common period of rapid senescence and (iii) yield, a
principal components analysis was conducted for each trial
(Fig. 8). In all environments, SGint was consistently and
closely related to yield, as the vector for this trait has a
similar direction and a similar magnitude to the yield vector
(Fig. 8). TFN90 and TFN50 were also positively related to
yield at all sites but not as closely as SGint. NDVI
measurements taken during the common rapid senescence
window were also related to yield in all three environments
but most closely at GAT10 and WAR12. In contrast,
TFN10 exhibited little relationship, as the vector for
TFN10 is close to perpendicular to that for yield. Finally,
SR and Nmax appeared to have little relationship with
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yield at GAT10, whereas they had some degree of relationship
with yield at WAR11 and WAR12 (Fig. 8a). Overall, the trait
that related most closely to yield was SGint.

Discussion

We aimed to propose a method to phenotype stay-green
dynamics and to determine whether taking repeated periodic
NDVI measurements of a cereal crop from before anthesis to
maturity offers an advantage when studying genetic variability
in the expression of the stay-green phenotype. We also wished
to investigate a cheaper alternative method by determining
whether measurements taken at a single or at a few dates could
be used to select for stay-green in breeding programs.

A new method to monitor and analyse the dynamics
of canopy greenness with improved detection
and interpretation of genotypic variation in stay-green

The method developed in this study used NDVI to monitor
canopy greenness over time to infer multiple traits related to
senescence dynamics. Using an NTech Greenseeker allowed
rapid plot measurements and could be applied to an entire
population. This approach provided a more detailed
understanding of genotypic variation in stay-green traits than
previous methods and characterised the whole senescence
pattern for each genotype.

Significant variation between genotypes was observed for
all stay-green traits in at least some environments. Differences
in canopy greenness during early grain filling appeared to be
important drivers in the dynamics of senescence and also in
yield. For example, the time from anthesis to the onset of
senescence (TFN90) and to the midpoint of senescence
(TFN50) were significantly correlated with yield, whereas the

time from anthesis to senescence concluding (TFN10) was
poorly correlated with yield. This suggests that the ‘journey’
to complete senescence is more important than the ‘destination’,
which agrees with previous studies where delayed onset or a
reduced rate of senescence were proposed as major contributors
to the stay-green phenotype (Thomas and Smart 1993).

SGint, an indicator of green-leaf retention over the whole
period after anthesis, was strongly correlated with yield in all
environments (Fig. 2). This integrated trait was also closely
aligned with yield in terms of genetic variation (Fig. 8) and
thus appears to be a valuable trait for studying genetic
variation in stay-green.

The stay-green traits examined in this study were chosen to be
biologically meaningful but were also at least partly redundant
(not all independent). Correlations between traits (Table 4)
confirmed, for instance, that the timing to reach mid-
senescence (TFN50) was highly correlated with the timing of
senescence onset (TFN90) and with SR. However, limited
correlations were found between the onset (TFN90) and the
conclusion of senescence (TFN10). This led at least partially
to variation in SR.

Several stay-green traits defined in previous studies have
analogues among the traits examined here. For example, the
average rate of senescence calculated by Lopes and Reynolds
(2012) with a linear regression may be considered an analogue
of SR calculated from a logistic function here. In both studies,
the rate of senescence was significantly correlated with yield.
However, we found other parameters with stronger correlations,
such as TFN90, TFN50 and SGint (Fig. 2). Lopes and Reynolds
(2012) also found that NDVI near maturity significantly
correlated with yield, which was also the case in some
instances in our trials (e.g. 29 DHA WAR12; Figs 4 and 5).
However, we found greater correlations with yield when
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measuring NDVI during the period of rapid senescence than near
maturity.

A different nonlinear model has been applied in the past to
visual leaf senescence scores for single-culmed wheat plants
grown in a growth chamber (Vijayalakshmi et al. 2010).
However, the study did not capture the initial leaf greenness,
as the score was arbitrarily set to an initial value of 10. Nor did
the fitted exponential function capture the slow-down in
senescence at the end of the grain filling period. Additionally,
the use of single culms in growth chambers did not allow direct,
meaningful crop yield comparisons. However, these authors’
‘time from anthesis to 50% loss of leaf greenness’ and
‘maximum rate of senescence’ are analogous to our TFN50
and SR, respectively, and were significantly affected by heat
stress. In this study, we demonstrated that TFN50 and SR are
also useful for assessing field-grown plants and can correlate
with yield (Fig. 2).

Stay-green traits varied in their response
to the environment

A stay-green phenotype can lead to either positive or negative
effects on yield. Positive effects have been reported in crops like
sorghum, maize (Zea mays L.) and wheat, especially in water-
limited environments (reviewed in Jordan et al. 2012; Gregersen
et al. 2013). For example, in sorghum under drought conditions
after anthesis, stay-green has been shown to be associated with
increased stem mass (Borrell et al. 2000) and lodging resistance
(Henzell et al. 1984; Woodfin et al. 1988; Rosenow and Clark
1995). However, under specific conditions and for certain types
of stay-green, the stay-green phenotype can have deleterious
consequences. For example, stay-green can be linked to
problems of lodging and inefficient conversion of biomass to
grain in certain well watered conditions (reviewed in Yang and
Zhang 2006).

In the studied wheat population, the correlation between
certain stay-green traits and yield varied between environments.
TFN90, TFN50 and SGint were strongly positively correlated
with yield in all three environments and had similar or higher
broad-sense heritability to yield. In contrast, SR was
significantly correlated with yield in only two environments
(WAR11 and WAR12), whereas Nmax correlated significantly
with yield only at the stressed environment at WAR12.
Reflectance-based measurements of NDVI, such as those
used by the NTech Greenseeker often become saturated at a
high leaf area index near anthesis. This may have reduced
variation for Nmax, especially in GAT10 and WAR11, and
have weakened the correlation between Nmax and yield. In
the environments where correlations with yield were high,
both SR and Nmax also exhibited relatively high broad-sense
heritability.

The genotype by environment interactions observed for stay-
green traits suggest that certain traits such as TFN90, TFN50
and SGint may be useful to select for broad adaptation, whereas
others, such as SR and Nmax, may select for more specific
adaptation. However, the restricted number of environments
studied here does not allow decisive conclusions about
environment-specific trait expression. Further research is
warranted to confirm these results for a wider range of

environments and to identify traits of interest for specific
environmental types (e.g. Chenu et al. 2013; Chenu 2014).

Genotypic variation in stay-green expression likely arises
from differences in the underlying mechanisms

Although the mechanisms and genetic controls underlying the
identified traits were not examined here, it is important to
understand that stay-green phenotypes can be emergent
properties, resulting from the effects of other physiological
processes. In water-limited conditions, for example, sorghum
stay-green has been shown to arise when plants have access to
more water during the grain filling period (Borrell et al. 2006;
Borrell et al. 2014a, 2014b). Stay-green can arise from an
increase in accessible water (e.g. more deep roots), a reduction
in plant transpiration (e.g. smaller canopy area) or an increase
in the water-use efficiency (e.g. greater transpiration efficiency).
Differences in nitrogen dynamics can also underpin the stay-
green phenotype, as shown in sorghum (Borrell and Hammer
2000; vanOosterom et al. 2010a, 2010b) and, in turn, variation in
nitrogen dynamics is likely underpinned by differences in
canopy development, root architecture and water uptake.
Hence, the differences we observed in the dynamics of
senescence are likely to point back to differences in the
underlying physiological mechanisms.

The identified traits provide an objective framework
for characterising variation in stay-green expression

Regular NDVI monitoring, expressed relative to anthesis and
analysed using a logistic function, makes use of data from the
entire senescence sequence to provide information on specific,
definable stay-green traits. This allows objective comparison
of specific aspects of senescence between genotypes and
potentially reduces the confounding effects of variations in
other traits such as phenology.

The traits identified in this study provide a framework for
discussing specific aspects of the dynamics of senescence. For
example, Nmax, N90 and TFN90 are specific to the early stages
of senescence; SR, N50 and TFN50 characterise the middle
phase; whereas N10 and TFN10 are related to the concluding
phase. It is likely that specific underlying mechanisms of stay-
green will affect the various stages of senescence in different
ways. Detailed information on the expression of stay-grain traits
could therefore aid understanding of underlying mechanisms
and their effects.

Single NDVI measurements can identify high-yielding
stay-green phenotypes in a population with similar
phenology

Our results suggest that a single measurement taken during the
period of most rapid senescence is sufficient to select for stay-
green genotypes with superior yield for a population where
genotypes have similar flowering dates. However, this may not
be the case in breeding trials where height and phenology are
generally highly variable. Even in our population selected for
flowering time and plant height, genotype rankings for NDVI
differ markedly depending on the stage of senescence when
measurements were conducted (Figs 6 and 7). In our study,
correlations with yield were greatest during the period of
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rapid senescence common to all experiments, ~200�Cd to 700�Cd
after anthesis. However, a stress (e.g. drought) can significantly
influence the timing of this period. The period of rapid senescence
varies greatly with environment as well as with genotype, which
can make the exact period of rapid senescence harder to predict.

Thus, genotype selection, experimental design and analysis
methods need to be carefully considered to allow confident
interpretation of data from NDVI measurements taken at one
or a few time points. In contrast, regular monitoring of NDVI
allows reliable capture of the period of rapid senescence for all
genotypes and environments.

Conclusion

Monitoring canopy greenness using NDVI measurements has
great potential to facilitate the selection of high yielding stay-
green phenotypes in large populations in the field. Regular
monitoring followed by analysis using a logistic model provides
improved understanding of the variation in senescence patterns
between individual genotypes both within environments and
across environments. However, where resources do not allow
for frequent periodic measurements, selections may be made
using experiments carefully designed to account for variation in
phenology,withNDVImeasurements at a single or a few targeted
dates during the phase of rapid senescence.

Themost consistent genetic relationship with yield was found
for SGint, an integrated indicator of stay-green, over the whole
period after anthesis. This trait and the timing of onset (TFN90)
and mid-senescence (TFN50) were strongly correlated with
yield in all tested environments and often had heritability
similar to or higher than that of yield, making them potentially
useful to detect high-yielding stay-green phenotypes in a
wide range of environments. Other traits, such as Nmax and
SR, appeared more correlated with yield in a subset of
environments. Further research is warranted to confirm
whether selection for certain stay-green traits could assist in
breeding for greater productivity in specific environments, as
well as to investigate the underlying physiological mechanisms
and genetic controls of stay-green.
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