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ABSTRACT 

The aim of the present thesis is to assess the influences of different watering regimes on 

some ecophysiological traits on Lolium multiflorum, Trifolium incarnatum and Ornithopus 

sativus growing in monoculture or together in a mixture.The resulting data will allow better 

understanding of montado species responses to future climate change precipitation 

conditions. 

Plants were grown in pots in monoculture (three monocultures) and one mixture of the three 

species, under two different watering regimes: low watering frequency (LWF) and high 

watering frequency (HWF) corresponded to watering each four-six or two-three days, 

respectively, depending on the daily evapotranspiration demand. 

The responses to water stress in leaves were assessed by quantifying the content of 

chloroplastic pigments (chlorophylls and carotenoids) and the oxidation state (by 

measurements of ascorbate and dehydroascorbate). 

Prior to irrigation, all three species were more stressed as compared to after irrigation. LWF 

was always more damaged showing significant differences between watering treatments and 

indicating that future Mediterranean conditions will be more oxidative for the montado 

species. There were no pronounced differences between monoculture and mixture.  
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RESUMO   

O objetivo da presente tese é avaliar a influência de diferentes regimes de rega em algumas 

características ecofisiológicas em Lolium multiflorum L., Trifolium incarnatum L., e 

Ornithopus sativus Brot. cultivados em monocultura ou em conjunto numa mistura. Os dados 

resultantes permitirão compreender melhor as respostas das espécies do montado às 

futuras alterações climáticas de precipitação. 

As plantas foram cultivadas em vasos em monocultura (três monoculturas) e uma mistura de 

cada espécie sob dois regimes de rega diferentes: menor frequência de rega (LWF) e maior 

frequência de rega (HWF) correspondendo respectivamente, a rega para cada quatro a seis 

dias e rega para cada dois ou três dias, dependendo da demanda transpiratória diária. 

As respostas das folhas ao stress hídrico foram avaliadas através da quantificação do 

conteúdo em pigmentos (clorofilas e carotenoides) e do estado de oxidação (através da 

determinação do ascorbato e de dehidroascorbato). 

Antes da rega, as três espécies estavam com maior stress que após a rega. O LWF foi 

sempre o mais prejudicial demonstrando diferenças significativas entre os tratamentos de 

rega, sendo um indicador de que as condições Mediterrânicas futuras serão mais oxidativas 

para as espécies do montado. Não se observaram diferenças relevantes entre as 

monoculturas e a mistura. 
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RESUMO ALARGADO 

As previsões de alterações climáticas para a Peninsula Ibérica passam pelo aumento da 

temperatura e por fenómenos extremamente variáveis de precipitação que irão afectar quer 

economicamente, quer a sustentabilidade e biodiversidade dos ecossistemas Mediterrânicos 

(Jongen et al., 2013). 

Têm-se observado algumas alterações na composição das espécies e da produtividade da 

camada herbácea devido à enorme variabilidade e distribuição da precipitação e às 

alterações de temperatura (Figueroa and Davy, 1991). Esta situação terá tendência para ser 

mais marcada no futuro, nomeadamente, nos ecossistemas Mediterrânicos uma vez que é 

esperado mais stress ambiental causado pelas alterações climáticas (Miranda et al., 2006). 

Em Portugal, os Montados representam 23% das florestas portuguesas (736,700 ha) e são 

considerados património nacional permitindo a conservação da biodiversidade e do 

ecossistema (Bugalho et al, 2011). O estudo da resposta ao stress hídrico é cada vez mais 

importante na região do Mediterrâneo em virtude das alterações climáticas observadas. 

A resposta da planta ao stress é complexa e existem muitos sinais que explicam a sua 

adaptação: a fenologia, a profundidade e tamanho da raíz, a condutividade hidráulica e o 

armazenamento de reservas, entre outros (Chaves et al., 2003). Existem outras formas de 

adaptação em que a plantas evitam os períodos de stress hídrico ou usam estratégias que 

permitam tolerar o mesmo (Levitt, 1972; Turner, 1986). A resposta inicial ao stress hídrico é 

observada ao nível da folha através da acumulação de solutos protectores, fecho estomático 

e alterações na eficiência da carboxilação (Haldimann and Feller, 2004; Flexas et al., 2004). 

Os mecanismos responsáveis pela fotoprotecção da folha e aqueles que estejam 

relacionados com o stress oxidativo têm sido amplamente estudados existindo novas 

ferramentas que permitem avaliar ao nível molecular, das plantas e dos ecossistemas 

permitindo compreender a sua resposta à secura (Chaves et al., 2003). 

Nesse sentido surgem os pigmentos nomeadamente o papel dos carotenóides como 

fotoprotectores e que têm um papel importante em atenuar os efeitos prejudiciais do 

excesso de luz. Alguns carotenóides estão presentes no ciclo das xantofilas o que é 

especialmente importante devido à sua relação com a dissipação térmica da energia 

(Demmig-Adams and Adams 1996, Song, X.S 2011). 

No entanto, também o défice hidrico causa stress oxidativo em cloroplastos (Smirnoff, 1993). 

Foi observado que existe uma diminuição da fotossíntese no fim da época seca (Setembro 
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em Portugal) quando comparado com início do Verão (Julho) em Quercus ilex e Quercus 

suber (Faria et al., 1996, 1998). 

Também o ascorbato tem um papel importante na fotossíntese como antioxidante e 

fotoprotector, nomeadamente, como aceitador de electrões do PSI e como cofactor da 

violaxantina de-epoxidase (Miyake and Asada, 1992). Desta forma actua como fotoprotector 

contribuindo para a cadeia de electrões e formação de zeaxantina. 

Assim, para se compreender de que forma as pastagens endémicas são afectadas é 

importante compreender as alterações ecofisiológicas sob diferentes regimes de 

precipitação em condições controladas. 

Neste ensaio, realizado numa estufa no Departamento Florestal do Instituto Superior de 

Agronomia da Universidade Técnica de Lisboa, foram usadas sementes que são 

habitualmente semeadas num montado em condições mediterrâneas e foram simuladas sob 

dois diferentes regimes de rega. 

As três espécies, Lolium multiflorum, Trifolium incarnatum e Ornithopus sativus estão 

extremamente adaptadas ao clima mediterrânico geralmente terminando o seu ciclo no fim 

da Primavera quando as condições de stress hídrico se acentuam. No caso T. incarnatum e 

O. sativus por serem leguminosas são bastante importantes no enriquecimento do solo em 

azoto. Já o L. multiflorum tem a grande vantagem de permitir a rápida cobertura da 

pastagem. As três são espécies têm elevado conteúdo nutritivo para o gado e por esse 

motivo são utilizadas em pastoreio. 

As espécies foram semeadas e cultivadas em vasos, em monocultura (três monoculturas) e 

em mistura (uma mistura) sob menor frequência de rega e maior frequência de rega 

correspondendo a rega para cada quatro a seis dias e para cada dois ou três dias, 

respectivamente, e dependendo da demanda transpiratória diária. 

O objectivo desta tese é determinar compostos bioquímicos (ascorbato e pigmentos) de três 

espécies endémicas de Montado: Lolium multiflorum, Trifolium incarnatum e Ornithopus 

sativus de forma a: 

 Compreender os mecanismos de adaptação das três especies em mistura e em 

monocultura sob dois regimes de rega diferentes de forma a sustentar os resultados 

obtidos em campo; 

 Compreender de que forma, cada uma destas três espécies irá se comportar de 

acordo com as previsões climáticas futuras; 
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 Contribuir, no futuro, para aumentar a produtividade desta mistura através do 

conhecimento de qual o cultivo que melhor se adequa às condições mediterrânicas. 

Foi possível concluir que antes da rega as três espécies estavam sob maior stress com 

elevado conteúdo em clorofilas e solutos protectores como os carotenoides e ascorbato. 

Antes da rega, as três espécies estavam com maior stress do que após a rega. O LWF foi 

sempre o mais prejudicial demonstrando diferenças significativas entre os tratamentos de 

rega, sendo um indicador de que as condições Mediterrânicas futuras serão mais oxidativas 

para as espécies do montado. Não se observaram diferenças relevantes entre as 

monoculturas e a mistura.  

Em Maio os valores de pigmentos e de ascorbato total eram inferiores aos de Março, 

indiciando que as três espécies estariam a entrar em fase de senescência coincidindo com o 

fim do seu ciclo de vida (FAO) e por esse motivo menos tolerantes ao stress hídrico que é 

também mais acentuado nessa altura do ano. 
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1. STATE OF THE ART  

1.1. Drought effects on leaf physiology and escaping strategies 

Plants are exposed to several stresses: nutrient stress, drought stress and temperature 

stress (Reynolds-Henne et al., 2010). But water deficit rarely acts alone (Chaves et al., 

2002), and interactions between drought and high temperature on water relations, 

photosynthesis and crop growth have been already observed (Machado and Paulsen, 2001; 

Wardlaw, 2002; Shah and Paulsen, 2003). 

Plant processes are affected by high temperatures directly by injuring the photosynthetic 

apparatus (Law and Crafs-Brandner, 1999; Haldiman and Feller, 2004,) or indirectly through 

water relations by promoting evaporative water loss from the soil (Reynolds-Henne, 2010). 

A plant´s initial response to water stress can be observed at the leaf level, through changes 

in the accumulation of protective solutes, stomatal closure, and changes in carboxylation 

efficiency (Haldimann and Feller, 2004; Flexas et al., 2004).  

Stomatal conductance depends, not only on ambient, sub-stomatal water and CO2 

concentrations but also on stomatal density, leaf age and size, light incidence, guard and 

epidermal cell turgor, and signals received from the environment (Jones, 1992). Stomata 

have been shown to open widely when having warm and moist environments (Radin et al., 

1994; Feller, 2006; Veselova et al., 2006) and they tend to close when low temperatures or 

drought occur (Eamus et al., 1982; Wilkinson et al., 2001; Veselova et al., 2006; Reynolds-

Henne, 2010). 

Usually, the first event in plants when water stress occurs is stomatal closure, in response to 

the migration of chemical compounds synthesized in dehydrating roots, such as abscisic acid 

(ABA) (Figure 1). The stomatal closure controls CO2 uptake with a decline of intercellular 

CO2 and lower light use efficiency of photosystem II (PSII) and by this mechanism controls 

water losses maintaining leaf temperature (Chaves et al, 2003) But at the long-term and 

under drought, this situation may induce a down-regulation of photosynthesis (Chaves et al., 

2002). 

For example, in legumes, moderate stress is done by closing stomata or causing irregular 

conductance and high temperature stress by increasing stomatal conductance, even under 

drought (Reynolds-Henne, 2010). 
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However, a plant’s response to stress is complex, with many traits explaining plant 

adaptation: e.g. phenology, root size and depth, hydraulic conductivity and storage of 

reserves (Chaves et al., 2003). 

 

Figure 1 - Effects of drought and salinity on stomatal (gs) and mesophyll (gm) conductance, on gene expression 

and on plant acclimation (Source : Chaves et al. 2009). Abbreviations: VPD, vapour pressure deficit; ROS, 

reactive oxygen species; ABA, abscisic acid; Ci, intercellular CO2 concentration. 

Plants can resist drought by avoiding or using tolerance strategies (Levitt, 1972; Turner, 

1986). For example, when herbaceous and annual plants plants are subjected to water 

deficit, they escape from dehydration by shortening their life cycle investing in a rapid growth 

before physiological water deficit effects occur, or by having an acclimation response (Figure 

2). If there is a rapid dehydration, plants minimise water loss or exhibit metabolic protection 

against damaging effects of dehydration and co-developing oxidative stress (Chaves et al., 

2009)  

 

Figure 2- Whole plant responses to drought stress. Left, long term or acclimation response; right, short term 

responses (Source : Chaves et al., 2003) 
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Escaping drought strategies rely on successful reproduction before the onset of severe 

stress, which including the better partitioning of assimilates for fruit development (Chaves et 

al., 2003). In addition, reserves can be accumulated in different organs, usually stems and 

roots, prior to the drought period, which can subsequently be remobilized during the 

reproductive phase (Chaves et al., 2002). This strategy was observed in cereals (Austin, 

1977; Palta, 1994; Gebbing, 1999) but also in Lupinus albus (Rodrigues et al., 1995) while 

trees and shrubs developed strategies of stress tolerance and avoidance (Chaves et al., 

2002). Evergreen shrubs and trees in arid and semi-arid regions respond by having high 

solute concentrations in living cells (low osmotic potential) and with sclerophylly, low 

photosynthetic capacity and stomatal conductance (Faria et al, 1998). 

Plants have mechanisms to tolerate drought, avoiding tissue dehydration by (1) maintaining 

tissue water potential as high as possible or (2) tolerating low tissue water potential. 

Annuals and perennials commonly try to avoid dehydration by using several adaptive traits 

such as minimising water loss and maximizing water uptake. Plants minimise water loss by: 

(1) closing stomata, or (2) reducing light absorbance through rolled leaves (Ehleringer and 

Cooper, 1992), or (3) developing a dense trichome layer which increase reflectance (Larcher, 

2000), or (4) step leaf angles, decreasing canopy leaf area, or (5) reducing growth, or (6) 

shedding older leaves. On the other hand, water uptake can be maximised by increasing 

biomass investment in the roots (Jackson et al., 2000). 

1.1.1. Chloroplastic pigments and photoprotection 

Chloroplastic pigments are present in photosynthetic organs in plants and are involved in the 

process of photosynthesis. They are classified into chlorophylls, carotenoids (carotenes and 

xanthophylls) and phycobilins (phycocyanin and phycoerythrin) as they have different 

structures and different spectral wavelengths characteristic absorvances (Figure 3). 

There are seven types of clorophylls, the green pigment, which are: chlorophyll a, b, c, d, e, 

bacteriochlorophyll and bacterioviridin. Chlorophyll a and b are present in most green plants. 

Chlorophyll a can be found in all photosinthezing cells (except in photosynthetic bacteria) 

and plays an important role in photosynthesis because is activated by light absorption acting 

as photoenzymes. In addition to yellow-green chlorophyll a there is the blue-green 

chlorophyll b as a result of a local oxidation in chlorophyll a chain’s acting as anthenna 

pigment. 
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Carotenoids are accessory pigments classified into carotenes and xantophylls, which reflect 

orange and yellow wavelengths, respectively. These pigments are also considered anthenna 

pigments since they absorb light energy from wavelenghths that do not excite chlorophyll and 

transfer it to chlorophyll to be used in the photosynthesis reactions. They protect the 

chlorophyll molecules from photo-oxidation by picking up oxygen and converting it into 

harmless molecular stage. 

Phycobilins can be found in blue-green algae (cynobacteria) and red algae) (Govindgee, 

1969) 

 

Figure 3 - The absorption spectra of chloroplastic pigments (chlorophyll a, b and carotenois) demonstrating how these pigments 

add to the range of wavelengths of light that are useful in photosynthesis. (Source : Koning, E., 1994) 

Once the light arrives to the chloroplasts, it will be captured by the light harvesting complex 

(LHC), which is present in the thylakoid membrane. LHC is composed of a protein complex 

with chlorophyll a, chlorophyll b and carothenoids linked to a protein of photosystem II 

(LHCII) and allows to optimize energy changing in antenna complex and to transport 

electrons in reaction centers (Figure 4). 
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Figure 4 - Scheme that shows presence of anthenna pigments (Chlorophyll b, lutein, zeaxanthin, β –carotene, lycopene) and 

chlorophyll a in light harvesting complex (LHC) and light harvesting complex II (LHCII). Electron is excited by light energy 

absorption in P680 chlorophyll a (reaction center pigment in PSII) and will then be replaced by the photolysis of water. The 

electron excited is passed through an electron chain to PSI and replaces an electron that is lost by PSI after it is excited by 700 

nm light energy. This electron is ultimately trapped with an accompanying proton NADP
+
 (Source : Koning, E., 1994). 

Plants, under changing environmental conditions, have developed different mechanisms that 

enable optimization of light use and protection so they can obtain maximal photosynthetic 

efficiency and minimize photodamage. These acclimation mechanisms are: (1) regulation of 

excitation energy reaching the reaction centers; (2) energy dissipation as heat in the antenna 

(Figure 5); (3) scavenging of oxidative molecules; and (4) repair of oxidative damage 

(Fernández-Marín et al., 2009). 

 

Figure 5 - Photoprotection by dissipation of excess light energy aided by xanthophyll cycle carotenoids. The 

xanthophyll violaxanthin is converted to zeaxanthin (via the intermediate antheraxanthin) whenever chloroplasts 

absorb excess light. Zeaxanthin acts as a key facilitator of the dissipation of excess energy accumulated as singlet 

chloropyll (
1
Chl*). Conversely, when light is not excessive, zeaxanthin is disengaged from energy dissipation and 

converted back to violaxanthin, thereby returning to an efficient utilization of light energy. (Source : in 

photosynthesis© 2013) 

Dissipation 



  STATE OF THE ART 

15 

 

Protective mechanisms like anatomical and morphological characteristics, such as 

sclerophylly, are a way to resist to extreme climatic events (Turner, 1994) but there are also 

biochemical mechanisms involving high carotenoids or phenolic compounds composition 

(Demmig-Adams and Adams, 1996; Garcia-Plazaola et al.1997). 

Carotenoids are photoprotectors and have an important role avoiding harmful effects of light 

excess. Some carotenoids are involved in the xanthophyll cycle (Figure 6), which is 

especially relevant because of its relationship to thermal energy dissipation (Demmig-Adams 

and Adams, 1996; Song, X.S 2011). 

 

Figure 6 – Two different conditions where (a) all or (b) only part of the sunlight is absorbed by chlorophyll (Chl) within 

a leaf can be used for photosynthesis. In the (b) case, the remaining absorbed light is dissipated safely in a 

photoprotective process that depends on the presence of zeaxanthin as well as a low pH within the photosynthetic 

membrane. The same energized form of chlorophyll (i.e. excited singlet chlorophyll, 
1
Chl*), is either used for 

photosynthesis or loses its energy in the form of heat. (Source : Demmig-Adams and Adams, 1996) 

The ability to dissipate energy, common to several Mediterranean species, is associated with 

an increase in the concentration of de-epoxidized xanthophyll cycle components, 

antheraxanthin (A) and zeaxanthin (Z) at the expense of violaxanthin, occurring during 

midday, especially in water starved plants (Demmig-Adams, 1996; García-Plazaola et al, 

1997).  

Temperature during growth has been shown to influence the total pool of xanthophylls in 

proportion to chlorophyll present. Plants, as a protection mechanism, have an increase on 

xanthophyll pigments (antheraxanthin and zeaxanthin) concentration in plants grown at lower 
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temperatures (15ºC day/10ºC night) than in plants grown at higher temperatures (25ºC 

day/20ºC night) (Chaves et al., 2002). Under drought, there is also a decreasing in 

chlorophylls content which was observed at a late stage of drought both in sunflower and 

sorghum (Quartacci & Navari-Izzo, 1992; Zhang & Kirkham, 1996) but also in wheat (Baisak 

et al, 1994). 

1.1.2. Ascorbate as an hidrophylic antioxidant 

Ascorbate (AsA), generally known as vitamin C, is a very well known molecule for its 

antioxidant function. This molecule is universal in photosynthetic eukaryotes, including algae 

and bryophytes (Miyake, Michihata and Asada, 1991) and can be found in several cellular 

compartments: cytosol, chloroplasts, vacuoles, mitochondria and cell wall (Rautenkranz et 

al., 1994). 

Ascorbate has an important role in photosynthesis, participating in three different processes: 

(1) as an antioxidant by removing hydrogen peroxide (chloroplasts lack catalase) formed by 

oxygen photoreduction in PSI (Mehler reaction) (Miyake and Asada, 1992); (2) as a direct 

electron acceptor in PSI (Miyake and Asada, 1992); (3) and as a co-factor for violaxanthin 

de-epoxidase in the xanthophyll cycle (Figure 7). 

 

Figure 7 - Depiction of the regulation of the biochemistry of the xanthophyll cycle as well as the induction of 

xanthophyll cycle-dependent energy dissipation by pH. The de-epoxidation to antheraxanthin (A) and zeaxanthin (Z) 

(from violaxanthin, V) requires a low pH in the lumen of the thylakoid, as well as reduced ascorbate. In addition, a 

low pH of certain domains within the membrane, together with the presence of zeaxanthin or antheraxanthin, is 

required to induce the actual energy dissipation. (Source : Demmig-Adams and Adams, 1996) 
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As a consequence of drought, the decrease of leaf water content and stomatal closure, result 

in limited CO2 availability and the channelling of reducing molecules to the production of 

reactive oxygen species (ROS) rather than to CO2 fixation (Krause and Cornic, 1987; 

Osmond, 1981; Mittler and Zilinskas, 1994). Antioxidants act as ROS scavengers (Foyer et 

al., 1994; Smirnoff, 1998) and are very important to protect the photosynthesis machinery 

against excess excitation energy. Ascorbate plays an importante role as a low-molecular-

weight antioxidant and as the main non-protein reductant for H2O2 detoxifying peroxidases in 

plants (Queval and Noctor, 2007). Both ascorbate and glutatione have key functions as 

antioxidants since both compounds are important in other aspects of the metabolism (Queval 

and Noctor, 2007) and participate in the ascorbate-gluthatione cycle (Noctor and Foyer, 

1998). Dehydroascorbate (DHA) is formed when ascorbate is oxidized and must be re-

reduced in order to prevent decreases in the total ascorbate pool. In plant tissues this 

reaction is catalysed by dehydroascorbate reductases (DHAR) (Foyer and Halliwell, 1976) 

(Figure 8). Alteration in redox state of ascorbate (AsA)/dehydroascorbate (DHA) has an 

important role in mediating and modulating signalling linked to developmental processes and 

interaction with the environment (Queval and Noctor, 2007).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 - Redox interactions across the plasmalemma involving the major apoplastic oxidants, superoxide and 

H2O2, and the antioxidant ascorbate. APX, ascorbate peroxidase; GR, glutathione reductase; GSSG, glutathione 

disulphide; SOD, superoxide dismutase;DHA, Dehydroascorbate; AA (AsA), ascorbate (Adapted : Pignocchi,C & 

Foyer, C, 2003) 
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Drought and low temperatures increase activity of enzymes in the ascorbate-glutathione 

cycle suggesting a requirement for increased activity of the cycle under these conditions 

(Smirnoff and Colombe, 1988; Smirnoff, 1993). There are several examples of increases in 

antioxidant compounds in leaves under Mediterranean climate conditions. 

For example, woody species, in summer, present high concentration of antioxidant systems 

both (1) enzymatic (superoxide dismutase, ascorbate peroxidase and gluthatione reductase) 

in Quercus suber leaves (Faria et al., 1996) and (2) non-enzymatic (α-tocopherol, diterpenes) 

in Rosmanirus officinalis (Munné-Bosch et al., 1999). 

But under drought, total AsA decreases in sunflower and increases in sorghum (Zhang and 

Kirkham, 1996). The increasing of the expression of antioxidant enzymes in these conditions 

affords some protection against oxidative damage since AsA participates in the removal of 

H2O2 as a substrate of APX. It is known that AsA is responsible for reducing O2 and to 

regenerate reduced α-tocopherol (Foyer, 1993). This increasing by drought can be explained 

by a decrease of APX and accumulation of AsA not consumed. By opposition decreases in 

AsA concentrations in these conditions were also reported in Vigna catjang (Mukherjee & 

Choudhuri, 1983) and Cochlearia atlantica and Armeria maritime (Buckland, Price & Hendry, 

1991) suggesting that there is degradation on its capacity on mantaining oxidative conditions. 

1.2. Montado characterization 

1.2.1. Montado climate characterization 

Montado has a mediterranean climate which is characterized by wet and mild winters, and 

dry and hot summers. Mediterranean climate is also characterized by a high variability in 

anual precipitation and a high frequency of drought periods (Xoplaki et al., 2004; Jongen et 

al., 2013a). Montado, namely the region of Coruche, has a long-term mean annual 

temperature of approximately 15.9 ºC (Instituto de Meteorologia, Lisbon). 

Climate change in the Iberian Peninsula is an issue that is becoming more real nowadays. 

By the end of the 21st century there is the prediction of increasing temperatures of 2-4.5 ºC, 

decreasing precipitation by as much as 20% in summer, and a 10% increase in precipitation 

in winter (IPCC, 2007; Jongen et al., 2013a). In addition, an increase in the temporal 

variability of precipitation regimes is predicted (Luterbacher et al, 2006; Jongen et al., 

2013a). Climate change encompasses a lower frequency of rainfall days and longer 

intervening dry periods (Easterling et al., 2000; Jongen et al., 2013a) accompanied by a 

major increase in the frequency and intensity of heat waves (Miranda et al., 2006). 



  STATE OF THE ART 

19 

 

The increase of precipitation variability is expected to extend the periods of soil moisture 

deficit (Jackson et al., 2001; Jongen et al., 2013a) which in turn might affect productivity, 

biodiversity and the matter cycles of many terrestrial ecosystems (Austin et al., 2004; 

Huxman et al., 2004; Schwinning and Sala, 2004; Jongen et al., 2013b), particularly in 

drought-susceptible grasslands (Knapp et al., 2002; Fay et al., 2003; Harper et al., 2005; 

Jongen et al., 2013b ). 

1.2.2. Montado understorey characterization 

In the Iberian Peninsula, the evergreen oak woodlands, known as montados in Portugal and 

dehesas in Spain, have a great ecological and socio-economic importance (Bugalho et al, 

2011; Jongen et al, 2013a). 

These savanna type silvo pastoral agrosystems are characterized by evergreen Quercus 

species, a shrub layer of varying diversity, and an herbaceous understorey (Jongen et al., 

2013). 

This woodland ecosystem is combined with high quality pastures and areas of agricultural 

cultivation coexisting in the same space (Jongen et al., 2013b). The diversity of C3 annual 

species that constitutes the understorey is of high importance for ecosystem productivity 

(Pereira et al., 2007; Aires et al., 2008; Unger et al., 2009; Jongen et al., 2011; Jongen et al., 

2013a), and influences soil nutrient cycling and the ecosystem water balance (Moreno 

Marcos et al., 2007; Otieno et al., 2011; Jongen et al., 2013a; Jongen et al., 2013b). 

A common agricultural practice in Portugal in the montados is the use of legume-rich 

mixtures to improve productivity and soil fertility (Crespo, 2010; Jongen et al., 2013a). 

However, the vegetation constituting the montados understorey in a Mediterranean 

environment is in general adapted to seasonal drought though is vulnerable to the decrease 

of precipitation since there is a soil water store limitation available to grasses. This vegetation 

is growing under limiting water availability but is extremely vulnerable to drought during 

growing season (Jongen et al., 2011). The vegetation growing season is dependent on the 

first precipitation in autumn and has a fast growth after. This vegetation is very active during 

winter and early spring and senescence starts in May (Jongen et al., 2011). 

1.2.3. The use of a legume-rich seed mixture in sown pastures 

There are three different type of pastures or grasslands: natural grasslands (NGs), fertilized 

natural grasslands (FNGs), and sown biodiverse permanent pastures rich in legumes. 
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Improved and spontaneous pastures represent 70% of the world agricultural area (Suttie et 

al., 2005) and there is in Portugal 1.8 million of hectares of grasslands (natural, fertilized or 

sowns grasslands) which represent half of the agricultural used area (INE, 2011). 

The legume-rich seed mixture is commonly used in the restoration of degradated agricultural 

and pasture lands in different environments (Bakker et al., 1998; Palik et al., 2000; Prach et 

al., 2001, Nyfeler et al., 2011). Chabrerie et al. (2003) suggest that this regeneration is a 

result of an accumulation of local plant biodiversity in composition and productivity 

transformations. Also studies comprove that biodiversity present in legume rich mixture 

increase productivity in nitrogen and aboveground biomass (Li et al., 2010; Nyfeler et al., 

2011) since legumes (from leguminosae family) capture nitrogen which is used by grasses to 

grow. Legumes are usually inoculated with bacteria of the genus Rhizobium which induce 

nitrogen-fixing nodules in the roots of legumes and for this reason we have a self fertilization 

of the soil, a legume’s increase and domination in the field filling the gaps of the pasture 

(Teixeira, 2010). 

It were done experiments in 32 sites across Europe where it was obtained strong yield 

benefits of mixing grasses in different climatic conditions and in some cases having higher 

yield biomass than in monoculture (Kirwan et al., 2007; Lüscher et al., 2008; Nyfeler et al., 

2009). 

In Portugal in 70 decade of XXth century, scientists and farmers started to belive that pasture 

fertilization by itself was not enough to increase plant productivity and its higher quality for 

animal nutrition. To overcome this, in the past decade, was started to be sown in natural 

pastures, manly on cork and holm agro-forestry systems (montado), a mixture richer in 

leguminosae (Teixeira, 2010).  

A legume-rich seed mixture is common to be seeded in Coruche understorey montado. 

Species such as Trifolium subterraneum, Trifolium michelianum-balansae, Trifolium 

resupinatum, Trifolium vesiculosum, Trifolium incarnatum, Trifolium glanduliferum, Biserrula 

pelecinum, Ornithopus sativus, Ornithopus compressus and Lolium multiflorum are 

frequently present in this mixture (Jongen et al., 2013a). These mixtures are usually enriched 

with seeds from spontaneous plants such as Plantago spp., Vulpia spp. and Bromus spp 

(Carneiro et al., 2005).Though, there isn’t a unique mixture since it varies according to 

species’ adaptation to soil physical and chemical characteristics and to local climate 

conditions.  
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Below it is a brief description of the three species widely found in the field and sown in pot 

experiment described in this thesis. 

1.2.3.1 Trifolium incarnatum L. 

The Leguminosae species Trifolium incarnatum (Figure 9) is also known as crimson or Italian 

clover. It is an annual herb which has pubescent leaves and stems and has a characteristic 

rounded leaves with purple edging that develop with age. In Portugal it grows in late autumn, 

matures in spring and after seed maturation the plant dies in three to four weeks. As a 

leguminosae species it has many finely-branched lateral roots having nitrogen-fixing ability. 

Probably is originated in southern Europe where, nowadays, is grown as a winter annual for 

forage. However, it is very well adapted to a wide range of soil and climatic conditions except 

to poorly drained or saline soils and shade (FAO, 2014). 

T. incarnatum is grown as forage pasture due to his protein-rich characteristics at leafy 

growth stage but has also non-agricultural use as soil cover for soil protection or green 

manure crop for soil improvement. 

 

Figure 9 - Trifolium incarnatum L. 

1.2.3.2 Ornithopus sativus Brot. 

Onithopus sativus is an annual herb from Leguminosae family also known as Serradela 

(Figure 10) and is an herbaceous annual plant entirely pubescent with compound leaves with 

9-18 pairs of lanceolate leaflets (Biorede, 2014). As T. Incarnatum also has nitrogen-fixing 

ability. 
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In Portugal it can be found in Beiras, Estremadura, Alentejo Litoral and Algarve where it 

grows between autumn to spring and starts flowering between April and June (FAO, 2014; 

Biorede, 2014). 

O. sativus is cultivated as a winter forage species and for green manure in southern Europe 

(Iglesias and lloveras, 2000) due to its high quality for pasture, high digestibility, nitrogen 

fixing symbiosis and adaptation to acidic and relatively infertile soils (FAO, 2014). O. sativus, 

is very useful since it contributes to an increase in soil fertility, although it is intolerant to frost 

and drought (Raymond, 2011). 

 

Figure 10- Ornithopus sativus Brot.  

1.2.3.3 Lolium multiflorum L. 

Lolium. multiflorum L. (Figure 11) is an annual, biennal or perennial ryegrass plant belonging 

to Poaceae family, which is also known in Portugal by azevém. It has a sturdy stem that can 

be up to 60-130 cm tall with numerous long, narrow, stiff leaves near the base of the plant. 

The abaxial surfaces of leaves are bright, glossy, and smooth (FAO, 2014; Biorede, 2014). 

In Portugal, L. multiflorum L. starts flowering from May to July and and is widely distributed in 

the country due to its wide range of adaptability to soils (Biorede, 2014). It is widely used for 

quick cover thought does not tolerate hot, dry weather or severe winters (FAO, 2014; 

Biorede, 2014). 

 

Figure 11- Lolium multiflorum L. 
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1.3 Thesis work objective 

The main hypothesis of this work project was that with an increasing of variability in 

precipitation but maintaining the same quantity of water given in a year and species 

composition would increase water stress, decreasing photosynthesis and decreasing plant 

productivity in montado understorey. No  clear results have been published on studies in 

semi-arid grasslands as in some cases there are reported increases of aboveground net 

productivity with low watering frequency as extreme events (Heisler-White et al., 2009), and 

in other cases there is no effect either in biodiversity or plant cover under different patterns of 

precipitation (Miranda et al., 2009). Due to this contrasting results two studies were 

designed: (1) a field study was established by Jongen et al, (2003) in a montado semi-arid 

ecosystem under two different regimes of watering (based on predictions of climate change): 

low watering frequency (LWF) and high watering frequency (HWF).  The proposed 

hypothesis was refuted since field conditions precipitation variability did not cause water 

stress enough to change plant productivity on herbaceous layer showing that plants of 

montado understorey were adapted to these variable precipitation events. (2) the second 

experiment was designed to better understand the field results by growing the main species 

present in this herbaceous layer: O. sativus, L. multiflorum and T. incarnatum and present in 

the seed mixture in the field, but under greenhouse controlled conditions. ‘The pot 

experiment’ with the reproduction of the field water treatments LWF and HWF. 

This thesis will present the results of ‘the pot experiment’ work including not only water 

content measurements, but also abiotic stress biochemical markers (chloroplastic pigments 

and antioxidants).The conclusions taken from this work will allow to understand in which way 

these three species adapt to these variable watering regimes both in monoculture or in 

mixture. 
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2. MATERIAL AND METHODS 

2.1. Experimental set up  

This experiment was conducted at the Department of Forestry (CEF) of the Institute of 

Agronomy (ISA), Technical University of Lisbon (UTL) in the period between January 21 and 

May 13 of 2011. 

Seeds of Lolium multiflorum L., Trifolium incarnatum L., and Ornithopus sativus Brot., were 

provided by Fertiprado (Vaiamonte, Portugal) and were germinated at the end of December 

(28th of December for L. multiflorum and 20th of December for T. incarnatum and O. sativus). 

On 10th January, seedlings were transplanted into 33 cm diameter pots with 40 cm depth 

(Figure 12), filled with soil collected from the experimental site, the Herdade da Machoqueira 

do Grou located near Coruche. All 32 pots were located in a greenhouse. 

Two types of cultures were designed: (1) Monocultures; four pots (n=4) with only one species 

growing per each of the three species, and (2) Mixture; four pots (n=4) with a mixture of the 

three species. All 32 pots were planted at a density of 714 plants m-2 (a total of 61 plants per 

pot). Seedlings were planted in a triangular design, outlined in Annex 1, and described in 

Jongen (1998) to give equal minimum spacing of approximately 3.7 cm between seedlings. 

Two water manipulation treatments were set corresponding to different irrigation regimes. 

High watering frequency (HWF) and low watering frequency (LWF), corresponding to 

watering for each two-three days and for each four-six days, respectively. 

 

Figure 12 - Potted plants in 33 cm diameter pots 
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2.2. Microclimate and soil water 

The amount and frequency of water given was dependent on temperature, light incidence 

and plant height, and did vary over the course of the experiment due to an increasing 

evaporative demand when temperature and leaf area increased.  

Irrigation was calculated from the accumulated photosynthetic active radiation (PAR) 

received by the pots. For each 50 mol PAR m-2 received by the HWF pots, watering took 

place. Similarly in LWF, watering took place for each 100 mol PAR m-2 received. LWF 

watering volumes were double than HWF, therefore all regimes received the same amount of 

water during the experiment period. 

Air temperature (Ta) and humidity in the greenhouse were continuously monitored by using a 

EHT sensor with radiation shields (Decagon Devices, Pullman, USA) (annex III). 

Photosynthetic active radiation (PAR) inside the greenhouses was continuously recorded 

using a QSO-S PAR sensor (Decagon Devices, Pullman, USA). 

Every two to three days the position of the pots in the greenhouse was changed, in order to 

avoid any influence of pot position.  

All pots received the same amount of water until 19th February to avoid an effect of the 

watering on the establishment of the seedlings. 

After 21st February different water irrigation started in the two treatments (HWF and LWF) as 

described below in annex II. 

2.3 Leaf samplings 

Leaf samplings were taken before and after watering (PW and AW, respectively) events, in 

March and May, in LWF and HWF as outlined in Table 1. For each sample, 2-3 expanded 

leaves from four randomly chosen plants per pot were immediately frozen into liquid nitrogen 

and stored at -80 ºC until their biochemical analysis. 

 

 

Table 1 - Sampling date made in March and May for LWF and 
HWF regime and done before and after the watering 
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In each day of sampling measurements on the relative water content (%RWC) of the frozen 

leaves were performed. %RWC of leaves was obtained as [(FW-DW)/(TW-DW)]x100, where 

FW is the fresh weight, TW is the turgent saturated weight after rehydrating samples for 24 h 

in the dark at 4ºC, and DW is the dry weight after oven-drying samples at 65 ºC until constant 

weight. Mean leaf area (LA) was obtained with a flat-bed scanner (Epson GT5000, Epson 

America Inc., Long Beach, CA, USA) and processed using image analyser software supplied 

by the Serveis Científico-Tècnics (University of Barcelona, Barcelona, Spain). 

2.4. Pigments and ascorbate extraction and determination 

 Photosynthetic pigments quantification 

To quantify chlorophylls (Chlorophyll a and Chlorophyll b) and total carotenoids content 

100mg of frozen leaves were ground in liquid nitrogen in a Retsch MM 300 Bead Mill Cell 

disrupter (Retsch GmbH Co, Haan, Germany). Extraction was performed with 1ml of acetone 

(80% v/v) at 4ºC under low light conditions since carotenoids and chlorophylls are extremely 

light sensitive.  

Chloroplastic pigments extracts absorbances were measured in a 96 wells quartz microplate 

(Hellma Hispania SL, Badalona, Spain) with a Spectrophotometer Micro Plate Reader 

(PowerWave XS, BioTec Instruments Inc, U.K.) at 470, 646.8, 663.2 and 750 nm. The 

equations below were used to calculate pigments concentration: 

Chl a (μg pigment/ml) = 12,25. A 663,2 – 2,79. A646,8 

Chl b (μg pigment/ml) = 21,50 . A646,8 – 5,10 . A663,2 

Chl total (a+b) = 7,15 . A663, 2 + 18,71 . A646,8 

Carotenoids (μg pigment/ml) = (1000 . A470 – 1,82 . μg/ml Chl a – 85,02 . μg/ml Chl 

b)/198 

where: A 663,2 = absorbance at 663,2; A646,8 = absorbance at 646,8; A470 = absorbance at 470. 

All concentrations were recalculated depending on the precise fresh weight of the extracted 

leaf tissue. 
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 Ascorbate Quantification 

Reduced and oxidized ascorbate forms were extracted from 150 mg frozen leaves grounded 

in liquid nitrogen. 1 ml of extraction buffer was added (6% Meta phosphoric acid pH 6.5) and 

vortexed for 1 min. Extracts were then subjected to centrifugation (Eppendorf® Centrifuge 

5415R, Germany) at 13000 gs at 4 ºC. 10 μl were neutralized with 185 μL of phosphate 

buffer before spectrophotometer readings at 265 nm on a 96 wells quartz microplate (Hellma 

Hispania SL, Badalona, Spain) with a Spectrophotometer Micro Plate Reader (PowerWave 

XS, BioTec Instruments Inc, U.K.) according to Queval and Noctor (2007) and described in 

annex IV. 

Ascorbate (AsA) and dehydroascorbate (DHA) readings were assessed by the addition of 5 

μL ascorbate oxidase (AO) or 5 μL dithiothreitol (DTT), respectively to the extract, as 

described in Foyer et al. (1983). 

Ascorbate oxidase specifically oxidizes all reduced ascorbate in the extract thus the 

decrease at 265 nm is related to AsA concentration which was monitored. In contrast, when 

sample is incubated with DTT, DHA is reduced back to AsA and the increase in absorbance 

is proportional to the initial DHA concentration. The ascorbate oxidation state was then 

estimated by the ratio DHA/ (DHA + AsA). 

DHA and AsA were determined as equations below: 

DHA = (L1-L0) * 14 mM cm-1 

AsA = (L0-L2) * 14 mM cm-1 

where: L0= absorbance at 265 nm (before adding DTT and AO); L1 = absorbance at 265 nm 

after at least 10 minutes with DTT incubation; L2 = absorbance at 265 nm after at least 1 

minute of incubation with AO; and 14 mM cm-1 is the ascorbate molar coeficient at 265nm. 

 All concentrations were recalculated depending on the precise fresh weight of the extracted 

leaf tissue. 
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2.5. Statistical analysis 

Statistical analysis was performed using SPSS (SPSS for Windows v. 15.0, SPSS Inc., 

Chicago, IL, USA). Data on antioxidant related parameters (ascorbate oxidation state, total 

ascorbate, AsA, DHA and AsA/DHA ratio) and chloroplastic pigments (total chlorophyll, 

chlorophyll b, chlorophyl a and carotenoids) were analysed using a one-way ANOVA to 

highlight differences between water treatments (HWF vs LWF), between type of culture 

(monoculture vs mixture) between before or after watering (PW vs AW) and between species 

(Trifolium vs Ornitopus vs Lolium). Duncan post-hoc test was applied when it was 

appropriate. Significance level was set to p < 0.05.  
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3. RESULTS 

3.1. Water content 

RWC data showed higher RWC on HWF than on LWF, becoming significant differences 

between water treatments in March at PW in both cultures (Monoculture and Mixture) in 

Trifolium and Ornithopus leaves and only in the Mixture in Lolium leaves (Table 2, 3 and 4). 

Significant differences between water treatments were only found in after watering sampling 

in the Mixture culture in Trifolium leaves showing higher RWC in HWF than LWF. 

Lowest values on RWC corresponded to the PW samplings in LWF treatment in March in the 

three species. However, in May these values were as high as the HWF. 

March Monoculture Pre-watering 85.686 ± 11.588 * a A 60.282 ± 21.391 * a A

After-watering 79.883 ± 13.562 a A 79.060 ± 8.655 b A

Mixture Pre-watering 88.698 ± 9.890 * a A 60.175 ± 28.063 * a A

After-watering 89.758 ± 8.024 a B 82.991 ± 7.726 b A

May Monoculture Pre-watering 94.946 ± 3.113 a A 95.029 ± 0.374 a A

After-watering 96.826 ± 0.610 a A 94.729 ± 1.113 a A

Mixture Pre-watering 94.138 ± 0.570 a A 93.233 ± 0.635 a A

After-watering 97.076 ± 0.513 * b A 94.326 ± 0.984 * a A

HWF LWF

 

Table 2 - RWC in Trifolium leaves. Each value represents the mean ± SE. Different letters and asterisc indicate significant 

differences (p<0.05) between HWF and LWF (*), between Pre-watering and After-watering (a, b) or between Monoculture and 

Mixture (A, B). 

 

March Monoculture Pre-watering 78.512 ± 11.992 * a A 43.005 ± 24.421 * a A

After-watering 85.206 ± 6.600 a A 84.497 ± 3.296 b A

Mixture Pre-watering 77.422 ± 19.063 * a A 49.566 ± 14.308 * a A

After-watering 82.667 ± 6.600 a A 77.577 ± 7.627 b B

May Monoculture Pre-watering 80.386 ± 1.795 a A 75.662 ± 3.026 a A

After-watering 87.987 ± 1.729 b A 80.709 ± 2.935 a A

Mixture Pre-watering 80.401 ± 0.638 a A 75.251 ± 2.958 a A

After-watering 87.208 ± 1.608 b A 78.966 ± 2.694 a A

HWF LWF

 

Table 3 - RWC in Ornithopus leaves. Each value represents the mean ± SE. Different letters and asterisc indicate significant 

differences (p<0.05) between HWF and LWF (*), between Pre-watering and After-watering (a, b) or between Monoculture and 

Mixture (A, B). 
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March Monoculture Pre-watering 87.268 ± 21.234 a A 69.524 ± 20.332 a A

After-watering 91.245 ± 20.082 a A 95.751 ± 2.655 b A

Mixture Pre-watering 89.964 ± 10.733 * a A 60.227 ± 25.602 * a A

After-watering 93.543 ± 14.819 a A 88.402 ± 22.082 b A

May Monoculture Pre-watering 82.862 ± 1.506 a A 80.205 ± 2.979 a A

After-watering 88.739 ± 1.908 a A 86.743 ± 0.707 a A

Mixture Pre-watering 81.801 ± 1.535 a A 86.660 ± 1.350 a A

After-watering 84.427 ± 1.706 a A 89.103 ± 1.293 a A

HWF LWF

 

Table 4 - RWC in Lolium leaves. Each value represents the mean ± SE. Different letters and asterisc indicate significant 

differences (p<0.05) between HWF and LWF (*), between Pre-watering and After-watering (a, b) or between Monoculture and 

Mixture (A, B). 
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3.2. Chloroplastic pigments quantification 

Total Chlorophyll 

Our results on the total chlorophyll concentration showed significant differences between the 

watering treatments with mainly higher content on the LWF at PW (Trifolium in May at both 

Monoculture and Mixture; Lolium in Mixture in March; and Ornithopus in March Monoculture) 

(Figure 13). 

Total chlorophyll in Ornithopus and in Lolium monoculture (March and May) decreased after 

the water addittion (LWF-AW and HWF-AW).  In Trifolum (March), the watering did not affect 

the total chlorophyll concentration significantly (Figure 13). 

Though, Ornithopus showed having more total chlorophyll content in March with significant 

differences between treatments in both cultures (Figure 13). 

While, Ornithopus and Trifolium showed to have more total chlorophyll content, Lolium 

presented the lowest values. 
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Figure 13 - Total chlorophyll (DW) in Trifolium, Ornithopus and Lolium leaves. Different letters and asterisc indicate significant 

differences (p<0.05) between HWF and LWF (a, b), between Pre-watering and After-watering (*) or between Monoculture and 

Mixture (A, B) 
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Chlorophyll b 

When comparing between water treatments, chlorophyll b concentration was higher in the 

same sampling points where the total chlorophyll were significantly higher (Figure14). 

Ornithopus (March and May) and Lolium (March) showed having differences between pre 

and after watering in monoculture (Figure 14). 

There were no differences between monoculture and mixture in chlorophyll b content except 

in Lolium in May HWF and LWF (Figure 14). 
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Figure 14 - Chlorophyll b (DW) in Trifolium, Ornithopus and Lolium leaves. Different letters and asterisc indicate significant 

differences (p<0.05) between HWF and LWF (a, b), between Pre-watering and After-watering (*) or between Monoculture and 

Mixture (A, B) 
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Chlorophyll a 

When comparing between water treatments, chlorophyll a concentration was higher in the 

same sampling points where the total chlorophyll were significantly higher (Figure 15). 

In Ornithopus, in May there were differences between treatments in HWF in both cultures. 

Lolium, in May, decreased significantly its content in Chl a after addition of water (AW) in 

HWF in both cultures (Figure 15) 

Between monoculture and mixture (Figure 15) in Lolium there were significant differences in 

May HWF in PW and in LWF AW. 
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Figure 15 - Chlorophyll a (DW) in Trifolium, Ornithopus and Lolium leaves. Different letters and asterisc indicate significant 

differences (p<0.05) between HWF and LWF (a,b), between Pre-watering and After-watering (*) or between Monoculture and 

Mixture (A, B)
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Carotenoids 

Regarding carotenoids (Car) content differences between water treatments, we found in May 

in Trifolium higher carotenoids content in the LWF before watering (PW) in both Monoculture 

and Mixture (Figure 16). Though, in March, we found higher content in HWF before watering 

(PW) (Figure 16). 

Lollium and Ornithopus showed significant differences in carotenoid values which always 

decreased after watering treatment (AW) (Figure 16).  

In March (Figure 16), Ornithopus had the highest values (3 - 4 µg Car/g DW) in carotenoids 

content followed by Trifolium (2 - 3 µg Car/g DW) and Lolium (1 -2 µg /g DW) with the lowest 

contents. 
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Figure 16 – Carotenoids (DW) in Trifolium, Ornithopus and Lolium leaves. Different letters and asterisc indicate significant 

differences (p<0.05) between HWF and LWF (a, b), between Pre-watering and After-watering (*) or between Monoculture and 

Mixture (A, B) 
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Ratio Chla / Chlb  

The ratio Chla/Chlb, in March, was highly significant in HWF than in LWF in most of the PW 

sampling points in all the three species (Figure 17). 

In March, for all the three species, the ratio Chla/Chlb increased after adding water in the 

LWF treatment (Figure 17). 

In May, it was observed that in Lolium there were significant differences between treatments 

in PW with higher ratio in HWF (Figure 17). 
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Figure 17 – Ratio Chla /Chl b (DW) in Trifolium, Ornithopus and Lolium leaves. Different letters and asterisc indicate significant 

differences (p<0.05) between HWF and LWF (a, b), between Pre-watering and After-watering (*) or between Monoculture and 

Mixture (A, B) 
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Ratio Carotenoids / Total Chlorohyll 

Comparing Carotenoids / Total Chlorophyll ratio there were differences in Trifolium between 

treatments (March and May) at the low water frequency (LWF) treatment in both cultures. 

While in March there was higher content on Car in HWF before and after watering, in May in 

PW, the LWF showed higher ratio Car/Chl (Figure 18). 
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Figure 18 -   Ratio Carotenoids/Chlorophyll  (DW) in Trifolium, Ornithopus and Lolium leaves. Different letters and asterisc 

indicate significant differences (p<0.05) between HWF and LWF (a, b), between Pre-watering and After-watering (*) or between 

Monoculture and Mixture (A, B) 
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3.3. Antioxidants composition 

Ascorbate oxidation state 

Oxidation state (OS) differences between HWF and LWF (Figure 19) showed higher OS in 

LWF (PW) in March in the three species and higher OS in HWF in May in Trifolium and 

Ornithopus (Figure 19). 

Before watering (PW), when significant, all species had higher oxidation state than after 

watering (AW) (Figure 19). 
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Figure 19 – Ascorbate oxidation state (DW) in Trifolium, Ornithopus and Lolium leaves. Different letters and asterisc indicate 

significant differences (p<0.05) between HWF and LWF (a, b), between Pre-watering and After-watering (*) or between 

Monoculture and Mixture (A, B) 
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Ascorbate (AsA) 

In all species, AsA content was higher in March than in May and in HWF than in LWF (Figure 

20). 

In Trifolium, in March after watering there was higher content in AsA in  HWF treatment than 

in LWF treatment.).In May, Trifolium had higher content of AsA before watering in LWF than 

in HWF. Also in both monoculture and mixture there almost no significant differences (Figure 

20). 

Lolium and Ornithopus showed to have higher AsA content, in March before watering (PW) 

in HWF than in LWF (figure 20). 

In Ornithopus there were significant differences between Pre and after watering in LWF in 

March monoculture and there were no differences between monoculture and mixture (Figure 

20. 

Lolium had no significant differences between pre and after watering and between 

monoculture and mixture (except in May in mixture) (Figure 20). 
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Figure 20 – Ascorbate (AsA)(DW) in Trifolium, Ornithopus and Lolium leaves. Different letters and asterisc indicate significant 

differences (p<0.05) between HWF and LWF (a, b), between Pre-watering and After-watering (*) or between Monoculture and 

Mixture (A, B) 
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Dehydroascorbate (DHA) 

DHA content differences between water treatments were always higher in LWF than in HWF 

when significant (Figure 21). 

In Ornithopus, in March, DHA decreased after watering in LWF on both cultures (Figure 21). 

Trifolium had no differences between mono and mixture except for LWF during May in after 

watering (AW) andduring March in LWF before watering (PW). There were also differences 

between HWF and LWF during March in HWF pre watering monoculture and in HWF after 

watering in mixture. Trifolium, in March in LWF after watering, DHA decreased but in May 

after watering its content increased (Figure 21).. 

Lolium showed no significant differences in DHA (Figure 21). 
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Figure 21 - Dehydroascorbate (DHA)(DW) in Trifolium, Ornithopus and Lolium leaves. Different letters and asterisc indicate 

significant differences (p<0.05) between HWF and LWF (a, b), between Pre-watering and After-watering (*) or between 

Monoculture and Mixture (A, B) 
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Total Ascorbate 

AsA content in March was higher in HWF than in LWF in PW and AW sampling in the three 

species but significant for Ornithopus and Trifolium. However, in May, when significant, AsA 

was higher in LWF in PW (Figur2 22). 

Trifolium, in May after watering there was a significant decrease in AsA contents either in 

mixture or in monoculture. In March AsA increased after watering (Figure 22). 

Ornithopus in HWF had a decreasing total ascorbate after watering having significant 

differences in March mixture. In May pre watering mixture there were differences between 

HWF and LWF (Figure 22). 

Lolium had lower values of total ascorbate (around 6 µg/g DW) and showed differences after 

watering in LWF having an increase (Figure 22). 
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Figure 22 – Total ascorbate (DW) in Trifolium, Ornithopus and Lolium leaves. Different letters and asterisc indicate significant 

differences (p<0.05) between HWF and LWF (a, b), between Pre-watering and After-watering (*) or between Monoculture and 

Mixture (A, B) 



  RESULTS  

51 

 

 

Ratio AsA / DHA 

The ratio AsA/DHA will give the idea of the reduced available molecules compared to the 

oxidized ascorbate. When comparing between watering frequencies AsA/DHA was higher in 

HWF than in LWF in the pre-watering samplings in March showing clear differences before 

watering (Figure 23). 

In May there were no significant differences between treatments and after watering (Figure 

23). 

In mixture (Figure 23), AsA/DHA ratio was higher for Lolium in March sampling and in LWF it 

increased after watering for the three species. Instead in HWF it decreased except for 

Trifolium specie which increased. The most significant differences were observed in 

Trifolium. Despite the high standard error this ratio increased after watering in LWF for 

Trifolium (Figure 23). 

Ornithopus had a lower ratio in HWF pre watering in May and an higher ratio in March 

(Figure 23). 
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Figure 23 – Ratio AsA/DHA (DW) in Trifolium, Ornithopus and Lolium leaves. Different letters and asterisc indicate significant 

differences (p<0.05) between HWF and LWF (a, b)), between Pre-watering and After-watering (*) or between Monoculture and 

Mixture (A, B) 
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4. DISCUSSION 

In our results we observed that all pigments (chlorophylls and carotenoids) in all species 

decreased after the period of drought suggesting that plants suffered oxidative stress 

resulting in pigments’ degradation in PS and lower pigments content after watering as also 

was reported by Caliandro et al. (2013) in Arabidopsis showing reduction of chlorophyll 

content under photoxidative stress as drought. 

After watering, plants did not had time to recover from drought stress showing low pigments’ 

values since suggesting that these plants need more time to invest in the production of  

chlorophylls . Though an indicator of adaptation of photosynthetic apparathus is Chla/Chlb 

ratio and in this experiment it was observed that there were not very pronouced differences 

between pre and after watering and March and May sampling time on both cultures. This 

result can suggest that even with a decrease on pigments, the proportion was not affected by 

drought in all species suggesting an adaptation of the photosynthetic apparathus to the new 

conditions. Trifolium was the specie that had more difficulty on recovering from drought 

stress. The ratio Carotenoids/Chlorophyll allows understanding how species are adapting to 

the new conditions. If this ratio increases suggests that plants are investing more on 

photoprotection than in photosynthesis which is possible to observe in Trifolium in May in the 

more oxidative treatment (LWF). 

Between March and May there were differences on pigments content showing a decrease 

over months. This decrease is associated with the increase capacity of the xanthophyll cycle 

pool and a decrease in leaf chlorophyll concentration also observed by Maroco et al. (2002) 

in rainfed grapevines after a period of drought and in warmest months (July to September) in 

Quercus (Faria et al., 1996, 1998). It can be explained by the fact of May being a drier 

season with higher temperatures and lower precipitation and for the three species is the 

beggining of senescence having a decline in photosynthesis. 

Also there were differences between species on either chlorophylls and carotenoids content. 

If Trifolium and Ornithopus showed higher contents, Lolium instead showed lower values. 

This difference might explain a better Trifolium and Ornithopus adaptation to such dry 

conditions as it was also observed in barley (Li et al. 2006), high values of chlorophyll 

content amoung others (Fv/Fm and water use efficiency (WUE)) can be an indicator of 

drought tolerance once were significantly higher than those in drought sensitive genotypes 

under drought stress. Under conditions of drought these two species can mantain high 

chlorophyll and carotenoids content instead of Lolium that has lower pigments’ content. 

Though Lolium was the specie which suffered less damage on its photosynthetic apparatus 
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since apparentelly did not showed differences after the addition of water or between 

treatments on both cultures. 

Differences between monoculture and mixture were more pronounced in LWF than in HWF 

since in the first watering regime species need to compete for water and in the first regime 

pants showed to have more stress. 

In this experiment, Ornithopus and Trifolium, had higher values of total ascorbate that can be 

explained by the fact of Ornithopus and Trifolium being C3 plants and Lolium C4 plants. 

Zhang and Kirkham (1996) observed higher contents of AsA as sunflower (C3 plant as 

Ornithopus and Trifolium) than in C4 plants sorghum (C4 plant as Lolium). Having higher 

ascorbate content means that plants have more capacity to scavenge O2
- radicals and H2O2, 

promoting a good tolerance to drought stress. Ascorbate decreased after watering since 

during drought in PW, ascorbate eliminates by reduction O2
- and H2O2 radicals and is itself 

oxidized. 

Both Ornithopus, Lolium and Trifollium in March had more oxidized ascorbate before 

watering because under drought ascorbate reduces more O2
- and H2O2 radicals and the 

result is an higher state of ascorbate oxidation. This state of oxidation becames lesser once 

ascorbate is reduced resulting in ascorbate a DHA. In May in LWF regime the three species 

had an increase in its ascorbate oxidation even after watering as a result of a decrease on 

their capacity to tolerate continuously drought situations and so in this situation there is an 

accumulation of AsA oxidized. Even though Trifolium and Ornithopus  in HWF have a 

decrease on ascorbate oxidation state after watering suggesting that ascorbate was again 

reduced and having more DHA suggesting that are adapting to the new condition. Though 

Trifolium once more have more difficulty on recoverinfrom stress By opposition Lolium once 

more  almost did not showed differences after watering or between treatments suggesting 

that is the less affected by different water regimes. 
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5. CONCLUSIONS 

This experiment allowed understanding how herbaceous plants (Lolium multiflorum, Trifolium 

incarnatum, and Ornithopus sativus) from montado understorey are adaptated in growing 

mixtured and in monoculture under different watering regimes. This experiment was done 

under controlled conditions and was part of a wider experiment held on Coruche under field 

conditions reproducing climate change watering conditions. The conclusions drawn from this 

thesis will be added to other experiments that were held in this pot experiment (gas 

exchange, protein oxidation, biomass and stable isotopes measurements) and the final 

conclusion can be used to improve the knowledge on the productivity and adaptation of this 

legume-rich mixture on pasture in future climate change conditions by understanding the 

photosynthetical performance of this three species. 

Results of this experiment are not very clear, since there were high standard errors. 

Ascorbate is very sensitive to light even being carefull in all steps it could be affected. It was 

desirable that this kind of experiment would be done in more than one year and with more 

plants for each sampling so the results had less error. Also more biochemical analyses to 

determine enzymatic activity could be an improvement in these results. The protein 

carbonilation measurements could help to understand the mechanisms of scavenging ROS. 

Determinations such as H2O2 in plant tissue could complement this experiment once this 

molecule is a precursor of highly reactive oxygen species (Halliwell and Gutteridge, 1990) 

but also the content on antioxidant enzymes as APX, SOD or GR or even in antioxidants 

such as glutatione (GSH), Tocopherol or β-carotene. Gorgocena et al. (1995) and Moran et 

al. (1994) found out that both in nodules and leaves there is not an H2O2 accumulation. It was 

possible to reach to the conclusion that in warmer months as May, Lolium, Ornithopus and 

Trifolium under drought conditions had less total chlorophyll content due to degradation of 

this pigment and less carotenoids content which could act as protectors. These three species 

did not develop tolerance to that which is consistent to shortlife cycle species. These three 

species do not growth during summer and in May are in the end of its life cycle. 

Ornithopus and Trifolium in May had also more ascorbate oxidated than in March having 

lower total ascorbate content affording some protection against oxidative damage since AsA 

participates in the removal of H2O2 as a substrate of APX. Reduced ascorbate was higher 

than dehydroascorbate (DHA) which is important to act as protective against reactive oxygen 

species (ROS) as it is known that AsA is responsible for reducing O2 and H2O2 (Foyer, 1993). 

In after watering samplings, most of the chlorophylls, carotenoids and even ascorbate 

decreased their concentration. These differences were more pronounced in low water 
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frequency (LWF) than in high water frequency (HWF) as LWF reached lower water content 

levels. 

From the three species Lolium always was the one with the lower values by opposition to 

Trifolium and Ornithopus. 
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Annex I – Pot Experimental seed layout 
 

Annex I – Pot experiment seed layout for mixed culture 

 
   Ornithopus (21 seeds) 
   Lolium (19 seeds)  
   Trifolium (21 seeds)  
 
Total number of plants in this lay-out:   
61 plants =3,6,9,8,9,8,9,6,3(total number of seeds in each line) 
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Annex II – Amount of water given to each pot 
 

 Annex II – Amount of water (ml) given each week to pots in low (LWF) and high (HWF) watering 
frequency in Ornithopus (O), Trifolium (T) and Lolium (L) monocultures and in mixture. 

Date Amount of water per Watering regimes (ml) 

 LWF HWF 

01/02/11 300 300 

04/02/11 

11/02/11 

15/02/11 

1000 

630 

 

1000 

630 

840  

19/02/11  840  

21/02/11 2100  

23/02/11  840 

27/02/11  840 

28/02/11 2100 (O,L,M) 1500 ( T)  

02/03/11  900 (O,L,M) 650 (T), 900 (L,O,M) 

05/03/11  650( T and no water T1 and T7), 300 (T5), 650 (T3) 

07/03/11 3000  

08/03/11  1500 

11/03/11  1500 

14/03/11 3000 1500 

17/03/11  1500  

20/03/11 3000 1500  

23/03/11  1500  

26/03/11 3000  

30/03/11  1500 

01/04/11 3000 1500 

03/04/11  1500 

06/04/11 3000 1500 

08/04/11  2000 

10/04/11 4000 2000 

12/04/11  1500 

14/04/11 3000 1500 

16/04/11  1500 

18/04/11 3000 1500 

20/04/11  1500 

22/04/11 3000 3000 

25/04/11  3000 

27/04/11 3000 HWF watering 

29/04/11  HWF watering 

01/05/11 LWF watering HWF watering 

03/05/11  HWF watering 

05/05/11  HWF watering 

06/05/11 LWF watering  

07/05/11  HWF watering 

09/05/11  HWF watering 

10/05/11 LWF watering  

11/05/11  HWF watering 
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Annex III – Air temperature along experiment 

Annex III –Air temperature along experiment 
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Annex IV - Biochemical quantification protocols  
 

Annex IV –Pigments and Ascorbate quantification protocols 

 

 Pigment quantification protocol 
 

1. Weight 100 mg of fresh leaves without petiole or vein into a 2ml Eppendorf. 

2. Mill twice during 30 seconds at 20 rpm with 2 tungstein balls under liquid 

nitrogen (Retsch MM300 Bead Mill Cell Disrupter; Retsch GmbH & Co Haan 

Germany). 

3. Add 1ml of acetone (Sigma-Aldrich 32201) 80%. 

4. Vortex to obtain an homogeneous mix. 

5. Shake the samples at 7 ºC for 10 minutes at 1300 rpm in dark conditions. 

6. Remove the 2 tungstein balls. 

7. Centrifuge extracts at 4 ºC for 10 minutes at 13000 rpm. 

 

8. For chlorophyll and carotenoids absorbance spectrophotometric readings on a 

96 well quarz microplate (Hellma Hispania SL, Badalona, Spain): 

a. Read extract at 663.2, 646.8 and 470 nm. 

b. In all readings it was used also acetone 80% as blank. 

c. Calculate chlorophyll and carotenoids concentration acording 

Linchtenthaler (1987). 
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 Ascorbate quantification protocol 
 

 

1. Weight 150 mg of fresh leaves without petiole or vein into a 2 ml Eppendorf. 

2. Mill twice for 30 seconds at 20 rpm with 3 tungstein balls under liquid nitrogen 

(Retsch MM300 Bead Mill Cell Disrupter; Retsch GmbH & Co Haan Germany). 

3. Add 1 ml of extraction buffer at 4 ºC (6% (w/v) Meta phosphoric acid). 

4. Shake the samples at 4 ºC for 10 minutes at 1300 rpm in dark conditions. 

5. Remove the 3 tungstein balls. 

6. Centrifuge extracts at 4 ºC for 5 minutes at 13000 rpm.  

7. For Dehydroascorbate (DHA) detection: 

a. Mix in each well 10 uL extract with 185 uL dilution buffer. 

b. Read L0 at time zero mn at 265 nm. 

c. Add 5 uL of DTT 4 mM (Dithiothreitol 4 mM in dilution buffer) and mix 

vigorously. 

d. Incubate quartz microplate at room temperature at dark and read L2 at 

265 nm after 5mn, 10 mn, 13 mn and 15 mn of incubation. 

e. DHA = (L1-L0) * 14 mM cm-1 

 

8. For Ascorbic Acid (AA) detection: 

a.  Mix in each well 10 uL extract with 185 uL dillution buffer. 

b. Read L0 at time zero mn at 265 nm. 

c. Add 5 uL of ascorbate oxidase (AO 1 U/5 L (Sigma Aldrich) in dilution 

buffer) and mix vigorously 

d. Read L2 at 265 nm at least after 1 mn incubation at room temperature. 

e. AA =  (L0-L2) * 14 mM cm-1 

9. Recalculate AA and DHA content in extracts and in grams of fresh tissue. 

Notes:  

a. Dilution buffer solution was 100 mM from dipotassium phosphate (K2HPO4) and 

monopotassium dihydrophosphate ( KH2PO4 Merck), 6.4 pH 

b. Ascorbate molar coefficient at 265 nm = 14 mM cm-1 

 


