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a  b  s  t r  a  c  t

The  fatty  acid  composition  of sunflower  (Helianthus  annuus  L.)  oil closely  depends  on the  environmental
conditions  during  grain  filling.  Temperature  and  solar  radiation  are  the  main  environmental  factors  driv-
ing oil  fatty  acid  composition.  Minimum  night  temperature  and intercepted  solar  radiation  per plant  (ISR)
during  grain  filling  independently  affect  oleic  acid  percentage  of traditional  sunflower  oil. Critical  period
for  temperature  effect  on this  trait has  been  shown  to be placed  between  100  and  300 ◦C  day  after  flow-
ering  (◦Cd af). The  period  of  maximal  sensitivity  of fatty  acid  composition  to  ISR remains  unknown.  The
aim  of the  present  work  was  to  identify  the time  window  of  high  sensitivity  (critical  period)  of  fatty  acid
composition  to ISR  of sunflower  oil. For  this, ISR was  modified  by shading  (50%  or  80%)  or  thinning  (50%)
field  grown  sunflower  hybrid  DK3820  during  different  periods  of  grain  filling.  The  timing  of  maximal
sensitivity  of  fatty  acid composition  to source  variations  during  post  flowering  periods  was  explored  and
analyzed  by  two  widely  used  approaches:  (i)  evaluation  of the  relative  oleic  acid  percentage  under  short
shading  treatments  in relation  to  the  control  and  (ii)  window-pane  analysis  of  the  response  of  oleic acid
percentage  to  ISR.  The  first  approach  generated  differing  estimates  of  the  critical  period  depending  on
the  level  of radiation  reduction.  Using  the second  approach,  a developmental  interval  during  which  oleic

acid  was  most  sensitive  to  ISR  regardless  of  the  radiation  level  was  determined.  The  critical  period  began
at 350 ◦Cd af and ended  at 450 ◦Cd af. The  critical  period  for radiation  effect  on  oleic  acid  concentration
differed from  that  of the  radiation  effect  on  grain  weight  and  oil  concentration  and  from  the  critical  period
for temperature  effect  on oil  fatty  acid  composition.  Different  critical  periods  for  different  traits  and  spe-
cific environmental  factors  are  indicative  of the  complexity  of  the  interaction  between  environmental
conditions  and  grain  growth  and  oil  synthesis  dynamics.
. Introduction

The quality and potential uses of vegetable oils are determined
y their fatty acid composition. Sunflower oil is one of the most
idely used vegetable oils because of its nutritional and indus-

rial attributes. Sunflower oil quality is often considered in terms
f oleic acid content, as this is nowadays the preferred fatty acid
or both edible purposes and biodiesel production (Mensink et al.,
003; Marvey, 2008). Environmental factors have a decisive influ-
nce on sunflower oil quality (Roche et al., 2006; Izquierdo et al.,

006, 2009). It has long been known that temperature is the main
actor affecting the proportion of oleic acid in the oil of tradi-
ional sunflower cultivars (Canvin, 1965). Additionally, increasing

Abbreviations: ISR, intercepted solar radiation per plant; PAR, photosynthetically
ctive radiation; ◦Cd af, ◦C day after flowering.
∗ Corresponding author. Tel.: +54 2266439100.

E-mail address: laguirre@mdp.edu.ar (L.A.N. Aguirrezabal).

378-4290/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.fcr.2013.05.007
© 2013  Elsevier  B.V.  All  rights  reserved.

intercepted solar radiation per plant (ISR) during grain filling has
been shown to increase oleic acid percentage in several crop species
(Izquierdo et al., 2009; Zuil et al., 2012). In sunflower, differences
in oleic acid relative concentration driven by this factor could be
higher than 10 percentage points (Izquierdo et al., 2009). This effect
on oleic acid percentage has been correlated with a decrease in
linoleic acid concentration, with no significant changes in satu-
rated fatty acids concentration (Izquierdo et al., 2009; Echarte et al.,
2010). Intercepted solar radiation per plant and mean or minimum
night temperature during grain filling independently affected oleic
acid percentage of the oil of traditional sunflower (Echarte et al.,
2010), soybean and maize (Zuil et al., 2012). The additive effect of
temperature and radiation on fatty acid composition implies that
these environmental factors affect oleic acid percentage through
different mechanisms (Salisbury and Ross, 1992). In agreement

with this observation, it has been shown that minimum night tem-
perature affects oleic acid desaturation process through regulation
of oleate desaturase activity (Izquierdo et al., 2006; Rolletschek
et al., 2007) while intercepted solar radiation changes oleic/linoleic

dx.doi.org/10.1016/j.fcr.2013.05.007
http://www.sciencedirect.com/science/journal/03784290
http://www.elsevier.com/locate/fcr
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.fcr.2013.05.007&domain=pdf
mailto:laguirre@mdp.edu.ar
dx.doi.org/10.1016/j.fcr.2013.05.007
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atio through regulation of post flowering assimilates availability
o the grains (Echarte et al., 2012).

Particular phases during plant development are more rele-
ant for the determination of grain composition traits. Several
uthors have explored critical periods for the determination
f grain number and grain weight in several species (Fischer,
975; Savin and Slafer, 1991; Arisnabarreta and Miralles, 2008;
iniry and Ritchie, 1985; Jiang and Egli, 1993; Kantolic et al.,
007).

Empirical relationships between grain composition traits and
nvironmental conditions can be incorporated into simulation
odels to reflect interactions between environmental signals and

hysiological processes. The plant phenology, the non linearity of
esponse of biochemical and physiological processes, as well as the
rratic nature of climatic events often add to models predictions
igh degree of unexpected variability, which makes the output dif-
cult to interpret. The critical period of a given trait is a modeling
ool that helps to improve the accuracy of crop models predictions
Pereyra-Irujo and Aguirrezábal, 2007). Furthermore, the knowl-
dge of many critical periods has been helpful for understanding the
echanisms underlying plant responses to environmental factors

e.g. Pleite et al., 2008).
In sunflower, critical periods for the effect of solar radiation on

rain number (Cantagallo et al., 2004), grain weight and oil con-
entration (Aguirrezábal et al., 2003) have been found. These traits
nd the fatty acid composition of the oil have been shown to be
ore sensitive to heat stress during particular periods of grain fill-

ng (Rondanini et al., 2003, 2006). A critical period for fatty acid
omposition response to moderate minimum night temperature
or sunflower oil has also been determined (Izquierdo et al., 2006).
y contrast, the period of maximal sensitivity of oil composition to

SR throughout grain filling remains unknown. Since temperature
nd radiation affect fatty acid composition through different mech-
nisms (Echarte et al., 2012), critical periods for the effect of both
actors on fatty acid composition could be different.

Different methods of experimental analysis have been used
n order to elucidate these critical periods. These methods are
sually based on the application of short treatments during dif-
erent periods throughout the crop cycle. In many research works,
he critical period is determined by evaluating the effect of these
hort treatments in relation to control values. The main limita-
ion of this method of analysis is that the determined critical
eriod depends on the treatment duration and moment of appli-
ation (Cantagallo et al., 1997; Arisnabarreta and Miralles, 2008;
andaña and Calderini, 2012). Alternatively, window-pane anal-
sis allows determining critical periods that do not depend on
he treatments. This method of analysis consists of relating a
iven trait to an environmental factor during time windows
f different length and different starting time in order to find
he period exhibiting the strongest relationship between trait
esponse and factor (e.g. Aguirrezábal et al., 2003; Izquierdo et al.,
006).

The aim of the present work was to identify the key time win-
ow for fatty acid composition response to ISR of sunflower oil. For
his, the timing and/or the sensitivity of fatty acid composition to
ource variations during various post flowering periods has been
xplored and analyzed by two widely used approaches: (i) eval-
ation of the dependence of the effect of short duration shading
reatments on the moment in which they were imposed and (ii)
indow-pane analysis of the response of oleic acid percentage to

SR. The combination of both approaches allowed us to precisely
ssess the period during which fatty acid composition is most sen-

itive to solar radiation. Dynamics of grain filling and fatty acid
omposition empirically supports the statistically determined crit-
cal period and shed some light on the mechanisms underlying fatty
cid response to environmental conditions during grain filling.
search 149 (2013) 213–222

2. Materials and methods

Sunflower (Helianthus annuus L., hybrid DK3820) was  grown
in the field at the Unidad Integrada Balcarce INTA-FCA (37◦ S,
58◦ W)  Balcarce-Argentina. Soil was a Typical Argiudoll. Experi-
ments were performed during growing seasons 2008–2009 (Exp.
1) and 2010–2011 (Exp. 2). Seeds were planted on November
6th, 2008 and November 19th, 2010, for Exps. 1 and 2, respec-
tively. Treatments were arranged in a randomized complete block
design with three replicates. Experimental units were six rows
six meters long spaced at 0.7 m.  Plant population density at sow-
ing was 6.5 plants m−2. Crops were grown under optimal nutrient
and water conditions. Soil fertility in all experiments was  enough
to attain maximum yields for sunflower crops grown under non-
limiting water conditions (yield > 5000 kg ha−1; Sosa et al., 1999;
Andrade et al., 2000). Soil water content was measured every 5–7
days by the Time Domain Reflectometry method, with a mois-
ture measuring system (Trase System, Model 6050X1, Soilmoisture
Equipment Corp., Santa Barbara, CA, USA). Irrigation was applied to
maintain soil water above 40% available water in the first 0.60 m of
the soil profile during the entire growing season. Pests, diseases and
weeds were adequately controlled. At flowering, pollination bags
(Delnet, Rosario, Argentina) were used to prevent cross-pollination.
Flowering of a plant was defined by the appearance of stamens in all
florets from the outer whorl of the capitulum (R5.1 stage, Schneiter
and Miller, 1981). Flowering of an experimental unit was  consid-
ered to have occurred when 95% of the plants had reached R5.1
stage. Plants were self-pollinated manually.

Treatments meant to vary ISR during different periods of the
grain filling were applied when inner flowers of 95% of the plants
had been pollinated (three days after R6, Schneiter and Miller,
1981), and ended at physiological maturity. Since treatments
were applied after grain set, grain number did not differ among
treatments. Physiological maturity was reached at 615 ◦Cd af and
590 ◦Cd af in Exp. 1 and Exp. 2, respectively (base tempera-
ture = 6 ◦C). Treatments consisted of shading (Sh) and thinning (Th)
whose starting and ending thermal time (◦Cd af) are depicted in
Table 1. Long term treatments (Th A, Sh80% A and Sh50% A) were
applied during the whole grain filling period. Shading treatments
were achieved by placing a uniform, black, synthetic, and neutral
mesh cloth above the canopy of the two central rows (Dosio et al.,
2000; Izquierdo et al., 2008). Shades reduced incident solar radia-
tion by 80% (Exp. 1 and Exp. 2) or 50% (Exp. 2). Thinning treatments
were performed by eliminating alternate plants in the row in order
to get 50% (3.3 plant m−2) of the original crop population density.
Untreated sunflower plots served as control.

To estimate physiological maturity, 15 grains from rows 4 to
19 of three capitula were harvested twice a week during grain
filling. To explore grain filling dynamics, 12 grains of rows 6–8
were excised in the same way. Grain removal was repeated on the
same plant as long as total removal did not exceed 5% of average
final capitulum grain number. Grains were oven-dried at 60 ◦C and
weighed. Physiological maturity was determined as the time when
average dry weight per grain did not further increase (Aguirrezábal
et al., 2003).

2.1. Sample processing and chemical analysis

Once physiological maturity was  reached, ten capitula were
sampled from the two central rows of each plot and oven-dried
with circulating air at 60 ◦C. Grains between rings 4 and 19 of the
capitulum were manually separated in order to determine fatty acid

composition of grains set at a similar date and therefore, exposed
to similar environmental conditions (Izquierdo et al., 2002). Only
non-empty grains (kernel occupying at least 20% of the internal vol-
ume  of the hull) were considered in sample analyses. Oil extraction
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Table  1
Treatment period and final harvest oleic acid concentration of sunflower oil corre-
sponding to Exps. 1 and 2.

Experiment Treatment Period (◦Cd af) [Oleic acid] (%)

Exp. 1 Control – 20.9 ± 2
Th  A 185–615 25.4 ± 0.6**

Th B 250–615 24.7 ± 1.5**

Th C 324–615 24.0 ± 0.7**

Th D 420–615 23.4 ± 1.2*

Sh80% A 230–615 14.0 ± 0.2**

Sh80% B 230–324 21.0 ± 1.5ns

Sh80% C 324–420 16.9 ± 0.4**

Sh80% D 420–615 18.5 ± 0.6*

MS  1.2
C.V. (%) 18.5
LSDa 1.90

Exp. 2 Control – 22.7 ± 1.9
Th  A 229–590 26.5 ± 2.4**

Th B 307–590 26.2 ± 1.1**

Th C 420–590 21.5 ± 2.0ns

Th D 520–590 21.2 ± 2.2ns

Sh50% A 229–590 18.3 ± 1.6*

Sh50% B 229–295 20.3 ± 2.1ns

Sh50% C 295–437 17.5 ± 3.7*

Sh50% D 437–590 18.9 ± 1.4*

Sh80% A 229–590 12.9 ± 1.3**

Sh80% B 229–295 21.2 ± 1.9ns

Sh80% C 295–402 17.2 ± 2.8**

Sh80% D 402–590 16.8 ± 1.7**

Sh80% E 520–590 18.8 ± 0.5*

MS  3.8
C.V. (%) 19.7
LSDa 3.3

a Least significant difference value (P = 0.05). MS,  mean square of the error; C.V.,
coefficient of variation.
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Significant effects P < 0.05.
** Significant effects P < 0.01.
ns Not significant.

rom grains harvested at physiological maturity and its subsequent
ethylation was performed following the technique proposed by

ukhija and Palmquist (1988).
Small samples (12 grains) for dynamics determinations were

rocessed as in Ruiz-López et al. (2003) with modifications. Lipids
ere extracted with hexane:isopropanol (7:2, v/v) and Na2SO4

67 g l−1) in the presence of 200 �l of 1, 2, 3 triheptadecanoyl-
lycerol (50 mg  ml−1) as an internal standard. The lipidic phases
rom the extracted samples were evaporated to dryness under
2. The residue was dissolved in 0.5 ml  of hexane and incu-
ated for 1 h at 80 ◦C in the presence of the methylation mixture
ethanol:toluene:H2SO4 (88:10:2) and 1 ml  of heptane. After sam-

les had cooled at room temperature, upper phase containing fatty
cids methyl esters was separated.

Fatty acid composition of the extracts was  determined by
as chromatography (GLC) with a Shimadzu GC-2014 equipment
Kyoto, Japan). Fatty acid content was expressed as percentage of
he total fatty acids identified in the oil. Total lipids extracted were
alculated with respect to the area of the internal standard. Oil
ontent was estimated by considering that total extracted lipids
epresent more than 96% of the oil (Robertson et al., 1978). Oil con-
entration was expressed as percentage of total grain weight (oil
ontent × 100/grain weight).

.2. Measurements

Global daily incident radiation was measured with pyranome-

ers (LI-200SB, LI-COR, Lincoln, NE) from weather meteorological
tations located at approximately 400 m from the experiments.
ean incident radiation values for Exp. 1 and Exp. 2 were 20.8 ◦C

nd 20.5 MJ  day−1, respectively. Daily incident photosynthetically
search 149 (2013) 213–222 215

active radiation (PAR) was calculated as 0.48 × global daily incident
radiation (Bonhomme, 1993). The proportion of photosynthetically
active radiation (PAR) intercepted by the crop at noon (±1 h) was
calculated according to Gallo and Daughtry (1986) as (1 − Rb/Ro),
where Rb is the radiation measured below the oldest green leaf,
and Ro is the radiation measured above the canopy. Rb was
measured weekly with a line quantum sensor (LI-191SB, LI-COR,
Lincoln, NE, USA) positioned across the rows (the length of the
sensor was modified according to the distance between rows:
0.7 m).  Three measurements were done per plot. In accordance
with Charles-Edwards and Lawn (1984), the daily proportion of PAR
intercepted was estimated as the proportion of PAR intercepted at
noon × 2/(1 + proportion of PAR intercepted at noon). This correc-
tion allowed a substantial improvement on the error arising from
a single measurement at noon (Trapani et al., 1992). Daily propor-
tion of intercepted PAR between measurements was calculated by
linear interpolation. Daily intercepted solar radiation per plant was
calculated as the product of daily incident PAR and daily propor-
tion of PAR intercepted divided by the plant density. Intercepted
solar radiation accumulated per plant from R6 to R9 (Schneiter and
Miller, 1981) was calculated as described by Dosio et al. (2000).

Temperature of the grains and the air at the capitulum level were
measured using Cu constantan thermocouples (Termoquar, Buenos
Aires, Argentina) and thermistors (Cavadevices, Buenos Aires,
Argentina), respectively. Thermistors were protected by shields
to prevent absorption of solar radiation. Measurements began
after flowering and finished at physiological maturity. They were
recorded by data loggers every 60 s and averaged (Cavadevices©,
Buenos Aires, Argentina). Thermal time after flowering (◦Cd af) was
calculated from air temperature using a base temperature of 6 ◦C
(Kiniry et al., 1992). Grain temperature did not exceed 30.5 ◦C for
more than 3 h, making unlikely a heat stress effect such as that
described by Rondanini et al. (2006).

2.3. Data analysis

Results were subjected to analysis of variance (ANOVA) and
differences between the treatments and the control were tested
using the Dunnett Test (Dunnett, 1955). Treatment means, standard
errors, and least significant differences (LSD, P < 0.05) were cal-
culated using InfoStat 1.1 Software (2002, InfoStat Group). Non
linear simple regressions were fitted using Sigmaplot 8.0 software
(1986–2001, SPSS Inc.). Goodness of fit was  evaluated through the
comparison of r2 and root mean square error (RMSE) values.

Relationships between oleic acid concentration and ISR were
described by an exponential rise up to a maximum (Eq. (1)), as
performed by Echarte et al. (2010)

[Oleic acid] = z0 − ce−dISR) (1)

where z0 is the oleic acid percentage attainable at maximal ISR; c
represents the difference between oleic acid percentages at ISR = 0
and ISR per plant = ∞ (i.e., the maximum theoretical variation of
oleic acid percentage in response to ISR), and d is the exponential
curvature of oleic acid dependence on ISR per plant.

Two  different approaches were used to assess the critical period
for fatty acid response to ISR:

(1) Relative values of oleic acid concentration under short duration
shading treatments in relation to the control were plotted as a
function of the midpoint of the shading period as in Sandaña and

Calderini (2012). These authors defined the average C.V. values
of pea grain number and weight across treatments and experi-
ments as the threshold for critical period estimation. According
to this methodology, the threshold for the critical period
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Fig. 1. Relationship between oleic acid percentage of sunflower oil and ISR accumulated from R6 to R9. Panels (A) and (B) show the results for long term treatments (R6
t on dat
r r plan
s lues f

(

T
P

o  R9) of Exps. 1 and 2, respectively. Panels (C) and (D) show oleic acid concentrati
epresents a single measurement of the oleic acid percentage in the oil of sunflowe
how  functions of the form of Eq. (1) ([Oleic acid] = z0 – ce−dISR) fitted to the data. Va

assessment was established as the average of the C.V. values
for oleic acid percentages calculated in both experiments.

2) Window-pane analysis: a 5-day window of time was slid in daily
increments across the R6 to R9 period. The window length was
arbitrarily defined in order to generate a set of data points of
an adequate size (14 data sets) along the entire grain filling
duration phase. Values of oleic acid percentage coming from
control, shading, and thinning treatments were plotted against
ISR accumulated in each different time window. Eq. (1) was
fitted to experimental data and the coefficients of determina-
tion (r2) were registered for each of the three plots. The values
of r2 for each plot were averaged and graphed against the mid-
point of the thermal time window. The threshold for the critical

period was established as the r2 value obtained in each exper-
iment for the fitting of Eq. (1) to the response of oleic acid
concentration to ISR accumulated during the whole grain fill-
ing (R6–R9). Window-pane analysis results were verified by a

able 2
arameter values ± 1 standard deviation, r2 and RMSE for the best fitting of Eq. (1) to data

Data source Period of ISR accumulation Experiment z

Long term treatments Grain filling Exp. 1 3
Exp. 2 2

All  treatments Grain filling Exp. 1 2
Exp. 2 

All  treatments Critical period Exp. 1 2
Exp. 2 3

* Significant level P < 0.05.
** Significant level P < 0.01.
ns Not significant.
a for long and short term treatments of Exp. 1 and Exp. 2, respectively. Each point
ts grown under different radiative conditions during grain filling. Continuous line

or parameters of the fitted functions are given in Table 2.

bootstrap analysis according Izquierdo et al. (2006). For
this, five hundred random samplings with replacement were
obtained and Eq. (1) was  fitted to each sample. Goodness of fit of
the fitted function was evaluated by comparing the distribution
of the 500r2 values.

3. Results

3.1. ISR effect on fatty acid composition

Minimum night temperature during the critical period for
temperature effect on oleic acid concentration (100–300 ◦Cd af;
Izquierdo et al., 2006) did not differ between experiments (16.4

and 16.3 ◦C for Exps. 1 and 2, respectively). Maximum differences
of oleic acid percentage among treatments were around 11 and
13 percentage points for Exp. 1 and Exp. 2, respectively (Table 1),
representing the spread between long term thinning with long term

 presented in Figs. 1 and 4.

0 C d r2 RMSE

1.8 ± 8.0** 21.4 ± 6.8** 0.014 ± 0.001** 0.94 1.4
9.4 ± 2.8** 19.8 ± 2.2** 0.030 ± 0.010* 0.95 1.5

9.1 ± 3.7** 19.5 ± 2.6** 0.020 ± 0.010* 0.77 1.8
88 ± 171ns 77 ± 170ns 0.003 ± 0.008ns 0.77 2.2

8.1 ± 2.4** 17.4 ± 1.8** 0.090 ± 0.03** 0.86 1.4
9.3 ± 10.0** 29.2 ± 11.0** 0.040 ± 0.010* 0.82 1.7
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Fig. 2. Oleic acid proportion ([OA]) for short term 50% and 80% shading treatments
relative to the control as a function of the thermal time elapsed at the midpoint of
the  shading period. Horizontal bars show the timing of application of the treatments.
Black closed circles and black horizontal bars: short term 80% shading in Exp. 1, open
circles and white horizontal bars: short term 80% shading in Exp. 2, gray symbols and
gray horizontal bars: short term 50% shading in Exp. 2. Continuous horizontal line:
[OA] relative to the control for long term 80% shading treatments (Sh80% A). Dashed
horizontal line: [OA] relative to control for long term 50% shading treatment (Sh50%

A). Gray zone: [OA] relative values lower than the threshold for the critical period

F
t
a
m

M.M. Echarte et al. / Field Cr

0% shading treatments in both experiments. Thinning treatments
erformed in Exp. 1 significantly increased oleic acid concentra-
ion disregarding the period during which they had been set, while
n Exp. 2, late thinning treatments did not produce any significant
ffect on this trait (P < 0.01, Table 1). Oleic acid sensitivity to both
0% and 80% shading treatments depended on the moment of the
rain filling period during which they have been imposed.

Oleic acid percentage was linearly and negatively related to
inoleic acid percentage. The slope of this relationship was  between
0.96 and −0.99, indicating that an increase in oleic acid concen-

ration corresponded to a decrease of similar magnitude in linoleic
cid concentration, with no significant change of saturated fatty
cids concentration. For this reason and for the sake of clarity, in
his section as well as in Sections 3.2 and 3.3, variations in fatty acid
omposition will be discussed in terms of variations on oleic acid
oncentration.

The relationship between oleic acid concentration and ISR accu-
ulated during the entire grain filling was well described by an

xponential rise to max  model (Eq. (1)) fitted to experimental data
ollected from long term treatments (Fig. 1A and B, Table 2).

When oleic acid concentration values from short term treat-
ents were added to the pool of data (Fig. 1C and D), the fitting

f Eq. (1) resulted in lower r2 and higher RMSE values than those
btained when considering only data from long term treatments
Table 2). Moreover, in Exp. 2, although the general trend of the
esponse was consistent with those shown in the remaining pan-
ls, equation parameters became non-significant and the shape of
he response to ISR changed slightly (Fig. 1D). These observations
trongly suggest that the oleic acid concentration depends not only
n the level of radiation variation but also on the timing at which
SR changes occur, and therefore, a critical period for ISR effect on
leic acid concentration could exist.

.2. Dependence of fatty acid composition on the timing and
ntensity of ISR variation

As a first approach to determine the time window of maximal
ensitivity of oil fatty acid composition to radiation effect, oleic acid
oncentration values relative to control were plotted against the
hermal time elapsed at the midpoint of the shading period for the
hort term treatments (Fig. 2). Since this kind of analysis requires
hat short treatments were all of similar duration, thinning treat-
ents were not included. Shading of 80% of incident solar radiation
uring the whole grain filling period reduced oleic acid concentra-
ion to a level relative to control of 0.57 (continuous horizontal line,
ig. 2), while long term 50% shading treatment reduced oleic acid
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ig. 3. Coefficients of determination (r2) for the fitting of Eq. (1) to the response of oleic
ime  elapsed at the midpoint of the time window considered. Time windows were 5 day
cid  percentage vs. ISR accumulated from R6 to R9; horizontal dashed lines are the standa
ean  (n = 3) r2 values obtained for each of the 5-day windows.
(19% of [OA] reduction), as defined by C.V. across treatments and experiments (see
Sections 3 and 3.2). Vertical bars show the standard error of the mean (n = 3).

concentration to a relative value of 0.8 compared to the control
(dashed horizontal line, Fig. 2). In addition, while a short term 50%
shading treatment seems enough to attain maximal 50% shading
effect if imposed during a certain interval of grain filling, no 80%
short term shading treatment was sufficient to achieve the oleic
acid reduction produced by 80% shading during the whole of grain
filling.
Critical period was defined as that in which shading treatment
significantly reduced oleic acid percentage (P < 0.05) in relation
to control treatment. The threshold value to establish this critical
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 acid concentration to ISR of Exp. 1 (A) and Exp. 2. (B) as a function of the thermal
s long. Horizontal continuous lines represent the r2 for the fitting of Eq. (1) to oleic
rd deviations of these r2 values. Vertical bars show ± one standard deviation of the



218 M.M. Echarte et al. / Field Crops Research 149 (2013) 213–222

ISR (Mj pl ant-1 )

0 5 10 15 20 25
10

15

20

25

30

Bootstrap sample r2

0.4 0.5 0.6 0.7 0.8 0.9 1. 0

Fr
eq

ue
nc

y

0

20

40

60

80

Bootstrap sample  r2

0.4 0.5 0.6 0.7 0. 8 0.9 1.0

Fr
eq

ue
nc

y

0

20

40

60

80

Bootstrap  sample r2

0.4 0.5 0.6 0.7 0.8 0.9 1.0
0

20

40

60

80
Boo tstrap sample r2

0.4 0. 5 0.6 0. 7 0. 8 0. 9 1. 0
0

20

40

60

80

B

C D

FE

ISR ( Mj plant-1 )

0 5 10 15 20

[O
le

ic
 a

ci
d]

(%
)

10

15

20

25

30
A

F ring th ◦ 2

b g (C an
E  acid p
d

p
a
w
t
(
o
c
f
r
r

ig. 4. (A and B) Relationship between oleic acid percentage and ISR accumulated du
etween oleic acid concentration and ISR accumulated during the whole grain fillin
xp.  1; right panels: Exp. 2. Each point represents a single measurement of the oleic
uring  grain filling.

eriod was defined as the average C.V. value (%) across treatments
nd experiments (Sandaña and Calderini, 2012). Critical period
as therefore considered as the period when the estimated reduc-

ion of oleic acid concentration by shading was higher than 19%
Table 1, gray zone in Fig. 2). According to the established thresh-
ld, the critical period for the effect of the ISR on the oleic acid

oncentration depended on the radiation level. Critical periods
rom 350 to 450 ◦Cd af, and 300 to 550 ◦Cd af were defined for a
eduction of 50% and 80% of the ISR during the grain filling period,
espectively.
e critical period (350–450 Cd af) for ISR effect. Distribution of r for the relationship
d D) or the critical period (E and F) obtained by the bootstrap method. Left panels:
ercentage in the oil of sunflower plants grown under different radiative conditions

3.3. Window-pane analysis for assessing the critical period of the
effect of ISR on fatty acid composition

To perform this analysis oleic acid concentration was  related to
ISR accumulated in 5-day windows from R6 to R9. As many correla-
tions were generated as time windows used. Differences between

C.V. values of ISR accumulated during R6 to R9 period and 5-day
windows were not detected (data not shown). Fig. 3 shows the
coefficients of determination (r2) for the fitting of Eq. (1) to each
of these relationships plotted as a function of the thermal time in



ops Research 149 (2013) 213–222 219

t
a
b
o
I
R

t
F
b
t
a
m
w
(
g

3
d

w
a
c
c
(
v
S
l
(
b

m
t
o
i
w
t
b

4

n
d
d
s
t
o
f
2
w
t
r
l
r
e
o
m
d
t

p
t
i

Thermal time (ºCd af)
100 200 300 400 500 600

[O
le

ic
 o

r l
in

ol
ei

c 
ac

id
] (

%
)

0

20

40

60

80

100

G
ra

in
 w

ei
gh

t (
m

g)

0

10

20

30

40

50

60

[O
il]

 (%
)

0

10

20

30

40

50

60

A

C

B

Fig. 5. Grain weight (A), oil concentration (B) and fatty acid composition (C) as
a  function of thermal time after flowering. Open symbols: control; closed black
symbols: Sh80% A, closed gray symbols: Sh80% C. In panel C, open circles show
oleic acid percentage; triangles: linoleic acid percentage. Continuous vertical line
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he midpoint of the time window. The critical period was  defined
s the period during which time windows provided relationships
etween oleic acid and ISR with r2 values equal or higher than that
btained for the relationship between oleic acid concentration and
SR accumulated during the whole grain filling period (from R6 to
9).

The critical period for the effect of ISR on oleic acid concen-
ration was placed between 350 and 450 ◦Cd af. By comparing
igs. 1 and 4, it can be observed that oleic acid concentration was
etter explained by ISR accumulated during the critical period than
he ISR accumulated from R6 to R9. This result was  confirmed by
nalyzing 500 bootstrap samples of both experiments: a higher
ean r2 value and a shorter range of r2 distribution was achieved
hen considering the ISR accumulated during the critical period

Fig. 4E and F) instead of the one accumulated during the whole
rain filling (Fig. 4C and D).

.4. Grain filling and fatty acid composition dynamics under
ifferent radiative conditions

Oleic and linoleic acids dynamics were analyzed and compared
ith grain filling dynamics (Fig. 5). For this, grain weight, oil, oleic

nd linoleic acids percentages were plotted as a function of time for
ontrol, Sh80% A and Sh80% C treatments. Grain weight and oil per-
entage increased with thermal time describing a sigmoid function
Fig. 5A and B). Both Sh80% A and Sh80% C treatments decreased the
alues of these variables. The effect of the short term treatment
h80% C on grain weight and oil concentration was significantly
ower than the one produced by the long term shading treatment
P < 0.01, Sh80% A). Grain weight, in turn seemed to be more affected
y Sh80% C than oil percentage.

Fig. 5C shows that oleic acid percentage increased with ther-
al  time up to a maximum value (at approx. 300 ◦Cd af) and after

hat, it slowly decreased. Linoleic acid concentration showed an
pposite trend (it decreased up to a minimum and then slowly
ncreased). Effects of shading treatments on fatty acid composition

ere not significant before 300 ◦Cd af (P < 0.01), regardless of when
reatments were applied. Final oleic and linoleic acid percentages of
oth Sh80% A and Sh80% C were not significantly different (P < 0.01).

. Discussion

The present work confirmed that oleic acid concentration expo-
entially increases up to a maximum value as ISR accumulated
uring grain filling increases (Echarte et al., 2010). Parameters
escribing oleic acid concentration response to ISR were very
imilar for both experiments when considering only long term
reatments (Fig. 1A and B). Slight differences found in the response
f oleic acid to ISR between experiments may  be explained by dif-
erences in source/sink ratios (Izquierdo et al., 2009; Echarte et al.,
012), since minimum night temperature in both experiments
ere very similar. When short term treatments were included in

he analysis, coefficients of goodness-of-fit significantly changed:
2 was 20% lower and RMSE more than 20% higher than when ana-
yzing only long term treatments. Furthermore, differences in the
esponse parameters of oleic acid concentration to ISR between
xperiments appeared, and in Exp. 2, even the exponential pattern
f the response was lost. The inclusion of short 50% shading treat-
ents in Exp. 2 (not performed in Exp. 1) make the variability of ISR

uring certain periods higher than in Exp. 1, accounting for most of
he differences between responses in both experiments.
The results reported here demonstrated that there is a short
eriod during grain filling when sensitivity of oleic acid concentra-
ion of sunflower oil fatty acid composition to source reduction
s maximal. The application of two different methodologies of
represents the moment of application of Sh80% A. Sh80% C was  applied in between
dashed vertical lines.

analysis, widely reported in the literature, allowed determining
this critical period. As a first approach, the relative values of oleic
acid concentration under shading treatments in relation to the con-
trol were evaluated throughout the grain filling (threshold of oleic
acid concentration reduction = 20%, Fig. 2). It was observed that the
lower the radiation intensity (50% and 80% shading), the longer the
critical period (350–450 ◦Cd af and 300–550 ◦Cd af, respectively).

Although, it could be expected that different stress levels would
present different threshold values to exert their effect, for model-
ing purposes, it would be necessary to define a critical period for ISR
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ig. 6. Critical periods for temperature effect on fatty acid composition (in betwe
ines)  and ISR effect on grain weight and oil concentration (gray zone) superimpose

ffect that is independent of the intensity of the radiation treatment
pplied (Pereyra-Irujo and Aguirrezábal, 2007).

Window-pane analysis allowed finding a critical period for radi-
tion effect independent of the radiation level intercepted by the
rop. This critical period was placed between 350 and 450 ◦Cd af.
his kind of analysis has been successfully employed to assess
ey phases for the determination of many traits in several crop
pecies (Aguirrezábal et al., 2003; Bertero and Ruiz, 2008; Kriss
t al., 2010; Izquierdo et al., 2006). In the present work, r2 value
f the fitting of oleic acid percentage to ISR accumulated dur-
ng the whole grain filling period was defined as the threshold
o establish the critical period for radiation effect. The bootstrap
nalysis of the results (Fig. 4) confirmed the length and position
f this critical period, and thus supported the threshold criteria
mployed.

In agreement with previous reports, grain weight and oil con-
entration rapidly increased from flowering (R6 + 150 ◦Cd af) until

 few days before R9 when they stabilized (Fig. 5 this paper;
guirrezábal et al., 2003). As has been previously reported, oleic
cid percentage increased at early stages of grain filling up to

 maximum and then it decreased up to R9, while linoleic acid
oncentration showed the opposite trend (Fig. 5; Martínez-Force
t al., 1998; Santonoceto et al., 2003). Long term shading treat-
ent immediately reduced grain weight and oil concentration,
hile it did not produce any effect on fatty acid composition

efore 300 ◦Cd af. The period during which the short term treat-
ent Sh80% C was imposed (295–437 ◦Cd af approx. for Exps. 1 and

) almost coincided with the critical period for fatty acid response
o ISR determined in this work but did not span the whole crit-
cal period for ISR effect on grain weight and oil concentration
Aguirrezábal et al., 2003). Thus, final oil fatty acid composition of
lants shaded during the critical period was similar to that obtained
ith the long term treatment (compare Sh80% A to Sh80% C) but grain

eight and oil concentration final values where higher than those

btained with the long term shading treatment. Taken together,
hese observations of grain filling dynamics empirically support the
stimations of the critical periods for ISR effect on oil content, grain
id vertical lines), ISR effect on fatty acid composition (in between dashed vertical
rain filling dynamics.

weight (Aguirrezábal et al., 2003) and oleic acid concentration, val-
idating the method of analysis applied.

A conceptual model recently proposed states that ISR effect on
fatty acid composition is mediated by the carbon assimilates avail-
ability for oil synthesis in sunflower grains (Echarte et al., 2012).
Results obtained in the present work provide empirical evidence
supporting this model. According to it, at high source levels, desat-
uration of oleic acid, a key step in fatty acids synthesis, becomes
saturated and oleic acid accumulates with the consequent decrease
of linoleic acid percentage. By contrast, at low assimilate allocation
to the grains, oil synthesis is limited and most oleic acid can be con-
verted into linoleic acid. Considering this conceptual model, results
showed in Fig. 5 could be interpreted as follows: at very early stages
of grain filling (before 150 ◦Cd af) most of the oil synthesis proceeds
to linoleic acid. As grain filling progresses, oleate desturase activ-
ity increases (Gray and Kekwick, 1996), but carbon accumulates
faster in the grain than the increment of oleate desaturase catalytic
activity. Therefore, between 150 and 300 ◦Cd af, oleic acid begins to
accumulate. Between 300 and 350 ◦Cd af, a high desaturation activ-
ity produces a decrease in oleic acid percentage with a concomitant
increase in linoleic acid, being more evident when carbon is more
scarce. Later on, during the critical period for ISR effect on fatty
acid composition, desaturation activity is stabilized and oleic acid
depends on carbon accumulation; low carbon levels can be mostly
turned into linoleic acid while high carbon levels are accumulated
as oleic acid (Echarte et al., 2012). To confirm this model, future
experiments designed to measure the effect of the carbon flux from
the maternal plant to the growing embryo on the fatty acid com-
position of the oil should be performed. This could be achieved, for
instance, by in vivo labeling as shown by Alonso et al. (2007).

By using a similar experimental approach, Izquierdo et al. (2006)
found that the critical period for temperature effect on fatty acid
composition of sunflower oil was between 100 and 300 ◦Cd af.

This critical period is different from the one for ISR effect on fatty
acid composition (350–450 ◦Cd af) determined in the present work
(Fig. 6). These results agree with previous reports showing that
no interaction between the effects of these environmental factors
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xists (Echarte et al., 2012; Zuil et al., 2012). Results reported in the
resent work supports the proposal that the mechanisms underly-

ng temperature and radiation effects on fatty acid composition are
ndependent (Echarte et al., 2012).

Temperature affects total activity of oleate desaturase, the
nzyme that catalyzes the conversion of oleic to linoleic acid. Total
ctivity of this enzyme is greatest at early grain filling (Garcés
nd Mancha, 1991; Gray and Kekwick, 1996; Kabbaj et al., 1996).
onsidering that the effect of temperature on fatty acid compo-
ition is more important during early stages of grain filling, when
il accumulated per grain is low, Izquierdo et al. (2002) suggested a
memory effect” of an early temperature treatment on the fatty acid
esaturation mechanism. Results found in this work show that once
leate desaturase activity has been defined by temperature condi-
ions (between 100 and 300 ◦Cd af; Izquierdo et al., 2006), fatty acid
omposition could still vary depending on the carbon allocated to
he grains between 350 and 450 ◦Cd af (Figs. 5 and 6).

The critical period found here for the effect of radiation on
leic acid concentration was shorter and placed later in the grain
lling than the one described for grain weight an oil concentra-
ion per seed (250–450 ◦Cd af; Aguirrezábal et al., 2003; Fig. 6).
he varying degree of temporal correspondences between differ-
nt traits and specific environmental factors are indicative of the
omplexity of the interaction between environmental conditions
nd growth dynamics. Crop models are useful tools for evaluating
nteractions between grain yield and oil quality, and may  help to
ake management decisions (like sowing date) in order to avoid
nfavorable conditions during the most critical stages (Pereyra-

rujo and Aguirrezábal, 2007). The critical period reported in the
resent work, should be considered in crop growth models (e.g.
ereyra-Irujo and Aguirrezábal, 2007) to explore yield and oil qual-
ty relationships.

In summary, we have demonstrated the existence of a critical
eriod for the effect of intercepted radiation on oleic acid concen-
ration. This critical period was different from the one described for
emperature effect, and supports the idea that mechanisms under-
ying radiation and temperature effects are different. In order to
redict fatty acid composition before crop harvest, it is necessary to
now the minimum night temperature between 100 and 300 ◦Cd af
nd the photosynthetically active radiation intercepted by the crop
uring 350-450 ◦Cd af period as input variables in a crop growth
odel. In this sense, a model combining critical periods in an addi-

ive manner (as shown by Echarte et al., 2010) would improve oil
atty acid composition prediction and or simulation.

cknowledgements

This work was supported by Instituto Nacional de Tecnología
gropecuaria (INTA, PNCER 024022), Agencia Nacional de Promo-
ión Científica y Tecnológica (PICT 08 0941), Consejo Nacional de
nvestigaciones Científicas y Técnicas (CONICET, PIP0362) and Uni-
ersidad Nacional de Mar  del Plata (UNMdP). MM Echarte and LAN
guirrezábal are members of CONICET.

eferences

guirrezábal, L.A.N., Lavaud, Y., Dosio, G.A.A., Izquierdo, N.G., Andrade, F.H.,
González, L.M., 2003. Intercepted solar radiation during seed filling determines
sunflower weight per seed and oil concentration. Crop Sci. 43, 152–161.

lonso, A.P., Goffman, F.P., Ohlrogge, J.B., Shachar-Hill, Y., 2007. Carbon conver-
sion efficiency and central metabolic fluxes in developing sunflower (Helianthus
annuus L.) embryos. Plant J. 52, 296–308.

ndrade, F.H., Aguirrezabal, L.A.N., Rizzali, R.H., 2000. Crecimiento y rendimiento

comaparados. In: Andrade, F.H., Sadras, V.O. (Eds.), Bases para el manejo del
maíz, el girasol y la soja. Unidad Integrada Balcarce, Argentina, pp. 61–96.

risnabarreta, 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.
search 149 (2013) 213–222 221

Bertero, H.D., Ruiz, R.A., 2008. Determination of seed number in sea level quinoa
(Chenopodium quinoa Willd.) cultivars. Eur. J. Agron. 28, 186–194.

Bonhomme, R., 1993. The solar radiation: characterization and distribution in the
canopy. In: Varlet-Grancher, C., Bonhomme, R., Sinoquet, H. (Eds.), Crop Struc-
ture and Light Microclimate. Characterization and Applications. INRA Editions,
Versailles, France, pp. 17–28.

Cantagallo, J.E., Chimenti, C.A., Hall, A.J., 1997. Crop physiology and metabolism:
Number of seeds per unit area in sunflower correlates well with a photothermal
quotient. Crop Sci. 37, 1780–1786.

Cantagallo, J.E., Medan, D., Hall, A.J., 2004. Grain number in sunflower as affected
by shading during floret growth, anthesis and grain setting. Field Crops Res. 85,
191–202.

Canvin, D., 1965. The effect of temperature on the oil content and fatty acid com-
position of the oils from several seed crops. Can. J. Bot. 43, 63–69.

Charles-Edwards, D.A., Lawn, R.J., 1984. Light interception by grain legume row
crops. Plant Cell Environ. 7, 247–251.

Dosio, G.A.A., Aguirrezábal, L.A.N., Andrade, F.H., Pereyra, V.R., 2000. Solar radiation
intercepted during seed filling and oil production in two sunflower hybrids. Crop
Sci.  40, 1637–1644.

Dunnet, G.M., 1955. The breeding of the starling Sturnus vulgaris in relation to its
food supply. Proc. R. Soc. Lond. B 97, 619–662.

Echarte, M.M., Angeloni, P., Jaimes, F., Tognetti, J., Izquierdo, N.G., Valentinuz, O.,
Aguirrezábal, L.A.N., 2010. Night temperature and intercepted solar radiation
additively contribute to oleic acid percentage in sunflower oil. Field Crops Res.
119, 27–35.

Echarte, M.M., Alberdi, I., Aguirrezábal, L.A.N., 2012. Post-flowering assimilate avail-
ability regulates oil fatty acid composition in sunflower grains. Crop Sci. 52,
818–829.

Fischer, R.A., 1975. Yield potential in dwarf spring wheat and the effect of shading.
Crop Sci. 15, 607–613.

Gallo, K.P., Daughtry, C.S.T., 1986. Techniques for measuring intercepted and
absorbed photosynthetically active radiation in corn canopies. Agron. J. 78,
752–756.

Garcés, R., Mancha, M.,  1991. In vitro oleate desaturase in developing sunflower
seeds. Phytochemistry 30, 2127–2130.

Gray, D.A., Kekwick, R.G.O., 1996. Oleate desaturase activity in sunflower (Helianthus
annuus)  seeds and its relation to associated constituents during seed develop-
ment. Plant Sci. 115, 39–47.

Izquierdo, N., Aguirrezábal, L., Andrade, F., Pereyra, V., 2002. Night temperature
affects fatty acid composition in sunflower oil depending on the hybrid and the
phenological stage. Field Crops Res. 77, 115–126.

Izquierdo, N.G., Aguirrezabal, L.A.N., Andrade, F.H., Cantarero, M.G., 2006. Modeling
the response of fatty acid composition to temperature in a traditional sunflower
hybrid. Agron. J. 98, 451–461.

Izquierdo, N.G., Dosio, G.A.A., Cantarero, M.,  Luján, J., Aguirrezábal, L.A.N., 2008.
Weight per grain, oil concentration, and solar radiation intercepted during

grain filling in black hull and striped hull sunflower hybrids. Crop Sci. 48,
688–699.

Izquierdo, N.G., Aguirrezabal, L.A.N., Andrade, F.H., Geroudet, C., Valentinuz, O.,
Pereyra Iraola, M.,  2009. Intercepted solar radiation affects oil fatty acid com-
position in crop species. Field Crops Res. 114, 66–74.

Jiang, H., Egli, D.B., 1993. Shade induced changes in flower and pod number and
flower and fruit abscission in soybean. Agron. J. 85, 221–225.

Kabbaj, A., Vervoort, V., Abbott, A., Tersac, M.,  Bervillé, A., 1996. Expression of
stearate oleate and linoleate desaturase genes in sunflower with normal and
high oleic contents. Helia 19, 1–17.

Kantolic, A.G., Mercau, J.L., Slafer, G.A., Sadras, V.O., 2007. Simulated yield advan-
tages of extending post-flowering development at the expense of a shorter
pre-flowering development in soybean. Field Crops Res. 101, 321–330.

Kiniry, J.R., Ritchie, J.T., 1985. Shade-sensitive interval of kernel number of maize.
Agron. J. 77, 711–715.

Kiniry, J.R., Blanchet, R., Williams, J.R., Texier, V., Jones, C.A., Cabelguenne, M., 1992.
Sunflower simulation using the EPIC and ALMANAC models. Field Crops Res. 30,
403–423.

Kriss, A.B., Paul, P.A., Madden, L.V., 2010. Relationship between yearly fluctuations
in  fusarium head blight intensity and environmental variables: a window-pane
analysis. Ecol. Epidemiol. 100, 784–797.

Martínez-Force, E., Álvarez-Ortega, R., Cantisán, S., Garcés, R., 1998. Fatty acid
aomposition in developing high saturated sunflower (Helianthus annuus)
seeds: maturation changes and temperature effect. J. Agric. Food Chem. 46,
3577–3582.

Marvey, B.B., 2008. Sunflower-based feedstocks in nonfood applications: perspec-
tives from olefin metathesis. Int. J. Mol. Sci. 9, 1393–1406.

Mensink, R.P., Zock, P.L., Kester, A.D., Katan, M.B., 2003. Effects of dietary fatty acids
and  carbohydrates on the ratio of serum total to HDL cholesterol and on serum
lipids and apolipoproteins: a meta-analysis of 60 controlled trials. Am. J. Clin.
Nutr. 77, 1146–1155.

Pereyra-Irujo, G.A., Aguirrezábal, L.A.N., 2007. Sunflower yield and oil quality inter-
actions and variability: analysis through a simple simulation model. Agric. For.
Meteor. 143, 252–265.

Pleite, R., Rondanini, D., Garces, R., Martínez-Force, E., 2008. Day/night variation

in fatty acids and lipids biosynthesis in sunflower (Helianthus annuus L.) seeds.
Crop Sci. 48, 1952–1957.

Robertson, J.A., Chapman, G.W., Wilson, R.L., 1978. Relation of days after flowering
to  chemical composition and physiological maturity of sunflower seed. J. Am.
Oil Chem. Soc. 55, 266–269.

http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0005
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0005
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0005
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0005
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0005
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0005
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0005
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0005
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0005
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0005
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0005
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0005
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0005
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0005
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0005
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0005
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0005
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0005
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0005
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0005
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0010
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0010
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0010
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0010
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0010
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0010
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0010
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0010
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0010
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0010
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0010
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0010
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0010
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0010
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0010
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0010
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0010
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0010
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0010
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0010
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0010
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0010
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0015
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0020
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0025
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0025
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0025
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0025
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0025
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0025
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0025
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0025
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0025
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0025
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0025
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0025
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0025
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0025
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0025
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0025
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0025
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0025
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0025
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0025
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0030
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref9035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref9035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref9035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref9035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref9035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref9035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref9035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref9035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref9035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref9035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref9035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref9035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref9035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref9035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref9035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref9035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref9035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref9035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref9035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref9035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref9035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref9035
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0040
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0045
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0045
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0045
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0045
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0045
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0045
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0045
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0045
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0045
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0045
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0045
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0045
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0045
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0045
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0050
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0050
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0050
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0050
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0050
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0050
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0050
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0050
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0050
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0050
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0050
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0050
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0050
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0050
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0050
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0050
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0050
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0050
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0050
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0055
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0055
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0055
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0055
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0055
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0055
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0055
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0055
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0055
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0055
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0055
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0055
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0055
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0055
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0055
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0055
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0055
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0055
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0055
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0055
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0055
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0055
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0060
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0060
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0060
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0060
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0060
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0060
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0060
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0060
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0060
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0060
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0060
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0060
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0060
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0060
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0060
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0060
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0060
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0060
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0060
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0060
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0060
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0060
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0065
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0065
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0065
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0065
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0065
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0065
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0065
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0065
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0065
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0065
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0065
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0065
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0065
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0065
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0065
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0065
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0065
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0065
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0070
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0070
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0070
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0070
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0070
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0070
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0070
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0070
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0070
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0070
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0070
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0070
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0070
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0070
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0070
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0070
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0070
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0075
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0075
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0075
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0075
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0075
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0075
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0075
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0075
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0075
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0075
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0075
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0075
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0075
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0075
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0075
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0075
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0075
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0075
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0080
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0080
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0080
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0080
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0080
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0080
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0080
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0080
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0080
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0080
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0080
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0080
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0080
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0085
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0095
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0100
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0100
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0100
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0100
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0100
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0100
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0100
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0100
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0100
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0100
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0100
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0100
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0100
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0100
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0100
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0100
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0100
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0100
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0100
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0100
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0105
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0110
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0110
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0110
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0110
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0110
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0110
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0110
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0110
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0110
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0110
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0110
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0110
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0110
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0110
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0110
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0110
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0110
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0110
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0110
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0115
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0115
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0115
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0115
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0115
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0115
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0115
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0115
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0115
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0115
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0115
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0115
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0115
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0115
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0115
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0115
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0115
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0115
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0115
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0115
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0115
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0120
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0120
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0120
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0120
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0120
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0120
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0120
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0120
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0120
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0120
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0120
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0120
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0120
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0120
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0120
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0120
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0120
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0120
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0120
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0120
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0120
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0125
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0130
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0130
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0130
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0130
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0130
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0130
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0130
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0130
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0130
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0130
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0130
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0130
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0130
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0135
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0135
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0135
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0135
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0135
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0135
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0135
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0135
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0135
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0135
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0135
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0135
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0135
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0135
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0135
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0140
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0140
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0140
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0140
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0140
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0140
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0140
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0140
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0140
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0140
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0140
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0140
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0140
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0140
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0140
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0140
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0140
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0140
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0140
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0140
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0140
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0145
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0150
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0150
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0150
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0150
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0150
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0150
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0150
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0150
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0150
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0150
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0150
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0150
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0150
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0150
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0150
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0150
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0150
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0150
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0155
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0160
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0160
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0160
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0160
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0160
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0160
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0160
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0160
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0160
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0160
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0160
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0160
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0160
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0160
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0160
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0160
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0160
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0160
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0160
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0160
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0160
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0160
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0165
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0165
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0165
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0165
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0165
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0165
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0165
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0165
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0165
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0165
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0165
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0165
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0165
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0165
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0165
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0165
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0165
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0165
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0165
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0165
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0165
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0170


2 ops Re

R

R

R

R

R

S

S

301–316.
Zuil, S.G., Izquierdo, N.G., Luján, J., Cantarero, M.,  Aguirrezábal, L.A.N., 2012. Oil
22 M.M. Echarte et al. / Field Cr

oche, J., Bouniols, A., Mouloungui, Z., Barranco, T., Cerny, M.,  2006. Management
of  environmental crop conditions to produce useful sunflower oil components.
Eur. J. Lipid Sci. Technol. 108, 287–297.

olletschek, H., Borisjuk, L., Sánchez-García, A., Gotor, C., Romero, L.C., Martínez-
Rivas, J.M., Mancha, M.,  2007. Temperature-dependent endogenous oxygen
concentration regulates microsomal oleate desaturase in developing sunflower
seeds. J. Exp. Bot. 58, 3171–3181.

ondanini, D., Savin, R., Hall, A.J., 2003. Dynamics of fruit growth and oil quality of
sunflower (Helianthus annuus L.) exposed to brief intervals of high temperature
during grain filling. Field Crops Res. 83, 79–90.

ondanini, D., Mantese, A., Savin, R., Hall, A.J., 2006. Responses of sunflower yield and
grain quality to alternating day/night high temperature regimes during grain
filling: effects of timing, duration and intensity of exposure to stress. Field Crops
Res. 96, 48–62.

uiz-López, N., Martínez-Force, E., Garcés, R., 2003. Sequential one-step extraction
and analysis of triacylglycerols and fatty acids in plant tissues. Anal. Biochem.
317, 247–254.
alisbury, F.B., Ross, C.W., 1992. Plant Physiology, 4th ed. Wadsworth Publishing
Company, Belmont, CA.

andaña, P., Calderini, F.D., 2012. Comparative assessment of the critical period
for grain yield determination of narrow-leafed lupin and pea. Eur. J. Agron. 40,
94–101.
search 149 (2013) 213–222

Santonoceto, C., Anastasi, U., Riggi, E., Abbate, V., 2003. Accumulation dynamics of
dry matter, oil and major fatty acids in sunflower seeds in relation to genotype
and water regime. Ital. J. Agron. 7, 3–14.

Savin, R., Slafer, G.A., 1991. Shading effects on the yield of an Argentinian wheat
cultivar. J. Agric. Sci. 116, 1–7.

Schneiter, A., Miller, J., 1981. Description of sunflower growth stages. Crop Sci. 21,
901.

Sosa, L., Echeverría, H., Dosio, G., Aguirrezabal, L., 1999. Nitrogen nutrition of
sunflower cultivated in Balcarce (Buenos Aires, Argentina). Ciencia del Suelo
(Argentina) 17, 20–26.

Sukhija, P.S., Palmquist, D.L., 1988. Rapid method for determination of total fatty
acid content and composition of feedstuffs and feces. J. Agric. Food Chem. 36,
1202–1206.

Trapani, N., Hall, A.J., Sadras, V.O., Vilella, F., 1992. Ontogenetic changes in radiation
use  efficiency of sunflower (Helianthus annuus L.) crops. Field Crops Res. 29,
quality of maize and soybean genotypes with increased oleic acid percentage as
affected by intercepted solar radiation and temperature. Field Crops Res. 127,
203–214.

http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0175
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0175
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0175
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0175
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0175
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0175
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0175
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0175
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0175
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0175
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0175
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0175
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0175
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0175
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0175
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0175
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0175
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0175
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0175
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0175
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0180
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0180
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0180
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0180
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0180
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0180
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0180
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0180
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0180
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0180
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0180
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0180
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0180
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0180
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0180
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0180
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0180
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0180
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0180
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0185
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0190
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0195
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0195
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0195
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0195
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0195
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0195
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0195
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0195
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0195
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0195
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0195
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0195
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0195
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0195
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0195
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0195
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0195
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0195
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0195
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0200
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0200
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0200
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0200
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0200
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0200
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0200
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0200
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0200
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0205
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0205
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0205
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0205
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0205
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0205
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0205
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0205
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0205
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0205
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0205
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0205
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0205
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0205
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0205
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0205
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0205
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0205
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0205
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0205
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0205
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0205
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0210
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0215
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0215
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0215
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0215
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0215
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0215
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0215
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0215
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0215
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0215
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0215
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0215
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0215
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0215
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0215
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0215
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0215
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0220
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0220
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0220
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0220
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0220
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0220
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0220
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0220
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0220
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0225
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0225
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0225
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0225
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0225
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0225
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0225
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0225
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0225
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0225
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0225
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0225
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0225
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0225
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0225
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0225
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0225
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0225
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0230
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0235
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0235
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0235
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0235
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0235
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0235
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0235
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0235
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0235
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0235
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0235
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0235
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0235
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0235
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0235
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0235
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0235
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0235
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0235
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0235
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240
http://refhub.elsevier.com/S0378-4290(13)00179-2/sbref0240

	Assessment of the critical period for the effect of intercepted solar radiation on sunflower oil fatty acid composition
	1 Introduction
	2 Materials and methods
	2.1 Sample processing and chemical analysis
	2.2 Measurements
	2.3 Data analysis

	3 Results
	3.1 ISR effect on fatty acid composition
	3.2 Dependence of fatty acid composition on the timing and intensity of ISR variation
	3.3 Window-pane analysis for assessing the critical period of the effect of ISR on fatty acid composition
	3.4 Grain filling and fatty acid composition dynamics under different radiative conditions

	4 Discussion
	Acknowledgements
	References


