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Abstract 
In Catalonia, as in other Mediterranean regions, farmers usually grow barley 

in drought-prone areas while wheat in higher-yielding areas. This implies the 

assumption of barley having higher water use efficiency (WUE) than wheat 

or less water requirements. However, information on the comparative 

performance of both crops under scarce resource availability is rudimentary. 

Recently, it was found that barley and wheat yields were rather similar in a 

wide range of Mediterranean conditions, that may be due to similarities in 

water (WUE) and nitrogen (N) use efficiency (NUE) between both species. 

Understanding the differences between wheat and barley in terms of WUE or 

NUE may be relevant to define management practices such as N fertilization 

for Mediterranean environments. The aim of the present work was to 

compare the performance of wheat (bread and durum) and barley in terms of 

water use, N uptake, WUE and NUE under Mediterranean environments. 

Four experiments were conducted on farmers’ fields at Agramunt, province 

of Lleida (Catalonia, north-eastern Spain) during 2004/05, 2005/06 and 

2006/07. Treatments consisted of sowing wheats (durum and bread) and 

barley under different combinations of water (rainfed or irrigated) and N 

fertilization. Water and N availabilities resulted in a wide range of variability 

in WUE (from 6.3 to 23 Kg grain ha-1 mm-1) and NUE (from 2.9 to 33.9 kg 

grain kg available N-1 in soil). N uptake was closely and positively related to 

grain yield and total biomass at maturity for the three species. N fertilization 

modified yield of the three species mainly through changes in WUE 

(r2=0.75), but also through those in NUE (r2=0.34). Relative differences 

between wheat and barley (analyzed as the ratio between grain yield of the 

species) in terms of grain yields were explained by the relative differences 

between them in terms of NUE and WUE (analyzed as the ratio between 

WUE or NUE of the species). These relative differences between grain yields 

of the species were better explained by relative differences in WUE than by 

relative differences in NUE. It seemed that under the conditions of this study, 

barley did not outperform wheat under poor-yielding conditions, as both 

crops showed differences in WUE and NUE without a consistent pattern in 

favor of barley. 

Introduction 
Crop productivity for a particular region is the 

consequence of the breeding x management x weather 

interaction. As crop productivity is determined by the 

availability and the efficiency in the use of limiting 

resources, understanding the eco-physiological bases for 

improved resource management has been increasingly 

important (Araus et al., 2002; Turner, 2004; Veron et al., 

2004; Turner and Asseng, 2005). Water is recognized as 

the most limiting factor in Mediterranean regions 

determining the land use (Cossani et al., 2007; Ryan et 

al., 2008), though nitrogen (N) shortages may be quite 

important as well (Passioura, 2002; Abeledo et al., 

2008). Passioura (2002), suggested that the level of N 

availability could affect water use and its efficiency. 

Also N fertilization may be a tool to increase water use 

(WU) and water use efficiency (WUE). Abeledo et al. 

(2008) (using a simulation model) found that high N 

availability reduced the gap between potential and 

attainable yield in years with low and mild water 

shortages. Sadras (2004; 2005), suggested that against a 

background of available water, the gap between 

attainable and actual yield decrease with the degree of 

co-limitation between water and N. This lower yield gap 

resulted from a higher WUE as the co-limitation 

between water and N increased. However, in some cases, 

an excess in N availability could be negatively related to 

grain yield (van Herwaarden et al., 1998a and b). 

French and Schultz (1984a and b; for South Australia), 

found that in most of the cases grain yield and biomass 

production of wheat crops were below the potential 

associated to a certain water use. The gap between 

actual and potential yield were related in some cases to 

nutrients availability (French and Schultz, 1984a) or to 
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the effect of weeds and pest diseases (French and 

Schultz, 1984b). However, Mediterranean-type 

environment in Southern Australia is usually more 

humid than in Mediterranean Catalonia. Recently, 

Sadras and Angus (2006) reported for Mediterranean 

basin an attainable WUE yield value of 20.4 kg grain ha
-

1
mm

-1
 with a maximum of 22 kg grain ha

-1
mm

-1
. These 

values are well aligned with values reported by French 

and Schultz (1984a and b) and values suggested by 

Angus and van Herwaarden (2001) for wheat crops. 

Katerji et al. (2008a) reported certain variability in 

WUE yield for the Mediterranean region with values from 

different countries (Syria, Morocco, Israel, Italy and 

Turkey) for wheat ranging from 5 to 25 kg grain ha
-
1 mm

-

1
. The variability for barley seemed lower, ranging from 

14.6 to 27.8 kg grain ha
-1

mm
-1

,
 
although in this case their 

analysis was restricted to Italy. 

Nitrogen use efficiency (NUE) decreases as the amounts 

of N available increases in crop production, although 

the result is reflected in terms of higher grain yield or 

higher WUE. Angás et al. (2006) found that NUE in 

barley ranged between 10 and 81 kg grain kg fertilized N
-1

 

and a range for uptake (UpE) or recovery N efficiency 

of 18 to 53% for the Mediterranean region of Ebro 

River Valley. However, the values of NUE used in these 

experiments did not include the available N in the soil 

before N fertilization. Also Angás et al. (2006) reported 

values of N uptake for barley ranging from 46 to 154 kg 

N ha
-1

. López-Bellido et al. (2005) presented, for 

southern Spain, values of NUE for bread wheat from 19 

to 32 kg grain kg available N
-1

, and values of UpE between 

0.60 and 0.81 kg N uptaken kg available N
-1

. In these 

experiments the N uptake of bread wheat exceeded 250 

kg N ha
-1

.  

Comparisons of wheat and barley grain yield and 

resource use efficiencies are rather scarce (Cossani et al, 

2007). ). López-Castañeda and Richards (1994), 

reported a that barley yielded more than wheat, due to 

reducing the soil evaporation in barley in an 

environment characterized by water stress but not 

Mediterranean. Although information on WUE, NUE, 

water used, or N uptake is available for the 

Mediterranean region, as far as we are aware, there are 

only few cases reporting WUE and NUE comparisons 

between bread wheat, durum wheat and barley within 

the same experiment. From these few cases, only one 

dataset showed barley having higher WUE yield than 

wheat in Western Australia (Simpson and Siddique, 

1994). Recently, it was found that barley and wheat 

yields were rather similar in a wide range of growing 

conditions in the Mediterranean basin (Cossani et al., 

2009 in Spain; Albrizio et al., 2010 in Italy), which 

implies similar WUE and NUE between both species.  

This sort of comparisons may be relevant as there is a 

generalized assumption that barley (in NE Catalonia) 

and durum wheat (in southern Mediterranean basin) do 

behave better than bread wheat when subjected to water 

shortages: in other words that barley (and durum wheat) 

may be more efficient in the scarce resource conditions 

than bread wheat. 

In this paper we aimed to compare the performance of 

barley, bread and durum wheat in terms of WUE and 

NUE in different water and N levels under 

Mediterranean conditions and how is N and water 

availability related to grain yield in the three species. 

 

Materials and Methods 
The experimental site was located in Agramunt (lat. 41º 

47´17´´ N, long. 1º 5´59´´ E, altitude 337 m), province 

of Lleida (Catalonia, north-eastern Spain) on a Fluvisol 

calcari soil (FAO, 1990). Four experiments were sown 

with wheat and barley (experiment I: barley and bread 

wheat; experiments II, III, and IV: barley, bread wheat 

and durum wheat) in three consecutive growing seasons 

(2004/05, 2005/06, and 2006/07) in a factorial 

combination of N and water availabilities. Previous crop 

was bread wheat in all the experiments. 

Cultivars for barley (cv. Sunrise), bread wheat (cv. 

Soissons) and durum wheat (cv. Claudio) were the same 

in the four experiments and were chosen to represent 

successful and well adapted modern cultivars sown in 

the region as explained in Cossani et al. (2007). In 

addition, the cultivars were used as standard controls in 

the last 5 years by the GENVCE evaluation group 

(Group for the Evaluation of the New Cereals Varieties 

in Spain; Anonymous, 1999-2004). 

In experiment I, bread wheat and barley were sown on 

November 16, 2004, and consisted of a factorial 

combination of the two species with two water regimes 

and with two N fertilizer rates. The irrigated treatment 

consisted of a weekly (twice weekly on few occasion) 

frequency, starting at the beginning of stem elongation 

(DC 3.1, Zadoks et al., 1974). Crops received 17 mm of 

water in each irrigation time. It was carried out with a 

drip irrigation system with drip lines separated at 25 cm 

at right angle to the crops rows. N was applied splitting 

the dose in two, in order to minimize possible losses, at 

DC 1.2 and DC 3.1 as ammonium nitrate (34.4-0-0). 

Flowering date was recorded on May 3 and May 10, 

2005 for barley and bread wheat respectively. Harvest 

date for wheat and barley was similar under rainfed 

conditions (June 20, 2005) while under irrigated 

conditions wheat was harvested a week later than barley 

(June 28, 2005). 

Experiment II was sown on November 28, 2005, and 

consisted of a factorial combination of the three species 

(barley, bread wheat and durum wheat) with two water 

regimes, and with four N fertilizer rates. N was applied 

splitting the dose as in experiment I. Irrigated treatment 

was performed through a drip irrigation system with a 

weekly (twice weekly on few occasion) as in the 

experiment I, but this time with the drip tube’s lines 
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placed in between crop rows (only due to facilitate the 

irrigation). Irrigation treatment started one week before 

of the beginning of stem elongation. The irrigation 

volume was applied weekly with an amount of water 

supplied of c. 7 mm for each time. Flowering date was 

recorded on May 03, 09 and 16, 2006 for barley, durum 

wheat, and bread wheat respectively. Harvest date was 

on June 06, 2006 for barley, and June 13 (rainfed) and 

20 (irrigated) June for bread wheat and durum wheat.   

Experiments III and IV were both carried out during the 

last growing season. Experiment III was sown on 

November 6, 2006 and consisted of a factorial 

combination of the three species (barley, bread wheat 

and durum wheat) with two water regimes, with and 

three N fertilizer rates. Irrigated treatments consisted of 

a similar system as in the previous experiments, with the 

drip lines placed in the same way to experiment II. 

Weekly amount of water irrigated was c. 18 mm. 

Flowering date in experiment III were recorded on April 

30, May 07 and 15, 2007 for barley, durum wheat, and 

bread wheat respectively. Harvest date was on June 18, 

2007 for barley, and June 25 for bread wheat and durum 

wheat.  

Experiment IV was sown far later than what is usually 

recommended in the region only to expose the cultivars 

to more extreme stresses (February 22, 2007). 

Treatments were the combination of the three species 

with the two most contrasting N conditions of 

experiment III under rainfed conditions. Bread wheat 

(cv. Soissons) did not reach anthesis (probably because 

its vernalisation requirements would have been not 

satisfied) and so data is not available for this trait. A 

delayed flowering respect experiment III, was observed 

for barley and durum wheat in experiment IV (May 21 

and May 27, respectively). Harvest date was only 

delayed a few days in experiment IV (June 28, 2007). 

Total irrigated water amount is given in Table 1 for 

experiments I, II and III. As the fields were rather flat 

and precipitations were never strong, it was assumed 

that amount of water lost by runoff or deeper drainage 

was negligible. 

Size of each plot for experiments I, II, and III was 3 x 5 

m and treatments were arranged in a split block split 

plot design, with three replicates. Main plots consisted 

of the species sown in strips, randomized within blocks, 

with two water regimes paired across the strips (also 

randomized within blocks) in the entire replication. Sub-

plots consisted of the different N levels while in 

experiment IV treatments were arranged in a 

randomized complete block design, with three replicates 

and with each experimental unit of 3 x 1.5 m.  

Prior to sowing each experiment a combining formula 

of P and K (0-7-14) was applied at a rate of c. 1000 kg 

ha
-1

 in all experiments. Control of weeds and pest were 

used following the typical practices of farmers of the 

region in all the experiments.  

 

 
Table 1. Experimental details for the four experiments carried out in Agramunt (NE Spain) 
 

Exp. Species
Sowing 

date

Initial water 

content           

(mm)**

Initial N-NO3
-

content            

(kg N ha
-1
)**

Irrigation 

volumes  (mm)

Precipitations 

(sowing - maturity) 

(mm)

Nitrogen 

treatment            

(kg N ha
-1
)

I Ba / Bw * 16-Nov-04 83 34 222.1 163 0 and 200

II Ba / Dw / Bw 28-Nov-05 240 115 75.8 / 95.1 / 95.1 93.5 0-50-100 and 150

III Ba / Dw / Bw 06-Nov-06 201 150 318.6 / 336.3 / 336.3 331 0-75 and 150

IV Ba / Dw / Bw 22-Feb-07 153 143 0 281 0 and 150

Plant density 

(plants m-2)

195

180
245

340

Exp. Species
Sowing 

date

Initial water 

content           

(mm)**

Initial N-NO3
-

Initial N-NO3
-

content            

(kg N ha
-1
)**

Irrigation 

volumes  (mm)

Precipitations 

(sowing - maturity) 

(mm)

Nitrogen 

treatment            

(kg N ha
-1
)

I Ba / Bw * 16-Nov-04 83 34 222.1 163 0 and 200

II Ba / Dw / Bw 28-Nov-05 240 115 75.8 / 95.1 / 95.1 93.5 0-50-100 and 150

III Ba / Dw / Bw 06-Nov-06 201 150 318.6 / 336.3 / 336.3 331 0-75 and 150

IV Ba / Dw / Bw 22-Feb-07 153 143 0 281 0 and 150

Plant density 

(plants m-2)

195

180
245

340

 

* Ba = Barley, Dw = Durum wheat, Bw = Bread wheat. 

** Availability measured for the whole profile up to 1 m depth. 

 

Exp. Species
Sowing 

date

Initial water 

content           

(mm)**

Initial N-NO3
-

content            

(kg N ha
-1
)**

Irrigation 

volumes  (mm)

Precipitations 

(sowing - maturity) 

(mm)

Nitrogen 

treatment            

(kg N ha
-1
)

I Ba / Bw * 16-Nov-04 83 34 222.1 163 0 and 200

II Ba / Dw / Bw 28-Nov-05 240 115 75.8 / 95.1 / 95.1 93.5 0-50-100 and 150

III Ba / Dw / Bw 06-Nov-06 201 150 318.6 / 336.3 / 336.3 331 0-75 and 150

IV Ba / Dw / Bw 22-Feb-07 153 143 0 281 0 and 150

Plant density 

(plants m-2)

195

180
245

340

Exp. Species
Sowing 

date

Initial water 

content           

(mm)**

Initial N-NO3
-

Initial N-NO3
-

content            

(kg N ha
-1
)**

Irrigation 

volumes  (mm)

Precipitations 

(sowing - maturity) 

(mm)

Nitrogen 

treatment            

(kg N ha
-1
)

I Ba / Bw * 16-Nov-04 83 34 222.1 163 0 and 200

II Ba / Dw / Bw 28-Nov-05 240 115 75.8 / 95.1 / 95.1 93.5 0-50-100 and 150

III Ba / Dw / Bw 06-Nov-06 201 150 318.6 / 336.3 / 336.3 331 0-75 and 150

IV Ba / Dw / Bw 22-Feb-07 153 143 0 281 0 and 150

Plant density 

(plants m-2)

195

180
245

340

 

* Ba = Barley, Dw = Durum wheat, Bw = Bread wheat. 

** Availability measured for the whole profile up to 1 m depth.  
 

Aboveground biomass was harvested at flowering (DC 

6.5) and maturity (DC 9.0) and separated into stems and 

leaves, spikes and grains (at maturity) and ovendried at 

65 ºC for 48 h before weighted. Total biomass as well as 

grain yield and its main components (grain number per 

m
2
 and grain weight) were determined for each 

experimental unit. N concentration was determined in 

stems, leaves, spikes and grains at maturity by Near 

Infrared Reflectance methodology, calibrated 

specifically for each case with Dumas combustion in 

experiments I, with Dumas combustion in experiment II, 

and with Micro-Kjeldahl methodology in experiments 

III and IV. 

Soil samples to 1 m depth were taken at crop emergence 

(DC 1.0) before applying N fertilizer. Samples for each 

block were mixed and an only general value was 

obtained for initial N and water content in soil per block. 

A soil sample per experimental unit was taken at 4 

different depths (0-25; 25-50; 50-75 and 75-100 cm) at 

anthesis (DC 6.5) and maturity (DC 9.0). NO3 content 

was determined with Nitracheck reflectometer 

methodology using Merckoquant Nitrate strips. Water 

use (mm) was calculated as WU = Water content in soil 

initial content (mm) + Precipitation (mm) + Irrigation (mm) 

– Water content in soil harvest content (mm); and water use 

efficiency (WUE Biomass or yield) was then calculated as the 
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ratio between total biomass (Kg ha
-1

) or grain yield (Kg 

ha
-1

) and water use (mm). NUE, UpE, and UtE were 

calculated following the equations 1, 2, and 3, 

respectively.  

As it can be observed from the Eq. 1, 2 and 3 nitrogen 

use efficiency can be defined in function of its both sub-

components as in Eq. 4. 

The initial water and nitrogen content differed between 

growing seasons, as shown in Table 1.  

Statistical analysis was carried out using Genstat 11
th

 

edition Software (Payne et al. 2008). 

 

 

(Kg grain Kg N available in soil
-1)

(Kg grain Ha-1)

(Kg N in soil at maturity ha-1 + Kg N in biomass at maturity ha-1)

NUE

N available in soil

Grain yield
=Eq. [1]

(Kg grain Kg N available in soil
-1)

(Kg grain Ha-1)

(Kg N in soil at maturity ha-1 + Kg N in biomass at maturity ha-1)

NUE

N available in soil

Grain yield
=Eq. [1]

(Kg grain Kg N in biomass 
-1)

UtE
=Eq. [3]

N uptake ( Kg N in biomass at maturity ha-1)

(Kg grain Ha-1)Grain yield

(Kg grain Kg N in biomass 
-1)

UtE
=Eq. [3]

N uptake ( Kg N in biomass at maturity ha-1)

(Kg grain Ha-1)Grain yield (Kg grain Ha-1)Grain yield

(Kg N in biomass Kg N available in soil
-1) (Kg N in soil at maturity ha-1 + Kg N in biomass at maturity ha-1)

UpE

N available in soil

N uptake
=Eq. [2]

( Kg N in biomass at maturity ha-1)

(Kg N in biomass Kg N available in soil
-1) (Kg N in soil at maturity ha-1 + Kg N in biomass at maturity ha-1)

UpE

N available in soil

N uptake
=Eq. [2]

( Kg N in biomass at maturity ha-1)

  
 

Eq. [4] NUE = UtE x UpE 
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Figure 1. Precipitation, 

evapotranspiration (ETo) and 

mean temperature for each 

growing season of the four 

experiments at Agramunt (NE 

Spain). Arrows indicate the 

average date of jointing (J), 

flowering (F) and maturity (M) in 

each experiment. Black arrows 

stand for optimal sowing dates; 

white arrows stand for the late 

sowing date only in 2006-2007; 

experiment IV. 

.

The present chapter is actually under revision in
European Journal of Agronomy



Chapter IV 

 55 

Results 
Weather conditions 

Environmental conditions differed between experiments 

and growing seasons. Both the amount and the 

distribution of precipitations during the growing season 

differed between experiments (Fig. 1). The wettest 

season and also that with precipitations relatively well 

distributed, occurred during experiment III with at least 

c. 10 mm of rainfall in each month. Contrarily, during 

experiments I and II precipitations were not uniform 

during the growing season. While in experiment I 

precipitations occurred mostly during the period 

between jointing and flowering, in experiment II the 

highest amount of precipitations occurred during the 

period between sowing and jointing, without any 

precipitation higher than 10 mm from jointing to 

maturity.  

Reference evapotranspiration (ET0) increased from 

February to July in all years. Higher values of ET0 were 

observed in experiments I and II than in experiment III 

during April. In experiment II, high values of ET0 

coincided with a period with almost no precipitations, 

therefore increasing water stress for the crops. In 

contrast, in experiment III the period of higher 

precipitations coincided with the increasing atmospheric 

water demand (Fig. 1). 

 

Water use 

A wide range (120 to 693 mm) of water use 

(evapotranspiration) by crops was explored during the 

three experimental years mainly generated by the 

differences in total rainfall, water content at crop 

emergence and the amount of irrigated water (Table 1; 

Fig. 2a, b).  

Naturally, crops under rainfed treatments used less 

water (136, 236, 357 and 311 mm for experiments I, II, 

III and IV respectively) than under irrigation (348, 299 

and 634 mm during the growing season for I, II and III 

respectively; Fig. 2a).  

Grain yield was positively related to water used from 

emergence to maturity (Fig. 2a). Most experimental data 

were close to WUE limits reported by Sadras and Angus 

(2006) with only few exceptions of durum wheat and 

barley.  

There were no significant differences in water use from 

emergence to flowering (p<0.05) for wheat (bread or 

durum) and barley in two of the four experiments (exps. 

I and IV). Barley crops used slightly less water from 

emergence to flowering than wheat in the other two 

experiments (exp. II and III); and these minor 

differences in water use were minimized when 

expressed in terms of mean water use per day (Fig. 3). 

 

Nitrogen uptake 

It was explored a wide range of total N uptake for bread 

wheat (49 to 220 kg N ha
-1

), durum wheat (100 to 280 

kg N ha
-1

) and barley (46 to 290 kg N ha
-1

) across the 

three growing seasons and resource availabilities due to 

treatments (Fig. 4). Bread wheat and barley explored 

lower values of N uptake than durum wheat mainly 

because the extremely poor conditions during the 

growing season in the first experimental year (in which 

durum wheat was not grown). Barley tended to have 

higher N uptake than bread wheat in experiments II and 

III (p<0.05; Fig. 4).  
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Figure 2. Grain yield as a function of water use from emergence to maturity. a) showing the  inter-annual variation 

( exp I,   exp II,   exp III, and   exp IV) and water regime (open and closed symbols represent irrigated and 

rainfed conditions respectively) and  b) sowing species variability (barley, bread wheat and durum wheat are 

represented by black, white and grey symbols respectively) for each experimental year ( exp I,   exp II,   exp III, 

and   exp IV). LSD (P=0.05) values for water regime (a) and species (b) treatments of each experiment are 

represented as vertical and horizontal bars. Continuous lines represent the attainable transpiration efficiency limit for 

Mediterranean regions (0.022 Mg ha
-1

 mm
-1

) found by Sadras and Angus (2006), and dotted lines represent 

maximum values of transpiration use efficiency obtained in the present experiments (0.029 Mg ha
-1

 mm
-1

). 
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Figure 3. Relationship between mean water 

use per day (mm day
-1

) from emergence to 

maturity (and from emergence to flowering- 

inset Figure -) for bread wheat (open symbols) 

or durum wheat (grey symbols) and mean 

water use per day for barley. Experiments are 

represented using different symbols (  exp I, 

  exp II,   exp III, and   exp IV). LSD 

(P=0.05) values for species treatments of each 

experiment are represented as vertical and 

horizontal bars. 

 

 

However, in the poorest yielding condition (experiment 

I) barley presented higher N uptake than bread wheat 

only under irrigation. In contrast durum wheat and 

barley had similar N uptake in all the experiments 

(p<0.05; Fig. 4). 

N uptake was significantly higher in the fertilized 

treatments than in the unfertilized controls in all the 

experiments, except in the out-of-season experiment 

(exp. IV), where differences follow the same trend (205 

vs. 120 kg N ha
-1

) but were not statistically significant. 

Intermediate fertilized treatments across experiments 

(lower than 100 kg N ha
-1

) had c. 60% higher N uptake 

than unfertilized treatments while fertilized treatments 

equal or higher than 100 kg N ha
-1

 absorbed c. 80% 

more N than the unfertilized control. Therefore, 

disregarding the source of variation (growing seasons, 

nitrogen levels and species) grain yield was related to 

nitrogen uptake (r
2
=0.67; p<0.001).  

 

Grain and biomass water use efficiencies 

In general WUE yield and WUE biomass were linearly and 

closely related in all experiments (r
2
=0.84 (P<0.001). 

Thus, only results for WUE yield is reported in Table 2. 

Across all the experiments barley had higher or similar 

WUE yield than both wheats (Table 2). Under the poorest 

yielding conditions (experiments I and IV) barley had 

similar WUE yield to bread wheat (experiment I) and to 

durum wheat (experiment IV; Table 2). As expected, 

nitrogen fertilization tended to increase WUE yield, 

although these trends were statistically significant only 

in experiment III (Table 2). 
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Figure 4. Grain yield as a function of nitrogen uptake at maturity during the three experimental years (  exp I,   

exp II,   exp III, and   exp IV) for the three species (barley, bread wheat and durum wheat are represented by 

black, white and grey symbols respectively) at Agramunt (NE Spain). LSD (P=0.05) values for species treatments of 

each experiment are represented as vertical and horizontal bars. 
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Figure 5. Nitrogen uptake efficiency (a) and nitrogen use efficiency (b) as a function of total water used from 

sowing to maturity (mm) for barley bread wheat,  and durum wheat under rainfed (closed symbols) and irrigated 

(open symbols) conditions in all experiments sown at Agramunt (NE Spain). ). LSD (P=0.05) values for water 

regime treatment of each experiment ( exp I,   exp II,   exp III, and   exp IV) are represented as vertical and 

horizontal bars. 

 

Nitrogen uptake efficiency 

A wide range of N uptake efficiency (UpE) was 

observed from 0.15 to 0.84 (kg N ha
-1

 in plant per kg 

available N ha
-1

 in soil) in the three experimental years.  In 

most of the cases, the species did not differ in UpE. N 

fertilization decreased UpE in three of the four 

experiments (differences between unfertilized treatment 

and maximum N fertilizer rate were 17%, 16%, and 

14% in experiments I, II and IV, respectively) but 

increased UpE in experiment III (14% higher). UpE 

increased hyperbolically with water availability with a 

threshold value of c. 400 mm (Fig. 5a).  

 

Nitrogen utilization efficiency 

There were significant differences between wheat and 

barley in N utilization efficiency (UtE) depending on 

the yield level determined by the year. Under the lowest 

yielding conditions (experiments I and IV), barley had 

lower or similar UtE than wheat (bread or durum) (23.3 

vs. 32.8 kg grain kg N
-1 

for barley and bread wheat in 

experiment I; and 19.2 vs. 19.3 kg grain kg N
-1 

for barley 

and durum wheat in experiment IV). In experiment II, 

barley had higher UtE than bread and durum wheat 

(35.6, 32.2 and 32.3 kg grain kg N
-1 

for barley, bread 

wheat and durum wheat, respectively) while there were 

not significant differences between durum or bread 

wheat.
 
 

Although the main effects for species did not showed 

significant differences in UtE for the conditions 

explored in experiment III, (39.6, 37.4, 36.0 for barley, 

bread wheat and durum wheat, respectively) a 

significant species x N fertilizer treatment interaction 

was observed indicating in this case a higher UtE for 

barley (46.8 kg grain kg N
-1

) than bread wheat (40.9 kg 

grain kg N
-1

) and durum wheat (38.0 kg grain kg N
-1

) only 

under unfertilized treatments. N fertilization produced a 

high significant effect in UtE in all experiments 

decreasing UtE with respect to the unfertilized control. 

 

Nitrogen use efficiency 

NUE was the result of the combination of both sub-

components UtE (r
2
 = 0.64) and UpE (r

2
= 0.68). The 

range of variability was higher in UpE (0.15 to 0.84 kg 

N ha
-1

 in plant per kg available N
-1

 in soil) than in UtE (10.6 

to 49 kg grain kg N
-1

). Wheat (bread and durum) and 

barley did not differ in total NUE except in experiment I 

where bread wheat presented slightly higher values 

(23.7 kg grain kg available N
-1

 in soil) than barley (17.9 kg 

grain kg available N
-1

 in soil) under unfertilized conditions 

(Table 3).  

As generally reported, N fertilization decreased 

significantly NUE in all the experiments, except in 

experiment III. Treatments with a low water availability 

and high level of N fertilization had the lowest NUE 

(3.8 kg grain kg available N
-1 

in soil) in experiment I. The 

increase in water availability due to irrigation resulted in 

a significant higher NUE in experiment I, but not in 

experiments II and III (Table 3). As observed in UpE, 

NUE increased hyperbolically with water availability 

with a threshold value of c. 400 mm (Fig. 5b). 
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Figure 6. Ratio between wheat and barley grain yield (bread wheat or durum wheat GY/ barley GY) as a function of 

the ratio (bread wheat or durum wheat WUE / barley WUE) between wheat and barley water use efficiency (WUE yield) 

(a) and nitrogen use efficiency (NUE) (bread wheat or durum wheat NUE / barley NUE) (b). Differences across all the 

experiments (  exp I,   exp II,   exp III, and   exp IV) are represented using open symbols and grey symbols 

for bread wheat and durum wheat, respectively. 
 

 

Discussion 
Impact on relative grain yield performance 

The differences between bread or durum wheat and 

barley in terms of WUE (Table 2) or NUE (Table 3) did 

not seem to show clear tendencies, at least in the poorest 

yielding conditions (experiment I and IV). Albrizio et al. 

(2010) also reported similar WUE yield for durum wheat 

and barley under different N and water availabilities in 

other Mediterranean environment (Bari, Italy). Results 

reported for grain yield by Cossani et al. (2009) showed 

no differences between wheat (bread or durum) and 

barley in low yielding conditions. If it is analyzed 

together the performance in grain yield with the 

reported in the present study for WUE and NUE, it can 

be observed that the relative differences in grain yield 

between wheat an barley (analyzed as the ratio between 

grain yield of the species) were directly related to the 

relative differences in efficiency in using water or N 

between wheat and barley (analyzed as the ratio 

between WUE or NUE of the species) (Fig 6). Some of 

these little differences in water use efficiency, when in 

favor of barley, could be based from the variation in the 

evaporative loss of water from the soil surface, 

differences in soil water extraction, or differences in net 

carbon assimilation between the species, as reported by 

Lopez-Castañeda and Richards (1994). In the case 

reported in the present study, differences between wheat 

and barley seem to be related to better conditions during 

critical period for grain number determination (Cossani 

et al., 2009) rather than to total water extraction. The 

impact of the relative differences between wheat and 

barley in WUE yield on relative differences between them 

on grain yield (Fig. 6) had lower variability than the 

impact produced by relative differences in NUE (WUE 

yield R
2
=0.94 vs. NUE R

2
=0.67 for differences between 

bread wheat and barley and WUE yield R
2
=0.82 vs. NUE 

R
2
=0.46 for differences between durum wheat and 

barley). This may be indicating that, when WUE or 

NUE are modified by some environmental factor or 

management practice, this modification is directly 

translated to differences in grain yield as reported above, 

more markedly so for water- than for N-use efficiency.  

N fertilization produced a positive effect on WUE yield. 

Differences in grain yield between fertilized and 

unfertilized treatments were higher when WUE yield was 

increased respect to the non-fertilized treatment due to 

N fertilization (Fig. 7a). However, it has an opposite 

effect in NUE. In most of the cases, it was observed a 

reduction in NUE due to higher N fertilization, although 

this reduction in NUE was translated (Fig. 7b) to higher 

grain yields. Yields tended to be higher when this 

reduction was closer to 0. On the other hand, probably 

due to the high level of N availability at sowing, the 

response of NUE to N fertilization had higher variability 

than WUE yield.   

The higher water availability increased grain yield while 

reducing WUE yield in experiments with high water 

availability (Fig. 7c), and increased yield in line with 

increased WUE yield in the most water-stressed 

conditions (experiment I). In general, the effect of water 

availability on NUE per mm of water irrigated presented 

higher variability than in WUE (Figs. 7c and d). 

Changes in grain yields were mediated by changes in 

the crops resources use efficiency in wheat as well as in 
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barley. However, the differences observed in WUE (due 

to N fertilization) produced differences in grain yield 

with a lower variability than changes in NUE. It 

indicates that the most important trait behind the 

yielding differences among these crops has been WUE 

rather than NUE. Increases in grain yields, together with 

increases in WUE and decreases in NUE (due to higher 

N availabilities), were previously reported as a 

consequence of higher degree of water-nitrogen co-

limitation (Sadras, 2005). The higher variability 

observed for NUE than for WUE in the response could 

be due to a high N availability at sowing for the 

unfertilized treatments during the second and third 

experimental year, that exposed the crops to an 

expectedly lower response to N than in experiment I.  

It seems that increases in resource use efficiency by 

affecting the resources availabilities had a limit in the 

response. It can be observed from the limits observed in 

the maximum NUE and UpE shown in Fig. 5. As NUE 

is the result of the combination of the both sub-

components (UpE and UtE) limits of the NUE found for 

the 400 mm of water use could be think to be related to 

a maximum UpE (0.85 kg N ha
-1

 in plant per kg available N 

ha
-1

 in soil) and maximum UtE (48 c. kg grain kg N
-1

). 

Maximum UtE found for the present experiments were 

similar to the limits for UtE reported by Savin et al. 

(2006) for the Mediterranean region.   
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Figure 7. Differences in grain yield between fertilized and unfertilized treatments (grain yield Nx- grain yield N0) 

per Kg N ha
-1

 supplied as a function of the (a), differences in water use efficiency between fertilized and unfertilized 

treatments (WUE Nx- WUE N0) per Kg N ha
-1

 supplied and (b) differences in nitrogen use efficiency between 

fertilized and unfertilized treatments (NUE Nx- NUE N0)  per Kg N ha
-1

 supplied (upper panels): And differences in 

grain yield between irrigated and rainfed treatments (grain yield irrigated- grain yield rainfed) per mm of water 

irrigated function of the (c) and differences in water use efficiency between irrigated and rainfed treatments (WUE 

Irrigated-WUE rainfed) per mm of water supplied and (d) differences in nitrogen use efficiency between irrigated 

and rainfed treatments (NUE Irrigated-NUE rainfed) per mm of water supplied. Black, white and grey symbols 

represent barley, bread wheat and durum wheat, respectively for each experiment ( exp I,   exp II,   exp III, and  

 exp IV) irrigated and rainfed treatments per mm of water irrigated and (d) differences in nitrogen use efficiency 

between irrigated and rainfed treatments per mm of water irrigated (lower panels). 
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Barley and wheat resource use and resource use 

efficiency performance  

Opposite to what is generally accepted, we did not find 

that barley had any higher efficiency than wheat to use 

limited resources under stress and had overall similar 

WUE than bread and durum wheat in the lowest-

yielding environment. This is in line with previous 

finding in which barley did not clearly out-yield wheat 

under stressful Mediterranean conditions (Simpson and 

Siddique, 1994 in Australia; Cossani et al., 2007, 

Cossani et al., 2009 in Catalonia; Albrizio et al., 2010 in 

Italy).  

Across the four experiments wheat and barley did not 

markedly differ in total water used except in experiment 

III where barley used 85 and 75 mm less than bread and 

durum wheat, respectively (p<0.05; Fig. 2b). The 

similar water use (evapotranspired water) found in 

experiment I, II, and IV between wheat and barley may 

not necessarily indicates an advantage of barley over 

wheat in terms of lower water requirements. 

Nevertheless, in the case of experiment II at the 

beginning of stem elongation barley crops had a higher 

proportion of photosynthetic active radiation intercepted 

than wheat (78 % vs 59% and 53% as an average of the 

different treatments for barley, durum wheat and bread 

wheat, respectively). This could be interpreted as a 

higher ratio of transpired/evapotranspired water, 

translated into higher grain yield, for barley than for 

wheat. As we did not measure the different fractions of 

evapotranspired water, we may only speculate here a 

lower evaporation in barley than in wheat. In turn, the 

higher amount of transpired water (as indicated earlier 

by Richards, 1992), would determine a higher WUE, 

with similar WU. This speculated improved water use 

partitioning, together with lower temperatures during 

the critical period for grain yield determination, as 

reported in Cossani et al. (2009), would has allowed 

sustaining a higher post-flowering growth in barley than 

in wheat in experiment II. On the other hand, in 

experiment III, the higher water use of wheat over 

barley could be attributed to a late irrigation that 

increased available water that was not used by barley 

but evapotranspired by wheat (Table 1). In this case, the 

lower amount of water used by barley was translated in 

a higher proportion of water that remained in the soil at 

harvest (data not shown). In fact, there were no 

significant differences in the proportion of 

photosynthetic active radiation intercepted by the 

species at the beginning of stem elongation in this 

experiment. 

Although the use of only one cultivar for each species 

could be interpreted as a weakness of the present 

approach, the carefully and objective criteria of 

selection of each cultivar to represent current farmers` 

preference support the validity of the results. Genotypic 

variability in the response of grain yield or WUE to salt 

concentration in soil has been recently reported by 

Katerji et al. (2008b) for bread wheat, barley or durum 

wheat. However, it was not reported a barley higher 

WUE stability than durum or bread wheat in the 

mentioned report between maximum or minimum salt 

concentration.  

Regrettably, direct comparisons of the WUE values 

obtained by Katerji et al. (2008b) can not be done due to 

different water availability for the species and not 

exactly the same salinity level for wheat and barley 

except for the lowest one. Also, the analysis was not 

performed on field plots and results could slightly differ 

from the reality. Katerji et al. (2009) using lisimeters 

reported a similar reduction (37%) in grain yield for 

durum wheat and barley caused by drought at three 

salinity levels. However, a higher sensitivity of durum 

wheat yield to soil salinity was reported (Katerji et al., 

2009).   

In terms of NUE there were no clear either differences 

between wheat (bread or durum) and barley throughout 

the environmental conditions explored. In some 

occasions of the present study one of the NUE-

components (UpE or UtE) showed significant 

differences between species, but these differences in one 

component tended to be compensated by the opposite 

differences in the other. In particular, under the poor 

environmental conditions of experiments I and IV, 

barley had UtEs similar to wheat. In contrast under 

higher yielding environments, in line with results by 

Delogu et al. (1998) and Albrizio et al. (2010) barley 

had higher UtE than wheat.  

 

Conclusion 
Considering the data from the four experiments in the 

three contrasting growing seasons barley did not present 

a clear pattern of advantage in terms of water or 

nitrogen use efficiency over wheat, either bread or 

durum. Therefore, differences in WUE and NUE do not 

explain the popularity of barley over wheat. This may 

change the present general view on best pattern of land 

use in the Mediterranean region defined by López-

Bellido (1992) and Ryan et al. (2008). Thus wheat 

cropping could be expanded avoiding problems 

associated with barley monocultures, such as control of 

specific weeds (e.g. Bromus sp.) which is a common 

weed in Catalonia and many other regions. 
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Abstract 

Under Mediterranean environments, barley is usually preferred to sow 

than bread wheat by the farmers as it is believed to yield more under 

stressful conditions. As high temperature and water stress are two 

common constraints, especially during grain filling period, higher 

grain weight stability under these environments may confer a great 

advantage in order to maintain or increase yield. The objective of the 

present study was to compare the stability in terms of grain weight and 

its components for barley, bread wheat, and durum wheat, exploring a 

wide range of nitrogen and water availabilities under a Mediterranean 

environment. Grain weight ranged from 23.8 to 47.7 mg grain
-1

, being 

higher for durum wheat than barley and bread wheat. Durum wheat 

presented higher variability both in maximum grain filling rate and 

duration of grain filling period than bread wheat or barley. The three 

species responded similarly in terms of grain nitrogen content to 

changes in the environmental conditions explored. It is concluded that 

in terms of grain weight barley is as stable as bread wheat. However, 

Durum wheat presented a lower stability than barley and bread wheat. 

 

1. Introduction 
The large variability in grain yields that frequently 

occurs under Mediterranean environments often 

determines conservative strategies by farmers (Sadras et 

al. 2003). Many of the strategies used by farmers to 

avoid risks are related to efficient input managements in 

order to reduce crop costs, to choose cultivars with 

higher grain yield stability or to apply site specific 

management practices. In rainfed agricultural systems 

of Catalonia (NE Spain), as well as in many other 

Mediterranean regions, farmers usually grow barley 

continuously in drought-prone areas generating 

monoculture regions. This is based on the assumption 

that barley’s yield is more stable than other cereals (see 

arguments in Cossani et al. 2007) or better barley 

yielding than durum and bread wheat in drought prone 

areas (Anderson and Impiglia, 2002; Ryan et al. 2008). 

Although grain number dominates grain weight in yield 

determination (e.g. Peltonen-Sainio et al. 2007), grain 

weight still varies and, in conditions prone to terminal 

stresses, yield stability might be associated to a more 

stable grain weight (Khanna-Chopra and Viswanathan, 

1999; Royo et al. 2006). Even though the better 

performance of barley over wheat under stressed 

Mediterranean conditions has not been found in some 

comparative studies (Simpson and Siddique, 1994; 

Palumbo and Boggini, 1994; Cossani et al. 2009), it has 

been indeed confirmed by other authors (e.g. López-

Castañeda and Richards, 1994; Josephides, 1993). 

Based on these evidences it can be hypothesized that 

barley grain weight would be more stable than grain 

weight of other cereals under Mediterranean 

environments. 

The effect of high temperatures and/or water stress 

during grain filling period in small cereals has been well 

documented (e.g. Stone and Nicolas 1994 in bread 

wheat; Savin and Nicolas 1996 and Voltas et al. 1999 in 

barley, and Rharrabti et al 2003 in durum wheat). Grain 

weight stability, as well as grain filling parameters 

(duration and rate of grain filling) of different cereals, 

has not been widely compared, particularly under 

Mediterranean conditions. Fischer and Wood (1979), in 

a study conducted in Mexico, found that grain weight 

sensitivity to drought was only 4 % higher in bread and 

durum wheat than in barley. Simpson and Siddique 

(1994) showed a similar response of wheat and barley in 

grain weight to changes in soil type (fine textured vs. 

coarse textured soil) in Western Australia. 

The main objective of the present work was to compare 

grain weight stability and its components in bread wheat, 

barley and durum wheat under a wide range of 

conditions in a Mediterranean region thus testing the 

hypothesis that barley grain weight is more stable than 

that of bread or durum wheat. To actually fulfill the aim 

of having a wide range of condition we had to restrict 

the genotypes analysed to only one per species. To 

compensate for this limitation we chose carefully these 

cultivars to actually represent the expected behavior of 

these species. 

 

2. Materials and Methods 

2.1 Experimental details 

Five field experiments were sown from 2003 to 2007 in 

Agramunt (lat. 41º 47´17´´ N, long. 1º 5´59´´ E, altitude 

337 m), a characteristic location of Mediterranean cereal 

production in Catalonia, Spain. The soils were classified 
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as Arenosol calcari (experiment I) and Fluvisol calcari 

(experiments II, III, IV and V) (FAO 1990). Bread 

wheat (cv. Soissons), barley (cv. Sunrise) and durum 

wheat (cv. Claudio) were sown in all experiments under 

different water and N availabilities at sowing. As 

mentioned above, cultivars were chosen carefully to 

represent well adapted genotypes which in fat are those 

of commonly sown in the region (Cossani et al. 2007 

and 2009). Details of each experiment are given briefly 

in Table 1. More details accounting for experimental 

design, weather conditions and growing stages for each 

species are given in Cossani et al. (2009). 

A fertilizer combining P and K (0-7-14) was applied 

before sowing in all experiments to avoid P and K 

deficiencies. The average dose was of c. 60 kg P ha
-1

 

and 120 kg K ha
-1

. Weeds and diseases were controlled 

as required using conventional herbicides and 

fungicides as recommended by the manufacturers. 

 

2.2 Observation and sampling methodology 

Flowering date was recorded when 50% of the plants in 

each plot had spikes with the anthers extruded (anthesis) 

in the case of durum and bread wheat, and when 50% of 

the plants in each plot reached heading in the case of 

barley. Weekly sampling from anthesis to harvest was 

performed in experiments II, III, and IV, while in 

experiments I and V only one sample at maturity was 

harvested. Grains were separated from the spikes and 

dried at 65 ºC and then counted, weighted and mean 

individual grain weight was determined for each plot. 

Canopy temperature depression (CTD) was calculated 

as the difference between mean air temperature and the 

canopy temperature, measured with an infrared 

thermometer (Flashpoint FT 8000, Jules Richard 

Instruments) weekly during grain filling in experiments 

III and IV. 

Grain nitrogen (N) percentage was determined using 

Near Infra Red Technology, calibrated for each species 

against Dumas combustion in experiment II, Dumas 

combustion in experiment III, and Kjeldahl 

methodology in experiments IV and V.  

 

2.3 Data Analysis 

Physiological maturity, final grain weight and its 

components were estimated by fitting the grain weight 

data over time with a sigmoidal model: 

AGW= a/(1 + exp (-b 
(Ta- Ta MGFR)

) 

where “a” is the 95% of maximum average grain 

weight, “b” is a parameter directly related to the rate of 

change in average grain weight, and MGFR (maximum 

grain filling rate) is calculated as [MGFR = ¼ a b] 

expressed in mg day
-1

. Ta is the time from anthesis 

(days) and Ta MGFR is time from anthesis to the onset of 

the maximum grain growth rate (Loss et al., 1989). 

Parameters of the curve for each treatment were 

estimated iteratively using TBL curve software (Jandel, 

1991).  Data of MGFR and duration of grain filling 

(DGF) from experiment I, from rainfed treatment for 

bread wheat in experiment III, and from experiment V 

could not be included in the analysis due to insufficient 

sampling during grain filling (experiment I and V) and 

lack of enough number of points during grain filling 

(rainfed treatment for bread wheat in experiment III). In 

each of the 38 cases analyzed in this study the model 

fitted the data reasonably well (r
2
=0.76-0.99; P<0.01). 

For each particular growing season and treatment, the 

environmental index (Finlay and Wilkinson, 1963) was 

calculated for grain weight and grain N content to 

determinate the stability of each species.  A T-Test was 

used to compare regression slopes (b coefficient) 

between wheat and barley using SAS Software.

 

Table 1. Experimental details for the five field experiments conducted in Agramunt (NE Spain). 

Experiment Specie Sowing date Flowering date
Nitrogen treatment            

(Kg N ha
-1
)

Water regime

I Barley

Bread wheat
21-Nov-03 11 May 04

31 May 04
0-40-80-120-160 and 200 Rainfed

II
Barley

Bread wheat
16-Nov-04

03 May 05

10 May 05
0 and 200 Rainfed and irrigated

III 28-Nov-05

03 May 06

09 May 06

16 May 06

0-50-100 and 150 Rainfed and irrigated

IV

Barley 

Durum wheat

Bread wheat

06-Nov-06

30 Apr 07

07 May 07

15 May 07

0-75 and 150 Rainfed and irrigated

V
Barley 

Durum wheat
22-Feb-07

21 May 07

27 May 07
0 and 150

Rainfed

Barley

Durum wheat

Bread wheat

Experiment Species Sowing date Flowering date
Nitrogen treatment            

(Kg N ha
-1
)

Water regime

I Barley

Bread wheat
21-Nov-03 11 May 04

31 May 04
0-40-80-120-160 and 200 Rainfed

II
Barley

Bread wheat
16-Nov-04

03 May 05

10 May 05
0 and 200 Rainfed and irrigated

III 28-Nov-05

03 May 06

09 May 06

16 May 06

0-50-100 and 150 Rainfed and irrigated

IV

Barley 

Durum wheat

Bread wheat

06-Nov-06

30 Apr 07

07 May 07

15 May 07

0-75 and 150 Rainfed and irrigated

V
Barley 

Durum wheat
22-Feb-07

21 May 07

27 May 07
0 and 150

Rainfed

Barley

Durum wheat

Bread wheat

Experiment Specie Sowing date Flowering date
Nitrogen treatment            

(Kg N ha
-1
)

Water regime

I Barley

Bread wheat
21-Nov-03 11 May 04

31 May 04
0-40-80-120-160 and 200 Rainfed

II
Barley

Bread wheat
16-Nov-04

03 May 05

10 May 05
0 and 200 Rainfed and irrigated

III 28-Nov-05

03 May 06

09 May 06

16 May 06

0-50-100 and 150 Rainfed and irrigated

IV

Barley 

Durum wheat

Bread wheat

06-Nov-06

30 Apr 07

07 May 07

15 May 07

0-75 and 150 Rainfed and irrigated

V
Barley 

Durum wheat
22-Feb-07

21 May 07

27 May 07
0 and 150

Rainfed

Barley

Durum wheat

Bread wheat

Experiment Species Sowing date Flowering date
Nitrogen treatment            

(Kg N ha
-1
)

Water regime

I Barley

Bread wheat
21-Nov-03 11 May 04

31 May 04
0-40-80-120-160 and 200 Rainfed

II
Barley

Bread wheat
16-Nov-04

03 May 05

10 May 05
0 and 200 Rainfed and irrigated

III 28-Nov-05

03 May 06

09 May 06

16 May 06

0-50-100 and 150 Rainfed and irrigated

IV

Barley 

Durum wheat

Bread wheat

06-Nov-06

30 Apr 07

07 May 07

15 May 07

0-75 and 150 Rainfed and irrigated

V
Barley 

Durum wheat
22-Feb-07

21 May 07

27 May 07
0 and 150

Rainfed

Barley

Durum wheat

Bread wheat
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Table 2.  Total rainfall (PP) and average for mean, maximum and minimum temperatures during grain filling for the 

five experiments at Agramunt (NE Spain) 

Experiment Water condition Species

T mean (ºC) T max (ºC) T min (ºC) ∑ PP (mm)

Exp I Rainfed Barley 20.1 27.5 12.6 14.1

2003/2004 Bread wheat 22.5 29.7 15.4 29.0

Exp II Rainfed Barley 20.7 27.8 13.6 78.2

(2004/2005) Bread wheat 21.1 28.2 14.0 75.2

Irrigated Barley 20.7 27.8 13.6 78.2

Bread wheat 22.0 29.1 14.9 84.3

Exp III Rainfed Barley 19.5 27.1 12.0 6.8

(2005/2006) Durum wheat 20.7 28.5 12.9 4.8

Bread wheat 20.9 28.8 13.0 0.0

Irrigated Barley 19.5 27.1 12.0 6.8

Durum wheat 23.0 29.0 13.7 8.0

Bread wheat 23.7 29.4 13.9 3.2

Exp IV Rainfed Barley 19.0 25.9 12.1 110.6

(2006/2007) Durum wheat 20.0 27.5 13.3 73.7

Bread wheat 21.0 27.6 13.7 72.5

Irrigated Barley 19.0 25.9 12.1 110.6

Durum wheat 20.0 27.5 13.3 73.7

Bread wheat 21.0 27.6 13.7 72.5

Exp V Rainfed Barley 21.1 28.0 14.1 69.7

(2007/2008) Durum wheat 21.0 28.1 14.0 58.9

Environmental conditions from flowering to maturity

 
 

3. Results 
3.1 Weather conditions 

Crops were exposed to a wide range of environmental 

conditions during the four growing seasons (2003/04, 

2004/05, 2005/06, 2006/07), especially in total rainfall 

and its distribution. A range of 110 mm of variability in 

total rainfall was observed during the period from 

flowering to harvest between the different treatments 

and experiments. Experiment III had the driest condition 

while experiment II and IV received more than 70 mm 

of rainfall within the post-flowering period. 

Mean minimum and maximum temperatures during the 

post-flowering period differed between species and 

years (Table 2). In general, barley grain growth 

occurred under lower mean temperatures compared to 

bread and durum wheat (Table 2). Bread wheat filled its 

grains with 2.4, 0.8, 2.7, and 2.0 ºC higher mean 

temperatures than barley for experiments I, II, III, and 

IV, respectively, while mean temperatures for durum 

wheat were 2.2 and 1.0 ºC higher than barley for 

experiments III and IV, respectively (temperatures were 

similar for grain filling in exp. V). 
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Figure 1: Coefficient of variation (a) and range of variation explored (b) for grain weight in barley against these 

parameters in bread (white symbols) and durum wheat (grey symbols) for experiments I, II, III, IV and V. 
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3.2 Grain weight and grain filling parameters 

Analysing firstly the coefficients and the range of 

variation of barley and wheat, it seemed rather difficult 

to establish any clear trend regarding stability of grain 

weight (Fig. 1). The magnitude of the variation 

explored, assessed in terms of environmental index, was 

from 28.1 to 39.3 mg grain
-1

. Grain weight 

responsiveness to changes in environmental conditions 

were relatively small in bread wheat and barley (their 

slopes did not differ statistically; 0.67 and 0.83, 

respectively) while it was rather high in durum wheat 

(1.73) (Fig. 2). Final individual grain weight ranged 

from 23.8 to 35.9, 27.6 to 42.6 and 26.2 to 47.7 mg for 

bread wheat, barley and durum wheat, respectively (Fig. 

2).  

Even when barley grain weight was determined under 

lower temperatures and earlier than wheat, it did not 

show any higher stability than grain weight of bread 

wheat, and in both cereals it was significantly more 

stable than in durum wheat. 

Grain filling parameters were affected by environmental 

conditions for the three species. Grain weight variation 

was equally explained by both MGFR and DGF 

(R
2
=0.32 P<0.001 and R

2
=0.16 P<0.01). That is, in 

some cases grain weight was more related to grain 

filling duration while in others to maximum grain 

growth rate. Regarding the variability of grain filling 

parameters, durum wheat presented the highest range 

explored for both of them (Fig. 3).  
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Figure 2: Grain weight of bread wheat, barley and 

durum wheat (white, black and grey symbols, 

respectively) as a function of the environmental index 

for grain weight for species sown in a range of 

experiments with N x water treatments. Inset table 

include the standard error of the estimation of b 

coeffient (b s.e) and R square for each species. 

 

b)

24

28

32

36

40

44

48

Durum
wheat

Bread
wheat

Barley

24

28

32

36

40

44

48

Durum
wheat

Bread
wheat

Barley

D
u
ra
ti
o
n
o
f 
g
ra
in
fi
ll
in
g
(d
) b)

1.0

1.4

1.8

Barley Bread
wheat

Durum
wheat

M
a
x
im
u
m
g
ra
in

fi
ll
in
g
ra
te
(m
g
g
ra
in
-1
d
 -
1
)

1.0

1.4

2.2

2.6

3.0

3.4

Barley Bread
wheat

Durum
wheat

a)

b)

24

28

32

36

40

44

48

Durum
wheat

Bread
wheat

Barley

24

28

32

36

40

44

48

Durum
wheat

Bread
wheat

Barley

D
u
ra
ti
o
n
o
f 
g
ra
in
fi
ll
in
g
(d
) b)

1.0

1.4

1.8

Barley Bread
wheat

Durum
wheat

M
a
x
im
u
m
g
ra
in

fi
ll
in
g
ra
te
(m
g
g
ra
in
-1
d
 -
1
)

1.0

1.4

2.2

2.6

3.0

3.4

Barley Bread
wheat

Durum
wheat

a)

1.0

1.4

1.8

Barley Bread
wheat

Durum
wheat

M
a
x
im
u
m
g
ra
in

fi
ll
in
g
ra
te
(m
g
g
ra
in
-1
d
 -
1
)

1.0

1.4

2.2

2.6

3.0

3.4

Barley Bread
wheat

Durum
wheat

a)

 
 
Figure 3: Variability explored in experiments II, III 

(irrigated treatments) and IV in maximum grain filling 

rate (a) and in duration of grain filling (b) for barley, 

bread wheat and durum wheat. Box lines, boxes and 

boxes plus bars represent mean, mean± standard error 

and mean± standard deviation, respectively. 

 

On the other hand, bread wheat had similar or lower 

variability than barley in terms of MGFR (range from 

0.93 to 1.69 mg d
-1

 and from 1.29 to 2.41 mg d
-1

 for 

bread wheat and barley, respectively) and DGF (range 

from 23.1 to 39.9 and 23.2 to 38.9 d for bread wheat and 

barley, respectively).  

Grain weight (r
2
=0.71) and MGFR (r

2
=0.53) were 

positively related to average CTD during grain filling in 

experiment III (Fig. 4), but CTD did not explain 

differences in grain weight, MGFR or DGF in 

experiment IV. CTD only explained inter-annual 

variability differences in DGF due to environmental 

conditions (r
2
=0.74). 
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3.3 Grain N content 

Durum wheat exhibited the highest values of grain N 

percentage in all the experiments (2.2, 2.0 and 2.9% for 

experiments III, IV, and V, respectively) (Fig. 5a). 

Bread wheat presented intermediate values (2.4, 2.1 and 

1.9 % for experiments II, III and IV, respectively), 

while barley always showed the lowest values (1.8, 1.8, 

1.7 and 2.4 % for experiments II, III, IV and V, 

respectively) (Fig. 5a). Barley had similar stability in 

grain N percentage to that of bread wheat and durum 

wheat (Fig 5a) (P>0.05).  

As the trends in stability of grain weight and grain N 

percentage were not in the same direction, grain N 

content, in absolute terms per grain for bread wheat, 

barley and durum wheat responded with similar 

sensitivity to the changes in environmental conditions 

(Fig 5b). In all cases, barley has the lowest N content in 

grains followed by bread wheat while durum wheat 

showed the highest values. The two data-points of 

durum wheat below the trend given by the other data 

correspond to experiment V (sown far away from the 

normal date for the region) (Fig. 5b). 
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Figure 4: Grain weight (a and b), maximum grain filling rate (c and d) and duration of grain filling in experiments 

III (left panels) and IV (right panels) as a function of average canopy temperature depression during grain filling 

period for barley (black squares), bread wheat (white circles) and durum wheat (grey triangles). Equations and 

determination coefficient were only included in panels with significant relationships. 
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Figure 5: Grain N concentration  (a) and content  (b) as a function of their environmental indices for barley (black 

squares), bread wheat (open circles) and durum wheat (grey triangles) in experiments II, III, IV and V. Grey 

triangles between parenthesis correspond to experiment V (an out of season sowing) and were not included in the 

regression. Inset table include the standard error of the estimation of b coeffient (b s.e) and R square for each 

species. 

 

4.0 Discussion 
In this study, because of experimental limitations 

(number of treatments, intensive sampling, 

methodology in each experimental unit), only one 

cultivar of each species could be used. However, they 

were carefully chosen to represent the farmer reality and 

those cultivars not only are well adapted but also are 

representatives of the farmer preference in the region (as 

indicated in Cossani et al., 2009). Therefore, although 

intra-specific genotypic variability in grain weight and 

grain filling parameters naturally exists (e.g. for bread 

wheat, Wardlaw and Moncur 1995,; for barley, Savin 

and Nicolas 1996 and for durum wheat, Alvaro et al. 

2008) the differences reported in this paper can be 

extrapolable to what can be considered “average” well-

adapted cultivars of each species.  

In the present analysis, the development rate of these 

species followed the pattern that is most usually 

reported under Mediterranean conditions: barley crops 

flowered earlier than bread and durum wheat, and 

therefore were exposed to relatively more moderate 

temperatures during grain filling than those to which the 

wheats were exposed. All species were exposed to 

negative CTD values that caused the lowest DGF. This 

is consistent with the literature, that is, the duration of 

grain filling period is reduced when high temperatures 

occur (Sofield et al.1977; Slafer and Savin, 1991; 

Warldlaw and Moncur; 1995, Tewolde et al. 2006). 

Maximum grain filling rate and grain weight were 

higher when grains were exposed to lower stress 

conditions, which produced higher CTD values in 

experiment III (Fig. 4), where crops explored the driest 

and highest temperature conditions. Even though in this 

experiment a higher stress was observed for bread wheat 

than for barley, they did not differ in MGFR stability. 

CTD did not explain grain weight or MGFR in 

experiment IV, where less stressful conditions were 

explored by the crops. As previously reported, the 

generally higher MGFR observed under the most 

stressful conditions did not compensate the reduction in 

grain filling duration (Sofield et al., 1977; Wardlaw, 

2002). 

In terms of grain N content, the three species responded 

similarly: grain N percentage increased with higher N 

availabilities at sowing. Barley had the lowest grain N 

percentages, bread wheat intermediate and durum wheat 

the highest, which is in line with expectations from the 

objectives of their breeding. Differences in grain N 

percent per se between the species are not reflecting the 

differences in their stability for this attribute. However, 

the slopes of the relationship between grain N 

percentage and the explored environments reflected a 

similar stability for bread wheat, barley and durum 

wheat. The three species tended to decrease grain N 

percentage with increases in grain weight although the 

effect was more notorious in durum wheat, maybe due 

to the fact that its grain weight stability was lower than 

in the other two cereals. Grain N content also presented 

similar stability for bread wheat, barley and durum 

wheat.  
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As the results observed in the present analysis are quite 

different when barley is compared to wheat depending 

whether the latter is bread or durum, conclusions do 

depend on the type of wheat. In regions where the 

alternative to barley is bread wheat, the general 

assumption of a higher stability of barley seems to be 

unjustified. This is the case of Mediterranean Catalonia, 

among other Mediterranean regions of the world. 

However, when the main alternative to barley is durum 

wheat (as it is the case in much of the Mediterranean 

basin), a higher stability of barley seems to be supported 

by the empirical data. 
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Abstract 
In arid and semiarid Mediterranean environments, low nitrogen and water 

availabilities are key constraints to cereal productivity. Theoretically, for a 

given level of nitrogen or water stress, crops perform better when co-

limitation occurs. We tested with data from field experiments; whether 

nitrogen (NUE) and water use efficiencies (WUE) in small grain cereals 

increase with the degree of co-limitation. Experiments were carried out 

during three growing seasons including factorial combinations of bread 

wheat, durum wheat and barley, grown under different nitrogen fertilizer 

rates and water regimes. Yield gap, and stress indices for water (WSI) or 

nitrogen (NSI) were calculated as the difference between actual water use or 

nitrogen (N) uptake and those required to achieve maximum yields. Water 

and nitrogen co-limitation was calculated as CWN =1-|NSI-WSI|.The 

relationship between yield gap (predicted grain yield at maximum WUE - 

observed grain yield), NUE, WUE and the different co-limitation indices 

were evaluated. Yield gap (range from -3.8 to -8.1 Mg ha
-1

) increased (was 

more negative) with the highest levels of stress and, as expected from theory, 

it was reduced (tended to zero) with the degree of co-limitation for a given 

level of stress. WUE ranged from 6.3 to 21.8 Kg ha
-1 

mm
-1

 with the 

maximum values observed under the maximum co-limitation conditions. 

Reduction in yield gap with increased degree of co-limitation was mainly due 

to a positive effect of this variable on WUE.  

 

 

1. Introduction 
Nitrogen (N) and water availabilities are the main 

factors affecting cereal production in semiarid or arid-

type Mediterranean environments (Passioura 2002). In 

rainfed agricultural systems, N availability for crops 

depends on the initial N soil content, and also on 

seasonal mineralization, which could be increased or 

reduced through management practices. On the other 

hand, water availability depends on the total amount of 

rainfall during fallow and growing cycle. Management 

practices as direct sowing; type of fallow, sowing rate 

and fertilization rate can decrease the proportion of 

water evaporated directly from the soil, through 

modifying the amount of water actually transpired by 

the crops (Hatfield et al. 2001). Thus, increasing the 

efficiency in the use of the rainfed and stored water 

seems to be the way to reduce the gap between 

maximum attainable and actual water use efficiency 

under rainfed systems (Sadras and Angus 2006). The 

maximum attainable grain yield of a cultivar is obtained 

when grown in environments to which it is adapted 

without limitations of biotic or abiotic stresses, and with 

pests, diseases, weeds, lodging, and other stresses 

effectively controlled (Evans and Fischer 1999). 

However, grain yield does not normally reach its 

maximum level as the most frequent agronomic 

condition is under varying degrees of stress, 

determining a yield gap. As mentioned above, water and 

nitrogen are recognized as the main factors limiting 

grain yield (and then responsible for the yield gap) in 

Mediterranean conditions. For the Mediterranean region, 

and based on published papers, Savin et al. (2006) 

reported a maximum attainable grain yield of wheat of 9 

Mg ha
-1

. 

Bloom et al. (1985) used an economy analogy to 

understand resource limitation. They proposed that 

plants modify resource allocation so that their limitation 

of growth is nearly equal for all resources. 

Consequently, plants would maximize their growth 

when different resources are similarly limiting rather 

than when growth is severely limited by a single factor. 

In other words growth and yield of stressed crops would 

be positively related to the degree of co-limitation.  

Sadras (2004) using a simulation model supported the 

hypothesis that the gap between attainable and actual 

yield of water-nitrogen-stressed crops was negatively 

related to the degree of water-N co-limitation (CWN). 

Together with this analysis, others papers from the same 

author (Sadras and Roget 2004; Sadras et al. 2004 and 

Sadras 2005) were more recently published relating 

yield gap, water use efficiency (WUE) and nitrogen use 

efficiency (NUE) to the degree of co-limitation 

supporting this theory. But in most cases, the evidences 

of limitation indices came as outputs of simulation 

exercises, with the exception of one paper published by 

Sadras et al. (2004) were they combined data obtained 
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from simulation models and experimental work. Despite 

of the usefulness of the conclusions from the previously 

mentioned works, simulated results should always be 

supported by empirical evidences before they can 

trustworthily extrapolated to realistic situations. The 

lack of enough experimental data supporting the co-

limitation theory is due to the difficulty to asses the 

limitations in water as in N at different conditions with 

the same methodology with total independence of the 

data involved in the assessment.   

In this work we aimed to test with empirical data from 

field experiments, whether NUE and WUE in small 

grain cereals increase with the degree of N-water co-

limitation determining a negative relationship between 

the difference of actual yield and maximum attainable 

grain yield and the degree of co-limitation.  

 

2. Materials and Methods 
2.1 Source of field data 

Four experiments were carried out during three growing 

seasons (2004/05, 2005/06 and 2006/07) in Agramunt 

(lat. 41º 47´17´´ N, long. 1º 5´59´´ E, altitude 43 337 m, 

Catalonia, north-eastern Spain) a typical Mediterranean 

growing region (Fig. 1). Experimental treatments 

consisted of the factorial combinations of bread wheat, 

durum wheat and barley, with different nitrogen (N in 

soil or that plus N as fertilizer) and water (rainfed and 

irrigated) availabilities using three repetitions in each 

experiment (Table 1). It was used a single cultivar 

representing each species choosing, cultivars that are 

well adapted and represent the reality of the farmers as 

it is explained detailed in Cossani et al. (2009). For each 

experiment grain yield, evapotranspiration from 

emergence to harvest, and N uptake were measured, and 

then, WUE, NUE and N utilization efficiency (UtE) 

were calculated as the ratios of yield to water use, N 

availability and N uptake respectively. Water used 

(evapotranspiration) (WU) from seedling emergence to 

harvest was calculated as WU = Water content in soil 

initial (mm) + Precipitation (mm) + Irrigation (mm) – 

Water content in soil harvest (mm). Total biomass and 

grain yield were determined by sampling each 

experimental unit at harvest. N availability was 

calculated as the amount of N uptake by the crops and 

the N residual in soil at harvest measured at 1 m depth 

and using Nitracheck reflectometer methodology 

(Merckoquant Nitrate strips). N uptake was determined 

by analyzing biomass samples taken at harvest and 

previously determining N concentration in stems, leaves, 

spikes and grains at maturity by near infrared 

reflectance methodology, calibrated specifically for 

each case with Dumas combustion, in experiments I and 

by Dumas combustion in experiment II and with 

Kjeldahl in experiments III and IV. 
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Figure 1. Average monthly precipitations, reference 

evapotranspiration, and mean temperatures from 1992 

to 2004). The data is from the meteorological station at 

15 km from Agramunt. The different phenological 

stages from wheat and barley are represented  

 

 

Table 1. Ranges of grain yield, water use efficiency (WUE) and, nitrogen use efficiency (NUE) explored in the four 

different growing seasons at Agramunt (NE Spain).  

 

Growing season Species Grain yield (Mg ha
-1

) WUE yield (Kg grain ha
-1

mm
-1

) NUE (kg grain kg N in soil
-1

)

2004/2005 Barley 0.9 - 4.8 6.3 - 13.4 2.9 - 24.4

Bread wheat 1.5 - 5.3 9.5 - 14.1 4.7 - 33.9

2005/2006 Barley 4.4 - 6.3 18.1 - 21.5 11.5 - 29.5

Bread wheat 3.0 - 5.6 12.7 - 17.4 11.3 - 27.8

Durum wheat 3.8 - 5.4 14.5 - 21.8 15.5 - 27.6

2006/2007 Barley 5.5 - 10.2 11.6 - 23.0 23.8 - 33.2

Bread wheat 4.4 - 7.5 6.7 - 17.1 26.7 - 30.3

Durum wheat 5.5 - 8.7 8.7 - 23.0 24.8 - 29.2

2007 Barley 2.3 - 3.0 7.3 - 10.0 6.9 - 18.4

(late sowing) Durum wheat 2.8 - 3.3 9.1 - 10.2 7.0 -16.2

Growing season Species Grain yield (Mg ha
-1

) WUE yield (Kg grain ha
-1

mm
-1

) NUE (kg grain kg N in soil
-1

)

2004/2005 Barley 0.9 - 4.8 6.3 - 13.4 2.9 - 24.4

Bread wheat 1.5 - 5.3 9.5 - 14.1 4.7 - 33.9

2005/2006 Barley 4.4 - 6.3 18.1 - 21.5 11.5 - 29.5

Bread wheat 3.0 - 5.6 12.7 - 17.4 11.3 - 27.8

Durum wheat 3.8 - 5.4 14.5 - 21.8 15.5 - 27.6

2006/2007 Barley 5.5 - 10.2 11.6 - 23.0 23.8 - 33.2

Bread wheat 4.4 - 7.5 6.7 - 17.1 26.7 - 30.3

Durum wheat 5.5 - 8.7 8.7 - 23.0 24.8 - 29.2

2007 Barley 2.3 - 3.0 7.3 - 10.0 6.9 - 18.4

(late sowing) Durum wheat 2.8 - 3.3 9.1 - 10.2 7.0 -16.2
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For each experimental plot, WUE was calculated as the 

ratio between grain yield and water used (WU). Also 

UtE was calculated as the ratio between grain yield and 

N uptake. Finally, NUE was calculated as the ratio 

between grain yield and N availability for each 

experimental plot. 

Due that the main objective of the present paper is to 

analyze the relationships between yield gap, WUE, 

NUE, UtE and limitation or co-limitation indices, Table 

1 only shows the ranges of grain yield, NUE and WUE 

for each experimental year 

 

2.2 Assessment of yield gaps and stress levels 

Maximum attainable yield was assumed to be fixed in 9 

Mg ha
-1

 (Savin et al. 2006; Abeledo et al. 2008) for 

bread wheat, as well as for durum wheat and barley. 

Yield gap was calculated following Sadras (2004) as the 

difference between actual yield and maximum attainable 

yield obtained in each treatment and experiment in the 

field. 

Water and N stress indices were calculated for each 

treatment and specie in all the experiments using as 

reference the indices calculated by Sadras and Roget 

(2004). However, in this work the stress indices were 

calculated for the whole growing season. In addition, 

the relative differences between actual water used and 

water requirements for maximum yield determined for 

the region and actual N uptake measured and N 

requirements for maximum yield in the plot treatments 

were used to calculate stress indices.  

Water stress-index (WSI) was calculated as the 

difference between evapotranspiration requirements for 

maximum yield (9 Mg ha
-1

) using the boundary function 

proposed by Sadras and Angus (2006) for maximum 

attainable WUE (22 kg ha
-1

 mm
-1

), and was defined as 

expressed in Equation 1.  

Nitrogen stress-index (NSI), was calculated using the 

requirements to produce 9 Mg ha
-1

 using as reference a 

requirement of 30 kg N Mg grain
-1

 which is equivalent 

to standard values of c. 12% protein concentration in 

grains and a NHI of 0.70 as expressed in Equation 2. 

In this case, stress indices represent limitation in 

resources availability (water or nitrogen) during the 

growing period of the crops. The stress indices range 

from 0 (no stress) to 1 (maximum stress) for both water 

and N.  As in Sadras (2004), NSI and WSI were used to 

calculate different stress indices to quantify the intensity 

of the stress. They were total stress index (TWN) and 

maximum stress index (MWN) expressed as Equations 3 

and 4, respectively.  

 

TWN  = NSI + WSI   [ Eq. 3 ] 

 

MWN  = Max (NSI, WSI)   [ Eq. 4 ] 
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A co-limitation index (CWN) was calculated as Equation 

5, tending to 1 when the magnitude of the limitation in 

water was similar to the limitation in N. However, as it 

was indicated in Sadras (2004) to account for the 

intensity of the stress with the degree of co-limitation 

two additional indices: co-limitation accounting for the 

total stress (CTWN ) and co-limitation accounting for the 

maximum stress (CMWN) which were calculated as 

expressed in Equations 6 and 7, respectively.    

 

CWN = 1- | NSI-WSI |   [ Eq. 5 ]                                             

CTWN = CWN TWN
-1  

[ Eq. 6 ]   

CMWN = CWN MWN
-1

  [ Eq. 7 ] 

 

After the calculation of the stress and co-limitation 

indices, a data screening was performed, in order to 

follow similar steps of the simulation model. In 

consequence only the cases that satisfy the following 

items were used: 

(i) Both NSI and WSI estimations were 

higher than 0 and lower than 1 following 

the values reported by the APSIM model 

used by Sadras (2004). 

(ii) Water availability (Initial content + 

rainfall + Precipitation) was lower than 

400 mm following Sadras (2004). 

Regression analysis was used to explore the relationship 

between yield gap, WUE, NUE and UtE and the indices 

in Equations 1 to 8. 

 

3. Results 
3.1 Yield gap vs. limitation and co-limitation indices 

Yield gap between actual and maximum attainable 

yields ranged from -3.8 to -8.1 Mg ha
-1

 across the 

different growing seasons and treatments analyzed (Fig. 

2). During 2004/2005 growing season, the highest yield 

gap (more negative) was observed in rainfed treatment. 

Yield gap was lower (closer to 0) with the higher level 

of N input, and the trend was similar for bread wheat, 

barley and durum wheat (Fig. 2). Yield gap was 

negatively related to both TWN (Fig. 3a) and MWN (Fig. 

3b), i.e. yield gap was more negative as the TWN  or MWN 

increased.  Yield gap tended to increase more markedly 

(be more negative) with the maximum stress index than 

with total stress index (rates: -10.32 Mg ha
-1

 per unit of 

MWN  vs  -5.59 Mg ha
-1

 per unit of TWN). On the other 

hand, there was a clear decrease in yield gap with 

increases in the degree of co-limitation expressed as 

CTWN., or CMWN (Fig. 3c,d). 

 

 

3.2 Water use and N use efficiencies vs. limitation and 

co-limitation indices 

WUE was negatively related to total (TWN) and 

maximum (MWN) stresses indices (Fig. 4 a,b). 
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Figure 2. Yield gap (actual yield - maximum attainable 

yield) observed in rainfed treatments from 2004/05 and 

2005/06 growing seasons for barley (black bars), bread 

wheat (white bars) and durum wheat (grey bars) under 

different fertilizers treatments. 

 

The rate of decrease in WUE was approximately double 

when stress was expressed as MWN (30.75 Kg grain ha
-1

 

mm
-1

 [MWN unit]
-1

) than when expressed as TWN (17.74 

Kg grain ha
-1

 mm
-1

 [TWN unit]
-1

). Similarly to yield gap, 

WUE was positively related to the degree of co-

limitation (CTWN and CMWN; Fig. 4 c,d). WUE reached 

its maximum values when the degree of co-limitation 

was c. 1 for CTWN and 1.7 for CMWN. 

Although the general trends were similar to those of 

WUE, neither NUE nor UtE were significantly related 

to water-nitrogen limitation or co-limitation indices. 

Regarding the independent effect of water or N stress, 

yield gap and WUE were closely and negatively related 

to WSI and NSI (yield gap was more negative, and 

WUE decreased, with higher stress) while NUE or UtE 

were not (Table 2). In general, slopes were stronger and 

coefficients of determination higher for the relationships 

with WSI than with NSI (Table 2). 

 

4. Discussion 
Yield gap, as well as WUE, was positively related to the 

degree of co-limitation for barley, bread wheat and 

durum wheat. Previous approaches analyzing the 

relationship between yield gap and co-limitation indices 

suggested their positive effects on yield and biomass 

production for wheat crops in the Mallee region of 

Australia (Sadras and Roget 2004; Sadras2004). 

However, these conclusions and the indices calculated 

in those works corresponded to stress indices derived 

from simulation models. In this study, similar 

relationships were found between yield gap and the co-

limitation indices based on field data.  

Results coincided with those reported by Sadras (2005) 

where yield gap is reduced, while WUE increased, with 

increase degree of co-limitation. However, in the 

present study, NUE and UtE were not significantly 

related to degree of water-nitrogen co-limitation.  
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Table 2. Determination coefficient and slope of the relationship between yield gap, water use efficiency stress 

indices (WUE), nitrogen use efficiency (NUE) and nitrogen utilization efficiency (UtE) with independent resources 

(NSI and WSI). P-values are reported in parenthesis. 

 

Independent variable

NSI WSI

Dependent variable Slope     R square                           Slope R square

Yield gap (Mg ha-1) -8.11      0.87 (0.0001)                  -12.45 0.81 (0.0001)

WUE (Kg grain ha-1 mm-1)            -22.12      0.68 (0.0001)                  -31.09       0.53 (0.001)

NUE (Kg grain Kg N available 
-1)      -13.29        ns. -35.40 0.31 (0.02)

UtE (Kg grain Kg N in biomass
-1)        1.74         ns. -7.41 ns.

Independent variable

NSI WSI

Dependent variable Slope     R square                           Slope R square

Yield gap (Mg ha-1) -8.11      0.87 (0.0001)                  -12.45 0.81 (0.0001)

WUE (Kg grain ha-1 mm-1)            -22.12      0.68 (0.0001)                  -31.09       0.53 (0.001)

NUE (Kg grain Kg N available 
-1)      -13.29        ns. -35.40 0.31 (0.02)

UtE (Kg grain Kg N in biomass
-1)        1.74         ns. -7.41 ns.
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Figure 3. Relationship between yield gap (Kg grain ha

-1
) and the different estimated limitation indices: (a). total 

water-nitrogen stress index (TWN); (b). Maximum water-nitrogen stress index (MWN); (c) degree of co-limitation 

accounting the intensity of the stress with total stress (CTWN); (d) degree of co-limitation accounting the intensity of 

the stress with maximum stress (CMWN) for wheat and barley crops. 
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Figure 4. Relationship between water use efficiency (WUE) and the different estimated limitation indices: (a) total 

water-nitrogen stress index (TWN); (b) maximum water-nitrogen stress index (MWN); (c) degree of co-limitation 

accounting the intensity of the stress with total stress (CTWN); (d) degree of co-limitation accounting the intensity of 

the stress with maximum stress (CMWN) for wheat and barley crops. 

 
Comparatively with the previous published results, in 

the present paper resource use efficiencies (WUE, NUE, 

UtE) accounting for grain yield rather than for biomass 

production, providing added value for the applications 

of the results.  

Results of the analysis indicated that N availabilities 

(given by the sum of N in soil, N fertilizer, N mineralization) need 

to be matched to water availabilities during the whole 

growing cycle to maximize grain yields. This is partly 

line with findings by De Wit (1992) who reported 

various cases of interactions between nutrients 

(including N and water) giving empirical support to the 

Liebscher's law of the optimum (that assumes that use 

efficiency of a nutrient increases when the availability 

of another nutrient gets closer to the optimum). While 

De Wit (1992) stimulating paper proposed that 

resources are used more efficiently with increasing 

availability of other resources, what Sadras (2004, based 

on model outputs) and we (in this paper, based on 

realistic field data) suggest is that resources are used 

more efficiently when there is a balance in availabilities, 

reflected by the degree of co-limitation. Additionally, 

Sinclair and Park (1993) also indicated that crop yield is 

frequently limited by the interaction between resources 

rather than by only one factor. These authors reported 

the inadequacy of the Liebig’s law of the minimum 

indicating compensation among resources through plant 

acclimations, according with the economic analogy 

presented by Bloom et al. (1985). Gajri et al. (1993), 

using multiple regression including water supply and 

applied N, had reported a strong water-nitrogen 

interdependence for increasing grain yield of wheat. 

Consequently, information concerning the stored soil 

water at sowing time and seasonal rainfall variability 

seems to be a key piece to estimate the N inputs for 

rainfed cereals crops under Mediterranean conditions. 

Different response to similar N input as affected by the 

different stored soil water (as a consequence of soil type) 

were reported by Asseng et al. (2001) for wheat crops 

using simulation models. This is in line with the 

previously reported results for Australian environments 

(French and Shultz 1984a and 1984b; van Herwaarden 

et al. 1998a, b and c; and Sadras 2002). Adjusting N 

inputs to water availability (increasing degree of co-

limitation) during the growing season allow increasing 

grain yield. This is like the fact that balanced N 

The present chapter is actually under revision in
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provision may avoid excess of water consumption 

during earlier stages in soils depending of the stored soil 

water (van Herwaarden et al. 1998a, c).  

Also for other regions (India), Aggarwal and Kalra 

(1994) using simulation models indicated the 

importance of adjusting N availability depending on 

water availability indicating for wheat crops that the 

amount of N fertilizer applied should be closely linked 

to the amount of irrigation and considering climatic 

variation as well.  

In this study, we suggest a positive effect of co-

limitation on WUE and a negative effect on yield gap, 

coinciding with the previous reported results (Sadras 

and Roget 2004; Sadras, 2004) but differing with the 

temporal scale used. The co-limitation degree at which 

minimum yield gap is found, coincides with the highest 

levels of WUE for the experimental plots, actually 

achieving maximum attainable WUE values for 

Mediterranean region (Sadras and Angus 2006). Also, 

in the present study, the relationship between yield gap 

or WUE and degree of co-limitation is presented with 

an asymptotic response due to the fact that there is a 

limit in yield responses to WUE and in NUE.  

Yield gaps obtained (3.8 to 8.1 Mg ha
-1

) in the present 

analysis coincide with the yield gap calculated with data 

available at regional level for the county of Agramunt 

during the period 1992-2004 (Anonymous 1992-2004). 

In this region, yield gaps (including irrigated and 

rainfed cultivated crops) ranged from 3.1 to 7.3 Mg ha
-1

 

for bread wheat and from 2.9 to 6.9 Mg ha
-1

 for barley 

corresponding the lower yield gaps to the irrigated crops. 

The minimum yield gap calculated under rainfed 

conditions was 5.5 Mg ha
-1

 during the period 1992-2004. 

For the analysis offered, we imposed a number of 

restrictions to facilitate the approach. We assumed a 

maximum yield in Mediterranean regions of 9 Mg ha
-1

, 

from a particular study on wheat in Mediterranean 

regions, we limited the cases analyzed to those with 

available water ≤ 400 mm, and we assumed 60 mm of 

soil evaporation. All these restrictions might have 

influenced the outcome of the analysis. We tested this 

likely bias by doing the analysis with different 

retractions. For instance by using the maximum 

obtained yield for each species in this study as the 

specific maximum yield, and by rising fixed evaporation 

to 110 mm. Results of such analysis did not modify the 

conclusions of the study, as there was not a noteworthy 

change of the trends reported (Figure 5). Also a strong 

positive relationship (with intercept very close to zero 

and slope very close to 1 and R
2
=0.95 P<0.001) 

between stress and co-limitation indices calculated as 

we did in the study and by using these alternatives limits 

(data not shown). 

The analysis performed in this work allowed explaining 

the differences of actual with maximum attainable grain 

yield in terms of the resource availabilities and resource 

use efficiency with a combined effect of water and N 

stresses. This is based on the theory suggested by 

Bloom et al. (1985) and the previously reported case for 

the wet meadows in Western Europe where N-P-K co-

limitation were limiting the productivity (Venterink et al. 

2001). 
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Figure 5. Yield gap as a function of the co-limitation index accounting for total stress for two possible alternatives. 

(a) Using maximum yields attained of each species at experimental conditions to estimate yield gaps. (b) Using 

maximum yields attained of each species at experimental conditions and raised fixed evaporation to 110 mm. In 

both cases, closed symbols represents all the experimental cases with limitations indices (NSI or WSI) between 0 

and 1 and open symbols represents the previous data used with the yield gaps and co-limitation index re-calculated. 
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Although analyses of yield restrictions imposed by 

simple factors are doubtless relevant and posses 

empirical value beyond discussion, this approach adds a 

further step in the analysis of yield penalties due to the 

interactions between limiting factors for cereal 

production. 

In conclusion, we found not only a confirmation that 

yield of small grain cereals is co-limited by water and N 

under Mediterranean conditions, but also provided for 

the first time empirical evidences that that yield, as well 

as WUE, is positively related to the degree of co-

limitation for both factors. Further estimation of water 

and N co-limitation indices, in a wider range of 

environments (locations x years) may constitute a 

quantitative useful tool, together with simulation models, 

to improve WUE under Mediterranean conditions 

 

Acknowledgements 
This work was supported by a grant from Ministry of 

Science and Technology of Spain (AGL2006-07814) 

and by WatNitMED an INCO-Project of the European 

Union. CMC held a scholarship from WatNitMED and 

later a PhD scholarship supported by Comissionat per a 

Universitats i Recerca del DIUE de la Generalitat de 

Catalunya i del Fons Social Europeu. We are grateful to 

comments and suggestion made by Victor O. Sadras in 

early version of the manuscript 

 

References 
Abeledo, L.G., Savin, R., Slafer, G.A. (2008). Wheat 

productivity in the Mediterranean Ebro Valley: 

Analyzing the gap between attainable and potential 

yield with a simulation model. European Journal of 

Agronomy. 28, 541-550. 

Anonymous  (Departament d’Agricultura, Ramaderia i 

Pesca) (1992–2004). Yearbooks of Agricultural, 

Livestock and Fisheries Statistics of Catalonia. 

Ministry of Agriculture, Livestock and Fishing of 

Catalonia. Barcelona, Spain. 

Asseng, S., Turner, N.C., Keating, B.A. (2001). 

Analysis of water- and nitrogen-use efficiency of 

wheat in a Mediterranean climate. Plant and Soil. 

233, 127-143. 

Aggarwal, P.K., Kalra, N. (1994). Analyzing the 

limitations set by climatic factors, genotype, and 

water and nitrogen availability on productivity of 

wheat II. Climatically potential yields and 

management strategies. Field Crops Research. 38, 

93-103. 

Bloom, A.J. Chapin, F.S.I., Mooney, H.A. (1985). 

Resource limitation in plants – an economic analogy. 

Annual Review of Ecology and Systematics. 16, 363-

392. 

Cossani, C.M., Slafer, G.A., Savin, R. (2009). Yield and 

biomass in wheat and barley under a range of 

conditions in a Mediterranean site. Field Crops 

Research, 112, 205-213. 

De Wit, C.T. (1992). Resource Use Efficiency in 

Agriculture. Agricultural Systems. 40, 125-151. 

Evans, L.T., Fischer, R.A. (1999). Yield potential: its 

definition, measurement, and significance. Crop 

Science. 39, 1544–1551. 
French R.J., Schultz, J.E. (1984)a. Water use efficiency 

of wheat in a Mediterranean-type environment. I. 

The relation between yield, water use and climate. 

Australian Journal of Agricultural Research, 35, 743-

764. 

French R.J., Schultz, J.E. (1984)b. Water use efficiency 

of wheat in a Mediterranean-type environment. II. 

Some limitations to efficiency. Australian Journal of 

Agricultural Research. 35, 765-775. 

Gajri, P.R., Prihar, S.S., Arora, V.K. (1993). 

Interdependence of nitrogen and irrigation effects on 

growth and input-use efficiencies in wheat. Field 

Crops Research. 31, 71-86. 

Hatfield, J.L., Sauer, T.J., Prueger, J.H. (2001). 

Managing soils to achieve greater water use 

efficiency: A review. Agronomy Journal. 93, 271-

280. 

Passioura, J.B. (2002). Environmental biology and crop 

improvement. Functional Plant Biology. 29, 537–546. 

Sadras, V.O. (2002). Interaction between rainfall and 

nitrogen fertilisation of wheat in environments prone 

to terminal drought: economic and environmental 

risk analysis. Field Crops Research. 77, 201-215. 

Sadras, V.O. (2004). Yield and water use efficiency of 

water-and nitrogen-stressed wheat crops increase 

with degree of co-limitation. European Journal of 

Agronomy. 21, 455-464. 

Sadras, V.O. Roget, D.K., (2004). Production and 

Environmental Aspects of Cropping intensification in 

a Semiarid Environment of Southeastern Australia. 

Agronomy Journal. 96, 236-246. 

Sadras, V.O., Baldock, J.A., Cox, J.W., Belloti, W.D. 

(2004). Crop rotation effect on wheat grain yield as 

mediated by changes in the degree of water and 

nitrogen co-limiation. Australian Journal of 

Agricultural Research. 55, 599-607. 

Sadras V. O. (2005). A quantitative top-down view of 

interactions between stresses: theory and analysis of 

nitrogen-water co-limitation in Mediterranean agro-

ecosystems. Australian Journal of Agricultural 

Research. 56, 1151-1157. 

Sadras, V.O., Angus, J.F. (2006). Benchmarking water-

use efficiency of rainfed wheat in dry environments. 

Australian Journal of Agricultural Research. 57, 847-

856.  

Savin, R., Sadras, V.O., Slafer, G.A. (2006). Do 

Mediterranean environments set up an upper limit in 

wheat nitrogen use efficiency?. In: Bibliotheca 

fragmenta Agronomica. Vol.11. Books of 

The present chapter is actually under revision in
Crop & Pasture Science



Chapter VI 

 85 

proceedings, part I. European Society for Agronomy, 

Polish Society for Agronomy. IX ESA Congress, 4-7 

September 2006. Warsaw, Poland. 439pp 

Sinclair, T.R., Park, W.I. (1993). Inadequacy of the 

Liebig limiting-factor paradigm for explaining 

varying crop yields. Agronomy Journal. 85, 742-746. 

van Herwaarden, A.F., Farquhar, G.D., Angus, J.F., 

Richards, R.A., Howe, G.N. (1998)a. ‘Haying-off’, 

the negative grain yield response of dryland wheat to 

nitrogen fertiliser  I. Biomass, grain yield, and water 

use. Australian Journal of Agricultural Research. 49, 

1067-1081. 

van Herwaarden, A.F., Angus, J.F., Richards, R.A., 

Farquhar, G.D. (1998)b. ‘Haying-off’, the negative 

grain yield response of dryland wheat to nitrogen 

fertiliser II. Carbohydrate and protein dynamics. 

Australian Journal of Agricultural Research. 49, 

1083-1093. 

van Herwaarden, A.F., Richards, R.A., Farquhar, G.D., 

Angus, J.F. (1998)c ‘Haying-off’, the negative grain 

yield response of dryland wheat to nitrogen fertiliser 

III. The influence of water deficit and heat shock.  

Australian Journal of Agricultural Research. 49, 

1095-1110. 

Venterink, H.O., van der Vliet, R.E., Wassen, M.J. 

(2001). Nutrient limitation along a productive 

gradient in wet meadows. Plant and Soil, 234, 171-

179 

 

The present chapter is actually under revision in
Crop & Pasture Science





 

 87 

Chapter VII 

 

 

 

 

 
General discussion 

 

 

 

 

 

 

 

 

 





Chapter VII 

 89 

General discussion  

Brief introduction 
The general discussion of the present thesis is written in 

three different sections in order to provide a global 

vision and its main contributions to crop-physiological 

knowledge.  

The first section constitutes a global discussion per se of 

the thesis highlighting main results and findings. It 

integrates the results of all the experiments of each 

chapter previously reported, as well as their main 

conclusions, strengths and weaknesses. In turn, in this 

section I aimed to provide a global vision of the 

statements included in the objectives in terms of new 

findings or contributions and comparisons with the 

available research. Firstly, differences between wheat 

and barley performance are analyzed in terms of grain 

yields, and resource use and resource use efficiency for 

the Mediterranean region. Secondly, it is presented the 

main determinants of the variability in the grain yields, 

resource use and resource use efficiencies. Also, 

conditions allowing to reduce yield gaps between actual 

and maximum attainable grain yields are presented 

using jointly all the data available for the present thesis.  

The second section titled “Future research” reports on 

likely opportunities for future research lines that, I 

believe, could be worthwhile pursuing based on the 

results provided in the thesis.  

Finally, the third section titled “Conclusions” 

summarizes the main conclusions of the present thesis.  

 

1. Integrated vision of the problematic in 

terms of species performance 
There is a large amount of data available in the literature 

for wheat and for barley performance, in terms of grain 

yield in Mediterranean regions under a wide range of 

conditions. However, direct comparisons between 

cereals cannot be made rigorously without growing the 

different species in the same experiment. The present 

thesis contributes to the knowledge presenting reliable 

comparisons for wheat and barley that were not 

available for the region. Also, experimental data for it or 

other Mediterranean regions is not abundant except for 

the cases presented here (Chapter II, Figure 1) and some 

papers that appeared during the execution of the 

research for the present thesis (Katerji et al., 2008; 

Katerji et al. 2009; Ferrante et al. 2009; Albrizio, 2010). 

In the present thesis, both wheats (durum and bread) 

were compared to barley in terms of grain yield, 

resource use and resource use efficiency in different 

conditions mainly generated by water and nitrogen 

availabilities. The comparisons of grain yield (24 cases 

for bread wheat and barley and 16 cases for durum 

wheat and barley) allowed exploring a wide range of 

grain yields from 0.8 to 10 Mg ha
-1

, although the main 

interest of the thesis was on stressed conditions 

(generally yielding conditions lower than 3-4 Mg ha
-1

). 

As some of the seasons were relatively wet (either more 

humid than usual throughout or at least during the 

spring), across all the experimental comparisons carried 

out in Western Catalonia for the present thesis, there 

were only four cases where the performances of bread 

or durum wheat and barley were actually compared 

under harsh drought conditions, severely limiting grain 

yields (see rainfed treatments of experiment II in 

Chapter II, Chapter III and Chapter IV for bread wheat, 

and experiment V of Chapter III for the case of durum 

wheat). In terms of grain yield, it can be concluded from 

the experimental data that is not clear at all that barley 

yield consistently more than wheat in stressed 

Mediterranean environments. At the worst environments, 

wheat (bread wheat or durum wheat) and barley did not 

differ significantly. Shillinger, (2003), for the Pacific 

Northwest region of the USA, did not find consistent 

differences between bread wheat and barley yields 

either (in one year differences were not significant, 

while in two other years barley yielded more than wheat, 

and in a fourth year bread wheat yielded more than 

barley). This lack of consistent differences in favour of 

barley is in line with what was observed for the 

Mediterranean regions reported in Chapters of the 

present thesis as well as in French and Ewing (1989), 

Simpson and Siddique (1994), Palumbo and Boggini 

(1994), and Albrizio et al. (2010), although conflicts 

with the results reported by other authors (Gregory et al. 

1992; Josephides 1993; López-Castañeda and Richards 

1994). Also some other papers the authors indicate 

better performance of barley, although such indication 

seemed most based in speculation than in robust 

evidences, as it is not unsupported by their own reported 

data on yield (Acevedo 1987; Austin et al. 1998). 

Recently, Katerji et al. (2009) using soil lisimeters 

reported a similar reduction (37%) in grain yield for 

durum wheat and barley caused by drought at three 

different salinity levels. In addition, some comparisons 

using simulation models were reported for the 

Mediterranean region (Wahbi and Sinclair 2005) 

indicating no or little differences between bread wheat 

and barley yields stressing the needs of more rigorous 

information being developed regarding both species 

performances. However, when environmental 

conditions become less stressful (yields higher than 3 

Mg ha
-1

) barley generally yielded more than durum 

wheat in one of the three experiments (and only under 

irrigated conditions of other experiment) of the present 

Thesis while it yielded lower or similar to bread wheat 

in two of the four comparisons and higher in the other 

two. It is indicating that barley seems to be as good as 

bread wheat under stressful conditions and under high 

yielding conditions.  
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Comparing the yield experimental performance with the 

regional data for Catalonia (Fig. 1) the same tendency 

can be observed (Chapter II; Figure 5). Although the 

analysis made with regional yields could be supposedly 

weak and biased (as farmers in the region would grow 

barley in poorer environmental conditions than those of 

wheat) I understand that a rather large database would 

preclude such a bias, and the regional database used was 

actually quite large (533 comparisons). Further 

supporting the incipient conclusion based on regional 

data, historical yields for bread wheat and barley during 

the (1820-1935) period also indicates similar 

performance at regional level for Catalonia (Garrabou et 

al. 1995). 

This thesis contributes to this debate by having made 

the required comparisons of grain yield performance of 

wheat and barley through a wide range of conditions. 

The evidences that emerged corroborate the similitude 

in yield performance. The conclusion indicates that 

there is not a universal advantage in grain yield of 

barley over bread or durum wheat. It seems now not 

justified a continuous barley monoculture in arid or 

semi-arid Mediterranean zones based on that supposedly 

consistent better performance than wheat in particularly 

poor conditions. Likewise, it should be maintained the 

environmental limits defining the land use reported by 

other authors (López-Bellido 1992; Anderson and 

Impiglia 2002; Ryan et al. 2008), as those limits were 

based on empirical land use rather than in crop 

performance (they could be still maintained as a 

descriptive scenario of reality, whilst it stands, but not 

as a guide or recommendation). Although nowadays 

durum wheat is practically not cultivated in Catalonia, 

the present Thesis shows the potential for its cultivation, 

if the gross margin is adequate.  

Analyzing the results of the performance of the cultivars 

used for each species in the Catalonian cultivars 

evaluation network (Xarxa d’Experimentió de Varietats 

de Cereal d’ Hivern from Catalonia) during the same 

period of the experiment (DAAR 2005, 2006, 2007, 

2008), it can be observed that differences between bread 

wheat and barley are similar to the observed in the 

experiments of the present Thesis without indicating a 

superiority of barley in the lowest-yielding conditions 

(Fig. 2). Similar results are observed for the nurseries 

from three sites of Syria (Acevedo 1987). However, in 

these networks, cultivars of each different species were 

not included within the same experimental design. 

Unfortunately there is no information available from the 

same network for durum wheat in Catalonia. 

In all the cases, the differences between wheat (durum 

or bread) and barley as well as the differences between 

treatments within each experiment were mainly related 

to differences in resource use efficiency. Regarding the 

performance of barley and wheat in terms of resource 

use efficiency (in this case water and nitrogen), the 

present Thesis reported that under severe drought 

conditions barley did not present clear advantages over 

bread or durum wheat (Chapter IV). However, similarly 

to what was observed for grain yield, there were cases 

of higher WUE yield or NUE of barley over wheat 

(durum or bread) under moderate and mild stress 

conditions. Albrizio et al. (2010) reported similar WUE 

yield for durum wheat and barley under different N and 

water availabilities in other Mediterranean region (Bari, 

Italy). Also experimental data reported comparatively 

for bread wheat, barley or durum wheat indicates a 

similar WUE yield stability for barley and durum or bread 

wheat in their response to different salt concentrations 

(Katerji et al. 2009).  
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Figure 1: Bibliographic, regional and experimental data of barley grain yield as a function of the (a) bread wheat 

grain yield and (b) durum wheat grain yield. Black symbols represent regional data for Catalonia, circles represent 

experimental data from this thesis and triangles represent experimental data taken from other sources (Simpson and 

Siddique 1994; Palumbo and Boggini 1994 for bread wheat; and Katerji et al. 2009; Albrizio et al. 2010 for durum 

wheat) and squares represent historical data (Garrabou et al. 1995) for Catalonia 
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Figure 2: Relationship between bread wheat and 

barley grain yield for the experiments of the present 

thesis (open circles), Catalonian cultivars evaluation 

network (Xarxa d’Experimentió de Varietats de 

Cereal d’ Hivern) (closed triangles) and from the 

nurseries results reported by Acevedo (1987) (open 

triangles). In the case of the networks, each data point 

is the average of all cultivars used for each species. 

 
In contrast, a higher WUE yield in barley than in wheat 

was reported in two different low-yielding regions 

(one of typical Mediterranean climate) of Australia 

(Simpson and Siddique 1994; López-Castañeda and 

Richards, 1994b). These authors indicated the 

superiority of barley to be based on differences in 

early vigor (López-Castañeda and Richards, 1994b; 

López-Castañeda et al. 1995) or in intercepted 

radiation (Richards, 1992).  

Regarding NUE, the differences between wheat and 

barley were even less clear than for WUE (Chapter 

IV). In terms of the sub-components that determine 

NUE (N uptake efficiency and N utilization 

efficiency) it was observed in the present thesis that 

differences between the species were in some cases in 

favor to barley whilst in others to wheat, or not 

significant (Fig. 3).  

In the few published papers that include NUE data 

for the species studied in the present thesis, one of 

them (Arregui and Quemada 2008) used exactly the 

same cultivars of bread wheat (Soissons cv.) and 

barley (Sunrise cv.), and also reported a similar NUE 

for bread wheat and barley, supporting the results of 

the present thesis. However, the comparison of the 

mentioned reference was made in different years for 

bread wheat and barley and is not strictly correct to 

compare them. Delogu et al. (1998) reported higher N 

utilization efficiency in barley than in wheat for high-

yielding environments. This is in line with what has 

been observed in the highest yielding years of the 

present thesis in which barley exhibited higher values 

for both sub-components of NUE in two of the three 

locations were observed. Murineen et al. (2006) reported a 

higher genetic gain in breeding for bread wheat than for 

barley, but a comparison with results of the present thesis 

can be hardly made, as that study was performed in 

Northern European conditions (Finland).  

The three species presented similar amount of N uptake in 

the stressed conditions in concordance with the 

inconsistent differences in grain yield or N utilization. 

Also, in the highest yielding conditions the maximum 

values of N uptake observed for durum wheat and barley 

were similar. Neither barley nor wheat (durum or bread) 

exceeded the upper-limits estimated by Savin et al. (2006) 

for N utilization efficiency. The highest amount of N 

uptake, as well as the highest N uptake efficiency and 

NUE, was reached with approximately 400 mm of evapo-

transpirated water by the crops.  

Comparisons between wheat and barley in terms of WUE 

yield or NUE of other scientific experiences under 

Mediterranean regions are not abundant. The few studies 

reporting comparisons of wheat and barley in the literature 

(Simpson and Siddique 1994; Delogu et al. 1998; Arregui 

and Quemada 2008; Albrizio 2010) together with the 

experimental results of the present thesis, do not allow 

concluding on a higher NUE or WUE yield in barley than in 

wheat, supporting the results observed for grain yield.  

When analyzing the values separately, values observed for 

the species in terms of WUE are acceptable and in 

concordance with the reported in the literature for the 

Mediterranean regions. Similarly to WUE yield, the reported 

values for NUE in the present thesis are within the 

boundaries estimated for the region (Sadras and Angus, 

2006; Savin et al. 2006).  

Asseng et al. (2001), using simulation models, indicated 

that in the Mediterranean climatic region of Western 

Australia, WUE and NUE of wheat crops vary markedly 

depending on soil water-holding capacity, N management, 

rainfall amount, and in particular, seasonal rainfall 

distribution. Similarly, in the present thesis a wide range of 

variability of WUE as well as in NUE (and its sub-

components) was observed across all the experiments.  

Regarding to the weaknesses and strengths of the present 

thesis, fortunately it was generated a wide range of 

variability in WUE yield and NUE by the wide range of 

conditions explored (high/low rainfall during different 

developmental phases, high/low soil water availability at 

sowing, high/low N fertilization rates) that allowed 

reporting valuable information, so far not available, 

regarding the relative performance of wheat and barley 

WUE yield and NUE side by side within the same growing 

field conditions. The limited amount of information 

derived from severely-stressed conditions, and the fact that 

this work had to be done with only one cultivar of each 

species (although representative of the general mean) 

could be considered as weakness. 
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Figure 3: Relationship between wheat and barley sub-components of N use efficiency ((a) for N utilization 

efficiency and (b) for N uptake efficiency) under the experiments carried out in the present Thesis. White and grey 

symbols represent bread wheat and durum wheat, respectively. 

 

Despite of experimental data as well as, bibliographic, 

regional and historical data reports similar performance 

for the stressed Mediterranean environments, a strong 

justification to maintain a barley monoculture instead of 

a rotation including wheat seems not to be based on 

yield performance as it is frequently hypothesized in the 

region. Also, it has been reported a lack of evidences in 

genetic advances in barley in Mediterranean 

unfavorable conditions (Muñoz et al., 1998) that refuse 

the preference of farmers due to a supposed better 

breeding in barley than in wheat for the region. For the 

case of wheat, contradictory results are found for 

genetic advances in the Mediterranean Spain (Royo, et 

al. 2007; Acreche et al. 2008; Voltas et al. 2009). 

Calatayud (2006) reported that important changes in the 

Catalonian land use were occurred during the end of the 

XIX century together with the increasing cereal 

productivity. Between the years 1895 and 1935 the 

relative surface cultivated with barley respect to the that 

for all cereals increased from 23.5% to 38.3% and an 

opposite trend was observed for bread wheat (55.8% to 

48.6%) indicating a preference of farmers to produce 

cereals for stock-feed. In Northern Catalonia, the 

changes were more significant (Calatayud 2006). Pujol 

(2006) reported that important innovations in cereal 

genetics were carried out during the same period (end of 

the XIX century and beginning of the XX century). At 

this period, new wheat cultivars from other regions were 

introduced to Catalonia mainly by large farmers and 

research institutes (richella blanca de Nàpols, Rieti, 

l’herald del Rhin, Savoia, Bordeus, Vilmorin, Gallard, 

Dattel, and others from Australia, Canada, USA and 

Italy). However, most of the cultivars introduced failed 

in their adaptation to the stress conditions of the region. 

The increased interest for the barley crops due to the 

changes in the agri-food production together with the 

failure of many of the then newly-introduced wheat 

cultivars, together with the fact that more of 40% of 

farmers are older than 65 years (e.g. for a typical 

agricultural rainfed zone as the Urgell county; 

Anonymous, 1999) seem to provide bases for the 

popular knowledge behind the pattern of land use with 

barley monocultures practiced in low-yielding, dryland 

Mediterranean conditions. 

Limits reported by Ryan et al. (2008) to the land use 

based on the small grain productivity for the 

Mediterranean region could be reformulated as a wider 

region based on a barley/wheat rotation including wheat 

in the region of barley monoculture. 

 

2. What is behind the wide range of 

variability of productivity, resource-use and 

resource-use efficiency? 
Focusing on the variability of the grain yield, there were 

observed different factors determining it as it was 

reported by other authors for Mediterranean and non-

Mediterranean conditions for the three species (Fischer 

1985; Savin and Slafer 1991; Garcia del Moral et al. 

2003 and 2005; Ugarte et al. 2007; Arisnabarreta and 

Miralles 2008). In all the experiments carried out during 

the present thesis, barley and wheat had a typical 

behavior in terms of crop development and growing 

cycle. Barley flowered at least a week earlier than 

durum wheat and in some occasions two weeks earlier 

than bread wheat being exposed to lower temperatures 

during critical period for grain yield determination. 

Regarding the two main numerical sub-components of 

grain yield, despite of the high stress conditions 

frequently observed under the Mediterranean conditions 

in the post-anthesis period, grain number per unit land 

area was the main numerical sub-component explaining 

the grain yield of wheat (bread or durum) as well as in 

barley. Therefore, even when it is commonly assumed 

that under Mediterranean conditions the average weight 
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of the grains might be responsible of the differences in 

yield (as it is during grain filling when the stress occurs 

most frequently) another contribution of this study is the 

reinforcement of the fact that grain number pr m
2
 is far 

more relevant as a yield determinant than average grain 

weight (Fischer 2008; and a plethora of references 

quoted in this article) even under Mediterranean 

conditions. Therefore, in the studies included in the 

present thesis, similarly to what was observed in grain 

yield, the range of grain number per unit land area 

explored was rather wide (from c. 2600 to 30000 grains 

per m
2
). Disregarding the differences in the slope of the 

relationship between the species (due to an intrinsic 

different grain weight between them), grain number 

explained c. 80% of the variability observed in yield in 

each of the three species (Chapters II and III). Also the 

response of the number of grains per unit land area to 

treatments may have been the driving force behind 

responses in post-anthesis biomass accumulation by 

reinforcing post-flowering canopy photosynthesis, as 

suggested by Miralles and Slafer (1997) and Reynolds 

et al. (2005) who showed improved post-anthesis 

radiation-use-efficiency due to increased grain number 

through introgressing Rht or Lr19 genes, respectively, 

in isogenic lines. Also differences in the post-anthesis 

photosynthesis in modern vs. old cultivars of wheat 

would have been determined by sink strength (Calderini 

et al. 1997), which seemed to be true even in a 

Mediterranean region (Acreche and Slafer 2009). 

Variability in grain number per unit land area was 

determined by the environmental conditions (water, 

nitrogen, radiation and temperature) explored by the 

crops. Water and nitrogen availabilities determined the 

crop growth generating the canopy structure that 

allowed intercepting more or less radiation at the critical 

period for grain number determination (during stem 

elongation, Fisher, 1985; Slafer and Savin, 2006). 

Ferrante et al., (2009) using the same cultivars of durum 

wheat and barley, reported that water and nitrogen 

availabilities increase the number of grains per unit land 

area in durum wheat and barley affecting different traits: 

(i) due to increases in grains per spike in wheat mainly 

in the distal positions of the spikelets (Miralles and 

Slafer 1995; Acreche and Slafer 2006) as a consequence 

of a diminished rate of floret abortion; (ii) associated 

with changes in tillering capacity in barley, finally 

producing changes in the number of spikes per m
2
 

(Prystupa et al. 2003). Photosynthetically active 

radiation intercepted by the crop canopy during stem 

elongation and the temperature affecting growth and 

developmental rates during that phase generate changes 

in photothermal quotient which ultimately determines 

the number of grains per m
2
 (Fischer 1985; Savin and 

Slafer 1991; Arisnabarreta and Miralles 2008). Another 

original contribution of the work conducted for this 

thesis is the comparison between cereals in the 

capabilities of photothermal quotient for predicting the 

number of grains per m
2
 than the crop will have, that to 

the best of my knowledge it has been never reported 

before. Although positive relationships were observed 

for the three species, the relationship was closer for 

bread wheat than for durum wheat or barley in all the 

experiments. Although the physiological bases of the 

higher variability in barley than in wheat have not been 

elucidated in this thesis (no experiments were designed 

to study this issue) it seems clear the message that 

extrapolating the behaviour of wheat to barley should be 

done with extreme care for this particular attribute. 

The average weight of the grains did not explain grain 

yield significantly, except for the case of durum wheat, 

in which grain weight explaining around 40% of the 

variability observed across all experiments and years. 

Even in this case, although the proportion of yield 

explained by grain weight was significant it was much 

less than that explained by the number of grains per m
2
. 

Despite grain weight was not the main grain yield 

determinant, as barley usually reaches flowering before 

durum and bread wheat, its variability could has been a 

factor determining a higher stability in grain yield. 

However, grain weight, as well as its parameters (grain 

filling rate and duration) and the protein percent did not 

show a higher stability in barley than in bread wheat, 

though in these two cereals the stability was noticeably 

higher than in durum wheat (Chapter V). These 

differences between the stability in grain weight could 

be behind the larger effect of grain weight on grain yield 

in durum wheat than in barley and bread wheat (see 

above). 

In terms of resource use as determinants of the grain 

yield, N uptake across the whole growing season was 

positively related to grain yield. In all the cases the 

relationship observed was within the N utilization 

efficiency boundaries reported by Savin et al. (2006) for 

wheat grown Mediterranean conditions. Water used was 

positively related to grain yield as well as to N uptake. It 

seems that when N is available in the soil, the main 

effect of water used is to produce an increase in N 

uptake and, consequently, grain yield is increased as a 

result of a higher nutritional status of the crops. 

Regarding the main determinants of resource use, across 

all the experiments of the present thesis, the amount of 

N absorbed and water used by the species tended to be 

higher when water availability and N in soil increased, 

in agreement with reports by other authors for wheat 

and barley (Delogu et al. 1998; Garabet et al. 1998; 

Sepaskhah et al. 2006). Angás et al. (2006) found 

differences in soil N dynamics (depending on the tillage 

system and N fertilization) and water availability for 

barley were responsible for yield differences in the same 

region of the Ebro Valley. Also the three species 

presented the potential capacity to absorb as much as 

90% of the N available in soil during the growing 
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season (Chapter IV). Also water used increased at the 

highest N availabilities as reported by Angus and van 

Herwaarden (2001) without a significant “haying-off” 

effect, as it sometimes occurs in dryland conditions of 

Eastern Australia (van Herwaarden, 1998). In 

Mediterranean Western Australia haying-off does not 

seem to be observed frequently either (Palta and Fillery 

1995; Asseng et al. 1998; Asseng and van Herwaarden 

2003). 

The fact that N use efficiency across all experiments 

and species had been the result of the combination of 

the two sub-components (i) uptake efficiency and (ii) 

utilization efficiency reflects that both sub-components 

were limiting the efficient use of nitrogen in the three 

species. Uptake efficiency allowed absorbing N to 

produce growth and generate a crop canopy capable to 

absorb resources. N utilization efficiency depend on 

weather conditions (rainfall, radiation and temperature) 

to transform pre-flowering crop growth into grains to be 

filled after flowering, mainly by affecting the survival 

of different of reproductive structures depending on the 

species (chiefly spikes per m
2
 and grains per spike in 

barley and wheat, respectively; as discussed above). 

Across all the experiments, it seemed that maximum 

values of N use efficiency can be achieved using an 

amount of water from emergence to harvest of 

approximately 400 mm. Also a reduction in NUE was 

observed with the increased level of N fertilization 

coinciding with the reported for the same region for 

other authors (Angás et al. 2006) and other 

Mediterranean or semi-arid regions (Delogu et al. 1998; 

Garabet et al. 1998;). 

Regarding water use efficiency, it is known that N 

fertilization, as well as other management practices, 

such as weed control, allows increase WUE yield in wheat 

and barley under Mediterranean conditions (French and 

Shultz 1984a, 1984b; Cooper et al. 1987). In turn, it 

seems that N fertilization can actually be a management 

practice used by farmers in order to increase WUE yield 

(Sadras, 2005) matching N requirements to water 

availabilities. In the present thesis, WUE yield was higher 

at high N levels and when water used was matched to 

the N absorption by the crops. This is in concordance 

with reports by other authors using nitrogen limitation 

index as indicator of the level of N-limitation to WUE 

with simulation models (Sadras and Roget 2004; Sadras, 

2005). In this context, another contribution of the 

present thesis is the evidence provided empirically for 

the first time that the degree of co-limitation of water 

and nitrogen conditions the yield penalty produced by 

stressful environments in both wheat and barley, 

(Chapter VI). WUE yield as well as grain yield of bread 

wheat, durum wheat and barley similarly to what had 

been previously reported for Australia (Sadras and 

Roget 2004; Sadras, 2005) was increased when 

nutritional conditions were balanced. In other words, 

given a certain level of stress for the three species, grain 

yield or WUE yield would be maximized when nutrients 

are co-limiting. Since water availability cannot be easily 

managed in rainfed zones (and most of the 

Mediterranean small cereal crops are grown in rainfed 

systems (as mentioned in Chapter I) the estimation of 

the feasibility of water availability to decide the N rates 

to be applied seems to be important in the region. Also, 

at least for the Catalonian rainfed zones (where the high 

level of N present in soils is frequent due to supply of 

animal manures), mineral N fertilization could be 

decided at least to the late tillering periods to have a 

more accuracy in the assessments of water availability 

for crop growth. Results of the Chapter VI and from the 

pilot experience with Tunisian farmers (Annex I) 

support this idea. 

 

3. Future research 
Through the different chapters of the present thesis 

several issues have been identified that could be 

investigated: 

1) Wheat and barley have similar productivity under 

stress condition. How should they be grown? The 

main problematic evaluated in the present thesis was 

the actual monoculture of barley in dry zones of the 

Mediterranean region. Results of the present thesis 

have indicated that at least is not universally true that 

barley had a better performance than barley under 

stress conditions. The next step that I believe 

necessary is to have information regarding the most 

adequate combination(s) of these crops in the dryland 

Mediterranean region taking into account economic, 

as well as environmental, constraints. Although it 

does exist a national network of small cereals 

cultivars evaluation (GENVCE) data of wheat and 

barley cannot be easily used to compared between 

them due to different number of cultivars used and 

experimental design for each species. True 

comparisons between long and short cycle cultivars 

of bread wheat, durum wheat and barley across a 

wide range of Mediterranean environments could 

improve to find the more profitable combination of 

cultivars and species that improve the actual agro-

ecosystem. Due to the land use is the consequence of 

the farmer decision I believe that it is really 

important the conduction of the field trials including 

some leading farmers on the region to improve the 

transference of the knowledge. 

2) Water and nitrogen are co-limiting the grain yield in 

wheat and barley. What is the most usual scenario 

for each agricultural rainfed zone in Catalonia fields? 

How much N should the farmers apply depending on 

the scenarios found until tillering? Although the 

results of the present thesis allow deducing the 

importance of matching the N conditions to the water 

availabilities during the growing season to increase 
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grain yield by improving WUE. A regional 

characterization of the N availabilities together with 

the probabilities of rainfall within each cereal rainfed 

zone before the beginning of stem elongation phase 

could help to generate different scenarios of N 

fertilization rates recommended using simulation 

models for different rainfall scenarios. 

3) In the present thesis wheat and barley were 

compared in terms of two main environmental 

resources (water and nitrogen) resource use 

efficiency. However, it was not compared neither 

analyzed the radiation use efficiency. Differences 

between the species were always related to their 

differences in water or N use efficiency. Also, 

differences in the transpiration/evaporation ratio 

seem to be behind the higher WUE. Abeledo et al. 

(2008) reported that for Mediterranean region of the 

Ebro Valley, variations between years in potential 

yield were positively associated with the length of 

the period from sowing to anthesis and the mean 

level of daily incident radiation. Analysis of the 

radiation use efficiency between wheat and barley as 

well as the effect of the different water and N 

availabilities on this attribute could be important to 

understand more fully the physiological determinants 

of grain yield and biomass in the region. 

4) How did breeding modify the WUE, NUE and RUE 

in wheat and barley? In most of the literature 

regarding advances in productivity of small grain 

cereals is based on genetic gains in grain yield. 

Muurinen et al. (2006) found significant NUE 

improvements on wheat although no clear trend for 

cultivars
 
of two-row spring barley under Northern 

Europe conditions. Under Mediterranean 

environments, during last years, several crop 

physiologists have suggested breeders to focus on 

resource use efficiency to further improve grain yield 

(Loss and Siddique 1994; Araus et al. 2002; Condon 

et al. 2002; Araus et al. 2003; Condon et al. 2004; 

Slafer et al. 2005; Richards et al. 2006, Witcombe et 

al. 2008). Araus and Buxo (1993) indicated changes 

in WUE of the small grain cereals for the past 

millennia based on carbon isotope discrimination. 

Although numerous papers has been published 

regarding eco-physiological traits to increase 

resource use efficiency (Ortiz-Monasterio et al. 1997; 

Araus et al. 2002; Araus et al. 2003; Slafer et al. 

2005; Muurinen et al. 2006; Araus et al. 2008; 

Foulkes et al. 2009) available data on the literature 

regarding how much have been changed WUE, water 

use, or NUE for wheat and barley crops as a 

consequence of breeding is not abundant for the 

Mediterranean region of Southern Europe. 

Similarities or differences in genetic advances in the 

WUE or NUE and RUE could be addressed for 

wheat and barley under drought stress environments 

helping to understand the differences and similitude 

between the species. However, according to the 

recent paper published by Blum (2009) the analysis 

of the differences in effective use of water (EUW) 

should also be considered.  

5) Future scenario. Nowadays wheat and barley have 
similar productivity under stress conditions. 

However, what it is expected when the stress 

conditions will become more severe? The influence 

of environmental conditions (rainfall amounts and 

distribution, radiation, temperatures) together with 

the N availabilities produced the wide range of grain 

yield explored in the present thesis. It is known 

(Lobell and Field 2007) that a more stressful scenario 

is expected for Mediterranean agricultural systems 

due to global warming. Experiments including wheat 

(bread and durum) and barley crops together with 

different expected effects of the global warming 

combined with different water availabilities at 

different growing stages under fertilized and un-

fertilized conditions could be useful to understand 

(and attempt to mitigate) the effect of global 

warming on cereal production. 

 

4. Conclusions 
1- The actual preference of barley over bread wheat or 

durum wheat under severe stress conditions in the 

Mediterranean region is not justified by its 

supposedly universal better performance in low-

yielding conditions. Bread wheat and barley 

presented similar yields and equivalent grain weight 

stability. Durum wheat also presented similar yields 

than barley but it seemed that the final weight of its 

grains was less stable. 

2- Both water and N use efficiencies varied widely 

across years for wheat and barley depending on the N 

and water availabilities during the growing season. In 

line with the previous conclusion, it was also 

concluded that barley did not show consistent 

advantages over wheat in terms of resource use or 

resource use efficiency. However, whenever yield 

differences occurred between the species, or between 

treatments in a particular species, it seemed to be the 

consequence of differences in water and N use 

efficiency.  

3- For the three species, grain number per unit land area 

was the main numerical component determining 

yield. Although this is not an original conclusion in a 

wide range of conditions in which cereals are grown 

worldwide, it is rather interesting to highlight that 

this has been proven to be true even in Mediterranean 

conditions in which terminal stress (mostly during 

grain filling) seem to dominate the outcome of the 

cropping season. It was also confirmed under these 

conditions that N uptake from sowing to maturity 

explained the differences in grain yield.  
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4- Naturally yields decreased in line with the magnitude 

of the water or N stress, but achievable yields (and 

WUE) for given level of stress under Mediterranean 

conditions are maximized with the degree of co-

limitation between water and nitrogen.  

5- All the previous conclusions concur with the 

evidences provided in Australia in that even under a 

rather severe water stressed conditions using N 

appropriately might help improving productivity in 

Mediterranean conditions. Although this tool may 

not be widely useful in the European part of the 

Mediterranean basin, in the WANA region Nitrogen 

fertilization may be a useful management tool to 

increase grain yield though improving water use 

efficiency. 
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Abstract 
Rainfed wheat under Mediterranean conditions is frequently exposed to 

periods of water stress that generate low and variable grain yields. In this 

context, field experiments indicated that N fertilization may be a tool to 

increase productivity; these experiments included those carried out in the 

context of a European research project of International Cooperation 

(WatNitMED) with studies in Tunisia and Morocco, which constitute a major 

Mediterranean cereal production region of the world. However, most farmers 

in Northern Africa do not fertilize their rainfed cereals. In the present study, 

we aimed to analyze whether the generally accepted positive response of 

grain yield to N fertilization in rainfed Mediterranean conditions observed in 

experimental conditions correspond to actual advantages achieved in realistic 

farmer fields, attempting a further up-scaling the knowledge from field 

experiments to real fields, by conducting a farm pilot experience in two 

distinct regions (a low-yielding and a relatively high-yielding) of cereal 

production in Tunisia (a typical rainfed Mediterranean wheat production 

system in North Africa). For this purpose, yield response to N fertilization 

was firstly analyzed against un-fertilized conditions (a common situation for 

many of the farmers in North Africa), and secondly we aimed to compare 

what the farmers would suggest as an optimal N fertilization practice in their 

fields with the recommendation based on a N-fertilization scheme derived 

from WatNitMED specific field experiments. Both comparisons were carried 

out together in a number of farmer fields within two contrasting Tunisian 

growing regions. WatNitMED fertilization scheme generally suggested 

higher rates of fertilization than those that would be considered optimal by 

the farmers for their fields (in average 40 kg N ha
-1

 higher).  

Unfertilized grain yield across both locations ranged, within what are usual 

farmers yields in the region, from c. 1 to c. 3.5 Mg ha
-1

, and fertilizing 

increased these yields in most situations. Within the two alternative 

fertilizations schemes, WatNitMED fertilization tended to produce higher 

yields than those obtained with the fertilization rate considered optimal by 

farmers. This was observed in low-yielding as well as in the high-yielding 

region. These responses evidenced that fertilization in realistic field 

conditions may actually be a trustworthy tool to improve dryland wheat grain 

and straw yields, and also that rates of fertilization regarded as optimal by 

real farmers were below the optimum. This is critical in the region, as grain 

and straw are both part of the harvestable and marketable yield in the WANA 

region.

 

1. Introduction 
In the Mediterranean basin, most wheat (and barley) is 

cultivated under rainfed conditions. Due to rainfall 

variability Mediterranean wheat is exposed to water 

stress of different severity. For farmers in the region this 

is a scenario where yields are uncertain, but frequently 

rather low (Yankovitch 1956; Kopp 1981; Loss and 

Siddique 1994; Acevedo et al. 1999; Sadras 2002). 

Sadras et al. (2003) analyzed the performance of 

Australian dryland wheat to contrasting cropping 

strategies (conservative vs. risky) for various locations 

across years differing in rainfall. The conservative 

strategy seemed more profitable in years with low water 

availability, but it was less profitable in wet seasons. 

Rainfed productivity in the Southern Mediterranean 

basin is intrinsically risky due to water stresses (López-

Bellido 1992). As water is intrinsically limited in 

Mediterranean systems, nitrogen (N) fertilization might 

be a tool to increase either water capture or its use 

efficiency in rainfed conditions. Nitrogen fertilization 

has become in the last 20 years the most useful 

management practice to increase grain yield of cereal 

crops in other regions with Mediterranean weather 

(Angus 2001; Passioura 2002). French and Shultz 

(1984a and 1984b) had reported increments in wheat 

yield for the Mediterranean region of Australia when 

The present chapter is actually under revision in
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crops were fertilized by allowing the use of the 

available water with a higher efficiency. This may has 

been due to the fact that N fertilization would allow to 

reduce water losses by direct evaporation (decreasing 

the evaporation-to-transpiration ratio) or to increase the 

capture of soil water from deeper layers due to a larger 

root system..On the other hand, N fertilization might 

produce an adverse effect on grain yield of rainfed 

wheat, known as “haying-off” (van Herwaarden et al. 

1998), although we are not aware of this sort of yield 

penalties reported for agricultural conditions beyond 

those of Eastern Australia. The occurrence of “haying-

off” does not seem to be common even in Western 

Australia (Palta and Fillery 1995; Asseng et al. 1998; 

Asseng and van Herwaarden 2003), one of the most 

important Mediterranean wheat production regions of 

the globe.  

Rates of N fertilization in the Mediterranean basin vary 

widely. This range has been broadly described from 

zero under low rainfall areas of Morocco to 120 kg N 

ha
-1

 in Spain on durum wheat crops in high rainfall 

areas (López-Bellido 1992). These widely variable rates 

reflect a different risk propensity of farmers in the 

European and in the North African areas of the 

Mediterranean basin. The more-conservative strategy 

followed in most of the wheat rainfed regions of North 

Africa is translated into relatively low levels of 

productivity. In fact, it is not uncommon that rainfed 

cereals would be grown year after year under N 

deficiency in the WANA (West Asia and North Africa) 

region in general (e.g. Mossedaq and Smith 1994; 

Oweis et al. 1998; Ryan 2000; Ryan 2008), and in 

Tunisia in particular (Latiri et al. 2005). The experience 

cannot be extrapolated for European farmers due to 

differences in subsidies to crop production, and the 

European frequent integration of intensive animal 

production with cropping systems regularly using 

animal wastes as organic fertilization. However, the 

experience of non-subsidiased Australian farmers 

(Passioura 2002) suggests that mineral N-fertilization 

might overcome part of the yield penalties imposed by 

the Mediterranean weather in North African rainfed 

cereal production. Similarly, although with much less 

experiences than those available for Australian 

Mediterranean regions, N fertilization has also been 

reported (from either results of experiments or from 

outputs of simulation models) to be a valuable tool to 

increase grain yield in the WANA region (Pala et al. 

1996; Garabet et al. 1998; Pilbeam et al. 1998; Kabengi 

et al. 2003; Ryan 2008). Most of the new information 

regarding WANA region was generated since the 

establishment of the International Center for 

Agricultural Research in the Dry Areas (ICARDA) in 

Syria in1977 and its research in collaboration with other 

national research institutes in order to address problems 

of dryland agriculture within the region. However, the 

attitude of farmers in Mediterranean Australian regions 

(of increasingly use fertilization as a tool to 

systematically rise yields in the severely water stressed 

conditions of their crops) differs with that of farmers 

from North Africa, mostly reluctant to use such a tool. It 

may reflect simply different attitudes of farmers (likely 

due to different socio-economic conditions in which 

they operate), or to the different degree of confidence in 

the extrapolation of results from field experiments and 

simulation exercises to realistic farm conditions.  

A limited confidence in extrapolating results from field 

experiments to farm practice in North Africa may be 

expected as the research done within the region (either 

field experiments and simulation exercises) compared to 

that done in Australia is far less in number and 

comprehensiveness. The farmers may mistrust on the 

results extrapolation. The farms are far more complex 

than what most field experiments can take into account, 

particularly so when they are conducted in research 

stations, frequently under lower and with lower 

variability stress than in real farms nearby. This is why, 

the inclusion of farmers in the experimentation, allows 

for a better targeting of technology, and more realistic 

technology evaluation (Ashby and Sperling 1995). This 

may be why, while it is apparently known that 

management practices offer options to reach a more 

efficient nutrient use in the WANA region, they are 

hardly applied by farmers (Ryan 2008).  

In order to study likely improvements in Water Use 

Efficiency (WUE) of wheat grown in Southern 

Mediterranean countries an European research project 

of cooperation with Mediterranean partner countries 

(WatNitMED) was aimed to analyze to what degree 

deficiencies in N-nutrition, rather than solely water 

stress, may be behind low wheat productivity in the 

region. Based on experimental results from several 

locations and years, a fertilization scheme was initially 

proposed. In this paper we reported the results of an 

experience conducted in real farms to analyze the 

generally accepted positive response of grain yield to N 

fertilization observed in field experiments, up-scaling 

the knowledge by conducting a farm pilot experience. 

To carry out the objective, the yield response to N 

fertilization was analyzed using two different 

comparisons: (i) the effect of N fertilization on wheat 

yield compared to the un-fertilized conditions and (ii) 

the response to N fertilization doses considered optimal 

by farmers vs those derived from a fertilization scheme 

derived from the European research project 

(WatNitMED). 

 

2. Materials and Methods 
The experience was carried out in two locations with 

different weather conditions of Tunisia: Béja (sub-

humid) and Siliana (semi-arid). In each case we 

compared the response of three different N fertilization 

The present chapter is actually under revision in
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strategies for durum wheat in farmer fields (9 fields in 

Béja and 11 fields in Siliana). The experience was 

carried out using the cultivars of durum wheat selected 

by the farmers of each region, their machinery and using 

their crop management practices excepting for the case 

of N fertilization. 

The different N fertilization strategies consisted of an 

unfertilized control, a fertilization determined freely by 

each farmer and a fertilization rate derived from the 

WatNitMED recommendation. WatNitMED 

recommendation scheme was determined from 

experimental results across the Mediterranean Basin of 

previous years by WatNitMED partners at the Third 

General Meeting of the project (Marrakech, October 

2007). The scheme implied to postpone the fertilization 

decision to the tillering stage when both (i) the 

charactheristics of the early part of the growing season 

and (ii) the structure of the crop canopy were known. At 

that time each individual field was visited and a 

fertilization dose was decided in each case based on (i) 

the maximum achivable yield expected in that field, and 

(ii) the likely attainable yield by considering the rainfall 

from September to January of that season compared to 

with that of the wettest seassons for that period as 

recorded by the farmers, as well as the agronomic 

condition of the crop (Fig. 1a). With all the mentioned 

above elements we estimated a yield that would be 

achieved if N would not limit growth. Then assuming 

“standard” protein percentage of grains and NHI we 

estimated how much N should be up-taken by the crop 

to avoid N-limiting attainable yields. Then using a N 

uptake efficiency that was common in the experiments 

conducted in other Mediterranean sites we finally 

decided soil N levels needed to satisfy the expected 

actual requeriments. Finally, the fertilization dose was 

calculated considering the difference between these 

requeriments and soil N availability (Fig. 1a).  

Fields were visited from 29 January to 1 February 2008 

to determine the fertilization rate derived from 

WatNitMED scheme. Farmers were requested to 

fertilize their fields as they would have done beyond 

this experience. However, most of them seemed to have 

fertilized more than they would have, after knowing the 

recommendation from the project. Anyway, in general 

and in both regions WatNitMED recommendation was a 

higher dose than that selected by most farmers (Fig. 1b).  

Sowing density, cultivars grown, and initial soil N of 

each field are in Table 1. Cultivar Karim and Razak 

were the most popular cultivars used in 78% and 64% of 

the cases of Béja and Siliana, respectively (Table 1). 

 

 

Table 1. Crop information for all the experimental cases at sowing time and soil properties. 

Case Location Sowing date Cultivar
Sowing density 

(kg ha
-1

)

% MO  

(0-20 cm)

Mineral N in soil at 

sowing (kg N ha
-1

)

Soil Bulk density 

(0-20 cm depth)

Soil Bulk density 

(20-40 cm depth)

Soil Bulk density 

(40-60 cm depth)
pH

1 Béja 04-Dic-07 KARIM 220 3.0 37 1.25 1.23 1.40 8.00

2 Béja 15-Nov-07 KARIM 200 2.9 48 1.38 1.50 1.48 8.15

3 Béja 07-Dic-07 KARIM 180 2.8 39 1.50 1.50 1.40 8.20

4 Béja 20-Nov-07 KARIM 180 2.8 55 1.35 1.28 1.32 8.30

5 Béja 20-Nov-07 KARIM 200 3.2 106 1.42 1.45 1.44 8.30

6 Béja 18-Nov-07 KARIM 200 3.3 96 1.50 1.45 1.44 8.15

7 Béja 18-Nov-07 KHIAR 250 2.7 44 1.38 1.40 1.28 8.00

8 Béja 20-Nov-07 RAZAK 140 2.9 89 1.28 1.33 1.41 8.10

9 Béja 06-Dic-07 KARIM 200 3.1 79 1.43 1.38 1.44 8.00

10 Siliana 15-Nov-07 RAZAK 180 1.5 41 1.33 1.25 1.25 8.00

11 Siliana 20-Nov-07 MAALI 180 1.8 23 1.33 1.32 1.56 8.05

12 Siliana 20-Nov-07 RAZAK 180 2.1 47 1.54 1.50 1.32 8.15

13 Siliana 17-Nov-07 RAZAK 160 1.2 48 1.54 1.50 1.32 8.15

14 Siliana 15-Nov-07 OUM RABI 160 1.8 35 1.44 1.31 1.29 8.00

15 Siliana 20-Nov-07 RAZAK 180 2.0 20 1.25 1.32 1.34 7.95

16 Siliana 10-Nov-07 KARIM 160 2.1 34 1.33 1.34 1.42 8.20

17 Siliana 15-Nov-07 RAZAK 180 2.2 24 1.45 1.55 1.34 8.00

18 Siliana 10-Dic-07 RAZAK 160 1.6 45 1.24 1.36 1.28 8.05

19 Siliana 05-Dic-07 KARIM 180 n.a. 47 1.33 1.26 1.23 8.20

20 Siliana 29-Nov-07 RAZAK 180 n.a. 33 1.25 1.35 1.33 8.05

Case Location Sowing date Cultivar
Sowing density 

(kg ha
-1

)

% MO  

(0-20 cm)

Mineral N in soil at 

sowing (kg N ha
-1

)

Soil Bulk density 

(0-20 cm depth)

Soil Bulk density 

(20-40 cm depth)

Soil Bulk density 

(40-60 cm depth)
pH

1 Béja 04-Dic-07 KARIM 220 3.0 37 1.25 1.23 1.40 8.00

2 Béja 15-Nov-07 KARIM 200 2.9 48 1.38 1.50 1.48 8.15

3 Béja 07-Dic-07 KARIM 180 2.8 39 1.50 1.50 1.40 8.20

4 Béja 20-Nov-07 KARIM 180 2.8 55 1.35 1.28 1.32 8.30

5 Béja 20-Nov-07 KARIM 200 3.2 106 1.42 1.45 1.44 8.30

6 Béja 18-Nov-07 KARIM 200 3.3 96 1.50 1.45 1.44 8.15

7 Béja 18-Nov-07 KHIAR 250 2.7 44 1.38 1.40 1.28 8.00

8 Béja 20-Nov-07 RAZAK 140 2.9 89 1.28 1.33 1.41 8.10

9 Béja 06-Dic-07 KARIM 200 3.1 79 1.43 1.38 1.44 8.00

10 Siliana 15-Nov-07 RAZAK 180 1.5 41 1.33 1.25 1.25 8.00

11 Siliana 20-Nov-07 MAALI 180 1.8 23 1.33 1.32 1.56 8.05

12 Siliana 20-Nov-07 RAZAK 180 2.1 47 1.54 1.50 1.32 8.15

13 Siliana 17-Nov-07 RAZAK 160 1.2 48 1.54 1.50 1.32 8.15

14 Siliana 15-Nov-07 OUM RABI 160 1.8 35 1.44 1.31 1.29 8.00

15 Siliana 20-Nov-07 RAZAK 180 2.0 20 1.25 1.32 1.34 7.95

16 Siliana 10-Nov-07 KARIM 160 2.1 34 1.33 1.34 1.42 8.20

17 Siliana 15-Nov-07 RAZAK 180 2.2 24 1.45 1.55 1.34 8.00

18 Siliana 10-Dic-07 RAZAK 160 1.6 45 1.24 1.36 1.28 8.05

19 Siliana 05-Dic-07 KARIM 180 n.a. 47 1.33 1.26 1.23 8.20

20 Siliana 29-Nov-07 RAZAK 180 n.a. 33 1.25 1.35 1.33 8.05

Case Location Sowing date Cultivar
Sowing density 

(kg ha
-1

)

% MO  

(0-20 cm)

Mineral N in soil at 

sowing (kg N ha
-1

)

Soil Bulk density 

(0-20 cm depth)

Soil Bulk density 

(20-40 cm depth)

Soil Bulk density 

(40-60 cm depth)
pH

1 Béja 04-Dic-07 KARIM 220 3.0 37 1.25 1.23 1.40 8.00

2 Béja 15-Nov-07 KARIM 200 2.9 48 1.38 1.50 1.48 8.15

3 Béja 07-Dic-07 KARIM 180 2.8 39 1.50 1.50 1.40 8.20

4 Béja 20-Nov-07 KARIM 180 2.8 55 1.35 1.28 1.32 8.30

5 Béja 20-Nov-07 KARIM 200 3.2 106 1.42 1.45 1.44 8.30

6 Béja 18-Nov-07 KARIM 200 3.3 96 1.50 1.45 1.44 8.15

7 Béja 18-Nov-07 KHIAR 250 2.7 44 1.38 1.40 1.28 8.00

8 Béja 20-Nov-07 RAZAK 140 2.9 89 1.28 1.33 1.41 8.10

9 Béja 06-Dic-07 KARIM 200 3.1 79 1.43 1.38 1.44 8.00

10 Siliana 15-Nov-07 RAZAK 180 1.5 41 1.33 1.25 1.25 8.00

11 Siliana 20-Nov-07 MAALI 180 1.8 23 1.33 1.32 1.56 8.05

12 Siliana 20-Nov-07 RAZAK 180 2.1 47 1.54 1.50 1.32 8.15

13 Siliana 17-Nov-07 RAZAK 160 1.2 48 1.54 1.50 1.32 8.15

14 Siliana 15-Nov-07 OUM RABI 160 1.8 35 1.44 1.31 1.29 8.00

15 Siliana 20-Nov-07 RAZAK 180 2.0 20 1.25 1.32 1.34 7.95

16 Siliana 10-Nov-07 KARIM 160 2.1 34 1.33 1.34 1.42 8.20

17 Siliana 15-Nov-07

Case Location Sowing date Cultivar
Sowing density 

(kg ha
-1

)

% MO  

(0-20 cm)

Mineral N in soil at 

sowing (kg N ha
-1

)

Soil Bulk density 

(0-20 cm depth)

Soil Bulk density 

(20-40 cm depth)

Soil Bulk density 

(40-60 cm depth)
pH

1 Béja 04-Dic-07 KARIM 220 3.0 37 1.25 1.23 1.40 8.00

2 Béja 15-Nov-07 KARIM 200 2.9 48 1.38 1.50 1.48 8.15

3 Béja 07-Dic-07 KARIM 180 2.8 39 1.50 1.50 1.40 8.20

4 Béja 20-Nov-07 KARIM 180 2.8 55 1.35 1.28 1.32 8.30

5 Béja 20-Nov-07 KARIM 200 3.2 106 1.42 1.45 1.44 8.30

6 Béja 18-Nov-07 KARIM 200 3.3 96 1.50 1.45 1.44 8.15

7 Béja 18-Nov-07 KHIAR 250 2.7 44 1.38 1.40 1.28 8.00

8 Béja 20-Nov-07 RAZAK 140 2.9 89 1.28 1.33 1.41 8.10

9 Béja 06-Dic-07 KARIM 200 3.1 79 1.43 1.38 1.44 8.00

10 Siliana 15-Nov-07 RAZAK 180 1.5 41 1.33 1.25 1.25 8.00

11 Siliana 20-Nov-07 MAALI 180 1.8 23 1.33 1.32 1.56 8.05

12 Siliana 20-Nov-07 RAZAK 180 2.1 47 1.54 1.50 1.32 8.15

13 Siliana 17-Nov-07 RAZAK 160 1.2 48 1.54 1.50 1.32 8.15

14 Siliana 15-Nov-07 OUM RABI 160 1.8 35 1.44 1.31 1.29 8.00

15 Siliana 20-Nov-07 RAZAK 180 2.0 20 1.25 1.32 1.34 7.95

16 Siliana 10-Nov-07 KARIM 160 2.1 34 1.33 1.34 1.42 8.20

17 Siliana 15-Nov-07 RAZAK 180 2.2 24 1.45 1.55 1.34 8.00

18 Siliana 10-Dic-07 RAZAK 160 1.6 45 1.24 1.36 1.28 8.05

19 Siliana 05-Dic-07 KARIM 180 n.a. 47 1.33 1.26 1.23 8.20

20 Siliana 29-Nov-07 RAZAK 180 n.a. 33 1.25 1.35 1.33 8.05  
Note: Mineral N in soil at sowing represent N availability at 60 cm depth. 
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Experimental units consisted of a subdivision of farmer 

fields into large plots of 0.5 ha for each of the treatment 

assigned randomly. Although instructions were explicit 

and equal to all farmers, unfortunately some of them did 

not follow the scheme and did not leave the half-

hectarea unfertilized. All in all, there were 11 fields 

with all the three treatments while the other 9 fields only 

had the farmer’s treatments and WatNitMED’s 

fertilization schemes. Before sowing, soil samples were 

taken to determine N soil content of each field (Table 1).   

Due to the limitations in structure to take, transport and 

process the field samples, only two samples of 1 m
2 

of 

aboveground biomass were taken at maturity per 

experimental unit, and grain yield, yield components 

and total biomass were determined. Additionally, to 

perform a joint analysis for grain yield and straw yield a 

total yield was calculated using the relationship between 

the price of straw and grain to transform the straw yield 

as it is reported in Equation 1. 

Figure 1. a) Scheme of the procedure used for N 

recommendation in each of the twenty fields in 

which the experience was carried out (for details 

see text). b) Comparison of N-fertilization rates 

applied by farmers and those derived from 

WatNitMED. Open and closed symbols 

represent Béja (relatively high-yielding region) 

and Siliana (relatively low-yielding region) 
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Then grains and shoots were milled and N content was measured with Micro-Kjeldahl methodology. 

 

[Eq. 1]   YieldTotal = YieldGrain + (YieldStraw [Pricestraw PriceGrain]
-1

) 
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Figure 2. Accumulated precipitation (bars), average maximum (closed rhombs) and minimum (open rhombs) 

temperatures for periods of 10 days during the growing season. Timing of sowing (S), N-fertilization 

recommendation (NR) and harvest (H) (they were similar for both locations) are indicated. Inset is the comparison 

of the accumulated precipitation for the whole growing season (November-June) both on average of the last 10 years 

(open bars) and that for this the experimental growing season (closed bars 

 

3. Results 
3.1 Weather conditions 

As expected, the two regions differed significantly in 

their environmental condtions during the growing 

season, particularly in total rainfall. While in Siliana 

rainfall from November 2007 to June 2008 was only 

198 mm, in Béja it was 448 mm. In both locations 

rainfall distribution was typically Mediterranean with c. 

70% of the rainfall ocurring before 1 April. Total 

rainfall from November to June was below the average 

of the last ten years in both locations, although the 

difference was greater in Siliana than in Béja (Fig. 2 

insets). In both sites average minimum temperatures 

were higher than 0 ºC during the whole growing season, 

while average maximum temperatures reached more 

than 30ºC at the end of May. 

 

3.2 Yield and components 

Unfertilized grain yield across both locations ranged 

from c. 1 to c. 3.5 Mg ha
-1

, whilst the range widened 
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when fertilized to more than 7 Mg ha
-1

. Average yield in 

Siliana was 1.6 Mg ha
-1

 lower than that in Béja.  
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Figure 3. Relationships between grain yield of (a) fertilized (average of the two fertilization treatments, farmers and 

WatNitMED) and unfertilized fields and (b) fields receiving fertilization rates derived from the WatNitMED scheme 

and farmer fertilization. Open and closed symbols represent Béja and Siliana fields, respectively. 
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Figure 4. Relationship between grain yield and either (a) grain number or (b) spikes number per unit land area for 

( ) un-fertilized, ( ) farmer fertilizations or  ( ) WatNitMED fertilizations. Open and closed symbols represent 

Béja and Siliana fields, respectively. 
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Figure 5. Relationships between straw yield of (a) fertilized (average of the two fertilization treatments, farmers and 

WatNitMED) and un-fertilized fields and (b) fields receiving fertilization rates derived from the WatNitMED 

scheme and farmer fertilization. Open and closed symbols represent Béja and Siliana fields, respectively. 
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Figure 6. Relationships between total yield (grain yield + straw yield*0.4) of (a) fertilized (average of the two 

fertilization treatments, farmers and WatNitMED) and unfertilized fields and (b) fields receiving fertilization rates 

derived from the WatNitMED scheme and farmer fertilization. Open and closed symbols represent Béja and Siliana 

fields, respectively. 

 

Fertilizing has consistently increased yields, being crop 

responsiveness in general larger when attainable yields 

increased than at low yields (Fig. 3a). The fertilization 

recommendation produced by the project also showed a 

trend to improve yields compared to the farmer’s 

scheme (Fig. 3b). The slight advantage of fertilizing 

more than the farmers have fertilized was not restricted 

to Béja, the relatively high-yielding region, but also 

evident in Siliana (Fig. 3b). 

Even though the weather was typically Mediterranean, 

with low rainfall after antesis, grain yield was positively 

and directly related to in all the treatments of both 

locations (Fig. 4a). The average grain weight did not 

show a clear relationship with grain yield. Spikes’ 

number per unit land area was the main sub-component 

explaining N effects and location differences in number 

of grains per square meter. Also spikes’ number per unit 

land area showed a good relationship with grain yield 

(Fig. 4b).  

Fertilized plots had 1.5 Mgstraw ha
-1

 higher straw yield 

than unfertilized ones (Fig. 5a). Differences between 

fertilized and unfertilized plots were higher in Béja than 

in Siliana. Comparing between the two fertilized options 

(farmers and WatNitMED), the straw yield obtained 

after the N-WatNitMED recommendation was 1.02 

Mgstraw ha
-1

 greater than that obtained in farmers’ plots 

(Fig. 5b).  

If the analysis of yield is performed including the yields 

of grain and straw, it can be observed that total yield of 

the unfertilized fields was clearly lower than the 

fertilized plots (Fig. 6a). Total yield of N-WatNitMED 

recommendation was in most of cases above the 1:1 line 

when comparing with the farmer fertilizations option 

(Fig. 6b). 
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Figure 7. Relationship between (a) grain yield and N absorbed at maturity and (b) grain protein concentration and 

the residuals of the relationship between actual grain yield and grain yield expected with a certain amount of N 
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absorbed with a conversion efficiency of 30 Kg N per Mg grain
-1

 for ( ) un-fertilized, ( ) farmer fertilization or  

( ) WatNitMED fertilization. Open and closed symbols represent Béja and Siliana fields, respectively. 

3.3 Nitrogen uptake and N utilization efficiency 

Nitrogen uptake was significantly (R
2
 =0.77; P<0.001) 

and positively related to grain yield (and biomass at 

maturity) across all treatments and locations. As it was 

expected, N uptake increased with the amount of N 

supplied. In general, crops receiving WatNitMED 

fertilizations had higher amounts of absorbed N 

(averaging across conditions 122 kg N ha
-1

) than 

treatments representing the farmers fertilization dose 

(106 kg N ha
-1

), and the difference became larger when 

compared with unfertilized crops (65 kg N ha
-1

). 

Differences in N absorption were behind responsiveness 

to fertilization (Fig. 7a). There were not clear 

differences in N utilization efficiency (UtE) between 

plots fertilized by the farmers or following the scheme 

proposed by the project (Fig. 8).  

Protein percent in grains was higher in Siliana (14.7% 

of protein) than in Béja (13.9% of protein). There were 

differences in protein percent between un-fertilized 

(11.4%) and fertilized crops (c.13.5%) in Béja while 

differences between treatments were less noticeable 

(whole range was 14.2% to 15.2 %) in Siliana. Protein 

percent was explained by the residuals in grain yield of 

the relationship between the actual grain yield and the 

grain yield expected with the same N uptake and a N 

conversion of 30 kg N Mggrain
-1

 (Fig. 7b). 
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Figure 8. Relationship between N utilization efficiency 

of farmer fertilizations and N utilization efficiency of 

WatNitMED fertilizations. Open and closed symbols 

represent Béja and Siliana fields respectively. 

 

4. Discussion 
Despite of the difficulties in carry out the experience (i.e. 

to convince farmers of apply the recommended N rate in 

WatNitMED fields; the withdrawal by some farmers of 

some of the treatments; the relatively small sampling), 

the reported pilot experience produced results with 

similar trends to those observed for experimental or 

simulated conditions across the WANA (Pala et al. 1996; 

Garabet et al. 1998; Oweis et al. 1999) or other 

Mediterranean regions involved in the design of the 

fertilization scheme reinforcing the knowledge 

generated at different scales (Cabrera-Bosquet et al. 

2009; Cossani et al. 2009; Albrizio et al. 2010) about N 

fertilization. 

In spite of the undisputed fact that water availability 

affects yield and yield responsiveness to N-fertilization 

in Mediterranean conditions, we hypothesized that, as it 

was the case in Australia (Passioura 2002), the low-

yields normally achieved in the rainfed North African 

wheat production systems would be associated, at least 

partially, to N limitations if cereals are not fertilized 

(which is commonly the case in the WANA region and 

North Africa; Mossedaq and Smith 1994; Oweis et al. 

1998; Heng et al. 2007). Differences in rainfall during 

the growing season could be responsible for the 

differences in average yield response to N between the 

two experimental regions, as previously reported for 

other Mediterranean regions (Kopp 1981; Anderson 

1985; Austin et al. 1998a; 1998b). The poor relationship 

between unfertilized and fertilized yields with clear 

advantages for most of the fertilized plots supports the 

hypothesis, and suggests that, in most of the cases 

farmers not fertilizing their wheats in Tunisia would be 

missing an opportunity to improve their productivity; 

even in Siliana, a relatively low-yielding region for 

rainfed wheat. 

WatNitMED recommendation produced in many cases 

yield advantages over what it would be the optimal dose 

by farmers for their fields. The advantage was small, but 

it might be higher if the farmers would have fertilized 

their fields with the rates they usually do, rather than 

with what they regarded as optimal. There are several 

reasons for speculating that the actual rates these 

farmers would have used are lower than what they 

selected as optimal, the main one being the farmers 

were questioned, before entering into the experience, on 

which was their fertilization schemes and most of them 

replied that they would apply at least 20 Kg N ha
-1

 less 

than what they finally applied in the study afterwards 

(Thabet et al. 2006). Due to the fact that the farmers 

themselves applied the doses suggested from our project, 

they learnt that information before applying their dose, 

and probably felt influenced and raised their doses to 

get closer to that “recommended” from the model. Thus, 

the general view of the relative advantage of the 

recommendation process used compared to that used by 

the farmers was minimised, and for much of the farmers 

in the region (particularly in Siliana) the comparison 

that more truly reflects the reality is that against 

unfertilized crops. 
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Differences in yield were based mainly in 

responsiveness of the number of grains per square meter, 

consequence in turn of the improved number of spikes 

per unit land area in response to the treatments. As 

crops were fertilized at the end of tillering, is seemed 

clear than the main attribute by which yield responded 

to N availability was the reduction in tiller mortality 

determining more spike-bearing tillers per square meter. 

Similar results were found for Morocco, fertilizing with 

N just prior to the growth’s stage when N demand by 

the crop is greatest (beginning of stem elongation). The 

increased grain number per square meter accounted by 

increased numbers of spikes per unit area, increased 

kernel numbers per spike, or both components 

(Mossedaq and Smith 1994). The fact that even under 

Mediterranean conditions yield differences are tightly 

linked to the number of grains per square meter is in 

line with evidences reported in experimental conditions 

of the WatNitMED project (e.g. Cossani et al. 2007 and 

2009; Albrizio et al. 2010). This agrees with the view 

that grain growth, after the number of grains has been 

set in wheat, proceeds under low or no competition for 

carbohydrates (e.g. Cartelle et al. 2006; Acreche and 

Slafer 2009) alike in non-Mediterranean conditions 

(Slafer and Savin 1994; Borrás et al. 2004 an several 

references quoted there in).  

As straw has a market value in Tunisia (as in other 

countries of the Mediterranean region) the profitability 

of a system must take crop residues into consideration. 

Despite of differences observed in grain yield between 

fertilized and unfertilized plots was clear, the advantage 

obtained in straw yield for the fertilized plots (1.58 

Mgstraw ha
-1 

equivalent to c. 130 € ha
-1

 using the straw 

average price for the last five years in Tunisia) showed 

an additional-advantage. In addition, WatNitMED 

recommendation produced an advantage of straw yield 

over the farmers strategies that represented an extra 

income of c. 85 € ha
-1

 for the farmers.  These 

differences are evidenced in the superiority in terms of 

total yield of the fertilized and WatNitMED 

recommendation over the unfertilized and farmers’ 

fertilization options, respectively.  

In the present pilot experience we focused in up-scaling 

to realistic farmers conditions the quantification of the 

opportunity to increase grain yields in rainfed wheats in 

Tunisia without focusing on grain quality. Focusing on 

grain protein concentration, it could be stated that even 

in the cases in which yield did not respond to 

fertilization strongly there was an increase in grain 

quality. This increase was the result of a compensation 

reinforcing even more the recommendation that farmers 

should avoid growing wheat continuously without 

fertilizing in the region, even if it is under conditions in 

which water availability limits yields strongly.  

Beyond accepting the implicit hypothesis that wheat 

yield is N-limited if fields are not fertilized even in a 

Mediterranean rainfed system, the project delivered a 

tool that proved useful in two contrasting regions of 

Tunisia. The use of crop management guides such as 

decision schemes, like that used in the present study, or 

simulation models (Abeledo et al. 2008; Asseng et al. 

2008), seems critical for optimising wheat yield under 

dryland Mediterranean conditions of North Africa. 

Despite of the higher yield achieved following the 

recommendation based on WatNitMed decision scheme, 

it should be noted with caution that the present paper 

attempts only to report a single pilot experience (the 

only kind of experience we could conduct within the 

funding scheme available). The main limitations are 

based on that it only has one growing season (although 

unfertilized yields resembled closely “normal” yields in 

the region). Thus, it is not intended to provide 

quantitative tools in terms of recommended doses, but 

to simply illustrate that the up-scaling from field 

experiments to realistic farms managed by their farmers 

suggest similar results to the observed in experimental 

conditions. In these regions not only fertilization should 

be used to improve productivity far more widely than it 

is used so far, but also that even what farmers regard as 

optimal doses would likely underestimate achievable 

yields. If further tested nationally, or in other WANA 

regions, the scheme used in this pilot experience 

(illustrated in Fig. 1) might be adopted as an easy tool to 

determine fertilization doses. 

N fertilization allowed improving grain yield through 

improving the use of limited resources by the crops. N 

fertilization increased water use efficiency (WUE) at 

least in terms of rainfall use (Fig. 9). 
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Figure 9. Grain yield as a function of total rainfall 

during the growing season for ( ) un-fertilized, ( ) 

farmer fertilizations and ( ) WatNitMED fertilizations. 
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Solid line represents the upper WUE threshold as 

defined by Sadras and Angus (2006). 

 

The response of WUE to the N fertilization coincides 

with that indicated in the classic papers by French and 

Shultz (1998a; 1998b). The improved WUE could be 

mediated by an earlier soil cover reducing direct 

evaporation (Passioura 2006), or by allowing the 

capture of more water from deeper soil layers (Angus 

and van Herwaarden 2001; Kirkegaard et al. 2007) due 

to a greater root system (Brown et al. 1987).   

In conclusion, N fertilization analysed at realistic 

conditions actually faced by farmers, proved to be a 

useful strategic farm management tool to increase wheat 

yield and productivity in rainfed Mediterranean Tunisia. 

The use of a scheme accounting for the crop status, 

environmental and management conditions resulted in 

an additional yield and biomass productivity advantage 

over the N management most frequently adopted by 

farmers. 
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