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In Southeast Asia, tropical forests have been increasingly threatened 

by human disturbances and climate change-induced water stress. However, 

uncertainty remains as to how these forests would respond to environmental changes 

under water deficit conditions. Here, we conducted a study of seasonal variation in 

leaf water status and hydraulic properties of dominant tree species across forest 

successional stages in Khao Yai National Park, Thailand. Specifically, we measured 

midday leaf water potential (Ψmd) during the wet and dry season, and assessed branch 

xylem vulnerability at which 50% is lost (P50). The associations between P50 and 

maximum xylem hydraulic conductivity (Ksmax) and maximum vessel length (MVL) 

were examined. We also calculated percentage loss of hydraulic conductivity 

corresponding to Ψmd during the dry season (PLCdry). Our results showed that, 

lower Ψmd during the wet and dry season and greater variation in Ψmd resulted from 

seasonal changes were observed in drier sites. This could be an adaptive strategy to 

optimize photosynthesis and growth, but at higher risk of hydraulic failure. 
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forests in different successions under a warmer future. 
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CHAPTER 1 

INTRODUCTION 

 
Anthropogenic impacts on tropical forests have received a considerable amount of 

attention due to their significant consequences on climate, food, energy, and ecological 

systems (Crist et al., 2017; Lawrence & Vandecar, 2015; Wilcove et al., 2013; Zeng et 

al., 2017). Tropical forests provide numerous ecosystem functions and services that are 

imperative for sustaining terrestrial ecosystems and beneficial for human society. They 

are considered as a key component in global water cycling (Avissar & Werth, 2005) 

and the global epicenter of terrestrial biodiversity containing more than 60,000 different 

tree species (FAO & UNEP, 2020). Tropical forests also supply many goods and 

services needed for agricultural, livestock, forestry, and fishery production (Reed et al., 

2017), which improve people’s livelihoods around the globe. Due to their numerous 

benefits, tropical forests have been overexploited over the centuries to meet the needs 

of increasing human population and economic growth. As a result, a drastic loss of 

forested area and extensive forest conversion have occurred from anthropogenic 

disturbances (Popradit et al., 2015; Ryan et al., 2017). Even worse, tropical forests have 

also been severely affected by extreme events from human-induced climate change, 

including droughts, warmer temperature, heat waves and fires (Allen et al., 2010). 

Among these adverse impacts, droughts may have the greatest effect on forested areas 

worldwide (Reichstein et al., 2013). In particular, the ongoing effect from an increase 

in frequency, duration, and intensity of droughts is threatening the productivity and 

survival of forests (Barbeta et al., 2015). With this regard, droughts have been defined 

as an important contributing factor affecting forest physiological responses in many 

regions (Allen et al., 2010; Mueller et al., 2005), potentially accelerating the rates of 

tree decline and mortality of forests (Carnicer et al., 2011; Shaw et al., 2005). Therefore, 

the combination of the impacts from anthropogenic disturbances and severe droughts 

will surely be exacerbated. Such impacts may contribute to the degradation of 

ecosystem functions and services mentioned earlier (Anderegg et al., 2013; Choat et 

al., 2012; Morin et al., 2018; Pan et al., 2011; Ryan et al., 2010) 

Tropical forests have been substantially converted for other forms of land use. 

Over the past decades, the rate of forest clearance in Southeast Asia has been ranked 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2 

among the highest in the tropics, losing approximately 1.6 million ha yr−1 between 1990 

and 2010 (Stibig et al., 2014). Most of the land conversion is attributed to a number of 

human activities, including commercial logging (Wilcove et al., 2013), intensive 

cultivation (Zeng et al., 2018), and food production (Imai et al., 2018). These areas are 

typically abandoned after several years of operation and transformed into secondary 

forests, whether by natural succession or human plantation. This regeneration 

distinguishes the stage of forest succession in Southeast Asia into primary forests and 

different phases of secondary forests. Clearly, the forest structure and species 

composition in secondary forest are different compared to primary forest (Lebrija-

Trejos et al., 2011). Different vegetation structures, such as canopy coverage, 

differentiate microclimate and soil properties among successional stages (Lee et al., 

2006), and thus affecting location, duration, and distribution of tree species being able 

to regenerate within each stage (Lebrija-Trejos et al., 2010). Moreover, differences in 

canopy openness, tree density, vertical stratification, and the amount of plant litter 

strongly influence the variation of temperature, atmospheric humidity, and soil water 

availability along successional stages in the forests (Heithecker & Halpern, 2007; 

Marthews et al., 2008), creating warmer and drier environment in secondary forest in 

comparison to primary forest (Pineda-Garcia et al., 2013). Given these differences, the 

attempts to study physiological mechanisms across forest succession have emerged in 

temperate and tropical ecosystems (Matheny et al., 2017; Pineda-Garcia et al., 2016; 

Powell et al., 2017; Ruiz-Benito et al., 2017), but rarely in Southeast Asia. Besides, 

differences in species composition of the primary and secondary forests can also 

complicate our understanding on how forests will respond to water stress. Since trees 

establishing in different successional stages may respond differently to droughts 

(Bretfeld et al., 2018), this knowledge gap could be crucial for the restoration of forests 

along successional gradients. Outcome from studies addressing physiological variation 

among forest stages will provide more definitive recommendations for selecting 

appropriate tree species for forest restoration in tropical regions, especially in Southeast 

Asia. 

Knowing the response of forests to changing environment depends on the 

understanding of drought-induced physiological mechanisms of dominant trees at the 

species level (Choat et al., 2012). Instead of carbon starvation from reduction in 
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photosynthesis, it has been revealed that deterioration of the water transport system, 

also known as hydraulic failure, is the main driver of plant mortality triggering tree 

death from drought in tropical areas (Rowland et al., 2015). Since water is necessary 

for plant in many processes, its limitation could lead to many dysfunctions in terrestrial 

plants. One method to study the response of trees to drought-induced hydraulic 

dysfunction is by quantifying their responses to water supply. Apart from various key 

variables in plant functioning, plant water potential is a measurable indicator of tree 

water status and represents the overall plant health because plant growth, productivity, 

and recovery are all dependent on plant water status (Taiz & Zeiger, 2003). Plant water 

potential is the main driving force controlling water movement from roots to leaves 

(González & Reigosa Roger, 2001) and also describes how hydrated a plant is (Perez-

Harguindeguy et al., 2016), providing a relative index of water stress that the plant is 

exposed to. In plant physiological study, water potential can be used to see how trees 

generally respond to changes in their surroundings and to quantitatively compare water 

status among tree species (Steppe, 2018; Teskey & Hinckley, 1986). The measurement 

of plant water potential, thus, offers the information regarding trees’ responses to the 

changing environment, which is very crucial for the understanding of how plants 

survive during water stress (McDowell et al., 2008). Another method to assist in 

characterizing the sensitivity of plants to drought stress is by measuring how well water 

can transport from roots to leaves (soil-plant-atmosphere continuum) through xylem 

tissue. The xylem elements supply water for all aspects of plant functioning, such as 

growth, maintenance, and reproduction. However, insufficient water availability during 

drought events may induce the formation of bubble in xylem conduits, affecting the 

continuous water column in xylem network. This hydraulic dysfunction in xylem tissue 

is called cavitation (Taiz & Zeiger, 2003), which could interrupt water transport to tree 

crowns and eventually lead to tree death (Adams et al., 2017). One index that plays an 

important role in defining performance of water transport in trees during droughts is 

xylem vulnerability to cavitation, which is considered as the key trait responsible for 

setting the drought tolerance of any species (Skelton et al., 2015). It has been indicated 

that the xylem vulnerability strongly relates to the capability of woody trees to resist 

and retrieve from periods of prolonged drought (Domec et al., 2015). Nevertheless, this 

trait varies among species and is largely determined by difference in xylem structure 
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(Delzon et al., 2010; Maherali et al., 2004). Investigating the response of trees to 

drought-induced hydraulic failure and their xylem vulnerabilities will, therefore, offer 

a fundamental aspect representing an important property for stating the limits of 

drought tolerance for woody tree species and determining trends in drought-induced 

forest mortality of forests in different successional stages.  

With these regards, this study aims to evaluate seasonal variation of tree 

hydraulics through plant water potential and to assess xylem vulnerability of dominant 

tree species in Khao Yai National Park, a seasonal evergreen forest in north-eastern 

Thailand. This national park is a UNESCO world heritage site. Measurements and 

analyses will be performed in both wet (May–October) and dry (November–April) 

seasons across three forest stands representing an old-growth forest (OF, >200 years), 

an intermediate forest (IF, ~45 years), and a young forest (YF, ~5 years). The outcome 

from this study will fulfill the knowledge gaps on physiological responses of tropical 

forests to seasonal changes, as well as offer knowledge on species-specific responses 

along the forest successional stages. This knowledge will provide useful insights to 

support policy decisions on tropical forest management, especially for species selection 

to restore forests, particularly in highly deforested and degraded region in Southeast 

Asia. 

 

1.1 Research objectives 

1.1.1 To determine seasonal variation in leaf water status of dominant tree species 

across forest succession in Khao Yai National Park 

1.1.2 To characterize drought tolerance of dominant tree species across forest 

successional stages 
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1.2 Research schedule 

The study period starts from July 2019 to August 2021. Key tasks are listed below at 

2-month intervals.  

Table 1.1 The study period 

Task 

2019 2020 2021 
July

-
Aug 

Sep
-

Oct 

Nov
- 

Dec 

Jan
-

Feb 

Mar
- 

Arp 

May
-

June 

July
-

Aug 

Sep
-

Oct 

Nov
- 

Dec 

Jan
-

Feb 

Mar
- 

Arp 

May
-

June 

July 
- 

Aug 

1. Design the study              

2. Review literature              

3. Survey study plots 

and design the 

experiment 

             

4. Collect samples 

for tree hydraulic 

measurement (md) 

             

5. Collect sample for 

xylem vulnerability 

to cavitation analysis 

(P50 and PLCdry) 

             

6. Analyze and 

interpret results  

             

7. Prepare and 

submit thesis 

             

 

1.3 Expected outcome 

7.1 This study will enhance the understanding on physiological responses of forest trees 

from different successional stages to seasonal variation. 

7.2 This study will provide a measurable index describing the capacity of woody tree 

species from different successional forests to tolerate water stress.  

7.3 Results from this study can be used in forest management projects, especially for 

species selection to increase the likelihood of success in forest restoration. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 2 

LITERATURE REVIEW 

 

A major trade-off when uptaking carbon dioxide (CO2) from the atmosphere for 

photosynthetic process is the loss of water through plant stomata. Water is vital for 

plant development and considered as a key determinant of vegetation distribution across 

ecosystems. In this sense, limited water availability is predicted to be a major 

environmental constraint in forest ecosystems owing to climate change predictions 

(IPCC, 2019). Several studies have evaluated the physiological responses of plants to 

water stress (Adams et al., 2017; Allen et al., 2010; Martinez-Vilalta et al., 2019; 

McDowell et al., 2008; Sevanto et al., 2014), with the aim of developing reliable 

indicators for plant mortality risk. Among these responses, plant hydraulic efficiency 

involved in water transport has been acknowledged to play a crucial role in plant 

response and adaptation to water stress. Nevertheless, plant responses resulted from 

water stress could be dependent on site and/or species (Ryan et al., 2010; Vilagrosa et 

al., 2012), in which, however, facing similar exposure to stress or damage during the 

periods of water-limited conditions (Choat et al., 2012). This emphasizes the need for 

a better understanding of water stress impacts on different tree species and ecosystems, 

in order to provide useful and relevant information for forest management and 

protection. 

 

2.1 Status and succession in Southeast Asian tropical forests 

Southeast Asia (SEA) is home to approximately 7% of the world’s forest area (FAO, 

2020), and roughly 15% of the world’s tropical forests (Stibig et al., 2014) (Fig 2.1). 

The tropical forest in SEA plays a crucial role for biodiversity hotspots (Slik et al., 

2015), as well as socio-economy and the livelihoods for forest-dependent people. This 

region, however, is being lost through successive waves of anthropogenic disturbances, 

including colonization, cultivation, and abandonment, and also exacerbated by the 

impacts of climate change. As a result, secondary (regrowth) forests are replacing as 

patches in the primary (old-growth) forests, leading to equal or larger areas of regrowth 

forests than that of mature forests in the SEA regions (Estoque et al., 2019).  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 7 

 

Figure 2.1 The distribution of global forest area categized by climatic domain1 

 

SEA is facing irregular climate events due to the combination of various 

pattern of climate associated with El Niño events (Islam et al., 2018). Specifically, in 

Thailand, the combination of these interactions results in changing in amplitude and 

variability of climate behaviors, which consequently lead to more frequent and broader 

hydrological disasters, such as droughts (Power et al., 2020). Kaewthongrach et al. 

(2019) studied the impacts of severe drought during the strong 2015/2016 El Niño event 

in a secondary dry dipterocarp forest in Thailand, with the aim of evaluating how this 

forest would respond to extreme climatic events. The results showed that the amount of 

rainfall during the El Niño decreased to 30% of the total rainfall in normal years, and 

subsequently reduced soil moisture to around 5% for 5–6 consecutive months rather 

than 3 months during typical dry seasons. Lower water availability during the El Niño 

event induced xylem embolism in the crown, leading to the increase of the forest 

dieback and mortality up to 50% compared to non-El Niño events. This study serves as 

a pioneer assessment for potential impacts of climate change on the secondary forests 

in Thailand, which is rare and remains poorly understood. Thus, it is of paramount 

importance to not only protect the remaining areas of primary forest and conserve the 

regrowth ones, but also to understand their responses to changing environment, as a 

prerequisite to ameliorate the strategies dealing with managing forests in different areas 

and generations. 

Dividing forest dynamics into distinct successional phases is a useful method 

for comparative studies and ecological research that focus on transitions in forest 

 
1 Taken from FAO. (2020). Global forest resources assessment 2020: Main report.  
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structure, species composition, and ecosystem properties (Chazdon, 2013). The 

boundary between stages of succession is vague, but these stages generally follow the 

order of time. As shown in Table 2.1, the vegetation structure in each successional stage 

changes depending on temporal sequence. In the stand initiation stage, pioneer species 

starts colonizing the disturbed lands, herbaceous species declines, and shade-tolerant 

species establishes as seedlings. The next stage is generally referred to as the stem 

exclusion or dense structure, as all space of the land is occupied by fast growing species 

and thus the canopy becomes closure. This results in suppression of shade-intolerant 

species, while shade-tolerant species continue to establish and recruit in the canopy. 

During understory reinitiation stage, canopy gaps are formed due to the mortality of 

long-lived pioneer trees, which decreases the homogeneity of light availability. This 

process allows a vegetative understory to develop, turning over the species in the 

understory back to the land again. The last stage, old-growth stage, begins with the 

mortality of pioneer trees establishing during the stem initiation stage. It is the most 

diverse stage for trees and epiphytes and is categorized by high functional diversity and 

large spatial heterogeneity. 

 

Table 2.1 Vegetation dynamic processes related to stages of forest succession and time since 

disturbances2 

Successional stages Vegetation dynamic processes 

0-15 years 

Stand initiation 

• Germination of seeds in seed bank (i.e., in soil) 

• Resprouting of remaining trees 

• Colonization of short- and long-lived pioneer trees 

• Rapid height and diameter growth of woody species 

• High mortality of herbaceous species (i.e., grasses, flowers etc.) 

15-50 years 

Stem exclusion 

• Canopy Closure 

• Recruitment of shade-tolerant seedling, saplings, and trees 

• Growth suppression of shade-intolerant trees in understory 

• High mortality of short-lived-pioneer trees 

• Dominance of long-lived pioneer trees 

30-200 years 

Understory 

reinitiation 

• Mortality of canopy trees 

• Formation of small canopy gaps 

• Reproductive maturity of early-colonizing species 

• Increase heterogeneity in understory light availability 

• Tree recruitment of early-establishing shade-tolerant species 

 
2 Adapted from Chazdon, R. (2013). Tropical Forest Regeneration. In (pp. 277-286).  
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Successional stages Vegetation dynamic processes 

> 200 years 

Old-growth 

• Range of gap sizes 

• Recruitment of shade-tolerant and gap canopy species 

• Spatial heterogeneity in biomass and microtopography 

• Large woody debris 

• Maximum diversification of trees and epiphytes (i.e., lichens, 

ferns etc.) 

 

Focusing on the study area, Khao Yai National Park comprises a mosaic of 

patches in various forest succession covering three out of the four stages described 

earlier (Chanthorn et al., 2016). The national park was officially founded in 1962 and 

considered as Thailand’s first official national park. It is a forest ecosystem surrounded 

by traditional upland farming from Thai Tha Dan people since the end of the nineteenth 

century. The old-growth stage has existed over a few hundred to a thousand years and 

there is no evidence of human disturbance (Figure 2.2A). The canopy height within this 

stage is around 20–35 meters with some of the large trees (emergents), notably the 

Dipterocarpaceae family, reaching over 50 meters. Within this stage, a forest dynamics 

plot, Mo Singto, was created in 1996, covering 30 ha in area and containing nearly 700 

species of plants (Brockelman et al., 2017). The next stage is called young smooth 

forest, which is characterized as in stem exclusion stage (Figure 2.2B). This site is a re-

growth forest from abandoned agricultural lands when the park was founded. Being 

categorized as stand initiation stage, the next forest succession is called very young 

forest (Figure 2.2C). It was cleared and used in military purposes until 1975, then left 

for regeneration. The last stage within Khao Yai National Park is naturally afforesting 

grassland (Figure 2.2D), regenerated since 2001 from a former golf course. Clumps of 

trees can be seen scatteringly within this stage. 
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Figure 2.2 Different forest successions in Khao Yai National Park3 

A. Old-growth forest, B. Young smooth forest, C. Very young forest, and  

D. Naturally afforested grassland 

 

2.2 Hydraulic architecture and water transport in plants 

Since plants started to colonize on land, uptaking and transporting water to distal organs 

have been the challenge that plants are dealing with against the gravitational force. 

Large amounts of water are required for plants to live and grow. To perform 

photosynthesis, carbon dioxide (CO2) is absorbed by plants through pores on the leaf 

surface called stomata. It takes one molecule of water for one molecule of CO2 to be 

synthesized in this essential process. However, when stomata open, hundred times of 

water molecules are lost in comparison to the small amount of CO2 absorbed (Ruggiero 

et al., 2017). Such amount of water evaporating from plants across ecosystems returns 

approximately 40% of terrestrial rainfall globally (Schlesinger & Jasechko, 2014), and 

thus is an important factor driving water cycle at the global scale. 

 

2.2.1 Plant water relation 

Generally, water taken up by terrestrial plants is entered to roots from the soil by 

osmosis (Taiz & Zeiger, 2003). A root system comprises of a complex network of roots 

 
3 Taken from Chanthorn, W., Ratanapongsai, Y., Brockelman, W., Allen, M., Favier, C., & Dubois, 

M.-A. (2016). Viewing tropical forest succession as a three-dimensional dynamical system. Theoretical 

Ecology, 9.  
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in different diameter sizes along their length. Roots growing at the tips are thinner and 

smaller lateral roots, which are called fine roots and have the greatest capability to 

absorb water in the root system (McCully, 1999). During the absorption, water enters 

the epidermis and then moves inwards crossing cortex, endodermis, and pericycle 

before it reaches water-conducting tissues, or xylem (Figure 2.3, Figure 2.6J). 

 

 

Figure 2.3 The pathways for water movement in roots4 

 

To reach the xylem, water can travel through the spaces between cell walls 

(apoplast pathway) or move through the inside of cells (symplastic pathway). At the 

endodermis, the cell walls are impermeable at the casparian strip, forcing water 

movement in the route of apoplast to enter another layer via symplastic pathway 

instead. The casparian strip in plant roots is a paracellular barrier that regulates the 

water and solutes movement from the soil to the water-conducting elements (Grebe, 

2011). Generally, roots closely contact to soil, which provides nutrients, water, and 

other substances that may be lethal to plants. To control the uptake of substances from 

the soil, evolving the paracellular barrier inside the root enables plants to perceive and 

select things before passing them to the vascular system (Geldner, 2013). 

Once in the water-conducting tissues, water moves freely over long distances 

in open pipelines in the stems and branches. These conducting elements have a 

specialized formation, allowing them to transport water with great efficiency (Jung et 

 
4 Adapted from Taiz, L., & Zeiger, E. (2003). Plant physiology. 3rd edn. Annals of Botany, 91.  
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al., 2008). There are two kinds of tracheary elements in the xylem: tracheids and vessels 

(Figure 2.4). Tracheids can be found in all vascular plants but mostly in gymnosperms, 

including conifers and ferns, whereas vessels are presented only in angiosperms 

(Mencuccini, 2003). The xylem elements originate with living cells, but dead at 

maturity (Taiz & Zeiger, 2003). These conducting elements undergo an adjustment 

where they scarify their organelles and form hollow tubes to decrease resistance while 

transporting water. Structurally, tracheids are lengthened with spindle-shaped cells and 

usually smaller than vessels in diameter (Figure 2.4A). Comparing to tracheids, vessels 

are likely to be shorter and wider and contain the end walls that assemble a perforation 

plate (Figure 2.4A). The perforated end walls enable vessels to stack their ends to form 

continuous open tubes, providing a very efficient and low resistant pathway for water 

movement. Along with the tracheary elements, xylem also contains parenchyma cells 

that help store and transport water and carbohydrates within conduits, as well as fibers 

that provide structural support (Secchi et al., 2017).  

 

 

Figure 2.4 Xylem elements and their interconnections5 

A. Tracheids and vessel elements, and  

B. A bordered pit with a torus (a special characteristic of pit membranes mostly found in 

gymnosperms) either centered or resided to one side in the pit cavity 

 

Xylem elements are bordered by pit membranes, where water has to pass to 

move from one conduit to a neighboring one (Figure 2.4B; Figure 2.6I). Pit membranes 

are cavities and discontinuities in the secondary cell walls. Comprising of a degraded 

 
5 Adapted from Taiz, L., & Zeiger, E. (2003). Plant physiology. 3rd edn. Annals of Botany, 91. 
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primary cell wall and middle lamella, pit membranes play a significant role in higher 

evolution of vascular plants by allowing the transport of water while preventing the 

entry of air and microbes between the adjacent conduits (Choat et al., 2008). The pit 

membranes, thus, function as safety faucets in the water transport system of plants. 

After taken up from roots and transported to stems and branches, water enters 

leaves though the xylem in a petiole, a stalk that attaches the leaf to the branch. The 

petiole bridges the xylem connection into the midrib (also called midvein) which then 

branches off into a very fine and complex network of veins throughout the leaf (Figure 

2.5A). Once water leaves the xylem, water is drawn from the bundle sheath cells to the 

cell wall surfaces of mesophyll cell, where it diffuses into the internal air spaces. In 

response to the concentration gradient, water vapor exits the leaf through stomata and 

passes through the still-air layer adjacent to the leaf surface (Figure 2.5B). The process 

in which water moves from the xylem and evaporates out of the leaves is called 

transpiration. 

 

 

Figure 2.5 A leaf diagram6 presenting A. Venation of a leaf showing ramification of the 

midrib into smaller veins., and B. The pathway for water movement in a leaf.  

 

2.2.2 The mechanisms driving the ascent of water in plants 

The ascent of water in plants is generally a passive process driven by water potential 

gradient. Water moves by bulk flow towards regions of lower water potential. The 

 
6 Adapted from Taiz, L., & Zeiger, E. (2003). Plant physiology. 3rd edn. Annals of Botany, 91. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 14 

mechanism driving the transport of water in plants can be referred to as the “cohesion-

tension” mechanism (Dixon & Joly, 1895; Taiz & Zeiger, 2003; Tyree & Zimmermann, 

2002; Venturas et al., 2017). The name comes from the ‘cohesion’ of hydrogen-bonding 

property of water and the capillary suction resulted from the pulling action, or ‘tension’, 

generated by transpiration (Figure 2.6). Water is a polar molecule and has a strong 

cohesive force, allowing for the formation of hydrogen bonds with other molecules. 

These hydrogen bonds pull the water molecules tightly together, which enable water 

columns in plants to withstand a very high tension without disconnecting and help 

explain the capability of water transport to the canopy heights of several meters above 

ground. In the plant xylem, the tension exists because of transpiration, leading to a tug-

of-war process that pulls a continuous stream of water in root-to-leaf pathway (Figure 

2.6A). This tension is a negative hydrostatic pressure (Px < 0) that is conventionally 

signified to water potential (). The increasing negative on , the greater tension 

imposes on the water column. As pointed out before, plant transpiration occurs when 

water evaporates from mesophyll cell walls surrounded by the air spaces inside the 

leaves (Figure 2.6B). Water menisci occur at this air-water boundary where the water 

in apoplast is exposed to the air (Figure 2.6C). Because transpiration is predominantly 

driven by sunlight, water molecules are broken down by solar energy and evaporate 

from the meniscus (Figure 2.6E). The evaporation creates tension in the xylem that 

exerts the capillary suction on the meniscus within the cell walls. This suction results 

in the replacement of evaporated water molecules by others in the continuous stream of 

water. The tension occurred in this interface is also propagated along the water column, 

causing the water potential gradient along the roots and the leaves (Figure 2.7).  
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Figure 2.6 The cohesion-tension mechanism of water transport in plants7 

A. Diagram of water column from soil to leaf cells. The bulk of water is drawn (blue arrows) from soil 

to leaf surface by negative pressure, or tension, (Px < 0) and capillary suction (red Fc arrow). From the 

bottom up, water moves from roots (Rc) in the soil to the xylem (Xy) via symplastic (Sp) and apoplastic 

(Ap) pathways. The water movement is controlled at the endodermis (En) due to casparian strip (Cs) that 

blocks the Ap pathway. Water moves inwards to water-filled xylem tissues in the stem (no gas bubbles 

or cavitation). The capillary suction moves water out of the mesophyll (Mc) by diffusion from the leaf 

as the epidermis (Ep) and stomata regulate the loss of water (dotted blue arrow) and the uptake of carbon 

dioxide (dotted brown arrow)., B. Leaf cross section illustrating transpiration and photosynthesis 

processes which are mainly governed by stomatal aperture (Gc)., C. The cell wall surfaces of mesophyll 

cell surrounding by the air space., D. The air-water interface on the mesophyll cell wall., E. A single 

meniscus showing the capillary suction (Fc) and diffusion of water (dotted blue arrows). As water 

evaporates, the surface water forms meniscus, the tension is generated (Px < 0), and Fc is exerted in the 

cell wall. The tension is transmitted through the water stream in A taking water up from the soil., F. The 

water-conducting tissues are linked through pit membranes functioning as safety faucets in water 

transport pathway., G. If air spreads into the xylem elements, capillary suction alone cannot retain the 

continuous column of water due to large diameter of xylem conduits., H. Water is drained to the 

neighboring conduit and leaves the previous tissue to become empty., I. Pit membranes help prevent the 

entry of air from the adjacent conduit., J. Root cross section presenting the ways for water being absorbed 

by the root., and K. A root hair that makes direct contact with soil and water adsorbing to the surface of 

soil particles.  

 
7 Adapted from Venturas, M. D., Sperry, J. S., & Hacke, U. G. (2017). Plant xylem hydraulics: What 

we understand, current research, and future challenges. Journal of Integrative Plant Biology, 59(6), 

356-389.  
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Figure 2.7 An example of water potential at various points along the  

water transport pathway8 

 

2.2.3 The initiation of xylem cavitation 

As mentioned earlier, water in plants is drawn under tension (negative pressure) 

corresponding with cohesion-tension mechanism. When the tension inside xylem 

becomes too high (more negative), the water stream breaks and disconnects the 

continuous column of water molecules–a phenomenon known as cavitation (Tyree & 

Zimmermann, 2002) (Figure 2.6F-H). A number of mechanisms have been proposed 

for the establishment of air in the water-conducting conduits, but the most 

acknowledged one is air-seeding mechanism (Tyree & Zimmermann, 2002; Venturas 

et al., 2017; Vilagrosa et al., 2012). In the xylem network, there is a threshold for the 

cavitation to occur in the xylem elements. It is when the tension becomes higher than 

the pressure needed to tug an air bubble from a cavitated tissue into a water-filled one 

through pit membranes–a process known as air seeding (Figure 2.8). Once inside the 

water-filled tissue, the tension causes the air bubble to enlarge and fill the entire tissue. 

In accordance to water stress conditions, this phenomenon can propagate through the 

xylem network and decrease the efficiency of xylem to conduct water, leading to the 

reduction or cessation of water uptake from roots to distal organs in plants 

 

 
8 Adapted from Taiz, L., and Zeiger, E. 2003. Plant physiology. 3rd ed. 
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Figure 2.8 Air-seeding process under water-limited condition for gymnosperms and angiosperms9. 

The pressure difference (ΔP) between the cavitated conduit (Pa=0) and the adjacent water-filled conduit 

(Px<0) leads to the deflection of pit membranes against the pit border. Air is seeded into the conduit filled 

with water when ΔP reaches the threshold pressure (i.e., critical plant water potential (crit)). For 

example, in gymnosperms, air seeding occurs when ΔP exceeds the threshold that efficiently maintain 

the torus or when ΔP is too high causing the displacement of the torus from the sealing position. In 

angiosperms, air is begun to spread into the water-filled conduit when ΔP causes the capillary failure at 

pit membranes or when the membranes are ruptured. 

 

2.2.4 Xylem cavitation as a limiting factor for plant survival in the water-limited 

condition 

During water-limited condition or drought event, a reduction in rainfall results in 

decreases of soil water availability, which are usually coincided with higher 

temperature and evaporative demand. The combination of these influences induces 

water stress in plants, which results in a greater tension (more negative) in the xylem 

network. Water stress in plants can be measured through plant water potential (), an 

index that controls water movement from roots to leaves (González & Reigosa Roger, 

2001) and becomes markedly low during drought (Farooq et al., 2012). As plants 

dehydrate, the subsequent decrease in turgor pressure results in stomatal closure, 

reducing plant desiccation and the declining rate of . Recent studies reveal that 

stomata in plants are likely to close despite their negative consequences before reaching 

a critical plant water potential threshold (crit), which potentially triggers xylem 

cavitation in the stem (Li et al., 2018; Martin-StPaul et al., 2017) (Figure 2.9). In a short 

time scale, the costs associated with stomatal closure include a restriction in 

 
9 Taken from Venturas, M. D., Sperry, J. S., & Hacke, U. G. (2017). Plant xylem hydraulics: What we 

understand, current research, and future challenges. Journal of Integrative Plant Biology, 59(6), 356-

389. 
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photosynthesis, reduction in CO2 uptake, and loss of evaporative cooling from canopy 

transpiration (Lambers et al., 1998). For a longer time scale, the onset of low 

photosynthetic rate resulted from stomatal closure initiates the lower availability of 

stored carbohydrate in all organs (Mitchell et al., 2013) as well as the production of 

compounds used to defense biotic agents and plant diseases (McDowell et al., 2011). 

In spite of these consequences, stomatal closure before the incidence of cavitation 

emphases the significance of plants to avoid xylem cavitation for long-term survival 

(Rowland et al., 2015).  

 

 

Figure 2.9 Periods of drought stress and general 

responses of plants10 

A. Time series of transverse slices of water-conducting 

tissues showing the spread of cavitation with increasing 

drought stress (left to right). Vessels filled with water are 

in bright circles, while dark circles represent cavitated 

vessels. A severe prolonged drought can lead to hydraulic 

failure that causes mortality of the whole plant (right).,  

B. Changes in water loss though stomata or cuticles (blue 

line) and xylem hydraulic conductance due to cavitation 

(red line) with increasing drought stress. 50 indicates the 

plant water potential at which 50% hydraulic 

conductivity is lost., and  

C. Common patterns for the extent and time of plant 

responses during drought stress. 

 

Once closing the stomata,  continues to drop as water can also be lost through 

cuticular transpiration (Kerstiens, 1996), or bark surface (Oren & Pataki, 2001). Water 

loss during these processes are generally low compared to fully opened stomata periods. 

During this phase, decreases in  are maintained by the release of plant water storage 

(Borchert & Pockman, 2005). If drought is prolonged, crit will eventually be reached, 

and the cavitation will subsequently occur in the xylem. This process can be found 

throughout the hydraulic pathway from roots to leaves (Brodribb et al., 2016; Choat et 

al., 2015; Choat et al., 2018) (Figure 2.10). The ability to resist xylem cavitation has 

 
10 Adapted from Choat, B., Brodribb, T. J., Brodersen, C. R., Duursma, R. A., Lopez, R., & Medlyn, B. 

E. (2018). Triggers of tree mortality under drought. Nature, 558(7711), 531-539.  
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emerged as a key trait representing the capacity of plant to tolerate drought and is 

generally determined as the xylem pressure causing 50% loss of hydraulic conductivity 

(Choat et al., 2012). Since cavitation reduces the efficiency of xylem to conduct water, 

this hydraulic impairment can lead to loss of leaves and death of branches (Rood et al., 

2000). During intense drought, cavitation can propagate through the xylem network, 

involving systemic failure of the hydraulic system. In case that drought persists with 

longer duration and higher intensity, disastrous malfunction of plant water transport 

system can occur, after which plants may die through desiccation and dehydration 

(Brodribb & Cochard, 2009; Urli et al., 2013).  

 

 

Figure 2.10 Noninvasive imaging techniques 

showing xylem cavitation through the 

hydraulic pathway 

A. A series of images showing the expansion of 

cavitation in leaf vein networks with transmitted 

light11. Left, transmitted light images highlighting 

the majority of the vein network. Middle, a single 

cavitation event from the midrib into the venation. 

Right, a color map of all cavitation events recorded 

during dehydration.,  

B. X-ray micro-computed tomography showing 

three-dimensional, radial longitudinal, and 

transverse images of xylem tissue of a pine stem12. 

Gas-filled and water-filled tracheids can be seen in 

black and grey, respectively. White arrows indicate 

parenchyma cells within the stem and white bars 

indicate 100 μm scale., and  

C. Cavitated xylem vessels in a root system (red) 

taken from a micro-computed tomograph13. Lateral 

roots during dehydration and the pathway of 

cavitated vessels are illustrated in left and right, 

respectively. 

 

 
11 Taken from Brodribb, T. J., Skelton, R. P., McAdam, S. A. M., Bienaime, D., Lucani, C. J., & 

Marmottant, P. (2016). Visual quantification of embolism reveals leaf vulnerability to hydraulic failure. 

New Phytologist, 209(4), 1403-1409. 
12 Taken from Choat, B., Brodersen, C. R., & McElrone, A. J. (2015). Synchrotron X-ray 

microtomography of xylem embolism in Sequoia sempervirens saplings during cycles of drought and 

recovery. New Phytologist, 205(3), 1095-1105. 
13 Taken from Choat, B., Brodribb, T. J., Brodersen, C. R., Duursma, R. A., Lopez, R., & Medlyn, B. 

E. (2018). Triggers of tree mortality under drought. Nature, 558(7711), 531-539. 
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2.3 Measurements on hydraulic thresholds to tree mortality 

2.3.1 Measuring plant water status though plant water potential  

All living organisms need a constant input of free energy (the energy available to 

perform work) for maintaining and repairing their structures, as well as for growth and 

reproduction (Taiz & Zeiger, 2003). Processes such as accumulation of solutes, 

biochemical reactions, and the ascent of water are all exerted by an input of free energy 

to the plant. Due to their continuous biochemical activity, plants never reach to the 

actual equilibrium point (Passioura, 2010). However, they are close enough for 

describing their water status in term of equilibrium thermodynamics (González & 

Reigosa Roger, 2001; Taiz & Zeiger, 2003). The chemical potential of water is a 

measurable index of the free energy related to water. It has the unit of energy per mole 

of substance (J mol-1). Due to the importance of pressure in plant processes, plant 

physiologists have chosen to use a related parameter called “water potential”, 

designated by  (the Greek letter ‘psi’), that is chemical potential divided by the 

volume of one mole of water (energy/volume; J m-3). The unit of water potential is 

expressed in that of pressure, Pascal (Pa), which has the dimensions of force/area. This 

unit is, therefore, the common unit for water potential. 

The idea of water potential is able to be implemented to any sample of water; 

inside a cell, cell wall, or water-conducting elements, and often represented as an index 

of the water status in plants. Water potential can be formalized by considering the 

components contributing to the water potential. The major components include solutes, 

pressure, and gravity (Boyer & Kramer, 1995; González & Reigosa Roger, 2001; Taiz 

& Zeiger, 2003); 

  = s + p + g Eq 2.1 

where  is water potential and the terms s, p, and g signify the effects of solutes, 

pressure, and gravity, respectively. Each component refers to the same point in the 

solution, and is additive according to either it increases (positive) or decreases 

(negative) the  at that point. The state of pure water at ambient pressure and 

temperature is used for the reference state to determine total .  

Each component affects  in specific ways. The term s, solute potential or 

osmotic potential, characterizes the influence of dissolved solutes on water potential. 
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Solutes lowers the free energy of water by diluting the water, and thus decreases . 

The term p represents hydrostatic pressure of the solution. It links to the turgor 

pressure and expresses as positive hydrostatic pressure within cells. The value of p 

can also be negative in the water-conducting elements or in the walls between cells, in 

which a tension or negative hydrostatic pressure can proceed. The last term, g, is the 

potential for water movement due to gravity. When dealing with water transport in 

plants, the g component will be ignored because it is insignificant in comparison to s 

and p. In this case, Eq 2.1 reduces to: 

  = s + p Eq 2.2 

where the combination of s and p results in negative  because water in plant has 

s that is always negative when compared to pure water at the same state, and is exerted 

by negative hydrostatic pressure (p) due to transpiration.  

Given the importance of water for plant survival, the use of simple, reliable, 

and accurate methods for determining plant water status would be beneficial for 

determining physiological condition in plants. Generally, two main methods have been 

performed to quantify . The first method is thermocouple psychrometry (Boyer & 

Knipling, 1965; Nonami et al., 1987), which is considered to be one of the most broadly 

used and versatile approaches for measuring water status in plants. Psychrometer 

employs the principle that water vapor pressure is reduced when its water potential is 

decreased. It can be performed to quantify the water vapor pressure of a solution or a 

piece of plant tissue based on the fact that water evaporation from a surface decreases 

temperature at the surface. To make a measurement, a plant sample is placed inside a 

chamber that has a temperature sensor contacting with a small droplet of a known 

concentration solution (known ) (Figure 2.11). If the sample has lower water potential 

than the solution, water evaporates from the solution, disperses to the air, and is 

absorbed by the plant sample. The evaporation occurring here lowers the surface 

temperature of the solution. On the other hand, if the solution has lower water potential 

as opposed to the sample, water diffuses from the sample to the solution, leading to 

warmer temperature of the solution. Repeating the measurement with several solutions 

of known  until the water movement between the solution and the plant sample 

becomes zero (no temperature changes) will eventually indicate the  of the sample, in 
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which is similar to that of the solution. Despite its popularity and versatility for 

measuring plant water status, psychrometer requires a good deal of care while applying. 

A main difficulty of this technique is the sensitivity to temperature variations. Making 

a measurement with psychrometer is, thus, possible only in laboratory with constant 

temperature conditions. 

 

 

Figure 2.11 The use of thermocouple psychrometer to measure the  

water potential of a plant tissue14 

 

The second method is by the use of pressure chamber (Boyer & Kramer, 1995; 

Turner, 1988). It is considered to be a relatively rapid and sturdy method for measuring 

the water potential of plant samples (i.e., leaves, shoots, branches etc.). Before the 

measurement, a plant sample is cut from the plant and partially put in a pressure 

chamber (Figure 2.12). Due to the transpiration process, the continuous water stream in 

the xylem is under tension (negative hydrostatic pressure) before cutting (Figure 

2.12A). When the stream is disconnected (by cutting), water in the xylem recedes into 

the adjacent cells, causing the cut surface to be dry (Figure 2.12B). By applying 

pressure in the chamber with compressed gas (usually nitrogen), water is forced to 

return to its initial state and eventually appears at the cut surface when the applied 

pressure fully counters the tension when the sample is still intact (Figure 2.12C). The 

pressure needed to force the water back to its original state is called the balance 

pressure. Though measuring by this technique is often referred to the tension in the 

xylem (p), fortunately s of the xylem is usually insignificant compared to typical 

midday tensions (s ~ -0.1 MPa while p ~ -1 to -2 MPa). In addition to its speed and 

 
14 Taken from Taiz, L., & Zeiger, E. (2003). Plant physiology. 3rd edn. Annals of Botany, 91. 
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simplicity of operation, pressure chamber has been widely used under field conditions 

for measuring total water potential of plant samples.  

 

 

Figure 2.12 Measuring plant water potential by pressure chamber15 

A. The xylem is uncut and under tension. B. The xylem is cut, resulting in a receding of water away from 

the cut surface resulted from the tension in the xylem., and C. The chamber is pressurized, forcing the 

water to be back to the cut surface. 

 

2.3.2 Defining the risk of hydraulic failure in plants by assessing their xylem 

vulnerability  

Over the past decades, scientists have dedicated a huge amount of work to develop 

accurate and reliable methods to measure xylem vulnerability in plants. By constructing 

curves showing the risk of hydraulic failure in plants, the vulnerability curves can be 

generated as the percentage loss of xylem water conductivity (y axis) at given xylem 

pressures (x axis). The techniques for measuring xylem vulnerability are various and 

diverse, mainly in how cavitation is detected or induced (Cochard et al., 2013). There 

are three main techniques extensively used to induce cavitation to the plant sample: 

bench dehydration, air injection, and centrifugation. 

Bench dehydration (Sperry et al., 1988): This technique is considered to be the 

most straightforward technique to induce cavitation to plant samples. Bench 

dehydration involves evaluating cavitation after an excised branch with multiple 

branched sections is dehydrated freely and naturally to different xylem pressures (Px). 

The Px is measured periodically from leaves attached to the segment with a pressure 

chamber or psychrometer. When a targeted Px is reached, conductance of a segment is 

measured. Then, the segment is flushed with water to displace cavitated xylem vessels, 

 
15 Taken from Taiz, L., & Zeiger, E. (2003). Plant physiology. 3rd edn. Annals of Botany, 91.. 
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and measured the conductance again for the maximum water conductivity of the 

segment. This offers a value for the percentage loss of hydraulic conductivity with a 

target Px. Excessive samples and time are required to complete the xylem vulnerability 

curve. However, this method best simulates actual water stress and is often performed 

as a reference technique to validate the others (Martin-StPaul et al., 2014).  

Air injection (Sperry & Saliendra, 1994): According to the air seeding 

mechanism, an air bubble is pulled from a cavitated cell to the next water-filled one 

when the pressure difference (Pair - Px) exceeds a critical value (Figure 2.8). Therefore, 

increasing or decreasing either Pair or Px would induce cavitation to the sample if the 

difference is large enough to reach the threshold. In other words, decreasing Px by 

dehydration under normal atmospheric pressure (Pair = 0) or increasing Pair while 

maintaining Px close to zero would have the similar effect on cavitation induction. In 

general, cavitation is induced by pushing air pressure into a xylem segment inside a 

specially designed chamber, after which the conductance is simultaneously measured 

and calculated. Unlike bench dehydration, air injection technique can be applied to 

various plant organs, including small stems, branches, twigs, and roots. Moreover, this 

technique enables the completion of xylem vulnerability curve on only one sample, 

since several pressures can be applied on the same sample with great accuracy of 

pressure control and less time is required (Cochard et al., 2013).  

Centrifugation (Pockman et al., 1995): The centrifugal force has been used by 

physicists to introduce water to negative pressures (Briggs, 1950), until Pockman et al. 

(1995) employed this technique to induce cavitation in plant samples. The principle of 

centrifugation technique is to generate negative xylem pressures in the middle part of 

sample during rotation due to the centrifugal force. It takes only a few minutes to induce 

cavitation in xylem before the determination of percentage loss of conductivity is made. 

The centrifugation has several advantages similar to air injection, such as less time 

consuming and plant samples. However, centrifugation can only be applied to the plant 

samples with specific size (to be able to put them in the centrifuge rotor) and poses to 

some potential artifacts (Cochard et al., 2010; Li et al., 2008). 
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2.4 Gap knowledge on tree hydraulic study 

Study on plant hydraulics is still a relatively new aspect in science, and the challenges 

facing the understanding of its essential role in water stress-induced mortality remain 

numerous (McDowell et al., 2019). The first challenge is dealing with the observation 

suggesting that all forest ecosystems is equally susceptible to malfunction of hydraulic 

system resulted from anthropogenic climate change, even in the habitats that are not 

considered water deficit (Choat et al., 2012). Unfortunately, current studies of forest 

responses and mortality risk are insufficient to determine if one forest ecosystem is 

emerging in part due to the lack of a reliable, up-to-date, and consistent assessment. 

Particularly in Thailand, there have been lower than 10 publications relevant to this 

subject from 1990 to 2021 (the result from searching using keywords that include 

‘forest’, ‘vulnerability’, ‘water stress’, and ‘Southeast Asia’ in the article from Google 

Scholar, ScienceDirect, and Web of Science). The next challenge arises the need to 

determine the role of regeneration dynamics to changes in plant vulnerability to water 

stress. This will improve the knowledge of vegetation shifts and the ecosystem-level 

implications in a landscape that comprises of forest fragments at different successional 

stages (Martinez-Vilalta & Lloret, 2016). Since many forest ecosystems are dictated by 

how water stress interacts with plant functions, only knowledge armed with detailed 

understandings in plant hydraulics will enable us to confidently interpret and predict 

plant responses during low water availability conditions.  

 

2.5 Literature review 

Rowland et al. (2015) tested either carbon starvation or dysfunction of water transport 

pathways in plants trigger tree mortality by synthesizing data from the world’s longest 

experimental drought study in tropical forest–the Brazilian Amazon. The study site was 

located in the Caxiuana National Forest in the eastern Amazon, where a drought 

experiment plot (throughfall exclusion–TFE), and a corresponding control plot were 

implemented since 2002. The data used in this study included non-structural 

carbohydrate (NSC) concentration measured by enzymatic method and xylem 

vulnerability measured by air injection technique. The results showed that, NSC 

concentrations were not significantly depleted in stem, leaf, and branch tissues, as well 

as the growth rate of trees in TFE plot compared to control plot. However, decadal-
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scale soil moisture depletion increased biomass loss of trees in the experimentally 

droughted plot. Moreover, highly significant decreases in xylem vulnerability with 

diameter at breast height (DBH) across TFE and control plots were found, suggesting 

a greater risk of hydraulic dysfunction in large trees than the smaller ones. Based on the 

results from this study, tree mortality is, thus, most likely triggered by hydraulic 

deterioration, which subsequently results in the limitations of carbon uptake, or also 

known as carbon starvation. 

 

Powell et al. (2017) investigated how variation in plant hydraulic traits, including leaf 

water potential () and xylem vulnerability, associate with drought tolerance and 

tropical trees growing in two large-scale ecosystem drought experiment (throughfall 

exclusion)–the Caxiuana (CAX) and Tapajos (TNF) National Forests–in the Brazilian 

Amazon. The tropical trees selected for this study were placed into one of the four 

categories: drought-intolerant and drought-tolerant species (based on mortality rates 

observed in previous drought experiments), and into early- and late-successional stage 

(based on wood density). Dawn and midday  were measured using pressure chamber 

method in control and drought-treated plots. Air injection technique was used to 

measure xylem vulnerability. The results showed that, from most of the studied tree 

species, dawn  were near zero in both control and drought-treated plots, whereas 

midday  was observed to be significantly reduced in the drought plots. Moreover, the 

drought-intolerant species were more prone to xylem cavitation compared to that in 

drought-tolerant species. However, no significant difference in xylem vulnerability 

between the two successions was found. This demonstrates that the association of 

hydraulic traits and mortality is not related to wood density. In summary, the differences 

in plant hydraulic trait found among tropical tree species in this study could be crucial 

in defining the risk of the Amazon rainforest to changes in rainfall pattern under future 

climate. 

 

Barros et al. (2019) assessed how different precipitation patterns in Amazon forests 

would result in community-scale differences in hydraulic traits and in species responses 

to severe drought. To pursue this objective, hydraulic traits of dominant tree species in 

two forests with different precipitation regimes, low seasonality forest (LSF) and high 
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seasonality forest (HSF), were studied during a typical dry season and during one 

induced by the El Niño-Southern Oscillation (ENSO). Xylem vulnerability at 50% and 

88% loss of conductivity (P50 and P88) measured by bench dehydration method and 

minimum leaf water potential (min) measured by pressure chamber technique were 

included as part of the studied hydraulic traits. Canopy conductance (Gs) using eddy 

covariance technique was also measured to elucidate the ecosystem-level behavior of 

the two forests. The results showed that, min was significantly lower during the ENSO 

period at both sites with marginal impacts. In addition, LSF had less resistance to 

cavitation than HSF due to higher P88 and P50, although both forests sustained the same 

canopy conductance. These results indicated that higher drought-tolerant ability in HSF 

compensated for the drier soil and allowed it to maintain similar Gs to a drier atmosphere 

compared to LSF, even though their water transport systems operated at different water 

potential ranges. Overall, the difference in precipitation patterns could lead to different 

constructions of hydraulic traits and vegetation composition at community level, which 

potentially plays an important role in forecasting forest responses to future climate 

variability. 

 

Bittencourt et al. (2020) determined whether hydraulic traits of Amazon rainforest trees 

could acclimate to long-term (>15 years) drought experiment. Plant hydraulic traits and 

hydraulic status were measured to assess the plasticity (adjusting in hydraulic traits) 

and acclimation (maintaining of hydraulic status) of tropical trees affected by a drought 

experiment (throughfall exclusion–TFE). The study site was located in the Caxiuana 

National Forest, Brazil, where a TFE experiment was begun since 2002. The 

measurements of hydraulic traits and status included xylem water potential at which 

50% and 88% hydraulic conductivity are lost (P50 and P88) by using bench dehydration 

method, and midday leaf water potentials (md) by using pressure chamber method. 

The results showed that, significantly lower md was observed in the TFE plot as 

opposed to the control plot. Moreover, no plasticity was observed as key hydraulic traits 

(P50 and P88) did not change in response to the drought experiment. These results 

revealed that tropical trees could not adjust their hydraulic systems to prolonged 

drought for the purpose of maintaining the hydraulic status compared to non-droughted 

tress, and therefore avoid hydraulic failure in their water transport systems. This study, 
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thus, suggests that Amazon rainforest trees have limited capacity to acclimate to long-

term drought, and also provides new understandings on how Amazonian trees may 

respond to future climate variability. 

 

Nolf et al. (2015) studied the association of stem and leaf hydraulic properties in 

tropical tree species found in the Daintree Rainforest Observatory, Queensland, 

Australia. Measurements of hydraulic properties including vulnerability to cavitation 

in stems (using bench dehydration technique) and leaves (using leaf rehydration and 

bench dehydration techniques) were performed, together with predawn and midday 

water potentials (using pressure chamber technique) in leaves (leaf) and stems (stem). 

The results showed that, predawn leaf and stem in all studied trees were similar, 

ranging from -0.3 to -0.5 MPa. The difference between leaf and stem water potentials 

were more distinct during midday, in which leaf dropped to its minimum of -1.2 to -

1.6 MPa while stem sustained between -0.7 to -1.0 MPa. The percentage loss of 

hydraulic conductivity at 50% (P50) was at -1.7 to -2.2 MPa in leaves and at -2.1 to -3.1 

MPa in stems. These results implied that trees in this region maintained water potential 

at the levels that avoid cavitation in the stems, while operated with close to those 

causing loss of water transport efficiency in leaves. The strategy of sacrificing leaves 

in favor of stems, therefore, revealed the association of stem and leaf hydraulic traits in 

this tropical rain forest.  

 

Trueba et al. (2017) examined the relationships between 50% loss of xylem 

conductivity (P50) along with conduit types (vessel vs tracheid), stem and leaf functional 

traits, and habitat variables from common tree species found in New Caledonia. Xylem 

vulnerability was assessed using a centrifugation-based technique called ‘Caviton’. In 

this study, functional traits comprised of wood density, leaf mass per area (LMA), and 

leaf vein density (VD). Percentage of species occurrences, elevation, mean annual 

temperature (MAT), and mean annual precipitation (MAP) were used as habitat 

parameters. The results showed that, P50 from selected tree species ranged between -

2.00 to -4.03 MPa, with most species had P50 around -2.7 MPa. Weak association 

between P50 and the measured functional traits was found in this study, as well as 

insignificant differences in cavitation resistance between conduit types. Nevertheless, 
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elevation, MAT, and percentage of species occurrences was significantly associated 

with P50, becoming an index that closely relates to the ecological differentiation. On the 

whole, these findings highlight the significant of xylem resistance as a major driver of 

rain forest species distribution.  

 

Chen et al. (2017) determined how tropical lianas combat hot and windy conditions on 

the top of forest canopy. The study site was located in Xishuangbanna tropical botanical 

garden, China. Stem hydraulic properties, leaf and stem water potentials (leaf and 

stem), stem specific conductivity (Ksmax), sap flux density and other key physiological 

parameters were investigated in tropical lianas, as well as those in co-occurring trees 

for the comparison. Water potential at 50% loss of conductivity (P50) and native 

percentage loss of conductivity at midday (midday PLC) were measured using bench 

dehydration and air-injection techniques. leaf and stem were measured using pressure 

chamber method. Ksmax and sap flux density were examined using the conductivity 

measurement following Sperry et al. (1988) and thermal dissipation sensors following 

Granier (1987), respectively. The results showed that, lianas maintained higher midday 

stem than trees, but midday leaf in lianas and trees were comparable. Lianas also had 

higher Ksmax and sap flux density than the coexisting trees. Moreover, P50 and midday 

PLC in lianas were found to be higher than trees in this studied site. Altogether, these 

results indicate that lianas seem to be less resistant to drought-induced cavitation, as 

shown by higher P50 and midday PLC values. Nevertheless, greater water transport 

efficiency (higher Ksmax and sap flow) might facilitate lianas to sustain stem within a 

safe level to prevent xylem cavitation and thrive in the tropical forest canopy.  

 

Zhu et al. (2017) studied how different in soil water availability would affect the species 

composition and forest structure through plant hydraulic traits in tropical karst forest 

(KF) and non-karst rainforest (NKF). These two forest types were located adjacent to 

the Xishuangbanna tropical botanical garden, China. In this study, hydraulic 

conductivity (Ks) following Sperry et al. (1988), vulnerability to cavitation (P50) using 

air injection method, and wood anatomy including sapwood density (WD) and vessel 

diameter (DH) were determined in 23 abundant woody tree and liana species from KF 
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and NKF. The results shown that, higher WD, smaller DH, lower Ks, and lower P50 

values were observed from woody plant species in KF, where water availability was 

more limited. Moreover, P50 was found to be positively linked with Ks and DH, but 

negatively related with WD from all the woody species in KF and NKF, indicating an 

important trade-off between hydraulic efficiency and safety. To sum up, these results 

revealed a better hydraulic adaptation of woody plant species in KF to water-limited 

environment, as well as the hydraulic trade-off which might be a crucial mechanism 

determining species distribution across the two forests. 

 

Zhu et al. (2018) investigated the association among tree survival with hydraulic 

efficiency and drought tolerance of 16 woody species from a plantation with mixed 

native tree species in a damaged hilly area. The study site was conducted in the Heshan 

Hilly Land Interdisciplinary Experimental Station, South China. Hydraulic traits 

measured in this study included sapwood density (WD), hydraulic conductivity (Ks), 

cavitation resistance (P50), minimum stem water potential (min), hydraulic safety 

margin (HSM; min – P50), and leaf turgor loss point (πtlp). Air injection method was 

performed to examine P50 from the selected tree species. The results shown that, a broad 

range of tree survival was observed among the 16 native tree species, ranging from 1% 

to 96%. Across species, tree survival was significantly related with drought tolerance 

traits, including πtlp, P50, min, and HSM. The species with high survival rate appeared 

to possess low πtlp and P50, and high min and HSM. However, the relationships between 

tree survival and the other hydraulic traits, WD and Ks, were not observed, indicating 

unsuitable predictors for tree survival in this study. Given these points, drought 

tolerance traits are recommended as useful index for selecting tree species suitable for 

the restoration projects.  

 

Tan et al. (2020) conducted a study of hydraulic strategies of plant species during 

normal and extreme drought periods through hydraulic safety margins (HSM). This 

study was conducted in three plant groups; evergreen trees, brevi-deciduous trees, and 

lianas, found in a tropical karst forest in Xishuangbanna tropical botanical garden, 

China. Minimum leaf water potential was measured by pressure chamber technique. 

Leaf and branch hydraulic conductivities were determined using rehydration kinetics 
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(Brodribb and Holbrook, 2003) and bench dehydration, respectively. HSM were 

represented as differences in (1) minimum leaf water potential and that at 50% loss of 

leaf hydraulic conductivity (HSMleaf), (2) the water potentials at stomatal closure and 

that at 50% loss of branch hydraulic conductivity (stomatal safety margin; HSMstomatal), 

and (3) water potentials at 50% loss of leaf hydraulic conductivity and that at 50% loss 

of branch hydraulic conductivity (HSMsegmentation). The results shown that, similar and 

positive HSMleaf was observed from the three plant assemblies in the typical dry season. 

In the extreme dry season, however, HSMleaf of evergreen trees decreased to a more 

negative value compared to the other groups. This suggests that evergreen trees are less 

resistent to hydraulic dysfunction during drought event, while brevi-deciduous trees 

and lianas are able to sustain HSMleaf within a safe range in both typical and extreme 

dry seasons. Moreover, significant correlations among HSMsegmentation with HSMstomatal 

and HSMleaf_extreme (HSMleaf in extreme dry season) were observed across species, 

showing that species with smaller HSMsegmentation tend to have lower HSMstomatal but 

higher HSMleaf_ extreme. To summarize, this study reveals a possibility of karst evergreen 

species to undergo leaf hydraulic dysfunction when severe drought occurs, and 

potential associations between branch and leaf hydraulic safety adjustments.  
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CHAPTER 3 

METHODOLOGY 

 

3.1 Study site description 

The study site was done in different forest successional stages located in Khao Yai 

National Park, Thailand (14º26´31ʺ N, 101º22´55ʺ E, Figure. 3.1). The average 

elevation ranges 700–800 meters above sea level. This region is dominated by monsoon 

climate, where dry season usually lasts from November to April and from May to 

October for wet season (Brockelman et al., 2017). Based on the data during 1994 to 

2014, the overall mean annual temperature was 22.4 °C, with monthly temperature 

ranging from 19.4 °C in December to 24.3 °C in April. The mean annual rainfall is 

2,073 mm. Khao Yai National Park comprises the mosaic fragments in different forest 

successional stages, ranging from old-growth forests to different ages of secondary 

forests that naturally regenerated from either natural disturbance (i.e., fires or fallen 

trees) or anthropogenic impacts (i.e., deforestation or land conversion). In this study, 

three forest stands representing different forest successional stages including an old-

growth forest (OF), an intermediate forest (IF) and a young forest (YF) were selected 

for the study sites. The study plot for OF is in the 30-ha Mo Singto forest dynamics plot 

(Figure 3.2A), one of the ForestGEO plots of the Centre for Tropical Forest Science 

(CTFS) network, with the age over 200 years (Brockelman et al., 2017). The IF plot is 

located in the northern side of OF (Figure 3.2B). This plot has an area of 1 hectare and 

is about 45 years old (Chanthorn et al., 2017). The last study plot, representing young 

forest stage (YF, Figure 3.2C), is located approximately 3 km away in the southeastern 

of OF with the area of 2 ha and the age of ~5 years (Chanthorn et al., 2017). More 

information of each plot is presented in Table 3.1. 
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Figure 3.1 Locations of old-growth forest (OF), intermediate forest (IF), and  

young forest (YF) in Khao Yai National Park16 

 

   

Figure 3.2 The study sites in Khao Yai National Park 

A. Old-growth forest (OF), B. Intermediate forest (IF), and C. Young forest (YF) 

 

 

 
16 Taken from Tor-ngern, P., Chart-asa, C., Chanthorn, W., Rodtassana, C., Yampum, S., Unawong, W., 

Nathalang, A., Brockelman, W., Srinoppawan, K., Chen, Y. J., & Hasselquist, N. J. (2021). Variation of 

leaf-level gas exchange rates and leaf functional traits of dominant trees across three successional stages 

in a Southeast Asian tropical forest. Forest Ecology and Management, 489.  

 A  B  C 
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Table 3.1 Information of the study sites in Khao Yai National Park 

Variables Old-growth forest 

(OF) 

Intermediate forest  

(IF) 

Young forest  

(YF) 

Geographical location 14°26'31.33"N 

101°21'52.10"E 

14°26'31.33"N 

101°21'52.10"E 

14°25'11.27"N 

101°22'30"E 

Age >200 40–50 5 

Altitude (m) 725 753 748 

MAT (°C) 22.4 22.4 22.4 

MAP (mm) 2,073 2,073 2,073 

Soil type Gray-Brown soil Gray-Brown soil Gray-Brown soil 

Dominant species Dipterocarpus gracilis, 

Sloanea sigun, 

Ilex chevalieri, 

Symplocos 

cochinchinensis, 

Schima wallichii 

Schima wallichii, 

Machilus gamblei,  

Eurya acuminate,  

Symplocos 

cochinchinensis, 

Syzygium nervosum  

Cratoxylum 

cochinchinense, 

Syzygium antisepticum, 

Adinandra integerrima,  

Syzygium nervosum,  

Symplocos 

cochinchinensis 

Average canopy height (m) 45 25 15 

Leaf area index  5 6 Not available 

 

3.2 Species selection 

The dominant tree species in each forest stage was chosen based on the relative 

abundance of basal area, which is calculated from the basal area of one species relative 

to total basal area of all species within the site. In forestry, basal area is a measure of 

cross-sectional area at breast height of trees and widely used to describe the coverage 

of a particular species in a forest (Bettinger et al., 2017). Linking with forest fluxes, 

relative basal area was used to classify the dominant tree species in this study instead 

of other criteria, e.g., relative frequency or relative density, because it can represent the 

contribution of a species to ecosystem functions related to the water and carbon cycle 

(Balderas Torres & Lovett, 2012; Gardon et al., 2020; Paulick et al., 2017). The higher 

relative basal area of a species represents the higher coverage of that species in a forest, 

and thus the more contribution to the forest fluxes. Once obtaining species ranking 

information, five dominant tree species and five individuals per species from each plot 

were selected for all measurements. This selection results in a total of 75 tree samples 

and 11 woody species from the three successional forests, with some species existing 

in multiple sites including Schima wallichii (OF and IF), Syzygium nervosum (IF and 

YF), and Symplocos cochinchinensis (all sites). A list of selected dominant tree species 

is shown in Table 3.2 and detailed information about the flora and stand characteristics 

of selected species is described in Brockelman et al. (2017). The selected dominant tree 
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species were also grouped into different successional species, including pioneer, 

generalist, and late-coming species (Tor-ngern et al., 2021). According to Chanthorn et 

al. (2017), species richness and diversity are greatly higher in OF compared to that in 

the other forest stages. The relative dominance of the species in OF is thus seemingly 

low, though they are the most abundant tree species within the plot (Table 3.2). Tree 

community in IF and YF, on the other hand, are more homogenous in terms of species 

composition and dominated by only a few species, which lead to drastic differences in 

the relative abundance for some species in IF and YF (Table 3.2). For the sample trees, 

stem size was limited to 10-20 cm in diameter at breast height (DBH) to control for the 

age group. This limitation helps to find the desired trees within the plots because tree 

size in this range is relatively abundant for all species. It also helps to control for any 

physiological changes that may result from different age classes for each species (Ewers 

et al., 2005; Groover, 2017).  
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3.3 Measurement of midday leaf water potential (md)  

Midday leaf water potential (md) is a quantify of water tension (negative pressure) in 

the xylem during the driest period of the day, which is mostly close to noon when a 

maximum deficit of water occurs (Perez-Harguindeguy et al., 2013). md is a useful 

index representing degree of plant water stress (Markesteijn et al., 2010). The lower 

(more negative) value of md of a plant indicates a more dehydrated leaf (high water 

stress). Following Turner (1988), md was determined with the pressure chamber 

technique by using a portable pressure chamber (Model 1505D-EXP, PMS instrument, 

Albany, OR, USA) during 10:00–14:00 in all study sites. The measurement was 

conducted two times during the dry season (November - April) and the wet season (May 

- October) to characterize seasonal variation in md from all species. For each tree 

species, three-five individuals with equivalent stem diameter (10–20 cm DBH) were 

chosen for this measurement. For each individual tree, three healthy leaves with good 

exposure to sunlight were randomly selected from the lower and the edge of canopy 

branches, which was be around 4–10 meters above ground. Each selected leaf was cut 

with a razor blade and put inside the pressure chamber with its cut end of the leaf stalk 

protruding from the sealing port (Figure 3.3). The chamber was then gradually 

pressurized using nitrogen gas (N2) until a drop of water appeared at the cut surface of 

the stalk. The accurate observe of this end point was alleviated by using a magnifying 

glass. The pressure inside the chamber, which is equivalent to md, was then recorded, 

and the process was repeated with the other leaves. The applied pressure that causes 

water to emerge at the petiole, also called balance pressure, indicates how much tension 

the leaf is experiencing when the plant is still intact. To avoid the potential loss of water 

from the leaf, this measurement was conducted immediately after the leaf has been 

harvested from the tree.  
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Figure 3.3 Diagram of md
  measurement with a pressure chamber18 

 

3.4 Measurement of xylem vulnerability to cavitation 
The sensitivity of a tree species to cavitation was defined by a vulnerability curve, 

showing the percentage loss of hydraulic conductivity in the xylem to water stress-

induced cavitation. In the present study, air-injection approach (Sperry & Saliendra, 

1994) was applied to establish xylem cavitation vulnerability curves. The principle of 

this method is to use air pressurization to artificially induce cavitation to plant samples 

and determine their changes in xylem conductivity. The air that enters into a xylem 

vessel will expand and block water flow through this element. The increasing air 

pressure will cause more cavitated vessels in the sample, which therefore leads to 

greater loss of hydraulic conductivity. The capability of a tree species to tolerate high 

pressure without cavitation varies among species and plays a significant role in defining 

its drought tolerance level (Choat et al., 2012; Skelton et al., 2015; Venturas et al., 

2017). 

 

3.4.1 Sample preparation 

Cavitation vulnerability curves were done in branch samples from the selected 

dominant tree species in each study site. Prior to sample collection, maximum xylem 

vessel length (MVL) for each species was estimated first to avoid the introduction of 

open xylem elements artifact (Martin-StPaul et al., 2014), which potentially leads to 

 
18 Adapted from Perez-Harguindeguy, N., Diaz, S., Garnier, E., et al. (2016). New handbook for 

standardised measurement of plant functional traits worldwide Australian Journal of Botany, 64(7-8), 

715-716.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 44 

both overestimation and underestimation of xylem vulnerability. For each tree species, 

the estimation of MVL was made on three branches collected from the same tree 

individuals used for leaf measurement. The estimation was done using air infiltration 

technique following Perez-Harguindeguy et al. (2016). Each branch sample ranging 

between 0.6–1.0 m in length and 5–10 mm in diameter was cut, and its bark was 

removed from the basal end (Figure 3.4A). A rubber tubing was then connected to the 

sample at the debarked end while the other end was immersed in water reservoir (Figure 

3.4B). To apply the pressure, an air-filled syringe was attached to the rubber tubing, 

prior to pushing its plunger to generate compressed air to the sample. Given that 

compressed air cannot move freely through water-conducting element end walls (Ewers 

& Fisher, 1989), bubbles can emanate in the water after applying the pressure if at least 

one xylem is cut open at both ends. This procedure was proceeded with the sample’s 

distal end (the one immerged in water) was successively shortened by 1 cm, until 

bubbles were emerged. Once bubbles were seen, a slightly longer than the remaining 

length was defined as MVL of this sample.  

  

Figure 3.4 Measurement of maximum vessel length (MVL)19 

A. An excised segment with bark detached from its basal end, and  

B. A simple procedure to determine MVL using air infiltration technique 

 

For each plot, three terminal branches which are as high as the tree canopy  

(5–10 meters above ground) was collected from the selected individuals for each 

species. The selected segments should be straight, similar in diameter (5–10 mm), and 

 
19

 Adapted from Perez-Harguindeguy, N., Diaz, S., Garnier, E., et al. (2016). New handbook for 

standardised measurement of plant functional traits worldwide Australian Journal of Botany, 64(7-8), 

715-716.  
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longer than MVL. The function of the selected segment is mainly responsible for water 

uptake and transport in plants (Pallardy, 2008). In addition, samples were collected in 

the morning to obtain samples with more water-saturated xylem vessels than the 

cavitated ones. Once the collections were made, samples were cut again at their ends 

under water and kept immersing in cold water (~4 ºC) to avoid microbial activity before 

being transported to the laboratory for further measurements.  

 

3.4.2 Measurement of xylem conductivity 

The xylem specific conductivity (Ks) is used to describe the efficiency of water 

transport through a xylem segment according to Darcy’s Law (Edwards & Jaris, 1982) 

and defined as:  

 Ks = 
Ql

∆PAs

η

η
0

 Eq 3.1 

where Ks is the xylem specific conductivity in kg m-1 s-1 MPa-1, Q is the flow rate of 

fluid (kg s-1), l is the length of the segment (m), ∆P is the pressure difference between 

two ends of the segment (MPa), As is the sapwood cross-sectional area (m2), η is the 

viscosity of the fluid at the temperature when the experiment is performed (N s m-2), 

and η0 is the reference viscosity at 25 °C (N s m-2). 

In this study, Ks was measured by determining the fluid flow through a plant 

segment after applying a pressure head driven by a gravity (Melcher et al., 2012). At 

the start of this measurement, the ends of the segment was cleaned with a fresh razor 

blade and flushed to remove cavitated vessels using a syringe that is full of perfusing 

solution, de-ionized and ultra-filtered water (DI water) (PURELAB Chorus 1 

Complete, ELGA LabWater, Woodridge, IL, USA) that was degassed by boiling and 

adjusted to an acidic pH (2-3) with HCl. This removal allowed the segment to restore 

its maximum conductivity (Ksmax). The selected perfusing solution has been shown to 

be superior to other perfusing solutions, for being able to prevent microorganism 

growth and thus clogged xylem from organic precipitation (Sperry & Saliendra, 1994). 

After the removal of cavitation, the segment was connected to a tubing apparatus with 

the basal end attached to the perfusing solution reservoir (upstream) and the other end 

connected to a pipette (downstream) (Figure 3.5). The height difference between water 

levels in the upstream and in the downstream section created the hydraulic gradient due 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 46 

to gravitational force, causing pressure difference (∆P) at which the solution was 

provided to the segment. Once the perfusing solution was passed through the segment, 

the resulting flow rate (Q) was measured by timing the intervals for the solution to reach 

marks on the pipette. The segment was then removed from the tubing apparatus and 

measured its length (l) and the cross-sectional area (As). The temperature of the 

perfusing solution was also be recorded before and after Ks measurements, and all the 

calculations following Eq 3.1 were modified to 25°C, which accounted for variations 

in fluid viscosity with temperature. 

 

Figure 3.5 Diagram for measuring flow rates through a stem segment20 

 

3.4.3 Constructing a vulnerability curve 

The air injection technique was conducted in this study to construct xylem cavitation 

vulnerability curves (Sperry & Saliendra, 1994). After determining Ksmax, a segment 

from the collected samples was placed inside a cavitation chamber (a double-ended 

pressure sleeve) with both ends emerging. The chamber was then connected with a 

pressure chamber (the same instrument used for md measurement) and injected with 

compressed air, nitrogen gas (N2), to induce cavitation. First, the chamber was applied 

with a small pressure, 0.5 MPa, and maintained for at least two minutes before reducing 

the pressure back to atmospheric level. After pressurization, the segment was rested for 

10-30 minutes for the balanced system and Ks with induced cavitation was determined 

by the same process used for Ksmax. This procedure was repeated by increasing the 

injection pressure from 0.5 or 1 MPa steps (depending on species), until more than 85% 

loss of Ks was reached. The percentage loss of hydraulic conductivity (PLC) can be 

calculated as: 

 PLC = 100 × (1 −  
Ks

Ksmax
) Eq 3.2 

 
20 Adapted from Perez-Harguindeguy, N., Diaz, S., Garnier, E., et al. (2016). New handbook for 

standardised measurement of plant functional traits worldwide Australian Journal of Botany, 64(7-8), 

715-716.  
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where Ks is the xylem specific conductivity following each step of increased pressure 

and Ks(max) is the maximum conductivity measured after removal of cavitation. 

Then, xylem vulnerability curves was created as the function of PLC and the 

applied pressure and fitted by the following sigmoidal equation described by 

Pammenter and Vander Willigen (1998): 

 PLC = 
100

(1+exp(a(P − b)))
 Eq 3.3 

where a is the indicator of the slope, P is the applied pressure, and b is the pressure 

causing 50% loss of xylem conductivity (P50), which was used to compare cavitation 

resistance among species and forest succession. Additionally, the constructed 

vulnerability curves were also used to calculate the percentage loss of hydraulic 

conductivity corresponding to midday leaf water potential during the dry season 

(PLCdry) to further assess the potential cavitation during water-limited conditions from 

each studied tree species. 

 

3.5 Data analysis 

Data analyses was done using various computational methods. To accomplish 

Objective 1, two sets of analysis were performed to detect and confirm significant 

differences across successional stages and seasons. The first set was to test for overall 

difference among successional stages using combined data from all dominant species 

within each succession, while the second set was to further evaluate the difference 

among forest stages by focusing only the data from species found in multiple sites. For 

the first set of the analysis, one-way analysis of variance (ANOVA) was performed to 

evaluate the significant difference of md among forest successions in same season. 

Then, in each succession, an independent sample t-test was used to test the significant 

difference in md between the wet and dry seasons. For the second set of the analysis, 

md from the species occupying in all study sites, i.e., Symplocos cochinchinensis, was 

tested for the significant difference across the forest succession in each season by using 

one-way ANOVA, and tested the significant difference in seasonal variation by using 

independent sample t-test. For the species occupying in two sites, i.e., Schima wallichii 

in OF and IF and Syzygium nervosum in IF and YF, significant differences in md 

between the forest succession and seasons were evaluated using independent sample t-
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test. Tukey’s post hoc test was used after the one-way ANOVA test to determine which 

pairwise comparisons are significantly different. To characterize xylem vulnerability of 

the study species (Objective 2), regression analysis using sigmoidal equation (Eq  3.3) 

was conducted to generate P50 and PLCdry for all selected tree species. MVL, Ks, P50, 

and PLCdry were also tested using one-way ANOVA with Tukey’s post-hoc test to 

evaluate the significant differences among forest successions by using pooled data from 

the dominant tree species, and across the dominant tree species within each forest 

succession if the sample size allows. All analyses in this study were performed using R 

(version 4.0.3) and all statistical tests were considered at 95% significance level. All 

graphs and regression analysis were made by SigmaPlot 12.0 (Systat Software, Inc., 

San Jose, California, USA). 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1 Environmental conditions in the study area and characteristics of dominant 

tree species along the forest successional gradient 

Meteorological data in the study area were taken from the weather station located at 

Khao Yai National Park headquarters, which was about 1-3 km away from the forest 

plots. Based on 21-year period of data collection (1994-2014), the periods from May to 

October in this area are considered to be wet season, while from November to April are 

considered to be dry season, as monthly rainfall is less than 100 mm (Figure 4.1) 

(Brockelman et al., 2017). The mean annual rainfall during 1994 to 2014 was 2,073 

mm, the annual rainfall ranging from 1,264 mm in 1998 to 2,939 mm in 1996. The 

lowest rainfall fell in December, with a mean of 6.3 mm, while the highest rainfall 

occurred in September, with a mean of 348 mm. During the study period, annual rainfall 

in the study area was 1,160 mm in 2019 and 1,778 mm in 2020, which was lower than 

the 21-year mean annual rainfall around 45% in 2019 and 15% in 2020. A drastic drop 

of rainfall in the year 2019 was partially caused by El Niño–Southern Oscillation 

(ENSO) event, which was also the case in 1998, and marked the year of Thailand’s 

lowest annual rainfall since 1981 (Thaiwater, 2019). Due to seemingly unreliable data 

readings in some years during 1994-2014, annual and monthly means of temperature in 

this area were based on ten years of reliable data from the year 1994, 2002-2003, and 

2007-2013 (Brockelman et al., 2017). This selection results in the overall annual mean 

temperature of 22.4 °C and monthly mean ranging from a minimum of 19.4 °C in 

December to a high of 24.3 °C in April.  
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Figure 4.1 Monthly rainfall at Khao Yai National Park, Thailand. The average of 21-year 

monthly rainfall from 1994-2014 is shown in bars with one standard deviation. Total monthly 

rainfall in 2019 and 2020 are represented in brown and blue bars, respectively. 

 

Meteorological data in the study area during the survey of study trees and 

measurement of midday leaf water potential (md) (July 2019-July 2020) is shown in 

Figure 4.2. The meteorological data included rainfall and atmospheric demand for 

water, which is represented by daily rainfall and vapor pressure deficit (VPD), 

respectively. Estimated from atmospheric temperature and relative humidity, VPD 

represents the quantity of water vapor that the air can carry for a given temperature 

(Lawrence, 2005) and is a significant driver for plant functioning (Grossiord et al., 

2020; Rawson et al., 1977; Yuan et al., 2019). During this period, significant amount 

of rainfall (> 100 mm) occurred mostly in the months of July through October (DOY 

182-304) in 2019 and May to July (DOY 122-213) in 2020, representing the wet season 

(Figure 4.2, bars). The average monthly rainfall during November in 2019 until April 

in 2020 (DOY 305 in 2019 to DOY 121 in 2020) was lower than 100 mm, representing 

the dry season. The average daily VPD inversely corresponded with rainfall, being low 

when rainfall occurred, and was significantly higher in the dry season than in the wet 

season (0.580 ± 0.184 kPa and 0.403 ± 0.233 kPa; independent sample t-test, p < 

0.0001) (Figure 4.2, line).  

During July – September in 2019 (DOY 182-273 in 2019), the survey of study 

trees was conducted in three different forest successional stages representing an old-

growth forest (OF), an intermediate forest (IF), and a young forest (YF). Then, the 

measurements of md were performed twice in the dry season, November (DOY 320-

321 and 326-328) and December (DOY 359-362 and 364-365) in 2019, and twice in 
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the wet season, May (DOY 135-140) and July (196-200) in 2020 (Figure 4.2, inset 

figures). In the wet and dry seasons, there was no rainfall during the measurement 

periods. The rainfall observed in the wet season (e.g., DOY 196 and 198, Figure 4.2) 

occurred mostly at night. The average daily VPD from the sampling days during the 

dry and wet seasons were similar (independent sample t-test, p = 0.338), averaging 

0.499 ± 0.069 kPa and 0.465 ± 0.095 kPa, respectively.  

 

 

Figure 4.2 Distribution of rainfall (blue bars) and vapor pressure deficit (VPD, grey line) from 

1st July 2019 (DOY 182 in 2019) to 30th July 2020 (DOY 213 in 2020) at Khao Yai National 

Park, Thailand. Red triangles indicate the sampling days for midday leaf water potential (md) 

measurements. Inset figures show more details of daily rainfall and VPD patterns during the 

sampling periods of md measurements.  

 

Differences in forest structure among the forest successional stages, as indicated 

by different stem density, canopy coverage, and canopy height, may imply the 

differences in their micro-environments, including temperature, relative humidity, soil 

water availability, etc. (Hasselquist et al., 2010; Lebrija-Trejos et al., 2011; Pineda-

Garcia et al., 2013). Unfortunately, no measurements of environmental conditions were 

made concurrently with the data collection. Nevertheless, soil moisture was 

preliminarily measured around the sampling trees in each study site during the onset of 

the dry season (February 2020) and compared across the three sites. The differences in 

soil moisture among forest stages were significant (one-way ANOVA, p < 0.0001), in 

which OF had the highest mean soil moisture (45.4 ± 8.72%), followed by IF (37.8 ± 

6.97%), and YF (23.9 ± 5.34%), respectively. A combination of forest structure, 

environmental conditions, and human-induced disturbances could affect the strategies 
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that trees use for survival (Lebrija-Trejos et al., 2008; Lebrija-Trejos et al., 2010), 

which may determine the assembly of different vegetation types along the successional 

gradient in Khao Yai National Park. Characteristics of dominant tree species across the 

forest successions are shown in Table 3.2. In this study, a total of 11 woody species 

were selected based on relative basal area abundance in each successional stage, with 

some species existing in multiple sites including Schima wallichii (OF and IF), 

Syzygium nervosum (IF and YF), and Symplocos cochinchinensis (all sites). According 

to Brockelman et al. (2017), Dipterocarpus gracilis and Cratoxylum cochinchinense 

are deciduous. They shed their leaves and stipules during February-March but were 

never completely leafless (field observations during the measurements). The other 

species are evergreen. A large canopy gap resulted from fallen trees was also observed 

around the sampled trees of S. wallichii, and some of the sampled trees of S. 

cochinchinensis. The sampled trees for dominant tree species in IF existed in a hilly 

forest land, where its canopy coverage was more homogeneous and denser compared 

to that of OF and YF (Chanthorn et al., 2016). All the sampled trees in YF experienced 

drier conditions and stronger radiation from more open canopy in contrast to OF and IF 

(Chanthorn et al., 2016; Tor-ngern et al., 2021). 
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4.2 Seasonal changes in midday leaf water potential of dominant tree species 

across forest successions 

Overall, md varied significantly among the successional stages in both wet and dry 

seasons (Table 4.1, Figure 4.3A.). Focusing on each season, difference in md among 

the successions was more pronounced during the dry season, in which YF had the 

lowest md (-1.54 ± 0.72 MPa), followed by md in IF (-1.06 ± 0.50 MPa) and OF  

(-0.82 ± 0.46 MPa), respectively. During the wet season, YF also had the lowest md (-

1.17 ± 0.43 MPa), while md in OF and IF were comparable (-0.89 ± 0.31 MPa in OF 

and -0.82 ± 0.25 MPa in IF). Within each forest stage, IF and YF showed significant 

seasonal variation in md, with a slightly larger difference in YF than in IF (32% in YF 

vs. 29% in IF). However, no significant difference in md between the two seasons was 

found in OF. This may imply that lower md during water-limited conditions, e.g., dry 

season, and higher variation in md induced by seasonal changes could occur frequently 

in the younger and drier sites.  

For the species found in multiple sites, they exhibited different variations in md 

between the seasons, and among the forest successions. For S. cochinchinensis, the 

lowest md was found in YF, while md was similar in OF and IF in both seasons 

(Figure 4.3B). Seasonal changes in md were found significant in OF and IF, with a 

lower average in the wet season for OF and IF by 69% and 28%, respectively, compared 

to the dry season. There was no seasonal variation in md for S. cochinchinensis 

growing in YF. For S. wallichii, the lower md was found in OF than in IF (Figure 

4.3C). Seasonal difference in md was detected only in IF, with a 19% lower md during 

the dry season than in the wet season. In S. nervosum, lower md was significantly found 

in YF compared to IF only in the wet season (Figure 4.3D). Only S. nervosum in YF 

was affected by seasonal changes, with a 47% lower in md during the wet season. 
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Table 4.1 Midday leaf water potential (md, MPa) of selected dominant tree species from different forest 

successions during the wet and dry seasons in Khao Yai National Park, Thailand. Values are mean ± one 

standard deviation for site averages (n=150) and species averages (n=30). Different upper- and lower-

case letters represent significant differences among the forest successions and within each forest 

succession, respectively (one-way ANOVA with Tukey’s post-hoc test, significance level of 0.05). 

Significant tests on seasonal difference in md are based on independent sample t-test. 

Species md in the  

dry season 

md in the  

wet season 

Seasonal 

difference 

Old-growth forest (OF) -0.82 ± 0.46 A -0.89 ± 0.31 A p = 0.102 

Dipterocarpus gracilis -0.43 ± 0.25 d  -0.86 ± 0.28 b p < 0.0001 

Sloanea sigun -0.77 ± 0.32 bc  -0.92 ± 0.20 ab p = 0.033 

Ilex chevalieri -1.04 ± 0.29 ab  -0.60 ± 0.20 c p < 0.0001 

Symplocos cochinchinensis -0.64 ± 0.34 cd -1.08 ± 0.31 a p < 0.0001 

Schima wallichii -1.21 ± 0.59 a  -1.01 ± 0.29 ab p = 0.104 

Intermediate forest (IF) -1.06 ± 0.50 B -0.82 ± 0.25 A p < 0.0001 

Schima wallichii -0.88 ± 0.22 c -0.74 ± 0.29 b p = 0.028 

Machilus gamblei -1.29 ± 0.45 b -0.85 ± 0.26 ab p < 0.0001 

Eurya acuminata -1.68 ± 0.34 a -0.78 ± 0.22 b p < 0.0001 

Symplocos cochinchinensis -0.79 ± 0.37 cd -1.01 ± 0.22 a p = 0.006 

Syzygium nervosum -0.64 ± 0.21 d -0.72 ± 0.16 b p = 0.134 

Young forest (YF) -1.54 ± 0.72 C -1.17 ± 0.43 B p < 0.0001 

Cratoxylum cochinchinense -2.54 ± 0.37 a -1.41 ± 0.38 a p < 0.0001 

Syzygium antisepticum -1.49 ± 0.50 b -0.80 ± 0.32 b p < 0.0001 

Adinandra integerrima -1.60 ± 0.24 b -1.33 ± 0.29 a p < 0.001 

Syzygium nervosum -0.57 ± 0.24 c -0.84 ± 0.19 b p < 0.0001 

Symplocos cochinchinensis -1.49 ± 0.36 b -1.46 ± 0.39 a p = 0.732 

 

Figure 4.3 Average and one standard deviation of midday leaf water potential (md) from different forest 

successions during the dry (white bars) and wet (dark grey) seasons in A. Forest level, B. Symplocos 

cochinchinensis, C. Schima wallichii, and D. Syzygium nervosum. Each bar represents the site averages 

for sample size of 150 (A.), and species averages for 30 samples (B., C., and D.). OF, IF, and YF stand 

for old-growth, intermediate, and young forests, respectively. For each panel, different upper- and lower-

case letters represent significant differences in the wet and dry seasons, respectively (A. and B. One-way 

ANOVA with Tukey’s post-hoc test, significance level of 0.05; C. and D. Independent sample t-test, 

significance level of 0.05). * indicates significant seasonal differences within the same successional stage 

based on independent sample t-test.; ns = not significant, * p<0.05, ** p<0.01, *** p <0.001, and **** 

p<0.0001. 
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Water availability is a significant environmental constraint for species occurrence 

in and among different successional stages in tropical forests (Comita & Engelbrecht, 

2009; Pineda-Garcia et al., 2013; Zhu et al., 2017). The ability to withstand water stress 

during water deficit conditions could lead to the success of different tree species 

occupying in different habitats. Determining the mechanisms contributing to trees’ 

responses to seasonal change is therefore crucial in understanding how trees survive 

during water stress. In this study, the dominant tree species along the forest successional 

gradient showed different patterns of seasonal variation in md. At forest level, YF 

exhibited lower md in both the wet and dry seasons, and had greater change in md 

due to seasonal variation compared to OF and IF (Figure 4.3A). A drier environment, 

as a result of more open canopy coverage in YF, could play a crucial role for this 

instance. Lebrija-Trejos et al. (2011) studied the environmental changes during 

secondary succession in a tropical forest in southern Mexico, and found that the sparse-

vegetation covered sites had low soil water content due to strong evaporation from 

direct solar heating that increased soil drying process. This finding supports our 

observation of contrasting soil water availability across the three forest successional 

stages. Moreover, compared to late successional forests, higher loads of direct 

irradiance owing to more open canopy in early succession also leads to drier conditions 

in the atmosphere (higher VPD) and higher temperature, which consequently results in 

lower md in drier YF site as compared to moister OF and IF sites. The environmental 

conditions along successional stages could also be intensified during the onset of dry 

season, by showing lower md in the drier sites, implying that species in early 

successional stages would experience more water stress than in late succession 

(Bretfeld et al., 2018). Interestingly, studies have shown that species found in drier sites 

have higher tolerance to desiccation, meaning the ability to remain alive at lower water 

potentials, which strongly correlated with species distribution and drought survival in 

tropical trees (Baltzer et al., 2008; Engelbrecht, Comita, et al., 2007; Engelbrecht, 

Tyree, et al., 2007; Kursar et al., 2009). The risk of tree mortality during water stress 

can be determined by a function of plant regulation of water use in response to critical 

thresholds associated with carbon starvation or hydraulic failure (Allen et al., 2010; 

Choat et al., 2018; McDowell et al., 2008). The process of carbon starvation and 

hydraulic failure are strongly interdependent (McDowell et al., 2011), by balancing the 
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act of regulating stomatal control for photosynthetic carbon gain in relation to plant 

water status to avoid xylem cavitation. The lower md in YF compared to OF and IF in 

both seasons, thus, could be an adaptive regulation that benefits higher stomatal 

conductivity and photosynthetic rate to assure the carbon acquisition and optimal 

growth under unfavorable conditions. This finding is accompanied by Tor-ngern et al. 

(2021) that found comparable stomatal conductance and photosynthesis across the 

successional stages in the wet season. However, allowing low md in YF can also be 

detrimental for dehydration and hydraulic failure, especially during the dry season, if 

the value decreases beyond the critical threshold of xylem cavitation (Blackman et al., 

2019).  

To further investigate seasonal and forest successional variations in md by 

excluding potential confounding effect from species, species existing in multiple sites 

were examined. As would be expected according to occupying in drier environment, S. 

cochinchinensis in YF exhibited the lowest md in both seasons compared to OF and 

IF, with no significant seasonal difference in md (Figure 4.3B). S. cochinchinensis in 

OF and IF showed comparable md in both seasons; however, their md during the wet 

season was lower than in the dry season, even with presumably better access to water. 

This unexpected pattern also occurred in S. nervosum in YF, when lower md was found 

in the wet season compared to the dry season (Figure 4.3D). Between the two sites, S. 

nervosum in YF showed significantly lower md in comparison to IF during the wet 

season, but not in the dry season. Such unexpected pattern may be explained by that, 

during the wet season, S. cochinchinensis in OF and IF and S. nervosum in YF deployed 

a less conservative water use regulation to allow higher photosynthetic rates when water 

is more abundant. This unexpected pattern can also be found in a few studies (Bucci et 

al., 2005; Prado et al., 2004), with no clear explanation provided. In S. wallichii, lower 

md was found in OF contrasted to IF in both seasons (Figure 4.3C), with no seasonal 

impact in OF and a slight change in IF in the dry season. Even though they occupied in 

a relatively wetter environment, the sampled trees of S. wallichii in OF grew under a 

large gap created by tree falls. The higher intensity of light under the gap strongly 

influence the microclimate, leading to higher air temperature and lower air humidity 

compared to the adjacent area (Fetcher et al., 1985; McCarthy, 2001). Therefore, the 
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leaf-level water deficits resulted from canopy gap may contribute to a lower value of 

md in OF than in IF. Different changes and patterns in md induced by seasonal 

changes found in this study seem to be species-specific, in which some species had a 

greater or lower impact than the others. These different strategies and regulatory 

mechanisms dealing with water-limited condition have a critical impact practically to 

xylem cavitation (Sperry et al., 2002; Zhu & Cao, 2009), and hence the potential risk 

of tree mortality resulted from water stress-induced hydraulic failure.  
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4.3 Xylem vulnerability of dominant tree species from different successional 

forests 

Due to considerably high within-site variation among dominant tree species in each 

forest succession, most of the hydraulic properties were not statistically different across 

forest successions (Ks, P50, PLCdry; Table 4.2). Taken as a group, the average maximum 

vessel length (MVL) did not show a clear pattern along the forest successions. OF 

tended to have similar MVL to YF (34.90 ± 12.90 cm in OF and 38.40 ± 2.95 cm in 

YF); however, MVL of YF also appeared to be similar to that of IF (43.30 ± 4.54 cm 

in IF). There was no significant difference in average maximum xylem specific 

conductivity (Ksmax) among the forest successions (one-way ANOVA, p = 0.111). The 

three forest successions did not differ statistically (p = 0.54) in xylem vulnerability, 

measured as xylem pressure at which 50% of hydraulic conductivity is lost (P50). Xylem 

vulnerability ranged from potentially more vulnerable in OF (-2.87 ± 1.25 MPa) to less 

vulnerable in IF (-3.04 ± 0.70 MPa) and in YF (-3.71 ± 1.59 MPa). Species occupying 

in all study sites, i.e., S. cochinchinensis, exhibited comparable P50 across forest stages 

(-3.27 MPa in OF, -3.40 MPa in IF, and -3.23 MPa in YF). This trend was similar to 

other species existing in multiple sites. S. wallichii in OF and IF had P50 of -3.46 MPa 

and -3.01 MPa, respectively., while S. nervosum in IF and YF had P50 of -2.31 MPa and 

-2.23 MPa, respectively. The percentage loss of hydraulic conductivity corresponding 

to midday leaf water potential during in the dry season (PLCdry) ranged from 4.5% in 

OF to 13% and 18% in IF and YF, respectively. When combining all data from all 

dominant tree species, P50 was found to be correlated with Ksmax (r = 0.52, p = 0.049; 

Figure 4.5A), but not in MVL (r = 0.33, p = 0.23; Figure 4.5B).  

 Within each forest successional stage, hydraulic properties varied greatly 

among the dominant tree species (Table 4.2, Figure 4.4). In OF, MVL varied threefold 

across the dominant tree species, with significant interspecific variation (p < 0.0001). 

The shortest MVL of 15.33 ± 1.53 cm was found in I. chevalieri, while the longest 

MVL of 50.33 ± 4.16 cm was found in D. gracilis. The lowest P50 was also found in I. 

chevalieri (-4.16 MPa) with moderate Ksmax (1.21 ± 0.38 kg m-1 s-1 MPa-1), whereas the 

highest P50 and Ksmax were found in D. gracilis (-0.88 MPa and 2.33 ± 0.10 kg m-1 s-1 

MPa-1). PLCdry differed substantially across species in OF, in which I. chevalieri 

experienced relatively lower impact during the dry season (1.07 %), while a greater 
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impact was exerted on S. sigun (7.91%) and S. wallichii (7.74%). In IF, similar MVL 

was found among the dominant tree species (p = 0.248). Compared to the other species 

within the same site, E. acuminata was more resistant to xylem cavitation  

(-4.02 MPa) and had the lowest Ksmax (0.82 ± 0.29 kg m-1 s-1 MPa-1). In contrast,  

S. nervosum had lower cavitation resistance (-2.31 MPa) and moderate Ksmax  

(1.58 ± 0.50 kg m-1 s-1 MPa-1) in comparison to the coexisting species. S. 

cochinchinensis tended to respond less to dry conditions in the dry season by losing 

relatively small hydraulic conductivity at midday during the dry season (2.60 %), while 

M. gamblei was potentially more affected (24.12 %) by the same instance. In YF, there 

was no significant difference in MVL among the dominant tree species (p = 0.656). 

Within this stage, the lowest P50 values was found in A. integerrima, at -5.97 MPa, with 

moderate Ksmax (1.27 ± 0.16 kg m-1 s-1 MPa-1) and low response to dry conditions as 

observed from midday PLC (1.41 %). C. cochinchinense, in contrast, had the highest 

P50 and Ksmax (-2.41 MPa and 3.09 ± 0.17 kg m-1 s-1 MPa-1), and the greatest response 

from losing hydraulic conductivity in the dry season (52.46 %) compared to the other 

species.  
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Figure 4.4 Vulnerability of xylem to cavitation of branches from dominant tree species from 

different successions in Khao Yai National Park, Thailand. Values are means ± one standard 

deviation with 3 branches per species. The dotted lines and red solid lines indicate the xylem 

pressure at 50% loss of hydraulic conductivity (P50) and percentage loss of hydraulic 

conductivity corresponding to midday leaf water potential during the dry season (PLCdry), 

respectively.  
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Figure 4.5 Correlations between xylem pressure at 50% loss of hydraulic conductivity (P50) 

and A. maximum xylem specific conductivity (Ksmax) and B. maximum vessel length (MVL). 

Black circles, grey rectangles, and white diamonds indicate species from old-growth forest 

(OF), intermediate forest (IF), and young forest (YF), respectively. Error bars represent one 

standard deviation. ns signifies non-significant correlation. 

 

 In this study, we examined species-level hydraulic properties that may 

contribute to differences in forest-level responses to water deficit conditions. Our study 

revealed a high level of interspecific variation in key hydraulic traits among the 

dominant tree species within the same site, which may obscure the average differences 

across the forest successions. Generally, we found no clear trends in MVL, Ks and P50 

across the forest successional stages (Table 4.2). Many studies have documented that 

xylem vulnerability to cavitation vary substantially among trees from different habitats, 

in which species occupying in drier sites are generally less vulnerable to cavitation than 

those occupying in wetter sites (Barros et al., 2019; Choat et al., 2007; Vander Willigen 

et al., 2000; Vinya et al., 2013; Zhu et al., 2017). Supporting this statement, Larter et 

al. (2015) showed one of the most drought-resistant trees ever measured, Callitris 

tuberculate, with P50 of -18.8 ± 0.6 MPa. C. tuberculate can be found commonly in dry 

areas of southwestern Australia, where the average annual rainfall can be lower than 

180 mm during the particularly dry years. In contrast, Maherali et al. (2004) reported 

that the most vulnerable tree to cavitation are from wet tropical forests, with some 

species reach up to 50% loss of hydraulic conductivity only at -0.18 MPa. In our study, 

there was a tendency for species at more xeric sites to have higher ability to resist xylem 

cavitation, despite non-statistical difference at forest level (Table 4.2, Figure 4.4). The 

most vulnerable species to xylem cavitation was found in OF, a deciduous tree species 

D. gracilis with the highest P50 of -0.88 MPa. On the other hand, A. integerrima, an 
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evergreen tree species in YF, had the lowest P50, at -5.97 MPa, standing out from the 

rest of the studied tree species from all forest successions. Comparing to the species in 

OF and YF, the dominant tree species in IF showed intermediate P50 values, ranging 

from -2.31 MPa in S. nervosum to -4.02 MPa in E. acuminata. The presence of species 

with lower P50 in more xeric sites could imply the adaptive importance of cavitation 

resistance in response to the environments where water stress is more pronounced 

(Maherali et al., 2004). Nevertheless, species occupying in multiple study sites, e.g.,  

S. cochinchinensis, exhibited comparable P50, suggesting the similar cavitation 

resistance across the forest successions. A lack of clear pattern along the successions of 

P50 was also observed by Pineda-Garcia et al. (2013). Based on plant water potential 

for 20%, 50% and 80% loss of hydraulic conductivity, the authors found no difference 

in resistance to drought stress between early- and late-successional species in a tropical 

dry forest. This may imply that evaluating species’ performance under drought stress 

should be interpreted with care, since other mechanisms, e.g., stomatal regulation, 

sapwood water storage, or leaf-shedding strategy, could also contribute to xylem 

resistance to cavitation (Barnard et al., 2011; Domec et al., 2006; Markesteijn et al., 

2011; Rosner et al., 2019).  

 There is ample evidence suggesting the hydraulic trade-off between the 

efficiency for xylem water transport (Ks) and the ability to resist xylem cavitation (P50) 

(Hacke et al., 2006; Martinez-Vilalta et al., 2002; Tyree et al., 1994; Vinya et al., 2013). 

This trade-off is thought to reflect the hydraulic adaptation influencing the distribution 

of plant species in response to water availability. For example, species occupying in 

wetter sites usually have wider and longer vessels for a greater water transport 

efficiency but more susceptible to xylem cavitation than those from drier sites (Ewers, 

1985; Loepfe et al., 2007; Pockman & Sperry, 2000). In this study, an association 

between P50 and Ks was found across the dominant tree species from all study sites, 

supporting the hydraulic efficiency-safety trade-off (Figure 4.5A). However, the trade-

off seems to be unconventional, considering the potential difference in water 

availability across the forest successions. Li et al. (2018) and Zhu et al. (2017) found 

relationship between P50 and Ks across tree species from the habitats with contrasting 

water availability, in which species at drier site had lower Ks and more resistant to 

xylem cavitation than those from the wetter site. However, our results did not show 
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distinct variation among sites under contrasting soil water availability, partly because 

of the insignificant variation in Ks and P50 across forest stages (Table 4.2). Moreover, 

we found no clear pattern in MVL across the forest successions (Table 4.2), and no 

significant relationship between MVL and P50 across the studies sites (Figure 4.5B). 

This could imply a weak influence of vessel length to cavitation resistance in this study, 

consistent with Markesteijn et al. (2011) that also found an unclear association between 

vessel length and xylem vulnerability in an Amazonian tropical forest. 

 In each forest succession, the coexisting dominant tree species differed in their 

hydraulic properties, especially cavitation resistance (Table 4.2, Figure 4.4). Larger 

variations in P50 were found in OF and YF than in IF, based on their coefficients of 

variation. Calculated from the percentage of the standard deviation to the mean, the 

coefficients of variation of P50 in OF and YF were 43.55% and 42.86%, respectively, 

while that in IF was 23.16%. Cartwright et al. (2020) suggests that substantial 

variability in drought response within an ecosystem can be driven by endogenous 

factors (i.e., morphological and phenological characters) and by exogenous factors (i.e., 

climate, topographic, and hydrologic characteristics). In this study, differences in leaf 

phenology among the dominant tree species can be found in OF and YF. Compared to 

the other evergreen species within the same site, deciduous tree species, D. gracilis in 

OF and C. cochinchinense in YF, showed a relatively less conservative hydraulic 

strategy, with more hydraulically efficient (higher Ks) but less resistance to xylem 

cavitation (lower P50). Such risky hydraulic strategy deployed by deciduous tree species 

but not in evergreen was also found in other studies from tropical forests (Chen et al., 

2017; Choat et al., 2005; Markesteijn et al., 2011) and subtropical forests (Krober et al., 

2014). In addition, some exogenous factors may contribute to the large variation in P50, 

particularly in OF. This could be explained by high microhabitat heterogeneity in OF 

(Brockelman et al., 2017), that might lead to spatial distribution of vegetation with 

varying sensitivity to water availability within the site. For example, species with 

presumably better access to water sources, e.g., S. sigun which dominated in flat 

lowland near streamside, showed higher vulnerability to cavitation among the others. 

On the contrary, species with limiting soil water, e.g., I. chevalieri which occupied in a 

hilly slope, showed relatively less vulnerable to cavitation compared to the rest of the 

species. Consistent with our finding, Zhang et al. (2021) and Zhu et al. (2017) found a 
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wide range of P50 in tropical karst forests, in which species existing in the middle to top 

of hilly areas were more resistant to cavitation than species dominated in lowlands or 

valleys, resulting from soil water gradient. Nevertheless, further investigations on 

hydraulic architecture, sapwood water storage capacity, and rooting depth should be 

performed to confirm such speculations.  

 In terrestrial plants, the ability to sustain xylem water transport under water 

deficit conditions is crucial for plant growth and survival. Trees may operate close to 

their critical cavitation thresholds (e.g., P50) to maximize stomatal conductivity and thus 

carbon assimilation (Brodribb & Feild, 2000; Jones & Sutherland, 1991; Mitchell et al., 

2013; Santiago et al., 2004). However, operating close to or beyond the limits poses a 

significant risk of water stress-induced cavitation that reduces water transport 

efficiency (Ks) in xylem and consequently leads to plant dehydration and mortality 

(Blackman et al., 2019; Urli et al., 2013). Our results showed that all dominant tree 

species from each successional stage experienced the midday leaf water potentials 

during the dry season that could result in loss of hydraulic conductivity (PLCdry) in 

different levels (Table 4.2, Figure 4.4). Based on xylem vulnerability curves and 

midday leaf water potential, most of the studied tree species operated well below P50 

and their md corresponded to about 4.5%, 13%, and 18% loss of hydraulic conductivity 

in OF, IF, and YF, respectively. As would be expected, species with higher resistance 

to xylem cavitation tended to lose little hydraulic conductivity during the dry season 

across the successions. For example, species with high cavitation resistance, e.g., I. 

chevalieri in OF, S. cochinchinensis in IF, and A. integerrima in YF, showed lower than 

2% in PLCdry. The reverse can be seen in species that are more vulnerable to cavitation, 

e.g., S. sigun in OF, M. gamblei in IF, C. cochinchinense in YF, which exhibited 7% to 

53% loss of hydraulic conductance during water deficit condition. The probability of 

losing higher xylem water transport efficiency related to the tension experienced during 

the dry season appear to be associated with species’ performance to deal with 

cavitation. Similar findings were obtained from a karstic woodland (Nardini et al., 

2013), an Amazonian tropical forest (Markesteijn et al., 2011), and across forest biomes 

(Choat et al., 2012). This result, thus, imply the significance of cavitation resistance in 

determining species risk of hydraulic dysfunction during low water availability. 
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 Differences in adaptive strategies and hydraulic properties among species can 

be seen as the resistance and resilience of a species to disturbances, such as climate 

change-induced water stress, and have broad implications on forest management and 

planning. In accordance with warming atmosphere and more variable droughts, it is 

important for forest restoration and conservation to consider the threshold at which tree 

mortality would occur (Hérault & Gourlet-Fleury, 2016), in order to maintain and 

promote the species that could well adapt in a particular place, both current and in the 

future conditions. With regards to forest restoration, there are several approaches 

proposed to facilitate natural forest recovery and restore desired ecosystem services in 

disturbed forests. One approach is to start with planting native fast-growing species, 

i.e., pioneer species, to create the canopy coverage, before recruiting other species 

(Lamb et al., 2005). Over time, these pioneer species would initiate the canopy 

architecture that draws seed dispersers, shades out light-demanding pasture grasses, 

increases soil nutrients, and reduces stressful microclimate conditions (Holl, 2012), 

which cooperatively creating a more suitable condition for seedling establishment and 

facilitating the recovery of the disturbed forests. Once the site condition is more 

favorable, planting the other species, i.e., generalist or late-coming species, can be done 

to increase the diversity, resiliency, and ecosystem services of the area. In the context 

of climate variability, selecting the pioneer species with low P50 and PLCdry, e.g., A. 

integerrima or E. acuminata, instead of any fast-growing species would be more 

beneficial due to their abilities to rapidly recolonize and ameliorate the site conditions, 

as well as lower risk of cavitation-induced tree mortality from future warmer climate 

conditions. Likewise, for forest conservation, encouraging species with higher 

cavitation resistance (lower P50) and ability to sustain higher xylem water transport 

during the dry season (lower PLCdry) would be a better choice for maintaining forest 

health and vitality in response to a hotter and drier future. Several studies have 

demonstrated the ecosystem functions and services provided by tropical forests, such 

as the contribution in global water and carbon cycles, the conservation of biodiversity, 

or the protection of soil and water resources (Avissar & Werth, 2005; FAO & UNEP, 

2020; Poker & MacDicken, 2016). Apart from human disturbances, tropical forests 

have been constantly affected by extreme climate events, especially drought that has 

the greatest impact on forested areas (McDowell et al., 2018; Reichstein et al., 2013). 
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The ongoing effect of droughts accelerates the rate of tree mortality and forest decline, 

particularly to the species that are more vulnerable to water deficit, leading to loss of 

biodiversity and adverse impacts on natural resources and ecosystem functions. Thus, 

encouraging species with higher resistant to drought-induce cavitation in tropical 

forests may help buffer against potential degradations of soil and hydrological 

conditions from future droughts, and thereby counteract the mortality of vulnerable 

species and maintain the overall resilience and integrity of the forests. All in all, under 

the scenarios of climate change, selecting the right tree species for the right site and 

appropriate condition is important to increase the likelihood of success and 

effectiveness in forest restoration and conservation for accelerating the natural recovery 

in degraded ecosystems close to the former condition (Elliott et al., 2003; Hérault & 

Piponiot, 2018; Vieira & Scariot, 2006). 

 To improve the understanding of plant hydraulic in Khao Yai National Park, 

there are some areas in need of further investigation. Environmental data from different 

forest successional stages should be measured to confirm the distinct differences in their 

microclimatic conditions. Additional studies on soil moisture dynamics, rooting depth, 

and species demographic rate (e.g., growth or mortality rates), as well as more frequent 

data collection of water potential can be done to gain insights into the behavior of plant 

water status from different forest successional stages at a more robust time series. 

Further studies on xylem anatomy, stem water storage, and pit functional properties are 

also recommended for a more persuasive conclusion of xylem water transport (Ks) and 

its association with xylem cavitation resistance (P50) of different tree species. We also 

require a better understanding of plant hydraulic in different part of the tree, especially 

belowground, because tree mortality is likely to be resulted from a stack of impacts 

from different organs. By looking at the whole plant hydraulic basis, it will provide 

more useful data and definitive information for stating the limits of drought tolerance 

of different tree species and determining trends in future drought-induced mortality of 

forests in different successional stages.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 5 

CONCLUSIONS 

 

Given that the near-future droughts will become more frequent and more severe in 

Southeast Asia, the urge for an improved mechanistic understanding of forest responses 

to water stress is crucial. In this study, we evaluated seasonal variation in midday leaf 

water status (md) and hydraulic properties of dominant tree species across forest 

successional stages in Khao Yai National Park, Thailand. Our results showed that, in 

general, seasonal variation in md varied significantly, both at the forest and species 

levels. At the forest level, lower md during water-limited conditions, e.g., dry season, 

and greater variation in md resulted from seasonal changes were observed in younger 

and drier sites. This could be an adaptive strategy to optimize photosynthesis and 

growth with the cost of higher risk of dehydration and hydraulic failure. At the species 

level, species occupying in multiple sites (i.e., S. cochinchinensis, S. wallichii, and S. 

nervosum) were examined. For these species, there were different changes and patterns 

in md induced by seasonal changes across the study sites, suggesting the species-

specific response to environmental changes.  

 Our study also showed a high level of interspecific variation in key hydraulic 

properties among the dominant tree species in each plot, resulting in unclear variations 

in maximum vessel length (MVL), maximum xylem specific hydraulic conductivity 

(Ksmax), and xylem vulnerability (P50) across the forest successions. This substantial 

variability could be resulted from differences in plant phenological properties or large 

spatial differentiation within the site. Among the study sites, there was a tendency for 

some species at drier sites to possess xylem with higher cavitation resistance was found 

(e.g., D. gracilis in OF vs. A. integerrima in YF), although the same pattern was not 

observed in species in multiple sites. This may imply that using only the operational 

limits of plant water transport to evaluate species’ performance to drought stress could 

be misleading. Combining the data from all species and successional stages, a negative 

association between P50 and Ksmax was found, supporting the hydraulic efficiency-safety 

trade-off. However, P50 did not significantly related to MVL, suggesting a weak 

influence of vessel length to xylem cavitation in this study. We also found that all 
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dominant tree species from each succession experienced changes in midday leaf water 

potentials during the dry season that could result in loss of hydraulic conductivity 

(PLCdry) in different levels. Species with higher cavitation resistance tended to have 

lower PLCdry across the successions, while species with higher xylem vulnerability 

appeared to lose more hydraulic conductivity during the dry season. This result may 

indicate the functional dependence of species’ performance on cavitation resistance and 

their responses during water deficit. 

 Understanding how plants respond to water stress from different tree species 

and different forest successions is not only informative for the forest conservation and 

restoration efforts, but also the predictions of tree mortality across the successions. By 

selecting and promoting species that could be well adapted in a particular place, as 

represented by P50 and PLCdry, the likelihood of success of forest restoration and 

conservation in a drier and hotter future could be enhanced. Nevertheless, studies 

involving xylem hydraulic architecture, stem water storage, and plant hydraulic 

belowground would be valuable for a more comprehensive understanding of the effect 

of low water availability on this significant ecosystem. 
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