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SUMMARY - Water is recognized as the most limiting factor in Mediterranean regions, though N 
shortages seem as important as water scarcity. The general objective of this proposal is to identify 
and transfer improvements in management of wheat and barley through increasing the capture and/or 
the use efficiency of water and N. The project is based on the premise that understanding the 
physiological bases of the responses to water x N shortages would allow the design of more 
consistent management practices to overcome the deficiencies explored, either by directly using the 
concepts in such strategic design or by being able to build up (or adapt an existing) robust simulation 
models based on this knowledge and then allowing the testing of different alternatives exploring a 
large degree of G x E interactions. We developed work-packages (WP) on plant and crop physiology 
(WP5-10, some more focus on root attributes, others on N/water economies of the canopy) designed 
to elucidate facts under the realistic (actual and near future) range of water x N deficiencies in the 
Region (established beyond the well known general pattern of �Mediterranean conditions� by WP1), 
so that the agronomic (WP11-12) and strategy design (WP4) works may be based on more solid 
bases, and the social impact and outreach activities (WP2) be made more confidently on the actual 
impacts of any proposed changes in management measured in the project. 
 
Key words: Water, Nitrogen, Wheat, Barley, Management, Nitrogen use efficiency, Water use 
efficiency 

 
 
 

CHARACTERISING THE SITUATION 
 
Mediterranean climate is characterised by a high seasonal variability in rainfall, with soils 

characterised by their relatively low and variable nitrogen content, and simultaneously highly prone to 
wind and water erosion due to the presence of irregular steep slopes (López-Bellido et al., 2000). The 
environmental factors most strongly influencing crop grain yields in the region are soil moisture and 
nitrogen, the former of which depends on rainfall and its distribution during the growing season (e.g. 
Loss and Siddique, 1994; Araus et al., 2002). Although water is recognized as the most limiting factor 
in Mediterranean regions, N shortages seem as important as water scarcity (e.g. Passioura, 2002). 

 
Breeding under Mediterranean conditions of South Europe and the West Asia and North Africa 

(WANA) has been consistently funded by the EU-INCO programme (MPCs). As crop productivity for a 
particular region is the consequence of the breeding x management x weather interaction, 
understanding the bases for improved management has been becoming increasingly important. The 
general objective of this proposal is to identify and transfer improvements in management of wheat 
and barley through increasing the capture and/or the use efficiency of water and N. As improvements 
in crop productivity in any environmental background are the result of the genetic by management 
interactions, the overall aim of the project is critical not only on its own but also to power any likely 
genetic improvement in attributes related to use more or more efficiently scarce resources. 
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In this context, WatNitMED is based on the premise that understanding the physiological bases of 
the responses to water x N shortages would allow the design of more consistent management 
practices to overcome the deficiencies explored, either by directly using the concepts in such strategic 
design or by being able to adapt a robust simulation model based on this knowledge and then 
allowing the testing of different alternatives exploring a large degree of G x E interactions. 

 
 

PHYSIOLOGICAL BASES OF PRODUCTIVITY 
 
Cereal productivity, the final goal of farmers determining their success (and fate), is the final 

outcome of the Genetic x Management interaction in a particular range of environmental backgrounds 
also interacting. To produce trustworthy advances, in either breeding or management, the 
determinants of productivity must be taken it account. The better the yield determination is understood 
the more likely the breeding or management strategies designed to raise productivity will efficiently 
apply (Austin, 1993; Richards, 1996; Slafer et al., 1996). 
 

Whenever we think on the determination of yield a wide range of different ideas may come to our 
mind. This is because yield is the final outcome of crop growth and development processes occurring 
throughout a growing season: yield is being formed all the time from sowing to harvest (Slafer & 
Rawson, 1994), and therefore virtually any trait may be considered yield-determining. However, in an 
agronomic context the idea is mostly restricted to two groups of attributes: those conferring adaptation 
(through phenological adjustment or tolerance/resistance to abiotic or biotic constraints for yield) and 
those related more directly to the productivity (attributes determining yielding advantages beyond 
tolerance to stresses). 
 

Some of the clearest examples of attributes controlling yield through the effect of major genes on 
adaptation are those related to phenology. Undoubtedly, the pattern of crop development is the single 
most important attribute largely determining its performance under field conditions (e.g. Passioura, 
1996; 2002; Richards, 1996). For instance, improving yield due to a better adaptation to different 
regions has been possible in wheat due to modifications in its pattern of development to suit each 
particular combination of environmental conditions, being the key issue the fact that anthesis must 
occur when frost risks are small and that some water is still available during grain filling (Slafer & 
Whitechurch, 2001), for which the contributions of breeding and management have been both 
paramount. 
 

However, in most realistic situations crops are exposed to a range of largely unpredictable 
combinations of stresses that requires the understanding of the attributes conferring higher 
productivity for a wide range of conditions. Although the most popular approach has been the 
dissection of yield into its �numerical components�, so that crop yield (in the case of wheat) is 
considered to be the product of plants per unit land area, spikes per plant, spikelets per spike, grains 
per spikelet, and average individual grain weight. Although this approach is eminently correct from the 
mathematical logic sustaining it, it has a major problem that makes it unsound from a physiological 
point of view, at least for predicting the effect of manipulating a component on crop yield (e.g. Fischer, 
1984; Slafer et al., 1996). The insolvable inconvenience has its roots in the fact that these yield 
components are, almost invariably, negatively related between each other (as illustrated in Slafer, 
2003). Despite of being competition among growing grains the most commonly reported interpretation 
for the negative relationship between mean grain weight and grain number per unit land area, this is 
not true, at least for most of the conditions in which cereals are grown, even under stress (being the 
stress effects seemingly directly affecting grain size rather than through changes in assimilate 
availability e.g. Slafer & Miralles, 1992; Zahedi et al., 2003; Acreche & Slafer, 2006). Although for 
economy of space we could not develop the point with detail here (but see Slafer & Savin, 1994; Kruk 
et al., 1997), it implies that we need to understand much more deeply the nature of the negative 
relationship between grain number and grain size in order to develop effective management 
strategies minimizing trade-offs among yield determinants. 
 

The alternative, physiologically sound and agronomically trustworthy approach is that based in the 
ability of the crop to grow and partition the dry matter together with the efficiency in transforming these 
two attributes into grain number per unit land area (e.g. Fischer, 1984; Slafer et al., 1996); 
complemented by a more refined understanding of the actual (genetic and environmental) 
determinants of the final weight of the grains (Calderini et al., 2001).  
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In this context, to be able to design adequate management strategies (either by direct agronomic 
experimentation or through building/improving, and then using, simulation models) we need to 
improve our understanding on the way in which cereals do acquire their abilities to use more, and use 
more efficiently the water and N (the most limiting factors in Mediterranean agriculture) to produce 
their growth and partitioning (as the latest is strongly determined by the timing of growth; e.g. Fischer, 
1984) and to what degree management may influence in the production of fertile spikelets and florets 
per unit of dry matter allocated to reproductive growth. WPs on plant and crop physiology (WP5-10) 
were designed to elucidate these facts under the realistic (actual and near future) range of water x N 
deficiencies in the Region (to be established beyond the well known general pattern of 
�Mediterranean conditions� by WP1 with contributions from WP3), so that the agronomic (WP11-12) 
and strategy design (WP4) works may be based on more solid bases, and the social impact and 
outreach activities (WP2) be made more confidently on the likely actual impacts of any proposed 
changes in management suggested from this project.  

 
 

RESOURCE CAPTURE AND ROOT SYSTEMS 
 

For wheat and barley crops grown in Mediterranean environments, the interactions between 
fertilizer N applications yield and water use are imperfectly understood, but since roots are the agents 
of both water and nutrient uptake their activity seems crucial. To be in a position to manage more 
effectively, an improved quantitative understanding of relationships between root traits and capture of 
water and nitrogen is required. The literature (Fischer, 1981) contains many suggestions of the type of 
root system likely to benefit capture during grain filling, but there are few measurements of root 
growth and activity. 
 

The major phase of root growth in wheat and barley is during tillering and stem extension, a time 
when the canopy is also rapidly expanding. The total length of the root system increases until about 
anthesis (Gregory et al. 1978; Barraclough and Leigh 1984). The mechanisms controlling root:shoot 
weight ratio at anthesis are complex, involving the exchange of hormonal messages between roots 
and shoots. At present our understanding of root activity during grain filling, and the factors that 
influence it, is poor. The weight of the shoots and root systems, however, may not provide the best 
measure of their ability to capture resources. Arguably, more a appropriate measure would be the leaf 
area and root length density (Lv, cm cm

-3
), respectively. 

 
Field data sets of barley grown on stored water in Syria indicate a Lv of about 1 cm cm

-3
 is 

required for extraction of 90% of the available water, and about 2 cm cm
-3

 for complete extraction 
(Gregory and Brown, 1989). It is encouraging that this estimate, based on field measurements, is 
comparable to that predicted from theoretical considerations of water uptake by single roots for cereal 
root systems (Van Noordwijk 1983). The relationship between Lv and below-ground resource capture 
in cereal root systems has recently described in a quantitative model, jointly developed by University 
of Nottingham and other UK research institutes, linking the size and distribution of the root system to 
the capture of water and nitrogen during grain filling (King et al., 2003). The model uses only 
summarized concepts, relying on only a minimum number of parameters, each with a clear biological 
meaning. 
 

It is possible that a larger investment in fine roots at depth in the soil and less proliferation of roots 
in surface layers, would improve yields in rain-fed environments, including those Mediterranean 
environments with moderate to high winter rainfall, by accessing extra resources (King et al., 2003). 
Further development of these concepts will provide the basis of the proposed work in the present 
project. The aim is to develop a framework for optimising roots in Mediterranean environments, 
including an investigation of interactions between early and later events during crop development.  

 
 

MODELLING AND STRATEGY DESIGN 
 

Optimization of crop management at tactical and strategic levels is complex due to the fact that 
crop response to different practices (e.g. sowing date, sowing rate, fertilization, etc.) interacts with 
other agronomic factors, and with soil type, genotype and particularly weather (Fischer, 1985). The 
generation of management guidelines for a particular region from experiments may require many 
experiments in several years and sites, at a high cost of time and money. A major inconvenience of 
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using conventional experimentation is that interactions between cultivar, climate and soil management 
practices frequently have a greater impact on yield than their individual effects (Byerlee et al., 1991). 
Therefore, extrapolating the results obtained from a limited number of environmental combinations to 
other environments is not only difficult but may be misleading. A complementary method of evaluating 
crop/soil/climate interactions is to use a validated crop simulation model in combination with an 
extended series of climatic data (Stapper and Harris, 1989). 
 

Passioura (1973) pointed out the dangers in using complex mechanistic simulation models 
because of the difficulties inherent in testing them and the wide gap between crop growth and yield 
and processes taking place at relatively low organization levels. On the other hand, extremely 
simplistic, purely empiric models may not be sufficiently realistic to allow testing some hypotheses or 
sufficiently robust for meaningful application. Nevertheless, Fischer (1985) demonstrated that 
simulation models of intermediate complexity could be confidently useful agronomic tools. Angus 
(1991) emphasized the important contribution made trough the use of simulation models to the study 
of the effects of different management practices in a region when large series of climatic data are 
evaluated. There are some examples in the literature of the usefulness of this approach to the 
analyses of management decisions on final crop yield and other crop attributes with different 
simulation models (Stapper and Harris, 1989; Fischer et al., 1990; Freebairn, et al., 1991; Singels and 
de Jager, 1991) over a range of crop species (e.g. Fischer et al., 1990; Muchow et al., 1991; Parsch 
et al., 1991).  
 

Crop simulation models are increasingly being used to support local decision-making. Examples 
for management decision support systems are WHEATMAN, APSIM and ShowDevel. These systems 
are initiated from the awareness that growers need to be able to accurately identify crop growth 
stages and be aware of key crop characteristics or standards associated with high yields. In the Show 
Devel package, calculations are based on regional climatic data and photoperiod, which are included 
in the package for over 400 locations in the Australian wheat growing areas. The present project will 
look for ways to construct the model such that the output can be linked with these Decision Support 
type of models.  
 

Until now the time courses of regulatory aspects of sink and source processes have been widely 
neglected in studies on yield under stress conditions. Traits related to organ formation and carbon 
partitioning (typical sink activity determining factors) and traits related to photosynthesis and 
remobilization of stored carbohydrates (source related processes) are usually studied as independent 
entities. This is one of the reasons why our continually improving understanding of plant physiology 
has made little impact on defining the attributes required for breeding for stress tolerance, despite the 
best efforts of plant physiologists to define which plant characteristics are important under stress 
conditions. In the foreseen new water/nitrogen-limited model, source- and sink-limited growth will be 
simulated independently as described in a mechanistic model that was developed for grasses 
(LINGRA) (Schapendonk, 1998). The model has been adapted for wheat in LINGRA-CC model 
(Rodriguez et al., 2000). This model will serve as a basis for subroutines that include photosynthetic 
acclimation to water supply and changes in the canopy nitrogen profile. The model will include sink 
and source terms to keep track of the demand and supply of assimilates during different 
developmental stages.  

 
 

THE PROJECT 
 

WatNitMED specifically addresses a thematic priority to the Mediterranean region: improving 
management of Mediterranean wheat and barley to increase water/Nitrogen use and use efficiency. It 
is fully multidisciplinary, including in the consortium agronomists, physiologists, geneticists, crop 
modellers and sociologists together with farmers associations. It mobilises the strength, expertise and 
resources of European and non-European (Mediterranean) teams. It places a strong emphasis on the 
establishment of a coherent and optimised use of European research resources, developing 
synergistic interaction across the EU.  
 

Too often, research programs on plant physiology result in extremely interesting information that in 
its current status is not relevant to practical crop management strategies. The project proposed will 
strengthen the links between discovery, deployment, production and end-use, by combining and 
exploiting the otherwise fragmentary information available at different research centres. The inclusion 
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of modelling development/adaptation and simulation exercise will provide not only a powerful tool to 
design management strategies but also a framework in which the physiological-crop science-
agronomic information produced as innovation of the specific WPs will be integrated to produce 
reliable outputs in form of management alternatives, as the main outreach activity of the proposed 
work of this consortium. In this context, the project proposed addresses a subject that is of high 
relevance for unlocking new developments in agriculture. 
 

We aim to improve the understanding on the determinants of the crop ability to capture more water 
and/or to use water more efficiently (WUE) in a range of nitrogen availability conditions; as well as to 
capture more N and/or to use N more efficiently (NUE) in a range of water availability conditions. In 
this case, both ranges will be characterized and described within the context of the project, (i) 
identifying plant/crop characteristics that may confer superior ability to cope with insufficient water and 
nitrogen resources, (ii) constructing/adapting a simulation model to be friendly but reliably (with 
mechanistic basis, for which plant and crop physiological bases are to be established) used in the 
design of management strategies to improve capture and/or use efficiency of these resources, (iii) 
testing agronomic hypothetical management strategies improving the performance of cereals in these 
environments, and (iv) evaluating the socio-economic impact of the adoption of the improved 
strategies likely identified. We are also committed, within the project, in transferring the outcomes to 
the producers, with Farmers Associations in our partnership. 
 

To satisfy the objectives the project have work-packages (WP) on plant and crop physiology 
(WP5-10, some more focus on root attributes, others on N/water economies of the canopy) designed 
to elucidate facts under the realistic (actual and near future) range of water x N deficiencies in the 
Region (established beyond the well known general pattern of �Mediterranean conditions� by WP1), 
so that the agronomic (WP11-12) and strategy design (WP4) works may be based on more solid 
bases, and the social impact and outreach activities (WP2) be made more confidently on the actual 
impacts of any proposed changes in management measured in the project. 
 

The first WP is on Targeting Environments, aimed to characterise the main environmental 
conditions (weather and soils) of the Mediterranean region, particularly on the expected dynamics of 
water and N availabilities. The exercise will also include an assessment of the expected scenarios in 
the near future for these regions (in association with WP3). With the environments clearly 
characterised on which management strategies aimed to improve the capture and use efficiency of 
water and nitrogen clearly targeted the core WPs of the project, dealing collectively with the aim of 
designing better management strategies to improve profitability and sustainability of farmers in the 
region with a strong mechanistic basis. They are divided into WPs designed (i) to understand the 
whole-plant physiology of cereals grown in different ranges of water x N shortages, (ii) to identify the 
crop physiological characteristics of root systems to capture these resources and those determining 
grain setting and grain filling in conditions of water and nitrogen scarcity, (iii) to build up a simulation 
model able to capture the identified responses to water x N shortages at the plant and canopy levels, 
and (iv) to test agronomic responses to a range of management practices derived from the 
information of the plant- and crop-physiological studies and suggestions from running the model 
under different scenarios. The three Plant Physiology WPs will be focused in different aspects, though 
each would be equally committed to both water and N. One (WP5) will be focused on responses of 
the root systems, and on the changes in resource capture expected from different patterns of root 
growth and soil exploration. Other (WP6) will be more concerned with experiments analysing basic 
changes in growth capacity under water x N deficiencies, mostly based on stable isotope composition, 
photosynthetic gas exchange, chlorophyll fluorescence, and activities of N-metabolism enzymes. The 
third WP on plant physiological aspects (WP7) will be more focused on floret set/abortion in relation to 
carbohydrate/nitrogen translocation to developing ovaries under different water and N stresses and 
maybe also some hormonal studies in this context. One of the three Crop Physiology WPs is 
concerned with root systems under field conditions in Mediterranean environments attempting to 
assess to what degree different attributes of the root systems may be valuable for different growing 
areas of the Region (WP10). The other two Crop Physiology WPs are more concerned with the 
efficiency in using the resources captured; one of them would be more focused in WUE (WP8) while 
the other in NUE (WP9), though in both cases some degree of water x N interactions will be explored. 
In these studies manipulations of the environmental conditions will be imposed to determine whether 
the use efficiency of these resources may be improved by exposing the crop to particular conditions 
(which would then provide the basis for the design of strategies tested in the Agronomic WPs). Based 
on the results from the studies on plant and crop physiological responses to water x N deficiencies in 
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terms of both resource capture and use efficiency, two Modelling WPs are proposed: one on building 
up (or adapting an existent) model (including parameterisation; WP3) and the other one on designing 
management strategies using a model for both the present prevalent conditions and for those 
expected in the near future (WP4). The core WPs are synthesised in the two Agronomy WPs, in 
which the final designed management strategies will be directly tested in one case more focused in 
water (WP11) while in the other in N issues (WP12), but in both considering the interactions. These 
Agronomic WPs will provide in addition feedback to the other WPs. The whole project concludes with 
a Socio-Economic WP (WP2) mainly in charge of answering whether the proposed strategies are 
actually applicable and acceptable by the farmers in each of the main regions of the cereal production 
area of the South Mediterranean Countries, and if so which is the economic-financial issues of the 
expected adoptions. This WP will also be in charge of the outreach activities of the consortium. 
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strength - FINLAND

� Controlled experiments
� Physiology of grain setting
� Carbohydrate and N economy
� Hormone actions and balance

WP8 -Crop: WUE
ITALY

�Manipulative field experiments
�Traits forWUE
�Impact evaluation of traits
at2 N levels

�

WP8-Crop: WUE

ITALY

�Manipulative field experiments
�Traits forWUE
�Impact evaluation of traits
at 2 N levels

�Conservative expressions ofWUE

WP9 -Crop: NUE

SPAIN -Lleida

� Manipulative field experiments
� Traits forNUE
� Impact evaluation of traits
at 2 W levels

�

WP9 -Crop: NUE

SPAIN -Lleida

� Manipulative field experiments
� Traits forNUE
� Impact evaluation of traits
at 2 W levels

� Conservative expressions ofNUE

WP10 -Crop: root

Capture - JORDAN

� Manipulative field experiments
� Traits forW & N capture
� Impact evaluation of traits under
a range ofW x N regimes

WP10 -Crop: root

Capture - JORDAN

� Manipulative field experiments
� Traits forW & N capture
� Impact evaluation of traits under
a range ofW x N regimes

WP11 -Agronomy: WUE

TUNISIA -Ariana

�
under differentN 

�
� Field validation of new

genotypes-traits

WP11 -Agronomy: WUE

TUNISIA -Ariana

�
N 

�
�

-

Field experiments,Wmanagement
under different
Field validation of model strategies
Field validation of new
Genotypes traits

WP2-Farmer Benchmarking

TURKEY/TUNISIA ?

� Incorporation oflocal knowledge

�Participation to decision
�Perception/acceptanceby end-user
�Soci-economic analysis of strategies
�Demonstration/dissemination

WP2-Farmer Benchmarking

TURKEY/TUNISIA ?

� Incorporation oflocal knowledge

�Participation to decision
�Perception/acceptanceby end-user
�Soci-economic analysis of strategies
�Demonstration/dissemination

WP12 - Agronomy : NUE

MOROCCO

�
under differentW 

�
� Field validation of new
genotypes -traits

WP12 - Agronomy : NUE

MOROCCO

� Field experiments, N management
under differentW 

� Field validation of model strategies
� Field validation of new
genotypes -traits

WP1 -Environment Targeting

LEBANON

� TargetingMedit. Environments

�Water dynamics
�Nitrogen dynamics
�Rainfall Analysis
�Drought / N-deficit Indexing

WP1 -Environment Targeting

LEBANON

� Targeting Medit. Environments

�Water dynamics
�Nitrogen dynamics
�Rainfall Analysis
�Drought / N-deficit Indexing

WP2-Farmer Benchmarking
& Socio -Economy

TUNISIA -Chott Meriem

� Incorporation oflocal knowledge
� Participation to decision
� Perception/acceptanceby end-user
� Socio-economic analysis of strategies
� Demonstration/dissemination

WP2-Farmer Benchmarking
& Socio -Economy

TUNISIA -Chott Meriem

� Incorporation of local knowledge
� Participation to decision making
� Perception/ acceptance byend- user
� Socio-economic analysis of strategies
� Demonstration /dissemination

Management Improvement of WUE & NUE of Mediterranean Strategic Crops (Wheat and Barley ) WatNitMEDManagement Improvement of WUE & NUE of Mediterranean Strategic Crops (Wheat and Barley ) WatNitMED

MOROCCO

crop physiology subroutines
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