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a leaf absorptance

A anteraxanthin

ABA abscisic acid

Ac gross CQ assimilation rate

An net CQ assimilation rate

Asat light- and CQ- saturated photosynthesis

ATP adenosine triphosphate

B fraction of absorbed light that reaches photosystem
B plant dry matter

BL biochemical limitations to photosynthesis

C CQO, mole fraction

Ca atmospheric C@concentration

C. chloroplastic C@concentration

cDNA complementary deoxyribonucleic acid

Chl chlorophyll

G sub-stomatal C@concentration

CTAB cetyl trimethyl ammonium bromide

AF/Fyy operating quantum efficiency of PSIl photochemyist
AG free energy of activation

AGS carboxylation free energy of activation

AGy* oxygenation free energy of activation

D seed dormancy period

DIECA diethyldithiocarbamate

D, diffusive limitations to photosynthesis

DNA deoxyribonucleic acid

dNTP deoxynucleotide triphosphate

DPS xanthophylls de-epoxidation state

DPSup midday xanthophylls de-epoxidation state

DPS»b predawn xanthophylls de-epoxidation state

DTT dithiothreitol

€ leaf volumetric elastic modulus

E leaf transpiration rate

EDTA ethylene diamine tetraacetic acid

EGTA ethylene glycol tetraacetic acid

ES evergreen shrubs

ESS evergreen semi-shrubs

ETR electron transport rate

Pco2 apparent quantum efficiency of G@xation

Fmn maximum fluorescence in the dark-adapted state
Fr' maximum fluorescence in the light-adapted state
Fo basal fluorescence of a dark adapted leaf

Fs steady-state fluorescence emission

Fu/Fm maximum quantum efficiency of PSII photochemistry

r CQ, compensation point
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r* CO, compensation point in the absence of mitochondespiration

G cumulative seed germination

O internal (mesophyll) conductance

GRC growth response coefficient

Os stomatal conductance

Osc stomatal conductance to €O

Osw stomatal conductance to®

HEPES hydroxyethyl piperazinyl ethasulfonic acid

JImax electron transport driving regeneration of RuBP

Ke Michaelis constant for the carboxylase actiatyRubisco
rate constant for carboxylation activity of Rudus

k2 reaction turnover rate for carboxylation activafyRubisco

KL leaf-specific hydraulic conductance

Ko Michaelis constant for the oxygenation activifyRubisco

Ko rate constant for the oxygenase activity of Rubisco

L Rubisco large subunits

LA leaf area

LAR leaf area ratio

LDM leaf dry matter

LMR leaf mass ratio

MC, mesophyll limitations to photosynthesis

NAR net assimilation rate

NARp partial net assimilation rate

NARt total net assimilation rate

NPQ Stern-Volmer non-photochemical quenching d¢dradphyll fluorescence

NS non-stomatal limitations to photosynthesis

O O, mole fraction

PAR photosynthetically active radiation

PCR polymerase chain reaction

PEG polyethylene glycol

PGA phosphoglycerate

PH perennial herbs

PMSF phenylmethylsulphonylfluoride

PPFD photosynthetic photon flux density

Pr photorespiration rate

PSI photosystem |

PSII photosystem Il

PVP polyvinylpyrrolidone

rbcL Rubisco large subunits encoding genes

rbcS Rubisco small subunits encoding genes

Ro rate of mitochondrial respiration in the dark

RDM root dry matter

RGR relative growth rate

RGRp partial relative growth rate

RGRt total relative growth rate

R rate of mitochondrial respiration in the light

RMR root mass ratio

RNA ribonucleic acid

RT reverse transcription reaction

Rubisco ribulose-1,5-biphosphate carboxylase/oxggen
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RuBP ribulose-1,5-biphosphate

RWC relative water content

RWCup midday relative water content

RWCep pre-dawn relative water content

RWGC relative water content at zero turgor

RWCi 0 relative water content at full turgor

S Rubisco small subunits

SAl stomatal area index

SD stomatal density

SDM stem dry matter

SDS semi-deciduous shrubs

S stomatal limitations to photosynthesis

SLA specific leaf habitat

SLW specific leaf weight

SMR stem mass ratio

SR stomatal responsiveness to pre-dawn leaf \patential

SWC soil water content

T invitro Rubisco specificity factor

il in vivo apparent Rubisco specificity factor

T leaf temperature

TEA triethylamine

TPU triose-phosphate utilization

Tso seed average time response

\% violaxanthin

Ve carboxylation activity of Rubisco

Ve velocities of carboxylation of Rubisco

Ve max maximum rates for the carboxylation activity aflitsco

Vo oxygenation activity of Rubisco

Vo velocities of oxygenation of Rubisco

Vo max maximal rates for the oxygenation activity oftfaco

V1pu triose-phosphate utilization rate

W potential rates of C£assimilation supported by Rubisco

W potential rates of CQassimilation supported by RuBP regeneration

Wy potential rates of C® assimilation supported by triose-phosphate
utilization

W leaf water potential

Wvp midday leaf water potential

Yo osmotic potential at zero turgor

Woo osmotic potential at full turgor

Wep pre-dawn leaf water potential

Wo100 leaf water potential at full turgot

z zeaxanthin
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1.1. CLIMATE AND VEGETATION OF THE MEDITERRANEAN
BASIN

1.1.1. The Mediterranean climate and the Mediterranean basin

In one of the first efforts to divide the Earthtana limited number of
geoclimatical regions, Képpen, in 1900, defined kerdanean regions as regions
subject to climates receiving rain primarily duriminter season from the mid-latitude
cyclone. These areas experience climatic conditdracterized by a hot drought
period in summer and a cool wet period in winterd a&an be considered as the
transition between dry tropical and temperate di@naThis basic definition constitutes
the core of what it is called Mediterranean climg@schmann, 1973). It is important to
note that the Mediterranean climate is very regegeological terms and first appeared
approximately 3.2 million years ago during the Bdioe, evolving from a nearly
Tropical climate (Raven, 1973; Suc, 1984). Med#@rean climates have attained their
greatest extent at present. A Mediterranean clirneteirs on about two percent of the
world’s total land area (Thrower & Bradbury, 19%&prld Conservation Monitoring
Centre, 1992). This area includes specific landfof continents, all of them located
on the western or southwestern coasts of theséneotd. Specifically, Mediterranean
climate is found in regions of California, cent@tile, South Africa, Southwestern and
Southern Australia and the Mediterranean basin.

The present Thesis was developed in the Baleatands, located in the
Mediterranean basin, which is the largest regiohaafl with Mediterranean climate,
representing about 60% of the world’s total Meddaean climate. The Mediterranean
basin has a far larger area and more complex gelogrthan any other Mediterranean
climate region, reflected by a series of distinetfeatures that will be discussed in this
section. The Mediterranean basin is the only Mediteean climate region that includes
parts of three continents, comprising regions aitBern Europe, Northern Africa and
the Western edge of Asia, resulting in a rich flpaaticularly where the continents meet
(Dallman, 1998). However, only a part of the Med#eaean basin can be considered to
be Mediterranean from a climatic point of view. Jlarea extends approximately about
1.68 MKn? (Le Hourérou, 1981). The other areas of the Mediteean basin have very
different climates, from the deserts of Libya te ttold temperate areas of North Italy
and the steppes of Turkey. The proximity of theldmates affects the Mediterranean
areas and their vegetation.
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In the Mediterranean region, rainfall is generglgater in the north than in the
south, and increases with elevation in the numernaantain ranges throughout the
region. The dry season lasts from 1 to 8 months, the average duration of the
summer drought varies considerably among regiorkinwihe Mediterranean basin.
During this dry period, plants undergo water défamnditions. The most important
consequence of this type of climate is that themoi period in which high temperatures
and high soil water availability co-occur. This hagportant implications for vegetation
as it limits the active growing season to the humatiod between fall and spring.
Similarly, organic matter decomposition is constesi during most of the year
(Serrasolest al., 1999).

Another important feature of the Mediterraneamalie is that precipitation is
not uniformly distributed along the year and ihighly variable from year to year. Most
of the precipitation falls between September ang,Mat usually concentrated in few
torrential events, which implies the possible ocence of short drought periods even
during the humid season. Year to year variationgre€ipitation are greater in the drier
areas, as occurs in desert climates (Ehleringer domdy, 1983). The inter-annual
variations often lead to alternation drought anchislicycles of several years.

In addition to water limiting conditions duringettdry season, plant growth is
also constrained by cold temperatures during wintéinimum temperatures can be
below freezing during winter months in many aretthe northern part of the basin as
well as in the mountains. Moreover, the growth dcinyn Mediterranean species is
limited when daily mean temperatures are below X8&nbal, 2001), a common event
in the Mediterranean basin. Mediterranean areds se@ivere summer drought have less
severe cold winters, and vice-versa (Mitrakos, 198ais climatic trade-off within the
Mediterranean region greatly affects plant spedissibution. In the Balearic Islands,
although cold winter stress can affect plant penfomce in the mountain areas of
Mallorca (Flexaset al., 2003; Gulias, 2004), the predominant xeric aiegsdy that
summer drought is the most important constraintplant performance in this region.
Therefore, in the present Thesis drought stres$ bal considered as the most
determinant factor to determine both short term addptive plant ecophysiological
responses.

Despite the general features that characteriséMigditerranean climate, great
climatic differences exist along the basin, everemittonsidering small territories.

Within the biggest island of the Balearic Archigga Mallorca, this high climatic
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variability is reflected by a steep gradient oftbptecipitation and temperature, which
imposes different degrees of environmental stres§®@s instance, mean annual
precipitation ranges from less than 300 mm in th&tlsern coastal areas to more than
1400 mm in the highest mountains in the north (&, 1986). Such climatically-

variable areas appear as an excellent target torséa species-specific differences in

plant adaptation and acclimation processes to @mviental constraints.

1.1.2. Main traits of the M editerranean vegetation types

Although it is difficult to make generalisations dfediterranean vegetation
types, especially when considering the climaticedsity of the Mediterranean climate,
some general traits can be defined. There is & giearsity of annual and perennial
herbs in the Mediterranean vegetation, while thenlmer of shrubs and tree species is
rather low. Drought conditions and disturbancese Inuman activities, enhance the
presence of herb species, while trees and shrebsiare abundant in the less dry and
less disturbed areas. However, evergreen sclerophgibs are very characteristic of
the Mediterranean flora and they dominate an ingmdrpart of the Mediterranean
landscapes (Di Castri, 1981). In these regionsgegen species are more abundant than
deciduous ones. As a consequence, ecological sthdies largely focused on evergreen
sclerophyll species and less attention has beemwte@vio deciduous broadleaved
species.

Sclerophylly literally describes leaves which ased) tough and stiffened. This
strengthening is primarily a result of increasettkhess and/or density of the leaf
tissues, and is commonly described in terms ofiBpéeaf weight (Salleo & Lo Gullo,
1990; Witkowski & Lamont, 1991; Groom & Lamont, 199 Historically, the
functional role of sclerophylly has been interpdetgs an adaptation to the unique
environmental conditions associated with the Mediteean climate, in different ways:
adaptation to drought, adaptation to soil nutrieleficiency and/or adaptation to
herbivory (Small, 1973; Poole & Miller, 1975; Leyitt980; Mooney, 1982; Turnet
al., 1993; Turner, 1994; Salles al., 1997). However, the most common view is that,
although sclerophylly is a successful feature yeahvironments, it is a consequence of
long leaf life span more than an adaptation to ghoGrubb, 1986), since long-lived
leaves need more protection against biotic andialiamage. Long leaf live span is an

adaptation to limited resources availability, nerits and water (Reic#t al., 1991), as
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occurs in the Mediterranean basin. Moreover, whetdwerophylly is under strict
climatic control is questioned by the presence aérsphyllous vegetation in non-
Mediterranean environments, e.g. chaparral in Awzoheathland communities in
eastern Australia (Specht, 1979), and fynbos-liégetation in the Afromontane region
of Africa (Killick, 1979).

Winter deciduousness is a typical feature of atilthiates; many Mediterranean
species that hold this character have been orggnat the Temperate or Irano-
Tourarian regions. This feature is clearly disadageous in a Mediterranean climate,
since the combination of winter deciduousness agdsdmmers leads to a very short
carbon assimilation period, not enough, in manyesat pay off the costs of the leaf
construction (Ne’eman & Goubitz, 2000; Flexasl., 2003).

Among the perennial species, summer semi-decidsbusbs seem to be the
best adapted species to the driest Mediterraneaditmns, where they replace the
evergreen shrub communities, dominating low mad@iMargaris, 1981; Ne’eman &
Goubitz, 2000). Compared to evergreen sclerophthis,seasonal dimorphism is the
most common feature among these plants (Kypaidssianetas, 1993). Drought semi-
deciduous species avoid excessive water loss witkdaction of their transpiring
surface through partial fall of leaves during tmg period (Orshan, 1963). In accord to
this decreased water requirement during the manitlisought, semi-deciduous shrubs
have shallower root systems than evergreen sclglloghrubs (Dallman, 1998).
Deciduousness has been well correlated with dreagbiding strategies for
Mediterranean plant growth forms (Mooney & Dunn7Q@9Schulze, 1982). However,
these growth form-type species are also typicdlgsified as drought-tolerant species,
and associated to the possession of a number ofighbgical and biophysical
adaptations that enhance tolerance mechanisms ter waess (Grammatikopoulos,
1999; Werneset al., 1999), with intermediate characteristics betweeargreen shrubs
and herbaceous species (Grant & Incoll, 2005). ihstance, regarding to their
photosynthetic capacity, semi-deciduous species septe somewhat lower
photosynthetic capacity compared to annual herbs,niaintain it during a longer
period (Flexaset al., 2003). By contrast, they have higher stomataldoctance and
assimilation rates than evergreen sclerophyllsdifiider & Mooney, 1983), but with
shorter periods of activity (Mooney & Dunn, 1970).

The Mediterranean region presents a high percenthdeerbaceous species
(Heywood, 1989). According to Schulze (1982), hedaaus species can be divided in
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two main groups: annual and perennial. The formeug have a short life cycle which

may be completed within a year or less, and thetplaually dies after seed formation.
A rapid development after germination is very intpat for the success of the
herbaceous plants, especially those annuals (S5HL882). This group of species is the
most effective in colonizing bare lands. On thetamy, perennial herbs may complete
their life cycle after two years (biennial) whilehers require many years (perennial
sensu strictu). The first implication is that they are exposedthe Mediterranean

summer stressing conditions. The perennial herfferslifrom annual species in that
production is directed to the prolonged survivatid plant individual, whereas annuals
rely solely on successive generations of new indiais for the continuation of dry

matter production.

1.1.3. The Mediterranean region asamajor centre of plant diversity

The importance of the Mediterranean region deriiesn a number of
considerations (based partly on Heywood, 1977ktFthe Mediterranean region has
been described as one of the world’s major cemtfggant diversity, containing 11 of
the 231 centres selected for their global impoia(i@aviset al., 1994). Moreover,
since many crop relatives occur in the Mediterranbasin (Zohary & Hopf, 1993;
Heywood & Zohary, 1995), this description can beéeregled to include one of the
centres of diversity for crop plants (Harlan, 1995)

The Mediterranean region, which covers some 2.8amikm? that represents
some 1.6% of the land surface, yet contains aboi af the world’s flowering plants
(Quézel, 1985; Greuter, 1991; Heywood, 1995; QueéeMedail, 1995), which
explains the floristic richness of the Mediterrameagion in comparison with adjacent
temperate and desert regions. As a whole, the Kreditean region comprises
approximately 24 000-25 000 species (or approxilpa&® 000-30 500 taxa including
subspecies) (Greuter, 1991; Heywood, 1995; Quéi@s5, 1995). Greuter (1991)
found, plotting taxon numbers against area sizes, the flora of the Mediterranean
region as a whole is about twice as large as wbelaéxpected, even though deserts
make up half of its total surface area adding $icamtly to its floristic diversity.

In addition to this floristic richness, it is na@ble the high degree of local
endemicity of the region. It has been estimate@hbgzel that about 50% of the flora is

endemic to the region, while Greuter (1991), in dnmlysis of the flora based on the
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published volumes of Med-Checklist, gives an exdtaied figure where nearly 37.5%
is considered to be locally endemic (i.e. confited single area) and 63.5% endemic to
the region covered by the Med-Checklist. Certagaarin the region are especially rich
in endemics, among them the islands (Cardona & &ualntopoulos, 1979).

Another characteristic trait of the Mediterranea&gion is its high degree of
human interference and disturbance of the vegetafibis dates back over ten thousand
years, and has been responsible for the transfammat much of the native vegetation,
leading to the formation of many secondary or sp@se€ommunities such as the
characteristic shrubland communities (maquis, plamgg matorral, garrigue, etc.) that
form such a conspicuous part of Mediterranean leaquss. Naveh & Dan (1973)
described the region as “composed of innumerabiants of different degradation and
regeneration phases”. The various components sfithman disturbance are largely
responsible for the high degree of floristic andlegical diversity shown by the region,
particularly fire, desertification, grazing and rthing (Le Houérou, 1981; Trabaud,
1981).

Finally, the region presents both a high percentdgmnual species in the flora,
especially in families such as th€aryophyllaceae, Cruciferae, Compositae,
Umbelliferae, and a large number of exotic or invasive spetieg have become
established in the region. In a reverse directioany Mediterranean weeds are noxious

weeds in other parts of the world (Heywood, 1989).

1.2. ECOPHYSIOLOGICAL PROCESSES INFLUENCING PLANT
DISTRIBUTION AND SUCCESS

According to Lamberst al. (1998) the floristic composition at any giverest
determined by a series of historical, physiologieald biotic filters, which restrict the
actual vegetation to a relatively small numberpdes. First, many species are absent
from a given plant community for historical reasowhich means that they may have
evolved in a different region and never dispersethé study site. Secondly, of those
species that arrived to a site, some of them nmelytlae appropriate physiological traits
to survive that particular physical environmentndfly, biotic interactions exert an
additional filter that eliminates many species timaty have arrived and are capable of
surviving the physical environment. Because of ibiointeractions, the actual

distribution of a species (realized niche as detethby ecological amplitude) is more
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restricted than the range of conditions wherertgaw and reproduce (its fundamental
niche as determined by physiological amplitude).

Historical, physiological, and biotic filters areonstantly changing and
interacting. Because of these interacting filténg, species present at a site are simply
those that arrived and survived. This Thesis ua#terstudies on physiological filters at
three different plant developmental stages, in Methnean species: seed, seedling and
adult stages, with the aim of understanding cilitie&tors in species success in a
Mediterranean context. As has been pointed outamipus section, drought is the main
stress limiting plant productivity worldwide (Boyet982), and even in a major extent
under the Mediterranean climate (Flexatsal., 2003). Moreover, there is a high
variability in the extent and duration of droughherefore, it might be expected that,
within species found over a wide range of Mediteean environments, differentiation
would have occurred as a result of changing selegiessures (Grant & Incoll, 2005).
In fact, there is now some evidence that wide miggical or morphological variation
exists between populations of some Mediterraneatisp, both along large-scale
climatic gradients (Villar-Salvador at el., 199 f)jdawithin smaller geographical areas
(e.g. Diaz-Barradast al., 1999). For this reason, the present work wiltu® on
understanding the physiological responses to wsiierss in several Mediterranean
species with different growth forms, and inhabitgifferent environments, endemic to

the Balearic Islands or widespread distributed.

1.2.1. Germination

In seed physiology, germination is usually defimesdthe total sum of processes
preceding and including protrusion of the radidieotigh the surrounding structures
until the radicle becomes visible. After radicle esgence, germination is considered
complete and growth commences (Hilhorst & Toorop97). This seed phase is
considered as the most important stage in the higlaent life cycle with respect to
survival. More specifically, after seed producteomd dispersal, the significance of seed
stage capacity has long been recognized as omhe afitical steps in species spatial and
temporal establishment success (Harper, 1977; rBiwva & Lovett-Doust, 1993;
Hilhorst & Toorop, 1997). The response patterneddsgermination is also regarded as
a key characteristic in plant life history stratdgygevine & Chabot, 1979; Mayer &
Poljakoff-Mayber, 1989).
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The term ‘germinability’, or ‘germination capacifyrefers to the potential to
germinate under specific conditions. The germimatiapacity may be affected by the
level of dormancy, but also by the availability tbe environmental cues required for
germination. Another crucial aspect of germinatoncerns its timing in relation to the
onset of favourable conditions for seedling develept. This timing of germination is
controlled by the interplay between the physiolabistate of the seed (i.e. dormancy)
and seed’s responsiveness to environmental facsoi) as temperature, moisture,
aeration, fire and light (Beardsell & Richards, 7R8

The term ‘dormancy’ refers to a physiological cdiu in seeds that prevents
them form germination, and plays an important piart preventing seed from
germinating at times that would be unfavourabledgimwth and establishment (Fenner
& Kitajima, 1999). A dormant seed may be inducedgerminate, but only under
particular conditions. This is linked with the diioa of germination, which is the time
elapsing between hydration of the seed and theaagpee of the radicle.

Both physiological parameters, i.e. germination acdy and germination
duration, that define and characterise seed getimmgor a given species, are known to
be regulated not only through genotypic charadtesigGutterman, 1993), but also by
environmental conditions. After seed hydration ascisoil temperature is the most
important environmental factors controlling seedngeation (Beardsell & Richards,
1987). Temperature can affect germination capathtpugh its effects on seed
deterioration, loss of dormancy and the germinagicotess itself (Roberts, 1988). For
seeds to be able to germinate, their ‘cardinal sgatpres’ must correspond to external
conditions that ensure sufficiently rapid and ssstd development of the young
plants. The temperature range for the onset of igatian is broad in species that are
widely distributed and in those adapted to largeperature fluctuations in their habitat
(Larcher, 1995).

The peculiarity of the Mediterranean climate hapantant implications on plant
germination physiology. Dry summer conditions limitater availability and thus
germination and growth, while cool winter temperatualso limit germination during
the season with high water availability (Rundel9@p The germination season, and for
extension the temperature requirements for germoimaare crucial for plant survival.
For instance, it is obvious that a species withhhigassive germination relatively
independent of temperature might not be favouredarsy short precipitation in late

spring would cause its seeds to germinate, butisgedvill not be capable to overcome
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the summer stresses (Lloret al., 1999). Moreover, the presence of dormancy that
delays germination is often advantageous in a ctitiyge or seasonal environment
(Harper, 1977; Vleeshouwesesal., 1995).

1.2.2. Seedling establishment and growth

After seed production, dispersal and germinaticaveh been successfully
achieved, the next step is the establishment oSéwelling. Seedling establishment is
another critical developmental stage in a plaetdiycle, and seedlings within this stage
are especially susceptible to those biotic andtabfactors that limit and constraint
plant development and survival. Seedlings are 