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Summary 

  

Mediterranean sub-shrubs dominate extensive areas in all mediterranean regions of the 
world where the shallowness of the soil, the high levels of stress, or the frequent 
disturbances limit the development of trees or tall shrubs. However, despite their high 
ecological relevance, these plants have been much less studied than mediterranean trees 
and shrubs. Little is know, for example, about the different ecological strategies found 
within them. Indeed, despite showing a great diversity of growth forms, they tend to 
appear clustered in the same groups when functional classifications are applied. 

The main objective of this PhD Thesis was to gain some insight into the 
ecological strategies of mediterranean sub-shrubs by the assessment of the pheno-
morphological patterns and the seasonal dynamics of nitrogen (N) and non-structural 
carbohydrates (NSC) of six species of Mediterranean sub-shrubs. The study species 
were representative of the main feno-morphological types found within this type of 
plants. Bud morphology and activity, shoot growth dynamics, aboveground phenology, 
fine root growth, living and photosynthetic biomass allocation patterns, N and NSC 
dynamics and the water content at full hydration of branch tissues were assessed 
monthly in the study species for a minimum of 13 months per species. 

Some general patterns were found by the analysis of these parameters. All study 
species bore naked buds as their renewal structures and displayed rhythmic shoot and 
bud growth, coupling these processes to the seasonality of mediterranean climate. 
However, bud location and the level of shoot preformation varied within study species. 
Species bearing their buds on living emerged brachyblasts (i.e. short branches) had 
partially neoformed shoots, while species with more tightly protected buds had 
preformed shoots. The water content at full hydration of all branch tissues reached 
maximum values during dolichoblast (i.e. long branch) elongation, denoting a strong 
relationship between both processes in the species analyzed. 

Both water availability and winter cold restricted fine root growth in the study 
species. The occurrence of shoot growth had no significant effect on their fine root 
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growth, though those study species displaying a short period of dolichoblast 
development tended to separate both growth processes throughout the year. 

Different patterns of photosythetic biomass allocation were found within the 
seasonally dimorphic species analyzed. In these species, the formation of stress tolerant 
leaves and the reduction in the amount of photosynthetic biomass responded both to the 
occurrence of summer drought and winter cold. These results demonstrate that seasonal 
dimorphism is a flexible ecological strategy, as it comprises very different leaf 
phenologies and enables plants to escape both summer drought and winter cold. 

Differences in the leaf phenology of two co-existing species leaded to significant 
changes in their dynamics of storage and use of NSC of their woody organs. However, 
irrespective of their pheno-morphological differences, photosynthetic structures served 
as N and NSC sources for spring growth in most of the evergreen species analyzed. 

These results highlight the ecological relevance of several morphological, 
phenological and physiological characteristics of mediterranean sub-shrubs that might 
enable their survival in the highly stressing or frequently disturbed environments where 
they normally grow. Accordingly, the opportunistic growth of mediterranean sub-shrubs 
growing in arid and quite unpredictable climates might be favoured by attributes such as 
the presence of naked buds with a low level of shoot preformation, or the disposal of 
buds in emerged brachyblasts with the ability to function as N and C sources for shoot 
growth. Plants without brachyblasts but with spiny photosynthetic stems, highly 
preformed shoots and short periods of dolichoblast growth might be favoured in areas 
with cold winters, dry summers and, in some cases, frequent disturbances. Accordingly, 
photosynthetic stems, despite being functionally analogous to brachyblasts in some 
aspects, might show a higher degree of stress tolerance. Therefore, it is suggested that 
characters like the type and location of buds, the presence of brachyblasts or spiny 
photosynthetic stems, the degree of seasonal biomass oscillation, or the duration of the 
period of dolichoblast development, be included in future functional classifications 
regarding mediterranean sub-shrubs. 
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Resumen 

  

Los caméfitos leñosos dominan extensas áreas de clima mediterráneo donde la escasa 
profundidad del suelo, los altos niveles de estrés o las frecuentes perturbaciones 
impiden el desarrollo de árboles y arbustos de mayor talla. No obstante, pese a su gran 
relevancia en los ecosistemas mediterráneos, la atención dedicada al estudio de los 
caméfitos leñosos ha sido muy limitada, sobre todo si se compara con los estudios 
realizados sobre árboles y arbustos de las mismas zonas. Se desconocen, por ejemplo, 
los límites de su diversidad ecológica. De hecho, este tipo de plantas presenta una gran 
variedad de formas de crecimiento que parece ser indicativa de sus diferentes estrategias 
ecológicas y, por tanto, de su elevada diversidad funcional. No obstante, en la mayoría 
de clasificaciones funcionales realizadas, los caméfitos leñosos mediterráneos tienden a 
aparecer agrupados. 

El principal objetivo de esta Tesis Doctoral es profundizar en el análisis de las 
estrategias ecológicas de los caméfitos leñosos mediterráneos, mediante el estudio de 
los patrones fenomorfológicos y las dinámicas estacionales de nitrógeno (N) y 
carbohidratos no estructurales (CNE) de seis especies de caméfitos leñosos 
mediterráneos representativas de los principales tipos fenomorfológicos presentes en 
este grupo de plantas. Para ello, se analizaron mensualmente durante un mínimo de 13 
meses: la morfología y actividad de las yemas, el crecimiento de los brotes, la fenología 
de la parte aérea, el crecimiento de las raicillas, los patrones de asignación de biomasa 
viva y fotosintética, las dinámicas de N y CNE y el contenido hídrico en estado de 
máxima hidratación de las ramas de las especies de estudio. 

El análisis de estos parámetros puso de manifiesto la existencia de ciertos 
patrones generales. Todas las especies analizadas presentaron yemas desnudas y 
patrones rítmicos de desarrollo de sus yemas y brotes, ajustando estos procesos a la 
estacionalidad del clima mediterráneo. Sin embargo, las especies estudiadas mostraron 
diferencias en la localización de sus yemas y el grado de preformación de sus brotes: las 
especies que presentaron sus yemas en braquiblastos (o ramas cortas) emergidos 
tuvieron brotes parcialmente neoformados, mientras que aquéllas con una mayor 
protección de sus yemas mostraron brotes preformados. El contenido hídrico en estado 
de máxima hidratación de la rama alcanzó valores máximos durante el periodo de 
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extensión de los brotes, hecho que demuestra una fuerte relación entre ambos procesos 
en las especies analizadas. 

El crecimiento de las raicillas de las especies de estudio se vio limitado tanto por 
la disponibilidad de agua como por el frío invernal. No existió una competencia 
significativa entre la brotación y el crecimiento de raicillas, si bien aquellas especies de 
estudio con un periodo de desarrollo de sus dolicoblastos (o ramas largas) corto 
tendieron a separar ambos procesos a lo largo del año. 

Se encontraron diversos patrones de asignación de biomasa fotosintética entre 
las especies con dimorfismo estacional analizadas. En estas especies, la formación de 
hojas tolerantes al estrés y la reducción en la cantidad de biomasa fotosintética 
respondieron tanto a la llegada de la sequía estival como a la reducción de las 
temperaturas invernales. Estos resultados demuestran que el dimorfismo estacional es 
una estrategia ecológica flexible, ya que incluye fenologías foliares muy contrastadas y 
permite a las plantas evitar los efectos tanto de la sequía como del frío. 

Las diferencias en la fenología foliar de dos especies coexistentes se tradujeron 
en dinámicas contrastadas de uso y almacenamiento de CNE en sus órganos leñosos. No 
obstante, a pesar de sus diferencias fenomorfológicas, las estructuras fotosintéticas 
sirvieron como fuente de N y C para el crecimiento primaveral en la mayoría de 
especies perennifolias estudiadas. 

Estos resultados ponen de manifiesto la relevancia ecológica de ciertos 
caracteres morfológicos, fenológicos y fisiológicos, que facilitan la supervivencia de los 
caméfitos mediterráneos en condiciones ambientales limitantes. Por ejemplo, atributos 
como la presencia de yemas desnudas con un bajo nivel de preformación, o la existencia 
de braquiblastos emergidos capaces de abastecer de N y C a la brotación, parecen 
favorecer el crecimiento de tipo oportunista de los caméfitos leñosos mediterráneos de 
zonas con climas áridos e impredecibles. Las especies sin braquiblastos, pero con tallos 
fotosintéticos espinosos, brotes altamente preformados y periodos cortos de desarrollo 
de sus dolicoblastos, parecen verse favorecidas en zonas con inviernos fríos y veranos 
secos y, en ocasiones, sometidas a perturbaciones frecuentes. En este sentido, a pesar de 
ser funcionalmente análogos a los braquiblastos en algunos aspectos, los tallos 
fotosintéticos parecen presentar una mayor capacidad de tolerancia al estrés. En 
consecuencia, se sugiere que caracteres como el tipo y la ubicación de las yemas, la 
presencia de braquiblastos o tallos fotosintéticos, el grado de oscilación estacional de 
biomasa o la duración del periodo de desarrollo de los dolicoblastos sean incluidos en 
las futuras clasificaciones funcionales de este tipo de plantas. 
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Chapter 1 

General introduction 

  

BACKGROUND 

A definition of mediterranean chamaephytes and sub-shrubs 

The chamaephytes were first defined by Raunkiaer as plants displaying their renewal 

structures at a maximum height of 25 cm above ground (Raunkiaer, 1934). Through this 

definition, he distinguished those species that remained covered by snow or litter during 

winter (the chamaephytes), from those that remained uncovered and hence more 

exposed to winter cold (the phanaerophytes). This distinction fits well in areas with 

temperate or cold climates, where winter is the most limiting period of the year. 

Nevertheless, in areas with no snow cover during winter, or with other important 

environmental stresses apart from winter cold, like Mediterranean-type ecosystems, the 

height of 25 cm has no such meaning (Orshan, 1986). For this reason, Orshan proposed 

to increase the maximum height of chamaephytes to 80 cm when considering 

mediterranean species (Orshan, 1986). By doing so, he took into account the effect of 

summer on the performance of mediterranean species. Accordingly, mediterranean 

chamaephytes tend to grow higher than species from colder areas, presumably as a way 

to protect their renewal buds from the high temperatures of the soil surface during 

summer (P. Montserrat, personal communication). Orshan’s definition might be more 

appropriate for the classification of mediterranean species and hence it will be followed 

in this PhD Thesis. 

The term chamaephyte comprises a wide diversity of growth forms, including 

totally woody species, i.e. species with woody branches, species with woody stock but 

herbaceous shoots, or even totally herbaceous plants. Contrastingly, the term sub-shrub 

makes reference only to woody chamaephytes. This PhD Thesis will focus only on 

woody mediterranean chamaephytes. Accordingly, we will use the term mediterranean 

sub-shrub to make reference to woody species displaying their renewal structures at a 
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maximum height of 80 cm above ground, although many species can attain 

exceptionally higher sizes. Finally, in this PhD Thesis the term Mediterranean refers to 

the Mediterranean Basin while mediterranean refers to all regions of the world with a 

Mediterranean-type climate.  

 

Interest of the study of mediterranean sub-shrubs 

Mediterranean sub-shrubs have a great ecological relevance (Orshan, 1963), dominating 

extensive areas of Mediterranean-type ecosystems where the shallowness of the soil, the 

high levels of stress or the frequent disturbances prevent the development of trees and 

shrubs (Di Castri, 1981; Shmida and Burgess, 1988). Examples of such communities 

can be found in all mediterranean areas of the world, like the phrygana in Greece, the 

batha in Israel, the tomillar in Spain, the jaral in Chile, and the coastal sage in 

California (Di Castri, 1981). Many mediterranean sub-shrubs are colonizing species that 

under a scenario of land-use change may turn into invasive species, excluding great 

numbers of grassland species and causing serious management troubles (Bartolomé et 

al., 2000; Delgado et al., 2004; Pérez-Cabello and Ibarra, 2004). Contrastingly, in those 

areas formerly covered by low open forests, the abandonment of grazing and wood 

harvest has led to a massive development of shrubs and tree sprouts, excluding 

numerous species of sub-shrubs (Bartolomé et al., 2000). In addition, mediterranean 

sub-shrubs comprise many endemism and endangered species like species from gypsum 

outcrops (Mota et al., 1993; Cerrillo et al., 2002) or mediterranean mountains (Gómez-

Campo, 1987; Domínguez-Lozano, 2000). 

Despite their great ecological relevance, mediterranean sub-shrubs have been 

much less studied than mediterranean trees and shrubs. One possible explanation for the 

scarcity of ecological studies on mediterranean sub-shrubs is the methodological 

difficulties imposed by the reduced dimensions of their organs. Mediterranean sub-

shrubs normally bear smaller leaves and shoots than mediterranean trees and shrubs, 

which complicates the application of standard protocols developed on plants with bigger 

organs. Therefore, studying mediterranean sub-shrubs might be time consuming in some 

occasions. However, their reduced dimensions provide unique possibilities for the 

performance of studies at the whole individual level. In addition, their pheno-

morphological diversity (Orshan, 1989; Montserrat-Martí et al., 2004) offers great 

opportunities for the study of the combined effect of morphology and phenology on 

plant functioning. 

 6 



  General introduction 

 

Pheno-morphological studies on mediterranean sub-shrubs 

Pheno-morphological studies combine the analysis of plant phenology with the 

assessment of the changes of plant morphology through time (Orshan, 1989). The 

analysis of plant phenology provides information on the chronology of recurrent life-

cycle events, the causes of such chronology and the interrelation among the life-cycle 

events of one or several plant species (Lieth, 1974). The analysis of plant morphological 

changes through time shows where and when each part of the plant starts growing, how 

long it grows and what happens when it stops growing (Orshan, 1989). Ultimately, 

pheno-morphological studies provide a general picture of how plants adjust the 

occurrence of their life-cycle events and their morphology to the environment (Orshan, 

1989). Obviously, pheno-morphological patterns are not solely the result of plant 

adaptation to the environment. Indeed, they are strongly linked to plant phylogeny and 

architecture, being difficult to modify (Debussche et al., 2004; Nautiyal et al, 2001). 

Accordingly, phylogenetically determined traits such as the type and size of fruits 

(Devineau, 1999), or architectural attributes like the position of flowering buds (Diggle, 

1999) or the height of the plant (Montserrat-Martí et al., 2004), impose important 

restrictions to plant pheno-morphology. Nevertheless, irrespective of the factors that 

determine the pheno-morphological patterns, several studies have shown that they may 

limit plant distribution (Palacio et al., 2005) and performance (Milla et al., 2005b). 

Accordingly, not all pheno-morphological patterns might be suitable for a given set of 

environmental conditions. 

The greatest contribution to the pheno-morphological study of mediterranean 

plants came from the studies by Prof. Gideon Orshan in mediterranean and desert 

ecosystems of Israel. Throughout his scientific career, Prof. Orshan developed the study 

of the ecology and the pheno-morphology of mediterranean and desert plant species, 

paying special attention to seasonally dimorphic sub-shrubs, dominant in most of the 

ecosystems he analyzed. He developed a classification of plant life forms with respect to 

drought resistance, classifying plants according to the organs periodically shed and the 

plant parts persisting throughout the year (Orshan, 1953, 1986). In this classification he 

distinguished four plant types: 

- Whole plant shedders: plants whose renewal buds are located only in their 

seeds. This type includes annual plants. 
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- Shoot shedders: plants periodically shedding their whole shoot system 

without any aboveground part remaining alive. This type includes species 

such as Asparagus acutifolius, Bupleurum rigidum subsp. rigidum or Leuzea 

conifera (Floret et al., 1989). 

- Branch shedders: plants shedding periodically part of their vegetative 

branches. These were further divided into acropetal branch shedders, when 

branches were shed in an acropetal direction, and basipetal branch shedders 

otherwise (Orshan, 1986). This life form comprises most species of 

mediterranean sub-shrubs. Accordingly, acropetal branch shedders include 

species such as Cistus albidus, Calluna vulgaris, Erynacea anthyllis, while 

basipetal branch shedders comprise species as Dorycnium pentaphyllum, 

Euphorbia characias, Helichrysum stoechas, Lavandula stoechas or 

Lithodora fruticosa (Floret et al., 1989). 

- Leaf shedders: plants periodically shedding only their leaves and 

inflorescences. These are mainly trees and tall shrubs, such as Quercus ilex, 

Buxus sempervirens, Celtis australis or Myrtus communis. (Floret et al., 

1989). 

Prof. Orshan also developed a monocharacter growth form classification of 

plants (Orshan, 1982, 1986), and a qualitative method based on the construction of 

pheno-morphological diagrams, which he applied in most Mediterranean-type areas of 

the world (Orshan, 1989). In addition, he was pioneer in the pheno-morphological study 

of seasonally dimorphic sub-shrubs (see chapter 2, page 32; Orshan, 1963), performing 

a comprehensive analysis of their different types of leaves and branches. He emphasized 

the functional relevance of the different branches of these plants: brachyblasts (or 

branches shorter than 3 cm) and dolichoblasts (or branches longer than 3 cm) (Orshan, 

1989). According to Orshan, dolichoblast growth was prevalent during spring, while 

brachyblast growth was distributed throughout the year (Orshan, 1989). He further 

classified brachyblasts into temporary brachyblasts, when they elongated after a certain 

time turning into dolichoblast, and absolute brachyblasts, when they developed from 

different buds than dolichoblasts and hence never turned into dolichoblasts (Orshan, 

1963). In addition he classified brachyblasts according to their degree of elongation 

into: absolute brachyblasts, which did not elongate at all, resembling small rosettes, and 

partial brachyblasts, which showed a certain though limited degree of elongation 

(Orshan, 1963). Orshan’s pheno-morphological terminology will be followed 
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throughout this PhD Thesis. However, to facilitate reading and provided that all the 

brachyblast-bearing species considered here bear temporary and partial brachyblast, 

these structures will be referred to simply as brachyblasts. In addition, due to the 

reduced dimensions of the branches of most mediterranean sub-shrubs, brachyblasts 

will be considered as those branches shorter than 2 cm and dolichoblasts as those longer 

than 2 cm. Finding a definition of these branches suitable for the description of all 

mediterranean sub-shrubs may be very complicated. Accordingly, in species with 

reduced leaves or subjected to strong environmental stresses the elongation of 

dolichoblasts may be very low, without even reaching the limit of 2 cm. Nevertheless, 

we are aware of the importance of standardisation and exact definitions, and hence we 

will consider 2 cm as the size limit for the distinction of both branches in this Thesis. 

Orshan analyzed the adaptative significance of the pheno-morphological patterns 

of mediterranean and desert sub-shrubs in relation to summer drought, which he 

considered to be the most limiting factor of mediterranean and desert environments 

(Orshan, 1972). He quantified the seasonal change in the photosynthetic (i.e., 

transpiring) biomass of several mediterranean and desert sub-shrubs, and demonstrated 

that all species showed a minimum amount of green biomass during summer (Orshan 

and Zand, 1962; Orshan, 1963). He also quantified the seasonal change in the amount of 

photosynthetic biomass by calculating the difference between the spring maximum and 

the summer minimum, and realized that such change was greater in desert than in 

mediterranean sub-shrubs (Orshan, 1954; Orshan and Zand, 1962; Orshan, 1963). From 

these studies he concluded that the seasonal reduction in the transpiring biomass of 

seasonally dimorphic sub-shrubs was a major adaptative mechanism to minimize their 

water losses through transpiration (Orshan, 1972). 

Further contributions to the pheno-morphological study of mediterranean sub-

shrubs include studies performed by Margaris and co-workers in the Greek phrygana 

(Margaris and Papadopoulou, 1975; Margaris, 1977, 1981; Margaris and Vokou, 1982), 

and studies conducted by several authors on the Californian coastal sage scrub (Gray 

and Schlesinger, 1981; Westman, 1981). Finally, one should mention the work carried 

out within the parallel studies of mediterranean type ecosystems in California and Chile 

(e.g. Mooney et al., 1974; Mooney, 1977a; Thrower and Bradbury, 1977), where 

mediterranean sub-shrubs, mainly seasonally dimorphic species, where compared with 

evergreen sclerophyll trees and shrubs. 
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Despite the relevance of these previous contributions, there are still some 

limitations to our understanding of the pheno-morphology of mediterranean sub-shrubs 

that would need to be overcome: 

- There is almost no information on the bud morphology and bud activity of 

these species. Understanding how plants protect their meristems and when 

do meristems develop is important, as buds are plant investment for the 

future (Vesk and Westoby, 2004a). Accordingly, any limitation affecting bud 

development might have a future effect on the productive capacity of plants 

and, ultimately, on their fitness. In addition, the location and development of 

buds is crucial for the understanding of plant responses to disturbances (Del 

Tredici, 2001). 

- Most previous studies have focused on the effect of summer drought on 

mediterranean plant species, hence disregarding winter cold as a limiting 

factor. Nevertheless, winter cold has been repeatedly showed to play a major 

role as an ecological factor in many mediterranean areas of the world 

(Larcher, 1973; Mooney, 1977b; Mitrakos, 1980; Davis et al., 1999; Larcher, 

2000), and hence its effect on mediterranean vegetation should be analyzed 

in detail. 

- The observation that brachyblast growth occurs throughout the year in 

mediterranean sub-shrubs (Orshan, 1989) needs to be reviewed for species of 

sub-shrubs growing in colder mediterranean climates. Accordingly, the low 

winter temperatures of these areas might restrict brachyblast growth during 

this period of the year. 

- The apparent diversity of photosynthetic biomass allocation patterns found 

within seasonally dimorphic species (Orshan, 1963) needs to be analyzed in 

detail to ascertain the different ecological strategies (if any) found within 

them. 

- The analysis of root morphology and activity should be included in plant 

pheno-morphological studies. A whole-plant approach is essential to fully 

understand how plants adjust their morphology and functioning to the 

environment. In addition, though many theoretical models have been 

proposed on the functional relationship between above and belowground 

growth processes, there is a lack of empirical information to validate them 

(c.f. Wilson, 1988). 
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- The cambial activity of mediterranean sub-shrubs should also be analyzed in 

detail. According to the scarce studies available, mediterranean sub-shrubs 

tend to show a peak of cambial activity in winter (Aljaro et al., 1972; Psaras 

and Konsolaki, 1986), though different results might be obtained in species 

growing in colder areas (Liphschitz and Lev-Yadun, 1986). 

Some of these issues will be assessed in this PhD Thesis, hence increasing the existing 

information on the pheno-morphology of mediterranean sub-shrubs and trying to 

overcome part of the existing limitations. 

 

Relationship between the pheno-morphological pattern and nitrogen and non-

structural carbohydrate dynamics of mediterranean sub-shrubs 

Nitrogen (N) availability is a key factor regulating the productivity of woody 

ecosystems (Bauer et al., 2000). Leaf N concentration directly affects photosynthesis 

and, consequently, primary production and plant growth (Field and Mooney, 1986; 

Evans, 1989). Woody plants can acquire N from various external sources, mainly the 

mineralization of soil organic matter, the atmospheric deposition (which is particularly 

relevant in some parts of Europe) and the microbial fixation of atmospheric N2 (Millard, 

1996). In addition to these N external sources, a great contribution to the total N 

invested in plant growth can come from N stored within the plant itself through the 

process of internal cycling (Miller, 1984; Crane and Banks, 1992). Accordingly, woody 

species rely upon storage and remobilization of N and other nutrients to support their 

growth each year (Nambiar and Fife, 1991; Millard, 1996). Likewise, stored non-

structural carbohydrates (NSC) can be remobilized from perennial organs to support 

new growth or facilitate plant recovery after disturbances (Iwasa and Kubo, 1997; 

Wyka, 1999). Therefore, the storage and subsequent remobilization of N and NSC 

enables plants to uncouple N uptake and C-fixation from assimilation (Chapin et al., 

1990; Wyka, 1999), which is crucial for plants living in seasonal or frequently disturbed 

environments (Iwasa and Kubo, 1997), like Mediterranean-type ecosystems. 

The study of plant internal cycling of N and NSC deals with the analysis of the 

acquisition, storage, remobilization and use of N and NSC resources by plants (Millard, 

1996; Wyka, 1999). Nitrogen uptake from the soil seems to be more dependent on soil 

N availability than on the N demand from growing organs (Mooney and Kummerow, 

1981). However, NSC acquisition is strongly related to leaf phenology (Kikuzawa, 

1989; Newell et al., 2002), and the patterns of storage and remobilization of N and NSC 
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are tightly linked to the growth and senescence processes of the different plant organs 

(Millard and Thomson, 1989; Smith et al., 1992; Millard, 1994; Proe et al., 2000). Plant 

pheno-morphological studies enable the identification of the most relevant sinks and 

sources within a plant at any given time of the year and, therefore, they are a powerful 

tool in the analysis of the internal cycling of N and NSC. Nevertheless, studies 

regarding the effect of plant phenology on N or NSC dynamics are scarce (but see 

Boldingh et al., 2000; Newell et al., 2002; Milla et al., 2004; Milla et al., 2005a). 

Accordingly, important issues such as the effect of leaf phenology on the functional role 

of leaves as N and NSC sources for shoot growth are controversial (Karlsson, 1994; 

Jonasson, 1995a, b; Karlsson, 1995). 

Despite sharing the same life-form, mediterranean sub-shrubs show a great 

diversity of pheno-morphological patterns and growth forms (Orshan, 1989; Montserrat-

Martí et al., 2004). Such diversity encompass most of the pheno-morphological types 

found within mediterranean woody species (see Chapter 2; Montserrat-Martí et al., 

2004). Therefore, mediterranean sub-shrubs constitute a good subject for the study of 

the effect of pheno-morphology on plant N and NSC cycling. In addition, only few 

studies have focused on their N or NSC dynamics (Gray, 1983; Gulmon, 1983; 

Meletiou-Christou et al., 1998), and previous studies analyzing both dynamics at the 

same time are especially scarce (but see Meletiou-Christou et al., 1998). 

 

Plant functional types and mediterranean sub-shrubs 

The main objective of plant functional classifications is to find general and applied 

simplifications of plant diversity, i.e. plant functional types, which preserve the 

information about the most relevant processes and interactions of the ecosystem (Díaz 

and Cabido, 1997). These classifications should be based on the responses of plants to 

the environment where they live. However, they frequently incorporate other aspects of 

plant performance such as information on their structure and resource use, as well as 

additional components such as phenology and biochemical systems (Noble and Gitay, 

1996). 

Several studies have attempted to provide functional classifications of 

mediterranean species. Most of these classifications were based on morphological and 

architectural  traits in combination with reproductive (Herrera, 1984), physiological 

(Diaz-Barradas et al., 1999), anatomical (Villar Salvador, 2000) or disturbance-response 

traits (Lavorel et al., 1997; Lavorel and Cramer, 1999). In most of these classifications, 
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mediterranean sub-shrubs tended to appear clustered in the same functional groups, 

irrespective of the different traits used. However, the great pheno-morphological 

diversity of mediterranean sub-shrubs seems to be indicative of their different 

ecological strategies (Orshan, 1989), and hence of their great functional diversity. The 

incapacity of current functional classifications to recognize such diversity might be due 

to the absence of differentiating attributes, or to the categorization of traits at an 

inadequate resolution level for the study of mediterranean sub-shrubs. Accordingly, 

most of the traits currently used in the functional classifications of woody species have 

been developed on trees or shrubs, and hence they might be categorized at an 

inadequate resolution level for the study of smaller plants (Villar Salvador, 2000). 

Studies analyzing the ecological strategies of mediterranean sub-shrubs in combination 

with their morphology and physiology are needed to shed light on these issues and to 

find suitable traits for the functional classification of this type of plants. 

OBJECTIVES AND HYPOTHESES 

The main objective of this PhD Thesis is to gain some insight into the ecological 

strategies of mediterranean sub-shrubs by the assessment of the pheno-morphological 

patterns and the seasonal dynamics of N and NSC of six species of Mediterranean sub-

shrubs representative of the main feno-morphological types found within this group of 

plants. This general aim may be broken down into the following partial objectives: 

1. Describe the bud morphology and bud and shoot growth dynamics of the six 

study species, analyzing the relationship between these processes and the water 

content at full hydration of branch tissues, and assessing the effect of summer 

drought and winter cold on these processes. This descriptive analysis is 

necessary provided the lack of available information on these basic aspects of 

the ecology and the morphology of mediterranean sub-shrubs. 

2. Analyze the relationship between the above and below ground phenology of the 

six study species, testing the hypothesis that root and shoot growth are 

competing processes for resources. Both growth processes are expected to occur 

in different periods of the year, so competition among growing sinks is reduced. 

3. Perform a quantitative analysis of the different pheno-morphological strategies 

found within seasonally dimorphic sub-shrubs. In particular, it is aimed (1) to 

describe the living and photosynthetic biomass allocation patterns of four 
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seasonally dimorphic species, analyzing the different ecological strategies found 

within them; and (2) to test the hypothesis that seasonal dimorphism will serve 

as a strategy to avoid both summer drought and winter cold. 

4. Analyze the relationship between pheno-morphological patterns and the N and 

NSC dynamics of the study species. A first stage of the analysis will focus on 

determining the relationship between leaf phenology and NSC dynamics of 

Linum suffruticosum and Lepidium subulatum, two co-existing species with 

contrasted leaf phenology. In addition we will analyze the relative role as 

storage sites of their different woody organs; and we will compare their seasonal 

dynamics of NSC with those of mediterranean trees and shrubs previously 

reported in the literature. The second stage of the analysis will deal with the 

study of the seasonal patterns of NSC and N in the remaining four study species, 

which do not coexist. By such analysis we aim to ascertain the functional roles 

of the different photosynthetic structures as N and NSC sources for shoot growth 

5. Synthesize the attained results trying to raise combined hypotheses on the main 

ecological strategies of mediterranean sub-shrubs and propose some traits to be 

included in future functional classifications of these species. 

STRUCTURE OF THE PhD THESIS 

In addition to this first introductory chapter, this PhD. Thesis consists on eight more 

chapters: one introducing the study species and sites, six that develop the main aims and 

objectives of the study, and a final one containing a general synthesis and the main 

conclusions. 

Chapter 2 includes a description of the species and sites of study. 

Morphological, architectural and ecological information is provided about the six study 

species along with the criteria followed for their selection. In addition, this chapter 

contains information on the climate, geology, lithology, vegetation and land-use history 

of the study area. 

The six following chapters are grouped in two separate sections. Section 1 

(Chapters 3 to 6) includes the analysis of the pheno-morphological patterns of the six 

study species, while section 2 (Chapters 7 and 8) assesses the relationship between such 

pheno-morphological patterns and the N and NSC dynamics of the study species. 
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Chapters 3 and 4 focus on the first partial objective of the Thesis. Accordingly, 

Chapter 3 provides a detailed description of the bud morphology and shoot growth 

dynamics of Linum suffruticosum and Lepidium subulatum, two co-existing species with 

similar crown morphology and architecture but different leaf phenology. The 

relationship between bud and shoot growth and the water content at full hydration of 

branch tissues is also explored. Chapter 4 expands the description of the bud 

morphology and shoot growth dynamics to the remaining four study species, paying 

special attention to the effect of winter cold and summer drought on these processes. 

Chapter 5 deals with the second partial objective of the Thesis, providing a 

detailed description of the aboveground phenology of the six study species, and 

analyzing their seasonal pattern of root growth. The hypothesis of the competition for 

resources between shoot and root growth is tested by the comparison of the root growth 

dynamics of months with or without shoot growth in the study species. 

The last chapter of Section 1, Chapter 6, develops the third partial objective of 

the Thesis. Accordingly, in this chapter detailed information is given on the monthly 

allocation of living and photosynthetic biomass of the study species, performing a 

quantitative analysis of seasonal dimorphism and the different allocation patterns found 

within this leaf habit. Finally, the possible benefits of seasonal dimorphism as an 

ecological strategy are analyzed. 

The two chapters that make up Section 2, chapters 7 and 8, deal with the forth 

partial objective of the Thesis, analyzing the effect of plant phenology on N and NSC 

dynamics. Chapter 7 develops the first stage of the analysis, focusing on the 

differences in the NSC dynamics of Linum suffruticosum and Lepidium subulatum. In 

addition, it ascertains the role of their different woody organs as C-storage sites and 

compares the attained patterns with those previously reported in the literature for 

mediterranean trees and shrubs. Chapter 8 deals with the second stage of the analysis, 

assessing the functional role of the leaves of four species with different leaf phenology 

as sources of N and NSC for shoot growth. Quantitative information is provided on the 

pools of N and NSC of the different branch components throughout the year, identifying 

the main sources and sinks of each growth period. 

Finally, Chapter 9 develops a general synthesis of previous chapters, 

summarizing the main conclusions obtained. In addition, it deals with the fifth objective 

of the Thesis, raising combined hypotheses on the ecological strategies of mediterranean 
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sub-shrubs and suggesting some functional traits to be used in the functional analysis of 

these species. 

This structure aims to maximize the independence of the different chapters of 

the Thesis, especially of those six chapters that develop the main objectives of the study 

(Chapters 3 to 8). Four of these six chapters have been already accepted for publication 

in international journals and the other two are under review. Accordingly, their structure 

has been kept as close as possible to their final (published) version. Nevertheless, this 

type of structure might lead to a reiteration of information between different chapters, 

especially within the “Materials and methods” section. Special efforts have been made 

to minimize such repetition without altering the final version of each chapter. However, 

in some cases it has been impossible to avoid reiteration between chapters. Finally, this 

Thesis has been written in English for two main reasons. First, because by being written 

in English it may be available to a broader scientific audience. And second, because as 

an eligible Thesis for the distinction of European PhD, this Thesis will be reviewed by 

two foreign European researchers, and it should be readable to them. Nevertheless, the 

general introduction, the short summaries of the most relevant chapters, the general 

synthesis and the conclusions have been translated into Spanish. 
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ANTECEDENTES 

Los caméfitos leñosos mediterráneos 

El término caméfito fue introducido por Raunkiaer para describir las especies vegetales 

que presentan sus yemas de renuevo por encima de la superficie del suelo, a una altura 

máxima de 25 cm (Raunkiaer, 1934). Esta definición le permitió distinguir las especies 

que, teniendo sus yemas de renuevo por encima del suelo, quedaban cubiertas por la 

nieve o la hojarasca durante el invierno, de aquellas otras especies de mayor talla (los 

fanerófitos) que permanecían sin cubrir y, por tanto, más expuestas al frío invernal. Esta 

definición parece ser adecuada para plantas que crecen en zonas frías, donde el invierno 

es el periodo más limitante del año. Sin embargo, en zonas con escasa innivación, o 

donde otros estreses diferentes al frío invernal condicionan severamente la actividad 

vegetal, como en los ecosistemas de tipo Mediterráneo, el límite de 25 cm carece de 

significado (Orshan, 1986). Por esta razón, Orshan propuso incrementar la altura 

máxima de los caméfitos a 80 cm cuando se consideran especies mediterráneas, 

teniendo así en cuenta el efecto del verano sobre la actividad de las especies 

mediterráneas (Orshan, 1986). De hecho, los caméfitos mediterráneos suelen alcanzar 

tallas mayores que los caméfitos de zonas más frías. Este hecho se puede interpretar 

como una adaptación de los caméfitos mediterráneos para alejar sus yemas de renuevo 

de la superficie del suelo, que puede alcanzar temperaturas muy elevadas en verano (P. 

Montserrat, comunicación personal). La definición aportada por Orshan parece ser más 

adecuada para la clasificación de las especies mediterráneas y, por tanto, será la 

utilizada en esta Memoria. 

Los caméfitos presentan un amplio espectro de formas de crecimiento, que 

incluye especies completamente leñosas, especies de tallos herbáceos y cepa leñosa, o 

incluso especies totalmente herbáceas. En esta Tesis Doctoral se analizan únicamente 
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los caméfitos leñosos. Por este motivo, utilizaremos el término caméfitos leñosos 

mediterráneos para hacer referencia a aquellas especies leñosas cuyas yemas de renuevo 

se disponen por encima del suelo, a una altura máxima de 80 cm (aunque las yemas de 

renuevo de algunas especies pueden rebasar esta altura ocasionalmente). 

 

Interés del estudio de los caméfitos leñosos mediterráneos 

Los caméfitos leñosos presentan una gran relevancia ecológica en áreas de clima 

mediterráneo (Orshan, 1963), dominando extensas zonas donde la escasa profundidad 

del suelo, los altos niveles de estrés o las frecuentes perturbaciones impiden el 

desarrollo de árboles y arbustos (Di Castri, 1981; Shmida y Burgess, 1988). Este tipo de 

comunidades, denominadas tomillares en castellano, aparecen en todas las zonas del 

mundo con clima mediterráneo, recibiendo diferentes denominaciones como la 

timoneda catalana, la phrygana griega, el batha israelí, el jaral chileno, o el coastal 

sage californiano (Di Castri, 1981). Muchas especies de caméfitos leñosos 

mediterráneos son importantes colonizadoras de terrenos abiertos. Ante una situación de 

cambio de uso del suelo, estas especies pueden comportarse como invasoras, 

excluyendo competitivamente a numerosas especies de pastos y causando serios 

problemas de gestión (Bartolomé et al., 2000; Delgado et al., 2004; Pérez-Cabello y 

Ibarra, 2004). Por otro lado, el abandono del aprovechamiento forestal y el pastoreo de 

las zonas de monte bajo han conducido a un desarrollo masivo de los arbustos y rebrotes 

de los árboles, excluyendo a los caméfitos que anteriormente crecían en estas zonas 

(Bartolomé et al., 2000). Además, los caméfitos leñosos mediterráneos incluyen un 

elevado porcentaje de endemismos amenazados en la Península Ibérica, como ciertas 

especies de suelos yesosos (Mota et al., 1993; Cerrillo et al., 2002) o de la alta montaña 

mediterránea (Gómez-Campo, 1987; Domínguez-Lozano, 2000). 

Pese a ser un grupo de gran relevancia en los ecosistemas mediterráneos, no se 

ha prestado demasiada atención al estudio de los caméfitos, sobre todo si se compara 

con el volumen de estudios dedicados a los árboles y arbustos del mismo territorio. Esta 

falta de atención hacia un grupo tan amplio de especies puede justificarse teniendo en 

cuenta las limitaciones metodológicas que imponen las reducidas dimensiones de sus 

órganos. Sin embargo, el pequeño tamaño de estas plantas tiene la contrapartida de 

permitir su estudio a escala del individuo completo. Una posibilidad que no suele ser 

viable en especies de fanerófitos, debido a su gran tamaño. Además, los caméfitos 

leñosos mediterráneos presentan una gran diversidad de formas de crecimiento y tipos 
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fenomorfológicos (Orshan, 1989; Montserrat-Martí et al., 2004), lo que ofrece grandes 

oportunidades para el estudio combinado de los efectos de la morfología y la fenología 

sobre la estrategia funcional de las plantas. 

 

Estudios fenomorfológicos en caméfitos leñosos mediterráneos 

La fenomorfología combina el análisis de la fenología de las plantas con el seguimiento 

de los cambios en su morfología general y en la morfología de sus órganos a lo largo del 

tiempo (Orshan, 1989). El análisis fenológico aporta información de la cronología de 

eventos biológicos recurrentes, de las causas de esta cronología y de la interrelación de 

dichos eventos en la misma o distintas especies (Lieth, 1974). El seguimiento de los 

cambios morfológicos de las plantas a lo largo del tiempo muestra cuándo y dónde 

comienza el crecimiento de cada uno de los órganos vegetales, cuánto dura dicho 

crecimiento y qué ocurre cuando se detiene (Orshan, 1989). En último término, los 

estudios fenomorfológicos permiten obtener una idea completa de cómo ajustan las 

plantas los diversos eventos de su ciclo vital y su morfología al ambiente en el que 

viven (Orshan, 1989). Sin embargo, conviene aclarar que el patrón fenomorfológico de 

las plantas no es solamente el resultado de su adaptación al ambiente. Factores como la 

filogenia o la arquitectura establecen fuertes restricciones a los patrones 

fenomorfológicos, dificultando su modificación adaptativa (Debussche et al., 2004; 

Nautiyal et al, 2001). De esta manera, caracteres determinados filogenéticamente, como 

el tipo y el tamaño de los frutos (Devineau, 1999) o atributos arquitectónicos, como la 

posición de las yemas florales (Diggle, 1999) o la talla de la planta (Montserrat-Martí et 

al., 2004), imponen importantes restricciones a los patrones fenomorfológicos de las 

especies vegetales. En cualquier caso, independientemente de los factores que los 

determinan, varios estudios han demostrado que los patrones fenomorfológicos de las 

plantas pueden limitar su funcionamiento (Milla et al., 2005b) y distribución (Palacio et 

al., 2005). En consecuencia, no todos los patrones fenomorfológicos son adecuados para 

la supervivencia de las plantas en unas determinadas condiciones ambientales. 

La contribución más importante al estudio fenomorfológico de las especies 

mediterráneas fue realizada por el profesor Gideon Orshan sobre ecosistemas 

mediterráneos y desérticos de Israel. A lo largo de su carrera científica, el profesor 

Orshan desarrolló el estudio de la ecología y la fenomorfología de las especies 

mediterráneas y desérticas, prestando especial atención a las especies dimórficas 

estacionales, dominantes en la mayoría de los ecosistemas analizados. También 
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estableció un sistema de clasificación de las formas vitales de las plantas en función de 

su resistencia a la sequía, clasificando las especies según los órganos que desprendían 

periódicamente y los órganos que mantenían durante todo el año (Orshan, 1953, 1986). 

De acuerdo con este criterio, distinguió cuatro tipos de plantas: 

- Especies en las que se renueva el individuo completo: son aquellas plantas 

cuyas yemas de renuevo se localizan en las semillas. Este tipo incluye las 

especies anuales.  

- Especies que se desprenden de su vástago: son aquellas plantas que pierden 

periódicamente todo su vástago sin que perdure ningún órgano aéreo. Este 

tipo incluye especies como Asparagus acutifolius, Bupleurum rigidum 

subsp. rigidum o Leuzea conifera (Floret et al., 1989). 

- Especies que se desprenden de sus ramas: son aquellas plantas que pierden 

periódicamente parte de sus ramas vegetativas. Se pueden dividir en especies 

que se desprenden de sus ramas en sentido acrópeto y especies que las 

pierden en sentido basípeto (Orshan, 1986). Esta forma vital incluye la 

mayoría de caméfitos leñosos mediterráneos. Entre las especies que pierden 

parte de sus ramas en sentido acrópeto, encontramos plantas como Cistus 

albidus, Calluna vulgaris, Erynacea anthyllis; mientras que entre aquéllas 

que lo hacen en sentido basípeto, encontramos especies como Dorycnium 

pentaphyllum, Euphorbia characias, Helichrysum stoechas, Lavandula 

stoechas o Lithodora fruticosa (Floret et al., 1989). 

- Especies que se desprenden de sus hojas: son aquellas plantas que pierden 

periódicamente sólo sus hojas e inflorescencias. Esta forma vital comprende 

principalmente árboles y arbustos como Quercus ilex, Buxus sempervirens, 

Celtis australis, Myrtus communis, etc. (Floret et al., 1989). 

El profesor Orshan desarrolló un sistema de clasificación de las formas de 

crecimiento vegetales basado en caracteres individuales (Orshan, 1982, 1986) y un 

método cuantitativo para la construcción de diagramas fenomorfológicos, que aplicó en 

la mayoría de zonas mediterráneas del mundo (Orshan, 1989). Además, fue pionero en 

el estudio fenomorfológico de las especies de caméfitos mediterráneos con dimorfismo 

estacional (ver capítulo 2, página 32; Orshan, 1963) y realizó un análisis completo de 

sus diferentes tipos de ramas y hojas. Orshan puso especial énfasis en la gran relevancia 

funcional de los tipos de ramas presentes en este tipo de especies, que definió como 

braquiblastos (o ramas con una longitud inferior a 3 cm) y dolicoblastos (o ramas con 
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una longitud superior a los 3 cm) (Orshan, 1989). Según sus observaciones, los 

dolicoblastos desarrollaban su crecimiento preferentemente en primavera, mientras que 

el crecimiento de los braquiblastos podía prolongarse prácticamente durante de todo el 

año (Orshan, 1989). Orshan clasificó los braquiblastos en braquiblastos temporales, 

cuando tras un cierto lapso de tiempo crecen dando lugar a dolicoblastos, y 

braquiblastos absolutos, cuando se desarrollan a partir de yemas diferentes a las de los 

dolicoblastos y, por tanto, nunca dan lugar a dolicoblastos (Orshan, 1963). También 

clasificó los braquiblastos en función de su desarrollo longitudinal en: braquiblastos 

absolutos, semejantes a pequeñas rosetas y, por tanto, con un desarrollo longitudinal 

muy reducido, y braquiblastos parciales, que presentan un cierto, aunque limitado, 

desarrollo longitudinal (Orshan, 1963). A lo largo de esta Memoria se utilizará la 

nomenclatura fenomorfológica introducida por Orshan. No obstante, en aras de una 

mayor simplicidad y puesto que todas las especies con braquiblastos consideradas en 

este estudio presentan braquiblastos temporales y parciales, nos referiremos a estas 

estructuras simplemente como braquiblastos. También parece importante advertir que, 

debido a las reducidas dimensiones de las ramas de muchos caméfitos leñosos 

mediterráneos, se considerará como braquiblastos a aquellas ramas con una longitud 

inferior a 2 cm, y como dolicoblastos a aquellas ramas con una longitud superior a 2 cm. 

En este sentido, es preciso señalar que resulta extremadamente difícil encontrar una 

definición para estas ramas que sea aplicable a todas las especies de caméfitos leñosos 

mediterráneos. En especies de hojas muy reducidas o sometidas a condiciones de mucho 

estrés ambiental, los dolicoblastos suelen presentar un escaso desarrollo longitudinal, 

alcanzando longitudes inferiores incluso a 2 cm. Sin embargo, somos conscientes de la 

importancia de contar con definiciones precisas y estandarizadas, por lo que en esta 

Tesis Doctoral se considerará 2 cm como el límite longitudinal entre ambos tipos de 

ramas. 

Para Orshan la sequía estival era el principal factor limitante de los ecosistemas 

mediterráneos y desérticos. Por este motivo, analizó el significado adaptativo de los 

patrones fenomorfológicos de caméfitos leñosos de este tipo de ecosistemas en relación 

con el estrés hídrico (Orshan, 1972). Con este fin, cuantificó la oscilación estacional de 

biomasa fotosintética, es decir, transpirante, de varias especies de caméfitos leñosos 

mediterráneos y desérticos, demostrando que todas las especies presentaban cantidades 

mínimas de biomasa verde durante el verano (Orshan y Zand, 1962; Orshan, 1963). 

También cuantificó la diferencia entre el máximo de biomasa verde de primavera y el 
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mínimo de verano, observando que las especies desérticas presentaban oscilaciones 

mayores que las mediterráneas (Orshan, 1954; Orshan y Zand, 1962; Orshan, 1963). A 

partir de esas premisas, concluyó que la reducción estacional de la biomasa transpirante 

de los caméfitos dimórficos estacionales era un mecanismo adaptativo de primer orden 

para minimizar sus pérdidas hídricas por transpiración (Orshan, 1972). 

Aparte de los estudios llevados a cabo por Orshan, cabe destacar tanto la 

contribución del profesor Margaris y sus colaboradores al conocimiento de la 

fenomorfología de caméfitos leñosos mediterráneos con el estudio de especies de la 

phrygana griega (Margaris y Papadopoulou, 1975; Margaris, 1977, 1981; Margaris y 

Vokou, 1982), como los estudios realizados por otros investigadores sobre comunidades 

del coastal sage californiano (Gray y Schlesinger, 1981; Westman, 1981). Así mismo, 

revisten un interés especial los trabajos realizados en paralelo sobre ecosistemas 

mediterráneos de California y Chile (e.g. Mooney et al., 1974; Mooney, 1977a; Thrower 

y Bradbury, 1977). En ellos, se llevó a cabo una comparación entre especies de 

caméfitos leñosos mediterráneos, principalmente especies dimórficas estacionales, y 

árboles y arbustos esclerófilos de ambos territorios. 

Pese a la gran relevancia de las referidas contribuciones, el conocimiento actual 

de la fenomorfología de los caméfitos leñosos mediterráneos presenta una serie de 

lagunas que conviene subsanar: 

- Prácticamente no se dispone de información relativa a la morfología de las 

yemas de estas especies. Es muy importante conocer los momentos del año 

en que las plantas desarrollan sus meristemas y los mecanismos que 

presentan para protegerlos, ya que las yemas son la inversión que las plantas 

hacen para el futuro (Vesk y Westoby, 2004a). Por tanto, cualquier 

limitación que afecte al desarrollo de las yemas tendrá un efecto en la 

capacidad productiva de las plantas y, en consecuencia, afectará a su 

eficiencia biológica. Además, es fundamental conocer la ubicación y el 

desarrollo de las yemas para comprender la capacidad de respuesta de las 

plantas a las perturbaciones (Del Tredici, 2001). 

- La mayoría de estudios realizados hasta la fecha se han centrado en analizar 

el efecto de la sequía estival sobre las especies mediterráneas, desestimando 

el posible efecto del frío invernal como factor limitante de su actividad. Sin 

embargo, numerosas investigaciones han demostrado que las bajas 

temperaturas del invierno constituyen un factor ecológico decisivo en las 
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zonas mediterráneas de todo el mundo (Larcher, 1973; Mooney, 1977b; 

Mitrakos, 1980; Davis et al., 1999; Larcher, 2000). Se requiere, por tanto, 

desarrollar con mayor profundidad el análisis de los efectos del frío invernal 

sobre la vegetación mediterránea. 

- Conviene verificar si, tal y como se ha descrito en especies de ambientes más 

cálidos (Orshan, 1989), el crecimiento de los braquiblastos de especies de 

caméfitos leñosos de zonas más frías se desarrolla a lo largo de todo el año. 

En este sentido, cabría esperar que las bajas temperaturas del invierno 

limiten el crecimiento de los braquiblastos de estas especies durante esa 

época del año. 

- Es necesario analizar con detalle la aparente diversidad de patrones de 

asignación de biomasa fotosintética existente entre las especies con 

dimorfismo estacional (Orshan, 1963), identificando las distintas estrategias 

ecológicas presentes en este tipo de plantas. 

- El análisis de la morfología y de la actividad de crecimiento primario de las 

raíces debe ser incorporado a los estudios fenomorfológicos. De esta manera, 

para interpretar el ajuste de la morfología y la actividad de las plantas al 

ambiente es esencial desarrollar una aproximación a escala del individuo 

completo. Además, aunque se han propuesto numerosos modelos teóricos 

para explicar las relaciones funcionales entre los procesos de crecimiento de 

la parte aérea y la subterránea, no se cuenta con una adecuada información 

empírica para validarlos (c.f. Wilson, 1988). 

- También es necesario incorporar el análisis de la actividad cambial a los 

estudios de fenomorfología de caméfitos leñosos mediterráneos. Según los 

escasos estudios disponibles, los caméfitos leñosos mediterráneos parecen 

mostrar un pico de actividad del cambium durante el invierno (Aljaro et al., 

1972; Psaras y Konsolaki, 1986). No obstante, esta dinámica podría ser 

diferente en especies de caméfitos leñosos mediterráneos de zonas más frías 

(Liphschitz y Lev-Yadun, 1986). 

En un esfuerzo por incrementar la información disponible sobre la 

fenomorfología de los caméfitos leñosos mediterráneos y con el objetivo de subsanar 

parte de las limitaciones existentes para el conocimiento de su ecología, la presente 

Tesis Doctoral analizará algunas de estas cuestiones. 
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Relación entre el patrón fenomorfológico y las dinámicas estacionales de nitrógeno 

y carbohidratos no estructurales en caméfitos leñosos mediterráneos 

La disponibilidad de nitrógeno (N) es un factor clave para la regulación de la 

productividad de las comunidades leñosas (Bauer et al., 2000). La concentración de N 

foliar afecta directamente a la fotosíntesis y, por tanto, a la producción primaria y al 

crecimiento vegetal (Field y Mooney, 1986; Evans, 1989). Las plantas leñosas pueden 

adquirir el N de diversas fuentes externas, entre las que destacan la mineralización de la 

materia orgánica edáfica, la deposición atmosférica (particularmente relevante en ciertas 

zonas de Europa) y la fijación microbiana del N2 atmosférico (Millard, 1996). Además 

de estas fuentes externas, una buena parte de la cantidad total del N invertido en el 

crecimiento vegetal procede del N almacenado en la planta mediante el proceso de 

ciclado interno (Miller, 1984; Crane y Banks, 1992). En consecuencia, las especies 

leñosas dependen del almacenamiento y posterior removilización de N y otros 

nutrientes para abastecer su crecimiento anual (Nambiar y Fife, 1991; Millard, 1996). 

De forma semejante, las plantas pueden removilizar los carbohidratos no estructurales 

(CNE) almacenados en órganos perennantes para abastecer el crecimiento o facilitar su 

recuperación tras las perturbaciones (Iwasa y Kubo, 1997; Wyka, 1999). Por tanto, el 

almacenamiento y removilización de N y CNE permite a las plantas desacoplar la 

absorción de N y la fijación de carbono (C) de su asimilación (Chapin et al., 1990; 

Wyka, 1999), favoreciendo la supervivencia de las plantas en ambientes estacionales o 

frecuentemente perturbados (Iwasa y Kubo, 1997), como los ecosistemas mediterráneos. 

El estudio del ciclado interno de N y CNE analiza los procesos de adquisición, 

almacenamiento, removilización y uso de N y CNE por parte de las plantas (Millard, 

1996; Wyka, 1999). La absorción de N edáfico está más ligada a su disponibilidad 

estacional que a la demanda de los órganos en crecimiento (Mooney y Kummerow, 

1981). Sin embargo, la fijación de CNE está fuertemente relacionada con la fenología 

foliar (Kikuzawa, 1989; Newell et al., 2002), y los patrones de almacenamiento y 

removilización de N y CNE presentan una clara relación con los procesos de 

crecimiento y senescencia de los distintos órganos vegetales (Millard y Thomson, 1989; 

Smith et al., 1992; Millard, 1994; Proe et al., 2000). Los estudios fenomorfológicos son 

una herramienta poderosa para el análisis del ciclado interno de N y CNE, ya que 

permiten la identificación de los órganos de la planta que actúan como principales 

fuentes y sumideros de estos recursos en cualquier momento del año. No obstante, son 

escasos los estudios que analizan de forma conjunta la fenología de las plantas y sus 
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dinámicas estacionales de N y CNE (pero ver Boldingh et al., 2000; Newell et al., 2002; 

Milla et al., 2004; Milla et al., 2005a). Por consiguiente, continúa la controversia acerca 

de aspectos tan importantes como el efecto de la fenología foliar sobre el papel 

funcional de las hojas como fuentes de N y CNE durante los periodos de crecimiento de 

los brotes (Karlsson, 1994; Jonasson, 1995a, b; Karlsson, 1995). 

A pesar de presentar la misma forma vital, los caméfitos leñosos mediterráneos 

cuentan con una gran diversidad de patrones fenomorfológicos (Orshan, 1989), ya que 

incluyen representantes de la mayoría de los tipos fenomorfológicos presentes en las 

especies leñosas mediterráneas (ver Capítulo 2; Montserrat-Martí et al., 2004). Por 

tanto, constituyen buenos ejemplos para analizar las relaciones existentes entre la 

fenomorfología y el ciclado interno de N y CNE. Además, sólo unos pocos estudios han 

analizado las dinámicas estacionales de N y CNE en especies de caméfitos leñosos 

mediterráneos (Gray, 1983; Gulmon, 1983; Meletiou-Christou et al., 1998), siendo 

especialmente escasos los estudios que analizan ambas dinámicas al mismo tiempo 

(pero ver Meletiou-Christou et al., 1998). 

 

Tipos funcionales y caméfitos leñosos mediterráneos 

El objetivo de las clasificaciones funcionales es hallar simplificaciones de la diversidad 

vegetal que sean generales y aplicables, pero que conserven la información sobre los 

procesos e interacciones más relevantes del ecosistema (Díaz y Cabido, 1997). Este tipo 

de clasificaciones deben basarse en las respuestas de los organismos al ambiente en el 

que viven, pero frecuentemente también incorporan componentes de su estructura y uso 

de los recursos, así como aspectos adicionales, como la fenología y los sistemas 

bioquímicos (Noble y Gitay, 1996). 

Numerosos estudios previos han intentado desarrollar una clasificación 

funcional de las especies mediterráneas. La mayoría de las clasificaciones funcionales 

propuestas para estas especies se basan en caracteres morfológicos y arquitectónicos, en 

combinación con caracteres reproductivos (Herrera, 1984), fisiológicos (Diaz-Barradas 

et al., 1999), anatómicos (Villar Salvador, 2000) o de respuesta a la perturbación 

(Lavorel et al., 1997; Lavorel y Cramer, 1999). Independientemente de los caracteres 

funcionales usados, en la mayoría de las clasificaciones obtenidas los caméfitos leñosos 

mediterráneos aparecen agrupados en los mismos grupos funcionales. No obstante, la 

gran diversidad fenomorfológica de este tipo de plantas parece ser indicativa de sus 

diferentes estrategias ecológicas (Orshan, 1989) y, en consecuencia, de su elevada 
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diversidad funcional. La incapacidad de las clasificaciones presentadas hasta la fecha 

para identificar dicha diversidad podría deberse a la ausencia de caracteres 

diferenciadores adecuados, o bien a la aplicación de unos caracteres categorizados a un 

nivel de resolución inadecuado para el estudio de los caméfitos. En este sentido, la 

mayoría de los caracteres empleados en las clasificaciones funcionales de plantas 

leñosas disponibles actualmente han sido desarrollados para el estudio de árboles y 

arbustos, por lo que el nivel de resolución con el que se emplean podría no ser 

apropiado para plantas de menor talla (Villar Salvador, 2000). Para aclarar estas 

cuestiones y encontrar caracteres funcionales adecuados para la clasificación de los 

caméfitos leñosos mediterráneos, son necesarias investigaciones que profundicen en sus 

estrategias ecológicas, analizando de forma combinada su morfología y fisiología. 

OBJETIVOS E HIPÓTESIS 

En consonancia con lo que se ha dicho anteriormente, el principal objetivo de esta Tesis 

Doctoral es profundizar en el análisis de las estrategias ecológicas de los caméfitos 

leñosos mediterráneos mediante el estudio de los patrones fenomorfológicos y las 

dinámicas estacionales de N y CNE de seis especies de caméfitos leñosos mediterráneos 

representativas de los principales tipos fenomorfológicos presentes en este grupo de 

plantas. Este propósito general se puede desglosar en los siguientes objetivos parciales: 

1. Describir la morfología de las yemas y la dinámica de crecimiento de las yemas 

y brotes de las seis especies estudiadas, analizando la relación existente entre 

estos procesos y el contenido hídrico en estado de máxima hidratación de las 

ramas, y determinando el efecto que la sequía estival y el frío invernal tienen 

sobre estos procesos. Este análisis descriptivo es necesario debido a la falta de 

información disponible sobre estos aspectos básicos de la morfología y la 

ecología de los caméfitos leñosos mediterráneos. 

2. Analizar la relación existente entre la fenología de la parte aérea y la parte 

subterránea de las seis especies estudiadas. En concreto, se pretende verificar la 

hipótesis de que la brotación y el crecimiento primario del vástago compiten con 

el crecimiento de las raicillas por los recursos de que dispone la planta. Por 

tanto, se espera que ambos procesos de crecimiento tengan lugar en distintos 

periodos del año, de forma que se minimicen los efectos de la posible 

competencia entre ellos. 
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3. Desarrollar un análisis cuantitativo de las diferentes estrategias 

fenomorfológicas presentes dentro de las especies de caméfitos leñosos 

mediterráneos con dimorfismo estacional. En concreto, se pretende: (1) describir 

los patrones de asignación de biomasa viva y fotosintética de las cuatro especies 

analizadas que presentan dimorfismo estacional, analizando sus diferentes 

estrategias ecológicas; y (2) testar la hipótesis de que el dimorfismo estacional es 

una estrategia que permite a las plantas evitar tanto la sequía estival como el frío 

del invierno. 

4. Determinar la relación existente entre el patrón fenomorfológico y las dinámicas 

de N y CNE de las especies estudiadas. Una primera fase del estudio se centrará 

en analizar la relación existente entre la fenología foliar y la dinámica de CNE 

de Linum suffruticosum y Lepidium subulatum, dos especies que si bien 

coexisten en ambientes yesosos, presentan una fenología foliar diferente. 

Además, se determinará la relevancia de sus principales órganos leñosos como 

lugares de almacenamiento, y se compararán las dinámicas estacionales de CNE 

encontradas en las especies de estudio con las dinámicas de árboles y arbustos 

mediterráneos descritas en la bibliografía. La segunda fase del análisis se 

centrará en el estudio de los patrones estacionales de N y CNE de las otras 

cuatro especies investigadas, que no coexisten pero presentan patrones 

fenomorfológicos contrastados. En concreto, se pretende determinar el papel 

funcional de sus diferentes estructuras fotosintéticas como fuentes de N y CNE 

para la brotación. 

5. Sintetizar los resultados obtenidos, intentando formular hipótesis generales sobre 

las principales estrategias ecológicas de los caméfitos leñosos mediterráneos, y 

proponer algunos caracteres para su consideración en futuras clasificaciones 

funcionales de este tipo de plantas. 

ESTRUCTURA DE LA MEMORIA 

Además de la presente introducción, esta Memoria Doctoral comprende otros ocho 

capítulos: el segundo es de carácter introductorio, en los seis siguientes se explican y 

desarrollan los principales objetivos del estudio, y en el último se presenta una síntesis 

general y las conclusiones. 
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En el capítulo 2 se incluye una descripción de las especies y zona de estudio. 

Concretamente, se aporta información morfológica, arquitectónica y ecológica de las 

seis especies estudiadas y se exponen los criterios seguidos para su selección. Además, 

en este capítulo se ofrece información sobre el clima, la geología, litología, vegetación e 

historia de usos del suelo del área de estudio. 

Los seis capítulos siguientes se agrupan en dos secciones diferentes: la sección 1 

(capítulos del 3 al 6) contiene el análisis de los patrones fenomorfológicos completos de 

las seis especies de estudio, mientras que la sección 2 (capítulos 7 y 8) analiza la 

relación entre dichos patrones fenomorfológicos y las dinámicas de N y CNE de las 

especies de estudio. 

En los capítulos 3 y 4 se aborda el primer objetivo parcial de la Tesis. El 

capítulo 3 contiene una descripción detallada de la morfología de las yemas y la 

dinámica de crecimiento de los brotes de Linum suffruticosum y Lepidum subulatum, 

dos especies que ocupan ambientes semejantes y presentan una morfología y 

arquitectura de su dosel similar, pero que contrastan por su fenología foliar. En este 

capítulo también se explora la relación entre el desarrollo de los brotes y el contenido 

hídrico en estado de máxima hidratación de las ramas. En el capítulo 4 se completa la 

descripción de la morfología de las yemas y la dinámica de crecimiento de los brotes de 

las especies de estudio, analizando las cuatro especies restantes y prestando especial 

atención al efecto del frío invernal y la sequía estival sobre estos procesos. 

En el capítulo 5 se desarrolla el segundo objetivo parcial de la Tesis, 

describiendo con detalle la fenología del vástago de las seis especies de estudio y 

analizando su dinámica estacional de crecimiento radical. Asimismo, se verifica la 

hipótesis de la existencia de una competencia por los recursos entre la brotación y el 

crecimiento de las raicillas mediante la comparación de las dinámicas de crecimiento de 

raicillas de los meses en los que se produce crecimiento de los dolicoblastos con los 

meses en los que no existe tal crecimiento. 

En el último capítulo de la Sección 1, el capítulo 6, se ahonda en el análisis del 

tercer objetivo parcial de la Tesis. De esta manera, se lleva a cabo una cuantificación 

detallada de la asignación mensual de biomasa verde y viva de las especies de estudio, 

desarrollando un análisis cuantitativo del dimorfismo estacional. Finalmente, se 

analizan los posibles beneficios del dimorfismo estacional como estrategia ecológica. 

Los dos capítulos que componen la Sección 2, los capítulos 7 y 8, se dedican a la 

exploración del cuarto objetivo parcial de la Tesis, analizando el efecto de la fenología 
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sobre las dinámicas de N y CNE de las especies de estudio. En el capítulo 7 se 

desarrolla la primera fase del análisis, determinando las diferencias en las dinámicas de 

CNE de Linum suffruticosum y Lepidium subulatum. Además, se analiza la relevancia 

de sus distintos órganos leñosos como lugares de almacenamiento de CNE, y se 

comparan los patrones obtenidos con los patrones de árboles y arbustos mediterráneos 

descritos en la bibliografía. En el capítulo 8 se aborda la segunda fase del análisis, 

explorando el papel funcional de las hojas como fuentes de N y CNE para el 

crecimiento de los brotes en las cuatro especies de estudio restantes. También se aporta 

información cuantitativa de las reservas de N y CNE presentes en los distintos 

componentes de las ramas a lo largo del año, identificando las principales fuentes y 

sumideros para cada periodo de crecimiento. 

Por último, en el capítulo 9 se presenta una síntesis general de los capítulos 

anteriores, resumiendo las principales conclusiones alcanzadas. Además, se aborda el 

quinto objetivo de la Tesis, formulando hipótesis sobre las estrategias ecológicas de los 

caméfitos leñosos mediterráneos y sugiriendo algunos caracteres funcionales para la 

clasificación de este tipo de plantas. 

La presente Tesis Doctoral se ha estructurado como un compendio de varias 

publicaciones, lo que favorece la independencia de sus distintos capítulos, 

especialmente de aquéllos que se corresponden con publicaciones científicas (capítulos 

del 3 al 8). Cuatro de estos seis capítulos ya han sido aceptados para su publicación en 

revistas internacionales especializadas, y los dos restantes se encuentran en proceso de 

revisión. Por este motivo, se ha tratado de mantener la estructura de estos capítulos fiel 

a su versión final (la publicada). Pero esta decisión conlleva la repetición de 

información en los distintos capítulos con más frecuencia de la que sería de desear, 

sobre todo dentro de la sección de “Materiales y métodos” y, aunque se ha tratado de 

minimizar dicha repetición sin alterar en exceso la versión final de cada capítulo, es 

justo reconocer que no siempre ha sido posible conseguirlo. Por último, parece oportuno 

justificar la elección del inglés como idioma preferente en esta Tesis Doctoral. Una 

decisión que responde a dos motivos principales: el primero de ellos es que, al estar 

escrita en inglés, hoy la lengua científica por excelencia, sus contenidos serán accesibles 

a un mayor número de posibles lectores del ámbito científico. Además, esta Tesis 

pretende optar a la mención de Doctorado Europeo y, por consiguiente, deberá ser 

corregida por dos investigadores europeos extranjeros, un hecho que requiere que esté 

escrita en una lengua que dichos investigadores puedan comprender sin problemas. No 
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obstante, de acuerdo con la normativa de la Universidad de Barcelona, y para garantizar 

su accesibilidad a posibles lectores de habla hispana, la introducción general, los 

resúmenes de los principales capítulos, la síntesis general y las conclusiones han sido 

traducidos al castellano. 
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Species and study sites 

             

STUDY SPECIES 

Introduction 

Mediterranean woody species can be ascribed to different pheno-morphological types 

depending on their leaf habit and on the relative changes that undergoes their general 

morphology throughout the year (Orshan, 1989; Montserrat-Martí et al., 2004). The 

prevalence of the different pheno-morphological types on mediterranean landscapes 

depends mainly on the severity of the two main periods of stress of mediterranean 

climate: winter cold and summer drought (Montserrat-Martí et al., 2004). When there is 

some water availability during summer and winter cold is the main stressing period of 

the year, vegetation is dominated by winter-deciduous species similar to those prevalent 

in temperate areas (Montserrat-Martí et al., 2004). This type of plants are seasonally 

heteromorphic, as their general morphology changes widely throughout the year 

(Orshan, 1989). Nevertheless, sites with abundant water availability during summer are 

scarce within Mediterranean-type ecosystems. Accordingly, this type of plants are 

normally restricted to specially wet microsites (Archibold, 1995), being frequently 

considered to be poorly adapted to Mediterranean-type climates (Orshan et al., 1989). 

As summer gets drier, vegetation becomes dominated by evergreen plants, such as 

sclerophyll trees and shrubs (Montserrat-Martí et al., 2004). These plants are seasonally 

isomorphic because their general morphology remains unchanged during stressing 

periods, maintaining great amounts of green biomass throughout the year (Orshan, 

1989). One special case of evergreen seasonally isomorphic plants are cushion-like sub-

shrubs (Montserrat-Martí et al., 2004). Plants of this type bear usually small and 

ephemeral leaves that account for a small fraction of the green biomass of the plant. 

Nevertheless their stems are photosynthetic and remain green throughout the year. 
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Mediterranean cushion plants grow normally at high altitudes within Mediterranean 

mountains, where both summer drought and winter cold impose serious limitations to 

plant performance (Montserrat-Martí et al., 2004). In areas with shallow soils or 

frequent disturbances, evergreen trees and shrubs are replaced by seasonally dimorphic 

sub-shrubs (Margaris, 1981; Montserrat-Martí et al., 2004). These plants are dominant 

in arid environments with moderate winter cold (Di Castri, 1981; Shmida and Burgess, 

1988). They are evergreen but seasonally heteromorphic, as they can display two 

different types of leaves throughout the year (Christodoulakis, 1989; Christodoulakis et 

al., 1990; Aronne and De Micco, 2001). By the alternation of these two types of leaves, 

seasonally dimorphic plants adjust their morphology to the seasonality of mediterranean 

climate (Orshan et al., 1989, Christodoulakis, 1990). Finally, in those areas where 

summer drought is the unique stressing period of the year, summer-deciduous plants 

prevail (Montserrat-Martí et al., 2004). Similarly to winter-deciduous plants, these 

species are seasonally heteromorphic, but their leaves are shed before summer. These 

plants seem to have a tropical origin and require mild winters to survive (Montserrat-

Martí et al., 2004). For this reason, they are very scarce in the Mediterranean Basin, 

where winter cold is a frequent limiting factor of plant growth (Mitrakos, 1980). 

Mediterranean sub-shrubs encompass most of the above pheno-morphological 

types, ranging from seasonally dimorphic species with different patterns of leaf 

shedding (see Chapter 6), to winter-deciduous species or thorny cushion plants with 

photosynthetic stems (Orshan, 1989). Except for summer-deciduous sub-shrubs, most of 

these pheno-morphological types of sub-shrubs can be found dominating different 

communities along altitude gradients in Mediterranean mountains of the Iberian 

Peninsula (Villar Salvador, 2000). In the altitudinal gradient considered in this study, 

which runs from the Ebro Basin to the Western Spanish Pre-Pyrenees (320 – 1380 m a. 

s. l.), most seasonally dimorphic sub-shrubs occupy warm and dry areas at low altitude. 

Mediterranean seasonally dimorphic sub-shrubs usually flower and display a maximum 

amount of green biomass in spring (Mooney and Kummerow, 1981). However, there is 

also a reduced group of seasonally dimorphic sub-shrubs that flowers and shows a 

maximum amount of green biomass later in the year. These phenological differences 

might lead to differences in their ecological preferences and distribution, as those 

seasonally dimorphic species that flower in summer tend to grow at slightly higher 

altitudes within the study area. Similarly, at middle areas some winter-deciduous 
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species of sub-shrubs can be found (Villar et al., 1997). Finally, thorny cushion sub-

shrubs dominate exposed crests at increasingly high altitude within the study area but, at 

altitudes above the domain of cushion plants, mediterranean sub-shrubs are replaced by 

herbaceous chamaephytes and hemicriptophytes (Villar et al., 1997, 2001). 

 
Table 1. Summary of the main pheno-morphological features of the study species 
 
Species Height 

(cm) a 
Growth 

form 
Branch 

shedding 
pattern 

Brachyblasts Flowering 
period 

Root-shoot 
relationships 

Duration dol.
growth 

(month) b 

Echinospartum horridum 50 (80) Spiny 
cushion 

plant 

Basipetal 
branch 
sheder 

No Jun Shoot-rooting 3 

Ononis fruticosa  60 (100) Winter-
deciduous

Acropetal 
branch 
sheder 

Yes May-Jul Shoot-rooting 4.75 

Sarureja montana 20 (40) Seasonally 
dimorphic

Acropetal 
branch 
sheder 

Yes Jul-Oct Shoot-rooting 6.5 

Salvia lavandulifolia 30 (50) Seasonally 
dimorphic

Acropetal 
branch 
sheder 

Yes May-Jul Shoot-rooting 4 

Linum suffruticosum 40 

(80-100) 

Seasonally 
dimorphic

Acropetal 
branch 
sheder 

Yes May-Jun Shoot-rooting 
and root-
sprouting 

6 

Lepidium subulatum 30 

(50-70) 

Seasonally 
dimorphic

Acropetal 
branch 
sheder 

Yes Apr-Jun Shoot-rooting 4.5 

 

a Mean height and maximum height (in parentheses) measured in cm. b Duration of the period of 
dolichoblast growth (months). 
 
 

Criteria of selection 

The selection of the six species of study is based on a previous work that analyzed the 

morphological, phenological, anatomical and ecological characteristics of 102 woody 

species frequently found in the same study area (Villar Salvador, 2000). This selection 

aimed to include representatives of the main pheno-morphological types of 

mediterranean sub-shrubs found along the area of study. Accordingly, the selected 

species comprised four seasonally dimorphic species with various leaf and flowering 

phenologies: Satureja montana subsp. montana L. (Lamiaceae), Salvia lavandulifolia 

subsp. lavandulifolia (L.) (Lamiaceae), Lepidium subulatum L. (Brassicaceae) and 

Linum suffruticosum subsp. suffruticosum L. (Linaceae); a winter-deciduous species, 

Ononis fruticosa L. (Fabaceae); and a thorny cushion plant, Echinospartum horridum 
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(Vahl.) Rothm. (Fabaceae). Of the four seasonally dimorphic species, S. montana 

flowered in summer (Table 1), while the remaining three species did it in early spring 

(Bolòs et al., 1990), similarly to most mediterranean seasonally dimorphic species 

(Mooney and Kummerow, 1981). The unbalanced selection towards seasonally 

dimorphic species aimed to perform a deeper analysis of this pheno-morphological type, 

prevalent among mediterranean sub-shrubs (Margaris, 1981; Orshan, 1989). Throughout 

this PhD dissertation nomenclature follows (Tutin et al., 1964-1980). 

 

 
Figure 1. Echinospartum horridum. A, Three-year-old branch bearing flowers and fruits on 9 
June 2003. B, Portion of a bud-bearing dolichoblast on 27 January 2003. d0, d1, d2: current-
year, one and two-year-old dolichoblasts, respectively. White and grey shades indicate 
photosynthetic and non-photosynthetic tissues (including dry elements), respectively. 
 

Description of the study species 

Echinospartum horridum is an evergreen thorny cushion plant up to 50 cm high which 

grows forming clumps more than 1 m width. Its shoots are spiny, photosynthetic during 

the first year, and display six longitudinal ribs (Talavera, 1999). This species has no 

brachyblasts and its renewal buds are located directly on the axils of dolichoblast leaves, 

protected by their leaf bases (see Chapter 3). Its buds last only until the following 

spring, when they give rise to a new cohort of dolichoblasts or dry out before summer. 
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This explains the low ability of this species to resprout, not only from the base of its 

stems, but also from its upper parts. In some rare occasions, epicormic shoots are 

formed spontaneously in main and secondary stems. However, these shoots are always 

small and twisted, showing clear signs of malformation, and usually die before reaching 

more than 1 cm long. Leaves are borne only by current-year shoots; they are opposite, 

stipulated and trifoliate (Fig. 1). Leaflets are narrowly oblanceolate, sericeous beneath 

and glabrescent above (Heywood, 1968). Inflorescences of E. horridum are apical, with 

two opposite yellow flowers. These flowers give rise to sparsely sericeous legumes that 

can contain up to three dark seeds (Talavera, 1999), which are mechanically dispersed 

as legumes get dry, open and curl up. According to the type of organs periodically shed 

(Orshan, 1989), it is an acropetal branch shedder, i.e. a species that sheds its branches 

in an acropetal direction. Consequently, this species maintains its photosynthetic 

dolichoblasts in the distal part of its canopy, which dry out and are eventually shed as 

they get shadded by new cohorts of photosynthetic dolichoblasts. 

E. horridum is an endemic species from the central Pyrenees and some isolate 

sites in southern and central France. Its distribution in the Iberian Peninsula comprises 

the Pre-Pyrenees and the Pyrenees, ranging from Lehoz, in Navarra, to the Alt Urgell, in 

Lérida (Ferré and Soriano, 1996), while its southernmost limit is in Sierra de Guara, 

Huesca (Marinas et al., 2004). It grows from 390 to 2344 m a.s.l., being prevalent 

between 1000 and 1700 m a.s.l. (Marinas et al., 2004). It has a great ecological range, 

but its preferred habitats are exposed crests and open sunny areas over calcareous 

shallow soils, frequently subjected to strong winds. Due to the effect of the wind, which 

enhances evapotranspiration, and the shallowness of the soil, this type of sites are 

subjected to several months of drought during the year (Marinas et al., 2004). This 

species plays an important role colonizing and structuring bare soils thanks to its N-

fixing ability and its ability to form roots from its shoots, which enables its lateral 

spreading and favours soil retention. When plants age, their central axis gets rotten, 

while younger peripheral branches survive thanks to their rooting ability. Seedlings of 

Pinus sylvestris and Buxus sempervirens from the surrounding forests are frequently 

found growing in the mulching provided by these rotten central branches (Montserrat-

Recoder et al., 1988). Its spiny nature and colonizing ability help to explain the great 

invasiveness of this species (Marinas et al., 2004), which has spread remarkably during 
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the last decades, invading burnt areas and grasslands (Montserrat-Recoder et al., 1984; 

Pérez-Cabello and Ibarra, 2004). 

 

O. fruticosa is an erect winter-deciduous sub-shrub up to 1 m high, whose stems 

are ramified, shortly pubescent when young and glabrescent when they age (Ivimey-

Cook, 1968; Devesa, 2000). This species bears both dolichoblasts and brachyblasts (Fig. 

2). Dolichoblasts can be reproductive and vegetative, and the former grow preferentially 

in the upper branches. Brachyblasts can also be of two different types: axillary 

brachyblasts, which are less than one-year old, and emerged brachyblasts, which are 

more than one-year old (Fig. 2). Axillary brachyblasts remain concealed under the leaf 

bases of dolichoblasts during winter, giving rise to new shoots the following spring or 

drying out at the end of summer. Emerged brachyblasts are branches older than one-

year old which show a limited growth each year, remaining in a brachyblast state for 

several years until they dry out or give rise to vegetative or reproductive dolichoblasts. 

Emerged brachyblasts develop preferentially in the low parts of the canopy of this 

species and their phenology is equal to that of dolichoblasts. Accordingly, in this 

Dissertation, emerged brachyblasts of O. fruticosa are treated jointly to dolichoblasts, 

the term brachyblast making reference exclusively to its axillary brachyblasts. This 

species bears alternate stipulated leaves which are mostly trifoliate (Bolòs and Vigo, 

1984). Its leaflets are linear to obovate, somewhat fleshy, with a coarsely toothed 

margin (Ivimey-Cook, 1968). Its stipulae are green during spring and early summer, but 

they become dry soon before the beginning of leaf shedding. Its inflorescences develop 

at the end of reproductive dolichoblasts forming panicles which are composed by 

several groups of one to three pink pedunculate flowers (Fig. 2). Both flowers and 

immature legumes are densely covered by sticky glandulous hairs (Devesa, 2000). 

Legumes bear two to six brown and mealy seeds (Bolòs and Vigo, 1984), which, as in 

other legumes, are dispersed mechanically as the legumes get dry, separate and curl up 

their two sides. According to the type of organs periodically shed, O. fruticosa is a 

basipetal branch shedder, i.e. a species that sheds its branches in a basipetal direction 

(Orshan, 1989). 
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Figure 2. Ononis fruticosa. A, Two-year-old branch bearing flowers and fruits on 10 June 2003. 
B, Fragment of a brachyblast-bearing dolichoblast on 13 January 2003. 1, Stipulated leaf base of 
the dolichoblast. b0: current-year axillary brachyblasts; b1: one-year-old emerged brachyblasts; 
rd1, rd2: one and two-year-old reproductive dolichoblast, respectively; vd1: one-year-old 
vegetative dolichoblast. White and grey shades indicate photosynthetic and non-photosynthetic 
tissues (including dry elements), respectively. 
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O. fruticosa is found in south-eastern France, central and eastern Spain and 

northern Africa (Morocco and Algeria), between 400 and 1500 m a.s.l (Devesa, 2000). 

It occurs in submediterranean areas subjected to a transitional climate with both 

continental and occidental influences (Villar-Pérez, 1979). It normally grows in open 

shrublands on marls and clays with steep slopes, being an important colonizer of eroded 

and mobile substrates (Villar-Pérez, 1979). Its colonizing capacity might be favoured by 

its ability to form roots from its shoots, its N-fixing ability and its deep and resistant 

root systems. 

 

 
 
Figure 3. Satureja montana. A, Two-year-old branch bearing flowers and fruits on 13 
September 2004. B, pair of vegetative brachyblasts on 13 January 2003. b0: current-year 
vegetative brachyblasts; rd1, rd2: one and two year-old reproductive dolichoblast, respectively; 
vd1: one-year-old vegetative dolichoblast. White and grey shades indicate photosynthetic and 
non-photosynthetic tissues (including dry elements), respectively. 
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S. montana subsp. montana is a seasonally dimorphic sub-shrub up to 40 cm 

high that forms multiple puberulent stems from its base (Bolòs and Vigo, 1984). This 

species bears brachyblasts and dolichoblasts which can be both vegetative and 

reproductive. Vegetative brachyblasts develop axillary in the proximal third of 

dolichoblast (Fig. 3), while reproductive brachyblasts grow in the axils of distal 

dolichoblast leaves. The former give rise to new dolichoblasts in the following spring, 

while the latter give rise to verticillasters of flowers at the end of the growing season. 

Occasionally, some epicormic vegetative brachyblasts may develop in older branches, 

which contributes to the acquisition of its multi-stem architecture. Leaves of S. montana 

are opposite, subsessile and unstipulated (Fig. 3). Leaves of the brachyblasts are rigid 

and linearly lanceolate, while those of the dolichoblasts are soft and oblanceolate. Both 

types of leaves have ciliate margins, acute tips and are densely dotted by glands 

containing essential oils (Bezic et al., 2001). Flowers grow in leafy verticillasters, 

usually crowded (Fig. 3), their calyxes are tubular and their corollae are white with 

violet nerves (Wall and Getliffe, 1972; Bolòs and Vigo, 1984). Seeds are almost 

spherical and dark brown, approximately 1.5-2.5 mm width. They remain in the dry 

calyxes until dispersed by the action of the wind or passing animals, shaking 

reproductive dolichoblasts. The two most distal thirds of its dolichoblasts dry out at the 

end of the vegetative period, being eventually shed in a basipetal direction. 

Accordingly, this species is a basipetal branch-shedder. 

S. montana subsp. montana is widespread over the Mediterranean region, from 

Spain to southern Albania and north-western Serbia (Wall and Getliffe, 1972). Its 

altitudinal distribution ranges between 50 and 1500 m a.s.l., arriving up to 2200 m a.s.l. 

in some isolate sites (Bolòs et al., 1990). It grows on rocky and mobile substrates, like 

gravels and road sides (Aizpuru et al., 1999), with some water availability during 

summer. Its ability to survive in this type of environments might be related to its 

capacity to form roots from its shoots and its flexible roots, which are highly resistant to 

the effect of moving stones. 

 

S. lavandulifolia subsp. lavandulifolia is a seasonally dimorphic sub-shrub up to 

50 cm high which forms multiple erect and pubescent stems from its base (Hedge, 

1972). This species bears dolichoblasts and brachyblasts, the former can be both 

vegetative and reproductive, while the latter are always vegetative (Fig. 4). Brachyblast  
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Figure 4. Salvia lavandulifolia. A, Two-year-old branch finishing flowering on 2 June 2003. B, 
brachyblast on 30 June 2003. b0, b1: current-year and one-year old brachyblasts, respectively; 
rd1, rd2: one and two-year-old reproductive dolichoblasts, respectively; vd1, vd2: one and two-
year-old vegetative dolichoblasts, respectively; ds, dolichoblast stem; dl, dolichoblast leaf. 
White and grey shades indicate photosynthetic and non-photosynthetic tissues (including dry 
elements), respectively. 
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develop in the axils of dolichoblast leaves but, in some occasions, epicormic 

brachyblast develop also on older stems. Differentially from other study species, 

terminal inflorescences are only formed in two-year-old dolichoblasts (Fig. 4). 

Accordingly, the apical meristem of vegetative dolichoblast does not dry out at the end 

of the growing season, but remains alive throughout the year, giving rise to a new 

dolichoblast in the following spring (see Chapter 3). Leaves of S. lavandulifolia are 

opposite, simple, petiolate and unstipulated, with a narrowly oblong lamina, weekly 

crenulate and tomentose (Hedge, 1972; Fig. 4). It bears three different types of leaves: 

leaves of dolichoblasts, leaves of brachyblasts (both of which prevail during most part 

of the year), and spring leaves of dolichoblasts, which cover the plant during spring (see 

Chapter 6). Brachyblast and dolichoblast leaves are highly tomentose, showing a 

greyish colour, while the spring leaves of dolichoblasts are greenish, less tomentose and 

with marked reticular nerves. Its flowers, blue or violet blue, are formed in 

verticillasters of six to ten flowers at the end of reproductive dolichoblasts (Bolòs et al., 

1990; Fig. 4). Its seeds are almost spherical and dark brown, approximately 3 mm 

width. They remain in the dry calyxes until dispersed by the shaking of reproductive 

dolichoblasts. It is also a basipetal branch-shedder, as its inflorescences dry out and are 

eventually shed at the end of the vegetative period. 

S. lavandulifolia subsp. lavandulifolia is found in south-western Europe, mainly 

in Spain, just extending into France (Hedge, 1972). Its altitudinal distribution ranges 

between 150 and 1600 m a.s.l, arriving up to 1800 m a.s.l. in some isolated spots (Bolòs 

and Vigo, 1984). It grows in open shrublands on limestones and marls in dry and sunny 

spots (Aizpuru et al., 1999), and also on gypsum soils intermingled with marls or 

limestones, but then it tends to occupy N-faced hillsides and moister microsites. It has a 

great ability to form roots from its shoots, which favours its lateral speading and multi-

stemmed architecture. 

 

L. suffruticosum subsp. suffruticosum is a seasonally dimorphic sub-shrub up to 

80 (sometimes 100) cm high, which can display two different aboveground architectural 

patterns: a main stem ramified at a certain high, or multiple stems several times ramified 

from its base. Both its leaves and stems are covered with short rigid hairs. This species 

bears dolichoblasts and brachyblasts. Dolichoblasts can be both reproductive and 

vegetative, while brachyblasts are normally vegetative (Fig. 5). The latter develop in the  
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Figure 5. Linum suffruticosum. A, Two-year-old branch with mature fruits on 1 July 2003. B, 
brachyblast on December 2003. b0, b1: current-year and one-year old brachyblasts, 
respectively; rd1: one-year-old reproductive dolichoblasts; vd1, vd2: one and two-year-old 
vegetative dolichoblasts, respectively; ds, dolichoblast stem; dl, dolichoblast leaf. White and 
grey shades indicate photosynthetic and non-photosynthetic tissues (including dry elements), 
respectively. 
 

axils of the leaves of vegetative dolichoblasts and also of the proximal leaves of some 

reproductive dolichoblasts. Occasionally, some epicormic brachyblasts may develop in 

two-year-old or even older branches. Leaves of L. suffruticosum are alternate, simple, 

subsessile and unstipulated (Fig. 5). They are narrow and thick, linear or setaceous, with 

rough, strongly inrolled margins and a prominent central nerve (Ockendon and Walters, 

1968). It bears three different types of leaves: leaves of dolichoblasts, leaves of 

brachyblasts and leaves of reproductive dolichoblasts, which develop in reproductive 

dolichoblasts during spring, (see Chapter 6). Brachyblast leaves are short, relatively 

wide and acute; but as shoots elongate into dolichoblasts, its leaves become longer, 

narrower and more acute. Leaves of reproductive dolichoblasts are acuminate and the 
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longest of all three types of leaves. Its flowers, yellowish when closed and white when 

open (Bolòs and Vigo, 1984), grow in terminal cymose inflorescences. Fruits are ovoid 

capsules that open in five valves dispersing the seeds, which are shiny, drop-shaped and 

light brown coloured. It is a basipetal branch-shedder, as terminal inflorescences dry 

out at the beginning of summer. In addition, the dry leaves of this species do not detach 

from the plant after senescence, and hence its branches keep a great amount of standing 

dead biomass throughout the year (see Chapter 6). 

L. suffruticosum subsp. suffruticosum grows both in the Iberian Peninsula and 

northern Morocco (Bolòs and Vigo, 1984). Its altitudinal distribution ranges between 

100 and 900 m a.s.l, arriving up to 1200 m a.s.l in some isolated sunny spots (Bolòs and 

Vigo, 1984). It grows in Mediterranean shrublands on limestone and gypsum, being 

able to grow even in almost-pure gypsum outcrops (Aizpuru et al., 1999). It has a great 

ability to sprout form its roots and a moderate capacity to form roots from its shoots. 

 

L. subulatum is a seasonally dimorphic shrub up to 50 (sometimes 70) cm high, with 

erect or decumbent stems, frequently ramified from its base. It bears both dolichoblasts 

and brachyblasts; dolichoblast leaves being always longer and more subulated than 

brachyblast leaves. Dolichoblasts may be reproductive or vegetative, while brachyblasts 

are generally vegetative. The latter develop preferentially in the axils of the leaves of 

vegetative dolichoblasts or as epicormic brachyblasts in older stems, but they can also 

develop in the proximal leaves of reproductive dolichoblasts. Leaves of L. subulatum 

are alternate, simple, subsessile and stipulated when immature. Nevertheless, the 

stipulae of immature leaves are minute and delicate, being shed well before the 

completion of leaf development. Mature leaves of this species are linear, rigid, 

channelled, very acute and, alike the stems, covered by short stiff hairs (De Carvalho e 

Vasconcellos, 1964). Its small and white flowers grow forming dense terminal racemes. 

Fruits are dehiscent, ovate and narrowly winged silicules, and they bear small red-

brown papilous seeds, which are covered by a gelatinous coat, sticky when wet. Such 

sticky coat seems to favour the establishment of the seeds of this species on gypsum 

crusts (Escudero et al., 2000). It is a basipetal branch-shedder, and maintains a great 

amount of standing dead biomass throughout the year, mainly due to the persistence of 

its dry leaves, which are not shed after senescence (Bolòs and Vigo, 1984, see Chapter 

6). 
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Figure 6. Lepidium subulatum. A, Two-year-old branch finishing flowering on 12 May 2003. 
B, brachyblast on December 2003. b1: one-year old brachyblasts, respectively; rd1, rd2: one 
and two-year-old reproductive dolichoblasts, respectively; vd1, vd2: one and two-year-old 
vegetative dolichoblasts, respectively; ds, dolichoblast stem. White and grey shades indicate 
photosynthetic and non-photosynthetic tissues (including dry elements), respectively. 
 

 

L. subulatum grows in gypsum outcrops throughout the Iberian Peninsula and 

northern Morocco (Bolòs and Vigo, 1984). Its altitudinal distribution ranges from 100 

to 600 m a.s.l., and it grows exclusively on gypsum outcrops, being prevalent on them 

(Aizpuru et al., 1999). It has a great ability to from roots from its shoots, which might 

favour its abundance in disturbed gypsum areas. Indeed, L. subulatum is an effective 
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colonizer of bare gypsum soils, but prevails also in more advanced stages of plant 

succession on these substrates (Mota et al., 2003). 

 

AREA OF STUDY 

Location and criteria of selection 

The study area comprised the altitudinal gradient from the Ebro Basin to the western 

Spanish Pre-Pyrenees (320 – 1380 m a. s. l.). Due to the different distribution of the six 

study species, it was impossible to find a location where all of them coexisted. 

Accordingly, we selected for each species one population located within its natural 

distribution range and composed of a minimum of 500 adult individuals. Due to the 

characteristics of the study, it was necessary to select natural but still quite open 

populations where isolated individuals could be easily sampled. In addition, efforts were 

made to ensure the selection of populations that were not frequently disturbed by fires, 

ploughing or grazing. The cushion plant E. horridum grew at the highest altitude within 

the study area, followed by the winter-deciduous O. fruticosa and the seasonally 

dimorphic S. montana, which grew at mid altitudes (Fig. 7). At the low part of the study 

area we found the other three seasonally dimorphic species. Study sites were the 

following: 

- E. horridum was studied in San Juan de la Peña Range, 25 km SW of Jaca, Spain 

(UTM: 30TXN8908; at 1380 m a. s. l.). The selected population was colonizing 

a firebreak opened in 1996, so all individuals had a similar age and size. Due to 

the abandonment of traditional land-use practices, populations of this species 

have spread extensively during the last decades, covering former grasslands and 

pastures like dense carpets where different individuals are intermingled and 

difficult to untangle. Therefore, the selection of a young population made 

possible the identification of isolated individuals for sampling purposes. At this 

site, as in most parts of the natural distribution area of this species, the 

shallowness of the soil prevented the expansion of the surrounding forests of 

Pinus sylvestris. Accordingly, vegetation was dominated by Buxus 

sempervirens, sub-shrubs like the study species and Thymus vulgaris, and 

several herbaceous species like Carex humilis, Koeleria vallesiana and 

Helianthemum oleandicum subsp. italicum. 
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- O. fruticosa was studied in a N-faced marls hillside near Bernués, Spain (UTM: 

30TYN0108; at 1020-1040 m a. s. l.). This site was selected due to the presence 

of a great number of small individuals growing along a steep and unstable slope, 

which made root sampling feasible. Vegetation at the study site comprised an 

open shrubland typical of eroded marls (Guerrero Campo, 1998), with scattered 

Pinus nigra subsp. nigra trees planted for reforestation on the most stable areas. 

Together with pines and the study species, Arctostaphyllos uva-ursi, Buxus 

sempervirens, Genista scorpius, Juniperus communis, Amelanchier ovalis and 

Brachypodium ramosum were the dominant species at this site. 

- S. montana was studied in a population located in the riverside of the Guarga 

River, near Lasieso, Spain (UTM: 30TYM1099; at 670 m a. s. l.). Vegetation at 

this site was composed by elements from the Class Ononido-Rosmarinetea as 

the study species, Santolina chamaecyparissus or Lithodora fruticosa, and 

species typical of river margins frequently subjected to floods (alliance Salicion 

triandrae-fragilis, association Saponario-salicetum purpureae), such as purple 

willow (Salix purpurea) and Salix elaeagnos subsp. angustifolia. S. montana 

grew preferentially in those areas less affected by floods, where gravels became 

more stable. In such sites, some species from the surrounding forest of Quercus 

x cerrioides and Pinus sylvestris could also be found. 

- S. lavandulifolia was studied in a N-exposed limestone and gypsum hillside near 

Villamayor, 14 km East of Zaragoza, Spain (UTM: 30TXM8920 at 340 m a. s. 

l.). At this site, both species of the alliance Gypsophilion (like Helianthemum 

squamatum, Gypsophyla struthium subsp. hispanica or Herniaria fruticosa) and 

the alliance Rosmarino-Ericion (like Thymelaea ticntoria or Stipa offneri) could 

be found. Accordingly, vegetation at this site was dominated by the study 

species, Brachypodium ramosum, Linum suffruticosum, Stipa offneri and 

Thymelaea tinctoria. 

- L. subulatum and L. suffruticosum coexisted in the gypsum outcrops of 

Villamayor, 12 km East of Zaragoza, Spain (UTM: 30TXM8820; at 320 m a. s. 

l). The dominant substratum in this area is almost pure gypsum (Table 2), with a 

few thin inserted outcrops of marls and clays (Quirantes, 1977). At this site, the 

two species coexisted and displayed a similar degree of abundance. The area 

was covered by an open low scrubland dominated by Ononis tridentata, 
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Helianthemum syriacum, Helianthemum squamatum, Thymus zygis, Herniaria 

fruticosa and Gypsophila struthium subsp. hispanica, and the two species of 

study. Such vegetation might be included in the association Lepidietum subulati 

of the alliance Gypsophilion (Braun-Blanquet and Bolòs, 1957), a community 

characteristic of almost pure gypsum outcrops. The area was partly ploughed for 

Pinus halepensis reforestation 15 years ago, though only some isolated pines 

survived on the upper part of the hill. Since then, this site has remained 

abandoned. 

 

Climate 

Climate in the high parts of the study area is sub-mediterranean, with short summer 

drought periods and cold winters, with an increasing risk of winter freezes with altitude 

(Creus-Novau, 1983). In the mid parts of the study area, where S. montana and O. 

fruticosa grow, both the risk of winter freezes and summer drought are moderate (Fig. 

7). However, due to the closeness of the study population of S. montana to a riverside, 

the effect of summer drought on this site is low, winter being the main stressful period 

of the year (see Chapter 5). In the low parts of the study area, the risk of winter freezes 

is lower, but the length of summer drought increases (Fig. 7). This type of climate can 

be considered as mediterranean with a “continental influence” (sensu (Rivas-Martínez, 

1987). As can be seen in Fig. 7, weather conditions of the same elevations were similar 

between the three years of study. 

 

Geology, lithology and soils 

The study area comprises the Ebro Valley and the Pre-Pyrenees, two areas with very 

different geological history and lithology. Together with the Pyrenees, the Pre-Pyrenees 

began forming in the Palaeozoic, with the outcrop of metamorphic and granitic 

materials currently found in the Axial Pyrenees (Belmonte Ribas, 2003). The primitive 

Hercinic range, ancestor of the Pyrenees, began hence rising, favoured by the ascent of 

great masses of magma. At the end of the Carboniferous, the Hercinic mountains were 

totally formed, and they began to be actively eroded. Such erosion, coupled to the 

distension of continental plates during the Triassic, leaded to the sinking of Hercinic 

mountains under the sea (Belmonte Ribas, 2003). 
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Figure 7. Location of the study sites within the study area (Aragón, Spain) and available 
meteorological data of the closest weather stations for the study period (indicated by arrows). 1, 
study site of S. lavandulioflia, L. suffruticosum and L. subulatum in Villamayor (Zaragoza), 
located 9-10 km East of the weather station of Aula Dei (Zaragoza); 2, study site of S. montana 
in Lasieso (Huesca), located 8 km West of the weather station of Hostal de Ipiés (Huesca); 3, 
study site of O. fruticosa located 4 km North-east of the weather station of Bernués (Huesca), 4, 
study site of E. horridum in S. Juan de la Peña Range (Huesca), located 25 km West of the 
weather station of Jaca (Huesca). 
 
 

The Ebro Valley is at present a great depression filled with tertiary sediments. 

However, before the formation of the Pyrenees, when the ancient Hercinic mountains 

remained covered by the sea, this area was hilly and constituted the Ebro Massif. 

Accordingly, throughout the Mesozoic the Pyrenees where not a range but a watershed, 
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receiving both marine sediments (which gave rise to the Jurassic limestones of the Pre-

Pyrenees) and sediments from the surrounding Ebro and Aquitaine Massifs. At the 

beginning of the Cenozoic, the collision of the Iberian and European plates leaded to the 

rising of this marine depression and the withdrawal of the sea, forming the Pyrenees and 

Pre-Pyrenees (Belmonte Ribas, 2003), and causing the sinking of the Ebro Massif. The 

Pyrenees, Pre-Pyrenees and the Ebro Depression were totally formed in the Oligocene. 

The subsequent erosion of the Pyrenees and Pre-Pyrenees leaded to the accumulation of 

continental sediments like sandstorms, clays and conglomerates (as those of the San 

Juan de la Peña range). Similarly, at the end of the Oligocene the Ebro Depression 

began to be filled with sediments coming from the surrounding mountains (Ibáñez, 

1981). These sediments filled the valley during the Miocene, being sorted depending on 

their size. Coarse sediments were deposited on the outer areas, giving rise to a second 

group of conglomerates, while fine materials occupied mid areas of the valley, giving 

rise to sandstorms and marls (Ibáñez, 1981). In the lowest areas, temporary lakes were 

formed. The precipitation of dissolved salts during periods of drought gave rise to 

current gypsum outcrops in these areas (Riba-Arteriu and Macau-Vilar, 1962). 

Most of the geological substrates that lay under the study sites were formed in 

the Tertiary, mainly the Miocene. They include: powdery gypsum outcrops formed in 

the Miocene (Riba-Arteriu and Macau-Vilar, 1962), as in the study site of L. 

suffruticosum and L. subulatum; gypsum sediments intermingled with marls and clays 

from the Miocene, as the study site of S. lavandulifolia; dominant sandstorms 

intermingled with marls and conglomerates formed in the meso-cenozoic (Soler and 

Puigdefabregas, 1958), as the study site of O. fruticosa; and massive calcareous 

conglomerates from the meso-cenozoic (Soler and Puigdefabregas, 1958), as the study 

site of E. horridum found in San Juan de la Peña range. Only the substrate at the study 

site of S. montana is clearly recent, being composed of calcareous alluviums from the 

Quaternary (Soler and Puigdefabregas, 1958). These types of substrates gave rise to 

calcareous soils. Accordingly, soils from all study sites had alkaline pH and, in most 

cases, a great proportion of carbonates (Table 2). Powdery gypsum soils at the study site 

of L. suffruticosum and L. subulatum had a very high content of gypsum, whereas in the 

study site of S. lavandulifolia gypsum content was much lower (Table 2). The amount 

of nitrogen and organic matter was generally low, especially when compared with soils 

from other mediterranean areas (Specht, 1969). The study site of E. horridum showed 
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the highest nitrogen and organic matter content, which might be related to the N-fixing 

ability of this species and its great capacity to retain litterfall. 

 

Table 2. Soil chemical characteristics at the study sites. 
 
Study sites  pH  MO (%)  N (%)  CaCO3 (%)  Gypsum (%) 
San Juan de la Peña   7.9  6.7  0.36  2.4  - 
Bernués  8.5  0.4  0.04  48.8  - 
Lasieso  8.7  0.6  0.03  54.1  - 
Villamayor (1)  7.8  4.7  0.25  44.8  2.0 
Villamayor (2)  7.7  1.9  0.14  15.6  55.5 
(1) S. lavandulifolia study site. (2) L. suffruticosum and L. subulatum study site. Soil samples 
where collected from the upper 15 cm of the soil after removing the litterfall and in areas out of 
the projection of the canopy of trees and shrubs. 
 

Vegetation 

The study area falls within the limits of the Mediterranean region, though its northern 

part has a clear influence of the bordering eurosiberian region of the Pyrenees (Ascaso, 

1990). In the Ebro Valley, dominant woody species distribute concentrically following 

an aridity gradient (Bolòs i Capdevila, 1987). The drier and lower areas below 350-400 

m a.s.l. are the domains of open forests of Juniperus thurifera with a poor steppe 

understorey (Braun-Blanquet and Bolòs, 1957). The intensive exploitation of the wood 

of J. thurifera coupled to the slow growth rate of this species leaded to the almost 

complete destruction of these open forest by man (Montserrat-Recoder et al., 1988). At 

present, only some isolated spots of the ancient J. thurifera forest persist in the study 

area, and most of them have been replaced by low open shrublands. 

At altitudes from 350-400 to 700 m a.s.l., out of the harshest and most 

continental areas, woody vegetation is dominated by open forests of Pinus halepensis 

with an understorey dominated by Quercus coccifera (Braun-Blanquet and Bolòs, 

1957). The moister conditions of these areas enable the development of some 

mediterranean species poorly adapted to withstand the harsh summer drought of lower 

steppes, such as Pistacia lentiscus, P. terebinthus, Phillyrea media, P. angustifolia, 

Rhamnus alaeternus, Quercus coccifera, etc. (Braun-Blanquet and Bolòs, 1957). 

At altitudes from 400-700 to 1200 m a.s.l. woody vegetation is dominated by 

evergreen sclerophyll forest of Quercus ilex subsp. ballota (carrascales). They are 

frequent on rocky soils and windy sites, with almost two months of summer drought per 

year (Villar et al., 1997). These forests are scarce on N exposures, where they are 
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replaced by marcescent oak forests. In ancient times, these forests covered huge 

extensions in the Somontanos region, but at present most of them have been converted 

into crops, being only found in some isolated spots (Montserrat-Recoder et al., 1988). 

At increasing altitudes towards the Pre-Pyrenees, where spring freezes are 

frequent, the carrascales are cornered to rocky soils and exposed crests by forests of 

Quercus faginea (marcescent oak) and the hybrid species with Quercus humilis, 

Quercus x cerrioides (Montserrat-Recoder et al., 1988). This type of forest (called 

quejigal) may represent a transition between the evergreen sclerophyll forests of more 

continental areas and the beech (Fagus sylvatica) woods of moister and colder areas of 

the Pyrenees (Montserrat-Recoder et al., 1988). Accordingly, forests of marcescent oaks 

dominate extensive areas with submediterranean climate, a transition climate with 

irregular dry spells and approximately one month of summer drought (Villar et al., 

1997). Marcescent oak forests grow extensively throughout the Pre-Pyrenees, being 

normally accompanied by shrubby species like Buxus sempervirens, Crataegus 

monogyna, Lonicera etrusca, L. xylosteum or Viburnum lantana, geophytes like 

Narcissus jacetanus, N. assoanus, Crocus nevadensis subsp. marcetii and herbaceous 

species like Polygala calcarea, Primula vulgaris, P. veris, Anemone hepatica, etc. 

(Montserrat-Recoder et al., 1988). When growing on marls, marcescent oaks are 

frequently accompanied by an understorey of Buxus sempervirens, Arctostaphyllos uva-

ursi, Ononis fruticosa, Amelanchier ovalis and Juniperus communis. These 

communities are easily eroded when disturbed, giving rise to open shrublands 

dominated by sub-shrubs and grasses like Ononis fruticosa, Genista scorpius, Thymus 

vulgaris, Dorycnium pentaphyllum, Koeleria vallesiana, Brachypodium ramosum and 

Avenula pratensis subsp. iberica (Villar et al., 1997; Guerrero Campo, 1998). 

At increasingly high altitudes within the Pre-Pyrenees but in S-exposed hillsides; 

where environmental conditions are dry and spring freezes are frequent, marcescent oak 

forests are replaced by Scots pine (Pinus sylvestris) woodlands with an understorey 

dominated by Arctostaphyllos uva-ursi and Buxus sempervirens. When disturbed or 

degraded, or in sites with shallow soils such as rocky soils or crests, these forests are 

replaced by open shrublands dominated by cushion plants like Echinospartum 

horridum, prostrate shrubs such as Thymelaea tinctoria subsp. nivalis and Thymus 

vulgaris var. palearensis and herbaceous species like Koeleria vallesiana and Carex 

humilis. In moister and colder sites, where freezes last up to June and summer 
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thunderstorms alleviate summer drought, humid forests of Scots pine and mosses can be 

found (Villar et al., 1997). In some N-exposed hillsides or shady gullies, Scots pines 

grow mixed with an understorey of beech. Nevertheless, these forest are not extensive 

in the Pre-Pyrenees being frequently reduced to some scattered spots of beech or fir 

(Abies alba) forests (Montserrat-Recoder et al., 1988). 

 

Land-use changes 

During the last decades, the study area has experienced important land-use changes that 

have led to dramatic modifications of its landscape and vegetation (Ascaso, 1990). In 

the higher areas, the abandonment of traditional land-use practices such as extensive 

grazing or clearing fires has resulted in the expansion of woody vegetation into pastures 

(Pérez-Cabello and Ibarra, 2004). Such expansion causes serious management problems 

in this area: numerous grassland species are outcompeted by woody species, becoming 

rare or endangered (Bartolomé et al., 2000); the accumulation of woody biomass raises 

the risk of fires by increasing the amount of available fuel (Pérez-Cabello and Ibarra, 

2004); and the quality of pastures is reduced, as most of the invasive woody species are 

spiny and less palatable than grassland species (Delgado et al., 2004). 

In the lower parts of the study area, extensive grazing has been replaced by the 

spreading of pine plantations, croplands and industrial estates (Bolòs i Capdevila, 1987; 

Suárez Cardona et al., 1992). These land-use changes pose serious threats on the 

conservation of shrublands in this region. Furthermore, some of these shrublands show 

a great diversity of rare and endangered species, like those growing on gypsum outcrops 

(Mota et al., 1993; Guerra et al., 1995). 
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Chapter 3 

Bud morphology and shoot growth dynamics in two species of 

Mediterranean sub-shrubs co-existing in gypsum outcrops* 

             

ABSTRACT 

Understanding the effects of the environment on the morphology and shoot growth activities of plants is 
crucial to identify plant ecological strategies. This study analysed the bud morphology, bud activity, shoot 
growth dynamics and shoot water content at full hydration (WCh) of two species of Mediterranean sub-
shrubs, Lepidium subulatum and Linum suffruticosum, co-existing in gypsum outcrops in NE Spain. 
Sampling was conducted monthly over two years in one population per species. Buds were dissected 
under a stereo-microscope. Shoot growth was measured as the mean increase in shoot length of 15 
marked individuals between two consecutive samplings. Bud activity was studied following the variations 
in the number of leaf primordia shorter than 1 mm and longer than 0.025 mm in the buds. Both species 
bore naked buds and displayed discontinuous seasonal patterns of shoot growth, leaf primordia formation 
and WCh. The number of leaf primordia in the bud peaked before the beginning of shoot expansion. In 
both species, organogenesis and expansion were uncoupled throughout the year. The time lapse between 
these two processes varied throughout the year, and was greatest for those elements differentiated in 
autumn. WCh was more closely related to shoot expansion than to organogenesis. Both species displayed 
similar bud morphology and similar seasonal patterns of bud and shoot growth and WCh as a result of the 
strong seasonality of mediterranean climate in gypsum outcrops. The beginning of the spring period of 
expansion of dolichoblasts coincided with maximum values of WCh, while the rest period of summer 
matched minimum values. These results support the hypothesis that the growth of dolichoblasts and WCh 
are strongly related. 

RESUMEN 

Comprender el efecto que el ambiente ejerce sobre la morfología y el crecimiento de los tallos es 
fundamental para identificar las estrategias ecológicas de las plantas. El presente estudio analiza la 
morfología y la actividad de las yemas, la dinámica de crecimiento de los tallos y el contenido hídrico en 
estado de máxima hidratación (WCh) de las ramas de Lepidium subulatum y Linum suffruticosum, dos 
caméfitos leñosos mediterráneos que coexisten en los yesos del NE de España. El muestreo se llevó a 
cabo mensualmente durante dos años, en una única población por especie. El estudio de la morfología de 
las yemas se realizó mediante un proceso de disección realizado bajo la lupa binocular. Para analizar el 
crecimiento de los tallos, se midió el incremento medio entre muestreos consecutivos de la longitud de los 
brotes de 15 individuos marcados. La actividad de las yemas se estudió a partir de las variaciones 
observadas en la cantidad de primordios foliares, con una longitud comprendida entre 0.025 y 1 mm, 
presentes en la yema. Las dos especies presentaron yemas desnudas y patrones rítmicos de crecimiento de 
sus ramas, formación de sus primordios foliares y WCh. La cantidad de primordios foliares presentes en la 
yema fue máxima antes del comienzo de la expansión de los dolicoblastos. En ambas especies, los 
procesos de organogénesis y de expansión de los dolicoblastos se produjeron en distintos momentos del 
año. El tiempo transcurrido entre estos dos procesos varió a lo largo del año, siendo mayor para aquellos 
primordios foliares iniciados en otoño. El WCh mostró una relación más estrecha con la expansión de los 
dolicoblastos que con la organogénesis. Como resultado de la fuerte estacionalidad del clima 
   
* Palacio, S., Montserrat-Martí, G., 2005. Bud morphology and shoot growth dynamics in two species of 
Mediterranean sub-shrubs co-existing in gypsum outcrops. Annals of Botany 95, 949-958. 
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mediterráneo en los suelos yesosos, ambas especies presentaron una morfología de sus yemas similar, así 
como patrones estacionales semejantes de WCh y de crecimiento de sus ramas y yemas. El WCh alcanzó 
valores máximos a comienzo de la expansión primaveral de los dolicoblastos y valores mínimos durante 
el periodo de reposo estival. Estos resultados sustentan la hipótesis de que existe de una estrecha relación 
entre el crecimiento de los dolicoblastos y el WCh. 
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INTRODUCTION 

Plants growing in highly seasonal environments must adjust their morphology and the 

activity of their renewal structures and shoots to maximize survival and productivity 

(Meloche and Diggle, 2001). An understanding of these features is crucial to identify 

the ecological strategies of plants (Nitta and Ohsawa, 1999). Mediterranean trees and 

shrubs normally bear cataphyllary or hipsophyllary buds in which meristems are 

protected during unfavourable seasons by specialized protective organs (Hoffmann, 

1972; Ginocchio and Montenegro, 1996; but see Hoffmann and Hoffmann, 1976). 

Conversely, the buds of some species of mediterranean sub-shrubs lack these protective 

organs (Montserrat-Martí et al., 2004; Palacio et al., 2004). Most mediterranean sub-

shrubs bear their naked buds in the apices of two distinct types of branches: 

dolichoblasts and brachyblasts. The latter usually develop in the axils of the leaves of 

dolichoblasts (Orshan, 1989). Few studies have addressed the morphology and growth 

dynamics of buds and shoots of mediterranean sub-shrubs (but see Orshan, 1972; Gray 

and Schlesinger, 1981; Montserrat-Martí et al., 2004; Palacio et al., 2004). In particular, 

very little is known about bud and shoot growth dynamics during the stressing periods 

of winter and summer, or about the relationship between the growth of these organs. 

The growth of axillary brachyblasts is maintained throughout the year, at least in some 

species growing in semi-arid environments (Orshan, 1989). However, it is unlikely that 

a continuous pattern of shoot growth and morphogenesis occurs under the seasonal 

conditions of colder Mediterranean-type climates. In addition, shoot expansion may be 

rapid in mediterranean sub-shrubs, thereby taking advantage of the short favourable 

periods of spring and autumn. Therefore, the shoots of these sub-shrubs may be at least 

partly preformed, with buds containing many leaf primordia prior to shoot expansion 

(Kozlowski and Clausen, 1966). 

For shoot growth to occur, plants require increased bud and shoot hydration 

(Bradford and Hsiao, 1982; De Faÿ et al., 2000). The potential to hydrate might 

therefore vary through the year, and might be related to the growth activity of these two 

organs (De Faÿ et al., 2000). Several authors have studied the relation between growth 

processes and the water content of buds and stems of woody plants (Jones and Laude, 

1960; Cottignies, 1983; Essiamah and Eschrich, 1986; Cottignies, 1990; Tousignant et 

al., 2003). However, water content is highly dependent on the weather conditions at the 

 57



Chapter 3   
 

sampling time (Tousignant et al., 2003) and is therefore not a good predictor of plant 

hydration capacity. In contrast, the water content at full hydration (WCh, %) is a 

measurement of the maximum amount of water a given organ can hold, expressed as the 

percentage of the fresh weight of the fully hydrated organ. In a previous study, both the 

water content and the water content at full hydration of the shoots of four species of 

Mediterranean shrubs were analyzed monthly over one year (Montserrat-Martí, IPE, 

Zaragoza, Spain, unpublished results). According to these results, water content varied 

following rainfall, while the seasonality of water content at full hydration appeared to be 

related with shoot growth. Few studies have addressed the WCh in relation to shoot 

growth. Davis and Mooney (1986) reported a sharp increase in the WCh of the shoots of 

two co-occurring chaparral species during the growing season and concluded that this 

increase was related to organogenetical processes. More recently, the growth peaks in 

Cistus laurifolius shoots and leaves have been reported to coincide with maximum 

values of WCh (Montserrat-Martí et al., 2004). No studies relating WCh to shoot growth 

processes have been conducted in Mediterranean sub-shrubs. 

Mediterranean gypsum outcrops such as the ones considered here, are suitable to 

study the relationship between climatic seasonality and shoot growth processes as they 

are subjected to sharp environmental variations during the year (Rivas-Martínez and 

Costa, 1970; Nelson and Harper, 1991). Pure-gypsum soils have a very low water 

retention capacity, and therefore do not buffer the effects of drought on plant 

performance (Guerrero Campo et al., 1999b). These stress factors are more intense in 

the ridges of pure-gypsum hills such as those considered in this study (Guerrero Campo 

et al., 1999a). 

Here we describe the bud morphology and shoot growth dynamics of two 

species of Mediterranean sub-shrubs coexisting in gypsum outcrops. The relation 

between shoot growth processes and the potential of shoots to become fully hydrated is 

also analyzed. Between September 2002 and August 2004, we studied the phenology, 

bud morphology and activity, shoot growth dynamics and WCh of plants of L. 

subulatum and L. suffruticosum coexisting in pure gypsum outcrops in NE Spain. 
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MATERIALS AND METHODS 

Species and study site. 

Linum suffruticosum L. (Linaceae) is an evergreen sub-shrub with a maximum height of 

80 cm that inhabits low scrublands on gypsum soils and limestones in SW Europe 

(Ockendon and Walters, 1968). Lepidium subulatum L. (Brassicaceae) is an evergreen 

sub-shrub up to 50 cm in height that is restricted to open scrublands on gypsum soils in 

E Spain and NW Africa (De Carvalho e Vasconcellos, 1964). To facilitate reading 

within this chapter, L. suffruticosum and L. subulatum will be referred to as Linum and 

Lepidium respectively. Both species were selected for a comparative analysis of shoot 

growth processes due to their similar crown morphology and architecture. Their leaves 

are linear, rigid and helicoidally arranged. Both species bear two distinct types of 

branches: brachyblasts and dolichoblasts (see Chapter 2; Fig. 1). In the present study, 

brachyblasts are branches shorter than 2 cm in length, while dolichoblasts are branches 

longer than 2 cm in length. Dolichoblasts either bear terminal inflorescences or remain 

vegetative, while brachyblasts develop mainly in the axils of the leaves of vegetative 

dolichoblasts, but also grow at the base of some reproductive dolichoblasts, or on older 

stems (epicormic brachyblasts), especially in Lepidium. 

 
 Linum suffruticosum Lepidium subulatum 
 
Fig. 1.- General morphology of a two-year-old branch of Linum suffruticosum and a three-year-
old branch of Lepidium subulatum in 5 and 12 July 2003, respectively. vlb0, vlb1 and vlb2: 
vegetative dolichoblasts from 2003, 2002 and 2001, respectively; rlb0, rlb1: reproductive 
dolichoblasts from 2003 and 2002, respectively; sb0, sb1: brachyblasts from 2003 and 2002, 
respectively. Scale is given in centimetres. 
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Fig. 2.- General view of the study area in 3 Feb. 2003. Gypsum outcrops of Villamayor, near 
Zaragoza, in NE Spain (UTM: 30TXM8820, at 320 m a.s.l). 
 

The study site was located on the slope of a nearly-pure gypsum hill in the 

gypsum outcrops of Villamayor, near Zaragoza, in NE Spain (UTM: 30TXM8820, at 

320 m a.s.l; Fig. 2). The dominant substratum in this area is almost pure gypsum, with a 

few thin inserted outcrops of marls and clays (Quirantes, 1977). The climate at this site 

is semi-arid and highly seasonal (Rivas-Martínez, 1987), with a mean annual 

temperature of 14.6 ºC, and an average annual rainfall of 334.5 mm, which falls mainly 

during spring and autumn (see Chapter 2). Summers are hot and dry and the mean 

maximum temperature of the warmest month (July) is 31.4 ºC. Winters are cool and dry 

and the mean minimum temperature of the coldest month (January) is 1.6 ºC (De León 

et al., 1987). At this site, these two species coexist and display a similar degree of 

abundance. The area is covered by open low scrubland (tomillar) dominated by Ononis 

tridentata, Helianthemum syriacum, Helianthemum squamatum, Thymus zygis, 

Herniaria fruticosa and Gypsophila struthium subsp. hispanica, and the two sub-shrubs 

studied here (Braun-Blanquet and Bolòs, 1957). The area was partly ploughed for Pinus 

halepensis reforestation 15 years ago, although only some isolated pines survived on the 

upper part of the hill. Since then, this site has remained abandoned (see Chapter 2 for 

further details). 
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Phenology 

Aboveground phenology was studied monthly from September 2002 to August 2004 on 

15 marked plants of each species. Phenological processes such as flowering, fruiting, 

shoot expansion and leaf shedding were assessed by visual inspection (see Chapter 5 for 

further details). Estimations of the amount of green biomass were also recorded monthly 

(see Chapter 6 for further details on the method). At each sampling date, representative 

plant material was collected, pressed and stored in a herbarium for future verifications. 

 
Bud morphology and composition 

Sampling was conducted monthly during an 18-month period, from September 2002 to 

February 2004. Ten two-year-old branches were collected randomly from ten non-

marked individuals within each population at each sampling date. Samples were kept at 

4 ºC until bud dissection, which was performed in the following 48 hours. To avoid 

within-branch variability, we dissected only those buds located in standard brachyblasts, 

thereby excluding extremely large or small brachyblasts or those that were apparently 

malformed or damaged. Buds were examined under a stereo-microscope fitted with an 

ocular micrometer (MS5 Leica Microsystems, Heerbrugg, Switzerland) at 10 or 40 x. 

The properties (colour, vigour and developmental stage) of most leaf primordia were 

recorded. Because of the large number of leaf primordia in the buds of these two species 

(n > 20 in some months), only those shorter than 1 mm and longer than 0.025 mm were 

counted (hereafter Np) and measured. The resolution limit of the stereo-microscope was 

approximately 0.025 mm. Given that the maximum length of leaf primordia varied 

through the year (see below), we set an arbitrary upper limit of 1 mm on the basis of the 

lowest value of the maximum lengths of leaf primordia recorded. Adult leaves were 

distinguished from leaf primordia by the increased toughness of their epidermis, which 

indicated the cessation of their expansive growth. The length of leaf primordia was 

measured from their insertion point on the immature stem to their distal end.  

 

Shoot growth 

In September 2002, we selected and marked 15 well-developed adult individuals of 

each species. Sampling was conducted monthly over two years, from September 2002 

to August 2004. At each sampling date, three two-year-old branches were collected 

from distinct positions within the canopy of each plant. Repeated cuttings from the 

same branch were avoided so that the effect of the sampling method on plant growth 
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was minimized. To check for possible interactions between sampling method and plant 

performance, 15 plants of each species, similar to those used for shoot growth analyses, 

were marked and let uncut. No differences were found in the survival and shoot vigor of 

sampled and control plants at the end of the sampling period. Therefore, the effect of 

sampling on plant performance was negligible. Samples were pressed at constant 

pressure and stored in a herbarium until measures of shoot length were conducted under 

the stereo-microscope. For each branch, we measured the length of the longest shoot 

and its three closest shoots. Shoot length was measured from the insertion point on the 

stem to the tangent line between the apices of the most apical green leaves. Leaves were 

considered green when more than 50% of their lamina was green. Destructive analyses 

were required because of the small size of undeveloped brachyblasts. The shoot growth 

rate (SGR) of marked plants at each sampling date was calculated using the following 

formula: 

SGR = (Lm2 – Lm1) / t(m2-m1) 

Where Lm1 (mm) is the mean shoot length of a given month, Lm2 (mm) is the mean 

shoot length of the following month, and t(m2-m1) (days) is the time period comprised 

between both sampling dates. 

 

Water content at full hydration 

Sampling was conducted monthly between October 2002 and December 2003. Ten 

branches over three-year-old were randomly collected from ten non-marked individuals 

at each sampling date. Branches were placed in individual plastic bags and taken to the 

laboratory in a cooler. Once in the laboratory, branches were set at full hydration. To do 

this, the three most proximal centimeters of the stem of each branch were cut under 

water, and the remaining material was kept at 4 ºC, with the first 3-4 cm of the stem 

immersed in distilled water, and covered by a wet plastic bag for 24 hours. Full 

hydration weights of samples of whole brachyblasts (including leaves and stems) and 

stems of the dolichoblasts were obtained for each hydrated branch. Subsequently, 

samples were oven-dried at 60 ºC to a constant weight and dry weights were obtained. 

All weighing was conducted using a precision scale (MC1, Sartorius AG, Goettingen, 

Germany). Water content at full hydration (WCh, %) was calculated using the following 

formula: 

WCh = (Wh –Wd) * 100 / Wh  
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Where Wh (mg) is the weight of a given fraction at full hydration and Wd (mg) is the dry 

weight of the same fraction. 

 

Statistical analysis 

All data were checked for normality, homoscedasticity and outlier detection. The SGRs 

for each sampling date were analyzed using a Student t-test in which the mean SGR was 

compared with a theoretical mean value equal to zero. In the cases in which normality 

and homoscedasticity were not attained, data were analyzed using the non-parametrical 

Wilcoxon t-test for paired samples. Differences in Np and WCh among distinct sampling 

dates were analyzed using one-way ANOVAs. To study the relationship between WCh 

and growth, WCh data from brachyblasts and dolichoblasts were sorted in two groups: 

“growth” and “no growth”. The former included those WCh values of dates with mean 

SGRs significantly greater than zero (α = 0.05); while the latter comprised the 

remaining WCh values. All data except those from the brachyblasts of Linum lacked 

normality and/or homoscedasticity. Therefore, to search for the differences in WCh 

between “growth” and “no growth” groups, a Student-t test was run in the brachyblasts 

of Linum, while the remaining data were analyzed using the non parametrical U-Mann-

Whitney test for unpaired samples. All statistical analyses were conducted using SPSS 

11.0 (SPSS Inc., Chicago, USA). 

RESULTS 

Phenology 

Lepidium and Linum flowered in spring. The former began flowering before mid April 

and continued up to June while the latter began flowering slightly later, in late April-

May, and concluded by early June. Fruiting began by late April in Lepidium and 

finished by late June. Linum began fruiting by May, ending by early July. Lepidium 

dispersed its seeds during late spring and summer, beginning in late June. In contrast, 

Linum began seed dispersal by late September. Both species protracted seed dispersal 

for several months. For both species, dry leaves tended to remain attached to the stems 

for several months and were gradually shed throughout the year. Lepidium plants were 

apparently dry in summer, with few green leaves in many cases. In contrast, Linum kept 

many green leaves through the summer (Chapter 6) . In early autumn, brachyblasts 
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restarted growth, slowly increasing the amount of green biomass of both species, which 

reached maximum values in spring. 

 

Morphology of the renewal structures 

The meristematic tissues that gave rise to the dolichoblasts of Linum and Lepidium were 

the apical buds of axillary brachyblasts and, less frequently, those of vegetative 

dolichoblasts (Fig. 3 A and C). In Linum, buds consisted of a dome-shaped meristem 

surrounded by six to more than 30 helicoidally arranged leaf primordia in different 

stages of development (Fig. 3 D). In Lepidium, buds comprised a dome-shaped 

meristem surrounded by two to more than 28 helicoidally arranged leaf primordia in 

different stages of development (Fig. 3 B). No specialized protective organs, such as 

cataphylls or scales, were found in either species, indicating that bud formation is 

attained simply by the arrest of apical growth of brachyblasts. Therefore, in Linum and 

Lepidium, leaf primordia are protected only by the expanded leaves of brachyblasts, and 

hence these buds should be considered naked (Nitta and Ohsawa, 1998). 

 

 
 

Fig. 3. Morphology of the brachyblasts and apical meristems of Lepidium subulatum (A) and 
(B) respectively, and Linum suffruticosum (C) and (D) respectively, in December 2003. For 
clarity reasons, only the inner structures of the buds are represented. ds: dolichoblast stem, dl: 
dolichoblast leaf, lp: leaf primordia, md: meristematic dome. 
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Shoot growth 

Linum and Lepidium showed very similar shoot growth dynamics (Fig. 4). We recorded 

two periods of shoot extension that lasted for most of the year. The first occurred in 

spring and comprised dolichoblast expansion from the apical buds of axillary 

brachyblasts formed the previous year, and the concurrent growth of a new cohort of 

axillary brachyblasts. The second period occurred in late summer and autumn and 

involved a slight expansion of brachyblasts. During mid summer and winter, the two 

species showed arrested shoot growth. In both species, dolichoblast expansion began by 

mid March and finished around June (July in the case of Linum in 2004) with the 

development of terminal inflorescences in reproductive dolichoblasts and the formation 

of apical buds in vegetative ones. Not all brachyblasts elongated to dolichoblasts in 

spring. Some remained unexpanded, increasing just some millimeters in length and 

drying out in early summer. The SGR of dolichoblasts peaked in May for the two 

species in both years of study, reaching 0.88 mm/day and 0.63 mm/day in 2003 and 

2004 respectively for Lepidium, and 1.45 mm/day and 1.05 mm/day for Linum. The 

mean SGR for the period of dolichoblast expansion was 0.40 mm/day and 0.25 mm/day 

in 2003 and 2004 respectively for Lepidium, and 0.64 mm/day and 0.45 mm/day for 

Linum. 

The expansion of the new cohort of axillary brachyblasts overlapped that of 

dolichoblasts in both species. This expansion was first detected by mid March and was 

arrested by the end of June in Lepidium and by late July in Linum. Subsequently, the 

SGR of brachyblasts reached close to zero values in Linum during August and 

September, while in Lepidium it attained significant negative values during July (P < 

0.01) and August (P < 0.05) because of the drying of most leaves caused by summer 

drought. The expansive growth of brachyblasts was resumed in September in Lepidium 

and in October in Linum, thereby coinciding with late-summer and autumn rainfall, and 

was arrested again in December. During winter (from December to the end of 

February), both species maintained brachyblast SGR values close to zero, with the 

exception of Linum, which had an isolated pulse of brachyblast growth in February (P < 

0.01). The expansion of brachyblasts that gave rise to the next cohort of dolichoblasts 

was resumed by mid March. 
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Fig. 4.- SGR dynamics (upper part) and mean length of the shoots (lower part of the figure) of Lepidium subulatum (A and C) and Linum suffruticosum (B and 
D). Values are means of 15 shoots ± SE. Solid line represents shoots recorded in 2002, broken line shows those from 2003 and dotted line those from 2004. 
Asterisks indicate SGR values significantly higher than zero (* = p < 0.05, ** = p < 0.01, *** = p < 0.001) and crosses indicate SGR values significantly 
lower than zero (+ = p < 0.05, ++ = p < 0.01, +++ = p < 0.001), after t-Students test, in case of normality, or T-Wilcoxon test otherwise. 
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In spite of the similarities in their general patterns, Linum and Lepidium differed 

in the dynamics of Np during the first six months of brachyblast expansion. In the 

former, the Np of the newly formed brachyblasts inc

reaching a peak in July, while in the latter it decrease ter 

brachyblast formation, reaching a minimum also in July . 

From then on, Np values increased steadily in Lepidium u  

they declined again reaching a new minimum in September and then rose again 

progressively until late winter. In both species, Np values peaked before the onset of the 

rapid expansion of dolichoblasts, while they were low before the slow autumn growth 

of brachyblasts. 
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Fig 7.- Water content at full hydration (WCh; %) of the brachyblasts and dolichoblasts of 
epidium subulatum and Linum suffruticosum. Dotted lines represent brachyblasts while solid 
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ow the stems of dolichoblasts. Open circles are shoots recorded in 2002 while closed 
circles are those from 2003. Values are means from ten shoots ± SE. 
 
 

leaves and the difficulty of excluding them prior to weighting due to 

their small size. Dry leaves are not re-hydrated when the branches are set at full 

Water content at full hydration 

The variations in WCh were greater in Lepidium than in Linum (Fig. 7). However, both 

species displayed similar patterns of variation in this parameter along the year, with 

significant differences between dates (P < 0.001; Fig. 7). Minimum values of WCh were 

reached in August and September for Lepidium and Linum respectively. The extremely 

low WCh values of the brachyblasts of Lepidium during the summer might be due to the 

presence of dry 
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hydration, but they are included in the dry weight of brachyblasts, resulting in 

abnormally low WCh values. Maximum values of WCh were attained in early May and 

November in Lepidium, while in Linum they were reached in April and October. During 

the autumn-winter period comprised between these two maxima, WCh displayed nearly 

constant values in Lepidium, while in Linum WCh diminished to reach a second 

minimum. Therefore, the WCh values closely followed those of shoot SGR in both 

species; attaining maximum values in spring and minimum values in summer (Figs. 3 

and 6). In Linum, minimum autumn and winter WCh values matched the reduced 

autumn and winter growth of brachyblasts. In the brachyblasts and dolichoblasts of 

Linum, WCh was significantly higher in months with significant positive growth 

compared with those months with negative or no growth (Table 1). This positive 

relationship between shoot growth and WCh was also significant in the brachyblasts of 

Lepidium, but not in its dolichoblasts (Table 1). 

 

Table 1. Relationship between shoot growth and water content at full hydration (WCh; %) after 
comparison of the WCh values of the “growth” and “no growth” groups in the dolichoblasts and 
brachyblasts of Lepidium subulatum and Linum suffruticosum by U-Mann Whitney and Student-
t tests. 
 

Species and Branches  Growth WCh 
(%)  

No Growth 
WCh (%)  U - T  P 

Lepidium subulatum         

Dolichoblasts  54.0 ± 0.7  50.3 ± 2.0  21.0  0.126 

Brachyblasts  73.0 ± 0.3  60.6 ± 6.4  8.0  0.038 

Linum suffruticosum         

Dolichoblasts  65.7 ± 2.0  60.5 ± 0.4  10.0  0.008 

Brachyblasts  68.6 ± 0.9  65.3 ± 0.8  -2.5(*)  0.022 

Values of WCh are means ± SE. U: U-Mann Whitney statistic, T: Student-t statistic. All 
tatistics are U-Mann Whitney’s except for (*) that indicates Student-t statistic. Values in bold 
dicate significant differences at α = 0.05. 

 

s
in

DISCUSSION 

Bud morphology 

Linum and Lepidium bore naked buds with no specialized protective organs. In this type 

of bud, protection is given by the surrounding leaves of the shoot, which are arranged 

compactly around the meristem (Nitta and Ohsawa, 1998). Naked buds have been 

reported in other species of mediterranean sub-shrubs, and also in several tree species 
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from other climates (Hallé et al., 1978; Nitta and Ohsawa, 1998, 1999). However, 

within woody mediterranean species, trees and shrubs normally bear cataphyllary or 

hipsophyllary buds (Hoffmann, 1972; Ginocchio and Montenegro, 1996), while naked 

buds are more frequent in sub-shrubs. This observation opens up questions as to the 

adaptive significance of naked buds and their phylogenetic origin. Some authors have 

interpreted these buds as less specialized structures than scaled ones (Puntieri et al., 

2002a). Cataphylls and scales might have evolved from foliar structures (Goffinet and 

Larson, 1981) to increase protection under harsh environmental conditions (Nitta and 

Ohsawa, 1998; Puntieri et al., 2002a). However, this hypothesis does not explain the 

presence of naked buds in mediterranean sub-shrubs, which are frequently exposed to 

harder environmental conditions than mediterranean trees or shrubs (Shmida and 

Burgess, 1988; Orshan, 1989). 

 

Shoot growth and organogenesis 

tes. Most vegetative and reproductive activities of these two species occurred in 

the favourable periods d a ce avoiding summer drought and 

winter cold. These results contrast with the observations of maintained brachyblast 

growth for other sub-shrubs of semi iro men hese 

disc uld b  at  th  di eth dolo appli d to  shoot 

 The vi ual esti ations of shoot rowth used by Orshan might be 

inap  disti uish the low a tum  r es fr he in ctivi inter 

and

nesis, and the extension of these primordia into 

lly developed organs (Champagnat et al., 1986; Puntieri et al., 2002b). In Lepidium 

and in Linum, the timing of these two processes was uncoupled. Hence, most leaf 

primordia differentiated in autumn and winter were expanded next spring, giving rise to 

oblasts. This phenomenon of leaf primordia accumulation is similar 

The growth activity of Linum and Lepidium shoots varied widely throughout the year, 

following the strong seasonality imposed by mediterranean climate on gypsum 

substra

of spring an utumn, hen

-arid env n ts (Orshan, 1989). T

repancies co e tributed to e fferent m o gies e assess

growth in both studies. s m  g

propriate to ng u n growth at om t a ty of w

 summer. 

Branch growth is the result of two processes: the differentiation of organ 

primordia from meristems, i. e. organoge

fu

the leaves of dolich

to the preformation of leaves reported in the winter buds of temperate woody species 

(Kozlowski and Clausen, 1966; Marks, 1975; Inouye, 1986)). In these plants, 

organogenesis and expansion of leaf primordia are separated by a period that normally 

coincides with winter dormancy (Puntieri et al., 2002b). During dormancy, the activity 
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of the meristem is normally arrested (Owens and Molder, 1973; Gregory, 1980; Jordy, 

2004). However, in Lepidium and Linum organogenesis was protracted throughout the 

year, including autumn and winter, although the rate of primordia differentiation might 

vary throughout the year. Therefore, the period of time between organogenesis and 

extension of leaf primordia varied widely through the year. The leaves differentiated in 

autumn remained in an immature state for longer than those formed in early spring or 

summer. 

 

Water content at full hydration and its relation to shoot growth processes 

The capacity of Lepidium and Linum shoots to become fully hydrated was closely 

related to shoot expansion. This relation could be attributed to the necessity of 

expanding cells to maintain an adequate turgor pressure through the growth process 

radford and Hsiao, 1982). The mechanisms used by cells to maintain this pressure, 

ill also lead to an increased capacity of the organ to 

 general similarities of Lepidium and Linum, these two species presented 

differe

(B

like increasing osmotic potential, w

reach high WCh values. In their study on the WCh of two co-occurring chaparral 

species, Davis and Mooney (1986) ascribed the high spring WCh values to increased 

organogenetical activity of shoots. However, in our study, maximum values of Np 

preceded maximum values of both SGR and WCh, and hence the values of WCh 

paralleled better the SGR values than those of Np. Therefore, in the shoots of Lepidium 

and Linum, WCh may be more closely related to expansion growth than to 

organogenetical processes. 

 

Shoot growth differences between Lepidium and Linum 
In spite of the

nces in the performance of their phenological and growth activities, which might 

explain their distinct ecological strategies. Lepidium finished flowering, fruiting and 

shoot expansion earlier than Linum, hence avoiding summer drought more efficiently. 

Furthermore, Lepidium dried most of its transpiring body during summer, while Linum 

maintained many of its green leaves alive. The capacity of mediterranean sub-shrubs to 

dry out part of their transpiring biomass with the onset of summer has been interpreted 

as a strategy to reduce water loss during summer drought (Orshan and Zand, 1962; 

Orshan, 1972). However, this strategy might entail several drawbacks, like reduced 

nutrient retention efficiency (Reich and Borchet, 1982), or reduced net growth at the 

end of the growing season. Therefore, with the onset of autumn, Lepidium must rebuild 
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more green biomass than Linum. This is accomplished by increasing SGR or by 

extending shoot growth. Given the lower SGR of Lepidium shoots, this shrub can attain 

a similar shoot development to Linum at the end of autumn only by extending the period 

of autumn shoot growth. This might explain why Lepidium resumes autumn growth of 

its brachyblasts in September, while this growth is resumed in October in Linum. In 

addition, Lepidium seems also to avoid potential freeze damage to newly initiated 

tissues more efficiently than Linum. While the brachyblast growth of the former is 

arrested during winter (from January to March), the latter is prone to isolated pulses, as 

avoiding 

ncides with maximum WCh values in both species. This 

bservation supports the hypothesis of a strong relationship between high WCh and 

recorded in February 2004. Therefore, Lepidium seems to follow a stress-

strategy, while Linum is more stress-tolerant (sensu Grime, 2001). 

 

Concluding remarks 

The seasonality of mediterranean climate in gypsum outcrops leads to a similar 

phenology, bud morphology and similar patterns of WCh and bud and shoot growth in 

Lepidium subulatum and Linum suffruticosum. These two species bear naked buds and 

perform shoot expansion during the favourable periods of spring and autumn. In both 

species, the reduced duration of the suitable period for dolichoblast expansion leads to 

an accumulation of leaf primordia in late winter. Organogenesis and expansion are 

uncoupled in both species, and the lapse of time between these two processes varies 

throughout the year, being greatest for leaf primordia initiated in autumn. Finally, 

dolichoblast expansion coi

o

shoot expansion. 
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Chapter 4 

Comparison of the bud morphology and shoot growth 

dynamics of four species of Mediterranean sub-shrubs 

growing along an altitude gradient * 

             

ABSTRACT 

Bud morphology, bud activity and shoot growth dynamics were studied over 13 months in four species of 
Mediterranean sub-shrubs growing along an altitude gradient in NE Spain. The species selected were 
representative of the main pheno-morphological types of sub-shrubs that grow naturally along altitude 
gradients on Mediterranean mountains. All species bore naked buds as their renewal structures, but the 
degree of protection of buds varied among them, increasing with altitude. The period of morphogenesis 
and the level of shoot preformation also varied along the gradient. The species growing at low altitude 
had partially neoformed shoots, longer shoot growth periods and started morphogenesis earlier than the 
species growing at high altitude. These differences might indicate different morphological and 
phenological adaptations of mediterranean sub-shrubs in response to increased winter cold along the 
gradient. At low altitudes brachyblast-bearing species with partially neoformed shoots might be favoured 
due to the plastic shoot growth these structures confer. However, as climate becomes colder and more 
predictable, brachyblast-bearing species might be replaced by species without brachyblasts, with tightly 
protected buds and more constrained patterns of shoot development. 

RESUMEN 

En este capítulo se analiza la morfología de las yemas, su actividad y la dinámica de crecimiento de las 
ramas de cuatro especies de caméfitos leñosos mediterráneos que crecen a lo largo de un gradiente 
altitudinal en el NE de España. Las especies seleccionadas son representativas de los principales tipos 
fenomorfológicos de caméfitos leñosos mediterráneos que crecen de forma natural en las montañas 
mediterráneas. El seguimiento se llevó a cabo durante 13 meses. Todas las especies estudiadas 
presentaron yemas desnudas, si bien el grado de protección de las mismas fue distinto en cada una de 
ellas, de manera que las especies de zonas más altas mostraron una mayor protección de sus yemas. El 
periodo de morfogénesis y el nivel de preformación de los brotes también presentaron diferencias a lo 
largo del gradiente. Las especies de zonas más bajas mostraron brotes parcialmente neoformados y 
periodos de desarrollo de sus dolicoblastos más largos, y comenzaron la morfogénesis de sus brotes más 
pronto que las especies de zonas altas. Estas diferencias podrían indicar diferentes adaptaciones 
morfológicas de los caméfitos leñosos mediterráneos en respuesta a un descenso de las temperaturas a lo 
largo del gradiente. En las zonas bajas, las especies con braquiblastos y tallos parcialmente neoformados 
parecen verse favorecidas, posiblemente gracias a la plasticidad de crecimiento que estas estructuras 
confieren. Sin embargo, a medida que el clima se vuelve más frío y predecible, las especies con 
braquiblastos parecen ser reemplazadas por especies sin braquiblastos, con yemas muy protegidas y un 
patrón de crecimiento más constreñido. 

   
* Palacio, S., Montserrat-Martí, G., 2006. Comparison of the bud morphology and shoot growth 
dynamics of four species of Mediterranean sub-shrubs growing along an altitude gradient. Botanical 
Journal of the Linnean Society (in press) 
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INTRODUCTION 
Buds are plant investment for the future (Vesk and Westoby, 2004a). Accordingly, the 

survival and productivity of plants depend on the adjustment of bud morphology and 

shoot growth dynamics to the stresses imposed by the environment in which they grow. 

Therefore, by the study of bud morphology and shoot growth dynamics we obtain 

information about the adaptation of plants to their environment (Nitta and Ohsawa, 

1999). 

Sub-shrubs or chamaephytes are woody plants that display their renewal 

structures at a maximum height of 25 cm above soil surface (Raunkiaer, 1934), or at a 

maximum height of 80 cm when considering mediterranean species (Orshan, 1982). In 

Mediterranean-type ecosystems, sub-shrubs dominate open dry areas with shallow soils 

or subject to frequent disturbances in which trees and tall shrubs are unable to compete 

(Di Castri, 1981; Shmida and Burgess, 1988). Despite their ecological relevance, few 

studies have addressed the morphology and growth dynamics of buds and shoots of 

mediterranean sub-shrubs (but see Orshan, 1972; Gray and Schlesinger, 1981; 

Montserrat-Martí et al., 2004; Palacio and Montserrat-Martí, 2005). In particular, little 

is known about the differences in bud morphology and shoot growth dynamics among 

mediterranean sub-shrubs adapted to different environmental conditions. 

One of the major distinctive morphological characteristics of many 

mediterranean sub-shrubs is the presence of two distinct types of branches: long and 

short branches, namely dolichoblasts and brachyblasts (Margaris, 1981; Orshan et al., 

1988). Most dolichoblasts develop in spring from brachyblasts formed sylleptically 

during the previous year (Orshan, 1972). At the end of the growing season, 

dolichoblasts may produce terminal inflorescences, give rise to an apical vegetative bud 

or dry their tips. At this time, they normally bear the new sylleptic axillary brachyblasts 

that will remain alive during winter to give rise to a new cohort of dolichoblasts in the 

year coming (Orshan, 1972). Brachyblast growth has been reported to be maintained 

throughout the unfavourable season, at least in those species living in semi-arid 

environments (Orshan, 1972). However, a recent study has shown that shoot growth 

was arrested during summer and winter in Linum suffruticosum and Lepidium 

subulatum, two sub-shrubs growing in mediterranean semi-arid environments (Palacio 

and Montserrat-Martí, 2005). This study also showed that both species bore naked buds 

as their renewal structures. Lower temperatures have been extensively reported to affect 
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shoot growth (Kozlowski et al., 1991; Griffith and McIntyre, 1993; Nilsson and 

Walfridsson, 1995; Ögren, 1999a, b) and bud morphology (Deal et al., 1990; O'Reilly 

and Owens, 1993; Nunez-Elisea et al., 1996) of woody species. Therefore, species of 

mediterranean sub-shrubs living in cold areas might display specific adaptations of their 

bud morphology and shoot growth dynamics. 

Different pheno-morphological types of sub-shrubs can be found along altitude 

gradients in Mediterranean mountains (Villar Salvador, 2000). In the present study we 

analyse the main pheno-morphological types of sub-shrubs growing along the altitude 

gradient from the dry Ebro Basin to the more humid and cold Pre-Pyrenees in NE 

Spain. Most sub-shrubs growing at low altitudes within this gradient are characterized 

by their seasonal dimorphism, partly due to the alternation of dolichoblasts and 

brachyblasts throughout the year (Orshan and Zand, 1962; Orshan, 1972; Margaris, 

1981). Mediterranean seasonally dimorphic sub-shrubs usually flower and display a 

maximum amount of green biomass in spring (Mooney and Kummerow, 1981). 

However, there is also a reduced group of seasonally dimorphic sub-shrubs that flower 

later in the year. For example, Satureja montana and Lavandula latifolia flower and 

have the peak of green biomass in late summer. These phenologial differences might 

lead to differences in their ecological preferences and distribution, as those seasonally 

dimorphic species that flower in summer tend to grow at middle altitudes within the 

study gradient. Similarly, at middle areas some winter-deciduous species of sub-shrubs 

can be found (Villar et al., 1997). These species have minimum green biomass during 

winter (see Chapter 6). Thorny cushion sub-shrubs dominate in exposed crests at 

increasingly high altitudes (Villar et al., 1997, 2001). Plants of this type are 

characterized by the presence of photosynthetic spiny shoots and by the reduced 

oscillation of their living biomass throughout the year (see Chapter 6). At altitudes 

above the domain of cushion plants, mediterranean sub-shrubs disappear, being replaced 

by herbaceous chamaephytes and hemicryptophytes (Villar et al., 1997, 2001). 

In the present study we analyze the differences in the bud morphology and shoot 

growth dynamics of four species of Mediterranean sub-shrubs representative of the 

main pheno-morphological types of sub-shrubs that grow along an altitudinal gradient 

in NE Spain. Using this information we attempt to analyze the effect of low 

temperatures on bud morphology and shoot growth and the morphological adaptations 

of mediterranean sub-shrubs to increased winter cold. A brief preliminary version of 

this study was presented at the 10th MEDECOS Conference (Palacio et al., 2004). 
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MATERIALS AND METHODS 

Species and study sites 

The four species selected for this study: Echinospartum horridum (Vahl.) Rothm. 

(Fabaceae), Ononis fruticosa L. (Fabaceae), Satureja montana L. (Lamiaceae) and 

Salvia lavandulifolia L. (Lamiaceae), are representative of the most relevant pheno-

morphological types of sub-shrubs that grow naturally along an altitudinal gradient from 

the Ebro Basin to the Western Spanish Pre-Pyrenees. Echinospartum horridum is 

representative of the evergreen thorny cushion plants that grow at high altitude within 

the studied gradient. Shoots of E. horridum are spiny, photosynthetic, and bear opposite 

stipulated leaves (Talavera, 1999). Ononis fruticosa and S. montana are representative 

of the pheno-morphological types that grow at middle altitude within the studied 

gradient. Ononis fruticosa is a winter-deciduous species with alternate stipulated leaves 

(Devesa, 2000), while S. montana is a seasonally dimorphic species that flowers and 

attains maximum green biomass values in summer. Finally, S. lavandulifolia is 

representative of the seasonally dimorphic species which flower and attain maximum 

photosynthetic biomass values in early spring, similarly to most mediterranean 

seasonally dimorphic species (Mooney and Kummerow, 1981; Bolòs et al., 1990). Both 

S. montana and S. lavandulifolia are evergreen and bear simple unstipulated opposite 

leaves (Hedge, 1972; Wall and Getliffe, 1972). Except for E. horridum which has only 

dolichoblasts, all species bear both dolichoblast and brachyblasts. In the present study, 

we consider short branches or brachyblasts as those branches shorter than 2 cm, while 

long branches or dolichoblasts are branches longer than 2 cm (see Chapter 2 for further 

details). 

For each species we selected a natural population composed of a minimum of 

500 adult individuals. Echinospartum horridum was studied in a population located in 

San Juan de la Peña Range, 25 km south-west of Jaca, Spain (UTM: 30TXN8908; at 

1380 m a. s. l.); O. fruticosa was studied in a population located in a N-exposed marls 

hillside near Bernués, Spain (UTM: 30TYN0108; at 1020-1040 m a. s. l.); S. montana 

was studied in a population located in the riverside of the Guarga River, near Lasieso, 

Spain (UTM: 30TYM1099; at 670 m a. s. l.); and S. lavandulifolia was studied in a N-

exposed limestone and gypsum hillside near Villamayor, 14 km East of Zaragoza, Spain 

(UTM: 30TXM8920 at 340 m a. s. l.). Climate in the high areas of the gradient is 

characterized by short summer drought periods and cold winters, with an increasing risk 
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of winter freezes as altitude increases (Creus-Novau, 1983). In the low parts of the 

gradient the risk of winter freezes is lower, but the length of summer drought increases 

remarkably (Table 1; see Chapter 2 for further details). 

 

Table 1. Mean annual temperature (ºC) and precipitation (mm) of the study sites during the 
period of study. 
 

Species 

 

Study site  UTM  
Elevation 
(m a. s. l.)  

Mean Annual 
Rainfall 

(mm)  

Mean Annual 
Temperature 

(ºC) 

S. lavandulifolia  Villamayor  30TXM8920  340  402.9  14.06 

S. montana  Lasieso  30TYM1099  670  653.7  12.08 

O. fruticosa  Bernués  30TYN0108  1030  693.2  11.98 

E. horridum  S. Juan de la Peña  30TXN8908  1380  1246.6 *  8.04 * 
 
Values have been obtained from the closest weather station to the study population of each 
species (always located less than 10 km away from the study site). No close weather station was 
available for the population of E. horridum. Therefore, mean annual rainfall and temperature 
values for this site (*) have been extrapolated from values of the meteorological station of Jaca 
(31 years of record, 840 m a.s.l.) located 25 km away, following the vertical gradients proposed 
for the Pyrenees by López-Moreno (2005) and García-Ruíz and collaborators (1985), 
respectively. 

 

 

Bud morphology and composition 

Sampling was conducted monthly during a 13-month period, from September 2002 

(October 2002 in E. horridum and S. lavandulifolia) to October 2003. During April and 

May 2003 sampling was conducted fortnightly for all species but S. lavandulifolia. Ten 

two-year old branches were collected randomly from ten different non-marked 

individuals within each population at every sampling date. Samples were kept at 4 ºC 

until bud dissection, which was performed in the following 48 hours. To avoid within-

branch variability due to bud position (Puntieri et al., 2002a), only one type of bud 

always located in the same position within the shoot was analysed per species. Buds 

were examined under a stereo-microscope fitted with an ocular micrometer (MS5 Leica 

Microsystems, Heerbrugg, Switzerland). The total number of leaf primordia at each 

sampling date (hereafter Np) was counted and measured and their developmental stage 

was recorded. Structures considered as leaf primordia included all non-emerged 

immature leaves longer than 0.025 mm (the resolution limit of the stereomicroscope). 

Leaves were considered emerged when more than 25% of their lamina had separated 
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from the shoot apex. The length of leaf primordia was measured from their insertion 

point on the immature stem to their distal end. 

 

Shoot growth 

At the beginning of the study we selected and marked 15 well developed adult 

individuals of each species. Shoot growth was monitored monthly over 14 months, 

between July 2002 (September 2002 in S. lavandulifolia) and October 2003. During 

April and May 2003, sampling was conducted fortnightly for all species but S. 

lavandulifolia. Shoot growth was assessed as in Palacio and Montserrat-Martí (2005) 

(Chapter 3). At each sampling date, three two-year old branches were collected from 

different positions within the canopy of each plant. Repeated cuttings from the same 

branch were avoided so that the interaction between sampling method and plant growth 

was minimal. Samples were pressed and stored in a herbarium until measures of shoot 

length were conducted under the stereo-microscope. The length of each shoot was 

measured from the insertion point on the stem to the tangent line between the apices of 

the most apical green leaves. Leaves were considered green when more than 50% of 

their lamina was green. Destructive analyses were required because of the small size of 

undeveloped brachyblasts. The shoot growth rate (SGR) of marked plants at every 

sampling date was calculated using the following formula: 

SGR = (Lm2 – Lm1) / t(m2-m1) 

Where Lm1 (mm) is the mean shoot length of a given month, Lm2 (mm) is the mean 

shoot length of the following month, and t(m2-m1) (days) is the time period comprised 

between both sampling dates. 

 

Statistical analyses 

All data were checked for normality, homoscedasticity and outlier detection. The SGRs 

for each sampling date were analyzed using a Student t-test in which the mean SGR was 

compared with a theoretical mean value equal to zero. Differences in Np among distinct 

sampling dates were analyzed using one-way ANOVAs when normality and 

homoscedasticity were attained, or the non-parametrical Kruskal-Wallis test for 

unpaired samples otherwise (α = 0.05). All statistical analyses were conducted using 

SPSS 13.0 (SPSS Inc., Chicago, USA). 
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RESULTS 

Morphology of the renewal structures 

The meristematic tissues that gave rise to dolichoblasts of S. lavandulifolia were the 

apical buds of axillary brachyblasts and one-year-old vegetative dolichoblast (Figs 1 A-

D), while in S. montana and O. fruticosa, renewal buds were only located in axillary 

brachyblasts (2 A-B and 3 A-B, respectively). Echinospartum horridum has no 

brachyblasts and, consequently, its renewal buds were directly located on the 

dolichoblasts (Fig. 4 A-B). Renewal buds of S. lavandulifolia comprised a dome-shaped 

meristem surrounded by one to three pairs of hairy leaf primordia arranged oppositely 

(Fig. 1 D). In S. montana buds consisted of a dome-shaped meristem surrounded by one 

to six pairs of oppositely arranged leaf primordia (Fig. 2 C-D). In both species, the two 

leaf primordia of a pair were tightly closed one over the other, concealing the smaller 

pairs of leaf primordia and the meristem (Figs. 1 C-D, 2 E-H). In O. fruticosa buds 

comprised a dome-shaped meristem surrounded by two to six alternately arranged leaf 

primordia in different stages of development (Fig. 3 C-J). Finally, the renewal buds of 

E. horridum consisted of a dome-shaped meristem surrounded by one or three pairs of 

oppositely arranged leaf primordia (Fig. 4 D-F). 

No specialized protective organs, such as cataphylls or scales, were found in the buds of 

either species. Accordingly, these buds should be considered as naked (Nitta and 

Ohsawa, 1998). In S. lavandulifolia and S. montana leaf primordia were only protected 

by the expanded leaves of brachyblasts (Figs. 1 C and 2 C, respectively), indicating that 

bud formation is simply attained by the arrest of apical growth of brachyblasts. These 

species are evergreen and bear their buds in living emerged brachyblasts throughout the 

year (Figs. 1 B and 2 B, respectively). However, O. fruticosa is a winter-deciduous and 

hence, with the arrival of late summer, the expanded leaves of the brachyblasts that had 

been protecting renewal buds dried and shed their leaflets, leaving their dry stipules and 

rachis encircling the renewal bud (Fig. 3 C-D). From the time of leaf shedding until the 

arrival of the following spring, the entire brachyblasts of this species remained 

concealed under the dry leaf bases of dolichoblasts. Thus, in O. fruticosa, renewal buds 

are borne by brachyblasts that dry out at the end of summer and spend the winter 

concealed under the dry leaf bases of dolichoblasts (Fig. 3 B). In the brachyblast-

lacking E. horridum, renewal buds were protected by dense hairs found in the stems and 

the adaxial side of the leaf bases of dolichoblasts (Fig. 4 C). In addition, buds of this  
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Figure 1. Salvia lavandulifolia. A, Two-year-old branch finishing flowering on 2 June 2003. B, 
brachyblast and, C-D components of a brachyblast on 30 June 2003. 3-4, emerged leaves of the 
brachyblast; 5-8, leaf primordia in different stages of development. b0, b1: current-year and 
one-year old brachyblasts, respectively; rd1, rd2: one and two-year-old reproductive 
dolichoblasts, respectively; vd1, vd2: one and two-year-old vegetative dolichoblasts; ds, 
dolichoblast stem; dl, dolichoblast leaf; md: meristematic dome. White and grey shades indicate 
photosynthetic and non-photosynthetic tissues (including dry elements), respectively. 
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Figure 2. Satureja montana. A, Two-year-old branch bearing flowers and fruits on 13 
September 2004. B, pair of brachyblasts and, C-H, several elements of the brachyblasts and 
renewal buds on 13 January 2003. 11-14, emerged leaves of the brachyblast; 15-20, leaf 
primordia in different stages of development. b0: current-year brachyblasts; rd1, rd2: one and 
two year-old reproductive dolichoblast, respectively; vd1: one-year-old vegetative dolichoblast; 
md: meristematic dome. White and grey shades indicate photosynthetic and non-photosynthetic 
tissues (including dry elements), respectively. 
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Figure 3. Ononis fruticosa. A, Two-year-old branch bearing flowers and fruits on 10 June 2003. 
B, Fragment of a brachyblast-bearing dolichoblast and, C-J, components of a brachyblast on 13 
January 2003. 1, Stipulated leaf base of the dolichoblast; 2-4, stipulated leaf bases of the shed 
leaves of the brachyblast; 5-12, leaf primordia in different stages of development. b0, b1: 
current-year and one-year-old brachyblasts, respectively; rd1, rd2: one and two-year-old 
reproductive dolichoblast, respectively; vd1: one-year-old vegetative dolichoblast; md: 
meristematic dome. White and grey shades indicate photosynthetic and non-photosynthetic 
tissues (including dry elements), respectively. 

 84



  Bud and shoot growth along an altitude gradient 

 
 
 
 
 

 
 
 
Figure 4. Echinospartum horridum. A, Three-year-old branch bearing flowers and fruits on 9 
June 2003. B, Portion of a bud-bearing dolichoblast and, C-F, various components of renewal 
buds on 27 January 2003. C, Fragment of a dolichoblast stem with a removed leaf base showing 
the renewal bud. D-E, Renewal bud in a normal and open position, the latter displaying part of 
the innermost leaf primordia. F, Meristematic dome with an innermost leaf primordium. d0, d1, 
d2: current-year, one and two-year-old dolichoblasts, respectively; lp: leaf primordium; md: 
meristematic dome. White and grey shades indicate photosynthetic and non-photosynthetic 
tissues (including dry elements), respectively. 
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species remained concealed by the leaf bases of dolichoblasts during their entire 

development until they gave rise to dolichoblasts the following spring. 

 

Leaf primordia formation 

All species displayed significant differences in their Np among sampling dates for the 

study period (P < 0.01), and seasonal patterns were also different among species (Fig. 

5). In all species Np values decreased following dolichoblast expansion, as leaf 

primordia gave rise to dolichoblast leaves. Echinospartum horridum maintained 

constant Np values throughout the year, forming new primordia only in spring (Fig. 5 

A). Therefore, buds of this species develop leaf primordia in two stages. The first stage 

is performed concurrently with the formation of the bud in spring, while the second one 

occurs prior to dolichoblast expansion in the following spring. Fully elongated 

dolichoblasts of this species bore an average of three expanded leaf pairs, which 

coincides with the maximum number of leaf primordia present in its buds before spring 

growth. This indicates that the dolichoblasts of this species are highly preformed before 

the beginning of spring elongation. Accordingly, this species had the shortest period of 

dolichoblast elongation of all the study species (see below). Ononis fruticosa displayed 

Np dynamics typical of a winter-deciduous, increasing Np values in summer and 

autumn, and maintaining the attained values constant during winter and early spring 

(Fig. 5 B). Similarly to E. horridum, this species had the same average number of leaves 

in fully expanded dolichoblast than leaf primordia in buds at the beginning of shoot 

elongation, which indicates a high preformation of its shoots. However, its shoot growth 

period was longer than that of E. horridum. Satureja montana and S. lavandulifolia 

formed leaf primordia in two stages (Fig. 5 C-D). Newly formed buds of S. montana 

accumulated up to three pairs of leaf primordia in September. The number of leaf 

primordia was constant during autumn and winter, and increased again in spring to a 

maximum of six pairs, prior to the expansion of new dolichoblasts. Fully expanded 

dolichoblasts of this species had an average of 15 pairs of adult leaves. Therefore, this 

species had partially neoformed dolichoblasts, as the average amount of leaf primordia 

prior to shoot elongation was lower than the average number of adult leaves. Salvia 

lavandulifolia developed new primordia during autumn and late winter, and maintained 

low constant values of Np during winter and summer (Fig. 5 D). This species had also a 

certain neoformation of its dolichoblasts, as it had a maximum average number of five 

leaf primordia within its buds, while its fully expanded dolichoblasts bore an average of  
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Figure 5. Number of leaf primordia (Np) in the renewal buds of Echinospartum horridum (A), 
Ononis fruticosa (B), Satureja montana (C) and Salvia lavandulifolia (D). Buds from: 
brachyblasts of 2002 (●), dolichoblast of 2002 (--●--) and brachyblast of 2003 (○). 
Values are means of ten buds ± 2 SE. 
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six adult leaves. 

 

Shoot growth 

Patterns of variation of mean shoot length and SGR were similar among study species 

(Fig. 6 A-D). Maximum SGR values were attained concurrently with dolichoblast 

expansion in June, while all species displayed close to zero values during winter. The 

first species displaying SGR values significantly greater than zero was E. horridum 

(Fig. 6 A). Such increase in the SGR was the result of a slight elongation of its shoot 

primordia, which were still being concealed by the dry leaf bases of dolichoblasts. Both 

the brachyblasts of S. montana and O. fruticosa and the buds of E. horridum displayed 

significant growth during the early phases of their development in summer and autumn 

(Fig. 6 A-C). Contrastingly, in S. lavandulifolia both brachyblast and dolichoblasts 

growth were arrested during summer (Fig. 6 D). 

 

DISCUSSION 

All of the study species had naked buds as their renewal structures, however, great 

differences were found in the location and degree of protection of their buds during 

winter. Buds of E. horridum, the species growing in the coldest part of the study area, 

showed the highest protection of all the studied species. In fact, both the leaf bases of 

dolichoblast leaves and the thick layer of hairs that surrounded them might function as 

insulating elements (Hallé et al., 1978). The buds of O. fruticosa were also surrounded 

by the stipulate leaf bases of the older leaves of the brachyblast, which are likely to have 

a protective role (Potter, 1891; Hoffmann, 1972; Goffinet and Larson, 1981; Postek and 

Tucker, 1982; Nitta and Ohsawa, 1999; Puntieri et al., 1999). In the buds of S. montana 

and S. lavandulifolia protection was attained by the surrounding mature leaves of the 

brachyblast, which arranged compactly around the meristem. This sort of protection has 

been described in the shoots of several species of evergreen sub-shrubs (Hoffmann and 

Hoffmann, 1976; Nitta and Ohsawa, 1998; Palacio and Montserrat-Martí, 2005), as well 

as in the shoots of different tree species (Hallé et al., 1978; Nitta and Ohsawa, 1998, 

1999), and might confer a lesser degree of protection than leaf bases. 
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Figure 6. Mean length (left side) and SGR dynamics (right side of the figure) of the shoots of 
Echinospartum horridum (A), Ononis fruticosa (B), Satureja montana (C) and Salvia 
lavandulifolia (D). Shoots recorded in: 2002 (○) and 2003 (●). Values are means of 15 
shoots ± 2 SE. Asterisks indicate SGR values significantly higher than zero (* = P < 0.05, ** = 
P < 0.01, *** = P < 0.001) and crosses indicate SGR values significantly lower than zero (+ = P 
< 0.05, ++ = P < 0.01), after Student t-tests. 
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The differences found in the exposure of the buds of the studied species might 

well be the result of a morphological adaptation to withstand increased winter cold. 

Lower temperatures can affect the morphology and the development of the renewal 

buds of woody plants (Kozlowski et al., 1991; O'Reilly and Owens, 1993; Marcelis-van 

Acker, 1995; Nunez-Elisea et al., 1996)). In Pseudotsuga menziensii, Apple and 

collaborators (1999) demonstrated that elevated temperature led to loosened outer scales 

of vegetative buds. Similarly, Deal and co-workers (1990) reported loose associations of 

bud scales, and hence an increased exposure of meristems, in those Picea pungens trees 

growing at lower altitude. Nitta and Ohsawa (1998) found a higher degree of protection 

in the buds of those broad-leaved evergreen trees exposed to lower winter temperatures. 

Therefore, a relationship appears to exist between altitude (i.e. winter cold) and the 

degree of protection of the renewal structures of sub-shrubs growing in colder 

mediterranean areas. 

The low degree of protection of the buds of S. montana is, nevertheless, 

surprising. This species has a great altitudinal range, growing from 50 to up to 2200 m 

a.s.l. in some isolated sunny spots on the Spanish Pyrenees (Bolòs and Vigo, 1984). 

Buds of those individuals growing at highest altitudes might be subjected to freezing 

temperatures during winter, but still be able to survive. Satureja montana plants of the 

study population showed clear frost damage during winter, their brachyblast leaves 

displaying dark stains and premature shedding in late winter (see Chapter 8). However, 

their survival was not affected, as even those individuals that had suffered most from 

frost damage resumed growth the following spring, forming new sprouts from the base 

of their stems (S. Palacio, unpublished results). Therefore, branches of this species are 

clearly vulnerable to freezing but its ability to resprout from the base of its stems might 

enable its survival in colder areas. 

The preformation of shoots is a common feature of species growing in 

environments with a short favourable period for shoot growth, like many alpine and 

tundra species (Meloche and Diggle, 2001). Accordingly, the level of shoot 

preformation increased along the study gradient, being higher in species with a short 

period of dolichoblast growth, like E. horridum, and lower in species with a long 

dolichoblast development period, like S. montana. Shoot preformation ensures the 

completion of shoot growth in a short period of time, making species less dependent on 

the environmental conditions at the end of the growth season (Marks, 1975). However, 

it also limits the plasticity of plants to environmental changes (Jones and Watson, 
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2001). Accordingly, the ability to develop partially neoformed shoots is common to 

species with a long period of shoot growth, which grow in frequently disturbed 

environments (Puntieri et al., 2002a) or variable environmental conditions (Remphrey 

and Steeves, 1984). Their partial shoot neoformation enables these species to respond 

quickly to short favourable pulses for shoot growth, protracting their vegetative growth 

when favourable conditions prevail (Marks, 1975). 

All of the study species displayed rhythmic growth, stopping the expansion of 

their shoots during winter. These growth periodicity might be due to the inhibitory 

effect of low temperatures on shoot growth, as low winter temperatures have been 

extensively proved to affect the duration and periodicity of shoot growth in woody 

species (Nilsson and Walfridsson, 1995; Ögren, 1999a; Stevenson et al., 1999). Winter 

cold also arrested the morphogenesis of all study species. Similar results have been 

reported in Pinus pinaster, which stopped the initiation of leaf primordia during winter 

months (Jordy, 2004). The inhibitory effect of low temperatures on shoot growth and 

morphogenesis might take place at different levels. First, low temperatures slow down 

cell division and cell expansion processes; then, if maintained over a long period of 

time, they may lead to decreased growth rates of both leaves and shoots (Pollock and 

Eagles, 1988). 

Despite the relevance of winter cold as a limiting factor, summer drought was 

also an important stressing factor for S. lavandulifolia, the species growing at the lowest 

end of the gradient, which arrested both its shoot growth and morphogenesis during this 

period. Comparable results were obtained for other two species of Mediterranean sub-

shrubs growing in similar environments (Palacio and Montserrat-Martí, 2005). In 

addition to temperature, water availability can also affect shoot growth and 

morphogenesis (De Faÿ et al., 2000; Palacio and Montserrat-Martí, 2005), as water is 

needed by expanding cells to maintain an adequate turgor pressure throughout the 

expansion process (Bradford and Hsiao, 1982). 

In the present study, the species growing at the low end of the gradient bore their 

buds in emerged evergreen brachyblasts and had partially neoformed shoots. Both 

brachyblast and partially neoformed shoots are advantageous in mild environments, as 

they enable plants to take advantage of unpredictable short favourable periods for shoot 

growth (Remphrey and Steeves, 1984; Shmida and Burgess, 1988). However, as winter 

cold increases along the gradient, the suitable period for shoot growth is reduced, and 

the maintenance of exposed green leaves throughout the year increases the vulnerability 
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of plants to freezing damage. Furthermore, if climate becomes more predictable, the 

benefits of having a rapid response to favourable periods are reduced (Shmida and 

Burgess, 1988). Therefore, green emerged brachyblasts and partially neoformed shoots 

might no longer be advantageous, brachyblast-bearing species being replaced by species 

without brachyblasts, which bear buds tightly protected throughout their development, 

and show a more constrained pattern of shoot growth. 
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Above and belowground phenology of six Mediterranean sub-

shrubs with contrasting pheno-morphology * 

             

ABSTRACT 

Above and belowground phenology are critical aspects of plant life in areas of seasonal climate like 
mediterranean regions. However, fine root growth phenology is rarely considered in most phenological 
studies dealing with mediterranean communities. The aim of this study was to analyse the relationship 
between above and belowground phenology of six species of Mediterranean sub-shrubs, assessing if there 
is any competition for resources between shoot and fine root growth. Observations were conducted 
monthly over a minimum of 12 months per species. Fine root growth could not be assessed in the winter-
deciduous Ononis fruticosa. In most of the remaining species, fine root growth varied significantly 
throughout the year, being higher in autumn than in spring, and minimum in summer. In the species 
growing in cold areas root growth was also reduced during winter. The occurrence of shoot growth had 
no significant effect on fine root growth in the study species. However, species displaying a short period 
of dolichoblast development tended to separate both growth processes throughout the year. These results 
emphasize the importance of water availability and winter cold on fine root growth. A trade-off appears to 
exist between the duration of the period of dolichoblast development and the overlap between root and 
shoot growth. 

RESUMEN 

Tanto la fenología de la parte aérea como la fenología de crecimiento de las raicillas son procesos 
fundamentales para la supervivencia de las plantas en ambientes de clima estacional, como las regiones 
mediterráneas. Sin embargo, la fenología del crecimiento de las raicillas no suele tenerse en cuenta en los 
estudios fenológicos sobre comunidades mediterráneas. El objetivo de este estudio fue analizar la relación 
entre la fenología de la parte aérea y la subterránea en seis especies de caméfitos leñosos mediterráneos, 
determinando si existe algún tipo de competencia por los recursos entre el crecimiento de los 
dolicoblastos y el de las raicillas. Las observaciones se llevaron a cabo durante un mínimo de 12 meses 
por especie. El análisis del crecimiento de las raicillas finas no pudo realizarse en el caducifolio de 
invierno Ononis fruticosa. No obstante, en la mayoría de las especies de estudio restantes el crecimiento 
de las raicillas finas varió de forma significativa a lo largo del año, siendo mayor en otoño que en 
primavera y alcanzando valores mínimos en verano. En las especies de zonas más frías, el crecimiento de 
las raicillas se redujo también durante el invierno. La ocurrencia del crecimiento de los dolicoblastos no 
tuvo un efecto significativo sobre el crecimiento de las raicillas de las especies de estudio. Sin embargo, 
aquellas especies con un periodo de desarrollo de sus dolicoblastos corto tendieron a separar ambos 
procesos de crecimiento a lo largo del año. Estos resultados resaltan la importancia de la disponibilidad 
hídrica y el frío invernal sobre el crecimiento de las raicillas. Parece que existe un compromiso entre la 
duración del periodo de desarrollo de los dolicoblastos y el grado de solapamiento entre la brotación y el 
crecimiento de las raicillas. 

   
* Palacio, S., Montserrat-Martí, G. Above and belowground phenology of six Mediterranean sub-shrubs 
with contrasting pheno-morphology. Journal of Arid Environments. (Submitted). 
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INTRODUCTION 

Phenology, i. e. the seasonal timing of life cycle events, can be critical to plant survival 

and reproduction, especially in areas of seasonal climate like mediterranean regions 

(Rathcke and Lacey, 1985; Gill and Mahall, 1986). Plants growing in Mediterranean-

type environments have to face two harsh periods each year: summer drought and 

winter cold (Mitrakos, 1980). Under such environmental conditions, phenology reflects 

the strategy of plants to cope with the alternation of favourable and unfavourable 

seasons for assimilation and growth (Castro-Díez et al., 2003). Within mediterranean 

woody species, sub-shrubs normally dominate those arid areas subjected to high levels 

of stress or frequent disturbances where trees and shrubs are unable to compete (Shmida 

and Burgess, 1988). The shallowness of their root systems makes them more dependent 

on climatic conditions than mediterranean phanaerophytes (Mooney and Kummerow, 

1981). Accordingly, most sub-shrubs from arid and semi-arid environments have a 

marked seasonality of growth, perform their growth activities in a short time, and are 

highly responsible to temperature and water availability (Bertiller et al., 1991; 

Ghazanfar, 1997). Despite these limitations, mediterranean sub-shrubs encompass a 

great diversity of pheno-morphological types, including seasonally dimorphic species in 

warm and dry areas, and winter-deciduous species or cushion plants with photosynthetic 

stems in colder areas (Orshan, 1989). Most of these pheno-morphological types can be 

found growing along altitude gradients in Mediterranean mountains (see Chapter 2, 

Palacio and Montserrat-Martí, 2006). 

The majority of phenological studies on mediterranean species have assessed the 

occurrence of aboveground phenophases such as shoot growth, flowering, fruiting, or 

leaf shedding (Mooney and Kummerow, 1981; Baker et al., 1982; Orshan, 1989; 

Petanidou et al., 1995; Montserrat-Martí et al., 2004; Tébar et al., 2004; Castro-Diez et 

al., 2005). However, by studying only aboveground phenology we miss information 

about roots, which nonetheless have a great relevance for the nutrient and carbon 

cycling of plants and ecosystems (Raich and Nadelhoffer, 1989; Hendrick and Pregitzer, 

1993). Fine roots are one of the most important and dynamic components of root 

systems. They can account for as much as 67% of forest primary production 

(Santantonio and Grace, 1987), and they dominate total biomass and N litter inputs to 

the soil (Hendrick and Pregitzer, 1993). However, the difficulties associated with the 
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assessment of fine root phenology have resulted in a paucity of studies analysing 

simultaneously above and belowground phenology. Furthermore, many of the studies 

dealing with fine root phenology have been conducted at a community level, and 

aboveground phenological observations are often absent or incomplete. 

Given that plant resources are limited, the allocation of photosynthate to the 

various growth sinks of a plant must be controlled by internal physiological factors 

(Borchert, 1991). Plants growing in seasonal environments must have adapted 

secondarily their endogenous growth rhythms to the seasonal changes in climate 

(Borchert, 1975; Drew and Leidig, 1980; Reich et al., 1980). Therefore, the phenology 

of a species might be the result from the interaction among a variety of endogenous and 

environmental factors (Borchert, 1991, 2000). In particular, root and shoot growth 

appear to be related by a functional equilibrium (Thornley, 1972; Drew and Leidig, 

1980). Periods of root growth alternate in the majority of trees with periods of shoot 

growth, and root growth is apparently inhibited by shoot growth (Reich et al., 1980; 

Borchert, 1991). Several models have been proposed to explain this relationship 

(Thornley, 1972; Borchert, 1975, 1978; Wilson, 1988). According to most of these 

models, when one of the two subsystems of a plant (shoot and root) outgrowths the 

other, the functional equilibrium is disturbed, and the growth of such subsystem must be 

temporally arrested until the functional balance is restored (Drew and Leidig, 1980). 

Root-shoot growth models have been tested in species growing in non-seasonal climates 

like tropical trees (Borchert, 1975, 1978, 1991), as well as in temperate trees and 

conifers (Drew and Leidig, 1980; Reich et al., 1980; Iivonen et al., 2001). However, 

they have never been tested in plants growing in markedly seasonal environments with 

short growth periods, like mediterranean sub-shrubs. 

The aim of this study was to analyse the relationship between above and below 

ground phenology in six species of Mediterranean sub-shrubs. We test the hypothesis 

that root and shoot growth are competing processes, and hence we expect them to occur 

in different periods of the year, so competition among growing sinks is reduced. To test 

this hypothesis we analysed the aboveground phenology and the seasonal fine root 

dynamics of six species representative of the main pheno-morphological types of 

mediterranean sub-shrubs found in the mountains of NE Spain. 
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MATERIALS AND METHODS 

Study species 

The six species selected for this study: Echinospartum horridum (Vahl.) Rothm. 

(Fabaceae), Ononis fruticosa L. (Fabaceae), Satureja montana L. (Lamiaceae), Salvia 

lavandulifolia (Lamiaceae), Lepidium subulatum L. (Brassicaceae) and Linum 

suffruticosum L. (Linaceae) are representative of the most relevant pheno-

morphological types of sub-shrubs that grow naturally along an altitudinal gradient from 

the Ebro Basin to the Western Spanish Pre-Pyrenees (see Chapter 2; Palacio and 

Montserrat-Martí, 2006). E. horridum is representative of the evergreen thorny cushion 

plants which grow at high altitude within the study area, its shoots are spiny and 

photosynthetic (Talavera, 1999). O. fruticosa and S. montana are representative of the 

pheno-morphological types that grow at middle altitude within the study area. The 

former is a winter-deciduous species while the latter is a seasonally dimorphic species 

that flowers and attains maximum green biomass values in summer. Finally, S. 

lavandulifolia, L. subulatum and L. suffruticosum are representative of the seasonally 

dimorphic species which flower and attain maximum photosynthetic biomass values in 

early spring, similarly to most mediterranean seasonally dimorphic species (Mooney 

and Kummerow, 1981; Bolòs et al., 1990). Except for E. horridum which has only long 

shoots, all of the study species bear two different types of branches: long and short 

branches, i. e. dolichoblast and brachyblasts. In the present study, we consider short 

branches or brachyblasts as those shorter than 2 cm and long branches or dolichoblasts 

as those longer than 2 cm. In all of the study species inflorescences develop at the distal 

end of dolichoblasts. 

 

Study sites 

For each species we selected a natural population composed of a minimum of 500 adult 

individuals situated within its normal distribution range. E. horridum was studied in a 

population located in San Juan de la Peña Range, 25 km SW of Jaca, Spain (UTM: 

30TXN8908; at 1380 m a. s. l.); O. fruticosa in a N-faced limestone hillside near 

Bernués, Spain (UTM: 30TYN0108; at 1030 m a. s. l.); S. montana in the riverside of 

the Guarga River, near Lasieso, Spain (UTM: 30TYM1099; at 670 m a. s. l.); S. 

lavandulifolia in a N-exposed limestone and gypsum hillside near Villamayor, 13 km 

East of Zaragoza, Spain (UTM: 30TXM8920 at 340 m a. s. l.); while L. subulatum and 
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L. suffruticosum coexisted in a nearly-pure gypsum hill in the gypsum outcrops of 

Villamayor, 12 km East of Zaragoza, Spain (UTM: 30TXM8820, at 320 m a. s. l). 

Climate in the high parts of the study area is characterized by short summer drought 

periods and cold winters, with an increasing risk of winter freezes as altitude increases 

(Creus-Novau, 1983; Fig. 1). Accordingly, in the highest parts of the study area the 

upper centimetres of the soil can remain frozen for most part of the day during the 

coldest winter months (S. Palacio, personal observation). In the low parts of the study 

area the risk of winter freezes is lower, but the length of summer drought increases 

remarkably (Fig. 1; see Chapter 2 for further details). 

 

Hostal de Ipiés (Huesca), 700 m a. s. l.

0,0

50,0

100,0

150,0

200,0

250,0

300,0

J FMAM J J A SOND J FMAM J J A SOND J FMAM J J A SOND

Precipitation (mm)

-5,0

0,0

5,0

10,0

15,0

20,0

25,0

Termperature (ºC)

C

2002 2003 2004

Aula Dei (Zaragoza), 250 m a. s. l.

0,0

50,0

100,0

150,0

200,0

250,0

300,0

J FMAM J J A SOND J FMAM J J A SOND J FMAM J J A SOND

Precipitation (mm)

-5,0

0,0

5,0

10,0

15,0

20,0

25,0

30,0

Termperature (ºC)

D

2002 2003 2004

Bernués (Huesca), 917 m a. s. l.

0,0

50,0

100,0

150,0

200,0

250,0

300,0

J FMAM J J A SOND J FMAM J J A SOND J FMAM J J A SOND

Precipitation (mm)

-5,0

0,0

5,0

10,0

15,0

20,0

25,0

30,0

Termperature (ºC)

B

2002 2003 2004

Jaca (Huesca), 820 m a. s. l.

0,0

50,0

100,0

150,0

200,0

250,0

300,0

J FMAM J J A SOND J FMAM J J A SOND J FMAM J J A SOND

Precipitation (mm)

-5,0

0,0

5,0

10,0

15,0

20,0

25,0

30,0

Termperature (ºC)

A

2002 2003 2004

Hostal de Ipiés (Huesca), 700 m a. s. l.

0,0

50,0

100,0

150,0

200,0

250,0

300,0

J FMAM J J A SOND J FMAM J J A SOND J FMAM J J A SOND

Precipitation (mm)

-5,0

0,0

5,0

10,0

15,0

20,0

25,0

Termperature (ºC)

C

2002 2003 2004

Aula Dei (Zaragoza), 250 m a. s. l.

0,0

50,0

100,0

150,0

200,0

250,0

300,0

J FMAM J J A SOND J FMAM J J A SOND J FMAM J J A SOND

Precipitation (mm)

-5,0

0,0

5,0

10,0

15,0

20,0

25,0

30,0

Termperature (ºC)

D

2002 2003 2004

Bernués (Huesca), 917 m a. s. l.

0,0

50,0

100,0

150,0

200,0

250,0

300,0

J FMAM J J A SOND J FMAM J J A SOND J FMAM J J A SOND

Precipitation (mm)

-5,0

0,0

5,0

10,0

15,0

20,0

25,0

30,0

Termperature (ºC)

B

2002 2003 2004

Jaca (Huesca), 820 m a. s. l.

0,0

50,0

100,0

150,0

200,0

250,0

300,0

J FMAM J J A SOND J FMAM J J A SOND J FMAM J J A SOND

Precipitation (mm)

-5,0

0,0

5,0

10,0

15,0

20,0

25,0

30,0

Termperature (ºC)

A

2002 2003 2004

 
Figure 1. Total precipitation (dark bars), mean temperature (solid line) and mean minimum temperature 
(dotted line) for the study period of the weather stations of: (A) Jaca, (Huesca) located 25 km east of the 
study site of E. horridum, (B) Bernués (Huesca) located 4 km south-west of the study site of O. fruticosa, 
(C) Hostal de Ipiés (Huesca), located 8 km east of the study site of S. montana and (D) Aula Dei 
(Zaragoza) located 9 and 10 km west of the study sites of S. lavandulifolia and L. suffuticosum and L. 
subulatum, respectively. 
 

Aboveground phenology 

Phenological observations were carried out monthly between July 2002 and December 

2004 for a minimum of 13 months per species. Fifteen plants were randomly selected 
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per species and monitored each sampling date to determine the frequency of phenophase 

occurrence within the population. The study followed the methodology introduced by 

Orshan (1989) and latter modified Montserrat-Martí and Pérez-Rontomé (2002). The 

phenological stages considered are shown in Table 1. In addition, 30-40 representative 

branches were collected at each sampling date from neighbouring plants and preserved 

in a herbarium for future verifications. The percentage of occurrence of phenological 

phases in each species at each time was calculated. Phenophases displayed by less than 

5% of the shoots of an individual or by less than 5% of the individuals of a species were 

considered occasional and were disregarded. 

 

Table 1. Phenological events considered 

Phenophase  Description 

DVG  Dolichoblast vegetative growth: dolichoblasts with expanding leaves and/or internodes. 

BVG  Brachyblast vegetative growth: brachyblasts with expanding leaves and/or internodes (lacking in 
E. horridum). 

FBF  Flower bud formation: flower buds visible to the naked eye. 

F  Flowering: appearance of open flowers. 

FS  Fruit setting: green fruits visible to the naked eye. 

SD  Seed dispersal: dispersal of fruits, seeds or parts of infrutescences. 

LSD 
 

Leaf senescence of dolichoblast: death of dolichoblast leaves, generally with presence of 
senescent leaves in the dolichoblasts, i. e. those leaves with more than 50% of their surface 
yellowish or brown. 

LSB 
 

Leaf senescence of brachyblasts: death of brachyblast leaves, generally with presence of senescent 
leaves in the brachyblasts, i. e. those leaves with more than 50% of their surface yellowish or 
brown. (Not considered in E. horridum). 

SDS  Senescence of dolichoblast stems: stems of dolichoblasts with more than 50% of their surface 
senescent, i. e. yellowish or brown (only considered in E. horridum). 

 

 

Fine root growth 

Sampling was conducted monthly between October 2002 and December 2004 for a 

minimum of 12 months per species. Each sampling date, three to five individuals per 

species were carefully dug to a depth of 30-40 cm and a width of 20 cm at each sides 

from the projection of the canopy of the plant. Mediterranean sub-shrubs have normally 

shallow root systems (Hoffmann and Kummerow, 1978; Kummerow, 1981), in which 

up to 83-100% of the root biomass is concentrated in the upper 30 cm of the soil (Miller 

and Ng, 1977). Accordingly, this method allows the collection of most of the root 

system of a species, or at least of those fine roots growing closer to the main root. Plants 

with their surrounding soil were taken to the laboratory, where roots were carefully 
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washed. A representative subsample of fine roots was collected at three different depths 

within the root system of each plant (upper third, mid third and lower third). The 

number and diameters of growing fine roots within each subsample were measured 

under a stereomicroscope fitted with an ocular micrometer (MS5 Leica Microsystems, 

Heerbrugg, Switzerland). Fine roots were considered growing when their apex was 

hyaline and their cortex remained white without further suberification (Kramer and 

Bullock, 1966; Kummerow et al., 1978). Subampled fine roots were dried at 60ºC to a 

constant weight and dry weights were measured to the closest 0.01 mg. Numbers of fine 

growing roots of the three subsamples were pooled together and the total amount of 

growing fine roots per dry weight of sampled fine roots was calculated per each plant. 

Root growth data were expressed as the percentage of the mean monthly maximum 

amount of growing fine roots per mg of sampled roots recorded during the sampling 

period for each species (RG). This conversion was necessary to standardize root growth 

data among species. Though it is destructive and hence less accurate for seasonal 

monitoring purposes, this method provides a good estimate of the amount of growing 

fine roots in species living in mixed stands and where the rockiness or the instability of 

the soil impede the application of non-destructive methods such as minirhizotrons. 

 

Calculations and statistics 

The “Phenophase Sequence Index” (PSI) was calculated following Castro-Díez and 

Montserrat-Martí (1998) as: 

PSI = t (DVG + FBF + F) / (t (DVG) + t (FBF) + t (F)) 

being “t” the number of months required to complete the phenophase/s represented in 

parenthesis beside it. This index provides an estimate of the overlap between the 

aboveground vegetative and reproductive phenophases of a species. Its values range 

from 0.3, when there is a large overlap, to 1, when there is a totally sequential 

arrangement of phenophases. To calculate the PSI only those months with DVG, FBF 

and F present in more than 5% of individuals were considered. 

To assess the degree of overlap between the above and below ground vegetative growth, 

we defined the “Root-Shoot Overlap Index”, a modification of the PSI. This index is 

calculated as: 

RSOI = t (DVG + RG) / t (DVG) + t (RG) 

Where “t” is the number of months necessary to complete the phenophase/s represented 

in parenthesis beside it. To calculate the RSOI only those months with DVG and RG 
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present in more than 5% of the population individuals were considered. The most costly 

process of shoot growth in the study species is the expansion of long branches (DVG), 

as the growth of brachyblasts involves only the formation of very short internodes, and 

is undertaken over a long period of time (Montserrat-Martí et al., 2004; Palacio and 

Montserrat-Martí, 2005). Consequently, the phenophase BVG was not considered for 

the assessment of shoot growth. RSOI values close to 0.5 indicate a high overlap of root 

and shoot growth, while values close to one indicate a sequential arrangement of both 

processes. 

Differences in RG among species and seasons were analysed by the non-

parametrical Kruskal-Wallis test for unpaired samples. Within species, differences in 

RG among sampling dates and seasons were analysed by one-way ANOVAs when data 

meet the requirements of the test and by the non-parametrical Kruscal-Wallis test 

otherwise. Means were compared at 5% probability using the Scheffé test when normal 

data had homoscedasticity, and the T3-Dunnett test otherwise. The non-parametrical U-

Mann-Whitney test for unpaired samples was used when data lacked normality. To 

study the relationship between DVG and RG, data from DVG were sorted into two 

groups: months with DVG in more than 5% of the population individuals (“DVG > 

5%”), and months with DVG in less than 5% of the population individuals (“DVG < 

5%”). Differences in RG between both groups were assessed by means of the non-

parametrical U-Mann-Whitney test. Given that the aim of the analysis was to study the 

occurrence of root growth in relation to shoot growth, those months showing a RG 

lower than 5%, i. e. no root growth, were excluded from the analysis. All data were 

checked for normality and homoscedasticity prior to statistical analyses. SPSS 13.0 

(SPSS Inc., Chicago, USA) was used for all statistical analyses. 

RESULTS 

Aboveground phenology 

Phenological diagrams of the six species of study are shown in Fig. 2. All species 

showed a similar arrangement of phenophases. The phenological cycle started with the 

formation of renewal buds and brachyblasts in the axils of dolichoblast leaves while 

dolichoblast elongation proceeded. In most species this growth activity was arrested 

during winter and summer, whereas in S. montana the growth of axillary brachyblasts 

was arrested during winter but not during summer (Fig. 2). In all study species BVG
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Figure 2. Phenological diagrams of Lepidium subulatum, Linum suffruticosum, Salvia lavandulifolia, Satureja montana, Ononis fruticosa and Echinospartum 
horridum, for the study period. Phenophase nomenclature follows Table 1. Dotted line: the phenological stage is displayed in less than 5% of the adult 
individuals of the population; continuous single line: it is displayed in between 5% and 25% of the adult individuals of the population; continuous double line: 
it is displayed in more than 25% of the adult individuals of the population. 

 



and bud development were completed in the next growth season, with the expansion of 

buds and brachyblasts into dolichoblasts (DVG), which was followed by BVG, FBF, F, 

FS and SD. The species growing at lowest altitudes: L. suffruticosum and L. subulatum 

were the first species starting their aboveground phenological activity after winter cold 

(January), while S. montana and E. horridum were the last ones (April). L. 

suffruticosum and L. subulatum were also the first species to end their phenological 

activity with fruit set (June), while S. montana was the last one (October). The period of 

dolichoblast development, which in these species comprises from the initiation of DVG 

to the end of flowering, is the period of maximum vegetative activity, when plants show 

a greater amount of photosynthetic biomass (Palacio et al., 2007; Chapter 6). Among 

the study species, S. montana and L. suffruticosum had the longest periods of 

dolichoblast development (6.5 and 6 months respectively), O. fruticosa and L. 

subulatum had intermediary values (4.75 and 4.5 months, respectively), while E. 

horridum and S. lavandulifolia had the shortest periods (3 and 4 months, respectively). 

Though flowering was conducted by most individuals of the population, few seeds 

attained maturity in E. horridum and O. fruticosa, as many flowers aborted and a high 

number of fruits were eaten by insects. Consequently, SD of these species was short and 

of low magnitude. The other four study species produced great amounts of smaller 

seeds that dispersed for longer. Except for E. horridum and O. fruticosa that 

concentrated leaf senescence in a few months, all species displayed LSD and sometimes 

also LSB during most part of the year. Nevertheless, the rate of leaf senescence was not 

constant throughout the year, and LSD and LSB normally peaked before and just after 

the end of DVG. The short duration of LSD and LSB in O. fruticosa and E. horridum 

might be related to the reduced leaf lifespan of their spring leaves, which in E. horridum 

is compensated by the presence of photosynthetic shoots. SDS of the shoots of E. 

horridum occurred following the expansion of the new cohort of shoots, when the first 

leaves of dolichoblasts were already unfolded. 

All species had similar PSI values, showing a moderate overlap of their 

phenophases (Table 2). The species with the highest degree of phenophase sequencing 

was E. horridum, while S. lavandulifolia displayed the highest overlap. Though both 

species completed DVG, FBF and F in just three–four months, E. horridum had very 

short phenophases and hence the degree of overlap among them was lower. 

 

 

102 



  Relationships between above and belowground phenology 
 

 

 
Table 2. Phenophase Sequence Index (PSI) and Root-Shoot Overlap Index (RSOI) of the six 
study species. 

Species  PSI  RSOI 

Linum suffruticosum  0.60  0.67 

Lepidium subulatum  0.53  0.75 

Salvia lavandulifolia  0.47  0.85 

Satureja montana  0.61  0.71 

Ononis fruticosa  0.56  - 

Echinospartum horridum  0.67  0.80 
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Figure 3. Seasonal variation of shoot growth (% of individuals within the study population, 
DVG, dotted line), and fine root growth (% of the mean monthly maximum, RG, solid line) of 
Linum suffruticosum (A), Lepidium subulatum (B), Echinospartum horridum (C), Salvia 
lavandulifolia (D) and Satureja montana (E). Values are means (DVG n = 15; RG n= 4). 
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Figure 4. Seasonal variation of root growth (RG) in Linum suffruticosum (A), Lepidium 
subulatum (B), Salvia lavandulifolia (C), Satureja montana (D) and Echinospartum horridum 
(E). Means ± 2 SE are represented. Different letters indicate significant differences after the T3-
Dunnett test in S. montana, or the U-Mann-Whitney test otherwise (P < 0.05). 
 

Fine root growth  

Almost no fine roots were found in the upper 30-40 cm of the excavated root systems of 

O. fruticosa. Consequently, fine root growth (RG) was not assessed in this species. 

Careful excavations of the whole root system of this species revealed a high rooting 

depth in comparison with the rest of study species, and a very low biomass of fine roots 

(Chapter 8), which were mainly located in the extremes of its root system. The low 

amount of fine roots of O. fruticosa might be compensated by the apparent water 

storage capacity of its roots, which posses a spongy cortex and were frequently found to 
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exude water when cut in the field (S. Palacio, unpub. data). The other five study species 

showed great amounts of fine roots growing at different depths within the root system. 

In the shoot-rooting species E. horridum, S. lavandulifolia and S. montana, fine roots 

grew preferentially from the root crown and the multiple rooting shoots, while in L. 

suffruticosum and L. subulatum fine roots were more evenly distributed along the root 

system. 

All species except S. montana (P = 0.096) showed significant variation of their 

RG within sampling dates (P < 0.05). In most species there was a moderate RG peak in 

spring following shoot growth, but the majority of RG was performed in autumn (Fig. 

3). Of the two species coexisting at lowest altitude, L. suffruticosum maintained RG 

during winter, while L. subulatum reduced fine root growth during the coldest months 

(Fig. 3 A-B). When sampling dates were grouped in seasons, all species showed 

significant differences between seasons in the RG (P < 0.05; Fig. 4 A-E). In S. montana 

RG was significantly higher in spring than in autumn (P < 0.05, Fig. 4 D). The 

remaining four species displayed a different seasonal pattern of RG, showing higher RG 

in autumn and lower in summer (P < 0.05; Fig. 4 A-E). 

 

Relationship between DVG and RG 

Values of RSOI of all study species are shown in Table 2. There seemed to be a 

relationship between the duration of the RSOI and the period of dolichoblast 

development, i.e. the period maximum vegetative activity. Accordingly, species with 

the longest period of dolichoblast development (L. suffruticosum and S. montana) were 

also the species with highest overlap between root and shoot growth (low RSOI), while 

the opposite trend was found in species with the shortest period of dolichoblast 

development (E. horridum and S. lavandulifolia; Table 2, Fig. 2). 

Fine root growth data higher than 5% showed significant differences among 

species (P < 0.05), and could not be pooled together. Accordingly, the effect of DVG on 

RG was assessed in each species separately. Though those species with a short period of 

dolichoblast development like E. horridum and S. lavandulifolia tended to separate both 

growth processes throughout the year (Fig. 3), the results show that there were no 

significant differences in the RG of months with or without DVG in these species (P = 

0.530 and P = 0.370, for E. horridum and S. lavandulifolia respectively). This might be 

due to the much lower number of cases with “DVG > 5%” than those with “DVG < 

5%” recorded in these species. In L. suffruticosum, the species with the longest period 
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of dolichoblast development, mean RG values tended to be higher in months with DVG 

(Fig. 3), but the relationship was not significant. Results were similar in the remaining 

species analyzed, DVG having no significant effect on RG. 

DISCUSSION 

Aboveground phenology 

The similar arrangement of aboveground phenophases observed in the study species 

might be related to the presence of terminal inflorescences in all of them, which is an 

important constrain for the variation of their phenological patterns (Diggle, 1999). 

Given that the positional relationship between vegetative growth and terminal 

inflorescences cannot be uncoupled, flowering can never precede vegetative growth, 

and changes in flowering time might necessary involve variations in plant size or plant 

architecture, with important consequences for plant fitness (Diggle, 1999). 

Other morphological traits that entail important consequences for the 

aboveground phenology of study species are the presence of brachyblasts and the degree 

of shoot preformation within buds. In all species but E. horridum, brachyblasts formed 

during dolichoblast expansion in spring remain alive during the unfavorable seasons to 

give rise to a new cohort of dolichoblasts next spring (Palacio and Montserrat-Martí, 

2005, 2006). However, E. horridum lacks brachyblasts, and dolichoblast growth is 

accomplished from naked buds located under the leaf-bases of dolichoblasts (Palacio 

and Montserrat-Martí, 2006). By the beginning of shoot elongation, these naked buds 

contain all the three internodes of the dolichoblasts of E. horridum already preformed 

(Palacio and Montserrat-Martí, 2006). Not surprisingly, this species has a rapid 

expansion of dolichoblasts and a short duration of DVG which, coupled to its short 

reproductive phenophases, results in a very short phenological cycle. Contrastingly, the 

brachyblast-bearing species S. montana has dolichoblasts with a greater number of 

internodes and a low degree of preformation (Palacio and Montserrat-Martí, 2006). This 

species starts DVG later, and protracts its phenological cycle for longer than E. 

horridum, displaying a great phenological activity during summer, which might limit its 

distribution to sites with some water availability during this part of the year. 

The earlier start and conclusion of the phenological cycle of L. suffruticosum and 

L. subulatum, the species growing at the lowest altitude within the study area, might be 

related to the environmental conditions in which they grow. The most stressing period 
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of the year for these species might be summer drought, as winter freezes are not very 

frequent in these lower areas (Fig. 1). Accordingly, these species perform most of their 

aboveground phenological cycle before the arrival of summer drought, a process that 

can be accomplished thanks to the early initiation of their leaf primordia, which starts 

by autumn or late summer (Palacio and Montserrat-Martí, 2005; Chapter 3). The later 

start and conclusion of the aboveground phenological activity of S. lavandulifolia, 

which grows closely to L. suffruticosum and L. subulatum in the study area, might be 

related to the moister microsites where it lives. This species grows normally in sites 

with enhanced water availability, like N-exposed hillsides or at the bottom of gullies, 

which might delay the onset of summer drought. 

 

Fine root growth 

The different seasonal pattern of fine root growth observed in S. montana might be 

related to the closeness of the study population to a riverside, which ensures water 

availability during summer. This species normally occurs on mobile gravels with some 

access to deep water during summer where the instability of the substrate prevents the 

colonization by trees and shrubs. At the study site, water availability throughout 

summer might allow fine root growth during an otherwise stressing period. Similar fine 

root growth patterns were reported for hardwood forests not subjected to summer 

drought, where fine root growth is mainly limited by winter temperatures (Hendrick and 

Pregitzer, 1993; Burke and Raynal, 1994). The other four species analyzed, which grow 

in shallow soils that dry out frequently during summer, showed a marked decrease of 

RG during this period of the year. These results agree with previous studies on root 

phenology of mediterranean and desert plants (Evenari, 1938; Kummerow et al., 1978; 

Montenegro et al., 1982; Wan et al., 2002; Wilcox et al., 2004), emphasizing the 

importance of water availability for fine root growth in arid environments. 

The analysis of the seasonal patterns of RG of those species growing in the 

coldest parts of the study area puts forward the important effect of low temperature on 

fine root growth dynamics. Similarly, soil temperatures below 5ºC reduced root growth 

in Scots pine seedlings growing in controlled conditions (Domisch et al., 2001); while 

shrubs from the cold semi-desert of northern Utah showed a progression of root growth 

activity from the upper to the deeper depths of the soil profile following the increase of 

soil temperature through the season (Fernandez and Caldwell, 1975). In the lower parts 

of the study area where winter air temperatures are higher and the soil rarely freezes 
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during winter, the thermal buffering capacity of the soil might reduce the negative effect 

of low winter temperatures on root growth (Cooper, 1973). Consequently, the reduction 

of RG during winter was less in the species growing in such warmer areas. 

 

Relationship between above and belowground phenology 

The hypothesis tested could not be verified in none of the study species, partly due to 

the unbalanced nature of some of our data. In species with a short phenological cycle, 

like E. horridum and S. lavandulifolia, there was a trend towards separating shoot and 

root growth processes throughout the year. However, our data were not powerful 

enough to statistically demonstrate it. In the study sites, the only suitable periods for the 

vegetative growth of these species are spring and autumn, and hence they must divide 

growth between these two separate periods. Consequently, shoot growth is performed in 

spring, when both air temperature and water availability are favorable for growth 

processes, while root growth occurs preferentially in autumn, a period when the risk of 

early freezes could limit aboveground growth but not the growth of the better insulated 

roots (Lyr and Hoffmann, 1967; Cooper, 1973). These results agree with a previous 

study on a nutrient-limited mediterranean scrub growing on a sandy substrate, where 

shoot and root growth were separated between autumn and spring to avoid competition 

for resources (Martínez et al., 1998). Contrastingly, in those species showing a 

protracted aboveground phenological cycle, like L. suffruticosum and S. montana, fine 

root growth tended to be concurrent with shoot growth. These species showed a certain 

fine root growth in spring in addition to the growth peak of autumn, similarly to what 

happens on mediterranean shrublands from California and France (Kummerow et al., 

1978; Kummerow et al., 1990). Likewise, plants form the Chilean matorral had higher 

fine root biomass in spring than in autumn, but autumn was the main period for fine root 

biomass gain (Montenegro et al., 1982). Therefore, a trade-off appears to exist between 

the length of the aboveground phenological cycle and the degree of overlap between 

root and shoot growth periods (RSOI). 

Unfortunately, it was not possible to assess fine root growth in the winter-

deciduous O. fruticosa. Previous studies on the fine root growth dynamics of deciduous 

species have reported a marked decrease in the numbers of growing roots when plants 

are leafless as a result of an imbalance between reduced carbon gain and the respiratory 

demands of fine roots (Burke and Raynal, 1994; West et al., 2003). However, 

Landhäusser and Lieffers (2003) found that early autumn was a period of increased root 
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growth in the winter-deciduous Populus tremuloides, which was accompanied by a 

depletion of the root starch reserves. Similarly, root reserves of nitrogen and non-

structural carbohydrates were found to diminish during autumn in O. fruticosa (see 

Chapter 8), which could be related to the occurrence of root growth in this species. 

 

Conclusions 

Our results highlight the importance of water availability and winter temperatures on 

the dynamics of fine root growth of the study species. No significant competition 

between root and shoot growth could be detected in the species analyzed, though those 

species with a short period of dolichoblast development tended to separate both 

processes throughout the year. Accordingly, a trade-off appears to exist between the 

duration of the period of dolichoblast development and the overlap between root and 

shoot growth in the study species. As the period of dolichoblast development gets 

shorter, competition between root and shoot growth might increase, and species might 

tend to dissociate both processes, performing shoot growth in spring and root growth in 

autumn. Further studies analyzing both above and belowground phenology in a greater 

number of species with different duration of dolichoblast development are needed to 

verify the occurrence of such a trade-off. 
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Chapter 6 

Aboveground biomass allocation patterns within 

Mediterranean sub-shrubs: a quantitative analysis of 

seasonal dimorphism * 

            

ABSTRACT 

The monthly patterns of aboveground biomass allocation were studied in the branches of six 
Mediterranean sub-shrubs with different leaf phenology. Four of them were seasonally dimorphic 
species, and the remaining two were a winter-deciduous and a cushion plant with photosynthetic stems. 
By the analysis of these species we aimed to identify different aboveground biomass allocation patterns 
within seasonally dimorphic species and to understand the role of seasonal dimorphism as a strategy to 
avoid the main stresses of mediterranean climate: summer drought and winter cold. The biomass 
allocation to the different living and photosynthetic fractions of three-year-old branches was studied 
monthly for a minimum of 13 months per species. Leaf area (LA, mm2) and leaf mass per area (LMA, 
mg cm-2) measurements were used to characterize the diverse types of leaves of each species. Standing 
dead and senescent tissues accounted for a great percentage of the branch biomass of seasonally 
dimorphic species both during summer and winter. Different patterns of photosythetic biomass 
allocation were found within the seasonally dimorphic species analyzed. These patterns ranged from 
the moderate photosynthetic biomass oscillation of Salvia lavandulifolia to the almost deciduousness of 
Lepidium subulatum, and they were achieved by keeping alive, drying out or shedding different types 
of branches and leaves throughout the year. The formation of stress tolerant leaves and the reduction in 
the amount of photosynthetic biomass responded both to the occurrence of summer drought and winter 
cold. These results demonstrate that seasonal dimorphism is a flexible ecological strategy, as it 
comprises very different leaf phenologies and enables plants to escape both summer drought and winter 
cold. 

RESUMEN 

   
* Palacio, S., Millard, P., Montserrat-Martí, G., 2007. Aboveground biomass allocation patterns 
within Mediterranean sub-shrubs: a quantitative analysis of seasonal dimorphism. Flora. (in 
press). 
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En este estudio se analizan los patrones mensuales de asignación de biomasa aérea en las ramas de seis 
especies de caméfitos leñosos mediterráneos con fenología foliar contrastada. Las especies estudiadas 
fueron: cuatro especies con dimorfismo estacional, un caducifolio de invierno y un cojinete espinoso 
con tallos fotosintéticos. El objetivo de este análisis fue identificar distintos patrones de asignación de 
biomasa dentro de las especies dimórficas estacionales y comprender la relevancia del dimorfismo 
estacional como estrategia para evitar los principales estreses del clima mediterráneo: la sequía estival 
y el frío invernal. Para ello, se analizaron los patrones de asignación de biomasa viva y fotosintética de 
las ramas de tres años de edad de las especies de estudio durante un periodo mínimo de 13 meses por 
especie. También se realizaron medidas del área foliar (LA, mm2) y del peso específico foliar (LMA, 
mg cm-2) para caracterizar los diversos tipos de hojas de cada especie. Los tejidos secos y senescentes 
constituyeron una fracción importante de la biomasa total de las ramas de las especies con dimorfismo 
estacional, tanto durante el invierno como durante el verano. Además, se encontraron diversos patrones 
de asignación de biomasa fotosintética entre las especies con dimorfismo estacional analizadas. Las 
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especies estudiadas mostraron oscilaciones de su biomasa que variaron desde la moderada oscilación 
de biomasa de Salvia lavandulifolia hasta la gran oscilación de Lepidium subulatum, que mostró 
patrones semejantes a los de la especie caducifolia analizada. Las especies de estudio obtuvieron estos 
patrones manteniendo verdes, secando o desprendiéndose de sus distintos tipos de hojas y ramas. La 
formación de hojas tolerantes al estrés y la reducción en la cantidad de biomasa fotosintética 
respondieron tanto a la llegada de la sequía estival como a la reducción de las temperaturas invernales. 
Estos resultados demuestran que el dimorfismo estacional es una estrategia ecológica flexible, ya que 
incluye fenologías foliares muy contrastadas y permite a las plantas evitar los efectos tanto de la sequía 
como del frío. 
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INTRODUCTION 

Mediterranean-type climate extends over a precipitation gradient that ranges from 275 

to 900 mm yearly precipitation (Aschmann, 1973). This type of climate is 

characterized by having two main periods of stress: summer drought and winter cold, 

which limit plant growth to the favourable periods of spring and autumn (Mitrakos, 

1980). It is generally assumed that the dominant vegetation types distributed along 

this precipitation gradient vary from evergreen sclerophyll forests in the wet end, to 

open communities of seasonally dimorphic sub-shrubs in the dry end (Margaris, 

1981). Evergreen sclerophylls have a morphology that changes little during the year 

and they always bear the same type of leaves (Orshan, 1989). In contrast, seasonally 

dimorphic sub-shrubs shed some of their leaves before summer and they normally 

bear two different types of branches and leaves (Margaris and Vokou, 1982; Orshan, 

1989). However, even within seasonally dimorphic sub-shrubs, a whole 

morphological gradient might be found, ranging from species that shed most of their 

branches and leaves, to species that lose only a few leaves during summer (Orshan, 

1989). 

Such a great morphological diversity seems to be the consequence of two 

pheno-morphological characteristics of seasonally dimorphic species. First, they 

normally bear two different types of branches: long branches or dolichoblasts, and 

short branches or brachyblasts (Orshan, 1963, 1972). Brachyblasts elongate into 

dolichoblasts in spring and, during dolichoblast elongation, a new cohort of 

brachyblasts develops in the axils of dolichoblast leaves (Orshan, 1972). 

Dolichoblasts and brachyblasts commonly bear different types of leaves: larger 

dolichoblast leaves (or winter leaves) with low leaf mass per area (Harley et al., 1987; 

Kyparissis and Manetas, 1993), high leaf areas (Aronne and De Micco, 2001) and 

high photosynthetic rates (Kyparissis and Manetas, 1993), and smaller brachyblast 

leaves (or summer leaves). Secondly, the growth and shedding of the different types 

of branches and leaves normally takes place in different seasons. Shedding patterns 

might vary between species both in the amount of biomass lost and in the type of 

organs periodically shed (Orshan, 1989), adjusting their living and photosynthetic 

aboveground biomass to the seasonality of their environment. However, previous 
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studies analyzing quantitatively the biomass shedding patterns of several species of 

mediterranean sub-shrubs are scarce (but see Gray and Schlesinger, 1981) 

Biomass oscillation patterns are related to the ecological strategy of plants 

(Grime et al., 1988). Accordingly, the seasonal dimorphism of mediterranean sub-

shrubs has been interpreted as a mechanism to avoid water stress during summer 

drought (Orshan, 1954; Orshan and Zand, 1962). Some information has been reported 

on the seasonal variations in the anatomy (Christodoulakis, 1989; Christodoulakis et 

al., 1990; Aronne and De Micco, 2001) and physiology (Odening et al., 1974; Harley 

et al., 1987; Stephanou and Manetas, 1997; Gratani and Bombelli, 1999; Werner et 

al., 1999; Kyparissis et al., 2000; Munné-Bosch et al., 2003) of seasonally dimorphic 

species. However, we still lack detailed quantitative information about their seasonal 

patterns of allocation both to living and photosynthetic biomass. Such quantitative 

information is important to analyze the possible benefits of seasonal dimorphism as an 

ecological strategy (Harley et al., 1987) and to understand the adjustment of 

mediterranean species to climate (Orshan, 1989). In addition, no studies have assessed 

the possible role of seasonal dimorphism as a mechanism to avoid winter cold, as for 

the majority of the species analyzed, summer drought was the most stressful period of 

the year (Mooney et al., 1977). Nevertheless, seasonal dimorphism might also help to 

avoid winter cold in those seasonally dimorphic species growing in colder 

Mediterranean-type climates, where shoot growth is arrested during winter (Palacio 

and Montserrat-Martí, 2005, 2006). 

The present study analyzed the seasonal patterns of aboveground biomass 

allocation of six species of mediterranean sub-shrubs with different leaf phenology. 

Four of the six study species were seasonally dimorphic species and the remaining 

two were a winter-deciduous and a cushion plant with photosynthetic stems. The 

cushion plant was leafless during most of the year (Marinas et al., 2004), and its 

photosynthetic biomass changed little due to the presence of photosynthetic stems. 

Therefore, these two species were likely to represent two extremes of variation of the 

photosynthetic biomass through the year. By the analysis of the six species we aimed 

to describe their living and photosynthetic biomass allocation patterns and to test the 

following hypotheses: 1) the four seasonally dimorphic species will show different 

aboveground biomass allocation patterns within the extremes of variation represented 

by the two non-seasonally dimorphic species of the study; and 2) seasonal 

dimorphism will serve as an strategy to avoid both summer drought and winter cold. 
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MATERIALS AND METHODS 

Species and study sites 

We selected six species of Mediterranean sub-shrubs that grow naturally along an 

altitude gradient from the Ebro Basin to the Western Spanish Pre-Pyrenees (320 – 

1380 m a. s. l.). These species include the seasonally dimorphic species Lepidium 

subulatum L. (Brassicaceae), Linum suffruticosum L. (Linaceae), Salvia lavandulifolia 

(Lamiaceae) and Satureja montana L. (Lamiaceae), the winter-deciduous Ononis 

fruticosa L (Fabaceae) and the thorny-cushion plant Echinospartum horridum (Vahl.) 

Rothm. (Fabaceae). Except for E. horridum which has only long shoots, all of the 

study species bear both long and short branches, i. e. dolichoblasts and brachyblasts. 

In the present study, we consider brachyblasts as those branches shorter than 2 cm and 

dolichoblasts as those longer than 2 cm. 

Due to their different distribution, it was impossible to find a single location 

where all six species coexisted. Accordingly, we selected for each species one 

population composed of a minimum of 500 adult individuals and located 

approximately in the middle of its natural distribution range within the area of study 

(Aragón, Spain). E. horridum was studied in San Juan de la Peña Range, 25 km SW 

of Jaca, Spain (42º31’N, 0º40’W; at 1380 m a. s. l.); O. fruticosa in a N-faced 

limestone hillside near Bernués, Spain (42º29’N, 0º35’W; at 1030 m a. s. l.); S. 

montana in the riverside of the Guarga River, near Lasieso, Spain (42º25’N, 0º26’W; 

at 670 m a. s. l.); S. lavandulifolia in a N-exposed limestone and gypsum hillside near 

Villamayor, 14 km East of Zaragoza, Spain (41º43’N, 0º43’W; at 340 m a. s. l.); and 

L. subulatum and L. suffruticosum coexisted in the gypsum outcrops of Villamayor, 

12 km East of Zaragoza, Spain (41º43’N, 0º44’W; at 320 m a. s. l). Therefore, the 

cushion plant E. horridum grew at the highest altitude within the study area, followed 

by the winter-deciduous O. fruticosa and the seasonally dimorphic S. montana, which 

grew at mid altitudes. At the low part of the study area we found the other three 

seasonally dimorphic species. Climate in the high parts of the study area is sub-

mediterranean, with short summer drought periods and cold winters, with an 

increasing risk of winter freezes with altitude (Creus-Novau, 1983; Fig. 1). In the low  
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Figure 1. Location of the study sites within the study area (Aragón, Spain) and available 
meteorological data of the closest weather stations for the study period (indicated by arrows). 
1, study site of L. suffruticosum, L. subulatum and S. lavandulioflia in Villamayor (Zaragoza), 
located 9-10 km East of the weather station of Aula Dei (Zaragoza); 2, study site of S. 
montana in Lasieso (Huesca), located 8 km West of the weather station of Hostal de Ipiés 
(Huesca); 3, study site of O. fruticosa located 4 km North-east of the weather station of 
Bernués (Huesca), 4, study site of E. horridum in S. Juan de la Peña Range (Huesca), located 
25 km West of the weather station of Jaca (Huesca). 
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parts of the study area the risk of winter freezing is lower, but the length of summer 

drought increases (Fig. 1). In the mid areas, where S. montana grows, both the risk of 

winter freezes and summer drought are moderate (Fig. 1). However, due to the 

closeness of the study population to a riverside, the effect of summer drought is low, 

winter being the main stressful period of the year (S. Palacio unpublished results). 

Further details on the climate and characteristics of each population can be found 

elsewhere (Palacio and Montserrat-Martí, 2005, 2006). 

 

Sampling of plant material 

Sampling was conducted monthly for a minimum of 13 months per species. E. 

horridum, S. lavandulifolia, L. suffruticosum and L. subulatum were sampled between 

2002 and 2003, while O. fruticosa and S. montana were sampled between 2003 and 

2004. However, weather conditions were quite similar between the three years of 

study (Fig. 1). On each sampling date one three-year-old branch was gathered from 15 

different individuals randomly selected within the population. In spring time, when 

the new shoots were expanding, four different cohorts of shoots coexisted in the three-

year-old branches. In order to have comparable samples throughout the year, once the 

spring growth was totally completed, our branch unit comprised only the three 

younger cohorts of shoots. Branches were divided into the following fractions: stems 

of current-year dolichoblasts, one-year old and two-year-old dolichoblasts; leaves of 

current-year dolichoblasts and one-year-old dolichoblasts (if available); brachyblasts 

(including both stems and leaves); reproductive fractions, including green fruits, 

flowers, inflorescences and infrutescences; standing dead and senescent elements of 

the branch, including all organs dry or with less than 50% of their surface green and 

matured fruits and seeds. Fractions were oven dried to a constant weight at 60°C and 

weighted to the closest 0.01 mg. When it was not possible to remove all the dry tissue 

from a fraction, samples from different individuals were pooled together and the 

percentage of senescent biomass was calculated from a representative sub-sample. 

When fractions contained both photosynthetic and non-photosynthetic tissues difficult 

to separate by hand, the percentage of photosynthetic biomass was estimated as 

above. The following photosynthetic fractions were considered: brachyblasts (whole), 

stems of current-year dolichoblasts, leaves of dolichoblasts and reproductive fractions. 

In spring (May 2005), when the different types of leaves of the seasonally 

dimorphic species coexisted in a mature state, we collected one branch from five 
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different individuals of each species. Branches were set at full hydration during 24 

hours following Sternberg and Shoshany (2001) to avoid changes in leaf area due to 

dehydration (Garnier et al., 2001). In each branch we sampled five mature leaves of 

each type. The fresh weight of leaves was measured immediately before measuring 

their area. Leaf area (mm2) was measured using a digital leaf-area meter (Skye 

Analysis System, Skyeleaf 1.11, Powys, U.K.). Digital images of the small and 

narrow leaves of L. subulatum were obtained with a digital camera (Olympus C-5050) 

attached to a stereo-microscope (MS5 Leica Microsystems, Heerbrugg, Switzerland) 

at 10x or 16x. Leaf area was calculated from the digital images by using Skyeleaf 1.11 

software (Skye Analysis System, Powys, U.K.). Leaves were dried in an oven at 60°C 

during 48 hours and weighted to the closest 0.01 mg. 

 

Calculations and statistical analyses 

Due to the great variability in size of the branches, the living and dry biomass of each 

branch were expressed as a fraction of the total biomass of the branch (dry/total 

biomass, %; and living/total biomass, %, respectively). The total photosynthetic 

biomass of branches and the photosynthetic biomass of each photosynthetic fraction 

were expressed as a percentage of the living biomass of the branch (photosynthetic 

biomass/living biomass, %). The relative annual change in the living (% Living BM 

change) and photosynthetic biomass (% Photosynthetic BM change) of each species 

was assessed as follows: 

% BM change = (Max – Min) * 100/ Max  

Where Max and Min stand for the maximum and minimum annual values, 

respectively, of the percentage of living and photosynthetic biomass during the year of 

study. The leaf mass per area (LMA, mg cm-2) of the different types of leaves was 

calculated as the ratio of leaf dry weight to leaf area (Garnier et al., 2001). 

All data were checked for normality and homoscedasticity prior to statistical 

analyses. Those data that lacked normality were angular-transformed (Genstat Release 

7.2, VSN International Ltd., UK). Within species, differences on the percentage of 

living, photosynthetic and dry biomass among sampling dates were analysed by one-

way ANOVAs or by the non-parametrical Kruskal Wallis test when transformed data 

lacked normality. Differences on the leaf area and the LMA of the different types of 

leaves were assessed by the t-Student test for paired samples when only two types of 
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leaves were present, or by a one-way ANOVA followed by a multiple comparisons 

Scheffé test otherwise (SPSS 12.0.1, SPSS Inc. Chicago, USA). 

RESULTS 

Living vs dry and senescent biomass 

As shown in Fig. 2, the relative amount of living versus dry and senescent biomass of 

three-year-old branches was very different among species. O. fruticosa and S. 

lavandulifolia had generally low percentages of dry and senescent tissues (ranging 

from 6 to 23% and 20% total branch biomass, respectively) while L. suffruticosum 

and L. subulatum had always a great fraction of dry and senescent biomass in its 

branches (ranging from 23 to 66% and from 35 to 60% total branch biomass, 

respectively). All species had a significant variation of their percentages of living 

biomass throughout the year (P < 0.05), and this variation was more important for 

those species that had also a great fraction of dry and senescent tissues within its 

branch components (Fig. 2). In all species but S. montana, which attained minimum 

living biomass in winter, the period of minimum living biomass was the summer. The 

amount of dry and senescent tissues within a branch depended both on the phenology 

and the process of detachment of dry or senescent organs from branches. In O. 

fruticosa, senescent leaves were quickly detached from the plant in autumn, so the 

only dry elements that remained in the branch during the rest of the year were some 

rests of reproductive structures, which made up a small fraction of the total biomass of 

the branch. In E. horridum, the dry and senescent biomass of branches was comprised 

by the dry spiny axillary stems which dried out by late spring and were not shed until 

some years after their formation, accounting for a moderate fraction of the branch 

biomass. L. suffruticosum and L. subulatum were the species that displayed the 

greatest percentage of dry and senescent biomass within their branches. In these 

species dry reproductive structures and leaves remained attached to the plant for a 

long time and hence accounted for a great proportion of branch biomass. 

With regard to the relative change of the living biomass (% Living BM 

change), it is noteworthy that this variation was not related to the relative change of 

photosynthetic biomass (% Photosynthetic BM change; Table 1). Accordingly, O. 

fruticosa, had a great variation of its photosynthetic biomass during the year but  
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Figure 2. Monthly courses of the percentages of living (■) and dry biomass (□) in the study 
species. Values are means ± 2 SE (n = 15). 
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changed little its living biomass, while E. horridum and S. lavandulifolia, exhibited 

little change in either their living or photosynthetic biomass throughout the year 

(Table 1). S. montana and L. suffruticosum had almost the same variation in 

photosynthetic and living biomass during the year (Table 1). Therefore, most of the 

variation in their photosynthetic biomass was accomplished by drying their tissues 

instead of by just shedding their photosynthetic organs as in O. fruticosa. 

 

Table 1. Relative change of the living (% Living BM change) and photosynthetic biomass (% 
Photosynthetic BM change) of the study species throughout the year. 
 

Species 

 % Living BM 
change (% of 
maximum)  

% Photosynthetic 
BM change (% of 

maximum) 
Echinospartum horridum  19.92  11.35 
Ononis fruticosa  16.22  99.69 
Satureja montana  43.38  49.42 
Salvia lavandulifolia  19.24  24.25 
Lepidium subulatum  38.31  98.08 
Linum suffruticosum  55.80  69.22 
Values were calculated from means (n = 15). See text for further details on calculations. 

 

Allocation to photosynthetic biomass 

All species showed significant differences in the allocation to photosynthetic biomass 

throughout the year (P < 0.05), though seasonal patterns were strikingly different 

among species (Fig. 3). For those species growing in colder areas (E. horridum, O. 

fruticosa and S. montana) minimum green biomass percentages were attained in 

winter (Fig. 3), while for the species growing in warmer areas (S. lavandulifolia, L. 

suffruticosum and L. subulatum) they were attained in summer (Fig. 3). Therefore, all 

seasonally dimorphic species had minimum photosynthetic biomass during summer 

but S. montana, which had maximum photosynthetic biomass during spring and 

summer and minimum during winter. 

As expected, the winter-deciduous O. fruticosa was the species that changed 

most its photosynthetic biomass throughout the year, while the cushion plant E. 

horridum was the species that had a smallest photosynthetic biomass oscillation (Fig. 

3, Table 1). Within seasonally dimorphic species different photosynthetic biomass 

allocation patterns were found. S. lavandulifolia had a pattern similar to that of the 

cushion plant E. horridum, with little seasonal change and a great proportion of 

photosynthetic biomass within its branches. On the other extreme we found L. 
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subulatum, which had a pattern similar to that of the winter-deciduous O. fruticosa, 

with little proportion of photosynthetic biomass within its branches and a great 

seasonal change. S. montana and L. suffruticosum had intermediate patterns between 

those of S. lavandulifolia and L. subulatum. 
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Figure 3. Monthly allocation to the different photosynthetic fractions in the study species. 
Echinospartum horridum: (▲) total photosynthetic biomass; (●), dolichoblasts stems 
from 2002; (○), dolichoblasts stems from 2003; (--●--), dolichoblasts leaves. Rest of 
species: (▲) total photosynthetic biomass; (●), dolichoblasts stems expanded during 
the year of study; (○), brachyblasts; (--●--), dolichoblasts leaves; (--○--), reproductive 
fractions. Values are means ± 2 SE (n = 15) 
 
 

Different types of leaves displayed 

The study species showed a great heterophilly. Different types of leaves were 

displayed in different types of shoots and in different positions along the heteroblastic 

series. Except for E. horridum that had only dolichoblast leaves, all the study species 

showed at least two different types of leaves throughout the year: brachyblasts and 
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dolichoblasts leaves (Table 2). In addition, in S. lavandulifolia and L. suffruticosum, a 

third type of leaves could be distinguished by its higher leaf area and lower leaf mass 

per area (LMA): the spring leaves of dolichoblasts and the leaves of reproductive 

dolichoblasts, respectively (Table 2). These leaves were formed at the beginning of 

spring and remained alive for no longer than five months, drying out or being shed 

during summer (see Fig. 1 of Chapter 8). Dolichoblast leaves were bigger than 

brachyblast leaves for all species, and they were also thinner for S. montana and S. 

lavandulifolia (Table 2). In O. fruticosa and L. suffruticosum brachyblasts and 

dolichoblasts leaves had similar LMA (Table 2), which might be related to the fact 

that in both species these two different types of leaves coexist and hence face similar 

environmental conditions. Finally, the leaves of the brachyblasts of L. subulatum 

showed lower LMA values than dolichoblast leaves. 

 

Table 2. Morphometric characteristics of the different leaves of the study species. 
Species and type of leaf  LA (mm2)  LMA (mg cm-2) 

Echinospartum horridum  37.0 ± 9.0  9.6 ± 1.0 
Ononis fruticosa     

Dolichoblast leaves  75.0 ± 19.3 (a)  8.7 ± 0.9 (a) 
Brachyblast leaves  45.4 ± 15.8 (b)  8.0 ± 1.0 (a) 

Satureja montana     
Dolichoblast leaves  30.7 ± 5.2 (a)  8.7 ± 0.7 (a) 

Brachyblast leaves  4.7 ± 1.6 (b)  21.2 ± 1.6 (b) 
Salvia lavandulifolia     

Dolichoblast leaves  174.1 ± 34.6 (a)  15.9 ± 2.0(a) 
Brachyblast leaves  35.0 ± 20.9 (b)  14.0 ± 1.9 (b) 
Spring dolichoblast leaves  241.4 ± 61.7 (c)  10.3 ± 0.9 (c) 

Linum suffruticosum     
Vegetative dolichoblast leaves  6.3 ± 0.8 (a)  12.9 ± 1.0 (a) 
Brachyblast leaves  1.8 ± 0.4 (b)  13.7 ± 0.9 (a) 
Reproductive dolichoblast leaves  7.0 ± 0.9 (a)  11.4 ± 1.4 (b) 

Lepidium subulatum     
Dolichoblast leaves  4.2 ± 0.6 (a)  12.9 ± 1.0 (a) 
Brachyblast leaves  2.0 ± 0.1 (b)  10.6 ± 0.9 (b) 

 
LA: Leaf area (mm2), LMA: Leaf mass per area (mg cm-2). Values are means ± SD. Different 
letters within a species indicate significant differences between different leaf types (P < 0.05) 
after a t-Student test for paired samples (L. subulatum, S. montana and O. fruticosa), or a 
multiple comparisons Scheffé test (S. lavandulifolia and L. suffruticosum). 
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Allocation to the different photosynthetic fractions 

In E. horridum, current-year stems were the main photosynthetic fraction in terms of 

biomass allocation, while leaves had a lower relevance, being present only during the 

favourable months (Fig. 3). There was a perfect replacement of the photosynthetic 

allocation to stems from successive cohorts in this species. Accordingly, in June, both 

the old and the new cohort of photosynthetic stems had 50% of the stem 

photosynthetic biomass, which accounted for nearly 70% of the living biomass of the 

plant. This replacement took place during late spring and early summer, when leaves 

were also present (Fig. 3). In the remaining five species, dolichoblast stems had a 

small percentage of photosynthetic biomass. 

In all brachyblast-bearing species, brachyblasts comprised an important 

percentage of photosynthetic biomass, especially during winter (100% of 

photosynthetic biomass in O. fruticosa and S. montana) and summer (100% and 74% 

of photosynthetic biomass in L. subulatum and L. suffruticosum, respectively). It is 

interesting to note that, due to the presence of brachyblasts, the amount of 

photosynthetic biomass was never equal to zero in these species, even in the winter-

deciduous O. fruticosa (Table 1, Fig. 3). In S. lavandulifolia and L. suffruticosum, the 

bigger and thinner leaves of dolichoblasts were present throughout the year. The other 

two seasonally dimorphic species, S. montana and L. subulatum, displayed 

dolichoblast leaves just during the growing season (Fig. 3). Reproductive organs 

played a limited role as photosynthetic structures in all the study species (Fig. 3). 

DISCUSSION 

Photosynthetic biomass allocation patterns within seasonally dimorphic species 

Our results demonstrate that within mediterranean seasonally dimorphic species very 

different patterns of photosynthetic biomass allocation can be found. For the species 

considered in this study, these patterns range form the moderate photosynthetic 

biomass oscillation of S. lavandulifolia, to the almost deciduousness of L. subulatum. 

Although the existence of a gradient in the heteromorphism of seasonally dimorphic 

species had been proposed before (Orshan and Zand, 1962; Orshan, 1963, 1972; 

Westman, 1981), it had never been quantitatively analyzed in detail. In addition, 

though the degree of seasonal dimorphism might be partially affected by 

environmental factors such as water availability and air temperatures (Nielsen and 
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Muller, 1981; Kyparissis et al., 1997), within-species plasticity seems to be much 

lower than the differences found among species in this study. 

As shown in this study, seasonally dimorphic species adjust the amount and 

nature of their photosynthetic structures to the seasonality of the environment by 

keeping alive, drying out or shedding their different types of branches and leaves 

throughout the year. Therefore, several biomass allocation patterns are suitable to 

withstand the seasonality of mediterranean climate. The presence of such different 

patterns might be related to the stress-tolerance capacity of each species. Indeed, 

according to Grime and co-workers (1988), stress-tolerant species show a lower 

change in their shoot biomass throughout the year than non stress-tolerant ones. 

Consequently, the different biomass allocation patterns found within the four 

seasonally dimorphic species analyzed enable us to separate them along a gradient of 

stress-tolerance ability and seasonal heteromorphism, i.e. of the relative change in 

their general morphology. At one extreme of the gradient we find the most stress-

tolerant species, S. lavandulifolia, with little seasonal heteromorphism. This species 

keeps a high amount of photosynthetic biomass and shows a low relative change of its 

photosynthetic biomass during the year. Most of this photosynthetic biomass is 

allocated to the thicker leaves of dolichoblasts and brachyblasts, which remain alive 

throughout the year. The main change in its general morphology takes place in spring, 

when it expands a special set of dolichoblasts leaves (spring dolichoblast leaves), 

clearly different to those displayed during the rest of the year (Table 2). Towards the 

other end of this gradient of seasonal heteromorphism, the coexistence of the different 

types of leaves tends to decrease. It is the case of the stress-avoider L. subulatum, 

which dries out almost all its photosynthetic biomass at the beginning of summer (Fig. 

3), bears brachyblasts during autumn and winter and produces dolichoblasts leaves 

mostly in spring (Fig. 3). In between the two extremes we find S. montana and L. 

suffruticosum. Both species have a moderate relative change in the amount of 

photosynthetic biomass during the year (Table 1), and photosynthetic biomass 

accounts for an intermediate fraction of their branch biomass. The main difference 

between both species is the relative role and the morphological characteristics of their 

different types of leaves. L. suffruticosum keeps both dolichoblast and brachyblast 

leaves throughout the year, and these leaves are just different in size (Table 2). As in 

S. lavandulifolia, the main morphological change of this species takes place in spring, 

with the formation of the thinner leaves of reproductive dolichoblasts. Contrastingly, 
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the leaves of the brachyblasts and dolichoblasts of S. montana are very different both 

in area and LMA, brachyblast leaves being the only green leaves present during the 

cold months (Fig. 3). Therefore, S. montana presents a greater seasonal 

heteromorphism than L. suffruticosum. 

Our results pose interesting questions on the functional significance of the 

brachyblasts of mediterranean seasonally dimorphic species, especially for those 

species in which brachyblasts are the only photosynthetic structures during the 

stressful periods. Even though the leaves of brachyblasts have lower photosynthetic 

rates than dolichoblast leaves (Margaris, 1977; Mooney et al., 1977), they allow 

seasonally dimorphic species to maintain a positive net photosynthesis during summer 

(Kyparissis and Manetas, 1993). Furthermore, brachyblasts bear the renewal buds of 

this type of plants, which are normally naked (Palacio and Montserrat-Martí, 2005, 

2006). The presence of naked buds surrounded by the photosynthetically active leaves 

of brachyblasts might enable seasonally dimorphic species to respond quickly to 

autumn rainfall events (Palacio and Montserrat-Martí, 2005), which are rapidly 

absorbed by their shallow root system (Werner et al., 1999). Therefore, brachyblasts 

seem to play an important role for the performance of these plants, enabling them to 

show an opportunistic growth, taking advantage of the short favourable periods 

characteristic of mediterranean climate (Shmida and Burgess, 1988). 

The seasonally dimorphic species analyzed seem to show a different leaf 

phenology than those seasonally dimorphic species described in the Greek phrygana 

(Margaris, 1977; Christodoulakis, 1989). In the studied phrygana species, the leaves 

of dolichoblasts, considered as “winter leaves” by these authors, expand in autumn or 

early winter and last until late spring (Christodoulakis, 1989; Christodoulakis et al., 

1990). Leaves of dolichoblast are then replaced by the more stress tolerant leaves of 

brachyblasts, called “summer” (Christodoulakis, 1989; Christodoulakis et al., 1990) or 

“spring” leaves (Kyparissis et al., 1997). Therefore, in these seasonally dimorphic 

species summer is the period of the year when they display minimum values of green 

biomass. Contrastingly, in this study two of the four seasonally dimorphic species 

analysed (S. lavandulifolia and L. suffruticosum) kept both their dolichoblast and 

brachyblast leaves throughout the year. Photosynthetic biomass was maximum in 

spring, when a third type of leaves was formed. In addition, S. montana, the 

seasonally dimorphic species growing at higher altitudes within the study area, 

displayed minimum green biomass during winter, but not during summer. These 
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results show that the reduction of the photosynthetic biomass typical of seasonally 

dimorphic species presents more variability than previously reported, and does not 

respond solely to summer drought, but to the occurrence of both summer drought and 

winter cold. 

 

Living vs senescent biomass 

The accumulation of dry biomass during the year is a common feature of many 

shrubby plants form arid and mediterranean ecosystems. Such accumulation might be 

an important adaptative feature for mediterranean woody plants by increasing plant 

flammability (Cornelissen et al., 2003), sheltering renewal buds during the most 

stressing seasons (Palacio and Montserrat-Martí, 2006), and protecting living biomass 

from the excess of radiation during summer through self-shading. 
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Figure 4. Correlation between the 
maximum growth rate of shoots (Max 
GR, mm day-1) and the percentage of 
variation from the seasonal maximum of 
living biomass (% Living BM change, % 
of Maximum) of the study species. Data 
of the annual maximum growth rate of 
shoots for the study period were obtained 
from (Palacio and Montserrat-Martí, 
2005, 2006). Values of % living BM
change correspond to those in Table 1. (P 
= 0.036, R2 = 0.923).  

 

One important consequence of the seasonal change in the amount of plant 

living biomass is the need to recover from such biomass loss after the stressing 

seasons. The relative seasonal oscillation of the living biomass of a species might 

hence be related to its capacity to recover from such oscillation. For plants of a similar 

size like mediterranean sub-shrubs, there may be two possible ways for recovering the 

living biomass lost: having a long period of dolichoblast development or a high 

dolichoblast growth rate. For the study species, the relative variation of the percentage 

of living biomass was significantly related to their maximum shoot growth rate under 

natural conditions (Fig. 4). This means that those species which underwent a greater 

seasonal oscillation of their living biomass also had a higher shoot growth rate to 

rebuild the biomass lost. Although study species showed differences in the duration of 
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their period of dolichoblast development (Chapter 5), the favourable period for shoot 

growth is quite short in mediterranean environments (Mitrakos, 1980), and the effect 

of the length of the growth period might be less important. 

The capacity of plants to recover from seasonal biomass oscillations might 

also be related to their ability to withstand disturbances. For plants growing under a 

seasonal climate, storage organs and bud banks serve both to recover from a stressful 

season and from a disturbance (Iwasa and Kubo, 1997; Vesk and Westoby, 2004a). 

Indeed, in mediterranean ecosystems the evolutionary strategies which increase plant 

survival after disturbances are intermingled with those that allow plants to withstand 

environmental stresses (Naveh, 1975). Furthermore, in some cases the effect of 

disturbance is negligible in comparison to the loss of biomass due to seasonal biomass 

oscillations (Coughenour et al., 1990). 

Christodoulakis et al. (1990) raised the idea of seasonal dimorphism as a major 

strategy for plant life in mediterranean environments. The main outcome of this 

strategy is the possibility of producing “seasonally different plants” from the same 

individual that optimize their adaptation to the seasonal conditions of mediterranean 

climate (Christodoulakis et al., 1990; Aronne and De Micco, 2001). The results of this 

study show that seasonal dimorphism is also a flexible strategy. It is flexible in the 

way it is attained, as it includes several different leaf phenologies, ranging from 

evergreen species with little variation in the amount of photosynthetic biomass, to 

species that are almost deciduous; and it is flexible in the type of stress avoided, 

allowing plants to effectively escape both summer drought and winter cold. 
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Chapter 7 

Seasonal dynamics of non-structural carbohydrates in two 

species of Mediterranean sub-shrubs with different leaf 

phenology * 

             

ABSTRACT 

The seasonal dynamics of non-structural carbohydrates in the woody organs of two co-existing 
Mediterranean sub-shrubs were analysed. The two species show different leaf phenology during summer: 
Linum suffruticosum, maintains many of its green leaves, while Lepidium subulatum sheds most of its 
leaves. These different leaf phenologies are related to different strategies with regard to summer stress. 
The maintenance of leaves in Linum is related to its stress tolerance while Lepidium avoids stress by 
shedding its leaves. The main objectives were to: (1) determine the differences in the seasonal dynamics 
of non-structural carbohydrates among the main woody organs of both species; (2) verify if differences in 
the leaf phenology, and hence in the strategy with regard to summer drought, lead to different seasonal 
patterns of carbohydrate storage and use between the two species; and (3) compare the seasonal dynamics 
of carbohydrates of the two studied sub-shrubs with those of mediterranean trees and shrubs previously 
reported in the literature. The concentration of soluble sugars (SS), starch and total non-structural 
carbohydrates (TNC) were assessed monthly, over 17 months, in the main roots, stems and the transition 
zone between root and shoot systems of both species. Woody starch storage capacity and SS, starch and 
TNC pools were calculated. The seasonal pattern of carbohydrate accumulation was similar among the 
woody organs analyzed, but it differed with those previously reported for mediterranean trees and shrubs. 
The two species showed different pools and seasonal patterns of non-structural carbohydrate 
concentrations which corresponded to their different extent of leaf shedding. The stress-avoider Lepidium 
accumulated starch in its woody organs during spring shoot growth as a carbon store for summer 
respiration and had low pools of SS, whereas the stress-tolerant Linum increased SS during summer 
drought to maintain photosynthetic activity during summer and had low woody starch pools and storage 
capacity. However, irrespective of their different leaf shedding patterns, both species had a similar 
relative variation of their woody TNC concentration, which contrasts with previous results on deciduous 
and evergreen woody species. 

RESUMEN 

   
* Palacio, S., Maestro, M., Montserrat-Martí, G., 2006. Seasonal dynamics of non-structural 
carbohydrates in two species of Mediterranean sub-shrubs with different leaf phenology. Environmental 
and Experimental Botany (in press). 

131 

En este capítulo se analizan las dinámicas estacionales de carbohidratos no estructurales (CNE) en los 
órganos leñosos de dos especies coexistentes de caméfitos leñosos mediterráneos. Las dos especies 
estudiadas presentan diferencias en su fenología foliar: Linum suffruticosum mantiene muchas de sus 
hojas verdes durante el verano, mientras que Lepidium subulatum pierde la mayoría de sus hojas durante 
esa época del año. Estas diferentes fenologías foliares están relacionadas con diferentes estrategias en 
relación con la sequía estival. La presencia de hojas verdes en Linum está relacionada con su tolerancia al 
estrés, mientras que Lepidium evita el estrés hídrico desprendiéndose de sus hojas. Los principales 
objetivos de este estudio fueron los siguientes: (1) determinar si existen diferencias en las dinámicas 
estacionales de CNE entre los órganos leñosos de ambas especies; (2) verificar si las diferencias en su 
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fenología foliar y en su estrategia frente a la sequía estival se traducen en distintos patrones de 
almacenamiento y uso de CNE; y (3) comparar las dinámicas estacionales de CNE de las dos especies de 
estudio con las dinámicas de árboles y arbustos mediterráneos descritas en la bibliografía. Durante 17 
meses se analizaron las concentraciones mensuales de azúcares solubles (SS), almidón y carbohidratos no 
estructurales totales (CNE) en las raíces principales, tallos y en la zona de transición entre la raíz principal 
y los tallos de ambas especies. También se calcularon los reservorios y la capacidad de almacenamiento 
de SS, almidón y CNE de los órganos leñosos analizados. Los patrones de acumulación de carbohidratos 
fueron semejantes entre los distintos órganos leñosos estudiados, pero difirieron de los patrones descritos 
para árboles y arbustos mediterráneos. Las dos especies estudiadas mostraron diferencias en sus 
reservorios de carbohidratos y en sus dinámicas estacionales de CNE como resultado de sus distintas 
fenologías. La especie evasora de la sequía, Lepidium, acumuló almidón en sus órganos leñosos durante 
la primavera, construyendo reservas de carbono que fueron posteriormente consumidas con la respiración 
estival; además, presentó bajos niveles de SS durante esta época del año. En cambio, la especie tolerante 
al estrés, Linum, aumentó sus niveles de SS durante la sequía del verano para mantener su actividad 
fotosintética y presentó una baja capacidad de almacenamiento de almidón en sus órganos leñosos. No 
obstante, y a pesar de sus diferencias fenológicas, ambas especies presentaron una oscilación relativa de 
las concentraciones de CNE de sus órganos leñosos semejante a lo largo del año. 
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INTRODUCTION 

Carbohydrates stored as reserves enable plants to uncouple growth from C-assimilation 

throughout the year, allowing survival under seasonal stressful conditions, and 

facilitating recovery after disturbances (Iwasa and Kubo, 1997; Wyka, 1999; Meloche 

and Diggle, 2003). In their soluble forms, non-structural carbohydrates serve as 

important regulators of the physiological adjustment of plants to drought and freezing 

stress (Larcher and Thomaser-Thin, 1988; Rhizopoulou et al., 1989; Meletiou-Christou 

et al., 1992). However, plants living under similar environmental conditions may show 

different dynamics of carbohydrate storage and use in relation to differences in their life 

forms or ecological strategies (Larcher and Thomaser-Thin, 1988; Mooney et al., 1992; 

Barbaroux and Bréda, 2002; Newell et al., 2002). Given that leaves are the main 

assimilative organs of plants, differences in leaf phenology might lead to different 

periods of carbon gain. Therefore, leaf phenology might also affect the seasonal course 

of non-structural carbohydrates. Several authors have reported differences in the 

carbohydrate dynamics of deciduous and evergreen species (Mooney and Hays, 1973; 

Piispanen and Saranpää, 2001; Newell et al., 2002). In most cases evergreen species 

displayed less dramatic seasonal fluctuations of their carbohydrate reserves than 

deciduous species (but see also Hoch et al., 2003). 

In mediterranean ecosystems, temperature, nutrients and water availability show 

marked seasonal variations which limit plant productivity to the favourable periods of 

spring and autumn (Mitrakos, 1980). Woody plants growing in mediterranean 

ecosystems show various morphological and phenological adaptations to withstand the 

stressful periods of summer drought (Margaris, 1981) and winter cold (Kummerow, 

1981; Larcher, 2000). Mediterranean trees and shrubs are normally evergreen 

sclerophylls, and possess deep well developed root systems (Margaris, 1981). These 

plants normally grow on deep soils, in areas with relatively high precipitation within the 

Mediterranean-type climate (Di Castri, 1981; Margaris, 1981). Winter-deciduous trees 

and shrubs are rarely found in mediterranean communities and, when they occur, they 

are normally restricted to specially wet microsites (Mooney et al., 1977; Archibold, 

1995). In the driest or more frequently disturbed areas, mediterranean trees and shrubs 

are replaced by shallow rooted sub-shrubs, most of which show seasonal dimorphism 

(Margaris, 1981; Shmida and Burgess, 1988). Seasonal dimorphism is generally related 
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with a reduction of the transpiring biomass of plants during summer drought (Orshan 

and Zand, 1962; Orshan, 1972). However, though seasonally dimorphic species lose 

part of their leaf biomass during summer, they can not be considered as truly deciduous, 

as most seasonally dimorphic species maintain some of their green leaves during 

summer (Margaris, 1981). In addition, various degrees of leaf shedding can be found 

within these species, ranging from plants that shed most of their leaves and branches, to 

species which lose a very small amount of leaves during summer (Orshan, 1989). These 

different leaf shedding patterns entail different ecological strategies with regard to 

summer stress. Those species that shed most of their leaves during summer undertake a 

stress-avoidance strategy, while those species that kept most of their leaves perform like 

stress-tolerants. These different strategies might have an important effect on the carbon 

dynamics of mediterranean sub-shrubs. 

Among mediterranean woody species, seasonal dynamics of non-structural 

carbohydrates have been studied preferentially in trees and shrubs (Mooney and Hays, 

1973; Larcher and Thomaser-Thin, 1988; Cruz and Moreno, 2001), and only few 

studies have focused on mediterranean sub-shrubs (Meletiou-Christou et al., 1992; 

Meletiou-Christou et al., 1998). In mediterranean trees and shrubs, maximum values of 

carbohydrate reserves are attained in autumn and winter, before the beginning of shoot 

growth, while minimum values occur in spring, the period of highest active growth 

(Larcher and Thomaser-Thin, 1988; Cruz and Moreno, 2001). The smaller size and 

shallower root systems of mediterranean sub-shrubs, together with the harder 

environmental conditions in which they grow, might result in different patterns of 

storage and use of non-structural carbohydrates in comparison with trees and shrubs. 

The aims of this study were to determine if: (1) the main woody organs of 

mediterranean sub-shrubs have similar seasonal patterns of carbohydrates, (2) there are 

differences in the seasonal patterns of carbohydrate storage and use associated with the 

different extent of leaf shedding of the two species, and (3) the seasonal dynamics of 

non-structural carbohydrates of mediterranean sub-shrubs are similar to those of 

mediterranean trees and shrubs reported in the literature. To answer these questions we 

performed a comparative study of the seasonal dynamics of non-structural 

carbohydrates in the woody organs of two co-existing seasonally dimorphic sub-shrubs 

showing different leaf phenology. Main stems, coarse roots and the transition zone 

between root and shoot systems were sampled monthly, and the relative importance of 

each woody organ in terms of its carbohydrate pool size and starch storage capacity was 
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examined. The transition zone between root and shoot systems was studied to explore 

the analogy between this part of sub-shrubs and the lignotubers of many mediterranean 

sclerophylls, which have been repeatedly reported to serve as storage sites (James, 

1984; Cruz and Moreno, 2001). 

MATERIALS AND METHODS 

Species and study site 

Linum suffruticosum L. (Linaceae) is a seasonally dimorphic sub-shrub with a 

maximum height of 80 cm that inhabits low scrublands on gypsum soils and limestones 

in SW Europe (Ockendon and Walters, 1968). Due to its presence both in gypsum and 

non-gypsum substrates it is classified as a gypsovag (Duvigneaud, 1968; Meyer, 1986). 

Lepidium subulatum L. (Brassicaceae) is a seasonally dimorphic sub-shrub up to 50 cm 

in height that occurs in open scrublands on gypsum soils in E Spain and NW Africa (De 

Carvalho e Vasconcellos, 1964). Due to its restriction to gypsum substrates it is 

classified as a gypsophile (Duvigneaud, 1968; Meyer, 1986). To facilitate reading, from 

here on, L. suffruticosum and L. subulatum will be referred to as Linum and Lepidium 

respectively (see Chapter 2 for further details on study species). 

In a previous study conducted on the same location, shoot growth dynamics and 

bud morphology of Linum and Lepidium were analyzed (Palacio and Montserrat-Martí, 

2005, see Chapter 3). According to this study, both species display two different types 

of branches: brachyblasts and dolichoblasts (i.e. short and long branches, respectively), 

and shoot growth occurs in two pulses. The main growth pulse begins by mid February 

and lasts until the end of June, involving the growth of both dolichoblasts and 

brachyblasts. The second one occurs during autumn, from September to November, and 

involves the development of brachyblasts and a few dolichoblasts. In Lepidium, 

flowering and fruiting begin in April and last until June and early July respectively. 

Linum delays fruiting and flowering about two weeks, starting at the end of April or 

May and concluding in June and July respectively. The two species display different 

degrees of reduction of their transpiring biomass throughout the year. While Linum 

maintains some of its leaves alive during summer, Lepidium dries out most of its leaves, 

hence reducing the amount of productive and transpiring biomass during summer 

drought (Palacio and Montserrat-Martí, 2005). 
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The study site was located on the slope of a nearly-pure gypsum hill in the 

gypsum outcrops of Villamayor, near Zaragoza, in NE Spain (UTM: 30TXM8820, at 

320 m a.s.l). The dominant substratum in this area is gypsum, with a few thin inserted 

outcrops of marls and clays (Quirantes, 1977). Soils of this type are particularly 

stressful areas due to their low water retention and their low fertility (Parsons, 1976; 

Guerrero Campo et al., 1999b). Climate is semi-arid and highly seasonal (Fig. 1), with a 

mean annual temperature of 14.6 ºC, and an average annual rainfall of 334.5 mm, which 

falls mainly during spring and autumn (Rivas-Martínez, 1987). At this site, these two 

species coexist and display a similar degree of abundance (see Chapter 2 for further 

information about this site). 
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Figure 1. Total precipitation 
(dark bars) and mean 
temperature (solid line) for 
the study period of the 
closest weather station (Aula 
Dei, Zaragoza, 250 m a.s.l), 
located 9 km West from the 
study site. 

 

Sampling of plant materials 

Sampling for carbohydrate analyses was conducted monthly between September 2002 

and January 2004. On each occasion, five adult individuals of Linum and Lepidium were 

excavated up to 30-40 cm from their rooting point and only medium sized plants were 

selected. The excavated plants were separated into coarse roots (> 5 mm in width), main 

and secondary stems (older than three-year-old) and the transition zone between shoot 

and root systems (root-shoot transition zone). The latter included the most basal 5 cm of 

the trunk and the uppermost 5 cm of the main root. All plant material was vigorously 

brushed to remove soil particles, cut in small pieces, and stored at -20º C until freeze-

dried (Cryodos, Telstar Industrial SL, Terrasa, Spain). 

In August 2004, three adult individuals similar to those used for carbohydrate 

concentration analyses were excavated to their full rooting depth for organ biomass 

measurements. The excavated plants were partitioned into coarse roots (> 5 mm in 
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width), fine roots (< 5 mm in width), main and secondary stems, shoots and fine stems 

(including leaves) and the transition zone between root and shoot systems. Dry leaves 

and branches were carefully eliminated to ensure the sampling of living materials. 

Samples were oven-dried to a constant weight at 60º C and their dry weight measured. 

 

Chemical analyses 

Freeze-dried samples were grounded in a mill (IKA MF10, IKA-Werke, Staufen, 

Denmark) to pass through a 1 mm-pore mesh screen. Soluble sugars were extracted 

from 50-mg samples in 10 cm3 80% (v/v) ethanol. The extraction was done in a shaking 

water bath at 60º C. After centrifugation, the concentration of soluble sugars was 

determined colorimetrically at 490 nm using the phenol-sulphuric method of Dubois 

and co-workers (1956) as modified by Buysse and Merckx (1993). 

Starch and complex sugars remaining in the undissolved pellet of plant material 

after ethanol extractions were enzymatically reduced to glucose. To gelatinize starch, 

samples were incubated in 4 cm3 sodium acetate buffer in a shaking water bath at 100º 

C for 1 h. After cooling to room temperature, 1 cm3 of amyloglucosidase solution (0.5% 

amyloglucosidase 73.8 U/mg, Fluka 10115), in acetate buffer was added and the 

samples were incubated overnight for 16 h at 50º C. After centrifugation, the 

concentration of starch and complex sugars as glucose equivalents was determined 

colorimetrically as described above. Enzyme blanks were included in each set of 

samples, and its absorption was subtracted from each sample absorbance prior to 

calculation of sugar content. 

Carbohydrates measured after the ethanol extraction are referred to as soluble 

sugars (SS), carbohydrates measured after the enzymatic digestion are referred to as 

starch, and the sum of soluble sugars and starch measured in glucose equivalents are 

referred to as total non-structural carbohydrates (TNC). 

 

Calculations and statistical analyses 

Starch, SS and TNC pools for each organ were calculated as the product of the average 

starch, SS and TNC concentration of 2003 and the mean biomass of that organ. In 

mediterranean woody species both SS and starch have been demonstrated to serve as 

storage substances (Diamantoglou et al., 1989; Diehl et al., 1993). Accordingly, the 

storage capacity was calculated both for SS and starch as the product between the mean 

biomass of each organ and the difference between the maximum and the minimum 
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concentration of SS and starch in 2003 (Ludovici et al., 2002). The seasonal amplitude 

of variation of SS, starch and TNC concentrations for each organ was assessed as the 

relative variation, i. e. percentage of variation from the seasonal maximum, of the 

concentrations of SS, starch and TNC in 2003 (Hoch et al., 2003). 

Within species, differences of SS, starch and TNC concentrations among 

sampling dates and organs were analysed by two-way analyses of variance (ANOVA). 

Bonferroni and Dunnet T3 multiple range tests were used for comparison of means at 

5% probability of groups with or without homoscedasticity, respectively. Between 

species, differences of SS, starch and TNC concentrations for every date and organ were 

analysed for significance by Student-t test. The relationship between TNC and SS and 

starch was estimated using linear regression analyses. All data were checked for 

normality and homoscedasticity prior to statistical analyses. SPSS 13.0 (SPSS Inc., 

Chicago, USA) was used for all statistical analyses. 

 
Table 1. Analysis of variance of the effects of sampling date and organ sampled on the soluble 
sugars (SS), starch and total non-structural carbohydrates (TNC) concentration of Linum 
suffruticosum and Lepidium subulatum. 
 

  Linum suffru icosum t

   SS  Starch  TNC  

Factor d. f.  F P  F P  F P  

Date 16  39.1 <0.001  14.0 <0.001  42.1 <0.001  

Organ 2  67.2 <0.001  1.0 0.353  60.3 <0.001  

Error 236  

  Lepidium subulatum 

   SS  Starch  TNC  

   F P  F P  F P  

Date 16  18,4 <0.001  21.6 <0.001  12,9 <0.001  

Organ 2  17,4 <0.001  11.0 <0.001  17,7 <0.001  

Error 247           

 
P-values smaller than 0.05 are in bold. 
 

RESULTS 

Seasonal dynamics 

Soluble sugars, starch and TNC concentrations varied significantly during the study 

(Table 1). Patterns of variation of carbohydrate concentrations were similar among  
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Figure 2. Seasonal variations of soluble sugars (SS) concentration (% of dry weight) in the 
main stems (a), root-shoot transition zone (b) and coarse roots (c) of Lepidium subulatum 
(closed circles) and Linum suffruticosum (open circles) during the studied period. Upper bars 
indicate main phenological events in both species (Lepidium: black bars; Linum: open bars). 
Means ± 1 SE are presented along with asterisks for significantly different means between 
species within a given date and plant organ (P < 0.05; n = 5 individuals per species). PSG: 
primary shoot growth; F + FR: flowering and fruiting. 
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Figure 3. Seasonal variations of starch concentration (% of dry weight) in the main stems (a), 
root-shoot transition zone (b) and coarse roots (c) of Lepidium subulatum (closed circles) and 
Linum suffruticosum (open circles) during the studied period. Upper bars indicate main 
phenological events in both species (Lepidium: black bars; Linum: open bars). Means ± 1 SE are 
presented along with asterisks for significantly different means between species within a given 
date and plant organ (P < 0.05; n = 5 individuals per species). PSG: primary shoot growth; F + 
FR: flowering and fruiting. 
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Figure 4. Seasonal variations of total non-structural carbohydrates (TNC) concentration (% of 
dry weight) in the main stems (a), root-shoot transition zone (b) and coarse roots (c) of 
Lepidium subulatum (closed circles) and Linum suffruticosum (open circles) during the studied 
period. Upper bars indicate main phenological events in both species (Lepidium: black bars; 
Linum: open bars). Means ± 1 SE are presented along with asterisks for significantly different 
means between species within a given date and plant organ (P < 0.05; n = 5 individuals per 
species). PSG: primary shoot growth; F + FR: flowering and fruiting. 
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sampled organs (see below), though significant differences were found in their average 

concentrations (Table 1). In Linum, SS and TNC mean concentrations were significantly 

higher in the roots than in the rest of woody organs, while no significant differences 

were found for starch concentrations (Table 1, Figs. 2-4). Mean concentrations of SS, 

starch and TNC were significantly higher in the roots of Lepidium than in its root-shoot 

transition zones, while stems had intermediate concentrations between both organs (Fig. 

1, Figs. 2-4). 

The SS concentrations of the woody organs of Lepidium showed little variation 

during the year, peaking in winter, and values were lower than those of Linum (Fig. 2). 

Contrastingly, woody SS concentrations of Linum peaked in late summer, just after 

shoot growth stopped, matching the periods of summer drought. Winter SS peaks were 

also recorded in the roots and stems of Linum. 

In contrast with the values of SS, the woody concentration of starch was higher 

in Lepidium than in Linum (Fig. 3). In the former, woody starch concentration increased 

from January to June following shoot growth. During summer drought, starch 

concentration decreased steadily, reaching a minimum in October. In Linum, woody 

starch decreased slightly with the beginning of shoot growth. It increased during 

summer drought and diminished again in autumn. 

 
Table 2. Biomass allocation to different organs in Linum suffruticosum and Lepidium subulatum 
in 5 and 10 August 2004, respectively. 
 
Plant organ Linum suffruticosum Lepidium subulatum 

Shoots and leaves  30 %  29 %  

Stems  22 %  22 %  

Root-shoot transition zone  12 %  14 %  

Coarse roots  22 %  28 %  

Fine roots  14 %  7 %  

Values are means (n = 3). 

 

Mean woody TNC concentrations were similar in Linum and Lepidium, but 

seasonal patterns were markedly different between the two species (Fig. 4). In 

Lepidium, woody TNC concentrations followed those of starch, while in Linum they 

paralleled SS concentrations. Hence, woody TNC concentrations of the former 

increased with shoot growth, while those of the latter increased with summer drought. 

In the woody organs of both species winter TNC concentrations were moderately high, 
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probably as a result of winter SS peaks. Accordingly, the results obtained for the 

correlation of TNC vs SS and TNC vs starch show that, for the woody organs 

considered here, TNC dynamics of Linum were more dependent on SS concentrations 

(R2 = 0.98, P < 0.001), while TNC patterns of Lepidium were better explained by starch 

concentrations (R2 = 0.74, P < 0.001). 

 

 
Table 3. Pools (mg), storage capacity (mg) and relative variation (%) of soluble sugars (SS), 
starch and total non-structural carbohydrates (TNC) in the woody organs of Linum 
suffruticosum and Lepidium subulatum during 2003. 

  Linum suffru icosum t Lepidium subulatum 
Pools 
(mg plant-1)  

Main 
stems  

Transition 
zone  

Coarse 
roots  

Main 
stems  

Transition 
zone  

Coarse 
roots 

SS  105.4  58.9  149.4  102.6  52.2  130.8 

Starch  29.4  14.0  27.3  87.6  45.3  144.0 

TNC  134.7  72.9  176.7  189.1  95.7  273.3 
Storage capacity 

(mg plant-1)             

SS  126.1  96.3  201.9  85.31  35.91  100.97 

Starch  39.3  16.1  31.3  184.2  77.1  256.9 
Relative 
variation (%)             

SS  65.3  74.1  68.9  53.7  46.7  56.5 

Starch  77.6  77.1  71.6  83.5  76.9  79.1 

TNC  59.9  49.5  67.5  63.0  69.8  63.8 

Values are means. For calculations see Materials and methods. 
 

 

Pools, relative variations and storage capacity 

Biomass partitioning was similar between both species (Table 2). Soluble sugars, starch 

and TNC pools were similarly distributed among the woody organs of the two species, 

being higher in the roots and lower in the root-shoot transition zones (Table 3). The 

only exception were the starch pools of Linum, which were very similar in its roots and 

stems. Both species had similar pools of SS, however, these pools accounted for as 

much as 80% of the TNC pool in Linum, while in Lepidium they accounted for 50% of 

the TNC pool (data not shown). Starch pools were smaller in Linum than in Lepidium 

and, as a consequence, TNC pools were higher in Lepidium. Woody starch storage 

capacity was markedly higher in Lepidium than in Linum, while the opposite was true 

for SS storage (Table 3). Roots were the main storage organ in both species, while the 

storage capacity of the root-shoot transition zone was the lowest. In spite of the 
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differences in the SS and starch storage capacity between species, their relative 

variation of non-structural carbohydrates was similar (Table 3). Within the studied 

compounds, starch showed the highest relative variation for both species. 

DISCUSSION 

Differences among woody organs 

The woody organs of both species of sub-shrubs displayed similar dynamics of non-

structural carbohydrates. This result contrasts with previous studies on mediterranean 

trees and shrubs in which shoots exhibited different annual dynamics of resources than 

roots (Mooney and Hays, 1973; Larcher and Thomaser-Thin, 1988; Cruz and Moreno, 

2001). These uniform patterns might be due to the shallow root systems of Linum and 

Lepidium, which were presumably exposed to similar environmental conditions along 

with the above-ground organs. Comparable results have been reported in other species 

of phrygana sub-shrubs (Meletiou-Christou et al., 1998). 

Despite these similarities, roots had higher pools, concentration and storage 

capacity of non-structural carbohydrates than the rest of woody organs analyzed, and 

hence they were the main storage organ in both species. This result is in agreement with 

several studies on woody species (Loescher et al., 1990). The fact that the transition 

zone between roots and stems showed the lowest concentration, pools and storage 

capacity of non-structural carbohydrates, might be due to the absence of true lignotubers 

or analogous storage organs in these species (James, 1984). 

 

Seasonal carbohydrate dynamics differed between mediterranean phanaerophytes 

and sub-shrubs 

Conversely to what has been reported for several species of mediterranean evergreen 

trees and shrubs (Larcher and Thomaser-Thin, 1988; Cruz and Moreno, 2001), starch 

reserves of Linum and Lepidium were not severely reduced following spring shoot 

growth. This suggests that current photosynthesis was an important C-source for their 

early phases of shoot growth (Priestley, 1962). In both species, spring shoot growth 

occurs from apical buds located on brachyblasts developed during the previous spring 

and autumn (Palacio and Montserrat-Martí, 2005). These brachyblasts are the main 

photosynthetic structures of both species during early spring, and hence they might be 

responsible for most of the carbon supply of the initial phases of shoot growth. The 
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period of starch accumulation of mediterranean sub-shrubs appears to be shorter than 

that of trees and shrubs. While mediterranean trees and shrubs accumulate starch during 

several months, from late spring to autumn and winter (Larcher and Thomaser-Thin, 

1988), Linum and Lepidium replenished starch reserves in just two months. The 

proportion of the total plant biomass invested in leaves in spring is much higher in 

mediterranean sub-shrubs than in mediterranean evergreen sclerophyll shrubs and trees. 

For Californian sub-shrub species, Mooney (1981) reported an allocation of plant 

biomass to leaves of nearly 20% in spring, while evergreen sclerophyll trees and shrubs 

had values lower than 5%. Furthermore, mediterranean sub-shrubs have higher 

photosynthetic capacities than evergreen sclerophyll trees and shrubs (Mooney, 1981). 

In evergreen sclerophylls, the greater proportion of respiring biomass coupled with the 

lower photosynthetic capacity of leaves might reduce the amount of photosynthetic 

carbon available for shoot growth, making it more dependent on stored reserves. 

 

Leaf phenology affected carbohydrate dynamics 

Seasonal patterns of woody SS and starch differed markedly between species, and these 

differences can be explained in large part by the different amount of leaf shedding 

displayed by both species. Indeed, the most marked differences in the carbohydrate 

concentrations occurred during summer, when the two species undertook a different 

ecological strategy. Accordingly, while woody SS remained approximately constant 

throughout the year in Lepidium, they accumulated in Linum during summer, probably 

as a mechanism to withhold water during periods of water stress (Meletiou-Christou et 

al., 1998). Contrary to Linum, Lepidium avoided summer stress by being almost leafless 

during summer, so it had no need of osmotic compensation mechanisms. In Lepidium, 

woody starch reserves accumulated during flowering, fruiting and the late phases of 

shoot growth, being maximum in early summer. The replenishment of woody starch 

reserves concurrently with shoot growth has been interpreted in phrygana species as a 

mechanism to profit sugars produced in excess during the main growth period, building 

up reserves to overcome the stress of summer (Meletiou-Christou et al., 1998). Indeed, 

woody starch reserves of Lepidium were severely reduced during summer, probably due 

to the respiratory demands of the leafless plant, which might have been enhanced by the 

high temperatures of summer. Contrastingly, Linum kept its woody starch reserves 

constant during spring and early summer, which indicates that sugars produced during 

this period did not exceed the energetic and constructive demands for shoot growth and 
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reproduction, and consequently no starch accumulation occurred. Maximum values of 

woody starch reserves were attained during summer drought, which contrast with 

previous results obtained in other species of mediterranean sub-shrubs, in which woody 

starch reserves were consumed to produce SS during summer (Meletiou-Christou et al., 

1998). This suggests that in Linum primary growth is arrested as a result of drought, but 

its photosynthesis is maintained active and hence a certain accumulation of reserves can 

occur. In fact, the summer leaves of the mediterranean seasonally dimorphic Phlomis 

fruticosa exhibited positive photosynthetic rates during summer days, even though leaf 

water potential dropped below -44 bars at midday (Kyparissis and Manetas, 1993). 

Increased TNC concentrations during periods of drought have been reported for 

mediterranean sclerophylls (Körner, 2003), as well as for tropical tree species living 

under seasonally dry climate (Latt et al., 2001; Würth et al., 2005). TNC concentrations 

also increased in Pinus cembra trees growing along an altitude gradient (Hoch et al., 

2002). All these results suggest that growth is arrested prior to photosynthesis, and 

hence C-reserves can accumulate when stress factors are not severe enough to constraint 

C-acquisition. Woody starch reserves of Linum were further reduced in autumn, 

probably to support fine root growth which was found to increase during this period (G. 

Montserrat and S. Palacio, unpublished results), but also to provide carbon for the 

second growth pulse of brachyblasts, which starts in late September (Palacio and 

Montserrat-Martí, 2005). 

Lepidium had higher pools, concentrations and woody storage capacity of starch 

than Linum, which might indicate a higher dependence of Lepidium on woody starch 

reserves. Similarly, in a survey of ten different temperate tree species, deciduous species 

had greater starch concentrations than evergreens in their branch and stem sapwood 

(Hoch et al., 2003). The woody SS pools of Linum accounted for most of the TNC pools 

of this species, and the woody storage capacity of SS was high, which might indicate a 

high relevance of SS as a storage compounds in this species. Similar results were 

obtained in the mediterranean tree Ceratoria siliqua (Diehl et al., 1993). 

In spite of the greater absolute variation of the woody concentration of TNC in 

Lepidium than in Linum, the relative variation of TNC was similar in both species. 

Greater absolute oscillations of TNC have been reported in deciduous than in evergreen 

tree species (Mooney and Hays, 1973; Piispanen and Saranpää, 2001; Newell et al., 

2002). However, these studies did not account for the relative variation in the woody 

TNC concentration between both leaf habits. This fact might difficulty the comparison 
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between species, as species with greater TNC concentrations are more likely to display 

greater absolute variations than species with lower concentrations. In a study on the 

relative variation of the non-structural carbohydrate concentrations of ten temperate 

trees, Hoch and co-workers (2003) found that the relative variations where higher in 

evergreen than in deciduous species. However, according to our results, the different 

leaf shedding patterns of both study species did not entail differences in their relative 

seasonal variation of non-structural carbohydrate concentration. The differences found 

between both species in the relationship between TNC - SS and TNC - starch, 

emphasize the importance of analyzing separately SS, starch and TNC when studying 

seasonal patterns of carbohydrates. 

 

Concluding remarks 

The different strategies of Linum and Lepidium with regard to summer drought had 

important consequences for the SS, starch and TNC dynamics and pools of both species. 

The stress-tolerant Linum maintained many of its leaves green and increased woody SS 

concentrations during summer. Its woody starch pools and storage capacity were small, 

as the presence of a sufficient green biomass throughout the year guaranteed carbon 

supply. On the other hand, the stress-avoider Lepidium avoided summer stress by drying 

out most of its leaves prior to summer drought. The further carbon requirements to 

rebuild its green biomass in autumn led Lepidium to depend on the woody starch 

reserves stored in spring. However, irrespective of the different leaf shedding patterns 

and the differences in the seasonal dynamics of the two species, the relative variations 

of the woody TNC concentration were very similar between them. 
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Chapter 8 

Non-structural carbohydrates and nitrogen dynamics in 

Mediterranean sub-shrubs: an analysis of the functional role 

of overwintering leaves * 

  

ABSTRACT 

Previous studies have led to contrasting results about the role of overwintering leaves as storage sites, 
which are related to leaf longevity and life-form. The aim of this study was to evaluate the functional 
role as sources of nitrogen (N) and non-structural carbohydrates (NSC) for shoot growth of the leaves 
of four species of Mediterranean sub-shrubs with different leaf phenology. Study species included a 
thorny cushion plant with photosynthetic stems (Echinospartum horridum), a winter-deciduous species 
(Ononis fruticosa) and two seasonally dimorphic species with contrasting leaf phenology (Satureja 
montana and Salvia lavandulifolia). The seasonal dynamics of the concentrations and pools of N and 
NSC were assessed monthly in the leaves and woody organs of each species. Overwintering and spring 
leaves served as N and NSC sources for shoot growth in the evergreen species analyzed, providing up 
to 73% and 324% of the N demand for spring and autumn growth, respectively. Excess autumn N was 
stored in woody structures which contributed to the N and NSC requirements of spring growth. In the 
winter-deciduous species, woody organs were the main N source for spring growth, while current 
photosynthesis from immature brachyblasts seemed to be a relevant carbon (C) source. Due to their 
short lifespan, overwintering and spring leaves did not show several translocation processes throughout 
their life time, their contribution to new growth being made during senescence. The successive 
exchange of leaf cohorts displayed by mediterranean sub-shrubs might serve as a mechanism to recycle 
N and C between consecutive cohorts as plants perform the changes needed to adapt their morphology 
to the seasonality of their environment. 

RESUMEN 

   
* Palacio, S., Millard, P., Maestro, M., Montserrat-Martí, G. Non-structural carbohydrates and nitrogen 
dynamics in Mediterranean sub-shrubs: an analysis of the functional role of overwintering leaves. Plant 
Biology (Submitted). 
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En estudios anteriores se han obtenido resultados contradictorios acerca de la función de las hojas 
perennantes como lugares de almacenamiento, aspecto que parece depender de la longevidad foliar y la 
forma vital de las especies. El objetivo de este trabajo fue evaluar la función de las hojas de cuatro 
caméfitos leñosos mediterráneos con diferente fenología foliar como fuente de nitrógeno (N) y 
carbohidratos no estructurales (CNE). Las especies analizadas fueron: un cojinete espinoso con tallos 
fotosintéticos, (Echinospartum horridum), un caducifolio de invierno (Ononis fruticosa), y dos especies 
dimórficas estacionales con diferente fenología foliar (Satureja montana y Salvia lavandulifolia). La 
concentración y la cantidad de N y CNE de las hojas y órganos leñosos de las especies estudiadas se 
determinaron mensualmente. Tanto las hojas de invierno como las de primavera se comportaron como 
fuentes de N y CNE para la brotación de las especies perennifolias analizadas, aportando hasta un 73% 
y un 324% de las demandas de N de la brotación primaveral y la otoñal, respectivamente. El N 
excedente se almacenó en los órganos leñosos, que también contribuyeron a abastecer las demandas de 
N y CNE del crecimiento primaveral. En la especie caducifolia de invierno analizada, los órganos 
leñosos fueron la principal fuente de N para el crecimiento primaveral, mientras que la fotosíntesis de 
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los pequeños braquiblastos perennantes parece ser una fuente importante de carbono (C). Debido a su 
reducida longevidad, las hojas de las especies analizadas no experimentaron varios procesos de 
retranslocación durante su existencia, sino que su contribución a las demandas de N y C del 
crecimiento se realizó durante su senescencia. Además, en las especies perennifolias estudiadas, el 
intercambio sucesivo de cohortes de ramas parece servir como un mecanismo para reciclar el N y el C 
entre cohortes consecutivas, al tiempo que las plantas llevan a cabo los cambios necesarios para ajustar 
su morfología a la estacionalidad del ambiente en el que viven. 
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INTRODUCTION 

Plants with seasonal growth patterns rely on their stored reserves of nitrogen (N) 

(Proe and Millard, 1994) and non-structural carbohydrates (NSC) (Cherbuy et al., 

2001) to uncouple growth from carbon (C) and N acquisition throughout the year. 

Each growing season, stored N and NSC are remobilized to supply the growth of new 

shoots. From studies on evergreen and deciduous species we know that deciduous 

species store and remobilize N and NSC from perennial woody organs, while 

evergreens remobilize N and NSC from both old leaves and woody organs (Lacointe 

et al., 1993; Millard, 1996; Cherbuy et al., 2001). 

The role of overwintering leaves as storage organs and their contribution to the 

adaptation of evergreens to resource-poor habitats has been a topic of intensive debate 

(e.g. Chabot and Hicks, 1982; Jonasson, 1989; Eckstein et al., 1998; Aerts and 

Chapin, 2000). The lower N concentration and the greater longevity of the leaves of 

evergreens help to reduce their N losses through leaf fall (Aerts, 1995). Maintaining a 

green leaf cover all year enables evergreens to maximize C-gain, protracting the 

photosynthetic period of plants growing in environments with seasonally fluctuating 

conditions or with a short growing season (Kikuzawa and Kudo, 1995; Tani and 

Kudo, 2003). In addition, the remobilization of resources directly from old leaves to 

new growth avoids the costs of the construction and maintenance of temporary 

storage sites in other parts of the plant (Bloom et al., 1985). Therefore, it has been 

suggested that evergreens are less dependent on both external N uptake and the 

remobilization of NSC from woody reserves than deciduous species (Mooney and 

Hays, 1973; Gray and Schlesinger, 1983; Piispanen and Saranpää, 2001). However, 

several defoliation experiments have led to contrasting conclusions about the possible 

benefit of the old leaves of evergreens as nutrient and carbon storage sites (Jonasson, 

1989; Eckstein et al., 1998), even for the same species (Karlsson, 1994; Jonasson, 

1995a, b; Karlsson, 1995). 

The role of overwintering leaves as storage sites is related to leaf longevity 

(Aerts, 1995) and presumably also to life form (Yuan et al., 2005). Therefore, it would 

be interesting to analyse such a functional role in a group of species with similar life 

form but different leaf phenology. Mediterranean sub-shrubs show a greater diversity 

of leaf phenologies than most trees and shrubs, including winter-deciduous species, 
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seasonally dimorphic species and even species with photosynthetic stems and short-

lived leaves (Orshan, 1989). Most of these leaf phenologies are difficult to ascribe to 

the evergreen or deciduous leaf habit. For example, seasonally dimorphic species 

range from those that shed most of their leaves to species that lose only a few leaves 

during summer (Orshan, 1989). In spite of the high diversity of leaf phenologies 

displayed by mediterranean sub-shrubs, few studies have assessed their dynamics of 

N and NSC (but see Gray, 1983; Gulmon, 1983; Meletiou-Christou et al., 1998), and 

no previous studies have analyzed the functional role of their different types of leaves 

as sources of N and NSC for the growth of new shoots. 

The present study analyzed the seasonal patterns of NSC and N in four species 

of Mediterranean sub-shrubs with different leaf phenology growing along an 

altitudinal gradient. By such analysis we aimed to determine: (1) which organs of the 

plants are the main sites of NSC and N storage for subsequent use in shoot growth 

and, more specifically, (2) what are the functional roles of the different photosynthetic 

structures as N and NSC sources for shoot growth? 

MATERIALS AND METHODS 

Species and study sites 

We selected four species of Mediterranean sub-shrubs with different leaf phenology 

that grow naturally along an altitudinal gradient from the Ebro Basin to the Western 

Spanish Pre-Pyrenees (320 – 1380 m a. s. l.). These species include the seasonally 

dimorphic Salvia lavandulifolia (Lamiaceae) and Satureja montana L. (Lamiaceae), 

the winter-deciduous Ononis fruticosa L (Fabaceae) and the thorny-cushion plant 

Echinospartum horridum (Vahl.) Rothm. (Fabaceae). 

Except for E. horridum which has only long shoots, all of the study species 

bear two different types of branches: long and short branches, (i. e. dolichoblasts and 

brachyblasts). These two types of branches bear different types of leaves and give rise 

one to the other. Consequently, dolichoblasts elongate in spring from the apical bud of 

overwintering brachyblasts and, at the end of summer, a new cohort of brachyblasts 

develops in the axils of the leaves of dolichoblasts (Margaris, 1981; Orshan, 1989). In 

the present study, we considered brachyblasts as those branches shorter than 2 cm and 

dolichoblasts as those longer than 2 cm. E. horridum bears green leaves for six 

months (Fig. 1), but it has photosynthetic stems that remain green throughout the year 

 
 
 

152 



  N and NSC dynamics in mediterranean sub-shrubs 
 

(Palacio and Montserrat-Martí, 2006). The senescence of photosynthetic stems takes 

place during spring, while the elongation of a new cohort of photosynthetic 

dolichoblasts proceeds (Fig. 1). The leaves of the newly formed dolichoblasts start 

their senescence in summer, just three months after their expansion, and finish it in 

early autumn (Fig. 1). The winter-deciduous O. fruticosa, starts elongating 

dolichoblasts and brachyblasts in March and May, respectively. Both types of 

branches coexist until early October, when they finish leaf shedding (Fig. 1). Plants of 

O. fruticosa remain leafless until the following spring; however, brachyblasts retain 

some of their immature green leaves covered by the dry leaf bases of dolichoblast 

leaves during autumn and winter (Palacio and Montserrat-Martí, 2006). In the 

seasonally dimorphic S. montana, dolichoblasts start elongating in April and their 

leaves remain green until late November, while brachyblasts appear in June and their 

leaves remain green for up to 11-12 months (Palacio and Montserrat-Martí, 2006). 

Therefore, this species only has green dolichoblast leaves during spring, summer and 

early autumn; and it shows two main periods of leaf senescence during the year: the 

summer and autumn shedding of dolichoblast leaves, and the senescence of 

brachyblast leaves, which occurs mainly in winter and early spring (Fig. 1). S. 

lavandulifolia is also a seasonally dimorphic species but, in contrast to S. montana, it 

bears dolichoblast and brachyblast leaves simultaneously during the whole year. 

These leaves expand in late spring and are shed in the following spring. In addition, in 

early spring, S. lavandulifolia develops a third type of leaf that lasts only two-three 

months: the spring leaves of dolichoblasts (Palacio et al., 2007). Consequently, this 

species has also two successive periods of leaf senescence during the year: that of the 

overwintering brachyblast and dolichoblast leaves in early summer, and that of the 

spring leaves of dolichoblasts in late summer (Fig. 1). 

For each species, one population composed of a minimum of 500 adult 

individuals was selected. E. horridum was studied in San Juan de la Peña Range, 25 

km SW of Jaca, Spain (42º31’N, 0º40’W; at 1380 m a. s. l.); O. fruticosa in a north 

facing limestone hillside near Bernués, Spain (42º29’N, 0º35’W; at 1030 m a. s. l.); S. 

montana in the riverside of the Guarga River, near Lasieso, Spain (42º25’N, 0º26’W; 

at 670 m a. s. l.) and S. lavandulifolia in a N-exposed limestone and gypsum hillside 

near Villamayor, 14 km East of Zaragoza, Spain (41º43’N, 0º43’W; at 340 m a. s. l.). 

Therefore, the cushion plant E. horridum grew at the highest altitude within the study 
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area, followed by the winter-deciduous O. fruticosa and the seasonally dimorphic S. 

montana, which grew at mid-high and mid altitudes, respectively. At the lower part of 

the study area the other seasonally dimorphic species, S. lavandulifolia was found. 

Climate in the high parts of the study area is sub-mediterranean, with short summer 

drought periods and cold winters, with an increasing risk of winter freezing with 

altitude (Creus-Novau, 1983). In the lower parts of the study area the risk of winter 

freezing is less, but the length of summer drought increases. Further details on the 

climate and characteristics of each population can be found elsewhere (Palacio and 

Montserrat-Martí, 2006; Chapter 2). 

 

 
 
Figure 1. Leaf growth (light grey bars), leaf maturity (dark grey bars) and leaf senescence 
(black bars) of the study species during the study period. DL: dolichoblast leaves, DS: 
dolichoblast stems, BL: brachyblast leaves, SL: spring leaves. 
 

 

Sampling of plant material 

Sampling was conducted monthly between November 2002 and November 2003 for 

E. horridum and S. lavandulifolia, between December 2003 and December 2004 for 

O. fruticosa and between January 2004 and January 2005 for S. montana. Weather 

conditions of the same sites were quite similar between the three years of study (data 

not shown). On every sampling date, five adult individuals of each species were 

excavated up to 30-40 cm from their rooting point for N and NSC concentration 
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analyses. Samples were collected between 12:30 and 2:30 pm, and only medium sized 

plants were selected. The excavated plants were separated into coarse roots (> 5 mm 

in width), main and secondary stems (older than three-year-old), brachyblasts (whole), 

and current-year dolichoblasts leaves. In spring, a new cohort of dolichoblast leaves 

was formed. From that time on, this new cohort was incorporated in the analyses. All 

woody plant material was vigorously brushed to remove soil particles, cut in small 

pieces, and stored at -20º C until freeze-dried (Cryodos, Telstar Industrial SL, Terrasa, 

Spain). Brachyblast and current-year dolichoblast leaves were oven-dried to a 

constant weight at 60º C. 

On each occasion a three-year-old branch was sampled from each of 15 

different individuals, randomly selected within the population for the measurement of 

branch biomass partitioning. In spring time, when the new shoots were expanding, 

four different cohorts of shoots coexisted in the three-year-old branches. In order to 

have comparable samples throughout the year, once spring growth had finished, our 

branch unit comprised only the three younger cohorts of shoots. Branches were 

separated into their different components: stems of current-year dolichoblasts, one-

year and two-year old dolichoblasts and dolichoblast formed in the course of the 

study; leaves of current-year dolichoblasts, of one-year old dolichoblasts (if available) 

and of dolichoblasts formed in the course of the study; current-year brachyblasts 

(including both stems and leaves) and brachyblasts formed in the course of the study; 

reproductive fractions and dry and senescent elements of the branch. Fractions were 

oven dried to a constant weight at 60°C and weighted to the closest 0.01 mg. In the 

periods of maximum leaf abscission, fully senesced leaves, i.e. senescent leaves 

detaching from the plant at a gentle touch, were separated from the dry and senescent 

elements of three-year-old branches and analyzed for N concentration. 

In August 2004, three adult individuals similar to those used for chemical 

analyses were excavated to their full rooting depth for organ biomass measurements. 

The excavated plants were partitioned into coarse roots (> 5 mm in width), fine roots 

(< 5 mm in width), main and secondary stems and shoots and fine stems (including 

leaves). Dry leaves and branches were carefully eliminated to ensure the sampling of 

living materials. Samples were oven-dried to a constant weight at 60ºC and weighed. 
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Chemical analyses 

Dried samples were ground in a mill (IKA MF10, IKA-Werke, Staufen, Denmark) to 

a fine powder. Nitrogen mass-based concentrations were measured with an elementar 

analyzer (Elementar VarioMAX N/CM, Hanau, Germany). Soluble sugars were 

extracted with 80% (v/v) ethanol and their concentration was determined 

colorimetrically using the phenol-sulphuric method of Dubois and co-workers (1956) 

as modified by Buysse and Merckx (1993). Starch and complex sugars remaining in 

the undissolved pellet after ethanol extractions were enzymatically reduced to glucose 

and analyzed as in Palacio and co-workers (2006) (Chapter 7). Non-structural 

carbohydrates measured after the ethanol extraction are referred to as soluble sugars 

(SS), carbohydrates measured after the enzymatic digestion are referred to as starch, 

and the sum of soluble sugars and starch measured in glucose equivalents are referred 

to as total non-structural carbohydrates (NSC). 

 

Calculations and statistical analyses 

Nitrogen, SS, starch and NSC pools were estimated by multiplying mean biomass 

values by mean N, SS, starch and NSC mass-based concentrations (mg g-1). The 

amount of N shed from a three-year-old branch through leaf shedding over a month 

(N-shed month) was estimated as: 

N-shed month = [(B month-1 – B month) * N litterfall] 

Where B is the mean leaf biomass per three-year-old branch (obtained from 

the 15 three-year-old branches sampled for biomass analysis) and N litterfall is the mass 

based concentration of N of the fully senescent leaves of that month. The total N loss 

through leaf fall was then calculated by adding up the quantities of N shed in the 

monthly leaf fall. 

The amount of N withdrawn from the senescent leaves (measured in mg of N 

per three-year-old branch) was estimated as the difference between the maximum N 

pool size of green structures and the amount of N lost through their shedding. The N 

resorption efficiency was then calculated as the percentage of the maximum N pool 

withdrawn from senescing tissues. Nitrogen demand was defined after Silla and 

Escudero (2003) as the amount of N required to meet the growth of a new cohort of 

photosynthetic structures during shoot expansion. The resorption benefit was then 

calculated as the percentage of the total N demand supplied by the simultaneous N 
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withdrawn from senescent leaves and photosynthetic dolichoblast stems (in the case 

of E. horridum). 

All data were checked for normality and homoscedasticity prior to statistical 

analyses. Within species, differences of SS, starch, NSC and N concentrations among 

sampling dates were analysed by one-way ANOVA. LSD and Dunnet T3 multiple 

range tests were used for comparison of means at 5% probability of groups with or 

without homoscedasticity, respectively. 

RESULTS 

Main NSC and N sources for spring shoot growth 

Irrespective of the differences in their leaf phenology, both the overwintering, 

photosynthetic structures and the woody organs served as N and NSC sources for the 

spring growth of the cushion plant E. horridum and the seasonally dimorphic S. 

montana (Table 1, Figs. 2 and 3). Accordingly, N and NSC concentrations of the 

woody organs of all species, and the N and NSC concentrations of the photosynthetic 

stems of E. horridum and the brachyblasts of S. montana, decreased significantly 

following shoot elongation (P-value < 0.05; Figs. 2 and 3). The N pools of the 

photosynthetic stems of E. horridum also decreased following shoot elongation, 

whereas in the brachyblasts of S. montana such decrease was less patent (Fig. 3). In 

the winter-deciduous O. fruticosa roots were the main N and NSC source, whereas 

main stems showed no significant decrease of their NSC concentration following 

shoot growth, and hence they served as sources of N but not NSC (Figs. 2 and 3). In 

the seasonally dimorphic S. lavandulifolia overwintering leaves functioned as sources 

of NSC but not N, as their N pools were not reduced during spring growth but soon 

after (Figs. 2 and 3). The role of overwintering photosynthetic structures as N and 

NSC sources in E. horridum and S. montana is further supported by the fact that their 

senescence started soon after the beginning of shoot elongation (Fig. 1). Therefore, 

the reduction in their N and NSC pools might have been the result of a combination of 

(i) a resorption to supply growing sinks, (ii) a loss through leaf shedding, and (iii) an 

increase in respiratory losses due to leaf ageing, in the case of NSC. Overwintering 

structures contributed an important percentage of the N demands of spring growth in 

E. horridum, while in the brachyblast of S. montana such contribution was less (Table 

1). This small contribution might have been due to freezing damage.  
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Fig. 2. Seasonal variation of the total non-structural carbohydrate (NSC) content (mg per 
branch) of the photosynthetic organs (left side of the figure); and mass-based concentrations 
(mg g-1) of the roots and main stems (right side of the figure), of the study species. 
Photosynthetic fractions of E. horridum: current-year dolichoblasts (▲), new dolichoblasts 
formed in spring (∆), new dolichoblast leaves formed in spring (--○--). Photosynthetic 
fractions of the remaining species: current-year brachyblasts (▲), new brachyblasts 
formed in spring (∆), leaves of current-year dolichoblast (--●--), new leaves of 
dolichoblast formed in spring (--○--). Woody fractions of the four study species: main roots 
(○), main stems (●). Values of mass-based concentrations are means ± 2 SE (n = 5). 
Missing data are due to the absence of the specific tissue. See text for further details on the 
calculation of pools. 

 
 
 

158 



  N and NSC dynamics in mediterranean sub-shrubs 
 

N
 (m

g 
g-1

)

0

5

10

15

O N J M M J S N J M

E. horridum

0

2

4

6

8

10

O N J M M J S N J M

0

5

10

15

S N J M M J S N J M

0

5

10

15

S N J M M J S N J M

0

5

10

15

20

25

30

O N J M M J S N J M

O. fruticosa

0

4

8

12

16

20

S N J M M J S N J M

S. montana

0

2

4

6

8

10

S N J M M J S N J M

S. lavandulifolia

0

2

4

6

8

10

O N J M M J S N J M

N
 c

on
te

nt
 (m

g 
pe

r b
ra

nc
h)

 

Fig. 3. Seasonal variation of the total nitrogen (N) content (mg per branch) of the 
photosynthetic organs (left side of the figure); and mass-based concentrations (mg g-1) of the 
roots and main stems (right side of the figure), of the study species. Photosynthetic fractions 
of E. horridum: current-year dolichoblasts (▲), new dolichoblasts formed in spring 
(∆), new dolichoblast leaves formed in spring (--○--). Photosynthetic fractions of the 
remaining species: current-year brachyblasts (▲), new brachyblasts formed in spring 
(∆), leaves of current-year dolichoblast (--●--), new leaves of dolichoblast formed in 
spring (--○--). Woody fractions of the four study species: main roots (○), main stems 
(●). Values of mass-based concentrations are means ± 2 SE (n = 5). Missing data are due 
to the absence of the specific tissue. See text for further details on the calculation of pools. 
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Many individuals of S. montana had necrotic stains on their brachyblast leaves during 

winter (data not shown), which might be related to an alteration of the normal 

physiology of these leaves. As a consequence the N resorption efficiency of the 

brachyblast leaves of this species was also very low as compared to the rest of leaves 

analyzed (Table 1). 

 

Table 1. Summary of the role of photosynthetic structures as sources and sinks of N. 

 
Species Dates Sinks Sources N loss 

(mg / 
branch) 

N shed 
(mg / 

branch) 

N Dem. 
(mg / 

branch) 

N Ben. 
(%) 

N Eff. 
(%) 

E. horridum Mar-Jun Ds-03 Ds-02 2.1 0 4.9 26 100 

  Dl-03    3.1 73  

 Jul-Nov Ds-03 Ds-02 3.4 3.0 3.5 9 20 

   Dl-03 3.1 1.5  47 53 

O. fruticosa Apr-Jun Dl-04 WO n.m. - 11.8 n.m. - 

  Br-04    0.3 n.m. - 

 Jun-Nov WO Dl-04 11.8 3.1 n.m. n.m. 66 

S. montana Apr-Jun Dl-04 Br-03 2.5 2.3 5.7 5 11 

 Jun-Nov Br-04 Dl-04 5.7 4.0 1.7 101 30 

S. lavandulifolia Apr-May WO Sl-03 n.m. - 7.7 n.m. - 

 May-Ago Br-03 Br-02 3.1 1.7 1.4 98 44 

   Dl-02 3.7 1.8  135 59 

   Sl-03 5.4 1.0  324 57 

N Dem., N demand or shoot growth; N Ben (%), N resorption benefit; N Eff (%), N 
resorption efficiency; Ds-02, Ds-03, dolichoblast stems of 2003 and 2002, respectively; Dl-
02, Dl-03, Dl-04, dolichoblast leaves of 2002, 2003 and 2004, respectively; Br-02, Br-03, Br-
04, brachyblasts of 2002, 2003 and 2004, respectively; WO = Woody organs; Sl-03, spring 
leaves of 2003; n. m., not measured. See text for details on calculations. 
 
 

Overwintering photosynthetic structures were not the only N and C sources for 

spring growth in the evergreen species analyzed. Except for the main stems of E. 

horridum, which had no significant change in their N concentrations throughout the 

year (P = 0.228) and the main stems of O. fruticosa that showed no significant 

decrease in their NCS concentrations during shoot elongation, N and NSC 

concentrations of the woody organs of all species showed a significant decrease 

following spring growth (P < 0.05), indicating a role as N and C sources. In addition, 

woody organs accounted for an important percentage of the total biomass of study 

species (Fig. 4). Seasonal variations in the concentrations of N and NSC were higher 

in the roots organs of the winter-deciduous O. fruticosa (Figs. 2 and 3). However, E. 
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horridum was the species displaying the greatest loss of NSC from its roots following 

spring growth, which was mainly a decrease in starch concentrations (from 97.5 mg g-

1 in April, to 32.7 mg g-1 in September). 

 

 

Figure 4. Percentage of 
total biomass allocated to 
leaves and photosynthetic 
shoots (white bars), main 
stems (black bars), coarse 
roots (grey bars) and fine 
roots (dotted bars) in the 
study species in August 
2004 .Values are means ± 
2 SE (n = 3 except in O. 
fruticosa where n = 1). 

NSC and N dynamics during summer-autumn senescence 

At the end of the growing season, the leaves that had been produced in early spring 

started to senesce (Fig. 1) and their N and NSC pools decreased sharply (Figs. 2 and 

3). The N withdrawn from O. fruticosa leaves was translocated mostly to woody 

organs, especially the roots. In this species, the growth and senescence of 

dolichoblasts and axilary brachyblasts is almost simultaneous (Fig. 1). Accordingly, 

both types of branches showed a net loss of N and NSC during autumn senescence. 

Overwintering brachyblasts maintained low N pools throughout winter, most of the N 

withdrawn during senescence being stored in the roots. Similarly, the NSC assimilated 

during the productive period of early summer accumulated preferentially in the roots 

of this species (Fig. 2). During autumn, N and NSC concentrations diminished in the 

roots of O. fruticosa, possibly due to root growth, as during this period of the year 

plants were already leafless and temperatures were moderate. In this species, root 

reserves of N were further replenished in winter and spring (Fig. 3), indicating that 

part of the N uptake of this species took place while plants were leafless. 
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In the evergreen species analyzed, part of the N withdrawn from spring leaves 

was diverted to the new overwintering photosynthetic structures that were being 

expanded. However, N withdrawn during autumn leaf senescence was, except for E. 

horridum, in excess from the N demand of growing tissues (Table 1). Part of the N 

withdrawn from senescent leaves might have been diverted to replenish reserves, as N 

concentrations of the woody organs of these species increased during this period (Fig. 
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3). NSC also accumulated in the newly formed overwintering leaves and dolichoblasts 

of evergreen species during late summer and early autumn (Fig. 2). This NSC 

accumulation was mainly due to an increase of SS and might have come from current 

photosynthesis or from the resorption from senescing structures, as no decrease in the 

starch concentration of woody organs was observed during that period (data not 

shown). 

DISCUSSION 

Our results demonstrate that, irrespective of their different life spans and nature, 

overwintering photosynthetic structures served as N and NSC sources for spring 

growth in most of the evergreen species studied. In S. lavandulifolia overwintering 

leaves contributed to the requirements of C but not of N, as their senescence took 

place a bit later than shoot growth. Similar results have been reported for eight species 

of Mediterranean evergreen trees and shrubs with contrasting aboveground phenology 

(Milla et al., 2005a). 

In all of the evergreen species studied, spring leaves were sources of N and 

NSC for the next cohort of overwintering leaves that developed at the end of summer. 

Therefore, there seems to be a translocation of N and C between the different cohorts 

of photosynthetic structures that grow in summer and senesce in the following spring, 

and those that grow in spring and senesce during summer and autumn. This 

redistribution of N from old to young leaves takes place twice throughout the year in 

most of the study species, similarly to those species with sequential leaf development 

(Jonasson and Chapin, 1985; Wendler et al., 1995). Spring leaves had higher N 

concentrations than overwintering leaves, corresponding to their higher 

photosynthetic rates (Kyparissis and Manetas, 1993). Accordingly, the N withdrawn 

during their senescence exceeded the N demands of the new cohort of overwintering 

leaves, part of this N being used to replenish N woody reserves. 

The accumulation of N in overwintering leaves and stems might be closely 

related to their photosynthetic capacity (Takashima et al., 2004). Accumulating N in 

photosynthetic structures during periods when growth is restricted might have the 

advantage of immediate C-gain when environmental conditions improve (Gulmon, 

1983). Accordingly, mediterranean sub-shrubs have been shown to display an 

opportunistic growth, responding quickly to the onset of the first spring rains (Shmida 
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and Burgess, 1988; Palacio and Montserrat-Martí, 2005), aided by a shallow root 

system which can take up N quickly after autumn rain, some of which is directly 

diverted to overwintering photosynthetic structures (Gulmon, 1983). As a 

consequence, mediterranean sub-shrubs are responsive to the short pulses of N 

availability, their biomass production and N uptake increasing linearly with soil N 

availability (Gray and Schlesinger, 1983). This opportunistic pattern of N use might 

be an adaptation to the nutrient conditions in the frequently disturbed communities 

which they dominate, where N turnover rates in the soil are high (Gray, 1983; Gray 

and Schlesinger, 1983). 

In spite of the role of overwintering leaves as N and NSC sources for shoot 

growth, woody structures also contributed to the requirements of N and NSC of spring 

growth in all study species. These results highlight the importance of considering 

woody organs when assessing whole-plant N and C dynamics (Aerts and Chapin, 

2000). Nitrogen stored in woody fractions contributed up to 82% and 59% of the N 

requirements for shoot growth of a deciduous and an evergreen Quercus species, 

respectively (Silla and Escudero, 2003). However, such a contribution was found to 

vary from year to year depending on N uptake. In the present study, seasonal changes 

of the N and NSC pools of woody organs were not quantified. However, woody 

organs represented a great percentage of the total biomass of study plants, and hence 

little variations in their N and NSC mass-based concentrations might have accounted 

for great pool changes. 

In agreement with previous studies (Mooney and Hays, 1973; Piispanen and 

Saranpää, 2001), NSC concentrations of the roots of the winter-deciduous O. fruticosa 

showed greater seasonal variations than those of the evergreen species of the study. 

However, the reduction in the NSC concentrations of O. fruticosa roots during spring 

growth was less than in the evergreen E. horridum. Furthermore, the main loss of 

NSC did not occur at the beginning of spring growth, as usually happens in winter-

deciduous trees (Piispanen and Saranpää, 2001), but during the autumn months 

following leaf senescence. The immature leaves of the brachyblasts of O. fruticosa 

might have a sufficient photosynthetic capacity to have accounted for part of the C-

requirements for spring shoot growth, thereby reducing the dependence on NSC 

reserves. Similar results were obtained in Mediterranean seasonally dimorphic species 

from warmer areas (Palacio et al., 2006). The loss of N and NSC from the roots of O. 
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fruticosa during autumn could be due to root growth. Although root growth of certain 

deciduous species has been reported to diminish when plants are leafless (Burke and 

Raynal, 1994; West et al., 2003), Landhäusser and Lieffers (2003) found that early 

autumn could be a period of increased root growth in Populus tremuloides, which was 

accompanied by a depletion of the root starch reserves as we found in O. fruticosa. 

According to our results, at least part of the external N uptake by O. fruticosa might 

have taken place when plants were still leafless. Similar results have been reported for 

winter-deciduous species growing in sand culture, which showed external N-uptake 

during autumn senescence (Millard and Thomson, 1989; Wendler and Millard, 1996). 

In these plants, N uptake and N demand for shoot growth in the spring are uncoupled. 

Similar patterns have been obtained for plants growing in different seasonal 

environments, where shoot growth and N availability are also asynchronous (Millard, 

1994; Silla and Escudero, 2003). 

Both overwintering and spring leaves seem to play an important functional 

role as N and C sources for shoot growth in the study species. However, woody 

organs functioned also as C and N sources for shoot growth. Due to their short 

lifespan, the different photosynthetic structures of the study species did not show 

several translocation processes throughout their life time, but their contribution to new 

shoot growth was made during senescence. Accordingly, in the evergreen species 

studied the growth of a new cohort of shoots was followed by the senescence of the 

old cohort. This successive exchange of shoot cohorts might serve as a mechanism to 

recycle N and C between consecutive shoot cohorts as plants perform the morpho-

phenological changes needed to adapt their morphology to the seasonality of their 

environment. 
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GENERAL SYNTHESIS 

Through the course of this Thesis, different ideas and hypotheses about the ecology of 

mediterranean sub-shrubs have been introduced and discussed independently. The aim 

of this general synthesis is to combine and sum them up, trying to raise general 

hypotheses on the main ecological strategies of this type of plants. 

Mediterranean sub-shrubs encompass a great diversity of pheno-morphological 

types that grow in very different environments (Chapter 2). Nevertheless, they all share 

some common characteristics that identify them as an ecologically distinct group. First 

of all they are small-sized, keeping their renewal buds at a height lower than 80 cm 

during the most stressing periods of the year (Chapter 1). Their reduced aboveground 

dimensions endure a shallow root system, which makes them highly dependent on the 

seasonality of mediterranean climate (Chapter 5). A way to compensate for the negative 

effects of having a shallow root system under a seasonal and quite unpredictable climate 

is to be able to grow and uptake resources faster than other plants of the community 

(Shmida and Burgess, 1988). Consequently, most mediterranean sub-shrubs show an 

opportunistic growth, being highly responsive to short pulses of nutrient and water 

availability (Mooney and Kummerow, 1981; Gray and Schlesinger, 1983). 

Despite growing in a wide range of environments, mediterranean sub-shrubs 

need open areas free from the competition of trees and tall shrubs to survive. However, 

escaping trees and shrubs means surviving where they do not, and hence being able to 

withstand harsh periods of stress, frequent disturbances or both factors at the same time. 

Accordingly, mediterranean sub-shrubs show several morphological, phenological and 

physiological characteristics that might enable their survival under such limiting 

environmental conditions. 
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One of such characteristics is the presence of naked buds as their renewal 

structures which, according to the results presented in this Thesis (Chapters 3 and 4), 

seems to be a common feature among mediterranean sub-shrubs. Naked buds appear to 

be indicative of a low intensity of shoot rest (Puntieri et al., 2002a), and hence they 

might favour the ability of mediterranean sub-shrubs to perform an opportunistic 

growth. Such ability might be further enhanced in those species bearing their naked 

buds on living emerged brachyblasts (Chapter 4). This type of branches seem to be 

linked to a low degree of shoot preformation. Consequently, they might be 

advantageous in arid environments, enabling plants to resume their growth quickly, 

taking advantage of unpredictable short pulses of nutrients and water availability 

(Chapter 4). 

The presence of green brachyblast before the onset of spring growth has also 

important consequences for the N and NSC dynamics of mediterranean sub-shrubs. 

Overwintering brachyblasts accumulate N, which might be closely related to their 

photosynthetic capacity (Takashima et al., 2004). Accumulating N in photosynthetic 

structures during periods when growth is restricted might have the advantage of 

immediate C-gain when environmental conditions improve (Gulmon, 1983). 

Accordingly, overwintering brachyblasts seem to have a sufficient photosynthetic 

capacity to account for part of the C-requirements for spring growth of mediterranean 

sub-shrubs, thereby reducing their dependence on woody NSC reserves (Chapters 7 and 

8). Consequently, these species seem to be less dependent on woody starch reserves for 

shoot growth than mediterranean trees and shrubs (Chapters 7 and 8), a result that is in 

agreement with their much lower allocation to woody biomass (Mooney, 1981). In 

addition, the ability to supply growing buds with C fixed by nearby brachyblasts might 

enable a quicker growth response than if shoot growth were only supplied by the 

remobilization of stored NSC. 

In seasonally dimorphic species, the alternation of brachyblasts and 

dolichoblasts throughout the year enables the production of “seasonally different plants” 

from the same individual that optimize their adjustment to the seasonality of 

mediterranean climate (Christodoulakis et al., 1990; Aronne and De Micco, 2001). By 

such alternation, seasonally dimorphic plants reduce their living and photosynthetic 

biomass during the most stressing periods of the year, effectively escaping both summer 

drought and winter cold (Chapter 6). In addition, this successive exchange of branch 

cohorts might serve as a mechanism to recycle N and C between consecutive cohorts 
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while plants perform the changes needed to adapt their morphology to the seasonality of 

their environment (Chapter 8). 

Overwintering green brachyblasts seem to be advantageous for species growing 

in arid and quite unpredictable environments with moderate winter cold. However, as 

the severity of winter cold increases, the maintenance of the exposed green leaves of 

brachyblasts throughout the year might enhance plants vulnerability to freeze damage. 

Furthermore, if climate becomes more predictable, the benefits of having a rapid 

response to favourable periods are reduced (Shmida and Burgess, 1988). Under such 

circumstances, green emerged brachyblasts and partially neoformed shoots might no 

longer be advantageous. Accordingly, brachyblast-bearing species might be replaced by 

species without emerged brachyblasts, with buds tightly protected throughout their 

development and a more constrained pattern of shoot development (Chapter 4). 

In areas with some water availability during summer and winter as the main 

stressing period of the year, evergreen brachyblast-bearing species might be replaced by 

winter-deciduous species. This type of mediterranean sub-shrubs may also bear 

brachyblasts. However, they are no longer emerged throughout the year but tightly 

protected during winter (Chapter 4). The availability of water during summer might 

enable these species to perform a long period of dolichoblast development (Chapter 5). 

Accordingly, they might accumulate C and N actively during summer and early autumn 

for subsequent growth in spring (Chapter 8), hence compensating for the absence of C-

assimilation during winter. 

In areas where both winter cold and summer drought are patent, the period of 

vegetative activity of plants is severely reduced, and the winter-deciduous leaf habit 

might no longer be competitive. Under these circumstances, dominant mediterranean 

sub-shrubs are thorny cushion plants without brachyblasts and with ephemeral or 

reduced leaves and photosynthetic stems. This species have a short shoot growth period 

and a high shoot preformation, quickly completing this phenophase in spring (Chapter 

5). The presence of photosynthetic spiny stems is frequent in invasive species and plants 

growing in semi-arid or disturbed environments, like many desert and mediterranean 

species (Nilsen et al., 1993; Haase et al., 2000). The presence of spiny stems enables 

them to avoid disturbances caused by herbivores (see below). In addition, though their 

photosynthetic capacity is lower than that of leaves, this type of structures enable plants 

to perform some C-fixation during otherwise unproductive periods (Bossard and 

Rejmanek, 1992; Haase et al., 2000), being good surrogates of leaves in highly stressing 
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environments (Nilsen et al., 1993). According to the results presented in this Thesis, 

photosynthetic stems might be functionally analogous to brachyblasts in some aspects, 

like their role as C and N sources for shoot growth (Chapter 8). 

 

Disturbances and mediterranean sub-shrubs 

Disturbances are an intrinsic factor of the evolution of mediterranean ecosystems 

(Naveh, 1975). Accordingly, mediterranean sub-shrubs show a great diversity of 

strategies to endure disturbances, mainly depending on the type of disturbances, their 

intensity and frequency. There is a vast amount of literature dealing with this aspect of 

the ecology of mediterranean species (for some reviews see Bell, 2001; Bond and 

Midgley, 2001; Vesk and Westoby, 2004b). Therefore, it is not aimed here to perform a 

comprehensive analysis of this issue, but to relate some of the traits analyzed in this 

Thesis with the strategies of mediterranean sub-shrubs to survive disturbances. 

Mediterranean sub-shrubs show various strategies with regard to disturbances 

causing the loss of aboveground biomass like the consumption by herbivores. Some 

species display a clear disturbance-avoiding strategy, like most thorny cushion plants. 

The ability of these species to tolerate aboveground disturbances might be compromised 

by their short period of maximum vegetative activity and constrained pattern of shoot 

growth, which complicates their recovery after disturbances. In addition, they tend to be 

acropetal branch shedders, keeping their renewal buds close to the distal end of their 

branches. This location of renewal bud might be risky, as they might be easily available 

to herbivores. Nevertheless, these risks might be avoided by the protection of their 

prominent spines. 

Other species of mediterranean sub-shrubs, like seasonally dimorphic species, 

might show a combined strategy towards browsing damage. Similarly to spiny plants, 

these species have dissuasive mechanisms to avoid being consumed by herbivores 

(Margaris and Vokou, 1982), such as the accumulation of essential oils rich in 

terprenoids and phenolic compounds (Escudero et al., 1983; Fournier et al., 1993; 

Guillén and Cabo, 1996; Guillén and Manzanos, 1999). Nevertheless, these species can 

also tolerate a moderate loss of their aboveground biomass. Indeed, seasonally 

dimorphic species undergo marked seasonal oscillations of their aboveground biomass 

as part of their yearly activity (Chapter 6). In some cases, the effect of disturbances is 

negligible in comparison to the loss of biomass due to such seasonal biomass 

oscillations (Coughenour et al., 1990). Therefore, the mechanisms that enable their 
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adjustment to the seasonality of mediterranean climate, like the presence of storage 

organs and bud banks, serve them also to recover from disturbances (Iwasa and Kubo, 

1997; Vesk and Westoby, 2004a). In addition, by being basipetal branch shedders, these 

species tend to keep their renewal buds close to the ground, being better protected from 

moderate aboveground disturbances such as browsing or small fires. Seasonally 

dimorphic species have been considered to be facultative root resprouters after fires, 

being able both to resprout vegetatively and to regenerate by fire-stimulated seed 

germination and growth (Naveh, 1975). Nevertheless, though some seasonally 

dimorphic species have the ability to resprout from their roots, most seasonally 

dimorphic species resprout from epicormic buds and brachyblasts located at the base of 

their trunks instead of their roots (Guerrero Campo, 1998). Accordingly, most of these 

species function as seeders after severe fires or aboveground disturbances affecting the 

whole canopy (Herrera, 1984). 

Finally, many mediterranean sub-shrubs show a great capacity to form roots 

from their shoots (Guerrero Campo, 1998). Apart from enabling a vegetative lateral 

spreading (Koop, 1987; Del Tredici, 2001), this ability might serve as a mechanism to 

survive disturbances caused by geomorphological processes such as the burying of 

branches caused by mobile substrates (Guerrero Campo, 1998). 

 

A proposal of functional traits suitable for the study of mediterranean sub-shrubs 

It has already been discussed the ecological relevance of some traits of mediterranean 

sub-shrubs such as the type and position of renewal buds, the presence of brachyblasts 

or the degree of seasonal biomass oscillation. All of these attributes might be eligible as 

functional traits for an effective functional classification of mediterranean sub-shrubs. 

Another attribute to be considered as a possible functional trait for this type of species is 

the length of the period of dolichoblast development (Pérez Latorre and Cabezudo, 

2002). This period might be considered as the period comprised between the start and 

the conclusion of the development of dolichoblasts, which in those species bearing 

terminal inflorescences comprises the period of time between the start of dolichoblast 

growth and the end of flowering (Chapter 5). During this period of time, the shoot 

growth rate, the hydration ability of branch tissues and the percentage of photosynthetic 

biomass reach maximum values (Chapters 3, 4 and 6). It is the most productive period 

of the year, but also the most vulnerable to environmental stresses such as early freezes 

or dry spells. Consequently, those species withstanding high levels of stress tend to 
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display short periods of dolichoblast development (Chapter 5). According to the results 

presented in this Thesis, the duration of this period might have consequences on the 

degree of overlap between root and shoot growth processes (Chapter 5). Those species 

displaying a longer period of dolichoblast development might tend to overlap both 

processes while those species with a short period might tend to separate them. All these 

relationships might be indicative of the functional value of this trait, though further 

studies are needed to complete the analysis of its functional relevance. 

CONCLUSIONS 

This section outlines the most relevant conclusions attained in this PhD Thesis, 

suggesting some ideas for future studies on these issues. 

1. All of the study species have naked buds as their renewal structures, but they 

show great differences in the location and degree of protection of their buds during 

winter. Within the study species, seasonally dimorphic species bear their renewal 

buds in emerged brachyblasts, being protected by the surrounding mature leaves 

of the brachyblast, which arrange compactly around the meristem. Contrastingly, 

in the study species growing in colder areas, renewal buds are no longer borne by 

emerged brachyblasts and they remain concealed under protective structures 

during winter (as in O. fru icosa) or during their entire development (as in E. 
horridum). 

t

Our results seem to indicate that naked buds are a common feature of 

mediterranean sub-shrubs and that there is a relationship between winter cold and the 

degree of protection of buds in these species. However, the low number of species 

analyzed and their different location does not allow us to separate the effect of winter 

cold from the species-specific effect. A comprehensive analysis on the bud morphology 

and location of a broad number of species of mediterranean sub-shrubs coexisting and 

growing in contrasting environments would be required to test if naked buds are a 

common feature of this type of species, and if the degree of protection of renewal buds 

correlates with winter cold. Testing if buds borne on emerged brachyblasts are more 

susceptible to freezing damage than buds borne directly on the surface of dolichoblasts 

or buds located on deciduous brachyblasts would require an experimental analysis of 

the vulnerability of the different structures to freeze damage. 
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2. All of the study species display rhythmic shoot and bud growth, adjusting both 

processes to the seasonality of their environment. In the study species, shoot 

growth seems to be more vulnerable to suffer from stressing factors such as winter 

cold and summer drought than shoot organogenesis. 

These results agree with an experimental study on the effect of water stress on 

the growth of leaf primordia in several stages of development, which showed that 

meristematic leaves were more resistant to water stress than those leaves in an advanced 

stage of development (Alves and Setter, 2004). Further experimental analyses on the 

effect of simulated drought and freezing stress on bud and shoot development are 

required to test this hypothesis. 

 

3. In L. subulatum and L. suffruticosum dolichoblast expansion coincides with 

maximum values of the water content at full hydration of branch tissues (WCh). 

This observation supports the hypothesis of a strong relationship between high 

WCh and shoot expansion in this species. 

Further studies on a broader number of species and life forms are needed to 

check if this relationship is a general feature of mediterranean woody species. The 

simultaneous analysis of the seasonal changes in the osmolyte content and the WCh of 

growing branches might provide an insight into the physiological basis of the observed 

patterns. 

 

4. Our results highlight the importance of water availability and winter 

temperatures on the dynamics of fine root growth of the study species. No 

significant competition between root and shoot growth could be detected in the 

species analyzed, though those species with a short period of dolichoblast 

development tended to separate both processes throughout the year. 

A trade-off appears to exist between the duration of the period of dolichoblast 

development and the overlap between root and shoot growth in the study species. As the 

period of dolichoblast development gets shorter, competition between root and shoot 

growth might increase, and species might tend to dissociate both processes, performing 

shoot growth in spring and root growth in autumn. Further studies analyzing both above 

and belowground phenology in a greater number of species with different duration of 

the period of dolichoblast development are needed to verify the occurrence of such 

trade-off. 
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5. The results of this study show that seasonal dimorphism is a flexible strategy. It 

is flexible in the way it is attained, as it includes several different leaf phenologies, 

ranging from evergreen species with little variation in the amount of 

photosynthetic biomass to species that are almost deciduous; and it is flexible in 

the type of stress avoided, allowing plants to effectively escape both summer 

drought and winter cold. 

Studies on a same species growing along a temperature gradient would be 

helpful to determine the within-species plasticity of seasonal dimorphism as a strategy 

to avoid both winter cold and summer drought. In addition, shedding only green 

biomass without much change on the total amount of living biomass (like winter-

deciduous species do), might have different ecological implications than shedding both 

green and woody biomass (like many seasonally dimorphic species do). Studies 

analyzing the ecological implications (in terms of litter quality, nutrient turnover, 

construction costs, etc.) of both strategies would help to ascertain their ecological 

significance. 

 

6. The different leaf phenologies of L. suffruticosum and L. subulatum have 

important consequences for their woody SS, starch and TNC dynamics and pools. 

However, irrespective of their different leaf shedding patterns, both species have a 

similar relative variation of the TNC concentration in their woody organs. 

This latter result contrasts with previous studies on temperate trees, where the 

relative variations in woody TNC where higher in evergreen than in deciduous species 

(Hoch et al., 2003). A deeper analysis of the ecophysiological meaning of this parameter 

is needed to interpret these results adequately. With this regard, it would be interesting, 

for example, to explore the relationship between the relative seasonal oscillation of 

living and photosynthetic biomass and the relative variations of TNC and starch 

reserves of a broader group of species. 

 

7. Roots were the main woody storage organ in the coexisting species L. 
suffruticosum and L. subulatum, while the transition zone between roots and stems 

showed the lowest concentration, pools and storage capacity of non-structural 

carbohydrates. These results might indicate the absence of true lignotubers or 

analogous storage organs in these species. 
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The relevance of roots as storage organs in these species is in accordance with 

previous results on woody species (Loescher et al., 1990; Pate et al., 1990). The absence 

of true lignotubers or analogous specialized storage organs might be related to the low 

sprouting ability of the study species (James, 1984). Provided the diverse disturbance 

responses displayed by mediterranean sub-shrubs and their reduced dimensions, it 

would be interesting to analyze if differences in their strategies to withstand 

disturbances, such as their shoot-rooting or root-sprouting ability, lead to differences in 

the relevance of roots and shoots as storage organs. Accordingly, seedlings of 

resprouters have been reported to have up to four times higher starch concentrations in 

their roots than seedlings of seeders (Pate et al., 1990). Studies on adult plants might 

show different results as both the storage capacity of plants and their resprouting ability 

change as plants age (Bond and Midgley, 2001). In addition, to our knowledge, no 

studies have analyzed the relationship between the shoot rooting ability of woody plants 

and their preferred storage organs. 

 

8. Both overwintering and spring leaves seem to play an important role as N and C 

sources for shoot growth in the study species. In all the species analyzed, current 

photosynthesis seems to be an important C-source for the early phases of shoot 

grow. In addition, in the evergreen species analyzed, the successive exchange of 

shoot cohorts might serve as a mechanism to recycle N and C between consecutive 

shoot cohorts. 

Stable isotope labelling experiments using N15 and C13 as tracers would help to 

test these hypotheses by quantifying the internal N and C cycling of mediterranean sub-

shrubs. These experiments would enable a precise assessment of the contribution of 

brachyblasts and photosynthetic stems to the N and C requirements of shoot growth. In 

addition, they would provide information on the periods of N uptake and on the relative 

contribution of woody organs to the demands of shoot growth (Millard, 1996). 
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Síntesis general y conclusiones 

             

SÍNTESIS GENERAL 

A lo largo de esta Tesis Doctoral se han introducido y discutido diversas ideas e 

hipótesis sobre la ecología de los caméfitos leñosos mediterráneos. El objetivo de esta 

síntesis general es integrar dichas ideas, tratando de formular una serie de hipótesis 

combinadas acerca de las principales estrategias ecológicas de este tipo de plantas. 

Los caméfitos leñosos mediterráneos presentan una gran diversidad de tipos 

fenomorfológicos que son capaces de crecer en ambientes muy contrastados (capítulo 

2). Sin embargo, todos ellos comparten una serie de características comunes que ayudan 

a identificarlos como un grupo ecológico con características propias. En primer lugar, 

presentan tallas pequeñas, manteniendo sus yemas de renuevo a una altura máxima de 

80 cm sobre el nivel del suelo (capítulo 1). Las reducidas dimensiones de su vástago 

conllevan la presencia de un sistema radical poco profundo, lo que determina su elevada 

dependencia de la estacionalidad del clima mediterráneo (capítulo 5). Una forma de 

compensar las contraindicaciones de poseer un sistema radical somero y vivir en un 

clima estacional e inestable, es ser capaz de crecer con rapidez cuando las condiciones 

ambientales mejoran, aprovechando los recursos antes que el resto de plantas de la 

comunidad (Shmida y Burgess, 1988). En consecuencia, la mayoría de caméfitos 

leñosos mediterráneos presentan un crecimiento de tipo oportunista, respondiendo con 

rapidez a los pequeños pulsos de disponibilidad de agua y nutrientes (Mooney y 

Kummerow, 1981; Gray y Schlesinger, 1983). 

Aunque ocupan ambientes muy diversos, los caméfitos leñosos mediterráneos 

requieren zonas abiertas para vivir, alejadas de la competencia de árboles y arbustos. No 

obstante, crecer libre de la presencia de árboles y arbustos implica ocupar aquellos 

lugares en los que aquéllos no son competitivos y, por tanto, ser capaz de sobrevivir 

duros periodos de estrés, perturbaciones frecuentes o ambos factores al mismo tiempo. 
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En consecuencia, los caméfitos leñosos mediterráneos presentan varias características 

morfológicas, fenológicas y fisiológicas que permiten su supervivencia en condiciones 

ambientales muy desfavorables. 

Una de estas características es la presencia de yemas desnudas, un rasgo que, 

según los resultados presentados en esta Tesis Doctoral (capítulos 3 y 4), podría ser 

común a la mayoría de caméfitos leñosos mediterráneos. Las yemas desnudas parecen 

estar relacionadas con una baja intensidad de reposo de los brotes (Puntieri et al., 2002) 

y, por tanto, podrían favorecer la capacidad de los caméfitos leñosos mediterráneos de 

desarrollar un crecimiento de tipo oportunista. Además, dicha capacidad parece verse 

potenciada en aquellas especies de caméfitos leñosos que presentan sus yemas en 

braquiblastos emergidos (capítulo 4). La presencia de yemas en este tipo de ramas 

parece estar relacionada con una baja preformación de los brotes y, en consecuencia, 

podría ser ventajosa en ambientes áridos e impredecibles, permitiendo a las plantas 

reanudar su crecimiento rápidamente en respuesta a los pequeños pulsos de 

disponibilidad de agua y nutrientes (capítulos 3 y 4). 

La presencia de las yemas de renuevo en braquiblastos verdes tiene también 

importantes consecuencias para las dinámicas de N y CNE de los caméfitos leñosos 

mediterráneos. Los braquiblastos perennantes acumulan N durante el otoño e invierno, 

hecho que parece estar estrechamente relacionado con su capacidad fotosintética 

(Takashima et al., 2004). La acumulación de N en estructuras fotosintéticas durante los 

periodos de reposo podría permitir una rápida activación de la fotosíntesis cuando las 

condiciones ambientales mejoran y, por tanto, una ganancia de carbono (C) inmediata 

(Gulmon, 1983). De hecho, los braquiblastos perennantes parecen tener suficiente 

capacidad fotosintética para abastecer parte de los requerimientos de C necesarios para 

la brotación primaveral de los caméfitos leñosos mediterráneos, reduciendo su 

dependencia de las reservas de CNE almacenadas en los órganos leñosos (capítulos 7 y 

8). En efecto, nuestros resultados muestran que la brotación de este tipo de plantas 

parece ser menos dependiente de las reservas de almidón almacenadas en los órganos 

leñosos que las especies de árboles y arbustos mediterráneos analizadas por otros 

autores (capítulos 7 y 8). Este resultado está en concordancia con la menor inversión en 

biomasa leñosa que presentan los caméfitos leñosos mediterráneos en comparación con 

las especies de mayor talla (Mooney, 1981). Además, la capacidad de abastecer a las 

yemas en crecimiento directamente con C fijado por los braquiblastos podría permitir 
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un inicio del crecimiento más rápido que si la única fuente de C para brotación 

procediera de la removilización de reservas almacenadas en órganos leñosos. 

En las especies con dimorfismo estacional, la alternancia de braquiblastos y 

dolicoblastos a lo largo del año permite obtener dos plantas “estacionalmente 

diferentes” a partir de un mismo individuo, optimizando así el ajuste de estas especies a 

la estacionalidad del clima mediterráneo (Christodoulakis et al., 1990; Aronne y De 

Micco, 2001). Gracias a dicha alternancia, las especies dimórficas estacionales reducen 

su biomasa viva y fotosintética durante los periodos más estresantes del año, evitando 

de forma efectiva tanto la sequía estival como el frío invernal (capítulo 6). Además, este 

intercambio sucesivo de distintas cohortes de ramas podría servir como un mecanismo 

para reciclar el N y el C entre cohortes consecutivas, al tiempo que las plantas ejecutan 

los cambios necesarios para ajustar su morfología a la estacionalidad del ambiente en el 

que viven (capítulo 8). 

La presencia de braquiblastos emergidos durante el invierno parece ser ventajosa 

en especies de ambientes áridos, relativamente impredecibles y con frío invernal 

moderado. No obstante, a medida que disminuyen las temperaturas invernales, la 

presencia de braquiblastos emergidos podría incrementar la vulnerabilidad de las plantas 

al frío. Además, las ventajas de tener un crecimiento de tipo oportunista desaparecen a 

medida que el clima pasa a ser más precedible (Shmida y Burgess, 1988). En estas 

circunstancias, la presencia de braquiblastos verdes emergidos y brotes parcialmente 

neoformados podría dejar de ser ventajosa. En consecuencia, este tipo de especies serían 

reemplazadas por especies sin braquiblastos emergidos, con yemas muy protegidas 

durante todo su desarrollo y un patrón de crecimiento de sus ramas más constreñido 

(capítulo 4). 

En zonas en las que el invierno es el periodo más desfavorable del año, pero que 

cuentan con una cierta disponibilidad de agua en verano, las especies perennifolias de 

caméfitos leñosos que presentan braquiblastos emergidos pueden ser reemplazadas por 

especies de caducifolios de invierno (Montserrat-Martí et al., 2004). Este tipo de 

caméfitos leñosos mediterráneos también puede presentar braquiblastos. No obstante, 

los braquiblastos de estas especies, en vez de estar emergidos durante todo el año, 

muestran una elevada protección durante el invierno (capítulo 4). La disponibilidad de 

agua durante el verano permite a estas especies presentar un largo periodo de desarrollo 

de sus dolicoblastos (capítulo 5). De esta manera, acumulan C y N activamente durante 
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el verano y comienzos de otoño para abastecer la próxima brotación primaveral 

(Chapter 8), compensando así la falta de fijación de C durante el invierno. 

En zonas en las que tanto el frío invernal como la sequía del verano son 

acusadas, el periodo vegetativo de las plantas se reduce drásticamente y el hábito foliar 

caducifolio deja de ser competitivo. Los caméfitos leñosos dominantes en este tipo de 

ambientes suelen ser cojinetes espinosos, sin braquiblastos, con hojas efímeras o 

reducidas y tallos fotosintéticos. Estas especies suelen presentar periodos cortos de 

crecimiento de sus dolicoblastos, completando la brotación de forma muy rápida, 

gracias a la elevada preformación de sus brotes (capítulo 5). La presencia de tallos 

espinosos fotosintéticos es frecuente en especies invasoras y en plantas que ocupan 

ambientes semi-áridos o perturbados (Nilsen et al., 1993; Haase et al., 2000). Gracias a 

la presencia de espinas, estas especies pueden protegerse del ataque de los herbívoros, 

evadiendo eficazmente este tipo de perturbación (ver próximo apartado). Además, 

aunque la capacidad fotosintética de los tallos verdes es menor que la de las hojas, este 

tipo de estructuras permite a estas plantas llevar a cabo una cierta fijación de C en 

periodos del año en los que las hojas no serían capaces de tolerar el estrés ambiental 

(Bossard y Rejmanek, 1992; Haase et al., 2000). Por tanto, se puede considerar que los 

tallos fotosintéticos son buenos sustitutos de las hojas en condiciones de elevado estrés 

ambiental (Nilsen et al., 1993). Según los resultados presentados en esta Tesis Doctoral, 

los tallos fotosintéticos podrían ser funcionalmente análogos a los braquiblastos en 

algunos aspectos, como por ejemplo su papel como fuente de N y C para la brotación 

(capítulo 8). 

 

Estrategias de respuesta a la perturbación en caméfitos leñosos mediterráneos 

Las perturbaciones son un factor intrínseco de la evolución de los ecosistemas 

mediterráneos (Naveh, 1975). Los caméfitos leñosos mediterráneos presentan una gran 

diversidad de estrategias para perdurar tras las perturbaciones dependiendo del tipo de 

perturbación, su intensidad y su frecuencia. La bibliografía disponible sobre este 

aspecto de la ecología de las especies mediterráneas es muy extensa (por ejemplo, ver 

las revisiones de Bell, 2001; Bond y Midgley, 2001; Vesk y Westoby, 2004b). Por 

tanto, el objetivo de este apartado no es desarrollar un análisis exhaustivo de este tema, 

sino relacionar algunos de los caracteres analizados en esta Memoria con las estrategias 

que presentan los caméfitos leñosos mediterráneos para persistir tras las perturbaciones. 
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Las perturbaciones que afectan al dosel, como las que ejercen los grandes 

herbívoros, generan respuestas diversas entre las especies de caméfitos leñosos 

mediterráneos. Algunas especies presentan una clara estrategia de evasión de la 

perturbación, por ejemplo los cojinetes espinosos. Este tipo de plantas suelen presentar 

un periodo muy corto de desarrollo de sus dolicoblastos y un patrón de desarrollo de sus 

brotes constreñido, lo que sin duda dificulta su recuperación tras las perturbaciones. 

Además, muchas de estas especies se desprenden de sus ramas en sentido acrópeto, 

manteniendo sus yemas de renuevo cercanas al extremo distal de sus ramas. Esta 

disposición de las yemas es arriesgada, ya que se hallan muy accesibles para los 

herbívoros. No obstante, estos riesgos parecen ser evitados gracias a la protección que 

confieren las prominentes espinas que presentan este tipo de plantas. 

Otras especies de caméfitos leñosos mediterráneos, como las especies con 

dimorfismo estacional, presentan estrategias combinadas contra el consumo de los 

herbívoros. Al igual que las plantas espinosas, estas especies disponen de mecanismos 

disuasivos para evadir el consumo por los herbívoros (Margaris y Vokou, 1982), como 

la acumulación de aceites esenciales ricos en terprenoides y compuestos fenólicos 

(Escudero et al., 1983; Fournier et al., 1993; Guillén y Cabo, 1996; Guillén y 

Manzanos, 1999). Sin embargo, estas especies presentan también una cierta tolerancia a 

las pérdidas de biomasa aérea. De hecho, las especies con dimorfismo estacional 

experimentan acusadas oscilaciones de su biomasa aérea a lo largo del año (capítulo 6) 

y, en algunas ocasiones, el efecto de las perturbaciones es muy inferior a la pérdida de 

biomasa que resulta de dichas oscilaciones (Coughenour et al., 1990). En consecuencia, 

los mecanismos que permiten a estas plantas ajustarse a la estacionalidad del ambiente 

en el que viven, como la presencia de órganos de almacenamiento o bancos de yemas, 

les possibilitan también recuperarse tras las perturbaciones (Iwasa y Kubo, 1997; Vesk 

y Westoby, 2004a). Además, la mayoría de estas especies pierden periódicamente sus 

ramas en sentido basípeto, por lo que tienden a mantener sus yemas de renuevo cercanas 

a la superficie del suelo y, por consiguiente, mejor protegidas frente a perturbaciones 

moderadas como el ramoneo o los incendios poco intensos. Algunos autores han 

considerado a las especies con dimorfismo estacional como rebrotadoras facultativas 

tras los incendios, capaces tanto de rebrotar a partir de su raíz como de regenerar sus 

poblaciones por medio de una germinación estimuladas por el fuego (Naveh, 1975). Sin 

embargo, aunque es cierto que algunas especies con dimorfismo estacional tienen 

capacidad de rebrotar de sus raíces, la mayoría de este tipo de especies rebrotan de 
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yemas y braquiblastos epicórmicos localizados en la base de sus troncos y no en sus 

raíces (Guerrero Campo, 1998). En consecuencia, cuando los incendios son muy 

intensos, o se producen perturbaciones que suponen la eliminación de todo el vástago, 

este tipo de plantas tienden a comportarse exclusivamente como germinadoras (Herrera, 

1984). 

Por ultimo, numerosos caméfitos leñosos mediterráneos muestran una gran 

capacidad de formar raíces a partir de sus tallos (Guerrero Campo, 1998). Además de 

permitir una cierta expansión lateral (Koop, 1987; Del Tredici, 2001), esta capacidad 

parece servir como un mecanismo de resistencia a las perturbaciones generadas por 

procesos geomorfológicos que conduzcan al enterramiento de las ramas, como ocurre 

frecuentemente en los sustratos móviles (Guerrero Campo, 1998). 

 

Propuesta de caracteres funcionales adecuados para el estudio de los caméfitos 

leñosos mediterráneos 

En apartados anteriores se ha comentado la importancia ecológica de ciertos caracteres 

de los caméfitos leñosos mediterráneos, como el tipo y la posición de las yemas de 

renuevo, la presencia de braquiblastos emergidos o la amplitud de las oscilaciones 

estacionales de biomasa. Todos estos caracteres parecen ser adecuados para la 

realización de clasificaciones funcionales de los caméfitos leñosos mediterráneos. Otro 

carácter que podría ser considerado en dichas clasificaciones es la longitud del periodo 

de desarrollo de los dolicoblastos (Pérez Latorre y Cabezudo, 2002). En especies con 

inflorescencias terminales, este periodo comprende desde el inicio del crecimiento de 

los dolicoblastos hasta el final de la floración (capítulo 5). Durante este periodo, la tasa 

de crecimiento de los brotes, el contenido hídrico en estado de máxima hidratación y la 

cantidad de biomasa verde de las ramas alcanzan valores máximos (capítulos 3, 4 y 6). 

Es el periodo más productivo del año, pero también el más sensible a estreses 

ambientales, como heladas tardías o episodios de sequía. En consecuencia, aquellas 

especies que viven en ambientes con fuertes niveles de estrés parecen ser propensas a 

presentar periodos de desarrollo de sus dolicoblastos cortos (capítulo 5). Según los 

resultados presentados en esta Memoria, la duración de este periodo parece estar 

relacionada con el grado de solapamiento entre el crecimiento de los dolicoblastos y las 

raicillas (capítulo 5). Aquellas especies con un periodo prolongado de desarrollo de sus 

dolicoblastos tendieron a superponer ambos procesos, mientras que las especies con un 

corto periodo tendieron a separarlos. Estas relaciones parecen ser indicativas del valor 
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funcional de este carácter, si bien se precisan más estudios para completar el análisis de 

su significado funcional. 

CONCLUSIONES 

Esta sección resume las principales conclusiones obtenidas en esta Tesis Doctoral, al 

tiempo que sugiere algunas ideas con vistas a futuros estudios sobre estas cuestiones. 

1. Todas las especies de estudio presentan yemas desnudas, si bien la localización 

de las mismas y su grado de protección varían enormemente entre especies. Dentro 

de las especies estudiadas, aquellas que presentan dimorfismo estacional poseen 

sus yemas en braquiblastos emergidos. De esta manera, sus meristemas apicales 

quedan protegidos por las hojas adultas que se disponen rodeándolos de forma 

compacta. En cambio, en las especies de zonas más frías las yemas de renuevo no 

se presentan en braquiblastos emergidos, sino que se mantienen cubiertas por 

estructuras protectoras durante el invierno (como en O. fruticosa) o durante todo 

su desarrollo (como en E. horridum). 

Nuestros resultados parecen indicar que las yemas desnudas son un rasgo común 

a la mayoría de los caméfitos leñosos mediterráneos, y que existe una relación entre el 

frío invernal y el grado de protección de las yemas de este tipo de plantas. No obstante, 

el reducido número de especies analizadas y su diferente localización hace que no sea 

posible separar el efecto del frío invernal del efecto específico de cada especie a partir 

de nuestros resultados. Para verificar estas hipótesis, es necesario realizar un estudio 

exhaustivo de la morfología y ubicación de las yemas de un amplio número de especies 

de caméfitos leñosos mediterráneos, incluyendo tanto especies coexistentes como de 

ambientes contrastados. Para comprobar si las yemas situadas en braquiblastos 

emergidos son más susceptibles de sufrir daño por las heladas que las yemas situadas 

directamente sobre la superficie de los dolicoblastos o las yemas localizadas en 

braquiblastos caducos, es necesario desarrollar un análisis experimental de la 

vulnerabilidad de estas estructuras a las bajas temperaturas invernales. 

 

2. Todas las especies estudiadas presentan un crecimiento de sus yemas y brotes de 

tipo rítmico, ajustando ambos procesos a la estacionalidad del ambiente en el que 

viven. En las seis especies estudiadas, el proceso de crecimiento de los tallos parece 
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ser más vulnerable a los factores estresantes, como el frío o la sequía, que la 

organogénesis de los brotes. 

Estos resultados concuerdan con un estudio experimental desarrollado por Alves 

y Setter (2004) acerca del efecto del estrés hídrico sobre el crecimiento de primordios 

foliares en diversos estados de desarrollo. Los resultados de dicho estudio demuestran 

que los primordios foliares son más resistentes al estrés hídrico cuanto menor es su 

grado de desarrollo (Alves y Setter, 2004). No obstante, para testar la hipótesis 

planteada se requieren nuevos estudios experimentales que profundicen en estos temas, 

considerando también el efecto del frío sobre el desarrollo de brotes y yemas. 

 

3. En L. subulatum y L. suffruticosum la expansión de los dolichoblastos coincide 

con los valores máximos del contenido hídrico en estado de máxima hidratación de 

las ramas (WCh). Esta observación apoya la hipótesis de la existencia de una fuerte 

relación entre altos valores de WCh y la expansión de los dolicoblastos de estas 

especies. 

Para verificar si esta relación ocurre de forma general en el conjunto de especies 

leñosas mediterráneas, es necesario extender este estudio a un número amplio de 

especies mediterráneas de diversas formas de crecimiento. El análisis simultáneo de los 

cambios estacionales en el contenido de osmolitos y el WCh de las ramas en crecimiento 

puede aportar datos que ayuden a identificar las bases fisiológicas de los patrones 

observados. 

 

4. Nuestros resultados resaltan la importancia de la disponibilidad de agua y las 

temperaturas invernales sobre la dinámica de crecimiento de las raicillas de las 

especies de estudio. Con los datos obtenidos no fue posible detectar la existencia de 

una competencia significativa entre el crecimiento de los dolicoblastos y el de las 

raicillas. No obstante, aquellas especies con cortos periodos de desarrollo de sus 

dolicoblastos tendieron a separar ambos procesos a lo largo del año. 

Parece existir un compromiso entre la duración del periodo de crecimiento de los 

dolicoblastos y el grado de solapamiento entre el crecimiento de los dolicoblastos y el 

de las raicillas de las especies de estudio. A medida que el periodo de desarrollo de los 

dolicoblastos se acorta, parece aumentar la competencia entre ambos procesos, con lo 

que las especies tienden a separarlos, desarrollando la brotación en primavera y el 

crecimiento de las raicillas en otoño. Para comprobar la existencia de este compromiso 
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se requieren estudios que analicen la fenología aérea y subterránea de un mayor número 

de especies con diferente duración del periodo de desarrollo de sus dolicoblastos. 

 

5. Los resultados de este estudio muestran que el dimorfismo estacional es una 

estrategia altamente flexible. Es flexible en el modo en que se presenta, ya que 

incluye diferentes fenologías foliares que oscilan desde especies perennifolias con 

escasa variación anual en su biomasa fotosintética, hasta especies prácticamente 

caducifolias. Pero también es flexible en el tipo de estreses que evita, permitiendo a 

las plantas evitar de forma efectiva tanto la sequía estival como las bajas 

temperaturas del invierno. 

Sería conveniente determinar la plasticidad del dimorfismo estacional como 

estrategia para evadir tanto el frío como la sequía. Para ello, se precisan estudios que 

analicen la oscilación anual de biomasa en una misma especie a lo largo de gradientes 

de temperatura y disponibilidad hídrica. Además, la pérdida estacional de biomasa 

verde sin grandes cambios en la cantidad de biomasa viva, como ocurre en las especies 

de caducifolios de invierno, podría tener implicaciones ecológicas diferentes a la 

pérdida conjunta de biomasa verde y de biomasa viva, como ocurre en las especies con 

dimorfismo estacional. En este sentido, sería interesante desarrollar estudios que 

exploren las implicaciones ecológicas de ambas estrategias (en términos de la calidad de 

hojarasca generada, recirculado de nutrientes, costes de construcción, etc.) para 

determinar su significado ecológico. 

 

6. Las diferencias en la fenología foliar de L. suffruticosum y L. subulatum tienen 

importantes consecuencias sobre la dinámica estacional de CNE de sus órganos 

leñosos. No obstante, a pesar de sus diferencias fenológicas, ambas especies 

presentaron una oscilación relativa semejante de las concentraciones de CNE de 

sus órganos leñosos a lo largo del año. 

Este ultimo resultado contrasta con estudios previos llevados a cabo en árboles 

del bosque templado, en los que las variaciones relativas de las concentraciones de CNE 

de los órganos leñosos de especies perennifolias fueron más acusadas que las de 

especies caducifolias (Hoch et al., 2003). Para interpretar estos diferentes resultados de 

forma adecuada, parece necesario desarrollar un análisis más profundo del significado 

ecofisiológico de este parámetro. En este sentido, sería interesante explorar, por 

ejemplo, la relación existente entre la oscilación estacional de biomasa verde y 
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fotosintética y las variaciones relativas en las reservas de CNE de un amplio grupo de 

especies leñosas. 

 

7. Las raíces fueron el principal órgano de almacenamiento de L. suffruticosum y 

L. subulatum, mientras que la zona de transición entre las raíces y tallos de estas 

especies mostró valores mínimos en la concentración, cantidad y capacidad de 

almacenamiento de CNE. Estos resultados parecen indicar la falta de órganos 

especializados de almacenamiento en estas especies. 

La relevancia de las raíces como órganos de reserva en estas especies concuerda 

con resultados previos obtenidos en amplios grupos de especies leñosas (Loescher et al., 

1990; Pate et al., 1990). La falta de estructuras de almacenamiento especializadas podría 

estar relacionada con la escasa capacidad de rebrote de las especies analizadas (James, 

1984). En este sentido, dada la diversidad de respuestas ante la perturbación que 

presentan los caméfitos leñosos mediterráneos y sus reducidas dimensiones, sería 

interesante analizar si diferencias en sus estrategias de respuesta a las perturbaciones, 

como la capacidad de enraizar de tallos o de rebrotar de raíz, conllevan diferencias en la 

importancia relativa de los distintos órganos leñosos como lugares de almacenamiento. 

Así, se sabe que los plantones de especies rebrotadoras presentan concentraciones de 

almidón en sus raíces hasta cuatro veces superiores a las de los plantones de especies 

rebrotadoras (Pate et al., 1990). Cabría esperar que futuras investigaciones sobre plantas 

adultas conduzcan a resultados diferentes, ya que, tanto la capacidad de 

almacenamiento, como la de rebrote, cambian conforme las plantas envejecen (Bond y 

Midgley, 2001). Además, por el momento no conocemos estudios que hayan analizado 

la relación entre la capacidad de enraizamiento de los tallos de especies leñosas y sus 

lugares preferentes de almacenamiento. 

 

8. Tanto las hojas perennantes como las hojas de primavera parecen jugar un 

papel importante como fuentes de N y C para el crecimiento de las ramas de las 

especies de estudio. En todas las especies analizadas, la fotosíntesis de las 

estructuras perennantes parece suponer una fuente importante de C para 

abastecer las primeras fases del desarrollo de los brotes. Además, en las especies 

perennifolias estudiadas, el intercambio sucesivo de cohortes de ramas parece 

servir como un mecanismo para reciclar el N y el C entre cohortes consecutivas. 
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Para verificar estas hipótesis de forma inequívoca es necesario desarrollar 

experimentos de marcaje con isótopos estables que, mediante el uso de N15 y C13 como 

trazadores, permitan cuantificar el ciclado interno de N y C en especies de caméfitos 

leñosos mediterráneos. Estos experimentos permitirán determinar de forma precisa la 

contribución relativa de los braquiblastos y tallos fotosintéticos a los requerimientos de 

N y C del crecimiento de las ramas. Además, aportarán información sobre los periodos 

en que se produce la absorción de N y sobre la contribución relativa de los órganos 

leñosos a las demandas de los distintos periodos de crecimiento de las ramas (Millard, 

1996). 
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