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ABSTRACT OF THE DISSERTATION 

 

Leaf hydraulics and evolution 

 

by 

 

Christine Scoffoni 

Doctor of Philosophy in Biology 

University of California, Los Angeles, 2014 

Professor Lawren Sack, Chair 

 

There has been increasing worldwide recognition of the importance of hydraulic physiology—

the transport of water through the plant—in explaining plant growth and drought tolerance. By 

combining physiology and anatomy within an evolutionary framework, we can discover the 

mechanisms underlying species differences in hydraulic function, especially those of the leaf, the 

central organ in plant metabolism. I refined and developed new methods to investigate leaf water 

transport and its decline during drought, focusing on a critical measure of the capacity for water 

movement (leaf hydraulic conductance, Kleaf). I found that species most tolerant of Kleaf decline 

had small leaves with dense major veins, providing pathways for the water to bypass embolized 

conduits during drought giving a new, direct explanation to the fact that species of dry areas have 

small leaves. I also developed a new method to investigate the role of leaf shrinkage on water 

movement. As leaves shrink with dehydration, mesophyll cells lose connectivity, physically 

impacting water movement outside the xylem. I found that species most sensitive to Kleaf decline 

were those with strongest shrinkage in thickness. I then developed a new method to measure 

xylem hydraulic decline in leaves to test for a possible artifact of cutting leaf petioles under 
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tension while under water. Such artifact has been recently found to occur in stems, and has put 

into question measurements of Kleaf. Across four diverse species, I found no sign of such an 

artifact in leaves, likely due to the lesser mechanical stress imposed when cutting a petiole vs. 

stem. Finally, I took an evolutionary perspective. I quantified the anatomical and physiological 

plasticity in leaves of six species of endemic Hawaiian lobeliads grown under different light 

regimes and found a high degree of plasticity in Kleaf with light, relating to leaf anatomical 

changes. Across 30 species of Viburnum I have identified the evolutionary shifts of leaf anatomy, 

water transport and drought tolerance. This work provides new techniques, clarity and 

applications toward understanding leaf water transport and its role in plant performance and 

drought tolerance, with applications for ecology, paleobiology and the conservation of species 

and ecosystems.  
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CHAPTER 1 

PREMISE OF THE DISSERTATION 

“In order to show the real correlation between structure and function, anatomical investigations 

must always be followed by physiological experiments”— Maximov (1931).  

 

To understand how plants function as organisms and determinants of ecosystems, we need a 

greater understanding of plant physiology and how it relates to the anatomy. Leaves are a major 

determinant of whole-plant function, providing through photosynthesis the sugars necessary for 

plant growth, and they represent a critical bottleneck in the plant water transport system, 

accounting for more than 30% of the whole-plant hydraulic resistance (Sack and Holbrook, 

2006). My dissertation focuses on fundamental questions that have remained unanswered 

relating to leaf function, structure and its evolution. Recent work has shown an importance for 

hydraulic physiology in explaining many aspects of leaf diversity, and I have aimed to further 

our understanding of the underlying mechanisms shaping species differences in leaf hydraulic 

vulnerability by combining physiology and anatomy within an evolutionary framework. 

Since the early Devonian (about 400 Mya), leaves have evolved independently multiple 

times in different lineages (Wilson, 1953; Crane and Kenrick, 1997; Harrison et al., 2005; Floyd 

and Bowman, 2006; Tomescu, 2009). Since then, leaves have diversified in various size, shape 

and form, and are especially diverse in their venation architecture. This can be surprising at first 

given they share the exact same function in virtually all plants: they transport the water, 

nutrients, sugars and signals necessary for plant growth, and provide mechanical support to 

display the leaf toward the light for energy capture.  New approaches have suggested much of 

the diversity in leaf form and venation can relate to achieving adequate hydraulic supply 

(Zwieniecki et al., 2002; Sack and Holbrook, 2006; Brodribb et al., 2010). Indeed, leaves face a 
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great design challenge, as they harvest solar energy for photosynthesis and growth while 

requiring an adequate hydraulic supply to replace water lost to transpiration that occurs when 

stomata open to capture CO2. Our understanding of the hydraulic functions of leaf veins and 

mesophyll and their relationship to physiological traits and habitat has remained rudimentary. 

My PhD work focuses on clarifying the mechanical, ecological and evolutionary 

understanding of leaf hydraulics and its relationship to physiological traits and habitat. In 

Chapter 2, I have refined the method for measurement of leaf hydraulic conductance (Kleaf) and 

developed a new framework to analyze and interpret the dynamics of Kleaf with dehydration and 

rehydration. This work enabled a detailed investigation of the relationship between leaf hydraulic 

conductance, venation architecture and leaf size. In Chapter 3, I improved the understanding of 

the mechanistic basis for the decline observed in Kleaf during dehydration using both a modeling 

and experimental approach and proposed a new direct explanation to one of the most well-known 

biogeographic trends: the tendency of leaves to be smaller in drier areas. In Chapter 4, using 

modeling and empirical results, I investigated the physical impact of leaf dehydration on the cells 

outside the xylem on the outside-xylem pathways in water movement during drought. Chapter 5 

presents new methods and analyses of leaf xylem hydraulic vulnerability, presented specifically 

to answer a recent paper that raised a concern about methods of Kleaf measurements including 

those described in my Chapter 2, based on the fact that measurements of stem hydraulic 

conductance were found to be subject to an artifact of cutting xylem under water while under 

tension. I developed a new method to directly measure leaf xylem hydraulic conductance for 

dehydrated leaves and thereby to construct leaf xylem hydraulic vulnerability curves. These 

experiments validated our method against that artifact, which was not seen in leaves. In Chapters 

6 and 7 of my dissertation, I take a specifically evolutionary perspective on leaf hydraulics 
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within a tropical and a temperate clade. In Chapter 6, I investigated anatomical and physiological 

plasticity in leaves from six species of Hawaiian lobeliads grown under different light regimes. 

Finally, in Chapter 7, I investigate for the first time the coordinated evolution of leaf hydraulics 

and gas exchange in a well resolved lineage, along with the evolution of hydraulic partitioning in 

leaves of 30 Viburnum species grown in a common garden.  
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CHAPTER 2 

DYNAMICS OF LEAF HYDRAULIC CONDUCTANCE WITH WATER S TATUS: 

QUANTIFICATION AND ANALYSIS OF SPECIES DIFFERENCES 

 UNDER STEADY-STATE 

ABSTRACT 

Leaf hydraulic conductance (Kleaf) is a major determinant of photosynthetic rate in well-watered 

and drought-stressed plants. Previous work assessed the decline of Kleaf with decreasing leaf 

water potential (Ψleaf), most typically using rehydration kinetics methods, and found that species 

varied in the shape of their vulnerability curve, and that hydraulic vulnerability correlated with 

other leaf functional traits and with drought sensitivity. We tested and extended these findings, 

using a new steady-state evaporative flux method under high irradiance, and determined the 

function for the vulnerability curve of each species individually using maximum likelihood for 

10 species varying strongly in drought tolerance. Additionally, we assessed the ability of excised 

leaves to recover in Kleaf with rehydration, and developed a new theoretical framework to 

estimate how rehydration of measured leaves may affect estimation of hydraulic parameters. As 

hypothesized, species differed in their vulnerability function. Drought-tolerant species showed 

shallow linear declines and more negative Ψleaf at 80% loss of Kleaf (P80), whereas drought-

sensitive species showed steeper, non-linear declines, and less negative P80. Across species, the 

maximum Kleaf was independent of hydraulic vulnerability. Recovery of Kleaf after 1 h 

rehydration of leaves dehydrated below their turgor loss point occurred only for four out of ten 

species. Across species without recovery, a more negative P80 correlated with the ability to 

maintain Kleaf through both dehydration and rehydration. These findings indicate that resistance 
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to Kleaf decline is important not only in maintaining open stomata during the onset of drought, but 

also in enabling sustained function during drought recovery. 

Key words: Cavitation, dehydration, EFM, Kleaf, rehydration, refilling, safety margins, turgor 

loss point, vulnerability curves 

 

INTRODUCTION 

In dicotyledons, the leaf hydraulic conductance strongly constrains gas exchange and growth 

(Sack et al., 2003; Sack and Holbrook, 2006). The resistance of open stomata to vapor diffusion 

out of the leaf is typically far greater than the hydraulic resistance to bulk flow of the liquid 

transport through the plant, and transpiration rates are thus dictated by this diffusion process, 

which in turn depends on the stomatal and boundary layer conductances and the difference in 

vapor pressure between the intercellular air spaces of the leaf and the atmosphere (Cowan, 1972; 

Sack and Tyree, 2005; Sack and Holbrook, 2006). However, the maintenance of open stomata 

depends on the leaf being well-hydrated, i.e., having a high leaf water potential (Ψleaf), which in 

turn depends on the plant hydraulic conductance being sufficiently high. Because in 

dicotyledons, the leaf accounts for on average 30% of the plant hydraulic resistance (Sack et al., 

2003; Sack and Holbrook, 2006), the leaf hydraulic conductance (Kleaf = flow rate / water 

potential driving force, i.e., 1/ leaf hydraulic resistance) is thus a critical variable. Water enters 

the petiole, moves through several vein orders of diminishing size, then exits into the bundle 

sheath and moves through or around cells before evaporating into the intercellular airspace and 

being transpired from the stomata. The Kleaf declines with Ψleaf during drought, due to losses of 

conductance resulting from cavitation and/or collapse of xylem conduits, and/or to decline in the 

permeability of extra-xylem tissues, and this response drives stomatal closure to prevent leaf 

desiccation (e.g., Salleo et al., 2000; Brodribb and Holbrook, 2004a; Sack and Holbrook, 2006; 
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Scoffoni et al., 2008; Brodribb and Cochard, 2009; Brodribb et al., 2010; Scoffoni et al., 2011). 

Understanding species variation in hydraulic vulnerability is thus critical, and several techniques 

have been applied, especially the rehydration kinetics method (RKM; Table S2.1; Brodribb and 

Holbrook, 2003a). The aim of this study was to quantify this response using an independent, 

steady-state method, for species varying strongly in drought tolerance, and to determine the 

ability of dehydrated leaves to recover in Kleaf after rehydration. 

Previous studies using the RKM found species to vary strongly in leaf hydraulic 

vulnerability, quantified as the Ψleaf at 50% loss of Kleaf (P50; e.g. Hao et al., 2008; Blackman et 

al., 2009; Chen et al., 2009; Johnson et al., 2009a; Saha et al., 2009). Additionally, species with 

a low P50 also had low osmotic potential at turgor loss point (Blackman et al., 2010), and could 

thus maintain stomata open as leaves dehydrate. Further, these studies tested the classic trade-off 

between hydraulic efficiency and safety, previously found for stems, and showed this to be 

absent in leaves: the maximum Kleaf for hydrated leaves (Kmax) was independent of P50 (Sack and 

Holbrook, 2006; Blackman et al., 2010). 

Notably, the various methods for measuring Kleaf all have value but can raise potential 

concerns (Sack and Tyree, 2005). There was thus a need to test leaf hydraulic vulnerability with 

a method independent of the RKM. The typically used RKM measures Kleaf from water uptake 

into the mesophyll of a dehydrated leaf for a known time, and involves some uncertainty because 

uptake to leaf cells continues even after leaf collection for Ψleaf determination, though a recently 

modified version of the RKM (“dynamic RKM”) has overcome this limitation (Brodribb and 

Cochard, 2009; Blackman and Brodribb, 2011; Brodribb and Blackman, and PrometheusWiki 

contributors 2011). Additionally, in the RKM, water uptake into mesophyll cells might not 

always mimic the complete pathways of natural transpiration (Scoffoni et al., 2008). 

Additionally, the RKM may give low resolution of Kleaf declines in the well hydrated range of 
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the vulnerability curve if such leaves rehydrate completely during measurement. The evaporative 

flux method (EFM) has the advantage of allowing Kleaf measurement during steady state 

transpiration and, further, using the EFM, leaves can be acclimated to high irradiance, which 

influences Kleaf for many species (Sack et al., 2002; Nardini et al., 2005; Tyree et al., 2005; 

Cochard et al., 2007; Sellin and Kupper, 2007; Scoffoni et al., 2008; Sellin et al., 2008). One 

previous study applied a variant of the EFM to generate vulnerability curves (the heat-flux 

method, “Heat-FM”; Brodribb and Holbrook, 2006) which involved some complexity. A heat 

gun was used on the leaf to drive a transiently high transpiration rate, after which the stomata 

closed, establishing a lower flow rate. The leaf was removed, and Kleaf was determined as the 

steady state flow rate divided by the final Ψleaf (Ψfinal), and the vulnerability curve was 

determined as Kleaf plotted against Ψfinal. However, that method could not determine the lowest 

Ψleaf induced in the leaf during the high transpiration rates driven by the hot air (Ψlowest), which 

may have triggered the Kleaf decline. In this study, the EFM was modified to allow measurement 

of both Ψlowest and Ψfinal, such that Kleaf could be plotted against both. 

A second aim of this study was to refine the statistical analysis of the Kleaf decline with 

dehydration for improved accuracy and mechanistic insight. Typically, studies have fitted the 

same function for all species, chosen for approximate fit to the data; polynomial (including 

linear), sigmoidal and logistic functions have all been used (Table S2.1). However, species may 

differ in the shape of their vulnerability curve, and choosing the appropriate function is important 

both for accuracy and also to allow interpretation of the underlying processes (Brodribb and 

Holbrook, 2006, 2007). Notably few studies have directly discussed the underlying basis for 

different shapes of vulnerability curves, probably due to the lack of an approach to objectively 

select the appropriate function, but the literature has pointed to several potential mechanisms for 

differently shaped curves (reviewed in Table 2.1). As a next step a rigorous analysis is needed to 
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resolve species differences in the shape of the function. Thus, for ten diverse species, the 

maximum likelihood function was selected for each species. Drought tolerant species were 

hypothesized to show shallower, linear declines, whereas drought-sensitive species were 

expected to show stronger initial Kleaf declines due to greater sensitivity in one or more 

components of the water transport system. Tests were made of the impact on estimated hydraulic 

vulnerability parameters of using different functions as in previous studies (Table S2.1), and the 

degree to which it matters how vulnerability curves are plotted, i.e, whether unbinned data for 

Kleaf are plotted against Ψlowest or Ψfinal, or whether data are binned by Ψleaf intervals. 

A third aim in this study was to quantify the recovery of Kleaf with rehydration, a related, 

essential process that has received little attention. One previous study found that excised and 

dehydrated sunflower leaves recovered rapidly in Kleaf when rehydrated with petioles under water 

(Trifilo  et al., 2003a). We tested for species differences in this ability. Species with greatest 

hydraulic vulnerability were hypothesized to show greatest recovery, as they would derive most 

benefit. Further, all studies of vulnerability have involved leaf rehydration during measurement, 

but none have accounted for this in interpretation; we developed tests to determine how our 

measurements might be affected. The main benefit of a low hydraulic vulnerability has typically 

been framed as the ability to keep stomata open without dehydrating the mesophyll. We 

hypothesized that a low hydraulic vulnerability would also confer the ability to maintain Kleaf 

through both dehydration and rehydration. 

 

MATERIAL AND METHODS 

Plant material 

This study was conducted alongside a study of the importance of venation architecture and leaf 

size in determining species-variation in hydraulic vulnerability (Scoffoni et al., 2011). Ten 
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species were selected across nine families and spanning a wide range of drought sensitivity; five 

species were native to dry habitats (mainly California chaparral) and five species to moist 

habitats (Table 2.2). Study species included mature trees and shrubs in and around the campus of 

University of California, Los Angeles and Will Rogers State Park, Los Angeles, California, and 

sunflower Helianthus annuus var. Sunspot grown from seeds (Botanical Interests; Broomfield, 

Colorado, USA) in 3.6 L pots in a greenhouse (average minimum, mean and maximum values 

for temperature: 21.1, 23.2 and 26.0oC; for humidity: 44, 51 and 59%). Sunflowers were irrigated 

every two days, with 200-250 ppm of 20:20:20 N:P:K; the irradiance measured at mid-day on a 

sunny day was up to 550 µmol photon · m-2 ·  s-1, and on average 300 µmol photon · m-2 · s-1 (LI-

250 light meter; LI-COR Biosciences, Lincoln, Nebraska, USA). 

 Experiments were conducted in May-September 2008. On the day prior to measurements, 

for three to ten plants per species, exposed branches with mature, healthy leaves were collected 

into plastic bags with moist paper towel; for sunflowers, whole shoots were collected. Each shoot 

was re-cut by at least two nodes in the laboratory under ultrapure water (MilliPore, 0.22 µm 

Thornton 200CR, Molshem, France) and rehydrated overnight at laboratory temperature (20-

25ºC), covered with dark plastic bags. 

 

Measuring dehydration response of Kleaf with the evaporative flux method 

Using the evaporative flux method (EFM), Kleaf is determined as the ratio of steady-state 

transpirational flow rate (E, mmol · m-2 · s-1) to the water potential driving force (∆Ψleaf, MPa; 

Sack et al., 2002). Notably, in this system, the overall driving force for flow through the whole 

leaf is the water potential gradient between the outside air and the water entering the petiole, but 

the important component of that driving force is the vapor pressure gradient between the outside 

air and leaf airspaces; this vapor pressure driving force, and stomatal conductance, determine the 
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transpiration rate (see Introduction). However, for the liquid-phase part of flow (i.e., the 

hydraulic system), the driving force at steady state is the water potential gradient between the 

leaf mesophyll where water evaporates (estimated as the Ψleaf measured at the end of the 

measurement, i.e., the Ψfinal) and the water entering the petiole at atmospheric pressure (i.e., 0 

MPa relative pressure).  

In this study, we focused on the dehydration response of the whole-leaf hydraulic system, 

including the petiole. The leaf was cut from the shoot with a fresh razor blade under ultrapure 

water that was used as flow solution (0.22 mm Thornton 200 CR; MilliPore, Molsheim, France) 

degassed at least 8 h with a vacuum pump (Gast, Benton Harbor, MI), and refiltered (0.2µm; 

Syringe filter, Cole-Parmer, Vernon Hills, IL). The petiole was then rapidly connected to silicon 

tubing (Cole-Parmer, Vernon Hills, IL) under ultrapure water to prevent air entering the system. 

The tubing connected the leaf to a cylinder on a balance (models XS205 and AB265, ±10 µg 

sensitivity; Mettler Toledo, Columbus, OH) that logged data every 30 s to a computer for the 

calculation of flow rate through the leaf (E). Leaves were held adaxial surface upwards in wood 

frames strung with fishing line above a large box fan (Lakewood Engineering & Manufacturing 

Company, Chicago, IL). Leaves were illuminated with > 1000 mmol · m-² · s-1 

photosynthetically active radiation at the leaf surface by floodlights (model 73828 1000 W, “UV 

filter”; Sears, Roebuck, Hoffman Estates, IL) suspended above a Pyrex container (Corning 

Incorporated, Corning, NY) filled with water to absorb the heat of the lamp. Leaf temperature 

was determined using a thermocouple (Cole-Parmer, Vernon Hills, IL) and maintained between 

23 and 28°C. 

Leaves were allowed to transpire on the apparatus for at least 30 min and until flow rate 

stabilized, with no upward or downward trend, and with a coefficient of variation <5% for at 

least five measurements made at 30 sec flow intervals. When flow rate was very low (<8 µg s-1), 
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stability was determined with the same criterion, but using the running averages of the last five 

30 sec intervals. Previous studies found these criteria to be sufficient for stabilization of E, Ψleaf 

and Kleaf; tests with longer measurement periods after stable flow was established showed no 

relationship of Kleaf to measurement time for seven species of a wide range of leaf capacitance 

(Scoffoni et al., 2008; Pasquet-Kok et al., 2010). The minimum 30 min flow period was chosen 

to ensure that leaves had sufficient time to acclimate to high irradiance, which has been found to 

enhance Kleaf by up to eightfold depending on species apparently due to the expression and/or 

activation of aquaporins (Sack et al., 2002; Nardini et al., 2005; Tyree et al., 2005; Cochard et 

al., 2007; Scoffoni et al., 2008; Voicu et al., 2008). Measurements were discarded if the flow 

suddenly changed, either due to apparent leakage from the seal or blockage in the system by 

particles or air bubbles. Following the stabilization of the flow rate, leaf temperature was 

recorded with a thermocouple and the final five flow rate measurements were averaged. The leaf 

was quickly removed from the tubing, the petiole was dabbed dry, and the leaf was placed into a 

sealable bag (Whirl-Pak; Nasco, Fort Atkinson, WI, USA), which had been previously exhaled 

in, to halt transpiration. Following at least 30 min equilibration, the final leaf water potential 

(Ψfinal) was measured with a pressure chamber (Plant Moisture Stress, Model 1000, Albany, 

Oregon, USA). Kleaf was calculated as E / -∆Ψleaf (where ∆Ψleaf  = Ψfinal - 0 MPa) and further 

normalized by leaf area measured with a LI-COR 3100 leaf area meter (Li-Cor 3100 meter, 

Lincoln, Nebraska, USA). To correct for changes in Kleaf induced by the temperature dependence 

of water viscosity, Kleaf values were standardized to 25° (Weast, 1974; Yang and Tyree, 1993; 

Sack et al., 2002).  

To determine the stomatal conductance of leaves measured with the EFM, the final E was 

divided by the mole fraction vapor pressure deficit (VPD), derived from temperature and relative 

humidity (RH) measurements in the lab from a weather station that logged measurements each 5 
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min (HOBO Micro Station with Smart Sensors; Onset, Bourne, Massachusetts, USA), where 

mole fraction VPD = (1-(RH × VPsat))/ 101.3 kPa, and VPsat is saturation vapor pressure 

determined using the Arden-Buck equation (Buck, 1981). 

The EFM was modified to allow determination of Kleaf for dehydrated leaves. Shoots 

were cut into segments with at least three leaves under ultrapure water and then dehydrated with 

a fan for different periods of time to a range of Ψleaf values. The bench drying of shoots to 

achieve a leaf vulnerability curve has been used in studies using the rehydration kinetics method 

(e.g.; Brodribb and Holbrook, 2003a; Blackman et al., 2009), and previous studies found similar 

vulnerability curves when constructed from bench-drying shoots as from leaves on plants 

progressively droughted (Brodribb and Holbrook, 2004a; Blackman et al., 2009; Pasquet-Kok et 

al., 2010). In our study, shoots were allowed to equilibrate for at least 30 min before two leaves 

were excised and measured for initial Ψleaf (Ψo) using a pressure chamber. If the difference in the 

Ψleaf of those two leaves was greater than 0.1 MPa, the shoot was discarded; for very dehydrated 

shoots, this range was extended to 0.3 MPa. The third leaf (typically the middle leaf) was used to 

determine Kleaf with the EFM. When dehydrated leaves are measured with the EFM, the stomata 

open (see Results); before steady state flow is achieved, the leaf may rehydrate such that Ψfinal is 

less negative than Ψo, or, alternatively, the leaf may further dehydrate such that Ψfinal is more 

negative than Ψo. For each species, at least six Kleaf values were obtained for each 0.5 MPa 

interval from full hydration to strong dehydration. Outlier tests were conducted for each 0.5 MPa 

interval (Dixon test; Sokal and Rohlf, 1995); 0-4 outliers were removed over the whole curve for 

given species (representing 0-8% of the 26-74 data points per curve).  

To test the importance of method for constructing vulnerability curves, we determined 

these in three ways previously applied (Table S2.1). First, Kleaf was plotted against whichever 
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was lowest, Ψo or Ψfinal (= “Ψlowest”), i.e., the Ψleaf associated with the strongest dehydration 

experienced during the experiment, and each leaf was considered as a data point (“unbinned 

Ψlowest”). Additionally, Kleaf was plotted against Ψlowest with data averaged in 0.5 MPa bins 

(“binned Ψlowest”), with the exception of H. annuus averaged in 0.2 MPa bins because of its 

distinctively narrower Kleaf response, with negligible values below -1.5 MPa. Finally, Kleaf was 

plotted against Ψfinal rather than Ψlowest (“Ψfinal”), with each leaf considered as a data point. 

Determination of these alternative versions of the vulnerability curve also allowed interpretation 

of the recovery of Kleaf during the measurement (see section below). 

In the above-described methods, as in previous studies of Kleaf, the pressure chamber 

balance pressure was taken as Ψleaf. In actuality, the balance pressure for an equilibrated leaf 

gives the xylem pressure potential (Px), and - Px  is less negative than the bulk Ψleaf by the 

amount of the vein xylem solute potential (πx, Tyree and Zimmermann, 2002). Notably, previous 

studies on a range of species have measured πx values of approximately -0.05 MPa, a difference 

that would not affect our findings significantly (Boyer, 1967). We made tests to verify such low 

πx for C. sasanqua, H. arbutifolia and L. camara. Shoots of four leaves were rehydrated 

overnight and dehydrated to a range of Ψleaf (-0.04 to -1.5 MPa). Two leaves were excised for 

initial Ψleaf measurement, a third was bagged for determination of initial πx, and the fourth was 

placed in the EFM apparatus until a steady-state flow rate was achieved. Leaf vein πx was 

determined using vapor pressure osmometry (Vapro 5520, Wescor Inc., UT). The leaf margin 

was excised to open the tips of the midrib and second-order veins, and the leaf was pressurized in 

the pressure chamber and xylem sap exuded from the petiole was collected onto a filter paper, 

while moist paper towels surrounded the chamber and petiole to minimize evaporation. The filter 

paper was transported to the osmometer in a weighing bottle filled with moist paper towel. All πx 

values were less negative than the least negative measurable value with this instrument, -0.05 
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MPa, and thus indistinguishable from pure water in our instrument, indicating that our findings 

would not be significantly impacted by πx. 

 

 

Model testing and estimation of parameters for the decline of Kleaf with dehydration 

Maximum likelihood was used to select the function for each species’ Kleaf vulnerability response 

(Burnham and Anderson, 2002), using the optim function in R 2.9.2 (http://www.r-project.org; 

Burnham and Anderson, 2004; Sack et al., 2006; our scripts are available on request). A linear 

function (����� = �	Ψ���� 	+ ��), was tested, in addition to sigmoidal (����� = �

����	�����	–��� �

	) and 

logistic functions (����� = 	�/(1 + (	�����
�� )!)) as used previously in the literature on leaf 

vulnerability (Table S2.1) and an exponential function (����� = �" 	+ �#$%�����), as previously 

used for whole-plant vulnerability (Iovi et al., 2009). The maximum likelihood parameters were 

determined by the Simulated Annealing procedure for global optimization, followed by the 

Nelder–Mead simplex procedure for local optimization; standard errors for parameters were 

generated from the Hessian matrix. For each data set, functions were compared using the Akaike 

Information Criterion (AIC), corrected for low n. The function with the lowest AIC value was 

chosen as the best fit function for that dataset, with differences > 2 considered as meaningful 

(Burnham and Anderson, 2002, 2004). 

To compare species in their hydraulic parameters, and to determine correlations between 

hydraulic parameters and other leaf traits, values for the maximum Kleaf at full hydration (Kmax) 

and the Ψleaf at which Kleaf had declined by 50% and 80% (P50 and P80) were determined from the 

vulnerability curves. For these parameters, each species’ maximum likelihood function was 

used—i.e., that with lowest Akaike Information Criterion (AIC) and highest r2 determined from 
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the unbinned data plots (“unbinned Ψlowest” and “Ψfinal”). The steepness of the vulnerability curve 

was also determined, as the first derivative of the maximum likelihood function at Ψleaf = -0.5 

MPa, where the steepest declines were observed. As an additional method for determining Kmax, 

we calculated for each species the average Kleaf for points above -0.5 MPa; this was the method 

used in most previous leaf hydraulics studies that measured only Kleaf for hydrated leaves, and 

not its vulnerability to dehydration (e.g., Sack et al., 2002; Brodribb and Holbrook, 2003b; 

Nardini et al., 2005). 

To determine the degree to which the choice of function and dataset matters, tests were 

made of the sensitivity of vulnerability curve parameters (Kmax, P50 and P80) to the choice of 

function, and, for each function, of plotting Kleaf against “unbinned Ψlowest”, “binned Ψlowest” or 

“Ψfinal”.  

Hydraulic safety margins were calculated as the difference between the Ψleaf at which the 

leaves of a given species lose turgor (πTLP; data from Scoffoni et al., 2011) and those at which 

hydraulic function was substantially lost (P50 or P80). Positive numbers indicate a safety margin, 

whereas negative numbers indicate a loss of hydraulic function even above the turgor loss point. 

 

Testing the recovery of leaf hydraulic conductance after dehydration 

Experiments were performed to test the recovery of Kleaf for leaves rehydrated after dehydration 

(method after Trifilo et al., 2003a). For the 10 species, shoots were dehydrated with a fan to a 

known Ψleaf below their respective turgor loss points (determined as described in following 

section). Leaves from each shoot were excised in air using a fresh razor blade and measured for 

Ψleaf (Ψdehydration), and other leaves were excised under ultrapure water, and rehydrated 1 h with 

petiole under water in a beaker, covered with a dark plastic bag. Following rehydration, leaves 

were equilibrated in a plastic bag for at least 10 min and either had petioles cut in air and were 



17 

 

measured for Ψleaf (Ψrehydration), or had petioles re-cut under ultrapure water and were immediately 

connected to the EFM to determine Kleaf (n = 4-12 per species). The % recovery of Kleaf was 

determined as the Kleaf after rehydration divided by the Kleaf at Ψdehydration, which was estimated 

from the species’ maximum likelihood vulnerability curve × 100%. The recovery was considered 

significant if the Kleaf after 1-h rehydration was greater than the Kleaf at Ψdehydration (t-test; Minitab 

Release 15). The recovery was determined as complete if Kleaf after 1-h rehydration was not 

significantly lower than the Kleaf at Ψrehydration which was estimated from the species’ maximum 

likelihood vulnerability curve. 

 

Testing for the recovery of leaf hydraulic conductance during EFM measurement 

As in other methods for determining leaf hydraulic vulnerability (i.e., RKM and Heat-FM; see 

Introduction), the EFM partially rehydrates the dehydrated leaf, as the petiole is connected to 

water at atmospheric pressure. We developed two analyses to test for the potential recovery of 

Kleaf during the EFM measurement. The first analysis was a test of residual variation. If Kleaf 

recovered completely during the EFM measurement, one would expect no influence of the 

dehydration treatment prior to measurement on the final Kleaf value; rather, the measured Kleaf 

would simply relate to Ψfinal, i.e., the leaf water potential during the final steady state flow. Thus, 

for each species, from the maximum likelihood vulnerability curve for the “Ψfinal” plot, the 

residuals of Kleaf against Ψfinal were calculated. These residuals represented the variation in Kleaf 

unrelated to Ψfinal. A test was made for correlation of these residuals with Ψlowest values (Minitab 

Release 15). If the residual Kleaf variation was negatively correlated with Ψlowest, there was a 

persistent impact of Ψlowest on Kleaf, independently of Ψfinal. In other words, the effect of the 

dehydration treatment persisted even at the end of the EFM measurement, and thus, the Kleaf had 

not recovered completely during the measurement. The second analysis was the calculation of an 
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index of the recoverability of Kleaf during the EFM. For each species, a sample of the 

vulnerability data was selected that was analogous to the 1-h rehydration experiment (see 

previous section). Data were selected for leaves that had been dehydrated to a Ψleaf below turgor 

loss point but that had rehydrated during the EFM measurement to Ψleaf values similar to those 

for leaves measured by the EFM after the 1-h rehydration experiment (n = 4-7 for each species). 

The % recovery of Kleaf during EFM was determined as the average measured Kleaf for this leaf 

sample divided by the Kleaf at Ψdehydration, which was estimated from the species’ maximum 

likelihood vulnerability curve × 100%. The significance of the recovery of Kleaf was tested as for 

leaves in the 1-h rehydration experiment. 

Given that some species showed a partial recovery of Kleaf with rehydration during the 

EFM (see Results), a theoretical consideration was made of how Kleaf recovery during 

measurement should influence the calculation of vulnerability parameters. Based on the diversity 

of tissues in the leaf hydraulic pathway, the vulnerability of Kleaf is expected to involve several 

components, some of which might be recoverable on a short time scale, while others might be 

reversible after a longer time scale under low tension (cf. Brodribb and Holbrook, 2006; Scoffoni 

et al., 2008). The most appropriate vulnerability plot would depend on the degree that leaves are 

recoverable in the short term (Fig. 2.1). Bounding cases were considered in which (a) leaves 

were non-recoverable in Kleaf during the measurement, (b) leaves were totally recoverable, and 

(c) leaves were partially recoverable. In case (a) in which Kleaf is non- recoverable, an accurate 

vulnerability curve would be obtained by plotting Kleaf against Ψlowest, as only the minimum Ψleaf 

during the whole experiment is important for influencing Kleaf. In case (a), plotting Kleaf against 

Ψfinal would overestimate the leaf’s vulnerability. By contrast, in case (b) in which Kleaf recovers 

completely during measurement, an accurate vulnerability curve would be determined by 

plotting Kleaf against Ψfinal, because only the Ψleaf during steady-state at the end of the 
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measurement is important for influencing Kleaf. In case (b), plotting Kleaf against Ψlowest would 

underestimate the leaf’s vulnerability. Finally, in case (c), in which Kleaf is partially recoverable, 

the accurate vulnerability curve would be intermediate between the plots of Kleaf against Ψfinal and 

against Ψlowest. Additional scenarios were not considered, e.g., if leaves recover in Kleaf 

differently depending on their degree of dehydration; notably, such scenarios should fall within 

the bounding cases considered. We tested whether the estimation of vulnerability parameters 

Kmax, P50 and P80 was improved by using for each species the plot appropriate to its Kleaf 

recovery. Thus, for the species that showed no Kleaf recovery during EFM measurement, 

parameters were re-calculated from the maximum likelihood function for the “Ψlowest unbinned” 

plot, and for the species with partial recovery, parameters were averaged from those determined 

from the “Ψfinal” and “Ψlowest unbinned” plots. These re-calculated parameters were compared 

with those determined using the “Ψlowest unbinned” for all species, as has been the most typical 

procedure in previous studies (Table S2.1).  

 

Statistical analysis of differences among species and trait correlations across species 

Trait differences between moist and dry habitat species were tested using ANOVAs with species 

nested within habitat type, and using t-tests on species means (Table 2.1; Minitab Release 15). 

All data were log-transformed to improve normality and heteroscedasticity (Sokal and Rohlf, 

1995). Correlations among traits were considered significant only if P < 0.05 for both Spearman 

and Pearson coefficients (rs and rp respectively); when relationships were non-linear, correlations 

for log-transformed data were determined. Standard major axes were fitted when determining 

slopes of relationships between traits, to account for error in both x and y-variables (using 

SMATR; Sokal and Rohlf, 1995; Warton et al., 2006). 
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RESULTS 

Vulnerability curves: species-differences in the response of Kleaf to dehydration 

The evaporative flux method (EFM) was effective for determining vulnerability curves for leaves 

dehydrated from near full turgor to beyond turgor loss point (Fig. 2.2). Leaves that had been 

previously dehydrated opened their stomata and established steady state transpiration during the 

EFM measurement, as indicated by even the lowest transpiration rates observed representing 

stomatal conductance values 2.2- to 7.3-fold higher than cuticular conductance for these species 

(Table S2.2). 

Species differed significantly in the shape of the leaf hydraulic vulnerability curves. For 

four species the linear function was selected by maximum likelihood for Kleaf plotted against 

“Ψlowest unbinned”, and for six species a non-linear function was selected (Fig. 2.2; Table S2.3). 

The logistic function was selected for five species and the sigmoidal for C. betuloides. Species 

from dry habitats had a greater tendency to show a linear decline in Kleaf as one of their selected 

functions, i.e., within AIC of 2 of the maximum likelihood function (4/5 species vs 1/5 for moist 

habitats; P = 0.018; proportion test). The slope of the vulnerability curve at Ψleaf = -0.5 MPa 

varied from -10 to -0.5 mmol m-2 s-1 MPa-2, and drought sensitive species had on average 3-fold 

steeper slopes than drought tolerant species (-6.5 vs. -1.6 mmol m-2 s-1 MPa-2 respectively; t-test; 

P = 0.009, n = 5). 

 

Vulnerability curves: sensitivity of derived parameters to the choice of function and plot  

The use of maximum likelihood to select the vulnerability function for each species based on 

plots of Kleaf against “Ψlowest unbinned” was considered to be the most appropriate practice, and 

was the one used for interpretation and comparison among species. However, because many 

previous studies have applied a single function and plot to all species’ data, we tested the 
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sensitivity of the derived vulnerability parameters to the choice of function and plot and whether 

such choices affected the resolution of species-ranking in vulnerability. Notably, the functions 

selected by maximum likelihood with AIC values within 2 of the minimum depended on the 

choice of plot, and multiple functions were often selected for given species (Fig. 2.2, Table 

S2.3). Thus, when using the “Ψlowest binned” plot, the linear function was selected for 8/10 

species, the logistic for two and the exponential for one species. By contrast, when using the 

“Ψlowest unbinned” plot, the logistic function was selected for eight species, the sigmoidal for six, 

the linear for five and the exponential for four. When using the “Ψfinal” plot, the logistic was 

selected for nine species, the exponential for eight, the sigmoidal for five and the linear for two. 

The best fit function selected using the “Ψlowest unbinned” plot was one of those selected when 

using the “Ψlowest binned” dataset for 5/10 species, and when using the “Ψfinal” plot for only 3/10 

species.  

 The estimation of vulnerability parameters Kmax, P50 and P80, was sensitive to the 

function and the plot used, but typically the values determined in different ways were correlated 

across species (Fig. 2.2, data in Table S2.4). When using the “Ψlowest unbinned” plot, the Kmax, 

P50 and P80 values generated by the four different functions, averaged across species, varied by 

12-27%, 0.21-0.76 MPa and 0.12-0.74 MPa respectively, and correlated across species in 15/18 

comparisons (rp= 0.81-0.99; P < 0.05). The use of the three plots produced Kmax values from the 

four given functions that varied on average by 3-40%, and correlated across species in 11/12 

comparisons (rp= 0.64-0.99; P < 0.05; Fig. 2.2). Notably, for a species such as Platanus, with a 

steep initial hydraulic decline, determining Kmax from a “Ψlowest unbinned” plot was critical to 

resolve its high Kmax. For P50 and P80, the use of the “Ψlowest unbinned” and “Ψlowest binned” plots 

produced values for given functions that differed on average by 0.08-0.6 MPa, and correlated 

across species in 7/8 comparisons (rp= 0.56-0.99; P < 0.05). By contrast, the use of the “Ψfinal” 
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plot produced P50 and P80 values 0.8-2 MPa less negative than when using the other plots (Fig. 

2.2; paired t-test; P < 0.05), and values were not correlated across species (rp= -0.40 to 0.48; P = 

0.11-0.81). The values of Kmax determined using the function selected using the “Ψlowest 

unbinned” or “Ψlowest binned” plots  did not differ on average across species from those 

determined by taking the mean of Kleaf values at Ψleaf of 0 to -0.5 MPa (data in Table S2.5; P = 

0.10-0.15; paired t-test). However, Kmax determined using the “Ψfinal” plot was on average 44% 

higher than Kmax determined by taking the mean of Kleaf values at Ψleaf of 0 to -0.5 MPa (P = 

0.02), but again the species’ values with the two methods were correlated (rp = 0.74; P < 0.01). 

  

Species variation in maximum Kleaf and vulnerability, and lack of an efficiency-safety trade-off 

Species were compared in the parameters determined from their maximum likelihood functions 

using the “Ψlowest unbinned” plot (Table 2.2). Species differed by more than 11-fold in Kmax, with 

no average differences between species from moist and dry habitats, though species-differences 

were significant considering Kmax as the mean of Kleaf values at Ψleaf of 0 to -0.5 MPa (ANOVA; 

P < 0.001). Species also differed strongly in their vulnerabilities, varying 32-fold in P50 and 15-

fold in P80, from the most vulnerable species (H. annuus and P. racemosa) with values less than -

1 MPa to the least vulnerable species, C. diversifolia, with P50 and P80 values of -3.54 and -5.25 

MPa respectively (Fig. 2.2). Species’ P50 and P80 values were strongly correlated (rp and rs = 

0.88-0.96, P < 0.01). Species with greater vulnerability (i.e., with less negative P50 and P80 

values) had steeper vulnerability curve slopes (rp and rs = -0.72 to -0.83, P < 0.01; data in Table 

S2.5). On average, species from dry habitats had 2.4 to 2.9-fold more negative P50 and P80 than 

species from moist habitats. 

Species with lower vulnerability had greater hydraulic safety margins. Thus, safety 

margins based on P50 were negatively correlated with P50, and safety margins based on P80 were 



23 

 

negatively correlated with both P50 and P80 (rp and rs =- 0.70 to -0.95; P < 0.05; data in Table 

S2.5). Safety margins based on P50 ranged from -1.9 to 0.17 MPa and were positive for two 

species (C. diversifolia and H. arbutifolia); thus, most species lost leaf turgor at lower Ψleaf than 

P50 as determined using the steady-state method. However, safety margins calculated from P80 

ranged from -1.7 to 2.7 MPa, and 7 species had positive safety margins. Safety margins did not 

differ between habitat types (t-test, P < 0.05). 

Both P50 and P80 were independent of Kmax across species (|rp| and |rs| = 0.37-0.62, P > 

0.05). 

 

Recovery of Kleaf with leaf rehydration and a new importance for leaf hydraulic vulnerability 

Species varied strongly in the ability to recover in Kleaf after dehydration below their turgor loss 

point (such that Kleaf declined by 57-97% depending on species) followed by 1-h rehydration 

with petiole under water (Fig. 2.3). For four species (C. diversifolia, H. annuus, L. camara, and 

M. grandiflora), , Kleaf increased 2.2 to 2.8-fold (Fig. 2.3; P < 0.05); C. diversifolia and M. 

grandiflora recovered fully in Kleaf to their expected values. Three of these species were moist-

habitat species (L. camara, H. annuus and M. grandiflora) and one was a dry-habitat species (C. 

diversifolia). The six other species showed no significant recovery. The % of recovery of Kleaf 

after rehydration did not correlate with Kmax, P50 or P80 (P > 0.05; data in Table S2.5).  

 For the six species that did not recover in Kleaf with 1-h rehydration, a nearly perfect 

correlation was found of the ability to maintain Kleaf after dehydration and rehydration episodes 

and low P50 and P80 (rs and rp = -0.94 to -0.98; P < 0.005; Fig. 2.4). Thus, among the species that 

did not recover in Kleaf with rehydration, a low vulnerability predicted the ability to retain 

hydraulic capacity despite strong, short-term dynamics in water status.  
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Testing Kleaf recovery during EFM, and its impact on the estimation of hydraulic parameters 

No species showed full recovery in Kleaf of dehydrated leaves during EFM measurements; for all 

species there was a persistent impact of dehydration. When the residuals of Kleaf against Ψfinal 

were plotted against Ψlowest (see Methods), this correlation was significant for seven species (rp = 

-0.49 to -0.79; n = 25-74; P < 0.05; Table 2.3). For the other three species (C. sasanqua, H. 

annuus and H. canariensis) the lack of significant correlation of residuals with Ψlowest did not 

imply a complete recovery of Kleaf during EFM measurement. In the case of H. annuus and H. 

canariensis, the Ψlowest values were typically the Ψfinal values because the leaves dehydrated 

further during measurement, rather than recovering in Ψleaf, and in the case of C. sasanqua, 

because the Ψlowest correlated with Ψfinal (rp = 0.53; P < 0.001) there may not have been sufficient 

residual variation for a powerful test. There were broadly consistent results in the second 

analysis of the recovery of Kleaf during the EFM measurement, i.e., the calculation of the % 

recovery of Kleaf for leaves that rehydrated over the same Ψleaf interval as the 1-h rehydration 

experiment. Again there was no evidence for total recovery of Kleaf. There was a significant 

partial recovery of Kleaf in 3/10 species (P < 0.007; Table 2.3), with Kleaf increasing by 158-

178%. Across species, the recovery of Kleaf during the EFM was positively correlated with that 

observed after 1-h rehydration (rp and rs = 0.83-0.84; P < 0.05). The % recovery of Kleaf during 

the EFM was 13% lower on average than that after 1-h rehydration, consistent with the leaf 

rehydrating a shorter period of time, under subatmospheric pressure (paired t-test; P = 0.04). 

Given that three species indicated partial Kleaf recovery during EFM measurement, an 

analysis was made of its potential influence on derived vulnerability parameters (see Methods). 

Re-calculating these species’ Kmax, P50 and P80 values while considering the partial Kleaf recovery 

produced values that were correlated with those determined using both the “Ψlowest unbinned” 

and “Ψlowest binned” plots (rs and rp = 0.57-0.99; P < 0.001 to 0.09), indicating that species 
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comparisons using those vulnerability plots are robust even despite partial Kleaf recovery. 

However, the re-calculated parameters accounting for partial recovery did not correlate with 

those determined using the “Ψfinal” plot (rs and rp = 0.08-0.30; P = 0.16-0.83). 

 

DISCUSSION 

The new steady-state evaporative flux method developed for determining the hydraulic 

vulnerability of leaves acclimated to high irradiance allowed an independent confirmation and 

extension of key relationships first shown using rehydration methods. Additionally, refined 

statistical methods for analyzing vulnerability data allowed fitting the appropriate function for 

each species and considering the effect of recovery during the measurement. These approaches 

showed novel variation among species in leaf vulnerability, and relationships with species’ 

habitat. Further, rehydration experiments quantifying the rapid recovery of Kleaf after dehydration 

indicated novel species variation, and a new role for leaf vulnerability in determining function 

after episodes of dehydration and rehydration. This work provided new insights into the 

vulnerability response, and will additionally enable higher resolution in future work investigating 

the underlying mechanisms for leaf hydraulic vulnerability. 

 

Species’ differences in Kleaf decline and potential mechanisms 

Species differed strikingly in their vulnerability parameters P50 and P80, and in the shape of their 

vulnerability curves. Notably, because species varied strongly in initial Kleaf values (Kmax) and in 

the steepness of their decline in Kleaf, P80 was useful to allow comparison of species’ 

vulnerabilities at a similar stage of their trajectory, i.e., after the steepest decline phase (Fig. 2.2), 

whereas P50 values often occurred in the middle of the steepest decline, which for some species 

occurred at very high Ψleaf. For such species the P50 may not be an effective index of drought 
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resistance. Further, we note that several species (e.g., Platanus racemosa) had very high Kmax, 

with substantial Kleaf decline before Ψleaf reached -0.5 MPa. Though part of the true range of leaf 

hydraulic behavior in such species, such very high Kleaf values are outside of the range found in 

nature, as they would not occur for leaves transpiring in vivo, in which the soil and plant 

hydraulic resistance would cause a further Ψleaf drop not experienced by leaves in the EFM. 

Species with such steep, non-linear decline were typical of moist habitat species whereas species 

with shallow, linear declines were associated with dry habitats.  

 The Kleaf decline during dehydration arises due to loss of hydraulic conductance in the 

petiole and/or vein xylem, and/or the extra-xylem pathways (Table 2.1). The importance of (1) 

cavitation due to air seeding in major veins leading to subsequent embolism was supported by 

studies showing ultra-acoustic emissions that may reflect cavitation events (Kikuta et al., 1997; 

Salleo et al., 2000; Johnson et al., 2009a), as well as dye and cryo-scanning electron microscope 

studies showing embolism in vein xylem (Salleo et al., 2001; Nardini et al., 2003; Nardini et al., 

2008; Johnson et al., 2009a), measurement of relatively low air-seedling pressures in the leaf 

petiole and midrib (Choat et al., 2005), and a correlation across species of hydraulic vulnerability 

with low major vein length per leaf area, as such leaves have less xylem redundancy to protect 

from the impact of embolism (Scoffoni et al., 2011). Another mechanism may be (2) the collapse 

of xylem conduits in the leaf veins; indeed xylem cell collapse has been found for tracheids in 

the vein of pine needles and in the transfusion tissue of a tropical conifer, at Ψleaf values as high 

as -1.5 MPa, in advance of cavitation (Cochard et al., 2004; Brodribb and Holbrook, 2005). 

Indeed, xylem cell collapse has been hypothesized to occur in the minor vein xylem in 

angiosperms too, but not yet visualized directly (Blackman et al., 2010). Additionally, Kleaf 

decline might relate to (3) the loss of turgor in living cells in the extra-xylem flow pathways 

(Brodribb and Holbrook, 2006) in particular the cells of the bundle sheath, mesophyll and 
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epidermis, which may shrink with walls retracting, and/or may undergo plasmolysis. Tissues 

with low solute potential, such as bundle sheath, might lose turgor in advance of the mesophyll 

(Giles et al., 1974; Palta and Leestadelmann, 1983; Nonami and Schulze, 1989; Canny and 

Huang, 2006). Such changes in cell volume and turgor may alter the flow pathways, and 

additionally reduce membrane permeability, e.g., via deactivation of aquaporins (Kim and 

Steudle, 2007). A final mechanism for the Kleaf decline especially in well-hydrated leaves is (4) 

the evaporation of liquid water in the cells walls during transpiration, leaving walls moist but 

with empty pores and thus lower permeability (Kim and Steudle, 2007; Lee et al., 2009; Voicu et 

al., 2009). 

The shapes of functions fitted to Kleaf data from our study using maximum likelihood 

provide several key insights and hypotheses for the action of these mechanisms and point to a 

diversity in specific impacts across species. Given that embolism or collapse of vein xylem 

conduits is a principal driver of the Kleaf decline, the linear decline observed for four species 

implies that air seeding or collapse begins at high Ψleaf for these species (see references in Table 

2.1). The linear decline also implies that conduits of different sizes tend to have approximately 

equal distributions of air seeding pressures and tendencies to collapse, and/or that a high major 

vein density provides redundancy that protects the leaf from a disproportionate effect of 

cavitation of the major vein xylem. A linear decline of Kleaf would also be consistent with a direct 

role for loss in mesophyll, epidermis or bundle sheath cell volume or turgor, or the number of 

water pathways through cell walls declining approximately linearly with Ψleaf above turgor loss 

point (Table 2.1). The logistic decline observed in five species and sigmoidal decline in C. 

betuloides indicate a qualitative difference. Given that xylem cavitation and/or collapse play a 

principal role, for these species the steep decline at high Ψleaf that slows with ongoing 

dehydration are consistent with an unequal distribution of air seeding pressures, e.g., the larger 
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vessels that confer the bulk of vein xylem conductivity cavitating and/or collapsing first, and 

smaller vessels having lower air seeding pressures or wall strength and losing function at lower 

Ψleaf (Table 2.1).  A disproportionate decline at high Ψleaf could also relate to species having low 

major vein densities and thus that embolism occurring early in these veins leading to substantial 

declines in Kleaf (Table 2.1). If  losses in cell permeability are important, the disproportionate 

decline at high Ψleaf could relate to a strong sensitivity of Kleaf to losses in volume in particular 

cells, with low solute potential, e.g, bundle sheath cells, that may shrink at high Ψleaf and/or 

undergo aquaporin deactivation (Table 2.1). If losses of cell wall pathways contribute to the loss 

of Kleaf, a disproportionate decline at high Ψleaf would be consistent with the cell walls behaving 

as observed for other porous media that show non-linear declines in conductivity with declining 

water potential, e.g., soil (Laio et al., 2001). The species-variation in vulnerability curves points 

to the critical importance of research to disentangle the specific mechanisms of Kleaf decline for 

given species. Notably, previous work has shown species variation in partitioning of hydraulic 

resistance between petiole and lamina, and among vein orders, and between the vein xylem and 

extra-xylem pathways (Trifilo et al., 2003b; Sack et al., 2004; Sack et al., 2005). These species 

differences would also result in variation in the important mechanisms underlying sensitivity to 

hydraulic decline because Kleaf would be most sensitive to declines in conductance in the 

component that accounted for the greatest part of the leaf resistance (Scoffoni et al., 2011).  

In this study we focused on the response of Kleaf to dehydration under high irradiance. We 

note that many species show an increase of Kleaf under high irradiance, and this response may 

interact with the response to dehydration (Kim and Steudle, 2007; Lee et al., 2009; Voicu et al., 

2009). The decline of conductance under low irradiance occurs in the extra-xylem tissues 

(Nardini et al., 2005); thus, under low irradiance, the extra-xylem tissues would account for a 

greater proportion of leaf resistance, and cavitation or collapse of vein xylem would have a lesser 
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impact on Kleaf, and any reduction in the permeability of extra-xylem tissues due to dehydration 

would have a stronger impact (Nardini et al., 2005; Scoffoni et al., 2008; Voicu et al., 2008). 

The interaction of the light and dehydration responses of Kleaf is an important area for future 

investigation. 

 

Quantifying the vulnerability of Kleaf: importance and limitations of the steady state method 

Since it is not yet possible to directly determine Kleaf across a full range of Ψleaf in vivo, hydraulic 

methods have been applied to excised leaves. The EFM is the latest of several approaches to 

measuring Kleaf vulnerability on excised leaves. These methods have advantages over indirect 

methods, such as the audio method, which registers amplified ultrasonic acoustic emissions 

within drying plant tissue, hypothesized to arise from cavitation (UAE; Milburn and Johnson, 

1966; Tyree and Dixon, 1983, 1986; Kikuta et al., 1997; Johnson et al., 2009a), or visual 

methods using dye or cryo-scanning electron microscopy that directly demonstrate  embolism in 

dehydrated leaves (Salleo et al., 2000; Salleo et al., 2001), and collapse of conduits in 

dehydrated conifer leaves (Cochard et al., 2004; Brodribb and Holbrook, 2005), because these 

methods do not provide information of possible extra-xylem decline, or directly measure 

hydraulic vulnerability. Hydraulic methods applied to excised leaves include, in addition to the 

EFM, the high pressure flowmeter (Nardini et al., 2001), the vacuum pump method (Lo Gullo et 

al., 2003), and the rehydration kinetics method (RKM), most frequently used for determining 

leaf hydraulic vulnerability, which estimates Kleaf from the uptake of water during rehydration by 

analogy to the charging of a capacitor in series with a resistor (RKM; Brodribb and Holbrook, 

2003a, 2004a, b, 2006; Woodruff et al., 2007; Hao et al., 2008; Woodruff et al., 2008; Blackman 

et al., 2009; Brodribb and Cochard, 2009; Johnson et al., 2009a; Johnson et al., 2009b; Saha et 

al., 2009; Blackman and Brodribb, 2011). As described in the Introduction, these methods all 
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have merits and disadvantages. The steady state EFM is independent of the RKM, and here 

confirmed and extended key findings. 

Several limitations of the EFM applied to excised leaves equally apply to the other 

methods for leaf vulnerability. These methods cannot assess the decline of Kleaf and Ψleaf that 

occurs in vivo, when xylem water is under tension, and leaf cells are equilibrated at very low 

water potentials; the xylem cells may be collapsed, leaf cells shrunken, and aquaporins 

inactivated (Cochard et al., 2002; Cochard et al., 2004; Brodribb and Holbrook, 2005, 2006; 

Canny and Huang, 2006). Excising the leaf under water relieves the tension, and some of these 

effects might be reversed rapidly. Discovery of such effects would require new in vivo methods 

for measuring Kleaf decline. In the meantime, vulnerability measured on excised leaves must be 

considered as conservative, because these methods measure only the Kleaf decline that is not 

instantly recoverable, e.g., embolism in veins, which may require many minutes to hours of low 

tension and active processes to recover (Tyree and Zimmermann, 2002; Bucci et al., 2003; 

Trifilo  et al., 2003a), and persistent effects on living tissues. Further, all the methods may be 

affected by recovery of Kleaf with rehydration during the measurement itself, but the analysis in 

this study showed that comparative estimates of hydraulic vulnerability remained robust despite 

such recovery. 

 

Linkage of vulnerability with drought sensitivity  

Species of dry habitats had lower vulnerability (i.e., lower P50 and P80) than species of moist 

habitat. This finding was consistent with that of a study of Australian species using the RKM 

(Blackman et al., 2010), here extended with the steady state method to a set of species very 

diverse in drought tolerance. This study also confirmed no trade-off across species between Kmax 

and hydraulic vulnerability, as previously reported using RKM (Blackman et al., 2010) and in a 
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meta-analysis combining data collected with different methods (Sack and Holbrook, 2006), a 

relationship frequently found for stems (Tyree and Zimmermann, 2002; Maherali et al., 2004; 

Meinzer et al., 2010). Notably, species from dry and moist habitats did not differ on average in 

their Kmax. This finding is consistent with multiple types of adaptation to drought. Some drought-

tolerant species use water sparingly via low maximum rates of gas exchange, consistent with low 

Kmax, while others conduct rapid gas exchange when water is available, consistent with high 

Kmax, and then “gear-down” during shortage, (Maximov, 1931; Grubb, 1998), as illustrated by 

species such as H. arbutifolia (maximum photosynthetic rate of 14 µmol CO2 m
-2 s-1; Valladares 

and Pearcy, 1997). 

We also found that across species P50 and P80 were strongly correlated with bulk leaf 

turgor loss point (πTLP) and osmotic potential (Scoffoni et al., 2011 ; Fig. 2.5). This finding 

confirmed and extended the correlation previously reported between P50 and πTLP for 19 species 

using the RKM (Blackman et al., 2010). A low πTLP might confer resistance to Kleaf decline 

directly, if it allows cells to preserve turgor and maintain their structural integrity at lower bulk 

Ψleaf (Blackman et al., 2010). Previous work has demonstrated the heterogeneity of solute 

potential and across lamina locations and tissues (Slavik, 1959; Nonami and Schulze, 1989; 

Koroleva et al., 1997; Koroleva et al., 2002), and the correlation with vulnerability might be 

even stronger with the turgor loss point of individual tissues important in the water flow 

pathways, e.g., the bundle sheath, rather than for the bulk leaf. 

One consequence of the correlation of vulnerability and πTLP is a mechanism for inducing 

protective stomatal closure in drought sensitive species (Brodribb and Cochard, 2009; Hao et al., 

2010). The narrow safety margins found in this study were consistent with past studies showing 

angiosperms often operating at close to cavitation thresholds (Lo Gullo et al., 2003; Brodribb 

and Holbrook, 2004a, b) in contrast with conifers and ferns which can have wide safety margins 
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(Brodribb and Holbrook, 2004b). Declines in Kleaf accelerate further declines in Ψleaf at a given 

transpiration rate, and guard cells lose turgor against the background of epidermal cell pressure 

(Franks and Farquhar, 1999; Damour et al., 2010). After that point, cuticular water loss would 

lead to slower declines of Ψleaf and of Kleaf (Pasquet-Kok et al., 2010). By contrast, in species 

with low hydraulic vulnerability, the maintenance of Kleaf would allow stomata to remain open 

without desiccating the mesophyll during diurnal water stress or soil drought (Brodribb and 

Holbrook, 2003a). This contribution of Kleaf sensitivity to stomatal control is important in whole-

plant drought tolerance (Brodribb and Cochard, 2009; Blackman et al., 2010). 

 

Species differences in Kleaf recovery and a new importance of resistance to Kleaf decline 

We found a strong, novel variation across species in the ability of dehydrated leaves to recover 

rapidly in Kleaf with 1-h of rehydration. Six species showed no recovery and four increased in 

Kleaf by 2.5- to 2.8-fold. This study thus partially confirmed one previous report of a complete 

recovery for sunflower (Trifilo et al., 2003a). Typically Kleaf did not fully recover after 1-h 

rehydration, indicating a partial irreversibility consistent with embolisms that require refilling, or 

losses of cell permeability that might require energy transduction for recovery (Bucci et al., 

2003).  

Our data on vulnerability and recovery highlighted a new importance for leaf hydraulics in 

determining performance with changing plant water status. A recent meta-analysis of data for 31 

species found that at minimum daily Ψleaf, species varied strongly in their Kleaf decline, with 

roughly half the species being below P50 (Johnson et al., 2009b). Our study showed that among 

species that did not recover rapidly in Kleaf with rehydration, a low hydraulic vulnerability 

conferred the ability to maintain Kleaf at a high value through both dehydration and rehydration. 

Species resistant to hydraulic decline could thus maintain Kleaf at high levels despite transient but 
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severe dynamics in Ψleaf, and gain a benefit in maintaining performance during diurnal water 

stress or soil drought. These findings are consistent with the correlation of low leaf hydraulic 

vulnerability and the ability of severly droughted plants to recover in transpiration after 

rewatering (Blackman et al., 2009; Brodribb and Cochard, 2009). Tests are needed of the degree 

that rapid leaf hydraulic recovery as shown in this study contributes to whole plant hydraulic 

recovery and tolerance of dynamic water regimes. 

 

ACKNOWLEDGMENTS 

We thank M. Bartlett, W. Dang, A. Gibson, P. Rundel and Y. Taniguchi for logistical assistance, 

and T. Brodribb for discussion. This research was supported by UCLA Department of Ecology 

and Evolutionary Biology, a UCLA Vavra Research Fellowship and by National Science 

Foundation Grant #0546784. 

 

 

 

 

 

 

 

 

 

 



34 

 

Table 2.1. Mechanisms that would theoretically influence the shape of the response of leaf hydraulic conductance 
(Kleaf) to dehydration (i.e., decreasing leaf water potential, Ψleaf) and thus the function that best fitted to the data. A 
linear decline implies no threshold Ψleaf before which Kleaf declines (i.e., Kleaf  declines immediately as Ψleaf 
declines), and also a proportional decline of Kleaf with Ψleaf. A non-linear decline of Kleaf with Ψleaf can include a 
threshold Ψleaf before the decline begins and/or a disproportionate decline of Kleaf as Ψleaf declines. For these 
possibilities we included three types of mechanisms—those relating to air seeding causing cavitation in the xylem 
conduits (and analogous effects would occur given collapse of xylem conduit walls), those arising from venation 
architecture, and those arising in the pathways outside the xylem. References are provided to studies of these 
potential mechanisms per se and/or on their influence on the shape of stem or leaf vulnerability curves. 

Shape of Kleaf decline  Air seeding Venation 
architecture 

Pathways outside the xylem 

Linear decline:    
No threshold before decline 
 

• If air seeding begins at high 
Ψleaf because of large pit 
membrane pore size 
(Neufeld et al., 1992 
Pammenter and Vander 
Willigen, 1998) 
 

 • If a loss of membrane 
permeability (e.g., due to 
aquaporin activity or loss of 
cell turgor) begins 
immediately as Ψleaf declines 
(Brodribb and Holbrook, 
2006) 
 

Proportional decline of  Kleaf 
with declining Ψleaf 

• If conduits of different sizes 
all have a wide range in 
maximum pit membrane 
pore size such that 
cavitation occurs equally 
across conduit sizes 
(Pammenter and Vander 
Willigen, 1998; Choat et 
al., 2005) 

• If higher major 
vein length/area 
(=vein density) 
confers hydraulic 
redundancy, such 
that first 
embolisms of the 
vein xylem 
conduits do not 
cause a dramatic 
decline (Scoffoni et 
al., 2011) 

• If membrane permeability 
declines linearly as the 
average cell tugor declines 
with Ψleaf (Kubiske and 
Abrams, 1990; Brodribb and 
Holbrook, 2006) 

• If the  Kleaf  declines due to 
loss of water-filled pathways 
through cell walls as cells 
dehydrate (Pieruschka et al., 
2010) 
 

Non-linear  decline 
(logistic, sigmoidal, 
exponential): 

   

Threshold before decline 
 
 
 

• If a threshold for air-
seeding determined by the 
largest pit membrane pore 
size leads to a retention of  
Kleaf until  a Ψleaf  threshold 
(Neufeld et al., 1992; 
Pammenter and Vander 
Willigen, 1998; Domec et 
al., 2006) 
 

 
 
 

• If there is a threshold  Ψleaf 
below which aquaporins are 
deactivated and membrane 
permability declines (North 
and Nobel, 2000; Miyazawa et 
al., 2008) 

• If the  Kleaf  is insensitive to 
turgor or turgor is maintained 
by osmotic adjustment until a 
cavitation threshold is reached 
(Brodribb and Holbrook, 
2006).  
 

Disproportionate decline of  
Kleaf with declining Ψleaf 

• If larger conduits conferring 
the bulk of the vein xylem 
conductivity have larger pit 
membrane pores or greater 
pore numbers, and cavitate 
first, followed by smaller 
conduits that have 
decreasing impact  on  Kleaf 
(Neufeld et al., 1992; 
Pammenter and Vander 
Willigen, 1998; Tyree and 
Zimmermann, 2002) 
 

• If leaves with 
lower major vein 
density suffer 
strong decline in  
Kleaf with first 
embolism of xylem 
conduits in the 
low-order veins 
(Scoffoni et al., 
2011) 

• If strong declines due to 
aquaporin deactivation occur 
at high Ψleaf  (Johansson et al., 
1998; Kim and Steudle, 2007; 
Scoffoni et al., 2008) 

• If a greater loss of turgor in 
cells with relatively weak 
solute potential (e.g., bundle 
sheath cells) during leaf 
dehydration lead to  especially 
rapid decline in Kleaf (Nonami 
and Schulze, 1989; Koroleva 
et al., 1997) 
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Table 2.2. Study species, family, native range, and mean values ± standard error for pressure volume curve parameters and leaf hydraulic vulnerability 
parameters, i.e., leaf hydraulic conductance at full hydration (Kmax), leaf water potential at 50% and 80% decline of leaf hydraulic conductance (P50 and P80), 
calculated from the maximum likelihood function for the “Ψlowest unbinned” plot, and results of t-tests on species’ means (for hydraulics parameters) and of 
analyses of variance for the difference between moist and dry area species, and among species nested within those categories (for pressure volume 
parameters).NSP > 0.05; *P < 0.025;***P < 0.001. †Croat, 1978; Kitamura and Murata, 1979; eFloras, 2008 

Species Family Native range† Kmax 
 

(mmol m-2 s-1 MPa-1) 

P50 
 

(-MPa) 

P80 
 

(-MPa) 

Turgor loss 
point 
(-MPa) 

Osmotic 
Potential 
(-MPa) 

Modulus of 
elasticity 
(MPa) 

Saturated 
water content 
(g.g-1) 

Dry habitat species :          
Cercocarpus betuloides Rosaceae 

 
California. 
Mexico 

4.36 2.76 5.25 2.59 ± 0.03 1.64 ± 0.04 10.1 ± 0.701  0.79 ± 0.02 

Comarostaphylis diversifolia Ericaceae 
 

California. 
Mexico 

2.96 2.85 4.56 3.45 ± 0.34 2.51 ± 0.34 17.3 ± 2.23  0.70 ± 0.01 

Hedera canariensis Araliacaeae 
 

Canary 
Islands 

5.73 0.64 1.18 1.98 ± 0.09 1.49 ± 0.07 17.9 ± 1.28  2.81 ± 0.09 

Heteromeles arbutifolia Rosaceae 
 

California. 
Mexico 

20.7 2.57 4.12 2.53 ± 0.10 2.08 ± 0.10 16.4 ± 0.486  1.38 ± 0.07 

Quercus agrifolia Fagaceae 
 

California. 
Mexico 

3.96 2.40 3.83 3.00 ± 0.12 2.31 ± 0.12 12.8 ± 0.787  0.93 ± 0.01 

Moist  habitat species :          
Camellia sasanqua Theaceae 

 
Japan 5.99 1.78 2.84 2.12 ± 0.18 1.61 ± 0.04 7.98 ± 1.11  1.74 ± 0.03 

Helianthus annuus Asteraceae 
 

Across N. 
America 

6.45 0.83 1.16 1.09 ± 0.12 0.875 ± 0.10 13.3 ± 1.31 11.2 ± 0.79 

Lantana camara Verbenaceae 
 

Pantropical 11.4 0.80 1.41 1.37 ± 0.04 1.10 ± 0.04 9.14 ± 0.525  2.73 ± 0.15 

Magnolia grandiflora Magnoliaceae 
 

Southern U.S. 5.24 0.42 2.06 2.06 ± 0.05 1.43 ± 0.34 5.49 ± 0.792  1.50 ± 0.07 

Platanus racemosa Platanaceae 
 

California, 
Mexico 

34.12 0.09 0.35 2.03 ± 0.06 1.54 ± 0.12 4.85 ± 0.331  1.34 ± 0.03 

Average ± SE Dry habitat species 
Moist habitat species 

 7.55 ± 3.32 
12.64 ± 5.48 

2.24 ± 0.41 
0.78 ± 0.28 

3.79 ± 0.69 
1.56 ± 0.42 

2.71 ± 0.14 
1.74 ± 0.09 

2.01 ± 0.19 
1.31 ± 0.14 

14.9 ± 1.49 
8.16 ± 1.51 

1.32 ±0.04 
3.71 ±0.21 

          
ANOVA Dry /moist 

Species 
 NS * * *** 

*** 
*** 
*** 

*** 
*** 

*** 
*** 
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Table 2.3. Results from the tests of the recovery of leaf hydraulic conductance (Kleaf) during the evaporative flux method (EFM), and during 1-hour 
rehydration in the dark. (*P < 0.05; **P < 0.01; ***P < 0.001). In the Residual test for recovery during the EFM, significance indicates that Kleaf did not 
fully recover. For the indices of Kleaf recovery during the EFM, and during the 1-hour rehydration experiments, significance before the comma indicates 
some degree of significant recovery, and significance after the comma indicates that Kleaf did not recover fully (see Methods). 

 
 
 
 
 

 
 

 
 
 
 
 

 
 
 

Species Residual test for 
recovery during EFM 

Index of recovery in 
Kleaf 

during EFM 

Index of recovery in 
Kleaf after 

1-hour rehydration 
(% Increase)  R² (n) (% Increase) 

Camellia sasanqua 0.029NS (41) 114 NS, **    58.9 NS, ***  
Cercocarpus betuloides 0.48***(70) 119 NS, **  119 NS, **  
Comarostaphylos diversifolia 0.33***(57) 178**, * 259***, NS 
Hedera canariensis 0.036 NS(41) 159**, **  150 NS, ***  
Helianthus annuus 0.017 NS(36) 124 NS, * 230**, * 
Heteromeles arbutifolia 0.62***(58)   66.4 NS, *   79.3 NS, * 
Lantana camara 0.61***(25) 161NS, **  284**, **  
Magnolia grandiflora 0.24*    (74) 158**, ***  218*, NS 
Platanus racemosa 0.35***(38) 104 NS, * 130 NS, * 
Quercus agrifolia 0.38***(46)   72.2 NS, **  113 NS, ***  
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FIGURE CAPTIONS 
Figure 2.1. A theoretical framework for the construction of vulnerability curves according to the 

degree that leaves recover in leaf hydraulic conductance (Kleaf) with rehydration. The black line 

is the “true” vulnerability curve, the grey line is the vulnerability curve plotting Kleaf against 

“Ψlowest”, and the grey dotted line is the vulnerability curve plotting Kleaf against “Ψfinal”. 

Bounding cases were considered: (a) leaves were non-recoverable in their Kleaf during the 

measurement, (b) leaves were totally recoverable in their Kleaf and (c) leaves were partially 

recoverable in their Kleaf (see Methods). 

 

Figure 2.2. Vulnerability curves for leaf hydraulic conductance (Kleaf) for 10 species varying 

widely in drought tolerance, determined using the evaporative flux method using three different 

plots (“Ψlowest unbinned”, “Ψlowest binned” and “Ψfinal”). For the “Ψlowest unbinned” and “Ψfinal” 

panels, each point represents a different leaf measured. Standard errors are represented for each 

bin point in the “Ψlowest binned” plot. The lines plotted are the maximum likelihood functions 

using each plot for each species (Table S2.3). 

 

Figure 2.3. Recovery of leaf hydraulic conductance (Kleaf) after 1-hour rehydration with petiole 

under water, for 10 species varying widely in drought tolerance. The grey curves are the best-fit 

functions of the species’ response to dehydration from Fig. 2; open and filled symbols represent 

the predicted Kleaf at the dehydrated leaf water potential, and Kleaf after 1-hour rehydration 

respectively; stars on the x-axis represent the turgor loss point. Species depicted in the upper four 

panels showed significant recovery in Kleaf (*P = 0.04; **P = 0.001; ***P < 0.001); only C. 

diversifolia and M. grandiflora showed total recovery. Species depicted in the lower panels 

showed no significant recovery in Kleaf. 
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Figure 2.4. The ability of hydraulic vulnerability to predict the degree that leaf hydraulic 

conductance (Kleaf) was maintained after strong dehydration and rehydration for 1-hour with 

petiole in water, calculated as Kleaf after rehydration divided by maximum Kleaf (Kmax). Filled dots 

represent species without recovery of Kleaf and open dots species that did show recovery of Kleaf. 

The line was fitted only for species without recovery of Kleaf (** P = 0.005; ***P < 0.001). 

Figure 2.5. Correlation of the leaf water potential at 80% loss of leaf hydraulic conductance 

(P80) with osmotic potentials (a) at full turgor (πo) and (b) at turgor loss point (πTLP), for ten 

species of a wide range of drought tolerance. Fitted standard major axes: (a)	π' = 0.30 × ,-" +
0.85; (b)	π012 = 0.42 × ,-" + 1.1, Data for πo and πTLP from Scoffoni et al. (2011). 
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Figure 2.1 
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Figure 2.2 

 

 

 

 



41 

 

 

 

 

 

 

Figure 2.3 
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Figure 2.4 

 

 

 

 

 

 

 

 

 



43 

 

 

 

 

 

Figure 2.5 
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SUPPLEMENTAL MATERIAL 

Table S2.1. A summary of previous studies of leaf hydraulic vulnerability on whole leaves, indicating the 

various methods used, the different functions fitted to the data, and whether the data were binned or not 

before line-fitting.  

 

Table S2.2. Minimum and maximum transpirational flow rates (E) for each species measured with the 

evaporative flux method and corresponding estimated stomatal conductances (g), and cuticular 

conductances for these species. 

 

Table S2.3. Parameters for the decline of leaf hydraulic conductance (Kleaf) with declining leaf water 

potential for 10 species, fitted with four different functions, R² for observed values plotted against 

predicted values from the fitted function, and values for the Akaike Information Criterion (AIC). For each 

function, three plots were tested for Kleaf against leaf water potential: (1) “Ψlowest unbinned”, (2) “Ψlowest 

binned”, (3) and “Ψfinal” (see “Methods” for additional information). Bold and grey shading indicate the 

best fit model(s) for each plot for each species. Cells were left blank when the maximum likelihood 

parameters were extremely large or small values. 

 

Table S2.4. (spreadsheet file) Parameters of leaf hydraulic vulnerability curves (Kmax, P50 and P80) 

determined by fitting four functions to the data for each species (linear, sigmoidal, logistic and 

exponential) and using three kinds of plots (“Ψlowest unbinned”, “Ψlowest binned” and” Ψfinal”).  

 

Table S2.5 (spreadsheet file) Species means ± standard errors for leaf hydraulic vulnerability parameters 

and pressure-volume parameters for 10 species ranging widely in drought tolerance. 
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Table S2.1. A summary of previous studies of leaf hydraulic vulnerability on whole leaves, indicating the various methods 
used, the different functions fitted to the data, and whether the data were binned or not before line-fitting. *Functions were 
selected for apparent fit “by eye” in most studies, though two studies used maximum likelihood to select the sigmoidal over a 
linear function for their species and method (Johnson et al., 2009a; Johnson et al., 2009b).  
 
Study Measurement method Function fitted* Plot for fitting 

function 
Kikuta et al., 1997 UAE No function Ψlowest unbinned 
Salleo et al., 2000 UAE No function Ψlowest unbinned 
Nardini et al., 2001 UAE/VPM Polynomial Ψlowest binned 
Salleo et al., 2001 UAE /Visual No function Ψlowest unbinned 
Brodribb and Holbrook, 2003a RKM Cumulative normal distribution  Ψlowest unbinned 
Lo Gullo et al., 2003 UAE /VPM Polynomial Ψlowest unbinned 
Nardini et al., 2003 VPM/Visual Sigmoidal Ψlowest binned 
Nardini and Salleo, 2003 UAE/HPFM No function Ψlowest unbinned 
Salleo et al., 2003 VPM/ Visual Polynomial Ψlowest binned 
Trifilo  et al., 2003a VPM Linear (� = �5 + 6) Ψlowest unbinned 
Trifilo  et al., 2003b VPM/Visual Linear (� = �5 + 6)  Ψlowest unbinned 
Brodribb and Holbrook, 2004a RKM Cumulative normal distribution Ψlowest unbinned 
Brodribb and Holbrook, 2004b RKM Cumulative normal distribution Ψlowest binned 
Brodribb and Holbrook, 2006 RKM/ Heat-FM Linear (� = �5 + 6) and sigmoidal (� = 	 � (1 + #$((�$��) %)⁄⁄ )) Ψfinal 
Brodribb and Holbrook, 2007 Heat-FM Linear (� = �5 + 6) and sigmoidal (� = 	 � (1 + #$((�$��) %)⁄⁄ )) Ψfinal 
Woodruff et al., 2007 RKM Sigmoidal (� = 	� (1 + #$((�$��) %)⁄⁄ )) Ψlowest unbinned 
Hao et al., 2008 RKM Sigmoidal Ψlowest unbinned 
Woodruff et al., 2008 RKM for Kshoot as proxy for Kleaf Logistic (� =	 � (1 + (5 5")⁄ %⁄ )) Ψlowest binned 
Blackman et al., 2009 RKM Sigmoidal (� = 	� (1 + #$((�$��) %)⁄⁄ )) Ψlowest unbinned 
Brodribb and Cochard, 2009 Dynamic RKM Sigmoidal (� = 	� (1 + #$((�$��) %)⁄⁄ )) Ψlowest unbinned 
Chen et al., 2009 DKM Sigmoidal (� = 	� (1 + #$%(�$8))⁄ ) Ψlowest binned 
Johnson et al., 2009a UAE/RKM Linear and sigmoidal Ψlowest unbinned 
Johnson et al., 2009b RKM Sigmoidal (� = 	� (1 + #$((�$��) %)⁄⁄ )) Ψlowest unbinned 
Saha et al., 2009 RKM No function Ψlowest unbinned 
Blackman et al., 2010 Dynamic RKM Sigmoidal (� = 	� (1 + #$((�$��) %)⁄⁄ )) Ψlowest unbinned 
Abbreviations: DKM, dehydration kinetics method; Heat-FM, evaporative flux method with heat gun; HPFM, high pressure 
flow method; RKM, rehydration kinetics method; UAE, ultrasonic acoustic emissions; Visual, visual method using dyes (i.e., 
Fluorescein, Phloxine B); VPM, vacuum pump method.  
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Table S2.2. Minimum and maximum transpirational flow rates (E) for each species 
measured with the evaporative flux method and corresponding estimated stomatal 
conductances (g), and cuticular conductances for these species. The g was determined by 
dividing by laboratory average mole fraction vapor pressure deficit (0.015 mol mol-1). 
Means ± standard errors are reported for the five highest and five lowest E and g values 
for each species (Ehighest, Elowest, ghigest and glowest respectively). 
Species Ehighest ± SE  

(mmol·m-2·s-
1) 

Elowest ± SE 
(mmol·m-2·s-

1) 

ghighest 

(mmol·m-2·s-1) 
         glowest 

(mmol·m-2·s-1) 
gmin

*
 

(mmol·m-2·s-
1) 

Camellia sasanqua 1.52 ± 0.091 0.453 ± 0.047 101 ± 6.70 30.2 ± 3.14 1.77 ± 0.13 
Cercocarpus betuloides 2.82 ± 0.199 0.300 ± 0.037 188 ± 13.2 20.0 ± 2.48 3.99 ± 0.41 
Comarostaphylos diversifolia 2.28 ± 0.056 0.314 ± 0.087 152 ± 3.73 20.9 ± 5.78 2.87 ± 0.35 
Hedera canariensis 2.30 ± 0.111 0.226 ± 0.032 153 ± 7.43 15.04 ± 2.15 0.44 ± 0.03 
Helianthus annuus 4.30 ± 0.191 0.618 ± 0.089 286 ± 12.7 41.2 ± 5.95 18.3 ± 1.92 
Heteromeles arbutifolia 5.57 ± 0.087 0.156 ± 0.023 384 ± 5.80 10.4 ± 1.50 4.21 ± 1.22 
Lantana camara 4.73 ± 0.116 0.618 ± 0.088 315 ± 7.70 41.2 ± 5.88 12.0 ± 0.85 
Magnolia grandiflora 1.51 ± 0.146 0.286 ± 0.041 100 ± 9.76 19.1 ± 2.72 3.88 ± 0.41 
Platanus racemosa 2.66 ± 0.170 0.545 ± 0.150 177 ± 11.4 36.3 ± 10.0 6.61 ± 0.41 
Quercus agrifolia 1.14 ± 0.074 0.152 ± 0.006 76.0 ± 4.96 10.1 ± 0.43 1.72 ± 0.23 

* data from Scoffoni et al., 2011 
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Table S2.3. Parameters for the decline of leaf hydraulic conductance (Kleaf ) with declining leaf water potential for 10 species fitted with four different functions, R² for observed values plotted 
against predicted values from the fitted function, and values for Akaike Information Criterion (AIC). For each function, three plots were tested for Kleaf against leaf water potential: (1) “Ψlowest 
unbinned”, (2) “Ψlowest binned”, (3) and “Ψfinal” (see “Methods” for additional information). Bold and grey shading indicate the best fit model(s) for each plot for each species. Cells were left blank 
when the maximum likelihood parameters were extremely large or small values. 
 

Species Plot LINEAR:  ����� = �	Ψ���� 	+ �� SIGMOIDAL: ����� = � (1 + #$(Ψ�����9�: )⁄ ) LOGISTIC:  ����� = 	�/(1 + (	Ψ����
�� )!) EXPONENTIAL: ����� = �" + 	ae$!×Ψ���� 

  a y0 r² AIC a b  x0 r² AIC a B x0 r² AIC a b y0 r² AIC 
C.  (1) -0.60±0.07 4.01±0.25 0.49 217.24 7.09±5.76 -2.16±1.06 1.01±3.53 0.52 215.81 4.02±0.49 2.06±0.76 2.94±0.54 0.51 216.56 5.24±1.38 0.23±0.13 -0.66±1.59 0.52 216.14 
   betuloides (2) -0.56±0.08 4.00±0.30 0.78 28.15      4.43±0.82 1.14±0.59 2.59±0.92 0.82 30.84 4.58±1.11 0.27±0.18 0.02±1.36 0.83 30.36 

 (3) -1.46 ±0.27 3.31±0.25 0.29 240.75      9.43±14.1 0.82±0.49 0.13±0.42 0.38 234.25 4.36±0.74 1.72±0.90 0.59±0.65 0.36 235.55 
                     
C. (1) -0.52±0.06 2.96±1.78 0.54 130.60 3.09±1.49 -1.32±0.10 2.81±1.71 0.53 134.94 7.06±12.6 0.60±0.47 0.23±0.13 0.52 136.01      

   diversifolia (2) -0.53±0.08 2.95±0.24 0.80 19.08 2.55±0.47 -0.83±0.50 3.30±0.50 0.59 27.21 2.33±0.21 5.56±2.82 3.44±0.28 0.78 25.75      

 (3) -0.50± 0.06 2.62±0.12 0.64 116.45      5.13±1.80 1.08±0.27 0.49±0.33 0.74 101.97 3.70±0.38 0.91±0.23 0.22±0.21 0.73 103.32 
                     
H.  (1) -4.02±0.42 20.7±1.22 0.61 350.53 34.7±34.1 -1.73±0.95 0.87±3.45 0.60 354.64 22.3 ±3.95 1.52±0.57 1.95±0.68 0.58 357.58 56.8±82.0 0.09±0.16 -35.3±83.4 0.61 352.534 

   arbutifolia (2) -3.94±0.41 20.2±0.53 0.84 56.74 54.9±163 -2.06±0.79 -0.79±10.2 0.82 63.97 23.0±5.63 1.40±0.59 1.73±0.84 0.80 65.19 63.8±156 0.07±0.22 -42.9±158 0.84 62.64 

 (3) -19.2±4.44 17.0±1.71 0.24 389.29      20.8 ±7.11 1.61±0.78 0.29±0.14 0.28 389.02 22.0±4.78 3.29±2.39 1.97±5.15 0.27 389.17 
                     

H. (1) -1.53±0.18 3.79±0.30 0.63 121.51 26.7±53.3 -0.59±0.15 -0.60±0.15 0.87 79.75 5.74±0.57 2.27±0.34 0.64±0.08 0.88 79.13 7.49±0.57 1.55±0.21 0.05±0.21 0.88 79.92 
   canariensis (2) -1.61±0.39 4.06±0.69 0.74 33.21      5.88±0.22 2.24±0.12 0.63±0.03 0.999 31.95 8.10±0.19 1.73±0.07 0.15±0.05 0.999 31.30 
 (3) -1.71±0.24 3.68±0.33 0.56 129.08 15.7±16.8 -0.45±0.13 -0.08±0.80 0.83 91.89 5.75±0.63 2.53±0.44 0.60±0.07 0.84 91.06 7.98±0.73 1.73±0.27 -0.06±0.07 0.83 92.45 
                     

Q.  (1) -0.83±0.12 3.96±0.29 0.49 141.72 3.99±0.82 -0.93±0.43 2.39±0.53 0.50 143.46 3.45±0.28 3.77±1.53 2.61±0.24 0.50 143.55      

   agrifolia (2) -0.78±0.16 3.95±0.42 0.75 26.96 3.76±0.87 -0.88±0.54 2.71±0.63 0.76 35.68 3.37±0.35 4.21±2.07 2.86±0.33 0.77 35.39      

 (3) -0.86±0.25 2.68±0.22 0.20 162.96 3.17±0.60 -0.09±0.08 0.37±0.05 0.32 157.64 2.98±0.28 4.94±2.93 0.37±0.05 0.32 157.50 3.77±0.83 2.07±0.92 0.04±0.70 0.31 158.56 
                     

C. (1) -1.69±0.33 5.99±0.52 0.39 160.18 5.53±0.78 -0.54±0.24 1.93±0.23 0.41 161.08 5.26±0.48 3.49±1.44 1.94±0.20 0.42 160.93      

   sansanqua (2) -1.90 ±0.29 -6.22±0.48 0.88 28.43 5.46±0.46 -0.47±0.12 1.90±0.14 0.94 54.56 5.27±0.32 3.93±0.98 1.88±0.13 0.94 54.4      

 (3) -3.36±0.78 4.98±0.40 0.31 168.09      13.8±13.2 1.05±0.54 0.10±0.18 0.54 153.60 8.95±1.54 4.09±1.52 0.86±0.90 0.54 154.24 
                     

H. (1) -4.63±0.76 7.50±0.73 0.51 153.57 7.41±2.06 -0.24±0.12 0.78±1.17 0.58 150.94 6.45±0.75 4.15±1.45 0.83±0.08 0.59 149.49 11.71±1.80 1.17±0.72 -1.20±2.61 0.55 152.99 

   annuus (2) -3.88±0.82 6.80±0.88 0.76 34.45 6.17±1.10 -0.19±0.11 0.88±0.10 0.86 44.68 5.83±0.59 4.96±1.80 0.88±0.07 0.88 43.47 10.83±2.49 0.92±0.75 -1.82±3.66 0.81 46.98 

 (3) -4.28±0.92 6.64±0.77 0.38 162.26 5.61±0.76 -0.13±0.07 0.79±0.07 0.44 160.78 5.48±0.58 5.72±2.55 0.79±0.07 0.46 159.77 11.1±5.66 0.74±0.86 -3.18±6.96 0.39 164.01 

                     

L. (1) -5.40±0.52 10.8±0.67 0.81 103.21 34.6±55.5 -0.61±0.21 -0.19±1.54 0.89 91.66 11.4±1.44 2.43±0.49 0.80±0.12 0.89 91.17 16.4±1.33 1.31±0.36 -0.20±1.19 0.89 91.89 
   camara (2) -5.12±0.74 10.6±1.01 0.90 44.53 38.5±13.3 -0.63±0.04 -0.29±0.33 0.999 Inf 11.4±0.06 2.45±0.02 0.81±0.01 0.999 Inf 16.50±0.35 1.29±0.09 -0.23±0.28 0.998 Inf 

 (3) -5.27±1.16 8.71±1.04 0.44 130.84 7.73±2.03 -0.23±0.16 0.87±0.18 0.47 132.46 7.11±0.96 4.31±2.32 0.89±0.13 0.47 132.22 17.1±19.1 0..49±0.93 -7.35±21.0 0.45 133.36 

                     

M. (1) -0.58±0.08 2.54±0.19 0.40 194.76      5.24±2.62 0.87±0.29 0.42±0.50 0.48 187.02 3.22±0.63 1.14±0.67 0.68±0.33 0.46 189.47 

   grandiflora (2) -0.55±0.10 2.47±0.28 0.76 21.07      21.4±34.6 0.75±0.13 0.03±0.09 0.89 20.94 3.33±0.48 0.71±0.41 0.22±0.49 0.86 23.66 

 (3) -0.68±0.11 2.06±0.16 0.32 203.52           7.43±1.50 4.49±0.94 0.64±0.15 0.67 153.15 
                     

P. (1) -3.25±0.63 7.28±0.90 0.46 154.75      34.1±23.2 1.06±0.23 0.09±0.11 0.82 121.24 19.45±2.73 3.39±0.64 1.53±0.38 0.81 123.73 

   racemosa (2) -2.87±0.83 7.08±1.42 0.66 40.80           20.2±6.28 2.89±0.95 1.06±0.41 0.95 58.91 

 (3) -4?92±1.08 6.73±0.90 0.39 158.119           20.4±5.97 6.41±2.33 1.63±0.58 0.69 139.85 
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CHAPTER 3 

DECLINE OF LEAF HYDRAULIC CONDUCTANCE WITH DEHYDRATION: 

RELATIONSHIP TO LEAF SIZE AND VENATION ARCHITECTURE 

 

ABSTRACT 

Across plant species, leaves vary enormously in their size and their venation architecture, of 

which one major function is to replace water lost to transpiration. The leaf hydraulic conductance 

(Kleaf) represents the capacity of the transport system to deliver water, allowing stomata to 

remain open for photosynthesis. Previous studies showed that Kleaf relates to the vein density (= 

vein length per area). Additionally, venation architecture determines the sensitivity of Kleaf to 

damage; severing the midrib caused Kleaf and gas exchange to decline, with lesser impacts in 

leaves with higher major vein density that provided more numerous water flow pathways around 

the damaged vein. Because xylem embolism during dehydration also reduces Kleaf, we 

hypothesized that higher major vein density would also reduce hydraulic vulnerability. Smaller 

leaves, which generally have higher major vein density, would thus have lower hydraulic 

vulnerability. Tests using simulations with a spatially explicit model confirmed that smaller 

leaves with higher major vein density were more tolerant of major vein embolism. Additionally, 

for ten species ranging strongly in drought tolerance, hydraulic vulnerability determined as the 

leaf water potential at 50% and 80% loss of Kleaf was lower with greater major vein density and 

smaller leaf size (|r| = 0.80-0.86; P < 0.01). These relationships were independent of other 

aspects of physiological and morphological drought tolerance. These findings point to a new 

functional role of venation architecture and small leaf size in drought tolerance, potentially 

contributing to well-known biogeographic trends in leaf size. 
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INTRODUCTION 

The leaf venation architecture has common functions across plant species, serving for 

mechanical support (Niklas, 1999), sugar and hormone transport (Kehr and Buhtz, 2008), and the 

replacement of water lost to transpiration during photosynthesis (Sack and Holbrook, 2006). 

However, venation architecture is highly diverse across species (Uhl and Mosbrugger, 1999; 

Roth-Nebelsick et al., 2001; Sack and Frole, 2006; Ellis et al., 2009; Brodribb et al., 2010). In 

dicotyledons, the leaf venation system typically consists of three orders of major veins and up to 

five higher orders of minor veins embedded in the mesophyll, with the vein orders arranged in a 

hierarchy; lower order veins are larger in diameter, with greater xylem conduit numbers and 

sizes, whereas higher order veins have greater length per area (= vein density; Sack and 

Holbrook, 2006; McKown et al., 2010). Species vary strongly in the density of given vein orders 

and their conductivities (Cochard et al., 2004b; Sack and Frole, 2006). The aim of this study was 

to test for novel functional consequences of variation in leaf venation architecture and leaf size, 

and particularly a role in drought tolerance.  

The leaf is a critical component in the plant water transport system, accounting for 30% 

or more of whole-plant hydraulic resistance (Sack and Holbrook, 2006). The leaf hydraulic 

conductance (Kleaf; flow rate / water potential driving force, i.e., the inverse of hydraulic 

resistance) quantifies a complex microhydrological system, including the conductances in series 

of the vein xylem (Kx) and the mesophyll pathways outside the xylem (Kox). The venation 

architecture is thus an important determinant of Kleaf and its dynamics. Total vein density is a 

determinant of both Kx and Kox, because, all else being equal, higher densities represent more 

numerous xylem flow pathways in parallel per leaf area, and shorter pathways for water 

movement outside the xylem (Sack and Frole, 2006; Brodribb et al., 2007; McKown et al., 

2010). Additionally, venation structure may contribute to the ability of Kleaf to withstand vein 
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damage (Sack et al., 2008). Minor veins had been classically hypothesized to provide 

“conductive overload”, consisting of many parallel pathways for water flow such that a leaf 

could tolerate hydraulic disruption of major veins (Wylie, 1938). However, detailed studies 

found that Kleaf, stomatal conductance and photosynthesis were very sensitive to damage of the 

large major veins, which supply water to the downstream vein hierarchy (Nardini et al., 2001; 

Huve et al., 2002; Nardini and Salleo, 2003; Sack et al., 2003a; Salleo et al., 2003; Delaney and 

Higley, 2006). Additionally, the impact of severing the midrib near its base differed among 

species. The decline of Kleaf was lower in palmately-veined species with greater major vein 

density providing flow pathways around the disrupted vein (Sack et al., 2008). The impact of 

midrib damage on Kleaf also varied among pinnately veined species. Smaller leaves, with their 

major veins spaced more closely and thus greater major vein densities, had greater tolerance of 

midrib damage (Sack et al., 2008). 

Just as for leaves with damaged veins, Kleaf declines in dehydrating leaves, resulting in 

reductions of leaf gas exchange and whole plant growth (Salleo et al., 2000; Brodribb and 

Holbrook, 2003; Sack and Holbrook, 2006; Johnson et al., 2009b). The Kleaf decline with 

dehydration arises at least in part from embolism in the vein xylem (Kikuta et al., 1997; Salleo et 

al., 2000; Salleo et al., 2001; Nardini et al., 2003; Trifilo et al., 2003a; Trifilo et al., 2003b; 

Cochard et al., 2004a; Brodribb and Holbrook, 2005; Choat et al., 2005; Brodribb et al., 2009; 

Johnson et al., 2009a). Cavitation in turn will depend on the intrinsic vulnerability of each vein, 

with major veins likely to be more vulnerable because of their long and wide conduits (Choat et 

al., 2005). We hypothesized that higher major vein density, by providing transport pathways 

around embolised major veins, would confer tolerance of Kleaf to dehydration, i.e., more negative 

Ψleaf values at 50% and 80% loss of Kleaf (P50 and P80 respectively). Such a role for leaf venation 

could be important in the optimization of leaf size. Leaf size is highly variable across 
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environments, with smaller leaves more frequent in dry habitats, both within and among species 

(Givnish, 1987; Sultan and Bazzaz, 1993; Gibson, 1998; Cunningham et al., 1999; Ackerly, 

2003, 2004), as well as among community assemblages (Dolph and Dilcher, 1980; Fonseca et 

al., 2000). One advantage for small leaves is their thinner boundary layer enabling more rapid 

convective cooling (Vogel, 1968, 1970; Parkhurst and Loucks, 1972; Gibson, 1998; Vogel, 

2009; Nobel, 2010). There may additionally be a direct hydraulic benefit of small leaves, if their 

greater major vein redundancy protects Kleaf from decline and thus contributes to drought 

tolerance. To test these hypotheses, we conducted computer simulations of the impact of vein 

cavitation on Kleaf. We compared theoretical results with experimentally-measured relationships 

among leaf hydraulic vulnerability, leaf size, venation architecture and other aspects of leaf 

drought tolerance for species diverse in leaf form and drought sensitivity. 

 

MATERIAL AND METHODS 

Computer simulations of the importance of vein architecture in leaf hydraulic vulnerability 

Simulations of the impact of cavitation in leaves with varying venation architecture were 

generated using the program K_leaf, version 6 (written by H. Cochard, Institut National de la 

Recherche Agronomique, Clermont-Ferrand, France; Cochard et al., 2004b; McKown et al., 

2010; available on request, Herve.Cochard@clermont.inra.fr). Based on specified parameters, 

K_leaf creates a spatially explicit model of a leaf with up to six vein orders represented as a 

square grid of xylem resistors and outside-xylem resistors (“mesophyll” resistors) branching 

orthogonally from each junction of the vein grid. In modeled leaves, water exits through the 

mesophyll resistor located at each vein junction, and the bulk of the water thus exits from the 

numerous minor veins. The model determines three parameters, Kx (leaf xylem conductance per 

leaf area), Kox (outside-xylem conductance per leaf area), and Kleaf, where: 
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Kleaf = (Kx
-1 + Kox

-1) -1)      eqn 1 

for leaves given specified size, densities and cross-sectional conductivities for each vein order, 

and mesophyll conductance. Simulations were modeled using an elliptical leaf with 12 pairs of 

second-order veins (2o veins) and with vein densities and conductivities based on those for a 

Juglans regia terminal leaflet (Cochard et al. 2004). Our findings should be applicable to other 

leaves with hierarchical, reticulate venation (McKown et al., 2010). Individual vein 

conductivities (kv) were based on estimations from xylem conduit lumen dimensions in Juglans 

vein cross-sections using the formula:  

 	�� =� � ��	
	
��
(���
�)�

	
	      eqn 2 

where a and b are the major and minor axes of ellipses, and η is the viscosity of water at 25°C 

(units are mmol m s-1 MPa-1; Lewis and Boose, 1995; Cochard et al., 2004b; Sack and Frole, 

2006). The Kx calculated by the model depends on the individual vein order conductivities and 

densities, and Kox depends on the specified mesophyll conductance and the total vein density, 

which determines the number of junctions and thus of mesophyll resistors in parallel. 

Values of Kx, Kox, and Kleaf were determined in typical units, normalized by leaf area 

(mmol m-2 s-1 MPa-1). The relative responses of Kx, Kox and Kleaf to alteration of venation features 

in our simulations are expected to accurately indicate relative trends and principles of leaf 

venation design; however, the empirical values are not to be taken as meaningful, and units are 

not presented in our simulation results. For instance, the simulations based on the Juglans leaflet 

anatomical data set produced a Kx of 462 mmol m-2 s-1 MPa-1, which is very high relative to 

experimentally measured Kx and many times greater than measured Kox (Cochard et al., 2004b). 

Cochard et al. (2004b) introduced the “xylem hydraulic efficiency” parameter in K_leaf (XHE; 

modeled Kx divided by measured Kx) to calibrate the modeled Kx with measured values and thus 
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to account for other factors than xylem conduit numbers and diameters that cannot currently be 

modeled, such as pit membrane resistance (Sperry et al., 2005) or conduit blockage by embolism 

or tyloses (Salleo et al., 2002; Choat et al., 2005). In our simulations, XHE was set to 1. While 

not significant for this study, future work should better reconcile modeled Kx with 

experimentally measured values (McKown et al., 2010). 

For this study, we focused on the impacts of simulated cavitation on Kx values, which 

would result in a reduction of Kleaf, by a degree that depends on the value of Kx relative to Kox. 

The ratio of Kox and Kx depends on species and on environmental variables that affect these 

compartments differently, but the available data suggest that Kox and Kx are of similar 

magnitudes on average (Sack and Holbrook, 2006), and in that case, a given decline of Kx would 

reduce Kleaf by approximately half that amount. We also note that dehydration could also impact 

on the extra-xylem pathways, e.g., due to cell shrinkage and/or aquaporin deactivation (Kim and 

Steudle, 2007), which would lead to stronger overall impacts on Kleaf. 

The program generates leaves of a specified size and number and arrangement of 2o 

veins, from which it determines the 2o vein density. Thus, designating leaves of given sizes leads 

to the 2o veins being spaced further apart, just as observed in real leaves (Sack et al., 2008; see 

Results). The density of the minor veins (in this model, 3o and higher) depends on the areole size, 

which is specified independently, and thus is manipulated independently of major vein density. 

We altered leaf size (and thus the density of 1o and 2o veins) and also minor vein densities, 

simulating a total of 42 leaves of six different sizes (4.8 to 65.4 cm²), associated with a 3.5-fold 

range of major vein densities (0.15-0.53 mm mm-2) × seven different minor vein densities 

(spanning a 3.5-fold range; 2.8-8.7 mm mm-2). For each leaf, we additionally applied cavitation 

“treatments” to determine the impact on Kx: (1) To test the impact of cavitating the major veins, 

we reduced the cross-sectional conductivities of the 1o and 2o veins by 90%, to simulate the great 
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majority of vessels being cavitated; and (2) To test the impact of cavitating the minor veins, we 

reduced the cross-sectional conductivities of the 3o, 4°, 5° and 6° veins by 90%. For the 

simulated leaves of contrasting venation architecture, we present the percent loss of conductance 

of Kx that resulted from these treatments, i.e., the decline relative to a control, uncavitated leaf. 

 

Plant material and leaf hydraulic vulnerability 

Leaf hydraulic vulnerability was determined for ten species sampled in and around the campus of 

University of California, Los Angeles and Will Rogers State Park, Los Angeles, California in 

May-September 2008 (Table 3.1). Leaves were collected from mature trees and shrubs of nine 

species. Leaves from sunflowers (Helianthus annuus, var. Sunspot; Botanical Interests, 

Colorado, USA) were collected from greenhouse plants grown from seeds in 3.6 L pots (average 

minimum, mean and maximum values for temperature: 21.1, 23.2 and 26.0oC; for humidity: 44, 

51 and 59%). Sunflowers were irrigated every two days, with 200-250 ppm of 20:20:20 N:P:K; 

the light availability measured at mid-day on a sunny day was up to 550 µmol photon · m-2 · s-1, 

and on average 300 µmol photon · m-2 · s-1 (LI-250 light meter; LI-COR Biosciences, Lincoln, 

Nebraska, USA). Species spanning a wide range of drought sensitivity were selected across nine 

families to include phylogenetic diversity. Five species were native to dry habitats and five 

species to moist habitats (Table 3.2). 

 Mature, healthy leaves were excised from sun-exposed branches rehydrated overnight. 

We used the evaporative flux method (EFM) to determine leaf vulnerability curves. We 

measured Kleaf as the light-acclimated steady-state transpirational flow rate for excised leaves (E, 

mmol · m-2 ·  s-1) divided by the water potential driving force (∆Ψleaf, MPa; Sack et al., 2002; 

Scoffoni et al., 2008). The EFM was modified to allow determination of Kleaf at low Ψleaf. Shoots 

were cut into segments of three or more leaves under ultrapure water, and dehydrated with a fan 
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for different periods of time to achieve a range of Ψleaf values. Shoots were allowed to equilibrate 

for at least 30 min and then two leaves were excised and measured for initial Ψleaf (Ψo) using a 

pressure chamber (Plant Moisture Stress Model 1000; PMS Instrument Co, Albany, OR, USA). 

The third leaf (typically the middle leaf) was used to determine Kleaf with the EFM. The 

vulnerability curve was obtained by plotting Kleaf against whichever was lowest, Ψo or Ψfinal 

(“Ψlowest”), assuming this to be the Ψleaf associated with the strongest dehydration experienced 

during the experiment (bench-drying and Kleaf measurement). Species show different shapes in 

their vulnerability curve trajectories, as expected given variation in the importance of multiple 

mechanisms for the decline of Kleaf with dehydration (Brodribb and Holbrook, 2006). Thus, we 

determined each species’ vulnerability curve, selecting among four functions used in the 

previous literature using maximum likelihood (Burnham and Anderson, 2002), using the optim 

function in R 2.9.2 (http://www.r-project.org; Burnham and Anderson, 2004; Sack et al., 2006; 

our scripts are available on request): linear (����� = �	Ψ���� 	+ ��), sigmoidal (����� =
�

�����	
 !"#$	–&'( )

	), logistic (����� = 	�/(1 + (	,!"#$-' ).)) and exponential (����� = �/ 	+ �01
,!"#$). 

We used the best fit function for each species to estimate the maximum Kleaf for the hydrated leaf 

(Kmax), and the Ψleaf at 50% and 80%  loss of Kleaf (P50 and P80 respectively). 

 

Quantification of leaf form and venation architecture 

We determined venation traits for leaves from one leaf from an exposed branch for three 

individuals per species, from the same individuals measured for hydraulic vulnerability. Leaves 

were collected in May-September 2007 and fixed in formalin-acetic-acid solution (37% aqueous 

formaldehyde solution, 50% ethanol and 13% glacial acetic acid solution). Leaves were 

chemically cleared with 5% NaOH in ethanol, stained with safranin and counterstained with fast-
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green (Berlyn and Miksche, 1976). Leaves were mounted with water in transparency film 

(CG5000, 3M Visual Systems Division, Austin, TX, USA) and scanned (flatbed scanner; Canon 

Scan Lide 90; 1200 pixels/inch). The leaf area, length, width, perimeter, and numbers and 

lengths of 1o and 2o veins were measured using Image J software, v. 1.42q (U. S. National 

Institutes of Health, Bethesda, Maryland, USA). Two indices of leaf shape were calculated: the 

length: width ratio and the perimeter²: area ratio (a size-independent index of edge relative to 

size; Sack et al., 2003b). The 3o vein lengths were measured for three rectangles per leaf (10 to 

300 mm², depending on leaf size), located centrally in the top, middle and bottom thirds of the 

leaf. For each vein order, the vein density was calculated as length divided by leaf area; for 3o 

veins, the vein densities were averaged across the three subsampled rectangles. Vein diameters, 

excluding the bundle sheath, were measured for each vein order by averaging six measurements 

(two made centrally in veins in the top, middle and bottom thirds of the leaf). 

Measurements of the minor vein system were made under a light microscope (DMRB 

Leica Microsystems, Germany) with a 5× or 10× objective and digital camera (14.2 Color 

Mosaic, DIAGNOSTIC Instruments Inc., ENG0950, USA). Three rectangles were imaged (areas 

of 1.5 mm² or 6 mm²) centrally in the top, middle and bottom thirds of the leaf, and the number 

of vein orders, density of minor veins (length per area) and the number of free vein endings per 

area, and vein diameters measured centrally in six segments were averaged across the rectangles. 

The major vein density was determined as the sum of 1o, 2o and 3o vein densities and the minor 

vein density as the sum for 4° and higher order veins. The ratio of major to minor vein density 

was calculated for each leaf for every species. 

 

Quantifying other key traits related to leaf drought tolerance 
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Morphological and physiological traits related to leaf drought tolerance were measured for six 

leaves from each of three to six individuals per species. Measurements were made of leaf area 

and of dry mass after oven-drying at least 48h at > 70oC to allow calculation of leaf mass per 

area (LMA, g · m-2). Leaf thickness was determined using digital calipers (Fowler, Chicago, IL), 

and leaf density was calculated as LMA divided by leaf thickness (Witkowski and Lamont, 

1991). Cuticular conductance (gmin), the minimum conductance to vapor diffusion across the 

epidermis when the stomata are closed, was measured by weighing leaves as they dehydrated 

(Sack et al., 2003b; Sack et al., 2010). Parameters were determined from pressure-volume curves 

constructed by measuring leaf water potential and relative water content as leaves dehydrated 

(Tyree and Hammel, 1972; Sack et al., 2003b), including osmotic potential at full turgor (πo, 

MPa) and at turgor loss point (πTLP, MPa), saturated water content (SWC, g · g-1), modulus of 

elasticity (ε, MPa), and capacitances at full turgor and at turgor loss point (CFT and CTLP, MPa-1; 

Sack and PrometheusWiki, 2010). 

 

Statistical analysis of trait differences and correlations across species 

To test trait differences between moist and dry habitat species (Table 3.2 and Table S3.1), we 

performed ANOVAs with species nested within habitat type (Minitab Release 15). Prior to tests, 

data were log-transformed to improve normality and heteroscedasticity (Sokal and Rohlf, 1995). 

We performed t-tests for leaf density, maximum Kleaf, P50 and P80 where only species mean 

values were available (Table S3.1). 

A correlation matrix was determined to reveal the inter-correlative structure of hydraulic 

parameters, leaf size, venation architecture, and other traits putatively related to drought 

tolerance. For a conservative estimation, correlations were considered significant only if P < 0.05 
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for both Spearman and Pearson coefficients (rs and rp respectively). Because many relationships 

were non-linear, we determined Pearson correlations for both raw and log-transformed data. 

When three variables of interest were inter-correlated across species, we performed 

partial correlation analysis (Sokal and Rohlf, 1995), testing the relationship between two 

variables holding the third variable constant (corpcor package; R; Schaefer et al., 2007). 

 

RESULTS 

Impacts of vein cavitation depend on venation architecture: computer simulations 

Simulations implemented in the program K_leaf showed that the impacts of vein cavitation 

depended on vein density and leaf size (Fig. 3.1A, B and C; Table 3.1). Leaves were simulated of 

different sizes but with the same number of second-order (2o) veins, and thus larger leaves had 

their 2o veins spaced further apart, and major vein density declined geometrically with increasing 

leaf size (major vein density = 1.194 × leaf size-0.5; rp = 0.999; P < 0.001). By contrast, across the 

simulated leaves, minor vein density was varied independently of leaf size (rp = 0.02; P = 0.89). 

Kx for uncavitated leaves correlated positively with both major vein density and minor vein 

density (rp = 0.75; P < 0.001 and rp = 0.15; P = 0.01 respectively).  

When major veins were reduced by 90% in cross-sectional conductivity to simulate 

dysfunction of conduits due to embolism, the smaller leaves with greater major vein density 

showed a lesser impact on total xylem and whole leaf hydraulic conductance per leaf area (Kx 

and Kleaf), i.e., a lower percentage loss of conductance (PLC; Fig. 3.1A). Thus, across simulated 

leaves, the PLC of Kx resulting from major vein cavitation correlated negatively with major vein 

density (rp = -0.85, P < 0.001). For the simulated leaves with cavitated major veins, the Kx itself 

correlated strongly with major vein density, due both to the increase of maximum Kx by higher 

major vein density, and the protective role of higher major vein density (rp = 0.97; P < 0.001). 
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The importance of minor vein density was opposite from that of major vein density. A higher 

minor vein density increased the impact of cavitation of the major veins on the Kx (Fig. 3.1A). 

Thus, across the simulated leaves, the PLC of Kx resulting from major vein cavitation correlated 

positively with minor vein density (rp = 0.42, P = 0.001). For these simulated leaves with 

cavitated major veins, the Kx was not related to minor vein density (rp = 0.08; P = 0.57), because 

the greater Kx conferred by higher minor vein density was counteracted by a greater sensitivity to 

major vein cavitation. Overall, because of the contrasting effect of major and minor vein density, 

the PLC of Kx due to the cavitation of major veins was least for leaves with highest major vein 

density and lowest minor vein density, and correlated negatively with the ratio of major to minor 

vein density (Fig. 3.1C; rp = -0.97 P < 0.001).  

When the minor veins rather than the major veins were cavitated, Kx and Kleaf had a 

different dependency on venation architecture. When minor veins were reduced by 90% in cross-

sectional conductivity to simulate cavitation, the smaller leaves with greater major vein density 

showed higher PLC of Kx (Fig. 3.1B). Thus, across simulated leaves, the PLC of Kx resulting 

from minor vein cavitation was positively related to major vein density (rp = 0.77, P < 0.001). By 

contrast, a higher minor vein density reduced the impact of cavitation of the minor veins on the 

Kx (Fig. 3.1B). Thus, across the simulated leaves, the PLC of Kx resulting from minor vein 

cavitation was negatively correlated with minor vein density (rp = -0.48, P = 0.001). For the 

simulated leaves with cavitated minor veins, the Kx itself correlated positively with minor vein 

density, due both to the increase of maximum Kx  by higher minor vein density, and the 

protective role of high minor vein density (rp = 0.66; P < 0.001). For these simulated leaves with 

cavitated minor veins, the Kx also positively correlated with major vein density, but more weakly 

than for uncavitated leaves, because the increase of maximum Kx due to higher major vein 

density was counteracted by the greater PLC driven by minor vein cavitation in leaves with 
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higher major vein density (rp = 0.35 rather than 0.75; P < 0.001). Overall, the PLC of Kx 

resulting from cavitation of the minor veins was strongly positively correlated with the ratio of 

major to minor vein density (Fig. 3.1C; rp = 0.92; P < 0.001).  

Notably, in the model simulations, the PLC of Kx resulting from major vein cavitation 

varied widely across the entire range of tested leaves with different major and minor vein 

densities (22-87%; Fig. 3.1A and C). By contrast, the PLC of Kx resulting from minor vein 

cavitation was very strong across the entire range of tested leaves (62-90%, and > 80% for most 

simulated leaves; Fig. 3.1B and C). 

 

Diversity in leaf venation and drought tolerance traits across species of moist and dry habitat 

Across the ten species diverse in drought tolerance there were strong differences in leaf hydraulic 

conductance at full hydration, and in their vulnerability to dehydration. The species varied in 

Kmax, P50 and P80 by 12- to 32-fold. The Kmax varied from 2.96 to 34.1 mmol m-2 s-1 MPa-1 for 

Comarostaphylos diversifolia and Platanus racemosa, in P50 from -0.09 to -2.85 MPa for P. 

racemosa and C. diversifolia; and in P80 from -0.35 to -5.25 MPa for P. racemosa and 

Cercocarpus betuloides (Table S3.1). 

The species differed strongly in leaf venation architecture and gross morphology, with 

substantial variation between moist and dry habitat species (Table 3.2; Table S3.1). Species 

varied fourfold in major vein density, threefold in minor vein density, and sevenfold in the ratio 

of major to minor vein density. Species of moist and dry habitats did not differ significantly in 

minor and total vein densities (P = 0.11-0.74), but dry habitat species had 18% higher major vein 

density (with 14-18% higher midrib, 2° and 3° vein densities) and 50% higher ratio of major to 

minor vein density. Moist habitat species had 24% more free ending veinlets per area, 13% 

higher minor vein diameters and 14% higher number of 2° veins than dry habitat species (P < 
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0.001). Moist and dry habitat species did not differ in the diameters of their major veins (Table 

S3.1). Species varied 18-fold in leaf area, with dry habitat species having on average 30% 

smaller leaves than moist habitat species. Leaf shape indices (length: width and perimeter2: area) 

did not differ between habitats (P = 0.35-0.46).  

Several venation traits correlated with leaf size. The densities of 1o, 2o and 3o veins 

declined with increasing leaf size (rp and rs = -0.70 to -0.92, P < 0.05), as did the total major vein 

density (rp=-0.95; rs = -0.89, P < 0.001; Figs 3.2A and 3.3), and the ratio of major to minor vein 

density (rp = -0.67; rs = -0.70; P = 0.03). Major vein density declined geometrically with 

increasing leaf size (i.e., with an exponent of -0.5; Fig. 3.2A). By contrast, minor vein density 

was independent of leaf size (rp and rs = -0.10 to -0.20, P > 0.05; Figs 3.2B and 3.3), as were 

total vein density (as minor vein density accounted for 73-95% of total vein density), vein 

diameters and the number of free ending veinlets per area (|rp| and |rs| = 0.02-0.43, P > 0.05; Fig. 

3.3; Table S3.2).  

Species of dry habitats also had greater expression of leaf drought tolerance traits than 

species from moist habitats, with 14% higher leaf mass per area (LMA), 11% thicker leaves, 

18% higher modulus of elasticity, 15%-16% more negative values for osmotic potential at full 

turgor and at turgor loss point, and 30% lower cuticular conductance. By contrast, species of 

moist habitats had on average two- to threefold higher saturated water content and capacitances 

before and after turgor loss point (Table S3.1; P < 0.001). 

 

Relationships among hydraulic vulnerability, venation, and other drought tolerance and 

morphological traits 

Across species, P50 and P80 were strongly correlated and more negative values occurred in leaves 

with higher major vein density and smaller leaf size (|rp| and |rs| = 0.78-0.90, P < 0.01; Figs 3.3, 
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4A and 4B; Table S3.2). These relationships for the major vein system also held for component 

vein orders; the densities of 1o, 2o and 3o veins, all inter-correlated, were greater in leaves with 

more negative P50 and P80 (|rp| and |rs| = 0.64-0.90 P < 0.01). Because leaf size and major vein 

densities were themselves negatively correlated (Fig. 3.2A), no correlation could be observed of 

leaf hydraulic vulnerability with leaf size or with major vein density independently of the other. 

Thus, in a partial correlation analysis, the relationships of P50 and P80 with leaf area were not 

significant after partialing out major vein density, and their relationships with major vein density 

were not significant after partialing out leaf area (|rpartial| = 0.08-0.29; P > 0.05). By contrast with 

major vein densities, other vein traits, including the minor vein density, total vein density, 

number of secondary veins, vein diameters, and number of free-ending veinlets per area did not 

correlate with P50 or P80 (|rp| and |rs| = 0.01-0.57, P > 0.05). The ratio of major: minor vein 

density was positively correlated with P50 and P80 (rp and rs = 0.77-0.67, P < 0.05; Table S3.2) 

Leaf hydraulic vulnerability also correlated with several other drought tolerance traits. 

The osmotic potentials at full and zero turgor, which were inter-correlated (rs and rp = 0.95-0.98, 

P < 0.001), both correlated with P50 and P80 (rp and rs = 0.85-0.71, P < 0.05; Table S3.2). Leaves 

with higher LMA values tended to have more negative P80 (rp = 0.71, rs = 0.73, P < 0.05; Table 

S3.2) but LMA was not correlated with P50 (P > 0.05). However, both P50 and P80 were 

independent of other aspects of venation architecture and leaf morphology and physiology, 

including leaf shape indices (length: width and perimeter²: area), the modulus of elasticity, 

capacitances at full and zero turgor, saturated water content, leaf thickness and density, and 

cuticular conductance (P > 0.05; Table S3.2). 

The linkage of hydraulic vulnerability (P50 and P80) with major vein density was 

independent from the relationships of hydraulic vulnerability to other leaf drought tolerance 

traits. The linkage of P50 or P80 with major vein density was apparently more fundamental. Thus, 
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partialing out LMA, or osmotic potentials at full and zero turgor did not remove the correlation 

of P50 or P80 with major vein density (rpartial = 0.68 – 0.78; P < 0.05). However, when partialing 

out the effect of major vein density on P50 or P80, their correlations with LMA and with osmotic 

potentials at full and zero turgor were lost (|rpartial|= 0.04– 0.29; P > 0.05). Notably, the maximum 

leaf hydraulic conductance at full hydration did not correlate with any venation architecture or 

morphological trait including leaf size, or leaf drought tolerance, for this set of diverse leaves (P 

> 0.05).  

 

DISCUSSION 

The importance of major vein density and leaf size in resistance to drought 

We found novel, strong correlations of P50 and P80 with major vein density and leaf size, across 

ten species with diverse leaves, consistent with findings from the computer model simulations. 

All else being equal, leaf and whole-plant drought resistance would be conferred by a higher 

major vein density, which is generally associated with small leaf size (Dunbar-Co et al., 2009; 

McKown et al., 2010).  

Such a role for venation and leaf size in determining hydraulic vulnerability has 

important potential ecological and biogeographic implications. A link between leaf size and P50 

and P80 provides a new additional mechanism for the ecological distribution of leaf sizes. Leaf 

size evolves relatively quickly via several independent genetic pathways (Ackerly, 2009; 

Gonzalez et al., 2010). Small leaves are more common in dry and exposed habitats, and larger 

leaves in moister and/or shaded habitats (Dolph and Dilcher, 1980; Givnish, 1987; Fonseca et al., 

2000), and fossil leaf size is thus used as an indicator of past climate (Wilf, 1997). A direct 

hydraulic benefit of small leaves in drought tolerance, and the greater risk associated with large 

leaves under dry conditions, should thus be considered in addition to other demonstrated roles 
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for leaf size in determining drought tolerance. A very well-established benefit of smaller leaves 

in warmer environments is their thinner boundary layer and more rapid convective cooling 

(Nobel, 1976; Nicotra et al., 2008; Vogel, 2009; Yates et al., 2010). Another advantage of small 

leaves in exposed conditions is that more leaves can be packed into a smaller space to capture 

irradiance, though this benefit carries a greater cost in support mass; more branch allocation is 

needed to support many small leaves than for fewer larger leaves, and this outweighs the lower 

requirement for petiole and midrib support of smaller leaves (Bragg and Westoby, 2002; 

Niinemets et al., 2006, 2007). Future work needs to tease apart the importance of the direct 

hydraulic mechanism in providing an advantage in drought tolerance for smaller leaves from 

these other benefits across different species sets.  

Is the relationship of hydraulic tolerance of dehydration to leaf size and higher major vein 

density necessarily causal? We considered the possibility that these relationships could be 

coincidental, i.e., that small leaf size and high major vein density on one hand, and more 

negative P50 and P80 on the other might be independently selected in drought-tolerant species. In 

our study, two lines of evidence supported a causal relationship. First, the relationship was 

established by the computer simulations of leaves with altered sizes and venation architecture, all 

else being held fixed. In these simulations, cavitation of the major veins as often observed during 

dehydration (see below), was better tolerated by smaller leaves with higher major vein density. 

Second, the partial correlation analyses of our experimental data showed that the relationship of 

venation architecture to leaf hydraulic vulnerability was independent of other drought tolerance 

traits, including turgor loss point (πTLP). Indeed, πTLP is the most reliable single predictor of 

species’ drought tolerance to our knowledge (Auge et al., 1998; Sack et al., 2003b; Baltzer et al., 

2008), and thus, if selection for drought tolerance were to result in a coincidental correlation of 

vulnerability and venation architecture, both should show underlying correlations with πTLP. For 
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our ten species, P50 and P80 were strongly correlated with πTLP (see also Crombie et al., 1985; 

Blackman et al., 2010), but venation architecture was unrelated to πTLP. Further, P50 and P80 lost 

their relationship with πTLP after partialing out major vein density, whereas they remained 

correlated with major vein density even after partialing out πTLP , indicating that the relationships 

of P50 and P80 to major vein density are more directly causal than any relationships with πTLP 

(Shipley, 2000). 

We propose that the relationship between leaf size and hydraulic vulnerability in both 

simulated and real leaves supports a general mechanism, to be tested in other species sets, 

including closely-related species within lineages in a phylogenetic context, because smaller 

leaves have evolved reliably in drier habitats (Ackerly et al., 2002; McDonald et al., 2003; 

Dunbar-Co et al., 2009; Santiago and Kim, 2009). In our modeled leaves and experimental 

species set, as across species in general, leaf size and major vein density were linked (Dunbar-Co 

et al., 2009; McKown et al., 2010). Future studies of species similar in leaf size but different in 

major vein densities are necessary to establish the role of venation independently of size in 

determining P50 and P80. A similar test could be conducted using Arabidopsis vein mutants of 

similar leaf size, with variation in major vein densities. 

 

The potential roles of venation in determining Kleaf decline 

The linkage of hydraulic vulnerability with venation architecture shown here would be expected 

because of the reduction of xylem conductivity, due to cavitation or collapse of conduits in the 

vein xylem, as previously shown by dye experiments, cryo scanning electron microscopy 

(cryoSEM), and acoustic methods (e.g., Kikuta et al., 1997; Salleo et al., 2000; Nardini and 

Salleo, 2003; Cochard et al., 2004a; Brodribb and Holbrook, 2005; Johnson et al., 2009a). 

Notably, other factors besides vein density can determine leaf hydraulic vulnerability, which is a 
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higher-level trait influenced by multiple lower-level traits (cf. Marks and Lechowicz, 2006; 

McKown et al., 2010). Thus, species may additionally differ in the air-seeding thresholds of 

xylem conduits, and in the responses of extra-vascular tissues to dehydration. Some small-leaved 

species in moist habitats might not have the low vulnerability suggested by their leaf size, if 

other factors were to over-ride the benefit of high major vein density. However, our findings 

from simulated leaves and from our ten species diverse in drought tolerance indicated a strong 

potential role of major vein density and leaf size in determining P50 and P80 across diverse 

species. 

Model simulations showed that the vulnerability of Kx due to cavitation of major and 

minor veins were associated differently with venation architecture. Thus, loss of Kx resulting 

from cavitation in the major veins correlated with higher major vein density, the same 

relationship found in our experiments. However, loss of Kx resulting from cavitation in the major 

veins correlated with lower minor vein density. Further, the opposite patterns were found for loss 

of Kx when cavitation was simulated in the minor veins. These various model results can be 

understood according to the simple principle of the relative leverage of the major or minor veins 

in the overall vein system (cf. McKown et al., 2010). The hydraulic leverage of one vein system 

depends inversely on its density, i.e., its redundancy, relative to the other vein system, and 

cavitation has a stronger impact on the overall system when the leverage of that vein system is 

strongest. Thus, when the major vein density is higher, it has less leverage relative to the minor 

vein system, and cavitation of the major veins will cause a lower decrease in Kx and Kleaf (Table 

3.1). By contrast, when the minor vein density is higher, the major vein system gains leverage 

relative to the minor vein system, and thus cavitation of the major veins would cause a greater 

decrease in Kx and Kleaf (Table 3.1). The model indicated that a higher major vein density is more 

effective for reducing hydraulic vulnerability due to major vein cavitation than a lower minor 
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vein density. The model showed that reducing minor vein density only led to a strong reduction 

in PLC (i.e., to a strong gain in tolerance) at high major vein density. Further, a higher major 

vein density also increases maximum leaf hydraulic conductance for well-hydrated leaves (Kmax), 

both in absolute terms, and relative to vein construction cost, all else being equal, whereas a 

lower minor vein density leads to losses of Kmax (McKown et al., 2010). Thus, for leaves with 

high major vein density, a low minor vein density might be a mechanism to achieve additional 

drought tolerance all else being equal, but at the cost of maximum hydraulic capacity and 

providing no gain in absolute conductance when the major veins are cavitated. The mechanism 

of achieving higher major vein density with small leaf sizes was found in the model simulations 

and experimental study to provide a strong benefit in reducing vulnerability and thus for drought 

tolerance. 

Notably, the model findings indicated that leaves with higher major vein density, though 

less sensitive to cavitation of the major veins, were more sensitive to cavitation of the minor vein 

system. Thus, our empirical findings, of reduced vulnerability in leaves with higher major vein 

density suggested that major vein cavitation was more important than minor vein cavitation in 

driving loss of Kx and Kleaf. There are four lines of evidence that support the greater probability 

of cavitation in the major than minor veins. First, the major veins have wide and long xylem 

conduits especially vulnerable to air seeding (Choat et al., 2005). Second, in naturally dehydrated 

leaves, embolism is readily observed by cryo-scanning electron microscopy (cryoSEM) of major 

veins (Ball et al., 2004, 2006; Marenco et al., 2006; Johnson et al., 2009a), and acoustic studies 

have indicated cavitation in the major veins at Ψleaf values as high as -0.3 MPa (Crombie et al., 

1985; Kikuta et al., 1997; Salleo et al., 2000; Johnson et al., 2009a). By contrast, the cryoSEM 

studies published thus far have not shown cavitation of minor vein conduits (Canny, 2001). 

Studies of dye uptake into transpiring leaves did show less staining of minor veins in dehydrated 
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leaves (Salleo et al., 2001; Nardini et al., 2003; Trifilo et al., 2003b); these findings are 

consistent with cavitation occurring principally in major veins, blocking uptake to the minor 

veins. Third, leaves that did not render their minor vein system resistant to cavitation would tend 

to be extremely sensitive to decline during drought, regardless of their venation architecture. The 

model simulations showed that cavitation of minor veins led to drastic decline in Kx across 

leaves of all venation architectures. As previously argued by Brodribb & Holbrook (2006), it 

seems improbable that leaves would invest in a fine vein network that becomes embolized at 

high water potentials and thus decline strongly in function. Fourth, a study of diverse 

angiosperms found that the leaf P50 was more negative in species with thicker-walled conduits in 

their minor veins (Blackman et al., 2010). That finding suggested that conduits are built to resist 

collapse at the tensions experienced during strong dehydration. In wood, such investment to 

avoid collapse signifies that the xylem can withstand cavitation to close to that degree of tension, 

as cavitation precedes collapse (Hacke and Sperry, 2001; Hacke et al., 2001; Blackman et al., 

2010). Thus, minor vein conduits too should resist both cavitation and collapse at high levels of 

dehydration. 

The collapse of xylem conduits during leaf dehydration cannot be entirely excluded. 

Collapse of conduits in the major or minor veins has never yet been shown for angiosperms but 

has been found in conifer needles dehydrated to water potentials ranging -1.5 to -3.5 MPa 

(Cochard et al., 2004a; Brodribb and Holbrook, 2005). Future studies are needed to analyze in 

detail the progression of cavitation and collapse in veins of different orders during leaf 

dehydration. Such work will also need to consider other aspects of the structure of the vein 

system, e.g,  vessel widths, lengths and the degree that conduits span across vein orders, as these 

factors have been found to have great importance in stem vulnerability (Sperry, 2003; Sperry et 

al., 2005), and vary greatly across species (Sack and Frole, 2006). These aspects may contribute 
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to the correlation of vulnerability with low major vein density, because the major veins have 

especially long and wide vessels that span multiple orders. Other aspects of leaf vein 

arrangement, in addition to vein density, such as looping in the major veins might also influence 

resistance to hydraulic decline (Corson, 2010; Katifori et al., 2010). 

While this discussion has focused on the decline of Kleaf with dehydration that is driven 

by declines in the xylem pathway conductivity, i.e., in Kx, there is also a potential role for 

declines in Kox in the correlation of P80 with major vein density and leaf size. The Kox may 

decline in dehydrating leaves due to changes in the permeability of membranes (Sack and 

Holbrook, 2006). Notably, given that a high major vein density would entail a large bundle 

sheath area by which water exits the major veins, if the lamina near the major veins accounts for 

a large part of transpiration (Fricke, 2002; Sack et al., 2002; Nardini et al., 2010) then leaves 

with high major vein density would likely maintain a greater bundle sheath area, and a greater 

Kox when  cells lose turgor in dehydrating leaves (Kim and Steudle, 2007). Additionally, we note 

that as leaves dehydrate, it is possible that Kleaf, the bulk leaf parameter, may not well describe 

the water transport pathways, if sectors or “patches” of lamina become isolated, each with their 

own hydraulic supply (cf. Barbour and Farquhar, 2004). Leaves with high major vein density 

may better provide for access of isolated leaf sectors to the lower-order vein distribution system. 

Future studies are needed of the impact of dehydration on the bundle sheath and mesophyll 

tissues, and on the potential heterogeneity of water supply in dehydrating leaves. Detailed 

characterization of the causes of Kleaf decline and its dependence on xylem and mesophyll 

characters will contribute to an ability to predict variation in species’ drought responses from cell 

and tissue-level properties.  

 

Relationship of leaf vulnerability to leaf and whole-plant drought tolerance 
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Our results also highlighted the importance of cell properties and leaf morphology in drought 

tolerance. Species from dry habitats had higher leaf mass per area (LMA) and modulus of 

elasticity, more negative osmotic potentials at full and zero turgor (πTLP) and lower cuticular 

conductance than species from moist habitats, which by contrast had higher saturated water 

content (SWC) and capacitance. Further, the πTLP correlated with P50 and P80 as shown in two 

previous studies (Crombie et al., 1985; Blackman et al., 2010). Given that stomata tend to close 

near the πTLP (Hao et al., 2010), this linkage points to a control of stomatal aperture during 

drought by hydraulic vulnerability. The linkage might arise mechanistically, if a low osmotic 

potential in leaf tissues, reflected by πTLP, acted to reduce turgor loss and decline in membrane 

permeability (Canny and Huang, 2006). Alternatively, the πTLP might be co-selected with P50 and 

P80 in drought tolerant leaves such that stomatal closure precedes hydraulic dysfunction. Our 

results were most consistent with this second possibility. In the partial correlation analysis, πTLP 

had no impact on P50 and P80 when major vein density was partialed out. Thus, as found in the 

model simulations, leaf size and major vein density are putative causes of high P50 and P80, 

whereas πTLP is apparently a structurally independent but coordinated trait that modulates the leaf 

and plant response to drought.  

The finding that major vein density and small leaf size reduce leaf hydraulic vulnerability 

points to potential roles in determining whole-plant drought tolerance. These traits may be 

especially important because the leaf is a key locus in whole-plant vulnerability, with typically 

greater hydraulic sensitivity than stems and roots (Hao et al., 2008; Brodribb and Cochard, 2009; 

Domec et al., 2009). Thus, for three of the four chaparral species in this study, the leaf P50 was 

2.7 to 4.7 MPa lower than that previously reported for stems (Jacobsen et al., 2007), with only Q. 

arbutifolia having stems apparently similar to leaves in their vulnerability (-2 versus -2.4 MPa 

respectively). The importance of leaf hydraulic vulnerability in whole-plant drought tolerance 
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was further supported in this study both by the more negative P50 and P80 values for species of 

dry than moist habitats, and by the general correlation of these traits with others related to leaf 

drought tolerance. It is important to recognize, however, that there can be other possible routes to 

leaf drought tolerance than a low hydraulic vulnerability and thus being able to maintain 

hydraulic and photosynthetic function during drought. Thus, some species can achieve 

substantial drought tolerance via a low gmin and water storage, with an extreme development of 

this mechanism in succulent plants (Ogburn and Edwards, 2009). In this study, Hedera 

canariensis showed these mechanisms (Sack et al., 2003c; Metcalfe, 2005) possibly explaining 

its relatively high Kleaf vulnerability. Other species can achieve drought tolerance via an ability to 

tolerate low tissue water potentials via dehydrin expression that prevents mechanical failure of 

the cell walls (e.g., the resurrection fern Polypodium polypodioide; Layton et al., 2010).  Species 

with these alternative mechanisms to maintaining hydraulic function can achieve large leaf sizes 

even given dry conditions (Nobel and Jordan, 1983). Further, we note that drought tolerance 

achieved at the level of the whole plant may not always correspond to leaf-level drought 

tolerance. Some species with drought-sensitive leaves can tolerate dry soil by shedding leaves or 

achieving deep roots, as is the case for Lantana camara (Castillo et al., 2007), which had 

relatively high Kleaf vulnerability. By contrast, some species with drought-tolerant leaves may be 

sensitive to drought in the field, due to relatively shallow roots (e.g., Magnolia grandiflora; Klos 

et al., 2009). Future work will establish the degree that even despite such complexity, key leaf 

traits such as major vein density, leaf size, and P50 and P80 contribute to drought tolerance. This 

work has strong potential to explain leaf function during drought from cell, tissue and organ-

level physiological properties, and to predict the drought tolerance of diverse species and 

landscapes in current and extinct vegetation from their leaf traits.  
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Table 3.1. Results of computer model simulations of the percentage loss of whole-leaf xylem 

hydraulic conductance (PLC of Kx) after reducing (a) major and (b) minor vein conductivities to 

simulate cavitation, in realistic leaves varying in major or minor vein density.  

 

Note: Contrasting impacts were found for the impacts of higher major and minor vein densities 
on the PLC of Kx due to vein cavitation, and contrasting impacts were found when cavitating 
major or minor veins. These effects can be understood in terms of the relative leverage of major 
or minor veins on the overall vein system. When the major vein density is increased, its greater 
redundancy gives the minor vein system a greater leverage; thus, the leaf is less sensitive to 
cavitation in the major veins and more sensitive to cavitation in the minor veins. By contrast, 
when the minor vein density is increased, its greater redundancy gives the major vein system a 
greater leverage; thus, the leaf is more sensitive to cavitation in the major veins and less sensitive 
to cavitation in the minor veins.   

Leaf simulation (a) Cavitation in major 
veins 

(b) Cavitation in minor 
veins 

Higher major vein density Lower Kx decline Greater Kx decline 
Higher minor vein density Greater  Kx decline Lower Kx decline 
Higher major : minor vein density Lower Kx decline Greater  Kx decline 
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 Table 3.2. Species, family, native range, and mean values ± standard error for morphological and physiological traits, and 
results of analyses of variance for the difference between moist and dry habitat species and among species nested within 
those categories. ***P < 0.001; NS, P > 0.05  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Species Family Native 
range 

Leaf area 
 

(cm²) 

Leaf mass 
per area 
(g.m-²) 

Major vein 
density 
(mm-1) 

Minor vein 
density 
(mm-1) 

Ratio 
major : minor 
vein density 

Cuticular 
conductance 

(mmol · m-2 · s-1) 
Dry habitat species :         
Cercocarpus betuloides Rosaceae 

 
California. 
Mexico 

7.04 ± 1.73 156 ± 19.9 1.40 ± 0.14 7.74 ± 0.76 0.19 ± 0.03 
 

3.99 ± 0.41 

Comarostaphylis diversifolia Ericaceae 
 

California. 
Mexico 

7.93 ± 1.89 254 ± 7.73 1.57  ± 0.18 4.17 ± 0.18 0.38 ± 0.04 
 

2.87 ± 0.35 

Hedera canariensis Araliacaeae 
 

Canary 
Islands 

53.2 ± 14.4 78.1 ± 6.32 0.53 ± 0.06 3.00  ± 0.10 0.18 ± 0.01 
 

0.44 ± 0.03 

Heteromeles arbutifolia Rosaceae 
 

California. 
Mexico 

14.6 ± 2.89 146 ± 13.2 0.88 ± 0.04 4.63 ± 0.11 0.19 ± 0.005 
 

4.21 ± 1.22 

Quercus agrifolia Fagaceae 
 

California. 
Mexico 

13.5 ± 1.32 166 ± 7.64 1.07 ± 0.07 7.30 ± 0.23 0.15 ± 0.02 
 

1.72 ± 0.23 

Moist habitat species :         
Camellia sasanqua Theaceae 

 
Japan 11.1 ± 0.45 144 ± 13.4 0.78 ± 0.04 3.31 ± 0.26 0.24 ± 0.03 

 
1.77 ± 0.13 

Helianthus annuus Asteraceae 
 

Across N. 
America 

44.3 ± 1.64 56.2 ± 6.98 0.48 ± 0.03 9.32 ± 0.44 0.05 ± 0.002 
 

18.3 ± 1.92 

Lantana camara Verbenaceae 
 

Pantropical 12.8 ± 3.09 79.0 ±  4.48 0.97 ± 0.12 9.75 ± 0.40 0.11 ± 0.02 
 

12.0 ± 0.85 

Magnolia grandiflora Magnoliaceae 
 

Southern 
U.S. 

69.5 ± 5.51 180 ± 17.3 0.48 ± 0.02 5.16 ± 0.29 0.09 ± 0.003 
 

3.88 ± 0.41 

Platanus racemosa Platanaceae 
 

California, 
Mexico 

80.9 ± 2.79 109 ± 6.54 0.40 ± 0.06 4.97 ± 0.14 0.08 ± 0.01 
 

6.61 ± 0.41 

Average  trait values Dry area species 
Moist area species 

 19.2 ± 4.44 
43.7 ± 14.3 

162 ± 11 
113 ± 9.75 

1.09 ± 0.09 
0.62 ± 0.05 

5.18 ± 0.35 
6.23 ± 0.33 

0.22 ± 0.04 
0.12 ± 0.03 

2.65 ± 0.45 
8.44 ± 0.82 

         
ANOVA Dry /moist 

Species 
 *** 

*** 
*** 
*** 

*** 
*** 

NS 
*** 

*** 
*** 

*** 
*** 
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FIGURE CAPTIONS 

Figure 3.1. Results of computer model simulations of the percentage loss of whole-leaf xylem 

hydraulic conductance (PLC of Kx) after  reducing by 90% (A) major and (B) minor vein 

conductivities to simulate cavitation for realistic leaves varying in major or minor vein density (n 

= 42 simulated leaves; see Materials and Methods). (C) The dependence of PLC of Kx due to 

cavitation of major (grey) and minor (black) veins on the ratio of major: minor vein density. 

 

Figure 3.2. The scaling of vein density with leaf size for ten species varying strongly drought 

tolerance. (A) Major vein density versus leaf area. (B) The independence of minor vein density 

with leaf size. Symbols: grey, dry habitat species; white, moist habitat species. Fitted regression 

in (A): Major vein density = 0.32 × Leaf area-0.53. *** P< 0.001; NSP > 0.05.  

 

 

Figure 3.3. Relation of the vulnerability of leaf hydraulic conductance to major and minor vein 

densities for ten species varying strongly drought tolerance. Vulnerability curves are plotted in 

the left column; each point represents a different measured leaf (n = 26-74 per curve). For each 

vulnerability curve the fitted line is the maximum likelihood function for given species (linear 

for C. sasanqua, C. diversifolia, Q. agrifolia, and H. arbutifolia, logistic for M. grandiflora, P. 

racemosa, H. annuus, H. canariensis and L. camara and sigmoidal for C. betuloides; R2 = 0.39-

0.89; P < 0.001; see Materials and Methods) and the vertical line represents the water potential 

at 80% loss of conductivity (P80). Leaf schematics are drawn to scale, with major veins (first- 

and second-order veins). Micrographs of the minor vein architecture are represented on the right, 

indicating the independence of minor vein density from leaf size; in each image, the largest vein 
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at the top is a second-order vein, with third-order veins branching off, and the minor veins make 

up the rest of the network.  

 

Figure 3.4. Dependence of leaf hydraulic vulnerability, quantified as the water potential at 80% 

loss of conductivity (P80) on (A) major vein density and (B) leaf area. Symbols: grey, dry habitat 

species; white, moist habitat species. Fitted regressions: (A) P80 = 4.2 × Major vein density – 

0.92; (B) P80= 28.2 × Leaf area-0.84. 
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Figure 3.1 
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Figure 3.2 
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Figure 3.3 
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Figure 3.4 
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SUPPLEMENTAL MATERIAL 

Table S3.1. Species means ± standard errors for 24 morphological, anatomical and physiological 

traits and results of analyses of variance testing for species differences, and for differences 

between moist and dry habitat species. *** P < 0.001; ** P < 0.01; * P < 0.05; NS, P > 0.05. 

 

Table S3.2. Correlation matrix for the relationship of leaf hydraulic vulnerability traits with 

venation architecture and other traits related to leaf morphology and drought tolerance. For each 

correlation the Spearman coefficient is presented, and the Pearson coefficient calculated with 

untransformed data and log-transformed data. Correlations are highlighted as significant only 

when Spearman and Pearson coefficients are both significant. *** P < 0.001; ** P < 0.01; * P < 

0.05.  
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CHAPTER 4 

LEAF SHRINKAGE WITH DEHYDRATION: COORDINATION WITH 

HYDRAULIC VULNERABILITY AND DROUGHT TOLERANCE 

 

ABSTRACT 

Leaf shrinkage with dehydration has attracted attention for over 100 years, especially as it 

becomes visibly extreme during drought. However, little has been known of its correlation with 

physiology. Computer simulations of the leaf hydraulic system showed that a reduction of 

hydraulic conductance of the mesophyll pathways outside the xylem would cause a strong 

decline of leaf hydraulic conductance (Kleaf). For 14 diverse species, we tested the hypothesis that 

shrinkage during dehydration (i.e., in whole leaf, cell and airspace thickness, and in leaf area) is 

associated with reduction in Kleaf at declining leaf water potentials (Ψleaf). We tested hypotheses 

for the linkage of leaf shrinkage with structural and physiological water relations parameters 

including modulus of elasticity (ε) and osmotic pressures at full turgor (πo) and turgor loss point 

(TLP) and cuticular conductance. Species originating from moist habitats showed substantial 

shrinkage during dehydration before reaching TLP in contrast with species originating from dry 

habitats. Across species, the decline of Kleaf with mild dehydration (i.e., the initial slope of the 

Kleaf versus Ψleaf curve) correlated with the decline of leaf thickness (the slope of the leaf 

thickness versus Ψleaf curve), as expected based on predictions from computer simulations. Leaf 

thickness shrinkage before TLP correlated negatively with ε and positively with πo, as did leaf 

area shrinkage between full turgor and oven-desiccation. These findings point to a role for leaf 

shrinkage in hydraulic decline during mild dehydration, with potential impacts on drought 

adaptation for cells and leaves, influencing plant ecological distributions. 
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INTRODUCTION 

As leaves open their stomata to capture CO2 for photosynthesis, water is lost to transpiration, 

which needs to be replaced by flow through the hydraulic system. The leaf hydraulic system has 

two components which act essentially in series: the pathways for water movement through the 

xylem from the petiole to leaf minor veins, and those through the living bundle sheath and 

mesophyll cells to the sites of evaporation (Tyree and Zimmermann, 2002; Sack et al., 2004; 

Sack and Holbrook, 2006). The decline in leaf hydraulic conductance (Kleaf) with dehydration 

may thus depend on both components. The importance of the xylem component is well 

established. Vein xylem embolism and cell collapse have been observed in dehydrating leaves 

(e.g., Salleo et al., 2001; Cochard et al., 2004; Johnson et al., 2009; Blackman et al., 2010), and 

computer modeling and experimental work showed species with high major vein length per leaf 

area (major VLA; i.e., for the first three vein branching orders) were more resistant to hydraulic 

decline, providing more pathways around embolisms (Scoffoni et al., 2011). However, the 

physical impacts of dehydration on the extra-xylem pathways have not been studied, even though 

in turgid leaves these pathways account for 26% to 88% of leaf hydraulic resistance (i.e., of 

1/Kleaf), depending on species (Sack et al., 2003; Cochard et al., 2004). The aim of this study was 

to determine whether leaf shrinkage during dehydration relates to the decline of Kleaf, and the 

structural determinants of leaf shrinkage. 

The shrinkage of leaves with dehydration has drawn attention for over 100 years. Leaves 

shrink in their area (Bogue, 1892; Gardner and Ehlig, 1965; Jones, 1973; Tang and Boyer, 2007; 

Blonder et al., 2013) and, considered in relative terms, even more strongly in their thickness (Fig. 

4.1; Meidner, 1952; Gardner and Ehlig, 1965; Downey and Miller, 1971; Syvertsen and Levy, 

1982; Saini and Rathore, 1983; Burquez, 1987; McBurney, 1992; Sancho-Knapik et al., 2010; 

Sancho-Knapik et al., 2011). Leaves fluctuate in thickness daily and seasonally according to 
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transpiration (Kadoya et al., 1975; Tyree and Cameron, 1977; Fensom and Donald, 1982; 

Rozema et al., 1987; Ogaya and Peñuelas, 2006; Seelig et al., 2012). Indeed, the relation of leaf 

thickness to water status is so tight that using leaf thickness to guide irrigation has led to water 

savings of up to 45% (Seelig et al., 2012).  

Previous studies of leaf shrinkage with progressive dehydration have tended to focus on 

single or few species. These studies showed that thickness declines with water status in two 

phases. Before the bulk leaf turgor loss point (leaf water potential at turgor loss point, TLP) is 

reached, the slope of leaf thickness versus leaf water potential (Ψleaf) or relative water content 

(RWC) is typically shallower than past TLP (Meidner, 1955, Kennedy and Booth, 1958, 

Burquez, 1987, McBurney, 1992, Sancho-Knapik et al., 2010; Sancho-Knapik et al., 2011). This 

is because before TLP, declining Ψleaf is strongly driven by declines in turgor pressure which 

have a relatively low impact on cell and airspace volume, whereas past the TLP, declining Ψleaf 

depends only on solute concentration, which increases in inverse proportion as cell water volume 

declines and cells and airspaces shrink (Tyree and Hammel, 1972, Sancho-Knapik et al., 2011). 

However, the steepness of the slope of leaf thickness versus Ψleaf before TLP seems to vary 

strongly across species (Meidner, 1955; Kennedy and Booth, 1958; Fellows and Boyer, 1978; 

Burquez, 1987; Colpitts and Coleman, 1997; Sancho-Knapik et al., 2010; Sancho-Knapik et al., 

2011).  

A high leaf cell volume and turgor is crucial to physiological processes (Boyer, 1968; 

Lawlor and Cornic, 2002). Shrinkage may affect cell connectivity and water transport (Sancho-

Knapik et al., 2011). However, no studies have tested for a possible relationship of leaf shrinkage 

with the decline of Kleaf during dehydration. Such an association would arise if across species, 

shrinkage occurred simultaneously with vein xylem embolism, or if tissue shrinkage led to 

declines in the extra-xylem hydraulic conductance.  
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To refine our hypotheses, we modified a computer model of the leaf hydraulic system 

(Cochard et al., 2004; McKown et al., 2010; Scoffoni et al., 2011) to predict the impact of losses 

of xylem and extra-xylem conductance on the response of Kleaf to dehydration. We characterized 

the degree of leaf shrinkage in thickness, in the thickness of cells and airspaces within the leaf, 

and in leaf area for 14 species diverse in phylogeny, leaf traits and drought tolerance. We 

hypothesized that loss of extra-xylem hydraulic conductance should have a greater impact on 

Kleaf at less negative water potentials, when xylem tensions are too weak to trigger embolism and 

induce dramatic declines in Kleaf. We hypothesized that species with greater degree of shrinkage 

before TLP would experience greater loss of Kleaf. Further, we hypothesized that species from 

moist habitats would have greater degree of shrinkage. 

For insight into the mechanisms and consequences of leaf shrinkage, we also investigated 

the relationships of 18 indices of leaf shrinkage with a wide range of aspects of leaf structure and 

composition, including gross morphology, leaf venation architecture, parameters of pressure-

volume curves, and leaf water storage. We hypothesized that across species, shrinkage in whole 

leaf, cell, and intercellular airspace thickness would be lower for species with greater allocation 

to structural rigidity and osmotic concentration, and thus shrinkage would be positively 

correlated with a lower modulus of elasticity, higher osmotic pressure at full turgor, lower leaf 

mass per area and lower leaf density. Additionally, we tested the long standing hypothesis that 

species with higher major VLA and/or minor vein length per leaf area (minor VLA; i.e., the 

fourth and higher vein branching orders) would shrink less in area and/or thickness with 

dehydration (Gardner and Ehlig, 1965). Finally, we tested the ability of dehydrated leaves to 

recover in size with rehydration. We hypothesized that recovery would be greater for mildly than 

for strongly dehydrated leaves, and that species with greater leaf shrinkage would be better able 

to recover from shrinkage. 
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MATERIAL AND METHODS 

Computer modeling of the theoretical importance of the xylem and extra-xylem water transport 

pathways for leaf hydraulic vulnerability 

To refine our hypothesis that leaf shrinkage should influence leaf hydraulic vulnerability, we 

improved the K_leaf program (written by H. Cochard, INRA Clermont-Ferrand, France; Cochard 

et al., 2004; McKown et al., 2010; Scoffoni et al., 2011; available on request to 

Herve.Cochard@clermont.inra.fr) to generate leaf hydraulic vulnerability curves. K_leaf  creates 

a spatially explicit model of a leaf with up to six vein orders represented as a square grid of 

xylem resistors and outside-xylem resistors (“mesophyll” resistors) branching orthogonally from 

each junction of the vein grid. In modeled leaves, water exits through the mesophyll resistor 

located at each vein junction, with the bulk of the water exiting from the junctions of the minor 

veins. The model determines the hydraulic conductances of the xylem and outside xylem 

pathways, and of the whole leaf (i.e., Kx, Kox, and Kleaf respectively) for leaves simulated with a 

given leaf size, length and cross-sectional conductivity of each vein order, and mesophyll 

hydraulic conductance. K_leaf 6.1 (developed for this study from the previous v. 6.0) can 

simulate loss of hydraulic conductance in each vein order and the mesophyll, corresponding to 

the effects of embolism and shrinkage, according to a typical vulnerability curve (Pammenter 

and Vander Willigen, 1998): 

PLCi= 100/(1+e((s/25)×(P
x
-P

50
))                            (eqn 4) 

where PLCi is the percent loss of hydraulic conductance in a given vein order or in the 

mesophyll, Px is the pressure at that specific location, and s and P50 are specified parameters, i.e., 

the slope of the vulnerability curve and the Px at PLC = 50%. Having specified these component 

PLC responses, one can use K_leaf 6.1 to generate leaf hydraulic vulnerability curves (i.e., Kleaf 

versus Ψleaf) by imposing different transpiration rates, obtaining leaves with a range of different 
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Ψleaf corresponding to different tensions across vein orders and mesophyll. Simulations were run 

using a realistic elliptical leaf with an area of 9.1 cm², with 12 pairs of second-order veins, and a 

total vein length per area of 6.9 mm mm-², and maximum vein cross-sectional conductivities (kv) 

based on estimations from measured xylem conduit dimensions in Juglans regia (as described by 

Scoffoni et al., 2011). The findings would be applicable to other leaves with hierarchical 

reticulate venation (McKown et al., 2010).  

We ran four types of simulations to test the relative impacts of differences in vulnerability 

between the vein xylem and extra-xylem mesophyll: (1) All the vein orders and the mesophyll 

were assigned the same vulnerability, with P50 of -1 MPa. (2) All the vein orders were assigned 

the same vulnerability, with P50 of -1 MPa, while the mesophyll was assigned greater 

vulnerability, with a P50 of -0.25 MPa. (3) All the vein orders were assigned the same 

vulnerability, with P50 of -0.25 MPa, while the mesophyll was assigned lower vulnerability, with 

a P50 of -1 MPa. (4) All the vein orders and the mesophyll were assigned the same vulnerability, 

with P50 of -0.25 MPa. We used a slope parameter of 200 MPa-1 in eqn 1 for all simulations, 

which is in the range of previously reported values (Pammenter and Vander Willigen, 1998). 

Because species also vary in the proportion of resistance distributed between xylem and outside-

xylem pathways even when leaves are well hydrated (Sack et al., 2004; Sack et al., 2005), we ran 

each of the four simulations with two different parameterizations: (a) for well hydrated leaves, 

most hydraulic resistance was outside the xylem (the hydraulic resistance outside the xylem, Rox 

= 71-76% of leaf resistance), or (b) for well hydrated leaves, most resistance was inside the 

xylem (Rox= 36-42% of leaf resistance). To achieve these two types of leaves we modified the 

conductivities of the first and second vein orders and the mesophyll (because of their high 

impacts on Kx and Kox respectively), such that the Kleaf at full hydration had a similar value (7.54-

8.95 mmol m-2 s-1 MPa-1).  
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For each simulation, we constructed vulnerability curves by plotting Kleaf against leaf 

water potential (Ψleaf), which was determined as equal to the mesophyll pressure. We fitted five 

types of functions to the curves, as previously used in the literature (Pammenter and Vander 

Willigen, 1998; Scoffoni et al., 2012) selecting the maximum likelihood model using the optim 

function in R 2.9.2 (http://www.r-project.org; Burnham and Anderson, 2002, 2004; Sack et al., 

2006): linear (����� = �Ψ���� + 
�, two-parameter sigmoidal (����� = ���
�
�(����������)) (Pammenter 

and Vander Willigen, 1998), three-parameter sigmoidal (����� = �

�
��(
��������

� )
), logistic (����� =

�
�
(�����

��
)�

) and exponential (����� =	
� + � !"#����). From the maximum likelihood function for 

each simulated whole-leaf vulnerability curve we estimated the Kleaf at Ψleaf = 0 MPa (Kmax), the 

Ψleaf at which Kleaf = 0.5 Kmax and 0.20 Kmax (P50 and P80 respectively) and the initial slope of the 

vulnerability curve at Ψleaf = -0.1 MPa. 

Experimental plant material 

Leaf shrinkage and its relationship to other physiological traits were determined for 14 species 

from 12 plant families selected for diversity in leaf size, shape and drought tolerance. Species 

were sampled within and around the campus of University of California, Los Angeles and Will 

Rogers State Park, Los Angeles, California in November 2009-May 2011 (Table 4.2). Leaves 

from sunflowers (Helianthus annuus, var. Sunspot; Botanical Interests, Colorado, USA) were 

collected from greenhouse plants grown from seeds in 3.6 L pots (average minimum, mean and 

maximum values for temperature: 21.1, 23.2 and 26.0oC; for humidity: 44, 51 and 59%). 

Sunflowers were irrigated every two days, with 200-250 ppm solution of 20:20:20 N:P:K, and 

the photosynthetically active radiation measured at mid-day on a sunny day was up to 550 µmol 

photon · m-2 · s-1, and on average 300 µmol photon · m-2 · s-1 (LI-250 light meter; LI-COR 

Biosciences, Lincoln, Nebraska, USA). 
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Shoots with mature leaves were collected from the sun-exposed part of three individuals 

of each species (the entire stem for sunflowers), and re-cut and rehydrated overnight in ultrapure 

water (0.22 mm Thornton 200 CR; MilliPore, Molsheim, France).  

Leaf shrinkage experiments: testing leaf responses to dehydration 

Leaf shrinkage experiments were conducted on leaves detached from the rehydrated shoots of 

each species (n = 5 leaves per species), placed in sealed bags (Whirl-Pak; Nasco, Fort 

Atkinson,WI, USA) that had previously been exhaled in to prevent water loss. The parameters of 

shrinkage and hydraulics measured for excised leaves were assumed to be representative of those 

for leaves dehydrating on the plant (see Supplemental Materials and Methods).  

 To quantify leaf shrinkage, each leaf was measured for area, thickness, mass and volume 

at full hydration and during progressive dehydration (see Supplemental Materials and Methods 

for additional details). Leaves were taped by their petioles to a metal bar in front of a fan to 

dehydrate, and repeatedly removed for measurement. Leaf area was measured using a flatbed 

scanner (Canon Scan Lide 90; Canon USA Inc., NY) followed by image analysis (ImageJ 

software version 1.42q; National Institutes of Health). Leaf thickness was determined by 

averaging values taken in the centers of the bottom, middle and top thirds of the leaf, using 

digital calipers (± 0.01 mm; Fowler, Chicago, IL). Leaf mass was determined using an analytical 

balance (± 0.01 mg; XS205; Mettler Toledo, OH). Volume was determined as the product of leaf 

thickness and area. Once leaves had dehydrated beyond turgor loss point, or became too brittle to 

handle, they were placed in an oven for at least three days at 70°C before the dry leaf area, 

thickness and mass were determined. 

We partitioned the leaf thickness (i.e., the volume per area) into that of the cells and 

airspace (cf. Roderick et al., 1999). The “thickness” of the cells (TC,i), and of intercellular 

airspace (TA,i) at each level i of dehydration were calculated: 
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$%,' =	 ()�*+,,-
./-

                                                                                                         (eqn 5), 

$0,' =	$	' −	$	%,'                                                                                           (eqn 6), 

where vi is the volume of water at level i of dehydration (i.e., fresh leaf mass minus dry mass, 

divided by 1.0 g cm-3), and LAi and Ti are the leaf area and thickness at dehydration level i. In 

this calculation, we assumed based on observations of anatomical cross-sections (John et al., in 

press) that the volume of the protoplasts and of airspace would each be much greater than that of 

the solid component of the cell wall. In our calculation, the volume of cell walls would be 

counted with that of the airspace. However, our calculation of shrinkage parameters involved 

changes in the dimensions of each component with changes in leaf water status, and these 

parameters would not be affected by the volume of cell wall, which would be effectively 

unchanged during leaf dehydration. 

To plot leaf shrinkage responses, for leaf area (A); and the thickness of the leaf (T), cells 

(TC) and airspace (TA); and leaf volume (V); we calculated the absolute percentage loss at a given 

level of dehydration: 

234'	(%) = 		 (1 − 	7-	
	789

) × 100                              (eqn 7),  

where Xi, and XFT represent the leaf area, leaf thickness, leaf cell thickness, leaf airspace 

thickness, and leaf volume at dehydration level i, and for a fully turgid leaf respectively. 

The relative water content (RWC, unitless) in the leaf at each dehydration level i was 

calculated as: 

<=>' = 	 ?����,-!	?����,@AB
?����,89�	C����,@AB

                                       (eqn 8),    

where mleaf,i is the mass of the leaf at dehydration level i, mleaf,FT is the mass of the leaf at full 

hydration and mleaf,dry is the mass of the dry leaf (in g). 

Leaf shrinkage experiments: estimation of leaf water potential for dehydrating leaves  
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For high resolution of the shrinkage responses of leaf dimensions, we plotted leaf shrinkage 

against leaf water potential (Ψleaf). We determined Ψleaf by summing the turgor pressure (Ψp), and 

solute potential (Ψs) estimated from the RWC using the fundamental leaf pressure-volume 

relationships (Bartlett et al., 2012): 

ΨD =	−	EF −	(G	(1 − <=>'))	                                                                            (eqn 9) 

ΨH = EF + I	 J9KL!	JM
NOP9KL!�

Q (<=>' − 1)                                                                    (eqn 10) 

Ψ���� = 		ΨD + ΨH=  
(R	×	NOP9KL
	J9KL!	R	!	JM)NOP-!R	×	NOP9KL!	J9KL
	R	
	JM	

NOP9KL!	�
											(eqn 11) 

where πo and πTLP are the osmotic potentials at full turgor and at turgor loss point (TLP) 

respectively (the negative of osmotic pressure, in MPa), ε is the modulus of elasticity (MPa) and 

RWCTLP is the relative water content at TLP (%). Values for these parameters were species 

means obtained from pressure-volume curves (Table 4.2), previously published for the same 

plants for nine species (Scoffoni et al., 2008; Scoffoni et al., 2011) and using additional data 

collected in this study for Bauhinia galpinii, Platanus racemosa, Romneya coulteri and Salvia 

canariensis by measuring Ψleaf and RWC during progressive dehydration of initially rehydrated 

leaves (n = 5 leaves per species; Sack and PrometheusWiki, 2010). We assumed a constant ε in 

eqn 9, i.e, a linear decline of Ψp with RWC, though a nonlinear decline has been reported in a 

number of species (Robichaux, 1984), indicating a variable ε according to leaf water status. 

However, a linear approximation of Ψp with RWC between full turgor and TLP often fits 

experimental data (including for our species), and is common in the literature (Koide et al., 2000; 

Bartlett et al., 2012). Moreover, simulations showed that even declines of ε by several-fold 

between full turgor and TLP would in any case negligibly affect our calculations of Ψleaf using 

eqn 11 and the shrinkage traits calculated from it (data not shown). 

Leaf shrinkage experiments: determination of the parameters of leaf shrinkage 
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To fully characterize leaf shrinkage with dehydration we calculated 18 traits for each species (see 

Table 4.3 for derivations and Table S4.5 for data), most of them relating to shrinkage in 

thickness rather than area since we found area shrinkage to be much smaller before TLP than 

thickness shrinkage. The 9 indices that we found to be most representative and useful included 

the percent loss of whole leaf thickness, leaf cell thickness, leaf airspace thickness and leaf area 

at turgor loss point (PLTleaf,TLP, PLTC,TLP, PLTA,TLP and PLAleaf,TLP), the percent loss of thickness 

and area for the dry leaf compared with the turgid leaf, and the slopes of percent cell (dTC/dΨ), 

intercellular airspace (dTA/dΨ) and total leaf thickness (dTleaf/dΨ) against Ψleaf between full 

turgor and TLP. These 9 key indices were strongly correlated with 9 additional parameters of 

leaf shrinkage which we determined for a comprehensive approach (Table S4.4; see 

Supplemental Methods). 

Leaf rehydration experiments 

We determined the recovery of leaf thickness for dehydrated leaves after rehydration using 

experiments on leaf discs (after Milburn, 1966). Shoots with healthy, mature sun-exposed leaves 

were collected from three individuals of ten species, re-cut under pure water in the lab, and 

rehydrated overnight. The next day, leaves were placed underwater, and discs of 2 - 5 cm² 

depending on leaf size, were cut centrally between midrib and lamina (n= 5 per species), toweled 

dry and measured for thickness and mass at full hydration. Next, shoot segments containing four 

leaves were re-cut under water and left to dehydrate on the bench or over a fan, such that leaves 

could be sampled either (1) between full turgor and turgor loss point, or (2) dehydrated past 

turgor loss point. Then, each individual leaf on the shoot was sealed, still on the shoot, in a 

plastic sealable bag (Whirl-Pak; Nasco, Fort Atkinson,WI, USA) which was previously exhaled 

in. The shoot was then placed in a sealed plastic zipper bag with wet paper towels, and left to 

equilibrate for at least 15 minutes and up to 2 hours (as necessary for more dehydrated shoots), 
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after which the Ψleaf was measured for the top and bottom leaf of the shoot using a pressure 

chamber (Plant Moisture Stress, Model 1000, Albany, OR, USA), and if these differed by more 

than 0.2 MPa, the shoot was discarded. Leaf discs were cut from the two remaining leaves. As 

one treatment, leaf discs were cut under water to minimize the effect of embolism of the leaf 

xylem in dehydrated leaves in delaying or preventing rehydration and recovery of tissue 

dimensions. As a second treatment, using different shoots, leaf discs were cut in air to test 

whether embolism of xylem and mesophyll cell walls would affect disc rehydration; these discs 

were then dipped in water to achieve a similar initial condition as those that were cut under 

water. Leaf discs were immediately placed in sealable plastic bags which had been previously 

exhaled in. Initial thickness and mass was measured for each disc using digital calipers and 

balances described above. Discs were then submerged under ultrapure water with a height of 2- 4 

mm in a petri dish to rehydrate for 1 h after which thickness and mass were measured. The 

percent recovery in thickness was measured by dividing thickness after 1 h rehydration by the 

average thickness at full hydration. If discs cut in air and under water did not differ significantly 

in their recovery, values were pooled.  

Leaf hydraulic traits 

We tested correlation of leaf shrinkage parameters with leaf hydraulics traits and cuticular 

conductance. Values for leaf hydraulics traits were obtained from vulnerability curves 

determined using the evaporative flux method for ten species (Scoffoni et al., 2011; Sack and 

Scoffoni, 2012; Scoffoni et al., 2012): Kleaf at full turgor (Kmax) and at turgor loss point (Ktlp); the 

percent decline of Kleaf at turgor loss point (%Ktlp), the Ψleaf at 50 and 80% loss of Kmax (P50 and 

P80), and the slope of the hydraulic vulnerability curve at Ψleaf = -0.5 MPa (dKleaf/dΨ). For 

cuticular conductance (gmin) we used values previously published for the same plants (Scoffoni et 

al., 2011). 
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Leaf structural and compositional traits 

We tested the correlation of shrinkage parameters with traits related to gross leaf morphology 

and composition determined from five leaves per species (sampled from at least three 

individuals). For the leaves used in the shrinkage experiments, we measured fully hydrated leaf 

area (cm2) and thickness (mm), leaf mass per area (LMA, in g m-2; dry mass / turgid leaf area), 

and leaf density (in g cm-3; LMA / turgid leaf thickness). The fraction of leaf air, water and solid 

were measured for 4 to 10 leaves per species by water infiltration into the airspaces (after 

Roderick et al., 1999; Sack et al., 2003). The airspace “thickness” in a dry leaf was obtained by 

multiplying the thickness of the dry leaf by (1 – solid fraction), and the percent airspace in a dry 

leaf by dividing its airspace thickness by the thickness of the dry leaf. 

Leaf water storage traits 

Saturated water content (SWC), and leaf water storage capacitances at full turgor and turgor loss 

point (CFT and CTLP) were obtained for each species from the pressure-volume curves described 

above (Sack et al. 2003; Sack and PrometheusWiki, 2010). Leaf area specific capacitances at full 

turgor and turgor loss point (C*FT and C*TLP in mol m-2 MPa-1) were then calculated: 

>ST∗ =	>ST 	× V=>	 × 3WX                                                    (eqn 20),  

>YZ[∗ =	>YZ[ 	× V=>	 × 3WX	 ×	<=>YZ[                              (eqn 21) 

Leaf venation traits 

We tested the relationship of leaf shrinkage with published vein traits for the study plants 

(Scoffoni et al., 2011): major vein length per area, i.e., that of the first three branching orders of 

veins; the minor vein length per area, i.e., that higher vein branching orders; the total vein length 

per area (VLA, also known as “vein density”); the ratio of major to minor vein length per area 

and free vein endings per area. 

Statistics 
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We tested a priori hypotheses for the coordination of shrinkage parameters with pressure-volume 

parameters, hydraulic traits and leaf structure and composition across species. As in previous 

studies using this approach (Brodribb et al., 2007; Waite and Sack, 2010; Scoffoni et al., 2011; 

Nardini et al., 2012), we thus did not correct individual correlations for multiple tests, and 

present a correlation matrix of all traits only to illustrate the inter-correlative structure of all 

measured traits (Table S4.3). We advise correction for multiple statistical tests before 

considering trait correlations that were not hypothesized a priori. Pearson coefficients were 

determined for both untransformed and log-transformed data, given that many relationships were 

nonlinear (Sokal and Rohlf, 1995). Spearman rank correlations were also determined, given that 

these are more robust to cases in which one or two outliers might drive a significant Pearson 

correlation (Sokal and Rohlf, 1995). For a conservative approach, we typically recognized 

relationships as significant only when P < 0.05 for both Spearman rank and Pearson correlations 

(rs and rp respectively).  

Partial correlation analyses (Sokal and Rohlf, 1995) were conducted when three variables 

of interest were intercorrelated across species. These analyses tested the relationship between 

two variables when the third is statistically held constant (implemented using the corpcor 

package in R; Schaefer et al., 2007). 

 

RESULTS 

Computer simulations demonstrate potential importance of extra-xylem hydraulic decline  

We used computer simulation modeling with K_leaf v. 6.1 (Cochard et al., 2004; McKown et al., 

2010; Scoffoni et al., 2011) to determine the impact of vulnerability of the outside-xylem 

mesophyll pathways in driving decline of Kleaf with dehydration (Fig 4.2; Table 4.1; Table S4.1). 

We generated eight leaf hydraulic vulnerability curves based on different assumptions about the 
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distribution of hydraulic resistance and vulnerability characteristics of various components of the 

flow pathway. We considered two general cases: (a) most hydraulic resistance was within the 

outside-xylem component, i.e., the outside xylem hydraulic resistance (Rox) > the xylem 

hydraulic resistance (Rx), or conversely, (b) Rx > Rox. For each of these two general cases, we 

considered four vulnerability scenarios: (1) low vulnerability for xylem and outside-xylem 

components, (2) high vulnerability for only the outside-xylem component, (3) high vulnerability 

for only the xylem component, and (4) high vulnerability for the xylem and outside-xylem 

components (see Methods for additional details and parameterization of each scenario). Although 

the vulnerability of the xylem in given vein orders and in the mesophyll was specified in the 

K_leaf model by a two-parameter sigmoidal function (Pammenter and Vander Willigen, 1998; 

see Methods), in all modeled scenarios a three-parameter logistic function was selected by 

maximum likelihood for the leaf vulnerability curve; the emergent whole leaf response differed 

in structure from that specified for its components (Table S4.1).  

Consistent with expectations, the simulations showed that whole leaves were more 

vulnerable when both xylem and outside-xylem mesophyll components were vulnerable. The 

outside-xylem vulnerability had a substantial impact on Kleaf vulnerability. Simulating a greater 

vulnerability to dehydration in only the outside-xylem component or only the xylem led to 

substantially less negative water potential at 50% and 80% loss of Kleaf (P50 and P80) and steeper 

initial slopes than when simulating a low xylem and outside-xylem vulnerability (compare grey 

dashed or light grey dashed with black solid lines; Fig. 4.2; Table 4.1). Further, because the 

outside-xylem mesophyll component is a terminal hydraulic bottleneck, it is critical for 

protection of the xylem component. Across simulations, P50 was always considerably more 

negative than the pressure inside the xylem at P50 (2 to 8-fold more negative; Table 4.1). At 

given input values for the within-xylem and outside-xylem vulnerability, the leaf was less 



120 

 

vulnerable when more hydraulic resistance was found outside the xylem (i.e., when Rox > Rx 

rather than Rx > Rox), with more negative P50 and P80 values and vulnerability curves with 

shallower slopes (Table 4.1; compare panel A and panel B in Fig. 4.2).  

Further, the outside-xylem vulnerability played the greatest role in driving the initial 

vulnerability at mild water deficits. The initial slope of the vulnerability curve (before cavitation 

occurs) was steeper when the outside-xylem component was vulnerable than when only the 

xylem component was vulnerable (compare grey dashed and light grey dashed lines; Fig. 4.2; 

Table 4.1), and similar to that found when both xylem and outside-xylem components were 

vulnerable (compare grey dashed with grey solid lines Fig. 4.2; Table 4.1). By contrast, the 

behavior of the leaf vulnerability curve at stronger water deficits was strongly influenced by the 

xylem component; thus, the P80 values when both xylem and outside-xylem components were 

vulnerable were similar to that found in the simulation when only the xylem was vulnerable, 

substantially less negative than when only the outside-xylem was vulnerable (Fig. 4.2; Table 

4.1). There was less difference across simulations in the P50 values (Table 4.1).  

These findings indicated a strong impact of reduction in mesophyll hydraulic 

conductance on Kleaf vulnerability especially at high water potentials, with more pronounced 

effects of xylem embolism on Kleaf vulnerability under stronger dehydration (Fig. 4.2; Table 4.1). 

Leaf shrinkage with dehydration: variation across diverse species  

Species varied significantly in their leaf shrinkage with dehydration (Fig. 4.3) and in all 9 key 

leaf shrinkage parameters (one-way ANOVAs, P < 0.001; Tables 4.2, 4.3, 4.4 and 4.5 and Table 

S4.2; see Tables S4.2, S4.3 and S4.4 and Supplemental Results for additional parameters that 

were correlated with the 9 key parameters). Species varied 18-fold in the slope of thickness 

against Ψleaf before turgor loss point (dTleaf/dΨ), from -31 %·MPa-1 for Platanus racemosa, 

which had slopes of cell and airspace thicknesses against Ψleaf  before turgor loss point (dTC/dΨ 
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and dTA/dΨ respectively) of -10 and -60 %·MPa-1 respectively, to -1.7 %·MPa-1 for Quercus 

agrifolia (dTC/dΨ and dTA/dΨ of -4.9 and -3.9 respectively). The dTC/dΨ varied 3-fold across 

species from -4.1 for Cercocarpus betuloides to -13 %·MPa-1 for Bauhinia galpinii, and dTA/dΨ 

was even more variable, ranging from an increase in airspace of 3.9 %·MPa-1 for Q. agrifolia to 

a reduction of airspace of 60 %·MPa-1 for P. racemosa. The maximum shrinkage in thickness 

(PLTdry), i.e., that observed in a dry leaf relative to a fully turgid leaf, varied 4-fold across species 

from 23% for Q. agrifolia to 83% for B. galpinii (Table 4.5). Notably, the proportion of the leaf 

thickness constituted of cell versus air did not shift significantly between full turgor and turgor 

loss point. Across species, the mean ± SE for the percent cell and air thickness at full turgor 

(PTC,FT and PTA,FT) were respectively  67 ± 4%  and 33 ± 4%, very similar to those at turgor loss 

point (PTC,TLP and PTA,TLP), 69 ± 5%  and 31 ± 5% respectively (paired t-tests; P = 0.44-0.49;  

data in Table S4.2).  

The coordination of leaf thickness shrinkage with turgor loss point also varied strongly 

across species. The percent loss of leaf thickness at turgor loss point (PLTleaf,TLP) varied 8-fold 

among species from 4.6% for Raphiolepis indica to 38% for Lantana camara (Table 4.5). The 

cell shrinkage at turgor loss point (PLTC,TLP) varied 2-fold among species from 11% for C. 

betuloides to 21 % for Camellia sasanqua, and the intercellular airspace shrinkage at turgor loss 

point (PLTA,TLP) ranged from a gain in airspace in the leaf of 12% for Q. agrifolia to a loss of 

airspace of up to 77% for L. camara (Table 4.5). Species differences in PLTleaf,TLP were driven 

by changes in PLTA,TLP rather than PLTC,TLP; there was a tight correlation of PLTleaf,TLP with 

PLTA,TLP (rs = 0.94, rp = 0.96; P < 0.001) but not with PLTC,TLP (P > 0.05). 

Percentage shrinkage in leaf area was much lower than that for thickness. Loss of area at 

turgor loss point (PLAleaf,TLP) ranged from 0.5% for B. galpinii to 14% for H. annuus (Table 4.5). 
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The maximum shrinkage in area (PLAdry), i.e., that for a dry leaf, ranged 14-fold across species 

from 4.9% for Heteromeles arbutifolia to 69% for H. annuus (Table 4.5). 

Species native to moist habitats experienced more shrinkage in thickness and area than 

species from dry habitats (see Supplemental Results for more details). 

Coordination of leaf shrinkage responses and leaf hydraulic vulnerability 

Across species, the slopes of the shrinkage curves for the whole leaf (dTleaf/dΨ) and the cells 

above turgor loss point (dTC/dΨ) correlated with the slope of the leaf hydraulic vulnerability 

curve at Ψ���� =-0.5 MPa (dKleaf/dΨ), and with P50 and P80 (Fig. 4.4; Table S4.3). No significant 

correlations were found between the slope of the shrinkage curve for the intercellular airspaces 

(dTA/dΨ) and dKleaf/dΨ, P50 or P80 (Fig. 4.4; Table S4.3). Species with greater maximum 

shrinkage in leaf thickness (PLTdry) tended to have higher maximum leaf hydraulic conductance 

(Kmax) (rp and rs = 0.65, 0.68; P < 0.05; Table S4.3), and also experienced steeper dKleaf/dΨ (rp 

and rs = 0.76-0.88; P < 0.05; Table S4.3). No correlations were found between Kleaf at turgor loss 

point and leaf shrinkage traits (|rp| and |rs| = 0.02-0.42, P > 0.05; Table S4.3).  

 Recovery from shrinkage in thickness for leaves dehydrated before turgor loss point was 

high but not complete, ranging from 60% in Magnolia grandiflora to 99% in Romneya coulterii 

(Table S4.5). For 8/10 species tested, a similar recovery was found for leaves that had been 

dehydrated to before or past turgor loss point (Table S4.5 and supplemental results). 

Correlation of leaf shrinkage with leaf pressure-volume parameters, water storage, structure, 

venation architecture and cuticular conductance 

Across species, thickness shrinkage correlated with pressure-volume curve parameters (Fig. 

4.5A-C), which themselves were strongly inter-correlated (Fig. 4.5F-O, Table S4.3). Species 

with more negative osmotic pressures at full turgor and turgor loss point (πo and πtlp respectively) 

and higher modulus of elasticity (ε) shrank less in thickness before turgor loss point and tended 
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to have shallower shrinkage slopes dTleaf/dΨ, dTC/dΨ, and dTA/dΨ (rp and rs = 0.62-0.86, P < 

0.05; Table S4.3). Leaf area shrinkage also related to pressure-volume parameters. A high 

PLAleaf,TLP correlated with low ε (rp and rs = -0.62 to -0.68, P < 0.05; Table S4.3). Maximum leaf 

shrinkage (PLAdry) correlated with high πo and πtlp and low ε (|rp| and |rs| = 0.80-0.83, P < 0.001; 

Fig. 4.6A-D, Table S4.3).  

Notably, due to the strong relationship between ε (MPa) and PLAdry (%), a fitted power 

law equation could be used to estimate ε from PLAdry (R
2= 0.66; P < 0.001):  

G = 41.4 × 23X^_`
!�.abb.      (eqn 1) 

 Leaf shrinkage traits also correlated with water storage traits. With few exceptions, the 

dTleaf/dΨ, dTC/dΨ, and dTA/dΨ correlated with leaf capacitances (amount of water storage) at full 

turgor and turgor loss point, and with saturated water content (CFT, CTLP, and SWC respectively, 

defined in Table 4.4) (rp and rs values up to 0.93, P < 0.05; Table S4.3). The PLAdry was 

positively correlated with CFT, CTLP, SWC and C*
TLP (rp and rs = 0.55-0.86, P < 0.05; Table 

S4.3).  

Across species, leaf shrinkage also related to leaf structure. The PLTleaf,TLP correlated 

negatively with leaf mass per area and leaf density (Fig. 4.5 D-E), as did dTleaf/dΨ, dTC/dΨ, and 

PLAdry (ǀrpǀ and ǀrsǀ = 0.70 to 0.87, P < 0.05; Table S4.3). Species with thinner hydrated leaves 

tended to have higher PLAdry (rp and rs = -0.57 to -0.62, P < 0.05; Table S4.3). Leaf shrinkage 

tended to be independent of leaf area across species; only ΨT50 showed a positive correlation 

with mean leaf area (rp and rs = 0.55-0.58, P < 0.05; Table S4.3). 

Leaf shrinkage was independent of most leaf vein traits. No correlation was found 

between dTleaf/dΨ and major, minor or total vein length per area (rp and rs = 0.25-0.57, P > 0.05; 

Table S4.3). The few correlations observed between vein and shrinkage traits did not suggest 

causal dependency (Table S4.3).  
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Cuticular conductance (gmin) was positively correlated with a number of leaf shrinkage 

parameters, i.e., the PLTleaf,TLP, PLTA,TLP, dTleaf/dΨ, dTA/dΨ and PLAdry (ǀrpǀ and ǀrsǀ = 0.65-0.91;  

P < 0.05; Fig. 4.7, Table S4.3).  

Separating the drivers of leaf shrinkage 

Most leaf pressure-volume parameters and structural features that correlated with leaf shrinkage 

were themselves inter-correlated (Fig. 4.5 F-O, Table S4.3). To test for effects of single traits, 

holding others constant, partial correlation analysis was applied to (1) PLTleaf,TLP, ε and πo, (2) 

dTleaf/dΨ, dKleaf/dΨ, ε and πo, (3) PLTleaf,TLP, ε and gmin, (4) PLTleaf,TLP, LMA, leaf density, ε and 

πo, (5) PLAdry, gmin ε and πo (Table S4.6).  These analyses enabled us to develop a model of the 

influences of given traits on leaf shrinkage and the hydraulic vulnerability of the xylem and 

outside-xylem pathways (Fig. 4.8). Briefly, a high major VLA provides lower xylem hydraulic 

vulnerability independently of leaf shrinkage, which influences the outside-xylem vulnerability.  

A low degree of shrinkage in thickness is achieved at the cellular level through both low ε and 

more negative πo and linked to structural traits such as LMA and leaf density through ε. The ε 

also controls the maximum shrinkage in leaf area, which acts directly on cuticular conductance. 

Consistent with this model for trait influences, we found that the effects of πo and ε on 

leaf shrinkage were too inter-correlated to be distinguished. Thus, when accounting for the effect 

of either πo or ε, the correlation between the other trait and the PLTleaf,TLP disappeared (|rpartial| = 

0.42-0.01, P > 0.05; Fig. 4.8; Table S4.6). Similarly, LMA and leaf density were strongly related 

to p-v parameters, and separate relationships with shrinkage could not be resolved (Figs 4.5 and 

4.8); when removing the effect of LMA or leaf density, the correlation between PLTleaf,TLP and p-

v parameters disappeared, and when removing the effect of p-v parameters, the correlation of 

leaf shrinkage with LMA or leaf density disappeared (|rpartial| = 0.06-0.47, P > 0.05). However, 
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when removing the effect of PLTleaf,TLP, the correlation between p-v parameters and LMA or leaf 

density remained (rpartial = 0.70-0.82, P < 0.01). 

Also consistent with our model for structural influences, we found that the linkages of 

leaf hydraulic vulnerability with the degree of leaf shrinkage were mediated by the p-v 

parameters πo and πTLP (Fig. 4.8). Accounting for the effect of dTleaf/dΨ the correlation between 

dKleaf/dΨ and πo or πTLP disappeared (|rpartial| = 0.04-0.16, P > 0.05). However, the correlation 

between dTleaf/dΨ and dKleaf/dΨ remained even when accounting for the effects of πo, πTLP or ε, 

and the correlations between dTleaf/dΨ and πo, πTLP and ε remained even when accounting for 

dKleaf/dΨ (|rpartial| = 0.61-0.74, P < 0.05; Table S4.6), indicating that the linkage of shrinkage to 

p-v parameters was more proximal than that of hydraulic vulnerability to p-v parameters. 

Leaf shrinkage in thickness was apparently indirectly correlated with gmin. The correlation 

of PLTleaf,TLP and gmin seemed to be driven by their separate correlations with ε; when accounting 

for the effect of ε, the correlation between gmin and PLTleaf,TLP disappeared (rpartial = 0.09 P > 0.05; 

Table S4.6), but ε and PLTleaf, TLP remained correlated after accounting for the effect of gmin 

(rpartial = -0.66 P < 0.05). By contrast, maximum shrinkage in area still remained tightly 

correlated with gmin after accounting for the effect of ε or πo (rpartial = 0.90-0.91 P < 0.001; Fig. 

4.8). The correlation between maximum shrinkage in area and ε or πo lost its significance after 

accounting for the effect of gmin (|rpartial| = 0.42-0.43 P > 0.05; Table S4.6). 

Predicting leaf hydraulic vulnerability from thickness shrinkage and major vein density  

Given the correlations of P50 and P80 with both major VLA and thickness shrinkage, and because 

according to our structural model these latter traits were related to the xylem and outside-xylem 

pathways, respectively, we tested whether they provided a strong prediction of P50 and P80. 

Indeed, multiple regression analysis showed a greatly improved r² when using both thickness 

shrinkage and major VLA when predicting P50 or P80 (r² = 0.87 for both P50 or P80 when using 
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both shrinkage and major VLA versus r² = 0.74-0.72 for P50 or P80 respectively using only major 

VLA, and 0.52-0.55 for P50 or P80 respectively using only dTleaf/dΨ). The fitted models for 

predicting P50 and P80 were:  

							2a�	cd efgh e = 0.465 + 0.041 × e$���� eΨ⁄ + 1.79 × major	s3X            (eqn 2) 

2t�	cd efgh e = 1.20 + 0.070 × e$���� eΨ⁄ + 2.70 × major	s3X              (eqn 3) 

The observed P50 and P80 were strongly correlated with values predicted from these models, with 

the slope close to 1 (0.96-0.97) and r² = 0.87 (Fig. 4.9). 

 

DISCUSSION 

The results from computer modeling and experiments demonstrated that leaf shrinkage is a 

strong correlate and potential driver of leaf hydraulic vulnerability alongside other drivers such 

as xylem embolism and collapse, and aquaporin deactivation. Our detailed examination of leaf 

shrinkage provides new insight into its mechanisms and variation across species. Moreover, our 

results have strong ecological implications, given the great variation in shrinkage across species, 

with species native to dry habitat more resistant to shrinkage due to their more negative osmotic 

pressures at full turgor (πo or turgor loss point(πtlp = leaf water potential at turgor loss point, 

TLP) and higher modulus of elasticity (ε).  

Impact of the mesophyll on leaf hydraulic vulnerability: insights from the computer model  

Results from model simulations confirmed the hypothesis that decline in extra-xylem 

conductance should have strong impacts on leaf hydraulic conductance (Kleaf) vulnerability, 

especially at high leaf water potential (Ψleaf). The initial slope of Kleaf against Ψleaf was as steep 

when only the extra-xylem component was vulnerable to hydraulic decline as when both xylem 

and extra-xylem components were vulnerable. Similarly, the impact of extra-xylem vulnerability 

on the leaf water potential at 50% and 80% loss of hydraulic conductance (P50 and P80) pointed 
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to a particular influence of the extra-xylem component on the early decline of Kleaf. The model 

simulations were consistent with a more vulnerable extra-xylem component protecting the xylem 

from tensions that would cause embolisms and/or stomatal closure. Along the hydraulic pathway, 

the tension generated by transpiration is dissipated by frictional losses proportional to hydraulic 

resistance. As expected, simulations showed that in leaves where the extra-xylem resistance (Rox) 

> the xylem resistance (Rx), and thus the extra-xylem bottleneck was more pronounced, negative 

pressures would build up less strongly in the xylem for a given bulk leaf water potential (Ψleaf) 

than if Rx > Rox. Substantial extra-xylem resistance protects the xylem water pressure from 

declining to values that would trigger air seeding, thus leading to the S-shaped curve seen in the 

simulation where only the xylem is vulnerable (Fig. 4.2, panel A, light-grey dashed line). 

Additionally, an Rox > Rx scenario allows cavitation to occur at more negative leaf water 

potentials than if Rx > Rox (Table 4.1). Further, regardless of the relative values of Rox and Rx in 

the turgid leaf, extra-xylem vulnerability always had a strong impact on the decline of Kleaf at 

high Ψleaf. (Fig. 4.2, panel A and B, grey dashed lines). We note that this model assumed a steady 

state transpiration rate. The dynamics of mesophyll water potential could act directly on stomatal 

aperture and thus feedback on stomatal conductance and transpiration, but the principles shown 

here would act when steady state was established. 

These model results are analogous to the hydraulic segmentation theory proposed for 

whole-tree architecture (Zimmermann, 1978). According to that theory, high resistances are 

found in the most distal parts of the trees (leaves, then lateral branches) so that tensions will be 

disproportionately large there, and reduced in proximal parts, thus delaying the onset of 

embolisms in the main trunk xylem, crucial for the tree’s survival. We found that resistance in 

the extra-xylem component and its increase during leaf dehydration would prevent stronger 

tensions in the leaf vein xylem and delay the onset of xylem embolism or collapse. In essence, 
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vulnerability in the xylem- and extra-xylem pathways partitions the low water potential caused 

by a given transpiration rate; greater vulnerability in extra-xylem pathways preferentially 

partitions low potentials to the mesophyll, possibly delaying xylem embolism or stomatal 

closure. 

Thus, in sum, decline in the extra-xylem conductivity, which would likely occur during 

leaf shrinkage, leads to strong Kleaf reductions, and protects the xylem from embolism during 

ongoing transpiration, which would lead to yet stronger Kleaf reductions, and potentially 

necessitate energy for refilling xylem conduits (Nardini et al., 2011).  

Impact of leaf shrinkage on leaf hydraulic vulnerability 

Previous studies showed that Kleaf decline in dehydrating leaves was correlated not only with 

xylem embolism but also with biochemical processes outside the xylem, such as aquaporin 

deactivation (Johansson et al., 1998, Kim and Steudle, 2007; Scoffoni et al., 2012). Our study is 

the first to implicate a physical influence of leaf shrinkage in the decline of Kleaf with 

dehydration, using the same correlational approach. These results support our model findings 

that extra-xylem hydraulic decline would in principle impact on Kleaf. Further, consistent with 

our hypotheses, and the results of the model simulations, our experiments using diverse species 

confirmed the hypothesis that Kleaf declines were correlated across species with leaf thickness 

shrinkage, especially at high Ψleaf. Species that experienced most severe shrinkage above turgor 

loss point had steeper initial Kleaf declines and less negative P80 values. The linkage of shrinkage 

with initial Kleaf decline was consistent with our hypothesis and model simulations.  

Is there an adaptive hydraulic function for greater thickness shrinkage? Such a potentially 

adaptive mechanism was suggested by Zimmerman’s segmentation theory and results from our 

model simulations. Thickness shrinkage reduces Kleaf when the mesophyll, but not yet the xylem 

itself, experiences more negative water potential; this would amplify any water status signal that 
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causes stomatal closure, thus preventing further decline in Ψleaf and sparing the xylem from 

embolism. Thus, species with xylem especially sensitive to air seeding would benefit from 

shrinkage that would reduce the conductance outside the xylem. Such “sacrifice” of mesophyll 

hydraulic conductance during dehydration would also be expected to delay intense cavitation 

during daily transpiration. This mechanism would be particularly useful given the partial 

reversibility of even strong leaf shrinkage shown by our rehydration experiments. After one-hour 

of rehydration, leaf discs had regained more than half their initial thickness, regardless of their 

level of dehydration (see Supplemental Results and Discussion).   

Indeed, although shrinkage has not been previously investigated in this way, previous 

studies have pointed to a role of extra-xylem pathways in Kleaf decline (reviewed in Scoffoni et 

al., 2012). A recent study of Arabidopsis suggested that bundle sheath cells acted as valves 

during drought by converting chemical signals from the vein xylem such as ABA into a decrease 

in Kleaf by deactivating aquaporins (Shatil-Cohen et al., 2011). Our modeling and experimental 

work were consistent in implicating reductions in the extra-xylem pathways, whether caused by 

aquaporin deactivation, cell shrinkage or both, in the decline of Kleaf with dehydration. Future 

work is needed to fully resolve the roles of xylem and extra-xylem pathways, and their 

interaction in determining the response of Kleaf to dehydration. 

Drivers of leaf shrinkage and its relation to leaf vulnerability 

Our experiments provided insight into processes occurring within specific leaf tissues during 

shrinkage, especially at the epidermal cell layers (see Supplemental Discussion, “Mechanisms of 

leaf shrinkage”). What are the structural factors that influence leaf shrinkage and thus hydraulic 

vulnerability? Previous studies have reported correlation of hydraulic vulnerability with 

pressure-volume parameters πo and πTLP (Crombie et al., 1985; Blackman et al., 2010; Scoffoni 

et al., 2012). This linkage could arise because a more negative πTLP enables cells to maintain 



130 

 

structural integrity, i.e., a higher RWC at lower Ψleaf (Blackman et al., 2010; Scoffoni et al., 

2012). That hypothesis was supported in our study; the percent loss of thickness at turgor loss 

point (PLTleaf,TLP) was lower in species with more negative πo and higher ε. Our findings for the 

linkage of shrinkage with p-v parameters confirmed and expanded those of studies of fewer 

species. In one study of six species, leaves of woody plants shrank less than those of herbs, 

potentially due to their more negative πo (Kennedy and Booth, 1958). In another study, species 

with low ε shrank more strongly in thickness (Syvertsen and Levy, 1982). In our study, partial 

correlation analysis could not tease apart the effects of πo and ε on PLTleaf,TLP, due to their strong 

association, and their combined impacts on determining cell shrinkage at turgor loss point and 

thus RWCTLP (Bartlett et al., 2012).  These results support the hypothesis that cell shrinkage 

depends on cell structural integrity, i.e., the p-v parameters, and shrinkage influences leaf 

hydraulic vulnerability.  

Tissue shrinkage may affect Kleaf decline by altering the pathways for water movement. 

The precise pathways of mesophyll water movement and, indeed, the identity of the cells that are 

the sites of water evaporation, have remained puzzling questions for decades (Meidner, 1983). 

Three main pathways for water movement outside the xylem have been proposed: 1) water flows 

from the xylem to the bundle sheath cells and principally evaporates there (Boyer, 1985), 2) 

water flows mainly through or around epidermal cells, which have their walls better 

interconnected than mesophyll and palisade, and evaporates near stomata (Wylie, 1943; Sheriff 

and Meidner, 1974; Meidner, 1975) and 3) water evaporates from the mesophyll cells but an 

appreciable part evaporates as well from the epidermal cells (Farquhar and Raschke, 1978). Cell 

shrinkage can reduce connections for water to flow (Sancho-Knapik et al., 2011) and 

additionally would reduce evaporative surface; both effects would reduce Kleaf. Tissue shrinkage 

during transpiration might in fact highlight where water principally evaporates within the leaf, 
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and how it varies among species (Canny et al., 2012). While eucalyptus showed equal shrinkage 

throughout the mesophyll, suggesting that transpirational water evaporates throughout the leaf, 

cotton showed strongest shrinkage and potentially greater evaporation in the spongy mesophyll 

and in palisade cells surrounding the substomatal cavities (Canny et al., 2012). Whether the 

shrinkage of given leaf tissues or populations of cells have more effect than others on Kleaf (e.g., 

bundle sheath cells; see Scoffoni et al., 2012) remains to be elucidated. Further, it is unknown 

whether Kleaf decline is due to the direct effect of the physical impact of leaf shrinkage on 

hydraulic pathways, to an indirect effect of cell shrinkage on aquaporin activity (Johansson et al., 

1998; Kim and Steudle, 2007), or both.  The shrinkage of airspaces may reflect structural 

changes, i.e., cell wall buckling, that would reduce extra-xylem water flow, by reducing cell 

contact and/or the conductance of cell walls. 

The strength of the correlation of Kleaf vulnerability with leaf shrinkage, together with the 

model simulation results, and the clear physical linkage of the pathways of water movement with 

cellular structure and tissue integrity, support a mechanistic linkage between vulnerability and 

shrinkage. An alternative argument, that the linkage of Kleaf vulnerability with leaf shrinkage is 

only circumstantial—i.e., that these responses are independently linked across species due to 

their association with moist habitat – remains possible. However, it is common to use physical 

principles to postulate a mechanistic basis for correlations. For example, this was used to 

establish connections between maximum Kleaf and leaf hydraulic vulnerability with xylem 

structure (i.e., with midrib conduit dimensions and vein length per area; Sack and Frole, 2006; 

Brodribb et al., 2007; Blackman et al., 2010; Scoffoni et al., 2011; Nardini et al., 2012), and here 

we have extended this approach to the extra-xylem pathways. Further validation of this 

hypothesis will require tests using mutant phenotypes in model species and/or mechanistic 

manipulations to establish absolute causality.  
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Coupling the effects of leaf shrinkage and leaf veins to better predict hydraulic vulnerability 

Previous researchers hypothesized that leaf veins act as a “skeleton” that reduces leaf shrinkage 

during dehydration (Gardner and Ehlig, 1965). We found no relationship across species of the 

degree of shrinkage with major or total vein length per area. Instead, we found shrinkage to be 

closely related to leaf properties principally determined by mesophyll cells, πo and ε. Notably, in 

some species, bundle sheath extensions (especially when fibrous) could play an important role in 

reducing shrinkage (Cutler, 2005; Pivovaroff et al., in press).  

Previous work showed that the major vein length per area (major VLA) reduces the leaf 

hydraulic vulnerability, providing more pathways for the water to flow around embolisms 

(Scoffoni et al., 2011). Thus, leaf shrinkage and the venation architecture are independent factors 

that both influence the vulnerability of Kleaf, factors representing the xylem and outside-xylem 

components respectively. We found that including both major VLA and shrinkage led to a 

stronger ability to predict P50 and P80 than either factor alone, and eqns 2 and 3 provided a very 

strong prediction (Fig. 4.9), the strongest to our knowledge of leaf hydraulic vulnerability based 

on structural measurements. Previous work has also shown that P50 and/or P80 can be predicted 

across species by the dimensions of minor vein xylem conduits (Blackman et al., 2010) and that 

hydraulic decline of Kleaf and/or cell permeability can be related to properties of aquaporins and 

the effects of abscisic acid (Kim and Steudle, 2007; Shatil-Cohen et al., 2011). Our eqns 2 and 3 

should be validated and extended with measurements for additional species, as they point to a 

great potential value for estimating hydraulic vulnerability from easily measurable traits. 

Applications of leaf shrinkage for drought monitoring and drought tolerance assessment 

Our findings support previous studies showing the uses of shrinkage for monitoring drought 

responses, i.e., for estimating RWC or Ψleaf from leaf thickness and area for given leaves (e.g., 

Meidner, 1952; Jones, 1973; Tyree and Cameron, 1977). Our study further points to the 
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importance of resistance to shrinkage as a trait contributing to drought tolerance (see 

Supplemental Discussion). Leaf shrinkage may have novel applications for rapid estimation of 

drought tolerance parameters. In addition to the ability of shrinkage to predict Kleaf vulnerability 

described above, the very strong relationship between the percent loss of area in a dry leaf 

(PLAdry) and ε highlights the potential for estimation of ε using eqn 1, and easy, rapid 

measurements of PLAdry. This equation should be validated and extended for additional species, 

for rapid estimation of ε, which typically is obtained from pressure-volume curves, which can 

take 1-2 days of measurements per species. Such rapid measurement of a key p-v parameter 

complements the recently described osmometer measurement of πo and πTLP (Bartlett et al., 

2012).  

Because species from drier habitat experienced less shrinkage in thickness, the percent 

loss of thickness in a dry leaf (PLTdry) may be a good proxy trait for evaluating drought tolerance 

rapidly. By contrast PLAdry may be of limited value as a drought tolerance predictor, though a 

good proxy for ε. Notably, ε is not a general predictor of drought tolerance—though it may 

contribute to tolerance of incipient drought by preventing early Kleaf decline, and/or contribute 

indirectly to drought tolerance by preventing cell shrinkage to lethal levels. Indeed, a recent 

study quantified PLAdry in 380 diverse species (Blonder et al., 2013), and found PLAdry to be 

slightly higher for dry habitat species, though that trend may have arisen due to error in their 

measurements. In that study, PLAdry was determined without first rehydrating the leaves to full 

turgidity, and erroneous negative PLAdry data were included in that study. Such errors need to be 

avoided for accurate species comparisons, especially if values are to be used as proxies for more 

intensive physiological or ecological parameters. 

Summary 
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Leaf shrinkage was tightly correlated with hydraulic responses, leaf and cell structure and 

composition, and drought adaptation. Leaf shrinkage parameters can be used as proxies for 

estimating hydraulic vulnerability, modulus of elasticity and potentially drought adaptation. 

Future research on the anatomical basis of shrinkage, the precise mechanisms of leaf hydraulic 

decline, and the role of shrinkage-related traits in drought tolerance for a wide range of species 

can capitalize on these discoveries and improve the full range of their applications. 
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Table 4.1. Results from model simulations testing the impacts on leaf hydraulic vulnerability of declines in conductivity in 
the xylem and outside-xylem pathways. For each set of simulations, we present the percent of the leaf hydraulic resistance 
outside the xylem for simulated leaves (Rox), the input values for water potential at 50% loss for the within-xylem (xylem 
P50) and outside-xylem components (outside-xylem P50), and the results for maximum leaf hydraulic conductance (Kmax), 
leaf water potential (Ψleaf)	at 50% and 80% loss of leaf hydraulic conductance (P50 and P80) and the initial slope of the leaf 
hydraulic vulnerability curve (at -0.1MPa), obtained from the logistic function (�leaf = �

1+(Ψleaf
y0

)
z) which was selected as the 

maximum likelihood model in all simulations (cf. Table S4.1). 
                     Input conditions   Output of leaf-level responses 
Scenario Simulations Rox 

 
(%) 

Xylem 
P50 

(MPa) 

Extra-
xylem P50 

(MPa) 

Kmax 
(mmol m-2 
s-1 MPa-1) 

 P50 

  
(MPa) 

P80 

 
(MPa) 

Pxylem 
at P50 

(MPa) 

Initial slope  
(mmol m-2 s-1 

MPa-2) 
(a) Rox > 
Rx 

(1) Low vulnerability for xylem 
and outside-xylem components  

74 -1.00 -1.00 8.62  -5.50 -11.6 -0.74 -0.09 

 (2) high vulnerability for only 
the outside-xylem component 

76 -1.00 -0.25 7.56  -2.37 -7.78 -0.28 -2.08 

 (3) high vulnerability for only 
the xylem component 

71 -0.25 -1.00 8.18  -1.53 -2.72 -0.32 -0.28 

 (4) high vulnerability for xylem 
and outside-xylem components 

74 -0.25 -0.25 7.26  -1.48 -3.83 -0.25 -1.97 

           
(b) Rx > 
Rox 

(1) Low vulnerability for xylem 
and outside-xylem components  

39 -1.00 -1.00 9.03  -2.49 -5.03 -0.78 -0.32 

 (2) high vulnerability for only 
the outside-xylem component 

42 -1.00 -0.25 8.32  -1.23 -3.92 -0.35 -4.50 

 (3) high vulnerability for only 
the xylem component 

36 -0.25 -1.00 8.02  -0.83 -1.78 -0.39 -3.06 

 (4) high vulnerability for xylem 
and outside-xylem components 

39 -0.25 -0.25 7.65  -0.68 -1.75 -0.30 -6.02 

  



136 

 

Table 4.2. Study species, family, mean ± standard error for leaf thickness, area, mass per area and pressure-volume parameters. 
Species Family Plant habit Leaf thickness 

at full turgor 
(mm) 

Leaf area 
 
(cm²) 

Leaf mass 
per area 
(g m-2) 

Osmotic pressure 
at full turgor 
(MPa) 

Osmotic pressure at 
turgor loss point 
(MPa) 

Modulus of 
elasticity 
(MPa) 

Relative water content 
at turgor loss point 
(%) 

Moist habitat           
Bauhinia 

galpinii 
Fabaceae Shrub 0.17 ± 0.007 22.2 ± 1.44 45.0 ± 1.60 -1.15 ± 0.08 -1.41 ± 0.07 7.81 ± 1.61 81.4 ± 3.39 

Camellia 
sasanqua† 

Theaceae Shrub 0.40 ± 0.01 12.8 ± 0.98 178 ± 9.08 -1.61 ± 0.13 -2.12 ± 0.18 7.98 ± 1.11 76.7 ± 3.35 

Helianthus 
annuus† 

Asteraceae Herb 0.20 ± 0.01 101 ± 6.61 31.2 ± 1.06 -0.87 ± 0.12 -1.09 ± 0.12 5.49 ± 0.79 84.4 ± 1.50 

Lantana 
camara† 

Verbenaceae Shrub 0.29 ± 0.01 16.8 ± 1.22 61.4 ± 4.18 -1.10 ± 0.04 -1.37 ± 0.04 4.85 ± 0.33 78.0 ± 2.30 

Magnolia 
grandiflora† 

Magnoliaceae Tree 0.63 ± 0.04 77.2 ± 7.12 220 ± 11.0 -1.42 ± 0.02 -2.06 ± 0.05 13.3 ± 1.31 89.3 ± 1.20 

Platanus 
racemosa 

Platanaceae Tree 0.17 ± 0.01 130 ± 14.4 56.3 ± 2.34 -0.93 ± 0.08 -1.19 ± 0.09 7.09 ± 0.25 87.0 ± 1.44 

Raphiolepis 
indica† 

Rosaceae Shrub 0.52 ± 0.01 28.5 ± 2.55 211 ± 8.26 -1.37 ± 0.07 -2.07 ± 0.11 11.5 ± 0.81 88.3 ± 0.55 

Dry habitat          
Cercocarpus 

betuloides† 
Rosaceae Tree 0.22 ± 0.02 8.57 ± 1.58 121 ± 23.3 -1.64 ± 0.04 -2.59 ± 0.03 10.1 ± 0.70 85.1 ± 0.80 

Comarostaphylis 
diversifolia† 

Ericaceae Tree 0.49 ± 0.04 12.8 ± 0.61 253 ± 16.9 -2.51 ± 0.34 -3.45 ± 0.34 17.3 ± 2.23 85.5 ± 1.85 

Hedera 
canariensis† 

Araliaceae Shrub 0.27 ± 0.02 67.2 ± 7.68 84.1 ± 11.0 -1.49 ± 0.07 -1.98 ± 0.09 12.8 ± 0.49 88.4 ± 1.40 

Heteromeles 
arbutifolia† 

Rosaceae Shrub 0.38 ± 0.01 21.5 ± 2.06 185 ± 12.4 -2.08 ± 0.09 -2.53 ± 0.10 16.4 ± 0.49 87.4 ± 0.53 

Quercus  
agrifolia† 

Fagaceae Tree 0.30 ± 0.01 14.2 ± 0.70 188 ± 7.53 -2.31 ± 0.12 -3.00 ± 0.12 17.9 ± 1.28 87.5 ± 1.59 

Romneya 
coulteri 

Papaveraceae Herb 0.36 ± 0.01 23.9 ± 0.67 78.1 ± 3.67 -1.01 ± 0.08 -1.40 ± 0.07 6.78 ± 0.33 87.2 ± 0.61 

Salvia 
canariensis 

Lamiaceae Herb 0.26 ± 0.01 54.5 ± 8.28 41.4 ± 6.01 -0.92 ± 0.05 -1.18 ± 0.07 5.49 ± 0.21 83.1 ± 0.95 

          
†Pressure-volume parameters from Scoffoni et al. 2008 and Scoffoni et al. 2011 
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 Table 4.3. Symbols, terms, unit, derivation and biological significance of the 9 key leaf thickness and area shrinkage traits in 
this study. An additional 9 traits were quantified, and their calculation and correlations with these key traits are described in the 
Supplementary Information (Supplementary Methods; Supplementary Results; Table S4.2, S4.3 and S4.4). *Because thickness of the 
leaf or tissues precisely at turgor loss point could not be determined, we interpolated the value for turgor loss point by assuming a linear 
decline of leaf dimensions with Ψleaf between the two surrounding measurements.  

Symbols: PLT, percent loss of thickness; Ψleaf, leaf water potential, and the slopes of percent cell (dTC/dΨ), intercellular airspace 
(dTA/dΨ) and total leaf thickness (dTleaf/dΨ) against Ψleaf between full turgor and turgor loss point.  
 

 

 

Symbol Parameters Units Derivation Significance 

Thickness shrinkage 
PLTleaf,TLP Percent loss of thickness at  turgor loss point  

 
% From plot of PLT versus  Ψleaf * Estimate of leaf thickness shrinkage at  turgor loss point 

PLTC,TLP Percent loss of cell thickness at   turgor loss 
point 
 

% From plot of PLTC,TLP versus  Ψleaf * Estimate of the amount of cell thickness lost when cells 
become flaccid 

PLTA,TLP Proportion of intercellular airspace thickness lost 
at turgor loss point 
 

% From plot of PLTA,TLP versus  Ψleaf * Estimate of the amount of airspace thickness lost (or gained) 
when cells become flaccid 

dTleaf/dΨ Degree of shrinkage of leaf thickness  
 
 

%·MPa-1 23$����,YZ[
πT.|

 
Steepness of the decline of whole leaf thickness with Ψleaf 
before cells become flaccid 

dTC/dΨ Degree of shrinkage  of leaf cells 
 
 

%·MPa-1 23$%,YZ[
ðT.|

 
Steepness of the decline of cell thickness with Ψleaf before 
cells become flaccid 

dTA/dΨ Degree of shrinkage of leaf intercellular airspace 
 
 

%·MPa-1 23$0,YZ[
ðT.|

 
Steepness of the decline of air thickness with Ψleaf before 
cells become flaccid 

PLTdry 
 

Percent loss of thickness in a dry leaf % 1 − $����,^_`					
$����,~Y				

 
Maximum amount of thickness shrinkage 

Area shrinkage 
PLAleaf,TLP Percent loss of area at   turgor loss point 

 
% From plot of PLA versus  Ψleaf * Estimate of leaf area shrinkage at turgor loss point 

PLAdry Percent loss of  area in a dry leaf % 1 − 	X����,^_`		
			X����,~Y	

 
Maximum amount of area shrinkage 
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Table 4.4. Symbols, terms, unit, derivation and biological significance of the 28 leaf traits relating to composition, hydraulics, p-v curves, water storage and 
venation.  
Symbol Parameters Units Derivation Significance 

Leaf composition 
PTcell,FT Percent cell thickness at full turgor % $%,~Y	or	$0,~Y	

$����,~Y	
 

 

Amount of cell thickness at full hydration 
PTA,FT Percent air thickness at full turgor % Amount of air thickness at full hydration 

PTcell,TLP Percent cell thickness at turgor loss point % $%,YZ[	or	$0,YZ[	
$����,YZ[	

 

 

Amount of cell thickness  at turgor loss point 
PTA,TLP Percent air thickness  at turgor loss point % Amount of air thickness  at turgor loss point 

LMA Leaf mass per area  g m-2 Leaf dry mass/ leaf area  - 
Leaf density - g cm-3 Leaf dry mass/ leaf volume - 
FA Fraction air - leaf mass before – leaf mass after water 

infiltration of the airspaces  
Estimate of the amount of airspace in the leaf 

FW Fraction water - leaf mass before water infiltration of the 
airspaces – leaf dry mass  

Estimate of the amount of water in the leaf 

FS Fraction solid - Leaf volume – FA – FW Estimate of the amount of solid in the leaf 
%Air in a dry leaf - % Leaf dry thickness × (1- FS)  Estimate of the amount of airspace in a dry leaf 
 
Leaf hydraulics 
Kmax Maximum leaf hydraulic conductance mmol m-2 s-1 MPa-1 y-intercept of the maximum likelihood 

function of the vulnerability curve 
Efficiency of water movement through a fully hydrated leaf 

KTLP Leaf hydraulic conductance at πTLP mmol m-2 s-1 MPa-1 - Efficiency of water movement at πTLP 
P50 Ψleaf at 50% loss of  Kleaf MPa - - 
P80 Ψleaf at 80% loss of  Kleaf MPa - - 
dKleaf/dΨ Slope of the leaf hydraulic vulnerability curve at  

Ψleaf = -0.5 MPa 
mmol m-2 s-1 MPa-1 - Vulnerability of  Kleaf to dehydration 

gmin Cuticular conductance   mmol m-2 s-1  - Minimal epidermal conductance after stomatal closure 
 
Pressure-volume curve parameters 
πTLP Osmotic pressure at turgor loss point  MPa Point at which turgor pressure = 0 Water potential at which cells become flaccid 
πo Osmotic pressure at full turgor MPa - Concentration of solutes in cells 
ε  Modulus of elasticity MPa ∆ Turgor pressure /∆ RWC Wall stiffness 
RWCTLP Relative water content at πTLP   % - Leaf hydration when cells become flaccid 
     
Water storage  
CFT Capacitance at full turgor MPa-1 ∆(100- RWC)/ ∆  Ψleaf before πTLP Amount of water storage before πTLP   
CTLP Capacitance at  πTLP MPa-1 ∆(100- RWC)/ ∆  Ψleaf past πTLP Amount of water storage after πTLP   
SWC Saturated water content g g-1 Fresh mass – dry mass / Leaf dry mass Water storage index 
C* FT Leaf area specific CFT mol m-2 MPa-1 >ST 	× V=>	 × 3WX - 
C* TLP Leaf area specific CTLP   mol m-2 MPa-1 >YZ[ 	× V=>	 × 3WX	 ×	<=>YZ[ - 
     
Leaf venation   
Major VLA Major vein length per area  mm mm-2 Major vein length/ leaf area Sum of 1°, 2° and 3order vein lengths per leaf area 
Minor VLA Minor vein length per area mm mm-2 Minor vein length/ leaf area Sum of 4° and higher order vein lengths per leaf area 
VLA Vein length per area mm mm-2 Vein length/ leaf area  Sum of major and minor vein lengths per leaf area 
Ratio major: minor Ratio of major to minor VLA - Major VLA/ Minor VLA Leaf venation composition index 
FEV Free ending veins per area Number per mm2 Number of FEV/ area - 



139 

 

 
 
 
Table 4.5. Percent loss of thicknesses and area at turgor loss point and for oven-dried leaves.  
Species PLTleaf,TLP PLTdry PLTC, TLP PLTA, TLP PLAleaf,TLP PLAdry 
Bauhinia galpinii 16 ± 2.3 83 ± 1.5 19 ± 0.31 14 ± 5.1 0.48 ± 0.16 21 ± 0.94 
Camellia sasanqua 15 ± 1.2 43 ± 1.1 21 ± 0.30 3.3 ± 5.2 2.9 ± 0.38 5.0 ± 2.2 
Cercocarpus betuloides 18 ± 3.6 33 ± 5.0 11 ± 1.2 39 ± 16 4.8 ± 0.51 21 ± 2.3 
Comarostaphylis diversifolia 12 ± 1.4 44 ± 1.9 16 ± 0.32 6.8 ± 3.4 1.2 ± 0.79 10 ± 0.88 
Hedera canariensis 11 ± 1.3 62 ± 3.8 11 ± 0.18  -5.9 ± 8.7 0.96 ± 0.25 16 ± 0.93 
Helianthus annuus 22 ± 1.2 36 ± 1.6 - - 14 ± 0.62 69 ± 1.4 
Heteromeles arbutifolia 12 ± 2.1 53 ± 1.1 14 ± 0.51 7.8 ± 6.5 0.74 ± 0.27 4.9 ± 2.0 
Lantana camara 38 ± 2.0 80 ± 1.9 16 ± 0.54 77 ± 5.3 9.4 ± 0.43 45 ± 2.1 
Magnolia grandiflora 22 ± 1.8 42 ± 3.3 11 ± 0.52 30 ± 1.9 - 8.2 ± 1.1 
Platanus racemosa 36 ± 4.0 70 ± 2.7 12 ± 0.48 72 ± 0.0 1.3 ± 0.47 26 ± 2.1 
Quercus  agrifolia 5.1 ± 0.92 23 ± 1.7 15 ± 0.15  -12 ± 3.4 1.6 ± 0.13 7.0 ± 0.14 
Raphiolepis indica 4.6 ± 0.38 47 ± 2.2 12 ± 0.14  -1.8 ± 4.9 0.61 ± 0.31 14 ± 0.45 
Romneya coulteri 16 ± 1.6 50 ± 1.5 12 ± 0.29 25 ± 5.3 3.9 ± 0.28 28 ± 1.4 
Salvia canariensis 28 ± 7.2 66 ± 1.5 - - 8.4 ± 1.1 57 ± 2.7 
One-way ANOVA *** *** *** *** *** *** 
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FIGURE CAPTIONS 

Figure 4.1: Sketch of (A) a fully turgid leaf versus (B) a strongly dehydrated leaf (drawing 

based on leaf cross-sections of Helianthus annuus in Fellows and Boyer, 1978). Note the strong 

reduction in leaf thickness, cell thickness and intercellular airspaces in the dehydrated leaf. 

Epidermal cells are shrunk in the dehydrated leaf inducing whole leaf area shrinkage. Note that 

this sketch represents shrinkage for a typical drought sensitive species. Many species such as 

oaks will experience less thickness shrinkage causing instead an increase in intercellular airspace 

(see Discussion). 

Figure 4.2. Computer simulated leaf hydraulic vulnerability curves indicating the theoretical 

impact of reducing hydraulic conductance in the within-xylem and outside-xylem components, 

for leaves with high and low resistance outside the xylem (panels A and B respectively). 

Simulations were run for leaves with (1) low vulnerability for xylem and outside-xylem 

components (P50 for the vulnerability of each component = -1 MPa; black line), (2) high 

vulnerability for only the outside-xylem component (P50 = -1 MPa and -0.25 MPa for the within-

xylem and outside-xylem components respectively; grey dashed line), (3) high vulnerability for 

only the xylem component (P50 = -0.25 MPa and -1 MPa for the within-xylem and outside-xylem 

components respectively; light-grey dashed line), and (4) high vulnerability for both the xylem 

and outside-xylem components (P50 for the vulnerability of each component = -0.25 MPa; grey 

solid line).  

Figure 4.3. Plots of leaf thickness shrinkage versus leaf water potential for 14 species of diverse 

leaf form and texture and drought tolerance; a typical plot is presented for each species. The blue 

shaded areas represent the thickness of the cells and the white shaded areas the thickness of the 

intercellular airspace. The grey horizontal line represents the maximum shrinkage in leaf 

thickness, i.e., for an oven-dried leaf. The red vertical line represents turgor loss point and the 
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red horizontal line represents the thickness of the leaf at turgor loss point. Species are ordered 

top left to bottom right from lowest to highest modulus of elasticity. Due to area wrinkling with 

dehydration of Helianthus annuus and Salvia canariensis, the cell and airspace thickness could 

not be estimated and only the whole leaf shrinkage is shown in light blue (see Methods).  

Figure 4.4. Coordination of leaf shrinkage and leaf hydraulic vulnerability in ten species of 

diverse leaf form and texture and drought tolerance. Slope of leaf hydraulic vulnerability at Ψleaf 

= -0.5 MPa (A) and Ψleaf at 80% loss of hydraulic conductance (B) plotted against slope of total 

leaf thickness shrinkage before turgor loss point. Species from moist habitat are represented in 

white and woody species from dry habitat are represented in black. Fitted standardized major 

axes in A: e$����/eΨ = 3.0 × e�����/eΨ − 0.22	; B: e$����/eΨ = 18 × 2t�!�.�. * P < 0.05; ** 

P < 0.01 

Figure 4.5. Relationship with loss of leaf thickness at turgor loss point with pressure-volume 

curve parameters and leaf structural traits for 14 species of diverse leaf form and texture and 

drought tolerance. Panels (A) to (E) show traits plotted against the % loss of leaf thickness at 

turgor loss point: (A) Leaf osmotic potential at full turgor, (B) leaf osmotic potential at turgor 

loss point, (C) modulus of elasticity, (D) leaf mass per area, and (E) leaf density. Plots F-O show 

the inter-correlation of those five traits. Species native from moist habitat are represented in 

white, woody species from dry habitat in black and herbs from dry habitat in grey. Fitted 

standardized major axes in A: 23$����,YZ[ = −28 × EF!�.t; B: 23$����,YZ[ = −44 × E��D!�.�; C: 

23$����,YZ[ = 357 × G!�.�; D: 23$����,YZ[ = 906 × 3WX!�.tt; E: 23$����,YZ[ = 3.3 ×

3 ��	e ��fh
!�.�; F: EF = −0.78 × E��D!�.��; G: EF = −0.11 × G − 0.27; H:	EF = −0.09 ×

3WX!�.a�; I:	EF = −3.5 × 3 ��	e ��fh
 − 0.20; J:	E��D = −0.16 × G − 0.31	; K: ð��D =

−0.09 × 3WX!�.��; L: E��D = −4.9 × 3 ��	e ��fh
 − 0.20 M: G = 0.25 × 3WX�.��; N: 
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G = 28 × 3 ��	e ��fh
�.��; 0:	3WX = 581 × 3 ��	e ��fh
�.�. * P < 0.05; ** P < 0.01; ***P 

< 0.001 

Figure 4.6. Coordination of maximum leaf area and thickness shrinkage with modulus of 

elasticity and leaf density for 14 species of diverse leaf form and texture and drought tolerance. 

A: 23X^_` = 757 × å!�.�; B: 23X^_` = 2.96 × 3 ��	e ��fh
!�.�; C: 23$̂ _` = −118 ×

3 ��	e ��fh
 + 94.7. NSP > 0.05; * P < 0.05; ***P < 0.001 

Figure 4.7. Relationship between cuticular conductance and maximum leaf area shrinkage for 14 

species of diverse leaf form and texture and drought tolerance. ��'� = 0.27 × 23X~Y − 0.08 * P 

< 0.05; *** P < 0.001 

Figure 4.8: Synthetic conceptual hypothesis for trait associations and impacts of leaf shrinkage 

and structural traits on leaf hydraulic vulnerability. Leaf hydraulic vulnerability is determined 

independently by major vein length per area acting on the xylem pathways and leaf shrinkage in 

thickness acting on the outside-xylem pathways of water movement through the leaf. Thickness 

shrinkage is determined by cell properties, i.e., the pressure-volume curves parameters modulus 

of elasticity (ε) and the osmotic pressure at full turgor (πo) and at turgor loss point (πTLP). The 

dotted lines signify the ε and osmotic pressures are not directly linked, but strongly associated; 

saltier cells need a higher ε to maintain RWC at turgor loss point above lethal levels (see Bartlett 

et al., 2012). The ε, being related to cell wall thickness, is correlated with leaf density and leaf 

mass per area, which are also related to cell wall thickness, and thus all these variables influence 

thickness shrinkage. The ε also influences maximum leaf area shrinkage (PLAdry). PLAdry and not 

ε acts directly on cuticular conductance, possibly through enhanced leaky stomata (see text). Red 

arrows indicate significant negative correlations between traits while black arrows indicate 
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significant positive correlations between traits. Double-headed arrows indicate the traits are too 

intrinsically linked to tease apart.   

Figure 4.9: Ability of a model to predict P80 from an equation based on leaf shrinkage and major 

vein length per area (eqn 3). The plot of observed versus predicted values, with line fitted 

through the origin showed low bias (slope close to 1.0) and very high r2.  Similar predictive 

power was found for P50, see text. ***P < 0.001. 
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Figure 4.4 
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Figure 4.5 
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Figure 4.6 
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Figure 4.7 
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SUPPLEMENTAL MATERIAL 
 
Table S4.1. Parameters for simulated vulnerability 

 

Table S4.2. Mean ± standard error of shrinkage, rehydration, PV, hydraulic, water storage, leaf 

structure and leaf venation traits 

 

Table S4.3. Correlation matrix of 51 traits related to shrinkage, rehydration, pressure-volume 

curves, hydraulics, water storage, leaf structure and venation across 14 species 

 

Table S4.4. Symbols, terms, unit, derivation and biological significance of 9 additional leaf 

thickness, area and volume shrinkage traits this study. 

 

Table S4.5. Percent recovery in thickness after 1 hour rehydration for leaves of 10 species 

dehydrated before and past their turgor loss point. 

 

Table S4.6. Partial correlation analysis results. 

 

Supplemental Results 4.1. Leaf shrinkage with dehydration: variation across diverse species of 

other shrinkage parameters and correlation with pressure volume parameters and cuticular 

conductance 

 

Supplemental Results 4.2. Leaf shrinkage with dehydration: variation between species of wet 

and dry habitats  
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Supplemental Results 4.3. Recovery of leaf shrinkage in thickness 

 

Supplemental Discussion 4.1. The impact of leaf shrinkage on leaf hydraulic vulnerability: 

studies based on rehydration kinetics 

 

Supplemental Discussion 4.2. Mechanisms of leaf shrinkage: the role of the epidermis 

 

Supplemental Discussion 4.3. Resistance to leaf shrinkage: an important trait contributing to 

drought tolerance? 

 

Supplemental Material and Methods S4.1. Leaf shrinkage experiments: testing leaf responses 

to dehydration/ determination of the other parameters of leaf shrinkage/ Leaf structural and 

compositional traits. 
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CHAPTER 5 

ARE LEAVES “FREEWHEELIN’”? TESTING FOR A  

WHEELER-TYPE EFFECT IN LEAF XYLEM HYDRAULIC DECLINE  

 
 

ABSTRACT 

A recent study  found that cutting shoots under water while xylem was under tension (which has 

been the standard protocol for the past few decades) could produce artifactual embolisms inside 

the xylem, overestimating hydraulic vulnerability relative to shoots cut under water after relaxing 

xylem tension (Wheeler et al. 2013). That study also raised the possibility that such a “Wheeler 

effect” might occur in studies of leaf hydraulic vulnerability. We tested for such an effect for 

four species by applying a modified vacuum pump method to leaves with minor veins severed, to 

construct leaf xylem hydraulic vulnerability curves. We tested for an impact on leaf xylem 

hydraulic conductance (Kx) of cutting the petiole and minor veins under water for dehydrated 

leaves with xylem under tension compared to dehydrated leaves on previously relaxed xylem 

tension in shoots. Our results showed no significant “cutting artifact” for leaf xylem. The lack of 

an effect for leaves could not be explained by narrower or shorter xylem conduits, and may be 

due to lesser mechanical stress imposed when cutting leaf petioles, and/or to rapid refilling of 

emboli in petioles. These findings provide the first validation of previous measurements of leaf 

hydraulic vulnerability against this potential artifact. 

Key words: Cavitation, evaporative flux method, hydraulic resistance, xylem anatomy  
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INTRODUCTION 

The bulk of water movement through the plant occurs to replace the water lost through stomata 

during transpiration: stomata open to capture CO2 for photosynthesis, and water is lost by 

diffusion to the dry atmosphere. When soil water supply becomes scarce, large tensions build up 

in the xylem, and cavitation may occur by air seeding: small air bubbles are pulled into xylem 

conduits, embolizing them, thus making them nonfunctional (Tyree & Zimmermann, 2002). For 

the past several decades, scientists have quantified water movement through the plant under 

different water statuses by measuring hydraulic conductance in the lab. To do so, branches are 

typically dehydrated on the lab bench, samples are then cut under water (with xylem still under 

tension) before being measured for hydraulic conductance which avoids opening conduits to 

further embolism and thus maintaining the original xylem hydraulic integrity. However, a recent 

study challenged this methodological approach, arguing that even cutting the sample under water 

while xylem is under tension can lead to additional embolism in the xylem conduits (Wheeler et 

al., 2013). Indeed, microbubbles had been hypothesized to arise a century ago from the cut end 

of the knife (either because it is not completely wetted when the cut is made, or because of small 

particles that could be found on a not perfectly clean knife) (Dixon, 1914), and/or could be 

released from the apoplast when the cut is made (Wheeler et al., 2013), especially if the stem is 

subjected to strong mechanical pressure or bending that could compress xylem conduits or 

deform pits even transiently (Lopez et al., 2014; Mayr et al., 2014). Wheeler et al. (2013) tested 

for this artifact using stem samples on up to four temperate tree species depending on their 

treatments, by measuring stem hydraulic conductance of samples recut under water in the 

standard way (under tension) vs. samples recut under water after the tension inside the xylem 

was relaxed, and found a significant impact of cutting under tension underwater, which they 



164 

 

hypothesized to arise from bubbles entering the cut end, with their entry depending on the degree 

of tension and the xylem anatomy, though these mechanisms were not directly tested (Wheeler et 

al., 2013). 

While Wheeler et al. focused their study on the presence and impact of this artifact on 

stem hydraulic conductance measurements, they noted this could equally apply to hydraulic 

measurements for leaves and urged further testing (Wheeler et al., 2013). The aim of our paper 

was to test for this “cutting artifact” in leaves. 

  Unlike in stems, water movement in leaves follows two pathways in series: xylem water 

transport in the leaf petioles and veins, and extra-xylary transport through the living bundle 

sheath and mesophyll cells to the sites of evaporation in the leaf.  Thus, the leaf hydraulic 

conductance (Kleaf) is dependent on the hydraulic conductance of the xylem (Kx) and extraxylem 

pathways (Kox):  

Kleaf = (Kx
-1+ Kox

-1)-1     eqn 1 

The resistance to water movement in each pathway has been shown to vary across species, from 

12% to 89% in the xylem (Cochard et al., 2004; Sack et al., 2004; Sack et al., 2005). Thus, 

because the “cutting artifact” theory would only affect the leaf xylem, the  impact on Kleaf would 

depend on the amount of hydraulic resistance allocated to the xylem, and further whether the 

embolism generated by the “cutting artifact” would noticeably impact measurements of Kx. 

Testing for such an artifact on whole leaves would be impossible, since rehydrating shoots prior 

to cutting to relax the xylem tension would most likely also rehydrate mesophyll cells, which 

would increase Kox (Scoffoni et al. 2012, 2014), and create the impression that there might be a 

“cutting artifact”. Thus, to test for a cutting artifact on the hydraulic conductance of dehydrated 

leaves, it is necessary to test the impact on Kx directly. Methods used to measure Kx have all 
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involved measuring the flow of water through veins under high or low positive pressures 

(Cochard et al., 2004; Sack et al., 2004; Nardini et al., 2008). Here, we directly tested this 

hypothesis on the leaf xylem by developing a new method to calculate Kx under vacuum 

conditions, with attention to simulating natural flow of water though the veins, and avoiding 

positive pressure that could lead to artifactual refilling of embolized conduits during the 

measurement. We constructed leaf xylem vulnerability curves for four diverse species varying in 

leaf texture, allocation to xylem vs. outside-xylem conductance and drought tolerance, and tested 

whether measurements differed in treatments that relaxed the xylem tension in dehydated leaves. 

 

MATERIAL AND METHODS 

Plant Material 

Four species with a wide diversity in phylogeny, growth form and drought tolerance traits were 

selected in and around the campus of University of California, Los Angeles and Will Rogers 

State Park, Los Angeles, California (Table 5.1). Experiments were conducted from November 

2013 to April 2014. Light exposed shoots from three mature individuals per species were 

collected the night prior to the start of measurements and placed in a double layer of plastic bags 

filled with wet paper towels. They were directly transported to the lab where they were recut at 

least two nodes distal to the original cut under ultra-pure water (Millipore, 0.22 µm Thornton 

200CR, Molshem, France) and rehydrated overnight at laboratory temperature (20-23°C), 

covered in double layer of plastic bags filled with wet paper towels to halt transpiration.  

Measuring leaf xylem hydraulic decline using the vacuum pump method 

The vacuum pump method was first developed to measure whole shoots and roots hydraulic 

conductance (Kolb et al., 1996) and later modified to measure leaf hydraulic conductance 
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(Martre et al., 2001; Nardini et al., 2001; Sack et al., 2002; Brodribb & Holbrook, 2003; Lo 

Gullo et al., 2003). In this method, the hydraulic conductance is determined as the slope of the 

change in flow rate over the change in vacuum level. Here, we modified this technique to 

measure Kx.  

Shoots of at least three leaves were cut under water from the larger rehydrated shoots and 

were allowed to dehydrate on the bench (or on a fan) to achieve a wide range of water potentials. 

Then, the leaves on the shoots were individually sealed in bags (Whirl-Pak; Nasco, Fort 

Atkinson, WI, USA), which had been previously exhaled in, and then the entire shoot with 

bagged leaves was placed inside a larger sealable bag with wet paper towel, to equilibrate for at 

least 30 minutes. For the maximum Kx values, rehydrated shoots were immediately bagged in 

this way. After equilibration was reached, the top and bottom leaf from each shoot were excised 

and measured for leaf water potential (Ψleaf = leaf xylem potential since leaves were equilibrated) 

using the pressure chamber (Plant Moisture Stress, Model 1000, Albany, OR, USA). If the 

values differed by more than 0.2 MPa (or 0.3 MPa in very dehydrated leaves), the shoot was 

discarded. 

The lamina of a third leaf (still connected to the shoot) was then placed under ultra-pure 

water over a white-light transilluminator table (Model TW, UVP, Upland, CA, USA), allowing 

visualization of minor veins (4th order and higher). Cuts were made to open up the bulk of the 

minor vein network using a scalpel with cuts between approximately 95% of tertiary veins 

throughout the leaf, so that the number of cuts per leaf area ranged 7.3-34 cuts/ cm2 depending 

on species, enough such that water would move directly out of the cut minor veins, “shorting” 

out the resistance outside the xylem (Sack et al., 2004). Because species with larger leaves have 

their tertiary veins spaced apart further (Sack et al., 2012) than smaller leaves, fewer, longer cuts 
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were made in larger leaves (length of cuts ranged 0.8 to 4 mm depending on leaf size). Special 

care was taken that no major veins (first, second and third orders) were severed in the process. 

Cuts were rapidly made within 5-15 min. Once all the cuts were made, the leaf was excised from 

the shoot at the base of the petiole under ultra-pure water, and stretched parafilm was quickly 

wrapped around it before it was re-cut at the end (≤1 mm) under water using a fresh razor blade, 

and connected under ultrapure water to silicone tubing (Cole-Parmer, Vernon Hills, IL, USA) or 

compression fitting (Omnifit A2227 bore adaptor; Omnifit, Cambridge, UK) connected to hard 

tubing running to a water source on a balance (models XS205 and AB265, ± 10 µg sensitivity; 

Mettler Toledo, Colombus, OH, USA). The water was degassed overnight using a vacuum pump 

(Gast, Benton Harbor, MI, USA) and refiltered (0.2 µm; Syringe filter; Cole-Parmer). For 

species with smaller petioles for which silicone tubing was preferred (C. diversifolia and Q. 

agrifolia), vacuum tight seals between the petiole and tubing were obtained by tightening the 

tubing around the petiole with zipties and sealing off the exposed end of the tubing to the petiole 

using super glue (Loctite 409 Glue; McMaster-Carr, Los Angeles, CA, USA) with accelerator 

(Loctite 712 accelerator). Leaves were then placed along with a thermocouple (Cole-Parmer) in 

vacuum flasks connected by a four-way valve to a vacuum pump (Gast) and a pressure gauge (± 

0.002 MPa; J4605 Marsh/Bellofram; Marshall Instruments Inc., Anaheim, CA, USA).   

Five vacuum levels were applied, starting at approximately 0.06 MPa and then reducing 

by 0.01 MPa intervals until 0.02 MPa was reached. The mass of water on the balance was logged 

to a computer every 30s for the calculation of flow rate through the leaf xylem. Leaves were left 

under a given vacuum until stable flow rate was achieved, with a coefficient of variation <5% for 

at least 5 min. It took about 30 min to 2 h for the flow rate under the first vacuum level to 

achieve stability depending on the species and leaf size (the larger the leaf, the longer the 
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equilibration times). For the subsequent vacuum levels, stabilization time ranged from about 10 

min to 1 h. Once the flow was stable, the vacuum level inside the flask was recorded from the 

pressure gauge, as well as the leaf temperature from the thermocouple (20-25°C for all 

experiments). Once all five points of flow rates vs. vacuum pressure were measured, we tested 

for possible leaks from the system by cutting the leaf lamina off under water, and sealing the 

petiole end with superglue.  Leak flow rate for given vacuum levels were measured in the same 

way as described above. Leaf xylem hydraulic conductance (Kx) was calculated as the slope of 

the flow rate against vacuum pressures, normalized for leaf area, and for the effect of 

temperature on the viscosity of water (Weast, 1974 ; Yang & Tyree, 1993; Sack et al., 2002). 

The leak hydraulic conductance was calculated in the same way as described above. Only 11% 

(18/161) of measurements across all leaves and species were found to have small leaks during 

the measurement. Because flow through the leak would be in parallel with that of the leaf, the 

leak hydraulic conductance values were subtracted from Kx. To construct leaf xylem 

vulnerability curves, we plotted Kx values against the average of the two Ψleaf values determined 

at the start of the experiment for a given shoot. We note that, with this method, leaf xylem 

hydraulic vulnerability curves can take two weeks to a month to construct, depending on the 

species. 

 

Testing for a “cutting artifact” on leaf xylem hydraulic conductance 

We designed a “standard protocol” for measuring Kx for vulnerability curves, reducing the time 

the petiole is in contact with water. We cut the leaf from the shoot under water after having 

previously made the cuts to the minor veins with the lamina under water (Fig. 5.1A). According 

to Wheeler et al. (2013), this standard protocol could potentially create artifactual embolims in 
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the leaf minor veins since minor veins are cut under water while the leaf is under tension. 

Alternatively, because conduit sizes in the minor veins are very small, and thus potentially less 

prone to be affected by artifactual bubble formation at the cut ends, this standard protocol might 

instead be simply relaxing the tension in the leaf xylem before the leaf is cut from the shoot, thus 

acting to prevent the “cutting artifact” from occurring. Thus, we applied two additional 

treatments to determine whether a “cutting artifact” might influence leaf xylem conductance (Kx) 

(Fig. 5.2). 

We first tested a “petiole cut under tension” treatment: i.e., whether excising the leaf 

under water while the shoot xylem is still under tension could induce an embolism artifact in the 

petiole that would impact Kx (Fig. 5.1B). This treatment parallels most closely the scenario 

experienced by the leaf xylem for leaves measured for Kleaf during the construction of typical 

whole leaf hydraulic vulnerability curves. Here, we prepared 5-6 shoots per species of at least 

three leaves dehydrated to approximately the xylem water potential values corresponding to 50% 

loss of Kx (see Result section “Leaf xylem hydraulic vulnerability curves: results from maximum 

likelihood analysis”; Table 5.1); as assessed from the Ψleaf  of the top and bottom leaf on the 

shoot. For this treatment, the measurement leaf was excised under water while shoot xylem was 

under tension, prior to making the minor vein cuts with the leaf under water. Here, we might 

have expected the “cutting artifact” to occur at the petiole, which was cut under strong negative 

pressures (Fig. 5.2). Once all the minor vein cuts were made, the leaf was connected to the 

system, and Kx determined in the same way as described for the standard protocol.  

We then tested a “relaxed tension” treatment (Fig. 5.1C). To do so, we prepared 5-6 

shoots per species of at least four leaves dehydrated to approximately the xylem water potential 

values corresponding 50% loss of Kx based on the Kx vulnerability curves (see Result section 
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“Leaf xylem hydraulic vulnerability curves: results from maximum likelihood analysis”; Table 

5.1); as assessed from the Ψleaf of the top and bottom leaf on the shoot. Then, before making cuts 

to the leaf veins under water, we first cut a different leaf from the shoot under water, relaxing 

xylem tension throughout the whole shoot, and then 1-2 min later we performed the cuts to the 

veins of the leaf to be measured for Kx. Once the cuts were made, the leaf was excised and cut 

under water and Kx was measured as described by the standard protocol. This treatment was 

designed to prevent any “cutting artifacts” from occurring either when making the cuts to the 

veins or when excising the leaf petiole under water before it is connected to the system (Fig. 5.2). 

 

Construction of whole-leaf hydraulic vulnerability curves and calculation of the percent 

resistance in the xylem 

For three of the four species, we used values of maximum leaf hydraulic conductance (Kleaf, max) 

and the water potential at 80% loss of hydraulic conductance reported in a previous paper for the 

same species and individuals (Scoffoni et al., 2012). A leaf hydraulic vulnerability curve was 

constructed for Salvia canariensis using the Evaporative Flux Method following the previously 

described and filmed protocol (Sack & Scoffoni, 2012). An exponential function (����� =

	−0.82 + 53.7 × ���.�������) was found to best fit the data using maximum likelihood (Fig. 

S5.1). 

 

Measurement of maximum xylem conduit length 

To test whether maximum xylem conduit length would explain our findings for the “cutting 

artifact”, we selected three to 10 leaves from shoots of three individuals per species that had been 

rehydrated overnight as described above. Leaves were connected by silicone tubing to a four way 
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valve connected to a syringe. Zipties were applied around the tubing and petiole to ensure a tight 

seal. Air pressure was applied using a caulking gun while the leaf was placed under water, over 

the transilluminator table. Using a scalpel, cuts were made throughout the leaf beginning with the 

highest order veins, and progressively to lower order veins, and finally along the midrib toward 

the leaf base, until air bubbles first emerged from the xylem, indicating maximum conduit 

length.  

 

Statistics 

Maximum likelihood was used to select the best fit function for each species’ leaf xylem 

hydraulic conductance using the optim function in R 3.0.0 as previously described in the 

literature (http://www.r-project.org; Burnham & Anderson, 2002; Burnham & Anderson, 2004; 

Scoffoni et al., 2012). Five functions were tested (Scoffoni et al., 2012; Scoffoni et al., 2014): 

linear (�� = �Ψ� +	� ), two-parameter sigmoidal (�� =	
!""

!#	$(&('()*)
), three-parameter 

sigmoidal (�� = 	
,

!#$
)(
'()-.

*
)
), logistic (�� = 	

,

!#(
'(
-.

)*
), and exponential (�� =	�/ + ���0�(). 

For each data set, functions were compared with the Akaike Information Criterion (AIC) 

corrected for low n, and the function with the lowest AIC score and highest r2 value was chosen. 

From the best fit function, we calculated the maximum Kx (Kx,max) for each species. The % 

resistance in the xylem was then obtained as the inverse of Kx,max / Kleaf,max, (since hydraulic 

resistance = 1/hydraulic conductance).  

To test whether Kx values differed across treatments, we calculated the average and 

standard deviation of Kx and leaf xylem water potential for the leaves in each treatment and 

compared them using a one-sample two-tailed t-test to the Kx obtained from the species’ Kx 

vulnerability curve at that same water potential (Minitab Release 16).    
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RESULTS  

Leaf xylem hydraulic vulnerability curves: results from maximum likelihood analysis 

The vacuum pump method was effective for construction of leaf Kx vulnerability curves (Fig. 

5.3). Species differed in the shape of their Kx vulnerability curves (Fig. 5.3, Table S5.1): S. 

canariensis showed a linear decline whereas the other three species showed a non-linear decline 

(sigmoidal functions were selected by maximum likelihood for C. diversifolia and H. canariensis 

and logistic function for Q. agrifolia). Species also differed in their % leaf hydraulic resistance in 

the xylem at full hydration, ranging from 8.4% in the California chapparal species C. diversifolia 

to 77% in the herb S. canariensis (Table 5.1). Xylem water potential at 50% loss of Kx ranged 

from -0.89 MPa in S. canariensis to -5.59 MPa in C. diversifolia (Table 5.1). 

Testing for a “cutting artifact” in leaf xylem hydraulic conductance 

No significant differences in the Kx of dehydrated leaves were observed when applying the three 

cutting treatments for any of the four species (Table 5.2, Fig. 5.3). Indeed, neither mean Kx 

values from leaves of shoots with relaxed tension (white triangles in Fig. 5.3) or from leaves with 

petioles cut under tension (grey squares in Fig. 5.3) differed statistically from the predicted Kx 

value from the best fit function through data points obtained from the “standard protocol” in 

which minor veins were cut under tension before cutting the petiole from the stem under water (p 

= 0.097-0.56 across treatments and species; Table 5.2, Fig. 5.3).   

Species variation in maximum xylem conduit length 

Vein orders in which the longest xylem conduits from the petiole ended differed across 

individuals even for given species (Table 5.1). For all leaves of all species, the longest xylem 
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conduits from the petiole had ended by the secondaries or tertiaries, i.e., before the minor vein 

network.   

DISCUSSION 

“Don’t think twice, it’s alright” —, Bob Dylan,“The Freewheelin’ Bob Dylan” (1963) 

 

This study demonstrated that the “cutting artifact” had no impact on leaf xylem hydraulic 

conductance measured for dehydrated leaves. These findings provide the first validation of 

previous measurements of leaf hydraulic vulnerability against this potential artifact. Indeed, our 

results showed no significant differences in leaf xylem hydraulic conductance (Kx) of leaves cut 

off shoots after relaxing the xylem tension relative to shoots with high xylem tensions, for four 

diverse species differing in their initial % allocation to xylem vs. outside-xylem conductance. 

This finding for leaves contrasted strongly with the effect shown to occur for the stem 

xylem for some species (Wheeler et al., 2013). Indeed, for two maple species, Wheeler et al. 

found that stem percent loss of hydraulic conductance (PLC) was 43 to 71% lower when shoot 

xylem tension was relaxed prior to cutting after shoots were dehydrated to around water 

potentials at 50% loss of hydraulic conductance, thus indicating that these species were slightly 

less vulnerable to cavitation than previously thought. However, no significant difference was 

found in Betula papyrifera stem vulnerability curves for relaxed vs. non-relaxed shoots, 

suggesting that for stem tissue this “cutting artifact” is dependent on species and potentially 

depends on xylem anatomical traits, such as conduit diameter, length and/or presence of 

perforation plates (Wheeler et al., 2013; Rockwell et al., 2014).  

 Why should leaf xylem show no sensitivity to a Wheeler-type effect? Although no 

mechanistic explanation has been tested to explain this effect in stems, several hypotheses have 
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been raised. The main goal of our paper was to test, as it has been done in stems, whether this 

artifact has an effect in leaf hydraulics measurement. Since no effect was found, we discuss the 

possible explanation as to why leaves were found to differ from stems. A first possibility is that 

the difference arises because xylem conduits in petioles are narrower than those in stems, given 

that air bubbles may form more rapidly or enter more easily in wider conduits (Wheeler et al., 

2013; Rockwell et al., 2014). We do not have data on petiole xylem conduit diameters, but 

values are available for mean midrib xylem conduit diameters for the same plants of these 

species, and these midrib conduit diameters would be yet narrower than those in the petiole: 

27.8, 59.5, 27.2 and 198 µm for C. diversifolia, H. canariensis, Q.agrifolia and S. canariensis 

respectively (John et al., 2013). This range of diameters encompassed that for stem mean vessel 

diameters previously reported for Acer rubrum, and Betula papyrifera used in the study by 

Wheeler et al. (45.3 and 34.0 µm respectively; Jacobsen et al., 2012). If xylem conduit diameter 

was an important factor in determining the “cutting artifact”, then we would have expected S. 

canariensis to show a strong effect, given its midrib conduit diameter over 4-fold greater than 

that of A. rubrum, which had showed the strongest “cutting artifact” (Wheeler et al., 2013). 

A second possibility for the lack of a “cutting artifact” in leaves is that it could be due to 

shorter xylem conduit lengths in leaves. Indeed, in shorter conduits, any embolism created 

artifactually by cutting under tensions would be expected to be stopped at end walls close to the 

cut, and thus these might have been trimmed off when trimming the petiole with a clean cut 

before it is placed on the system (Wheeler et al., 2013; Rockwell et al., 2014). Maximum conduit 

lengths have been reported to be of 0.14 m  in A. rubrum, and mean vessel lengths of 0.03, 0.03 

and 0.02 m in A. rubrum, A. saccharum and B. papyrifera (Jacobsen et al., 2012). Although not 

as long as vessel lengths in stems, xylem conduits in leaves of our study species showed 
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continuity up to third order veins (Table 5.1). Of course, mean conduit length might play a more 

important role than maximum conduit length; however, it is unlikely that xylem conduits in the 

petiole are on average ≤ 1 mm long (the length of the final cut we make before connecting the 

leaf on the system), enabling the removal of any artifactual embolism that might have formed in 

these small enclosed conduits. Further studies of xylem conduit distributions in petioles and leaf 

veins are needed to fully verify our rejection of the idea that conduits are so short that trimming 

the petiole would remove embolisms that entered during cutting.    

If neither conduit diameters nor lengths play a role in explaining the lack of a “cutting 

artifact” in leaves, we posit three other possible explanations for consideration. First, it is 

possible that if this effect arises from bubbles introduced from the blade itself (Dixon, 1914), our 

use of a fresh razor blade and partially degassed water might both reduce the bubbles and draw 

any small bubbles out of the cut petiole on attaching it to the tubing.  Second, it is possible that 

the Wheeler effect is in part or entirely caused by air entering from airspaces within the stem 

aggravated by the mechanical disturbance generated by the act of cutting stems, especially as this 

would generate high and low pulses of pressure by deforming conduits (Lopez et al., 2014; Mayr 

et al., 2014).   Such pressure pulses within the xylem would be expected to cause transient 

expansion of vapor spaces within xylem conduits as the conduits shrink and stretch and/or might 

cause air seeding across pit membranes. Any such effects due to physical disturbances during 

cutting would be much reduced in a petiole relative to the stem given their reduced diameters, 

densities and mechanical strength. Indeed, the xylem conduits and their pit membranes within 

leaves might be adapted to cope with the effects of transient pressures in the xylem caused by 

mechanical disturbances of the magnitude as that imposed by cutting the petiole with a sharp 

blade, whereas stems might not be adapted to the effects of disturbances as severe as those 
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imposed when cutting them for hydraulics measurements. Indeed, leaves suffer major 

mechanical stresses such as when they are blowing in the wind, or if a hard rain is to fall on 

them.  

A third possible explanation for the lack of a “cutting artifact” in leaves is that this 

artifact arises itself from an artifact of hastening xylem refilling in a stem with its xylem tension 

relaxed (Trifilo et al., 2014). Indeed, the “cutting artifact” disappeared in two Mediterranean tree 

species, Laurus nobilis and Olea europaea, when stems were girdled or exposed to Sodium 

orthovanadate (Na3VO4) prior to measurements, both of which treatments would impede xylem 

refilling. The authors concluded that relaxing the stem xylem tension before cutting, as proposed 

by Wheeler et al., could in fact be inducing xylem refilling before the sample is placed on the 

system, and thus under estimating PLC values. If such a scenario were true, we would expect to 

find a Wheeler effect only in those species in which xylem refilling occurs. In leaves, recovery of 

Kleaf with rehydration was found for four species with petioles under water for up to 1 h including 

C. diversifolia which recovered completely in Kleaf after 1h (Trifilo et al., 2003; Scoffoni et al., 

2012). However, this could be due to recovery in Kox rather than Kx (Scoffoni et al., 2014). Only 

one study to our knowledge, for Helianthus annuus, using dye experiments has showed that after 

rehydration vein staining after infiltration with Phloxine B, an apoplastic dye, was greater than 

for dehydrated ones, suggesting embolism refilling had occured in the leaf veins, though the time 

scale of the process was not clear (Trifilo et al., 2003).  More studies are needed to confirm 

embolism recovery in leaves after rapid rehydration.   

More study will be needed of stem xylem tissue to fully understand the mechanism(s) 

underlying the “cutting artifact”. For leaves, based on this first detailed study, until an artifact is 
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shown, one may consider the previous literature on leaf hydraulic vulnerability to be validated 

against this effect. 
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Table 5.1. Study species, family and mean ± standard error for drought tolerance leaf traits and hydraulics. LA, leaf area; TLP, turgor 

loss point; LMA, leaf mass per unit leaf area; Kmax, leaf hydraulic conductance at full turgor; %Rx, percent hydraulic resistance in the 

xylem; Leaf P80, water potential at which 80% of leaf hydraulic conductance is lost; Xylem P50, xylem water potential at which 50% 

of the xylem hydraulic conductance is lost. Data for TLP, LMA, Kmax and leaf P80 are from previous papers (Scoffoni et al., 2012; 

Scoffoni et al., 2014), except for Kmax and leaf P80 of S. canariensis which were obtained in this study.  

Species Family Growth 

form 

LA 

(cm2) 

TLP 

(MPa) 

LMA 

(g m-2) 

Kmax (mmol 

m-2 s-1 MPa-1) 

%Rx Maximum 

vessel length 

Leaf P80 

(MPa) 

Xylem Px50 

(MPa) 

Comarostaphyllos diversifolia Ericaceae Tree 9.64 ± 0.42 3.45 ± 0.34 253 ± 16.9 2.96 8.4 2o (2/5 leaves) -4.56 -5.59 

Hedera canariensis Araliaceae Shrub 81.0 ± 4.52 1.98 ± 0.09 84.1 ± 11.0 5.73 23 3o (3/10) -1.18 -1.89 

Quercus agrifolia Fagaceae Tree 9.41 ± 0.42 3.00 ± 0.12 188 ± 7.53 3.96 14 2o (3/3) -3.83 -5.43 

Salvia canariensis Lamiacaeae Herb 20.7 ± 2.28 1.18 ± 0.07 41.4 ± 6.01 52.9 77 2o (2/5) -0.59 -0.89 
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Table 5.2. Testing the “cutting artifact”: number of samples (n), xylem water potential ± standard deviation, predicted xylem 
hydraulic conductance (Kx) for leaves of the three treatments depicted in Fig. 5.1, based on the mean xylem water potential obtained 
from the leaf xylem vulnerability curve using the “standard protocol treatment”, along with the expected and resulting trends and p-
value from one-sample t-test. A p > 0.05 is considered non-significant. According to the framework depicted in Fig. 5.2, one would 
expect the “standard protocol” treatment to either have relaxed the xylem tension by cutting the leaf veins under water or to introduce 
embolism into minor veins during that cutting; thus, Kx should either be the same or lower than that for the “relaxed tension 
treatment”. By contrast, leaves of “petioles cut under tension treatment” should show significantly lower Kx due to embolism in their 
petioles. 

Treatment     “Relaxed tension treatment” “Petiole cut under tension treatment” 

Species n Ψx ± SD Predicted Kx from the 

“standard protocol”  

Mean Kx ± SD (p-value 

for comparison with 

“standard protocol” 

n Ψx ± SD Predicted Kx from the 

“standard protocol”  

Mean Kx ± SD (p-value 

for comparison with 

“standard protocol” 

C. diversifolia 6 -5.41 ± 0.35 18.8 20.5 ± 1.13 (0.25) 6 -4.38 ± 0.23 25.7 27.7 ± 1.73 (0.30) 

H. canariensis 5 -2.72 ± 0.16 3.21 4.13 ± 1.46 (0.56) 6 -1.82 ± 0.09 13.6 15.7 ± 1.26 (0.16) 

Q. agrifolia 6 -5.63 ± 0.07 12.0 8.70 ± 2.15 (0.19) 5 -5.24 ± 0.09 16.9 15.4 ± 1.18 (0.27) 

S. canariensis 6 -1.17 ± 0.05 23.4 18.4 ± 3.89 (0.26) 5 -1.10 ± 0.16 26.1 35.5 ± 4.35 (0.097) 
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FIGURE CAPTIONS 

Figure 5.1. Experimental design: (A) “Standard treatment”: minor vein cuts were applied on 

leaves with xylem under tension before the petiole was cut under water, for measurement of 

xylem hydraulic conductance (Kx). (B) “Petiole cut under tension treatment”: the petiole was cut 

under water for a leaf with xylem under tension before minor vein cuts were applied and the leaf 

measured for Kx. (C) “Relaxed tension treatment”: Another leaf on the shoot was cut under water 

releasing the xylem tension, before minor vein cuts were made for the measurement leaf, and the 

petiole was cut under water for measurement of Kx. Red asterisk indicates when the xylem is cut 

under tension: in treatments A and B, cuts could potentially cause an artifact in petioles and 

minor veins; in treatment C, no “cutting artifact” would be observed. 

Figure 5.2. Flowchart presenting the interpretation of differences between the “Standard 

protocol treatment” and the two other treatments depicted in Fig. 5.1 (“Relaxed tension” and 

“Petiole cut under tension”). 

Figure 5.3. Leaf xylem hydraulic vulnerability curves for four diverse species in phylogeny, 

growth form, drought tolerance and xylem anatomy, ordered from most vulnerable on top to least 

on bottom. The line fitted through the black dots (obtained using the standard protocol) was 

selected as best fit function using maximum likelihood (see Methods and Table S5.1). A linear 

function was selected for S. canariensis: �� = −38.6 × Ψ� + 	68.6), a three-parameter sigmoidal 

function was selected for H. canariensis and C. diversifolia:  (�� =	
�2.2

!#$
)(
'()3.45
)6.77

)
) and (�� =

	
��."

!#$
)(
'()8.87
)3.79

)
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Figure 5.1 
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Figure 5.2 

 

 

 

 

 

 

 

 

 



183 

 

 

Figure 5.3 
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SUPPLEMENTAL MATERIAL 

Table S5.1. Parameters (and standard errors) for the decline of xylem hydraulic conductance 

with dehydration for four species fitted with five different functions. Values in bold indicate the 

best-fit model for each species, r2 for observed values plotted against predicted values, and 

values for the Akaike Information Criterion (AIC) corrected for low n. 

Figure S1. Leaf hydraulic vulnerability of Salvia canariensis obtained using the Evaporative 

Flux Method. Best-fit function selected by maximum likelihood is fitted through the points: 

(����� =	−0.82 + 53.7 × ���.�������).     
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Figure S1 
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CHAPTER 6 

THE INTEGRATED LIGHT-INDUCED PLASTICITY OF LEAF HYD RAULICS, GAS 

EXCHANGE AND ANATOMY: TESTING HYPOTHESES IN HAWAIIA N LOBELIADS 

DIVERSE IN LIGHT ADAPTATION 

 

ABSTRACT 

The leaf hydraulic conductance (Kleaf) quantifies the capacity of a leaf to transport liquid water 

and is a major constraint on light-saturated stomatal conductance (gs) and photosynthetic rate 

(Amax). Few studies have considered the plasticity of Kleaf and anatomy across growth 

environments. The Hawaiian lobeliads are an excellent system to examine plasticity, given their 

striking diversity in light regime occupied, and their correspondingly wide range of Amax 

allowing maximal carbon gain for success in given environments. We measured Kleaf, Amax, gs 

and leaf anatomy, structure and composition for six species of lobeliads grown in a common 

garden under two irradiances (300 and 800 µmol·photons·m-2·s-1). We tested hypotheses for 

light-induced plasticity based on expectations from optimality. Kleaf, Amax and gs differed strongly 

among these closely related species. Sun-shade plasticity was observed in Kleaf and Amax and in 

numerous traits relating to leaf lamina and xylem anatomy, venation and composition but gs was 

conservative across growth irradiances. Species adapted to higher irradiance showed greater 

hydraulic supply relative to demand, i.e., a higher Kleaf /gs. Similarly, within species, plants 

grown under higher irradiance had higher Kleaf /gs. This work suggests a high Kleaf /gs as a key 

mechanism for additional tolerance of environmental stresses such as heat load and drought 

during adaptation and plasticity. 

Key words: Adaptive radiation, evolution, gas exchange, leaf anatomy, LMA, sun/shade 

plasticity  
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INTRODUCTION  

Leaf hydraulic conductance (Kleaf), the efficiency of liquid water transport through the leaf, is an 

important constraint on rates of transpiration, photosynthesis and growth (Sack & Holbrook, 

2006). Water first moves through the petiole then vein xylem, then traverses the bundle sheath 

and mesophyll before evaporating and diffusing through stomata. Because water moves through 

both xylem and living cells, Kleaf responds to many environmental factors including leaf water 

status, temperature and irradiance (Sack et al., 2004; Sack & Holbrook, 2006; Scoffoni et al., 

2008; Scoffoni et al., 2012). Several studies have examined the basis of Kleaf and its dynamics in 

the structure and anatomy of the leaf, such as venation and mesophyll internal anatomy, and their 

correlation with stomatal anatomy and rates of gas exchange across species (e.g., Sack & Frole, 

2006; Sack & Holbrook, 2006; Brodribb et al., 2007; Sack & Scoffoni, 2013); indeed, the 

coordination of hydraulics and gas exchange is often so strong that it can be shown even among 

4-6 species (Aasamaa & Sober, 2001; Nardini et al., 2012a). However, very few studies have 

examined this coordination among closely-related species within a genus, or for given species 

after acclimation to sun vs. shade, though these would give strong insight into the 

correspondence of these traits to ecological specialization. Only one study to our knowledge 

quantified the plastic responses of Kleaf and anatomy in relation to growth irradiance, for a single 

species (Murphy et al., 2012). The aim of this study was to determine the degree to which sun-

shade plasticity in hydraulics, structure and function are integrated for leaves within a model 

adaptive radiation, the Hawaiian lobeliads. 

The endemic Hawaiian lobeliads (Campanulaceae) include six genera and 141 species, 

and arose from a single ancestor about 13 Myr ago (Givnish 2009). They are a spectacular 

example of adaptive radiation, given their exceptional rapid diversification into a variety of 
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ecological niches (Losos & Miles, 2002). In particular, lobeliads have radiated into a wide range 

of light regimes, particularly diversifying in their maximum photosynthetic rate (Amax) to 

optimize the carbon gain of each species in its own environment (Givnish et al., 2004; Givnish & 

Montgomery, 2014). High sun-shade plasticity in physiological and anatomical traits might have 

contributed to the establishment of Hawaiian lobeliads in such strikingly different light 

environments. To test the adaptation of leaf hydraulics and gas exchange and their sun-shade 

plasticity in closely related lobeliads, we addressed four main questions:  

1) Is Kleaf higher in plants grown in sun vs. shade, and how does it relate to anatomy? 

Although many studies have found Kleaf to be higher in sun rather than shade exposed leaves for 

diverse species (Table 6.1), to our knowledge only one study focusing on one species tested Kleaf 

plasticity to growth irradiance and found higher values in high irradiance, which corresponded to 

higher vein length per area (VLA) (Murphy et al., 2012). Here we tested and extended these 

findings to hydraulic and anatomical variables in an integrated way within a rapidly diversified 

lineage. We hypothesized that Kleaf would be higher for plants grown under high irradiance. 

Moreover, several studies have proposed different anatomical traits as “drivers” of Kleaf, such as 

major and minor VLA (Brodribb et al., 2007; McKown et al., 2010), higher mesophyll surface 

area per leaf area (Sack & Scoffoni, 2013), and higher theoretical midrib conductance 

corresponding to wider and/or more numerous conduits (Sack & Frole, 2006; McKown et al., 

2010; Sommerville et al., 2012). Here we tested these different potential drivers for the first time 

within a rapidly evolved lineage.  

2) How does sun/shade plasticity affect the coordination of Kleaf and gas exchange?  

Previous work has shown Kleaf was higher for sun leaves than shade leaves within a canopy, 

consistent with a matching of hydraulic supply with hydraulic demand (gs) (Sack et al., 2003a; 
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Sellin & Kupper, 2007; Brodribb & Jordan, 2011). While this direct coordination of Kleaf and gs 

has not been shown across plants of a given species grown in sun versus shade, it is  consistent 

with the correlation of stomata and xylem traits reported in studies across diverse species and 

across species within lineages (Edwards, 2006; Dunbar-Co et al., 2009; Zhang et al., 2012; 

Brodribb et al., 2013). Here, we aimed to directly test these hypotheses within the Hawaiian 

lobeliads across light treatments. We hypothesized that individuals grown in higher irradiance 

would achieve higher CO2 assimilation rates (Amax) and stomatal conductance (gs), with Kleaf 

either matching gs, or, a higher Kleaf / gs ratio in high irradiance, representing a greater supply 

over demand. Indeed, a higher  Kleaf / gs has been observed in leaves of Toona ciliata grown in 

higher vapor pressure deficit treatments (Murphy et al., 2014), and for sun leaves of given 

species acclimating rapidly to high versus low irradiance during simulated transpiration (Guyot 

et al., 2012) and would indicate a possible mechanism of additional environmental tolerances 

such as drought or heat load. 

3) To what extent do species differ in the sun-shade plasticity of leaf hydraulics and 

associated physiological and anatomical traits? In the 11 previous studies comparing Kleaf for 

leaves within canopies or across growth irradiances, Kleaf was higher in sun than shade leaves for 

12/14 species, from 18% in Betula papyrifera to 238% in Prunus dulcis, but no significant 

differences were found in Olea europea (Table 6.1). Previous studies have argued that species 

tend to show a narrow range in leaf traits due to sun-shade plasticity within canopies (Sack et al., 

2003b; Sack et al., 2006). However, species may differ strongly in the sun-shade plasticity of 

leaf traits when plants are grown in different conditions (Walters & Reich, 1999), with species of 

higher irradiance, or faster-growing species in generally, often showing greater plasticity. We 

tested for the first time the differences in the magnitude of shifts in leaf hydraulic, gas exchange, 
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structural and anatomical traits from low to high irradiance across related species diversified 

across sun and shade. We hypothesized that species adapted to lower irradiances (i.e., with lower 

CO2 assimilation rates) will experience more limited plasticity. Further, we hypothesized that 

plants grown in high light would have higher Amax and Kleaf, and leaves would be structurally and 

anatomically built to capture more direct light, and transport more water and sugars via higher 

vein length per area (VLA), greater leaf thickness (and thickness of the different tissues within 

the leaf), higher leaf mass per area (LMA) and leaf density, higher nitrogen and carbon 

concentrations, and with larger midribs, smaller cell sizes and greater % intercellular airspaces, 

and more numerous and wider conduits in the midrib. The opposite traits for leaves of plants 

grown in shade would be expected to confer a reduced construction cost (Givnish, 1988; Dunbar-

Co et al., 2009; Pasquet-Kok et al., 2010; Pivovaroff et al., 2014). 

4) How quickly can physiology and anatomy evolve to diversify across species, and how 

does it correspond to anatomical and structural diversification? The Hawaiian lobeliads 

diversified rapidly in life form, height and leaf size (Ackerly, 2009; Givnish et al., 2009), but 

very few studies have considered the evolution of fine scale physiological and anatomical traits 

within plant adaptive radiations. In the Hawaiian lobeliads, photosynthetic traits correlated with 

the light regime experienced by each species in their natural habitat (Givnish et al., 2004) and 

similar patterns were found in Schiedea and Sonchus (Kapralov & Filatov, 2006; Santiago & 

Kim, 2009; Kapralov et al., 2013), and for lineages that evolved CAM photosynthesis as key 

innovations in Bromeliaceae and Orchidaceae (Crayn et al., 2004; Silvera et al., 2009). Further, 

only a few studies investigated anatomical differences within plant adaptive radiations (Edwards, 

2006; Dunbar-Co et al., 2009; Jordan et al., 2013). No studies to our knowledge have examined 

the variation of Kleaf within a rapidly diversified lineage. We investigated the diversification 
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across six species of lobeliads of Kleaf alongside gas exchange and anatomy, and their sun/shade 

plasticity. We hypothesized these traits would correlate with the light regime experienced in their 

natural habitat. We hypothesized based on expectations from optimality theory that all traits that 

benefit differential performance in sun vs. shade would tend to shift together in a  coordinated 

way, because the benefit of shifting one trait would diminish if other traits that benefit 

performance did not (see shifts predicted for individual traits in Table 6.2; McKown et al., 2010; 

Sack & Scoffoni, 2013; Sack et al., 2013b). Thus, we expect traits that showed significant 

plasticity in plants grown from low to high irradiance (summarized above), to also show 

significant difference across species growing in contrasting habitat.  

By using this integrated approach of plasticity in physiological, anatomical and structural 

traits with relation to light, we aim to understand the mechanisms underlying rapid species 

diversification across light environments. 

 

MATERIAL AND METHODS 

Species and plant cultivation 

Six species of Hawaiian lobeliads were selected to span the range of light and moisture regimes 

occupied by the lobeliad lineage: Clermontia clermontioides, Clermontia parviflora, Cyanea 

leptostegia, Delissea rhytidosperma, Lobelia niihauensis and Lobelia yuccoides (Fig. 6.1, Table 

6.2). These species were grown in a common garden greenhouse at the Hawai’i Agricultural 

Experiment Station of the University of Hawai’i in Volcano, HI (Big Island), in the heart of the 

elevational range of the lobeliad lineage (~1190 m). These six species were grown under low and 

high irradiance (300 vs. 800 µmol photons m-2 s-1). The greenhouse consisted of a hoop house 

with plastic cover, open to ambient air along the lower walls (0–1 m off the ground) and at both 
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ends of the structure. The greenhouse was divided into two irradiance treatments that provided 

approximately 6-7% transmission of full sunlight (low irradiance treatment) and 33-35% of full 

sunlight (high irradiance treatment). Irradiance levels were achieved using a combination of 

neutral density shade cloth and the plastic cover. Air temperature and relative humidity were 

recorded with EL-USB-2+ Hobo data loggers (Lascar Electronics, Erie, PA). In the low 

irradiance treatment the mean daily minimum, maximum and average values for temperature (± 

SE) were 11.4 ± 0.08 oC, 26.8 ± 0.11 oC and 17.3 ± 0.04oC, respectively, and the values for 

relative humidity were 62.5 ± 1.1%, 87.9 ± 0.3% and 78.3 ± 0.16 %, respectively; in the high 

irradiance treatment, values were  11.3 ± 0.15 oC, 27.7 ± 1.43 oC and 17.3 ± 0.40oC, and 56.7 ± 

4.2%, 90.1 ± 1.9% and 78.9 ± 3.0 %, respectively.  

Seeds were germinated in 8” diameter bulb pans filled with an equal mixture of sifted 

cinder (~0.25”) and perlite (~0.25”), and germinant seedlings were transplanted to individual 

pots when they were ~2-5 cm tall, and transplanted again regularly as they grew to minimize pot 

effects. Seedlings were transplanted into 0.04 liter deep, 3.8 liter or 11.4 liter pots with a 3:1 

mixture of cinder to potting soil (Sunshine Mix #3; Sun Gro Horticulture Canada Ltd., Canada). 

Cinder was used in the experimental soil because it improves the growth of native Hawaiian 

species, including Hawaiian lobeliads, adapted to volcanic soils (Lilleeng-Rosenberger, 2005). 

We applied fertilizer (Gaviota 60, 19-19-19; J. R. Simplot, Boise, ID, USA) to 

germination bulb pans bi-weekly until the germinant seedlings were transplanted to individual 

pots after which we applied slow release fertilizer on the surface of soil media (Osmocote, 19-6-

12 N-P-K; The Scotts Miracle-Gro Company, Marysville, OH, USA) at initial transplant date 

and every 3-4 months afterward. To control white flies (Hemiptera, Alevrodidae) we applied 

GC-MITE (JH Biotech, Inc., Ventura, CA, USA) bi-weekly. 
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 Measurements were made when species were 10-85 cm tall (~1.5-2 years old).  

 

Measurements of leaf hydraulic conductance 

Leaf hydraulic conductance (Kleaf) was measured in May 2010, using the evaporative flux 

method (Sack et al., 2002; Sack & Scoffoni, 2012). The night prior to measurements, individuals 

in their pots were transported to the lab, the soil was watered to saturation and pots were 

enclosed in dark plastic bags filled with wet paper towels to ensure complete plant hydration. 

Measurements were made for 2-3 leaves per individual for 5-6 individuals per species (10-16 

leaves per species). Leaves were cut from the plants in the lab under ultrapure water (Barnstead 

E-pure, Thermo Scientific) using a fresh razor blade. The petiole was wrapped in parafilm and 

re-cut under pure water with a fresh razor blade. Petioles were kept under ultrapure water for 

approximately 10 min until mucilage no longer bled out. The leaf was then re-cut with a fresh 

razor blade under pure water and if no mucilage appeared the leaf was connected to silicone 

tubing (Cole-Parmer) under flow solution (ultrapure water, degassed overnight, and re-filtered 

(0.2 µm; Syringe filter, Cole-Parmer, Vernon Hills, IL.USA). The tubing connected the leaf to a 

flowmeter (Brodribb & Cochard, 2009; Sack et al., 2011) that logged data every second to a 

computer for the calculation of flow rate through the leaf (E). The leaf was held adaxial face up 

over a large box fan (Lakewood Engineering & Manufacturing Company, Chicago, IL, USA) 

and under floodlights (model 73828 1000W, ‘UV filter’; Sears, Roebuck, Hoffman Estates, IL, 

USA) illuminating the leaf surface with >1000 mmol m-2 s-1 photosynthetically active radiation. 

A Pyrex container filled with water between the leaf and the floodlights enabled the maintenance 

of leaf temperature between 23-28°C, determined using a thermocouple (Cole-Parmer). Leaves 

were allowed to transpire over the fan for at least 30 min, and until the E stabilized with a 
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coefficient of variation <5% for at least 5 min, with no upward or downward trend. 

Measurements were discontinued if the flow suddenly changed, likely due to air bubbles, 

particles/mucilage blocking the flow of water, or stomatal closure. Following flow stabilization, 

leaf temperature was recorded, and the leaf was removed from the system, its petiole dabbed dry 

and immediately placed into a sealable bag (Whirl-Pack; Nasco, Fort Atkinson, WI, USA) 

previously humidified with human breath to halt transpiration. The leaf water potential driving 

force (Ψleaf) was measured after 30 min equilibration time in the bag using a Pressure Chamber 

(Plant Moisture Stress, Model 1000, Albany, OR, USA). Kleaf was calculated as E/-Ψleaf and 

further normalized by leaf area, obtained by measuring scanned images using ImageJ software 

version 1.42q (National Institutes of Health). To correct for the effect of water viscosity, Kleaf 

values were further standardized to 25 °C (Weast, 1974 ; Yang & Tyree, 1993; Sack et al., 

2002).  

To obtain maximum Kleaf values, we plotted the Kleaf values obtained against the Ψleaf 

obtained at the end of the measurement, which in some cases reached relatively low values 

(down to -1.4MPa), and fitted linear functions to the data. The regression was significant in 8/12 

cases (p < 0.05); we calculated Kleaf as the intercept of the function fitted through the points 

(Brodribb et al., 2007) for plots that showed significant regressions, while we averaged Kleaf 

values in the other 4 cases.  

 

Measurements of photosynthetic rate and stomatal conductance 

We measured light-saturated photosynthetic rate (Amax) and stomatal conductance (gs) in the 

greenhouse using a portable gas exchange system (LI-6400; LI-Cor, Lincoln, NE, USA). All 

measurements were made between 0800 and 1300. The LI-6400 was equipped with a red/blue 
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LED light source and a CO2 mixing system. Amax was sampled on the newest fully expanded leaf 

on 4-5 individuals of each species within both irradiance treatments. Leaves were clamped into 

the cuvette and they were exposed to saturating light (1000 µmol m-2 s-1). We maintained relative 

humidity, leaf temperature and cuvette CO2 concentration at near ambient conditions (ca. 75% 

relative humidity, 20o – 25o C, and 400 ppm, respectively). Gas exchange was logged when the 

photosynthetic rate had been stable for at least 60 s.  

 

Measurements of leaf structure and composition 

Leaf area (LA; cm2) was measured for 8-12 leaves from 4-6 individuals per species on scanned 

images using ImageJ (http://imagej.nih.gov/ij/; Abramoff et al., 2004). Fresh leaf thickness was 

measured on those same leaves prior to sampling from the plant using digital calipers (± 0.01 

mm; Fowler, Chicago, IL). After leaves were scanned for leaf areas, they were placed in an oven 

at 70°C for 3 days and their dry mass was measured using an analytical balance (± 0.01 mg; 

XS205; Mettler Toledo, OH). Leaf mass per area (LMA; g m-2; dry mass / turgid leaf area) and 

leaf density (LD; g cm-3; LMA/ leaf thickness) were obtained. 

To determine leaf chemical and isotopic composition, five leaves from five individuals 

per species were oven dried at 70 °C for 72h, and ground, weighed and sealed in tin capsules, 

according to standard protocols of the UC Davis Stable Isotope Facility 

(http://stableisotopefacility.ucdavis.edu/). Leaves were analyzed for carbon isotope ratio (δ
13C), 

carbon per mass (Cmass), and nitrogen per mass (Nmass) using an elemental analyzer interfaced to a 

continuous flow isotope ratio mass spectrometer (IRMS). Carbon to nitrogen ratios (C:N) were 

calculated for individual leaves as Cmass /Nmass and averaged to the species and nitrogen per area 
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(Narea) was calculated for each species as Nmass × LMA. Maximum CO2 assimilation rate per 

nitrogen mass per unit area was calculated as Amax / Narea. 

 

Measurements of leaf venation architecture 

For vein trait determination, one leaf from each of three individuals per species was chemically 

cleared in 5% NaOH solution and bleach following standard procedures (Scoffoni et al., 2013). 

Leaves were then scanned (using a flatbed scanner; Epson Perfection 4490 Photo Scanner, CA, 

USA; 1,200 pixels per inch) and further imaged under a light microscope (Leica Lietz DMRB; 

Leica Microsystems) at the top, middle and bottom thirds of the leaves using a 5× objective with 

a camera (SPOT Imaging Solutions; Diagnostic Instruments Inc.; Sterling Heights, MI), resulting 

in 287× total image magnification (Sack et al., In revision). Leaf area (cm2), perimeter (cm), 

length (cm) and width (cm), major vein length per area (major VLA; mm mm-2), minor vein 

length per area (minor VLA; mm mm-2), total vein length per area (VLA; mm mm-2), number of 

secondary veins and numbers of free vein endings per area (FEV; number per mm-2) and midrib 

diameters were measured using ImageJ (http://imagej.nih.gov/ij/; Abramoff et al., 2004) 

following procedures previously described (Scoffoni et al., 2013).  

 

Measurements of leaf cross sectional anatomy 

For measurements of leaf cross sectional anatomy, one leaf from each of three individuals per 

species was sampled. From each leaf center, a 1 × 0.5 cm rectangle was cut and gradually 

infiltrated with mixtures of increasing strength low viscosity acrylic resin (L.R. White; London 

Resin Company, England) in ethanol, under vacuum over the course of a week. Once fully 

infiltrated, the samples were embedded in resin in gelatin capsules in an oven at 55 °C overnight. 
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Using glass knives (cut using a LKB 7800 KnifeMaker; LKB Produkter; Bromma, Sweden), 

samples were sectioned in the transverse plane at 1 µm thickness in a rotary microtome (Leica 

Ultracut E, Reichter-Jung, Ca, USA). Sections were then placed on slides and stained with 

0.01% toluidine blue in 1% sodium borate and imaged using a 5, 10, 20 and 40× objective using 

a light microscope (Leica Lietz DMRB; Leica Microsystems) with camera utilizing SPOT 

advanced imaging software (SPOT Imaging Solutions; Diagnostic Instruments Inc.; Sterling 

Heights, MI) for a total image magnification of 287× to 2303×. 

 We measured cell and tissue dimensions using ImageJ. In the middle of the left, center 

and right thirds of the cross-sections, we measured tissue thicknesses. For the upper and lower 

cuticles and epidermises, and for the palisade and spongy mesophyll, cell cross-sectional areas 

were averaged for three cells per tissue per leaf cross-section. 

Palisade and spongy mesophyll surface area per leaf area (Ames,p/A; Ames,spo/A) were 

estimated from cross-sectional anatomy (Chatelet et al., 2013; Sack et al., 2013a), with a novel 

correction for the mesophyll volume taken up by minor veins and bundle sheath cells: 

 ����,� �⁄ = 	
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         eqn 1, 

Where SAx is the palisade or spongy cell surface area, Txt is the thickness of the palisade or 

spongy mesophyll tissue, ASFxt is the airspace fraction of the palisade or spongy mesophyll 

tissue, CSAbs is the bundle sheath cross-sectional area, and VCx is the palisade or spongy 

mesophyll cell volume. This equation treats the minor veins as if distributed half in the palisade 

tissue and half in the spongy tissue, and thus half their volume is subtracted from each tissue. All 

component traits were calculated according to published detailed protocols (Sack et al., 2013a). 

We calculated the bundle sheath surface area per area (Ames,bs/A) as the mean perimeter of bundle 
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sheath cell × minor VLA. The total mesophyll surface area per area (Ames,bs/A) was then 

calculated as the sum of Ames,p/A, Ames,spo/A and Ames,bs/A. 

We note we didn’t calculate the mean maximum mesophyll pathway (Dm) that has been 

used in the past (Brodribb et al., 2007) for several reasons. First, Dm is calculated based on 

measurements of internal vein distance (IVD) and the distance from vein to epidermis (LE), both 

of which cannot be measured properly from cross-sections in our opinion. Indeed, the distance 

between veins can be greatly variable in reticulate venation (except when looking at grass leaves, 

which have more of a regular pattern), thus the distance measured in a cross-sections between 

two veins would depend on the angle and location at which the section was made in the leaf. 

Second, LE could only be compared across species if measured for a given vein order. However, 

in cross sections, it is hard to tell what minor vein order a vein is. Finally, Dm is essentially 

driven by VLA (Brodribb et al., 2007), and LE has been shown to be positively correlated to Kleaf 

across species, rather than negatively as would imply a correlation of Dm with Kleaf (Aasamaa & 

Sober, 2001; Sack et al., 2003a; Brodribb & Jordan, 2011).  Thus, recent papers have focused on 

VLA rather than Dm to investigate correlations with physiology (Brodribb & Feild, 2010; 

Brodribb et al., 2010; Brodribb & Jordan, 2011). 

To characterize the xylem anatomy, we measured major and minor axis diameters of all 

xylem conduits in the midrib of each leaf sampled for anatomy. The total number of conduits and 

maximum conduit diameter were averaged across the midribs of the three sections. Additionally, 

we determined the theoretical conductivity of xylem conduits in the midrib of each leaf using 

Poiseuille’s equation modified for ellipses (Lewis & Boose, 1995; Cochard et al., 2004): 

$% = ∑ '()*)

+,-(.2+	12�
	        eqn 2  
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where a and b are the major and minor axes of xylem conduit and η is water viscosity at 25°C. 

We then calculate the theoretical hydraulic conductance normalized by leaf area by dividing Kt / 

LA. 

 

Statistics 

We tested differences in traits among species, irradiance growth treatments, and their interaction, 

using two-way analyses of variance (ANOVAs; Minitab Release 16). All data were log-

transformed prior to analyses to improve normality and heteroscedasticity (Sokal & Rohlf, 

1995). To test species-differences in Kleaf we performed an additional analysis, accounting for 

differences in the leaf water potential during measurement, because Kleaf is dynamic with leaf 

water status even at high water potentials (Scoffoni et al., 2012; Scoffoni et al., 2014). Thus, for 

Kleaf we repeated the ANOVA described above, adding leaf water potential as a co-variate, 

effectively comparing species in their Kleaf at a given leaf water potential. Given the large 

number of traits in our analyses, to account for multiple significance testing we applied the 

sequential Bonferroni correction and the False detection rate method to all ANOVA results 

(Rice, 1989; Benjamini & Hochberg, 1995); results were considered non-significant when so 

indicated by both methods. 

Multiple regressions were used to predict Kleaf from major VLA, minor VLA, Ames/A and 

theoretical midrib conductivity across species and growth irradiances combined (Minitab Release 

16).  We selected the multiple regression that exhibited the highest r2 and in which the influence 

of given traits was in the realistic direction based on previous studies (see Introduction). 
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RESULTS 

Variation across species in leaf physiological, structural and anatomical traits 

We found substantial variation across the six lobeliad species in hydraulic, stomatal and 

photosynthetic physiology, as well as leaf venation, tissue anatomy and composition. Averaging 

for each species across the two growth irradiances, leaf hydraulic conductance (Kleaf) varied by 

4.5-fold, CO2 assimilation rate per leaf area (Amax) by 1.4-fold and stomatal conductance (gs) by 

2.1-fold (ANOVA, p < 0.01; Fig. 6.2, Table 6.3). Species varied by 3.2 to 11-fold in leaf area, 

LMA, and in leaf thickness and density. The species also varied significantly in all nutrient 

composition and isotope traits (Table 6.4). Species varied by 1.6 to 6-fold in vein diameters and 

venation lengths per area for each vein order (Table 6.5). Species varied by 1.4 to 5.1-fold in leaf 

tissue anatomical traits across species, except for the upper epidermis thickness, the number of 

spongy cell layer, the % intercellular airspace in the palisade mesophyll and the bundle sheath 

cell area, which were statistically similar across species (Table 6.5). Species varied by 2.0 to 13-

fold in all their midrib cross-sectional anatomical traits, except in their conduit numbers (Table 

6.5).  

 

Plasticity across growth irradiances in leaf hydraulic and gas exchange traits 

On average, both Kleaf and Amax values for leaves developed under high irradiance were higher for 

plants grown under low irradiance (ANOVA, p < 0.01; Fig. 6.2, Table 6.3 and Table S6.1). By 

contrast, no differences were found in gs measured under saturating irradiance for plants grown 

in the two irradiance treatments. Notably, one of the six species showed a contrary response: 

Cyanea leptostegia showed a 2.5-fold higher Kleaf in plants grown in low vs high light.  
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The hydraulic plasticity of a given species was strongly correlated with the irradiance of 

its native habitat, as approximated by Amax, which correlates with native habitat across species 

(Givnish et al., 2004; Montgomery & Givnish, 2008). Across species, the relative increase of 

Kleaf values from low to high growth irradiance was strongly positively related to Amax (r
2 = 0.92; 

Fig. 6.4), as was the relative increase of Amax from low to high growth irradiance  (r2 = 0.92, p = 

0.005). Because there were no significant differences in gmax in species grown in high vs. low 

light, species with greater hydraulic plasticity had greater increases in hydraulic supply (Kleaf) 

relative to demand (gmax) in high vs. low light (Fig. 6.5, Table S6.1). Similarly, because of the 

greater variation in hydraulic plasticity than in Amax, we found a strong positive correlation 

between hydraulic plasticity and the ratio of Kleaf/Amax (Fig. 6.5, Table S6.1). Thus, species with 

greater Kleaf in high vs low irradiance had higher investment in hydraulic capacity relative to 

their improved gain in photosynthetic rate.  

 

Plasticity across growth irradiances in leaf venation architecture, and leaf structure and 

composition 

Plastic responses to light in the expected directions, based on previous studies of other species, 

were found in 19/36 of the leaf structure, venation and anatomical traits (p < 0.05 in ANOVAs 

after correction for multiple tests); only mean conduit diameter and N:C ratio shifted in a 

direction contrary to expectation (Tables 6.3, 6.4 and 6.5). Of the four potential anatomical 

drivers of Kleaf, only Kt didn’t show significant plasticity across growth treatments. Major and 

minor VLA, as well as Ames/A all showed expected sun-shade plasticity (Table 6.5). Plants grown 

under high irradiance had leaves on average 1.2-fold higher in major vein length per area (major 

VLA), 1.1-fold higher in minor vein length per area (minor VLA) and 1.1-fold higher in total 
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vein length per area (VLA) (p < 0.05; Fig. 6.1, Fig. 6.3, Table 6.5 and Table S6.1).For plants 

grown under high irradiance, leaf area was on average 1.7-fold smaller, leaves tended to be 1.2-

fold thicker and 1.6-fold more dense, yielding 2.2-fold higher LMA values. No significant plastic 

differences were found in species’ free ending veins per area (FEVs) across growth irradiances 

(p > 0.05; Table 6.5). Across species, there was a significant increase of the upper and lower 

cuticle thickness, the palisade thickness, and the number of palisade and spongy cell layer (Fig. 

6.3, Table 6.5 and Table S6.1). Similarly, high-irradiance grown plants had greater values of 

total mesophyll, spongy, palisade and bundle sheath surface area per leaf area (Table 6.5 and 

Table S6.1). However, no differences between light treatments were found in xylem anatomical 

traits, except the mean midrib xylem conduit diameter was smaller in species grown under high 

irradiance (Table 6.5 and sup Table S6.1).  

Plants grown under high irradiance had less negative values for δ13C, higher Amax/ Narea 

and lower N:C (Fig. 6.3, Table 6.4 and Table S6.1). We found no significant differences in Narea 

and Nmass across growth irradiances (Table 6.4 and Table S6.1). 

Species differed in their plastic responses of leaf area, thickness, LMA, major VLA and 

midrib diameter in the upper cuticle thickness, the lower epidermis thickness, the % airspace in 

the spongy mesophyll as well as in theoretical midrib conductivity and conduit sizes (p < 0.05 

for species × growth irradiance interaction; Tables 6.4 and 6.5). No significant interaction was 

found in leaf density, minor VLA, VLA and FEVs, or for tissue thicknesses, cell areas, number 

of cells and mesophyll surface area per leaf area or the average conduit numbers in the midrib (p 

> 0.05 for species × growth irradiance interaction; Table 6.5).  

Species adapted to higher irradiance had greater plasticity in given traits in addition to 

Kleaf and gas exchange (described in the previous section). Thus, species with higher Amax in high 
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light also had a greater plastic response of the N/C ratio,  % airspace in the palisade, palisade cell 

area and bundle sheath surface area per leaf area (rp= 0.86-0.94, rs= 0.83-1, p < 0.05). 

 

Structural and anatomical basis for variation among species and irradiance treatments in 

hydraulic capacity 

Across species, whether considering the high or low irradiance treatments individually, or both 

treatments together, Kleaf was not associated with individual putative anatomical driver variables: 

major and minor vein length per area (VLA), the theoretical hydraulic conductivity through the 

midrib (Kt) or the mesophyll surface area per leaf area (Ames/A) (p > 0.05; Table S6.1). However, 

Kleaf was significantly correlated with multiple factors; combining the effect of each of these 

anatomical traits on Kleaf using equation 3 explained 40% of the variation observed in Kleaf (p < 

0.01; Fig. 6.6): 

 

$2�34,5 67. =	−0.41 + 0.19 × =.>?@	AB� + 0.09	 ���� �⁄           eqn3. 

 

DISCUSSION 

Our results provide a first demonstration of sun/shade plasticity in leaf hydraulic conductance for 

species within a highly diversified lineage. Indeed, this study provides a new level of detail for 

sun-shade leaf plasticity in general, integrated view of hydraulics, gas exchange, mesophyll and 

xylem anatomy, leaf venation architecture and leaf composition. Additionally, our results 

highlight the enormous extent of physiological diversification that has evolved rapidly among 

closely related species with implications for the hydraulic control of gas exchange.  
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Plastic response of the leaf hydraulic conductance to growth irradiance and anatomical drivers 

We found strong plasticity in leaf hydraulic conductance (Kleaf) with growth irradiance, 

extending the findings of two recent studies of single species (Raimondo et al., 2009; Murphy et 

al., 2012) by examining closely related species within a lineage that has been shown to have 

diverse physiological responses to irradiance (Givnish et al., 2004; Givnish & Montgomery, 

2014). Previous studies reported that Kleaf tends to be higher in sun vs. shade leaves within 

canopies of given species (Table 6.1), and higher for sun vs shade adapted species (Nardini et al., 

2005; Sack & Frole, 2006; Lo Gullo et al., 2010).  

What causes Kleaf to differ with growth irradiances? A species can increase its Kleaf by modifying 

its xylem anatomy, its mesophyll anatomy, and/or its biochemistry. Across species, anatomical 

changes statistically explained 40% of observed variation in Kleaf. Plants of given species grown 

under higher irradiance tended to develop smaller and thicker leaves with higher major vein 

length per leaf area (Major VLA) and mesophyll surface area per leaf area (Ames/A), traits that 

would increase both vein xylem conductivities (McKown et al., 2010) and outside-xylem 

conductivity (an increase in Ames/A could increase the evaporative surface inside the leaf; Sack & 

Scoffoni, 2013). Future studies are required to focus on sun/shade plasticity in leaf biochemistry 

such as changes in the amount of aquaporin expression and/or distribution throughout the 

outside-xylem pathways (Kim & Steudle, 2007; Shatil-Cohen et al., 2011), which our results 

suggest might play an important role in the plasticity of Kleaf.  

 

Physiological benefits of the plastic response of the leaf hydraulic conductance  

In the Hawaiian lobeliads, while Kleaf tended to increase in higher irradiance, gs did not shift 

upward correspondingly.  This finding contrasted with two previous studies of intra-canopy 
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plasticity for two species, in which a higher Kleaf matched the higher hydraulic demand of sun 

exposed leaves within canopies (Sellin & Kupper, 2007; Brodribb & Jordan, 2011). Thus, in our 

study, for closely related species grown in contrasting light environments, Kleaf showed stronger 

plasticity than hydraulic demand (Fig. 6.5). Although we found higher Amax for plants of given 

species grown in high vs low irradiance due to their more efficient CO2 assimilation rate per 

nitrogen, we found that apart from C. leptostegia, species still tended to invest more in their 

hydraulic supply relative to the carbon gain (Fig. 6.5). Previous studies indicate that increases in 

hydraulic supply relative to demand and carbon gain would provide physiological benefits, as the 

resulting excess hydraulic capacity in high irradiance would confer additional tolerance of 

environmental stresses such as heat load and drought  (Brodribb & Jordan, 2008; Scoffoni et al., 

2011).   

 

Adaptive significance of species differences in their sun-shade plasticity in leaf hydraulics  

The six Hawaiian lobeliad species differed in their sun-shade plasticity of Kleaf. Indeed, Kleaf 

increased from low to high irradiance by 16% in D. rhytidosperma to 144% in C. clermontioides, 

but decreased by 164% from low to high irradiance in C. leptostegia. Indeed, the degree to which 

species responded to light treatment in their Kleaf strongly correlated with Amax, a trait that itself 

correlates with the light environment in which species are distributed ecologically (Fig. 6.4). 

These results point for the first time to potential adaptive significance of species differences in 

their sun-shade plasticity of Kleaf, which would contribute to the ability to establish under 

contrasting light habitats. 
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Integrated adaptation and plasticity in response to sun vs shade of leaf physiological and 

anatomical traits  

In addition to the sun-shade plasticity observed in leaf hydraulic conductance and assimilation 

rates, our results point to the integrated plasticity of a wide complex of leaf anatomical and 

compositional traits. Across these six Hawaiian lobeliad species, we found that traits benefiting 

differential performance in sun vs. shade shifted together in a coordinated way, as expected from 

optimality theory (McKown et al., 2010; Sack & Scoffoni, 2013; Sack et al., 2013b). Consistent 

with the many studies looking at sun vs. shade leaves, or sun vs. shade establishing species, 

leaves adapted or acclimated to high irradiance tended to be smaller, thicker and denser, yielding 

higher leaf mass per area, and thus allowing leaves, when grown under high irradiance, to 

capture more efficiently direct light and to have thinner boundary layers, reducing the heat load 

(e.g., Givnish, 1988; Popma et al., 1992; Bragg & Westoby, 2002; Sack & Frole, 2006). The 

shifts in leaf thickness corresponded to increases in the thickness of the palisade tissue and the 

numbers of palisade and spongy cell layers, providing more photosynthetic tissue and 

cell/intercellular airspace contact for CO2 and water exchange, consistent with the higher Ames/A 

values (Kenzo et al., 2004). Consistent with developmental constraints, smaller sun leaves had 

higher major VLA and smaller midrib diameter (Sack et al., 2012). These coordinated shifts of 

leaf physiological and anatomical traits shown across closely related species points toward an 

optimal integration of leaf traits, with the entire complex showing a coordinated shift from low to 

high irradiance, both during plasticity and adaptation to ecologically diverse light regimes, to 

improve carbon gain under high irradiance and reduce construction and maintenance costs under 

low irradiance, and potentially improving tolerance of additional stresses experienced in given 

light regimes, such as high VPD and water stress under high irradiance.  
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Table 6.1. Results of previous studies of the plasticity of leaf hydraulic conductance 
(Kleaf) in response to irradiance, indicating species name, light treatment applied in the 
study and values of Kleaf in low and high irradiances. 
 
Species Study % Increase from low 

to high irradiance 
Kleaf low light 
(mmol m-2 s-1 MPa-1) 

Kleaf high light 
(mmol m-2 s-1 MPa-1) 

Comparing plants grown in low 
and high irradiance 

    

Olea europaea cv Leccino Raimondo et al., 2009 0 4.7 4.7 
Toona ciliata Murphy et al., 2012 122 5.5 12.2 

Comparing sun and shade leaves 
within canopies 

    

Acer rubrum Sack et al., 2003a 18 8.5 10.1 
Betula papyrifera Sack et al., 2003a 18 14.3 12.1 
Retanilla patagonica Iogna et al., 2011 30 11.5 15 
Quercus rubra Sack et al., 2003a 53 9.96 15.2 
Betula pendula Ounapuu & Sellin, 2013 56 2.4 3.75 
Acer saccharum Sack et al., 2003a 73 4.06 7.04 
Quercus ilex Nardini et al., 2012b 93 4.1 7.9 
Tilia cordata Sellin & Kupper, 2007 158 1.2 3.1 
Nothofagus cunninghamii Brodribb & Jordan, 2011 164 3.24 8.55 
Colliguaja integerrima Iogna et al., 2011 218 5.5 17.5 
Prunus dulcis Egea et al., 2012 238 4 13.5 
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Table 6.2. Study species, habitat, elvation, rainfall, light regimes and geographic locations. 
 
Species Habitat Elevation 

(m) 
Annual rainfall 
(mm) 

Light regimes Localities (islands) 

Clermontia 
clermontioides 

Mesic and wet 
forest 

670-1825 1000-2500 Forest, gaps, 
forest edges 

TNC Ka̒ū Preserve, TNC Kona Heme 
Preserve (Hawaiʻi) 

Clermontia 
parviflora 

Wet forest 120-1460 2500-5000 Gaps, forest 
edges 

Ola̒ a forest, Hawaii Volcanoes National 
Partk (Hawai̒i) 

Cyanea 
leptostegia 

Diverse mesic 
forest 

970-1300 1500-2500 Open forest, 
subcanopy 

Forest off Mohihi Road above YMCA 
camp, Canyon Trail, Kōke̒ e (Kaua̒i)   

Delissea 
rhytidosperma 

Diverse mesic 
forest 

300-1000 1000-2500 Open forest, 
understory 

Limahuli Preserve (Kauaʻi) 

Lobelia 
niihauensis 

Forest, seeps in dry 
regions 

125-725 500-2000 Open cliffs, 
ridges, broken 
crests 

Limahuli Living Collection (Kaua̒i) 

Lobelia 
yuccoides 

Diverse mesic and 
wet forest 

750-1200 1500-3000 Open cliffs, 
ridges, broken 
crests 

Kalalau Valley rim and forest near 
Hongwanji camp, Kōke̒ e (Kaua̒i) 
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Table 6.3. Expected plastic and adaptive responses to irradiance for leaf hydraulic and gas exchange traits and results of the analysis of variance 
for six ecologically diverse species of Hawaiian lobeliads testing the effects of species differences, growth irradiance, and for an interaction We 
performed the analysis of variance on leaf hydraulic conductance (Kleaf) with and without mean measurement Ψleaf as a covariate, to account for 
hydraulic vulnerability during the measurement (see Methods). Mean square values, % variance, are shown with degrees of freedom in 
parentheses. For variables calculated from mean species values, paired t-test were conducted between species-means for low vs high irradiance, 
and only p-values are shown. Values in bold indicate a significant impact of growth irradiance (i.e., significant plasticity).  p < 0.001***, p < 
0.01**, p < 0.05*, p > 0.05NS . †indicates the loss of significance when accounting for multiple tests using the sequential Bonferroni analysis and 
the False detection rate method (Table S6.2). 
Trait Symbol Unit Expected 

plastic and 
adaptive 
response to 
irradiance 

 Leaf water 
potential 

Species Growth irradiance 
(%increase or decrease 
averaged across 
species mean) 

Species ×  
Growth Irradiance 

Error 

     (covariate)     
Leaf hydraulics          
Leaf hydraulic 
conductance 

Kleaf mmol m-2 s-1 
MPa-1 

+   0.532, 12.0, (5)** 1.61, 7.05, (1)**  
(26% increase) 

0.186, 4.12, (5)NS 0.128, 76.9, 
(135) 

Leaf hydraulic 
conductance 

Kleaf mmol m-2 s-1 
MPa-1 

+  6.60, 33.1, 
(1)*** 

0.587, 12.6, (5)*** 0.567, 2.53, (1)**  
 

0.184, 4.08, (5)* † 0.080, 47.6, 
(134) 

          
Leaf gas exchange         
CO2 assimilation 
rate 

Amax µmol m-2 s-1 +   0.013, 34.4, (5)*** 0.016, 8.68, (1)** (8% 
increase) 

0.002, 5.16, (5)NS 0.002, 51.8, 
(47) 

Stomatal 
conductance 

gs mol m-2 s-1 +   0.080, 29.2, (5)** 0005,  0.382, (1)NS 0.014, 4.93, (5)NS 0.019, 65.5, 
(47) 

Hydraulic supply to 
demand ratio 

Kleaf/gs MPa-1 + p = 0.59     
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Table 6.4. Expected plastic and adaptive responses to irradiance for gross leaf structure and nutrient and isotope composition traits and results of 
the analysis of variance for six ecologically diverse species of Hawaiian lobeliads testing the effects of species differences, growth irradiance, and 
for an interaction. Mean square values, % variance, are shown with degrees of freedom in parentheses. For variables calculated from mean 
species values, paired t-test were conducted between species-means for low vs high irradiance, and only p-values are shown. Values in bold 
indicate a significant impact of growth irradiance (i.e., significant plasticity).  p < 0.001***, p < 0.01**, p < 0.05*, p > 0.05NS . †indicates the loss 
of significance when accounting for multiple tests using the sequential Bonferroni analysis and the False detection rate method (Table S6.2). 

 
Trait Symbol Unit Expected plastic 

and adaptive 
response to 
irradiance 

Species Growth irradiance 
(%increase) 

Species ×  
Growth Irradiance 

Error 

Gross leaf structure       
Leaf area LA cm2 - 0.673, 66.3, (5)*** 0.832, 17.0, (1)*** 

(67% decrease) 
0.054, 5.50, (5)** 0.011, 11.2, (50) 

Leaf thickness Tleaf mm + 0.113, 48.6, (5)*** 0.150, 11.8, (1)*** 
(23% increase) 

0.043, 17.8, (5)*** 0.005, 21.8, (50) 

Leaf mass per area LMA g m-2 + 0.246, 33.0, (5)*** 1.50, 39.2, (1)*** 
(124% increase) 

0.102, 13.6, (5)*** 0.011, 14.2, (50) 

Leaf density LD g cm-3 + 0484, 61.3, (5)*** 0.698, 18.1, (1)*** 
(63% increase) 

0.022, 2.80, (5)NS 0.014, 17.8, (50) 

Midrib diameter - mm - 0.230, 65.9, (5)*** 0.006, 0.346, (1)NS 0.082, 23.5, (5)*** 0.007, 10.3, (24) 
Nutrient and isotope composition       
Carbon isotope ratio δ

13C ‰ + 0.004, 37.3, (5)*** 0.013, 23.1, (1)*** 
(7% increase) 

0.001, 4.65, (5)NS 0.0004, 34.9, (48) 

Carbon concentration per 
mass 

Cmass % + 0.016, 14.6, (5)* † 0.0004, 0.079, (1)NS 0.038, 35.1, (5)*** 0.006, 50.2, (48) 

Nitrogen concentration per 
mass 

Nmass % + 0.119, 35.9, (5)*** 0.075, 4.51, (1)NS 0.017, 4.98, (5)NS 0.019, 54.6, (48) 

Nitrogen concentration per 
area 

Narea g m-2 + p = 0.09    

Photosynthesis per nitrogen 
concentration per area 

Amax / Narea µmol g-1 s-1 + p = 0.03 (89% increase)   

Nitrogen: carbon ratio N:C - + 0.091, 39.4, (5)*** 0.064, 5.54, (1)*  
(13% decrease) 

0.024, 10.5, (5)NS 0.011, 44.6, (48) 
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Table 6.5. Expected plastic and adaptive responses to irradiance for leaf venation architecture and anatomical traits and results of the analysis of 
variance for six ecologically diverse species of Hawaiian lobeliads testing the effects of species differences, growth irradiance, and for an 
interaction. Mean square values, % variance, are shown with degrees of freedom in parentheses. Values in bold indicate a significant impact of 
growth irradiance (i.e., significant plasticity).  p < 0.001***, p < 0.01**, p < 0.05*, p > 0.05NS . †indicates the loss of significance when 
accounting for multiple tests using the sequential Bonferroni analysis and the False detection rate method (Table S6.2). 

Trait Symbol Unit Expected plastic and 
adaptive response to 
irradiance 

Species Growth irradiance Species ×  
Growth Irradiance 

Error 

Leaf venation architecture      
Major vein length per area Major 

VLA 
mm mm-2 + 0.117, 68.1, (5)*** 0.070, 8.12, (1)*** 

(19% increase) 
0.004, 12.0, (5)**  0.004, 11.7, (24) 

Minor vein length per area Minor 
VLA 

mm mm-2 + 0.020, 49.3, (5)*** 0.013, 6.53, (1)* † 
(9% increase) 

0.004, 9.12, (5)NS 0.003, 35.0, (24) 

Total vein length per area VLA mm mm-2 + 0.029, 60.0, (5)*** 0.020, 8.25, (1)** 
(10% increase)  

0.005, 10.4, (5)NS 0.002, 21.4, (24) 

Number of free ending veins per 
area 

FEVs number mm-2 = 0.43, 88.2, (5)*** 0.024, 0.99, (1)NS 0.014, 2.96, (5)NS 0.008, 7.84, (24) 

Epidermal and mesophyll cross-sectional anatomy      
Upper cuticle thickness Tcut,ad µm + 0.071, 20.5, (5)**  0.578, 33.3, (1)*** 

(79% increase) 
0.078, 22.5, (5)**  0.017, 23.7, (24) 

Lower cuticle thickness Tcut,ab µm + 0.112, 30.1, (5)**  0.420, 22.0, (1)** 
(64% increase) 

0.048, 12.5, (5)NS 0.028, 35.3, (24) 

Upper epidermal thickness Tep,ad µm + 0.008, 23.2, (5)NS 0.002, 0.971, (1)NS 0.007, 20.7, (5)NS 0.004, 55.2, (24) 
Lower epidermal thickness Tep,ab µm + 0.036, 56.0, (5)*** 0.003, 0.997, (1)NS 0.011, 16.5, (5)* † 0.004, 26.5, (24) 
Thickness spongy mesophyll Tspo µm + 0.137, 60.5, (5)*** 0.018, 1.56, (1)NS 0.016, 6.93, (5)NS 0.016, 6.93, (24) 
Thickness palisade mesophyll Tpal µm + 0.048, 33.4, (5)** 0.187, 26.2, (1)*** 

(40% increase) 
0.015, 10.3, (5)NS 0.015, 10.3, (24) 

Number of spongy cell layers  - + 0.025, 20.4, (50)NS 0.112, 18.4, (1)* 
(30% increase)  

0.006, 5.29, (5)NS 0.014, 5.29, (24) 

Number of palisade cell layers  - + 0.106, 42.5, (5)*** 0.339, 27.3, (1)*** 
(50% increase) 

0.027, 10.7, (5)NS 0.010, 19.6, (24) 

Air space spongy mesophyll %Airspo % - 0.112, 60.4, (5)*** 0.010, 1.11, (1)NS 0.027, 14.4, (5)* † 0.009, 24.2, (24) 
Air space palisade mesophyll %Airpal % - 0.132, 19.2, (5)NS 0.156, 4.51, (1)NS 0.089, 14.7, (5)NS 0.089, 61.6, (24) 
Upper epidermis cell area Aep,ad µm2 - 0.076, 40.5, (5)** 0.018, 1.87, (1)NS 0.036, 18.9, (5)NS 0.015, 38.8, (24) 
Lower epidermis cell area Aep,ab µm2 - 0.120, 55.7, (5)*** 0.015, 1.34, (1)NS 0.016, 7.53, (5)NS 0.016, 35.4, (24) 
Palisade cell area Apal µm2 - 0.133, 57.2, (5)*** 0.004, 0.367, (1)NS 0.030, 12.7, (5)NS 0.014, 29.7, (24) 
Spongy cell area Aspo µm2 - 0.016, 44.8, (5)** 0.008, 4.38, (1)NS 0.004, 12.0, (5)NS 0.003, 38.8, (24) 
Bundle sheath cell area Abs µm2 - 0.051, 22.0, (5)NS 0.062, 5.29, (1)NS 0.019, 9.67, (5)NS 0.027, 63.0, (22) 
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Bundle sheath surface area per leaf 
area 

Ames,bs/A - + 0.042, 38.4, (5)*  0.068, 12.3, (1)*  
(21% increase) 

0.002, 1.40, (5)NS 0.011, 47.9, (24) 

Spongy surface area per leaf area Ames,spo /A - + 0.031, 28.2, (5)*  0.077, 14.0, (1)**  
(26% increase) 

0.022, 20.1, (5)NS 0.009, 37.6, (24) 

Palisade surface area per leaf area Ames,pal/A - + 0.182, 70.7, (5)*** 0.242, 18.8, (1)*** 
(48% increase) 

0.005, 1.94, (5)NS 0.005, 8.55, (24) 

Mesophyll surface area per leaf area Ames,corr/A - + 0.072, 55.3, (5)*** 0.192, 24.8, (1)*** 
(37% increase) 

0.007, 5.34, (5)NS 0.004, 14.5, (24) 

Midrib xylem cross-sectional anatomy      
Theoretical conductance per leaf 
area 

Kt, area mmol m-2 s-1 MPa-

1 
+ 0.440, 46.7, (5)*** 0.001, 0.013, (1)NS 0.267, 28.3, (5)**  0.049, 24.9, (24) 

Theoretical conductance per leaf 
length and area 

Kt, length/area mmol m-1 s-1 MPa-

1 
+ 0.632, 50.2, (5)*** 0.032, 0.505, (1)NS 0.304, 24.1, (5)**  0.066, 25.2, (24) 

Number of conduits in the midrib  - + 0.040, 25.2, (5)NS 0.062, 7.91, (1)NS 0.029, 18.2, (5)NS 0.016, 48.7, (24) 
Maximum conduit diameter  µm + 0.029, 43.2, (5)*** 0.017, 4.97, (1)NS 0.014, 21.2, (5)** 

† 
0.004, 30.6, (24) 

Mean conduit diameter  µm + 0.027, 36.5, (5)** 0.053, 14.4, (1)** 
(15% decrease)  

0.016, 22.1, (5)*  0.004, 27.0, (24) 
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FIGURE CAPTIONS 

Figure 6.1: Plasticity of leaf anatomy and structure in response to growth irradiance for six 

ecologically diverse species of Hawaiian lobeliads. Photograph of a representative plant, 

chemically cleared leaf, micrograph of the minor vein system and lamina cross-section for 

each species grown under low irradiance (300 µmol photons m-2 s-1; left images) and high 

irradiance (800 µmol photons m-2 s-1; right images).  

 

Figure 6.2: Plastic response of physiological traits in response to growth irradiance for six 

ecologically diverse species of Hawaiian lobeliads. Mean ± standard error for (A) leaf 

hydraulic conductance (Kleaf), (B) light-saturated CO2 assimilation rate (Amax), and (C) 

stomatal conductance (gs) in low irradiance (filled bars) and high irradiance (open bars). All 

traits showed significant variation across species (p < 0.01; ANOVA, Table 6.2): ** p < 0.01; 

NS p > 0.05).  

 

Figure 6.3: Plastic response of anatomical and structural traits to growth for six ecologically 

diverse species of Hawaiian lobeliads. Mean ± standard error for (A) leaf area, (B) leaf mass 

per area (LMA), (C) leaf thickness, (D) leaf density, (E) major vein length per area (Major 

VLA), (F) total vein length per area (VLA), palisade tissue thickness, and (G) mesophyll 

surface area per leaf area (Ames/A) for individuals grown in low irradiance (filled bars) and 

high irradiance (open bars). All the above traits varied significantly across species (p < 0.01; 

ANOVA, Table 6.2): *** p < 0.001; ** p < 0.01.  

 

Figure 6.4:  Strong correlation of the leaf hydraulic response to growth irradiance (Kleaf at 

high irradiance/ Kleaf at low irradiance) and native light habitat (using Amax in high growth 

irradiance as a proxy; Givnish et al. 2004) across six ecologically diverse species of Hawaiian 
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lobeliads. Fitted standard major axis: $2�34	CDEℎG	@HIJ?KIH = 0.58	 ×	�3N�3 	− 5.60. Clecle, 

Clermontia clermontioides; Clepar, Clermontia parviflora; Cyalep, Cyanea leptostegia; 

Delrhy, Delissea rhytidosperma; Lobnii, Lobelia niihauensis; and Lobyuc, Lobelia yuccoides. 

** p < 0.01.  

 

Figure 6.5: Strong correlation of plastic responses to growth irradiance for six ecologically 

diverse species of Hawaiian lobeliads: (A) the plastic response of index of hydraulic supply to 

photosynthetic capacity (Kleaf/Amax) vs that of leaf hydraulic conductance (Kleaf), (B) that of 

the index of hydraulic supply to demand (Kleaf/gs) vs that of leaf hydraulic conductance (Kleaf). 

Fitted standard major axis: (A) 

$2�34 �3N�3DK	ℎDEℎ	PI. C?Q	CDEℎG = 0.87	 × $2�34	DK	ℎDEℎ	PI	C?QCDEℎG + 0.07⁄ ; and (B) 

$2�34 E�DK	ℎDEℎ	PI. C?Q	CDEℎG = 1.14	 × $2�34	DK	ℎDEℎ	PI	C?QCDEℎG − 0.25⁄ . *** p < 0.001, 

** p < 0.01. 

 

Figure 6.6: Partially explaining leaf hydraulic conductance (Kleaf) from leaf anatomy for six 

ecologically diverse species of Hawaiian lobeliads grown at two different irradiances. On the 

y-axis, Kleaf is predicted from major vein length per area (major VLA) and the mesophyll 

surface area per leaf area (Ames/A) for mean values of species grown in low and high 

irradiance, using equation 3:	$2�34,SN�T = −0.41 + 0.19 ×=.>?@	AB� + 0.09	 ���� �⁄ . 

Plotted line was forced through the origin to allow comparison with the 1:1 line. The 

presented r2 value is for the line fitted through the points. * p = 0.027. Clermontia 

clermontioides (Clecle; triangles); Clermontia parviflora (Clepar, squares); Cyanea 

leptostegia (Cyalep, circles); Delissea rhytidosperma (Delrhy, diamonds); Lobelia 

niihauensis; (Lobnii, stars); Lobelia yuccoides (Lobyuc, reverse triangles). Open and closed 

symbols are for plants grown in high and low irradiance respectively. 
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SUPPLEMENTAL MATERIAL 

Table S6.1. Mean and standard errors for 45 traits relating to leaf hydraulics, gas exchange, 

structure, venation, nutrient and isotope composition, mesophyll anatomy and midrib cross-

sectional anatomy for six ecologically diverse species of Hawaiian lobeliads. Trait units and 

symbol definition are given in Tables 6.3-6.5. 

 

Table S6.2. Results for sequential Bonferroni and false detection rate analyses, testing the 

tablewide significance of physiological, structural and anatomical trait variance. The table 

displays r2 values and p-values for the relationships presented in Tables 6.3-6.5, and p-values 

required by the sequential Bonferroni analysis (BF), i.e., by beginning with the most 

significant relationship and for each relationship dividing the critical p value of 0.05 by the 

number of remaining relationships to be tested, a yes or no indicating the tablewide 

significance (TWS) of the relationship according to the BF p value, and a yes or no indicating 

the significance of the relationship according to the false rate detection (FDR) test.
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CHAPTER 7 

THE INFLUENCE OF LEAF HYDRAULIC ARCHITECTURE ON THE   

EVOLUTION OF PHOTOSYNTHETIC CAPACITY 

 

ABSTRACT 

Theory and experimental work have indicated that leaf hydraulic conductance (Kleaf) is a critical 

determinant of whole plant performance. As leaves open their stomata to capture CO2 for 

photosynthesis, water is lost to the atmosphere by transpiration, and Kleaf determines the 

efficiency with which the water loss is replaced, allowing stomata to remain open. Thus, Kleaf has 

been shown to correlate with maximum CO2 assimilation rate (Amax) and stomatal conductance 

(gs) across phylogenetically diverse species sets. However, no studies have investigated whether 

these traits evolved in a coordinated way within a phylogenetically well-resolved lineage with 

exceptional leaf diversity. Here, we test for the first time for a coordinated evolution of the 

hydraulic efficiency of Kleaf, and its determinants, the xylem and outside xylem pathways; of 

photosynthetic gas exchange; and of the anatomy of leaf venation and mesophyll, testing 

explicitly hypotheses for the evolution of leaf water relations for 30 Viburnum species in a 

common garden. We found a strong diversification in Kleaf, mainly explained by variation in the 

outside-xylem pathways, and coordinated in evolution with photosynthetic gas exchange, and 

with stomatal conductance and leaf venation architecture. Our data also supported an 

evolutionary trade-off between hydraulic efficiency and safety at the leaf level. These results 

support and extend key theory for the mechanistic basis of evolutionary physiological 

diversification during adaptation across environments. 

Key words: Leaf size, phylogeny, major vein length per area, minor vein length per area 
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INTRODUCTION 

In the past few decades, leaf hydraulic conductance (Kleaf; the capacity of water to move through 

the leaf) has emerged as a critical trait to understand plant growth and function (e.g., Nardini et 

al., 2001; Brodribb and Holbrook, 2003; Sack and Holbrook, 2006; Flexas et al., 2013). Indeed, 

as leaves open their stomata to capture the CO2 for photosynthesis, water is lost to the dry 

atmosphere by transpiration, and the capacity with which the leaf can replace that water loss, 

especially when experiencing environmental stresses such as soil drought, will have a great 

impact on leaf and whole plant function. As such, studies have found hydraulic supply (Kleaf) to 

be coordinated with carbon gain (maximum CO2 assimilation rates, Amax; Brodribb et al., 2005; 

Brodribb et al., 2007), and hydraulic demand (stomatal conductance, gs; Aasamaa and Sober, 

2001; Sack et al., 2003; Brodribb and Holbrook, 2004) across species. Studies of animal systems 

have indicated that such mechanistic correlations should also appear as patterns of coordinated 

trait evolution (e.g., Price et al., 2013; Santana et al., 2013). However, the theory for leaf 

hydraulic trait coordination has not been tested in an evolutionary context—i.e., for a lineage 

with highly diverse leaves with a well resolved phylogeny. The aim of our study was to test, for 

the first time across closely related species, for a coordinated evolution of hydraulics and gas 

exchange traits, and whether these traits repeatedly co-evolved through time as well as to 

understand the mechanisms by which Kleaf diversified through time. 

 The leaf hydraulic conductance is composed of two pathways: the xylem pathways in 

which water moves through the xylem, from the petiole to different vein orders (Kx), and the 

outside-xylem pathways, in which water moves across the bundle sheath and mesophyll cells 

until it reaches the sites of evaporation in the leaf (Kox). Past studies have found that species vary 

greatly in the proportion of hydraulic resistance distributed in the xylem vs. outside xylem 

pathways. Across 14 tropical and temperate tree species in which the partitioning of leaf 
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hydraulic resistance was examined, the % resistance outside the xylem (Rox) varied from 11% for 

Lindackeria laurina, to 88% in Juglans regia (Cochard et al., 2004; Sack et al., 2004; Sack et al., 

2005), and for tropical tree species, sun-establishing species allocated less resistance to outside-

xylem pathways compared to shade-establishing species (Sack et al., 2005). Outside-xylem 

pathways also influence drought responses: a spatially explicit model suggested that higher 

resistance outside the xylem could provide the leaf with higher tolerance to Kleaf decline by 

acting as a stronger bottleneck in the leaf hydraulic pathway, reducing tensions in the xylem, and 

preventing cavitation from occurring, which would otherwise induce dramatic declines in Kleaf 

(Scoffoni et al., 2014).  

What drives differences in conductance through these different water pathways in the 

leaf? Theory, model and empirical work have identified several anatomical drivers influencing 

Kx and Kox. A high minor vein length per area (VLA) can increase both Kx and Kox by increasing 

the number of flow pathways in the xylem and reducing the length water has to move outside the 

xylem (Sack and Scoffoni, 2013). Higher major VLA reduced vulnerability to hydraulic decline 

by providing redundancy in high capacity flow pathways across ten diverse species, consistent 

with expectations based on modelling work (Scoffoni et al., 2011). The hydraulic conductivity of 

the midrib, estimated from midrib xylem anatomy, strongly correlated with Kleaf across 10 

tropical trees and 44 species of Acacias (Sack and Frole, 2006; Sommerville et al., 2012). 

However, no studies have tested these key relationships in an evolutionary context.   

Viburnum (Adoxaceae) is an ideal model system for testing theory of the evolution of leaf 

physiology (Schmerler et al., 2012; Chatelet et al., 2013) including water transport in leaves. 

Viburnum consists of ca. 170 species from temperate and tropical forests, extremely diverse in 

leaf shape and photosynthetic anatomy (Schmerler et al., 2012; Chatelet et al., 2013). We 
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quantified Kleaf and gas exchange, and their anatomical correlates, in 30 Viburnum species grown 

in a common garden, and tested for a correlated trait evolution. For 17 species, we analyzed the 

partitioning of resistances inside and outside the xylem and how these co-evolved with and 

influenced Kleaf. According to the theory of the integration of water transport and gas exchange, 

we hypothesized that across species, during the evolution of shifts in leaf traits, 1) hydraulic 

supply matches demand and carbon gain, 2) vein length per area and mesophyll structure drive 

Kleaf. Because mesophyll anatomy has been shown to be so diverse across Viburnum (Chatelet et 

al., 2013), we hypothesized 3) that outside xylem pathways would be especially important in 

determining Kleaf variation across species. Finally, as it has been observed in stems, especially in 

closely related species (Pittermann et al., 2010), we hypothesized 4) a trade-off between 

hydraulic efficiency (maximum leaf hydraulic conductance; Kmax) and safety Viburnum species.  

 

MATERIAL AND METHODS 

Viburnum phylogeny 

We used the well supported Viburnum phylogeny from Chatelet et al (2013) that describes the 

phylogenetic relationships for 80 species. Here we focused on a subset of 30 species (Table 7.1; 

Figure 7.1) spanning the 10 clades within the tree (Clement and Donoghue, 2011) and growing 

in a common garden at the Arnold Arboretum of Harvard University (Jamaica Plain, MA).   

 

Leaf hydraulic conductance 

In July 2010, mature, sun-exposed shoots from 2-3 individuals per species were collected the day 

prior to measurements and placed in dark plastic bags filled with wet paper towels, and 

transported directly to the lab at Brown University (Providence, RI), where they were recut under 
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ultra-pure water (Millipore Milli-Q Academic), by at least two nodes, and placed in buckets 

filled with ultra-pure water and covered in double dark plastic bags filled with wet paper towels 

to halt transpiration and enable the shoots to rehydrate overnight. 

The next day, leaf hydraulic conductance measurements were made on 3-8 leaves per 

individuals per species (9-16 leaves per species) using the evaporative flux method (Sack and 

Scoffoni, 2012). Leaves were excised from shoots under ultra-pure water, parafilm was wrapped 

around their petiole, and petioles were re-cut under water using a fresh razor blade. Petioles were 

sealed into compression fittings (Omnifit A2227 bore adaptor; Omnifit, Cambridge, UK) 

connected to a pressure-drop hydraulic flowmeter (Brodribb and Cochard, 2009; Sack et al., 

2011) that logged data every second to the computer to calculate flow rate (E). The flow solution 

was ultra-pure water degassed overnight with a vacuum pump, and re-filtered (0.2 µm; Syringe 

filter, Cole-Parmer, Vernon Hills, IL.USA). To ensure the leaf was transpiring, it was held 

adaxial face up over a large box fan (Lakewood Engineering & Manufacturing Company, 

Chicago, IL, USA) and under floodlights (model 73828 1000W, ‘UV filter’; Sears, Roebuck, 

Hoffman Estates, IL, USA) illuminating the leaf surface with >1000 µmol m-2 s-1 

photosynthetically active radiation. Leaf temperature was maintained between 23-28°C by using 

a Pyrex container filled with water between the leaf and the floodlights. Leaves were allowed to 

transpire over the fan for at least 30 min and up to 4 hours, until the E stabilized with a 

coefficient of variation <5% for at least 5 min, with no upward or downward trend. 

Measurements were discontinued if the flow suddenly changed, likely due to air bubbles, 

particles/mucilage blocking the flow of water, or stomatal closure. Leaf temperature was 

recorded once flow stabilized, before it was removed from the system, its petiole dabbed dry and 

immediately placed into a sealable bag (Whirl-Pack; Nasco, Fort Atkinson, WI, USA) previously 
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inhaled in to halt transpiration. The leaf water potential driving force (Ψleaf) was measured after 

30 min equilibration time in the bag using a pressure chamber (Plant Moisture Stress, Model 

1000, Albany, OR, USA). Kleaf was calculated as E/-Ψleaf and further normalized by leaf area, 

obtained by measuring scanned images using ImageJ software (http://imagej.nih.gov/ij/; 

Abramoff et al., 2004). To correct for the effect of water viscosity, Kleaf values were further 

standardized to 25 °C (Weast, 1974 ; Yang and Tyree, 1993; Sack et al., 2002).  

Because Kleaf has been shown to respond to leaf water potential (Ψleaf) even at moderately 

negative water potentials (Scoffoni et al., 2012), we plotted the Kleaf values obtained against the 

Ψleaf obtained at the end of the measurement, which in some cases reached relatively low values 

(down to -1.5MPa), and fitted linear functions to the data. In 16/30 cases, the regression was 

significant (p < 0.05) and we calculated Kmax as the intercept of the function fitted through the 

points (Brodribb et al., 2007). Because Kmax values were very high, also from the linear function, 

we obtained a Kleaf value within the realistic range of leaf transpiration at Ψleaf = -0.3MPa 

(K0.3MPa) to allow comparisons across species. We also estimated the water potential at which 

50% of Kleaf was lost (P50). In the 14 other species that did not show a significant decline in Kleaf 

over the range of measured Ψleaf, Kmax and K0.3MPa were calculated as the average of all Kleaf 

measurements.  

Partitioning of leaf hydraulic resistances inside and outside the xylem 

We used the high pressure flowmeter method (HPFM) to measure hydraulic conductance 

through the different vein orders on a subset of 17 Viburnum species, spanning the different 

clades within the genus (Sack et al. 2004, 2005), One to two leaves per 2-3 individuals per 

species were excised under water from the rehydrated shoots, and petioles wrapped with parafilm 

before they were re-cut under water using a fresh razor blade. Leaves were connected to the 
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HPFM via a compression fitting. Pressurized degassed and re-filtered flow solution (0.5-0.6MPa) 

was forced through a system of silicone and high resistance tubing (PEEK; 0.125 mm internal 

diameter; Upchurch Scientific, Oak Harbor, WA, USA) before entering the leaf. The hydraulic 

conductance was calculated using pressure transducers (Omega PX-180; Omega Engineering, 

Stamford, CT, USA) before (P1) and after (P2) PEEK tubing of known resistance (RPT), as (P1-

P2)/ (P2 × RPT). RPT was obtained from the slope of the delivery pressure vs. flow rate measured 

using an analytical balance (model XS205, ±10 µg sensitivity; Mettler Toledo, Columbus, OH, 

USA) and standardized to 25°C to correct for the effect of viscosity of water through the tubing 

(Weast, 1974 ; Yang and Tyree, 1993; Sack et al., 2002).  

To determine the hydraulic resistance of the leaf xylem (Rx), we first applied 1- 2 mm 

wide cuts to the minor vein system using a scalpel, by cutting between tertiary veins in the leaf, 

resulting in 4-22 cuts/ cm2. Care was taken to avoid cutting any major veins (1o, 2o and 3o). To 

ensure this was enough cuts, we increase the number of cuts and found no significant differences 

in flow rate between before and after the extra cuts. Measurements were logged onto the 

computer every second, and once the flow stabilized with a coefficient of variation < 5% for at 

least 5 min with no upward or downward trend, the hydraulic conductance was reported, and 

temperature of the water flowing through the system was recorded, to correct for the viscosity 

effect on the resistance of the tubing and of the leaf. To determine the hydraulic resistance of the 

minor veins, we applied central cuts to all tertiary veins in the lamina, and measured the 

resistance (R3o) as Rmin = Rx- R3o. To determine the hydraulic resistance of the petiole (Rpet), the 

lamina was cut off and the resistance measured. At the end of the petiole hydraulic conductance 

measurement, a leak test was conducted by sealing the petiole end with super glue (Loctite 409 

Glue; McMaster-Carr, Los Angeles, CA, USA) and accelerator (Loctite 712 accelerator), and 
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hydraulic conductance was measured. Small leaks were found in only 19/63 measurements, and 

were subtracted from the conductances values in obtained in each measurement. Leaf area was 

measured at the end of the measurements using a flatbed scanner and calculated in ImageJ 

(http://imagej.nih.gov/ij/; Abramoff et al., 2004). All resistances were then normalized by leaf 

size. The hydraulic resistance of the major veins (Rmaj) was obtained as Rmaj = R3o – Rpet. We 

obtained the outside-xylem hydraulic resistance using the formula Rox = (1/Kmax) – Rx, using Kmax 

values obtained for the same plants with the evaporative flux method (EFM, see section above), 

The percent hydraulic resistance in the xylem (%Rx), outside-xylem (%Rox), minor veins 

(%Rmin), major veins (%Rmaj) and petiole (%Rpet) were obtained by dividing their given 

resistances by total leaf hydraulic resistance (1/ Kmax). The hydraulic conductance of the xylem 

(Kx) was obtained as 1/Rx and Kox was obtained as 1/ ((1/Kmax)-(1/Kx)).  

Gas exchange measurements 

Mean values for light-saturated CO2 assimilation rate (Amax) were the values previously 

published values for the same plants of the 30 Viburnum species grown at the Arnold Arboretum 

(Chatelet et al., 2013). Briefly, for each species, Amax was measured on several sun-exposed 

mature leaves of several individuals using a LiCOR 6400XT (Li-COR Biosciences, Lincoln, NB, 

USA). At the same time Amax measurements were taken, the stomatal conductances (gs, mmol 

H2O m-2 s-1) were also recorded.  

 

Leaf area and vein architecture 

For each species, leaf area (LA) was obtained by collecting 13-20 sun-exposed mature leaves 

from several individuals between 2009 and 2010. Each leaf was photographed individually and 

leaf areas were measured using ImageJ.  
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Minor vein length per area (VLA) was measured for all 30 Viburnum species. For each species, 

three 2×3cm pieces were cut from 3 sun-exposed mature leaves from different individuals and 

cleared with sodium hydroxide followed by sodium hypochlorite on a hot plate (Scoffoni et al., 

2013). Each leaf piece was cut at the center of the leaf and included all vein orders except for the 

primary vein. Veins were stained with Safranin O and digital images representing 7 mm2 of leaf 

area were captured with Nikon DXM1200C digital camera coupled to a Nikon Eclipse E600 

(Nikon, Melville, NY, USA) compound light microscope. From the digital images, the total 

length of the minor veins (4th vein order and above) was measured with ImageJ and VLA was 

calculated. 

For the 17 species selected for hydraulic partitioning, we cleared whole leaves to 

additionally characterize the major venation. Three leaves from 2-3 individuals per species were 

chemically cleared in 5% NaOH solution and bleach following standard procedures (Scoffoni et 

al., 2013). Leaves were then scanned (using a flatbed scanner; Epson Perfection 4490 Photo 

Scanner, CA, USA; 1,200 pixels per inch). Major vein length per area (major VLA; mm mm-2) 

was measured using ImageJ (Scoffoni et al., 2013).   

Leaf xylem anatomy 

To characterize the midrib xylem anatomy, we measured major and minor axis diameters of all 

xylem conduits in the midrib from three leaves of 2-3 individuals of each of the 17 selected 

species measured for leaf hydraulic partitioning. The total number of conduits and maximum 

conduit diameter were averaged across the midribs of the three sections. We determined the 

theoretical midrib conductivity of by treating each conduit as an ellipse and using Poiseuille’s 

equation modified for ellipses (Lewis and Boose, 1995; Cochard et al., 2004): 

�� =	∑
���	�


��(�2+	�2)
,         eqn 1,  
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where a and b are the major and minor axes of the ellipse and η is water viscosity at 25°C. 

Theoretical hydraulic conductance normalized by leaf area was calculated by dividing Kt / LA, 

and theoretical hydraulic conductance normalized by midrib length and leaf area was calculated 

as Kt / (LA/Midrib length). 

 We measured maximum vessel length for 21 species (Table S7.1) by selecting 3-6 leaves 

from shoots of the different individuals that had been rehydrated overnight. Leaves were 

connected by silicone tubing to a four-way valve connected to a syringe. Zipties were applied 

around the tubing and petiole to ensure a tight seal. Air pressure was applied using a caulking 

gun while the leaf was placed under water, under a light source. Using a scalpel, cuts were made 

throughout the leaf beginning with the highest order veins, and progressively to lower  

order veins, and finally along the midrib toward the leaf base, until air bubbles first emerged 

from the xylem, indicating maximum conduit length.  

 

Statistical and phylogenetic comparative analyses 

We tested differences in traits among species using one-way analyses of variance (ANOVAs; 

Minitab Release 16). All data were log-transformed to improve normality and heteroscedasticity 

(Sokal and Rohlf, 1995). To test for variation across Kleaf values measured with the EFM, we 

performed a one-way ANOVA on log-transformed data, with mean leaf water potential (Ψleaf) as 

a covariate, to control for the decline of Kleaf with Ψleaf during measurements. 

 Correlations between two traits of interest were considered significant when both 

Spearman and Pearson coefficients (rs and rp respectively) were significant. Because many 
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relationships were non-linear, we determined Pearson values for both raw and log-transformed 

data. 

To control for the non-independence of our species in an evolutionary sense, and test 

whether two traits of interest repeatedly co-evolved in a coordinated way, we performed 

phylogenetic independent contrasts (PICs; Felsenstein, 1985) analyses which quantify trait 

variation that occurs at each node in a phylogeny based on the trait values of the descendent taxa 

or nodes and the branch lengths between the parent and daughter nodes. The PICs were 

calculated using the pic and fitcontinuous functions from the packages APE and GEIGER in 

R.3.1.0 following two evolutionary models: the Brownian Motion model (BM) and the Ornstein-

Uhlenbeck model (OU; Butler and King, 2004). The BM model assumes that traits have evolved 

under random drift, whereas in the OU model, traits are assumed to evolve under stabilizing 

selection and are pulled toward an optimum value. For each trait comparison, these two models 

were compared using the Akaike Information Criterion corrected for low n (AIC). We present 

the r2 of the PICs for the best fit evolutionary model. When evolutionary models were within 2 

AIC scores of one another, we presented the PICs with highest r2. 

 

RESULTS 

Species variation in leaf physiological, structural and anatomical traits 

Strong diversification was observed across species in leaf hydraulic conductance: Kmax varied 53-

fold across all 30 species from 0.48 to 25.8 mmol m-2 s-1 MPa-1, from V. wrightii and V. 

ichangense respectively (p < 0.001; ANOVA), with 4-fold variation observed in Kx (p = 0.035; 

ANOVA), and 87-fold variation in Kox across the 17 species for which leaf hydraulic resistance 

was partitioned (Table 7.1). Across all 30 species, light-saturated CO2 assimilation rate (Amax) 
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varied 2.5-fold (p < 0.001; ANOVA; Table 7.1) and stomatal conductance (gs) varied by 3.3-fold 

(p < 0.001; ANOVA; Table S7.1).  

Species also varied strongly in the partitioning of their leaf hydraulic conductance (Fig. 

7.2). The percent hydraulic resistance distributed outside the xylem (%Rox) varied from 22% for 

V. lentago to 97% for V. wrightii; that in the minor veins (%Rmin) from 0.3 for V. wrightii to 12% 

for V. lentago (Fig. 7.2, Table S7.1); that in the major veins (%Rmaj) from 1.8 for V. wrightii to 

36% for V. lentago; and that in the petiole (%Rpet) from 0.9 for V. wrightii to 50% for V 

.plicatum (Tables 7.1 and  S1; Fig. 7.2). Across species, on average, %Rox accounted for most of 

the leaf hydraulic resistance (60%), followed by % Rpet (22%) and % Rmaj (14%) and the minor 

vein xylem the least (5%) (Fig. 7.2). Maximum vessel length also varied strongly across species, 

i.e., ending in the midrib in V. betulifolium and V. bitchiuense and in the minor veins in V. 

cassinoides, with most species having their longest vessels ending in the secondary veins (14/21) 

(Table S7.1). 

Leaf area varied 8-fold across the 30 species from 18.6 for V. burejaeticum to 149 cm2 

for V. furcatum (p < 0.001; ANOVA; Table S7.1). Species also varied in leaf venation traits. 

Indeed, minor vein length per area (VLA) varied by 2-fold across 30 species (p < 0.001; 

ANOVA; Table 7.1), major VLA varied by 1.8-fold across 17 species (p < 0.001; ANOVA; 

Table 7.1).  

The coordinated evolution of leaf hydraulics, gas exchange and anatomy 

Leaf hydraulic conductance was strongly coordinated with both Amax and gs, across species 

(Figures 7.1 and 7.3). These relationships arose from evolutionary correlation: phylogenetically 

independent contrasts were significantly correlated under both the Brownian Motion model (BM; 

rBM
2 shown in Fig. 7.3) and Ornstein-Uhlenbeck model (OU; rOU

2 = 0.46, p < 0.001 for both Kleaf 
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and Amax, and Kleaf and gs), with the BM model of evolution selected by maximum likelihood as 

best fit to explain the correlated evolution of all three traits 

 The variation observed in Kmax was mainly explained by Kox rather than Kx (Fig. 7.4). 

Indeed, Kmax was tightly correlated with Kox across the 17 species tested for hydraulic 

partitioning, whereas Kmax was statistically independent of Kx across species. Phylogenetically 

independent contrasts of Kox vs. Kmax were significantly correlated under both Brownian motion 

(BM; rBM
2 shown in Fig. 7.4) and Ornstein-Uhlenbeck (OU; rOU

2 = 0.96, p < 0.001) models of 

evolution, with the BM model selected by maximum likelihood as best fit to explain the 

correlated evolution of these traits (Table S7.2). 

 Across the 16 species for which data were available for leaf hydraulic vulnerability (P50, 

see Methods), we found a trade-off between hydraulic capacity and vulnerability. Thus Kmax was 

tightly correlated with P50 (Fig. 7.5). Phylogenetically independent contrasts of Kmax vs. P50 were 

significantly correlated under both the Brownian motion model (BM; rBM
2 shown in Fig. 7.5) and 

the Ornstein-Uhlenbeck model (OU; rOU
2 = 0.68, p < 0.001), with the BM model of evolution 

selected by maximum likelihood as best fit to explain the correlated evolution of these traits 

(Table S7.2).   

  Kmax and Amax correlated with leaf venation traits. Both Kmax and Amax were tightly 

positively correlated with major VLA across species (Fig. 7.6). Phylogenetically independent 

contrast of Kmax and major VLA were significantly correlated under both Brownian motion model 

(BM; rBM
2 = 0.38-0.49 for major VLA and Kmax and Amax respectively; p < 0.005) and the 

Ornstein-Uhlenbeck model (OU; rOU
2= 0.26-0.69 for major VLA and Kmax and with Amax 

respectively; p < 0.02). The BM model of evolution selected by maximum likelihood as best fit 

to explain the correlated evolution of Kmax with major VLA, while the OU model of evolution 



249 

 

was selected to explain the correlated evolution of Amax and VLA (Table S7.2). No significant 

correlation of Kmax with minor VLA was found (rp = 0.046, p < 0.05; rs = 0.31, p >0.005). Minor 

VLA was however slightly correlated with Amax, but no significant correlation between the 

phylogenetically independent contrast of these traits were found (rBM
2= -0.01 and rOU

2= 0.06 p > 

0.05).   

Correlation of physiological and anatomical traits 

Across 17 species, the hydraulic resistance in the major veins (Rmaj) correlated negatively with 

major VLA (rp = -0.70, rs= -0.72, p < 0.01). By contrast, no correlation was found between the 

hydraulic resistance in the minor veins (Rmin) and minor VLA (rp = 0.02, rs= 0.08, p > 0.01). Leaf 

size scaled negatively with major VLA (rp = -0.73, rs= -0.66, p < 0.01). No significant correlation 

was found between either Kmax or P50 and theoretical midrib hydraulic conductance (Kt) (whether 

normalized by area, or midrib length per area), number of conduits in the midrib, maximum 

xylem conduit size or maximum conduit length (|rp| = 0.03-0.44, |rs|= 0.07-0.71, p > 0.05).  

 

DISCUSSION 

Our results provide the first support for the theory of leaf hydraulic-stomatal-photosynthetic 

coordination in an evolutionary model system, i.e., a well-resolved lineage with highly diverse 

leaves. Across the Viburnum species we found strong evolutionary diversification of leaf water 

transport, arising from diversification of vein traits, and coordinated with diversification of 

stomatal conductance and photosynthetic rate, consistent with the matching of hydraulic supply 

and demand.   

Coordinated evolution of leaf hydraulics and gas exchange  

Although leaf hydraulics and gas exchange have often been hypothesized to evolve in a 

coordinated way, given that a high Kleaf would allow stomata to remain open for CO2 
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assimilation while water is lost by transpiration, no previous studies have investigated their 

coordinated evolution. A correlation between Kleaf and Amax had previously been shown across 

diverse lineages of bryophytes, lycopodes, ferns, gymnosperms and angiosperms (Brodribb et al., 

2007), but the correlation of Kleaf and Amax across angiosperm species only was not clear 

(Brodribb et al., 2007). Past studies have shown that a leaf hydraulic-stomatal-photosynthetic 

coordination could arise from a Kleaf - gs correlation, which would minimize the operating leaf 

water potential (Sack and Scoffoni, 2013; Sack et al., 2013), or a Kleaf - mesophyll conductance 

(gm) correlation, which would indirectly link leaf hydraulics to gas exchange (Flexas et al., 

2013). Additionally, in given environments, a higher supply (Kleaf) over demand (Amax and gs) 

could be beneficial, especially if exposed to heat load and drought (Scoffoni et al., In review). 

The most rigorous approach to testing such mechanistic and evolutionary trait coordination is 

across closely related species. Our test demonstrated that higher Kleaf values co-evolved multiple 

times with shifts in light saturated CO2 assimilation rates (Amax) and stomatal conductance (gs) 

across closely related Viburnum species. These finding of a coordinated evolution of hydraulics 

and gas exchange point to a clear understanding of physiological adaptation across environments 

as the strong diversification observed in Kleaf across Viburnum species would thus have 

potentiated the diversification observed in Amax across different light environments (Chatelet et 

al., 2013).  

Evolutionary diversification of leaf water transport 

The Viburnum species diversified strongly in the partitioning of leaf hydraulic resistances, 

especially in the hydraulic resistance outside the xylem, i.e., for bulk water flow through the 

bundle sheath and mesophyll to the sites of evaporation in the leaf. The high variation observed 

in maximum leaf hydraulic conductance (Kmax) across species was statistically independent of 
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the xylem hydraulic conductance (Kx), but tightly correlated with the outside-xylem conductance 

(Kox).  Indeed, Kx showed a more narrow range of variation than Kox (4-fold vs. 87-fold variation 

respectively). The diversification of Kox is consistent with previous findings of strong 

diversification in mesophyll anatomy for these same species (Chatelet et al., 2013). Indeed, a 

strong diversification especially in palisade cells was observed across 36 Viburnum species 

(including the ones in our study) which exhibited both branched H-cell palisade as well as the 

more typical elongated and packed type I-cell palisade mesophyll (Chatelet et al., 2013). These 

shifts in mesophyll anatomy were found to correlate with increasing photosynthetic capacity 

(Chatelet et al., 2013). Physical and computer models and meta-analyses have predicted that 

shifts in mesophyll anatomy would affect water movement outside the xylem to the site of 

evaporation in the leaf (Noblin et al., 2008; Flexas et al., 2013; Buckley, 2014). Differences in 

biochemistry could also play an important role in determining Kox. Indeed, the abundance and 

activity of aquaporins in the outside xylem pathways—i.e., activation in bundle sheath and/or 

mesophyll cells—can strongly impact on Kleaf (e.g., Sack et al., 2002; Kim and Steudle, 2007; 

Scoffoni et al., 2008; Voicu et al., 2008). Diversification in biochemistry to evolve higher Kleaf 

values could be especially beneficial, as it would require no or few structural/anatomical 

changes.   

Anatomical basis for the Kleaf - Amax coordination 

We found evidence of an evolutionary coordination between Kleaf, Amax and major vein length per 

area (VLA). The stronger correlation between Kleaf, Amax and major VLA than with minor VLA 

(which make up the bulk of the leaf vein system) is at first sight surprising, especially because 

many studies reported a strong correlation between both Kleaf and minor VLA, and Amax and 

minor VLA across diverse species sets (Sack and Scoffoni, 2013). However, Viburnum species 
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showed a relatively narrow range of variation in minor VLA (only 2-fold variation, from 3 to 6 

mm mm-2), and the minor veins accounted for little of the total hydraulic resistance in the leaf 

(0.3 to 12% across species, see Results). Instead, the greater diversity of the major veins across 

Viburnum species produced a greater impact on total leaf hydraulic resistance via the hydraulic 

resistance in the major veins (Rmaj) which accounted for 1.8 to 36% of Rleaf (see Results). The 

variation in major VLA was strongly linked with leaf size. Indeed, Viburnum leaves are 

especially known for their diversity in shape and size (Schmerler et al., 2012), and, consistent 

with a previous study on 485 globally distributed angiosperm species (Sack et al., 2012), leaf 

size across Viburnum species scaled negatively with major VLA, such that smaller leaves 

exhibited higher major VLA. Thus, it appears that Viburnum diversified more strongly in major 

than minor VLA, enabling higher Kleaf, gs and Amax. We note however that there are many ways 

by which species can vary in their mesophyll/xylem anatomy, and biochemistry, influencing Kleaf 

(see above). 

Leaf hydraulic safety-efficiency trade-off across closely related species 

We found for the first time in leaves an evolutionary trade-off between hydraulic efficiency 

(Kmax) and safety (P50). Such a trade-off has been found to occur in stems especially for closely 

related species or species growing in similar environments, and has been shown to relate to 

conduit and pore diameters in the xylem (Hacke et al., 2001; Pittermann et al., 2006; Pittermann 

et al., 2006; Sperry et al., 2006; Pittermann et al., 2010). However, across diverse species or 

within certain families this trade-off does not always appear due to variation in the anatomy of 

the stem xylem (Maherali et al., 2004; Pittermann et al., 2006; Hacke et al., 2007). In leaves, one 

study has shown a correlation between Kleaf on a mass basis (Kleaf / LMA) and P50 across three 

maple and oak species (Nardini et al., 2012). However, a leaf hydraulic safety versus efficiency 
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trade-off was not found across diverse species sets (Blackman et al., 2010; Scoffoni et al., 2012). 

Here, we confirm this trade-off across closely related species and showed for the first time a 

correlated evolution of these traits. The lack of trade-off found in previous studies (Blackman et 

al., 2010; Scoffoni et al., 2012) had been attributed mainly to the fact that leaves, contrary to 

stems, have both xylem and outside-xylem pathways, and thus xylem anatomy might not have as 

strong an influence as for stems on hydraulic properties. Here, the leaf hydraulic safety-

efficiency trade-off might not have related to xylem anatomy, but rather to differences in 

mesophyll anatomy. Indeed, no relationship was found between either P50 or Kmax with xylem 

conduit size or maximum length. Thus, this hydraulic trade-off observed for the first time here 

for Kleaf on an area basis, most likely reflects differences in mesophyll anatomy that would confer 

a range of resistance to cell shrinkage, which has been recently shown to have a great impact on 

hydraulic decline, especially at mild stress (Scoffoni et al., 2014).   

Conclusion 

The hydraulic-stomatal-photosynthetic theory was tested here for the first time in an evolutionary 

context and strong evidence for repeated co-evolution of these traits in a coordinated way was 

found. This coordinated diversification observed of hydraulics and gas exchange traits would 

have most likely allowed species to adapt and occupy different environments throughout their 

evolutionary history. 
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Table 7.1.Species of Viburnum studied, clade and physiological and anatomical traits. Kleaf, leaf hydraulic conductance; Kleaf _0.3 MPa, leaf hydraulic conductance at -0.3MPa; Kx, 

xylem hydraulic conductance, Kox, outside-xylem hydraulic conductance, %Rox, percent resistance outside the xylem; VLA, vein length per area. * p <0.005; *** p <0.001. 

Species Clade Kleaf Kleaf_0.3MPa Kx Kox %Rox Amax Major VLA Minor VLA 
  mmol m-2 s-1 MPa-1  µmol m-2 s-1 mm mm-2 
V. bitchiuense Lantana 7.7 4.37 14.3 ± 3.6 16.7 35 11.1 ± 1.0 0.74 ± 0.04 4.81 ± 0.44 
V. burejaeticum Lantana 6.96 5.34 - - - 12.3 ± 1.4 - 4.75 ± 0.29 
V. carlesii Lantana 13.3 4.58 - - - 10.9 ± 0.64 - 6.21 ± 0.77 
V. lantana Lantana 5.39 4.65 13.1 ± 2.9 9.16 54 13.5 ± 1.8 0.69 ± 0.05 5.48 ± 0.51 
V. lantana var. discolor Lantana 11.6 8.89 - - - 16.9 ± 1.5 - 4.71 ± 0.26 
V. rhytidophyllum Lantana 3.99 ± 1.97 3.99 ± 1.97 16.7 ± 2.5 5.24 74 12.3 ± 0.81 0.66 ± 0.05 5.05 ± 0.26 
V. veitchii Lantana 14.9 7.92 - - - 12.4 ± 1.3 - 5.86 ± 0.24 
V. cassinoides Lentago 3.62 ± 0.66 3.62 ± 0.66 9.46 ± 1.7 5.87 58 12.7 ± 1.1 0.82 ± 0.01 5.48 ± 0.36 
V. lentago Lentago 7.62 ± 2.2 7.62 ± 2.2 11.3 ± 3.2 23.4 22 12.4 ± 1.7 0.76 ± 0.01 4.94 ± 0.55 
V. prunifolium Lentago 5.52 ± 0.49 5.52 ± 0.49 - - - 10.8 ± 0.66 - 4.80 ± 0.07 
V. rufidulum Lentago 5.92 ± 0.38 5.92 ± 0.38 20.6 ± 6.4 8.31 59 14.2 ± 0.93 0.85 ± 0.05 5.70 ± 0.14 
V. acerifolium Lobata 3.77 ± 0.59 3.77 ± 0.59 14.3 ± 4.0 5.12 68 6.78 ± 0.49 0.61 ± 0.04 3.65 ± 0.18 
V. plicatum Lutescentia 11.9 7.04 16.4 ± 1.9 43.4 25 11.1 ± 0.67 1.0 ± 0.03 4.78 ± 0.46 
V. bracteatum Mollodontotinus 10.7 8.41 - - - 9.04 ± 0.98 - 3.68 ± 0.27 
V. molle Mollodontotinus 5.85 3.8 14.6 ± 0.85 9.76 59 8.32 ± 0.50 0.58 ± 0.07 5.35 ± 0.12 
V. opulus Opulus 10.4 1.55 - - - 7.81 ± 1.2 - 4.82 ± 0.42 
V. sargentii Opulus 3.17 ± 0.88 3.17 ± 0.88 12.6 ± 3.5 4.24 68 13.1 ± 1.4 0.77 ± 0.08 4.26 ± 0.15 
V. trilobum Opulus 2.11 ± 0.36 2.11 ± 0.36 20.8 ± 5.3 2.35 86 10.2 ± 1.2 0.69 ± 0.02 4.99 ± 0.19 
V. dentatum Oreinodontotinus 5.76 2.73 14.0 ± 3.6 9.79 46 10.7 ± 1.8 0.82 ± 0.02 4.72 ± 0.34 
V. furcatum Pseudotinus 1.64 ± 0.24 1.64 ± 0.24 5.23 ± 0.91 2.38 66 7.00  ± 0.52 0.55 ± 0.02 3.05 ± 0.07 
V. sieboldii Solenotinus 5.71 ± 0.81 5.71 ± 0.81 15.9 ± 3.0 8.9 54 13.8 ± 1.1 0.94 ± 0.07 3.13 ± 0.09 
V.betulifolium Succodontotinus 4.16 3.13 - - - 9.71 ±1.6 - 4.18 ± 0.30 
V. corylifolium Succodontotinus 11.9 2.87 22.7 ± 1.9 25 41 9.94 ± 0.77 0.77 ± 0.02 4.46 ± 0.02 
V. dilatatum Succodontotinus 2.38 ± 0.48 2.38 ± 0.48 14.4 ± 2.1 2.85 82 8.04  ± 1.2 0.69 ± 0.03 3.84 ± 0.37 
V. erosum Succodontotinus 12.9 3.48 - - - 7.53  ±1.3 - 4.14 ± 0.07 
V. hupehense Succodontotinus 4.54 ± 0.65 4.54 ± 0.65 - - - 9.89 ± 1.5 - 3.41 ± 0.24 
V. ichangense Succodontotinus 25.8 - - - - 7.29 ± 1.1 - 4.67 ± 0.19 
V. lobophyllum Succodontotinus 5.70 ± 0.30 5.70 ± 0.30 - - - 10.8 ± 1.8 - 3.48 ± 0.12 
V. setigerum Succodontotinus 12.3 5.72 - - - 9.36 ± 1.9 - 4.78 ± 0.16 
V. bitchiuense Lantana 7.7 4.37 14.3 ± 3.6 16.7 35 11.1 ± 1.0 0.74 ± 0.04 4.81 ± 0.44 
ANOVA  ***  *   *** *** *** 
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Figure captions 

Figure 7.1. Distribution of (A) leaf hydraulic conductance (Kleaf at -0.3 MPa; mmol m-2 s-1 MPa-

1), (B) light saturated CO2 assimilation rate (Amax; µmol m-2 s-1) and (C) stomatal conductance 

(gs; mol m-2 s-1) across the phylogenetic tree for 30 Viburnum species. 

Figure 7.2. Partitioning of leaf hydraulic resistance in Viburnum. (A) Average allocation to 

hydraulic resistance in Viburnum species, (B) Allocation to hydraulic resistance for the species 

with least resistance outside the xylem, and (C) the greatest resistance outside the xylem. %Rox, 

Percent of hydraulic resistance outside the xylem; %Rmin, percent hydraulic resistance in the 

minor veins; %Rmaj, percent hydraulic resistance in the major veins; %Rpet, percent hydraulic 

resistance in the petiole. Note that the percent resistance in the xylem %Rx = %Rpet + %Rmaj + 

%Rmin. 

Figure 7.3. Coordinated evolution of leaf hydraulics and gas exchange across Viburnum species. 

(A) Light-saturated CO2 assimilation rate (Amax) vs leaf hydraulic conductance at -0.3 MPa (Kleaf 

at 0.3MPa), (B) stomatal conductance (gs) vs Kleaf at 0.3MPa (n = 29 species). Standard major 

axes (SMA) lines were fitted through the points. Both r2 of the SMA line and the r2 of the 

phylogenetic independent contrasts regression (not shown) calculated under the evolutionary 

model selected by maximum likelihood are given in the figures. Here, Brownian Motion model 

(BM) was chosen as best fit in both A and B. ** p < 0.01. 

Figure 7.4. Drivers of leaf hydraulic conductance for Viburnum species. (A) Outside-xylem 

hydraulic conductance (Kox) drives leaf hydraulic conductance (Kleaf) diversification, (B) 

Independence of Kleaf from xylem hydraulic conductance (Kx) (n = 17 species). Both r2 of the 

SMA line and the r2 of the phylogenetic independent contrasts regression (not shown) calculated 
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under the evolutionary model selected by maximum likelihood are given in the figures. Here, 

Brownian Motion model (BM) was chosen as best fit in A. *** p < 0.001; NS p > 0.05. 

Figure 7.5. Trade-off between leaf hydraulic efficiency (maximum leaf hydraulic conductance, 

Kmax) and hydraulic safety (Leaf water potential (Ψleaf) at which 50% of the initial conductance 

was lost calculated from the linear approximation of Kleaf vs. Ψleaf; ���
∗ ) across Viburnum species 

(n = 16 species). Both r2 of the SMA line and the r2 of the phylogenetic independent contrasts 

regression (not shown) calculated under the evolutionary model selected by maximum likelihood 

are given in the figures. Here, Brownian Motion model (BM) was chosen as best fit model. ** p 

< 0.01; *** p < 0.001. 

Figure 7.6. Coordination of (A) maximum leaf hydraulic conductance (Kmax) and (B) maximum 

CO2 assimilation rate (Amax) with major vein length per area across Viburnum species (n = 17 

species). Both r2 of the SMA line and the r2 of the phylogenetic independent contrasts regression 

(not shown) calculated under the evolutionary model selected by maximum likelihood are given 

in the figures. Here, Brownian Motion model (BM) was chosen as best fit model in A, while the 

Ornstein-Uhlenbeck model of evolution was chosen in B. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 7.3 
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Figure 7.4 
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Figure 7.5 
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Figure 7.6 
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SUPPLEMENTAL MATERIAL 

Table S7.1. Mean ± standard errors of all traits in the study. 

 

Table S7.2. Akaike Information Criterion (AIC) scores for the two models of trait evolution in 

the different tested correlations. Model: Brownian motion (BM) and Ornstein-Uhlenbeck (OU). 

Best chosen model appears in bold. 
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CHAPTER 8 

CONCLUSIONS AND FUTURE DIRECTIONS 
 

The field of leaf hydraulics emerged only two decades ago, and has expanded rapidly since. As 

such, most of the fundamental discoveries regarding water movement have been made based on 

approaches focused at the stem or whole plant level. My dissertation work was aimed in large 

part to fill the gap of knowledge for leaves by combining anatomy, physiology, ecology and 

evolution. 

The first study of water relations in plants dates from three centuries ago. Indeed, John 

Woodward in 1699 was the first to realize that water was at least as important to plant growth, if 

not more, than soil, as it had been thought at the time (Woodward, 1699). It was however 

Stephen Hales 30 years later, who invented the first potometer system consisting of tubing filled 

with water connected to detached shoots and measured the rate of water uptake, proving that 

roots are not needed for the uptake of water through plants, as had been previously assumed 

(Hales, 1727). In fact, that was such a well-established concept at the time that still over a 

century later scientists were testing this, though it is possible that Hales’ book was not read by 

other scientists as these later studies on the topic did not cite Hales’ work. Thus, in 1890, 

Strasburger at the University of Bonn investigated the question, cutting off an entire maple tree 

to remove the roots and placing it in water, establishing again that a tree without root was still 

able to take up water and apparently remain alive (Strasburger, 1891, 1893). This work sparked 

the interest of Dixon and Joly, of Trinity College in Dublin. While they were visiting Prof. E. 

Strasburger in Bonn, he showed them his experiments, which led them to investigate the cause of 

the ascent of sap in trees. Just a few years later, they published their famous study “On the ascent 

of sap” which changed the field of water relations forever (Dixon and Joly, 1895; Dixon, 1914). 
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They proposed that water ascended up the tree by tension and cohesion of water molecules. 

During the entire 20th century, very strong debate around this “cohesion-tension” theory 

occurred, and it was finally fully accepted by the scientific community a century later (Angeles 

et al., 2004). Although debating over this for a whole century might seem now to have been a 

waste of time, the excitement around this debate triggered widespread interest in the field of 

plant hydraulics, and a greater appreciation of its centrality in plant biology. By combining 

physical and biological sciences, tools and methods were developed to measure hydraulic 

conductance through the plant, with a special emphasis on what occurred to the water column in 

dehydrated plants. John Milburn in 1966 was the first to show cavitation—the process by which 

air is sucked into the water column, embolising the conduit—and that work was conducted in 

leaves (Milburn, 1966). This study was followed by many others focusing on this phenomenon in 

stems. It is interesting to note, that although cavitation was first shown in leaves, it took over 30 

years for the field of leaf hydraulics to take off and thus for the understanding of the 

phenomenon in leaves to be studied in detail.  

Leaves are complex organs for water movement, since water moves through both the 

xylem and outside the xylem toward the sites of evaporation. During the first decade of the 21st 

century, studies measuring leaf hydraulic decline in dehydrating leaves mostly focused on 

cavitation as the sole explanation. Consistent with those studies, I found in Chapter 3 using an 

experimental and modeling approach that species most tolerant to dehydration had higher major 

vein length per area, which would provide them with more routes for water to flow around 

embolised conduits during drought. However, I later found in Chapter 4 that cell shrinkage 

outside the xylem also has an impact on leaf hydraulic decline, especially during mild stress. 

Thus, I found that outside-xylem pathways had a strong impact on whole leaf hydraulic 
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conductance, and can act as an important bottleneck in the leaf water pathways, protecting the 

xylem from reaching its cavitation thresholds. Consistent with other recent studies showing the 

importance of aquaporins in water movement outside the xylem and its impact on whole leaf 

hydraulic conductance (e.g., Sack et al., 2002; Cochard et al., 2007; Kim and Steudle, 2007; 

Scoffoni et al., 2008), it has become evident that cavitation might only be playing a small role in 

leaf hydraulic decline, compared to stems which only contain a xylary pathway. Indeed, in 

Chapter 5, I found that decline of leaf xylem hydraulic conductance tends to only start occurring 

at severe levels of leaf dehydration, possibly indicating that most of the hydraulic conductance 

decline observed at the whole leaf level would mainly relate to changes in outside-xylem 

pathways. 

I found in Chapter 6 that leaf hydraulic conductance was highly plastic with light across 

Hawaiian Lobeliads, and this plasticity seemed to be explained mostly by potential differences in 

biochemistry in leaves of plants grown in sun vs. shade, rather than their xylem anatomy.  

Finally, I found in Chapter 7 that differences in leaf hydraulic conductance have evolved 

by diversification of outside-xylem pathways, rather than the xylem itself. Indeed, across 30 

Viburnum species, leaf hydraulic conductance correlated strongly with the conductance outside 

the xylem, while it showed no correlation with leaf xylem hydraulic conductance. Leaf hydraulic 

conductance also drove the diversification of photosynthetic rates observed across these closely 

related species. To be able to match the hydraulic supply of an increase demand, it might have 

been more cost efficient for leaves to modify their biochemistry and/or cellular architectures to 

increase overall conductance, rather than changing xylem anatomy, which seems to have been 

more conserved.  
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The next step in plant hydraulics is probably the most challenging. Until we understand 

where the water evaporates in the leaf mesophyll, and the degree to which species differ in its 

location, and why, it will be challenging to fully understand water movement outside the xylem. 

Modelling studies have been initiated to focus on this question, and for now this might be the 

only approach to further understanding in this area. More detailed work on cell shrinkage of 

different tissues, especially at the epidermal level near stomata, will help bridge the gap between 

hydraulic transport and diffusion of water in the leaf.  

While many questions remain, by building on key work just as my research has done, and 

by increasing the use of multiple approaches and collaborations across fields including modeling, 

biochemistry, hydraulics and gas exchange, and by conducting detailed experimental work 

alongside comparative work in an ecological and evolutionary context, the next few decades will 

provide exciting answers enabling a new level of understanding of the plant hydraulic system 

and its contribution to plant life. 
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