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Summary 

Introduction 

Climate changes 

 “Climate changes” refer to a global alteration of climate patterns such as the rising of the 

overall mean surface temperature  (Hansen et al. 2010) and the variation of precipitation 

regimes (Salzmann et al. 2014). These changes are impacting forest ecosystems (Allen et 

al. 2010; Bonan 2008; Ernakovich et al. 2014) reshaping forest cover worldwide (Hansen 

et al. 2013). Higher temperatures lead to a faster soil drying up, limiting forest 

productivity (Boisvenue and Running 2006) and increasing forest dieback rates 

worldwide (Allen et al. 2010; Birdsey and Pan 2011). It is therefore of primary 

importance to understand trees and forests potential acclimatization to the changing 

climate and predict the impacts that will be generated by future environmental conditions 

to forest ecosystems (Hansen et al. 2013; O’Brien et al. 2017). 

Tree structure and function 

Trees have three main organs: roots, leaves and trunk, where xylem is present and is 

involved in sap transport. There are two types of cells specialised in transporting high 

water amounts at high efficiency called tracheary elements: tracheids and vessel elements 

(Crivellaro and Schweingruber 2015). Both cell types are dead at maturity and form 

hollow tubes through water can flow at relatively little resistance (Taiz and Zeiger 2006). 

Fibres confer hardness and flexibility to the wood. Parenchyma cells are alive at maturity 

and play key functions in different metabolically active processes (Hilaire et al. 2001; 

Yadeta and Thomma 2013; Secchi et al. 2017; Venturas et al. 2017) and can be in direct 

contact with vessels thus exchanging water and solutes with them (Hacke 2015). Water 

inside vascular elements is present in a metastable state and moves due to a potential 

gradient. During drought conditions, water tension inside the xylem increases, rising the 

risk of embolism formation and therefore vessel cavitation reducing xylem water 

transport. Xylem resistance to cavitation is expressed by the 𝑃50, that is the water 

potential at which xylem loses 50% of its conductivity and is frequently accompanied by 

the Hydraulic Safety Margin (HSM) (Nardini et al. 2013) that corresponds to the 

difference between the regulation of daily minimum stem water potential (𝜓𝑚𝑖𝑛) under 

non-extreme conditions and the 𝑃50 (Meinzer et al. 2009). While gymnosperms tend to 

have a generally wide HSM, angiosperms tend to have a very narrow or even negative 

HSM (Choat et al. 2012) being exposed to embolism formation and potentially facing 

long-term reductions in productivity. According to the “refilling theory”, plants are able 

to restore the hydraulic conductance by mobilizing the sugars (non-structural 
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carbohydrates) carried by the phloem and stored in parenchyma cells (Nardini et al. 

2011). 

Working hypothesis 

The aim of this work is to investigate if there are some anatomical features linked to the 

tolerance of plants to cavitation. Hypothetically, vulnerable species should rely on 

efficient refilling mechanisms to recover from embolism formation and therefore have 

high parenchyma amount. This would allow them to store and utilise non-structural 

carbohydrates more effectively throughout the xylem. 

Materials and methods 

A database was built up composed of anatomical (axial parenchyma (PAA), radial 

parenchyma (PAR), total parenchyma amount (PAAR), xylem area (𝑋𝑎), fibres area (𝐹𝑎), 

volume of wood occupied by vessels (𝑉𝑎), mean conduit area (𝑀𝐶𝑎), conduit density 

(𝐶𝑑), theoretical hydraulic conductivity (𝐾𝑆)), hydraulic (𝑃50), and qualitative traits 

(angiosperms vs. gymnosperms (𝐴 vs. 𝐺), evergreenness vs. deciduousness (𝐸 vs. 𝐷), 

climbers vs. self-supporting (𝐶 vs. 𝑆)). 

Dataset construction 

Three main groups were developed in my dataset: a first group (group 1) with data 

coming from literature (N=107) (Choat et al. 2012; Morris et al. 2016), a second group 

(group 2) combining hydraulic data coming from literature with anatomical 

measurements made on my own (N=74) and a third group (group 3) made of hydraulic 

and anatomical measurements made on my own (N=14). 

Anatomical analyses 

Branch segments were collected and microsections were obtained using a rotary 

microtome LEICA RM 2245 (Leica Biosystems, Nussloch, Germany), decoloured with a 

solution of water and bleach (1% in distilled water), stained with a solution of Safranin 

and AstraBlue (1% and 0.5% in distilled water respectively), permanently fixed on 

microscope slides with Eukitt (BiOptica, Milano, Italy) and covered by a glass cover. 

Images from the micro-sections were acquired using a D-sight slide scanner (Menarini, 

Florence, Italy). The estimate of parenchyma fraction was performed by analysing images 

with Fiji Is Just ImageJ version 2.0.0 (Schneider et al. 2012) doing manual editing. Cross-

sectional images were also analysed with ROXAS 3.0.139 ® (von Arx and Carrer 2014) 

for the estimate of the other anatomical traits. 
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Hydraulic analyses 

Branches were excised at predawn and the maximum vessel length (VLmax) was estimated 

with the air injection method (Jacobsen et al. 2012). For assessing vulnerability curves 

branch segments at least longer than VLmax were chosen (Ennajeh et al. 2011a) and 

connected to a hydraulic apparatus (Xyl’em, Bronkhorst, France), perfused with a filtered 

poly-ionic solution enriched with 10 𝑚𝑚𝑜𝑙𝐿−1 𝐾𝐶𝑙 (Savi et al. 2017), flushed, mounted 

on a double-ended pressure sleeve (PMS Instruments, OR, USA) and the percentage loss 

of conductivity (PLC), at different applied pressures 𝑃𝑥, was assessed. 𝑃50 was estimated 

by drawing vulnerability curves fitting PLC on 𝑃𝑥  data using RStudio version 1.1.423 and 

the packages Rcmdr version 2.2-4 and fitplc version 1.1-7 (Duursma and Choat 2017). 

Statistical analyses 

The relationships between 𝑃50 and PAAR (group 1, 2, 3), 𝑃50 and 𝐹𝑎, 𝑃50 and 𝑀𝐶𝑎, 𝐶𝑑 and 

𝑀𝐶𝑎 (group 2, 3) were assessed with 𝑙𝑜𝑔10-transformed data to comply with assumptions 

of normality and homoscedasticity (Zar 1999; Zuur 2010). The relationships between 𝑃50 

and 𝐶𝑑, 𝑃50 and 𝑉𝑎, 𝐹𝑎 and PAAR (group 2, 3) were fitted using linear regressions. The 

comparability of the slopes of the regressions found for the same relationships between 

variables in different dataset groups was verified with One-way ANOVA tests. These 

analyses were performed using RStudio version 1.1.423.  

Results 

PAAR ~ 𝑷𝟓𝟎 

I found: (i) a positive trend between PAAR and 𝑃50 in angiosperms (R2 = 0.17, F = 29.39, 

DF = 139, p < 0.001) with species having a higher 𝑃50 (i.e., less negative) producing a 

bigger amount of parenchyma cells in the xylem; (ii) no clear trend between PAAR and 𝑃50 

in gymnosperms (R2 = 0.030, F = 2.606, DF = 51, p > 0.05). 

PAAR ~ 𝑷𝟓𝟎, 𝑭𝒂 ~ 𝑷𝟓𝟎, 𝑽𝒂 ~ 𝑷𝟓𝟎 

I found in angiosperms: (i) a negative trend between 𝐹𝑎 and 𝑃50 (R2 = 0.24, F = 23.4, DF 

= 71, p < 0.001) with species having a higher 𝑃50 producing a lower amount of fibres in 

the xylem; (ii) no clear trend between 𝑉𝑎 and 𝑃50 (R2 = 0.015, F = 2,101, DF = 71, p > 

0.05). 

𝑭𝒂 ~ PAAR 

𝐹𝑎 and PAAR are inversely related in angiosperms (R2 = 0.73, F = 193.3, DF = 71, p < 

0.001).  
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𝑪𝒅 ~ MCa 

𝐶𝑑 and 𝑀𝐶𝑎 are inversely related in angiosperms (R2 = 0.79, F = 261.5, DF = 69, p < 

0.001). 

𝑪𝒅 ~ 𝑷𝟓𝟎, MCa ~ 𝑷𝟓𝟎 

I found in angiosperms: (i) a negative trend between 𝐶𝑑 and 𝑃50 (R2 = 0.29, F = 30.2, DF 

= 70, p < 0.001) with species having a higher 𝑃50 producing a lower number of vessels 

per unit area; (ii) a positive trend between 𝑀𝐶𝑎 and 𝑃50 (R2 = 0.25, F = 30.2, DF = 70, p < 

0.001) with species having a higher 𝑃50 (i.e., less negative) producing bigger vessels.  

Discussion 

More vulnerable angiosperm species would rely on a more efficient xylem refilling 

mechanism by producing a higher parenchyma amount in the wood. The greater xylem 

parenchyma volume would allow to both exchange NSC more efficiently (Plavcová and 

Jansen 2015) and storage a greater NSC amount (Plavcová et al. 2016). Parenchyma 

tissues do not seem to have an important role in xylem embolism reversal in 

gymnosperms. It was shown that gymnosperms present a great parenchyma amount at 

leaf level therefore allowing them to repair xylem embolism in the distal portions 

(Johnson et al. 2012), where tension is highest (Petit et al. 2018), thus preventing xylem 

embolism formation. Angiosperm species presenting a lower vulnerability to embolism 

have a higher amount of fibres. This result may explain why, in many studies (Lens et al. 

2013; Rosner 2017) species that are less vulnerable to cavitation were found to have a 

higher wood density (i.e., that is mainly due to the high amount of fibres) even if is not 

directly linked to plant hydraulic functioning (Lachenbruch and McCulloh 2014). Species 

with narrower and denser vessels were found to have a lower vulnerability to embolism, 

in line with many other studies (Martinez-Cabrera et al. 2009; Christman et al. 2012). 

Conclusions 

The hydraulic vulnerability to embolism (𝑃50) is strongly related with xylem 

anatomical structures and with conduits properties in particular. Wider and 

therefore less dense vessels determine a higher vulnerability of xylem to 

embolism (i.e., 𝑃50 less negative). Angiosperms therefore tend to produce a 

greater amount of living cells that would allow to both storage a greater amount of 

non-structural carbohydrates and utilize them more efficiently throughout the 

xylem, relying on more efficient refilling mechanism as to compensate for the low 

safety of the water transport system. 
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1 Introduction 

1.1 Climate changes 

For “climate changes” we refer to a global alteration of climate patterns. This 

modification is evident from the mid-20th century onwards. In fact, there is 

scientific evidence that since the end of ‘800, the global mean annual surface 

temperature (GMST) (Figure 1.1) has increased of 0.8°𝐶 (Hansen et al. 2010). It 

may appear to be a non-significant variation compared to the global variation of 

−5.4°𝐶 during the last Glacial Maximum (Stute et al. 1995) 20.000 years ago. 

Notwithstanding, the effects of this global temperature increase are clearly visible 

worldwide. There are ongoing gradual changes such as the oceans level rise due to 

the melting of the polar ice caps, but also abrupt changes as great heat waves and 

devastating storms. Of great concern is also the observation of the reduction of the 

Atlantic meridional overturning circulation (Bryden et al. 2005; Cunningham et 

al. 2007; Bryden et al. 2014) that carries warm waters from the Gulf of Mexico 

(therefore known also as Gulf Stream) to the North and Norwegian Seas, 

mitigating the climate of ocean facing regions in Northern Europe. Its reduction 

may dramatically change heat fluxes in the Atlantic Ocean and lead to a climate 

cooling in Northern Europe. 

 

 
Figure 1.1: Anomaly of global mean surface temperature in the last century. It has 

increased of 0.8°𝐶 since 1880 (from https://earthobservatory.nasa.gov/). 

 

https://earthobservatory.nasa.gov/
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These changes are due to the rapid human population and economic growth 

leading to a constant increase of greenhouse gasses (GHG) emission (IPCC 2014) 

in the atmosphere (Figure 1.2). These molecules are able to absorb infrared 

radiation. By increasing their concentration in the atmosphere, the natural 

greenhouse effect grows in intensity causing a rise in the GMST. 

 

 
Figure 1.2: Total annual anthropogenic GHG emissions by groups of gases in the 

period 1970-2010 (from IPCC 2014). 

 

The Intergovernmental Panel on Climate Change (IPCC) proposed four 

atmospheric greenhouse concentration growth trajectories, used for climate 

modelling research, to predict future temperature rise expressed using 

Representative Concentration Pathways (RPCs) (IPCC 2014). According to these 

models, global temperature will increase between 0.3°𝐶 (RCP 2.6) to 4.8°𝐶 (RCP 

8.5) by 2100. As a result, we will assist worldwide to both a change of mean and 

variance of surface temperatures and to a modification of precipitations intensity 

and distributions (called precipitation regimes) (Figure 1.3) (Salzmann et al. 2014) 

causing huge impacts on ecosystems, biodiversity and life on Earth as a whole. 
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Figure 1.3: Changes in average surface temperature and precipitation expected by the 

end of the century according to RCP 2.6 and RCP 8.5 (from Salzmann et al. 2014). 

 

 

1.1.1 Tree mortality 

Due to climate changes, we are assisting to an increase in frequency and severity 

of heat and drought events. These occurrences are highly impacting forest 

ecosystems both in warm and dry environments (i.e., Mediterranean regions) and 

in wetter ones (i.e., Tropical forest) (Bonan 2008; Allen et al. 2010; Ernakovich et 

al. 2014) therefore reshaping forest cover worldwide (Menzel and Fabian 1999; 

Peng et al. 2011; Hansen et al. 2013; Reichstein et al. 2013). Trees are put under 

physiological stress, exacerbated by other climate-mediated processes such as 

insects-outbreaks and wildfires (Allen et al. 2010). In these conditions, the water 

shortage becomes a limiting factor reducing forest productivity and therefore tree 

growth (Boisvenue and Running 2006). Higher temperatures lead to a faster soil 

drying up. The water available to roots between the soil particles called “capillary 

water” (Figure 1.4) therefore decreases, and water and nutrient uptake from roots 

becomes more difficult. However, trees need to keep high evapo-transpiration 

regimes at the leaf level and therefore experience the so called “hydraulic stress” 

(HS) increasing their mortality risk (Figure 1.5). As a result, we are assisting to a 

speed up of forest dieback rates worldwide (Figure 1.6) (Allen et al. 2010; 
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Birdsey and Pan 2011) but the understanding on ultimate mechanism leading to 

tree mortality under drought is still lacking (Mitchell et al. 2013). 

 
Figure 1.4: Sketch showing water hold due to capillarity (A) from the soil particles (B) 

and hygroscopic water (C). Interstitial air of the soil (D) is also shown. (from Rascio et 

al. 2012). 

 
 

 
 

Figure 1.5:  Conceptual schematic showing how tree mortality might vary with 

temperature, drought duration and intensity, and precipitation (from Birdsey and Pan 

2011). 
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Figure 1.6: White dots indicate documented localities with forest mortality related to 

climatic stress from drought and high temperatures. Background map shows potential 

environmental limits to vegetation net primary production (Boisvenue and Running 

2006). Drought and heat-driven forest mortality often is documented in relatively dry 

regions (red/orange/ pink), but also occurs outside these regions (from Allen et al. 

2010). 

 

The larger trees, covering a key role as biomass storage in forests (Slik et al. 

2013) present greater sensitivity to drought than small trees potentially 

exacerbating feedbacks to climate change (Bennett et al. 2015; Prendin et al. 

2018a). 

Forests are of primary importance as carbon sink (Birdsey and Pan 2011), 

biodiversity hotspots, play other important functions (i.e., forest dynamics, 

hydrology, surface energy fluxes) (Bonan 2008) and are of great economic value 

(Hanewinkel et al. 2013). It is therefore of primary importance to understand trees 

and forests potential acclimatization strategies to the changing climate (Jump and 

Penuelas 2005; Awad et al. 2012; De Micco and Aronne 2012)  and predict the 

impacts that will be generated by future environmental conditions to forest 

ecosystems (Anderegg et al. 2013; O’Brien et al. 2017). 

 

1.2 Tree structure and function 

Trees have three main organs: roots, trunk and leaves (Figure 1.7) (Rece et al. 

2014). Roots are situated in the soil and are therefore involved in the underground 

processes such as the absorption of water and nutrients from the soil. At the same 



 

6 
 

time, roots anchor the tree structure, work as nutrient storage and interact with 

other organisms living in the soil like bacteria (Rizobium sp.), fungi (mycorrhizae) 

and many others. The remaining two organs are present aboveground. The trunk is 

composed of two main elements: the xylem and the phloem. The xylem is 

involved in transporting sap from the roots to the leaves and confers mechanical 

support to the tree structure. The phloem is involved in the transport of water and 

nutrients both upwards and downwards. Its main function consists in carrying the 

nutrients from the storage/production site (e.g. roots/leaves) to the place where 

these elements will be utilised (i.e., metabolically active living cells). On top of 

the tree, we find leaves carrying out most of the tree’s photosynthetic processes. 

Photosynthesis converts the carbon dioxide and water into sugars and oxygen as is 

shown below: 

6𝐶𝑂2 + 6𝐻2𝑂
  𝑆𝑢𝑛𝑙𝑖𝑔ℎ𝑡  
→       𝐶6𝐻12𝑂6 + 6𝑂2 Eq. 1.1 

In the leaves takes also place the evapotranspiration (Lack and Evans 2001): water 

carried by the xylem goes back to the atmosphere via stomatal apertures (Figure 

1.8) present in the lower leaf margins. 

 

 

Figure 1.7: Concise scheme showing tree’s organs and relative functions. 
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Figure 1.8: SEM image showing an open stoma (A) and closed one (B) of Lavandula 

dentata L. (2000x) (modified from https://fineartamerica.com/featured/stomata-of-

lavendula-dentata-sem-power-and-syred.html). 

 

 

In order to grow a plant needs to maintain a positive carbon balance, meaning that 

the fixed carbon due to photosynthetic processes must be higher than the carbon 

consumed due to respiration (Mitchell et al. 2014; Petit et al. 2016). In other 

words, a given leaf mass must provide the necessary carbon resources to sustain 

the maintenance of the living tissues in a given xylem mass. In parallel, above- 

and belowground xylem must ensure coupling water flow and leaf transpiration 

requirements  (Mencuccini 2014; Nardini and Luglio 2014; Petit et al. 2016; 

Sterck and Zweifel 2016; Kiorapostolou et al. 2018) and therefore optimal leaf 

functioning (Mencuccini and Comstock 1999; Martínez-Vilalta et al. 2014; Price 

et al. 2014). 

 

1.2.1 Xylem anatomy 

A trunk can be observed in three different planes of section (Figure 1.9): it is 

possible to make transverse (also called cross-sections), tangential and radial 

sections. 

https://fineartamerica.com/featured/stomata-of-lavendula-dentata-sem-power-and-syred.html
https://fineartamerica.com/featured/stomata-of-lavendula-dentata-sem-power-and-syred.html


 

8 
 

 

 

Figure 1.9: Illustration of the three planes of section. Note that for the tangential plane 

of section, only the right-hand portion of the cut is perpendicular to the rays. Due to the 

curvature of the rings, the left portion of the cut is out of plane (from Wiedenhoeft 

2012). 

 

Having a look at a stained trunk in cross-section (Figure 1.10), we can easily 

distinguish the xylem, occupying the inner part of the section, from the outer bark 

that was not considered in this study. 

 
 

Figure 1.10: Trunk cross-section of Chamaecyparis lawsoniana (A.Murray bis) Parl. 

(100x). The pith (P) is situated in the very centre of the section. All around it, the 

xylem (X) with the annual growth rings (GR) is present. The bark (B) occupies the 

outer part of the trunk and, within it, the phloem is shown. Between the xylem and the 

phloem, we find the cambium (C). 

http://www.theplantlist.org/tpl/record/kew-2715286
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Xylem appears to be made of different rings one inside the other. Each ring 

represent one-year of growth due to the cambium cells reproduction and 

differentiation (Speranza and Calzoni 1996; Wiedenhoeft 2012). The visible rings 

are the effect of the production of wood, within a single year, with different 

densities: less dense in spring (light red) and denser at the end of the summer 

(dark red) called early and late-wood respectively(Mauseth et al. 2006; 

Wiedenhoeft 2012). Under favourable conditions (i.e., good water availability), a 

tree will produce wider annual rings while dryer years will result in thinner ones 

(Figure 1.11) (Kozlowski et al. 1991; Arend and Fromm 2007; Friedrichs et al. 

2008; Brienen et al. 2010). 

 
Figure 1.11: Difference in width of tracheids and in proportion of latewood in xylem 

rings of red pine (Pinus resinosa Aiton) grown with irrigation and under water 

stress. Also note differences between upper and lower bole (from Kozlowski et al. 

1991). 
 

 

There are two different kinds of wood called softwood and hardwood (Figure 

1.12). These categories correspond to two different evolutionary groups of 

spermatophytes (plants producing seeds): the gymnosperms (i.e., conifers, cycads, 

gnetophytes and Ginkgo biloba L.) and the angiosperms (flowering plants) 
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respectively (Akkemik and Yaman 2012). In the temperate portion of the 

Northern Hemisphere, softwoods are generally needle-leaved evergreen trees such 

as pine (Pinus sp.) and spruce (Picea sp.), whereas hardwood are typically 

broadleaved, deciduous trees such as maple (Acer sp.) and birch (Betula sp.) 

(Wiedenhoeft 2012). Nevertheless, exceptions are present like Larix decidua Mill. 

(softwood, needle-leaved, deciduous) and Magnolia grandiflora L. (hardwood, 

broadleaved, evergreen). Despite what one might conclude based on the names, 

not all softwoods have soft, lightweight wood, nor do all hardwoods have hard, 

heavy wood (Wiedenhoeft 2012). 

 

 

Figure 1.12: Softwood and hardwood. (A) The general form of a generic softwood tree. 

(B) The general form of a generic hardwood tree. (C) Transverse section of 

Pseudotsuga menziesii (Mirb.) Franco, a typical softwood. The three round white 

spaces are resin canals. (D) Transverse section of Betula alleghaniensis Britton, a 

typical hardwood. The many large, round white structures are vessels, the characteristic 

feature of a hardwood. Scale bars = 300 µm (from Wiedenhoeft 2012). 

 

There are two types of cells that are specialised in the transport of high water 

amounts at high efficiency for long distances called tracheary elements: tracheids 

and vessel elements (Crivellaro and Schweingruber 2015). Both cell types are 

dead at maturity and form hollow tubes through water can flow at relatively little 

resistance (Taiz and Zeiger 2006). 
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Tracheids are elongated, spindle-shaped cells, arranged in overlapping vertical 

files (Figure 1.13 A). Water flows due to the numerous lateral wall apertures 

called “pits”. Pits of one conduit are typically located close to an adjoined tracheid 

forming pit pairs having a porus layer called pit membrane (Angyalossy et al. 

2016) (Figure 1.14 A, D, E). Tracheids are both present in angiosperms and 

gymnosperms. Anyway, in conifers the pit membranes present a central 

thickening called “torus” (Figure 1.14 C) that can act as a valve to close the pit 

(Figure 1.13 C) preventing gas bubbles from spreading into neighbouring 

tracheids (Delzon et al. 2010) (see chapter  1.2.3). In all other plants, pit 

membranes are lacking of torus (Venturas et al. 2017) (Figures 1.13 D, 1.14 B) 

but, by having very small pores, they act again as barriers against gas bubbles 

movement (Taiz and Zeiger 2006). Tracheids account also for structural support 

and confer elasticity to the wood. 

 

 
Figure 1.13: Tracheary elements and their interconnections. (A) Tracheids and (B) 

vessel elements. Both present numerous pits on the lateral walls. (C) Coniferous 

bordered pit with the torus cantered in the pit cavity (left) and lodged to one side of 

the cavity (right). (D) Pit membrane of angiosperms and other non coniferous plants 

(modified from Taiz and Zeiger 2006). 
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Figure 1.14. Inter-conduit pit field and pit membranes: (A) Inter-vessel pit field in a 

hybrid poplar stem (Populus trichocarpa x deltoides). The pits in the upper third of 

the image have their membranes removed (asterisks); the pits in the center have their 

membrane but the pit border facing the viewer is removed; the pits on the lower third 

of the image show the pit apertures from the other side of the vessel wall 

(arrowheads). (B) Surface view of pit membrane of an angiosperm (Acer platanoides 

L.) with fairly small and homogeneous pores. (C) Pit membrane of a conifer 

(Picea glauca (Moench) Voss) root tracheid showing the typical torus-margo 

structure (from Venturas et al. 2017). (D) Block of wood of Populus grandidentata 

Michx. showing intervessel pitting on the walls between the two vessels whenever 

they run parallel. (E) Pores of the vessel-to-vessel pit apertures (from Zimmermann 

1983). 

 

Vessel elements tend to be shorter and wider than tracheids and have perforated 

end-walls forming a “perforation plate” at each end of the cell (Figure 1.13 B, 

1.15 A, B). They also have pits on their lateral walls but, differently from 

tracheids, the perforated end walls allow vessel members to be stacked end-to-end 
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forming a larger conduit called “vessel”. Vessels are therefore multicellular 

conduits varying in length both within and between species (Zimmermann 1983; 

Jacobsen et al. 2012). Maximum vessel length (see chapter 2.5.2) can range from 

few centimetres (i.e., Carpinus orientalis Mill.) to one or more meters (i.e., 

lianas). The vessel members present at the extreme ends of vessels lack 

perforations in their end walls and communicate with the neighbouring vessels via 

pit pairs (Figure 1.21). Vessels are only present in angiosperms. 

 
Figure 1.15: SEM images: (A) Wood block of Liriodendron tulipifera L. (110x) 

(modified from Mauseth et al. 2003). (B) Longitudinal micro-sections of 

Rhapis excelsa (Thunb.) Henry showing scalariform perforation plates connecting 

two vessel members vertically (modified from Zimmermann 1983). (C) Axial 

parenchyma cells adjacent to the vessels (700x) (modified from Mauseth et al. 

2003). 
 

In angiosperms’ xylem there is another cell type dead at maturity called “fibre”. 

This cell type is thick walled and present a narrow lumen (Figure 1.16 A). Fibres 

confer hardness and flexibility to the wood depending on their abundance and cell 

wall thickness. 

The cells that are alive at maturity are called “parenchyma cells” and are present 

in both angiosperms and gymnosperms. Parenchyma cells can be distinguished 

into two different groups: “axial” parenchyma cells, oriented along the length of 

the trunk (parallel to the vessels) (Figure 1.16 B), and “radial” parenchyma cells, 

radially organised in “rays” (for it is also called “ray parenchyma”) (Figure 

1.16D) from the pith to the bark (perpendicularly to the vessels). Parenchyma 

cells play key functions in different metabolically active processes such as starch 

storage (Secchi et al. 2017; Venturas et al. 2017), temporary water storage 
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(Mauseth et al. 2006) and defence against pathogens (Hilaire et al. 2001; Yadeta 

and J. Thomma 2013). Some parenchyma cells (both axial and radial) are in direct 

contact with vessels (Figure 1.15 C) and can exchange water and solutes (i.e., 

sugars also called “non-structural carbohydrates”) with them (Plavcová and 

Jansen 2015). Therefore, parenchyma cells create a network for short distance 

transport of water and solutes within the xylem (i.e., between vessels) and 

between xylem and phloem (Salleo et al. 2004; Nardini et al. 2011; Brodersen and 

McElrone 2013). The Pith (Figure 1.10), being also made of parenchyma cells, is 

part of this network (Plavcová and Jansen 2015). Other functions of parenchyma 

cells will be further discussed in chapter 1.2.3. 

Wood is therefore composed of conduits, parenchyma cells and fibres (only 

present in angiosperms). A change of the percentage amount of these three tissues 

may affect the wood density (WD) (Martinez-Cabrera et al. 2011) (i.e., generally 

denser wood with an increase of fibres amount). 

I will now describe the cytological differences of the previously mentioned wood 

cell types as they appear in stained micro-sections coloured with Safranin and 

AstraBlue (see chapter 2.4.1) observed with an optical microscope. While 

Safranin colours the lignified cell walls of red, AstraBlue confers the blue colour 

to the cellulose. Generally, vessel elements, tracheids and fibres therefore appear 

red because of the abundance of lignin in their cell’s walls while parenchyma cells 

generally appear blue for the prevalence of cellulose in their wall. 

Seen in cross-section, vessel elements present thick walls and big lumina (Figure 

1.16 A) compared to the other wood elements. Fibres generally are again thick 

walled but have a very narrow lumen. (Figure 1.16 A). Tracheids appear similar to 

fibres in terms of wall thickness but present a wider and clearly visible lumen 

(Figure 1.16 C). Parenchyma cells are thin-walled and can be distinguished by the 

other dead xylem elements for having an intact protoplast. Radial parenchyma is 

organised in uni- bi- or multiseriate rays (composed of a single, two or many lines 

of cells packed together respectively) radially disposed and elongated along the 

pith to the bark direction (Figure 1.16 A, C). Axial parenchyma cells appear rather 

circular (being axially elongated) and can again be organised as single cells or in 

groups (Figure 1.16 A, C). 
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Seen in tangential sections, vessel elements are longitudinally elongated (Figure 

1.16 B). Fibres also are longitudinally elongated but are shorter, smaller and more 

compactly organised (Figure 1.16 B) so that their lumina can hardly be seen. 

Tracheids appear again as elongated cells. They are fusiform, and clearly present a 

lumen but on average smaller than vessels’ (Figure 1.16 D). Radial parenchyma 

cells generally are circular on a tangential section and can be distinguished for 

their peculiar organisation in in rays (Figure 1.16 B, D). Axial parenchyma is 

longitudinally elongated, rectangular shaped (Figure 1.16 B) and frequently 

disposed adjacent to vessel elements. When axial parenchyma is scanty, it can 

hardly be seen in tangential sections (Figure 1.16 D). 

 

 
 

 
 

Figure 1.16: Xylem images of: Myrtus communis L. (angiosperm) seen in cross section 

(A, 100x) and tangential section (B, 40x). Parenchyma, vessels and fibres are shown 

from both points of view; Taxus baccata L. (gymnosperm) seen in cross section (C, 

100x) and tangential section (D, 40x). Radial parenchyma and tracheids are shown 

from both points of view. Axial parenchyma is scanty and can only be observed in 

cross-section (C). 
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1.2.2 Tree water relations 

The concept of water potential 

We define as “chemical potential” (µ) a quantitative expression of free energy 

associated with the molecules of a chemical species. It indicates, from a 

thermodinamically point of view, the potential for performing work. Hystorically, 

plant physiologists have most used a related parameter called “water potential” 

(𝜓𝐻2𝑂 or 𝑃𝐻2𝑂) (Slatyer 1958) defined as the chemical potential of water (µ𝐻2𝑂)  

divided by its partial molar volume (𝑉𝐻2𝑂): 

𝜓𝐻2𝑂 =
µ𝐻2𝑂

𝑉𝐻2𝑂
 Eq. 1.2 

The 𝜓𝐻2𝑂 is the energy needed, per volume unit, to move water in a system 

reversibly and isothermically from an initial point to a reference point (Rascio et 

al. 2012). In other words, it is a measure of the free energy of water per unit 

volume (Taiz and Zeiger 2006). 𝜓𝐻2𝑂 can be expressed as pressure unit: 

𝜓𝐻2𝑂 =
𝐽𝑚𝑜𝑙−1

𝑚3𝑚𝑜𝑙−1
=
𝑁𝑚

𝑚3
= 𝑁𝑚−2 = 𝑃𝑎 Eq. 1.3 

In general, water molecules move from a higher to a lower 𝜓𝐻2𝑂. This chemical 

property is very useful to describe the processes regulating the water transport in 

plants and is commonly used to explain the mechanism of sap ascent in the xylem. 

 

The ascent of sap 

In plant’s xylem water is carried from the roots to the leaves (see chapter 1.2). 

Since the 18th century, scientists have been investigating how this may happen. 

For species like Sequoia sempervirens (D.Don) Endl., Sequoiadendron giganteum 

(Lindl.) J.Buchholz and Eucalyptus regnans F.Muell. (Figure 1.17), that can grow 

up to around 100 m tall, the ascent of sap from the roots to the leaves would 

require to win the effect of gravity of  0.01 𝑀𝑃𝑎 𝑚−1 (Koch et al. 2004) (that is 

103 higher than the pressure present in common car’s tyres). Where is this energy 

coming from? The answer was formulated in “the cohesion tension theory of the 

sap ascent” (C-T) (Dixon and Joly 1894). According to C-T theory, water 

movement is not due to an active metabolic process but to a difference of water 
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potential between the roots and the leaves. Water at the top of a tree develops a 

negative hydrostatic pressure (i.e., tension) generated by the evaporation of water 

molecules during leaf transpiration (Figure 1.18) (Koch et al. 2004). This tension 

is transmitted down the continuous water columns through the xylem conduits 

thanks to the cohesion properties of water, and transmitted to the roots. Water is 

therefore pulled through the xylem. Although this theory triggers much debates 

even nowadays (Canny 1995; Tyree 1997; Steudle 2001; Wheeler and Stroock 

2008), C-T remains the more robust explanation of water transport in plants. 

 

 
Figure 1.17: The height, girth, and locations of some of the world’s tallest tree species 

(from Hemp et al. 2017). 
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Figure 1.18: Schematic of water movement in the soil-plant-atmosphere continuum. 

Water moves following the potential gradient from the soil to the atmosphere trough 

the plant. Water evapo-transpiration at leaf level generates negative water potentials 

that spread to the roots through the xylem conduits. 

 

Xylem tension is in direct relation to the abundance of hygroscopic water in the 

soil (Figure 1.19). In fact, when soil is fully hydrated the soil water potential 

(𝜓𝑠𝑜𝑖𝑙) is higher (i.e., less negative) and water absorption and transport requires 

less tension to be developed throughout the water columns. When soil dries out, 

𝜓𝑠𝑜𝑖𝑙 becomes more negative meaning that, in order to pull water, the 𝜓𝐻2𝑂 

gradient in the xylem needs to be more negative (Figure 1.20) (Kozlowski et al. 

1991). A plant can control the xylem tension by opening and closing the stomata 

at the leaf level (Figures 1.8, 1.19). When the stomata are open, the water 

evaporation is higher and therefore the water demands generates greater xylem 
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tensions. When the stomata are closed, the transpiration rates decreases and the 

xylem tension is reduced. 

 

 
Figure 1.19. Pressure gradients in a tree. When soil is fully hydrated and stomata are 

closed the pressure gradient of the stationary, hanging water column balances 

gravitational force (black line). As soil dries the starting point of the pressure gradient 

is more negative but the slope is unchanged as long as there is no flow (red line). When 

plants open their stomata the slope of the pressure gradient within the plant increases 

due to friction (solid blue line) and transpiration (E) is proportional to the plant’s 

hydraulic conductance and its soil to leaf pressure drop. Plants can actively control this 

frictional pressure drop by adjusting their stomatal aperture to vary E (e.g., the dashed 

blue line is the pressure drop for Low E whereas the solid blue line for High E). Water 

is transported in a metastable liquid state because the boiling point is only 0.099 MPa 

(red dashdot line, assuming 101.3 kPa atmospheric pressure and 20 °C temperature). 

The metastable liquid realm is reached by the gravity gradient alone at >10 m height 
for plants in wet soil (from Venturas et al. 2017). 

 

 

 
Figure 1.20: Diagram showing probable daily changes in leaf ( ̶ ̶ ̶ ) and root (---) water 

potential of a transpiring plant rooted in dry soil (...). The dark bars indicate darkness 

(modified from Kozlowski et al. 1991). 
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1.2.3 Hydraulic stress 

Cavitation 

The large tensions generated inside the xylem requires plants to face two great 

physiological challenges. 

First, the water under tension transmits an inward force to the walls of the xylem. 

If the cell walls were weak or pliant, they would collapse under the influence of 

this tension (Taiz and Zeiger 2006), seemingly to try inhaling air from a straw 

closed on the other side, so that aspiring tension makes the straw’s structure to 

collapse. Plants overcome this problem by building thick walled vascular 

elements (see chapter 1.2.1). 

A second challenge is that water under tension is in a physically metastable state. 

When the hydrostatic pressure in liquid water becomes equal to its saturated 

vapour pressure, the water undergoes a phase change (it boils) (Taiz and Zeiger 

2006). This phenomenon can be experimentally observed by placing a glass of 

water in a vacuum chamber. Surprisingly, water inside the xylem generally lies 

below the vapour pressure threshold of 0.002 𝑀𝑃𝑎 (at 20°𝐶) that would make 

water boil. The persistence of liquid water in the xylem despite the presence of a 

thermodynamically lower energy state (i.e., the vapour state) is due to the 

cohesion and adhesion of water, making the activation energy for water liquid to 

vapour phase change very high. Moreover, the structure of the xylem minimize 

the presence of nucleating sites providing this activation energy (Taiz and Zeiger 

2006). 

The most important nucleating sites are gas bubbles of sufficient size that the 

inward force resulting from surface tension is less than the outward force due to 

the negative pressure of the liquid phase. Bubbles will therefore start expanding 

until reaching a critical sixe for expansion that will lead it to fill the entire conduit. 

This phenomenon is called cavitation. Gas filled (embolized) conduits do not 

allow water to flow anymore through them. Water therefore has to detour through 

other water-filled vessels (Figure 1.21). During hydraulic stress (see chapter 

1.1.1), under water shortage conditions, water tension inside the xylem increases 

and the air can be pulled through microscopic pores in the xylem cell walls 
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(Vilagrosa et al. 2012). This phenomenon is called “air seeding” (Taiz and Zeiger 

2006). Pit membranes, (see chapter 1.2.1), that are the most permeable regions of 

xylem wall, normally prevent the spread of gas between conduits but, when 

exposed to air on one side, they can serve as sites for air entry. This happens when 

the pressure difference overcomes either the capillary forces of air-water 

interfaces within the cellulose microfibril matrix of angiosperm’s pits (Figure 1.13 

D), or by dislodging the torus in coniferous pit membranes (Figure 1.13 C, 1.22) 

(Delzon et al. 2010). Moreover, air bubbles can form in conduits due to the 

freeze-thaw of water inside the conduits (Hacke and Sperry 2001). In fact, air has 

a lower solubility in ice than in water (figure 1.23) (Davis et al. 1999). 

 

 
Figure 1.21: Vessel (left) and tracheids (right). Cavitation blocks water movement 

because of the formation of gas filled (embolized) conduits. Water can detour around 

the blocked conduits by moving to the adjacent tracheary elements via pits (from Taiz 

and Zeiger 2006). 
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Figure 1.22: Different hypotheses of air-seeding through a conifer bordered pit 

membrane: (a) margo capillary-seeding, by capillary rupture of an air/water meniscus 

through pores in the margo when torus aspiration does not occur; (b) margo stretch-

seeding, by elastic stretching allowing the torus to be pulled out through the pit 

aperture or through membrane slippage that allows the torus to move off-center; (c) 

seal capillary-seeding, when the torus is not tightly sealed against the pit border (weak 

aspiration or poor air tightness of torus/pit aperture interface); and (d) margo rupture-

seeding, by membrane breakage (from Delzon et al. 2010). 

 

 

 
Figure 1.23: Occurrence of low temperatures and frosts on Earth. A, frost free zone; 

B, episode frosts down to -10°C; C, average annual minimum temperature between 

-10° and -40°C; D, average annual minimum temperature below -40°C; E, polar ice; 

--- +5°C minimum isotherm; … -30°C minimum isotherm (from Larcher 1983). 
 

 

 

In conduits, the water flow rates increase with the 4th power of the transverse 

sectional area (Figure 1.24) (Heagen-Poiseuille law, Zimmermann 1983; Tyree 

and Ewers 1991). 
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Figure 1.24: Relative diameter and transverse-sectional areas (T.S. Area) and relative 

flow rates in capillaries of different diameters (modified from Zimmermann 1983). 

 

Smaller conduits can better cope with the water tensile metastable status due to 

the greater adhesive forces for a unit of water volume (Hacke et al. 2017). Xylem 

anatomy is therefore strongly related to both the total hydraulic safety and 

efficiency (Hacke and Sperry 2001; McCulloh et al. 2012), and to the plant 

performance under different water conditions (Kiorapostolou et al. 2018). In fact, 

a similar hydraulic conductivity could be obtained hypothetically by producing 

few wide conduits, reducing carbon costs but being more vulnerable to air 

seedling (Hacke et al. 2006) or by developing many small conduits, rising carbon 

costs but counting on a safer hydraulic apparatus. 

In other words, on average tracheids are less efficient in water transport due to the 

small lumens and the many resistances to water flow but are safer from an 

hydraulic point of view, meaning that they are less likely to experience cavitation, 

accounting on pits for cell-to-cell water movement. Vessels are very efficient in 

water transport for the wide lumens where water can move faster, and the long 

pipes minimizing resistances to water movement, but are more likely to 

experience cavitation. We can therefore assume that vessels are adapted for 

working in a condition of good soil hydration while tracheids are reliable under 

water shortage conditions (Mauseth et al. 2003). 

Empirical evidence demonstrates that plant architecture is shaped with a conduit 

lumen areas widening from the stem apex towards the base (Rosell et al. 2017) 

following a scaling pattern very similar between species in different environments 

(Anfodillo et al. 2013). Sapwood conductivity therefore increases from the stem 

apex towards the base (Petit et al. 2018) and from the pith to the bark for the 

effect on conduit size of longitudinal growth (Carrer et al. 2015). This general 
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architectural design implies that narrower and safer conduits (Hacke et al. 2006; 

Hacke et al. 2017) are present within a short distance from the apex and therefore 

close to the transpiring leaves, where tension is highest (Petit et al. 2018). 

Therefore, most of the total hydraulic resistance is confined in this region (Yang 

and Tyree 1993; Becker et al. 2000; Petit and Anfodillo 2009; Petit et al. 2010) 

making the apical anatomical features of particular importance for the whole plant 

conductance (Petit et al. 2011; Prendin et al. 2018a) as for hydraulic vulnerability 

(Prendin et al. 2018b). 

 

Mechanisms inducing tree mortality 

Tree mortality is driven by two different and co-occurring mechanisms called 

“carbon starvation” and “hydraulic failure” (McDowell 2011; McDowell et al. 

2013; Pellizzari et al. 2016; Adams et al. 2017). 

Carbon starvation occurs mainly during prolonged droughts periods. When plants 

are under hydraulic stress (see chapter 1.1.1) and the xylem tension becomes too 

negative (see chapter 1.2.2), the stomata close and the photosynthesis is reduced 

(Figure 1.25) (Fitter and Hay 2012). This strategy reduces xylem tension (Figure 

1.19) and therefore xylem embolism formation minimizing the water loss at leaf 

level. By closing the stomata and reducing photosynthesis, a tree starts consuming 

its energy reservoirs (non-structural carbohydrates) for carrying on respiration 

processes: 

𝐶6𝐻12𝑂6 + 6𝑂2 → 6𝐶𝑂2 + 6𝐻2𝑂 Eq. 1.4 

If this negative carbohydrate balance lasts for too long, a tree depletes its stored 

non-structural carbohydrates and fails to maintain metabolism or defend against 

biotic agents literally starving to death (McDowell 2011). 
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Figure 1.25: The influence of water stress on the physiology of mesophytic plants. The 

horizontal bars are guides to the level of stress at which the relevant symptoms first 

occur. The lowering of leaf water potential is in relation to a well-watered plant under 

mild evaporative demand (from Fitter and Hay 2012). 

 

 

Hydraulic failure mostly occurs during intense drought events causing high xylem 

tensions and therefore widespread of embolism formation. Cavitation therefore 

breaks the continuous water transport pathway (also called Soil Plant Atmosphere 

Continuum (SPAC)) and reduces the xylem water transport capacity 

(conductance) (Figure 1.26) untill reaching a level leading a tree to desiccate for 

failed water transport (Figure 1.28) (McDowell et al. 2013). 

 

 
Figure 1.26 Direct visualization of xylem embolism by X-ray microtomography 

(microCT). Laurus nobilis L. shoots 30 cm in length were scanned at 8 cm from the 

shoot apex, and a two-dimensional cross-section was reconstructed. Functional (grey) 

and air-filled (black) xylem conduits can be seen. The figure shows the image 

reconstruction for: (a) stem with a xylem pressure (Ψxyl) of 0.11 MPa; and (b) a 

second shoot dehydrated to Ψxyl =3.3 MPa (from Nardini et al. 2017a). 
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Plant survival strategies under drought 

In relation to leaf stomatal regulation response to different water soil potentials, 

plants are distributed along a continuum from isohydric to anisohydric species 

(Franks et al. 2007; Klein 2014; Martínez-Vilalta and Garcia-Forner 2017). 

Relatively isohydric species keep a constant midday leaf water potential (𝜓𝑙) by a 

strict and conservative water-balance management, limiting the water loss by 

reducing stomatal conductance (𝑔𝑠) (Sade et al. 2012) and therefore 𝐶𝑂2 

assimilation (𝐴𝑁). Relatively anisohydric species are able to lower their 𝜓𝑙𝑒𝑎𝑓 

during drought conditions keeping a certain degree of gas exchange (Attia et al. 

2015), maintaining higher 𝑔𝑠 and 𝐴𝑁 and therefore being more productive under 

these conditions (Almeida-Rodriguezet al. 2010; McDowell 2011; Kumagai and 

Porporato 2012). These stomatal control models are supposedly linked to different 

survival strategies under drought. Relatively isohydric species preserve the 

transport system from xylem tensions potentially triggering xylem embolization, 

relying upon store carbon reserves to sustain respiration metabolism. They are 

therefore exposed to the risk of carbon starvation during prolonged drought for 

depleting their carbon sources (McDowell et al. 2008). Relatively anisohydric 

species not necessarily rely upon stored reserves to survive drought events 

(McDowell 2011) but keep an efficient water transport to sustain leaf transpiration 

and carbon assimilation (Brodribb 2009) taking the risk of experiencing cavitation 

events due to extreme xylem tensions leading to hydraulic failure under intense 

water deficit irrespective of their duration (Attia et al. 2015). 

 

Xylem vulnerability 

In order to describe the vulnerability of xylem to embolism, and therefore xylem 

resistance to cavitation, the most widely used parameter is the 𝑃50, expressing the 

water potential at which xylem loses 50% of its conductivity. Being 𝑃50 a value 

of tension, it is negative. The more negative the value of 𝑃50, the more resistant 

the system to xylem embolism. This parameter is assessed by generating hydraulic 

vulnerability curves (i.e., data fitting) (see chapter 2.5.3) and describes the 

relationship between xylem pressure and the Percentage Loss of Conductivity 

(PLC) (Figure 1.27). Vulnerability curves typically have a sigmoid shape with 
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loss of conductivity initially increasing gradually as xylem pressure decreases 

followed by an abrupt transition to a much steeper, nearly linear phase, ending 

with a more gradual phase as loss of conductivity approaches 100% (Meinzer et 

al. 2009). After reaching the value of 𝑃50, plant is exposed to considerable risk of 

accelerated embolism leading to long-term reductions in productivity, tissue 

damage, and ultimately death. 

𝑃50 can be used to compare xylem vulnerability across species, within different 

parts of the same individual and within species across different environmental 

gradients (Pockman and Sperry 2000; Maherali et al. 2004; Maherali et al. 2006; 

Nardini et al. 2013; Anderegg 2015; Trueba et al. 2017).  

 

 
Figure 1.27: Typical xylem vulnerability curve showing the relationship between the 

percent loss of hydraulic conductivity and xylem pressure. The xylem pressures 

corresponding to 50% loss of conductivity (𝑃50) is shown (modified from Meinzer et 

al. 2009). 

 

 

Hydraulic safety margin 

Another important parameter used to assess xylem responses to embolism 

formation is the Hydraulic Safety Margin (HSM) (Nardini et al. 2013). It 

corresponds to the difference between the regulation of daily minimum stem 

water potential (𝜓𝑚𝑖𝑛) under non-extreme conditions and the 𝑃50 (Meinzer et al. 

2009). A species with a wide HSM tend to close the stomata before xylem 

cavitation event may occur, meaning that it is more resistant to embolism 

formation (Figure 1.28). 
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Figure 1.28: Comparison of the vulnerability curves of a vulnerable and a resistant 

species. The hydraulic safety margin is wider in the more resistant species. The 𝜓88, 
potential at which xylem experiences 88% of conductivity loss is also shown. It is 

believed to be the threshold after which embolism is not reversible anymore and a plant 

will undergo hydraulic failure and death (modified from Rascio et al. 2017). 

 

While gymnosperms tend to have a generally wide HSM (Figure 1.29), 

angiosperms tend to have a very narrow HSM (1 𝑀𝑃𝑎) (Choat et al. 2012). 

Anyway, gymnosperms are not immune to the threat of hydraulic failure as they 

generally live in semi-arid conditions where water becomes a limiting factor for 

woody plant growth. Some species in particular (Figure 1.29 top right) have a 

negative safety margin. It means that they tend to keep stomata open even when 

embolism formation is taking place in the stems therefore potentially facing long-

term reductions in productivity. Being safety margins largely independent of 

mean annual precipitation, there is a global convergence in the vulnerability of 

forests to drought (see chapter 1.1.1), with all forest biomes equally vulnerable to 

hydraulic failure regardless of their current rainfall environment. (Choat et al. 

2012). 
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Figure 1.29: Minimum xylem pressure (𝜓𝑚𝑖𝑛) as a function of embolism resistance 

(𝜓50) for 191 angiosperm and 32 gymnosperm species. The safety margin is the 

distance between each point and the 1:1 (dashed) line. Data were binned in 1.0 𝑀𝑃𝑎 

increments for embolism resistance (𝜓50). Bins were pooled with the next lowest bin if 

they contained only one sample. Raw data are shown as smaller points behind binned 

data. Error bars, s.d. Regression lines shown were fitted to raw data (angiosperms, 

𝑅2 = 0.57, 𝑝 < 0.0001; gymnosperms, 𝑅2 = 0.59, 𝑝 < 0.0001 (from Choat et al. 

2012). 

 

Moreover, there is general agreement that xylem architecture is bound to a 

threshold between the xylem transport efficiency and its hydraulic safety (Hacke 

and Sperry 2001; Pratt and Jacobsen 2017). Hypothetically, we would expect to 

have either species resistant to embolism with low transport efficiency or 

vulnerable species with high transport efficiency. Surprisingly, there are many 

species having both low safety and low efficiency (Figure 1.30 down left) 

(Gleason et al. 2016; Pratt and Jacobsen 2017: Torres-Ruiz et al. 2017). 

 
 

Figure 1.30: Plot of xylem safety (𝑃50) as a function of xylem efficiency expressed as 

xylem specific conductivity (𝐾𝑠) of branches of angiosperms. Solid line is a best 

logarithmic fit (from Pratt and Jacobsen 2017). 
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These findings indicate that embolism formation is a very common process 

(Zwieniecki and Holbrook 1998; Domec et al. 2006). In order to avoid long-term 

reduction in productivity, plants should possess a mechanism to restore hydraulic 

conductance. This mechanism was proposed in the “refilling theory” that will be 

discussed in the next paragraph. 

 

Refilling 

According to the “refilling theory”, plants are able to restore the hydraulic 

conductance by mobilizing the sugars (i.e., non-structural carbohydrates) carried 

by the phloem and stored in parenchyma cells (Nardini et al. 2011). The proposed 

refilling mechanism (see Figure 1.31) (Zwieniecki and Holbrook 2009) suggests 

that parenchyma cells (a) in contact with vessels release a small but steady 

amount of soluble carbohydrates into the xylem mobilizing their stored starch (b). 

Normally, these solutes are swept away by the transpiration stream (c). Their 

concentration remain therefore at a very low level. In cavitated vessels, solutes 

tend to accumulate instead (d), increasing the apoplastic solute concentration that 

triggers (e) signalling pathways (f) for refilling by regulating sugar and water 

transport through the membrane (g) and sugar metabolic activity (h). Solutes 

accumulation triggers water movement from xylem parenchyma cells into the 

vessels by establishing an osmotic gradient forming water droplets (i) with high 

osmotic activity. Vessel partially non-wettable walls prevent these droplets from 

being removed by the tension generated by other functional vessels (j). Moreover, 

condensation of water vapour coming from adjacent conduits provides additional 

water for refilling (k). The osmotic droplets grow and coalesce until the vessel is 

filled (l) and the embolus is removed both by compressing the gas until it 

dissolves into solution and by pushing it through small pores of the vessel walls in 

the intercellular spaces. The pit chamber acts like a check valve (m) until the 

lumen is filled, preventing contact with the highly wettable pit membranes. When 

the pressure in the lumen exceeds that of the entry threshold into the pit chambers, 

vessel reconnection occurs simultaneously among multiple bordered pits thanks to 

a hydrophobic layer within pit membranes. 
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Figure 1.31: Embolism refilling scenario. See text for the description (from Zwieniecki 

and Holbrook 2009). 

 

Though different papers are providing new evidences supporting this theory from 

the sensing of embolism formation inside vessels (Secchi and Zwieniecki 2011), 

to the influence of plant carbon status on plant performance during and after 

drought (Nardini et al. 2016; Nardini et al. 2017b) or the in vivo observations of 

vessels undergoing refilling (Figure 1.32) (Brodersen et al. 2010), still much 

debate on the mechanism of water plant embolism recovery  is present nowadays 

(Clearwater and Clark 2003; Hacke and Sperry 2003; Sperry 2013; Wang et al. 

2014; Nardini et al. 2017b). 
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Figure 1.32: In vivo HRCT sections of a representative grapevine stem undergoing 

vessel refilling. Time-lapse longitudinal sections (A) showing the refilling of three 

adjacent vessels and the presence of water droplets on the inner vessel walls (hours 

indicated in each section). Bar = 200 mm. Trans-longitudinal section with vessel walls 

and droplets rendered in 3D (B). Trans-longitudinal section showing droplet details in 

four vessels at different stages of refilling (C), and the corresponding 3D volume 

rendering (D). Vessel on the far left shows evidence of failed refilling. Bars = 100 mm 

(from Brodersen et al. 2010). 

 

 

1.3 Working hypothesis 

The aim of this work is to investigate if there are some anatomical features linked 

to the tolerance of plants to cavitation. Hypothetically, vulnerable species (see 

chapter 1.2.3) should rely on efficient refilling mechanisms to recover from 

embolism formation and therefore have high parenchyma amount. This would 

allow them to store and utilise non-structural carbohydrates more effectively 

throughout the xylem. By contrast, species that are more resistant are expected to 

have a lower parenchyma amount, as they would rely on a robust xylem structure, 

therefore minimizing the embolism formation and the need of activating refilling 

processes. 
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2. Materials and methods 

In order to investigate the relationships between anatomical structures and 

functional hydraulic properties of the xylem transport system, I built up a database 

composed of anatomical and hydraulic traits of different species. 

Below I describe the compilation of this database, with the different bibliographic 

sources and the empirical measurements carried out to expand the number of 

analyzed species and the target variables. 

These variables can be divided in three major groups. A first group includes 

qualitative variables, a second one considers hydraulic traits and the third regards 

xylem anatomy. In total, 13 are the variables taken into account (Table 2.1). 

 

2.1 Variables description 

2.1.1 Qualitative variables 

Plant species were divided between angiosperms and gymnosperms (𝐴/𝐺) as these 

two plant groups have peculiar xylem anatomical differences (see chapter 1.2.1). 

Moreover, the Deciduousness or Evergreenness of (𝐷/𝐸) overwintering strategy 

was considered. Deciduous species need to mobilise more sugars at the beginning 

of spring to build a new crown whereas evergreen species invest more carbon in 

producing hard long lasting leaves. These different strategies may have an impact 

on the vulnerability of xylem to embolism. 

Species were also divided into climbers and self-supporting (𝐶/𝑆). Self-supporting 

species need to invest more carbon in building a structure capable of supporting 

the plant while climbers tend to take advantage of other plants or abiotic 

structures to grow. Moreover, climbers generally have a higher parenchyma 

amount (Morris et al. 2016). 

 

2.1.2 Hydraulic variables 

𝑃50 was the only hydraulic variable considered. It indicates the xylem tension 

inducing a percentage loss of conductance due to embolism formation (Ennajeh et 
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al. 2011b) of 50% (PLC=50 %). The detailed description of the PLC pattern with 

increasing xylem tension (i.e., negative xylem water potential (Ψxyl)), commonly 

called vulnerability curve (VC) is reported in chapter 1.2.2. 

 

2.1.3 Anatomical variables 

Parenchyma volume was considered analyzing separately its two main elements 

present in the wood: the axial parenchyma (PAA) and the radial parenchyma (PAR) 

(Figure 1.16). The sum of these two elements (PAAR), was also estimated. The 

bark was not considered in this study. 

The area of xylem (𝑋𝑎) was measured. This area is divided in three main elements 

that were also estimated: the previously discussed parenchyma fractions (PAA, 

PAR), the volume of wood occupied by fibres (Fa) and the volume of wood 

occupied by vessels (Va). Regarding the conduits, both the mean area of the 

conduit elements (MCa) and the conduit density (Cd) were estimated. In 

angiosperms for “conduits” we refer to the vessel elements while in gymnosperms 

the tracheids were considered. 

Furthermore, the xylem-specific potential hydraulic conductivity (𝐾𝑠) was 

calculated. 

 

Variable Type Variable Measure unit 

Qualitative 

𝐴/𝐺 Angiosperm/Gymnosperm  

𝐷/𝐸 Deciduous/Evergreen  

𝐶/𝑆 Climbers/Self-supporting  

Hydraulics 𝑃50 𝑀𝑃𝑎 

Xylem 

anatomy 

PAA Axial parenchyma 

% 
PAR Radial parenchyma 

PAAR Total parenchyma 

𝐹𝑎 Fibres area 

𝑋𝑎 Xylem area 𝑚𝑚2 

𝑀𝐶𝑎 Mean Vessels area µ𝑚2 

𝐶𝑑 Vessels density 𝑛°𝑚𝑚−2 
𝑉𝑎 Area Of Vessels % 

𝐾𝑆 
Xylem-specific potential hydraulic 

conductivity 
𝑚2𝑠−1𝑀𝑃𝑎−1 

 

 

Table 2.1: Variables (N=13) considered for each species in the dataset. 
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2.2 Dataset construction 

The final dataset is composed of three different subset of data, as described below. 

A preliminary research of data from literature was carried out. Data were collected 

from Choat et al. 2012 and Morris et al. 2016. For 107 species both hydraulic 

(𝑃50) and parenchima fraction estimations (PAA, PAR, PAAR) were available (group 

1). For a major number of specimens only the value of 𝑃50 was known, and we 

provided the additional anatomical information by taking in-depth anatomycal 

measurements (PAA, PAR, PAAR, 𝐹𝑎, 𝑋𝑎, 𝑀𝐶𝑎, 𝐶𝑑, 𝑉𝑎, 𝐾𝑠) on available samples of 

these species (N=74) (group 2). In order to validate the dataset, for a minor 

number of species, both hydraulic and anatomical measurements were performed 

(N=14) (group 3). 

 

Three main groups were therefore developed in my dataset: a first group (group 1) 

with data coming from literature, a second group (group 2) combining hydraulic 

data coming from literature with anatomical measurements made on our own and 

a third group (group 3) made of hydraulic and anatomical measurements made on 

our own. 

 

2.3 Measurements 

The material analysed was collected in different places defined as sampling sites 

(Table 2.2). Most of the samples (N=71) were collected in Botanical gardens (Bg) 

for the accessibility to a great variety of the plant material. Some specimens were 

collected inside the greenhouses (Table 2.3). A minor number of samples was 

collected in nature (N=22) in established locations where the research groups we 

collaborated with (University of Messina and University of Trieste) usually go 

and collect material. 
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Sampling 

site 

n° of 

species 
Coordinates 

Altitude 

(m a.s.l) 
Measurements carried out 

Botanical 

garden - 

University 

of Padua 

63 
45.399° N, 

11.881° E 
12 Xylem anatomy 

Messina 12 
38.260° N, 

15.598° E 
51 Xylem anatomy 

Botanical 

garden - 

University 

of Trieste 

8 
45.661° N, 

13.795° E 
125 

Xylem anatomy (N=8),  

𝑃50 (N=3) 

Gabrovizza 6 
45.732° N, 

13.725° E 
225 Xylem anatomy, 𝑃50 

Cernizza 2 
45.780° N, 

13.591° E 
30 Xylem anatomy, 𝑃50 

Sgonico 2 
45.738° N, 

13.739° E 
260 Xylem anatomy, 𝑃50 

 

 

Table 2.2: Number of species collected in each sampling site with spatial data. The 

values of altitude were estimated using Google Earth. For “Messina” we refer to some 

natural areas nearby the city. Gabrovizza, Cernizza and Sgonico represent different 

natural areas nearby the city of Trieste. In the column about the measurements that were 

carried out, by “xylem anatomy” we refer to all anatomical variables described in 

chapter 2.1.3. 

 

 

Sampling site Species 

Botanical garden – University of Padua - Ceiba speciosa (A.St.-Hil.) Ravenna 

- Fouquieria splendens Engelm. 

- Olea europaea L. 

- Quercus suber L. 

- Rhizophora mangle L. 

- Tecoma capensis (Thunb.) Lindl. 

Botanical garden – University of Trieste - Fraxinus ornus L. 
 

 

Table 2.3: Species collected inside the greenhouses. 

 

 

2.4 Anatomical analyses 

2.4.1 Sampling methods and preparation of the material 

For those species whose data on 𝑃50 were available from literature (group 2), one 

branch segment was collected. Instead, for those species whose 𝑃50 was measured 

by ourselves (group 3), a branch segment per replicate (up to 4 for each species) 

was collected. The segments were about 3 cm long and had a diameter ranging 

from 0.5 cm to 2.5 cm according to the species-specific branch characteristics. For 
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example, climbers like Pueraria montana (Lour.) Merr. has very thin branches 

whereas Ficus carica L. tend to grow with quite wide ones. When possible, the 

bark was carefully removed to simplify the following phases of sample 

preparation. Using a rotary microtome LEICA RM 2245 (Leica Biosystems, 

Nussloch, Germany) (Figure 2.1), for each segment from 3 to 5 transverse and 

tangential micro-sections at 25 μm were cut and placed on a single microscope 

slide for staining. 

A preliminary observation with a microscope was done in order to evaluate the 

quality (i.e., absence of cracks and lining, homogenous section thickness) of the 

sections and to discard the less accurate ones. The material was than decolored 

with a solution of water and bleach (1% in distilled water) for 15 minutes. The 

section was cleaned with fresh water and stained with a solution of Safranin and 

AstraBlue (1% and 0.5% in distilled water respectively) for 30 minutes. Later on, 

the exceeding stain was removed in three steps using fresh water, a solution of 

50% ethanol and ethanol 100%. After drying the sample with highly absorbing 

papers, the material was permanently fixed on microscope slides with Eukitt 

(BiOptica, Milano, Italy) and covered by a glass cover. The majority of the air 

bubbles were immediately manually pushed away by gently applying a light 

pressure on the cover glass. The sections were left for 2 days under the pressure of 

magnets to force the remaining air bubbles to exit the sections and the exceeding 

dried Eukitt was carefully removed with a cutter’s blade. Images from the micro-

sections were acquired using a D-sight slide scanner (Menarini, Florence, Italy) 

(Figure 2.2). Images of the cross sections were taken at 100x magnification 

whereas images of the tangential sections were acquired at 40x magnification. 

These steps, from the preparation of the micro-sections to the acquisition of the 

images are of crucial importance for the following manual and automatic analyses 

that will be discussed in the next chapters (2.4.2, 2.4.3). For this reason, very 

much attention was paid in order to acquire detailed images of intact and well-

stained micro-sections (Figure 2.3). 
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Figure 2.1: Rotary microtome Leica RM 2245 (Leica Biosystems, Nussloch, Germany). 

The debarked sample (A), by rotating the handle (B), is cut in micro-sections by the 

blade (C) at a pre-determined thickness (D) and collected from the designated surface 

(E). 

 

 

 

Figure 2.2: D-sight slide scanner (Menarini, Florence, Italy). 
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Figure 2.3: Well stained (A) and badly stained (B) cross-sections of Rosmarinus 

officinalis L. (100x). 

 

 

2.4.2 Analysis of parenchyma fractions 

The estimate of parenchyma fraction was performed by analysing images with Fiji 

Is Just ImageJ version 2.0.0 (Schneider et al. 2012) doing manual editing with an 

intuos Pen & Touch Tablet, Wacom. In each image, a rectangular area showing 

representative sample features of the wood was selected. Only well stained areas 

with intact tissues (i.e., not affected by artificial cracks caused by cutting), were 

selected (Figure 2.3). In transverse images, as a rule, the innermost annual ring 

was not considered and an area of minimum 1 ring including both early and 

latewood was analysed (Figure 2.4). 

The axial parenchyma (PAA) amount was estimated in cross-sections as the 

percentage area occupied by axial parenchyma cells over the total analysed area. 

Both apotracheal and paratracheal (Figure 2.5) cells were considered. Where 

possible, the area was including a rectangular portion of 2 or 3 rings, again from 

the beginning of early wood to the end of the latewood. 
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The radial parenchyma (PAR) amount was estimated in tangential sections as the 

percentage area occupied by radial parenchyma cells (i.e., rays) over the total 

analysed area. In each image, a rectangular portion in the central region was 

analysed (Figure 2.6) in order to avoid blurred areas often occurring towards the 

lateral portions of the images (Figure 1.9). 

The total parenchyma volume (PAAR) was the result of the sum the two previously 

mentioned parenchyma fractions (PAAR = PAA + PAR). 

 

 
 

Figure 2.4: Cross-section area analysed in Quercus ilex L. (100x). See: axial 

parenchyma (A), radial parenchyma (R), vessels (V), fibres (F). 

 

 

Figure 2.5: Cross-section showing apotracheal (A) and paratracheal (P) axial 

parenchyma in Prunus mahaleb L. (100x) 
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Figure 2.6: Tangential section area analysed in Pistacia terebinthus L. (40x). See: axial 

parenchyma (A), radial parenchyma (R), vessels (V), fibres (F). 

 

2.4.3 Analysis of other anatomical features 

The same cross-sectional images were also analysed with ROXAS 3.0.139 ® (von 

Arx and Carrer 2014) for the estimate of other anatomical traits. For each sample, 

a rectangular section containing the wood from the pith to the bark was analysed 

(Figure 2.7). Images were calibrated meaning that the image was centred to the 

pith and a wedge of 40° called “area of interest” was selected, so that the analysis 

was run on this outlined area. Annual rings were manually drawn and the analysed 

images were then checked and manually edited for correcting potential mistakes 

in the recognition of ring boundaries and cells’ outlines. The obtained output file 

contained a broad range of variables’ estimates, including the following of my 

interest: 

 𝐹𝑎: Fibres area; 

 𝑋𝑎: Xylem area; 

 𝑀𝐶𝑎: Mean Vessels area; 

 𝐶𝑑: Vessels density; 

 𝑉𝑎: Area of Vessels; 

 𝐾𝑠: Xylem-specific potential hydraulic conductivity; 

 

𝐾𝑠 was assessed as the sum of each single vessel conductivity, estimated with 

Hagen-Poiseuille law (Figure 1.24), divided by the analyzed xylem area (𝑋𝑎) 

analyzed (Melcher et al. 2012). 

 

V 
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Figure 2.7: Cross section area analysed of Myrtus communis L. (100x) using ROXAS 

3.0.139 ® by Georg von Arx (von Arx and Carrer 2014). The yellow lines indicate the 

wedge of 40° where the analyses were performed. The different growth rings were also 

defined (black lines and years). The oldest year (2012) as a rule of the software 

corresponds to the pith. The bark was not analysed. 

 

 

2.5 Hydraulic analyses 

2.5.1 Sampling methods 

Branches were excised at predawn, before the onset of photosynthesis. This 

allowed vessels that experienced cavitation during the previous day to refill with 

water during night-time when the soil is more hydrated. The samples were 

therefore water saturated, that is the ideal condition for performing the 

experiments. Branches were immediately re-cut 3 times under water shortening 
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them 1 cm each time and placed in a bucket with the cut end immersed in water. 

This procedure is carried out to reduce the tension inside the vessels caused by the 

first excision done in open air. The branches were also covered with a black 

plastic bag to inhibit photosynthesis and favour refilling of embolised conduits 

(Trifilò et al. 2014). For each species, 6 to 10 branches coming from different 

specimens of the same species were collected to avoid pseudo-replicates. As a 

rule, to have more reliable results in measuring the 𝑃50 (see chapter 2.5.3), the 

branches were chosen 100-150 cm long, growing straight, with a main growing 

branch and just few lateral branches. As much as possible, branches growing in a 

sunny position were collected to avoid the potential shade effects (Salter et al. 

2003). Samples were carried to the lab and the experiments were performed on 

that same day on fresh material. 

 

2.5.2 Vessel length estimation 

The maximum vessel length (VLmax) (see chapter 1.2.1) was estimated with the air 

injection method (Jacobsen et al. 2012). For each species, 3 to 5 replicates were 

analyzed and the mean value was calculated. The apical part of each branch was 

cut about 4 cm below the beginning of the current year’s growth and 1 cm of bark 

was carefully removed. The cut section was trimmed three times and connected to 

a tubing system (Figure 2.8). Air was perfused from the apical end at a pressure of 

10 𝑘𝑃𝑎 while the basal end was immersed in a water tank and observed with a 

magnifying lens for the presence of air bubbles coming out from the cut surface. 

The basal end of the branch was progressively shortened by 1 − 2 𝑐𝑚 cuts, until 

1-2 evident streams of air bubbles were observed. The remaining sample length 

was measured and recorded as VLmax. This measurement is of great importance for 

making proper pressure collar experiments (see chapter 2.5.3). 
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Figure 2.8: Vessel length estimation method (modified from Jacobsen et al. 2012): The 

air coming from thank (A) is pushed into the stem (B) at 10 𝐾𝑃𝑎 from the apical part 

(C). The sample is progressively shortened under water until bubbles (D) are seen 

emerging from the base. The sample length (C-D) is recorded. 

 

 

2.5.3 Pressure collar experiments for the assessment of vulnerability curves 

The experiments were performed with the pressure collar method. This technique 

is based on the use of a double-ended pressure sleeve (PMS Instruments, OR, 

USA) capable of simulating in a branch different levels of xylem tension by 

forcing air inside the xylem (Figure 2.11). Air, by flowing towards both ends to 

exit the sample, reduces the water flowing through the vessels from the base to the 

apex by filling xylem conduits with air and thus making them impermeable to 

water.  

For each species, branch segments at least longer than the maximum vessel length 

were chosen (Ennajeh et al. 2011a). To do so, the length of the sample was kept at 

least at 1.5 × VLmax. Branches were progressively re-cut under water with scissors 

to release the tension in the vessels. At both ends, the branch was  trimmed 3 

times under water with a razor blade and carefully debarked for about 2 cm. The 

remaining segment (about 25-100 cm long depending on the species VLmax) was 

connected to a hydraulic apparatus (Xyl’em, Bronkhorst, France). Samples were 

perfused with a filtered poly-ionic solution enriched with 10 𝑚𝑚𝑜𝑙𝐿−1 𝐾𝐶𝑙 (Savi 
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et al. 2017) and flushed for 30 minutes. The branch was defoliated cutting the 

stalk under water. After the flush, a central portion of the segment, about 8 cm, 

equal to the length of the pressure collar, was debarked while immersed in water. 

The sample was mounted on a double-ended pressure sleeve (PMS Instruments, 

OR, USA) and both samples’ ends were trimmed under water again. The basal 

end of the sample was connected to a 1 m long plastic transparent tube filled in 

with water kept at a defined height (Figure 2.9). Due to gravity, water started 

flowing through the sample from the basal-end to the upper-end at a low pressure 

(4.8 𝑘𝑃𝑎). After waiting 3 minutes for flow stabilization with the applied low 

pressure, the maximum hydraulic conductance (Kmax) was measured. This 

measurement was developed by collecting the sap from the upper-end with pre-

weighted vials for 30 seconds or 1 minute interval according to the abundance of 

the sap flow inside the sample. 5 measurements were performed each time. Step 

by step, according to the expected vulnerability to embolism of the species, the 

pressure in the sleeve (Pxyl) was increased progressively by 0.2, 0.5 or 1.0 𝑀𝑃𝑎, 

applied again for 3 minutes to allow water flow stabilization inside the sample and 

the conductance was re-measured (𝐾) as previously described. By forcing air 

inside the sample, the water amount flowing throw it progressively decreases 

according to the effect of increasing number of air filled conduits due to air 

injection under pressure (Pxyl). The applied positive pressure is assumed to 

simulates the effect of the tension of same magnitude in the xylem (i.e., a negative 

pressure equal to 𝑃𝑥𝑦𝑙) causing embolism formation (see chapter 1.2.3), and thus 

reducing the xylem water conductance (𝐾). The air can be seen emerging from 

both ends of the sample. The plastic tube connected to the basal end of the sample 

is wide enough to allow the escape of water bubbles from the sample (upstream) 

without interrupting the water flow inside the sample (downstream) (Figure 2.9). 

For each step of applied pressure (Pxyl), the percentage loss of conductance (PLC) 

was calculated as: 

 

PLC =
1 − 𝐾

𝐾𝑚𝑎𝑥
∗ 100 Eq. 2.3 

 

These measurements were carried on until reaching about 70-80% of PLC when 

no further increase was seeing applying higher Pxyl. 
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In order to estimate the 𝑃50 it was necessary to draw a vulnerability curve out of 

our measurements. This was done using RStudio version 1.1.423 and the packages 

Rcmdr version 2.2-4 and fitplc version 1.1-7 (Duursma and Choat 2017). For each 

replicate, an excel file was created where the data about PLC and relative Pxyl were 

summarized. Pairwise association of PLC vs Pxyl data were fitted with a sigmodal 

curve (S-shaped) drawn using R-software and the 𝑃50 (see chapter 1.2.3). 

Exponential-type curves (R-shaped) were discarded as they likely indicate the 

presence of some mistakes during the experiments like the presence of open 

vessels (i.e., sample length shorter than VLmax) causing a misleading estimation of 

the 𝑃50 (Ennajeh et al. 2011b) (Figure 2.10). 𝑃50 was estimated as the inflection 

point of the vulnerability curve. 

 

 
Figure 2.9: Double-ended pressure sleeve (PMS Instruments, OR, USA) with mounted 

sample of Ficus carica L. . The air coming from the tank (A) is forced at progressively 

higher pressures (B) into the pressure chamber (C) and therefore inside the vessel 

elements of the sample (D). While the air injected can exit the vessels at both ends (F, 

G) water at low pressure (E) flows inside the vessels from the basal end (F) to the 

upper end (G). The plastic tube (E) is wide enough for air bubbles to escape from the 

sample without reducing the water flux. Sap is collected with pre-weighted vials (H). 

See also the flow directions of the water and the air injected through the sample: the 

first one from the base to the apex and the second from the pressure chamber (C) 

towards both ends. 
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Figure 2.10: S-shaped curves and R-shaped curves (from Cochard et al. 2013). The 𝑃50 

extracted from the Sigmodal curve is −3.0 𝑀𝑃𝑎 whereas the 𝑃50 of the Exponential 

curve is −1.0 𝑀𝑃𝑎. 
  

The 14 assessed vulnerability curves are shown and discussed in the annexes (see 

chapter 8.1). 

 

2.6 Statistical analyses 

The dataset groups (i.e., group 1, group 2 and group 3) are composed of data 

collected with different methodologies. Therefore, as first step, the relationships 

between different variables (i.e., 𝑃50 and PAAR) were analyzed separately for each 

dataset group. Then, if the same variables were present in different dataset groups, 

the comparability of the slopes (β) of the found linear regressions for the same 

relationships between variables in different dataset groups, was verified with One-

way ANOVA tests. If no significant difference was found for a specific 

relationship, and therefore different dataset groups were showing a comparable 

trend for a given relationship, the regressions were fitted considering together the 

data coming from the tested dataset groups (i.e., group 2 and group 3) as to work 

on a bigger sample size. These statistical analyses are available in the annexes 

(see chapter 8.2). 
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After validating their comparability between different dataset groups, the 

relationships between 𝑃50 and PAAR, 𝑃50 and 𝐹𝑎, 𝑃50 and 𝑀𝐶𝑎, 𝐶𝑑 and 𝑀𝐶𝑎 were 

assessed with 𝑙𝑜𝑔10-transformed data to comply with assumptions of normality 

and homoscedasticity (Zar 1999; Zuur et al. 2010). The relationships between 𝑃50 

and 𝐶𝑑, 𝑃50 and 𝑉𝑎, 𝐹𝑎 and PAAR, were fitted using linear regressions. 

The statistical difference of the data distribution of 𝑃50, PAA, PAR, PAAR, 𝐹𝑎, 𝑀𝐶𝑎, 

𝐶𝑑 and 𝐾𝑠 between different functional groups (i.e., angiosperms and 

gymnosperms) was tested with the Mann-Whitney Rank Sum Test as it doesn’t 

require the normality distribution of the input dataset. For these comparisons, data 

coming from all the three dataset groups (i.e., group 1, group 2, group 3) where 

considered. These statistical analyses are available in the annexes (see chapter 

8.3). 

Normality tests, linear regressions fitting and one-way ANOVA tests were 

performed using RStudio version 1.1.423. Mann-Whitney Rank Sum tests were 

run using SigmaPlot version 12.0. 
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3. Results 

3.1 Statistical validation of the relationships between variables across dataset 

groups 

A dataset composed of three data groups was assessed. Group 1 is made of data 

coming from literature, group 2 combines xylem vulnerability measurements 

coming from literature, with anatomical analyses made on our own while group 3 

contains species whose measurements were all made from us. The data of this last 

group are the result of 3-4 replicates per species, therefore compensating for the 

low sample size (N=14) (see chapter 2.2). The compiled dataset was used to 

assess the relationships between embolism vulnerability and xylem anatomical 

characteristics. 

The comparability of all the tested relationships between variables across different 

dataset groups (i.e., group 1, group 2 and group 3 for 𝑃𝐴𝐴𝑅~𝑃50 relationship) was 

checked. All these relationships between variables resulted comparable across the 

different dataset groups. Therefore, in order to work on a bigger sample size, data 

coming from different dataset groups were considered together. 

An in-detail description of the statistical tests assessed for validating the 

relationships between variables across different dataset groups is available in the 

annexes (see chapter 8.2).  

 

3.2 Relationships between hydraulic and anatomical traits 

3.2.1 PAAR ~ P50 

Our working hypothesis was to test if more vulnerable species to cavitation were 

presenting a higher parenchyma amount, allowing them to storage and utilise non-

structural carbohydrates more effectively throughout the xylem and therefore 

presenting more efficient refilling mechanisms (see chapter 1.3). The relationship 

between the total parenchyma amount (𝑃𝐴𝐴𝑅) and the xylem vulnerability to 

embolism (𝑃50) was assessed. Angiosperms and gymnosperms species were 

considered separately, as they present different anatomical features (i.e., vessels 

and tracheids respectively), and different hydraulic safety margins (i.e., narrower 
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in angiosperms and wider in gymnosperms), thus influencing their behaviour 

under drought conditions (see chapter 1.2.3). 

A significant (𝑝 < 0.001) (Table 3.1) positive trend was found for angiosperms 

(Figure 3.1) with species being more vulnerable to cavitation (i.e., less negative 

𝑃50) presenting a higher total parenchyma amount. No clear trend (𝑝 > 0.05) 

(Table 3.1) was found for the 𝑃𝐴𝐴𝑅~𝑃50 relationship in gymnosperms (Figure 3.1) 

showing no increase in 𝑃𝐴𝐴𝑅 in parallel with an increased xylem vulnerability 

(i.e., less negative 𝑃50). For this reason, further analyses were focused only on 

angiosperms. 

 

Figure 3.1: Scatterplot of the relationship between 𝑃𝐴𝐴𝑅 and 𝑃50 for angiosperms 

(“Angio”, green) and gymnosperms (“Gymno”, red). See also the distribution of 

deciduous (“Dec”, filled symbols) and evergreen (“Ever”, empty symbols) species and 

the distribution of climbers (“Climb”, triangles) and self-supporting (“Self-S.”, circles) 

species. Fitted power regressions are also shown. 
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  R^2 F DF p-value 

𝑃𝐴𝐴𝑅~𝑃50 A 0.17 29.39 139 < 0.001 

𝑃𝐴𝐴𝑅~𝑃50 G 0.030 2.606 51 > 0.05 
 

 

Table 3.1: Indices describing the 𝑃𝐴𝐴𝑅~𝑃50 regression for angiosperms (A) and 

gymnosperms (G). In order to obtain linear regression models, data were 𝐿𝑜𝑔10-
transformed. 

 

 

3.2.2 PAAR ~ P50, Fa ~ P50, Va ~ P50 

Angiosperms’ xylem is composed of three main functional structures: 

parenchyma cells (𝑃𝐴𝐴𝑅) accounting for metabolically active processes, fibres 

(𝐹𝑎) conferring elasticity and structural support and vessels (𝑉𝑎) transporting water 

(see chapter 1.2.1). In response to an increase of 𝑃𝐴𝐴𝑅 with an increased xylem 

vulnerability to embolism (i.e., 𝑃50 less negative), a variation of 𝐹𝑎 and 𝑉𝑎 in the 

wood are expected. 

A significant (𝑝 < 0.001) negative trend between 𝐹𝑎 and 𝑃50 was found (Figure 

3.2, Table 3.2) with species being more vulnerable to cavitation presenting a 

lower amount of 𝐹𝑎. No clear trend (𝑝 > 0.05) was found for 𝑉𝑎~𝑃50 relationship 

(Figure 3.2, Table 3.2).  

Instead, the volume of wood occupied by vessels (𝑉𝑎) was rather similar across 

species and its total variability (~10 − 25% of the total wood volume) was not 

related to xylem vulnerability to embolism (𝑃50) (Fig. 3.2). 
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Figure 3.2: Scatterplot of the relationship between 𝐹𝑎 and 𝑃50 (green), 𝑃𝐴𝐴𝑅 and 𝑃50 

(blue) and between 𝑉𝑎 and 𝑃50 (red) for angiosperms. Fitted power regression for 

𝐹𝑎~𝑃50 and 𝑃𝐴𝐴𝑅~𝑃50 relationships and fitted linear regression for 𝑉𝑎~𝑃50 
relationship are also shown. 

 

 R^2 F DF p-value 

𝐹𝑎~𝑃50 0.24 23.4 71 < 0.001 

𝑃𝐴𝐴𝑅~𝑃50 0.16 15.27 72 < 0.001 

𝑉𝑎~𝑃50 0.015 2.101 71 > 0.05 
 

 

Table 3.2: Indices describing the 𝐹𝑎~𝑃50, 𝑃𝐴𝐴𝑅~𝑃50 and 𝑉𝑎~𝑃50 regressions. In order 

to obtain linear regression models, data of the 𝐹𝑎~𝑃50 and 𝑃𝐴𝐴𝑅~𝑃50 relationships 

were 𝐿𝑜𝑔10-transformed. 
 

 

3.2.3 Fa ~ PAAR 

According to the findings of the previous paragraph (see chapter 3.2.2) and figure 

3.2 itself, we found an inverse relationship between 𝐹𝑎 (i.e., the overall amount of 

fibres in the wood) and 𝑃𝐴𝐴𝑅 (i.e., the overall amount of parenchyma cells in the 

wood). An increase of parenchyma volume seems to be associated with a 
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reduction in fibres volume. Therefore, a significant (𝑝 < 0.001) negative 

relationship, explaining most of the variability (𝑅2 = 0.73) between 𝐹𝑎 and 𝑃𝐴𝐴𝑅 

was found (Figure 3.3, Table 3.3) indicating that 𝐹𝑎 and 𝑃𝐴𝐴𝑅 are inversely 

related. If a species has a greater volume of parenchyma cells in the wood, it will 

produce a lower amount of fibres. 

PAar (%)

0 10 20 30 40 50 60

F
a
 (

%
)

0

20

40

60

80

100

 

Figure 3.3: Scatterplot of the relationship between 𝐹𝑎 and 𝑃𝐴𝐴𝑅 for angiosperms. Fitted 

linear regression is also shown. 

 

 R^2 F DF p-value 

𝐹𝑎~𝑃𝐴𝐴𝑅 0.73 193.3 71 < 0.001 
 

 

Table 3.3: Indices describing the 𝐹𝑎~𝑃𝐴𝐴𝑅 linear regression. 

 

 

3.2.4 Cd ~ MCa 

As it was previously shown (see chapter 3.2.2), the total volume of wood 

occupied by vessels (𝑉𝑎) seems to vary within a short range (10 − 25%) of total 
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wood volume irrespectively to the variation of the vulnerability to cavitation of 

the xylem (𝑃50). From an anatomical point of view, the size of the vessels, 

expressed by the mean conduit area (𝑀𝐶𝑎), and the number of vessels per unit 

area, described by the conduit density (𝐶𝑑), are known to influence xylem 

vulnerability to embolism (𝑃50) (see chapter 1.2.3).  The conduits occupying this 

given wood volume (𝑉𝑎) are therefore expected to vary in size and frequency. The 

𝐶𝑑~𝑀𝐶𝑎 relationship was tested. 

A significant (𝑝 < 0.001) negative relationship, explaining most of the variability 

(𝑅2 = 0.79) between 𝐶𝑑 and 𝑀𝐶𝑎 was found (Figure 3.4, Table 3.4) showing that 

𝐶𝑑 and 𝑀𝐶𝑎 are inversely related. An increase of conduit size is therefore 

associated with a reduction in conduit density. 
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Figure 3.4: Scatterplot of the relationship between 𝐶𝑑 and 𝑀𝐶𝑎 for angiosperms. Fitted 

power regression is also shown. 
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 R^2 F DF p-value 

𝐶𝑑~𝑀𝐶𝑎 0.79 261.5 69 < 0.001 
 

 

Table 3.4: Indices describing the 𝐶𝑑~𝑀𝐶𝑎 regression. In order to obtain a linear 

regression model, data were 𝐿𝑜𝑔10-transformed. 
 

 

3.2.5 Cd ~ P50, MCa ~ P50 

As it is shown in the previous paragraph (see chapter 3.2.4), 𝐶𝑑 (i.e., the 

frequency of conduit for a given wood area) and 𝑀𝐶𝑎 (i.e., the mean area of 

xylem conduits) are inversely related. Both parameters are known to influence 

xylem vulnerability to embolism, expressed by 𝑃50 (i.e., the water potential at 

which 50% of the total xylem conductivity is lost). In fact, wider and less dense 

vessels are usually associated with a higher xylem vulnerability to embolism (see 

chapter 1.2.3). The 𝐶𝑑~𝑃50 and 𝑀𝐶𝑎~𝑃50  relationships were therefore tested. 

Both 𝐶𝑑~𝑃50 and 𝑀𝐶𝑎~𝑃50 relationships were significant (𝑝 < 0.001) (Table 

3.5). A negative trend was found between 𝐶𝑑 and 𝑃50 (Figure 3.5a), with species 

more vulnerable to cavitation (i.e., less negative P50) presenting a lower number 

of conduits for a given wood volume (𝐶𝑑). A positive trend was found between 

𝑀𝐶𝑎 and 𝑃50 (Figure 3.5b), with species more vulnerable to cavitation presenting 

larger vessels. 
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Figure 3.5: Scatterplot of the relationship between 𝐶𝑑 and 𝑃50 (a) and between 𝑀𝐶𝑎 and 

𝑃50 (b) for angiosperms. Fitted linear regression for 𝐶𝑑~𝑃50 relationship (a) and fitted 

power regression for 𝑀𝐶𝑎~𝑃50 relationship (b) are also shown. 
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 R^2 F DF p-value 

𝐶𝑑~𝑃50 0.29 30.2 70 < 0.001 

𝑀𝐶𝑎~𝑃50 0.25 24.22 68 < 0.001 
 

 

Table 3.5: Indices describing the 𝐶𝑑~𝑃50 and 𝑀𝐶𝑎~𝑃50 regressions. In order to obtain 

a linear regression model, data of the 𝑀𝐶𝑎~𝑃50 relationship were 𝐿𝑜𝑔10-transformed. 
 

 

3.3 Anatomical and hydraulic variability between functional groups 

The variability of anatomical traits (percentage area of axial parenchyma (PAA), 

percentage area of radial parenchyma (PAR), total parenchyma (PAAR) and fibres 

area (𝐹𝑎), mean conduit area (𝑀𝐶𝑎), conduit density (𝐶𝑑, expressing the number of 

vessels per unit area), theoretical hydraulic conductivity (𝐾𝑆, that is the sum of 

each single vessel conductivity, estimated with Hagen-Poiseuille low, divided by 

the xylem area), and the hydraulic vulnerability to cavitation (𝑃50), was also 

compared between different functional groups: angiosperms (A) vs. gymnosperms 

(G), deciduous (D) vs. evergreen (E) species, climbers (C) vs. self-supporting (S) 

species. This comparison was carried out both (i) to test for differences in 

anatomical and hydraulic parameters between different functional groups, and (ii) 

to verify if these differences were in accordance with the findings on the general 

trends between hydraulic and anatomical traits (see chapter 3.2). The statistical 

analyses performed and the boxplots showing the differences in anatomical and 

hydraulic parameters between different functional groups are available in the 

annexes (see chapter 8.3). 

Differences in most of the anatomical and hydraulic parameters were found in 

different functional groups (i). 

The differences in anatomical and hydraulic parameters between different 

functional groups are in accordance with the findings on the general trends 

between hydraulic and anatomical traits previously discussed (ii) (see chapter 

3.2). Angiosperm, deciduous and climbers species generally are more vulnerable 

to cavitation (i.e., they present a less negative 𝑃50) than gymnosperms, evergreen 

ans self-supporting species respectively. Functional groups more vulnerable to 

cavitation (i.e., less negative 𝑃50) were found to have a higher amount of 
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parenchyma fractions (axial (𝑃𝐴𝐴) and radial (𝑃𝐴𝑅)) and therefore also total 

parenchyma amount (𝑃𝐴𝐴𝑅), a lower amount of fibres in the wood (𝐹𝑎), a lower 

number of conduits per unit volume (𝐶𝑑) and larger conduits (𝑀𝐶𝑎), in agreement 

with the findings explained in the previous chapter 3.2. 

In addition, more hydraulically vulnerable functional groups (i.e., generally 

presenting a less negative 𝑃50), were showing greater xylem specific hydraulic 

conductivity (𝐾𝑠) therefore presenting a more efficient water transport system. 

 

 

4. Discussion 

4.1 Wood anatomy and cavitation resistance 

In angiosperms, a significant trend between the xylem vulnerability to embolism 

(𝑃50) and the overall parenchyma volume (𝑃𝐴𝐴𝑅) was found (Figure 3.1). The 

species presenting a higher vulnerability to embolism have a higher percentage of 

parenchyma cells in the xylem. It was shown that angiosperms generally operate 

at very narrow hydraulic safety margins (HSM), allowing transpiration when soil 

water availability is reduced and therefore soil water potential (𝜓𝑠𝑜𝑖𝑙) decreases, 

being highly exposed to xylem embolism formation (Choat et al. 2012), causing a 

reduction in productivity and therefore facing the risk of hydraulic failure and 

ultimately death (see chapter 1.2.3). In such a context, angiosperms are expected 

to possess a metabolically active embolism reversal mechanism (Nardini et al. 

2011) based on the translocation of solutes and non-structural carbohydrates 

(NSC) (De Baerdemaeker et al. 2017) from parenchyma cells to the cavitated 

vessels (Zwieniecki and Holbrook 2009) (see chapter 1.2.3). The results suggest, 

in accordance with our working hypothesis (see chapter 1.3), that more vulnerable 

species would rely on a more efficient xylem refilling mechanism by producing a 

higher parenchyma amount in the wood. The greater xylem parenchyma volume 

would allow to both exchange NSC more efficiently (Plavcová and Jansen 2015) 

and storage a greater NSC amount (Plavcová et al. 2016) throughout the xylem, 

supporting the proposed metabolism-based embolism refilling scenario 
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(Zwieniecki and Holbrook 2009) whose energy is provided by parenchyma cells 

(Secchi and Zwieniecki 2011). 

In gymnosperms, instead, non-significant trend was found between the xylem 

vulnerability to embolism (𝑃50) and the overall parenchyma volume (𝑃𝐴𝐴𝑅) 

(figure 3.1). Gymnosperms generally have a higher HSM than angiosperms 

(Choat et al. 2012) and tend to close their stomata as already at a relatively poorly 

dehydrated soil, i.e. characterized by relatively high (i.e., not much negative) 𝜓𝑠𝑜𝑖𝑙 

as angiosperms, reducing embolism formation and cavitation risk. Earlier stomata 

closure reduces carbon uptake and therefore the carbon available for producing 

and maintaining living tissues. The low production of living tissues in the wood 

(i.e., low xylem parenchyma amount) would allow reducing maintenance costs. 

As the 𝑃𝐴𝐴𝑅~𝑃50 relationship for gymnosperms was not significant, parenchyma 

tissues do not seem to have an important role in xylem embolism reversal. It was 

shown that gymnosperms present a great parenchyma amount at leaf level 

therefore suggesting a preferential priority of xylem embolism repair in the distal 

portions (Johnson et al. 2012), where tension is highest (Petit et al. 2018), thus 

preventing the exposure of the remaining xylem to embolism formation. 

Moreover, smaller conduits such as tracheids can better cope with the water 

tensile metastable status due to greater adhesive forces for a unit of water volume 

(Hacke et al. 2017), facing lower risk of hydraulic failure. In addition, 

gymnosperms may replace embolized conduits with new growth (Brodribb et al. 

2010; Brodersen and McElrone 2013). 

As our major interest was to investigate the anatomical features linked to the 

tolerance of cavitation, further analyses were performed on angiosperms only. 

Angiosperms’ wood is composed by three main elements: living and 

metabolically active tissues (i.e., parenchyma cells), fibres that confer mechanical 

support and storage water, and vessels accounting for water transport (Ziemińska 

et al. 2015). The percentage area occupied by fibres (𝐹𝑎) and the percentage area 

occupied by parenchyma (𝑃𝐴𝐴𝑅) resulted of similar significance for the variation 

in 𝑃50 (i.e., the water potential at which 50% of the total xylem conductivity is 

lost) (Figure 3.2), with species with higher vulnerability having higher amount of 

parenchyma cells, as to possess more living tissues and more efficient metabolic 
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processes. Species presenting a lower vulnerability to embolism have a higher 

amount of fibres, therefore accounting for more structural support and water 

storage. According to these findings, 𝐹𝑎 and 𝑃𝐴𝐴𝑅 were shown to be strongly 

negatively related (Figure 3.3). This result provides a functional explanation to the 

widely reported observation (Hacke and Sperry 2001; Jacobsen et al. 2005; Lens 

et al. 2013; Rosner 2017) of species that are less vulnerable to cavitation having a 

higher wood density (i.e., that is mainly due to the high amount of fibres), a 

parameter not directly linked to plant hydraulic functioning (Lachenbruch and 

McCulloh 2014). 

While no trend emerged between the overall volume of wood occupied by fibres 

(𝑉𝑎) and the 𝑃50 (Figure 3.2), a clear inverse relationship emerged between 𝐶𝑑 

(i.e., the frequency of conduit for a given wood area) and 𝑀𝐶𝑎 (i.e., the mean area 

of xylem conduits) (Figure 3.4). This finding is in agreement with the widely 

described geometrical constraint of the conduits packing limit (Martinez-Vilalta et 

al. 2012) suggesting that a plant, in a given wood volume, can either produce few 

big conduits or many small ones. Smaller conduits are more resistant to xylem 

embolism formation (see chapter 1.2.3) and are therefore safer than big vessels 

from a hydraulic point of view. By contrast, small vessels are less efficient in 

transporting water (i.e., low xylem specific hydraulic conductivity (𝐾𝑠)) than 

relatively bigger ones, for the Heagen-Poiseuille law (Zimmermann 1983; Tyree 

and Ewers 1991) (see chapter 1.2.3). 

As to confirm these concepts, species with narrower and denser vessels were 

found to have a lower vulnerability to embolism (Figure 3.5), in line with many 

other studies (Sperry and Tyree 1988; Tyree and Sperry 1989; Cochard and Tyree 

1990; Hacke et al. 2006; Martinez-Cabrera et al. 2009; Christman et al. 2012). 

This may be the reason why evolution has favoured, in dry environments, plants 

producing narrower vessels (von Arx et al. 2012; Pfautsch et al. 2016; Larter et al. 

2017), reducing growth rate (Wheeler et al. 2005), and accounting for different 

sapwood rings to maintain a sufficient sapwood conductivity (Petit et al. 2016). 

Nevertheless, apart from the two discussed inverse relationships (𝐶𝑑~𝑀𝐶𝑎 and 

𝐹𝑎~𝑃𝐴𝐴𝑅), the other trends found are only partially explaining the observed 



 

60 
 

variability (low R2) (see chapter 3.3). This may be related to the fact that a major 

part of our data is coming from literature, therefore increasing the factors 

influencing data variability (i.e., different measuring methods, different 

operators). In addition, the anatomical and hydraulic measurements were not 

related to tree size (Rosell et al. 2017; Petit et al. 2018; Prendin et al. 2018b) 

lowering data comparability for the presence of anatomical (Bettiati et al. 2012) 

and hydraulic (Mencuccini and Comstock 1997) adjustments to different positions 

within the crown. 

It would be interesting to enrich the dataset with measurements of both stomatal 

sensitivity to leaf water potential (Bhaskar et al. 2007), therefore measuring the 

relatively isohydric and anisohidric water use strategy of plants, and the carbon 

investments in relation to hydraulic properties, as both are strongly related to 

xylem characteristics (Nardini et al. 2012; Klein 2014). Moreover, as phloem also 

plays key functions in the parenchyma network (Nardini et al. 2011), further 

analyses may be including measurements of phloem parenchyma volume as well. 

 

4.2 Variability of anatomical and hydraulic traits between functional groups 

The found differences of anatomical and hydraulic traits between different 

functional groups (angiosperms (A) vs. gymnosperms (G), deciduous (D) vs. 

evergreen (E) species, climbers (C) vs. self-supporting (S) species) are in 

accordance with the previously discussed findings on wood anatomy and 

cavitation resistance (see chapter 4.1). A description of the differences found 

between functional groups and the relative ecological implications follow. The 

graphs and the statistical analyses performed are available in the annexes (see 

chapter 8.3).  

 

4.2.1 Angiosperms vs. gymnosperms 

Angiosperms (A) and gymnosperms (G) present peculiar anatomical and hydraulic 

differences (Johnson et al. 2012)(see chapter 1.2.1): A rely on vessels for long 

distance water transport, while G have tracheids. This difference is reflected in the 

different mean conduit area (𝑀𝐶𝑎) and conduit density (𝐶𝑑) between A and G, 

being probably also related to the known different vessel length (see chapter 
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1.2.1). G have more numerous but smaller conduits than A, also explaining both 

the lower hydraulic vulnerability (𝑃50) and the lower xylem specific hydraulic 

conductivity (𝐾𝑠). Moreover, A tend to have an overall higher parenchyma volume 

(𝑃𝐴𝐴𝑅), that is also shown for both parenchyma fractions (𝑃𝐴𝐴, 𝑃𝐴𝑅). 

 

4.2.2 Deciduous vs. evergreen 

The findings on deciduous (D) and evergreen (E) are also complying the 

expectances (see chapter 2.1.1). Deciduous species need to mobilise more sugars 

at the beginning of spring to build a new crown, while evergreen species produce 

hard long lasting leaves. This ecological difference is reflected in a general higher 

amount of parenchyma cells (𝑃𝐴𝐴𝑅) in D. This the higher parenchyma amount is 

also associated in D with a lower number of vessels per unit area (𝐶𝑑) and a 

higher mean conduit area (𝑀𝐶𝑎), relying on a more efficient refilling mechanism 

to compensate for the hydraulic vulnerability of the xylem system (i.e., less 

negative 𝑃50) thus being more efficient (i.e., higher xylem hydraulic conductivity 

(𝐾𝑠)). E species would rely on a relatively more conservative strategy, presenting 

a generally higher resistance to xylem embolism (𝑃50), counting on safer but less 

efficient vessels (lower 𝑀𝐶𝑎 and 𝐾𝑠, higher 𝐶𝑑), and therefore requiring a less 

efficient refilling mechanism. In fact, they generally have lower parenchyma 

amount (𝑃𝐴𝐴𝑅, 𝑃𝐴𝐴, 𝑃𝐴𝑅). 

 

4.2.3 Climbers vs. self-supporting 

The found differences between climbers (C) and self-supporting species (S) are 

weak due to very low C group size (𝑁 = 4) but indicative. Climbers, usually fast 

growing plants that take advantage of other plants for growing. They therefore 

present a higher conductivity (𝐾𝑠) and a more efficient (higher 𝑀𝐶𝑎, lower 𝐶𝑑) but 

more vulnerable xylem system (𝑃50 less negative) than self-supporting that rely on 

a more conservative strategy for preserving the xylem functionality (Johnson et al. 

2013). C therefore generally have a higher parenchyma amount than S, in 

accordance with other published papers (Morris et al. 2016), as to comply with 
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low safety of the water transport system. S would invest relatively more in 𝐹𝑎 

production as to build a structure capable of supporting the plant. 

 

4.3 Hydraulic experiments 

The hydraulic analyses performed proved the technique of the pressure collar for 

measuring the hydraulic vulnerability of plants. The assessed vulnerability curves 

(VCs) provided an extracted value of 𝑃50 that is quite reliable (95% confidence 

interval ≤ 1 𝑀𝑃𝑎), despite few cases (i.e., Quercus ilex L., Quercus pubescens 

Willd.). The developed VCs are the results of 3-4 different replicates, such as 

plant branches that, despite the great attention paid in choosing and preparing the 

samples to make hydraulic experiments on (see chapter 2.5), present an 

intraspecific variability for the resistance to xylem embolism (Anderegg 2015). 

Moreover, even if the double-ended pressure sleeve was located all the times at 

mid-length of the branches while performing the experiments, no standardisation 

for the distance from the apex (Anfodillo et al. 2013; Prendin et al. 2018b) and for 

the effect of longitudinal growth (Carrer et al. 2015) was made. The measured 𝑃50 

may therefore be influenced by its natural variability from the stem apex towards 

the base (Hacke et al. 2006; Hacke et al. 2017), thus resulting less accurate for 

some species (i.e., Quercus ilex L., Quercus pubescens Willd.). Moreover, for 

getting clearer results, these measurements should have been carried out on the 

apical part of the branches, where tension is highest (Petit et al, 2018). All these 

aspects, with the low sample size, may explain the weak trends between 𝑃50 and 

other anatomical variables for species in dataset group 3, despite the anatomical 

and hydraulic measurements are the results of the mean of 3-4 replicates. 

A limit of the pressure collar technique is related to the total pressure that the 

system can apply to the branch under examination. In fact, this constraints the 

plants whose VCs can be generated and relative 𝑃50 extracted by that species 

showing a PLC of about 70-80% within 12 MPa of applied pressure and therefore 

theoretically having a 𝑃50 ranging from 0 to about 10 MPa. For these species, 

xylem vulnerability must be assessed with other techniques (Cochard et al. 2013). 
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5. Conclusions 

The hydraulic vulnerability to embolism (𝑃50) is strongly related with xylem 

anatomical structures and is determined in particular by the anatomical and 

hydraulic properties of the conduits. Wider and therefore less dense vessels 

determine a higher vulnerability of xylem to embolism (i.e., 𝑃50 less negative), 

thus indicating a more efficient water transport system. In these conditions, 

angiosperms tend to produce a greater amount of living cells that would allow to 

both storage a greater amount of non-structural carbohydrates and utilize them 

more efficiently throughout the xylem, therefore relying on more efficient 

refilling mechanisms as to compensate for the low safety of the water transport 

system. 
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8. Annexes 

8.1 Hydraulic vulnerability curves 

Vulnerability curves (VCs) assessed for 14 species (Figure 8.1a, 8.1b). 

 

  

  

  
Figure 8.1a: Vulnerability curves assessed using R-package Fitplc (Duursma and Choat 

2017). Shaded area represent the 95% confidence intervals of the sigmodal curve; Solid 

and dashed vertical lines represent the 𝑃50 and its 95% confidence intervals respectively. 
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Figure 8.1b: Vulnerability curves assessed using R-package Fitplc (Duursma and Choat 

2017). Shaded area represent the 95% confidence intervals of the sigmodal curve; Solid 

and dashed vertical lines represent the 𝑃50 and its 95% confidence intervals respectively. 
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The obtained values of 𝑃50 range from 1.34 (-MPa) of Wisteria sinensis (Sims) 

Sweet, to 5.34 (-MPa) of Prunus mahaleb L. (Table 8.1b). Therefore, within the 

species whose VCs were assessed, Wisteria sinensis (Sims) Sweet is the most 

vulnerable species while Prunus mahaleb L. is the most resistant species to 

cavitation. The 95% confidence intervals for the obtained 𝑃50 values ranged from 

a minimum of 0.23 MPa for Tilia cordata Mill. to 2.00 MPa for Quercus ilex L.. 

 

Species 𝑃50 (-MPa) 2.5% 97.5% 

Acer monspessulanum L. 4.83 4.36 5.40 

Corylus avellana L. 2.86 2.60 3.08 

Carpinus orientalis Mill. 3.89 3.39 4.33 

Ficus carica L. 1.84 1.52 2.19 

Fraxinus ornus L. 3.49 3.04 4.05 

Hedera helix L. 3.16 2.46 3.87 

Ostrya carpinifolia Scop. 4.32 4.08 4.59 

Pistacia terebinthus L. 2.66 2.37 3.07 

Prunus mahaleb L. 5.34 5.01 5.70 

Quercus ilex L. 3.53 2.58 4.58 

Quercus pubescens Willd. 2.23 1.37 3.22 

Robinia pseudoacacia L. 2.66 2.25 3.09 

Tilia cordata Mill. 1.60 1.51 1.74 

Wisteria sinensis (Sims) Sweet 1.34 1.17 1.57 
 

 

Table 8.1: Values of 𝑃50 extracted from the VCs. Lower (2.5%) and upper (97.5%) 

limits of the confidence interval (95%) are also shown. 
 

 

8.2 Statistical tests assessed on the relationships between hydraulic and 

anatomical traits 

8.2.1 PAAR ~ P50 

The relationship between 𝑃𝐴𝐴𝑅 (i.e., the total amount of parenchyma in the 

xylem) and 𝑃50 (i.e., the water potential at which 50% of the total xylem 

conductivity is lost) was checked for angiosperms in group 1, group 2 and group 3 

separately. In all the three groups, negative trend between 𝑙𝑜𝑔10(𝑃𝐴𝐴𝑅) and 

𝑙𝑜𝑔10(𝑃50) was found, with species having a higher 𝑃50 (i.e., less negative) 

producing a bigger amount of parenchyma cells in the xylem (Figure 8.2, Table 

8.2(ii)). This trend is comparable to all the three dataset groups (Figure 8.2, Table 
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8.2(i)) even if no clear results are emerging for group 3 due to low sample size 

(𝑁 = 14, 𝑝 > 0.05) (Table 8.2(ii)). Same trend is shown in Figure 8.4, Table 8.4 

and described in comparison to the other two tissues the wood is made of: 𝐹𝑎 (i.e., 

the overall amount of fibres in the xylem) and 𝑉𝑎 (i.e., the overall volume of wood 

occupied by vessels). 
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Figure 8.2: Relationship between 𝑃𝐴𝐴𝑅 and 𝑃50 for angiosperms between the three data 

groups (G1 red, G2 blue, G3 green). Data are 𝐿𝑜𝑔10-transformed. Fitted linear 

regressions are shown. 

 

(i) group F DF p-value 

𝑃𝐴𝐴𝑅~𝑃50 G1, G2, G3 1.1892 -4 > 0.05 

 

(ii) group R^2 F DF p-value 

𝑃𝐴𝐴𝑅~𝑃50 G1 0.16 13.39 65 < 0.001 

𝑃𝐴𝐴𝑅~𝑃50 G2 0.18 13.53 58 < 0.001 

𝑃𝐴𝐴𝑅~𝑃50 G3 0.022 1.294 12 > 0.05 
 

 

Table 8.2: (i) Indices of the One-way ANOVA Test assessed to test for differences in 

the slope of the 𝑃𝐴𝐴𝑅~𝑃50 regressions between angiosperms of group 1 (G1), group 2 

(G2) and group 3 (G3); (ii) Indices describing the regressions lines obtained from 

𝐿𝑜𝑔10-transformed data. 
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The relationship between 𝑃𝐴𝐴𝑅 and 𝑃50 was checked for gymnosperms in group 1 

and group 2 separately. The slope of the two fitted linear regressions is different 

(Figure 8.3, Table 8.3(i)). The two dataset groups are therefore not comparable for 

𝑃𝐴𝐴𝑅~𝑃50 relationship in gymnosperms. Anyway, no clear results are emerging 

for both groups (Table 8.3(ii)). 
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Figure 8.3: Relationship between 𝑃𝐴𝐴𝑅 and 𝑃50 for gymnosperms between data group 

1 (Filled circles, solid line) and group 2 (open circles, dashed line). Data are 𝐿𝑜𝑔10-
transformed. Fitted linear regressions are shown. 

 

(i) group F DF p-value 

𝑃𝐴𝐴𝑅~𝑃50 G1, G2 11.472 -2 <0.001 

 

(ii) group R^2 F DF p-value 

𝑃𝐴𝐴𝑅~𝑃50 G1 -0.0062 0.7665 37 0.387 

𝑃𝐴𝐴𝑅~𝑃50 G2 0.31 6.85 12 0.0225 
 

 

Table 8.3: (i) Indices of the One-way ANOVA Test assessed to test for differences in 

the slope of the 𝑃𝐴𝐴𝑅~𝑃50 regressions between gymnosperms of group 1 (G1) and 

group 2 (G2); (ii) Indices describing the regressions lines obtained from 𝐿𝑜𝑔10-
transformed data. 
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8.2.2 PAAR ~ P50, Fa ~ P50, Va ~ P50 

The relationship between 𝐹𝑎 (i.e., the overall amount of fibres in the xylem) and 

𝑃50 (i.e., the water potential at which 50% of the total xylem conductivity is lost) 

was checked for angiosperms in group 2 and 3 separately. A negative trend 

between 𝐹𝑎 and 𝑃50 was found, with species having a higher P50 producing a 

lower amount of fibres in the xylem (Figure 8.4). This trend is comparable to the 

two dataset groups including 𝐹𝑎 data (group 2 and group 3) (Table 8.4). 

The relationship between 𝑉𝑎 (i.e., the overall volume of wood occupied by 

vessels) and 𝑃50 was checked for angiosperms in group 2 and 3 separately. No 

significant trend between 𝑉𝑎 and 𝑃50 was found (Figure 8.4). These findings are 

comparable to both dataset groups 𝑉𝑎 data are available (group 2 and group 3) 

(Table 8.4). 𝑉𝑎 range between ~10 − 25% of total wood volume. 
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Figure 8.4: Scatterplot of the relationship between 𝐹𝑎 and 𝑃50 (green), 𝑃𝐴𝐴𝑅 and 𝑃50 

(blue) and between 𝑉𝑎 and 𝑃50 (red) for angiosperms. Filled and open circles represent 

data from group 2 and group 3 respectively. Fitted regressions were generated 

considering both groups together. 
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 group F DF p-value 

𝐹𝑎~𝑃50 G2, G3 2.4423 -2 > 0.05 

𝑃𝐴𝐴𝑅~𝑃50 G2, G3 0.8076 -2 > 0.05 

𝑉𝑎~𝑃50 G2, G3 0.2098 -2 > 0.05 
 

 

Table 8.4: Indices of the One-way ANOVA Test assessed to test for differences in the 

slope of the 𝐹𝑎~𝑃50, 𝑃𝐴𝐴𝑅~𝑃50, 𝑉𝑎~𝑃50 regressions between group 2 (G2) and group 

3 (G3). 

 

 

8.2.3 Fa ~ PAAR 

The relationship between 𝐹𝑎 (i.e., the overall amount of fibres in the xylem) and 

𝑃𝐴𝐴𝑅 (i.e., the total amount of parenchyma in the xylem) was checked for 

angiosperms in group 2 and 3 separately. A very significant trend (𝑝 <  0.001) 

that is explaining most of the variability (𝑅2 = 0.7276) between 𝐹𝑎 and 𝑃𝐴𝐴𝑅 was 

found (Figure 8.5). Plants in the xylem either have a high fibres amount, therefore 

reducing the parenchyma volume or a high parenchyma amount and a reduced 

fibres volume that means PAAR and 𝐹𝑎 are inversely related. This trend is 

comparable to the two dataset groups including 𝐹𝑎 data (group 2 and group 3) 

(Table 8.5). 
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Figure 8.5: Scatterplot of the relationship between 𝐹𝑎 and 𝑃𝐴𝐴𝑅 for angiosperms. Filled 

and open circles represent data from group 2 and group 3 respectively. Fitted linear 

regression was generated considering both groups together. 
 

 group F DF p-value 

𝐹𝑎~𝑃𝐴𝐴𝑅 G2, G3 0.6324 -2 > 0.05 
 

 

Table 8.5: Indices of the One-way ANOVA Test assessed to test for differences in the 

slope of the 𝐹𝑎~𝑃𝐴𝐴𝑅 regressions between group 2 (G2) and group 3 (G3). 

 
 

8.2.4 Cd ~ MCa 

The relationship between 𝐶𝑑 (i.e., the frequency of conduit for a given wood area) 

and 𝑀𝐶𝑎 (i.e., the mean area of xylem conduits) was checked for angiosperms in 

group 2 and 3 separately. A very significant trend (𝑝 <  0.001) that is explaining 

most of the variability (𝑅2 = 0.7209) between 𝐶𝑑 and 𝑀𝐶𝑎 was found (Figure 

8.6). Plants in the xylem either produce few big vessels or rely on many small 

ones. This means that 𝐶𝑑 and 𝑀𝐶𝑎 are inversely related. This trend is comparable 

to the two dataset groups including data of 𝐶𝑑 and 𝑀𝐶𝑎 (group 2 and group 3) 

(Table 8.6). 
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Figure 8.6 Scatterplot of the relationship between 𝐶𝑑 and 𝑀𝐶𝑎 for angiosperms. Filled 

and open circles represent data from group 2 and group 3 respectively. Fitted power 

regression was generated considering both groups together. 
 

 group F DF p-value 

𝐶𝑑~𝑀𝐶𝑎  G2, G3 2.967 -2 > 0.05 
 

 

Table 8.6: Indices of the One-way ANOVA Test assessed to test for differences in the 

slopes of the 𝐶𝑑~𝑀𝐶𝑎 regression between group 2 (G2) and group 3 (G3). 

 

  

8.2.5 Cd ~ P50, MCa ~ P50 

The relationship between 𝐶𝑑 (i.e., the frequency of conduit for a given wood area) 

and 𝑃50 (i.e., the water potential at which 50% of the total xylem conductivity is 

lost) was checked for angiosperms in group 2 and 3 separately. A negative trend 

between 𝐶𝑑 and 𝑃50 was found, with species having a higher 𝑃50 (i.e., less 

negative) producing a lower number of vessels per unit area (Figure 8.7). This 

trend is comparable to the two dataset groups including data of 𝐶𝑑 (group 2 and 

group 3) (Table 8.7). 
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Figure 8.7: Scatterplot of the relationship between 𝐶𝑑 and 𝑃50 for angiosperms. Filled 

and open circles represent data from group 2 and group 3 respectively. Fitted linear 

regression was generated considering both groups together. 

 

 group F DF p-value 

𝐶𝑑~𝑃50 G2, G3 1.1759 -2 > 0.05 
 

 

Table 8.7: Indices of the One-way ANOVA Test assessed to test for differences in the 

slope of the 𝐶𝑑~𝑃50 regressions between group 2 (G2) and group 3 (G3). 

 

 

The relationship between 𝑀𝐶𝑎 (i.e., the mean area of xylem conduits) and 𝑃50 was 

checked for angiosperms in group 2 and 3 separately. A positive trend between 

𝑀𝐶𝑎 and 𝑃50 was found, with species having a higher 𝑃50 (i.e., less negative) 

producing bigger vessels (Figure 8.8, Table 8.8(ii)). The slope of the two fitted 

regression lines in log10-transformed data is different between the two dataset 

groups including 𝑀𝐶𝑎 (group 2 and group 3) (Table 8.8(i)) and no clear results are 

emerging for group 3 due to low sample size (𝑁 = 14, 𝑝 > 0.05). Nevertheless, 

both groups are showing a substantial positive trend for 𝐿𝑜𝑔
10
(𝑀𝐶𝑎)~ 𝐿𝑜𝑔

10
(𝑃50) 

(Figure 8.8 up-right box) and were therefore considered as comparable. 
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Figure 8.8: Scatterplot of the relationship between 𝑀𝐶𝑎 and 𝑃50  for angiosperms. 

Filled and open circles represent data from group 2 and group 3 respectively. Solid and 

dashed curves were generated with data from group 2 and group 3 respectively. Data 

𝐿𝑜𝑔10-transformed are also shown. 

 

(i) group F DF p-value 

𝑀𝐶𝑎~𝑃50 G2, G3 5.4708 -2 < 0.01 

 

(ii) group R^2 F DF p-value 

𝑀𝐶𝑎~𝑃50 G2 0.33 29.06 57 < 0.001 

𝑀𝐶𝑎~𝑃50 G3 0.12 2.766 12 > 0.05 
 

 

Table 8.8: (i) Indices of the One-way ANOVA Test assessed to test for differences in 

the slope of the 𝑀𝐶𝑎~𝑃50 regressions between group 2 (G2) and group 3 (G3); (ii) 

Indices describing the regressions lines obtained from 𝐿𝑜𝑔10-transformed data. 

 

 

8.3 Anatomical and hydraulic variability between functional groups 

In this paragraph, the relationships between the anatomical and hydraulic 

variables for the different functional groups (i.e. angiosperms and gymnosperms) 

are analysed and compared. 
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Hydraulic vulnerability 

Differences in 𝑃50 (i.e., the water potential at which 50% of the total xylem 

conductivity is lost) between angiosperms (A) and gymnosperms (G), deciduous 

(D) and evergreen (E) species, climbers (C) and self-supporting (S) species, were 

all significant (𝑝 < 0.05) (Table 8.9). A have a higher (i.e., less negative) 𝑃50 than 

G, D have higher 𝑃50 than E and C have higher 𝑃50 than S (Figure 8.9). Therefore, 

A are more vulnerable to cavitation than G, D are more vulnerable to cavitation 

than E and C are more vulnerable to cavitation than S. 
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Figure 8.9: Boxplot showing the difference in 𝑃50 between functional groups. 

Significant difference was found between A and G, D and E, C and S. 

 

 

U-stat T n(small) n(big) p-value 

A vs. G 2175 6782 53 142 <0.001 

D vs. E 2399 6677 92 93 <0.001 

C vs. S 11 21 4 69 0.002 
 

 

Table 8.9: Output of the Mann-Whitney Rank Sum Test assessed to test for differences 

in 𝑃50 between functional groups. 
 

 

Parenchyma 

Differences in 𝑃𝐴𝐴 (i.e., the amount of axial parenchyma in the xylem) between 

angiosperms (A) and gymnosperms (G), deciduous (D) and evergreen (E) species, 

were significant (𝑝 < 0.05) (Table 8.10). Differences in 𝑃𝐴𝐴 values between 

climbers (C) and self-supporting (S) species are not significant (𝑝 > 0.05). A have 

a higher 𝑃𝐴𝐴 than G, D have higher 𝑃𝐴𝐴 than E (Figure 8.10). No differences in 

𝑃𝐴𝐴 were found between C and S. 
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Figure 8.10: Boxplot showing the difference in 𝑃𝐴𝐴 between functional groups. 

Significant difference was found between A and G, D and E. 
 

 

U-stat T n(small) n(big) p-value 

A vs. G 227.5 1658.5 53 127 <0.001 

D vs. E 2188 5428 80 90 <0.001 

C vs. S 81 205 4 69 0.171 
 

 

Table 8.10: Output of the Mann-Whitney Rank Sum Test assessed to test for 

differences in 𝑃𝐴𝐴 between functional groups. 

 

Differences in 𝑃𝐴𝑅 (i.e., the amount of radial parenchyma in the xylem) between 

angiosperms (A) and gymnosperms (G), deciduous (D) and evergreen (E) species, 

climbers (C) and self-supporting (S) species, were all significant (𝑝 < 0.05) 

(Table 8.11). A have a higher 𝑃𝐴𝑅 than G, D have higher 𝑃𝐴𝑅 than E and C have 

higher 𝑃𝐴𝑅 than S (Figure 8.11). 
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Figure 8.11: Boxplot showing the difference in 𝑃𝐴𝑅 between functional groups. 

Significant difference was found between A and G, D and E, C and S. 
 

 

U-stat T n(small) n(big) p-value 

A vs. G 706.5 2137.5 53 128 <0.001 

D vs. E 2231.5 5552.5 81 90 <0.001 

C vs. S 51 235 4 69 0.036 
 

 

Table 8.11: Output of the Mann-Whitney Rank Sum Test assessed to test for 

differences in 𝑃𝐴𝑅 between functional groups. 



 

92 
 

Differences in 𝑃𝐴𝐴𝑅 (i.e., the total amount of parenchyma in the xylem) between 

angiosperms (A) and gymnosperms (G), deciduous (D) and evergreen (E) species, 

climbers (C) and self-supporting (S) species, were all significant (𝑝 < 0.05) 

(Table 8.12). A have a higher 𝑃𝐴𝐴𝑅 than G, D have higher 𝑃𝐴𝐴𝑅 than E and C 

have higher 𝑃𝐴𝐴𝑅 than S (Figure 8.12). 
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Figure 8.12: Boxplot showing the difference in 𝑃𝐴𝐴𝑅 between functional groups. 

Significant difference was found between A and G, D and E, C and S. 
 

 

U-stat T n(small) n(big) p-value 

A vs. G 172 1603 53 141 <0.001 

D vs. E 2515.5 10226.5 92 92 <0.001 

C vs. S 20 266 4 69 0.004 
 

 

Table 8.12: Output of the Mann-Whitney Rank Sum Test assessed to test for 

differences in 𝑃𝐴𝐴𝑅 between functional groups. 

 
 

 

Fibres 

Differences in 𝐹𝑎 (i.e.,  the overall amount of fibres in the xylem) between 

climbers (C) and self supporting (S) species were significant (𝑝 < 0.05) (Table 

8.13). Differences in 𝐹𝑎 values between deciduous (D) and evergreen (E) species 

were not significant (𝑝 > 0.05). C have lower 𝐹𝑎 than S (Figure 8.13). No 

differences in 𝐹𝑎  were found between D and E. As gymnosperms do not have 

fibres, they were not taken into consideration in this section and the 𝐹𝑎 

comparison between A and G was not evaluated. 
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Figure 8.13: Boxplot showing the difference in 𝐹𝑎 between 

functional groups. Significant difference was found between C 

and S. 

 

 

U-stat T n(small) n(big) p-value 

D vs. E 450 1236 29 44 0.067 

C vs. S 4 14 4 69 0.001 
 

 

Table 8.13: Output of the Mann-Whitney Rank Sum Test assessed to test for 

differences in 𝐹𝑎 between functional groups. 

 
 

 

Conduit size and frequency 

Differences in 𝑀𝐶𝑎 (i.e., the mean area of xylem conduits) between angiosperms 

(A) and gymnosperms (G), deciduous (D) and evergreen (E) species, climbers (C) 

and self-supporting (S) species, were all significant (𝑝 < 0.05) (Table 8.14). A 

have a higher 𝑀𝐶𝑎 than G, D have higher 𝑀𝐶𝑎 than E and C have higher 𝑀𝐶𝑎 

than S (Figure 8.14). Therefore, A have bigger conduits than G, D have bigger 

conduits than E and C have bigger conduits than S. 
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Figure 8.14: Boxplot showing the difference in 𝑀𝐶𝑎 between functional groups. 

Significant difference was found between A and G, D and E, C and S. 
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U-stat T n(small) n(big) p-value 

A vs. G 127 232 14 74 <0.001 

D vs. E 390 1056 36 46 <0.001 

C vs. S 21 269 4 70 0.005 
 

 

Table 8.14: Output of the Mann-Whitney Rank Sum Test assessed to test for 

differences in 𝑀𝐶𝑎 between functional groups. 

 
 

Differences in 𝐶𝑑 (i.e., the frequency of conduit for a given wood area) between 

angiosperms (A) and gymnosperms (G), deciduous (D) and evergreen (E) species, 

climbers (C) and self-supporting (S) species, were all significant (𝑝 < 0.05) 

(Table 8.15). A have lower 𝐶𝑑 than G, D have lower 𝐶𝑑 than E and C have lower 

𝐶𝑑 than S (Figure 8.15). Therefore, A have less conduits per unit area than G, D 

have less conduits per unit area than E and C have less conduits per unit area than 

S. 
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Figure 8.15: Boxplot showing the difference in 𝐶𝑑 between functional groups. 

Significant difference was found between A and G, D and E, C and S. 
 

 

U-stat T n(small) n(big) p-value 

A vs. G 50 1091 14 74 <0.001 

D vs. E 597 1725 36 46 0.031 

C vs. S 35 45 4 70 0.012 
 

 

Table 8.15: Output of the Mann-Whitney Rank Sum Test assessed to test for 

differences in 𝐶𝑑 between functional groups. 

 

 

Xylem specific hydraulic conductivity 

Differences in 𝐾𝑠 (i.e., the overall conductivity of wood vascular elements in the 

xylem) between angiosperms (A) and gymnosperms (G), deciduous (D) and 

evergreen (E) species, climbers (C) and self-supporting (S) species, were all 
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significant (𝑝 < 0.05) (Table 8.16). A have a higher 𝐾𝑠 than G, D have higher 𝐾𝑠 

than E and C have higher 𝐾𝑠 than S (Figure 8.16). Therefore, A have a more 

efficient water transport system than G, D have a more efficient water transport 

system than E and C have a more efficient water transport system than S. 
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Figure 8.16: Boxplot showing the difference in 𝐾𝑠 between functional groups. 

Significant difference was found between A and G, B, D and E, C and S. 

 

 

U-stat T n(small) n(big) p-value 

A vs. G 127 232 14 74 <0.001 

D vs. E 349 1015 36 46 <0.001 

C vs. S 10 280 4 70 0.002 
 

 

Table 8.16: Output of the Mann-Whitney Rank Sum Test assessed to test for 

differences in 𝐾𝑠 between functional groups. 

 
 


