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Summary 

Wheat breeding has played an important role in increasing yields during the 20th century. In 
general, the increase in yield was characterised by an exponential trend with the year of release of 
the cultivars: slow increase during the first half of the century followed by a fast gain in the second 
half. However, very few studies were conducted under Mediterranean conditions characterized by a 
dry and hot summer, a mild and wet winter, and by a high variability in the year-to-year rainfall. As 
the vast majority of wheat in Spain is grown under these particular conditions, the aim of this Thesis 
was to identify the main eco-physiological attributes that have been modified by bread wheat 
breeding in Mediterranean Spain during the 20th century. The particularity of this environment 
allowed the hypothesis that under Mediterranean conditions breeders may have selected for high 
yields through different physiological avenues to those explored in other temperate regions implying 
that cultivars successfully performing in this environment might express a different, more 
conservative, behaviour, privileging reserve accumulation rather than maximising grain number per 
unit of crop dry matter at anthesis. Field experiments were conducted during five consecutive 
growing seasons, under different environmental backgrounds mainly characterised by distinct yield 
potentials. We tested bread wheat genotypes representing important steps in wheat breeding in 
Spain selected due to their success during at least a decade in farm or experimental crops in the 
Mediterranean region of Spain, including two advanced breeding lines of IRTA’s bread wheat 
programme performing consistently well in several comparative trials. Descriptive trends in yield, 
yield components and other physiological attributes were analysed, but also a more complex 
prospective physiological approach was developed in order to determine key physiological traits of 
value for future breeding. 

Bread wheat breeding in Mediterranean Spain has dramatically increased yields between the 
1940s and 1970s with no clear gains in yield during the last decades. The increase of yield in 
modern genotypes was associated to the increase of harvest index (HI) and the number of grains 
per m2. The lack of success in improving wheat yields in Mediterranean Spain during the last 
decades could be associated to the fact that although modern genotypes had higher HI than their 
older counterparts, the resource partitioning to reproductive organs was lower than those reported 
under non-Mediterranean conditions, showing that there was an important part of the 
carbohydrates that were not remobilised to grains. The higher sink size of modern genotypes 
generated higher resource demand associated to higher post-anthesis radiation use efficiency 
(RUE). The increase in the number of grains per m2 was associated to the decrease in grain 
nitrogen content corroborating that the accumulation of nitrogen in the grains is source-limited. The 
higher grain number of modern genotypes was associated to both the number of grains per unit of 
spike dry weight at anthesis, or “fruiting efficiency”, and the spike dry weight at anthesis, revealing 
the relevance of the grain determination period. This shows that even under the Mediterranean 
environment the number of grains per m2 is the main determinant of yield and that further increases 
of the grain number in modern genotypes would be associated to higher yields. In fact, decreasing 
grain number by post-anthesis spike trimming or pre-anthesis shading resulted in reductions of crop 
growth, RUE and leaf photosynthetic rate during post-anthesis. These manipulative experiments 
also showed that breeding tended to increase the degree of source-limitation during post-anthesis 
from negligible values in the oldest cultivars to a sort of co-limitation in the most modern line, a fact 
that could generate a negative correlation between the grain number and average grain weight 
(AGW). However, the results of this work show that the negative relationship between the number 
of grains per m2 and the AGW is produced by increases in the proportional contribution to the final 
number of grains per m2 of grains that are constitutively smaller. 

Finally, this Thesis shows that yield sensitivity to lodging, beyond differences in lodging itself, 
has been reduced by bread wheat breeding. In general, the lower yields in lodged plants were 
associated to the decrease of both the number of grains per m2 and the AGW. The decrease of the 
number of grains per m2 was associated to a reduction in crop growth, while the AGW loss was 
apparently simultaneously related to the reduction of available assimilates (crop growth during post-
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anthesis as well as water soluble carbohydrates at anthesis) and to a direct effect of lodging on 
grain weight potential (as grain weight responses to source-sink manipulations were similar in 
lodged and un-lodged canopies). Thus it appears that overall grain filling in un-lodged and in 
strongly lodged canopies was similarly balanced in terms of source-sink ratios. 
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Resumen 

La mejora genética de trigo ha tenido un importante rol en el aumento de los rendimientos 
durante el siglo XX. En general, los incrementos en los rendimientos se caracterizaron por una 
tendencia exponencial con los años de liberación de los cultivares: bajos incrementos durante la 
primera mitad del siglo seguido por una rápida ganancia en la segunda mitad. Sin embargo, muy 
pocos estudios se realizaron en condiciones mediterráneas, caracterizadas por veranos secos y 
calurosos, inviernos húmedos y suaves, y por una alta variabilidad interanual de las 
precipitaciones. Como la gran mayoría de trigo cultivado en España se realiza en estas 
condiciones particulares, el objetivo general de esta Tesis fue identificar los principales atributos 
eco-fisiológicos que han sido modificados por la mejora genética de trigo en la región mediterránea 
de España durante el siglo XX. Las características particulares de este ambiente permiten formular 
la hipótesis de que la mejora genética en condiciones mediterráneas podría haber seleccionado 
cultivares de alto rendimiento a través de diferentes vías fisiológicas a las exploradas en ambientes 
templados, lo que implica que los cultivares exitosos en este ambiente podrían expresar un 
comportamiento diferente, mas conservador, privilegiando la acumulación de reservas en vez de 
maximizar el número de granos por unidad de materia seca en floración. Se realizaron 
experimentos a campo durante cinco estaciones de crecimiento consecutivas, en ambientes de 
diferentes potenciales de rendimiento. Se analizaron genotipos de trigo harinero representativos de 
logros significativos de la mejora genética de trigo en España, los cuales fueron seleccionados 
debido a su éxito durante al menos una década en condiciones productivas o experimentales en la 
región mediterránea de España. Los genotipos incluían dos líneas avanzadas del programa de 
mejora genética de trigo harinero del IRTA, caracterizadas por un buen comportamiento en 
diversos ensayos comparativos. Se analizaron las tendencias en rendimiento, componentes del 
rendimiento y otros atributos fisiológicos de interés, pero también se desarrolló una visión 
prospectiva intentando identificar diferentes herramientas fisiológicas para determinar atributos 
claves de valor para la mejora genética futura. 

La mejora genética de trigo harinero en la región mediterránea de España ha incrementado 
dramáticamente los rendimientos entre los 1940s y 1970s, sin claras ganancias de los 
rendimientos durante las últimas décadas. Los incrementos del rendimiento en genotipos 
modernos fueron asociados a incrementos del índice de cosecha (IC) y del número de granos por 
m2. A pesar de que los genotipos modernos mostraron mayores IC que los antiguos, la falta de 
éxito en incrementar el rendimiento en las últimas décadas en la región mediterránea de España 
podría estar asociada al hecho de que la partición de recursos hacia los órganos reproductivos fue 
menor que en regiones de condiciones no mediterráneas, lo que demuestra que existe una parte 
importante de carbohidratos que no ha sido removilizada hacia los granos. El mayor número de 
destinos de los genotipos modernos generó una mayor demanda de recursos asociada a una 
mayor eficiencia en el uso de la radiación (EUR) durante la post-floración. El incremento en el 
número de granos por m2 se asoció a la disminución en el contenido de nitrógeno de los granos, 
corroborando que la acumulación de nitrógeno en los granos está regulada por el tamaño de la 
fuente. El mayor número de granos de los genotipos modernos se asoció con el número de granos 
por unidad de peso de espiga en floración o “eficiencia de fructificación” y con el peso seco de las 
espigas en floración, revelando la importancia del período en el cual se determinan los granos. Lo 
anterior demuestra que aún en ambientes mediterráneos el número de granos por m2 es el 
principal determinante del rendimiento y que incrementos futuros en el número de granos en 
genotipos modernos deberían estar asociados a mayores rendimientos. De hecho reducciones del 
número de granos, a través de tratamientos de desespiguillado durante la post-floración o de 
sombreo durante la pre-floración del cultivo resultaron en reducciones del crecimiento, EUR y tasa 
de fotosíntesis en hoja durante la post-floración. Estos experimentos manipulativos también 
permitieron determinar que la mejora genética tuvo una tendencia a incrementar el grado de 
limitación por fuente durante la post-floración desde valores nulos en el cultivar antiguo a un nivel 
cercano a la co-limitación en la línea más moderna. Esta co-limitación podría generar una relación 



 4 

negativa entre el número de granos y el peso medio de los granos (PMG). Sin embargo, resultados 
de este trabajo muestran que la relación negativa entre el número de granos por m2 y el PMG es 
debido a incrementos en la contribución proporcional al número final de granos por m2 de granos 
que son constitutivamente más pequeños. 

Finalmente, esta Tesis muestra que, mas allá de diferencias en encamado propiamente dicho, 
la mejora genética de trigo harinero ha reducido la sensibilidad a perdidas del rendimiento debido 
al encamado. En general, los menores rendimientos en plantas encamadas estuvieron asociados a 
disminuciones del número de granos por m2 y del PMG. La disminución del número de granos por 
m2 se asoció con reducciones del crecimiento del cultivo, mientras que la reducción del PMG 
estuvo aparentemente relacionada a la reducción de los asimilados disponibles (crecimiento 
durante post-floración, como así también carbohidratos solubles en agua en floración), pero 
también simultáneamente asociada a un efecto directo del encamado sobre el peso potencial del 
grano (ya que las respuestas del peso del grano a manipulaciones de la relación fuentes-destinos 
fue similar en conopeos encamados y controles). Por lo tanto, el balance general entre fuentes y 
destinos durante el llenado de los granos resultó ser similar en canopeos no encamados y 
severamente encamados. 
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Resum 

La millora genètica del blat ha tingut un paper important en l’increment dels rendiments durant el 
segle XX. En general, els increments de rendiment es van caracteritzar per una tendència 
exponencial amb els anys d’alliberament dels cultivars: increments baixos durant la primera meitat 
del segle, seguits per un ràpid augment en la segona meitat. No obstant això, molt pocs estudis es 
van realitzar en condicions mediterrànies, caracteritzades per estius secs i calorosos, hiverns 
humits i suaus, i per una alta variabilitat interanual de les precipitacions. Com que la major part del 
blat conreat a Espanya es fa en aquestes condicions particulars, l’objectiu general d’aquesta Tesi 
va ser identificar els principals atributs eco-fisiològics que han estat modificats per la millora 
genètica del blat en la regió mediterrània d’Espanya durant el segle XX. Les característiques 
particulars d’aquest ambient permeten formular la hipòtesi de que la millora genètica en condicions 
mediterrànies podria haver seleccionat cultivars d’alts rendiments a través de diferents vies 
fisiològiques a les explorades en ambients temperats, la qual cosa implica que els cultivars amb 
més èxit en aquest ambient podrien expressar un comportament diferent, més conservador, 
privilegiant l’acumulació de reserves en comptes de la maximització del nombre de grans per unitat 
de matèria seca a floració. Es van realitzar experiments a camp durant cinc estacions de 
creixement consecutives, en ambients de diferents potencials de rendiment. Es van analitzar 
genotips de blat fariner representatius d’assoliments significatius de la millora genètica de blat a 
Espanya, els quals han estat seleccionats pel seu èxit durant almenys una dècada en condicions 
productives o experimentals a la regió mediterrània d’Espanya. Els genotips incloïen dues línies 
avançades del programa de millora genètica de blat fariner de l’IRTA, caracteritzades per un bon 
comportament en diversos assajos comparatius. Es van analitzar les tendències de rendiment, 
components del rendiment i altres atributs fisiològics d’interès. A més, es va desenvolupar una 
visió prospectiva intentant identificar diferents eines per a determinar atributs claus de valor per a 
la millora genètica futura. 

La millora genètica de blat fariner a la regió mediterrània d’Espanya ha incrementat 
dràsticament els rendiments entre les dècades de 1940 i 1970, sense augments en els rendiments 
durant les darreres dècades. Els increments del rendiment en genotips moderns van estar 
associats a increments en l’índex de collita (IC) i en el nombre de grans per m2. Malgrat de que els 
genotips moderns van mostrar majors IC que els antics, la falta d’èxit en incrementar el rendiment 
de blat en les darreres dècades a la regió mediterrània d’Espanya podria estar associada al fet de 
que la partició de recursos vers els òrgans reproductius va ser menor que en regions de condicions 
no mediterrànies, la qual cosa demostra que existeix una part important de carbohidrats que no 
han estat re mobilitzats cap als grans. El major nombre de grans dels genotips moderns va generar 
una major demanda de recursos associada a una major eficiència en l’ús de la radiació (EUR) 
durant la post-floració. L’increment en el nombre de grans per m2 es va relacionar a la disminució 
en el contingut de nitrogen dels grans, corroborant que l’acumulació de nitrogen en els grans està 
regulada per la font. El major nombre de grans dels genotips moderns es va relacionar amb el 
nombre de grans per unitat de pes d’espigues en floració, o “eficiència de fructificació” i amb el pes 
sec de les espigues en floració, demostrant la importància del període en el qual es determinen el 
nombre final de grans. L’idea anterior demostra que, fins i tot en ambients mediterranis, el nombre 
de grans per m2 és el principal determinant del rendiment i que increments futurs en el nombre de 
grans en genotips moderns haurien d’estar associats a majors rendiments. De fet, reduccions del 
nombre de grans, a través de tractaments d’eliminació d’espiguetes durant la post-floració o 
tractaments d’ombreig durant la pre-floració del cultiu, van resultar en reduccions del creixement, 
EUR i taxa de fotosíntesi a la fulla durant la post-floració del cultiu. Aquests experiments on es va 
manipular el cultiu van permetre també determinar que la millora genètica va tenir una tendència a 
incrementar el grau de limitació per font durant la post-floració des de valors nuls en el cultivar 
antic fins a un nivell proper a la co-limitació en la línia mes moderna, la qual cosa podria generar 
una relació negativa entre el nombre de grans i el pes mitjà dels grans (PMG). No obstant això, els 
resultats d’aquest estudi mostren que la relació negativa entre el nombre de grans per m2 i el PMG 
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és a causa d’increments en la contribució proporcional al nombre final de grans per m2, que són 
constitutivament més petits. 

Finalment, aquesta Tesi mostra que, més enllà de diferències en l’ajagut per si mateix, la millora 
genètica del blat fariner ha reduït la sensibilitat a les pèrdues del rendiment causades per l’ajagut. 
En general, els menors rendiments en de les plantes bolcades van estar associats a disminucions 
del nombre de grans per m2 i del PMG. La disminució del nombre de grans per m2 es va associar 
amb reduccions del creixement del cultiu, mentre que la reducció del PMG va estar aparentment 
relacionada a la reducció dels assimilats disponibles (creixement durant post-floració, així com 
carbohidrats solubles en aigua a floració), però també simultàniament a un efecte directe de 
l’ajagut sobre el pes potencial del gra (ja que les respostes del pes del gra a manipulacions de la 
relació font-destí va ser similar en cultius ajaguts i testimonis). Per tant, el balanç general entre 
font-destí durant l’ompliment dels grans va ser similar en cultius no ajaguts i severament ajaguts. 
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General Introduction 

General considerations 

This general introduction focuses on general aspects of the eco-physiology of wheat. It intends 
to give a brief introduction for the general background of this Thesis, avoiding the redundancy and 
overlapping of contents between it and the specific introduction of each chapter. The general 
introduction has been divided into the following sections: 

•  Wheat importance and trends 
•  How breeding has improved yields elsewhere 
•  Why the study was carried out in Spain? 
•  Alternatives to analyse the physiology of yield 
•  Objectives 
•  Outline of the Thesis 
•  References 

Wheat importance and trends 

Bread wheat (Triticum aestivum L.) together with other cereals are the main sources of dietary 
energy consumed around the world comprising ca. 47% of the total food energy consumption 
(FAO, 2008). Within this context bread wheat comprises ca. 30% of cereal world food consumption 
(FAO, 2008) and is globally the most important crop in terms of growing area. 

World population is continuously growing (FAO, 2008) generating a higher food demand that, 
under the actual world production frame, produces a decrease of the world wheat stocks (USDA, 
2007). In fact cereal production per capita, that has been increasing during the first decades 
following the green revolution (i.e. productivity increased from the 1960s to the early 1990s even 
faster than population), is exhibiting a declining trend in the last 15-20 years or so (Figure 1a). 
Analysing the trends of wheat yield in the last century it can be seen, at first sight, only two phases 
of (i) very small rate of increase during the first half of the 20th century (although during this period 
harvested area was still rapidly expanding; Slafer et al., 1996; Calderini and Slafer, 1998), followed 
by (ii) a dramatically increased rate of yield improvement (reflecting what has been regarded as the 
“Green Revolution”; Araus et al., 2002). However, a close analysis of the trends for the last 
decades reveals that the rate of increase has been actually slowing down since the 1990s (Figure 
1b). Consequently the present average yield of 2.8 Mg ha-1 (FAO, 2008) is well behind the level of 
4.0 Mg ha-1 that were predicted to be needed for satisfying the world wheat demand in the year 
2020 (Rajaram, 2001). 

Due to economical and environmental reasons, increases in harvested areas and further 
intensification of inputs use are not expected to contribute to wheat production as was during 
different periods of the last century (Araus et al., 2002). Thus, future wheat production increases 
will strongly depend on genetic improvement in order to keep obtaining yield gains required to 
satisfying world cereal demands (Slafer et al., 1994). In this context, breeding strategies by using 
physiological knowledge could play an important role (Reynolds et al., 2001). A popular alternative 
to identifying prospective physiological traits useful in yield improvement has been the analysis of 
which physiological traits have been instrumental in the achievements made by past breeding. 

How breeding has improved yields elsewhere 

Two methods are frequently used to identify the contributions to yield gains by genetic 
improvement. One consists of analysis of data from experimental networks maintained during long 
periods, and the other one is based on direct comparison of yield from cultivars released at different 
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eras in a common environment (see Slafer et al., 1994 and references quoted therein). The former 
has the advantage that permits to explore almost all cultivars of the studied period. However, it has 
the problem that it could be interfered by changes in the management practices and environmental 
conditions with time thereby, preventing the separation of the effects of technological advances 
from genetic gains (Slafer et al., 1994). Therefore to estimate the contribution made by genetic 
improvement on yield independently of other factors, cultivars representing past breeding 
achievements must be growing simultaneously. Within this method, two alternatives of cultivar 
comparison could be applied: (i) study of the genetic progress of almost all cultivars released by a 
breeding programme during a period or (ii) study of selected cultivars that trustworthily represent 
the actual breeding advances in a period. Although it is true that a higher number of cultivars would 
allow calculating the genetic improvement more properly, it is impossible to use a large number of 
cultivars especially in studies in which cultivars must be treated in factorial combination with 
different treatments. The large number of experimental units generated from these factorial 
combinations entails time-consuming measurements, many of which must be done only during few 
hours of the day. For this reason, what follows is a recap of major achievements made by breeding 
elsewhere using as focal intervals few representative cultivars (which is also the approach followed 
in selecting the materials for this Thesis). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Pattern of world cereal production per capita (a) and world wheat yield (b) among years. 
Data derived from FAO’s web-site (www.fao.org). 

Calderini et al. (1999) reviewing several reports showing genetic gains in yield during the past 
century revealed that wheat breeding played an important role in the increase of farm grain yields 
contributing ca. 50% to the total gains in wheat yield worldwide (Slafer et al., 1994). Most results 
showed an exponential trend that describes the changes in yield with the year of release of the 
cultivars suggesting a non linear increase in wheat yields during the last century. This was then 
confirmed by Araus et al. (2002) who reported that, independently of the environmental background 
(high- or low-yielding conditions), genetic gains showed an exponential trend (Figure 2). As 
stressed below, two major periods of genetic improvement on bread wheat throughout the world 
are distinguished: (i) a first period in which there was a low increase in grain yields due to its main 
objectives in order to obtain increases in farm grain yields were concentrated on factors other than 
yield potential (e.g. higher grain protein concentration or resistance to biotic and abiotic stresses), 
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and (ii) a second period of exponential genetic yield gains in which the main criterion of breeding 
was to increase the yield potential of the crop (Slafer et al., 1994). 

In general, the increase in wheat yields has concomitantly decreased the grain nitrogen 
concentration (GNC; Pepe and Heiner, 1975; Heitholt et al., 1990; Calderini et al., 1995a-b; Triboi 
and Triboi-Blondel, 2002) presumably due to a dilution of a limited amount of nitrogen in more 
grains per m2. As breeding has increased the number of grains per unit area (see Calderini et al., 
1999 and references quoted therein), it has been commonly found that breeding has decreased the 
GNC with the year of release of the cultivars (e.g. Austin et al., 1980; Papakosta and Gagianas, 
1991; Canevara et al., 1994; Calderini et al., 1995b; Foulkes et al., 1998). 

Why the study was carried out in Spain? 

The vast majority of wheat in Spain is grown in its Mediterranean agricultural systems which are 
characterized by a dry and hot summer in which mean temperature could be as high as 27-28 ºC, 
and mild and wet winters (López-Bellido, 1992; Acevedo et al., 1999). Cereal crops grown under 
these conditions suffer post-anthesis water stress that limits yields (Bidinger et al., 1977; Papakosta 
and Gagianas, 1991). Mediterranean environments are also distinguished by a high variability in 
the year-to-year rainfall that not only limits yields but also make them highly unpredictable (López-
Bellido, 1992; Acevedo et al., 1999). Precisely, this environmental distinction may have driven 
breeders to select for yield through different physiological avenues to those explored in other 
temperate conditions implying that cultivars successfully performing in these environments might 
express a different, more conservative behaviour, privileging reserve accumulation rather than 
maximising grain number per unit of crop dry matter at anthesis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Relative increase in wheat yield due to breeding under favourable (UK) and drought 
(Australia) conditions. 

Almost all the studies mentioned by Calderini et al. (1999) were carried out under wet or low 
water stressed environments and only few of them seem to have been studied in Mediterranean 
conditions, in Western Australia by Perry and D’Antuono (1989) and Siddique et al. (1989a-b), and 
in Italy by Canevara et al. (1994). The Australian Mediterranean environment has different water 
stress and soil characteristics to those of Spain and other countries of the Mediterranean basin, but 
most importantly the genetic background of the initial lines which founded the breeding 
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programmes are different to the landraces utilized in Spain (and other European Mediterranean 
countries). In Italy, the study was conducted in a high-yielding environment that did not represent 
most Mediterranean conditions in which wheat is actually grown. Thus, the results from these 
Mediterranean regions could not be directly extrapolated to wheat grown under a Spanish (and 
other South European and WANA countries) Mediterranean environment characterized by a 
markedly distinct limited environment. In addition, the fact that genetic gains of bread wheat were 
widely influenced by the environmental conditions (Austin et al., 1989; Calderini et al., 1999; Loss 
and Siddique, 1994) highlighted the need for exploring the existence of genetic improvement in the 
Mediterranean conditions of Spain and how these genetic improvements have changed yield 
progress during the 20th century, as well as to improve our understanding of the determination of 
yield and its physiological basis in these particular conditions. 

Alternatives to analyse the physiology of yield 

Yield is the final product of crop growth and developmental processes occurring throughout the 
growing season. It is formed from sowing to harvest with almost all genes contributing directly or 
indirectly to it (Slafer, 2003). The yield trait is extremely complex and any rational manipulation by 
management or breeding requires the recognition of attributes strongly determining this trait in field 
conditions. At a production level, the most popular approach has been the analysis of yield 
components. The main components of wheat yield are the number of grains per unit area and their 
average weight (Slafer et al., 1996). Many studies reported yield increases in wheat associated with 
increases in number of grains per m2 without major changes in, or even a trend to reduce, the 
average grain weight (AGW; Austin et al., 1980-1989; Cox et al., 1988; Siddique et al., 1989b; 
Slafer and Andrade, 1989; Slafer et al., 1990-1994; Calderini et al., 1995a-1999; Brancourt-Hulmel 
et al., 2003; Shearman et al., 2005). These trends are in line with the fact frequently reported that 
wheat yield is generally sink-limited during grain filling (see reviews by Slafer and Savin, 1994; 
Borrás et al., 2004). Thus, this really simple circumstance has been applied consciously or 
unconsciously as a breeding tool in order to improve wheat yields. However, most traits related to 
yield are inherited in a quantitative manner, which makes it complex to select for increased yield. 
The problems and difficulties associated to yield selection have stimulated plant breeders to have 
an understanding of the physiological attributes related to yield (Ceccarelli et al., 1991). Thus, a 
more fundamental knowledge of simple physiological determinants of crop yield could permit the 
identification of simple characters which may be useful in selecting for superior genotypes than 
those traditionally utilized in breeding programs (Slafer, 2003; Royo et al., 2005). 

At the crop physiological level, the bases associated with yield increases in the past showed 
similar trends for almost all the wheat growing areas where they were analysed (Slafer et al., 1994). 
From the many studies that were conducted in order to determine the changes of above ground 
biomass during the last century and its relationship with yield increases during that period, results 
showed that above ground biomass did not systematically increase with the year of release of the 
cultivars in almost all studies. Consequently there were no consistent relationships between yield 
and biomass (e.g. Austin et al., 1980-1989; Cox et al., 1988; Siddique et al., 1989b; Slafer and 
Andrade, 1989; Slafer et al., 1990-1994; Canevara et al., 1994; Calderini et al., 1995a). Only few 
studies showed that yield progress was at least partially associated with above ground biomass 
progress (Waddington et al., 1986 in Mexico with cultivars released by CIMMYT; Siddique et al., 
1989a in Australia; Donmez et al., 2001 in EUA; Shearman et al., 2005 in UK), but even in these 
few cases above ground biomass was responsible of less than 20% of the genetic gain in yield; 
with only one study (Hucl and Baker, 1987 in Canada) reporting that above ground biomass was 
highly responsible of the genetic gains in yield. Thus, higher above ground biomass per se has not 
been used as selection criteria in order to obtain higher yields. However, the above ground biomass 
is the source of assimilates for the plant and could be considered as the physiological base more 
directly related to yield. Therefore, considering the physiological attributes related to the 
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determination of the above ground biomass could be an alternative to explore the yield increases in 
the past. 

A simple model to express the physiological components of yield proposed by Reynolds et al. 
(2005) can be built up with the product function of the partitioning of the above ground biomass to 
reproductive organs or “harvest index” (HI), the photosynthetically active radiation intercepted by 
the crop accumulated during the period analysed (IPAR) and the efficiency with which the canopy 
converts that radiation into new biomass or “radiation use efficiency” (RUE; Figure 3). It has been 
reported worldwide that HI has increased with the year of release of the cultivars (e.g. Cox et al., 
1988; Austin et al., 1989; Siddique et al., 1989b; Slafer and Andrade, 1989; Canevara et al., 1994; 
Slafer et al., 1994; Calderini et al., 1995a; Brancourt-Hulmel et al., 2003; Shearman et al., 2005), 
generating a positive association between yield and the partitioning of dry matter to reproductive 
organs. This trend was even found by Hucl and Baker (1987) in Canada despite of the fact that a 
significant relationship was also found between yield and biomass. Thus, HI index appears to be 
the main trait responsible of the yield increases during the last century. 

Most of the increases of the HI along the years were associated with reductions in plant height 
produced mainly by the introduction of the dwarfing genes (Araus et al., 2002), probably resulting 
from selection for lodging resistance. (e.g. Cox et al., 1988; Austin et al., 1989; Siddique et al., 
1989b; Slafer and Andrade, 1989; Canevara et al., 1994; Calderini et al., 1995a). The fact that 
reducing plant height was the main way to increase HI and yields does not imply that further 
reducing height (or increasing HI) would be a plausible strategy for yield increases in the future. 
Calderini et al. (1999) showed that the relationship between HI and yield-to-plant height ratio was 
curvilinear for almost all the countries perhaps because HI will hardly be much higher than 50% 
(Austin et al., 1980), which is close to the values already achieved by many modern cultivars. 
Flintham et al. (1997) reported that the minimum plant height in wheat suitable for optimum yield 
was 70 cm, confirming previous conclusions by Richards et al. (1992) and Miralles and Slafer 
(1995). Further reductions in plant height would strongly affect the light distribution within the 
canopy and consequently RUE and biomass. Furthermore, the latest studies comparing the 
evolution of the HI of spring wheat over time suggest that the partitioning of the above ground 
biomass to grains has not been clearly increased since mid 1980s (Reynolds et al. 1999). 
Therefore, it could be hypothesised that progress would increasingly depend on increasing above 
ground biomass production while maintaining the actual rates of partitioning. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Simple physiological model of yield generation. 
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In the simple model mentioned above (Figure 3), improved above ground biomass would 
depend on the ability of the canopy to increase either the IPAR or RUE. Only very few studies have 
analysed the effects of breeding on these crop growth components. In addition, these studies 
scarcely explored the post-anthesis period and have conflicting results. As the intercepted radiation 
is near to 100% from canopy closure to the senescence of the crop, the amount of intercepted 
radiation can only be increased by a better rate of establishment or “early light interception” 
(Richards, 2000) or extending the green area index in the final stages or “stay-green” (Jenner and 
Rathjen, 1975). Nonetheless, traits related to early light interception or stay-green have not yet 
been shown to be associated with genetic improvement of grain yield in favourable environments. 
Reynolds et al. (2005) mentioned a non published study in which yield remained unresponsive to 
manipulations of canopy establishment and stay-green with sowing density and nitrogen application 
treatments, respectively. This suggests that yield was not source-limited at the beginning or the end 
of the crop cycle (Figure 4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Schematic diagram of wheat development showing the yield sensitivity to source strength 
at different stages throughout the growing season (main, thick line). The diagram also shows in the 
background other curves representing the total number of shoots per m2 ending the curve with the 
number of spikes per m2 just before anthesis (dashed line), the total number of floret primordia per 
spike ending the curve with the number of those primordia developing to fertile florets (dotted line), 
and grain weight (dashed and dotted line). Below the abscissa two boxes stand for the length of the 
period of stem and spike growth. Stages indicated in abscissas are sowing (Sw), seedling 
emergence (Em), floral initiation (FI), double ridge (DR), terminal spikelet (TS), heading (Hd), 
anthesis (At), beginning of grain filling period (BGF), physiological maturity (PM), and harvest (Hv). 

A more complex physiological model proposed by Fischer (1983-1985) considers the number of 
grains per unit area as the driving force for yield and there are evidences of a close correlation 
between these traits (see Slafer and Savin, 2006; Fischer, 2008; Miralles and Slafer, 2007). 
Theoretically, the model considers that the spike dry weight at anthesis (the earliest predictive 
physiological trait with which grain number per unit area has shown to be closely correlated) can be 
expressed as the product of the duration of spike growth period, the crop growth rate during this 
period and the partitioning of net assimilation gains to the growing spikes (Figure 5). Thus, yield 
potential is preferentially influenced by crop growth rate (Fischer, 1993; González et al., 2003; 
Prystupa et al., 2004) and partitioning to the growing spikes (Siddique et al., 1989b; Slafer and 
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Andrade, 1993; Miralles et al., 1998) during the spike growth period. This is further confirmed by 
the dramatic reduction of the number of grains per m2 when plants are shaded during few weeks 
immediately before anthesis (e.g. Fischer and Stockman, 1980; Thorne and Wood, 1987; Savin 
and Slafer, 1991; Wang et al., 2003; Demotes-Mainard and Jeuffroy, 2004; Gonzalez et al., 2005). 

Fischer’s model suggests that environmental conditions at spike growth stage (the period when 
the number of grains is determined) may influence RUE during grain filling if RUE is sink-limited. 
The fact that sink size could be related to post-anthesis RUE was reported by Blum et al. (1988) in 
wheat and Sadras (1991) in sunflower. This relationship was also suggested by results from 
Fischer et al. (1998) that reported an increase in leaf photosynthetic rate in modern wheat cultivars 
during grain filling associated with increased number of grains per m2, showing indirect evidences 
of sink-limitation of post-anthesis RUE. From this it can be hypothesised that the genetic 
modification of the source-sink balance to a greater number of grains per m2 could result in an 
improved photosynthetic capacity which seems underutilized during post-anthesis (Richards, 1991; 
Reynolds et al., 2005). This hypothesis has been circumstantially tested by Miralles and Slafer 
(1997) and Reynolds at al. (2005) who showed both improved post-anthesis crop growth rate and 
higher RUE due to increased sink demand by introgressing in isogenic lines either Rht or Lr19 
genes, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Fischer’s physiological model of yield generation. 
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Studying the physiology of yield generation also implies to understand physiological factors that 
could limit it. Lodging is one of those factors clearly associated to yield because it is closely 
associated to height reductions (mainly by the introgression of dwarfing genes), that is one of the 
greatest breeding contributions to advances in wheat yield potential (Araus et al., 2002). The 
decrease of heights also brings about decreases of stem growth rates allowing more resources to 
be allocated to the developing ears. This results in higher number of grains per ear generating 
heavier spikes (e.g. Calderini et al., 1999) which would increase lodging risks (Berry et al., 2004). 
Although breeding reduced the likelihood of wheat to lodge through reductions in plant height, there 
is a minimum height suitable for optimum yield (ca. 70-100 cm; Richards, 1992; Miralles and Slafer, 
1995 Flintham et al., 1997). Thus, further height reductions could have little future application as 
selection criteria for lodging resistance without sacrificing yield potential (Slafer et al., 1994). In this 
context, it may be worthwhile exploring what is behind variability in yield penalties due to lodging, 
beyond differences in lodging itself, in wheats released at different eras. 

Objectives 
The general aim of this Thesis was to identify the main eco-physiological attributes that have 

been modified by bread wheat breeding in Mediterranean Spain during the 20th century. For this, 
two major groups of objectives are analysed: 

I. Descriptive physiology 

I.1. To quantify the yield increases made by wheat breeding in the Mediterranean area of 
Spain identifying the main crop-physiological bases responsible of these increases (Chapter 
2). 

I.2. To identify whether and how wheat breeding in the Mediterranean area of Spain has 
affected the dynamics of crop biomass, the amount of radiation intercepted by the crop and 
the level of radiation use efficiency both before and after anthesis (Chapter 3). 

II. Prospective physiology 

II.1. To identify whether genetic improvement of grain yield in Mediterranean wheat modified 
the source-sink balance, and how it affected grain weight and post-anthesis intercepted 
radiation and radiation use efficiency. In addition, for any effects on post-anthesis radiation 
use efficiency we attempted to uncover whether there was a parallel effect on leaf 
photosynthesis (Chapter 4). 

II.2. To determine the effect of shading during the stem elongation phase (from jointing to 
anthesis) on the determination of grain number per m2 in an old cultivar and an advanced 
breeding line grown in Mediterranean Spain. In addition, we attempted to determine whether 
these genotypes released in different eras would have different sensitivities to shading during 
the early or the late part of the whole stem elongation phase, the critical period for grain 
number determination (Chapter 5). 

II.3. To explore within a Mediterranean area, whether an increase of the number of grains per 
m2 due to breeding actually results in the reduction of average grain weight and if so whether 
this negative relationship is due to (i) a consistent reduction in the size of all grains (in line 
with the most frequent interpretation in the agronomic literature), or (ii) a consistent increase 
in the relative proportion of grains of smaller weight potential (in line with numerous studies 
showing little or no source-limitation for grain growth in wheat; Chapter 6). 

II.4. To determine whether, and quantify how much, wheat breeding in the Mediterranean 
area of Spain has modified, besides the likelihood of lodging, the susceptibility (in terms of 
yield losses) to lodging. In addition, we attempted to clarify whether the average grain weight 
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reduction commonly reported for lodged plants is related to changes in crop growth or if 
lodging per se affects grain weight (Chapter 7). 

II.5. To clarify the main physiological determinants of grain nitrogen accumulation in wheat 
under Mediterranean conditions, analysing how breeding has effected them (Chapter 8). 

Outline of the Thesis 
This Thesis contains nine chapters. They include this general introduction (Chapter 1), seven 

self-containing chapters and the final chapter of general discussion and conclusions. Each of these 
seven experimental chapters is based on published (5) or submitted (2) papers to international 
journals. Thus it implies that the chapters may have some repetition associated to general issues at 
the introduction and materials and methods. 

Chapters 2 and 3 are more descriptive studies reporting on breeding effects on bread wheat in 
the Mediterranean area of Spain. The first one reports on yield, yield components and crop-
physiological attributes related to them. The second one is focused on biomass, IPAR and RUE. 

Chapters 4, 5 and 6 are devoted to understand whether and how wheat breeding in the 
Mediterranean area of Spain has modified the post-anthesis source-sink balance. Chapter 4 looks 
at how grain weight and RUE during post-anthesis were modified by means of trimming 
experiments. Chapter 5 reports on pre-anthesis shading effects on the determination of the number 
of grains per m2. Chapter 6 explores the causes of the negative relationship between the AGW and 
the number of grains per m2. 

Chapter 7 is committed to determine whether wheat yield looses due to lodging have been 
modified by breeding in the Mediterranean area of Spain by analysing the effect of lodging on yield, 
yield components and crop growth. 

Chapter 8 is dedicated to clarify how breeding has affected the main physiological determinants 
of grain nitrogen accumulation in wheat under Mediterranean conditions by analysing the nitrogen 
content of different components of the plants subjected to different manipulative treatments. 

Finally, Chapter 9 offers a General Discussion in which I only attempted (i) to recap briefly the 
main achievements of the Thesis, particularly exploring consistencies and inconsistencies among 
the different experiments and chapters, (ii) to conclude highlighting what are in my view the major 
contributions to the knowledge of this Thesis, and (iii) to identify briefly likely future research lines 
related with the issues addressed in the Thesis. 
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Abstract 

Lodging is a major adversity reducing wheat yields from 31 to 80%, depending on its timing and 
magnitude. Although breeding have decreased these losses by reducing the likelihood of the crop 
to lodge through reducing height (mainly by the introgression of dwarfing genes) lodging still 
continuous damaging wheat yields worldwide. We aimed to quantify how wheat breeding in the 
Mediterranean area of Spain has modified the sensitivity of yield to lodging, identifying whether the 
effects of lodging on grain weight reduction are linked to changes in growth rate or if there is a 
direct effect on grain weight potential. 

Two field experiments were carried out in Mediterranean Spain during the 2006/07 and 2007/08 
growing seasons. The first season two genotypes (Aragon 03 and ID-2151) and two lodging 
treatments (control and lodged near anthesis) were analysed. The second season four genotypes 
(Aragon 03, Estrella, Anza and ID-2151) and three lodging treatments (control, lodged from either 
jointing to maturity or anthesis to maturity) were imposed. In addition, in the 2007/08 experiment the 
source-sink ratios of five representative spikes of each plot were modified by hand trimming soon 
after anthesis. Yield losses due to lodging were reduced by wheat breeding: yield penalties in the 
oldest and newest genotypes were 61% and 43% (mean values of both lodging treatments), 
respectively, and intermediate in intermediate cultivars. Lodging decreased both, the number of 
grains per m2 and the average grain weight (AGW). The decrease of the number of grains per m2 
was associated to reductions in the crop growth, while the AGW loss seemed related to the 
reduction of both, a reduction in availability of assimilates to fill grains and a direct effect of lodging 
on grain size potential. This implicates that lodged plots experiences stronger source-limitation 
during grain filling altering the most common situation in wheat crops. However, the response of the 
grain weight to sink-strength reductions in lodged plants was very similar to the response in the un-
trimmed controls, indicating that overall grain filling in un-lodged and in strongly lodged canopies 
was similarly balanced in terms of source-sink ratios. 

Key words 

Lodging sensitivity; Yield losses; Genetic improvement; Source-sink ratios; Mediterranean area 

1 Introduction 

Lodging is an important factor limiting cereal yields worldwide. Yields reductions from natural or 
artificial lodging have been reported to be 31 to 80% in wheat (Weibel and Pendleton, 1964; 
Easson et al., 1993), 28 to 65% in barley (Sisler and Olsen, 1951; Stanca et al., 1979; Jedel and 
Helm, 1991) and 37% in oats (Pendleton, 1954), affecting both the number of grains per m2 and the 
average weight of the grains (AGW) (Briggs, 1990; Laude and Pauli, 1956; Weibel and Pendleton, 
1964). 
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Lodging effect is clear when it occurs from before anthesis to early grain filling, and the 
magnitude of the penalty tends to decrease with time after anthesis when lodging occurs. For 
instance, Weibel and Pendleton (1964) reported yield reductions in wheat of 25, 20 and 12% when 
lodging was produced in milk, soft dough and hard dough stages of grain filling, respectively. 
Fischer and Stapper (1987) showed wheat yield reductions due to lodging from 7 to 35% along the 
crop cycle, being the greatest losses when lodging occurred in the first 20 days following anthesis 
and lowest when the crop was lodged before anthesis or at the end of the grain filling period. In 
general, early lodging produce yield losses strongly associated to reductions in the number of 
grains per m2, while later lodging produces yield losses mainly associated with AGW reductions 
(Fischer and Stapper, 1987). Also the degree of lodging affects the magnitude of the yield penalty 
produced. The strongest effect is when lodging results in plants completely lodged on the ground 
(Berry et al., 2004). 

Grain protein concentration (GPC) is negatively related to yield (e.g. Pepe and Heiner 1975; Day 
et al. 1985; Heitholt et al. 1990; Calderini et al. 1995; Triboi and Triboi-Blondel 2002; Oury et al. 
2003; Guarda et al. 2004), a negative association that might be constitutive (Acreche and Slafer, 
submitted). Thus lodging producing yield penalties has been frequently reported to benefit GPC 
(Mulder, 1954; Laude and Pauli, 1956; Day and Dickson, 1958; Weibel and Pendleton, 1964; 
Stanca et al., 1979; Berry et al., 2004). 

During the second half of the 20th century, in what was known as the “Green Revolution”, wheat 
breeding increased lodging resistance through the introgression of dwarfing genes, which not only 
reduced sensitivity to lodging, but also increased yield potential as a consequence of an increased 
harvest index (HI; Brooking and Kirby, 1981; Richards, 1992; Miralles and Slafer, 1995; Flintham et 
al., 1997). The increase in the resource partitioning to reproductive organs was associated with 
increases of the number of grains per m2 (e.g. Siddique et al., 1989; Slafer and Andrade, 1993; 
Miralles et al., 1998) even under Mediterranean conditions (Acreche et al., 2008), a fact that 
produced a dilution effect on GPC (e.g. Heitholt et al., 1990; Slafer et al., 1990; Guarda et al., 
2004). Although in the past breeding reduced the likelihood of a wheat crop to lodge through 
reductions in plant height, there is a minimum stature suitable for optimum yields (ca. 70-100 cm; 
Richards, 1992; Miralles and Slafer, 1995 Flintham et al., 1997). Thus, further height reductions 
could have little future application as selection criteria for lodging resistance without sacrificing yield 
potential (Slafer et al., 1994). In this context, it may be worthwhile exploring what is behind 
variability in yield reductions due to lodging in wheats released at different eras. Understanding the 
physiological determinants of yield reductions due to lodging, beyond differences in lodging itself, 
may be helpful. For this sort of studies it is necessary to impose the same level of lodging 
(artificially) to cultivars of different yield potential. To the best of our knowledge, only Fischer and 
Stapper (1987) in Mexico have conducted such sort of experiment from which results it can be 
deduced that (i) the higher the number of grains per unit area in controls, the higher the relative 
yield loss due to lodging and that (ii) the high-yielding cultivar always outyielded the low-yielding 
cultivar disregarding the lodging treatment. Not only there is scarce and incomplete information 
about lodging effects on yield of cultivars released at different eras, but also these studies were not 
conducted with the cultivars we selected to represent genetic gains in Spain, which might privilege 
reserve accumulation rather than maximising grain number per unit of crop dry matter at anthesis 
(Acreche et al., 2008). 

Mechanisms involved in yield losses due to lodging in cereals are not clear, particularly when it 
involves major losses due to reductions on grain weight. Initially, losses could be ascribed to 
reduced growth in lodged crops. Setter et al. (1997) reported yield losses in rice due to lodging 
during grain filling associated to self-shading by leaves and panicles that produced a suboptimal 
stratification of light interception by the canopy, which in turn reduced canopy photosynthesis. 
However, it could not be straightforwardly accept that reduced AGW in lodged plants would be 
related to reduce canopy photosynthesis during grain filling. Source-sink experiments revealed that 
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wheat yield is generally sink-limited during grain filling (see Slafer and Savin, 1994; Borrás et al., 
2004), even in the Mediterranean region (Cartelle et al., 2006; Acreche and Slafer, 2009). Thus, 
lodging effects on final grain weight might be due to either direct effects of lodging on grain weight 
independently of changes in crop growth capacity or due to the fact that lodged crops become 
source-limited during grain filling and then the penalty produced in yield would be associated to 
reduced canopy photosynthesis due to the loss of canopy structure. In addition, as breeding has 
modified the strength of post-anthesis sink-limitation for yield (Kruk et al., 1997; Shearman et al., 
2005; Acreche and Slafer, 2009), the actual mechanisms behind yield penalties provoked by 
lodging might have changed with the yield potential of the cultivar. To the best of our knowledge no 
study has been conducted including in a factorial experiment cultivars released at different eras, 
source-sink ratios and lodging treatments. 

The aim of this study was (i) to quantify yield sensitivity to lodging in wheats released at different 
eras in the Mediterranean area of Spain and (ii) to identify whether the effects of lodging on grain 
weight reduction are linked to changes in growth rate or if there is a direct effect on grain weight 
potential. 

2 Materials and methods 

2.1 General 

Two field experiments were conducted at Gimenells (41º37´ N, 0º22´ E, 248 m), province of 
Lleida (Catalonia, north-eastern Spain), during the 2006/07 (Exp1) and 2007/08 (Exp2) growing 
seasons. Rainfall from sowing to maturity were 203 and 245 mm for Exp1 and Exp2, respectively, 
while soil N content at the end of winter (ca. beginning of tillering) was ca.150 kg N ha-1. Exp1 and 
Exp2 were conducted in fields subjected to high inputs, including irrigation (260 and 190 mm of 
water were supplied during the whole crop cycle, respectively) and fertilisation (78 and 90 kg N ha-1 
applied after the measurement of soil N at tillering, respectively). P (183 and 120 kg P2O5 ha-1) and 
K (110 and 200 kg K2O ha-1) were added just before sowing for Exp1 and Exp2, respectively. Both 
experiments were kept weed- and pest- free with recommended products. 

2.2 Treatments and design 

Exp1 was actually conducted for studying physiological bases of grain number determination in 
old and modern genotypes. It consisted on the factorial combination of the genotypes Aragon 03 
and ID-2151 (details of these genotypes are below) and four pre-anthesis shading treatments 
(unshaded control and three shadings: from jointing to the beginning of booting, from then to 
anthesis, and for the whole period from jointing to anthesis). As natural lodging (ca. 45º from the 
vertical) occurred near anthesis (ranging from 8 days before anthesis to 2 days after anthesis; 
exact timing relative to anthesis depended upon the actual date of anthesis in each plot) in part of 
the plots, a preliminary lodging study was conducted in this experiment considering lodging as an 
additional sub-plot (for that part of the experimental unit that lodged). Treatments then become the 
factorial combination of an old and a modern genotype, shadings (mentioned above) and lodgings 
(un-lodged and lodged). The original experiment was arranged in a split-plot design. Then, this 
preliminary lodging experiment was analysed as a split-split-plot design where genotypes were the 
main plots, shading treatments the sub-plots and lodging treatments the sub-sub-plots. Main plots 
(16 rows, 15 cm apart and 5 m long) were randomised in three blocks and were sown 22 November 
2006 at a rate of 350 seeds m-2. 

Exp2 was actually conceived to study yield penalties produced by lodging in genotypes of 
different yield potential. Treatments consisted on the factorial combination of four genotypes, three 
lodging levels and two source-sink ratios. 

The genotypes were a widely grown landrace (Aragon 03), reported to be under cultivation in 
Mediterranean Spain since 1940, cultivars Estrella and Anza (released in Spain in 1960 and 1974, 
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respectively) and the advanced line ID-2151 (ID-2151) developed by the bread wheat programme 
of the Institut de Recerca i Tecnologia Agroalimentàries (IRTA), selected for this study based on its 
good performance in several comparative trials against the most modern cultivars. We assume that 
the line ID2151 was released in 2005 because this was the year in which this line officially entered 
in the “national variety testing and registration yield trials” run by the Spanish Office of Vegetable 
Variety (OEVV). These genotypes were selected from a previous study (Acreche et al., 2008) for 
representing well their times under cultivation in Mediterranean Spain as well as the overall trends 
of breeding from 1940 to 2005 on crop yield. If needed, some additional details of these genotypes 
are presented in Acreche et al. (2008). 

The three lodging levels were: an un-lodged control, a treatment of lodging from jointing (DC 3.1, 
Zadoks et al., 1974) to maturity (DC 9.2) and another treatment of lodging from anthesis (DC 6.5) to 
maturity. They were imposed by means of nylon nets (2 x 2 cm opening, 0.1 cm rope diameter) that 
caused complete plant lodging (near to 80º from the vertical; Figure 1). To prevent any possible 
lodging to occur in controls, nylon nets (20 cm x 20 cm opening, 0.2 cm rope diameter) that did not 
modify the canopy architecture were installed near the boot stage. A Flashpoint Noncontact 
Infrared Thermometer (Jules Richard Instruments S.A., Argenteuil Cedex, France) was used to 
monitor possible changes in canopy temperature due to lodging, resulting that both nets did not 
reduce the irradiance and temperature of the canopy. 

Figure 1 around here please. 

 
The two source-sink ratios were applied to each combination of lodgings with genotypes (in total 

12 combinations). For this purpose, in each experimental unit, ten uniform (within the sub-plot) 
main stem spikes were tagged at anthesis and 7-10 days after anthesis the source-sink ratios of 
five of these spikes were modified by hand trimming of all the spikelets of one side of each spike 
resulting in halving the number of potential grains (and therefore roughly doubling the availability of 
resources for the remaining grains; Borrás et al., 2004). 

The experiment was arranged in a split-split-plot design where the genotypes were the main 
plots, the lodging treatments the sub-plots and the source-sink ratios the sub-sub-plots. Main plots, 
consisting of eight rows (15 cm apart) 10 m long, were randomised in three blocks and were sown 
21 November 2007 at a rate of 350 seeds m-2. 

2.3 Sampling and measurements 

Plant samples were taken at jointing, anthesis and maturity in Exp2, and only at maturity in 
Exp1. Samples consisted of all plants in 50 cm of a central row (ca. 25 plants) at jointing and 
anthesis while at maturity sample size was 100 cm of central rows (ca. 50 plants). The 
developmental stages of seedling emergence (DC 1.2), jointing, booting, anthesis and maturity 
were recorded when 50 % of the plants in each plot reached them. The dry weight (oven-dried 48 h 
at 65ºC) of leaf blades, stems (including leaf sheaths), spikes and grains (the last two depending on 
the timing of the sampling) were determined. At maturity yield components were also determined 
from the entire 100 cm sample by threshing the spikes in an individual spike thresher and counting 
and weighing the grains after drying the sample. 

The green area of the leaves was measured at anthesis in Exp2 using a leaf area meter (LI-Cor 
Inc., Lincoln, NE, USA) and the leaf area index (LAI) was calculated for each sample. 

At maturity, the five trimmed and the five control spikes tagged at anthesis in Exp2 were cut and 
hand-threshed. The number of grains per spike and the AGW were also determined. 

Incident and transmitted photosynthetically active radiation (PAR) were measured weekly on 
clear days at noon in Exp2 using a 1-m-long Linear PAR Ceptometer (AccuPAR, Decagon, 
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Washington, USA). The proportion of incident radiation intercepted by the crop canopy (IPAR%) 
was calculated as the ratio of the difference between incident and transmitted PAR to incident PAR. 
Incident global radiation was also measured at hourly intervals in a meteorological station near the 
experimental site. The amount of photosynthetically active radiation intercepted (IPAR) by the crop 
between samplings was calculated as the product of the average IPAR% of two consecutive 
samplings and the accumulated incident global radiation between them (i.e. assuming linear 
changes in IPAR% between any two consecutive measurements). 

The nitrogen content and water soluble carbohydrates (WSC) were also determined in each 
sampling of Exp2. The former by a micro-Kjeldahl method on leaf blades, stems (including leaf 
sheaths), spikes and grains. WSC was measured by the anthrone method (Galicia et al., personal 
communication) only in stems (including the leaf sheaths). 

3 Results 

3.1 Preliminary, natural lodging, experiment 

Grain yield was significantly (p< 0.001) affected by lodging (ca. 45º from the vertical) during the 
2006/07 growing season, reducing yield of Aragon 03 and ID-2151 in all shading treatments (Table 
1). The reduction in yield was also observed for both yield components: grain number per m2 and 
AGW (Table 1). The relative yield reduction was similar for both genotypes (20 and 24%, mean of 
all shading treatments, for Aragon 03 and ID-2151, respectively). However, the relative grain 
number per m2 reduction of ID-2151 doubled the reduction of Aragon 03 (19 vs. 8%, respectively, 
mean of all shading treatments), while the AGW reduction of the old genotype was slightly higher 
than that of the modern genotype (11 vs. 7%, respectively, mean of all shading treatments). Due to 
the large difference in yield potential (less than 6 Mg ha-1 in Aragon 03 and more than 11 Mg ha-1 in 
ID-2151; Table 1), the modern line had still higher number of grains per m2, and so higher yield, 
than Aragon 03 in control and lodging treatments (Table 1). 

Table 1 around here please. 

3.2 Artificial lodging experiment 

3.2.1 Crop development and lodging 

Measurements of canopy temperature throughout the pre- and post- anthesis periods during the 
2007/08 growing season showed that lodging increased canopy temperature at noon ca. 1.2 and 
1.0ºC (mean of all genotypes) when plants were lodged from jointing to maturity (J-M) and from 
anthesis to maturity (A-M), respectively. That small increase in canopy temperature in the lodged 
canopies virtually determined no difference in time to anthesis or maturity (differences of one day or 
less). 

3.2.2 Yield and yield components response to lodging 

Grain yield, number of grains per m2 and AGW were significantly different between genotypes 
and lodging treatments, while their interaction was significant only for both yield components, but 
even in these cases the magnitude of the interacting effect was negligible, compared with that of 
the main factors (Table 2). 

Table 2 around here please. 
 

Lodging the crop (ca. 80º from the vertical in all genotypes) from J-M and A-M reduced yield 4.3 
and 3.4 Mg ha-1 (mean of all genotypes), respectively (Figure 2). As yield potential differed 
markedly between genotypes (Figure 2, stripped bars), the magnitude of yield loss, in relative 
terms, decreased with the year of release of the genotype (Figure 2, inset). 



Chapter 7 

 90 

 
Figure 2 around here please. 
 

Yield was much more clearly related to grain number per m2 (Figure 3a) than to AGW (Figure 
3b). This is because both differences between genotypes in (left-upper inset in Figure 3a) as well 
as the effect of lodging on yield (right-lower inset in Figure 3a) were related to differences or effects 
on the number of grains per m2. On the other hand, genotype differences in yield were unrelated to 
differences in AGW (left-upper inset in Figure 3b) and the overall relationship is only based on the 
fact that lodged canopies produced not only less but also lighter grains than control crops (right-
lower inset in Figure 3b). 

Yield reductions due to lodging treatments were therefore associated with reductions of both 
number of grains per m2 and AGW (right-lower insets in Figure 3), being the reduction of both yield 
components higher when plants were lodged from jointing to maturity than from anthesis to 
maturity. The magnitude of the relative loss of the number of grains per m2 (47.8% comparing 
lodging J-M with control, averaged across cultivars) was higher than that of the AGW (25.4% 
comparing lodging J-M with control, averaged across cultivars). As shown with yield, the effect of 
lodging on grains per m2 in relative terms, decreased with the year of release of the genotype, 
because the newer the genotype the higher it number of grains per m2. 

Figure 3 around here please. 

3.2.3 Lodging effects on crop growth and partitioning 

Total above ground biomass at maturity and HI were significantly (p< 0.001) reduced by both 
lodging treatments and genotypes (Table2). Once again the longer the lodging period the higher 
the biomass reduction in all genotypes (Figure 4). The early lodging affected both pre- and post- 
anthesis growth, though the effect was always stronger in post-anthesis. Lodging from anthesis 
onwards naturally affected only post-anthesis growth. 

Figure 4 around here please. 
 

Lodging also reduced HI proportional to the longitude of the treatment (Figure 4, inset). In 
general, in both lodging treatments, the relative reduction in HI tended to be smaller with the year of 
release of the genotype (Figure 4, inset). 

WSC at maturity did not show significant differences between either genotypes or lodging 
treatments (Table 2), and so control and lodged plants had similar WSC at maturity (ca. 7.5%; 
Table 3). However, the WSC at anthesis significantly differed between the control and the lodging 
treatment that started at jointing (Table 2). It seems then that early lodging not only reduced 
significantly the number of grains per m2 but also the capacity of the canopy to accumulate 
reserves for post-anthesis use (Table 3). 

Table 3 around here please. 

3.2.4 Resource utilisation as affected by lodging 

Complete radiation interception (IPAR > 90%) was reached between jointing and booting 
depending on the genotype. Lodging did not change the pattern of light interception in any of the 
genotypes, being the IPAR% during the crop cycle 2 to 5% higher (mean of all genotypes) in lodged 
than in control plots (Figure 5). This result was corroborated by the similar leaf area index at 
anthesis between the un-lodged control (LAI= 3.14) and the treatment of plants lodged at jointing 
(LAI= 3.06). The apparent similar interception between control and lodged plants was only true at 
ground level. However, the IPAR% at middle grain filling in the upper 20 cm below the top of the 



Chapter 7 

 91 

canopy was 16% higher (mean of all genotypes) in lodged than in control plots, indicating a much 
poorer distribution of radiation within the canopy in lodged crops. 

Figure 5 around here please. 
 

Lodging the plants from J-M and A-M significantly (p< 0.05) modified GPC, grain nitrogen yield 
(GNY), total nitrogen absorbed (TNA) at maturity and nitrogen harvest index (NHI) in all genotypes 
(Table 2). GPC was increased independently of the length of the lodging period (Table 4) in all 
genotypes. However, the GNY decreased 77.2 and 52.5 kgN ha-1 (mean of all genotypes) when 
lodging was applied from J-M and A-M, respectively (Table 4). The same occurred with the TNA 
(kgN ha-1) at maturity and NHI (%): the longer the lodging period, the lower the TNA at maturity in 
all genotypes (Table 4). As with HI, the NHI was less affected by lodging in modern than in old 
genotypes (Table 4). 

Table 4 around here please. 

3.2.5 Response of AGW of lodged plants to resource availability 

For the analysis on whether final grain size of lodged plants was more limited by source strength 
than in the un-lodged plants we manipulated the source-sink balance in main stem spikes. 
Considering all genotypes and lodging treatments, a positive correlation between the AGW of the 
whole canopy (all spikes in the canopy) and the AGW of controls spikes (main stem spikes) that 
were selected for comparing with the trimmed treatment was found. In fact the slope was close to 
one and the difference was that main stems grains were in average ca. 5 mg heavier than the 
whole population of grains (Figure 6). 

Figure 6 around here please. 
 

Unexpectedly (as the WSC at maturity was 6-9% of stem dry matter, suggesting that in all cases 
resources to fill grains were left unused) there was an increase in AGW in response to trimming, 
even in the un-lodged controls. This response was negligible (less than 10%) in Aragon 03, 
intermediate (10-25%) in the cultivars released in 1960 and 1974, and larger (35-45%) in the most 
modern line (Figure 7). However, and despite the fact that post-anthesis growth was severely 
reduced by post-anthesis lodging, AGW response to trimming the spikes in post-anthesis was not 
different in lodged than in un-lodged plants in any of the genotypes (Figure 7, closed vs. stripped 
bars). However, the AGW responses to trimming were somewhat stronger in crops lodged in 
jointing that not only had less post-anthesis growth than controls (Figure 4) but also less WSC 
reserves at anthesis (Table 3). 

Figure 7 around here please. 

4 Discussion 

Grain yield in wheat was strongly affected by lodging. The large differences between both 
experiments in yield reduction due to lodging near anthesis (22% for 2006/07 and 49% for 2007/08, 
mean of all genotypes) was expected as the severity of the artificial lodging treatment in the 
experiment of the 2007/08 season that lodged the plants ca. 80º from the vertical with nets that 
maintained the plants completely lodged from all the period, while in the experiment of the 2006/07 
season the natural lodging produced a deviation of ca. 45º from the vertical and then the plants 
remained under this state but without nets. Our results are similar to those reported in wheat 
(Weibel and Pendleton, 1964; Easson et al., 1993) and other cereals (Sisler and Olsen, 1951; 
Pendleton, 1954; Stanca et al., 1979; Jedel and Helm, 1991) under different growing conditions. 

The results of the present study revealed that wheat breeding in Spain tended to decrease the 
relative sensitivity of yield to lodging. This is even if modern genotypes were lodged as much as 
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their older counterparts due to penalty on yields are less noticeably in relative terms. This effect 
breeding acts, in addition to the well known increase in lodging avoidance related to height 
reductions, produced by most breeding programs worldwide during the last century (e.g. Calderini 
et al., 1999; Araus et al., 2002). 

Regarding the effect associated with timing of lodging there is an apparent disagreement with 
Fischer and Stapper (1987) as they found lower yield losses when the crop was lodged before 
anthesis than when lodging occurred later on. However, their treatments consisted in lodging the 
plants and then leave the crop to right itself back by node bending, while our treatments of lodging 
the plants at either jointing or anthesis maintained the plants completely lodged from their 
imposition for the rest of the growing season. 

Lodging the plants from jointing to maturity reduced both the number of grains per m2 and the 
AGW more than the lodging treatment of anthesis to maturity. The fact that early lodging affected 
more the determination of grain number per m2, and so the determination of yield, agrees with 
Fischer and Stapper (1987) who reported that early lodging decreased yield mainly by decreasing 
the number of grains per unit area; as the number of grains per m2 is generated during the period 
from jointing to slightly after anthesis (Fischer, 1985; Slafer et al., 1994; Slafer, 2003) when the 
processes of tiller and floret generation and degeneration take place (Kirby, 1988; Miralles and 
Slafer, 2007). Lodging at anthesis also reduced the number of grains per m2, probably associated 
to the effect of lodging on grain setting which takes place during the initial 7-10 days after anthesis, 
which is in line with experiments showing reductions of the number of grains per m2 by shading 
imposed at anthesis (e.g. Savin and Slafer, 1991). 

Lodging reduced the crop growth of all genotypes proportionally to the longitude of the 
treatment. The reduction in the carbon assimilation in lodged plants was associated with the fact 
that it generated a suboptimal interception of radiation: lodged plants had higher intercepted 
radiation in the upper part of the canopy during grain filling evidencing a worsening of radiation 
distribution within the canopy, which is in line with the results reported by Setter et al. (1997) in rice. 
Thus the effect of lodging on grain number can easily fit the most widely accepted physiological 
models (Fischer, 1985 and many references after this pioneer work): anything factor reducing crop 
growth or partitioning during few weeks before anthesis to few days after anthesis does 
concomitantly affect grain number per m2 (Slafer et al., 2005) mainly by reducing spike dry weight 
at anthesis but also by affecting fruiting efficiency or grain setting (grains per fertile floret). All this is 
perfectly in line with the fact that lodging did affect crop growth during that period as it reduced 
considerably radiation use efficiency (as radiation interception was not affected) due to a worsening 
of radiation distribution within the canopy as a direct consequence of the disturbance generated. 
The fact that modern genotypes tended to be proportionally less penalised by lodging might be 
related to differences in the partitioning of resources to reproductive organs. 

Regarding losses in AGW due to lodging, it requires further analysis: as grain weight is only 
seldom source-limited, a reduced crop growth during grain filling might be of little relevance for 
grain growth (as it happened in studies in which plants are defoliated or shaded during grain filling; 
Slafer and Savin, 1994; Borrás et al., 2004 and references therein). The fact that both crop growth 
during post-anthesis and availability of WSC at anthesis (which may buffer the lack of actual 
photosynthesis during post-anthesis to fully fill grains) were strongly reduced, may have altered the 
most common situation in wheat crops and produce that lodged plots have became strongly 
source-limited for yield during grain filling. However, grain weight responses to sink strength 
reductions in lodging plants were very similar to responses in the un-trimmed controls. This 
indicates that, overall grain filling in un-lodged and in strongly lodged canopies was similarly 
balanced in terms of source-sink ratios: the oldest landrace strongly sink-limited and the most 
modern line clearly co-limited (Acreche and Slafer, 2009); which is in line with other analysis of 
source-sink balances in old and modern wheats (Kruk et al., 1997; Shearman et al., 2005). As the 
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relative magnitude of grain number reduction was similar to the magnitude of reduction in crop 
growth during grain filling (25-35% by lodging at anthesis; 35-45% by lodging at jointing), most of 
the reduction of AGW produced by lodging would have been direct effects not necessarily mediated 
by the strong reduction in source strength during post-anthesis. 

Lodging increased GPC similarly for both lodging treatments. However, these increases did not 
compensate the loss in GNY and TNA at maturity. Our results agree with Laude and Pauli (1956) 
and Berry et al. (2004) who reported GPC increases in wheat due to lodging. However, the 
magnitude of the GPC increase in our experiment (ca. 25%, mean of all genotypes) doubled that of 
the above-mentioned studies, a fact that could be explained by the severity of our lodging 
treatments (as discussed earlier for yield losses). The fact that lodging treatments had higher GPC 
than un-lodged plants is in line with the widely reported dilution effect of a limited amount of 
available nitrogen into more grains (e.g. Calderini et al., 2005; Guarda et al., 2004). As lodging 
reduced yield far more strongly than N uptake, the increase in GPC is simply a weakness of the 
degree of nitrogen source-limitation per growing grain, which also fit the general trends that GPC 
(unlike grain weight).responds noticeably to reductions in the intensity of competition between 
growing grains (Jenner, 1991; Triboi and Triboi-Blondel, 2002; Martre et al., 2003; Triboi et al., 
2006). 
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Table 1. Grain yield and yield components of control and lodged plants for the factorial combination of two genotypes (Aragon 03 and 
ID-2151) and four shading treatments (unshaded control, shading for jointing to anthesis, shadings from jointing to the beginning of 
booting and from then to anthesis) in the preliminary experiment (Exp1, 2006/07). 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

C is the unshaded control, while SB-A, SJ-B and SJ-A are the shading treatments (75%) during booting-anthesis, jointing-booting and jointing-anthesis, 
respectively. SEM stands for the standard error of the means for lodging effects and the interaction between shadings and lodgings for each 
genotype. 

Grain Yield       
(Mg ha-1) 

Number of grains 
(10-3 m-2) 

Average grain 
weight (mg) 

Genotype Shading 
Control Lodged Control Lodged Control Lodged 

C 5.7 4.5 14.7 12.4 39.1 36.2 
SB-A 5.1 3.7 13.1 12.3 38.7 30.6 
SJ-B 4.0 3.4 11.6 11.3 34.2 30.1 

Aragon 03 

SJ-A 3.2 2.8  8.3  7.5 38.5 37.4 

SEM  0.23 0.53 0.93 

C 11.5 7.6 35.0 24.7 32.8 30.7 
SB-A  9.7 7.4 27.8 24.1 35.1 30.7 
SJ-B  9.1 7.5 25.7 22.6 35.5 33.3 

ID-2151 

SJ-A  6.2 5.1 14.4 12.4 42.9 41.1 

SEM  0.43 1.48 1.03 
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Table 2. Mean squares for grain yield (GY), grain number per m2 (GNO), average grain weight 
(AGW), above ground biomass (AGB) at maturity and anthesis, water soluble carbohydrates (WSC) 
at maturity and anthesis, harvest index (HI), grain protein concentration (GPC), grain nitrogen yield 
(GNY), total nitrogen absorbed (TNA) at maturity and anthesis and nitrogen harvest index (NHI). 
Factors were the genotypes Aragon 03, Estrella, Anza and ID-2151, under three lodging treatments 
(un-lodged control, lodged from anthesis to maturity and from jointing to maturity), during the 
2007/08 growing season. 

Significant at *P < 0.05; **P < 0.01; and ***P < 0.001. 

Source of Variation 
 Genotype 

(G) 
Lodging 

treatment (L)  G x L Error 

GY (Mg ha-1)      1078 ***           6261 ***          7.6        8.6 
GNO (10-3 m-2)  125753 ***       319286 ***    2472 *    884 
AGW (mg)          83.3 ***             264 ***        11.4 ***        1.5 
AGB at maturity (Mg ha-1)      3459 ***         12265 ***        74.8    115 
AGB at anthesis (Mg ha-1)        502           1882 **      185    104 
WSC at maturity (%)            2.5                 1.4          2.2        2.9 
WSC at anthesis (%)          37.7             263 **        14.7      18.0 
HI (%)        594 ***             854 ***        12.1        6.0 
GPC (%)            9.4 **               51.2 ***          0.93 *        0.24 
GNY (kgN ha-1)      4169 ***         18864 ***      133      77.7 
TNA at maturity (kg N ha-1)      3359 *           7597 ***      119    163 
TNA at anthesis (kg N ha-1)        680           1462 *      331    225 
NHI (%)        581 ***           1952 ***        38.9 **        8.9 



Chapter 7 

 98 

Table 3. Water soluble carbohydrates (WSC; as a percentage of stem dry matter) at anthesis and 
maturity in Aragon 03, Estrella, Anza and ID-2151 under three lodging treatments: un-lodged 
control, lodged from anthesis to maturity (A-M) and from jointing to maturity (J-M). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A-M and J-M refers to the periods from anthesis to maturity and from jointing to maturity, respectively. SEM 
refers to the standard error of the means for the sub-plots (combination of genotypes and lodgings). 

Genotype Treatment WSC at anthesis (%) WSC at maturity (%) 

Control 27.6 7.4 
Lodging A-M - 7.3 Aragon 03 
Lodging J-M 17.1 7.3 

    
Control 23.9 8.7 
Lodging A-M - 7.1 Estrella 
Lodging J-M 19.1 8.8 

    
Control 28.3 8.9 
Lodging A-M - 8.8 Anza 
Lodging J-M 20.5 7.3 

    
Control 28.9 7.5 
Lodging A-M - 8.3 ID-2151 
Lodging J-M 25.4 6.2 

    
SEM    1.1 0.3 



 
 
 
 
Table 4. Grain protein concentration (GPC), grain nitrogen yield (GNY), total nitrogen absorbed (TNA) at anthesis and maturity, and 
nitrogen harvest index (NHI) in Aragon 03, Estrella, Anza and ID-2151 under three lodging treatments: un-lodged control, lodged 
from anthesis to maturity and from jointing to maturity. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
A-M and J-M refers to the periods from anthesis to maturity and from jointing to maturity, respectively. SEM refers to the standard error of the 
means for the sub-plots (combination of genotypes and lodgings). 
 

Genotype Treatment GPC 
(%) 

GNY     
(kg N ha-1) 

TNA at anthesis 
(kg N ha-1) 

TNA at maturity 
(kg N ha-1) NHI (%) 

Control 12.9 143.8 182.5 235.7 61.0 
Lodging A-M 17.6 92.0 182.5 204.2 45.0 Aragon 03 
Lodging J-M 18.0 60.8 181.0 183.7 33.1 

       

Control 12.9 146.4 158.0 208.0 70.4 
Lodging A-M 16.5 79.1 158.1 162.7 48.6 Estrella 
Lodging J-M 16.4 64.9 153.8 164.3 39.8 

       

Control 12.5 154.1 181.4 209.2 73.7 
Lodging A-M 15.4 100.8 181.4 181.5 55.6 Anza 
Lodging J-M 15.4 73.7 150.4 156.6 47.1 

       

Control 11.8 177.8 181.2 243.5 73.2 
Lodging A-M 14.8 140.2 181.2 216.4 64.7 ID-2151 
Lodging J-M 14.8 111.8 155.5 194.2 57.5 

       

SEM    0.4 8.0     4.4     6.1   2.7 
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Figure 1. Photograph of a plot corresponding to the treatment that lodged plants ca. 80º from the 
vertical (with control plots besides it). 
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Figure 2. Grain yield of Aragon 03, Estrella, Anza and ID-2151 under three lodging treatments: un-
lodged control (stripped bars), lodging from anthesis to maturity (closed bars) and from jointing to 
maturity (open bars). The segment on the left upper corner refers to the standard error of the 
means. Inset, is the relative yield loss due to lodging treatments from anthesis to maturity (closed 
circles) and from jointing to maturity (open circles) plotted against the year of release of the 
genotypes. 
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Figure 3. Relationships between grain yield and both number of grains per m2 (a) and average 
grain weight (AGW; b) for Aragon 03, Estrella, Anza and ID-2151 under three lodging treatments: 
un-lodged control, lodging from anthesis to maturity and from jointing to maturity (a). Insets of both 
panels there are the relationships between yield and both number of grains per m2 and AGW for the 
means of each genotype across lodgings (left-upper insets) and for the means of each lodging 
treatments across genotypes (right-lower insets). 
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Figure 4. Total above ground biomass accumulated during pre- (open bars) and post- (closed bars) 
anthesis of Aragon 03, Estrella, Anza and ID-2151 under three lodging treatments: un-lodged 
control, lodging from anthesis to maturity (A-M) and from jointing to maturity (J-M). The segments 
on the left upper corner refer to the standard error of the means. Inset there are the relative 
reductions in harvest index due to both lodging treatments for each genotype. 
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Figure 5. Percentage of intercepted photosynthetically active radiation (IPAR%) along the crop cycle 
for controls (black figures) and canopies lodged (white figures) from jointing to maturity (a) or from 
anthesis to maturity (b) for Aragon 03 (circles), Estrella (rhombus), Anza (triangles) and ID-2151 
(squares). 
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Figure 6. Relationship between the average grain weight (AGW) of all the spikes in the canopy 
(Canopy AGW) and the average grain weight of main spikes tagged at anthesis and left as 
untrimmed controls for Aragon 03, Estrella, Anza and ID-2151 under three lodging treatments: un-
lodged control, lodging from anthesis to maturity and from jointing to maturity. The dashed line 
represents de 1:1 relationship. 
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Figure 7. Relative increase of the average grain weight (AGW) of trimmed spikes with respect to 
control spikes of Aragon 03, Estrella, Anza and ID-2151 under three lodging treatments: un-lodged 
control (stripped bars), lodging from anthesis to maturity (close bars) and from jointing to maturity 
(open bars). The segment on the left upper corner refers to the standard error of the means. 
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Summary 

Wheat yield and grain nitrogen content (GNC) are frequently negatively correlated. In most 
growing conditions this is mainly due to a feedback process generated by the opposite relationships 
of these traits and the number of grains per m2. In Mediterranean conditions it might have been 
likely that breeders improved cultivars with a conservative strategy to setting grains. This study 
aimed to clarifying the main physiological determinants of grain nitrogen accumulation (GNA) in 
Mediterranean wheat and to analysing how breeding has affected them. Five field experiments 
were carried out in north-eastern Spain among the 2005/06 and 2006/07 growing seasons with 
three cultivars released at different eras and an advanced line. Depending on the experiment, 
source-sink ratios during grain filling were altered by reducing grain number per m2 either through 
pre-anthesis shading (unshaded control or 75 % shading only between jointing and anthesis) or by 
directly trimming the spikes after anthesis and before the onset of the effective grain filling period 
(un-trimmed control or spikes halved seven to ten days after anthesis). GNC decreased with the 
year of release of the genotypes. As the number of grains per m2 was also increased by breeding 
there was a clear dilution effect of the amount of nitrogen allocated to each grain. However, the 
increase in GNC did not compensate the loss in grain nitrogen yield (GNY) due to the lower number 
of grains per m2. All genotypes increased their GNC (the increase ranged from 0.13 to 0.40 
mgN/grain, depending on experiment and genotype), in response to the post-anthesis spike 
trimming or pre-anthesis shading. The degree of source-limitation for GNA increased with the year 
of release of the genotypes (and thus with increases in grain number per m2) from 17 % in the 
oldest cultivar to 53 % in the most modern line. It has been found that final GNC depended strongly 
on the source-sink ratio established at around anthesis between the number of grains set and the 
amount of nitrogen absorbed at this stage. Thus, Mediterranean wheat breeding, that improved 
yield through increases in grain number per m2, reduced the GNC by diluting a rather limited source 
of nitrogen into more grains. This dilution effect produced by breeding was further confirmed by the 
reversal effect produced by grain number per m2 reductions due to either pre-anthesis shading or 
post-anthesis spike trimming. 

Key words 

Wheat; Grain nitrogen content; Genetic improvement; Pre-anthesis shading; Spike trimming 

1 Introduction 

Productivity has been the main goal of traditional agricultural systems. Nowadays, there is 
increased concern on the quality of both crop productions and the contamination that the over-
utilised inputs may produce. In this context, the nitrogen economy of crops acquires great 
relevance, and particularly when wheat is grown in stressful environments such as Mediterranean 
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conditions characterised by drought and high temperatures during the grain filling period (Bidinger 
et al. 1977; Shepherd et al. 1987; Papakosta and Gagianas 1991), that limit yield realisation 
(Acevedo et al. 1999) and consequently nitrogen use efficiency (Savin et al. 2009, unpublished). 

In wheat and other cereal crops, yield and grain nitrogen content (GNC) are commonly 
negatively correlated (e.g. Pepe and Heiner 1975; Day et al. 1985; Heitholt et al. 1990; Calderini et 
al. 1995a,b; Triboi and Triboi-Blondel 2002; Oury et al. 2003; Guarda et al. 2004; Triboi et al. 2006). 
In fact, Jenner (1991) reported that while starch deposition lies on an asymptotic region of a rate-
versus-supply relationship (source is higher than grain growth capacity), protein deposition lies on a 
linear region (source is clearly limiting grain nitrogen accumulation, GNA). This was latter confirmed 
by Triboi and Triboi-Blondel (2002), Martre et al. (2003) and Triboi et al. (2006) who showed that 
the grain itself is more limiting for starch than for protein synthesis, while protein synthesis is more 
source-limited than starch synthesis. Thus, understanding the bases behind GNA could help 
breeders to weigh whether they can break the negative relationship between yield and GNC to 
improve both traits simultaneously (or at least improve one of them without negative effects on the 
other). For this purpose, studying the pre-anthesis nitrogen accumulation and further remobilisation 
to grains in cultivars released at different breeding periods may be relevant. There are only few 
studies reporting results on breeding effects on the capacity of wheat cultivars to uptake and 
remobilise nitrogen (e.g. Fischer and Wall 1976; Austin et al. 1980; Slafer et al. 1990; Papakosta 
and Gagianas 1991; Canevara et al. 1994; Calderini et al. 1995b; Foulkes et al. 1998; Muurinen et 
al. 2007), being the general trends of those studies a decrease in GNC with the year of release of 
cultivars. 

GNC depends mainly on the remobilization of the stored nitrogen accumulated before anthesis 
in vegetative tissues (Spiertz and De Vos 1983; Van Sanford and MacKown 1987). The ability of 
the crop to export nitrogen from vegetative tissue may come either from improved capacity of the 
grain to accumulate nitrogen or from greater nitrogen supply to the grains (Triboi and Triboi-Blondel 
2002). In fact, reports in wheat and other cereals have shown that GNA may depend upon an 
intrinsic grain control (Borghi et al. 1986; Mattsson et al. 1993; Wyss et al. 1991) or, mainly, by the 
nitrogen source strength (Barlow et al. 1983; Barneix and Guitman 1993; Ma et al. 1995-1996; 
Dreccer et al. 1997; Voltas and Araus 1997; Wyss et al. 1991; Martre et al. 2003). Breeding has 
decreased the post-anthesis source-sink balance of wheat by noticeably increasing grain number 
per m2 while crop growth capacity was not clearly altered (Calderini et al. 1999), even under 
Mediterranean growing conditions such as those of Spain (Acreche and Slafer 2009). This fact 
could imply changes within improved cultivars in the degree of nitrogen source-limitation for GNA 
that wheat is generally reported to have (Radley and Thorne 1981; Koshkin and Tararina 1989; 
Mackown et al. 1992; Ma et al. 1995-1996; Martre et al. 2003). To the best of our knowledge, only 
Martre et al. (2003) have conducted an experiment studying the GNA of cultivars greatly differing in 
grain number per m2 (the main yield component improved by breeders) subjected to different 
source-sink ratios during grain filling. They reported increased nitrogen source-limitation (from 9 % 
in the cultivar with the lowest number of grains per m2 to 29 % in the cultivar with the highest grain 
number per m2) for GNC. However, this study was not conducted under Mediterranean conditions, 
such as those of southern Europe, under which cultivars successfully performing might need 
privileging reserve accumulation rather than fruiting efficiency (grain number per unit of spike dry 
matter at anthesis; Acreche et al. 2008). 

As nitrogen absorption occurs mainly during pre-anthesis (Austin et al. 1977; Loffler et al. 1985; 
Heitholt et al. 1990), and due to the fact that during this period the number of grains per unit area is 
being determined (Kirby 1988; Slafer 2003), altering the growing conditions during this period may 
allow furthering exploring what is behind GNA. Has been widely reported that pre-anthesis shading 
dramatically reduces the number of grains per m2 (e.g. Fischer and Stockman 1980; Thorne and 
Wood 1987; Savin and Slafer 1991; Wang et al. 2003; Demotes-Mainard and Jeuffroy 2004; 
González et al. 2005), and that the main genetic gains in yield were due to increased number of 
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grains per m2 (see Slafer et al. 1994; Calderini et al. 1999), even under Mediterranean conditions 
(Acreche et al. 2008). However, to the best of our knowledge no study has been conducted 
combining, in a factorial design, the effects of pre-anthesis shading and cultivars of different 
potential number of grains per m2 on the GNA. Only Slafer et al. (1994), Wang et al. (2003) and 
Acreche et al. (2009) have conducted experiments on the effect of pre-anthesis shading treatments 
on cultivars of different potential number of grains per m2 but none of them reported results on GNC 
or on the nitrogen economy of the crop. 

This study aimed to clarifying the main physiological determinants of GNA in wheat under a wide 
range of Mediterranean conditions (from low- through moderate- to high- inputs) and to analysing 
how breeding has affected them. For this purpose, old and modern genotypes were compared and 
their responses to treatments of source-sink ratios (pre-anthesis shading or post-anthesis spike 
trimming) were analysed in Mediterranean conditions. 

2 Materials and methods 

2.1 General 

Five field experiments were carried out at the province of Lleida (Catalonia, north-eastern Spain) 
during the 2005/06 and 2006/07 growing seasons. Two of the experiments were conducted at 
Gimenells (41º37´N, 0º22´E, 248m) under high inputs and well irrigated conditions, one in 2005/06 
and the other in 2006/07 (thereafter Exp1 and Exp2, respectively). Other two experiments at 
Gimenells were carried out in 2006/07 under moderate inputs, mainly by being conducted under 
rainfed conditions but within an irrigated area (thereafter Exp3 and Exp4). The last experiment was 
conducted at Foradada (41º51´N, 1º0´E, 407m) under low inputs and rainfed conditions in 2005/06 
(thereafter Exp5). Table 1 summarizes the main characteristics of the five experiments. 

Plots were kept weed- and pest-free with recommended products in all experiments. To prevent 
lodging, nets, that did not modify the canopy architecture, were installed at Gimenells near boot 
stage for the oldest, and tallest, cultivar (Aragon 03). All experiments were sown at mid Nov (Table 
1) and with a sowing density of 350 seeds per m2. Sowing times (Table 1) and plant densities were 
those most common in the region. 

Table 1 around here please 

2.2 Treatments and design 

In each experiment there were either four (three experiments) or two (two experiments) bread 
wheats (Table 1). When there were four genotypes they were a widely grown landrace (Aragon 03) 
reported to be cultivated since 1940, cultivars Estrella and Anza (released in 1960 and 1974, 
respectively) and the advanced line ID-2151 (ID-2151) developed by the bread wheat programme 
of the Institut de Recerca i Tecnologia Agroalimentàries (IRTA) selected for its good performance in 
several comparative experiments. When there were two genotypes, they were the oldest (Aragon 
03) and the most modern (ID-2151) ones. These genotypes were selected from a previous study 
(Acreche et al. 2008) for representing well their times under cultivation, as well as the overall trends 
of breeding effects from 1940 to 2005 on crop yield, in Mediterranean Spain. If needed, some 
additional details of these genotypes can be found in Acreche et al. (2008). 

In the two experiments including post-anthesis spike trimming (Exp1 and Exp5), treatments 
consisted of the factorial combination of the four genotypes and two source-sink ratios during grain 
filling. Sink manipulations were applied to the whole canopy rather than to just treating individual 
plants within the crop. Seven to ten days after anthesis (DC 7.1, Zadoks et al. 1974) all the 
spikelets from the upper half of the spikes of every single shoot in a 1.2-m2 were hand removed 
(trimmed spikes), while the other part of the plots remained unaltered as controls. Both experiments 
were arranged in a split-plot design where genotypes were the main plots and the source-sink 
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ratios the subplots. Main plots (eight rows, 15 cm apart and 5 m long) were randomised in three 
blocks. 

In the two pre-anthesis shading experiments (Exp2 and Exp4), treatments consisted of the 
factorial combination of the two most contrasting wheats (Aragon 03 and ID-2151) and two pre-
anthesis shading treatments: unshaded control and shaded from jointing (DC 3.1) to anthesis (DC 
6.5). Shading treatments were imposed by a black shade cloth that decreased light intensity by 
75+2.3 %. Shades were suspended at least 10 cm above the top of the canopy. Hobo Canopy 
Temperature Sensors (Onset Computer Corporation, Bourne, MA, USA) were installed 20 cm 
below the top of the canopy in order to monitor possible changes in air temperature due to the 
shades. Both experiments were arranged in a split-plot design where genotypes were the main 
plots and the pre-anthesis shading treatments the subplots. Main plots (16 rows, 15 cm apart and 5 
m long) were randomised in three blocks, while 8 of the 16 rows were completely shaded 
generating the sub-plots. 

The fifth experiment (Exp3) only compared the four genotypes in a randomised complete block 
design with three replications. Plots consisted of eight rows, 15 cm apart and 5 m long. 

2.3 Sampling and measurements 

At anthesis and maturity (DC 9.2) all plots and subplots, depending on the experiment, were 
sampled. Samples consisted of all plants in 50 cm of central rows at anthesis or 100 cm at maturity. 
As the subplots were relatively small we were extremely careful to maintain the reliability of the 
results. Plots were not only sown with experimental machinery being very uniform normally but also 
soon after seedling emergence many sectors of the plots in which plants were actually at the exact 
density and uniformity expected were tagged and then samplings were restricted to these tagged 
sectors randomly. Leaf blades, stems (including leaf sheaths), spikes and grains (the last one only 
at maturity) were separately oven-dried and weighed. Then samples were milled and nitrogen 
content was determined in each case by a micro-Kjeldahl method. 

Data from the experiments were subjected to analysis of variance with the SAS system (version 
9.1). The degree of association between different traits was estimated by linear regression models. 

3 Results 

3.1 Breeding effects on nitrogen accumulation and partitioning 

GNC was significantly different between genotypes in all experiments (Table 2). In general, the 
newer the genotype (and so the higher the number of grains per m2) the lower the GNC (Figure 1). 
These differences were not evident for grain nitrogen yield (GNY) and total nitrogen accumulated 
(TNA) in the above ground biomass at maturity. While GNY was only significantly different between 
genotypes in the high inputs experiments (Exp1 and Exp2), the TNA at maturity was in general not 
significantly different between genotypes (Table 2). In those cases in which GNY was significantly 
different, there was a trend to increase it with the year of release of the genotype (Figure 2). 

Table 2 around here please 
 
Figure 1 around here please 
 
Figure 2 around here please 
 

The nitrogen harvest index (NHI; ratio between GNY and TNA at maturity) showed differences 
between genotypes only in the high inputs experiment of the 2006/07 season (Exp2; Figure 2). In 
this case, the modern line ID-2151 had higher NHI (71 %) than the old genotype Aragon 03 (57 %). 
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Although there were no major trends for TNA at maturity, we observed clear differences at 
anthesis in those experiments in which we have measured it (Exp1, Exp3 and Exp5; Table 2). 
Aragon 03 had higher TNA at anthesis than the mean value of TNA at anthesis of the other 
genotypes that did not significantly differ among them: 300 vs. 250, 163 vs. 126 and 131 vs. 107 
kgN/ha in the high- (Exp1) and low- (Exp5) inputs experiments of the 2005/06 season, and in the 
moderate inputs experiment of the 2006/07 season (Exp3), respectively). However, due to their 
constitutive differences in partitioning, the spike nitrogen content (SNC) at anthesis was 55 % 
higher in Anza and 22 % higher in ID-2151 than the mean value of SNC at anthesis of the other 
genotypes in the high inputs experiment of the 2005/06 season (Exp1) and moderate inputs 
experiment of the 2006/07 season (Exp3), respectively. 

3.2 Grain nitrogen accumulation as affected by trimming the spikes after anthesis 

All genotypes increased significantly their GNC in the high- (Exp1) and low- (Exp5) inputs 
experiments of the 2005/06 season in response to halving the grain number per spike (Table 2), 
showing an increase in GNC of 0.21 and 0.32 mgN/grain (mean of all genotypes) of the GNC in 
Exp1 and Exp5, respectively (Figure 1a,b). The degree of source-limitation for GNA increased with 
the year of release of the genotypes (and so with the number of grains per m2) in both experiments 
from 23 % (mean of both experiments) in the oldest cultivar to 48 % (mean of both experiments) in 
the most modern line (Figure 3). This indicates that the main effect of breeding on GNC was due to 
a dilution of a limited amount of nitrogen in an increased number of grains per m2. 

Figure 3 around here please 
 

The increase in GNC did not compensate the GNY loss due to trimming the spikes and so 
control plots had 41.9 (mean of all genotypes) and 13.2 (mean of all genotypes) kgN/ha more than 
trimmed plots in Exp1 and Exp5, respectively. The relative decrease of GNY due to the trimming 
treatment was lower than the relative decrease of grain yield due to the same treatment, a fact that 
revealed that GNY was less sink-limited than grain yield (Figure 4, squares). 

Figure 4 around here please 
 

The significant interaction between trimming treatments and experiments (Table 2) for TNA at 
maturity showed that there were differences between control and trimmed plots only in Exp1. In this 
experiment, control plots had higher (73 kgN/ha, mean of all genotypes) TNA at maturity than 
trimmed plots. In the low inputs experiment, the control had higher GNY than trimmed plots but 
similar TNA at maturity indicating that under stressful conditions wheat removed more of the stored 
nitrogen to the grains. This was corroborated by the higher decrease in NHI due to trimming the 
spikes in Exp5 (24 %, mean of all genotypes) than in Exp1 (11 %, mean of all genotypes). 

3.3 Pre-anthesis shading effects on nitrogen balance 

Pre-anthesis shading increased significantly GNC (Table 2) in both genotypes (Aragon 03 and 
ID-2151) within any of the experiments (Exp2 and Exp4). GNC increased by 0.20 mgN/grain (mean 
of both experiments) in the landrace and by 0.32 mgN/grain (mean of both experiments) in the 
modern line (Figure 1c,d). Again, when the number of grains per m2 increased (modern line), the 
degree of source-limitation for GNC was also increased producing a stronger response to a reduce 
sink strength. 

The increase in GNC did not compensate the GNY loss due to the pre-anthesis shading and so, 
GNY was 51 kgN/ha (mean of both genotypes and experiments) higher in the unshaded control 
than in shaded plots. The relative decrease of GNY due to the pre-anthesis shading treatment was 
higher than the relative decrease of grain yield (Figure 4, circles). This could imply that GNY was 
more sink-limited than grain yield. However, in this case, the shaded plots absorbed at anthesis 
less than 60 % of the TNA at maturity while unshaded controls absorbed at anthesis ca. 80 % of 
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TNA at maturity. Thus, the higher relative reduction of GNY due to pre-anthesis shading treatments 
was affected by the lower N absorbed by the crop. 

Again, the treatment that reduced the number of grains per m2 (shaded plots) had lower GNY 
and similar TNA at maturity than unshaded control (237 vs. 263 kgN/ha, mean of both genotypes 
and experiments). This was evident in the higher NHI of unshaded controls with respect to the 
shaded plots in Exp3 and Exp4, respectively. 

4 Discussion 

The results of the present study revealed that GNA in wheat under Mediterranean conditions is 
strongly source-limited. There was a clear breeding effect in reducing the GNC through increases in 
grain number per m2 producing an important dilution of the nitrogen absorbed by the crop into more 
grains. This corroborates results from other wheat growing areas (e.g. Calderini et al. 2005b; Oury 
et al. 2003; Guarda et al. 2004), opposing to the speculation that successful cultivars in 
Mediterranean areas would have developed a more conservative determination of grain number 
per m2 and then GNA would be less source-limited than modern wheats of non-Mediterranean 
regions. The fact that wheat is mainly source-limited for GNA agrees with Radley and Thorne 
(1981), Koshkin and Tararina (1989), Mackown et al. (1992), Ma et al. (1995-1996), Martre et al. 
(2003) and Triboi et al. (2006); being the response to improved nitrogen source-sink ratios 
generally greater when GNC was lower (Figure 5), as low GNC is likely revealing strong source 
limitation for GNA. Our results also agree with those reported by Martre et al. (2003) in that GNC in 
genotypes with higher number of grains per m2 is more responsive to increases in nitrogen 
availability per grain, further confirming that GNA in wheat is strongly source-limited, and that the 
magnitude of this limitation positively related to the number of grains pet m2. 

Figure 5 around here please 
 

While GNY was unaltered by breeding when wheat was grown under low- or moderate- inputs 
conditions, breeding increased GNY under high inputs conditions ranging from 155 to 265 kgN/ha. 
These values are similar to those reported in other wheat growing areas (e.g. Calderini et al. 1995; 
Foulkes et al. 1998; Martre et al. 2003) and also to those reported under Mediterranean conditions 
by Papakosta and Gagianas (1991) in Greece as well as from what can be inferred from results of 
Canevara et al. (1994) in Italy. However, the nitrogen harvest index (NHI) in many treatments of our 
experiments was lower than that reported in those studies. This could be related to the low harvest 
index (HI) in our experiments (Acreche et al. 2008) that showed a reduced partitioning of resources 
under Mediterranean conditions. Both, NHI and HI values would have been reduced by the high 
and stressful temperatures during grain filling that reduced crop growth (Schenk 1996) or by the 
terminal drought. The similar GNY and lower HI and NHI in the Spanish’s Mediterranean region 
show that there is an important part of the carbohydrates and nitrogen absorbed by the crop that 
were not remobilised to grains. This might be behind of the relatively low success of newer cultivars 
released in Mediterranean Spain during the last decades, particularly under low-yielding conditions 
(Acreche et al. 2008). 

As the main source of nitrogen for the grains is the stored nitrogen accumulated in vegetative 
organs before anthesis (Spiertz and De Vos 1983; Van Sanford and MacKown 1987) and the fact 
that GNC decreased in our experiments due to a dilution effect revealed that final GNC depends 
strongly on the sink-source ratio established at around anthesis between the number of grains set 
and the amount of nitrogen absorbed at this stage (Figure 6). 

Figure 6 around here please 
 

Thus, it would be required to increase more the amount of nitrogen absorbed at anthesis than 
what would be increased the number of grains to overcome the negative relationship between yield 
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and GNC. As nitrogen uptake can be converted into grains per m2 (Fischer 1993; Prystupa et al. 
2004) improving simultaneously yield and GNC would required to reduce the nitrogen use efficiency 
that could be potentially achieved. This is likely why breeding has consistently and systematically 
reduced GNC whenever it was successful to boost potential yields 
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Table 1. Trial description, rainfall, mean temperature (T) during grain filling, days with temperatures over 30 ºC (T> 30ºC) during 
grain filling, irrigation and fertilisation for five experiments conducted in Gimenells or Foradada during 2005/06 and 2006/07 
growing seasons with cultivars Aragon 03 (1940), Estrella (1960) and Anza (1974), and line ID-2151. 

N applied 
(KgN/ha) 

Location Sowing 
date Code Experimental 

treatments 
Rainfall 

(mm) 
T 

(ºC) 
T>30ºC 
(days) 

Irrigation 
(mm) 

Soil N 
after 

winter at 
30cm 

(KgN/ha) 

Pre-
Sowing Tillering 

P applied 
(KgP2O5 /ha) 

K applied 
(KgK 2O/ha) 

Gimenells 
19 Nov 
2005 Exp1 

4 genotypes x 
2 source-sink 

ratios  
  61.9 27.6 18 300 184 80 72 150 150 

             

Gimenells 
22 Nov 
2006 Exp2 

2 genotypes x 
2 levels of 

pre-anthesis 
shading 

203.0 25.6   7 260 156 - 78 183 110 

             

Gimenells 
22 Nov 
2006 Exp3 4 genotypes 203.0 25.6   7 - 156 - - 183 110 

             

Gimenells 
22 Nov 
2006 Exp4 

2 genotypes x 
2 levels of 

pre-anthesis 
shading 

203.0 25.6   7 - 156 - - 183 110 

             

Foradada 20 Nov 
2005 Exp5 

4 genotypes x 
2 source-sink 

ratios  
121.6 27.8 21 - 146 - 87 - - 

120  
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Table 2. Mean squares for grain nitrogen content (GNC), grain nitrogen yield (GNY), total nitrogen 
absorbed (TNA) at anthesis and maturity, spikes nitrogen content (SNC) at anthesis and nitrogen 
harvest index (NHI) of cultivars Aragon 03, Estrella and Anza and line ID-2151 in three groups of 
experiments: comparative experiments (include one experiment with four genotypes under 
moderate inputs conditions), post-anthesis spike trimming experiments (include four genotypes and 
two spike trimming treatments in two experiments, low- and high- inputs conditions) and pre-
anthesis shading experiments (include two genotypes and two pre-anthesis shading treatments in 
two experiments, moderate- and high- inputs conditions). 

Significant at *P < 0.05; †P < 0.01; and ‡P < 0.001. 
a The TNA and SN content at anthesis for the post-anthesis spike trimming experiments was analysed as a 
complete randomized block design with genotypes as treatment due to the treatment begin after anthesis. In 
the case of TNA at anthesis of the pre-anthesis shading experiments, no samples were taken from vegetative 
tissues. 

GNC      
(mgN/grain) 

GNY   
(kgN/ha) 

TNA at 
maturity         
(kgN/ha) 

TNA at 
anthesis         
(kgN/ha)a 

SNC at 
anthesis 
(kgN/ha)a 

NHI 
(%) Source of 

Variation 
Comparative experiment 

Genotype (G)       0.09 ‡         203         601       1101*          41.3    15.7 

Error       0.001         317         590         309          12.5      5.1 

 Post-anthesis trimming experiments 
Genotype (G)       0.11 ‡       1000 †       1012       3130 †        210 ‡    52.3 
Trimmed 
treatment (Tt) 

      0.83 ‡       8844 ‡     12180 † - -  339 ‡ 

G x Tt       0.01 *           13.2         858 - -      2.0 

Experiment (Exp)       0.46 ‡   118738 ‡   518531 ‡     71504 ‡      1413 ‡      4.7 

G x Exp       0.02 †         693 *       1291         229        131 ‡    31.8 * 

Tt x Exp       0.03 †       2591 ‡     10153 ‡ - -    65.2 * 

G x Tt x Exp       0.001           95.3         641 - -    15.4 

Error       0.002         152         500         574            9.11      8.4 

 Pre-anthesis shading experiments 
Genotype (G)       0.46 ‡     10278 †       3971 * -        632 †  519 † 
Shading 
treatment (Sh) 

      0.38 †     13263 †       3089 -      1991 †  899 ‡ 

G x Sh       0.03           43.2         456 -          24.4    26.8 

Experiment (Exp)       0.41 ‡     41849 ‡   111674 ‡ -      1172 ‡    97.2 * 

G x Exp       0.006       6042 †       1421 -        285 *  243 † 

Sh x Exp       0.0001       5163 †         321 -            0.39  268 ‡ 

G x Sh x Exp       0.04 †         834       3450 * -          14.1      5.0 

Error       0.003         237         421 -           41.2      8.8 
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Figure 1. Relationship between the grain nitrogen content (GNC) and the number of grains per m2 
of cultivars Aragon 03, Estrella and Anza, and line ID-2151 in the low- (without fertilisation and 
rainfed; b), moderate- (fertilised and rainfed; d and e) and high- (fertilised and irrigated; a and c) 
inputs experiments. Panels a and b also showed the response to the trimming treatment, while 
panels c and d the response to the shading treatment. The bars and the numbers in brackets on 
the left side of each panel stand to the standard error of the means and the degrees of freedom for 
each experiment. 
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Figure 2. Total nitrogen absorbed (TNA) at maturity in grains and vegetative tissues (stems and 
leaves) of cultivars Aragon 03, Estrella and Anza, and line ID-2151 in the low- (without fertilisation 
and rainfed; Exp 5), moderate- (fertilised and rainfed; Exp 3 and Exp4) and high- (fertilised and 
irrigated; Exp 1 and Exp2) inputs experiments. The numbers above the columns stand for the 
nitrogen harvest index (%). The bars and the numbers in brackets on the left side of each 
experiment stand for the standard error of the means. 
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Figure 3. Relationship between the response of grain nitrogen content (GNC) to the spike trimming 
and the year of release of the genotypes in the low- (without fertilisation and rainfed) and high- 
(fertilised and irrigated) inputs experiments (Exp5 and Exp1, respectively). 

High inputs experiment (Exp1) 
Low inputs experiment (Exp5)

0

15

30

45

60

1940 1960 1980 2000

R
es

p
o

n
se

 o
f

G
N

C
to

sp
ik

e
tr

im
m

in
g

(%
)

Year of release

r= 0.98 (p< 0.001; D.F. 10)

r= 0.81 (p< 0.05; D.F. 10)

High inputs experiment (Exp1) 
Low inputs experiment (Exp5)
High inputs experiment (Exp1) 
Low inputs experiment (Exp5)

0

15

30

45

60

1940 1960 1980 2000

R
es

p
o

n
se

 o
f

G
N

C
to

sp
ik

e
tr

im
m

in
g

(%
)

Year of release

r= 0.98 (p< 0.001; D.F. 10)

r= 0.81 (p< 0.05; D.F. 10)



Chapter 8 

 125 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Relationship between the relative decrease of grain yield and the relative decrease of 
grain nitrogen yield (GNY) due to spike trimming (squares) or pre-anthesis shading (circles) 
treatments in the low- (without fertilisation and rainfed; Exp5: white squares), moderate- (fertilised 
and rainfed; Exp4: white circles) and high- (fertilised and irrigated; Exp1: black squares and Exp2: 
black circles) inputs experiments. The dashed line represents de 1:1 relationship. 
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Figure 5. Relationship between the response of grain nitrogen content (GNC) to increases in 
resource availability (pre-anthesis shading or post-anthesis spike trimming) and the GNC of control 
plots in the low- (without fertilisation and rainfed; Exp5), moderate- (fertilised and rainfed; Exp4) 
and high- (fertilised and irrigated; Exp1 and Exp2) inputs experiments, and in other experiments 
from the literature conducted under different environmental backgrounds (see references inset the 
figure). 
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Figure 6. Relationship between the grain nitrogen content (GNC) and the ratio between the number 
of grains per m2 and the amount of nitrogen absorbed at anthesis for comparative- (triangles; 
Exp3), post-anthesis spike trimming- (squares; Exp1 and Exp5) and pre-anthesis shading- (circles; 
Exp2 and Exp4) experiments. 
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General Discussion 

This last chapter of the Thesis is aimed to: 

• Recap succinctly the main achievements of the Thesis, integrating findings across the 
different experiments in terms of breeding effects [i] on yield and its physiological 
determinants, [ii] on the source-sink balance during grain filling, [iii] on sensitivity to lodging, 
and [iv] on the nitrogen economy and GNC. 

• Offer, as a concluding section of the whole work, a list of contributions actually made in the 
Thesis, some of which I believe are truly original contributions, some others are 
contributions allowing to clarify unclear issues in the literature or to extrapolate the 
information from other regions to Mediterranean Spain, and finally some of the 
contributions are confirmations of existent knowledge developed elsewhere. 

• Identify briefly future research lines related to the issues addressed in the Thesis. 

Summary of major findings across chapters 

For determining breeding trends, this Thesis included 10 selected genotypes evaluated 
simultaneously in common environments throughout the different experimental chapters. Although 
this number of genotypes may seem rather small for retrospective studies, it is impossible to use a 
large number of cultivars especially in studies in which cultivars must be treated in factorial 
combination with different treatments and in which several determinations have to be made in each 
experimental unit. In particular, the large number of experimental units generated from these 
factorial combinations entails time-consuming measurements, many of which must be done only 
during a small window of a few hours during the day (IPAR, leaf photosynthesis, etc.), making the 
other alternative to identify the contributions to yield gains by genetic improvement (the comparison 
of almost all the cultivars released by a breeding programme during a period) inappropriate. Thus, 
as many other experiments (e.g. Austin et al., 1989; Siddique et al., 1989; Slafer and Andrade, 
1989; Canevara et al., 1994; Calderini et al., 1995a; Shearman et al., 2005), this Thesis evaluated 
few representative cultivars under different environments and with different treatments. 

Breeding effects on yield components and associated physiological traits in Mediterranean Spain 

From the diverse reports on yield improvements and associated morpho-physiological bases in 
bread wheat, only three were developed in Mediterranean countries, Australia and Italy. However, 
their results can be hardly extrapolated to the Mediterranean conditions existing in Spain, and other 
regions in the Mediterranean basin (see discussion in Chapter 2). This study then not only 
contributed to the scarce information available to bread wheat breeders in the Mediterranean basin, 
but also tested the hypothesis that cultivars released in Mediterranean Spain possess different key 
physiological attributes determining yield to those reported elsewhere (hypothesis based on the fact 
that they have to deal with the particular stresses in these regions, Ceccarelli et al., 1987; Gavuzzi 
et al., 1993). 

In order to generate this knowledge, it was defined as the aim of this Thesis to identify the main 
eco-physiological bases modified by bread wheat breeding in Mediterranean Spain during the 20th 
century. For this, representative successful bread wheats grown widely during the last 70 years in 
the Mediterranean region of Spain were experimentally compared under a range of field conditions. 
These wheats included a landrace, seven cultivars representative of successful releases in this 
region and two advanced breeding lines selected for their good performance in several comparative 
trials. The first step in this Thesis was to quantify the yield increases during the last 70 years and 
then identified the physiological components related to the yield increase (Chapter 2). The trend in 
yields with the year of release of the cultivars of the present study markedly differed from what has 
been generally reported. While it is universally reported that genetic gains described an exponential 
trend with the year of release of the cultivars suggesting a non linear increase in wheat yields 
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during the last century (Calderini et al., 1999), with much smaller improvements until the 1960s 
than during the following decades (Slafer et al., 1994), the results of Chapter 2 showed that yield 
increased linearly until the 1970s with no further gains achieved thereafter, evidencing a sort of 
plateau for yield improvement during the last decades. This could be attributed to the fact that 
almost all the modern cultivars widely grown during the last 30 years or so in Mediterranean Spain 
have been bred elsewhere, particularly in Mexico and France with non of the typical characteristic 
Mediterranean stress. This situation seems different for durum wheat (Royo et al., 2007) under 
Spanish Mediterranean conditions. However, a note of caution should be made on the conclusions 
drawn from my study given that in a later experiment in which the number of cultivars analysed was 
too low to draw trends (Chapter 7), and in the experiment of the 2004/05 growing season (squares 
in Figure 2 of Chapter 2) the advanced line yielded much better than the cultivars released in the 
1970s (Figure 1). On the other hand, other studies conducted in the same region have also 
compared (in a different context) a cultivar of the 1970s and other of the 1990s and no clear 
differences were found either (e.g. Cartelle et al., 2006). 

Disregarding any eventual difference in type of trend in yield gains, the physiological bases 
associated to yield improvements were similar to those reported elsewhere, which was contrary to 
what I hypothesised. In this study, as in many other non-Mediterranean wheat growing areas (e.g. 
Austin et al., 1989 and Shearman et al., 2005 in UK; Slafer et al., 1994 and Calderini et al., 1995a 
in Argentina), wheat yield was linearly and positively associated with harvest index (HI) and number 
of grains per m2. The increase in the number of grains per m2, and consequently in the HI, with the 
year of release of the cultivars was associated with both the number of grains per unit of spike dry 
weight at anthesis, or “fruiting efficiency”, and the spike dry weight at anthesis. This agrees with 
Abbate et al. (1998) and Slafer et al. (1990) who reported increases in the fruiting efficiency or 
spike dry weight at anthesis associated with increases in the number of grains per unit area, 
respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Trends in grain yield of bread wheat with the year of release of the cultivars in three 
experiments: Gimenells 2004/05 (squares) Gimenells 2005/06 (white circles), Foradada 2005/06 
(triangles), Gimenells 2006/07 (rhombus) and Gimenells 2007/08 (black circles). 
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during the period analysed (IPAR) and the radiation use efficiency (RUE) are directly related with 
yield. As IPAR and RUE are directly related to the total above ground biomass, and due the fact 
that the results shown in Chapter 2 revealed that there were not differences between cultivars for 
the total above ground biomass, the increase in yields (and so in the number of grains per m2) of 
modern cultivars was attributed to changes in the HI. However, further increases of yield by 
improving the HI may not be possible (e.g. Austin et al., 1989) which makes the total above ground 
biomass increases, as a tool to increase yield, a likely alternative. To improve the total above 
ground biomass implies changing IPAR and/or RUE (Figure 3 in Chapter 1). This is why it was 
further explored, in a descriptive way, whether and how wheat breeding in the Mediterranean area 
of Spain affected the dynamics of biomass, IPAR and RUE before and after anthesis (Chapter 3). 

In general, the dynamics of IPAR between modern and old cultivars in this study were similar, 
which makes the increase of the number of grains per m2 in modern cultivars to be likely related to 
an increase in RUE. Miralles and Slafer (1997) and Reynolds et al. (2005), increased the sink-
strength during post-anthesis through the introgression of Rht or Lr19 alleles, respectively and 
suggested that a higher number of grains per m2 (increased sink-strength) could be associated with 
increases in RUE during grain filling in wheat. The results of the present Thesis not only confirmed 
this suggestion but also showed that further increases in grains per unit area in modern cultivars 
could permit to improve biomass via increases in post-anthesis RUE. To test to what degree this 
may be true, it was analysed in Chapter 4 the changes in the biomass and RUE generated by post-
anthesis source-sink manipulation in four representative cultivars included in the preceding chapter. 

Changes in the source-sink ratio generated by breeding and its consequences 

The particular yield trend (small or negligible gains during the last three decades) and the linear 
and positive association between yield and the number of grains per m2, allowed to hypothesise 
that, under Mediterranean conditions, modern cultivars had a more conservative behaviour in the 
determination of the grain number per m2 (perhaps privileging reserve accumulation rather than 
maximising the grain number per unit of crop dry matter at anthesis) than in non-Mediterranean 
regions. To test whether this speculation was true, it has been explored, in Chapter 4, whether 
genetic improvement of bread wheat in Mediterranean Spain has modified the source-sink balance, 
and how it affected grain weight and post-anthesis IPAR and RUE. 

It has been widely reported that grain growth in wheat is almost never source-limited with likely 
responses varying from only sink-limitation to some degree of co-limitation (Slafer and Savin, 1994; 
Borrás et al., 2004). This trend has not changed under Mediterranean conditions, where the results 
of the present Thesis shows that bread wheat breeding has tended to increase the degree of 
source-limitation during post-anthesis from negligible values in the oldest cultivars to a sort of co-
limitation in the most modern line. These results are in line with those reported by Kruk et al. (1997) 
and Shearman et al. (2005) in Argentina and UK, respectively for bread wheat and with those of 
Álvaro et al. (2008) in durum wheat under Spanish Mediterranean conditions in that breeding has 
increased the degree of co-limitation during grain filling. 

The stronger sink-strength of modern cultivars was associated with higher post-anthesis RUE, 
confirming the number of grains per m2 as the main driving force for post-anthesis growth through 
its effects on leaf photosynthetic rate and canopy RUE. Cultivar differences in photosynthetic 
properties were further supported by the depressed leaf photosynthetic rate and canopy RUE 
during post-anthesis if the sink-strength was reduced artificially at the onset of grain filling. Although 
this could be interpreted as a clear sign of a strong degree of sink-limitation for grain growth (if leaf 
photosynthetic rate and canopy RUE are reduced in line with reductions in sink-strength) it may 
mean that potential assimilate availability for grain growth is in excess to demands (Richards, 1996; 
Slafer, 2003). However simultaneously with the above-mentioned effect of sink reduction 
onassimilate production, there was a clear trend for grain growth of the modern line to increase its 
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rate in response to the trimming treatment, suggesting some sort of source-limitation for these 
grains to grow to their potential size. This issue was further analysed from the experiment of the 
effect of shading during the stem elongation phase on the determination of the number of grains 
per m2 in Mediterranean Spain in an old cultivar and an advanced breeding line coming both from 
the historical series used in the preceded experiments and representative of extreme cases of 
number of grains per m2 (Chapter 5). As in many other studies (e.g. Slafer et al., 1994; Wang et al., 
2003), shading the crop during the spike growth period decreased the number of grains per m2. The 
grain number reduction, similar for both cultivars, was mainly associated to the decrease of the 
number of grains per spikelet, generating an increase in post-anthesis resource availability per 
grain in the shaded plots. The average grain weight (AGW) increased in the modern line, 
confirming the result of the source-sink experiment in that the old cultivar was completely sink-
limited and that the modern line showed a relevant degree of yield limitation by source-strength 
during post-anthesis. It seems then that whenever assimilate availability per grain during grain 
filling was increased by pre-anthesis shading or reduced by post-anthesis trimming, wheat grains 
showed in general a low degree of response in the AGW at maturity (Figure 2). The advanced line 
was however an exception as it exhibited a relatively larger degree of response and therefore a 
more clear relevance of source-limitation (data-points closer to the 1:1 ratio in Figure 2). But again 
conflicting with this interpretation is (i) the fact that trimming the spikes at the onset of grain filling 
reduced post-anthesis growth more than proportionally (consequently in Figure 2 degraining 
actually reduced the source-sink ratio), and then it might not be assumed that any increase of the 
AGW due to degraining reflects source limitation, and (ii) the fact that the availability of water stem 
soluble carbohydrates (WSC) at maturity which weakness the simple interpretation of a relevant 
source-limitation for grain filling (it would be unlikely the case if there are important amounts of 
soluble carbohydrates unused at maturity). Although these somehow contradictory responses 
deserve further attention before a clear mechanism could be proposed to explain the simultaneous 
reduction in source-strength and increase in the degree of source-limitation for filling grains, it is not 
easy to attempt developing a general model which includes both types of effects with the present 
state of art in this field. This attempt would require information from a number of studies 
simultaneously evaluating the response of both source (photosynthetic capacity of the canopy, 
availability of reserves) and sink (grain growth capacity) to manipulations of source-sink balances 
after anthesis, which sort of studies are lacking. This is precisely one major contribution of this 
Thesis (Chapters 4, 5 and 7). Even in the absence of certitude, it seems reasonable to accept that 
so far and all in all, the situation may reflect a case of yield being simultaneously co-limited by both 
source- and sink-strength during grain filling in most modern cultivars. Therefore future breeding in 
Mediterranean Spain would maximise the gains in yield by simultaneously improving both strengths 
rather than only focusing on sink-strength as it has been successfully done in the past by improving 
cultivars that were strongly sink-limited. 

Increases in grains per m2 might have brought decreases in AGW, as they are frequently 
negatively correlated (Siddique et al., 1989; Slafer et al., 1996). Nevertheless, these two main yield 
components are largely determined with a minimal overlapping during crop growth (Slafer, 2003), a 
fact revealing that the mechanism behind this negative relationship would not be a feedback 
process; although it could be competition. Thus, in Chapter 6, it was analysed whether the increase 
of grains per m2 resulting in a reduction of AGW in Mediterranean Spain was due to (i) a consistent 
reduction in the size of all grains (in line with the most frequent interpretation in the agronomic 
literature, supporting that competition is the cause of the negative relationship), or (ii) a consistent 
increase in the relative proportion of grains of smaller weight potential (in line with numerous 
studies showing little or no source-limitation for grain growth in wheat). The results of the present 
Thesis revealed that the increased in the number of grains per m2 generated a reduction of the 
AGW. This reduction was associated to increases of the proportional contribution to the final 
number of grains per m2 of grains that are constitutively smaller. This relatively small potential size 
might be associated with the fact that the florets producing those grains develop later than those in 



Chapter 9: General Discussion 

 135

proximal positions (González et al., 2005), and possess smaller ovaries (Calderini et al., 2001) than 
proximal, heavier, grains. Although this conclusion is in line with that reported by Miralles and Slafer 
(1995), it constitutes a major contribution of this Thesis: The paper by Miralles and Slafer only 
proposed this idea based on the comparisons of isogenic lines for Rht alleles grown under high 
yield potential conditions. In the present Thesis, it was shown that the mechanism is true (i) in a 
much wider context (different cultivars and different growing conditions), and (ii) in a Mediterranean 
region characterised by a stressful grain filling condition.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Relationship between the relative change in AGW1 and the relative change in post-
anthesis assimilate availability per grain2 (estimated as post-anthesis crop growth to grain number 
ratio; PACG:GN) in the source-sink experiments (post-anthesis spike trimming and pre-anthesis 
shading). When PACG was lower than 0 (the difference was always negligible), it was taken as a 
maximum reduction in post-anthesis assimilate availability per grain (-100%). The lines stand for 
the theoretical slopes of 1 (complete source-limitation) and 0 (complete sink-limitation).  

Old and modern cultivars as affected by lodging in Mediterranean Spain 

Breeding seemed to have modified the source-sink balance under Mediterranean conditions 
from a complete sink-limitation in old cultivars to a co-limitation between source and sink in modern 
cultivars. However, the actual situation could be different if wheat is affected by lodging (Weibel and 
Pendleton, 1964; Easson et al., 1993). Although breeding reduced losses due to lodging by 
reducing the likelihood of the crop to lodge through reducing height, mainly by the introgression of 
dwarfing genes during the second half of the 20th century (Araus et al., 2002), lodging still 
continuous to damage wheat yields world wide. Since further gains in yield potential seem to 
required further increases in yield independent of further reductions of plant height, the future 
scenario may be more damaging as lodging is dominantly determined by the momentum produced 
by the weight of the spike which is positively associated with lodging (specific discussion in Chapter 
7). In this context, identifying whether breeding has affected the sensitivity of yield to lodging, 
beyond the likelihood of lodging to occur is relevant. Chapter 7 was aimed to quantify how wheat 
breeding in Mediterranean Spain has modified the sensitivity of wheat yield to lodging thereby 
clarifying whether the effects of lodging on grain weight reductions, commonly reported for lodged 
plants, are linked to changes in growth rate or if there is a direct effect on grain weight potential. 
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The findings in this Thesis revealed that breeding in Mediterranean Spain had a positive effect in 
reducing yield losses in wheat, not only due to lower likelihood of the crop to lodge, but also due to 
smaller yield losses if it does lodge. Lodging decreased both the number of grains per m2 and the 
AGW. The decrease in the number of grains per m2 was related to reduced crop growth during the 
crop cycle, confirming that any factor reducing crop growth or partitioning during the few weeks 
before anthesis to a few days after anthesis does concomitantly affect grain number per m2 (e.g. 
Fischer, 1985; Slafer et al., 2005). The loss in AGW was seemingly related to the reduction of both 
the post-anthesis crop growth and the availability of WSC. This could imply that lodged plants 
experience stronger source-limitation during grain filling than un-lodged plants. However, the 
response of the weight of grains to sink-strength reduction in lodged plants was very similar to the 
response in the un-lodged controls, indicating that overall grain filling in un-lodged and in strongly 
lodged canopies was similarly balanced in terms of source-sink ratios. Thus, most of the reduction 
of AGW produced by lodging would not have been associated with the reduction in source-strength 
during post-anthesis, but would probably be linked to direct effects of lodging per se. 

Physiological determinants of grain nitrogen content in old and modern Mediterranean wheats  

Although it has been widely reported that grain nitrogen content (GNC) is diluted by the 
increased number of grains per m2 (e.g. Pepe and Heiner, 1975; Day et al., 1985; Jenner, 1991; 
Calderini et al., 1995a-b; Triboi and Triboi-Blondel, 2002; Oury et al., 2003), and grains per m2 is 
commonly reported as the main driver of higher yields of modern cultivars (see references above), 
the particular trend of grain number and the increased source-limitation generated by breeding, and 
the characteristic Mediterranean environments could have imposed changes (causing deviations in 
the general model) within improved cultivars in the degree of nitrogen source-limitation for grain 
nitrogen accumulation (GNA) that wheat is generally reported to have (Radley and Thorne, 1981; 
Koshkin and Tararina, 1989; Mackown et al., 1992; Ma et al., 1995-1996; Martre et al., 2003). 
Chapter 8 was aimed at clarifying the main physiological determinants of GNA in wheats released 
in Spain grown under a wide range of Mediterranean conditions. 

The results from the study showed that GNA in wheat grown under Mediterranean conditions 
was strongly source-limited as was revealed by the negative correlation between increased number 
of grains per m2 generated by breeding and GNC. This corroborates results from other wheat 
growing areas (e.g. Calderini et al., 2005b; Martre et al., 2003; Triboi et al., 2006) which showed 
the universality of the response of GNC to higher nitrogen availability. Due to differences in HI 
trends and the dilution effect brought about by increased grain per m2, the nitrogen harvest index 
(NHI) was not related to the number of grains per m2. Both HI and NHI had, in general, lower values 
than those reported under non-Mediterranean conditions although in some cases (Chapter 7) the 
HI and NHI of modern cultivars were similar to those reported elsewhere. This common scenario for 
HI and NHI, and the fact that the partitioning of carbohydrates as well as of nitrogen at anthesis 
have values similar to those of other wheat growing areas, and that both explained the number of 
grains per m2 and the GNC, respectively could imply that NHI and HI would have been reduced by 
the stressful temperatures during grain filling that reduced crop growth (Schenk, 1996) or by the 
terminal drought. This hypothesis was derived from the important amount of the carbohydrates and 
nitrogen absorbed by the crop that were not remobilised to grains which could be the reason for the 
lack of clear success in improving wheat yields during the last decades in Mediterranean Spain. 
Furthermore, due to the relationships shown in Chapter 7, the chances for improving yield and 
GNC are unlikely given the peculiar condition that grain growth is generally sink-limited while GNA 
is almost universally source-limited. Thus, further increases in yield potential without quality 
penalties may require improving simultaneously either the capacity to uptake available nitrogen or 
the pattern of protein deposition so that a reduced GNC may be compensated by improvements in 
protein quality. 
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Conclusions 

The main findings of the present Thesis are divided into three types of contributions: (I) truly 
original contributions which are in the form of knowledge produced in the context of this Thesis that 
are actually new in a broad sense (that to the best of my knowledge, has not been published buy 
other scientist before), (II) original contributions allowing clarification of unclear issues in the 
literature or extrapolation of information from other regions to Mediterranean Spain, and (III) 
contributions that confirm, for the conditions of the materials and methods used, existent knowledge 
developed elsewhere. 

(I). New knowledge produced in the Thesis 

The methodological approaches of the experiments and/or the novelty in the hypotheses tested 
allowed achieving the following conclusions that comports contributions that are truly original: 

I.1. Although Miralles and Slafer (1997) and Reynolds et al. (2005) showed improved post-
anthesis growth and RUE due to increased sink demand by introgressing into isogenic lines 
the Rht and Lr19 genes, no experiment had been conducted with direct manipulation of the 
sink size during post-anthesis to explore the responses of canopy photosynthesis. This 
Thesis showed that crop growth, RUE and leaf photosynthetic rate during post-anthesis were 
reduced by spike trimming on a crop structure basis, confirming that the strength of the sink 
does play a major role in determining the levels of post-anthesis crop growth. 

I.2. The negative relationship between the number of grains per m2 and the AGW commonly 
reported as a reflection of an increased competition among grains when grain number is 
increased is actually provoked by increase of the proportional contribution to the final number 
of grains per m2 of grains that are constitutively smaller (distal grains from main stem spikes 
or grains from tillers). The unique precedent work that I am aware of which dealt with a non-
competitive nature of the negative relationship mentioned above is that of Miralles and Slafer 
(1995). However, this study could not talk of a general pattern since it was based on a set of 
isogenic lines (for semidwarfism) grown under high yielding potential conditions, whilst the 
analysis offered in this Thesis is non specific but generalised. 

I.3. This is the very first disclosure of data revealing differences in yield penalties imposed by 
lodging due to breeding of bread wheat. There were very few other studies in which lodging 
was artificially imposed with equal severity to different cultivars (most studies deal with 
genetic variation in the likelihood of lodging). However, this study is the unique in that it tested 
a series of cultivars released at different eras. This Thesis shows that the sensitivity to yield 
losses, beyond differences in lodging itself, was reduced by breeding in Mediterranean 
wheats. 

I.4. Although many studies have shown that lodging decreased both, the number of grains per 
m2 and the AGW, none of them revealed physiological mechanisms associated to these 
reductions. This Thesis showed that the decrease in the number of grains per m2 was 
associated with a reduction in crop growth during the grain number determination phase 
(broadly from jointing to the onset of grain filling), while the AGW loss was likely related to the 
reduction of both, the availability of assimilates and the potential size that the grains of lodged 
canopies might achieve. This last assertion is based on the fact that overall grain filling in 
both un-lodged and strongly lodged canopies was similarly balanced in terms of source-sink 
ratios: the reduction in post-anthesis growth and WSC revealed a source-limitation for grain 
growth, while the similar response of grain weight to sink-strength reduction in lodged and un-
lodged plants revealed a similar level of sink-limitation. 
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(II) Original contributions clarifying unclear issues or expanding knowledge to Mediterranean region 

The hypothesis that, under Mediterranean conditions, modern cultivars might have developed a 
more conservative behaviour in the determination of the grain number per m2 (perhaps privileging 
reserve accumulation rather than maximising the grain number per unit of crop dry matter at 
anthesis, to cope better with the frequent terminal stresses) than in non-Mediterranean regions, 
required specific analyses due to the lack of information in these regions that might be trustworthily 
extrapolated (see the inconveniences for extrapolating the existent evidences from the 
Mediterranean regions of Australia and Italy where this sort of analyses had been made; Chapter 
2). In this context, this Thesis achieved the following original contributions: 

II.1. Bread wheat breeding in Mediterranean Spain linearly increased yields from the 1940s 
with landrace selections to the 1970s with selected cultivars, with no clear trend in yield gains 
during the last three decades (a sort of plateau in experiments conducted for yield trends but 
with higher yield in the modern line than in the cultivar of the 1970s in the lodging 
experiment). 

II.2. The increases of yields in modern genotypes was associated to the increase in the 
number of grains per m2, supporting the fact that under Mediterranean environments, 
disregarding the intensity of terminal stresses, the number of grains per m2 is also the main 
determinant of yield and that further increases in yield should be associated to increases on 
grain number. 

II.3. The increase in the number of grains per m2 was associated with both the number of 
grains per unit of spike dry weight at anthesis, or “fruiting efficiency”, and the spike dry weight 
at anthesis, while what has been most common in other studies with a series of cultivars 
released at different eras (in which the analysis was made) is that only the latter was relevant. 

II.4. As modern and old genotypes did not differ in the dynamics of IPAR, modern genotypes 
increased post-anthesis RUE associated to their higher sink size. This reveals that further 
increasing the grain number in modern Mediterranean wheats should contribute to reach an 
improved post-anthesis growth through higher RUE. 

II.5. Bread wheat breeding in Mediterranean Spain tended to increase the degree of source-
limitation during post-anthesis from negligible values in the oldest cultivars to a sort of co-
limitation in the most modern line. However, modern genotypes are more sink- than source-
limited for grain growth and further increases in the number of grains per unit area would still 
be critical for future yield gains. 

II.6. The sink size of old and modern genotypes were similarly reduced by pre-anthesis 
shading, mainly associated to reductions in the number of grains per spikelet, generating an 
increase in the resource availability per grain in the shaded plots. This shows that under this 
environmental condition the stem elongation phase is also critical in determining the final 
number of grains. 

II.7. The increase in the source-strength in shaded plots only increased the AGW of the 
modern line, confirming that the old cultivar was completely sink-limited while the modern line 
was co-limited by source- and sink-strengths during post-anthesis. 

II.8. In general (the exception was the lodging experiment of Chapter 7), the resource 
partitioning to reproductive organs (HI or NHI) was lower than those reported under non-
Mediterranean conditions, showing that there is an important amount of carbohydrates and 
nitrogen absorbed by the crop that were not remobilised to grains and that could be the 
reason of the lack of success in improving wheat yields during the last decades in 
Mediterranean Spain. 
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(III) Contributions confirming existent knowledge developed elsewhere 

There were too many physiological attributes related to yield improvements confirming what is 
almost universally known, the main ones include: 

III.1. The trends in the physiological bases associated to yield improvements are similar to 
those reported elsewhere: 

• HI and the number of grains per m2 are linearly and positively associated with yield, 
confirming the relevance of this two attributes in determining wheat yield. 

• The total above ground biomass is not related to yield. This revealed that it should be 
targeted in future breeding programs to further improve yields. 

III.2. There was a trend to decrease the GNC with yield improvement that was partly reversed 
as the availability of nitrogen per grain was increased, corroborating that GNC is strongly 
source-limited. Thus, protein percentage is a variable which depends on how much a rather 
limited amount of nitrogen is diluted by the frequently excessive availability of carbohydrates. 

Future research 

The studies reported in this Thesis identified several issues than need further research: 

(i) What is behind the estimated trends on yield gains and the particular environments in 
which these trends were estimated? This issue results from the inconsistency observed 
between the results of Chapters 2 and 7. While in the former chapter yield was linearly 
increased until the 1970s with no further gains achieved during the last three decades, in 
Chapter 7 it seemed that the advanced line did yield much better than the cultivar 
released in the 1970s (Figure 1 of General Discussion). As these particular trends are 
different than those reported elsewhere (Calderini et al., 1999), and due the year-to-year 
variability in precipitation characteristic of Mediterranean environments, more explicit 
studies of the physiological bases associated to the interaction between genetic gains in 
yield and environments in which these gains are estimated are needed. This sort of 
studies could help to clarify if those trends are due to a lack of successful cultivars 
released lately, or if the environment set a limit to yield under the actual frame of 
breeding developed in this area (and in exceptionally “good” years most modern cultivars 
exhibit their hypothetical advantage). 

(ii) When do modern wheats begin to suffer the source-limitation in grain filling? It is clear in 
Chapter 4 that breeding tended to increase the degree of co-limitation during grain filling. 
This result agrees with those reported by Kruk et al. (1997) and Shearman et al. (2005) 
for bread wheat bred in Argentina and UK respectively, as well as with those of Alvaro et 
al. (2008) for durum wheat in Spain. This may take particular relevance when wheat is 
grown under stressed conditions during grain filling. These conditions can be found in the 
Mediterranean area of Spain in which the degree of drought and heat stresses during 
grain filling increase as the crop matures. Thus, it might be interesting to determine when 
the co-limitation that modern cultivars were reported to have does actually occur. No 
studies have been conducted with different timing of trimming treatments during grain 
filling in order to determine when the co-limitation begins, more so in cultivars that 
suffered different degrees of co-limitation. 

In order to that cultivars released at different eras must be grown in the same experiment 
subjected to different degrees of stress and with periodical spike trimming treatments 
during grain filling. Measurements of grain weight during this period, and determinations 
of leaf photosynthetic rate and stomatal conductance could allow having certitude of the 
moment in which the co-limitation begins and when the stress started. The results of this 
experiment may allow explaining when the co-limitations begins, and whether the 
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different sink size of cultivars released at different eras could affect the moment in which 
the co-limitation starts. 

(iii) Does breeding under Mediterranean Spain modify the generation and degeneration of 
floret primordia during the stem elongation phase? The results of Chapter 5 showed that 
the old and modern genotypes reduced similarly their sink size when pre-anthesis 
shading was imposed, revealing that both genotypes had similar sensitivities to shading 
during this period. However in both experiments and for all treatments, the modern line 
showed higher number of grains per m2 than the old genotype. This result confirms that 
in Mediterranean regions the growing conditions during the period in which the grain 
number is being determined play an important role in setting the final number of grains 
per m2. 

Only few of the 6-11 floret primordia that each wheat spikelet initiates during the stem 
elongation phase reach the fertile floret stage at anthesis and set a grain (between 0-5, 
depending on the spikelet position, growing condition, and cultivar; Kirby 1974; Sibony 
and Pinthus, 1988). The maximum number of floret primordia differentiated is controlled 
genetically (Kirby and Appleyard, 1987), and the survival of floret primordia to form fertile 
florets is governed by the interaction between the genotype and the environment 
(González et al., 2003). Floret mortality was, for instance, reduced in wheat by the 
introgression of Rht genes, which also increased the spike weight at anthesis and 
resource partitioning to the spikes during this period (Miralles et al., 1998). Thus, the 
differences between old and modern genotypes in the number of grains per m2 could be 
attributed to either a higher number of florets primordia differentiated or higher florets 
primordia survival in the modern genotype. No studies have been conducted in wheat to 
determine the underlying mechanisms, based in the dynamics of floret development, for 
exploring why the modern cultivars set more grains than their older counterparts. 

Experiments with cultivars released at different eras (with different number of grains per 
m2) and subjected to different pre-anthesis shading treatments should be conducted. 
Measuring the dynamics of initiation and mortality of floret primordia from terminal 
spikelet to anthesis, and determining the floral development attained by florets on 
spikelets located in different positions along the spikes would allow identifying such 
mechanisms. The results of this sort of experiment not only could help breeders to 
understand the causes of the increase in the number of grains of modern cultivars, but 
also to understand in which part of the stem elongation phase they should focus their 
breeding tools to generate more florets survival. 
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