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Abstract.

The importance of yield improvement at farm conditions is highly dependent on the interaction between

genotype and environment. The aim of the present work was to assess the attainable yield of a traditional and a modern
malting barley cultivar growing under a wide range of soil nitrogen (N) availabilities and different water scenarios (low,
intermediate and high rainfall conditions during the fallow period and throughout the crop cycle) considering a 25-year
climate dataset for two sites (a shallow and a deep soil) in the Pampas, Argentina. For that purpose, a barley model was first
calibrated and validated and then used to expand field research information to a range of conditions that are not only much
wider but also more realistic than experiments on experimental farms. Yield of the modern cultivar was at least equal to (under
the lowest yielding conditions) or significantly higher (under most growing conditions) than that of the traditional cultivar.
Averaged across all the scenarios, yield was ~20% higher in the modern than in the traditional cultivar. The average attainable
yield represented 42% of the yield potential in the shallow and 79% in the deep soil profiles. Yield advantage of the high
yielding cultivar was based on using N more efficiently, which not only determined higher attainable yields but also
reduced the requirements of soil N to achieve a particular yield level. Farmers would face little risk in adopting higher
yielding cultivars in both high and low yielding environments and even in the latter ones N fertilisation could be beneficial
in most years.

Additional keywords: attainable yield, breeding by management interaction, grain nitrogen-use efficiency, malting barley,

yield potential.

Introduction

Barley yield increased worldwide during the last 50 years from
1.9 to 2.5Mgha™', at a rate of 0.024 Mgha ' year ' (estimated
from the dataset of FAO 2010). The contribution of plant
breeding to actual yield in temperate cereals has been
estimated between 30 and 50% (Slafer et al. 1994; Bell et al.
1995; Abeledo et al. 2003a), while the other proportion has
been ascribed to the improvement in agronomic practices
(Slafer et al. 1994) and the interaction between cultivar and
management (Evans and Fischer 1999). It is a matter of
dispute in the literature whether modern cultivars do or do not
represent an advantage over their older counterparts (or even
landraces) at all growing conditions. For instance, there are
several studies indicating that barley yields are reduced with
replacement of landraces by high yielding cultivars in low
yielding environments (Ceccarelli et al. 2001; Brancourt-
Hulmel et al. 2005; Pswarayi et al. 2008). However, several
studies reported that modern cultivars of barley out-yielded
traditional cultivars across a wide range of environments
(Abeledo et al. 2003b; Tambussi et al. 2005), a fact also well
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documented for wheat (Ortiz-Monasterio et al. 1997; Calderini
and Slafer 1999; Guarda et al. 2004; De Vita et al. 2007).
Unravelling this controversy is especially relevant for
barley farmers of many regions, who are reluctant to adopt
modern cultivars and managements, such as nitrogen (N)
fertilisation, based on the assumption that under low yielding
conditions modern barley cultivars would not represent a real
improvement, and concomitantly their responsiveness to N
fertilisation would be negligible under such conditions.

The response of barley cultivars to N fertilisation is
especially important to bridge the gap between attainable
yield and yield potential (van Ittersum and Rabbinge 1997;
Sadras et al. 2009). While the last is defined as the
productivity of a cultivar grown under an adapted environment
without water or N limitations and with control of weeds,
plagues and diseases (Evans and Fischer 1999), the former is
one achieved under suboptimal conditions of growth due to
water or nutritional limitations, which represents a situation
broadly extended in agricultural systems (van Ittersum and
Rabbinge 1997). The gap between these yield levels can be
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reduced through the optimisation of the interaction between
cultivars and crop management. This may be particularly
important in barley growing systems as this crop has been
traditionally cultivated under low yielding environments with
a restricted use of inputs.

Effective soil depth, which affects both water availability and
nutrient uptake, is an important cause of the gap between
attainable yield and yield potential (Sadras and Calvifio 2001).
Shallow soils accentuate the negative effect of water deficit on
yield; however, this response is highly variable within the main
barley crop area of Argentina. In this area, shallow soils could
also have a detrimental effect on yield stability between years
taking into account the sensitivity of yield to rainfall during the
crop cycle (Calvifio and Sadras 2002). In a context of interannual
climate variability, the interaction between cultivar, soil depth
and water and N availability makes it difficult to match crop
requirements and N supply. The use of crop simulation models
constitutes a helpful approach for evaluating crop management
practices aimed at optimising crop responses to soil resources.
They allow generating information that is difficult, and time
consuming, to be acquired by traditional experimentation
(Angus et al. 1993; Anwar et al. 2009). Through the use of
simulation models it is possible to assess the effect of water
and nutrient availability on crops taking into account the
multiple interactions involved in these evaluations (Stapper
and Fischer 1990; Savin er al. 1995; Ghaffari et al. 2001).
The analysis of multiannual weather would allow adjusting
agricultural management decisions in order to reduce
suboptimal conditions as well as to take advantage of
favourable rainfall conditions. DSSAT models (Tsuji et al.
1994) are one of the most used crop simulation models
worldwide. The goodness of the CERES-Barley model has
been broadly validated for estimating yield under different
conditions around the world (Eitzinger et al. 2004; Nain and
Kersebaum 2004) as well as in the barley cropping area of
Argentina (Travasso and Magrin 1998).

The aim of the present work was to quantify the effect of
different N and water availabilities on attainable yield of a
traditional and a modern barley cultivar under contrasting soil
types using the CERES-Barley simulation model. This would
help in (i) determining whether the advantage of modern
cultivars over their traditional counterparts is restricted to high
yielding conditions or in fact expressed under a wide range of
yielding conditions, and (i) understanding whether farmers
could increase fertilisation levels for modern cultivars.

Materials and methods

In order to achieve the objective, first the performance of the
simulation model CERES-Barley 3.5 (Tsuji et al. 1994) was
assessed for the specific conditions of this study, and then we
analysed the response of a traditional and a modern barley
cultivar to different combinations of N and water availabilities
in a shallow and a deep soil in the south-east of the Buenos Aires
province, the main barley production area in Argentina.

Cultivars characterisation and model validation

The cultivars used in the analysis were Malteria Heda (released
by Malteria Hudson, Darragueira/Heines Hanna) and B1215
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(released by Busch Agricultural Research Inc., Klages/
RPB72-456) as representative of a traditional (i.e. low yield
potential) and a modern (i.e. high yield potential) malting barley
cultivar, respectively. These cultivars, which had been previously
evaluated under field conditions (Abeledo ez al. 2003a, 2003b),
were chosen as representative of different eras considering
their acreage and the period of time under cultivation. Malteria
Heda was released to the market in 1944, while B1215 is
currently in use. Both cultivars have similar phenology (i.e.
time to anthesis or maturity; Abeledo et al. 2003a) but the
modern cultivar has a consistently higher yield potential than
the traditional one (Abeledo et al. 2003a).

CERES-Barley 3.5 characterises cultivars through six
genetic coefficients. Three of them are related to phenological
behaviour (P1V, vernalisation sensibility; P1D, photoperiod
sensibility; PS5, grain filling duration) and the other three are
related to growth characteristics (G1-G3), accounting for grain
number per unit weight of stem-plus-ear at anthesis (G1), grain
filling rate (G2), and dry weight of the stem-plus-ear at the end
of the stem elongation phase under non-stressed conditions (G3)
(Tsuji et al. 1994). Genetic coefficients related to phenology and
yield of the modern cultivar (B1215) were calculated and
validated in previous experiments, in which the cultivar
performance was evaluated at four sowing dates: 23 June, 23
August, 22 September and 22 October (Abeledo er al. 1999).
The calculated coefficients were then validated through an
additional independent experiment combining four sowing
dates (16 July, 15 August, 14 September and 21 October) and
two soil N availabilities at sowing (40 and 120 nghafl;
Abeledo et al. 1999). The experiments were carried out at the
experimental field of the University of Buenos Aires (34°35'S,
58°29'W, altitude 25 m), Argentina.

Genetic coefficients of the traditional cultivar (Malteria
Heda) were calculated for the present study by using
previously published data (Passarella et al. 2003) of
experiments sown on 23 June 1999 and 1 August 2000. All
experiments were also carried out at the experimental field of
the University of Buenos Aires. Before sowing, soil moisture
and N content were measured and then plots were fertilised to
complement soil mineral N content to a crop N availability at
sowing of 120kgNha '

Model performance for the traditional cultivar was tested
with data from two independent experiments carried out in the
same experimental field. One of the experiments evaluated
Malteria Heda at potential conditions (Abeledo et al. 2003a),
while the other experiment assessed the traditional cultivar
under four levels of N availabilities at sowing: 20, 50, 80, 110
and 160kgNha ' (for details see Abeledo ef al. 2003b). These
experiments were irrigated to avoid water shortage, and biotic
stresses (weeds, insects and diseases) were prevented or
controlled. Anthesis and maturity dates were recorded in the
experiments aimed at both calculating and validating genetic
coefficients. At anthesis, aboveground biomass was determined
from plants taking a 1-m-long sample within the central row of
each plot. The plants were separated into stems, leaves, and
spikes. Biomass samples were oven-dried at 65°C for 72 h and
weighed. At maturity, plants were cut at ground level and
aboveground biomass, yield, grain number per m*, spikes per
m?, grains per spike and grain weight were measured. Genetic
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coefficients were calculated using the GenCalc software
through an iterative procedure (Hunt et al. 1993).

The performance of the model was assessed by regressing
simulated and observed values for anthesis date, maturity date
and yield. In addition, the slope of the linear regression relative
to the 1:1 relationship was estimated as well as the coefficient
of determination, the mean bias error, the mean percentage error,
and the root mean square error (Bannayan and Crout 1999).

Assessment of cultivar response to different management
strategies

Soil types

Management strategies were evaluated at two locations in
Southern Buenos Aires province with contrasting dominant soil
types: Coronel Suarez (37°26'S, 61°53'W, altitude 233 m) and
Tres Arroyos (38°23'S, 60°27'W, altitude 115 m). In both sites
soils are mainly Hapludolls but characterised as shallow (0.6 m
in Coronel Suarez) or deep (1.4 m in Tres Arroyos) soils (Salazar
Lea Plaza and Moscatelli 1989). At each site, 25 years of
simulations were performed for the traditional and the modern
cultivar assuming 15 July as sowing date and a plant density of
250 pl m 2 (both practices are commonly used by farmers in these
areas; INTA 1997).

Fallow was simulated in our study taking into account the
regular use of this practice in the cropping systems of the studied
area. Moreover, the importance of evaluating fallow is
highlighted by its likely differential impact on shallow or deep
soils. For the simulation proposes, the fallow period was initiated
90 days before sowing assuming sunflower as the previous crop,
which is a very common case in reality (INTA 1997; Alberdi and
Guyot 2001; Gonzalez-Montaner 2001). Following Meinke et al.
(1993) and Dardanelli et al. (1997), soil water availability was
assumed 10% of field capacity at the beginning of fallow. In
addition, we considered a clean fallow, where soil water content
during the fallow period was only dependent on rainfall, soil water
holding capacity, and soil evaporation variability between years.

Management strategies

A wide range of environmental conditions were simulated,
given by the combination of (i) different N levels in soil at
sowing, and (if) different water conditions both during the
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fallow period and throughout the crop cycle. For assessing N
strategies, nine levels of N availabilities in the soil were
simulated by setting initial N at sowing between 20 and
180kgNha ' (increased by steps of 20kgNha ', termed as
Ny to Nygo). The water availability scenarios evaluated in this
study were the factorial combination of: (ii.a) three fallow
conditions (low, intermediate and high rainfall during the
fallow period, termed —F, =F and +F, respectively), and (ii.b)
three conditions during the crop cycle (low, intermediate
and high rainfall from sowing to maturity, termed —C, =C and
+C, respectively). These scenarios were chosen taking into
account 25-year historical records (from 1977 to 2002) for
each location. A low rainfall scenario during the fallow period
(-F) corresponded to simulations of 20% of the 25 years
(i.e. 5 years) with the lowest rainfall during the fallow period.
Equivalently, the high rainfall fallow period (+F) corresponded
to simulations of 20% of the years with the highest level of
rainfall during the fallow period. The intermediate fallow period
condition (=F) was calculated by averaging rainfall across the
25 years analysed. Following similar criteria water scenarios
during the crop cycle were simulated considering 20% of
the years with the lowest (—C) and highest (+C) rainfall from
sowing to maturity. The intermediate water condition during the
crop cycle (=C) was the average rainfall across the 25 years of
simulations. The combination of water conditions during the
fallow and the crop cycle allowed us to define nine water
scenarios: —-F-C, -F=C, -F+C, =F-C, =F=C, =F+C, +F-C,
+F=C, and +F+C (Fig. 1). In the context of our work, yield
potential of each cultivar for each location was that obtained
under the highest water availability condition (+F+C) and with
N availability maximised (N;go), while attainable yields were
those obtained in each of the other conditions.

Results
Cultivar characterisation and model performance

Genetic coefficients for phenological traits were similar between
cultivars due to the fact that they did not show differences in
either anthesis or maturity dates recorded in field experiments
(see Abeledo ef al. 2003a). The P1V and P1D coefficients were
0.7 and 4.7, respectively; while the PS5 was 2.7 for both cultivars.
Main difference between cultivars was found in genetic
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Fig. 1. Rainfall and days after sowing for malting barley crops grown in a shallow (a) or a deep soil (b) under low

(=F), intermediate (=F) or high (+F) rainfall during the fallow period and low (—C), intermediate (=C) or high (+C)

rainfall during the crop cycle.
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coefficients related to growth and yield determination. The G1
coefficient, accounting for grain number, was 4.5 and 5.0 for
the traditional and the modern cultivar, respectively; whereas
coefficient G3, the other coefficient that determined grain
number, was 0.5 and 4.7, respectively. Finally, G2 (related to
grain filling rate) was estimated at 3.2 for the traditional and 5.9
for the modern cultivar.

Validation of the model is shown in Fig. 2 by average values
of both observed and simulated data of phenological dates and
yield. The CERES-Barley model performance was satisfactory
for crop phenology, also achieving a reasonably good
performance for yield estimation with a root mean square error
of 15% for both cultivars (Fig. 2).

Modelling cultivar yield

The range of anthesis [103—108 days after sowing (DAS)] and
maturity date (141-145 DAS) as well as photoperiod before
anthesis (12.8h day ') explored during the modelling process
were within the range of data explored during the validation
process. Averaged across years, yield potential under the
shallow soil was 5.0Mgha ' for the traditional cultivar and
6.0Mgha ' for the modern one (with a maximum value of 5.3
and 6.6 Mgha ', respectively). In the deeper soil, yield potential
averaged 5.1 and 6.1 Mgha ™! for the traditional and the modern
cultivar, respectively (with maximums of 5.8 and 7.1 Mgha ",
respectively). Average attainable yield (i.e. cultivars growing
under the =F=C water scenario, with an intermediate soil N
content at sowing of 80kgNha') was 2.1 Mgha ' in the
shallow and 4.0Mgha ' in the deep soil for the traditional
cultivar; while the modern cultivar reached 2.6 and
4.9Mgha', respectively. Thus, a clear effect of cultivar was
found as the modern cultivar out-yielded the traditional one by
~16% (P<0.001) in both potential and average yielding
conditions. In addition, the gap between attainable yield and
yield potential was similar between cultivars and only modified
by the soil condition; i.e. under the shallow soil the gap between
attainable yield and yield potential was 58%, and decreased to
21% in the deeper soil.

Cultivar response to management practices

The response of the cultivars to management practices was
remarkably variable between sites and years, with a range of
yield explored from 1.2 to 6.1 Mgha'. Yield response to
improvements in N and water availabilities showed a similar
pattern in the traditional and the modern cultivar. Increases in N
availability generated, in both cultivars, a gain in attainable yield
up to a N level at which yields levelled off (Figs 3 and 4). The
soil N level at sowing for achieving maximum yield ranged from
40to 105kgNha ', depending on cultivar and water availability.
As expected, there was a strong positive relationship between
the yield level in absence of N stress and the N requirements for
reaching that yield (Fig. 5). Interestingly, the N required for
levelling off grain yield was slightly higher in the traditional
than in the modern cultivar (95 and 85kgNha ', respectively;
averaged across the data shown in Fig. 5). N requirements to
achieve maximum yield under each water scenario was strongly
dependent on the soil type as yield levelled off in the shallow
soil with lower N levels (78 and 100 kg Nha ' for the shallow
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Fig. 2. Model performance between simulated and observed anthesis and
maturity dates (days after sowing, DAS), and yield for a traditional (TC) and a
modern cultivar (MC) of malting barley. The dotted lines represent the 1: 1
ratio. Data values included as text in the figure are the average observed
(MOV) and simulated values (MSV), MBE (mean average bias error), MPE
(average percentage error), RMSE (root mean square error), and
determination coefficient (R%) of the lineal regression between simulated
and observed data.

and deep soils, respectively; Fig. 5). In addition, the N
requirement for maximising yield tended to increase
~40 kg N ha ' with increases in the level of rainfall throughout
the crop cycle from the —C to the +C condition (it ranged from
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Fig. 3. Yield and soil N availability at sowing for a traditional (TC) and a modern cultivar (MC) of malting barley grown in a
shallow soil under low (a—c; —F), intermediate (d—f; =F) or high (g—i; +F) rainfall during the fallow period and low (a, d, g; —C),
intermediate (b, e, h; =C) or high (c, £, i; +C) rainfall during the crop cycle. Vertical bars indicate a standard deviation from the means.

65to 111 kgNha ). Increases in the rainfall during the fallow
period did also increase N requirement for maximising yield
(from 80 nghef1 for —F to 95 nghef1 for +F).

In order to evaluate the interaction between cultivar and
management scenarios, yields were analysed in relative (%)
terms to the yield of the modern cultivar growing under the
highest water and N availability (+F+C in Nygo; Fig. 6). The yield
penalty for using the traditional cultivar instead of the modern one
was 20% for the highest yielding condition (+F+C Ng,) in both
the shallow and the deep soils, but this difference was reduced
to 7% in the lowest yielding condition (—F—C Ny). Thus, yield
of the modern cultivar was higher than (or at least equal to) that
of the traditional cultivar independently of the growing
condition (i.e. in none of the 81 water by N conditions
explored, determining yielding environments from ~1 to over
6Mgha ', the traditional cultivar out-yielded the modern one).
Therefore, the modern cultivar showed both higher yield in the
poorest growing conditions and higher responsiveness to
improvements in the environmental conditions relative to the
traditional cultivar (Fig. 6).

Efficiency in the use of resources

Yield advantage of the modern cultivar was based on its higher
grain N-use efficiency (NUE;,n, calculated as the ratio between
yield and N availability at sowing). At the soil N availability
condition in which yield of each cultivar levelled off, the
modern cultivar was more efficient in using N than the
traditional cultivar (49 and 37 kgkg N, respectively; Fig. 5).

This difference between cultivars in NUE,,;, was also evident for
all the N and water scenarios explored (Fig. 7). Differences
in NUE,,i, between cultivars were modified by the water
availability, as NUE,, increased at higher rainfall during
the crop cycle in both soils (Fig. 7a). In addition, differences
between cultivars in NUEgi, enlarged with restrictions in N
level (Fig. 7b). As expected, NUE,,i, of both cultivars declined
with increases in N availability from ~50 to 100kgkgN"'
(Fig. 7b).

Discussion

Agriculture consists of optimising productivity per unit land
area which is highly influenced by genotype x environment x
management interactions (van Ittersum and Rabbinge 1997).
However, profitability is at present highly dependent on the
sustainability of cropping systems due to the likely negative
impact of using high inputs (Fischer 2009; Sadras et al.
2009). Therefore, improving the technical, economic and
environmental efficiency of cropping systems is worthwhile.
To face this request, crop simulation models provide a helpful
tool for assessing strategies aimed at optimising crop
production. A major objective of breeding programs is to
provide farmers with cultivars that out-yield their predecessors
not only in experimental networks in which growing conditions
are extremely well controlled but actually on farms. In our
work, we evaluated yield response of a traditional and a
modern barley cultivar under different arrangements of soil N
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(TC) and a modern cultivar (MC) of malting barley grown in a shallow
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availabilities and water scenarios in a shallow and a deep soil
using the CERES-Barley simulation model.

The modern cultivar showed a yield potential ~20% higher
than the traditional cultivar (general mean of 6.0 and 5.0 Mgha ',
respectively), and also higher attainable yields (general mean

difference of 17%). The attainable yield of the cultivars was
subordinated to soil type. Averaged across cultivars, attainable
yield was 2.3 Mgha ' in the shallow and 4.4 Mgha " in the deep
soils. These average attainable yields represented 42% of the
yield potential in the shallow and 79% in the deep soil profiles.
This agrees with recent results published by Fischer and
Edmeades (2010), who highlighted that there is a strong
parallelism between potential and attainable yields. Moreover,
the gap in the deep soil estimated in the present simulation study
was similar to that calculated by Calvifio and Sadras (2002) for
high yielding modern wheat cultivars in the south-eastern Pampas
(25%). The higher gap found in the poorer edaphic condition
(shallow soil) is similar to that obtained for wheat crops growing
under lower yielding environments such as the Mediterranean
region (60%, Abeledo et al. 2008).

We found that the modern cultivar performed better than
the traditional one under low or high water or N availabilities
whatever the site and growing season (Figs 3 and 4).
Consequently, although the slope of the relationship between
yield and the environmental index was higher (P<0.001) for
the modern cultivar, there was no crossover interaction (Fig. 8a).
The response of the traditional and the modern cultivars found
in the present study was contrasted against experimental data
reported in the literature (Fig. 8)). The studies considered here
were those in which yield of cultivars of two-rowed barley
released at different eras were assessed under at least three
different experimental conditions (Martiniello et al. 1987;
Muiioz et al. 1998; Abeledo et al. 2003b; Sinebo 2005). In
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reached by the modern cultivar growing under the +F+C Ngo condition within each soil type (yields at the plateau

in Figs 3/ and 4i).
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Fig. 7.  Grain nitrogen-use efficiency (NUE;.i,, calculated as the ratio between yield and soil N availability
atsowing) plotted against eitherrainfall from the beginning of the fallow period to maturity (@), or soil N availability
at sowing (b) for a traditional (TC) and a modern cultivar (MC) of malting barley grown in a shallow (SS) or
deep soil (DS). Values are the averages of N fertilisations (a) or rainfall regimes (b).

each of these studies we called ‘traditional’ the cultivar released
closest to the mid 1940s (when Malteria Heda was released) and
‘modern’ the cultivar released in the mid 1990s (when B1215
was released). It is remarkable that, disregarding the large
differences between studies, the published data agree with our
simulation (i.e. the genotype x environment interaction did not
imply a crossover; Fig. 8b), and therefore modern cultivars out-
yielded traditional ones throughout a rather wide range of
growing conditions, including low yielding environments.
More remarkable is that the slopes were similar not only
between cultivars released in different countries (Argentina,

Ethiopia, Italy and Spain, see references above) but also to our
simulations (Fig. 8b). The strong parallelism between the
results obtained in our study and those from field experiments
reported in the literature provides further confidence to our
conclusions. Similar findings were accounted for wheat
regarding that modern cultivars out-yielded traditional ones
across different growing conditions (Ortiz-Monasterio et al.
1997; Calderini and Slafer 1999; Guarda et al. 2004; De Vita
et al. 2007; Acreche et al. 2008, 2009).

The cultivars largely differed in NUE,;,, which explained
differences in yield between the traditional and the modern
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Fig.8. Yield and environmental index for the traditional (TC) and the modern cultivar (MC) of malting barley used
in the present study (), and for traditional and modern cultivars of barley for data of actual experiments taken from
the literature (b). For () the cultivars selected as TC and MC in each article were those with a year of release closest
to the TC and MC used in our study, respectively. The environmental index was calculated as the average yield of
both categories of cultivars (traditional and modern) in each environment. Lines in (@) were fitted by linear regression
for the traditional (yrc=0.90x — 0.02, R*=0.99, P<0.001) and the modern cultivar mc=1.09x+0.02, R*=0.99,
P <0.001) categories used in the present study. Lines in (b) are not the regressions for the data shown in the panel, but

the linear regressions fitted in (a).

cultivar as well as their different response to interannual
variability. The modern cultivar showed higher NUE,i, than
the traditional one (Figs 5 and 6). Differences between cultivars
in NUE,,;, were enlarged by environmental conditions, where
lower availability of soil N and higher rainfall increased
differences between cultivars in NUE,,;, (Figs 5 and 6). The
higher NUEg,i, shown by the modern cultivar agrees with
results from field studies reporting a positive effect of breeding
on NUEg,;, in barley (Abeledo ef al. 2008) and wheat (Slafer
et al. 1990, Calderini ef al. 1995; Ortiz-Monasterio et al. 1997,
Guarda et al. 2004). In addition, N also played a remarkable
role in tempering the effect of year-to-year variability on yield.
High N availabilities contributed to stabilise yield independently
of the water scenario (Figs 3 and 4). However, this has the risk of
increasing grain protein concentration, a topic that was not
analysed under the context of the present work but that plays
a key role in characterising grain quality penalties in malting
barley (Savin and Molina-Cano 2002) and profitability of the
farmers.

The soil N level required for achieving the maximum yield
was higher with increases in rainfall during the pre- as well as the
post-sowing period. The positive effect on yield of water
accumulated during the fallow was clearly remarkable for
deeper soils in low rainfall years (—C treatment) (Fig. 4).
These results are consistent with those observed by Savin
et al. (1995), who reported, for wheat grown in the Pampas,
that water stored in the soil during the fallow was relevant only
in years with low rainfall during the growing season. Thus, soil
water content measured immediately before sowing is an
important factor to decide on N fertilisation, as highlighted by
Lester et al. (2010). Similarly, the effect of rainfall during the
crop cycle on yield response to N was important under both soil
types, but it tended to be lower in the deeper soil after a rainy
fallow period (Figs 3 and 4). This is in agreement with Calvifio
and Sadras (2002), who showed that wheat yield response to
rainfall during the crop cycle was higher in a shallow (depth
between 0.5 and 0.7 m) than in a deep soil (depth >1.0m). It is
important to point out that differences in lodging sensitivity

between cultivars or negative effects of extremely high rainfall
conditions are not considered by the simulation model. Therefore,
these and other constraints would modify the results reported
here, but the consistency of the simulated responses with
published experimental data of both barley and wheat
discussed above, gives strong support to this study, at least for
a wide range of environmental conditions faced by farmers in the
area under study as well as other barley regions with similar
growing conditions.

In conclusion, the modern cultivar achieved, for the whole
range of conditions explored, superior yield than the traditional
cultivar. Increases in the N availability generated a similar
pattern of yield response in both cultivars. However, cultivars
differed in the magnitude of the response regarding that the
improvement of the environment (i.e. higher N level or higher
water availability due to fallow and/or rainfall after sowing)
determined consistently higher yield gain in the modern than
in the traditional cultivar. Water availability (i.e. rainfall) was the
major environmental driver of yield for both cultivars in the
shallow as well as in the deep soil but N was also central for
reaching high yields, even with restricted water conditions, in
line with evidence of improved wheat yields through N
fertilisation in low yielding conditions of Australia (Angus
2001; Passioura 2002) and Tunisia (Cossani ef al. 2011). The
modern cultivar showed higher NUE,,,;, than the traditional
cultivar, and the low soil N availability and high rainfall
condition highlighted NUEg,;, differences between cultivars.
Farmers would face little risk in adopting higher yielding
cultivars, in both high and low yielding environments, and
would benefit from N fertilising their crops in most years.
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