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ABSTRACT

Against the backdrop of climate change, genotypes with improved adaptation to elevated temperature
are required; reliable screening methods are therefore important. Sowing date experiments are a prac-
tical and inexpensive approach for comparison of large collections of lines. Late-sown crops usually
experience hotter conditions and phenotypes thus partially capture this environmental influence. Two
sets of confounded factors, however, limit the value of sowing date trials. First, daily mean temperature
correlates with both minimum and maximum temperature, photoperiod, radiation and vapour pressure
deficit, and it may also correlate with rainfall. Second, temperature alters the genotype-dependent phen-
ology of crops, effectively shifting the timing and duration of critical periods against the background of
temperature and other environmental variables.

Here we advance a crop-level framework to unscramble the confounded effects of sowing date
experiments; it is based on four physiological concepts: (1) annual crops accommodate environmen-
tal variation through seed number rather than seed size; (2) seed number is most responsive to the
environment in species-specific critical windows; (3) non-stressful thermal effects affecting seed set
through development and canopy size can be integrated in a photothermal quotient relating intercepted
photosynthetically active radiation (PAR) and mean temperature during the critical window; (4) stressful
temperature reduces yield by disrupting reproduction.

The framework was tested in a factorial experiment combining four chickpea varieties with puta-
tively contrasting adaptation to thermal stress and five environments resulting from the combination
of seasons and sowing dates. Yield ranged from 13 to 577 gm~2. Shifts in phenology led to contrasting
photothermal conditions in the critical window between flowering and 400°Cd after flowering that
were specific for each variety-environment combination. The photothermal quotient ranged from 2.72
to 6.85M]m~2°C-'; it explained 50% of the variation in yield and maximum temperature explained
32% of the remaining variation. Thus, half of the variation in yield was associated with developmental,
non-stressful thermal effect and (at most) 16% of the variation was attributable to thermal stress. The
photothermal quotient corrected by vapour pressure deficit accounted for by 75% of the variation in yield
and provided further insight on photosynthesis-mediated responses to temperature.

Crop adaptation to non-stressful, developmental thermal effects and stressful temperatures disrupting
reproduction involve different physiological processes and requires partially different agronomic and
breeding solutions. Our analytical approach partially separates these effects, adds value to sowing date
trials, and is likely to return more robust rankings of varieties.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Global warming drives an increasing need to understand,
quantify, model and manage crop responses to elevated tem-
perature (Dreccer et al., 2014; van Oort et al., 2014; Asseng
et al., 2015; Barlow et al., 2015). It is necessary to separate two
aspects of warming and their agronomic consequences: the grad-
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that primarily shifts phenological development (Menzel et al.,
2006; Ellwood et al., 2012) and the changes in frequency, inten-
sity and duration of extreme temperature events that disrupt
crop processes, particularly reproduction (Talukder et al., 2013).
Developmental shifts and likelihood of extreme temperatures dis-
rupting reproduction are not independent (Anwar et al., 2015)
but adaptation to each of these thermal effects involves different
physiological processes and requires partially different agronomic
and breeding solutions. For example, temperature-driven shifts
in phenology and reduced leaf area and biomass at anthesis,
similar to the effects of late sowing, can be partially compen-
sated with reduced row spacing and increasing sowing density
or by breeding for slightly longer duration cultivars (Vadez et al.,
2012) but this would be ineffective to deal with disruptive heat
stress.

Bonada and Sadras (2015) made the distinction between indi-
rect and direct approaches to assess the effects of elevated
temperature on plant traits. Indirect methods include compar-
isons in space and time which are useful but are bound to be
inconclusive due to confounded effects. Proof of cause and effect
requires direct comparison of plants grown under different ther-
mal regimes. Experimental manipulation of temperature ranges
from growth chambers and glasshouses that allow for the fine
control of temperature at the expense of realism to heating cham-
bers, open-top chambers and chamber-free methods in the field
which seek higher agronomic relevance. Sowing date experiments
have been used to investigate thermal effects, particularly during
reproduction, on crop traits including grain yield (Krishnamurthy
et al., 2011; Tiwari et al., 2012; Devasirvatham et al., 2015). This
method is practical, inexpensive and allows for comparisons of
large collections of lines. However, this approach is indirect and
therefore inconclusive; rankings of varieties as a function of the
difference in yield between late and early sown crops are likely
to be biased. Late-sown crops normally experience hotter condi-
tions and phenotypes thus partially capture this environmental
influence. There are, however, two important sets of confounded
factors in sowing date trials. First, daily mean temperature corre-
lates with both minimum and maximum temperature, radiation,
photoperiod and vapour pressure deficit, and it may also correlate
with rainfall (Rodriguez and Sadras, 2007). Sowing date changes
the pattern of supply and demand for both water (Gimeno et al.,
1989) and nitrogen (Caviglia et al., 2014). Second, temperature
alters the genotype-dependent phenological development of crops
(Slafer et al., 2015), effectively shifting the timing and duration of
critical periods against the background of temperature and other
environmental variables (Fig. 1A).

The aim of this paper is to advance and test a crop-level
framework to unscramble the confounded effects of sowing date
experiments. The framework, outlined in Fig. 1B, is based on
four physiological concepts: (1) annual crops accommodate envi-
ronmental variation through seed number rather than seed size
(Sadras, 2007; Sadras and Slafer, 2012; Slafer et al., 2014); (2) seed
number is most responsive to the environment in species-specific
developmental windows (Fischer, 1985; Andrade et al., 2005;
Arisnabarreta and Miralles, 2008; Sandafna and Calderini, 2012;
Lake and Sadras, 2014); (3) non-stressful thermal effects on seed set
mediated by development, canopy size and radiation interception
can be integrated in a photothermal quotient relating intercepted
photosynthetically active radiation (PAR) and mean temperature
during the critical window (Fischer, 1985); (4) stressful tempera-
ture reducesyield by disrupting reproduction (Devasirvathamet al.,
2012; Kaushal etal., 2013; Dreccer et al., 2014). The framework was
tested in a factorial experiment combining four chickpea varieties
with putatively contrasting adaptation to heat stress and five envi-
ronments resulting from the combination of seasons and sowing
dates.

2. Methods
2.1. Experimental design and crop husbandry

Crops were grown on a vertisol (fine montmorillonitic iso-
hyperthermic typic pallustert) at ICRISAT, India (17° 30" N;
78° 16’ E; altitude 549 m) during two seasons, 2012/2013 and
2013/2014. A factorial experiment combined four chickpea lines
and five environments corresponding to two sowing dates (1/11/12
and 1/1/2013) in season 1 and three sowing dates (2/11/2013,
22/11/2013,and 20/12/2013) in season 2. Two heat-tolerant chick-
peas ICCV 92944 and ICC 1205 were compared with two sensitive
lines, ICC 4567 and ICC 5912. The putative difference in thermal
adaptation of these lines was derived from the screening of a large
collection of chickpea germplasm in sowing-date trials in the field
(Krishnamurthy et al., 2011; Devasirvatham et al., 2015).

The experimental design was a randomised complete block
design, with sowing date as the main block and genotypes ran-
domised three times within each block. Plots were 6 m long and
consisted of 4 rows with 0.3 m distance between rows and 0.1 m
between plants. During field preparation, di-ammonium phosphate
was applied as basal fertilizer at a rate of 100 kgha~!. Soil was
land formed into 1.2-m-broad beds and a 0.3-m furrow between
beds. Sowing rows were marked at the time of preparing the beds
and sowing was done manually. A 20 mm irrigation was applied
immediately after sowing to induce germination. The crop was
fully furrow-irrigated throughout the experiment; frequency of
irrigation was based on crop needs, usually every 2-3 weeks. Crops
were weeded by inter-row cultivation before 4 weeks after sowing.
Preventive insecticide spraying maintained crops free of Helicov-
erpa spp.

Daily maximum and minimum temperature, relative humidity
at 7am and 2 pm, and solar radiation were recorded in a meteoro-
logical station 500 m from the experiment. PAR was calculated as
0.5 x solar radiation. Vapour pressure deficit (VPD) was calculated
from saturation vapour pressure (egt)) and relative humidity at 2
pm with

ey ) = aex [bL}
S(T) = p T

where T is maximum temperature in °C and a=613.75, b=17.502
and c=240.97 (Jones, 1992).

2.2. Crop traits

Phenology was recorded twice a week; we focused on the time
of 50% flowering and physiological maturity assessed as change
in pod colour to yellow-brown (Berger et al., 2006). At maturity,
3.0 m?2 samples were taken to determine yield and its components.

PAR interception was measured with a ceptomer (Accupar LP-
80, Decagon Services, Pullman, Washington, USA) three times each
week in each replicate. Polynomials were fitted to characterise
the dynamics of PAR interception during the growing season and
used to derive daily PAR interception, cumulative PAR interception
during the critical period of yield determination and cumulative
seasonal PAR interception. Radiation use efficiency, a measure of
crop-level photosynthesis (Sinclair and Muchow, 1999), was cal-
culated as the ratio of shoot biomass at maturity and seasonal PAR
interception.

2.3. Data analysis

We calculated a photothermal quotient PTQ (Fischer, 1985)
as the ratio between intercepted PAR and mean temperature
for the critical window of yield determination between flow-
ering and 400°Cd after flowering (Lake and Sadras, 2014);
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Fig. 1. (A) Sowing date experiments shift and change the duration of the critical period of yield determination (black segments) and confound stressful and non-stressful
thermal effects and other factors. (B) Framework to unscramble two types of thermal effects: non-stressful, primarily mediated by development including phenology and
canopy size (blue arrow) and stressful, mediated by reduced photosynthesis per unit intercepted radiation, reproductive failure or both (red arrow). Seed number, the main
component of yield, is defined in a species-specific critical window. The photothermal quotient is the ratio between photosynthetically active radiation intercepted by the
canopy and mean ambient temperature in the critical period. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

base temperature =0°C was assumed (Soltani and Sinclair, 2011).
A photothermal quotient corrected by vapour pressure deficit
PTQvpd was calculated as the ratio between PTQ and mean VPD
during the critical period (Rodriguez and Sadras, 2007). In the
present study, crops were grown in a single location during the dry
season where variation in fraction of diffuse radiation was consid-
ered to be minor compared to the variation in VPD, hence we did
not include a correction by fraction of diffuse radiation that may
be important to account for latitudinal gradients as in the study of
Rodriguez and Sadras (2007).

To test our conceptual model (Fig. 1B) we fitted linear regres-
sions: yield versus PTQ and yield versus PTQvpd. Residuals were
analysed to test for effects of maximum temperature as an indi-
cator of thermal stress, variety, environment and other crop traits.
We used IRENE (Fila et al., 2003) to fit Model II (reduced major
axis) regressions where both x and y were measured with error and
Model I (least squares) where the error in x is negligible relative to
the error in y (Niklas, 1994; Ludbrook, 2012).

Analysis of variance was used to assess the effects of variety,
environment and their interaction on crop traits. Environments
were defined as the nominal combination of season and sowing
date.

3. Results
3.1. Phenology and photothermal regime

Fig. 2A-E outlines the dynamics of temperature and PAR against
the patterns of phenological development of the four varieties
grown in five environments and Table 1 summarises growing con-
ditions in the critical window of yield determination. All three
sources of variation, that is variety, environment and their inter-
action, influenced time of flowering and time of maturity (all
P<0.0001). Averaged across environments, ICC1205 and ICC5912
reached anthesis at 53 days after sowing (DAS), ICC4567 at 49 DAS
and ICCV92944 at 40 DAS (Fig. 1A-E). In relation to the first sowing,
time to flowering and maturity were shortened in the second sow-
ing of season 1, and the third sowing of season 2. The interaction is
illustrated in the 4-d reduction in time to flowering for ICCV92944

between the first and second sowing in season 1, in comparison to
the negligible change for ICC5912 (Fig. 2A vs. B).

Across sowing dates, seasons and varieties, maxi-
mum/minimum temperature averaged 28.9/14.1°C before
flowering and 30.7/16.2°C after flowering. PAR averaged
7.8MJm~2d-! before and 8.5MJm-2d-! after flowering. Sow-
ing date had a small effect on the photothermal environment
of the crops before flowering, with more marked effects after
flowering. Crops sown in the second and third dates grew under
higher maximum and minimum temperatures, particularly after
flowering, than their counterparts sown in the first date. Sowing
date did not change the average PAR before flowering, whereas
post-flowering PAR increased from 7.8MJm~-2d-! in the first
sowing to 8.8 MJm~2d~"! in the second and third sowing.

The environment-driven, genotype-dependent shifts in phen-
ology led to weather conditions in the critical window that were
different for each variety-environment combination (Table 1). For
example, in the first sowing of season 1, ICC 5912 intercepted
less PAR and experienced higher minimum and maximum tem-
perature and higher VPD than ICCV 92944. This was captured
in PTQvpd of 0.94M]m~2°C-1kPa~! for ICC5912 compared to
1.56 MJm~2°C-1 kPa~! for ICCV92944. Thus, even in the absence
of stressful temperature, these differences in photothermal condi-
tions during the critical period would lead to differences in yield as
shown in Section 3.3. In the second sowing of season 2, ICC 5912
and ICCV 92944 were exposed to similar temperatures and VPD
and intercepted similar amounts of PAR during the critical win-
dow; this led to similar PTQ and PTQvpd between these varieties,
further highlighting the complex interactions between variety and
environment mediated by shifts in phenology.

3.2. Yield and its components

Yield ranged from 13 to 577 gm~2 and was affected by all three
sources of variation: variety, environment and their interaction (all
P<0.0001). Across sources of variation, yield was closely related to
biomass and unrelated to harvest index, more closely related to
seed number than to seed weight, tightly related to radiation use
efficiency and unrelated to seasonal PAR interception (Table 2). It
was unrelated to days to flowering, days to maturity and duration
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Fig. 2. (A-E) Seasonal dynamics of photosynthetically active radiation (PAR), maximum (Tmax ), and minimum temperature (T, ) in five environments resulting from the
combination of seasons and sowing dates. Bars are time from sowing to flowering (black), flowering to 400°Cd after flowering (red) and flowering to maturity (grey) for four

chickpea varieties; from top to bottom: ICC 1205, ICC 4567, ICC 5912, ICCV 92944.

of post-flowering period expressed as days or percentage of season
duration. Seed number was strongly associated with pod number
and weakly associated with seeds per pod (Table 2).

3.3. Unscrambling confounded effects of sowing date on yield

The photothermal quotient during the critical period, PTQ,
accounted for half and the PTQvpd for three quarters of the

Table 1

variation in yield (Fig. 3A and B). Seed number explained the
variation in yield in response to PTQ and PTQvpd as expected from
theory (Fig. 3C and D).

The numerator of PTQ accounts for intercepted radiation but
variation in crop photosynthesis per unit intercepted radiation may
contribute to the scatter of the relationship between yield or seed
number and PTQ. Radiation use efficiency was inversely related to
vapour pressure deficit and maximum temperature (Fig. 3E and

Average (T,y, °C), minimum ( Ty, °C) and maximum temperature (Tpax, °C), vapour pressure deficit (VPD, kPa), intercepted PAR (PARi, M] m~2), photothermal quotient (PTQ,
MJm~2°C-') and photothermal quotient corrected by VPD (PTQvpd, M]m~2°C-! kPa~!) during the critical window of yield determination in chickpea crops resulting from

the combination of seasons, sowing dates and varieties.

Season Sowing Variety Tav Timin Timax VPD PARIi PTQ PTQvpd
1 1 ICC 1205 23.1 15.7 30.9 2.62 86 3.71 1.42
ICC 4567 23.0 15.5 30.6 2.53 84 3.64 1.44
ICC 5912 229 14.5 31.2 2.89 62 2.72 0.94
ICCV 92944 215 13.5 29.5 242 81 3.76 1.56
2 ICC 1205 23.7 15.0 323 345 107 4.52 1.31
ICC 4567 23.7 15.5 32.1 3.36 114 4.80 1.43
ICC 5912 243 154 333 3.80 96 3.95 1.04
ICCV 92944 238 17.0 30.6 2.84 82 3.45 1.22
2 1 ICC 1205 21.1 14.0 28.1 2.16 131 6.20 2.87
ICC 4567 20.2 129 27.5 2.07 133 6.62 3.20
ICC 5912 20.9 13.8 28.0 2.15 127 6.07 2.83
ICCV 92944 194 11.3 27.4 2.18 133 6.85 3.14
2 ICC 1205 21.7 15.2 28.2 2.16 118 5.44 2.51
ICC 4567 21.7 15.2 28.2 2.16 119 5.49 2.54
ICC 5912 21.6 15.0 283 221 129 5.96 2.70
ICCV 92944 22.0 154 28.6 2.24 107 4.88 2.18
3 ICC 1205 233 16.3 304 2.81 117 5.03 1.79
ICC 4567 22.4 14.3 30.5 3.04 106 4.74 1.56
ICC 5912 233 16.0 30.6 2.95 111 4.74 1.61
ICCV 92944 22.2 14.2 30.2 2.92 131 5.89 2.02

The critical window spans from flowering to 400 °Cd after flowering.
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Table 2

Correlation matrix of crop traits in a factorial experiment combining four chickpea varieties and five environments.

Trait (range) Shoot HI Seed Seed PARi RUE Pod Seeds Time to Time to Postflowering  Postflowering
biomass number weight number  per flowering maturity  duration (d) duration (%)
pod
Yield (13-577gm~2) 0.86 0.35 0.89 0.61 -0.18 092 0.85 0.48 0.16 0.36 0.39 0.16
Shoot biomass (274-2044 gm~2) -0.08 0.87 0.26 0.18 0.94 0.84 0.16  0.37 0.53 0.43 0.01
HI (0.02-0.53) 0.23 0.74 -0.74 0.16 0.14 0.75 -0.46 -0.39 -0.11 0.32
Seed number (300-3297 m~2) 0.34 -0.03 0.86 090 047 041 045 0.26 -0.13
Seed weight (35-239 mg) -0.64 049 033 0.64 -0.54 -0.17 0.30 0.67
PARi (284-1099 MJ m~2) -0.12 -0.16 -0.43 041 0.12 -0.25 -0.54
RUE (0.5-3.6gM]J 1) 0.86 0.28 0.20 045 0.50 0.21
Pod number (410-2583 m~2) 0.22 043 0.61 0.50 0.04
Seeds per pod (0.3-1.3) -0.18 -0.25 -0.20 0.01
Time to flowering (33-57 d) 0.77 0.14 -0.70
Time to maturity (74-111d) 0.74 -0.09
Post-flowering duration (37-62 d) 0.60

P values are indicated in italics (P<0.05), bold (P<0.01) and bold +italics (P<0.001). HI is harvest index, PARIi is seasonal interception of photosynthetically active radiation,

RUE is radiation use efficiency. Time to flowering and maturity are from sowing.
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Fig. 3. (A-D) Yield and seed number of chickpea crops as a function of photothermal quotient PTQ and photothermal quotient corrected for vapour pressure deficit PTQvpd.
Each point is a cultivar, according to key in A, grown under five environmental conditions resulting from combination of seasons and sowing dates. Dashed lines are model II
regressions (reduced major axis). Relationship between crop radiation use efficiency and (E) vapour pressure deficit and (F) maximum temperature for the pooled data set;
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F). Hence, vapour pressure deficit and maximum temperature may
have contributed to the reduction in scatter of the relationship
between PTQvpd and seed number (Fig. 3C vs. D) and yield (Fig. 3A
vs. B) in comparison to PTQ.

Residuals of the relationship between yield and PTQvpd
increased with individual seed weight (Fig. 4A). This is consis-
tent with the dominant role of seed number and the secondary
role of seed weight in yield determination (Table 2). Importantly,
the association in Fig. 4A reinforces the notion that yield resid-
uals are physiologically meaningful. If heat stress contributed to
departures from the general relationship yield versus PTQvpd, we
could expect, but did not found, correlation between yield residu-
als and maximum temperature during the critical period (Fig. 4B).
However, PTQvpd already incorporates maximum temperature in
the calculation of vapour pressure deficit. In contrast, residuals of
the relationship between yield and PTQ declined with increasing
maximum temperature (Fig. 4C).

The expected decline in yield with late sowing was verified
(Fig. 4D) but seasonal and sowing date effects disappeared after
accounting for PTQvpd (Fig. 4E). The average residuals of the rela-
tionship between yield and PTQvpd differed among varieties with

ICC5912 showing negative residuals indicating lower yield at the
same PTQvpd (Fig. 4F).

Seed weight declined with increasing minimum temperature
during grain fill and was unrelated to maximum temperature in
this period (Fig. 5).

4. Discussion

The phenotypic variance of crop yield comprises genetic, envi-
ronmental and interaction components. The environment is the
largest source of variation in most cases and yet it is often char-
acterised superficially, for example in nominal terms of site and
season (Gauch et al., 2011; Chenu, 2015) or early versus late sow-
ing (Krishnamurthy et al., 2011; Tiwari et al., 2012; Devasirvatham
et al,, 2015). Significant progress has been made in the quantifica-
tion of water regimes (Chenu, 2015) but quantification of thermal
regimes separating stressful and non-stressful aspects of temper-
ature has received less attention. Indirect methods to establish
relationships between crop traits and temperature are in the same
category of epidemiological studies; they are useful to guide direct
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experimental work necessary to prove cause and effect but incon-
clusive and often biased (Bonada and Sadras, 2015).

Sowing date experiments are indirect and therefore inconclu-
sive but provide a practical approach to test large number of
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Fig. 5. Seed weight as a function of minimum and maximum temperature (average
from the end of the critical period to maturity) in four chickpea varieties grown
under five photothermal regimes. Solid line is model I (least squares) regression.

lines in field conditions and help to establish testable hypothe-
ses. Confounded factors are an obstacle in the interpretation of
this type of experiments. Rankings of varieties that do not account
for the specific weather conditions experienced by each variety in
its critical developmental window are likely to be biased. Hence
our objective of advancing a conceptual framework to untangle
these confounded factors and to account for genotype and environ-
ment specific conditions. In the semiarid tropics of India where we
established our trials some of these confounded factors are minor;
photoperiod is relatively stable at low latitude and a distinct dry
season minimises the confounding effects of rainfall which was fur-
ther diminished with irrigation. Stressful and non-stressful aspects
of temperature and their mode (average, minimum, maximum),
vapour pressure deficit and radiation remained confounded. Data
analysis in terms of nominal treatments is uninformative (Fig. 4D)
and indices of heat tolerance based on yield differences between
early and late sowing need to be interpreted with caution (Tiwari
et al., 2012; Devasirvatham et al., 2015).

A simple and robust framework based on physiological prin-
ciples allowed for deeper insight and partial unscrambling of
confounded effects. Half of the variation in yield was accounted
for by the photothermal quotient (Fig. 3A and C). We are confident
this can be interpreted as a mostly developmental, non-stressful
effect. The photothermal quotient corrected by vapour pressure
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deficit accounted for by 75% of the variation in yield and the
residuals of this relationship were unrelated to both maximum
temperature and nominal environment (Fig. 4B and E). The vapour
pressure deficit correction could be capturing (i) a detrimental
effect of high vapour pressure deficit on crop photosynthesis, (ii)
a detrimental effect of high maximum temperature on crop pho-
tosynthesis, and (iii) a direct effect of maximum temperature on
reproduction. Alternatives (i) and (ii) are supported by evidence
for casual and non-casual (i.e., temperature-mediated) effects of
vapour pressure deficit on radiation use efficiency (Rodriguez and
Sadras, 2007; Stockle and Kemanian, 2009). Stomata-mediated
reduction in chickpea transpiration under high VPD (Zaman-Allah
et al., 2011) further supports a direct link between vapour pres-
sure deficit and photosynthesis, that is hypothesis (i). Irrespective
of the actual driver, we can expect that disruption of photosynthe-
sis would cause deviations from the maximum yield versus PTQ
relationship and that these can be captured with vapour pressure
deficit or maximum temperature. The third interpretation, that is
a direct effect of maximum temperature on reproduction is also
possible. With maximum temperatures over 30 °C (Figs. 3F and 4C)
reproductive damage is likely in chickpea (Devasirvatham et al.,
2012). These three interpretations are not mutually exclusive. The
simplest model based on photothermal quotient indicates a non-
stressful effect of temperature accounting for 50% of the variation in
yield (Fig. 3A) and a maximum of 16% variation in yield associated
with stressful temperature (Fig. 4C where maximum temperature
accounts for 32% of the remaining 50% variation). The model based
on corrected photothermal quotient links impaired photosynthe-
sis at high temperature and reproductive damage; this link has
been demonstrated mostly at plant level in controlled environ-
ments (Kaushal et al., 2013; Dreccer et al., 2014; Wang et al., 2015).
Dreccer et al.(2014) proposed a conceptual model which implicitly
separates non-stressful thermal effects on development and stress-
ful effects on reproduction mediated by finer aspects of the carbon
economy of the plant including current assimilation, reserves and
partitioning.

Previous work based on sowing date trials classified chickpea
ICCV 92944 and ICC 1205 as heat-tolerant and ICC 4567 and ICC
5912 as sensitive. After accounting for the photothermal quotient
under our experimental conditions (Fig. 2 and Table 1), ICC 4567
fell in the same category of ICCV 92944 and ICC 1205 (Fig. 4F) indi-
cating that the low yield of this variety in late-sown crops is not
necessarily an indication of sensitivity to heat stress but rather a
developmental response to non-stressful high temperature. Previ-
ous studies on sowing date could be re-analysed and new studies
could benefit from this approach. An important aspect of the photo-
thermal quotient is the need to quantify intercepted, rather than
total PAR in the critical period (Fischer, 1985). For large collections
of germplasm, PAR interception could be estimated as a func-
tion of canopy size using remote sensing (Foulkes and Reynolds,
2015).

Seed weight is a secondary source of variation in yield but can
have implications for commercial quality. Our framework could be
expanded to incorporate thermal effects on grain weight that are
mediated by the responses of rate and duration of seed growth
(Sofield et al., 1977). Experiments are required to separate the
effects of minimum and maximum temperature, as suggested by
correlations (Fig. 5).

Crop adaptation to non-stressful, developmental thermal effects
and stressful temperature disrupting reproduction involve differ-
ent physiological processes and requires different agronomic and
breeding solutions. Our analytical approach partially separates
these effects on the basis of strong physiological principles, adds
value to sowing date trials, and is likely to return more meaningful
rankings of varieties. This approach could also be used to test the
adaptive value of agronomic practices.

Acknowledgements

We thank Mr ] Shankaraiah and Mr N Jangaiah for expert support
with field work and sample processing. This study was funded by
the Grains Research and Development Corporation of Australia, the
Australia-India Strategic Research Fund, and the CGIAR Research
Programme (CRP) on Grain Legumes.

References

Andrade, F.H,, Sadras, V.0., Vega, C.R.C., Echarte, L., 2005. Physiological determinants
of crop growth and yield in maize, sunflower and soybean: their application to
crop management, modelling and breeding. J. Crop Improv. 14, 51-101.

Anwar, M.R,, Liu, D.L, Farquharson, R., Macadam, I, Abadi, A., Finlayson, J., Wang,
B., Ramilan, T., 2015. Climate change impacts on phenology and yields of five
broadacre crops at four climatologically distinct locations in Australia. Agric.
Syst. 132, 133-144.

Arisnabarreta, S., Miralles, D.J., 2008. Critical period for grain number establish-
ment of near isogenic lines of two- and six-rowed barley. Field Crops Res. 107,
196-202.

Asseng, S., Zhu, Y., Wang, E., Zhang, W., 2015. Crop modelling for climate change
impact and application. In: Sadras, V.0., Calderini, D.F. (Eds.), Crop Physiol-
ogy: Applications for Genetic Improvement and Agronomy. Academic Press, San
Diego, pp. 505-546.

Barlow, K.M., Christy, B.P., O’Leary, GJ., Riffkin, P.A., Nuttall, ].G., 2015. Simulating
the impact of extreme heat and frost events on wheat crop production: a review.
Field Crops Res. 171, 109-119.

Berger, ].D., Ali, M., Basu, P.S., Chaudhary, B.D., Chaturvedi, S.K., Deshmukh, P.S.,
Dharmaraj, P.S., Dwivedi, S.K., Gangadhar, G.C., Gaur, P.M., Kumar, J., Pannu, R.K.,
Siddique, K.H.M,, Singh, D.N,, Singh, D.R., Singh, SJ., Turner, N.C., Yadava, H.S.,
Yadav, S.S., 2006. Genotype by environment studies demonstrate the critical
role of phenology in adaptation of chickpea (Cicer arietinum L.) to high and low
yielding environments of India. Field Crops Res. 98, 230-244.

Bonada, M., Sadras, V.0., 2015. Review: critical appraisal of methods to investigate
the effect of temperature on grapevine berry composition. Aust. J. Grape Wine
Res. 21, 1-17.

Caviglia, O.P., Melchiori, RJ.M., Sadras, V.0., 2014. Nitrogen utilization efficiency in
maize as affected by hybrid and N rate in late-sown crops. Field Crops Res. 168,
27-37.

Chenu, K., 2015. Characterising the crop environment—nature, significance and
applications. In: Sadras, V.0., Calderini, D.F. (Eds.), Crop Physiology: Applica-
tions for Genetic Improvement and Agronomy. Academic Press, San Diego, pp.
321-348.

Devasirvatham, V., Gaur, P.M.,, Raju, T.N., Trethowan, R.M., Tan, D.K.Y., 2015. Field
response of chickpea (Cicer arietinum L.) to high temperature. Field Crops Res.
172,59-71.

Devasirvatham, V., Tan, D.KY., Gaur, P.M,, Raju, T.N., Trethowan, R.M., 2012. High
temperature tolerance in chickpea and its implications for plant improvement.
Crop Pasture Sci 63, 419-428.

Dreccer, M.F., Wockner, K.B., Palta, ].A., McIntyre, C.L., Borgognone, M.G., Bourgault,
M., Reynolds, M., Miralles, D.J., 2014. More fertile florets and grains per spike
can be achieved at higher temperature in wheat lines with high spike biomass
and sugar content at booting. Funct. Plant Biol. 41, 482-495.

Ellwood, E., Diez, ]., Ibdfiez, 1., Primack, R., Kobori, H., Higuchi, H., Silander, J., 2012.
Disentangling the paradox of insect phenology: are temporal trends reflecting
the response to warming? Oecologia 168, 1161-1171.

Fila, G., Bellocchi, G., Acutis, M., Donatelli, M., 2003. Irene: a software to evaluate
model performance. Eur. J. Agron. 18, 369-372.

Fischer, R.A., 1985. Number of kernels in wheat crops and the influence of solar
radiation and temperature. J. Agric. Sci. 105, 447-461.

Foulkes, M.]., Reynolds, M.P., 2015. Breeding challenge: improving yield potential.
In: Sadras, V.0., Calderini, D.F. (Eds.), Crop Physiology: Applications for Genetic
Improvement and Agronomy. Academic Press, San Diego, pp. 397-421.

Gauch, H.G., Rodrigues, P.C., Munkvold, ].D., Heffner, E.L., Sorrells, M., 2011. Two
new strategies for detecting and understanding QTL x environment interactions.
Crop Sci. 51,96-113.

Gimeno, V., Fernandez, J., Fereres, E., 1989. Winter plantings as a means of drought
escape in sunflower. Field Crops Res. 22, 307-316.

Jones, H.G., 1992. Plants and Microclimate. A Quantitative Approach to Environmen-
tal Plant Physiology. Cambridge University Press, Malta.

Kaushal, N., Awasthi, R., Gupta, K., Gaur, P., Siddique, K.H.M., Nayyar, H., 2013. Heat-
stress-induced reproductive failures in chickpea (Cicer arietinum) are associated
with impaired sucrose metabolism in leaves and anthers. Funct. Plant Biol. 40,
1334-1349.

Krishnamurthy, L., Gaur, P.M., Basu, P.S., Chaturvedi, S.K., Tripathi, S., Vadez, V.,
Rathore, A., Varshney, RK., Gowda, C.L.L.,, 2011. Large genetic variation for heat
tolerance in the reference collection of chickpea (Cicer arietinum L.) germplasm.
Plant Genet. Resour. Characterization Util. 9, 59-69.

Lake, L., Sadras, V.0., 2014. The critical period for yield determination in chickpea
(Cicer arietinum L.). Field Crops Res. 168, 1-7.

Ludbrook, J., 2012. A primer for biomedical scientists on how to execute Model II
linear regression analysis. Clin. Exp. Pharmacol. Physiol. 39, 329-335.


http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0005
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0010
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0015
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0020
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0025
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0025
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0025
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0025
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0025
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0025
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0025
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0025
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0025
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0025
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0025
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0025
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0025
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0025
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0025
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0025
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0025
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0025
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0025
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0025
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0025
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0025
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0030
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0035
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0040
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0040
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0040
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0040
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0040
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0040
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0040
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0040
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0040
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0040
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0040
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0040
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0040
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0040
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0040
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0040
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0040
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0040
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0040
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0040
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0040
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0040
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0045
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0050
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0050
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0050
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0050
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0050
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0050
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0050
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0050
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0050
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0050
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0050
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0050
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0050
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0050
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0050
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0050
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0050
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0050
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0055
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0055
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0055
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0055
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0055
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0055
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0055
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0055
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0055
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0055
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0055
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0055
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0055
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0055
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0055
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0055
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0055
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0055
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0060
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0065
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0065
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0065
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0065
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0065
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0065
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0065
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0065
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0065
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0065
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0065
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0065
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0065
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0065
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0065
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0065
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0065
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0065
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0065
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0070
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0070
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0070
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0070
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0070
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0070
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0070
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0070
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0070
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0070
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0070
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0070
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0070
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0070
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0075
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0075
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0075
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0075
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0075
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0075
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0075
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0075
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0075
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0075
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0075
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0075
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0075
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0075
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0075
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0075
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0075
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0075
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0075
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0075
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0075
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0080
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0085
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0085
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0085
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0085
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0085
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0085
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0085
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0085
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0085
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0085
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0085
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0085
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0085
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0085
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0085
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0085
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0085
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0090
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0090
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0090
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0090
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0090
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0090
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0090
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0090
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0090
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0090
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0090
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0090
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0090
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0090
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0090
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0090
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0090
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0095
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0095
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0095
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0095
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0095
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0095
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0095
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0095
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0095
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0095
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0095
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0095
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0095
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0095
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0095
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0100
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0105
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0110
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0110
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0110
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0110
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0110
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0110
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0110
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0110
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0110
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0110
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0110
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0110
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0110
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0110
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0110
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0110
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0110
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0110
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0110
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0115
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0115
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0115
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0115
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0115
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0115
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0115
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0115
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0115
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0115
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0115
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0115
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0115
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0115
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0115
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0115
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0115
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0115
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0115
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0115
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0115
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0115

8 V.0. Sadras et al. / Field Crops Research 177 (2015) 1-8

Menzel, A., Sparks, T.H., Estrella, N., Koch, E., Aasa, A., Ahas, R., Alm-Kubler, K., Bissolli,
P., Braslavska, O.G., Briede, A., Chmielewski, F.M., Crepinsek, Z., Curnel, Y., Dahl,
A., Defila, C,, Donnelly, A, Filella, Y., Jatczak, K., Mage, F., Mestre, A., Nordli, O.,
Penuelas, ., Pirinen, P., Remisova, V., Scheifinger, H., Striz, M., Susnik, A., Van
Vliet, A.J.H., Wielgolaski, F.-E., Zach, S., Zust, A.N.A., 2006. European phenological
response to climate change matches the warming pattern. Global Change Biol.
12, 1969-1976.

Niklas, K.J., 1994. Plant Allometry: The Scaling of Form and Process. University of
Chicago Press, Chicago.

Rodriguez, D., Sadras, V.0., 2007. The limit to wheat water use efficiency in eastern
Australia. I. Gradients in the radiation environment and atmospheric demand.
Aust. ]. Agric. Res. 58, 287-302.

Sadras, V.0., 2007. Evolutionary aspects of the trade-off between seed size and
number in crops. Field Crops Res. 100, 125-138.

Sadras, V.0., Slafer, G.A., 2012. Environmental modulation of yield components in
cereals: heritabilities reveal a hierarchy of phenotypic plasticities. Field Crops
Res. 127,215-224.

Sandafia, P., Calderini, D.F., 2012. Comparative assessment of the critical period for
grain yield determination of narrow-leafed lupin and pea. Eur. J. Agron. 40,
94-101.

Sinclair, T.R., Muchow, R.C., 1999. Radiation use efficiency. Adv. Agron. 65, 215-265.

Slafer, G., Savin, R., Sadras, V.0., 2014. Coarse and fine regulation of wheat yield
components in response to genotype and environment. Field Crops Res. 157,
71-83.

Slafer, G.A., Kantolic, A., Appendino, M., Tranquilli, G., Savin, R., Miralles, D.,
2015. Genetic and environmental effects on crop development determining
adaptation and yield. In: Sadras, V.0., Calderini, D.F. (Eds.), Crop Physiology:
Applications for Genetic Improvement and Agronomy. Academic Press, San
Diego, pp. 285-319.

Sofield, L., Evans, L.T., Cook, M.G., Wardlaw, LF., 1977. Factors influencing the rate
and duration of grain filling in wheat. Aust. J. Plant Physiol. 4, 785-797.

Soltani, A., Sinclair, T.R., 2011. A simple model for chickpea development, growth
and yield. Field Crops Res. 124, 252-260.

Stockle, C.0O., Kemanian, A.R., 2009. Crop radiation capture and use efficiency: a
framework for crop growth analysis. In: Sadras, V.0., Calderini, D.F. (Eds.), Crop
Physiology: Applications for Genetic Improvement and Agronomy. Academic
Press, San Diego, pp. 145-170.

Talukder, A.S.M.H.M., McDonald, G.K., Gill, G.S.,2013. Effect of short-term heat stress
prior to flowering and at early grain set on the utilization of water-soluble
carbohydrate by wheat genotypes. Field Crops Res. 147, 1-11.

Tiwari, C., Wallwork, H., Dhari, R., Arun, B., Mishra, V.K,, Joshi, A.K., 2012. Exploring
the possibility of obtaining terminal heat tolerance in a doubled haploid pop-
ulation of spring wheat (Triticum aestivum L.) in the eastern Gangetic plains of
India. Field Crops Res. 135, 1-9.

Vadez, V., Warkentin, T., Asseng, S., Ratnakumar, P., Rao, K.P.C., Gaur, P.M., Munier-
Jolain, N., Larmure, A., Voisin, A.S., Sharma, H.C., Krishnamurthy, L., Zaman-Allah,
M., 2012. Adapting grain legumes to climatic changes: areview. Agron. Sust. Dev.
32,31-44.

van Oort, P.AJ., Saito, K., Zwart, S.J., Shrestha, S., 2014. A simple model for simulating
heat induced sterility in rice as a function of flowering time and transpirational
cooling. Field Crops Res. 156, 303-312.

Wang, X., Dinler, B.S., Vignjevic, M., Jacobsen, S., Wollenweber, B., 2015. Physio-
logical and proteome studies of responses to heat stress during grain filling in
contrasting wheat cultivars. Plant Sci. 230, 33-50.

Zaman-Allah, M., Jenkinson, D.M., Vadez, V., 2011. Chickpea genotypes contrasting
for seed yield under terminal drought stress in the field differ for traits related
to the control of water use. Funct. Plant Biol. 38, 270-281.


http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0120
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0120
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0120
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0120
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0120
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0120
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0120
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0120
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0120
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0120
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0120
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0120
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0120
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0120
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0120
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0120
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0120
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0125
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0125
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0125
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0125
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0125
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0125
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0125
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0125
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0125
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0125
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0125
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0125
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0125
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0130
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0135
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0135
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0135
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0135
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0135
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0135
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0135
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0135
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0135
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0135
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0135
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0135
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0135
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0135
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0135
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0135
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0135
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0135
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0135
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0140
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0140
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0140
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0140
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0140
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0140
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0140
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0140
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0140
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0140
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0140
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0140
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0140
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0140
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0140
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0140
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0140
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0140
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0140
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0140
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0140
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0145
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0145
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0145
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0145
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0145
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0145
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0145
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0145
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0145
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0145
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0145
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0145
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0145
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0145
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0145
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0145
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0145
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0145
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0145
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0145
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0145
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0145
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0150
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0150
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0150
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0150
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0150
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0150
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0150
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0150
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0150
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0155
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0155
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0155
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0155
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0155
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0155
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0155
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0155
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0155
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0155
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0155
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0155
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0155
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0155
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0155
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0155
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0155
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0155
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0155
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0155
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0155
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0160
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0165
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0165
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0165
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0165
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0165
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0165
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0165
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0165
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0165
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0165
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0165
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0165
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0165
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0165
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0165
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0165
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0165
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0165
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0165
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0170
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0170
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0170
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0170
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0170
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0170
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0170
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0170
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0170
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0170
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0170
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0170
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0170
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0170
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0170
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0170
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0175
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0180
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0185
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0190
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0190
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0190
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0190
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0190
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0190
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0190
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0190
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0190
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0190
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0190
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0190
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0190
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0190
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0190
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0195
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0200
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205
http://refhub.elsevier.com/S0378-4290(15)00074-X/sbref0205

	Unscrambling confounded effects of sowing date trials to screen for crop adaptation to high temperature
	1 Introduction
	2 Methods
	2.1 Experimental design and crop husbandry
	2.2 Crop traits
	2.3 Data analysis

	3 Results
	3.1 Phenology and photothermal regime
	3.2 Yield and its components
	3.3 Unscrambling confounded effects of sowing date on yield

	4 Discussion
	Acknowledgements
	References


