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Abstract 

 

 

 

Drought is the most important environmental constraint in Mediterranean-type climates, 

and has been associated with tree mortality episodes. This thesis investigates some of the 

adaptations of Quercus suber and Q. ilex trees to tolerate/avoid recurrent droughts. The 

study includes data on vegetative growth, xylem anatomy and vulnerability to embolism, 

xylem network topology, root architecture and functioning, stem and root sap flow, and 

water sources for transpiration. Results show that both species have similar seasonal 

growing patterns and vulnerability to xylem embolism. Q. suber has a dimorphic root 

system, with integrative xylem, whilst the xylem of the vertical axis (taproot-stem-

branches) is sectored. Two modelling approaches were developed to estimate the soil and 

groundwater contributions to tree transpiration: one based on root sap flow and another 

on more commonly available environmental and physiological data. Simulations of both 

models converged in the quantification of soil and groundwater contributions (in summer) 

to tree transpiration. This study attempted to fill gaps in knowledge on above- and 

belowground functional behaviour of Mediterranean oaks, providing insights for the 

management and conservation of these ecosystems.  

 

 

Keywords: Transpiration; Root functioning; Xylem network; Vulnerability to embolism; 

Phenology 
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Resumo 

 

Título: Respostas de sobreiros e azinheiras a condicionantes ambientais. 

Evitar e/ou tolerar a secura 

 

 

A seca (sazonal ou não) é uma importante limitação ambiental em regiões mediterrânicas, 

tendo sido relacionada com episódios recentes de mortalidade em florestas. Esta tese 

pretende investigar algumas das adaptações Quercus suber e Quercus ilex a situações de 

escassez de água (tolerando ou evitando a secura). Este estudo inclui informação sobre 

crescimento vegetativo, anatomia do xilema e vulnerabilidade ao embolismo, topologia 

do sistema vascular condutor, arquitectura e funcionamento do sistema radicular, fluxo 

de seiva (troncos e raízes) e fontes de água para a transpiração. Ambas as espécies têm 

padrões de crescimento e graus de vulnerabilidade ao embolismo xilémico semelhantes. 

O sistema radicular do Q. suber é dimórfico e integrado, sendo o eixo vertical raiz 

principal-tronco-ramos sectorizado. Foram desenvolvidos dois modelos para estimar as 

contribuições do solo e da toalha freática para a transpiração: um baseado em medições 

de fluxo de seiva em raízes e outro em dados ambientais e fisiológicos. As simulações de 

ambos os modelos foram convergentes na quantificação da magnitude das contribuições 

da água do solo e da água subterrânea (no Verão) para a transpiração. O estudo pretende 

preencher lacunas de conhecimento sobre o comportamento funcional dos carvalhos 

mediterrânicos e contribuir para a gestão e conservação destes ecossistemas. 

 

 

Palavras-Chave: Transpiração; Funcionamento do sistema radicular; Estrutura do 

xilema; Vulnerabilidade ao embolismo; Fenologia 
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Introduction 

 

 

This study is mainly focused on the water relations of the tree component of the 

sparse Mediterranean evergreen oak systems that spread around the western 

Mediterranean Basin, and are known in Portugal as montados. An overview of the 

background knowledge on the water relations and some other relevant ecological features 

of these systems are presented. The general objectives of the study are put forward, 

aiming to unravel some of the prevailing unknowns. 

 

 

Background knowledge 

 

Water availability can be a major constraining factor to plant development, growth 

and survival (Jones, 1992). Along with air temperature, precipitation has been recognized 

as the main factor controlling vegetation distribution on a global scale (Maherali et al., 

2004; Woodward, 1987). In terrestrial plants, the limiting role of water availability is 

associated with the need of avoiding tissue desiccation while maintaining carbon uptake, 

as stomata are the pathway for both transpiration and carbon dioxide assimilation. 

However, because the diffusion coefficient and the concentration gradient that drive 

diffusion of water vapour are larger than those needed for carbon dioxide, considerable 

fluxes of water are required to sustain growth (Hsiao and Xu, 2000). As most 

physiological processes are extremely sensitive to water deficits (Hsiao, 1973; Tardieu et 

al., 2000; Way and Oren, 2010), plants exposed to recurrent water shortages tend to rely 

on a variety of mechanisms aiming at the conservation of absorbed water and the 

maintenance of a favourable water status. Among the earliest responses to water stress 

are physiological adjustments, such as stomatal closure (Hsiao, 1973; Jarvis and 

McNaughton, 1986), changes in hydraulic conductance (Limousin et al., 2009; Sperry, 

2000) or leaf shedding and leaf growth inhibition (Bacelar et al., 2007; Limousin et al., 

2010; Morgan, 1984). On the long-term, morphological and ecological adaptations 

leading to reduced transpiration may include: a thick cuticle, small leaves, high leaf 
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reflectivity and other traits reducing radiation absorption and stomatal conductance 

(Chaves et al., 2003; Jones, 1992). Additionally, the development of extensive and deep 

root systems capable of tapping water from deep reservoirs may contribute to maximize 

water uptake (Jackson et al., 2000). 

Hydraulic failure is widely recognized as one of the key mechanisms of drought-

induced mortality in woody plants (McDowell et al., 2011; Tyree and Sperry, 1989). 

According to the cohesion-tension theory, in vascular plants the xylem conduit network 

supplies the transpiration stream by ascending water under negative pressure (tension) 

(Tyree and Zimmermann, 2002). As the soil dries, the increase of xylem tension may 

induce the formation of embolisms, resulting in the disruption of the water columns and 

in the reduction of water supply to leaves (Tyree and Zimmermann, 2002). In intense or 

prolonged droughts, xylem embolism can become extensive, causing the death of the 

whole plant (Choat, 2013). In recent years, increasing water deficits related to global 

warming have been ascribed as the cause of episodes of enhanced mortality in forests of 

all ages (Allen et al., 2010; Lloret et al., 2004; Peñuelas et al., 2000; van Mantgem et al., 

2009). Among the plausible causes are the failure of the hydraulic system of trees and/or 

the starvation and depletion of carbon reserves (McDowell et al., 2011), associated or not 

with pests and diseases (Sánchez et al., 2002). Severe droughts are therefore expected to 

affect biodiversity, primary productivity and ecosystem function in many forested regions 

(Choat, 2013). 

Summer drought is a defining feature of Mediterranean-type climate regions 

(Aschmann, 1973). These regions are characterized by a strong seasonality in temperature 

and rainfall, with hot, dry summers and mild, wet winters (Walker, 1979) and by a 

vegetation dominated by sclerophyll evergreen trees and shrubs (Raven, 1973). In the 

Mediterranean basin, the variability of ecological conditions, along with the ancient land 

use history, contributed to the richness of vegetation types which lead to its classification 

as one of the world’s biodiversity hotspots (Myers et al., 2000). However, the region, 

especially its western part, has been pointed as particularly vulnerable to climate change 

due to the foreseen drier, warmer springs and more severe drought episodes (IPCC, 2007). 

Mediterranean oak woodlands characterize the landscape of western Iberian 

Peninsula, occupying an area of about 3.5-4 million ha, mainly in Alentejo, Andalucia 

and Extremadura regions (Olea and San-Miguel-Ayanz, 2006). In central and southern 

Portugal, evergreen oaks, Quercus suber L. and Q. ilex spp. rotundifolia Lam., are the 
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dominant species, covering about 1.3 million hectares (AFN, 2010). Although sympatric, 

they usually occur in slightly different geographical areas. Q. ilex prevails in inland, drier 

regions, whereas Q. suber woodlands dominate in wetter, coastal and montane areas, 

mainly along the lowlands of the Tagus and Sado rivers basins (AFN, 2010), frequently 

in areas with shallow water tables (WWF, 2010). These agro-forestry systems are 

characterized by a sparse tree cover (usually with less than 40 trees ha-1 (Carreiras et al., 

2006)) with diverse understory vegetation, from shrublands to grasslands (Sardans and 

Peñuelas, 2013). They are maintained by active human management and have high socio-

economic and conservation value (Bugalho et al., 2011). 

Through evolution and natural selection, oak trees in Mediterranean woodlands 

have developed structural and physiological attributes that enable them to tolerate and/or 

avoid seasonal drought (Jones, 1992). Decreased vulnerability of xylem to embolism is a 

frequent drought-tolerance adaptation, whereas effective constraints on water use 

(stomatal and hydraulic conductance, low tree density and leaf area index, small leaves) 

and deep water uptake (deep soil and groundwater) are the most common drought-

avoidance strategies (Baldocchi and Xu, 2007). 

It is generally accepted that greater xylem safety comes at the cost of an overall 

reduced hydraulic efficiency (Hacke et al., 2006; Martínez-Vilalta et al., 2002; Pratt et 

al., 2012). Woody plants from Mediterranean communities are, on average, less 

vulnerable to drought-induced xylem embolism than species from other ecosystems 

(Maherali et al., 2004). 

The hydraulic architecture of trees, i.e. the structure and function of the water 

conducting system from roots to leaves also determines water transport. It depends on 

vessel diameter, density and spatial distribution (grouping) (Mencuccini et al., 2010). 

Species may range from sectored (crown portions connected to dedicated parts of the stem 

and roots) to integrated (branches linked to the entire stem and root system). Sectored 

species are reported to usually have a lower risk of embolism spread (Orians et al., 2004; 

Sperry, 1995). Sectoriality can be considered as an adaptive trait to water-limited areas 

(Orians and Jones, 2001; Salguero-Gómez and Casper, 2011; Schenk et al., 2008; Zanne 

et al., 2006), due to the possibility of confining damages to parts of a tree (Larson et al., 

1994; Marquis, 1996; Sprugel et al., 1991). Integration may be advantageous in patchy or 

heterogeneous environments with regard to water and nutrients (Orians et al., 2004).  
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Roots of Mediterranean trees may develop in depth, exploiting deep soil or 

groundwater (Jackson et al., 2000; David et al., 2004) and extend beyond the crown 

projection limits. If the water table is within the reach of deep roots, they frequently use 

this large water pool to cope with summer drought (David et al., 2004, 2007; Miller et al., 

2010; Zencich et al., 2002). Furthermore, deep rooting and groundwater uptake can also 

promote hydraulic redistribution within the soil profile (mainly hydraulic lift and 

hydraulic descent) (Bleby et al., 2010). 

Through groundwater uptake Mediterranean trees can sustain high summer 

transpiration rates and a favourable water status (David et al., 2004). It is however 

important to quantify the magnitude of its contribution to transpiration. This may show 

how far trees depend on the groundwater supply and to foresee the effects of possible 

future water table declines. 

Superficial roots of Q. suber have been shown to have different behaviour during 

the dry summer, i.e. mainly responding to soil water (shallow connected roots) or 

groundwater (deep connected roots), depending on their relative positioning to sinkers 

(Nadezhdina et al., 2008). The exact role, representativeness and quantitative assessment 

of the contribution of the root types to the whole tree water use and to hydraulic 

redistribution is still unknown, although critical to quantify the relative seasonal 

magnitudes of soil and groundwater contributions to tree transpiration. 

Global warming may also affect leaf phenology. Many studies revealed an earlier 

onset of the growing season with the increase in winter and spring temperatures (Cleland 

et al., 2007; Menzel et al., 2006). For instance, a 16 day advance in budburst date has 

been reported by Peñuelas et al. (2002) in the Mediterranean. However, responses in tree 

growth are not yet totally understood since they may depend on many other factors, 

including water and nutrient availability, plant water status and previous drought 

frequency and severity (Bréda et al., 2006; Mahall et al., 2010, Ryel et al. 2010; Way and 

Oren, 2010). 

The structure and composition of Mediterranean evergreen oak systems are 

vulnerable to long-term changes in precipitation (Baldocchi and Xu, 2007), as they exist 

in climatic transitional regimes between temperate and dry tropical climates (di Castri, 

1991) receiving just enough rain to support the existing savannah-type woodlands 

(Woodward, 1987). Hence, a thorough mechanistic understanding of the different levels 
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at which Mediterranean evergreen oaks can cope with drought, especially the seasonal 

patterns of water use, vegetative growth, water absorption by roots and water transport in 

the xylem is needed. Results of this study aim to provide highlight on some of the existing 

gaps in knowledge on the functional behaviour of Mediterranean oaks under natural 

conditions. 

 

 

Objectives 

 

The purpose of this work is to explore some of the knowledge gaps related to the 

functioning of Mediterranean evergreen oak woodlands and their strategies to cope with 

recurrent summer droughts. Considerations ranging from the effects of water stress on 

phenological patterns, to the importance of physiological adaptations of the xylem 

network (e.g., topology, anatomy and vulnerability to embolism), to root system 

architecture and preferential water sources to supply the transpiration stream aim to fill 

those gaps. All chapters deal with the water relations of Mediterranean evergreen oaks 

(Quercus suber L. and Q. ilex spp. rotundifolia Lam.) and some of their adaptive traits to 

cope with seasonal water stress. The study intends to identify risks due to climate change, 

and highlight mechanisms capable of mitigating their possible impacts. 

The specific objectives of this thesis are the following: 

(1) To evaluate the ability of Mediterranean oaks to withstand severe droughts by 

characterizing the anatomical traits and vulnerability to xylem embolism in 

current-year shoots, regarding their effects on water transport efficiency and 

in the control of embolism, and studying the hydraulic safety margins at which 

they are operating in different sites. [Chapter 2] 

(2) To characterize the xylem network architecture (sectored/integrated hydraulic 

structure), and infer its effects on the water transport efficiency and control of 

embolism spreading. [Chapter 3] 

(3) To characterize the root system (anatomy, mapping and modelling of root 

functioning) of a mature Q. suber, unveiling the typical patterns of water flow 

in deep and shallow connected roots and their contribution to whole tree water 

use and hydraulic redistribution. [Chapter 4] 
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(4) To characterize the seasonal patterns of water use by mature Q. suber trees 

under shallow water table conditions (using stem sap flow and environmental 

data) and the role of stomata in limiting transpiration rates. Develop a water 

balance modelling approach, from environmental and physiological data 

capable of evaluating the magnitudes of water uptake from the soil and 

groundwater. [Chapter5] 

(5) To study the effects of environmental conditions and water relations on 

budburst and growth dynamics of mature Mediterranean oaks and infer 

possible impacts of climate change on phenological patterns. [Chapter 6] 

The study included two Mediterranean evergreen oak woodlands, located in 

central (Lezirias) and southern (Mitra) Portugal. The Lezirias site (38º50'N, 8º49'W) is 

located near the coast, at the estate of “Companhia das Lezirias”, about 50 km east of 

Lisbon, in a pure Q. suber stand. The Mitra site (38º32'N, 8º00'W) has an inland location 

near the town of Évora, at the “Herdade da Alfarrobeira” (ca. 150 km south-east of 

Lisbon), in a sparse mixed stand where Q. ilex dominates and Q. suber occurs in scattered 

patches. The studies presented in Chapters 2 and 6 were conducted in mature Q. suber 

and Q. ilex trees from both sites. In Chapters 3, 4 and 5, only Q. suber trees, from Lezirias 

site, were analysed. 

Each chapter included in this thesis is presented as an independent unit (including: 

Abstract, Introduction, Materials and methods, Results, Discussion, Acknowledgements 

and References), corresponding to the complete versions of the manuscripts published 

(Chapters 2, 3, 4 and 6) or accepted for publication (Chapter 5) by international peer-

reviewed scientific journals. 
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Abstract 

 

Quercus suber and Quercus ilex trees are major elements of Mediterranean landscapes, 

which are threatened by the increasing water deficits related to climate change. To 

contribute to the understanding of the capacity of these oaks to withstand severe drought 

we assessed the vulnerability to xylem embolism and the anatomical traits in current-year 

shoots. Data were collected in mature trees at two sites, in central/coastal and 

southern/inland Portugal. In situ safety margins to hydraulic failure were evaluated from 

long-term predawn and midday leaf water potential records. Results showed that xylem 

vulnerability to embolism was similar in Q. ilex and Q. suber. The 50% loss in hydraulic 

conductivity (Ψxyl,50PLC) was observed at xylem water potentials of -2.9 and -3.2 MPa in 

shoots of Q. suber and Q. ilex, respectively. Values of mean vessel diameter of Q. suber 

shoots at both sites suggest an intra-species adaptation to the local water availability, with 

larger vessels at the more mesic site. In situ hydraulic safety margins observed in shoots 

showed that, even during the driest periods, both oaks lived comfortably above the most 

critical embolism thresholds. However, the hydraulic safety margins were narrower in the 

driest site. Results are relevant to the understanding of survival, growth, and functional 

behaviour of evergreen oaks in Mediterranean climates, under recurrent/seasonal drought 

conditions. 

 

Keywords: Quercus suber, Quercus ilex, Vulnerability curves, Hydraulic conductivity, 

Xylem anatomy, Hydraulic safety margins  
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Introduction 

 

In recent decades there were many reports of enhanced tree mortality rates in 

forests of all ages, especially in temperate regions (van Mantgem et al., 2009), but also in 

Mediterranean-type climates (Lloret et al., 2004). Plausible causes are increasing water 

deficits related to global warming (van Mantgem et al., 2009), which may result in the 

failure of the hydraulic system of trees (Ryan, 2011), associated or not to starvation and 

depletion of carbon reserves (McDowell et al., 2011). During dry periods water stress 

may induce xylem cavitation and the formation of embolisms, resulting in the disruption 

of water columns and in the reduction of water supply to leaves (Tyree and Zimmermann, 

2002). Xylem embolism caused by severe drought stress has been considered one of the 

major factors affecting plant productivity and survival (Tyree and Sperry, 1988). 

Mediterranean-climate regions are characterised by recurrent droughts, with 

irregular/limited rainfall and high evaporative demand. Climate change scenarios for the 

Western Mediterranean Basin foresee warmer air temperatures and an increase in the 

length and intensity of the seasonal summer drought (Miranda et al., 2002). Trees cope 

with these seasonal water shortages by preventing water losses through stomatal closure 

and maximising the soil and groundwater uptake by deep roots (Canadell et al., 1996; 

David et al., 2007; Maherali et al., 2004). Under extreme drought, stomatal regulation 

may not be enough to maintain leaf water potential above a critical threshold and 

catastrophic embolism may occur (Sperry, 1986).  

Mediterranean evergreen oak woodlands (montados in Portugal and dehesas in 

Spain) characterise the landscape of extensive areas of the Iberian Peninsula and are 

ecosystems of a high socioeconomic and conservation value (Bugalho et al., 2011). In 

Central-Southern Portugal, Quercus suber L. (cork oak) and Quercus ilex spp. 

rotundifolia Lam. syn. ballota (holm oak) are the dominant species. Although co- 

-occurring in some places, Q. ilex prevails in the inner, drier regions and Q. suber in the 

wetter, coastal and montane areas. This geographic distribution, though influenced by 

human activity, seems to mainly reflect the lesser drought resistance of Q. suber (David 

et al., 2007). Extensive literature is available concerning the xylem vulnerability to 

embolism and other hydraulic traits of Q. ilex (Corcuera et al., 2004; Gartner et al., 2003; 

Limousin et al., 2010; Lo Gullo and Salleo, 1993; Martínez-Vilalta et al., 2002; Tognetti 

et al., 1998; Villar-Salvador et al., 1997) and of other Mediterranean species (Iovi et al., 
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2009). However, Q. suber has been much less studied (Lo Gullo et al., 2003; Tyree and 

Cochard, 1996; Vaz et al., 2012). To our knowledge, its vulnerability to drought-induced 

embolism has not yet been fully characterised particularly in adult trees. 

We aimed to evaluate and compare the xylem conducting efficiency and 

vulnerability of current-year shoots of Q. suber and Q. ilex to drought induced cavitation. 

Measurements and sampling were done in mature trees at two different sites, located in 

Central (Lezírias) and Southern (Mitra) Portugal. Cork oak was studied at Lezírias and 

Mitra whereas holm oak was only studied at Mitra. We hypothesised that: (1) Q. ilex 

xylem would be less prone to hydraulic failure than Q. suber, and the difference would 

be enough to explain the geographic distribution of the two species; (2) Differences in 

site water availability might reflect in small intra-species variations in the vulnerability 

to embolism and xylem anatomy. The specific objectives of this work were to: (1) 

measure xylem vulnerability to embolism in current-year shoots of mature cork and holm 

oak trees; (2) test intra-species differences in vulnerability to embolism and xylem 

anatomy of cork oak shoots between sites; (3) evaluate if species are living close to their 

hydraulic limits, by estimating the in situ minimum safety margins. 

 

 

Material and methods 

 

Study sites and plant material 

The study was carried out at two evergreen oak woodlands 90 km apart, in Central 

(Lezírias site) and Southern (Mitra site) Portugal. The Mitra site (38º32'N, 8º00'W) has 

an inland location near the town of Évora, at the “Herdade da Alfarrobeira” (ca. 150 km 

South-East of Lisbon), in a sparse mixed stand where Q. ilex dominates and Q. suber 

occurs in scattered patches. At this site two single species plots (150 m apart) were 

established. The soil is a 1 m deep Dystric Cambisol (FAO, 1988), with low water 

retention capacity, overlying a granite bedrock. The Lezírias site (38º50'N, 8º49'W) is 

located near the coast, at the estate of “Companhia das Lezírias”, about 50 km East of 

Lisbon, in a pure Q. suber stand. The soil is a deep Arenosol (FAO, 1988), with high 

permeability and low water retention capacity, overlying a thick clay layer at ca. 9 m 

depth. The climate is Mediterranean at both sites, with hot dry summers and wet mild 
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winters. Rainfall occurs predominantly from October to April. Long-term (1951–1980) 

mean annual rainfall and open water evaporation are 665 and 1760 mm for Mitra (the 

more xeric site), and 708 and 1347 mm for Lezírias, respectively (INMG, 1991a, 1991b). 

Mean annual temperature is 15.0 ºC at Mitra, ranging from 8.6 ºC in January to 23.1 ºC 

in August, and 15.6 ºC at Lezírias, ranging from 9.9 ºC in January to 22.0 ºC in August 

(INMG, 1991a, 1991b). 

Hydraulic and anatomy measurements were done in 2007-2008 on four mature 

trees per species and site. Mean morphometric data of the sampled trees are given in Table 

1. Tree age is about 60 years at Lezírias and 70 (Q. ilex) - 80 (Q. suber) years at Mitra. 

Average annual growth of current-year shoots was 5 cm and 3-4 cm for Q. ilex and Q. 

suber at Mitra, respectively, and 7-20 cm for Q. suber at Lezírias (Pinto et al., 2011). 

Branches of Q. suber were sampled from both sites, whereas branches of Q. ilex trees 

were only sampled from the Mitra site. In situ leaf and xylem water potential 

measurements were done in the same trees used for branch sampling. 

 

Table 1 

Mean (standard deviation, SD) morphometric data of the four sampled trees (Q. suber and Q. ilex) 

at the experimental sites. 

 

DBH is diameter at breast height. 

 

Environmental variables 

Solar radiation (CM6B, Kipp and Zonen, Delft, The Netherlands) and rainfall 

(tipping-bucket rain gauge recorder ARG100, Environmental Measurements, Gateshead, 

UK) were measured at both sites (2001-2003 at Mitra and 2006-2008 at Lezírias). Water 

table depth was also measured at both sites by pressure transducers (PDCR 830, Campbell 

Scientific) installed in boreholes. Data were recorded every 10 s and stored as 10 or 30 

min averages or totals by CR10X data loggers (Campbell Scientific, Shepshed, UK). 
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“In situ” leaf water potentials 

Leaf water potential (Ψl, MPa) was measured monthly at Mitra (2001-2003 for 

both plots) and Lezírias (2006-2008). Measurements were done in four mature trees per 

plot at predawn (Ψl,pd) and around midday (Ψl,md), using a Scholander pressure chamber 

(PMS 1000, PMS Instruments, Corvalis, Oregon, USA) (Scholander et al., 1965). At each 

sampling time, three to four leaves per tree were collected at similar heights from the 

South-facing part of the crowns, bagged, and immediately measured. 

 

Vulnerability to xylem embolism 

The degree of vulnerability to embolism was inferred from vulnerability curves 

(VCs), plotting the xylem water potential (Ψxyl, MPa) versus the corresponding percentage 

loss of hydraulic conductivity (PLC, %). We used the dehydration technique (Sperry, 

1986; Sperry et al., 1988), considered as the most reliable (reference technique) (Choat et 

al., 2010; Cochard et al., 2005; Sperry et al., 2012). 

The hydraulic conductivity (Kh, kg s-1 MPa-1 m) of shoot segments of both species 

was measured following Sperry et al. (1988), with a high precision flow meter, XYL’EM 

(Embolism Meter, Bronkhorst, Montigny-Les-Cormeilles, France). Kh was measured at 

low pressure (2-3 × 10-3 MPa), to minimise the displacement of air bubbles in open 

vessels. All segments were perfused with ultra-pure, deionized, degassed and filtered (0.2 

μm) water with 10 mM KCl. Kh was calculated as the ratio between the flow through each 

segment and the corresponding hydrostatic pressure gradient. It was converted to specific 

hydraulic conductivity (Ks, kg s-1 MPa-1 m-1) by dividing by the xylem cross-sectional 

area (m2). 

Prior to branch collection, the maximum length of xylem vessels was determined 

using the air infiltration method in the entire length of large branches (Zimmermann and 

Jeje, 1981). The longest vessels in Q. suber and Q. ilex stems were found to be 2.6 and 

2.0 m, respectively. Hence, to avoid contamination by air entry upon cutting, only 

branches longer than 3 m were sampled, overnight, from the top third of the South facing 

side of the crowns. At each sampling date, one or two large branches per tree (depending 

on crown size) were harvested and immediately bagged to minimise dehydration. Once 

in the laboratory, branches were gradually dehydrated to cover a wide range of Ψxyl values. 

For each Ψxyl point (measured in previously covered leaves), PLC values were obtained 
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from 3 to 6 terminal, and non-contiguous current-year shoots. On average, 20 current-

year shoots were sampled per branch. After measuring Ψxyl, shoots with a diameter of  

2-3 mm were excised underwater, trimmed to approximately 2.5 cm length, and the initial 

hydraulic conductivity (Kh,in) was measured. Segments were repeatedly perfused 

(pressure of ca. 0.15 MPa) to dissolve and expel air bubbles, until the maximum 

conductivity (Kh,max) was obtained. The degree of embolism (PLC, %) was estimated 

based on Kh,in and Kh,max (Sperry et al., 1988). Only current-year shoots were used for 

conductivity measurements to prevent previously embolized and non-functional conduits 

of older xylem rings from contributing to PLC estimates. Sample size was restrained by 

the average length of current-year shoots of Q. suber at Mitra. Quercus species are known 

to have very long vessels and, hence, it is likely that some samples had open-cut vessels 

at both ends. However, sample length should not impose a methodological problem to 

vulnerability estimates (i.e., overestimation) since PLC values are ratios of conductivities. 

Vulnerability curves (VCs) were fitted using the exponential sigmoid equation 

proposed by Pammenter and Vander Willigen (1998): 

𝑃𝐿𝐶 =
100

1+𝑒
𝑎(𝛹𝑥𝑦𝑙−𝑏)         (1) 

where Ψxyl (MPa) is the measured xylem water potential; a is related to the slope of the 

curve and b is the Ψxyl at which a 50% loss in hydraulic conductivity occurs (Ψxyl,50PLC). 

Although there are other functional options to fit the VCs (Ogle et al., 2009) we decided 

to use the Pammenter and Vander Willigen (1998) equation since it is simple, widely 

used, and parameters have an inherent physiological meaning (under the air-seeding 

hypothesis, Tyree and Zimmermann (2002)). 

Three vulnerability curves were constructed: two for Q. suber, one for each site, 

and one for Q. ilex, for the Mitra site. Each VC was adjusted using at least 25 points per 

species/site.  

A modified version of Eq. (1) was also fitted to the PLC/Ψxyl dataset to account 

for a non-zero “native” level of embolism (PLCnat): 

𝑃𝐿𝐶 = 𝑃𝐿𝐶𝑛𝑎𝑡 +
100−𝑃𝐿𝐶𝑛𝑎𝑡

1+𝑒
𝑎1(𝛹𝑥𝑦𝑙−𝑏1)       (2) 

Ψxyl,50PLC values obtained from Eqs. (1) and (2) were used to assess the possible impact of 

PLCnat on vulnerability estimates. 
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The xylem tension/pressure values causing 50% (Ψxyl,50PLC), 75% (Ψxyl,75PLC) and 

complete loss of conductivity (Ψxyl,99PLC) were used to establish the hydraulic safety 

margins. 

 

Xylem anatomy 

Vessel inner diameter was measured on a sub-sample of the segments used for the 

vulnerability curves (three segments per tree). Transverse sections (ca. 20 μm thick) were 

obtained using a sledge microtome (Leica SM2400, Leica Microsystems GmbH, 

Nussloch, Germany), stained with safranine (1%) for 1-3 min, and mounted with 

glycerine Kaiser. Cross sections were viewed in a light microscope system (Leica CTR 

Mic) interfaced with a digital camera (Leica DM LA, Leica Microsystems, Heerbrugg, 

Switzerland) at 10 × 10 × 2. Two sectors, located 90-180º apart, from the outermost rings 

of each transverse section were sampled. Within each sector, the cross-sectional inner 

diameters of all open vessels (μm) were measured using the image analysis software Leica 

QWin Plus V. 3.5.0 (Leica Microsystems, Heerbrugg, Switzerland). The following 

variables were considered to describe xylem anatomy: mean vessel diameter (Dmean, μm), 

vessel density (number of vessels mm-2), and conductive area (percentage of cross-

sectional area occupied by vessels). A theoretical hydraulic conductivity, Kh,t (kg s-1  

MPa-1 m) was calculated for each section, from the anatomy data, following the Hagen-

Poiseuille equation (Sellin et al., 2008; Sperry et al., 1994; Tyree et al., 1994; Tyree and 

Zimmermann, 2002): 

𝐾ℎ,𝑡 =
𝜋𝜌

128𝜂
+ ∑ 𝐷𝑖

4𝑛
𝑖=1         (3) 

where ρ is density of water (1000 kg m-3), η is the dynamic viscosity of water (10-9 MPa 

s at 20 ºC) and D is the diameter of the i vessel (m). To characterise the xylem conducting 

efficiency per unit of sapwood area, the theoretical specific hydraulic conductivity, Ks,t 

(kg s-1 MPa-1 m-1), was determined by dividing the estimated Kh,t by the sample cross-

sectional xylem area (m2). We also calculated the vessel diameter frequency in 5 μm 

diameter classes and estimated the relative contribution of each diameter class to the 

predicted Kh,t of each segment (Tyree et al., 1994). A hydraulically weighted mean 

diameter (Dhw, μm) was estimated for each segment as: (∑ 𝐷𝑖
5 ∑ 𝐷𝑖

4⁄ ) (Sperry et al., 

1994). The mean diameter of the vessels that account for 95% of the predicted Kh,t, D95, 

was also estimated (Tyree et al., 1994). 



Chapter 2: Drought-induced embolism in current-year shoots of two Mediterranean evergreen oaks. 

29 
 

 

Estimation of shoot xylem water potential from “in situ” Ψl measurements 

Daily courses of leaf and shoot xylem water potentials were done in two sunny 

summer days per plot. Measurements (four trees per species/site) started at dawn and 

were repeated every 2-3 h throughout the day. At each measurement time, three covered 

(Ψxyl) and three sun exposed (Ψl) leaves were measured. 

As the number of direct shoot Ψxyl measurements was restricted to two days per 

plot, we attempted to find a relationship to predict Ψxyl from the available long-term Ψl 

records. A linear regression between shoot xylem and leaf water potentials was found to 

be site-specific. Using the Darcy’s law (e.g. Wullschleger et al., 1998) we developed a 

relationship between Ψxyl and Ψl,pd and Ψl to tackle the mentioned difficulty. Water flow 

(F) from soil or groundwater to the leaves can be described as: 

𝐹 =
𝛹𝑙,𝑝𝑑−𝛹𝑙

𝑅𝑝𝑙𝑎𝑛𝑡
            (4) 

where Rplant is the total resistance in the soil to leaf pathway and Ψl,pd is assumed as a 

surrogate of Ψsoil. Considering only the flow path from the stem xylem to leaves, Eq. (4) 

may be re-written as: 

𝐹 =
𝛹𝑥𝑦𝑙−𝛹𝑙

𝑅𝑝𝑒𝑡𝑖𝑜𝑙𝑒
           (5) 

where Rpetiole is the total resistance in the xylem-leaf pathway. Assuming steady-state 

conditions in the soil-leaf continuum, Eqs. (4) and (5) can be combined as: 

𝐹 =
𝛹𝑙,𝑝𝑑−𝛹𝑙

𝑅𝑝𝑙𝑎𝑛𝑡
=

𝛹𝑥𝑦𝑙−𝛹𝑙

𝑅𝑝𝑒𝑡𝑖𝑜𝑙𝑒
.        (6) 

Eq. (6) can be re-written as: 

𝛹𝑥𝑦𝑙 = (𝛹𝑙,𝑝𝑑 − 𝛹𝑙)
𝑅𝑝𝑒𝑡𝑖𝑜𝑙𝑒

𝑅𝑝𝑙𝑎𝑛𝑡
+ 𝛹𝑙.       (7) 

Considering 
𝑅𝑝𝑒𝑡𝑖𝑜𝑙𝑒

𝑅𝑝𝑙𝑎𝑛𝑡
 as an approximate constant, α, Eq. (7) can be re-arranged as: 

𝛹𝑥𝑦𝑙

𝛹𝑙,𝑝𝑑
= 𝛼 + (1 − 𝛼)

𝛹𝑙

𝛹𝑙,𝑝𝑑
        (8) 

Data from both oaks fitted nicely to the linear relationship between 𝛹𝑥𝑦𝑙 𝛹𝑙,𝑝𝑑⁄  and 

𝛹𝑙 𝛹𝑙,𝑝𝑑⁄  (Eq. (8)), irrespective of the site. Hence, we could predict minimum Ψxyl of 

shoots under field conditions from the long-term Ψl,pd and Ψl,md records. These values 
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were then entered in the fitted vulnerability curves to establish the minimum hydraulic 

safety margins at which shoots of both species operate (Hacke et al., 2000; Pockman and 

Sperry, 2000). 

 

Statistical analyses 

 The coefficients a and b of the fitted vulnerability curves were estimated using the 

non-linear regression procedure in the statistics software package PASW Statistic 18.0.0 

(IBM Corporation, NY, USA) and the software package R 2.13.0 (The R Foundation for 

Statistical Computing, Vienna, Austria) using the “nls” function. The fitted coefficients 

a and b were compared between species/sites and tested with Student t-tests (Snedecor 

and Cochran, 1978; Zar, 1996). 

 Differences in mean vessel diameter, vessel density, conductive area and Ks, 

between trees, species and sites, were tested with Analyses of Variance. Linear mixed 

models were used, considering species/sites as fixed effects and tree within species as a 

random factor. These analyses were performed with the mixed procedure of SAS statistic 

software (SAS system 9.2, SAS Institute Inc., Cary, NC, USA) for a significance level of 

5% (α=0.05). 

 

 

Results 

 

Environmental variables 

Fig. 1 shows the seasonal variation of solar radiation (MJ m-2 month-1) and rainfall 

(mm month-1) for the Lezírias and Mitra sites. During summer periods, radiation was high 

and rainfall usually scarce. Annual rainfall at Lezírias was 802.0, 441.5 and 576.0 mm, 

i.e. 13% above average in 2006 and 38% and 19% below average in 2007 and 2008, 

respectively. At Mitra, annual rainfall was 843.0, 825.2 and 706.4 mm, i.e. 27%, 24% and 

6% above average in the years between 2001 and 2003, respectively. Differences in 

rainfall distribution and amount reflect the variability typical of Mediterranean-type 

climates. 

 



Chapter 2: Drought-induced embolism in current-year shoots of two Mediterranean evergreen oaks. 

31 
 

 

Fig. 1. Seasonal variation of total solar radiation (open bars) and rainfall (closed bars) during the 

years with leaf water potential measurements at each site: (a) Lezírias site (2006-2008); (b) Mitra 

site (2001-2003). 

 

Water table depth varied from a minimum in winter/spring to a maximum in 

summer/autumn. During the studied years, it fluctuated between 1.3 and 4.5 m at Lezírias, 

and between 1.1 and 5.1 m at Mitra. 

 

“In situ” leaf water potentials  

Long-term variation in Q. suber Ψl,pd differed between sites. At Lezírias, Ψl,pd 

remained high (above -0.45 MPa) (Fig. 2a), with no seasonal variation. At Mitra, where 

Q. suber and Q. ilex share the same habitat conditions, Ψl,pd remained high during the wet 

periods, but strongly declined during the dry summer up to -2.3 MPa in Q. suber and  

-1.7 MPa in Q. ilex (Fig. 2b and c). At both sites, Ψl,md values varied according to 

atmospheric conditions. Absolute minimum for each species was about constant 
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throughout the seasons and years and was lower in Q. ilex (-3.48 MPa) (Fig. 2c) than in 

Q. suber (-2.98 and -2.95 MPa at Lezírias and Mitra, respectively) (Fig. 2a and b). 

 

 

Fig. 2. Long-term seasonal variation of predawn (open symbols) and midday (closed symbols) 

leaf water potential in Q. suber (a and b) and Q. ilex (c) from the Lezírias (2006-2008) and Mitra 

(2001-2003) sites. Three to four leaves per tree were measured in four trees per species/site. Error 

bars are standard errors (contained within the size of the symbols in predawn leaf water potential). 
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Vulnerability to xylem embolism and maximum hydraulic conductivity 

 The parameters of the VCs fitted through Eq. (1) are shown in Table 2 and Fig. 3. 

The xylem tension inducing 50% loss of hydraulic conductivity (Ψxyl,50PLC; parameter b) 

was -2.9 MPa for Q. suber (Table 2, Fig. 3a and b) and -3.2 MPa for Q. ilex (Table 2, Fig. 

3c). Differences between parameters a and b for Q. suber and Q. ilex were statistically 

non-significant, either between species or sites (Table 2). The original VCs (Eq. (1)) 

showed “native” embolism levels of around 20% PLC. To account for the impact of a 

non-zero “native” level of embolism, a new VC (Eq. (2)) was fitted to each dataset. 

Ψxyl,50PLC values for the two fitted curves were similar in all cases (Fig. 3). 

Mean values of the measured maximum specific hydraulic conductivity (Ks) were 

1.38 and 1.03 kg s-1 MPa-1 m-1 in shoots of Q. ilex and Q. suber, respectively (Table 2), 

but differences were not statistically significant, either between trees or species or sites. 

 

Table 2 

Hydraulic parameters (SD) of current-year shoots of Q. suber and Q. ilex, from the Lezírias and 

Mitra sites. Statistical t-student tests were performed for the fitted parameters a and Ψxyl,50PLC , 

between species/sites. Each fitted VC was adjusted using at least 25 points per species/site. Data 

on Ks were tested through Analyses of Variance using linear mixed models considering 

species/sites as fixed effects and tree within species as a random factor. At least 110 

measurements were used per species/site. Differences in Ks between trees within species/site were 

statistically non-significant. Statistics are not given for Ψxyl,75PLC and Ψxyl,99PLC (estimated 

parameters). 

 
ns: non-significant 
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Fig. 3. Vulnerability curves (VCs) to drought-induced embolism of current-year shoots: Q. suber 

(circles) from (a) Lezírias site and (b) Mitra site; Q. ilex (c) (triangles) from Mitra site. VCs were 

adjusted using the original Pammenter and Vander Willigen equation (black lines, Eq. (1)) and a 

modified version to fit a non-zero “native” level of embolism (grey lines, Eq. (2)). Each data point 

represents the average of 3-6 repeated PLC measurements at a given Ψxyl for each sampled branch. 

Error bars are standard errors of the repeated measurements. Data were collected from four trees 

per species/site. The xylem tension causing 50% loss in hydraulic conductivity (Ψxyl,50PLC) is given 

as inserts (black: original version; grey: modified version). 

 

Xylem anatomy  

Current-year shoots of both species have solitary vessels with circular to elliptical 

cross sections, arranged in a diagonal to radial pattern (Fig. 4). The apparent ring limit 

visible in Fig. 4a corresponds to a pause in growth observed between the spring and 

summer shoot elongation periods. This growing pattern is frequently observed in Q. suber 

trees at the Lezírias site but not at Mitra (Pinto et al., 2011). No occluded vessels were 

observed in any of the species. 

Dmean values of shoots were compared between trees within species/site: 

differences were not statistically significant. Dmean values of shoot xylem for each species 

or site were 25.28 ±8.1 μm and 22.21 ±7.4 μm for Q. suber, at Lezírias and Mitra, 

respectively, and 25.61 ±8.3 μm for Q. ilex at Mitra (Table 3). Differences between these 

values were only statistically significant for Q. suber shoots between sites (P-value = 

0.0383), with larger vessels at the more mesic site (Lezírias).  
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Deviations between Dmean and Dhw were higher for shoots of Q. suber from 

Lezírias, reflecting a wider range of conduit diameters. D95 was always higher (14-16%) 

than Dmean (Table 3), irrespective of the species. Vessel diameter distribution displayed a 

unimodal pattern, particularly for Q. suber (Fig. 5). 

Mean vessel density and conductive area were similar between species and sites 

(Table 3). 

 

Fig. 4. Microscope images of shoot xylem of Q. suber from the Lezírias (a) and Mitra (b) sites 

and Q. ilex (c) from Mitra site. Scale bars represent 200 μm. 

 

Table 3 

Mean (SD) of anatomical parameters of current-year shoots of Q. suber and Q. ilex, from the 

Lezírias and Mitra sites (three segments per tree from four trees per species/site). Measured data 

(Dmean, vessel density and conductive area) were tested through Analyses of Variance using linear 

mixed models considering species/sites as fixed effects and tree within species as a random factor. 

Differences between trees within species/site were not statistically significant. Statistics are not 

given for D95 and Dhw (estimated parameters). 

 
ns: non-significant; a P < 0.05 
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As expected, maximum measured specific hydraulic conductivity (Ks) was lower 

than the maximum theoretical hydraulic conductivity (Ks,t, estimated from vessel 

anatomy). The ratio between mean values of Ks and Ks,t, an estimate of xylem conducting 

efficiency, was similar for shoots of both species and sites: 57% for Q. ilex and 52% and 

59% for Q. suber shoots, at Lezírias and Mitra, respectively. About 90% of the total 

theoretical hydraulic conductivity was sustained by vessels with diameters wider than  

20 μm in both species. 

 

 

Fig. 5. Frequency distribution of the vessel diameter classes (5-μm classes) (bars) and their 

relative contribution to the total theoretical conductivity (Kh,t) (lines) in shoots of (a) Q. suber 

from the Lezírias (open bars, full line) and Mitra (closed bars, dashed line) sites and (b) Q. ilex 

from Mitra site (closed bars, dashed line). Three shoot segments per tree were sampled from four 

trees per species/site. Error bars are standard errors. 

 

“In situ” xylem water potentials and minimum safety margins above embolism thresholds 

The differences between leaf and shoot xylem water potentials during summer 

sunny days were more pronounced at Lezírias than at Mitra, due to the higher Ψl,pd at 
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Lezírias (Fig. 6). Daily minimum Ψl for Q. suber was approximately -3.0 MPa at both 

sites (Figs. 6a and b), similar to the absolute lowest seasonal Ψl,md for Q. suber (Figs. 2a 

and b). For Q. ilex at Mitra, daily minimum Ψl was -3.2 MPa (Fig. 6c), also within the 

range of the observed lower values of seasonal Ψl,md (Fig. 2c). Daily minimum Ψxyl of 

shoots were -1.5 and -2.4 MPa for Q. suber at Lezírias and Mitra, respectively, and  

-2.3 MPa for Q. ilex (Fig. 6). 

 

Fig. 6. Daily variation of xylem (open symbols) and leaf (closed symbols) water potential in Q. 

suber (a and b) and Q. ilex (c) measured in typical sunny summer days, at the Lezírias and Mitra 

sites. Three covered and three uncovered leaves per tree were measured in four trees per 

species/site. Error bars are standard errors. 
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Based on the relationships of Fig. 7 (Eq. (8)), we could predict Ψxyl of shoots from 

the long-term Ψl,md and Ψl,pd data (Fig. 2), both for Q. suber (Lezírias and Mitra sites) and 

Q. ilex (Mitra site). For the whole study period, predicted absolute minimum Ψxyl of Q. 

suber shoots was -1.5 MPa at Lezírias and -2.5 MPa at Mitra. For Q. ilex shoots, predicted 

absolute minimum Ψxyl was -2.4 MPa (Mitra). Entering these values in the derived 

vulnerability curves (Table 2, Fig. 3), we evaluated the most critical embolism conditions 

experienced by shoots under field conditions: PLC values of 42.4% in Q. ilex at Mitra, 

and of 44.9% and 33.3% in Q. suber at Mitra and Lezírias, respectively. Even in the most 

critical conditions, the expected in situ maximum loss of conductivity in shoots was below 

50%. The estimated safety margins, above Ψxyl,50PLC, were 1.47 and 0.49 MPa for Q. suber 

shoots at Lezírias and Mitra, respectively, and 0.86 MPa for Q. ilex at Mitra. 

 

 

Fig. 7. Relationships between 𝛹𝑥𝑦𝑙 𝛹𝑙,𝑝𝑑⁄  and 𝛹𝑙 𝛹𝑙,𝑝𝑑⁄  for Q. suber (a) and Q. ilex (b). 

 

 

Discussion 

 

Distinct seasonal patterns of predawn leaf water potential were observed at the 

study sites (Lezírias and Mitra). At Mitra trees suffered a considerable water stress during 

the summer (Fig. 2), whereas at Lezírias Q. suber trees always maintained a favourable 

water status. Although rainfall amount and distribution varied within and between years 

at both sites (Fig. 1), a similar seasonal pattern of Ψl,pd was observed between years at 
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each site, reflecting the water availability near the root systems (soil and groundwater). 

At the end of the summer, when topsoil dries out, the water table depth was similar at 

both sites (see Results – Environmental variables). Hence, differences in tree water 

uptake mainly resulted from differences in site lithology. In fact, the sandy nature of the 

deep soil at Lezírias did not restrict roots from freely tapping deep water sources 

(groundwater). At Mitra, the harder nature of the bedrock (granite, 1 m below soil surface) 

somehow constrained the groundwater uptake by roots. The absolute seasonal minimum 

Ψl,md in Q. suber was similar at both sites (approximately -3.0 MPa), regardless the 

variation in Ψl,pd. Hence, minimum leaf water potential seems to have been regulated at 

an almost constant species-specific minimum threshold, by a tight stomatal control.  

In respect to xylem vulnerability to embolism, the fitted VCs (Eq. (1)), showed 

that the 50% loss in hydraulic conductivity of current-year shoots (Ψxyl,50PLC) occurred at 

xylem water potentials of -2.89 and -2.94 MPa for Q. suber (Lezírias and Mitra, 

respectively) and -3.21 MPa for Q. ilex (Mitra) (Table 2, Fig. 3). Although the curves 

showed some “native” embolism (PLCnat), Ψxyl,50PLC does not seem to depend on 

considering or not PLCnat on the formulation of the fitting equation (Eqs. (1) and (2)) 

(Fig. 3). The observed PLCnat may reflect the in situ level of cavitation or may result from 

an artefact related to air entry at branch base induced by the initial cut (if maximum vessel 

length exceeds total branch length). The fact that similar PLCnat values have been found 

in Q. ilex shoots (over 20% in Martínez-Vilalta et al. (2002), and over 10% in Limousin 

et al. (2010)) and in other Mediterranean oaks (Iovi et al., 2009) may suggest that PLCnat 

is real and not an experimental artefact. 

 Xylem vulnerability to drought-induced embolism was quite similar (differences 

not statistically significant) both between species (Q. suber and Q. ilex, at Mitra) or sites 

(Q. suber at Lezírias and Mitra) (Table 2, Fig. 3). It has been reported to be a species-

specific trait, static across sites and water availability conditions (Iovi et al., 2009; 

Martínez-Vilalta et al., 2009; Matzner et al., 2001). However, our data suggest the 

existence of a between-site difference in Dmean of Q. suber shoots (statistically 

significant), with wider vessels at the more mesic site (Lezírias) (Table 3). In the same 

species, wide vessels may be expected to have a larger amount of pit area and a greater 

probability of large leaky pit pores in the inter-vessel pit membranes (Jansen et al., 2009). 

The higher water stress at Mitra may have imposed safety constraints, reducing vessel 

diameter whilst maintaining Ks, vessel density and conductive area (Table 2, Table 3), i.e. 
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narrower and safer conduits where water potentials are more negative (Sperry et al., 

2008). 

Mediterranean evergreen oaks, such as Q. suber and Q. ilex, are reported to be 

much less vulnerable to embolism than deciduous oaks from temperate climates with 

ring-porous wood (Tyree and Cochard, 1996). Our findings support these conclusions: 

Ψxyl,50PLC values for current-year shoots of Q. ilex and Q. suber (-3.2 and -2.9 MPa, or  

-3.4 and -3.1 MPa if PLCnat is considered, respectively) (Table 2, Fig. 3) are more 

negative than those found for temperate climate oaks in North America (varying from  

-0.50 to -1.89 MPa) (Maherali et al., 2006; Matzner et al., 2001). A wide range of 

Ψxyl,50PLC values are reported for Q. ilex: -2.0 MPa (Martínez-Vilalta et al., 2002), -3.1 

MPa (Lo Gullo and Salleo, 1993), -3.5 MPa (Tognetti et al., 1998), -3.6 MPa (Limousin 

et al., 2010), -3.2 MPa (Gartner et al., 2003), -3.0 MPa (Q. ilex subsp. ilex) and -5.6 MPa 

(Q. ilex subsp. ballota) (Corcuera et al., 2004). These differences may be ascribed to: (a) 

different Q. ilex subspecies; (b) the use of seedlings or shoots of adult trees; (c) the use 

of different measuring techniques (dehydration vs. air injection). Vaz et al. (2012) 

measured a Ψxyl,50PLC of -5.0 MPa for shoots/stems of cork oak seedlings, in the lowest 

range of the values observed for Q. ilex. Irrespective of the fitted equations (see Fig. 3), 

our estimates of Ψxyl,50PLC for Q. ilex and Q. suber shoots are in the same range of those 

published for adult Q. ilex trees (e.g. Limousin et al., 2010; Tognetti et al., 1998), but are 

less negative than those reported by Tyree and Cochard (1996) for both species. 

Interestingly, the lowest recorded Ψxyl,50PLC values for both Q. ilex and Q. suber were 

observed in seedlings (Corcuera et al., 2004; Vaz et al., 2012). Since seedlings have not 

yet a deep root system, they probably need to be more drought-tolerant than adult trees, 

i.e. less vulnerable to embolism. A lower vulnerability to cavitation in seedlings than in 

adult trees has been reported for Q. ilex (Lo Gullo and Salleo, 1993), Q. wislizenii 

(Matzner et al., 2001), Eucalyptus crebra and E. xanthoclada (Rice et al., 2004). This 

may impact on seedling survival and natural regeneration. Adult trees with fully 

developed roots may access deep water sources buffering the seasonal water deficits 

(Canadell et al., 1996; David et al., 2007). 

Wood anatomy of shoots of Q. ilex and Q. suber showed solitary, circular to 

elliptical vessels arranged in a diagonal to radial pattern (Fig. 4), which is consistent to 

that reported in other studies for the same species (Corcuera et al., 2004; Leal et al., 2008). 

Vessel diameter frequency distribution approached a unimodal pattern (Fig. 5) in shoots 
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of both species (more evident in Q. suber), suggesting a diffuse-type porosity, as reported 

by Gartner et al. (2003), Leal et al. (2008) and Villar-Salvador et al. (1997). This is also 

corroborated by the difference between Dmean and D95 for shoots of both species, 14-16%, 

indicating a small difference between the size of early and latewood vessels (Tyree et al., 

1994). 

In Ks,t calculations all vessels were assumed to be functional. As expected, 

measured Ks was lower than Ks,t since the theoretical conductivity was calculated 

neglecting non-functional vessels and the resistance between vessels (Sellin et al., 2008). 

Xylem conducting efficiency (Ks/Ks,t) of the two oaks was similar, and values agree well 

with those previously published for Q. ilex (Limousin et al., 2010). This is a further 

indication that PLCnat is probably not an experimental artefact and that some vessels are 

not functional anymore. 

According to Hacke et al. (2000) the resistance to cavitation may adjust to the 

amount of drought experienced in situ. However, the non-significant difference in xylem 

vulnerability to embolism found between Q. ilex at the Mitra site and Q. suber at the Mitra 

and Lezírias sites suggests that this hydraulic trait does not explain per se the current 

geographical distribution of the two species: Q. ilex prevailing in more xeric areas 

compared to Q. suber. Additional mechanisms of drought tolerance/avoidance may 

probably be more relevant. For instance, rooting depth may play an important role since 

it is known that Mediterranean evergreen oaks rely on deep roots to cope with the summer 

drought (Canadell et al., 1996; Maherali et al., 2004). A previous study on sap flow and 

predawn leaf water potential of co-occurring adult Q. suber and Q. ilex trees at the same 

site (Mitra) showed that Q. ilex trees were able to maintain a higher water status and 

transpiration during the summer drought compared to Q. suber (David et al., 2007). This 

was ascribed to a deeper and more efficient root system in Q. ilex. 

Aiming at the evaluation of the in situ safety margins of shoots above cavitation 

thresholds, we estimated the long-term patterns of variation of xylem water potential (Fig. 

7). Unlike Ψl,md, the minimum value of xylem water potential in shoots does not seem to 

be maintained to a constant level across sites but depends both on stomatal regulation and 

on Ψl,pd (Figs. 6 and 7). Ψxyl is usually considered a better estimator of plant water status 

than Ψl,md (Choné et al., 2001). 

The comparison between the predicted minimum Ψxyl under field conditions and 

Ψxyl,50PLC, Ψxyl,75PLC and Ψxyl,99PLC (Table 2, Fig. 3) suggests that shoots of both species 
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live, at both sites, with a large hydraulic safety margin, above these embolism thresholds. 

The minimum safety margins observed in shoots of both species above the Ψxyl,50PLC were 

similar at Mitra, although slightly higher for Q. ilex. The hydraulic safety margins were 

higher in Q. suber shoots at the Lezírias site due to the more favourable tree water status. 

Wide hydraulic safety margins are a likely protection mechanism, preventing embolism 

from occurring in organs where it may be more damaging (like stems) or where its 

reversal is less efficient (like shoots) (Nardini and Salleo, 2000; Pockman and Sperry, 

2000). Martinez-Vilalta et al. (2002) have observed in Q. ilex an in situ minimum Ψxyl in 

shoots close to Ψxyl,75PLC. Lopez et al. (2005) found that, under field conditions, several 

tropical trees usually lived with minimum shoot Ψxyl between Ψxyl,50PLC and Ψxyl,75PLC. 

Therefore, at our sites, the studied oak trees seem very well adapted, operating with larger 

safety margins than those usually reported. 

We believe that our results are relevant to the understanding of survival, growth, 

and functional behaviour of evergreen oaks in Mediterranean-type climates, subject to 

recurrent/seasonal drought conditions. 
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Abstract 

 

The topology of the xylem network is likely to affect the transport of water, propagation 

of embolism and plant survival and growth. Few studies have been conducted on the 

hydraulics of the entire water pathway in trees. We evaluated the hydraulic connections 

from roots to branches in a mature Quercus suber L. tree, through sap flow responses 

upon branch severing. Sap flow was recorded in branches, stem and roots by the heat field 

deformation (HFD) method. Results showed that roots, except for the taproot, were 

hydraulically connected to all branches, but the rest of the tree (stem, branches and 

taproot) was highly sectored. In the large roots that showed an integrated response to 

branch severing, the outer xylem was preferentially connected to the same side branch 

and the inner xylem to the opposite branch. The hydraulic sectoriality in branches, stem 

and taproot may be regarded as an adaptive trait to water stress. The integrated hydraulic 

structure of roots is advantageous under patchy soil conditions, but may allow the spread 

of root diseases. The HFD sap flow method proved extremely useful to calculate xylem 

flux connectivity between different organs of a large tree, providing a comprehensive 

picture of its hydraulic architecture. 

 

Keywords: Connectivity index, Hydraulic sectoriality, Hydraulic integration, Heat field 

deformation method 
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Introduction 

 

Mediterranean evergreen oak woodlands spread across the Mediterranean Basin 

and California. In the Iberian Peninsula they occupy an area of ~3.5-4 million ha (Pinto-

Correia et al., 2011), mostly in agro-forestry systems, with Quercus ilex L. and Quercus 

suber L. being the dominant tree species. In Portugal, Q. suber (cork oak) is traditionally 

managed for the harvesting of cork to support the stoppers industry, but other economic, 

social and ecological benefits are also important (e.g. for wildlife, cattle grazing, 

biodiversity and soil and water conservation). Under the strong seasonality of the 

Mediterranean climate, evergreen oak trees are subject to water scarcity during the 

summer. Enhanced tree mortality has been associated with drought and outbreaks of pests 

and diseases (Peñuelas et al., 2000; Sánchez et al., 2002). This declining trend may be 

further hastened in the future by the regional effects of global warming: an increase in the 

length and severity of the summer drought is predicted (Miranda et al., 2002). 

To be able to predict the impact of these changes on tree survival and fitness, a 

better knowledge of the hydraulic architecture of trees, i.e. the structure and function of 

the water conducting system in the flow path from roots to leaves, may be crucial 

(Cruiziat et al., 2002; Tyree and Zimmermann, 2002). Different forms of hydraulic 

architecture may reflect physiological adaptations aiming at the optimisation of tree 

functioning under the local environmental conditions (Marshall, 1996; DeLucia et al., 

2000; Choat et al., 2005; Burgess et al., 2006; Sellin et al., 2008). It has been long 

recognised that plants differ in the sectorial nature of their hydraulic structures (Vuorisalo 

and Hutchings, 1996; Schulte and Brooks, 2003). In opposite extremes, species can be 

considered as sectored or integrated (Watson and Casper, 1984; Tyree and Zimmermann, 

2002). In sectored vascular structures the crown of each branch is connected to dedicated 

portions of the stem and roots, whereas in integrated structures branches draw from the 

entire stem and root system. Extremely sectored trees behave as if constructed of 

autonomous subunits, whereas integrated ones act as single units (Orians et al., 2005a). 

However, all other intermediate degrees of sectoriality or integration are possible between 

both species and organs (Vuorisalo and Hutchings, 1996; Orians et al., 2004; Ellmore et 

al., 2006; Nadezhdina, 2010). The degree of sectoriality also depends on the 

developmental stage (Zanne et al., 2006a; Salguero-Gómez and Casper, 2011) and 
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phylogeny (Watson and Casper, 1984), growth environment and drought-adaptation 

strategy (Watson, 1986), wood xylem anatomy (Orians et al., 2005b; Umebayashi et al., 

2008) and plant–animal interactions (Vuorisalo and Hutchings, 1996; Orians et al., 2002) 

and may explain differences in growth, resource allocation and distribution of species 

(Orians and Jones, 2001). Usually, ring-porous species and some conifers tend to be more 

sectored than diffuse-porous ones (Watson and Casper, 1984). 

Several methods have been used to study the hydraulic connections within a tree: 

application of dyes (Schulte and Brooks, 2003; Sano et al., 2005; Umebayashi et al., 2008) 

or mineral stable isotopes (Orians et al., 2005a; Bledsoe and Orians, 2006), measurement 

of anatomical features (Orians et al., 2005b) and the ratio of tangential to axial hydraulic 

conductances (Ellmore et al., 2006; Zanne et al., 2006b), measurement of sap flow in 

different parts of trees (Infante et al., 2001) and experimental manipulations such as split-

root (Orians et al., 2004) or branch severing combined in certain cases with sap flow 

measurements (Nadezhdina, 2010). 

The hydraulic connections within a tree are complex and difficult to evaluate. So 

far, they have been better characterized in the stem–branch–crown pathway. For instance, 

Infante et al., (2001) measured stem sap flow according to branch orientation in Q. ilex 

(Mediterranean evergreen oak) and found that branches and stem were strongly sectored. 

However, much less is known about the belowground pathway (Bledsoe and Orians, 

2006), particularly in large and deep roots.  

In this study we quantified the hydraulic connectivity along almost the entire 

pathway (from roots to branches) of an isolated Q. suber tree (a semi-diffuse porous 

species) (Leal et al., 2008). We used the heat field deformation (HFD) sap flow method 

(Nadezhdina et al., 1998) combined with a branch severing treatment (Nadezhdina, 

2010). Different types of roots and xylem layers were analysed. To our knowledge, such 

an integrative study of Mediterranean evergreen oaks had not yet been conducted. We 

hypothesised that the experimental procedure used would allow the development of a 

quantified approach to evaluate the hydraulic connections (sectored or integrated) 

between the different tree organs. A better knowledge of the hydraulic architecture and 

water relations of mature Q. suber trees would also provide some insight into their 

ecological behaviour under extreme environmental conditions. 
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Materials and methods 

 

The experimental site 

The study was carried out at Companhia das Lezírias, the largest Quercus suber 

L. woodland close to Lisbon, Portugal (38º50'N; 8º49'W; 15 m above sea level). It is a 

savannah-type ecosystem with widely separated trees. The climate is Mediterranean, with 

a mean annual rainfall of 750 mm and a mean annual temperature of 16 ºC (1961-90). 

Summers are hot and dry and winters wet and cold. The soil is a well drained deep 

Arenosol (FAO, 1988). The water table level, monitored at the site, fluctuated between 

1-2 and 4-5m depth below the soil surface in late winter and at the end of summer 

respectively. 

 

Plant material 

The experiment was performed in autumn 2008 in one mature cork oak tree. The 

height, diameter at breast height and average crown radius of the tree were 12, 0.57 and 

7.4 m respectively. The tree stem divided into two substems at 2.60 m height: north and 

south oriented, with diameters (without cork) of 0.41 and 0.43 m respectively. Each of 

these substems divided at 3.50 m height into two branches of similar sizes (NE and NW; 

SE and SW), with diameters at branch insertion ranging from 0.28 to 0.33 m. This regular 

branching pattern of the stem was also found in the neighbouring trees and in other Q. 

suber and Quercus ilex L. Mediterranean woodlands (e.g. Infante et al., 2001). 

When branches NW and SE were severed, their leaf area was estimated through 

direct sampling. All leaves were stripped and the fresh mass was weighed. The leaf area 

was calculated from the ratio of fresh mass to leaf area obtained in the leaf samples. 

Leaves of subsamples were scanned with a flat-bed scanner and leaf area was measured 

using the WinRHIZO.pro.2003b software package (Regent Instruments Inc., Quebec, 

Canada). The leaf area of the remaining branches (NE and SW) was estimated, assuming 

a linear relationship between the leaf area and crown sector angle (angle with vertex on 

tree stem with the two rays being the azimuths of the branch crown extremes). The 
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estimated leaf areas of the NW, SE, NE and SW branches were 284, 144, 232 and 220 m2 

respectively. The leaf area index on a crown projected area basis was 5.1 m2 m–2.  

The distance from the trunk of this Q. suber tree to the nearest neighbour was  

18 m.  

The tree was equipped with heat field deformation (HFD) sensors (Nadezhdina et 

al., 1998) in its branches, stem and roots. Two types of sensors were used: single-point 

sensors in two sinker roots and branches and multi-point sensors in stem and large roots. 

The depth of the functional xylem was 57 mm in the stem and at least 52 mm in thick 

roots. 

 

The heat field deformation (HFD) sap flow method  

This sap flow measuring technique records changes in the heat field around a 

continuous linear heater caused by moving sap. Sap flow is derived from the sap- 

-deformed heat field around the heater, evaluated by two pairs of differential 

thermocouples, symmetrical and asymmetrical, which measure the temperature 

difference in axial and tangential directions, respectively. From these temperature 

differences, sap flow per a certain stem, branch or root section i (qi, g cm-1 h-1 or  

cm3 cm-1 h-1) was calculated. Further details on the method are given elsewhere 

(Nadezhdina et al., 1998; Nadezhdina, 1999; Nadezhdina et al., 2008). 

 

Experimental procedure 

Figure 1 shows the scheme of the location of the single- and multipoint HFD 

sensors installed on the studied Q. suber tree (in branches, stem and roots). Each multi-

point sensor consisted of five or six equally spaced thermocouples, 6-12 mm apart, with 

the first measuring depth below the cambium varying from 4 to 6 mm. The heater and the 

thermocouples of each sensor were mounted into stainless steel hypodermic needles (1.0 

and 1.5 mm in diameter for single- and multi-point sensors respectively). Sensors were 

protected from solar radiation and rainfall. Temperature data were recorded every 10 s 

and stored at one minute intervals in Unilog Midi-12 (EMS Co., Brno, Czech Republic) 

and Campbell CR10X (Campbell Scientific, Shepshed, UK) dataloggers. The heating 

system was powered by car batteries. In this study, only the relative variation and the 
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direction of sap flow were important. Therefore, we used sap flow per section qi (a 

surrogate of sap flow density) for the analysis without further conversion.  

 

Fig. 1. Scheme of the Quercus suber tree equipped with HFD sap flow sensors. Aboveground 

cross-section: single-point sensors in branches (circles) and multi-point sensors in stem (triangles; 

2, 3, 4, 5). Below ground cross-section: single-point sensors in two sinker roots S_1 and S_2 

(circles) and multi-point sensors in large roots (triangles; 6 – taproot, 7 – lateral S root and 1 – 

lateral SE root turning into a sinker close to crown limit). Black and grey lines correspond to 

branch cuttings performed in the first (25-29 September) and second (23-25 October 2008) phases 

respectively. 

 

The tree was subject to gradual branch severing in two phases. First, branches NW 

and SE were cut during 25-29 September 2008 (marked by black lines in Fig. 1). The 

roots were then uncovered using the ultrasonic air stream method (air spade), which 

converts the energy of compressed air into digging power (Stokes et al., 2002). About 1 

month later (23-25 October 2008), the remaining two branches (NE and SW) were 

severed (marked by grey lines in Fig. 1). The leaf area removed in each of two cutting 

phases was similar: 428 m2 for branches NW and SE and 452 m2 for branches NE and 

SW (see Plant material). The weather conditions were partially cloudy during the first 
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cutting phase and clear sky during the second one. The water table level in both periods 

was at its annual lowest (~4.5 m depth). Subbranch cuttings were scheduled from the 

lower subbranches to the upper/ sunny ones. 

The sap flow sensors in branches and stems were installed before the beginning 

of the experiment whereas the root sensors were only installed before the second cutting 

phase. 

 

Calculation of connectivity between stem, roots and branches 

The quantification of the hydraulic connectivity between roots, stem and branches 

was only performed for the second cutting period (23-25 October 2008): more sensors 

were available then and the prevailing clear sky conditions facilitated the evaluation of 

the flow responses to cuttings. The starting conditions for the calculations were that half 

the canopy was still available, corresponding to branches NE and SW. The effects of NE 

and SW subbranch cuttings were thereafter evaluated in respect to these initial conditions.  

In this experimental period, each of the two large branches (NE and SW) was cut 

by partial subcuttings in sequential time-steps. The chronologic sequence of cuttings 

alternated from one branch to another until complete crown severing was achieved. 

Subbranch cuttings (n) were numbered sequentially from the first (n = 1) to the 

last (n = m), irrespective of branch location/orientation. Calculations were initially done 

for this cutting overall sequence. For a given sap flow measurement in branches, stem or 

roots, responses to subbranch severing were evaluated based on the decrease in the 

measured flow, observed within seconds or minutes as: 

Φ =
𝐹𝑙𝑜𝑤before−𝐹𝑙𝑜𝑤after

𝐹𝑙𝑜𝑤before
.        (1) 

However, this is not a standardised measure of the effect of the cut on sap flow, 

since it depends on the initial flow value (Flowbefore) which is also affected by the time of 

day and meteorological conditions. Furthermore, there was always a time lag between the 

successive subbranch cuttings and consequently, Flowbefore(n) ≠ Flowafter(n–1), where n is 

the sequential cut order. A standardised estimate of the flow drop fraction, independent 

of the absolute flow value, was calculated for each cut (n) as: 

Φn =
𝐹𝑙𝑜𝑤before(𝑛)−𝐹𝑙𝑜𝑤after(𝑛)

𝐹𝑙𝑜𝑤before(𝑛)
(1 − ∑ Φp

𝑛−1
𝑝=0 ),     (2) 
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where Φ0 = 0 and (1 − ∑ Φp
𝑛−1
𝑝=0 ) is the fraction of flow remaining after the previous (p 

= n – 1) cut. 

These subbranch cutting effects were then added up to calculate the total flow 

drop due to all branch cuts: 

ΦT = ∑ Φn
𝑚
𝑛=1 .         (3) 

ΦT was then partitioned into the total sap flow drop (ΦTj) due to each of the two 

branches j. The sequential subcuts i of each branch j were numbered sequentially from 

i=1 to i = nj, so that 

∑ 𝑛𝑗
2
𝑗=1 = 𝑚,          (4) 

and 

ΦTj = ∑ Φji
𝑛𝑗

𝑖=1
,         (5) 

with 

∑ ΦTj
2
𝑗=1 = ΦT.         (6) 

The connectivity index (Cj) of a specific measuring section/layer/point to branch 

j is 

𝐶j = (ΦTj ΦT⁄ ) × 100,        (7) 

which measures the percentage of the total sap flow drop after all branch cuttings (in this 

case two) ascribed to branch j. It varies from 0 (no connectivity) to 100% (full 

connectivity).  

The connectivity index presented here was developed based on earlier and simpler 

attempts to investigate this issue (López-Bernal et al., 2010; Nadezhdina, 2010). 

The calculated connectivity values can be compared with those corresponding to 

a ‘no sectoriality’ (total integration) hypothesis: i.e. equal connection to any part of the 

crown. For the ‘no sectoriality’ hypothesis: 

Cj(no sectorality) = (𝐿𝐴j 𝐿𝐴T⁄ ),       (8) 

where LAj is the leaf area of branch j and LAT is the leaf area of the total harvested crown 

(the sum of two branches in our case). If Cj (calculated) far exceeds Cj (no sectoriality), 

the connection between the considered section/layer/point and branch j is sectored. 
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For the two cut branches (NE and SW) analysed in the second cutting phase, the 

connectivity indexes for the ‘no sectoriality’ (total integration) hypothesis are: CNE (no 

sectoriality) = 51% and CSW (no sectoriality) = 49%. For practical purposes we will 

assume hereafter a 50% connectivity to each of the branches for the ‘no sectoriality’ (total 

integration) hypothesis. 

 

 

Results 

 

Large branches measured by single-point sensors 

Figure 2 shows branch sap flow responses to branch severing during the first 

cutting phase: 25-29 September (NW and SE branch cuttings). Sap flow in the NW and 

SE branches decreased upon the severing of subbranches in the same orientation. The 

effects of individual subbranch cuttings (drops in sap flow) were not always evident due 

to some concomitant drops in flow in response to sudden decreases in solar radiation 

(cloudy weather). At the end of the NW and SE cuttings, sap flow in the NW and SE 

branches was close to zero. Sap flow in the uncut branches (NE and SW) was not 

noticeably affected by any of the opposite branch cuttings (NW and SE). The lower flow 

peak in the SW branch on 29 September was due to lower radiation. 

During the second experimental period (23-25 October), the weather was sunny 

and sap flow responses to subbranch cuttings (NE and SW) were much clearer (Fig. 3a). 

Flow in each branch (NE and SW) responded predominantly to cuttings in the same 

orientation. At the end of this experimental period, sap flow was zero in the SW branch 

and negative in the NE branch. Some peaks observed during the cuts are due to a pressure 

increase during the sawing procedure (see, for example, cut SW.3 in Fig. 3a). The 

connectivity of the SW and NE branch sensors to the cuttings in the same orientation was 

close to 100%, far exceeding the ‘no sectoriality’ (total integration) hypothesis (Fig. 3b). 

This means that sap flow in branches is strongly sectored to the crown parts in the same 

orientation. 
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Fig. 2. Sap flow dynamics in large branches of the Quercus suber tree, measured by single-point 

sensors, during the NW and SE branch severing (first cutting phase: 25-29 September 2008). 

Vertical lines indicate the timing of subbranch cuttings: labels refer to branch orientation and cut 

order (see Fig. 1 for branch/root/sensor locations). 

 

Stem measured by multi-point sensors 

Figure 4 shows the sap flow dynamics for sensors in different stem azimuths (and 

different xylem layers) during the first cutting phase (25-29 September; NW and SE 

branch cuttings). Stem sap flow on the NW and SE sides mainly responded to subbranch 

cuts in the same orientation and became residual by the end of the period (Fig. 4a, b). The 

stem sensors in the azimuths not below the severed branches (NE and SW; Fig. 4c, d) did 

not show any considerable response to the opposite side cuttings (NW and SE). Sap flow 

variations were due to changes in radiation (which was lower during the last two days of 

the period) or to better illumination after some subbranch severing (see Fig. 4d). 

During the second branch cutting period (23-25 October; NE and SW branch 

cuttings), the NE and SW branch sensors predominantly responded to subbranch cuttings 

in the same orientation (Fig. 5a, b). The NE stem sensor never responded to previous 

branch cuttings (NW and SE) or to the severing of the SW branch (short peaks following 

cuttings were due to the increased pressure in the tree hydraulic system) (Fig. 5a). There 

was only a clear response to the cuts in the NE branch. Each cut caused different changes 

in the stem xylem. Cut NE.2 was particular since it produced a drop in flow only in the 

outer (5 and 13 mm) and middle (21 mm) xylem layers (to a lesser extent in the latter) 

(Fig. 5a). This clearly shows the connection between these specific stem xylem layers 

and the NE.2 subbranch. At the end of the experiment, flow decreased to zero.  
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Fig. 3. Sap flow responses in large branches of the Quercus suber tree, measured by single-point 

sensors, during the NE and SW branch severing (23-25 October 2008): (a) sap flow dynamics; 

(b) Connectivity indexes (Cj). Vertical lines in (a) indicate the timing of subbranch cuttings: labels 

refer to branch orientation and cut order (see Fig. 1 for branch/root/sensor locations). The 

horizontal dashed line in (b) indicates the Cj values for the ‘no sectoriality’ (total integration) 

hypothesis. 

 

Similarly to what occurred in the NE stem sensor, no major response was observed 

in the SW stem sensor upon the severing of the opposite branch (NE) (Fig. 5b). Sap flow 

mainly dropped after cuttings in branch SW (Fig. 5b). 

During this second branch harvesting period, the connectivity between the SW 

and NE stem sides and the branch cuttings in the same orientations was close to 100% in 

all xylem layers (Fig. 5c). Values of connectivity of the stem sensors to branch cuttings 

in the same azimuth were always much higher than those for the ‘no sectoriality’ (total 

integration) hypothesis (Fig. 5c), which means that hydraulic connections between the 

branches and the stem are highly sectored. 
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Fig. 4. Sap flow dynamics in different xylem layers of the NW (a), SE (b), NE (c) and 

SW (d) sides of the Quercus suber tree stem (multi-point stem sensors 4, 2, 3 and 5) 

during the NW and SE branch severing (25-29 September 2008). Vertical lines indicate 

the timing of NW and SE subbranch cuttings (see also Fig. 1 for branch/root/sensor 

locations). The legend represents the sensor position below the cambium in mm (higher 

values correspond to inner xylem positions). 
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Fig. 5. Sap flow responses in different xylem layers of the NE and SW sides of the Quercus suber 

tree stem (multi-point stem sensors 3 and 5) during the NE and SW branch severing (23-25 

October 2008): (a) sap flow dynamics in the NE stem side; (b) Sap flow dynamics in the SW stem 

side; (c) Connectivity indexes (Cj). Vertical lines in (a) and (b) indicate the timing of NE and SW 

subbranch cuttings (see also Fig. 1 for branch/root/sensor locations). Legends in (a) and (b) 

represent the sensor positions below the cambium in mm (higher values correspond to inner xylem 

positions). The horizontal dashed line in (c) indicates the Cj values for the ‘no sectoriality’ (total 

integration) hypothesis. In the legend of (c), ‘average’ is the average of all xylem layers, ‘outer’ 

is the average of the two outer xylem layers and ‘inner’ is the average of the two inner xylem 

layers. 
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Large roots measured by multi-point sensors 

Three large roots were equipped with multi-point sensors before the second 

branch cutting phase (Fig. 1).  

The taproot sensor (sensor 6, Fig. 1), installed on its SW facing side, responded 

mainly to the SW branch cuttings (Fig. 6a). To a smaller degree, it also responded to the 

NE branch cuttings, either through short peaks (response to cut NE.1) or small decreases 

in flow (response to cuttings NE.3 and NE.5 on the last day). The SW taproot sensor was 

strongly connected, in all xylem layers, to branch cuttings in this same orientation (Fig. 

6d), indicating a strong sectoriality between the taproot and branches. After each cut, the 

initial flow decrease was followed by a partial compensation through an increase in flow, 

probably due to a better illumination of the remaining sinks (except on the last day when 

no sinks remained). No reverse flow was observed at night. Sharp peaks were observed 

every day at the same time on the two outermost layers of the taproot xylem (Fig. 6a). 

They can only be ascribed to a sudden better illumination of the SW part of the crown to 

which this root was connected. 

The SE oriented lateral root (sensor 1, Fig. 1), which turned into a sinker 5 m away 

from the tree stem base, responded to each cut of branch SW by a flow decrease in all 

xylem layers and also responded to the cuts of the NE branch by a flow decrease in the 

inner xylem layers (21 mm and deeper) (Fig. 6b). Connectivity to branch cutting in the 

same orientation was smaller for the average of all xylem layers (Fig. 6d). However, the 

two outer xylem layers were still strongly connected to the branch in the same orientation 

(SW). On the other hand, the two inner xylem layers showed an integrated behaviour, 

responding equally to cuts in the SW and NE branches (Fig. 6d). Flow decreases due to 

cuttings were partially compensated after each loss of sink (Fig. 6b). Reverse flow in this 

root was recorded at night throughout the experimental period, but increased by the end 

of the experiment becoming almost permanent.  

The xylem of the lateral S oriented root (sensor 7, Fig. 1) responded to each cut 

irrespective of orientation, especially in the middle xylem (Fig. 6c). Average flow in this 

root was highly integrative. However, this resulted from a balance between preferential 

connections of the outer and inner xylem layers to the branch in the same orientation 

(SW) and to the opposite branch (NE) respectively (Fig. 6d). Flows in this root also tended 

to compensate for the loss of each sink. 
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Fig. 6. Sap flow responses in different xylem layers of large roots of the Quercus suber tree 

(multi-point root sensors 6, 1 and 7) upon the severing of branches NE and SW (23-25 October 

2008): (a) sap flow dynamics in the SW side of the taproot (multi-point sensor 6); (b) sap flow 

dynamics in the SE oriented sinker root (multi-point sensor 1); (c) sap flow dynamics in the S 

oriented lateral root (multi-point sensor 7); (d) connectivity indexes (Cj) for the different roots 

and xylem layers. Vertical lines in (a–c) indicate the timing of NE and SW subbranch cuttings 

(see also Fig. 1 for branch/root/ sensor locations). Legends in (a–c) represent sensor positions 

below the cambium in mm (higher values correspond to inner xylem positions). The horizontal 

dashed line in (d) indicates the Cj values for the ‘no sectoriality’ (total integration) hypothesis. In 

the legend of (d), ‘average’ is the average of all xylem layers, ‘outer’ is the average of the two 

outer xylem layers and ‘inner’ is the average of the two inner xylem layers. 
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Small sinker roots measured by single-point sensors 

Two small sinker roots were equipped with single-point sap flow sensors. Sap 

flow in root S_1 (SW oriented, Fig. 1) decreased in response to the several cuttings, 

whatever the cut orientation (Fig. 7a). Root S_2 (S oriented, Fig. 1) responded less 

abruptly to any of the cuts. Both roots showed a highly integrative hydraulic behavior, 

responding equally to branch cuttings on both sides (Fig. 7b). After the cuts, night-time 

flow became negative in root S_1 but not in root S_2 (Fig. 7a). 

 

Fig. 7. Sap flow responses in small sinker roots (single-point root sensors S_1and S_2) of the 

Quercus suber tree upon the severing of branches NE and SW (23-25 October 2008): (a) sap flow 

dynamics; (b) Connectivity indexes (Cj). Vertical lines in (a) indicate the timing of NE and SW 

subbranch cuttings (see also Fig. 1 for branch/root/ sensor locations). The horizontal dashed line 

in (b) indicates the Cj values for the ‘no sectoriality’ (total integration) hypothesis. 
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Discussion 

 

This work reports on sap flow (HFD method) responses in branches, stem and 

roots of a large Q. suber tree upon the severing of its crown: four branches oriented NW, 

SE, NE and SW (see Fig. 1). The results showed that the branches, stem and taproot are 

sectorally connected to the crown portions in the same orientation (see Figs 3, 5, 6a, d). 

The large reductions in sap flow in sensors after the sequential cuttings of subbranches in 

the same orientation and the minor responses to cuttings on the opposite branch confirmed 

the preferential axial/sectored pipe connections in all xylem layers of branches, stem and 

taproot. The occurrence of a few marginal responses in stem and taproot to the cuttings 

on the opposite branch (Figs 5, 6a, d) is evidence of some residual indirect/non-axial 

connections. 

Except for the taproot, all roots showed a predominant integrative response to 

branch severing, more so in the lateral S root and in sinkers S_1 and S_2 than in the SE 

sinker (Figs 6b-d, 7). Therefore, in contrast to the branches, stem and taproot, our data 

showed the prevalence of indirect/integrated connections of roots to many sinks. 

However, the overall more integrative behaviour of the average root sap flow resulted, in 

large roots, from preferential connections of the outer xylem layers to the same side 

branch and of the inner xylem layers to the opposite side branch (Fig. 6d). The tendency 

to flow compensation after the loss of crown parts (sinks) (visible on all roots equipped 

with multi-point sensors, Fig. 6) is a further evidence of indirect/integrated root 

connections to many crown portions. Compensation mechanisms in sap flow between 

different roots or xylem layers of the same root, in response to a sudden source or sink 

destruction, have also been found in other species (Tilia cordata, Picea abies, Quercus 

robur) (Nadezhdina et al., 2012). 

A high degree of sectoriality in stem and branches has been found in other 

Mediterranean trees: Q. ilex (Infante et al., 2001) and Olea europea (López-Bernal et al., 

2010). In Q. ilex, a close coordination was observed between daily patterns of stem sap 

flow, sun position and stomatal conductance in the same azimuths. Following Carlquist 

(2001) and Orians et al., (2004), the same pattern of sectoriality should be expected for 

Q. ilex and Q. suber, since they grow in similar environments (David et al., 2007) and 

have a similar wood anatomy (Leal et al., 2006). Ellmore et al., (2006), following root-

to-branch dye transport in saplings and measuring hydraulic conductances in branches of 
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mature trees, also found a high degree of sectoriality in Q. rubra compared with other 

temperate species such as Betula papyrifera and Acer saccharum. 

Hydraulic sectoriality seems to be a consequence of a high axial versus a low 

lateral conductance. It depends on xylem anatomical traits related to water-conducting 

pathways, i.e. vessel diameter, density and spatial distribution (grouping) (Mencuccini et 

al., 2010) and intervessel pitting (Tyree and Zimmermann, 2002; Orians et al., 2004) but 

also on the pressure gradients along the pathways (Ellmore et al., 2006). Sectored species 

are reported to have wide isolated vessels and low pitting density within pit fields (Orians 

et al., 2004, 2005a; Ellmore et al., 2006). One of the ecological advantages of sectoriality 

(as we found for branches, stem and taproot in Q. suber) is the possibility of confining 

damages to parts of a tree when it is subject to deleterious environmental and biotic factors 

(water and nutrient deficiencies, herbivory, attack by insects and pathogens) or forest 

practices (pruning) (Sprugel et al., 1991; Larson et al., 1994; Marquis, 1996). Moreover, 

sectored trees may have a lower risk of embolism spread, due to the smaller number of 

intervessel pits between adjacent vessels (Sperry, 1995; Orians et al., 2004). Q. suber is 

slightly more vulnerable to xylem embolism than other Mediterranean semi-diffuse 

porous oaks (e.g. Q. ilex), but much less vulnerable than ring-porous temperate oaks 

(Tyree and Cochard, 1996). Sectoriality can be considered as an adaptive trait to water-

limited areas (Orians and Jones, 2001; Zanne et al., 2006b; Schenk et al., 2008; Salguero-

Gómez and Casper, 2011), such as those where Q. suber and Q. ilex prevail, but comes 

at the cost of slower growth (Ellmore et al., 2006). From a methodological point of view, 

the knowledge that tree stems of some species are strongly sectored is also important, 

since it may impact on sensor installation/location in future sap flow studies. 

The integrated hydraulic structure that we observed in all roots of Q. suber, except 

in the taproot, can also be viewed as a safety feature: the loss or damage of one or more 

roots does not impede the growth of individual branches, but merely diminishes the water 

supply to the crown slightly (Tyree and Zimmermann, 2002). Furthermore, it may be 

particularly advantageous in environments which are patchy or heterogeneous with regard 

to water and nutrients (Orians et al., 2004), since even localized resources are used by the 

whole plant. However, eventual root diseases (e.g. invading fungi) may spread throughout 

the entire plant (Schulte and Brooks, 2003; Orians et al., 2004). 

The change from an integrated xylem in most roots to a sectored xylem in stem 

and taproot, observed in the Q. suber tree, probably results from the specific anatomy of 
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the root–stem or lateral root–taproot junctions. The hydraulic architecture of these 

junctions is not yet fully understood and warrants further research (Burgess et al., 2000; 

Brooks et al., 2002; Burgess and Bleby, 2006). Pictures of the wood structure of these 

junctions in Banksia prionotes (Burgess et al., 2000) suggest that the inner xylem root 

layers penetrate deeper into the stem/taproot than the outer ones. This may explain why 

the inner xylem of lateral roots is more connected to the opposite stem/taproot side 

(possibly through tangential drift, which is shorter for the inner xylem) than to the outer 

root xylem. 

Our experiment also showed preferential connections of sinker roots to different 

soil depths. In the taproot and in the nearby small sinker S_2 (see Fig. 1), no reverse flow 

was observed at night upon branch cuttings (Figs 6a, 7a). This means that these roots 

were probably connected to groundwater (positive water potential), which was at the time 

at its lowest depth, preventing the development of a downward flow (zero potential at the 

branch cut surface). In the sinker roots which were more distal from the tree stem (sinker 

S_1 and large SE sinker; see Fig. 1), reverse flows were observed at nighttime (Figs 6b, 

7a).This means that these roots are connected to dry, deep soil layers above the 

groundwater table, turning into a sink for the amount of water stored above the sensor 

upon branch cutting. Therefore, our data suggest that the sinkers close to the stem are 

deeper than the more distal ones. 

The HFD sap flow method proved to be a powerful tool to assess the hydraulic 

connectivity between different organs of a large tree, especially when multi-point sensors 

are used. The method is highly sensitive and accurate for measuring bidirectional and low 

flows in response to branch severing. The changes in sap flow were clear, without any 

noise and easy to follow and interpret. Due to its high time-resolution, responses could 

be detected within minutes or seconds. This is a clear advantage when compared with 

other methods, e.g. the compensation heat pulse (CHP) method (López-Bernal et al., 

2010). A novel procedure was developed to quantify the hydraulic connectivity of each 

sap flow measuring point/section to the harvested branches (connectivity index). This 

evaluation was only possible due to the high quality sap flow dataset, particularly when 

obtained under clear sky conditions.  

Results reported in this study were obtained from a single mature Q. suber tree at 

the end of the summer season. Replications were not possible because Q. suber is a 

protected species and there are restrictions on destructive experiments in such large trees. 
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Care should be taken in extrapolating results to the species, although the size, the 

branching pattern and the water relations (seasonal transpiration and leaf water potential) 

of the studied tree were similar to those of the neighbouring individuals (CA Pinto, JS 

David, TS David, unpubl. data). 

 

 

Concluding remarks 

 

Plant vascular systems allow water movement from roots to leaves to supply 

transpiration. The efficiency and safety of the water transport depend both on the 

individual properties of conduits/pit membranes and on the topology of the xylem 

network. Analyses at these two scales are complementary, but many more studies have 

been reported on the former than on the latter (Loepfe et al., 2007; Nadezhdina, 2010). In 

this study we characterised the spatial mapping of xylem fluxes from roots to branches of 

a mature Q. suber tree. We were able to achieve a comprehensive picture of the hydraulic 

architecture of a large tree, which is uncommon in the literature. The results may 

contribute to a better insight into water relations and the processes of propagation of 

embolism and diseases under natural conditions. 
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Abstract 

 

Mediterranean evergreen oaks have to survive a long summer drought. Roots may play a 

relevant role under these conditions. We studied their structure and function in a mature 

Quercus suber L. tree in central Portugal. The root system was mapped till the lowest 

water table level (4.5 m depth). Xylem anatomy was analyzed in a vertical profile 

belowground. Sap flow was continuously monitored for 1.5 yrs in the stem and roots of 

this intensively studied tree (heat field deformation method) and in the stem of four trees 

(Granier method), in relation to environmental variables and predawn leaf water potential. 

The sources of water uptake were assessed by stable isotope analyses in summer. Results 

showed a dimorphic root system with a network of superficial roots linked to sinker roots, 

and a taproot diverting into tangles of deep fine roots submerged for long periods, with 

parenchyma aerenchyma. Transpiration was not restricted in summer due to root access 

to groundwater. The isotopic δ18O signature of twig xylem water was similar to that of 

groundwater in the dry season. Two functional types of superficial roots were identified: 

shallow connected and deep connected roots. A modeling approach was built considering 

that each superficial root was linked to a sinker, with part of the root deep connected 

(between the stem and the sinker) and part shallow connected (between the sinker and 

topsoil). This conceptual framework simulated tree stem sap flow from root sap flow with 

a high efficiency (R2 = 0.85) in four plot trees. On an annual basis, soil water and 

groundwater contributions were 69.5% and 30.5% of stem flow, respectively. Annual 

hydraulic lift and hydraulic descent were 0.9% and 37.0% of stem flow, respectively. The 

trees maximize the exploitation of the environmental resources by using the topsoil water 

during most of the year, and groundwater together with hydraulic lift (nutrient supply) in 

the dry summer. This study shows that a dimorphic root system, with roots reaching 

groundwater, is an efficient strategy of Q. suber trees to cope with seasonal drought. 
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Knowledge of the functional behavior of Q. suber trees under shallow water table 

conditions may contribute to the definition of better adapted management practices and 

to anticipate their responses to climate change. 

 

Keywords: Drought, Groundwater, Soil water, Stable isotopes, Xylem anatomy 

 

 

Introduction 

 

Mediterranean climate has a strong seasonality and variability. Vegetation has to 

withstand hot and dry summers as well as recurrent droughts, which may become more 

frequent in the future according to climate change projections (IPCC, 2007). Lack of 

natural regeneration and episodes of tree mortality have been ascribed to droughts (Allen 

et al., 2010; Peñuelas et al., 2001; van Mantgem et al., 2009). Mediterranean evergreen 

oaks, usually in agroforestry systems, have evolved a wide range of morphological, 

physiological and anatomical adaptations to survive the prolonged dry summer season. 

Extensive root systems may play a key role in this process (Baldocchi and Xu, 2007; 

David et al., 2004, 2007; Lubczynski and Gurwin, 2005; Nadezhdina et al., 2008). 

In water-limited environments, roots may extend far beyond the crown projection 

area (David et al., 2004; Moreno et al., 2005), grafting either within the same tree or 

between adjacent trees. Deep rooting is also an important feature for tree survival 

(Canadell et al., 1996; Schenk and Jackson, 2002), enabling the exploitation of deep soil 

or groundwater pools (Cermak et al., 1980; Dawson, 1996; Jackson et al., 1999), when 

water tables are within the reach of the roots. By accessing deep water sources, deep roots 

may also contribute to the increase in whole-plant water transport efficiency through 

hydraulic redistribution. Responding to water potential gradients in soil, water may move 

upwards (hydraulic lift), downwards (hydraulic descent or reverse hydraulic lift) or 

laterally (Nadezhdina et al., 2010; Prieto et al., 2012). 

The spatial configuration of the xylem system also affects tree hydraulic 

properties and environmental adaptation. Vessel size and frequency determine the water 

transport efficiency (hydraulic conductivity) and safety (vulnerability to cavitation) 

(Martínez- Vilalta et al., 2002; Pinto et al., 2012).  
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Although increasing attention has been given to the role of tree roots on the 

adaptation to water-limited environments, this issue is far from being unravelled. A 

previous study on sap flow (heat field deformation method) in superficial roots of a 

Quercus suber tree provided a first insight into some traits of root functioning 

(Nadezhdina et al., 2008). Two types of behavior were found in five superficial roots: in 

some sap flow increased (deep roots connected to groundwater) whereas in others it 

decreased (shallow roots connected to soil) during the dry summer. According to 

Nadezhdina et al. (2008, 2010) these different types of behavior seem to depend on sensor 

location relative to sinkers connected to the superficial roots. However, the exact role, 

representativeness and quantitative assessment of the contribution of these root types to 

whole tree water use and hydraulic redistribution are still unclear (Nadezhdina et al., 

2008, 2010), although critical for a better perception of the functional traits of 

Mediterranean evergreen oaks. In this work we aimed to overcome this gap in knowledge 

through the evaluation of root structure and function on the water relations of a mature 

cork oak (Quercus suber) tree under shallow water table conditions, in central/southern 

Portugal. The specific objectives were: (a) mapping the root system, both laterally and in 

depth, and characterize the anatomical features of the different root types; (b) characterize 

the typical patterns of water flow in roots connected to deep and surface water sources; 

(c) evaluate, through the modeling of root functioning, the magnitudes of water uptake 

from soil and groundwater, and hydraulic redistribution at the tree level. We hypothesized 

that whole tree water use and hydraulic redistribution might be mechanistically modeled 

from the dynamics of deep and shallow root water uptake. This modeling attempt should 

not be viewed with predictive purposes (since root sap flow is seldom available) but rather 

as a framework, based on the experimental data, for trying to understand how the root 

system works. 

We used the supersonic air-stream (air-spade) and vertical digging down to the 

water table to map the root system. Sap flow was measured in stems (heat field 

deformation, HFD, and Granier methods) and in roots (HFD method) in tandem with soil 

moisture, groundwater, and stable isotope 18O to study the water uptake from the different 

pools related to root functioning. 
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Materials and methods 

 

Experimental site and plant material 

Measurements were done between March 2007 and December 2008 at Companhia 

das Lezírias, the largest Quercus suber L. woodland close to Lisbon, Portugal (38º50'N; 

8º49'W; 15 m above sea level). It is a savannah-type ecosystem with widely separated 

trees (ca. 30 trees ha-1). The climate is Mediterranean, with hot and dry summers and wet 

and cold winters. Rainfall occurs predominantly from October to April. Long-term (1951-

1980) mean annual rainfall is 708 mm, mean annual temperature is 15.6 ºC (ranging from 

9.9 ºC in January to 22.0 ºC in August) and open water evaporation is 1347 mm (Pegões 

Meteorological Station). The soil is a well-drained deep Haplic Arenosol, with high 

permeability and a low water retention capacity, overlying a thick clay layer at ca. 9 m 

depth. At this site the water relations of four cork oak trees were analyzed. Tree height, 

diameter at breast height, and crown projected area varied between 12.1 and 14.5 m, 0.57 

and 0.98 m, and 172.3 and 247.9 m2, respectively. One of these trees was intensively 

monitored to study root structure and functioning. Tree age was estimated to be 60 years 

by counting annual growth rings in a cross-section near the base of the trunk. Tree mean 

height, diameter at breast height, and crown projected area were 12.1 m, 0.57 m, and 

172.3 m2, respectively. The distance to the nearest neighbor was 18 m. Tree leaf area 

index, on a crown projected area basis, was estimated by destructive sampling at the end 

of the experiment: 5.1 m2 m-2 (David et al., 2012). Root structure could only be analyzed 

in this tree since Q. suber is a protected species and destructive sampling is restricted. 

However, the representativeness of its water status was checked by comparing its 

predawn leaf water potential with those of ten neighboring trees (see Results - Predawn 

leaf water potential) and its stem sap flow with those of three neighboring ones. 

Moreover, the lithology and hydrogeology is spatially homogeneous at the site. 

 

Root system mapping 

By the end of the experimental period (September 2008) the superficial root 

system was uncovered using a supersonic thin air stream (Air-Spade Technology, Verona, 

PA, USA). The air spade was connected to an Ingersoll-Rand compressor providing an 

air flow rate of 12 m3 min-1 at an operating pressure of 1.2 MPa. It converts the energy of 
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compressed air into digging power (which removes soil from roots). The superficial root 

system was uncovered to 1 m depth, from the tree trunk to beyond the crown limits. 

Digging proceeded with a backhoe, on the south side of the crown, from tree trunk down 

to the water table level (ca. 4.5 m depth). 

 

Xylem anatomy 

We measured vessel diameter distribution, the fraction of cross-sectional area 

occupied by vessels, and vessel density in stem and roots. Stem discs were collected at 

breast height. Root discs were collected in a vertical profile from stem base to the water 

table level, and in lateral and sinker roots. From each disc 2-3 radial strips free of defects 

were randomly selected. To sample the conductive area, two 1.5 cm × 1.5 cm wood 

sections (where applicable) were cut from each radial strip at approximately 10% ray 

distance from the cambium. Samples were fixed permanently with formalin-acetic acid-

alcohol (FAA). Transverse sections (ca. 20 μm thick) were obtained using a sledge 

microtome (Leica SM2400, Leica Microsystems GmbH, Nussloch, Germany), stained 

with safranine (1%) for 1-3 min, and mounted with Entellan. Cross sections were viewed 

in a light microscope system (Leica CTR Mic) interfaced with a digital camera (Leica 

DMAL, Leica Microsystems, Heerbrugg, Switzerland) at 5 × 10 × 2. The inner diameters 

of all open vessels (μm) were measured using the image analysis software Leica QWin 

Plus V. 3.5.0 (Leica Microsystems, Heerbrugg, Switzerland). Mean vessel diameter (μm) 

and total vessel area per unit of sampled area (μm2 μm-2) were calculated for each cross-

section. 

 

Meteorological data 

An automatic weather station was installed at the plot on top of a 16 m high 

instrument tower. Solar radiation (CM6B, Kipp and Zonen, Delft, The Netherlands), dry 

and wet bulb temperatures (aspirated psychrometer H301, Vector Instruments, Rhyl, UK) 

and gross rainfall (tipping-bucket rain gauge recorder ARG100, Environmental 

Measurements, Gateshead, UK) were recorded at 10-min intervals by CR10X data 

loggers (Campbell Scientific, Shepshed, UK). Values were averaged or totaled hourly 

and daily. Air vapor pressure deficit was calculated from dry and wet bulb temperatures. 
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Groundwater table 

Fluctuations in groundwater level were monitored in a borehole by a pressure 

transducer (PDCR 830, Campbell Scientific) which measures the difference in pressure 

between the atmosphere and at the depth of the sensor. Data were recorded at 30-min 

intervals by a CR10X data logger (Campbell Scientific, Shepshed, UK). 

 

Soil water content 

Soil volumetric water content at 0.25, 0.50 and 0.75 m depth was measured at 30-

min intervals by ECH2O 20-cm probes (Decagon Devices, Pullman, WA) connected to a 

CR 23X data logger (Campbell Scientific, Shepshed, UK). Values reported represent 

means of nine sensors, three per depth. Probe readings were calibrated against gravimetric 

samples taken, periodically, adjacent to the probes. 

 

Xylem, soil and groundwater stable oxygen isotopic composition 

Q. suber water uptake sources were analyzed by comparing the 18O/16O isotope 

ratio (δ18O) of twig xylem water (in a sample of four trees including the intensively 

studied one) with that of soil water and groundwater. Since plant roots do not discriminate 

between the two oxygen isotopes, the isotopic composition of the xylem sap should reflect 

the relative proportion of root water uptake from the different sources. 

Twig, soil and groundwater samples were collected in two days per summer 

period (26 June and 14 August 2007; 13 August and 10 September 2008). Two lignified 

10 cm-twigs per tree (four trees) were sampled at midday at a minimum of 10 cm from 

the leaves. All leaves and green stem tissue were removed from twigs to avoid 

contamination of the remaining xylem water by isotopically enriched water (Dawson and 

Ehleringer, 1993). Three soil water samples were collected at each sampling depth (0.3, 

0.5 and 0.7 m depth). Groundwater samples, collected from the borehole installed at the 

plot, were hermetically sealed with parafilm to avoid any alteration of the isotopic 

signature due to evaporation. Samples were stored at -18 ºC until water extraction (by 

cryodistillation in soil and twig samples) and analysis by mass spectrometry (Kurz-

Besson et al., 2006).  
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Isotopic δ18O signatures were expressed in relation to the VSMOW international 

standard in parts per thousand as:  

δ18O = (Rsample – Rstandard)/(Rstandard) 1000      (1) 

where R is the isotope ratio of 18O/16O. 

 

Predawn leaf water potential 

Predawn leaf water potential (Ψl,pd, MPa) was measured monthly or at shorter 

intervals (summer) using a Scholander pressure chamber (PMS 1000, PMS Instruments, 

Corvalis, Oregon, USA) (Scholander et al., 1965). At each sampling time, three to four 

leaves were collected at similar heights from the south-facing part of the crowns and 

immediately measured. In order to assess the representativeness of the water status of the 

intensively studied tree, Ψl,pd was also monitored at each measuring day in ten 

neighboring trees. 

 

Sap flow in stem and roots 

Sap flow was monitored by the heat field deformation (HFD) technique 

(Nadezhdina et al., 2008) in stem and roots of the intensively studied tree. We used multi-

point sensors in stem (SE, SW, NE and NW azimuths) and single-point sensors in five 

small superficial roots (Table 1). Each sap flow sensor consisted of a heater and two pairs 

of differential thermocouples installed radially in the sapwood. Both the heater and the 

thermocouples of each sensor were mounted into stainless steel hypodermic needles (1.0 

and 1.5 mm in diameter for single- and multi-point sensors, respectively). Each stem 

multi-point sensor contained five or six equally spaced thermocouples, 8-10 mm apart. 

Stem sensors were shielded from potential sunflecks by reflective insulation. Root single-

point sensors were installed after soil opening and surface cleaning, were shielded by 

silicone rubber and protected with plastic boxes before soil re-covering.  

The HFD method records changes in the heat field around a continuous linear 

heater caused by the moving sap. Sap flow is derived from the temperature difference in 

axial and tangential directions recorded, respectively, by the symmetrical and 

asymmetrical pairs of thermocouples. Further details on the HFD method are given 

elsewhere (Nadezhdina et al., 2008). The temperature data were recorded by Campbell 
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CR10X loggers (Campbell Scientific, Shepshed, UK). From these data, sap flow per a 

certain stem or root section (g cm-1 h-1) was calculated and converted into sap flow density 

(g cm-2 h-1), by dividing by the xylem radius of the corresponding sapwood section. Sap 

flow was obtained by integrating sap flow density over the entire sapwood depth. The 

depth of the sapwood in tree stem was 57 mm (David et al., 2012). Whole-tree stem sap 

flow was obtained by averaging flows from the four sampled azimuths. Root sapwood 

depth was estimated based on anatomical observations, subtracting the heartwood depth 

when present. It was found to be equal to the xylem radius in the smaller roots or slightly 

smaller in the large ones.  

 

Table 1 

Positioning of the sap flow sensors in small roots, around the Quercus suber tree stem 

 

 

The seasonal courses of sap flow in roots and stem were analyzed to characterize 

the patterns of water uptake and hydraulic redistribution, and to infer root behavior and 

functioning (connections to deep soil/groundwater or surface soil water sources). Stem 

sap flow was modeled taking into account the contribution of the different types of 

sampled roots. 

The HFD method is highly sensitive to low, zero and bi-directional flows. Positive 

sap flows in roots indicate that water is moving in acropetal direction, i.e. from roots to 

stem. Negative (reverse) flows in roots mean that water is moving opposite to the normal 

(acropetal) direction.  

Stem sap flow density in the outer 20 mm of xylem was also measured in four Q. 

suber trees (including the intensively studied one) by the Granier method (Granier, 1985), 

from spring 2007 (April) to summer 2008 (September). Two sap flow sensors (UP GmbH, 

Landshut, Germany) were radially installed in the north and south-facing stem xylem of 

each tree. Half hourly data were stored in CR23X data loggers (Campbell Scientific, 
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Shepshed, UK). Tree sap flow was calculated from sap flow density and the radial sap 

flow profiles measured by multipoint HFD sensors. 

 

Statistical analyses 

Differences in mean vessel diameter between tree organs/sections were tested 

through Analysis of Variance. Post-hoc analyses were conducted using the Tukey-

Kramer test for the multiple comparisons of means. All tests were done using the statistics 

software package IBM SPSS Statistics19.0.0 (IBM Corporation, Somers, NY, USA), at 

a minimum significance level of 5% (α = 0.05). The mean isotopic signatures of xylem 

water, groundwater and soil water (from 0.3 to 0.7 m depth) were compared using the 

same procedure. 

 

 

Results 

 

Environmental data 

During the experimental period, the evaporative demand was highest in summer, 

reflecting both the patterns of solar radiation and vapor pressure deficit (Fig. 1a and b). 

Rainfall was mainly concentrated in autumn-winter and scarce or absent in summer 

(particularly in 2008) (Fig. 1b). Topsoil moisture content (m3 m-3) mostly reflected the 

rainfall pattern reaching a minimum at the end of summer. Groundwater table recharged 

during winter and spring, lagging behind rainfall, and progressively declined during the 

summer drought, extending into the autumn. It peaked in March 2007 and May 2008 (1.3 

m and 3.2 m depth, respectively) and was lowest by December of both years (4.2 m and 

4.5 m depth in 2007 in 2008, respectively). 
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Fig. 1. Seasonal courses of daily solar radiation (a), daily rainfall and daily mean air vapor 

pressure deficit (b), groundwater table depth and topsoil (0.25-0.75 m depth) volumetric water 

content (average of three sensors per depth) (c). 

 

Predawn leaf water potential 

Predawn leaf water potential, a surrogate of mean water potential at the roots 

surface, remained high throughout the experimental period (above -0.5 MPa). A similar 
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pattern was observed in the ten neighboring trees (slope = 1.06 and R2 = 0.92, in a linear 

regression through the origin between the intensively studied tree and the average of the 

ten surrounding individuals). 

 

Root mapping 

The belowground mapping of the intensively studied Quercus suber tree 

evidenced a dimorphic root system (Fig. 2). We observed a dense network of superficial 

lateral roots growing at 10-40 cm depth (uncovered by the air spade), connected to sinker 

roots, and a taproot (uncovered by mechanical and manual digging) penetrating into deep 

soil. The proliferation of superficial tree roots decreased considerably below 60 cm depth.  

 

Fig. 2. Scheme and photographs of the Q. suber root system (superficial lateral roots at stem base, 

sinker roots, taproot sections at two depths and tangle of deep fine root filaments) observed in the 

intensively studied mature cork oak tree. A light micrograph illustrating the anatomical features 

of a fine root filament is also shown. Horizontal dashed lines are the boundaries of the water table 

fluctuations. 
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Lateral roots extended beyond the crown projection limits, though restricted by 

prior soil tillage. From the horizontal lateral roots emerged vertical sinkers till the crown 

limits (within the drip line). 

The large taproot, circular at stem basis, branched into smaller ramifications from 

about 1.5 m depth downwards. Below 3 m depth, tangles of fine root filaments were 

observed. These deep fine root filaments are submerged for long periods of the year, 

depending on water table fluctuations, and have parenchyma aerenchyma in their cortex 

(see Fig. 2). 

 

Xylem anatomic traits 

The vertical profile of root conduit size (mean vessel diameter, μm) showed a top-

down decreasing trend (Fig. 3b). Differences in mean vessel diameter between root 

types/sections were always statistically significant (P < 0.05), except between taproot 

section at 1 m depth (taproot 1) and sinkers. The decrease in mean vessel diameter below 

the superficial lateral root at stem base was: 17% in taproot 1 and sinker roots, 30.2% in 

taproot section at 2.6 m depth (taproot 2) and 81.1% in the deep fine root filaments. 

 

Fig. 3. Variation in anatomical traits in stem at breast height (SBH) and in different root 

types/sections with depth in the intensively studied Q. suber tree: (a) fraction of total vessel area 

in sampled area; (b) mean vessel diameter. Error bars (standard error) are contained within the 

symbol size. 

 

The total vessel area per unit of sampled area (μm2 μm-2) decreased from lateral 

root at stem base to taproot 1 and 2 (23.6% and 56.0%, respectively) but significantly 
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increased in the sinkers and deep fine root filaments (33.5% and 102.0%, respectively) 

(Fig. 3a). 

 

Sap flow in roots and stem 

From the seasonal variation of sap flow in stem and superficial roots, in response 

to environmental drivers, it was possible to infer different root behavior and functioning 

(Fig. 4). 

 

 

Fig. 4. Seasonal variation of average sap flow (half-hourly values) in stem (a), and in deep 

connected ((b) and (c)) and shallow connected (d-f) roots of the intensively studied Q. suber 

tree. 

 

Stem sap flow (Fig. 4a) closely followed the radiation pattern (Fig. 1a): daily stem 

flow (kg day-1) = 5.5 × daily solar radiation (MJ m-2 day-1) + 4.6; R2 = 0.73. Therefore, 

tree transpiration was not limited by water supply during the dry summer. Similarly, in 

roots 1 and 4 (Fig. 4b and c) (hereafter referred as deep connected roots), daytime sap 

flow followed the radiation pattern peaking in summer when the topsoil was dry, and 
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declining in winter. Nighttime reverse flows (negative) were observed in the rainy winter, 

evidencing the occurrence of hydraulic descent (reverse hydraulic lift). This means that 

these roots are connected to deep water sources, from where they absorb water during 

summer. In roots 2, 3 and 5 (Fig. 4d-f) (hereafter referred as shallow connected roots), 

maximum daytime sap flow decreased in summer and peaked in autumn–winter upon 

topsoil rewetting, following the seasonal variations in topsoil moisture (Fig. 1c). Reverse 

(negative) nighttime flows occurred during the dry summer, particularly in 2008, 

indicating hydraulic lift. This type of behavior suggests that these roots are connected to 

topsoil layers. 

Fig. 5 illustrates the seasonal dynamics of the relative importance of individual 

deep and shallow connected roots in the overall water uptake. Lines in the Figure 

represent the trends of maximum daily sap flow for the two types of roots (deep connected 

- average of 1 and 4; shallow connected - average of 2, 3 and 5) normalized by the mean 

of the two root types. The dashed line indicates that sap flow is equal to the mean (values 

equal to one). Individual deep and shallow connected roots have quite similar flows 

during winter. However, during summer, when surface soil dries, flow in individual deep 

connected roots is much higher than in shallow connected roots. 

 

Fig. 5. Seasonal variation of the relative contribution (fraction of the mean) of the deep and 

shallow connected roots in the overall water uptake of the intensively studied Q. suber tree. 

Horizontal dashed line indicates an equal (mean) contribution of deep and shallow connected 

roots. 

 

Xylem, soil and groundwater stable oxygen isotopic composition 
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During summers of 2007 and 2008, δ18O signature was similar in xylem water and 

groundwater and significantly more negative than that of soil water (0.3-0.7 m layer) 

(Table 2). This indicates that the direct use of groundwater by trees prevailed during the 

summers. 

 

Table 2 

Stable oxygen isotopic signature (δ18O) of twig xylem water (average of four trees including the 

intensively studied one) compared to shallow soil (average of the 0.3-0.7 m depth, 3 samples per 

depth) and groundwater, during summers of 2007 and 2008. Values between brackets are standard 

error of the mean. Within each line mean values followed by the same letter are not significantly 

different (P < 0.05; Tukey–Kramer test). 

 

 

Modeling whole tree water use from sap flow of deep and shallow connected roots 

To simulate stem sap flow from root sap flow (kg day-1) we assumed that the 

functional behavior of the two types of superficial sampled roots was representative of 

the whole root system: average of roots 1 and 4 for deep connected roots and average of 

roots 2, 3 and 5 for shallow connected roots (see Fig. 4). This assumption is reinforced 

by the results of Nadezhdina et al. (2008) who found the same two behavioral root types 

in a Q. suber at a different site.  

Two modeling conceptual frameworks were tested considering that: (a) root types 

work in parallel (Model 1); (b) root types work in series (Model 2) (Fig. 6). In Model 2, 

T-type model, each superficial root is considered connected to one sinker. Part of the root, 

between the sinker and the stem, behaves as deep connected and the other part, between 

the sinker and superficial soil, behaves as shallow connected. In this Model, the flow in 

the sinker (not measured) was calculated according to the mass balance equation (in kg 

day-1): 

Flow deep connected = Flow shallow connected + Flow sinker   (2) 

which is valid for both positive and negative flows. 

In Model 1, stem sap flow was simulated as: 
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Flow stem = n1×Flow deep connected + n2×Flow shallow connected  (3) 

where n1 and n2 are the number of equivalent deep and shallow connected conductors, 

respectively, expected to be different in this case. 

In Model 2, stem sap flow was simulated as: 

Flow stem = n1×Flow deep connected       (4) 

where n1 is the number of equivalent deep connected conductors, equal to the number of 

shallow connected conductors. Stem flow will only depend on the flow of deep connected 

roots since it integrates both the flow from sinkers and shallow connected roots (see Fig. 

6 and Eq. (2)). 

In both models n1 and n2 do not represent the number of real roots but the 

theoretical number of equivalent roots (with flow equal to the average of each individual 

sampled root type).  

Parameter n1 was estimated (for both models) as the slope of the linear regression 

through the origin between daily stem sap flow and deep connected root sap flow, when 

shallow root sap flow was negligible (less than 10% of average: > -0.11 and < 0.11 kg 

day-1; stem sap flow = 229.91 × deep connected root sap flow, R2 = 0.54,  

n = 29; estimated n1 = 230). 

Parameter n2 for Model 1 was estimated as the slope of the linear regression 

through the origin between daily stem sap flow and shallow connected root sap flow, 

when deep root sap flow was negligible (less than 10% of average: > -0.1 and  

< 0.1 kg day-1; stem sap flow = 48.22 × shallow connected root sap flow, R2 = 0.50,  

n = 11; estimated n2 = 48). 

To test the assumptions of Model 2 we estimated the number of shallow connected 

conductors (n2) when sinker root sap flow (calculated) was negligible (less than 10% of 

average: > -0.03 and < 0.03 kg day-1; stem sap flow = 202.11 × shallow connected root 

sap flow, R2 = 0.55, n = 12; estimated n2 = 202). The number of shallow connected roots 

(202) is close to that estimated for the deep connected roots (230). The small difference 

(14%) suggests that the conceptual framework of Model 2 is basically correct. In this 

Model, parameter n1 was considered equal to the average of these two values (216).  

The two models were validated against daily stem sap flow (HFD method) 

measured in the whole studied period in the intensively studied tree. Model 2 performed 
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much better than Model 1 (modeled values = 1.09 × measured values, R2 = 0.71 for Model 

2; and modeled values = 1.31 × measured values, R2 = 0.48 for Model 1). Model 2 was 

also validated against measured half-hourly stem flow in the same tree and model 

efficiency was even higher: modeled values = 1.09 × measured values, R2 = 0.88). Model 

2 was additionally validated against the average daily stem sap flow of the four trees 

measured by the Granier method, using the parameters and the average sap flow of deep 

connected roots estimated/observed in the intensively studied tree. Model performance 

was again very good (R2 = 0.85; Fig. 7).  

 

Fig. 6. Conceptual frameworks of the two models tested to simulate stem sap flow from root sap 

flow. 

 

Estimation of water balance and hydraulic redistribution for the whole tree 

Considering that the T-type Model 2 reproduces well the bulk of the behavior of 

the root system, we used it to simulate root functioning along the different seasons. Fig. 

8 illustrates the expected root functioning in the wet and dry seasons (day and night). 

During daytime in the dry season, predominant flow comes from groundwater 

through sinkers which feed the deep connected parts of superficial roots (Fig. 8a, day). 

The water uptake by sinkers is also responsible for the occurrence of the nighttime 

hydraulic lift in the shallow connected parts of superficial roots (Fig. 8a, night). 
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Fig. 7. Validation of daily stem flow estimated by Model 2 (T-type) against average daily stem 

flow of four trees measured by the Granier method. 

 

 

 

Fig. 8. Scheme of the functioning of the whole tree root system according to the conceptual 

framework of Model 2 (T-type): (a) dry season (day and night); (b) wet season (day and night). 

(s) and (d) refer to shallow connected or deep connected superficial roots, respectively. Arrows 

indicate the direction of flow. 

 

During daytime in the wet season, predominant flow comes from the wet soil 

which feeds the shallow and the deep connected parts of superficial roots (flow about the 
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same in the two root types (Fig. 8b, day)). In this case the contribution of groundwater 

will be minor. During nighttime flows from the shallow (positive) and deep connected 

roots (negative) converge into the sinker producing hydraulic descent (Fig. 8b, night).  

The aforementioned conceptual interpretation of root functioning is consistent 

with the patterns of sap flow measured in individual roots (see Figs. 4 and 5), and 

simulates well stem flow (see Results - Modeling whole tree water use from sap flow of 

deep and shallow connected roots, Fig. 7). This suggests that the T-type model captures 

the predominant root fluxes. Accepting this, we estimated the total amounts of hydraulic 

lift (HL), hydraulic descent (HD), and soil water (SW) and groundwater (GW) 

contributions to stem flow at the whole tree level on a half-hourly basis. HL per tree was 

calculated multiplying the average sap flow of the sampled shallow connected roots 

(when negative) by the number of theoretical equivalent conductors (216). HD was 

calculated multiplying the sap flow of the sinker root (when negative, estimated by Eq. 

(2)) by the same number of theoretical equivalent conductors.  

Soil water (SW) contribution to stem for each T-type connection was calculated 

when average deep connected root sap flow > 0 (positive input to stem) and shallow 

connected root > 0 (HL = 0), as: 

If sinker root sap flow < 0 (HD), SW contribution = shallow root connected flow 

+ sinker root flow (HD, negative); Else, SW contribution = shallow connected root flow. 

Groundwater (GW) contribution to stem for each T-type connection was 

calculated when average deep connected root flow > 0 (positive input to stem) and sinker 

root flow > 0 (HD = 0), as: 

If shallow root connected flow < 0 (HL), GW contribution = sinker root flow + 

shallow root flow (HL, negative); Else, GW contribution = sinker flow. 

SW and GW contributions of individual conductors were extrapolated to the 

whole tree multiplying by the theoretical number of equivalent conductors (216). 

Calculations were done in kg h-1 and integrated daily, monthly and yearly. Values 

were expressed in mm dividing by the crown projected area (172.3 m2). Results obtained 

were cross-validated and follow the requirements of the mass balance equation both for 

shallow connected, deep connected and sinker roots. 
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Fig. 9 shows the monthly values of the components of the water balance and of 

hydraulic redistribution (September 2007-August 2008) for the intensively studied tree. 

On an annual basis (September 2007-August 2008) rainfall was 571.3 mm, stem flow 

224.9 mm, SW and GW contributions 69.5% and 30.5% of stem flow, respectively, and 

HL and HD 0.9% and 37.0% of stem flow, respectively. In December 2007 (when HD 

was highest), rainfall was 47.0 mm, stem flow 9.9 mm, SW and GW contributions 98.4% 

and 1.6% of stem flow, respectively, and HL and HD 0 and 136.3% of stem flow, 

respectively. Highest and average daily HD were 0.9 and 0.44 mm day-1 tree-1, 

respectively. In August 2008 (when HL was highest), rainfall was 0.5 mm, stem flow 23.8 

mm, SW and GW contributions 21.8% and 78.2% of stem flow, respectively, and HL and 

HD 5.6 and ca. 0% of stem flow, respectively. Highest and average daily HL were 0.09 

and 0.04 mm day-1 tree-1, respectively. 

 

 

Fig. 9. Monthly values (September 2007–August 2008) of rainfall, stem sap flow, groundwater 

(GW) and soil water (SW) contributions to stem sap flow, hydraulic descent (HD) and hydraulic 

lift (HL) for the intensively studied Q. suber tree. 

 

 

Discussion 

 

Under the strong seasonality of the Mediterranean climates, trees have to 

withstand a long dry season. Given the low water holding capacity of the soil at our 

experimental site (sandy soil), we would expect Quercus suber trees to be subjected to 



Chapter 4: Root functioning, tree water use and hydraulic redistribution in Quercus suber trees: A modeling 

approach based on root sap flow. 

92 
 

water stress in summer. However, predawn leaf water potential of the intensively studied 

tree never decreased below -0.5 MPa, similarly to what was observed in the neighboring 

ones. Likewise, tree transpiration, estimated by sap flow at stem breast height, reached a 

maximum during the dry summer, closely following the pattern of solar radiation (R2 = 

0.73; Figs. 1a and 4a). 

To sustain high transpiration rates in summer (given the low water content in the 

surface soil (Fig. 1)) trees need to be functionally connected to the groundwater reservoir 

(Canadell et al., 1996). The prevailing direct groundwater uptake by deep roots during 

the summer was confirmed by the δ18O signature of twig xylem, surface soil (averaged 

from 0.3 to 0.7 m depth) and groundwater (see Table 2). The role of groundwater supply 

in the maintenance of the transpiration of Mediterranean oaks during drought has already 

been reported elsewhere, though through different approaches (David et al., 2007; 

Lubczynski and Gurwin, 2005; Miller et al., 2010). 

The maintenance of contact between roots and groundwater table was ensured at 

our site by the dimorphic root system (Fig. 2). A dense network of superficial roots, 

extending at least into the crown limits, mainly colonized the first 60 cm of soil. These 

roots are connected to sinkers, and some of them turn down vertically near the crown 

limits. The deepest roots extended at least below the lowest water table level observed 

during the experimental period (4.5 m deep). Below 3 m depth, tangles of hair-like deep 

roots were submerged during long periods of time, as evidenced by the water table 

fluctuations (Figs. 2 and 1c), apparently surviving periodic waterlogging. This could be 

ascribed to the presence of large areas of the cortex occupied by parenchyma aerenchyma 

(Fig. 2), a porous tissue that acts as a low resistance internal pathway for oxygen transport 

between roots and the aerial environment. Its formation seems to be triggered by periods 

of oxygen deficiency that promote a limited tolerance to anaerobic conditions (Colmer, 

2003; Drew et al., 2000). Root mean vessel diameter showed a top--down decrease. 

Vessel area per unit of sampled area was higher in sinkers and deep fine root filaments 

(Fig. 3). The decreasing trend in vessel diameter with root depth observed in Q. suber is 

different from that reported by McElrone et al. (2004) for Juniperus ashei, Bumelia 

lanuginosa, Quercus fusiformis and Quercus sinuate, where higher vessel diameters were 

found in deep roots. The high proportion of vessel area in deep root filaments and sinker 

roots suggests that these organs are mainly oriented towards the transport of water. On 

the other hand, the taproot and the superficial lateral root (with a much smaller proportion 
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of vessel area) seem to provide, in addition to water transport, an important structural 

support function. 

The occurrence of hydraulic redistribution was detected by measuring sap flow 

(heat field deformation method) in five superficial roots (Figs. 4b-f). In roots connected 

to deep soil layers or groundwater (deep connected roots, roots 1 and 4), hydraulic descent 

(negative flows) occurred at night during the wet seasons (Fig. 4b and c). In roots 2, 3 

and 5 (shallow connected roots), hydraulic lift (nighttime negative flows) was detected 

when superficial soil dried out (Fig. 1), in the dry periods of spring 2007 and summers of 

2007 and 2008 (Fig. 4d–f). The occurrence of hydraulic redistribution has been 

documented in Q. suber (Kurz-Besson et al., 2006; Nadezhdina et al., 2008) and in 

different biomes, being a process more widespread than previously thought (Nadezhdina 

et al., 2010; Oliveira et al., 2005; Prieto et al., 2012).  

Similarly to tree transpiration (stem sap flow), the sap flow in deep connected 

roots (roots 1 and 4) followed the radiation pattern, but water uptake through the shallow 

connected roots (roots 2, 3 and 5) strongly declined during the dry summers (Fig. 4). 

During the wet season, the contribution of individual shallow and deep connected roots 

was similar, but during the summer supply through the deep connected roots prevailed 

(Fig. 5).  

Based on the two functional root types identified both in this work and by 

Nadezhdina et al. (2008), a conceptual model (Model 2, T-type) was tested considering 

that each superficial root might work as deep connected or shallow connected, depending 

on sensor position relative to the sinker root linked to it: part of the root works as deep 

connected (between the stem and the sinker) and part as shallow connected (between the 

sinker and superficial soil) (see Fig. 6). Number of theoretical equivalent conductors of 

deep and shallow connected roots was considered equal and estimated as 216 (see Results 

- Modeling whole tree water use from sap flow of deep and shallow connected roots). As 

in all modeling attempts, this T-type model is a simplification of reality. For the T-type 

model the number of equivalent conductors estimated for deep connected roots (230) was 

slightly higher than for shallow connected roots (202) (see Results - Modeling whole tree 

water use from sap flow of deep and shallow connected roots), though according to the 

model they should be equal (Fig. 6). Difference might reflect the existence of a small 

number of equivalent roots behaving as sinkers not connected to shallow roots. This may 
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be the case of the taproot. However, and since the aforementioned difference is small, the 

T-type model seems to capture the predominant behavior of the overall root system. 

Based on this model we: (1) estimated stem sap flow from root sap flow with a 

high accuracy both at tree and plot level (average of four trees) (see Results - Modeling 

whole tree water use from sap flow of deep and shallow connected roots and Fig. 7); (2) 

developed a conceptual framework for the dynamics of water fluxes in roots (Fig. 8), 

which is consistent with that measured in sampled roots (Figs. 4 and 5); (3) calculated the 

soil water (SW) and groundwater (GW) contributions to tree stem flow (see Results - 

Estimation of water balance and hydraulic redistribution for the whole tree, Fig. 9); (4) 

calculated the amount of HL and HD per tree (see Results - Estimation of water balance 

and hydraulic redistribution for the whole tree, Fig. 9). According to our results, the main 

source of water supply to trees is soil water. This predominant water uptake from soil 

occurred in autumn, winter and spring, when soil was wet and its water potential was 

higher than that at groundwater. Water uptake from groundwater was only relevant during 

the dry summer, becoming predominant during the two driest months (July and August, 

Fig. 9), when the upward pressure gradient (between dry soil and groundwater) exceeded 

the downward gravitational gradient. Soil water contribution to stem sap flow amounted 

to 69.5%, 98.4% and 21.8% on an annual, wet month (December) and dry month (August) 

basis, respectively. For the same periods groundwater contribution to stem flow amounted 

to 30.5%, 1.6% and 78.2%, respectively. Hydraulic lift represented only 0.9% of annual 

stem flow and 5.6% of stem flow in August. Maximum and mean daily HL in August 

were 0.09 and 0.04 mm day-1 tree-1, respectively. Hydraulic descent was much higher: 

37% of stem flow on an annual basis and 136.3% of stem flow in December. Maximum 

and mean daily HD in December were 0.9 and 0.44 mm day-1 tree-1, respectively. 

The water balance components and the amounts of HR obtained for the intensively 

studied Q. suber tree should be also valid for all plot trees, since they were calculated 

according to Model 2 which simulates the average stem sap flow of four trees with a high 

efficiency. 

Our estimates of hydraulic lift are in the lower range of those reported in a recent 

review by Neumann and Cardon (2012) (0.04-1.3 mm day-1 in experimental studies) and 

lower than those estimated for old growth Pinus ponderosa and Pseudotsuga menziesii 

stands (0.094-0.111 mm day-1) (Warren et al., 2007). The values of hydraulic descent at 

our site are within the range reported by Neumann and Cardon (2012) (0.2-1.7 mm day-1 
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in experimental studies). Previous estimates of both HL and HD were mainly based on 

soil moisture or soil water potential measurements. To the best of our knowledge, only 

one study estimated HL and HD based on root sap flow (Scott et al., 2008). Our results 

confirm the general tendency reported by Burgess et al. (2001) and Neumann and Cardon 

(2012) of HD being higher than HL. In our case annual HD (83.2 mm) exceeded annual 

tree groundwater use (68.7 mm). Hence, we could think that the tree was contributing to 

a net recharge of groundwater. Within this line of reasoning, some authors argue that HD 

may contribute to postpone the onset of drought extending the growth period (Scott et al., 

2008). However, we think that this groundwater recharge would also occur in the absence 

of the tree, though at a slower rate, through soil water percolation. Nevertheless, the quick 

drainage of soil water through HD may be ecologically relevant, since it may prevent 

waterlogging and promote aeration in surface soil, contributing to the maintenance of 

optimal conditions for superficial roots. 

At our site, hydraulic lift does not seem to have an immediate hydrological 

relevance (very small contribution to transpiration) as observed in other studies (Domec 

et al., 2012; Markewitz et al., 2010; Newman and Cardon, 2012). However, it can be 

ecologically important for up taking nutrients from the upper soil (Neumann and Cardon, 

2012; Ryel et al., 2010). The trees at our site only perform HL when groundwater supply 

is dominant (Fig. 9). Since the groundwater is usually poor in nutrients, HL may 

compensate for that through the release and reabsorption of water into and from top soil, 

which is the main pool for nutrient supply (Ryel et al., 2010). HL can also be important 

for maintaining fine roots, mycorrhizal hyphae, soil-water contact and preventing 

embolism (Neumann and Cardon, 2012; Scott et al., 2008).  

As hypothesized, we were able to successfully model the bulk of the functional 

traits of the root system of Q. suber trees and explain how they cope with seasonal 

drought. The trees maximize the exploitation of the environmental resources by using the 

topsoil water most of the year, and groundwater together with hydraulic lift (nutrient 

supply) in the dry summer. 

Our findings have important implications for the management of Q. suber stands 

under shallow water table conditions. Any sudden groundwater table decline, due to water 

abstraction may result in additional tree water stress, crown dieback or even tree death 

(Cooper et al., 2003). The response of Q. suber trees to the expected increase in the length 

and severity of seasonal summer drought due to climate change will probably result in a 
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decrease in soil water uptake and hydraulic descent and an increase in groundwater uptake 

and hydraulic lift. In the long-term the progressive lowering of water table level may 

threaten the sustainability of these ecosystems. Furthermore, Q. suber woodlands are 

usually exploited as agroforestry systems, with trees associated to crops or pasture. 

Ploughing is a common practice under such conditions. By damaging or destroying 

superficial roots, it may disconnect trees from the nutrient and water pools (both soil and 

groundwater) also contributing to tree decline and mortality. Therefore, minimum tillage 

techniques should be recommended in Mediterranean oak woodlands. 
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Abstract 

 

Water is one of the major environmental factors limiting plant growth and survival in the 

Mediterranean region. Quercus suber L. woodlands occupy vast areas in the Iberian 

Peninsula, frequently under shallow water table conditions. The relative magnitude of soil 

and groundwater uptake to supply transpiration is not easy to evaluate under these 

circumstances. We recently developed a conceptual framework for the functioning of the 

root system in Q. suber that simulates well tree transpiration, based on two types of root 

behaviour: shallow connected and deep connected. Although this significantly improved 

knowledge on the functional traits of Mediterranean Q. suber, the approach has the 

limitation of requiring root sap flow data, which are seldom available. In this work, we 

present alternative methodologies to assess if trees are connected to groundwater and to 

estimate the soil and groundwater contributions to tree transpiration. We provide evidence 

on the tree unrestricted access to groundwater solely based on meteorological, stem sap 

flow and leaf water potential data. Using a soil mass balance approach, we estimated the 

yearly soil and groundwater contributions to tree transpiration: 69.7% and 30.3%, 

respectively. Groundwater uptake became dominant in the dry summer: 73.2% of tree 

transpiration. Results reproduce extremely well those derived from root modelling. 

Because of its simplicity both in formulation and data requirements, our approach is 

potentially liable to be adapted to other groundwater-dependent Mediterranean oak sites, 

where interactions between land use and water resources may be relevant. 

 

Keywords: Cork oak, Sap flow radial profile, Tree water use, Water balance, Tree 

water sources, Ecohydrology   
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Introduction 

 

Water is one of the major environmental factors limiting plant growth and survival 

in Mediterranean climate regions (Mooney, 1983). Plants are subjected to a climatic 

seasonality and a recurrent asynchrony between water supply and demand. Mediterranean 

evergreen oaks developed several mechanisms to cope with seasonal summer drought, 

restraining water losses and/or maximizing water absorption through deep rooting 

(Walter, 1973; Infante et al., 1997; David et al., 2007; Limousin et al., 2009). If the water 

table is within the reach of roots, these oaks may use groundwater to minimize summer 

water deficit (Scott et al., 2003; David et al., 2004, 2007; Lubczynski and Gurwin, 2005; 

Miller et al., 2010). Water uptake from this water reservoir may be relevant for the aquifer 

water balance and compete with other urban and agricultural water uses (Newman et al., 

2006; Lubczynski, 2009; García-Ruiz et al., 2011). 

Quercus suber L. (cork oak) woodlands occupy vast areas in the Iberian Peninsula 

and in western North Africa, the largest being located in Portugal (over 700 x 103 ha) 

(AFN, 2010). These ecosystems have a high socioeconomic and conservation value, 

supporting high levels of biodiversity and acting as a source of income for rural 

populations (Bugalho et al., 2011). A sparse stratum of Q. suber trees supporting the cork 

industry co-exists with an understory of grasses or shrubs. Although the potential 

distribution of the species includes almost the entire country (Natividade, 1950), Q. suber 

woodlands are mainly found along the lowlands of the Tagus and Sado rivers basins 

(AFN, 2010), frequently occupying areas with shallow water tables (WWF, 2010). Under 

these circumstances, ecosystem water use and sustainability are likely to be highly 

dependent on groundwater uptake by trees (Zencich et al., 2002; Scott et al., 2003; 

Lubczynski, 2009). The quantification of the relative magnitude of soil and groundwater 

uptake to supply seasonal transpiration is not an easy task. Stable isotopes are a valuable 

tool to identify and quantify the different sources of water use (soil or groundwater) 

(Zencich et al., 2002; Kurz-Besson et al., 2006; David et al., 2007; Do et al., 2008). 

However, the high cost of the analyses makes it difficult to obtain a continuous/integrated 

dataset. Recently, David et al. (2013) built up a conceptual framework for the functioning 

of the root system in Q. suber trees based on two types of root behaviour: shallow 

connected (linked to surface soil) and deep connected (linked through sinkers to 

groundwater). This modelling approach successfully estimated whole tree stem sap flow 
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from root sap flow. Furthermore, the model allowed the continuous (daily) estimation of 

soil water and groundwater uptake as well as the magnitudes of hydraulic lift and 

hydraulic descent. Results showed that Q. suber trees used predominantly soil water 

during most of the year and groundwater in summer (performing hydraulic lift) when the 

surface soil was dry. Although these results represent a significant improvement on the 

knowledge of the functional traits of Mediterranean Q. suber woodlands, the used 

modelling approach has the limitation of requiring root sap flow, which is seldom 

available, as an input data. Therefore, it would be useful to develop alternative/simpler 

methodologies, using more commonly available data to (1) assess if tree roots are 

connected to groundwater and (2) estimate soil and groundwater contributions to the 

whole tree transpiration. In the present work, we will try to fulfil these two objectives 

using meteorological, soil water storage capacity, stem sap flow and leaf water potential 

data. Because these data and those reported in David et al. (2013) were collected at the 

same experimental site, results can be cross checked for validation. The site is located 

over the Tagus aquifer - East of Lisbon. This aquifer is the largest groundwater reservoir 

in Portugal (9500 km2 in area, from 6º 30’ to 9º 40’ W and 37º 00’ to 40º 56’ N (Simões, 

2003)) being the main source of water supply for local domestic, industrial and 

agricultural uses (Ribeiro, 2009). Approximately 35% of its surface is occupied by Q. 

suber woodlands (WWF, 2010). 

The experiment was conducted in mature Q. suber trees. Environmental (climate, 

soil moisture and groundwater) and ecophysiological (sap flow and leaf water potentials) 

measurements were done over a period of 18 months. We hypothesized that (1) the 

quantification of soil and groundwater uptake per tree could be possible based on a simple 

soil mass balance approach requiring only meteorological, soil water retention capacity 

and stem sap flow data, and (2) even under well-watered conditions stomata might still 

have a role in regulating tree water use. 

 

Material and methods 

 

Experimental site 

The experimental site is located at the largest Q. suber woodland near Lisbon, 

Central Portugal, in the estate of Companhia das Lezirias (38º 50′ N; 8º 49′ W, approx. 
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50 km E of Lisbon). Site topography is flat. The study area is a typical savannah-type 

ecosystem, with a sparse Q. suber canopy of 30 trees ha-1 and tree crown cover of 29%. 

The understory is composed almost exclusively of grasses. The soil is a well-drained deep 

Haplic Arenosol (IUSS Working Group WRB, 2006) with a low water retention capacity. 

A shallow water table stands over a thick clay layer located at 9 m depth. 

Climate is of Mediterranean type with wet, mild winters and dry, hot summers. 

Long-term (1951-1980, for the nearest meteorological station, Pegões) mean annual 

rainfall is 708 mm year-1 (mainly concentrated in the period from October to April), open 

water evaporation is 1347 mm, and air temperature is 15.6 ºC (INMG, 1991). Monthly 

average temperatures range from 9.9 ºC in January to 22.0 ºC in August. 

 

Plant material 

Four mature Q. suber L. trees were intensively monitored from March 2007 to 

September 2008, encompassing two dry seasons. Seven additional trees were randomly 

selected to assess the representativeness of the water status of the intensively studied trees 

(through leaf water potential measurements). Average trunk diameter at breast height, 

crown projected area and tree height of the four intensively studied trees was 0.73 ± 0.18 

m, 208.1 ± 32.4 m2, 12.82 ± 1.16 m, respectively. Tree leaf area index, on a crown 

projected area basis, was estimated by destructive sampling at the end of the experiment: 

5.1 m2 m-2 (David et al., 2012). 

 

Meteorological measurements 

Meteorological variables were continuously monitored at the site. An automatic 

weather station was set up at the top of a 16 m high scaffold tower to perform 

measurements on solar radiation (pyranometer CM6B, Kipp and Zonen, Delft, The 

Netherlands), net radiation (net radiometer Q7, REBS, Seattle, USA), wind speed 

(anemometer A100R, Vector Instruments, Rhyl, UK) and dry and wet bulb temperatures 

(aspired psychrometer H301, Vector Instruments, Rhyl, UK). Rainfall (tipping-bucket 

rain gauge ARG100, Environmental Measurements, Gateshead, UK) was measured at 

ground level. Measurements were recorded as 10-min averages [temperature (º C), solar 

radiation (RS, W m-2), wind speed (m s-1)] or totals [rainfall (mm)] in a CR10X data-

logger (Campbell Scientific, Shepshed, UK). Air vapour pressure deficit (D, Pa) was 

calculated from dry and wet bulb temperatures. 
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Soil moisture 

Water retention curves were determined in undisturbed soil samples, collected at 

0.25, 0.50, 0.75 and 1.00 m depths, using Ceramic Plate Extractors (Soil Moisture 

Equipment Corp., Santa Barbara, USA) and applying extraction pressures of 5, 10, 33 

and 1500 kPa (Table I). Bulk density, calculated after drying (105 ± 3 ºC) and weighting 

undisturbed soil samples collected at each depth, varied between 1.59 and 1.65 g cm-3 

along the profile. 

 

Table I 

Volumetric soil water content (cm3 cm-3) of soil for different depths and different soil suctions  

(-5, -10, -33 and -1500 kPa), at the Lezírias site. 

 

 

Volumetric soil water content was continuously assessed from late spring (June) 

2007 onwards using soil moisture sensors [ECH2O (EC-20), Decagon Devices, Inc., 

Pullman, USA]. Twelve probes were installed along three vertical profiles underneath 

tree canopy, at 0.25, 0.50, 0.75 and 1.00m depths. Probes, measuring the dielectric 

constant (mV) of the soil, were connected to a CR23X data logger (Campbell Scientific, 

Shepshed, UK) to record 30-min averages. Volumetric soil water content (m3 m-3) for 

each sensor was obtained using site-specific conversion equations established for each 

depth from water retention curves and periodic gravimetric determinations done from 0.1 

m to 1.1 m depth, every 0.2 m approximately once a month. 

Volumetric soil moisture content was also measured periodically (usually weekly) 

in an open area, between the trees, through a PR1 Profile Probe (Delta-T Devices, 

Cambridge, UK) at the depths of 0.2, 0.4, 0.6 and 1.0 m in a thin-wall access tube. 

Measurements were also calibrated against gravimetric measurements. 
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Field soil moisture data are always prone to quantitative inaccuracies both due to 

instrumental errors and random spatial variability (Gruber et al., 2013). Therefore, these 

data were not used for quantitative purposes but only to characterize the approximate 

patterns of soil moisture variation in the different soil layers. 

 

Groundwater table 

Water table level variation was monitored in a 9 m deep borehole using a pressure 

transducer (PDCR 830, Campbell Scientific, Shepshed, UK). It measures the difference 

in pressure between the atmosphere and the depth of the sensor. Fluctuations of the water 

table level (m) were stored as 30-min averages in a CR10X data logger (Campbell 

Scientific, Shepshed, UK). 

 

Sap flow 

 Tree stem sap flow was measured combining the thermal dissipation method (TD; 

Granier, 1985) to measure sap flow density in the outer xylem, with the heat field 

deformation method (HFD; Nadezhdina et al., 1998) to assess the sap flow radial profile 

(sapwood conductive depth), enabling the conversion of sap flow density into sap flow. 

Sap flow density was continuously measured from April 2007 till the end of 

September 2008 in four Q. suber trees. Two TD sensors (UP GmbH, Landshut, Germany) 

were radially inserted in the north-facing and south-facing stem sides of each tree, approx. 

130 cm above soil surface. Sensors consisted of a pair of 20 mm long and 2 mm diameter 

probes, each one containing a copper-constantan thermocouple, inserted in the conducting 

xylem. The upper probe was heated to a constant power, whilst the lower one, 10 cm 

apart, remained at trunk and sap temperature. The temperature difference between each 

pair of probes was recorded as 30-min averages in CR10X and CR23X data loggers 

(Campbell Scientific, Shepshed, UK). Sap flow density in the outer 20 mm of conductive 

xylem was calculated based on the recorded averages of temperature difference and the 

maximum temperature difference between probes over 10-day periods (see Granier 1985, 

1987, for full details). 

The HFD method (Nadezhdina et al., 1998) records changes in the heat field, 

caused by the moving sap, around a continuous linear heater inserted in tree stem. The 

deformation of the heat field is evaluated by two pairs of differential thermocouples, 
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which measure the temperature difference in axial (symmetrical) and tangential 

(asymmetrical) directions (see Nadezhdina et al., 1998, 2002, 2012, for further details). 

Based on these differences sap flow per a certain stem section (g cm–1 h–1) and sap flow 

density (g cm-2 h-1) are derived.  

Sap flow density radial profile was measured in the four Q. suber trees during 

March 2007. One multi-point HFD sensor, containing six equally spaced thermocouples 

(10 mm apart) (Dendronet, S.R.O., Brno, Czech Republic), was radially inserted in stem 

sapwood approx. 130 cm above soil surface. The same sensor was used to record sap flow 

density in 4/5 azimuths/tree (depending on stem diameter) for at least one clear sky day 

in each position. The first measuring point inside cambium varied from 3 to 5 mm. Data 

were stored at 5-min intervals in a Unilog Midi-12 data logger (EMS Co., Brno, Czech 

Republic).  

The seasonal variation in the radial profile of sap flow density was monitored in 

one of the trees. Four multi-point HFD sensors (containing six equally spaced, 8 or 10 

mm, thermocouples) were installed in tree stem xylem in the SE, SW, NE and NW 

azimuths in March 2007 and maintained until September 2008. Thirty-min temperature 

differences were stored in a CR10X data logger (Campbell Scientific, Shepshed, UK). 

To estimate whole-tree sap flow (F), the sap flow in the outer 20 mm of the xylem 

(TD method) was divided by the ratio between sap flow in this xylem layer and sap flow 

in the whole conductive area (estimated from the radial profiles obtained by HFD 

sensors). Average sap flow rates of the four sampled trees were calculated for 30 min 

intervals and integrated on a daily basis. Sap flow was expressed per unit of crown 

projected area (mm day-1 or mm h-1). Under steady state-conditions stem sap flow (F) 

equals tree transpiration (T). 

 

Leaf water potential 

Seasonal variation of tree water status was assessed by measuring leaf water 

potential (Ψl, MPa) approximately on a monthly basis. Measurements were carried out in 

the selected trees (see Section on Plant material) at predawn (Ψl,pd) and around midday 

(Ψl,md), using a Scholander pressure chamber (PMS 1000, PMS Instruments, Corvalis, 

USA) (Scholander et al., 1965). At each sampling time, three to four leaves per tree were 

collected and immediately measured. To avoid artificial variability caused by hydrostatic 
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water potential, leaves were collected at similar heights aboveground from the south-

facing side of the crown of each tree. 

Predawn leaf water potential, Ψl,pd, is usually assumed to be in equilibrium with 

soil water potential (Ψs) and, hence, used as a surrogate for Ψs (Ritchie and Hinckley, 

1975). However, this assumption may be invalid under conditions of night time 

transpiration (Donovan et al., 2001). To test for equilibrium we measured Ψl,pd in two 

summer nights per year, in covered (aluminium foil) (Ψxyl) and uncovered (Ψl,pd) leaves. 

The difference between Ψl,pd and Ψxyl for all sampling days was not significant. This 

suggests equilibrium in the whole plant-soil continuum, confirming that, in our case, Ψl,pd 

is an adequate surrogate for Ψs. Additionally, during the whole study period nocturnal 

transpiration was usually zero, probably because night time vapour pressure deficit was 

consistently low (only one night with D > 1000 Pa during the study period). 

 

Estimation of soil water and groundwater contributions to tree transpiration 

Estimation of soil water (SUP) and groundwater (GUP) uptake by the average of 

sampled trees was performed according to the water balance scheme shown in Figure 1. 

The mass balance structure follows the simplified conclusions derived from the root 

functioning model of David et al. (2013): trees use preferentially soil water and 

groundwater only when the soil storage is depleted. Input data were: rainfall (P), 

interception loss (I), tree transpiration (T) and soil water storage capacity (SMAX - SMIN).  

P and T were measured, being T the average of the four sampled trees. Interception loss 

(I) was estimated as 26.3% of P, based on measurements in Q. ilex trees (Pereira et al., 

2009), which are similar to Q. suber. 

Soil water storage capacity was calculated from the depth of soil profile and 

moisture retention data at different suctions (Table I). Because soil moisture under the 

trees seems to respond to transpiration demand up to 1 m depth (Figure 2), soil water 

storage capacity was calculated for this soil depth. The horizontal extent (projected area) 

of the soil compartment was considered equal to that of the canopy, because most of the 

superficial roots bend 90° down near the crown limits, turning into sinkers (see David et 

al., 2013). The maximum soil storage was considered equal to field capacity and the 

minimum to the wilting point. However, there is some controversy on what is field 

capacity and on how it should be evaluated (Hillel, 1982). Traditionally, it has been 

considered equal to the moisture retention at -33 kPa suction, but moisture contents at -
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10 or -20 kPa suctions have been considered by some authors as the more appropriate for 

sandy soils (see Zekri and Parsons, 1999). Because the controversy remains, we 

optimized the values of field capacity to use in our water balance as those that provided 

the best fit of the soil and groundwater uptake estimates (SUP and GUP) from this water 

balance approach with those from the root modelling of David et al. (2013). We tested 

the water balance for the -10, -20 (interpolation between -10 and -33) and -33 kPa 

moisture curves (Table I). The best results were obtained for the conventional moisture 

retention at -33 kPa suction. Soil water storages (S), at field capacity and wilting point, in 

the whole profile (mm) were calculated from soil moisture (𝛳i), at -33 and -1500 kPa 

suctions respectively (Table I), and depth (zi, mm) of each sampled soil layer (i) as: ∑ 𝛳i 

zi. To simplify the calculations, SMIN for the considered soil water compartment was set 

to zero (SMIN = 0) and SMAX to SFieldCapacity - SWiltingPoint (SMAX = 21mm). Some additional 

assumptions/simplifications on the water balance of Figure 1 are as follows:  

 

Figure 1. Schematic representation of the water balance framework used for the calculation of: 

soil water uptake (SUP), groundwater uptake (GUP) and groundwater recharge (GR). Used input 

variables were: rainfall (P), interception loss (I), tree transpiration (T). Soil water storage 

parameters are: SMAX and SMIN. 
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(a) surface runoff is not considered because of the flat topography of the area and 

to the high infiltration capacity of arenosols (on average 137 mm hour-1; FAO, 

2001); 

(b) lateral soil water movements were not accounted for because differences in 

soil moisture content between soil under tree canopy and in the open were 

always less ± 0.03 m3m-3 (at all depths), both in the wet and dry season, which 

are within the expectable experimental errors in soil moisture (0.02-0.06  

m3m-3; Gruber et al., 2013) (see Section on Soil moisture); 

(c) understory evaporation is neglected since leaf area index (LAI) of the studied 

trees is high (5, on a crown projected area basis), and crown width is large 

compared to tree height; therefore, very little radiation and evaporation should 

be expected at ground level beneath the crowns. In a recent review, Baldocchi 

and Ryu (2011) reported that evaporation from understory decreases with 

increasing LAI. Small understory annual evaporation values are reported for a 

Mediterranean oak savannah (less than 20% of total evaporation, LAI of 0.7), 

a deciduous forest in Tennessee (10% of total evaporation, LAI of 6), and a 

boreal pine forest in Sweden (10-15% of total evaporation, LAI not reported). 

Calculated values were soil water uptake (SUP), groundwater uptake (GUP) and 

groundwater recharge (GR). Calculations were carried out daily with all variables in mm 

per unit of crown projected area. Daily running water balance calculations were 

performed as follows (Figure 1): 

 Initial daily soil water storage S0 = final storage of previous day SF(-1) 

 First S update: S1 = S0 + (P- I) – T 

 IF S1 > SMAX , GR = S1 – SMAX, Else GR = 0 

 IF S1 < SMIN, GUP = SMIN - S1, Else GUP = 0 

 SUP = T – GUP 

 Final daily soil storage SF = S1 – GR + GUP 

Daily calculated values were integrated monthly, seasonally and yearly. GUP, SUP and GR 

estimates will only be accurate if all the used data and parameters (measured/estimated) 

as well as the underlying assumptions are correct. To check for validity, our results were 

compared to those modelled from root functioning (David et al., 2013). 
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Canopy conductance 

Given the high degree of coupling between the atmosphere and the canopy of 

savannah-type woodlands (Infante et al., 1997), transpiration (T, mm h-1) can be 

approximated by (McNaughton and Jarvis, 1983; Jarvis and McNaughton, 1986): 

𝑇 = gc 𝐷 
𝜌 𝑐p

𝜆𝛾
          (1) 

where, gc is the canopy conductance (m s-1, expressed per unit of crown projected area), 

D is the vapour pressure deficit of the air (Pa), ρ is the density of air (kg m-3), cp is the 

heat capacity of water in air (J kg-1 ºC-1), 𝜆 is the latent heat of evaporation of water  

(J kg-1) and 𝛾 is the psychrometric constant (Pa ºC-1). Based on Equation 1, and 

considering that at midday T=F we estimated midday canopy conductance (gc,m) from 

June 2007 to September 2008, discarding days with rainfall or D lower than 500 Pa.  

 Stomata usually respond to increases of the vapour pressure deficit between leaf 

and air by partial closure. The sensitivity of the response (i.e. the magnitude of the 

decrease) of gc,m to increasing D (kPa) was determined by fitting the following equation 

to the existing data (Oren et al., 1999): 

gc,m = 𝑏 − 𝑚 ln𝐷         (2) 

where the slope of the line is 𝑑gc,m 𝑑 ln 𝐷 = −𝑚⁄ , and b is the intercept. The parameter 

m quantifies the sensitivity of gc,m to D and b is a reference conductance (b = gc,ref) at  

D = 1 kPa. Though stomatal sensitivity varies considerably both within and between 

species, Oren et al. (1999) have shown that the m/b ratio is close to 0.60, for a wide range 

of mesic species, when stomata are regulating leaf water potential above the cavitation 

threshold.  

 

 

Results 

 

Environmental data  

 Environmental variables (Figure 2) followed a marked seasonal pattern, typical 

for a Mediterranean-type climate region, with rainfall mainly concentrated in autumn-

winter and evaporative demand (D and RS) peaking during late spring-early summer 
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(Figure 2a, b). Annual rainfall was 441.5 mm in 2007 and 576.0 mm in 2008, representing 

62% and 81%, respectively, of the long-term average. Although the spring was wetter in 

2008 (174.0 mm) than in 2007 (121.0 mm), the summer period was particularly dry and 

prolonged in 2008, with only 17.5 mm of rain from 1 June to 30 September (contrasting 

with 145.0 mm during the same period in 2007). 

 

Figure 2. Seasonal variation of daily: (a) rainfall (columns) and water table depth (line); (b) 

vapour pressure deficit (D) (black line) and solar radiation (RS) (grey line); (c) average volumetric 

soil water content at four different depths. 

 

 The water table depth was at its highest (1.3 m) in early 2007, declining afterwards 

until next winter (4.2 m). Groundwater level rose in spring 2008, although with a delayed 
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response to wet season rainfall, reaching a lower peak (3.2 m) than in the previous year. 

The lowest value (around 4.5 m) was observed after the summer/autumn period of 2008. 

 Soil water content reflected rainfall seasonality, recharging the whole profile (till 

1m depth) during the wetter periods and reaching minimum values during the dry months 

(Figure 2c). During the dry season the deep soil layers (0.75 and 1.00 m) showed slightly 

higher water contents than the surface ones (0.25 and 0.50 m). 

 

Tree transpiration 

The radial profiles of sap flow density (HFD method) observed in March 2007 in 

the four Q. suber trees and in the different azimuths showed that the water transport 

occurred mainly in the outer xylem layers, peaking around 10-16 mm below the vascular 

cambium and declining gradually into the heartwood (data not shown). From the radial 

profiles the average sapwood depth was estimated to be 6.5 cm (varying from 5.7 to 6.9 

cm among individual trees). 

The seasonal variation of the average radial profile of sap flow was monitored in 

one of sampled trees and showed a shift from the pattern observed in March (Figure 3, 

grey line) as time progressed. After the initial three months (June 2007), the flow in the 

two outer xylem layers shifted upwards, being higher near the vascular cambium and 

declining towards the heartwood (Figure 3, black line). This pattern remained stable, on 

hourly, daily and seasonal basis, from June 2007 onwards. Because of the uncertainty on 

the causes of the observed shift in the sap flow radial profile, data on the TD sap flow are 

only presented from June 2007 onwards, that is, when the HFD radial profile became 

stable. We assumed that a similar shift also occurred in the other three trees in the outer 

two measuring points. Upon this correction, the ratio of sap flow in the outer (0-20 mm) 

xylem layers and the total sap flow (in the whole conductive area) varied between 0.51 

and 0.61 in the four sampled trees. 

Tree sap flow data obtained by the two sap flow methods, that is, the thermal 

dissipation method scaled up to the whole conductive area (average of four trees) and the 

heat field deformation method (one tree), showed synchronized patterns throughout the 

experimental period (Figure 4a). A close relationship (slope = 1.11; R2 = 0.71) (Figure 

4b) was observed between daily sap flow estimated by the two methods for the same tree, 
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with the TD method estimates slightly lower (on average 11%) than those by HFD, being 

this difference bigger for the higher values. 

  

Figure 3. Seasonal variation of the radial sap flow profile (heat field deformation method, 

percentage of total sap flow) in one of the sampled trees: average between March (sensor 

installation) and May 2007 (dashed grey line, open squares) and between June 2007 and 

September 2008 (black line, solid circles). Error bars are standard errors. 

 

Daily sap flow peaked in late spring-early summer (June to July) of both years, 

following closely the seasonal patterns of solar radiation and vapour pressure deficit 

(Figures 2b and 4a). Average daily summer transpiration (June to September) did not 

differ between years [0.85 and 0.84 mm day-1 (TD) and 0.86 and 0.82 mm day-1 (HFD) 

in 2007 and 2008, respectively], in spite of the lower rainfall and soil moisture content in 

summer 2008 (Figure 2). Maximum transpiration rates (July) were around 1.1 and 1.3 

mm day-1 in 2007 and 2008, respectively. Daily sap flow was linearly related with daily 

solar radiation (R2 = 0.86) (Figure 5a). The relationship between daily sap flow and D 

was asymptotic, with sap flow positively responding to increases in D up to 1000 Pa. 

When D approached 1500 Pa, the response ceased almost completely (Figure 5b).  
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Figure 4. Tree transpiration (sap flow) of Quercus suber trees: (a) seasonal variation of daily 

values using the thermal dissipation (TD – average of four trees, black line) and the heat field 

deformation (HFD – one tree, grey line) methods (June 2007 to September 2008). Error bar is the 

average standard error for TD data (four trees); (b) relationship between daily values estimated 

by the two sap flow methods for the same tree. Sap flow is expressed per unit of crown-projected 

area. 
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Figure 5. Relationships between tree daily sap flow [thermal dissipation (TD) method, June 2007 

to September 2008] and (a) solar radiation (RS) and (b) average vapour pressure deficit (D). Sap 

flow is expressed per unit of crown-projected area. 

 

Leaf water potential 

Predawn leaf water potential (Ψl,pd) remained high and approximately constant, 

(around -0.2 MPa) throughout most of the experimental period (Figure 6). Minimum 

values of Ψl,pd were observed after the dry seasons and were above -0.5 MPa in both years. 

This pattern of variation was also observed in the seven surrounding trees (slope = 1.08 

and R2 = 0.94, in a linear regression through the origin). These results showed that Ψl,pd 

in the four intensively studied trees is representative of the water status of the surrounding 

trees. Seasonal variation in midday leaf water potential (Ψl,md) reflected differences in the 

atmospheric conditions, tree water use and stomatal regulation. During most of the study 

Ψl,md values ranged between -2.0 and -3.0 MPa (Figure 6), reaching a minimum value,  

-2.98 MPa, in June 2008.  
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Figure 6. Seasonal variation of predawn (Ψl,pd, open symbols) and midday (Ψl,md, closed symbols) 

leaf water potential in Quercus suber during 2007 and 2008. Error bars are standard errors. Error 

bars in Ψl,pd are contained within the size of symbols. 

 

Soil water and groundwater contributions to tree transpiration  

Figure 7 shows the estimated monthly values of the water balance components for 

the average of sampled trees (September 2007 to August 2008): rainfall (P), tree 

transpiration (T), soil water uptake (SUP), groundwater (GUP) and groundwater recharge 

(GR). 

Total yearly and summer values are shown in Table II. 

 

Canopy conductance 

As expected, midday canopy conductance decreased exponentially as vapour 

pressure deficit (D) increased. An unique relationship between daily gc,m (mm s-1) and 

midday D (Pa) values was observed for Q. suber trees throughout the experimental period, 

irrespective of season (Figure 8). The absence of rainfall during the summer periods did 

not cause any further reductions in stomatal conductance, as stomatal response to D 

followed a unique trend during wet and dry seasons. The sensitivity of the response of 

gc,m to D (m, Equation 2) and the reference gc at D = 1kPa (b, Equation 2) were 1.47 and 

2.53, respectively. The ratio m/b was 0.58, close to the reference value of 0.6. 
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Figure 7. Monthly values (September 2007 to August 2008) of rainfall, average tree transpiration, 

groundwater uptake (GUP), soil water uptake (SUP) and groundwater recharge (GR) according to 

water balance calculations following the scheme of Figure 1. Values are in mm month-1, on a 

crown projected area basis. 

 

Table II 

Yearly and summer values for soil water uptake (SUP), groundwater uptake (GUP) and groundwater 

recharge (GR), for the average of sampled trees, according to the scheme of Figure 1 (see Figure 

7 for monthly values). 

 
Measured rainfall (P) and average tree transpiration (T) are also given. Values are in mm, per unit of crown 

area. Between brackets are per cent (%) of T. 
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Figure 8. Relationship between daily midday canopy conductance (gc,m) and midday vapour 

pressure deficit (D) for Q. suber, from June 2007 to September 2008. 

 

 

4. Discussion 

 

Sap flow: methodological aspects 

As stated in the introduction, the analyses performed in this work greatly depend 

on the accuracy of the measurements. This is particularly relevant in the tree transpiration 

estimates through sap flow measuring techniques, namely in what concerns the 

measurement of the sap flow radial profiles. The sap flow radial profile (Figure 3) showed 

a pronounced shift in the outer xylem in the initial 3 months after sensor installation, from 

March till June 2007. The observed shift may be due to (1) initially inefficient sensor 

insulation following cork removal for sensor installation, (2) new tissue formation around 

the sensor or a change on sensor position relative to cambium due to the spring growth, 

(3) a response to phenological activity (Dragoni et al., 2009) or (4) the occurrence of non-

typical patterns of soil moisture from March to May 2007, with outer xylem layers 

connected to shallow dry soil and inner xylem  layers to wet deep soil (Nadezhdina et al., 

2007, 2008). The available information does not provide a sound explanation for the 

observed shift in sap flow radial profile. Because of these uncertainties, TD sap flow 

density data were only up scaled to sap flow when the HFD radial profile stabilized 

(hourly and daily), that is, from June 2007 onwards (Figure 3, black line). After June 
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2007, the variation of sap flow across the sapwood depth exhibited a typical and stable 

pattern with higher rates in the outermost xylem layers and a gradual decrease towards 

the heartwood (Figure 3), as has also been reported for Quercus petrea and Q. robur 

(Granier et al., 1994), Q. calliprinos and Q. ithaburensis (Cohen et al., 2008) and Pinus 

pinaster (Delzon et al., 2004). 

Daily sap flow density data showed some circumferential variations in all the 

studied trees. Although omitting the within-tree circumferential variations in stand sap 

flow estimates is reported to be a minor source of error, compared to radial and tree-to-

tree sap flux variation (Kume et al., 2012), we tried to minimize it by sampling at least 2 

azimuths in all trees. 

Sap flow estimates by the TD and HFD methods (Figure. 4a) showed good 

agreement (R2 = 0.71) (Figure 4b). In spite of recent reports on the possible 

underestimation of sap flow by the two methods (Steppe et al., 2010; Vandegehuchte and 

Steppe, 2012), more precise sap flow measuring techniques are not yet available. The 

eddy covariance method could not be used at the site because of fetch requirements. 

Moreover, it would not discriminate the specific water use by the trees, which was our 

goal. 

 

Tree access to groundwater 

The single linear relationship between transpiration and solar radiation, the 

existence of a unique asymptote in the relationship between transpiration and vapour 

pressure deficit, the constancy of high transpiration irrespective of rainfall in summer, 

and the maintenance of high Ψl,pd values throughout the experimental period (Figures 2, 

4, 5 and 6), provide evidence on the existence of unrestricted sources of water supply to 

tree roots (groundwater) in addition to soil water at the Lezirias site. We believe that the 

observation of these simple features may be used in many tree groundwater-dependent 

ecosystems around the world to verify if there is or not an unrestricted tree groundwater 

uptake by trees during seasonal or occasional drought. Under drought, soil water storage 

coupled to rainfall will not be enough to sustain per se high tree water status and 

transpiration, and signs of water stress are liable to occur. Seasonal or occasional water 

stress in plants induce stomatal closure that reflects in a decrease in the slope of the 

relationship between transpiration and radiation (Horna et al., 2011; Berbigier et al., 
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1991; Zur et al., 1983), a decrease in the slope and in the plateau of the relationship 

between transpiration and D (Vose et al., 2000; Horna et al., 2011; Infante et al., 1997), 

and a decrease in predawn leaf water potentials (e.g. Infante et al., 1997; Martínez-Vilalta 

et al., 2003; Limousin et al., 2009). If none of this occurs during the drought period (as 

in our case), it is because trees are freely accessing groundwater. At our site, the 

correctness of this inference was confirmed by sap flow measurements in roots and stable 

isotope data (David et al., 2013). Ecosystems in which trees are groundwater dependent 

during seasonal or occasional drought have been found to occur in many parts of the 

world, in Mediterranean (e.g. Scott et al., 2003; David et al., 2004, 2007; Benyon et al., 

2006; Miller et al., 2010) and semi-arid regions (e.g. Lubczynski, 2009) and in temperate 

forests (e.g. Dolman, 1988). However, tree roots may have access to groundwater and 

still show signs of water stress (if the access is somehow restricted) (e.g. David et al., 

2007). In those cases, the proposed method will not hold. The method holds only when 

groundwater access is unrestricted (e.g. David et al., 2004 and this paper; see also Paço 

et al., 2009 for a comparison of results of David et al., 2004 and David et al., 2007). Paço 

et al. (2009) further showed that the issue is not only the depth of the water table, but the 

existence of restrictions in root access to it, which depends also on the species (rooting 

depth, see Canadell et al., 1996) and the nature (hardness) of the underlying rock/aquifer. 

 

Soil water and groundwater contributions to tree and ecosystem transpiration  

According to the mass balance formulation of Figure 1 we estimated the monthly 

contributions of the soil (SUP) and groundwater (GUP) pools of water to tree transpiration 

(T) from September 2007 to August 2008 (Figure 7). Following the underlying conceptual 

framework, groundwater uptake only took place in summer when the soil was dry. 

Estimated SUP and GUP amounted to 69.7% and 30.3%, and to 26.8% and 73.2% of tree 

transpiration on an annual and summer basis, respectively. These estimates are consistent 

with those modelled from root functioning for the same site and for the same periods by 

David et al. (2013): monthly water balance estimates (WB) fitted well against those from 

the root modelling (Roots) (SUP(WB) = 1.00×SUP(Roots), R2 = 0.79, n = 12; GUP(WB) = 

1.05×GUP(Roots), R2 = 0.92, n = 12); yearly soil and groundwater contributions to T 

estimated by the two approaches were similar (69.7% and 30.3% by the water balance 

and 68.6% and 31.4% by root modelling, respectively). In summer, the groundwater 

contribution is slightly overestimated by the water balance approach compared to root 
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modelling 73.2% and 64.6% of T, respectively (a per cent difference of 13.4%). The 

model reported in David et al. (2013) calculates the amount of hydraulic lift and the mass 

balance formulation does not. Hydraulic lift was subtracted from soil water contribution 

and added to groundwater contribution in the root modelling results for the 

aforementioned comparisons. It also calculates the amount of hydraulic descent. In this 

respect, the two approaches may be seen as complementary. For instance, on an yearly 

basis (September 2007 to August 2008), our approach estimated the amount of total 

groundwater recharge (275.7 mm, Table II) whereas David et al. (2013) estimated the 

total annual hydraulic descent (83.2 mm), that is, about 30.2% of GR. Our approach has 

the advantage of requiring much more commonly available data (rainfall, soil moisture 

retention parameters and tree transpiration), whereas the approach of David et al. (2013) 

needs the uncommonly available sap flow measurements in roots. 

The good fitting between results from the simple mass balance approach of Figure 

1 with those from root modelling (validation) means that the underlying 

assumptions/simplifications for the water balance are acceptable at the site level and that 

its structure captures the predominant functional features of the system. A continuous 

dialog exists between different emphases in ecological modelling: complexity versus 

simplicity, large scale (models of everywhere) versus site specific models, process 

understanding versus prediction and amount and quality of data requirements 

(Wainwright and Mulligan, 2013; Beven, 2007). These approaches are complementary 

and not mutually exclusive. In recent years, the most common modelling approach in 

environmental modelling was to try to incorporate all understanding on the complexity 

of systems with a multitude of variables and parameters that cannot be easily identified 

for a particular place (Beven, 2007; Wainwright and Mulligan, 2013). This may be useful 

when the objective is to try to capture most of the understanding about a particular system 

(usually highly instrumented) but is hardly useful for prediction (i.e. extrapolation of 

results both in time and in space) in other poorly instrumented sites. For prediction 

purposes, simple models that capture the dominant modes of a system and require 

frequently available data are extremely useful and relevant (Wainwright and Mulligan, 

2013). The basic idea is to understand first, to be able to simplify/apply/generalize later. 

In this work, we tried to follow these stepwise stages upon the understanding on system 

functioning gained from the previous root modelling of David et al., (2013). Within this 

line of reasoning, we believe that the simplicity of the conceptual framework of the mass 

balance of Figure 1, and its limited data/parameter requirements, may be advantageous 
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for applications/predictions in other similar sites. As reported in the previous section, in 

a large number of ecosystems around the world, trees are groundwater dependent. At this 

stage, the presented water balance model is site specific, because it is based on specific 

assumptions and simplifications for our site. However, we think that (because of its 

simplicity) it can be easily adapted to other places, which will always have, nevertheless, 

some unique features as acknowledged by Beven (2007). For instance, a surface 

infiltration restriction can be easily added to predict surface runoff, if relevant; the 

spreading of lateral roots beyond the crown limits can be dealt through the water storage 

capacity of the soil compartment (considering depth and lateral extension and doing the 

calculations in units of volume instead of mm); pasture evaporation can also be included 

(if known) particularly if the considered soil area has open areas exposed to radiation. 

Interestingly, our mass balance approach recaps some similar/simple concepts put 

forward by Dolman (1988) in an earlier paper trying to explain transpiration during 

drought in a temperate oak forest in the Netherlands. We think that one of the key features 

on future applications will be the appropriate estimation of the maximum water storage 

capacity of the soil compartment used by roots (SMAX). Outputs from the mass balance 

are quite sensitive to it. Problems may arise in the estimation of the depth and extension 

of the superficial root system and from the yet poorly understood concept and evaluation 

of field capacity. Hillel (1982) suggests that, in many cases, it will be up to the user to 

select the soil moisture storage that best suits his purposes, within acceptable limits. SMAX 

was the only parameter somehow optimized in our approach although framed within the 

possible soil water contents at the suctions most commonly used. Best fits were obtained 

when SMAX was calculated considering the classical volumetric water content at -33 kPa. 

Our results highlight that there are two distinct processes involved in groundwater 

recharge, at quite different response rhythms: the quick hydraulic descent, through roots, 

which amounts annually to about 30% of GR, and the slower infiltration process down the 

soil profile (about 70% of GR). Water infiltration into the soil takes about 2-5 days to 

reach the bottom soil layer (depending on initial soil moisture), as also reported by Zekri 

and Parsons (1999) (about 4 days for a 1.5 m deep sandy soil). The soil moisture profiles 

(field) did not seem adequate for the daily water balance closure calculations: they do not 

capture the hydraulic descent, some transient water may come from previous rainfall days 

and measurements are prone to inaccuracies. In spite of its simplicity, the simple soil box 

formulation of Figure 1 seemed to work very well both in our study and that of Dolman 

(1988). However, further research is clearly needed on this key issue. 
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The mass balance approach presented in this work is not, and does not intend to 

be, the solution for the evaluation of the water use by trees in groundwater dependent 

ecosystems (rarely or poorly addressed in current ecohydrological models). It should be 

rather viewed as a contribution, we believe innovative, to the modelling learning process 

referred by Beven (2007) on the behaviour of such ecosystems – interaction between sites 

and broader scales, between complexity and simplicity, and data requirements. Only 

future research (application/adaptation/validation) will show how useful this approach 

will be for wider applications. 

By focusing on the area we were working in, over the Tagus aquifer, a big 

diversity of vegetation types occurs, but 35% of its surface is Q. suber woodlands (WWF, 

2010). Within the latter it is not yet known the relative proportion of areas where trees 

are or not groundwater-dependent. In future studies, this gap could probably be tackled 

by scanning leaf/crown temperatures in summer through large scale thermal imaging 

(Jones et al., 2009; Costa et al., 2013). Within this study we did not intend to evaluate the 

overall impact of all vegetation types on the aquifer balance, but rather focus on the less 

understood ecosystems, where tree roots have direct access to groundwater. For these 

ecosystems, results show that trees use soil water during most of the year and groundwater 

in summer to cope with the seasonal drought. However, the use of groundwater will 

depend on the amount and distribution of summer rainfall. Beacuse the severity of 

seasonal summer drought is predicted to increase in the Mediterranean, due to climate 

change (IPCC, 2007), the proportion of groundwater uptake by trees will also tend to 

increase. All presented data on tree water balance are expressed in mm per unit of crown 

area, but they can be easily transformed in mm per unit of ground area multiplying by the 

crown cover fraction (0.29, see Section on Plant material). However, these data do not 

represent the whole ecosystem water balance since a significant part (71%) is occupied 

by pasture, which was not studied. This is particularly relevant for the annual water 

balance. However, during summer, grasses stop transpiring, and the tree component and 

ecosystem water balances will be the same (Paço et al., 2009). Our results may be 

important both for ecosystem sustainability as well as for human activities also dependent 

on groundwater use (urban supply, irrigation) (Naumburg et al., 2005; Lubczynski, 2009). 

Under this perspective, conflicts may arise between the maintenance of groundwater 

dependent ecosystems and anthropogenic water demanding activities (Hatton et al., 1998; 

Le Maitre et al., 1999; Martínez-Santos et al., 2008; Hasselquist and Allen, 2009). 
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By quantifying the relationships between Q. suber woodlands and the underlying 

aquifer, our results may somehow contribute to more integrative planning approaches, 

considering both land use and water resources, in parts of the Tagus river basin. 

 

Control of water losses 

Even under non-limited water supply conditions, stomata may still need to 

regulate transpiration losses. There is an upper hydraulic limit to tree transpiration 

imposed by minimum leaf water potential and tree hydraulic conductance (Cruiziat et al., 

2002). Stomata seem to act as pressure regulators preventing leaf water potential to fall 

below a cavitation threshold (Jackson et al., 2000; Buckley and Mott, 2002). They do so 

by preventing imbalances at the leaf level between evaporative demand and maximum 

hydraulic pumping capacity (Buckley and Mott, 2002). The minimum leaf water potential 

observed in field conditions (-2.98 MPa at Lezírias) is usually considered a measure of 

its cavitation threshold (Salleo et al., 2000; Sperry, 2000). Our results suggest that, even 

in the absence of water constraints, trees at Lezírias were regulating minimum leaf water 

potential near this constant minimum value (Figure 6).  

An exponential decrease of stomatal conductance with D was observed at Lezírias 

site, where canopy conductance was reduced to a unique closure plateau above D=1.5 

kPa (Figure 8) imposing a maximum transpiration rate above this D value (Fig. 5b). 

During the dry season of both years at Lezírias, the m/b ratio was close to the reference 

value (0.6), which means that stomata were efficiently responding to D (Figure 8), 

regulating minimum Ψl above its cavitation threshold (see Oren et al., 1999). 
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Abstract 

 

Budburst date and shoot elongation were measured in two mature Mediterranean 

evergreen oaks (Quercus suber and Quercus ilex) and their relationships with 

meteorological and tree water status (predawn leaf water potential) data were analysed. 

Experimental work took place at two sites: Mitra 2 - Southern Portugal (2002-2003) and 

Lezírias - Central Portugal (2007-2010). Q. suber phenology was studied at both sites 

whereas Q. ilex was only studied at Mitra 2. Q. suber budburst date occurred at a 

photoperiod around 13.8 h (± 0.26) - late April/early May - and was highly related to the 

average daily temperature in the period 25 March - budburst date (ca. 1.5 months prior to 

budburst), irrespective of site location. In that period, budburst date was much more 

dependent on average maximum than average minimum daily temperature. Base 

temperature and thermal time for Q. suber were estimated as 6.2 ºC (within the reported 

literature values) and 323 degree-days, respectively. Q. ilex budburst occurred about 6 

weeks earlier than in Q. suber (photoperiod: 12.3 h (±0.3)). Relationships of Q. ilex 

budburst date and temperature were not studied since only 2 years of data were available 

for this species. Q. suber shoot elongation underlying mechanisms were quite different in 

the two sites. At Mitra 2 (Q. suber and Q. ilex), there was a considerable tree water stress 

during the dry season which restricted shoot elongation. Shoot growth was resumed later 

in the wet autumn when tree water status recovered again. At the Lezírias site Q. suber 

water status was not restrictive. Therefore, shoot elongation was mainly dependent on 

nutrient availability in top soil, as suggested by the strong and positive relationships 

between annual shoot growth and long-term cumulative rainfall (2-4 months) and short-

term average temperature (1 month) prior to budburst. Annual shoot elongation at this 

well-watered site was higher than in Mitra 2, and variability of growth between trees was 

enhanced after warm, wet springs when shoot elongation was higher. Results obtained 

are relevant to the carbon balance, productivity and management of evergreen 

Mediterranean oak woodlands, particularly under the foreseen climate change scenarios. 
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Introduction 

 

Phenology plays an important role in the carbon balance, productivity, fitness of 

individuals and management of terrestrial ecosystems (Loustau et al., 2005; Rathcke and 

Lacey, 1985). Furthermore, the timing of tree phenological events is crucial for the 

survival of trees in most environments and a trait highly responsive to environmental 

changes, particularly in the Mediterranean (Gordo and Sanz, 2009; Kikuzawa, 1995). 

Phenological patterns in Mediterranean regions are strongly influenced by a marked 

climatic seasonality and species evolved to synchronize maximum vegetative activity to 

the most favourable periods of the year (Baker et al., 1982; de Lillis and Fontanella, 1992; 

Gill and Mahall, 1986; Mahall et al., 2010).  

In seasonal climates, the timing of budburst and the subsequent leaf and twig 

growth dynamics are critical to characterize tree phenology. In boreal and temperate 

species budburst is known to be mainly driven by temperature, though also correlated 

with photoperiod (Cannell and Smith, 1983; Chmielewski and Rötzer, 2001; Chuine and 

Cour, 1999; Hänninen, 1990; Kramer, 1994; Vitasse et al., 2009; Wielgolaski, 1999). In 

Mediterranean tree species, the timing of budburst has been often considered determined 

by temperature, photoperiod and also water availability (Jato et al., 2007; Ogaya and 

Peñuelas, 2004; Sanz-Pérez and Castro-Díez, 2010; Sanz-Pérez et al., 2009, Spano et al., 

1999). Leaf and twig expansion dynamics is known to depend on physiological and 

environmental variables (Hsiao, 1973; Schurr et al., 2000; Tardieu et al., 2000; Way and 

Oren, 2010). In Mediterranean regions, temperature, nutrient and water availability are 

often regarded as the main constraints to plant growth (Körner, 2006; Milla et al., 2005). 

In Central-Southern Portugal, Mediterranean evergreen oaks (Quercus suber and 

Quercus ilex spp. rotundifolia Lam.) are the dominant species, covering about 1.3 million 

hectares (AFN, 2010). Although sympatric, they usually occur in slightly different 

geographical areas (Q. suber dominates in wetter, coastal and montane areas whereas Q. 

ilex prevails in inland, drier regions) and differ in tolerance to the seasonal summer 
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drought (David et al., 2007). Most of these woodlands are anthropogenic ecosystems of 

high socio-economic and conservation value, and display high biodiversity (Bugalho et 

al., 2009). In this study we have monitored the triggering date of budburst and the amount 

of shoot elongation in Q. suber (cork oak) and Q. ilex (holm oak).  

Q. suber budburst timing was followed at two sites: Lezírias - Central Portugal 

and Mitra 2 - Southern Portugal. At the latter site, Q. ilex budburst date was also 

monitored. Apical shoot elongation was regularly measured at both sites from leaf 

unfolding to the end of the most active growing period. Relationships of budburst timing, 

mean apical shoot elongation, and mean number of leaves per shoot with environmental 

(temperature, photoperiod, rainfall, solar radiation and vapour pressure deficit) and 

physiological (predawn leaf water potential) variables were analysed. Overall, this study 

aims to give some insight into the processes underlying budburst and growth dynamics 

in Mediterranean evergreen oak species, which are located in a global warming hot spot 

and subject to recurrent environmental stresses. 

 

 

Materials and methods 

 

Experimental sites 

 The study was conducted in two different evergreen oak woodlands located in 

Central-Southern Portugal, approximately 80 km apart, hereafter referred to as Mitra 2 

and Lezírias. Mitra 2 (38°32'N, 8°00'W) is located at Herdade da Alfarrobeira - Évora 

(ca. 150 km South-East of Lisbon), in a sparse mixed evergreen oak stand (Q. ilex being 

the dominant species and Q. suber occurring in scattered patches). The site has a slightly 

undulating topography (220-250 m a.s.l.). The soil is a Dystric Cambisol (FAO, 1988), 

with a depth of around 1 m and a low water retention capacity, overlying a granite 

bedrock. Lezírias site (38°50'N, 8°49'W) is located at the estate of Companhia das 

Lezírias - Samora Correia, approximately 50 km East of Lisbon, in a typical Q. suber 

stand. Site topography is flat (20 m a.s.l.). The soil is a deep Arenosol (FAO, 1988), with 

high permeability and a low water retention capacity, overlying a thick clay layer at 

approximately 9 m depth. 
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The climate in both sites is of the Mediterranean type, with hot dry summers and 

wet mild winters. Long-term (1951-1980) mean annual rainfall is 665 and 644 mm for 

Mitra 2 and Lezírias, respectively (INMG, 1991a, 1991b). Rainfall occurs predominantly 

from autumn to early-spring (October to April). Mean annual temperature is 15.0 and 

15.6 C for Mitra 2 and Lezírias, respectively (INMG, 1991a, 1991b). Field 

measurements were carried out during two consecutive years (2002-2003) at Mitra 2 and 

during 4 consecutive years (2007-2010) at Lezírias.  

 

Plant material 

At Mitra 2, phenological measurements were carried out, in five mature cork oak 

(Quercus suber L.) trees and six mature holm oak (Quercus ilex spp. rotundifolia Lam.) 

trees, randomly selected from adjacent plots (150 m apart). In Lezírias, three adult cork 

oak trees were studied.  

At Mitra 2, trunk diameter at breast height, crown projected area and height of the 

sampled trees ranged from 0.45 to 0.53 m, 91.13 to 150.19 m2 and 8.5 to 9.5 m in Q. 

suber and from 0.33 to 0.43 m, 47.71 to 89.99 m2 and 7.0 to 8.0 m in Q. ilex, respectively. 

At Lezírias, the corresponding values for the sampled Q. suber trees ranged from 0.64 to 

0.98 m, 198.69 to 247.97 m2 and 12.1 to 14.5 m, respectively. 

 

Meteorological data 

Meteorological variables were continuously monitored at both sites. Automated 

weather stations were installed at each site on the top of scaffold towers (25 and 16 m 

height in Mitra 2 and Lezírias, respectively) to perform solar radiation (CM6B, Kipp and 

Zonen, Delft, The Netherlands) and dry and wet bulb temperature (psychrometer H301, 

Vector Instruments, Rhyl, UK) measurements. Rainfall (tipping-bucket rain gauge 

recorder ARG100, Environmental Measurements, Gateshead, UK) measurements were 

carried out at ground level in both sites. Meteorological data were recorded every 10 

seconds and stored as 10-min means or totals by CR10X data loggers (Campbell 

Scientific, Shepshed, U.K.). Air vapour pressure deficit (D) was calculated from dry and 

wet bulb temperatures. 
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For all years and at both sites, daily values of temperature (mean, maximum and 

minimum) (T, C), solar radiation (RS, MJ m-2 day-1), D (Pa) and rainfall (P, mm day-1) 

were averaged (T, RS, D) or summed (P) for several time intervals prior (starting on fixed 

calendar dates: 1 January, 1 February, 1 March, 15 March, 25 March and 1 April) and 

after budburst, up to the end of the vegetative growth period (elongation). 

 

Leaf Water Potential 

Seasonal variation of tree water status was assessed by measuring predawn leaf 

water potential (Ψl,pd) approximately every month from January 2002 to November 2003 

in Mitra 2 and from February 2007 to November 2008 in Lezírias. To avoid artificial 

variability in Ψl,pd, leaves were collected at similar heights from the south- 

-facing part of the crowns of all studied trees. In each measuring date, three to four leaves 

were sampled from each tree just before sunrise, severed at petioles with razor blades, 

placed in plastic bags and immediately measured with a Scholander pressure chamber 

(PMS 1000, PMS Instruments, Corvallis, Oregon, U.S.A.) (Scholander et al., 1965). Ψl,pd 

is a surrogate of soil water potential near the roots. 

 

Phenological measurements 

Two phenological phases were considered: budburst date and vegetative growth 

(shoot elongation). Measurements were carried out in twelve apical shoots per tree in 

Lezírias and in three apical shoots per tree in Mitra 2. Phenological observations were 

carried out in apical vegetative buds of previous-year sun exposed shoots, on the South-

facing part of the crowns. Access to crowns was provided by fixed scaffold towers and/or 

portable ladders. The date of budburst was defined as the first sampling day when new 

leaves or leaf tips emerging from the bud were visible. Subsequently, shoot growth was 

measured as the increase in length (cm).  

In the beginning of each year (January), twigs of different accessible branches of 

the upper two-thirds of the crowns were randomly selected and labelled. In the periods 

with more intense phenological activity (bud development and shoot elongation), 

measurements were carried out weekly (therefore, budburst was assessed with an error of 

less than a week). During the rest of the year, when there was little change in phenology, 

observations were taken every 2-4 weeks. Elongation was assessed using a steel tape 
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(error range ± 1 mm). At the Lezírias site, after leafing, we also monitored the number of 

leaves per shoot in every observation day. 

The budburst date of each species for a specific year was estimated as the average 

of the budburst dates of all the sampled buds, since the variance of budburst date within 

a specific tree was frequently higher than between trees of the same species. Annual shoot 

elongation was also averaged from all the sampled twigs, considering averages per tree 

and species. The relationships between budburst date or total annual shoot elongation and 

the sums or means of meteorological data were studied through linear regression analyses, 

to test for causal effects. Similarly to what has been done by Nizinski and Saugier (1988), 

this procedure was used for each meteorological variable for several time intervals prior 

(with different starting dates: see Materials and methods - Meteorological data) and after 

budburst.  

 

Day length estimation 

Day length or photoperiod (day-light hours) for a specific day was estimated as 

recommended by Allen et al. (1998). The average day length of budburst for each species 

was estimated as the average for all the buds selected in the trees of that species, for all 

years. 

 

Base temperature and thermal time 

Budburst date is known to be related with previously accumulated temperature 

above a threshold temperature during a time interval (t, days) (Cannell and Smith, 1983; 

Kramer, 1994; Monteith, 1977). At temperatures below this threshold or base temperature 

(Tbase, C) bud development is so slow that the rate of bud development is taken as zero. 

Assuming a linear relationship between bud development rate and air temperature above 

Tbase, up to an optimum temperature where the rate is highest, it is possible to determine 

the thermal time (𝛳, accumulated temperature in day-degrees) for budburst and its Tbase 

(Cannell and Smith, 1983; Kramer, 1994; Monteith, 1977) by regressing the effective rate 

of development (1/t) against Tmean (average daily mean temperature over the time period 

t). The time-interval with the best fit from the regression analyses (higher R2) was selected 

as the one that better meets the theoretical requirements. From the selected regression 
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equation, Tbase was found as the intercept with the temperature axis and thermal time 

obtained from the slope (𝛳 = 1/slope). 

 

 

Results 

 

Quercus suber: budburst 

Fig. 1 shows the daily mean temperature and cumulative rainfall for all the years 

of observation: 2002-2003 for the Mitra 2 site and 2007-2010 for the Lezírias site. Mean 

daily air temperature of the first 4 months of the year were 11.8 and 11.2 ºC in Mitra 2 

(for 2002 and 2003, respectively) and 12.2, 12.7, 11.9 and 12.4 ºC in Lezírias (from 2007 

to 2010, respectively). Cumulative rainfall, for the same periods, was 291.2 and 344.8 

mm in Mitra 2, and 147.2, 322.0, 222.5 and 445.5 mm in Lezírias. Average budburst day 

in Q. suber fall between late-April and mid-May (varying from DOY 119 (2010) to 130 

(2003)). For each single tree, vegetative budburst between twigs varied within a short 

period: 2-3 weeks. 

For all tested climate data (solar radiation, vapour pressure deficit, rainfall and 

temperature), air temperature was the only variable found to be related to budburst date, 

both in Mitra 2 and Lezírias. The highest correlation for the relationship between budburst 

date and the average mean daily air temperature (Tmean), was found for the time-interval 

between 25 March and budburst (R2 = 0.81) (Table 1). Furthermore, the linear fits 

between the rate of bud development (1/t, being t the time from the starting date to 

budburst day) and Tmean were better close to budburst (R2 of 0.87 and 0.82 after 25 March 

and 1 April, respectively) than in earlier starting periods (R2 from 0.74 to 0.53). For the 

best fit (Fig. 2) the relationship is unique, irrespective of the site. In the years with higher 

average daily mean air temperature (Tmean) after 25 March, bud development was faster 

and new growth occurred earlier (Fig. 2a). From the regression equation of Fig. 2b (1/t 

vs. Tmean), Tbase and thermal time (𝛳) for Q. suber were estimated as 6.2 ºC and 323 degree-

days, from 25 March, respectively. 
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Fig. 1. Daily mean temperature and cumulative rainfall for all the years of observation: 2002-

2003 for the Mitra 2 site (upper panel) and 2007-2010 for the Lezírias site (lower panel). 

 

The relationships shown in Fig. 2 were obtained with the average mean daily air 

temperatures for the selected time interval. However, the mean temperatures include both 

the maximum and minimum daily values and, therefore, the relationships do not 

discriminate between the causal effects of these two temperature extremes on budburst 

date. Therefore, and to improve the analysis, we have re-done the relationship of Fig. 2a 

with the average of daily maximum (Fig. 3a) and daily minimum (Fig. 3b) temperatures. 

Data of Fig. 3 show that budburst timing is highly related to the average daily maximum 

temperature (R2 = 0.895), but not related with the average daily minimum temperature 

(R2 = 0.002). Therefore, the relationship of Fig. 2a (with the average mean daily 

temperature) seems predominantly determined by the effect of the maximum daily 

temperature values.  

The overall average day length (photoperiod) at budburst was 13.8 h (±0.26) and 

never shorter than 13 hours (considering both experimental sites). 
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Table 1 

Linear regression analysis between mean annual budburst date in Quercus suber and 

meteorological variables, for different periods prior to budburst. Meteorological variables are: 

cumulative rainfall, Pcum; mean daily temperature, Tmean; mean daily solar radiation, RS,mean; and 

mean daily vapour pressure deficit, Dmean. The budburst dataset was of 6 years: 2002-2003 from 

the Mitra 2 site and 2007-2010 from the Lezírias site. The best fit is highlighted in grey. 

 

 

 

 

Fig. 2. Quercus suber: relationship between time from 25 March to average budburst day (t, days 

(a) or 1/t (b)) and average daily mean temperature (ºC) in the same period. Each point corresponds 

to a year of observations. Data include measurements for Mitra 2 (2002-2003) and Lezírias (2007-

2010). Error bars in Fig. 2a are standard errors. 
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Fig. 3. Quercus suber: relationships between time from 25 March to average budburst day (t, 

days) and average daily maximum temperature (ºC) (a), and average daily minimum temperature 

(ºC) (b), in the same period. Each point corresponds to a year of observations. Data include 

measurements for Mitra 2 (2002-2003) and Lezírias (2007-2010). Error bars are standard errors. 

 

Quercus suber: shoot elongation 

In Q. suber, shoot elongation patterns were different in the two sites (Fig. 4). At 

Mitra 2 (closed symbols), the annual shoot elongation was similar in both studied years 

(3.9 and 3.3 cm in 2002 and 2003, respectively) but shorter and smaller than in Lezírias 

(open symbols), where it varied between years (from a minimum of 7.1 cm in 2009 to a 

maximum of 19.6 cm in 2010). 

 

Fig. 4. Quercus suber cumulative mean apical shoot elongation (cm) at Mitra 2 – closed symbols 

(2002 and 2003) and at Lezírias – open symbols (2007-2010). 
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Considering both sites together, no causal relationships were found between mean 

annual elongation and any meteorological variable, prior or after budburst. However, 

some relationships were found when testing Lezírias data alone. Given the very different 

patterns of shoot elongation between the two sites, data from each of them will be 

analysed separately.  

 

Quercus suber shoot elongation – Lezírias site 

Tree water status was monitored at Lezírias during 2007 and 2008. Q. suber 

predawn leaf water potential, Ψl,pd, remained always high (above -0.5 MPa) and 

approximately constant throughout the year (Fig. 5). Yearly minimum Ψl,pd values were  

-0.45 MPa and -0.33 MPa in November 2007 and August 2008, respectively. During the 

observation period, Ψl,pd was not influenced by the amount or distribution of rainfall (Fig. 

1).  

 

Fig. 5. Quercus suber at Lezírias: cumulative mean apical shoot elongation (cm) – open symbols 

and seasonal variation of predawn leaf water potential (MPa) – closed symbols, for 2007 and 

2008. Error bars are standard errors. Error bars in predawn leaf water potential are contained 

within the size of the symbols. 

 

Mean annual shoot elongation at Lezírias was found to be positively correlated to 

rainfall sums and average temperatures prior to budburst. Elongation was found to be 

strongly correlated to cumulative rainfall over the 2-4 months prior to budburst (starting 

dates: 1 January, 1 February and 1 March) (R2 ≥ 0.90) (Table 2). The strength of the 
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relationship decreases for shorter periods, i.e., starting dates approaching budburst. A 

similarly strong relationship was found between annual shoot elongation and the average 

of daily mean air temperature for the periods closer to budburst (R2 ≥ 0.97, starting dates: 

25 March and 1 April) (Table 2). In the periods when shoot elongation was strongly 

correlated to cumulative rainfall, a concomitant good fit was also found with solar 

radiation (Table 2). However, solar radiation is negatively correlated to shoot elongation 

(Table 2), which suggests that radiation is not an explanatory variable. The simultaneous 

occurrences of high correlations between shoot elongation and both cumulative rainfall 

and radiation is due to the high dependence between these two meteorological variables 

(R2 > 0.9): higher rainfall means more cloudiness and, therefore, less radiation. No causal 

relationships were found between meteorological conditions during the period of 

vegetative growth and total shoot elongation. 

 

Table 2 

Linear regression analysis between mean annual total shoot elongation in Q. suber and 

meteorological variables, for different periods prior to and after budburst. Meteorological 

variables are: cumulative rainfall, Pcum; mean daily temperature, Tmean; mean daily solar radiation, 

RS,mean; and mean daily vapour pressure deficit, Dmean. The shoot elongation dataset was of 4 years 

(2007–2010), from the Lezírias site. The better fits are highlighted in grey. 

 

 

 Mean number of leaves per shoot followed closely stem elongation patterns (data 

not shown). Therefore, annual leaf production was also highly correlated to cumulative 

rainfall and air temperature prior to budburst.  

In three of the studied years (2007, 2008 and 2010), two consecutive and 

distinctive spring shoot growth periods were observed. In 2009, with drier and cooler 

early spring conditions, the second period of growth did not occur (Fig. 4). 
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In the first spring growth flush, current-year shoots developed through proleptic 

(delayed) branching (Barthélémy and Caraglio, 2007) from previous-year vegetative 

apical buds. The second growth period occurred in late-spring after a small rest phase. In 

this case, newly produced buds (just apical or apical and axillary) originated a new set of 

stems and a new leaf cohort (through immediate branching). Sometimes, the twigs that 

emerged from the spring bud continued elongation until mid-summer. In these cases, after 

an initial period of high elongation rate, growth slowed down and new axillary buds were 

produced. When apical shoot elongation resumed initial rate, buds developed into new 

lateral shoots and leaves. By the end of the summer, a new set of vegetative buds was 

produced and fully developed but a generalized separate autumn flush was never observed 

at Lezírias.  

Q. suber trees in Lezírias exhibited a high degree of phenophase synchrony 

between years, with budburst onset overlapping with flowering, in the same period during 

spring. Although generally new leaves start expanding a few weeks before abscission of 

the majority of old ones, leaf shedding may also occur before budburst, as observed more 

pronouncedly in 2008 and 2010. 

 

Quercus suber shoot elongation – Mitra 2 site 

Tree water status was monitored during 2002 and 2003 and its seasonal pattern 

was similar in both years. Predawn leaf water potential was high during the wet season, 

and dropped during the summer. The decline started in early June, and became more 

pronounced as the summer drought progressed. A recovery of tree water status was 

observed in autumn, with Ψl,pd returning to wet season values, around -0.2 MPa (Fig. 6). 

Therefore, and contrary to what was observed in Lezírias, Q. suber trees at the Mitra 2 

site suffered from dry season water stress. During 2002, shoot elongation occurred from 

early May to early June, when Ψl,pd was still high (above -0.3 MPa). Elongation ceased 

when Ψl,pd began to decrease. Growth was resumed in October, when tree water status 

(Ψl,pd) recovered upon the onset of autumn rains. A small increase of about 4.4% of the 

total year elongation was then observed. In 2003, the pattern of current-year shoot growth 

was similar but no autumn growth was observed. In spring, only one flush of shoot growth 

was observed in both years. In Mitra 2, the mean annual apical shoot length was 

considerably smaller than in Lezírias (Fig. 4).  
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No relationship was found between Q. suber annual shoot elongation and rainfall 

at Mitra 2. Mean shoot elongation was similar in both years, though annual rainfall was 

14.4% higher in 2002 than in 2003. 

 

 

 

Fig. 6. Quercus suber at Mitra 2: cumulative mean apical shoot elongation (cm) – open symbols 

and seasonal variation of predawn leaf water potential (MPa) – closed symbols, in 2002 and 2003. 

 

 

Quercus suber shoot elongation: variability between trees in Lezírias site 

A great variability in cork oak current-year shoot elongation was observed at 

Lezírias, between years and trees (Fig. 7). The annual vegetative growth of the 3 sampled 

trees varied between 6.1 and 22.2 cm from 2007 to 2010, respectively (Fig. 7). The years 

with smaller cumulative mean elongation (2009 and 2007, see Fig. 4) also showed a 

smaller difference between trees (Fig. 7).  
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Fig. 7. Cumulative mean apical shoot elongation (cm) in the 3 sampled Q. suber trees at the 

Lezírias site, from 2007 to 2010. 

 

 

Q. suber and Q. ilex budburst and shoot elongation: comparison between species in Mitra 

2 site 

For Q. ilex, average budburst day was observed on DOY 87 (end of March), during 

the two studied years. For this species, estimated average day length (photoperiod) for 

budburst was 12.3 h (  0.3), although some sampled buds burst at day lengths as short as 

11.5 hours. Budburst in Q. suber occurred about six weeks later than in Q. ilex (Fig. 8) 

(40 and 43 days of difference in 2002 and 2003, respectively).  

Seasonal tree water status (Ψl,pd) was also monitored in Q. ilex at Mitra 2 (see 

David et al., 2007). Seasonal patterns of predawn leaf water potential were similar to 

those of Q. suber, but dry season water stress was less pronounced (David et al., 2007).  

 Both species also exhibited a similar seasonal shoot elongation pattern, with most 

of the current-year shoot growth taking place during spring, when tree water status was 

still high. In autumn, when Ψl,pd recovered from the summer drought, a second smaller 

elongation period was observed (Fig. 8). In 2002, autumn growth was responsible for a 

5.9% and 4.4% increase in the total current-year shoot elongation in Q. ilex and Q. suber, 

respectively. In 2003, autumn growth was only observed in Q. ilex, though smaller than 

in 2002 (2.5% of total annual growth).  
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Fig. 8. Cumulative mean apical shoot elongation (cm) at Mitra 2, in Q. suber (open circles) and 

Q. ilex (closed squares), for 2002 and 2003. 

 

 

Discussion 

 

Quercus suber: budburst 

Air temperature was found to be the main environmental driver of Q. suber 

budburst timing. This has also been reported for other Mediterranean oak species of the 

Iberian Peninsula (Morin et al., 2010; Peñuelas et al., 2002; Sanz-Pérez et al., 2009). Our 

results showed that high mean and maximum daily temperatures in periods close to 

budburst (late-March and April) accelerate more effectively bud development than those 

of earlier periods (January and February) (Table 1 and Fig.s 2 and 3). This is in agreement 

with the evidence reported by Menzel and Sparks (2006) and Wielgolaski (2001) who 

state that high temperatures in the preceding 1-3 months may promote earlier leafing and 

flowering in some tree species. García-Mozo et al. (2006) reported that weather 

conditions (air temperature and rainfall) one month prior to flowering were the most 

influential on oak phase timing.  

In the period with the best fit between budburst date and temperature (late-March 

to budburst) minimum daily temperature had no influence on budburst (Fig. 3b). 

However, in many other places and species, chilling temperatures have been reported to 
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be determinant for the break of bud dormancy (Cannell and Smith, 1983; Hänninen, 1990; 

Kramer, 1994). Even considering longer periods of temperature averaging, our dataset 

failed to show any evidence on the chilling effect (results not shown). Similar findings 

have been reported for other Mediterranean species (Chuine, 2000; Chuine and Cour, 

1999; García-Mozo et al., 2008). However, other authors acknowledge the possible 

importance of chilling even under Mediterranean conditions (Jato et al., 2007; Morin et 

al., 2010). 

We estimated Tbase for cork oak budburst as 6.2 C. This value is close to that 

reported for Q. ilex budburst (Sanz-Pérez et al., 2009) and for Iberian Quercus flowering 

phase (Jato et al., 2002): 7 C. Thermal time for cork oak budburst was found to be 323 

degree-days, cumulated after 25 March. Some authors report different thermal 

requirements for other Mediterranean oaks. This may be due to differences in climatic 

conditions or in the assumed starting dates and threshold temperatures (García-Mozo et 

al., 2002; Jato et al., 2007; Spano et al., 1999).  

Q. suber budburst never occurred at day lengths shorter than 13 hours, either at 

Mitra 2 or Lezírias, even when the temperatures in the previous month were high. This 

suggests that photoperiod may play an additional role in the triggering mechanisms of 

budburst on cork oak by constraining the influence of temperature to a safer period 

(Menzel and Sparks, 2006). This dependency on photoperiod was also observed for holm 

oak (Sanz-Pérez et al., 2009).  

We did not find any relationship between rainfall and budburst date in Q. suber at 

our sites. Spano et al. (1999), although verifying a correlation between flowering dates of 

some non-native species and rainfall sums of the previous month, found little effect of 

rainfall on budburst of Mediterranean species. However, Peñuelas et al. (2004) found an 

overall relationship between October to February rainfall and budburst date for a range 

of Mediterranean species. 

An important feature of the relationships that we found between budburst date in 

Q. suber and average mean and maximum daily temperatures, as well as with 

photoperiod, is that they are valid irrespective of site location (Mitra 2 and Lezírias). 

Therefore, our findings on budburst triggering mechanisms in Q. suber seem species-

specific, regardless of local soil and water conditions. 
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Quercus suber shoot elongation - Lezírias site 

All studied Q. suber trees, at the Lezírias site, experienced a favourable and 

spatially homogeneous water status throughout the experimental period, irrespective of 

the amount and distribution of rainfall (Figs. 1 and 5). This suggests that the tree deep 

roots were freely tapping water from the shallow water table, whose level never dropped 

below 4.7 m (unpublished data). Therefore, at this site water supply never constrained 

tree growth and, hence, Ψl,pd did not explain the between-year difference in annual apical 

twig elongation.  

Mean annual shoot elongation and mean number of leaves per shoot were found 

to be highly correlated to cumulative rainfall and temperature, over the 2-4 months and 1 

month prior to budburst, respectively (Table 2). Average annual apical twig elongation 

and annual leaf production were mainly dependent on the conditions preceding the time 

of major growth activity.  

A distinct second period of twig expansion and leaf flushing in late-spring, after 

an intermediate growth rest, as observed in 3 of the 4 studied years at Lezírias (see Fig. 

4), has been also reported by other authors (Oliveira et al., 1994). This pattern does not 

seem to be a general feature of mature cork oak populations (see Fialho et al., 2001), but 

it has been observed in oak saplings (Mediavilla and Escudero, 2009) and young trees 

(Oliveira et al., 1994). The triggering mechanisms of this second growth flush are still 

unknown.  

Since Q. suber trees kept a favourable water status even throughout the summer, 

it was surprising to find a relationship with rainfall (Table 2). To explain this, it is 

important to consider that plant growth depends not only on water but also on nutrient 

availability (Ryel et al., 2010). High water potentials are a baseline requirement for plant 

growth since they allow the maintenance of high cell turgor pressure (Hsiao, 1973) and 

therefore of stomatal aperture. Under non-limited water conditions (such as in Lezírias), 

nutrient availability may be considered as the main factor explaining differential growth. 

Deep soil and groundwater pools can maintain a favourable plant water status but are poor 

in nutrient content (Davis and Mooney, 1986; Ryel et al., 2010). Nutrients are mainly 

concentrated in the top soil layers (Cui and Caldwell, 1997; Ryel et al., 2010). Antecedent 

cumulative rainfall and surface soil moisture promote nutrient absorption by shallow 
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roots (Nord and Lynch, 2009), and warmer temperatures contribute to a higher 

mineralization rate of litter and soil organic matter (Körner, 2006; Jobbágy and Jackson, 

2001). Our data suggest that optimal nutrient availability requires long-term rainfall 

accumulation (2-4 months) and a short-term high temperature effect (1 month) prior to 

budburst. Rainfall needs time and amount to accumulate in the soil profile whereas 

temperature may have an immediate effect on nutrient release. Rainfall decreases and 

becomes less relevant as spring progresses. In Lezírias, the years with better 

environmental conditions for nutrient uptake in the period prior to budburst showed 

higher shoot elongation and leaf production (Table 2, see also Fig. 1). 

Previous observations reported that cork oak generally keeps most of previous-

year leaves until the new ones are fully expanded (Fialho et al., 2001; Mediavilla and 

Escudero, 2003; Pereira et al., 1987). At Lezírias, we observed that an important part of 

the crown leaves were discarded in the weeks prior to budburst, particularly in years of 

earlier budburst and higher shoot elongation. This may be a consequence of increases 

both in growth demands (Milla et al., 2004) and in the translocation/remobilization of the 

nutrient/carbon reserves (Bussotti et al., 2003; Milla et al., 2005; Sanz-Pérez et al., 2009). 

 

Quercus suber shoot elongation - Mitra 2 site 

 In Mitra 2, Q. suber shoot elongation was restricted to periods of favourable water 

status and maximum growth rates were observed in mid-spring. This growing pattern has 

been also observed in other oaks and shrubs in Mediterranean climate regions (e.g., 

Arianoutsou and Mardiris, 1987; de Lillis and Fontanella, 1992; Fialho et al., 2001; Gill 

and Mahall, 1986; Mediavilla and Escudero, 2009). In Spain, Molinas et al. (1992) 

observed in mature Q. suber trees mean elongation values of 4.2 cm, similar to our results 

(3.3-3.9 cm). 

In a previous study at the same site, the groundwater table level was found to be 

shallow and never deeper than 4-5 m in the summer (David et al., 2007). However, the 

tree deep root access to groundwater was not as efficient as in Lezírias, due to the hard 

nature of the bedrock (granite). Therefore, a progressive drop in predawn leaf water 

potential was observed after early-June, restraining twig elongation in Q. suber (Fig. 6), 

since shoot and leaf expansion are known to be highly sensitive to even mild levels of 

water stress (Hsiao and Xu, 2000; Munns et al., 2000). The recovery of tree water status, 



Chapter 6: Phenology and growth dynamics in Mediterranean evergreen oaks: effects of environmental conditions 

and water relations. 

150 
 

upon the onset of autumn rains, allowed the start of a new growth period in 2002. 

Vegetative growth in autumn has been reported as a frequent feature of Mediterranean 

evergreen oaks in the Iberian Peninsula (Castro-Díez and Montserrat-Martí, 1998; 

Molinas et al., 1989; Pereira et al., 1987). Other authors did not report this feature at all 

(Fialho et al., 2001; Oliveira et al., 1994). In some Mediterranean sites, such as Mitra 2, 

when soil/geology somehow restrains deep rooting and trees suffer from spring-summer 

water stress, oak phenological development and growth is mainly dependent on water 

availability (Baker et al., 1982; Mahall et al., 2010; Peñuelas et al., 2004).  

Although rainfall was higher than the long-term average in both studied years, it 

did not influence mean annual elongation similarly to what has been reported by Oliveira 

et al. (1994) for other cork oak trees in Southern Portugal.  

 

Quercus suber shoot elongation: variability between trees in Lezírias site 

The average growth observed in the first spring period in Q. suber at Lezírias was 

similar between trees and years (5-9 cm, Fig. 7). However, considerable differences were 

found on total current-year mean apical twig elongation (Fig.s 4 and 7). This suggests 

that, in this fully watered site, “maximum elongation” and “maximum leaf production” 

require not only a comfortable water status but also optimum nutrient conditions. 

Therefore, years with wetter and warmer conditions prior to the growing season always 

showed higher shoot elongation and greater variability both within and between trees. 

Genetic variability between trees seems to emerge when environmental conditions (water 

and nutrients) are less restrictive. 

 

Q. suber and Q. ilex budburst and shoot elongation: comparison between species in Mitra 

2 site 

The timing of budburst was observed in the two oak species with a high degree of 

synchronicity. Budburst of Q. suber occurred about six weeks later than in Q. ilex (Fig. 

8). Other studies also reported a similar pattern for Q. suber budburst timing (late-April 

to mid-May) (Oliveira et al., 1994), later than in other Iberian Quercus species (Jato et 

al., 2002; Mediavilla and Escudero, 2003). Conversely, in NE Spain, budburst date in Q. 

ilex may vary up to 4 weeks between years (from mid-March to mid-April), showing 

some degree of phenophase overlapping with other Mediterranean oaks (Q. pyrenaica, 
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Q. faginea, Q. robur) (Milla et al., 2010). The possible dependence on photoperiod 

observed in cork oak (see Discussion – Quercus suber: budburst) has also been reported 

for holm oak (Sanz-Pérez et al., 2009) and may explain differences in the timing of 

budburst between the two species: holm oak begins growing at a much lower photoperiod 

than cork oak. This delay is also observed in flowering (Jato et al., 2002), creating a 

phenological barrier to hybridisation between cork and holm oaks even when they share 

the same habitat (Varela et al., 2008). 

Similarly to Q. suber at Mitra 2, most of Q. ilex vegetative growth occurred during 

spring. In Mediterranean climate sites, it is only at this time of the year that temperature, 

water and nutrients are all favourable to growth (Davis and Mooney, 1986). Q. ilex trees 

also suffered from late-spring/summer water stress, although to a smaller degree (see 

David et al., 2007). That may explain the difference on annual elongation values (higher 

in Q. ilex).  

Q. ilex trees at Mitra 2 displayed an additional small growth flush in autumn in 

response to water status recovery. This phenological pattern, previously reported for Q. 

ilex trees (Crescente et al., 2002; de Lillis and Fontanella, 1992; Ogaya and Peñuelas, 

2004) allows the extension of the growing season through autumn using more effectively 

all periods with favourable environmental conditions. 

 

 

Final remarks 

 

Climate change predictions for the Mediterranean region foresee warmer and drier 

springs and an increase in the length and severity of seasonal summer drought (Miranda 

et al., 2002). 

According to our results on temperature/budburst date, budburst in Mediterranean 

evergreen oaks will tend to anticipate in time (similarly to what has been reported for 

many other species and regions), although probably within a range of species-specific 

photoperiod limits. 

In respect to shoot elongation, two main situations may arise: 
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(a) In water-limited areas, the drier springs and summers will lengthen the tree water 

stress period, restricting shoot elongation; 

(b) In fully watered places, shoot growth will be then limited by nutrient availability 

prior to budburst. Predicted warmer, but drier springs may have contradictory 

effects on nutrient recycling. On one hand, the expected decrease in spring rainfall 

will tend to slow down nutrient recycling whereas the foreseen increase in spring 

temperature will tend to have the opposite effect. Our data do not allow 

distinguishing between the relative importances of these two counter-actions. 

Most commonly, future trends on the phenology of Mediterranean evergreen oaks 

will be characterized by an anticipation of budburst and a reduction of shoot elongation. 

The work reported here may have some limitations inherent to sample size and 

length of the measuring period (4 years at the Lezírias site and 2 years at the Mitra 2 site). 

However, during the experiment a significant number of meteorological and 

physiological variables were intensively monitored, some of which are not frequently 

surveyed in phenological studies (such as predawn leaf water potential). This allowed an 

integrative and process-based approach to improve the understanding on the mechanisms 

underlying budburst and shoot elongation. To our knowledge, the results are innovative, 

particularly for mature Q. suber trees. 
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General Conclusions 

 

 

In this study we attempted to fill some of the gaps on the knowledge of the water 

relations and phenology of Mediterranean oaks to provide baseline information for the 

management of montado ecosystems aiming at their long-lasting sustainability. 

 

 

Synthesis of the main results and future perspectives 

 

Vulnerability to drought-induced embolism of current-year shoots [Chapter 2] 

 Current-year shoots of Q. suber and Q. ilex were found to have similar 

vulnerability to xylem embolism (Ψxil,50PLC was about -3.2 MPa for Q. ilex 

and -2.9 MPa for Q. suber, differences not statistically significant). This 

suggests that shoot Ψxil,50PLC does not explain per se the geographical 

distribution of the two evergreen oaks and that other mechanisms to cope 

with drought should be more relevant.  

 Differences in Ψxil,50PLC of current-year shoots of Q. suber between two 

study sites (Lezírias and Mitra, respectively at 38º50'N, 8º49'W and 

38º32'N, 8º00'W) were also not found to be statistically significant, 

although values are significantly higher than in temperate oaks. 

 Shoots of both Quercus species live, at both sites, with large hydraulic 

safety margins, above the embolism thresholds. This suggests that both 

species are well adapted to their current environment conditions and may 

have some capacity to buffer possible impacts of climate change. 

 

Topology of the xylem network [Chapter 3] 

 Q. suber branches, stem and taproot were sectorially connected to the 

crown portions in the same orientation. 
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 Q. suber roots (except taproot) showed a predominant integrated 

functioning. 

 The topology of the xylem network is an important adaptation to drought, 

influencing the safety (spread of embolism and diseases) and efficiency of 

water transport along the soil-plant-atmosphere continuum. 

 

Root architecture, mapping and functioning (modelling) [Chapter 4] 

 Q. suber evidenced a dimorphic root system with deep roots reaching 

groundwater. 

 Deep roots survived periods of waterlogging by developing parenchyma 

aerenchyma in root cortex. 

 Lateral roots are connected to sinkers. 

 Mean vessel diameter of roots showed a top-down decrease. 

 Sap flow of superficial roots allowed the development of a conceptual 

framework to model the functioning of the tree root system based on the 

two types of root behaviour: shallow connected (linked to surface soil) and 

deep connected (linked through sinkers to groundwater). 

 The model successfully simulated tree stem sap flow, and allowed the 

estimation of the contributions of soil water and groundwater to tree 

transpiration and of hydraulic lift and hydraulic descend. 

 Soil water uptake predominates during most of the year. Groundwater 

uptake becomes dominant only in the dry summer when trees also perform 

hydraulic lift. 

 

Seasonal patterns of water use under shallow water table conditions. Water balance 

modelling approach. [Chapter 5] 

 Tree transpiration patterns were not limited by water supply but coupled 

with solar radiation. 
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 Q. suber trees were able to maintain high predawn leaf water potential 

values irrespective of rainfall and soil moisture levels in summer. Access 

to groundwater was confirmed by stable isotope (δ18O) data [Chapter 4]. 

 The model developed in Chapter 4 has the limitation of requiring root sap 

flow data seldom available. In Chapter 5 a different modelling approach 

was attempted to estimate soil water and groundwater contributions to the 

whole tree transpiration, based on meteorological, soil water storage 

capacity and stem sap flow data. 

 Model simulations converge with those of Chapter 4: in Q. suber trees at 

Lezírias site soil water is the main source to transpiration and groundwater 

uptake takes place mainly in summer. 

 Even under non-limiting water supply conditions, stomata regulate 

minimum leaf water potential above the cavitation threshold, imposing an 

upper hydraulic plateau to tree transpiration. 

 

Phenology and growth: effects of environmental conditions and water relations [Chapter 

6] 

 Air temperature was found to be the main environmental variable driving 

the timing of budburst in Q. suber. The base temperature for bud 

development was found to be 6.2 ºC. Bud development was more 

effectively accelerated by higher mean and maximum air temperatures 

during the weeks preceding budburst (after late-March), although within a 

range of photoperiod limits. 

 Shoot vegetative growth patterns in Q. suber and Q. ilex were highly 

dependent on air temperature and water availability before and during the 

active growth period. 

 In water-limited areas the growing season was restricted to short periods 

with favourable temperature and moisture conditions, when trees maintain 

high leaf predawn water potential. 

 Warmer and drier springs may increase the length of drought periods and, 

hence, amplify the restrictions on vegetative growth. 
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 In sites where water conditions are not limiting (Lezírias), average annual 

shoot elongation and maximum leaf production seem to depend on nutrient 

content and absorption from upper soil layers. 

 

 

Future research 

 

This study provides some further insights into the phenology, water uptake and 

water use regulation of by the Mediterranean evergreen oaks. Results on leaf phenology 

and xylem vulnerability to cavitation were obtained at two sites (Mitra and Lezírias) and 

two species (Q. suber and Q. ilex), using data available from a previous study at Mitra. 

The other results were obtained for Q. suber at the Lezírias site, under shallow water table 

conditions, which was set up specifically for the present study. To our knowledge this 

was the first time that the functioning of Mediterranean evergreen oak trees was analysed 

in such depth, particularly in what concerns root behaviour and hydraulic architecture 

linked to water use strategies. An in depth, process based approach, was privileged. This 

type of study provides useful information on the mechanistic behaviour but may have the 

limitation of lack of representativeness. Only future research will show if our results can 

be extrapolated in space and in time or if they are site/time specific. 


