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Grain yield variations in bread wheat and two-row barley are better explained by changes in grain num-
ber (GN) than mean grain weight. However, the strategies for building GN are different in both species
because in two-row barley the variations in GN are more frequently related to the number of spikes m~2,
due to its higher tillering capacity than wheat, whereas in bread wheat both grain number spike~! and the
number of spikes m~2 contribute to the establishment of GN. The higher tillering capacity and leaf area
index at the beginning of the crop cycle in two-row barley allows a higher radiation accumulation than
in bread wheat. We hypothesize that the higher early vigor of two-row barley, associated with its greater
leaf area exposure relative to wheat, represents an initial advantage that is capitalized at the end of the
cycle as higher biomass accumulation driven by a larger GN and consequently higher grain yield. The main
objective of this work was to compare different physiological traits of bread wheat and two-row barley
growing together under different temperature and radiation conditions. We evaluated two genotypes
of each species, with similar phenology, growing under four different environments without water or
nutritional deficiencies. Numerical yield components, biomass, radiation interception and harvest index
were measured. Despite no differences being observed between genotypes of bread wheat and two-row
barley in terms of total grain yield and total grain number when exposed to different environments, each
species had a different strategy for establishing the final yield. Although two-row barley showed initial
advantages in radiation interception, bread wheat genotypes accumulated more intercepted photosyn-
thetic active radiation (iPAR) and used it in a more efficient way than two-row barley, thus allowing a
higher biomass accumulation. Both species showed a reduction in grain weight due to increases in mean
night and high temperatures. Grain weight reductions were higher in bread wheat than in two-row bar-
ley, and were directly associated with shortening of the duration of grain filling without consequences
for the grain-filling rate. This suggested a direct effect of temperature on grain development rather than
a growth limitation due to a lack of source.
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1. Introduction

Different methods have been developed for analyzing yield
determination in grain crops (Tardieu, 2013). One of the most
common approaches is numerical component analysis, which
expresses yield by a multiplicative series of yield components.
In this approach, yield is the product of grain number (GN) per
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unit area and mean grain weight. Generally, grain yield variations
in wheat and barley are better explained by changes in GN than
changes in mean grain weight (Calderinietal., 1999a; Arisnabarreta
and Miralles, 2008; Slafer et al., 2014 and reference herein). In
barley, variations in GN in response to the environment are more
frequently related to the number of spikes m~2 than to the number
of grains spike~!, especially in two-row barley, which is usually
more stable due to a lower plasticity relative to wheat (Abeledo
etal.,,2003; Garciadel Moral etal.,2003; Arisnabarreta and Miralles,
2008; Peltonen-Sainio et al., 2009). In general, two-rowed barley
cultivars clearly possess a greater ability to establish fertile tillers
than six-rowed barley cultivars (Kirby and Riggs, 1978; Le Gouis
et al., 1999; Peltonen-Sainio et al., 2009), which have greater spike
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plasticity when establishing grains per spike and therefore differ-
ent strategies are required to establish yield in both barely spike
types (Arisnabarreta and Miralles, 2006). On the other hand, GN in
bread wheat is strongly related to the combination of both grain
number spike~! and the number of spikes m~2 (Peltonen-Sainio
et al., 2009; Alzueta et al., 2012) with a reduced tillering capacity
compared to two-row barley (Peltonen-Sainio et al., 2009).

Comparisons of bread wheat and two-row barley growing
under contrasting environments (e.g. different types of stresses
and/or crop management practices) indicated differences in GN
m~—2 between the two species (Prystupa et al., 2004; Alzueta et al.,
2012; Marti and Slafer, 2014; Arisnabarreta and Miralles, 2015).
For instance, longer days, which are typical at high latitudes or in
late sowings, are known to depress tillering, due to a shortening of
the vegetative period under inductive photoperiods (Kirby et al.,
1985; Peltonen-Sainio et al., 2009). Despite this negative effect,
two-row barley outperforms bread wheat under these conditions
with its relatively high tillering capacity and survival, which deter-
mines a greater number of fertile spikes and consequently more
GN m~2 than bread wheat (Peltonen-Sainio et al., 2009). Different
sowing dates modify the cycle length and therefore the amount of
solar radiation that is captured by the crops. For instance, late sow-
ings with shorter cycles (associated with higher temperatures and
longer photoperiod) reduce the spike growth period, diminishing
the cumulative radiation during that phase, affecting the number
spikes m~2 and yield negatively (Alzueta et al., 2012; Alzueta et al.,
2014).

Within the numerical component method, grain weight usually
has less impact than GN m~2 for yield determination (Peltonen-
Sainio et al., 2007). However, the stability of two-row barley grain
weight has great significance for the malting industry, as penalties
apply if grains have a smaller size than industrial requirements.
Grain weight reductions in bread wheat and two-row barley are
commonly observed under water stresses and high temperatures
during pre-anthesis (Wardlaw and Wrigley, 1994; Calderini et al.,
1999b; Ugarte et al., 2007) as well as during the grain-filling period
(Albrizio et al., 2010). Grain weight reductions due to increases in
temperature are commonly explained by shortening of the duration
of grain filling (Savin and Nicolas, 1996; Savin et al., 1997). Hence,
although two-row barley outperforms bread wheat under induc-
tive photoperiods, non-suitable grain-filling conditions negatively
affect grain weight, reducing grain quality below the standards
required by the industry (Savin and Nicolas, 1996).

Other methods commonly used to analyze yield determination
in grain crops consider functional relationships regulated by the
environment. Grain yield is considered as a function of incident
light, the fraction of light intercepted by the crop, the efficiency
of the conversion of light into biomass, i.e. radiation-use efficiency
(RUE) (Monteith, 1977), and the fraction of accumulated biomass
across the crop cycle that is transferred to harvested grains, i.e. har-
vest index (Donald and Hamblin, 1976). During the 20th century,
harvest index was one of the main determinants of yield improve-
ment in bread wheat (Calderini et al., 1995; Hay, 1995). In two-row
barley this trend has been less clear and has varied among different
countries (Hay, 1995; Abeledo et al., 2003).

Radiation interception by the crop can be further described in
terms of the total amount of incident radiation and the fraction
of it that is intercepted by the canopy. Delays in sowing dates
normally reduce the length of the crop cycle due the exposure
to higher temperatures and more inductive photoperiods than in
early sowings, limiting the cumulative intercepted radiation by the
crops and thereby reducing yield (Kirby et al., 1985). During the
early stages of the crop cycle, two-row barley accumulates higher
amounts of intercepted photosynthetic active radiation (iPAR) than
bread wheat (Lopez-Castafieda et al., 1995; Sieling et al., 2016) due
to its stronger early vigor, which is reflected in a larger leaf area

that is associated with a greater interception of radiation early in
the season. Regarding RUE, values ranging from 1.46 to 2.93 g M] !
and 1.79 to 2.33gM]~! have been reported for bread wheat and
two-row barley, respectively (Gregory et al., 1992; Muurinen and
Peltonen-Sainio, 2006). Similarities in RUE suggest that differ-
ences in grain yield between species should be associated with the
amount of intercepted radiation.

We hypothesize that in comparison to wheat the higher early
vigor of two-row barley (associated with higher leaf area index and
tiller capacity than wheat) represents an initial advantage that at
the end of the crop cycle manifests as higher biomass accumu-
lation driven by a larger grain number and consequently higher
grain yield when both species are grown in the same environmen-
tal conditions. Regarding the numerical yield components, higher
tillering capacity in barley determines more fertile spikes m~2 and
thereby higher GN m~2 compared to wheat. This advantage will
persist under late sowings where higher temperature and radia-
tion shorten the phenological stages depressing tillering capacity,
negatively affecting fertile florets spike~! and consequently reduc-
ing grain yield in both species. The main objective of this work
was to compare physiological strategies for yield determination
of wheat and barley growing together under different tempera-
ture and radiation conditions (given by different sowing dates and
growing seasons).

2. Materials and methods
2.1. General description

Field experiments were carried out during two consecutive
growing seasons (2007 and 2008) in the experimental fields of the
Department of Plant Production, Faculty of Agronomy, University of
Buenos Aires, Argentina (34°35’S, 58°29’W). The soil was a silty clay
loam, classified as Vertic Argiudoll. Within each growing season,
treatments were a combination of two genotypes of bread wheat
(Chaja and Cronox) and two genotypes of two-row barley (Ayelen
and Scarlett) sown simultaneously at two contrasting sowing dates
(early and late sowings), arranged in a split-plot design with three
replicates. Sowing dates were assigned to main plots, and geno-
types to sub-plots. Both species were hand-sown on 21 May and 23
July in 2007 and 6 June and 13 August in 2008 at a density of 330
seeds m~2. As both wheat and barley crops experienced different
climatic conditions throughout the crop cycle we considered each
combination of sowing date by growing season as an environment.
Each plot corresponding to the genotypes (sub-plots) consisted of
7 rows 15 cm apart and 2 m long.

In the present work, we focus on the genotypes of wheat (Klein
Chaja and Cronox) and two-row barley (Quilmes Ayelen and Scar-
lett) most commonly used by farmers in Argentina in the period
when the experiments were conducted and with similar cycle
lengths. The latter characteristic allows comparison of sowing dates
without a strong influence due to changes in phenology. From this
point forward, the wheat and barley cultivars will be referred to as
“wheat” and “barley” throughout the text.

All the experiments were irrigated throughout the growing sea-
son to avoid water stress, and fertilized with mono-ammonium
phosphate at sowing (100 kg ha—1)and with urea (150 kg ha—1) split
at two different times: i) Z2.0 (Zadoks et al., 1974): beginning of
tillering (75kgha!) and ii) Z3.0: first node detectable in main
stems (75 kg ha—1). Pests and diseases were prevented or controlled
by spraying recommended fungicides and insecticides, and weeds
were periodically removed by hand. To prevent lodging, structures
with nets were installed from tillering to maturity in the plots.



96 S. Alvarez Prado et al. / Field Crops Research 203 (2017) 94-105

2.2. Sampling, measurements and estimations

2.2.1. Numerical components model

At anthesis, defined as 50% of the spikes from each plot showing
anthers, five spikes from both main stems and tillers of each plot
were sampled and the number of fertile florets was determined as
indicated in the scale of Waddington et al. (1983).

To determine the maximum water content in grains, three
spikes per experimental unit were sampled two or three times a
week from flowering to after commercial maturity, immediately
enclosed in a hermetic plastic bag, and transported to the labora-
tory. Proximal grains from central spikelets in wheat and grains
from central spikelets in barley were separated from the spikes in
a humidified box to prevent moisture loses during sampling. Fresh
weight was determined immediately and dry weight was measured
after drying the grains in a forced-air oven at 70 °C for at least 72 h.

Water content was calculated as the difference between grain
fresh weight (Fw) and grain dry weight (Dw). A tri-linear model
was fitted for the relationship between water content and thermal
time:

Wc=a + bx, ifx <c; (1)
Wec=a + bc, ifx >c < ¢ (2)
Wc=a + bc + d(x-e)x, ifx >e 3)

where X is thermal time, W¢ is water content, a the Y-intercept, b
the water accumulation rate (mg [°Cd]~1), ¢ the beginning of the
hydric plateau (°Cd), d the water loss rate (mg [°Cd]~!) and e the
end of the hydric plateau (°Cd). The value of water content during
the hydric plateau was considered as the maximum water content
(For details see Alvarez Prado et al., 2013).

During the grain-filling period the rate and duration of grain
filling were determined over 4 grains located at central positions
of the spike for both species by fitting a bi-linear model to the grain
dry weight against the number of days after flowering:

GW =a+ bDAF, for DAF <=c (4)
GW =a + bc, for DAF >c¢ (5)

where GW is grain weight, DAF is days after flowering, a the Y-
intercept (mg), b the grain-filling rate (mg day~!) and c the total
grain-filling duration (days). The bi-linear model was fitted to the
grain dry weight data using the iterative optimization technique in
GraphPad Prism version 5 (Raduschev, 2007).

At physiological maturity, identified as the moment when grains
reach their maximum dry weight (Alvarez Prado et al., 2013), the
central row of each plot was harvested to determine grain yield
and its main components: grain number and grain weight. Grain
yield was determined individually for main stems and tillers and
was obtained from the product between grain number and grain
weight. Mean grain weight was obtained from the sum of main stem
and tillers weighted by their contribution to total grain yield. Main
stems and tillers were separated and counted to obtain the spikes
m~2 for each fraction of the plant (i.e. main stems and tillers). Grains
spike~! was estimated as the ratio between the grain number and
spike number per unit area. The number of spikelets per spike was
obtained from five randomly chosen spikes from both main stem
and tillers. Grain set was estimated as the ratio between grains
spike~! and fertile florets spike~!.

2.2.2. Biomass accumulation and allocation model

The biomass growth and allocation model was used to dissect
the physiological mechanisms behind yield determination across
environments. Thus, grain yield was considered as the product of
aboveground biomass (AGB) at physiological maturity and harvest

index. As mentioned for the yield component model, at physio-
logical maturity the central row of each plot was harvested and
aboveground biomass was determined after drying samples for at
least 72 h at 60 °C. Harvest index (HI) was determined as the ratio
between grain yield and aboveground biomass.

Radiation interception was measured during the whole cycle
with a one meter linear ceptometer (Cava Rad®, Cavadevises Co.,
Buenos Aires, Argentina). Measurements were made during sunny
days between 12:00 and 13:00h in the central row of each plot
by determining the incident solar radiation immediately above the
canopy and transmitted radiation at the base of the crop (on soil
surface) by placing the sensor in three positions along the central
row (left, center and right positions) and considering an average
for the three measurements for each plot (repetition). A polyno-
mial adjustment was made to the fraction of intercepted radiation
(measured on a number of several days) during the crop cycle. Daily
intercepted photosynthetic active radiation (iPAR) was calculated
as the product of the daily fraction of intercepted radiation and the
daily incident solar radiation obtained from meteorological station,
multiplied by 0.48 (Szeicz, 1974). Radiation use efficiency was cal-
culated as the ratio between aboveground biomass at physiological
maturity and accumulated iPAR during the crop cycle.

2.2.3. Meteorological data

Meteorological data (air temperature, photosynthetically active
radiation and relative humidity) were recorded every hour
throughout the crop cycle by an automatic meteorological sta-
tion (Davis Vantage Pro2, USA) placed 20 m from the experimental
fields. The vapor pressure deficit (VPD, kPa) was estimated as
the difference between the actual vapor pressure (e;, kPa) and
the saturated vapor pressure (es, kPa) for the day i following the
Clausius-Clayperon equation:

ey = exp (19.0177 — (5327 = ((Tmy; + 273)°1y) (6)
where Tmy;) is the mean temperature of the day (i) (°C).
€)= es(i)*HR(i)*IOO‘l (7)

where HR;) is the mean daily relative humidity (%).

During the grain-filling period, temperatures equal to or higher
than 30 °Cwere considered as “moderately high temperatures” and
were recorded as the number of hours above 30°C for each geno-
type by repetition combination to calculate a “heat stress index”.

2.3. Statistical analysis

Aswas described above, treatments were arranged in a split-plot
design, with environments assigned to main-plots and genotypes
to sub-plots. Under the variant of split-plot design, linear mixed
models were used to test trait variability. The linear model fitted to
each of the traits comprises a blocking structure including the effect
of the block within each environment, and a treatment structure.
In order to compare species, a “Species” factor was added to the
analysis. In a global analysis, species and genotypes nested within
species were considered as fixed effects. Environment, block within
environment and all possible interactions were considered as ran-
dom effects. Residual variation was dissected into different random
sources of variation for testing fixed effect (Gomez and Gomez,
1984). Then, a second analysis by environment was performed
where genotypes were considered as a fixed effect and blocks as
random effects. Mixed models were performed using the R pack-
age, AsremlL, and differences between means within environments
were assessed through Duncan’s test using the R package, agricolae
(R Core Team, 2014).

To assess trait associations by considering variations in both “x”
and “y” variables we used model II linear regressions (Ludbrook,
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2012). Correlation analysis was used for testing trait correlation
in both species. Slope tests were performed in order to com-
pare species for different trait correlations using GraphPad Prism
(Raduschev, 2007).

3. Results
3.1. Weather conditions

Mean temperature, total incident solar radiation and vapor pres-
sure deficit (VPD) during the periods from sowing to flowering and
flowering to physiological maturity are shown in Fig. 1. Average air
temperature from sowing to physiological maturity varied across
sowing dates from 14 to 19 °C, with it being higher in later sowings
(Environment 2 and 4; Fig. 1). These differences between earlier
(Environment 1 and 3) and later sowings were consistent dur-
ing the phenological phases of sowing-flowering (12-17°C) and
flowering-physiological maturity (19-24°C).

As expected, global radiation followed a similar pattern to tem-
perature, with it being higher in later sowings than earlier sowings
(Fig. 1). Global radiation for the whole crop cycle ranged from 7.0 to
10.4M]m~2d-1. Average radiation was 32% lower in environment
1 compared to environment 4. Regarding the evaporative demand,
air vapor pressure deficit (VPD) increased from 0.89 to 1.04 kPa as
the sowing was delayed (Fig. 1). Differences between environments
were slightly higher for pre-anthesis stages (16%) than during the
grain-filling period (13%).

3.2. Phenology

On average, the duration of the bread wheat cycle up to physio-
logical maturity (1658 £ 105 °Cd; 144 days) was slightly longer than
the two-row barley cycle (1572 + 124 °Cd; 139 days; p <0.05). Dif-
ferences in the crop cycle duration between species were related
to differences in the duration of the pre-anthesis phase (Alvarez
Prado et al., 2013), which on average was five days longer in bread
wheat than in two-row barley (p<0.05; Fig. 2). The period from
Emergence to Flowering also varied according to the environment,
being longer in earlier sowings than later sowings (p < 0.05; Fig. 2).
Differences in grain-filling duration were more important between
environments (243°Cd) than between species (86°Cd) (p>0.05;
Fig. 2).

3.3. Grain yield: numerical components model

Total grain yield varied from c.a. 360-700g m—2, showing no
significant differences between bread wheat and two-row barley
(p>0.05; Table 1). Yield variability across environments ranged
from 10 to 45% (p<0.01) and no genotype X environment inter-
action was observed (Table 1). Final grain yield was dissected into
main stems and tiller performance in order to evaluate different
plant fraction contributions. The general tendency in two-row bar-
ley yield was for a more than 50% tiller contribution, while bread
wheat genotypes differed in their plant fraction contribution with
the tiller contribution being between 28 and 50% (Table 1). The
yields of both main stems and tillers differed between species
(p<0.05; Table 1). Bread wheat showed a higher main stem yield
than two-row barley (p<0.05) in all cases, with the exception of
environment 4 where both species had similar levels (Table 1).
On the other hand, two-row barley’s tiller yield was higher than
in bread wheat (p <0.05), with the differences being higher under
early sowings (environments 1 and 3; Table 1).

Over all sources of variation, the yield of both bread wheat and
two-row barley was positively associated with GN m~2 (Fig. 3A).
No association was found between GN m~2 and mean grain weight
(p>0.05; Fig. 3B), and as a consequence no relationship was found
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Fig. 3. Relationship between grain yield (A) and grain number m—2, mean grain
weight and grain number m~2 (B) and grain yield and mean grain weight (C) in
bread wheat (open triangles) and two-row barley (closed circles).

between yield and mean grain weight (Fig. 3C). No differences
between species were observed for total GN (Table 1), which was
explained by a significant variability in tillers and main stems
(p<0.05) that compensated total GN (Table 1). The environmental
effect on both yield and GN was practically the same (Table 1).

As mentioned above, under the late sowing date of 2008 a strong
reduction in the mean grain weight was evident with average val-
ues of 23 and 28 mg grain~! for bread wheat and two-row barley,
respectively, and consequently the final grain yield was reduced
(Fig. 3C). Mean grain weight reductions were mainly explained
by temperature increases due to delays in the sowing date. In
this sense, grain weight was negatively associated with the num-
ber of hours above 30°C (Fig. 4A; p<0.0001; r=-0.83 and —0.81
for two-row barley and bread wheat, respectively), and also with
increases in minimum (p<0.0001; r=-0.76 and —0.86 for two-
row barley and bread wheat, respectively), daily mean (p <0.0001;
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Table 1

Grain yield, grain number and 1000 grain weight from main stems, tillers and total of wheat (K. Chaja and Cronox) and barley (Q. Ayelen and Scarlett) under four different
environments. Relative contribution of main stems and tiller are listed between brackets. Species mean values, mean squares of each factor from the split-plot analysis and
its significance are listed at the end of the table. Letters comparing genotypes within each environment reflect mean comparison through Duncan test.

Env Specie Genotype Grain yield (grm=2) Grain number (grainsm=2) 1000 grain weight (gr)
MS Tillers Total MS Tillers Total MS Tillers Total
1 Barley Q.Ayelen 175.4 (39%)° 269.2 (61%)~ 444.6%° 4545 (38%)° 7530 (62%)% 120762 38.5¢ 36.1¢ 37.02
Scarlett 218.7 (39%)2b 338.3(61%)* 557.0? 5921 (40%)* 8898 (60%)* 148184 36.94 38.0° 37.6%
Wheat K.Chaja 268.4 (65%)% 144.2 (35%)° 412.6° 7165 (64%)* 4099 (36%)° 11263P 37.44 35.2¢ 36.7¢
Cronox 251.2 (47%)? 281.0 (53%)? 532.2¢ 6819 (48%)% 7400 (52%)% 14219% 37.0° 38.0° 37.54
2 Barley Q.Ayelen 212.1 (51%)° 199.8 (49%)% 411.9¢ 5700 (48%)P 6165 (52%)% 11865 37.02b 32.3¢ 34.7b
Scarlett 203.9 (55%)° 165.2 (45%) 369.1¢ 5782 (52%)° 5337 (48%)% 11119 35.3b 30.8¢ 33.4b
Wheat K.Chaja 373.1(88%)% 52.0 (12%)° 42512 8971 (86%)% 1499 (14%)° 10470b 41.8¢ 33.7¢ 40.9¢
Cronox 280.1 (53%)° 252.3 (47%)? 532.4¢ 7906 (50%)2 7816 (50%)* 157214 35.4P 32.2¢ 34.0°
3 Barley Q.Ayelen 238.6 (44%)° 308.8 (56%)° 547.4% 6316 (42%)° 8680 (58%)P 149964 40.2¢ 33.2¢ 37.54
Scarlett 275.2 (49%)bc 290.1 (51%)% 565.4% 7297 (47%)b¢ 8231 (53%)% 155294 36.0° 34.5¢ 35.2¢
Wheat K.Chaja 479.5 (81%)% 110.5 (19%)° 590.0% 11834 (80%)* 2892 (20%)° 147264 40.92 37.64 40.5%
Cronox 339.6 (60%)2® 231.0 (40%)? 570.6% 9052 (58%) 6490 (42%)% 155414 37.64 36.64 37.8¢
4 Barley Q.Ayelen 165.1 (46%)% 194.4 (54%)% 359.5¢ 5710 (44%)° 7383 (56%)% 13094% 29.64 26.1¢ 27.9¢
Scarlett 167.7 (47%)% 189.4 (53%)% 357.1% 5320 (44%)° 6909 (56%)% 122294 31.2¢ 26.0° 28.6%
Wheat K.Chaja 235.3 (55%)% 193.7 (45%) 429.0° 8608 (56%)% 6847 (44%)% 154554 23.5¢ 21.9¢ 22.8¢
Cronox 178.3 (41%)% 251.5 (59%)% 429.8% 6578 (39%) 9644 (58%)% 167344 24.44 21.8¢ 25.1¢
Barley mean 202.2 (46%) 239.0 (54%) 441.2 5712.6 (44%) 7305.1 (56%) 13071.7 35.6 321 34.0
Wheat mean 300.7 (61%) 189.5 (39%) 490.2 8366.7 (59%) 5836.0 (41%) 14266.7 34.8 321 343
Sp 81260 40904~ 6926 70397177~ 21465558 14116620 85 0.003 0.1
Gen(Sp) 16571 51929 11763 7867299 51212652 20351163 222 1.2 17.8
Env 57853 18612 81885 16978642 14894623 18558555 2756 289.2"" 289.1
Env*Sp 9859 8814 11763 1798481 13291098 10164746 46.7" 30.5 476"

ns: not significant, p>0.05.

" Significant for p<0.05.

™ Significant for p<0.01.
™" Significant for p<0.001.

r=-0.76 and —0.81 for two-row barley and bread wheat, respec-
tively) and mean night temperatures (Fig. 4B; p<0.0001; r=-0.81
and —0.89 for two-row barley and bread wheat, respectively) dur-
ing the grain-filling period. The rate of reduction in mean grain
weight per degree of increase in night temperature (determined
by the slope of the regression) was higher in bread wheat than in
two-row barley (p <0.05 for the slope test; Fig. 4B) without geno-
typic differences within each species (p > 0.05). Reductions in mean
grain weight due to increases in both the number of hours above
30°C and mean night temperature were mostly associated with
shortening of the duration of grain filling, which had a similar rate
of reduction in both bread wheat and two-row barley (Fig. 4C and
D, respectively), while no effect was observed on the grain-filling
rate (Fig. 4E and F, respectively). High temperatures (number of
hours above 30°C) also impacted on the maximum water content of
both species (Fig. 5). Despite the high temperature effect being evi-
dent under the latest sowing date in both species, wheat genotypes
experienced hotter environments than two-row barley (Fig. 5).

3.3.1. Grain number sub-component model

No significant differences (p>0.05) were observed in total
GN m~2 between bread wheat and two-row barley across envi-
ronments. When the contributions of main stems and tillers to
final GN m~2 were compared, significant differences (p<0.05)
were observed in the main stem contribution with 8367 +1798
and 5713 £819 grains m~2 for bread wheat and two-row bar-
ley, respectively; representing contributions to the total GN of 58
and 44% (Table 2). Also, significant differences between species
were observed for GN m~2 from tillers (p <0.05; 5836 3055 and
7305+ 1347 grains m~2 for bread wheat and two-row barley,
respectively) across the experienced environments, with a relative
contribution to total GN m~2 of 42 and 56% in bread wheat and
two-row barley, respectively (Table 2).

When dissecting GN m~2 into its numerical components, differ-
ences between species (p<0.05) were observed for all evaluated
traits except for grain set, which was on average 0.60+0.03
and 0.65 £ 0.11 for two-row barley and bread wheat, respectively
(Table 2). Variations in GN m~2 were positively correlated with
changes in the number of spikes m~2, the number of spikelets per
spike and the number of grains spike~! in two-row barley and with
the number of spikes m~2 and the number of spikelets per spike in
bread wheat (Table 3). Two-row barley produced 34% more spikes
m~2 (p<0.01) than bread wheat and those differences were related
to the number of tiller spikes m~2, which was 60% higher in two-
row barley than in bread wheat (Table 3). Regarding grains spike~1,
differences between species were observed in all plant fractions
(p<0.05)with bread wheat showing c.a. 50 and 40% higher number
of grains spike~! than two-row barley for main stems and tillers,
respectively (Table 2). The lack of correlation between GN m~2 and
grains spike~! in bread wheat was explained by the negative corre-
lation observed between grains spike~! and spikes m~2 (Table 3).

As expected, the variation in grains spike~! was positively
related to variations in the number of fertile florets spike~!
(p<0.01, Table 3) and to the grain set (p<0.05, Table 3) in bread
wheat, but in two-row barley changes in grains spike~! were asso-
ciated with the number of spikelets spike~! and the grain set
(Table 3). In both species, the number of spikelets spike~! was
strongly and positively correlated with the number of fertile florets
spike~!. Bread wheat showed 30% more fertile florets per spike than
two-row barley, which was mostly associated with similar differ-
ences (33% more fertile florets per spikes) in main stems (p <0.05,
Table 2), while no differences in this trait were observed in tillers
(Table 2).



Table 2

Sub-components of grain number m~2 in wheat and barley growing under different environments (i.e. sowing dates and growing season combinations). Mean values, mean squares of each factor from the split-plot analysis and

its significance for main factors and their interactions were listed. Letters comparing genotypes within each environment reflect mean comparison through Duncan test.

Env Specie Genotype Fertile florets spike~! Fertile spikelet spike~! Number of grains spike~! Grain Set Number of spikes m—2
MS Tiller Total MS Tiller Total MS Tiller Total MS Tiller Total MS Tiller Total
1 Barley Q.Ayelen 26.2P 20.8° 22.5P 19.82 15.42 16.92 13.1¢ 11.12b 11.8b 0.50P 0.542 0.52P 3302 6882 10182
Scarlett 26.3b 21.42b 22.9b 21.82 17.22 18.67 17.3> 12.12 13.7° 0.662> 0.572 0.612b 3307 7542 10842
Wheat K.Chaja 36.22 24.0% 29.82 13.8° 10.5° 12.1° 26.8% 14.23 20.32 0.743 0.59% 0.672 267° 289P 556
Cronox 27.5P 19.5P 22.1° 13.3b 10.6° 11.4° 20.4° 10.8> 13.9b 0.752 0.562 0.652 3242 6882 10122
2 Barley Q.Ayelen 25.4¢ 22.32 23.5¢ 2222 16.9? 18.9? 17.8> 12.2b¢ 14.3¢ 0.70? 0.55¢ 0.49° 3142 508°? 8222
Scarlett 23.2¢ 17.9° 20.04 21.52 14.8% 17.62 16.9° 10.6° 13.1¢ 0.732 0.600¢ 0.6820 3302 5012 8312
Wheat K.Chaja 37.22 26.12 35.12 13.2b 9.8¢ 12.5P 25.92 21.72 25.22 0.702 0.832 0.562 3302 83P 413
Cronox 31.0° 2412 26.9P 12.9° 11.4b¢ 12.0° 25.42 16.7° 20.3b 0.82? 0.69° 0.80? 311° 4622 7732
3 Barley Q.Ayelen 31.9° 28.82 29.8° 25.5P 2243 23.32 19.6° 11.02 13.7° 0.612 0372 0.632 3000 7552 10552
Scarlett 31.9° 32.7° 32.4° 31.12 27.72 28.92 25.3% 18.3? 20.9% 0.792 0.562 0.662 289> 78920 1078
Wheat K.Chaja 55.82 39.12 51.23 17.7¢ 13.9° 16.5° 36.12 18.62 30.42 0.69% 0.423 0.76% 3222 158¢ 480°¢
Cronox 43.9% 22.6% 32.9b 16.9¢ 14.2° 15.6° 32.22 19.52 25.92 0.742 0.86% 0.76% 280° 3202 600P°
4 Barley Q.Ayelen 28.1¢ 25.0¢ 25.9¢ 26.0% 24,72 25.22 22.9b 12.1° 15.2b¢ 0.812 0.492 0.65% 2492 6222 8712
Scarlett 26.7¢ 24.3¢ 25.1¢ 26.5% 23.9% 24.9% 18.7° 10.3° 13.1¢ 0.702> 0.423 0.56% 2842 6272 91123
Wheat K.Chaja 53.32 45.52 48.72 16.7° 16.2° 16.4° 34.52 18.12 24.72 0.65% 0.402 0.532 2492 3732 6222
Cronox 43.5P 38.4> 40.0° 15.4b 13.9¢ 14.4¢ 23.3P 15.82b 18.1° 0.54P 0412 0.482 2842 6442 9292
Barley mean 27.5 24.1 25.3 243 204 21.8 19.0 12.2 14.5 0.69 0.51 0.60 305 644 949
Wheat mean 41.0 299 35.8 15.0 12.6 139 28.1 16.9 223 0.70 0.60 0.65 296 377 673
Sp 2214 401" 1341 10472 7316~ 890.6" 996.1" 3474 0.003 0.088 0.029 177.1 620823 641971
Gen(Sp) 511" 341 692" 23 6.6 90.9° 190.8" 19.6 0.026 0.045 0.030 2640 551358 579616
Env 1307 1254 1334 279" 477.9" 189.4°" 5464 314 0.039 0.333 0.136* 21565 441012"" 403631
Sp*Env 456" 577" 370" 235 68.7 47 25.7 31.9 0.160* 0.118 0.096 4805 69239 62173
" p<0.05.
” p<0.01.

" p<0.001.
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Fig. 4. A, B) Mean grain weight, C, D) grain-filling duration and E, F) grain-filling rate versus the number of hours above 30°C (A, C and E) and mean night temperature (B, D
and F) during the grain-filling period for bread wheat (open triangles) and two-row barley (closed circles). Bold and dotted lines represent the regression adjusted for bread

wheat and two-row barley, respectively.

Table 3
Correlation coefficients of grain number m~2 (Grain m~2) and its sub-components (spikelet spike~!, spikes m~2, grains spike~", fertile florets spike~! and grain set) in wheat

(below the diagonal) and barley (above the diagonal).

BARLEY
Grain m—2 Spikelet spike~! Spikes m~2 Grains spike™! Fertile florets spike! Grain set
WHEAT Grains m—2 0.44" ns 0.87 0.58" 0.47 0.25ns
Spikelet spike~! 0.52 0.21ns 045 0.85 0.13ns
Spikes m—2 0.50° -0.11ns —0.08 ns 0.35ns —0.10ns
Grains spike~! 0.33ns —0.16ns -0.62" 0.32ns 0.68""
Fertile florets spike~! 0.12ns 072 -0.42 0.56" —0.05ns
Grain set 0.30ns —0.16ns —0.15ns 0.44 -0.46
ns, non significant correlation.
* p<0.05.
" p<0.01.
" p<0.001.
3.4. Grain yield: biomass accumulation and allocation model wheat than in two-row barley (p <0.05; Table 4) without interac-
tions with the environment (Table 4). The AGB ranged from 908
Asignificant variation in AGB was obtained across studied envi- to 1607 gm~2 and from 1074 to 1670 gm~2 in two-row barley and

ronments (p<0.05; Table 4), and it was always higher in bread
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Table 4

Aboveground biomass at physiological maturity, cumulative intercepted photosynthetic active radiation (iPAR) and radiation use efficiency (RUE), estimated from emergence
to physiological maturity, and harvest index of wheat and barley growing under different environments (i.e. sowing dates and growing seasons). Mean values, mean squares
of each factor from the split-plot analysis and its significance for the main factors and their interactions were listed. Letters comparing genotypes within each environment

reflect mean comparison thorough Duncan test.

Environment Specie Genotype Biomass (gm~2) IPAR (M] m~2) RUE (g M]~2) Harvest index
1 Barley Q. Ayelen 1299.7 640.6 2.033 0.34°
Scarlett 1291.0 635.32 2,033 0.432
Wheat K. Chaja 1286.7° 654.92 2.03> 0.31°
Cronox 1618.5% 696.32 2.322 0.33P
2 Barley Q. Ayelen 1013.22 536.42 1.882 0.40°
Scarlett 908.02 49523 1.842 0.40°
Wheat K. Chaja 1074.12 514.5% 2.09 0.40?
Cronox 1037.5% 467.12 2.30 0.422
3 Barley Q. Ayelen 1302.72 629.3 2.072 0.35
Scarlett 1607.4 647.6 2.482 0372
Wheat K. Chaja 1670.0° 646.5 2,592 0.35
Cronox 1640.52 644.22 2.212 0.402
4 Barley Q. Ayelen 968.72 563.92 1.722 0.372
Scarlett 1098.9% 555.6% 1.95 0.36
Wheat K. Chaja 1296.42 593.02 2.22 0.272
Cronox 1332.3 591.32 2,26 0.29
Barley mean 1184 583 2.0 0.37
Wheat mean 1377 613 2.2 0.35
Sp 241967 3375 0.628' 0.006
Gen(Sp) 2088 324 0.072 0.007
Env 585695 47984 0.209 0.056
Env*Sp 43307 1502 0.048 0.019°
" p<0.05.
" p<0.01.
™ p<0.001.
60 7 Comparing the dynamic of iPAR during the crop cycle in both
species, a higher radiation interception was observed for two-row
E S barley than in bread wheat from the beginning of the cycle up to the
g £ 40 - point where nearly 50% of the intercepted radiation was reached,
£ - but thereafter both crops followed common interception patterns
55 (Fig. 7). When considering the entire crop cycle, the total iPAR accu-
E "g' mulated by bread wheat was slightly higher than in two-row barley,
s 0 20 regardless of the environment tested (Table 4). Unlike the obser-
= “© Two-row barley =45.5-0.16"; r =-0.58" vations for iPAR, RUE values remained stable across environments
-+ Bread wheat =33.5-0.15%; r =-0.76"** (Table 4).
0 T T T T 1
0 20 40 60 80

Number of hs above 30°C

Fig. 5. Relationship between grain maximum water content and the number of
hours above 30°C during the grain-filling period for bread wheat (open triangles)
and two-row barley (closed circles).

bread wheat, respectively (Table 4). Both species showed similar
partitioning patterns when all studied environments were con-
sidered (Table 4). In fact, yield and GN variations were mainly
explained by changes in AGB (Fig. 6A, B) at maturity rather than
by variations in harvest index (p>0.05), which was more stable
than biomass in both species (Table 4).

Aboveground biomass was dissected into its physiological com-
ponents: intercepted photosynthetic active radiation (iPAR) and
radiation use efficiency (RUE). Accumulated radiation during the
whole cycle (i.e. from emergence to PM) varied across environ-
ments (p <0.05; Table 4), ranging from 420 to 696 M] m~2 in bread
wheat and from 495 to 648 MJm~2 in two-row barley (Table 4).
On average, bread wheat showed a higher RUE than two-row bar-
ley (p<0.05; Table 4) varying across environments from 1.57 to
2.48gM]~! and from 1.75 to 2.62gMJ~!, respectively (Table 4).
Increases in AGB were positively associated with the accumulated
iPAR (Fig. 6C) and RUE (Fig. 6D) in both species.

4. Discussion

The present study compared bread wheat and two-row bar-
ley growing simultaneously under different environments. Across
the studied environments, no consistent yield advantage was
observed for either of the species (at least for genotypes included
in the present study). Similar studies have been carried out
under Mediterranean conditions and have reported contrasting
results, and in some cases barley outperformed wheat (Josephides,
1993), while no differences were observed in others (Simpson and
Siddique, 1994; Cossani et al., 2009). Despite similarities in final
grain yield, different physiological strategies were identified in
both species. For the studied genotypes, grain yield variability was
associated with variations in GN m~2 and changes in both traits
were closely associated with differences in growth of AGB (Garcia
et al., 2013; de San Celedonio et al., 2014). When dissecting the
contributions of main stems and tillers to final yield or GN, there
were clear differences between species. Bread wheat genotypes
showed higher GN and consequently higher yield than two-row
barley genotypes in the main stems, while the opposite occurred in
the tillers where two-row barley genotypes outperforming those
of bread wheat.

Previous evidence has revealed that the number of spikes m—2
is the main component that explains GN m~2 variation in two-
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Fig. 7. Relationship between the proportion of wheat and barley iPAR calculated
during the whole cycle for bread wheat and two-row barley across four environ-
ments. The dotted line represents the 1:1 relationship.

row barley (Abeledo et al., 2003; Garcia del Moral et al., 2003;
Arisnabarreta and Miralles, 2006, 2008; Peltonen-Sainio et al.,
2009). Our results showed that variations in GN m~2 were signif-
icantly associated with changes in both grains spike~! and spikes
m~2 in two-row barley genotypes, although the association was
stronger with spikes m~2, as also reported by Arisnabarreta and
Miralles (2006) and de San Celedonio et al. (2014). A stronger asso-
ciation with spikes m~2 in barley is explained by a high tillering

capacity, which is associated with grain number determination
(Arisnabarreta and Miralles, 2006; Bingham et al., 2007; Alzueta
etal.,2012; Slafer et al., 2014). This higher tillering capacity of two-
row barley over wheat is supported by a faster tiller appearance rate
(Alzueta et al., 2012), which determines higher intercepted radia-
tion than wheat and explained a higher iPAR accumulation at early
stages of the cycle (Lopez-Castafieda et al., 1995). However, the
larger number of spikes m~2 observed in barley was not enough
to promote a higher GN m~2 compared to wheat due to the lower
spike plasticity.

On the other hand, for bread wheat the strategies for GN deter-
mination are usually focused on both spikes m~2 and grains spike~!
determinations, the former (spikes m~2) being more capable of
accommodating larger changes in GN than the latter (Slafer et al.,
2014). Wheat genotypes evaluated in the present study differed
from some reports in the literature (Abbate et al., 1997; de San
Celedonio et al., 2014) because variations in GN m~2 were sig-
nificantly associated with changes in the number of spikes m—2
alone (Table 3). This lack of association between GN m~2 and grains
spike~! for the evaluated wheat genotypes could be explained
by a trade-off between spikes m~2 and grains spike~! (Table 3).
The overlap of stem and spike growth dynamics (Slafer and Savin,
2006) implies a feedback control between spikes m~2 and grains
spike~! determined by resource availability. This negative associa-
tion between components was previously reported by Slafer et al.
(2014) and was defined as a fine-tuning mechanism where the
spikes m~2 are mainly responsible for coarse regulations driven
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by environmental factors while grains spike~! are mainly driven
by genotypic differences.

When the physiological components of biomass were dissected,
i.e.iPAR accumulated and RUE, results showed that the higher inter-
cepted radiation of barley compared to wheat, at early stages of
the cycle, was not maintained during the whole cycle. In fact, bread
wheat genotypes included in the present study accumulated more
iPAR during the whole cycle and used it in a more efficient way
than two-row barley genotypes. The higher sink strength of wheat,
given by a higher GN m~2 than in barley (10% higher), probably
resulted in a more efficient use of the radiation (10% higher in wheat
than in barley), and together with a higher iPAR accumulated (5%)
promoted a higher biomass accumulation (16%) at physiological
maturity with respect to two-row barley. Reynolds et al. (2005)
demonstrated in wheat that an increased RUE was directly associ-
ated with larger sink strength, resulting in an increased proportion
of biomass partitioned to the spike at anthesis.

Regarding grain weight variations, both species followed a com-
mon pattern because grain weight was reduced due to exposure to
high temperatures (measured as a stress index during the number
of hours above 30°C that crops were exposed during grain filling)
and increases in mean night temperature during grain filling. Both
negative effects were associated with delays in the sowing date.
The reductions in grain weight were driven by shortening of the
duration of the grain-filling period, which was not compensated
by increases in the grain-filling rate. Moreover, the grain-filling
rate did not change with increases in night temperature and/or the
number of hours above 30 °C. Although it is not possible to separate
temperature effects (high temperature and mean night tempera-
ture) because both temperatures rose due to delays in the sowing
date, the current results are in line with those reported in the
literature following crops exposure to high temperature (Sofield
et al.,, 1977; Wardlaw and Moncur, 1995; Savin et al., 1997) and to
warmer nights (Prasad et al., 2008; Garcia et al., 2016). Although
high temperatures during grain filling did not affect the grain-filling
rate, a slightly negative impact on the maximum water content
was observed. As maximum water content is a proxy of potential
grain weight and therefore the grain-filling rate, it is possible that
high temperatures (probably during the lag phase) were associated
with delays in flowering time as a consequence of supra optimal
sowing dates, and impacted on grain weight through reductions
in potential grain weight (Tashiro and Wardlaw, 1990). However,
the limitation imposed by reductions in maximum water content
was almost negligible compared to reductions in the grain-filling
duration.

In addition, the mean night temperature effects observed in
this work are in line with the results of Garcia et al. (2016) who
showed a direct effect of mean night temperature increases on
grain development and not on grain growth. The results observed
by these authors (Garcia et al., 2016) were not associated with
source availability (measured as senescence and stem water sol-
uble carbohydrates), suggesting that the negative effects of warm
nights on grain weight were directly related to processes within the
grain itself. The results of Garcia et al. (2016) are also in line with
our previous work (see Alvarez Prado et al., 2013) where increases
in source availability (through Source: sink treatments) did not
impacton grain weight determination. Differences between species
could be explained by differences in phenology as two-row bar-
ley reached flowering time earlier than bread wheat, thus avoiding
high temperatures (except for the latest sowing date) and there-
fore reducing the influence of temperature on ovary development
(Alvarez Prado et al., 2013).

The present study compared two genotypes of both bread wheat
and two-row barley growing together in different environments.
Both species showed different strategies linked with grain number

determination. While two-row barley genotypes focused on tiller-
ing capacity and survival during early stages, those of bread wheat
intercepted more light and used it in a more efficient way across
the whole cycle. Thus, results from this work do not support the
hypothesis that a higher radiation capture by barley compared to
wheat during the early stages of crop cycle represents an initial
advantage in barley that is capitalized at the end of the cycle as
higher biomass accumulation and consequently higher grain yield.
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