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ABSTRACT OF THE DISSERTATION 

 

The structural and compositional basis of leaf traits and their influence on plant water use and 

drought tolerance 

by 

 

Grace Patricia John 

Doctor of Philosophy in Biology 

University of California, Los Angeles, 2017 

Professor Lawren Sack, Chair 

 

Plants provide invaluable ecosystem services to urban centers. Yet, these services cannot be 

decoupled from the cost to maintain landscaping plants. Costs are particularly difficult to quantify 

in urban ecosystems, like Los Angeles, where a combination of mild climate and a legacy of 

landscape design driven by social and economic factors has produced unprecedented species 

diversity. As these plants subsist entirely on irrigation water, the resulting ‘global common garden’ 

is ideally suited for testing anatomical and physiological scaling hypotheses across many diverse 

species to inform generalized predictive models for other species and ecosystems. My dissertation 

seeks to uncover relationships between leaf anatomy and function to build models estimating water 

use and drought tolerance in Los Angeles. 

I first analyzed allometric slopes describing relationships between the dimensions of leaf 

cells and tissues and found cell sizes, cell wall thickness and leaf thickness scale together across 



 iii 

tissues and species. I then created a mathematically explicit model that predicted leaf mass per 

area (LMA) from its constitutive anatomy and composition with unprecedented explanatory 

power. Cell size, the number of mesophyll cell layers, and cell mass density principally drove 

species differences in LMA and had strong impacts on the Leaf Economics Spectrum. I linked leaf 

structure with physiology by resurrecting a classic method for quantifying loss of rehydration 

capacity in dehydrating leaves, placed associated thresholds in the sequence of drought response 

(e.g. stomatal closure, turgor loss), and tested their relationship with structure and composition. I 

found leaves to be considerably more vulnerable than previously believed. This prompted a study 

in which I tested canopy stomatal conductance across minor shifts in vapor pressure deficit (VPD) 

modeled from plant traits against empirical sap flux and leaf area data collected in urban trees. 

Finally, I found enormous variation in functional traits across Los Angeles species, influenced by 

climates of origin, growth forms, leaf habit and canopy position (i.e., sun versus shade leaves). 

The vast trait diversity in Los Angeles urban trees demonstrates the need for integration of species 

information into predictive models in urban ecosystems and highlights Los Angeles as an 

invaluable resource for future ecophysiological study.   
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CHAPTER 1 

PREMISE OF THE DISSERTATION 

Plants are essential to urban centers.  Beyond their aesthetic value, landscaping plants provide 

essential ecosystems services including erosion control (Zuazo & Pleguezuelo 2009), rainwater 

management (Dwyer et al. 1992; Stovin et al. 2008), shading and cooling (Simpson & McPherson 

1996, 1998; Armson et al. 2012), and mitigation of carbon dioxide and other air pollutants (Nowak 

et al. 2006; Nowak et al. 2014; Rao et al. 2014). However, maintenance of these services comes 

with inherent and substantial costs (Vico et al. 2014; Vogt et al. 2015), chiefly supplemental 

irrigation water. This is especially critical in semi-arid and arid ecosystems where dry air drives 

high evaporative demand, plants tend to rely principally on irrigation water due to limited 

rainwater (McCarthy & Pataki 2010; Bijoor et al. 2012), and sustainable water use is a priority.  

“Xeriscaping” is an increasingly popular approach, in which gardens and landscapes are 

designed to feature species well adapted to arid climates that demand little water (Chow & Brazel 

2012; Goedhart & Pataki 2012). Yet, such an approach maybe not be best suited for urban systems, 

where a principal management goal is to maximize services in addition to limiting irrigation water. 

To increase biomass, plants must maintain open stomata, but transpiration through gaping stomata 

results in significant water loss. Water use efficiency (WUE) is a common metric used to describe 

the CO2 gain relative to water cost. Thus, species with high WUE, which may not originate from 

arid environments, may be better suited for these environments (Goedhart & Pataki 2012). 

Considerable work has been done to quantify WUE across species (Cavaleri & Sack 2010; 

Hamilton et al. 2015), yet species selection based on WUE poses considerable challenges in urban 

centers where diversity is high and the human landscape produces unique environmental 
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challenges. One such city, with exceptional diversity (Gillespie et al. 2012; Clarke et al. 2013; 

Avolio et al. 2015) and high evaporative demand is Los Angeles.   

Los Angeles is home to over 6 million trees covering 25% of the urban landscape. These 

trees represent over 140 species (Gillespie et al. 2012) from diverse climates and geographic 

regions. As the most common species make up <10% of total tree cover (Nowak et al. 2011; 

Gillespie et al. 2012; Clarke et al. 2013; Avolio et al. 2015), assessing these species for their 

suitability in this system is difficult and, as a result, predictions of net tree water use may prove 

inaccurate. Moreover, direct measurements of WUE are labor and time intensive and often costly, 

which prohibits assessment across many diverse species, and established relationships across few 

species will likely change if irrigation water becomes regulated in response to future droughts. 

Predictive models which include inputs representing environmental factors and their downstream 

species-specific impacts could improve selection for species that are better suited for current and 

future climate conditions and identify species at risk as irrigation water become limited. My 

dissertation aims to establish anatomical and physiological relationships that mechanistically drive 

species differences in water use and sensitivity to atmospheric drought in order to inform such 

predictive models.   

The application of biophysical relationships to modeling whole tree and ecosystem level 

water use and drought response has increasingly become a focus in plant physiology (Bonan et al. 

2014; Anderegg et al. 2015a; Sperry & Love 2015). Models that predict tree evapotranspiration 

are become more powerful and new frameworks for predicting tree mortality have emerged 

(Martıńez-Vilalta et al. 2002; Breshears et al. 2013; Anderegg et al. 2015b; McDowell et al. 2016). 

These physiologically informed models tend to outperform models based on fewer, correlative 

relationships (Bonan et al. 2014), yet they have only rarely been applied to urban systems 



 3 

(Kjelgren & Montague 1998; Bush et al. 2008; McCarthy & Pataki 2010; Chen et al. 2011; Pataki 

et al. 2011; Wang et al. 2011; Litvak et al. 2012; Litvak et al. 2017). 

Testing such models in the Los Angeles Urban Ecosystem (LAUE) would not only inform 

sustainable landscaping plans, but could also improve parameterization of the models for both 

managed and natural systems. As plants in the LAUE experience an environment in which 

atmospheric drought (high evaporative demand from dry air) is decoupled from soil drought, the 

hydraulic regime presents a unique opportunity to study plant water relations.  This presents an 

ideal system for my dissertation focused on scaling in plant water use traits.   

My dissertation work uncovered untested, yet fundamental relationships between leaf 

anatomy and function. I used these novel relationships to build models for estimating water use 

efficiency and drought tolerance in Los Angeles Urban Ecosystem (LAUE). In each successive 

chapter, I scale up to higher levels of plant organization and function, beginning at the smallest 

units of leaf construction and building towards ecosystem level model testing.  

Chapter 2 describes mathematical relationships I discovered between the dimensions of 

cells and tissues. I used the allometric slopes fitted to relationships between these anatomical traits 

to test hypotheses based on expectations from geometry and found strong leaf design constraints 

across angiosperm species. The discovery of allometric scaling across tissues and whole leaves 

provided the first validation of a scaling approach to understanding plant design and function. Such 

strict structural constraints also suggested a possible explanation for well-established tradeoffs 

between whole leaf traits that drive ecological specialization and performance.  

The Leaf Economics Spectrum (LES) elegantly describes one such tradeoff, wherein leaf 

traits either favor rapid resource acquisition or stress tolerance (Wright et al. 2004). The LES 

unifies the traits typically associated with these two ecological strategies to a single axis on which 
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the investment in structural mass, relative to photosynthetic area (leaf mass per area; LMA) is 

central. Under this paradigm, investment in structural support (high LMA) confers stress tolerance 

at cost to photosynthetic rate. To better understand the mechanisms underlying this tradeoff in 

Chapter 3, I applied the allometries established in Chapter 2, to quantitatively understand species 

variation in leaf mass per area (LMA) and other LES traits on an anatomical basis. Given the well-

established relationship between leaf structural traits, including LMA, and leaf drought tolerance 

(Givnish 1987), these findings suggest strong influence of fine scale trait relationships on 

performance.   

In Chapter 4, I applied these constitutive anatomical relationships to test the influence of 

leaf design on leaf performance during drought. In this chapter, I updated a classical method for 

establishing thresholds for rehydration capacity across Southern California native species, placed 

these thresholds in the sequences of drought response (e.g. stomatal closure, turgor loss), and tested 

for relationships with leaf structural and functional traits. Across species we found leaves to be 

more sensitive to the loss of rehydration capacity than previously hypothesized, and a strong 

influence of growing season drought conditions on capacity to rehydrate in a global meta-analysis.  

These three chapters provided a basis for Chapter 5, in which I tested hypotheses for how 

the relationships and models of Chapters 2-4 related to leaf and tree level physiological 

measurements in order to produce models scaling from leaf and whole tree traits to canopy 

stomatal sensitivity and whole tree evapotranspiration rates. This physiologically informed model 

shows promise for future work expanding these principles to broader species sets and variable 

climates.   

Chapter 6 presents the first steps towards such predictions. Here I showcase trait diversity 

in the LAUE and argue its value as a global common garden in future studies. Species in this 
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ecosystem vary considerably in their functional traits with respect to their geographic origin, 

growth form, and leaf habit and leaves within species vary considerably by their canopy position 

(i.e., sun exposed or shaded). This enormous trait diversity both demonstrates the need for species-

specific hydraulic models for urban plant water use and highlights Los Angeles as an invaluable 

resource for future ecophysiological study.   
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CHAPTER 2 

 

ALLOMETRY OF CELLS AND TISSUES WITHIN LEAVES 

Abstract 

Premise of the study. Allometric relationships among the dimensions of leaf cells, cell walls, 

tissues and whole-leaf thickness and area would have key implications for leaf construction 

and function, but have remained virtually untested, despite the explosion of interest in 

allometric analysis of numerous plant properties at larger scales. 

Methods. Using thin sectioning and light microscopy, we measured leaf dimensions, tissue 

thicknesses, mesophyll and xylem cell sizes, and cell wall thickness for 14 diverse 

angiosperm species of wet and dry habitats, and tested hypothesized allometric relationships 

based on geometric scaling due to development and/or function.  

Key results. We found strong novel allometries relating the dimensions of cells, cell walls, 

tissues, and gross leaf form. Cell sizes and cell wall thicknesses tended to scale isometrically 

across mesophyll tissues within the leaf, such that species with large cells or thick cell walls 

in one tissue had these also in the other tissues; however, leaf vein xylem conduit sizes were 

independent of other cell types. We also found strong geometric scaling of cell wall 

thicknesses with cell sizes throughout the mesophyll, but not in the leaf vein xylem. Further, 

leaf thicknesses scaled with cell sizes, cell wall thicknesses and the thicknesses of component 

mesophyll tissues, but leaf area was independent of anatomical traits across species. 

Conclusions. These novel allometries suggest design rules operating at the smallest scales of 

leaf construction, and the possibility of applying these relationships to better characterizing 

the basis for differences among species in leaf form and functional traits. 
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INTRODUCTION 

For over 100 years, plant scientists have studied the construction of tissues and of whole plants on 

the basis of cell properties. For example, in Katherine Esau’s classic Plant Anatomy (Esau, 1965), 

each tissue was described first in terms of cells and cell walls, before discussion of how the larger 

scale structures are developed. However, there has been little quantitative study of the properties 

of plant cells in diverse species. In particular, although the allometric approach to understanding 

variation of organ sizes and functions with plant size has yielded insights at a wide range of scales, 

from the early work of Pearsall (Pearsall, 1927) and Huxley (Huxley, 1932 (reprint 1993)) to more 

recent work on the mechanical design of organs and whole plants (Niklas, 1992; Niklas, 1994), 

there has been no previous quantification of allometric relationships among the dimensions of 

cells, cell walls and tissues within leaves, even in the most well-known texts that describe 

allometry in plants (e.g., Niklas, 1992; Niklas, 1994; Brown and West, 2000).  

Our aim was to test a series of key hypotheses for fundamental allometries in leaf cells and 

tissues. Our hypotheses were developed based on the general expectation that any two anatomical 

traits x and y will show power law relationships, i.e., the form of y = axb, linearized using log-

transformed data to log y = log a + b log x, where a and b are constants; b is known as the allometric 

slope, and log a is the allometric intercept. We tested expectations of geometric or “dimensional” 

scaling, i.e., that traits representing lengths (L), areas (A) or volumes (V) will scale together as 

expected from geometry; thus, L ∝ L1,  L ∝ A1/2, A ∝ V 2/3 (Niklas, 1992; Niklas, 1994). Geometric 

scaling would be expected if across species that vary in cell and leaf size, the dimensions of all 

components increase proportionately. That would be the case, for example, if there exists a 

developmental coordination of cell expansion rates and/or times for all the cells in the different 

leaf tissues, and if the thickening of cell walls is coordinated with cell expansion (Granier and 
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Tardieu, 1998; Donnelly et al., 1999; Granier, Turc, and Tardieu, 2000; Albersheim et al., 2011; 

Pantin, Simonneau, and Muller, 2012). Additionally, geometric scaling might be expected if the 

relative dimensions of cells within and among different tissues need to be maintained within an 

approximate range of proportions for mechanical reasons, e.g., if cells with larger lumens require 

proportionately thicker cell walls for support, or for other biological functions, e.g., if it is optimal 

for a leaf to have substantial contribution, and thus similar sizes of both mesophyll cell types to 

light capture, photosynthesis and/or water balance (Haberlandt, 1914; Pyankov and Kondrachuk, 

2003). 

We tested 9 hypotheses for such allometries across species: 

(1) Cell sizes in different tissues scale together isometrically. Thus, across species, the cell cross-

sectional area (CCA) in tissues 1 and 2 would be proportional: CCA1 ∝ CCA2
1. Previous studies 

found that the sizes of epidermal cells of different types (i.e., pavement cells and stomatal guard 

cells) were correlated across species of diverse families (Beaulieu et al., 2008), and across species 

within Proteaceae (Brodribb et al., 2013). Further, previous studies found that mesophyll and 

epidermis cell sizes were correlated across Arabidopsis genotypes (Manuel Perez-Perez et al., 

2011), and mesophyll, epidermal cell and minor vein xylem conduit sizes were correlated across 

species within Proteaceae (Brodribb et al., 2013). However, there has been no study to our 

knowledge of the wide range of leaf cells or analysis of their allometric relationships. 

(2) Cell wall thicknesses in different tissues scale together isometrically. Thus, across species, the 

cell wall thickness (CWT) in tissues 1 and 2 would be proportional: CWT1 ∝ CWT2
 1. 

(3) Cell wall thickness scales geometrically with cell cross-sectional area within each tissue. Thus, 

across species, for a given tissue, the cell wall thickness (CWT), a length dimension, would scale 

with the cell cross-sectional area (CCA): CWT ∝ CCA 0.5. In the one previous study that examined 
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cell wall thicknesses in different leaf tissues, for eight forage species, trends were not analyzed, 

but our analysis of the reported values indicated that species with larger cells had thicker cell walls 

in the mesophyll, but not for xylem cells (Moghaddam and Wilman, 1998).  

Next, we tested whether leaf thickness scales (4) geometrically with cell cross-sectional 

area in each tissue, (5) isometrically with cell wall thickness in each tissue, and (6) isometrically 

with the thicknesses of tissues, i.e., upper cuticle, upper epidermis, palisade mesophyll, spongy 

mesophyll, lower epidermis, or lower cuticle. Thus, across species, given that the thickness of the 

whole leaf (LT) and of any tissue (TT) are length dimensions, LT ∝ CCA 0.5, LT ∝ CWT 1, and LT ∝ 

TT1. Several previous studies were consistent with hypotheses (4), (5), and (6). Previous studies 

showed a correlation of LT with mesophyll cell size across 94 alpine desert species (Pyankov, 

Kondratchuk, and Shipley, 1999) and of LT with mesophyll, epidermal and minor vein xylem 

conduit size across species within Proteaceae (Brodribb et al., 2013). Several studies found that 

LT was correlated with the thickness of one or more of the component tissues in various species 

sets (e.g., Garnier and Laurent, 1994; Roderick et al., 1999; Sack and Frole, 2006), though these 

studies did not analyze allometric relationships. 

Additionally, we tested for a relationship of leaf area with (7) cell cross-sectional area, (8) 

cell wall thickness, and (9) tissue thicknesses. We expected that leaf size would be independent of 

cell size and cell wall and tissue thickness across species, given the much stronger variation 

observed in leaf sizes than in cell sizes and cell wall and tissue thicknesses across species. 

Supporting hypothesis (7), across 94 alpine desert species, and across species within Proteaceae, 

leaf area was uncorrelated with cell volume and leaf thickness (Pyankov, Kondratchuk, and 

Shipley, 1999; Brodribb et al., 2013). 
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Finally, (10) we hypothesized that the above relationships among cell size, cell wall 

thickness and leaf size would hold strongly for mesophyll cell types, but weakly or not at all for 

xylem cells, which are especially distinct in developmental origin and in function. 

To test for fundamental allometries, fourteen species from 12 families were selected for 

their morphological and physiological diversity, including trees, shrubs, a liana and herbs of wet 

or dry habitats in their native range. Our aim was to investigate fundamental allometries with 

reference to hypotheses based on expectations from development, mechanics, and biological 

function thus providing a conceptual framework for future studies of broader species sets and traits. 

 

METHODS 

Study species and sampling 

We sampled plants of fourteen species that were cultivated with irrigation in and around the 

campus of the University of California, Los Angeles and at Will Rogers State Park (Quercus 

agrifolia), or grown from seeds in a greenhouse (Helianthus annuus var. Sunspot) (Table 2.1). 

Leaves from sunflower (Helianthus annuus var. Sunspot; Botanical Interests) were collected from 

greenhouse plants grown from seeds in 3.6-L pots (average minimum, mean, and maximum values 

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

irrigated every 2 days, with 200 to 250 mL L-1 20:20:20 nitrogen:phosphorus:potassium; the light 

availability measured at midday on a sunny day was up to 550 µmol photons m-2 s-1 and on average 

300 µmol photons m-2 s-1 (LI-250 light meter; LI-COR Biosciences). These species were chosen 

to capture strong phylogenetic and functional diversity and to provide a first indication of broad 

trends, representing 12 families, five life forms, and native to at least eight geographic locations 

varying strongly in wet and dry habitat preferences (Table 2.1). Mature, sun-exposed leaves were 
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sampled from three individuals per species from September 2011-April 2012. To avoid tissue 

shrinkage, leaves were rehydrated overnight before fixing for tissue anatomy. Branches were cut 

from woody species or whole shoots from herbs, and these were brought to the lab with moist 

paper towel in black plastic bags, and re-cut underwater in the laboratory by at least two nodes, 

before rehydrating overnight with stem under water, covered with dark plastic bags.  Leaves were 

then cut from each stem and stored in Formalin Acetic Acid-alcohol solution (FAA; 37% 

formaldehyde, glacial acidic acid, 95% ethanol, and deionized water in a 10:5:50:35 mixture). 

   

Anatomical sample preparation and measurements 

For anatomical analyses, one leaf was sampled from each of the three individual plants per species 

for cross-sectioning and anatomical analysis. A 1 × 0.5 cm rectangular subsample was cut from 

each leaf center and gradually infiltrated with mixtures of low viscosity acrylic resin (L.R. White; 

London Resin Company, England) of increasing strength in ethanol, under vacuum, over the 

course of a week. Fully infiltrated samples were set in resin in gelatin capsules in an oven at 55°C 

overnight. Samples were sectioned at 1μm thickness using glass knives (cut using a LKB 7800 

KnifeMaker; LKB Produkter; Bromma, Sweden) in a rotary microtome (Leica Ultracut E, 

Reichert-Jung, CA, USA), placed on slides and stained with 0.01% toluidine blue in 1% sodium 

borate. Slides were imaged using a 20 or 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).  

We relied on cross-sectioning to determine the dimensions of cells, cell walls and tissues 

within the leaf (following e.g., Oguchi, Hikosaka, and Hirose, 2005; Pasquet-Kok, Creese, and 

Sack, 2010; Tosens et al., 2012). Cross-sectional cell area was used as an index of cell size to test 
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allometric relationships. Cell cross-sectional area would provide an accurate reflection of cell 

volume for cells that have azimuthal symmetry (i.e., that are symmetrical with rotation around the 

longest z-axis), including palisade cells and spongy mesophyll cells, which are typically modeled 

as capsules or spheres (Turrell, 1936; Nobel, Zaragoza, and Smith, 1975; Nobel, 1976; Nobel, 

2009). However, for epidermal cells, bundle sheath cells and xylem cells, which might not 

necessarily have azimuthal symmetry (i.e., their z-axis length might not be simply proportional to 

their cross-section), the cross-sectional cell area may not necessarily be a strong proxy for cell 

volume, and ideally, paradermal sections might allow a complete determination of cell size for 

those cell types. Thus, we qualify our conclusions relating to these cell types in light of our use of 

cross-sectional cell areas (see Discussion).  

Tissue thicknesses, mesophyll cell area and cell dimensions were measured using software 

(ImageJ software version 1.42q; National Institutes of Health). Each measurement was replicated 

three times for every cross-section, selecting cells and tissues randomly in a systematic way. In 

the middle of the left, center and right thirds of the cross-sections, tissue thicknesses were 

measured for upper and lower cuticle and epidermis, and for spongy and palisade mesophyll. In 

the same three specific locations, cells from the upper and lower epidermis, and spongy and 

palisade mesophyll were measured for cell cross-sectional area and cell wall thickness (radial cell 

wall for epidermal cells), and the values for the three cells of each tissue per cross-section were 

averaged. The xylem and bundle sheath cells were much more variable in lumen and cell wall 

diameters than mesophyll tissues, so a different approach was taken to determine mean values.  

From the bundle sheath surrounding each of two minor veins in each cross-section, cells were 

measured for cross-sectional area and thickness; to determine a central value, the largest and 

smallest bundle sheath cells were measured and the values were averaged. The xylem conduit 
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lumen cross-sectional areas and wall thickness were determined for midrib and minor veins from 

each leaf. To determine xylem conduit lumen cross-sectional area, the conduits were considered 

as ellipses and their areas were calculated based on measurements of the major and minor axes; 

areas were averaged across all conduits. To determine xylem conduit wall thickness, the two 

thickest and two thinnest conduit walls were measured in the midrib and in each of two minor 

veins per cross-section. These were averaged to give respectively the mean xylem conduit cell wall 

thickness for the midrib and minor vein. When cell walls were measured that separated two 

adjacent cells, the entire wall was measured and halved; this was typical when measuring xylem 

cell wall thicknesses and epidermal radial cell wall thickness, but for mesophyll cells and bundle 

sheath cells, cell walls could generally be measured adjacent to airspace.  

Leaf areas were measured for leaves scanned (using a flatbed scanner; Epson Perfection 

4490 Photo Scanner, CA, USA; 1,200 pixels per inch) and analyzed using ImageJ.   

Statistics 

To test trait differences between moist and dry habitat species we performed ANOVAs with 

species nested within habitat type (Minitab release 15; State College, Pennsylvania, USA). Prior 

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

1995).  

A correlation matrix was determined to reveal the intercorrelative structure of leaf gross 

dimensions and anatomical traits.  Spearman rank correlations are less sensitive to the effects of 

outliers, and thus, for a conservative estimation, correlations were considered significant only 

when P < 0.05 for both Spearman and Pearson coefficients (rs and rp, respectively). We found that 

many traits were correlated linearly and others nonlinearly. Given this, the presented rp values 

were based on untransformed data, unless (i) a trend showed a significant rs and (ii) a power law 
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relationship fitted the trend better than a straight line; in that case, rp values were calculated after 

log transformation to linearize the data, treating the relationships as power laws (Sack, Grubb, and 

Marañón, 2003). 

To analyze allometric relationships, we used standard major axes (SMA; using SMATR; 

Warton et al., 2006). Standard major axes were used rather than ordinary least squares regression 

(OLS) to consider both traits as independent variables with similar measurement error, and to best 

estimate the functional relationship between the variables; OLS regression only considers the error 

in one trait (y) and the other variable (x) to be error-free, and is most useful for when the y variable 

is to be predicted from the x (Sokal and Rohlf, 1995; Sack et al., 2003; Sack, Grubb, and Marañón, 

2003; Poorter and Sack, 2012). For each relationship, we fitted a standard major axis to the log-

transformed data, determining a and b for y = axb, or, equivalently, using log-transformed data log 

y = log a + b log x.  We tested whether relationships differed in slopes and intercepts across tissues. 

We tested whether allometric slopes differed from those expected from geometric similarity (see 

Introduction).  

For allometries relating to spongy mesophyll, we excluded Romneya coulterii, which 

lacked this tissue. For all other allometric relationships with and without including R. coulterii, as 

it was an outlier in other aspects of its leaf anatomy (see Results). We only tested allometric 

relationships among mesophyll anatomical traits, and not for xylem anatomical traits, which were 

hypothesized to be uncorrelated from mesophyll traits (see Introduction). 

Given our testing of a large number of hypothesized allometric relationships, we 

additionally tested for significance using two methods that accounted for multiple significance 

tests. We applied the sequential Bonferroni correction (Rice, 1989) and the False Detection Rate 

test (Benjamini and Hochberg, 1995; Harrington, 2002).  
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Our aim was to test hypothesized relationships that were likely to be very strong and thus 

to be resolved across a relatively small set of diverse species.  Our general approach was consistent 

with that of previous important studies of relationships among leaf anatomical and physiological 

traits often using 10-20, or even fewer species, to resolve important relationships that are later to 

be confirmed across yet larger, global datasets (e.g., 14 species in Garnier and Laurent, 1994; 

Garnier et al., 1999; 10 species in Sack and Frole, 2006; 4 species in Brodribb and Holbrook, 2003; 

10 species in Zwieniecki, Brodribb, and Holbrook, 2007; 7  species in Sperry, Hacke, and Wheeler, 

2005; 7 species in Edwards, 2006; 7 species in Lens et al., 2011; 6 species in Nardini, Peda, and 

La Rocca, 2012). These studies provide important and logistically challenging data especially as 

the field of plant anatomy is still in the discovery phase. However, a frequently voiced concern is 

that in such studies too few species are included; here we justify this general approach for 

investigation of novel structure-function trait correlations by addressing five potential objections: 

(1) A low species number might lead to detection of false trends (type I error), or (2) a failure to 

discern a true trend (type II error), and (3) trends might be too strongly affected by potential outlier 

species, and  (4) when a significant trend is found, the parameters of the fitted line might be too 

imprecise, and (5) the results for few species might not be representative of larger species datasets, 

and especially global trends. Some of these objections are misplaced, and the others can be easily 

minimized through care in interpretation of the findings of these studies.  

Concern (1) is misplaced, as a low n > 2 in fact reduces the power to detect a false positive 

trend, and is thus a conservative approach for testing correlations (Sokal and Rohlf, 1995). When 

trends are identified in studies with low n, they are likely to be robust. In particular, in our study, 

we explicitly hypothesized very strong scaling relationships that would be evident even for 

relatively few species. Concern (2) on the other hand is valid, and true trends might be missed 
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when studying small species sets. Thus, the absence of a trend for a few species is not evidence 

that such trends would not be found in larger or more diverse datasets. To illustrate these points—

the value of testing trends among anatomical variables using 14 species, as in our study, we 

performed a randomization analysis of a published correlation dataset, for the positive relationship 

of cell volume to leaf thickness for 91 alpine desert species (R2 =0.59; P < 0.001; Pyankov, 

Kondratchuk, and Shipley, 1999). We tested the ability to resolve this “true” correlation and avoid 

resolving a false trend by subsampling 14 species randomly with replacement from the 91 species 

and testing for a correlation, repeating 1000 times (using RDCT, (The R Development Core Team) 

2005). This analysis showed a very low risk of discerning a significant false trend, as only 3% of 

14-species datasets showed a significant negative correlation. However, there was a reasonable 

power to discover the true trend, as 67% of 14-species datasets showed a significant positive 

correlation. Presumably, the probability of discovering the “true” trend would be stronger if 

species were sampled explicitly for their diversity, as they were in our study. To test the danger of 

resolving correlations in a random dataset, we repeated this subsampling analysis after 

randomizing the Pyankov et al. cell volume and leaf thickness data to remove the correlation (R2 

= 0.042, P=0.69). Here, only 3% of 14-species datasets showed a significant positive correlation, 

and 2% showed a significant negative correlation. This simple case illustrates the potential to 

discover true trends and the low risk of determining false trends even when using small datasets. 

Concern (3) can be minimized with analyses to specifically reduce the influence of outliers. 

In our study, we tested Spearman correlations, which are more robust to outliers, in addition to 

Pearson correlations. We also performed tests with and without including the outlier species, 

Romneya coulterii which was easily identified (see previous section).  
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Concerns (4) and (5) are meaningful, but do not invalidate studies of relatively small 

species sets, as long as the interpretation takes these into account. Thus, the confidence intervals 

for parameters of lines fitted to for trends based on few species may be wide; however, these trends 

provide a baseline for future work with larger species sets, which will likely reduce the uncertainty 

around the mean parameter values. Further, the trends discerned for a few, diverse species may 

not necessarily be generalized to all plants, but these trends represent the “state-of-the-art”, refined 

hypothesis for the relationship that can motivate further tests with larger species datasets. These 

tests would extend or constrain the generality of the relationship, or show variation in the 

relationship, e.g., across different lineages, communities or functional types. 

For these reasons, we pursued our tests of hypothesized cell, tissue and leaf anatomical 

allometries for 14 diverse species to accomplish our goal of discovering strong relationships which 

can be further tested and extended on larger and global datasets in future studies. 

 

RESULTS 

Variation across species in cell and tissue anatomy 

The species were diverse in their leaf size and in their leaf tissue thicknesses (Fig. 2.1; Table 2.1; 

Supplementary Table S2.1 and S2.2). For all traits a substantial portion of variation was explained 

by species differences, a small amount by wet versus dry habitat, and typically a minority of trait 

variation related to differences among leaves of given species (accounting for the residual error; 

Supplementary Table 2.2, last column).  Species varied 20-fold in leaf area, six-fold in thickness, 

four-fold in the thickness of upper and lower epidermis, eight-fold and 11-fold in spongy and 

palisade mesophyll thickness respectively, 18-fold in the thicknesses of upper and lower cuticle. 

Species varied in having 1-2 cell layers in the epidermis (upper and lower) and zero to eight layers 
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of spongy mesophyll (as Romneya couterii had only palisade mesophyll; Fig. 2.1) and one to nine 

layers of palisade mesophyll. 

 Species also varied strongly in cell sizes and cell wall thicknesses (Fig. 2.1). Species varied 

six-fold in cell cross-sectional areas for the upper epidermis, 13-fold for the lower epidermis, 12-

fold for the spongy mesophyll, eight-fold for the palisade mesophyll, nine-fold for the bundle 

sheath and 11-fold and eight-fold respectively for xylem conduits in the midrib and minor veins. 

Species varied three-fold to four-fold in cell wall thickness for each tissue. 

 We found very strong variation in cell sizes and cell wall thicknesses among the leaf 

tissues. Averaged across species, cell cross-sectional areas were smallest for minor vein xylem 

conduits, and in order of increasing size, midrib vein xylem, bundle sheath, lower epidermis, 

spongy mesophyll, palisade mesophyll, and upper epidermis. Cell walls were thinnest for the 

minor vein xylem conduits, and in order of increasing thickness, the bundle sheath, midrib vein 

xylem, palisade and spongy mesophyll, lower epidermis and upper epidermis. Thus, contrary to 

initial expectations, the xylem conduit cell walls were thin relative to mesophyll tissues, but they 

were very thick relative to their lumen areas compared with mesophyll cells.  

 

Differences in anatomy between species of wet and dry habitat 

We found significant differences in whole-leaf and anatomical traits between species of wet and 

dry habitat. Species of dry habitat had significantly smaller leaves, thinner epidermises and spongy 

mesophyll, but thicker palisade mesophyll, corresponding to a greater number of cell layers and 

larger cells. Indeed, species of dry habitat also had larger cells in the spongy mesophyll and lower 

epidermis. 
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Hypothesis (1): cell sizes in different tissues scale together isometrically 

We found strong, novel relationships among the cell sizes of different tissues across leaves (Figs 

2.1 and 2.2; Table 2.2). For 7/10 pairwise comparisons, there were significant correlations among 

cell sizes in different tissues (r-values ranged 0.62-0.90; P-values < 0.001 to 0.039).  

The scaling slopes for the relationships between cell sizes in different tissues did not vary 

when considered across all species, but the slopes varied significantly after removing outlier R. 

coulterii (P = 0.002; Table 2.2). Cells of the upper and lower epidermis scaled isometrically in 

size (confidence intervals for b included 1), as did those of the spongy and palisade mesophyll, 

those of the palisade and bundle sheath, those of the bundle sheath and lower epidermis. However, 

the cells of spongy mesophyll increased in size disproportionately to those of the upper and lower 

epidermis (b > 1; Table 2.2). 

 

Hypothesis (2): cell wall thicknesses in different tissues scale together isometrically. 

We also found strong relationships between the thickness of cell walls across tissue types for each 

pair of tissues except for the xylem versus other tissues, and the bundle sheath versus upper 

epidermis (Figs 2.1 and 2.3; Table 2.2). Thus, for 9/10 pairwise comparisons excluding the xylem, 

correlations were statistically significant (r-values ranged 0.65-0.91; P-values ranged <0.001 to 

0.009).  

             The scaling slope for the relationships between cell wall thicknesses in different tissues 

was common across all pairs of tissues with significant relationships (i.e., excluding that between 

bundle sheath and upper epidermis), and the scaling was isometric (confidence intervals for each 

species’ b and for the common b included 1; Table 2.2).   
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Hypothesis (3): cell wall thickness scales geometrically with cell cross-sectional area within each 

tissue  

We found strong, novel relationships between the thickness of cell walls and cell sizes (Fig. 2.4). 

Strong correlations were found of cell wall thickness with cell cross-sectional areas for palisade 

and spongy mesophyll, bundle sheath, and lower epidermis tissues (r- values ranged 0.58-0.84; P-

values < 0.001 to 0.029). These relationships were not found for upper epidermis or xylem tissues 

(r- values ranged 0.02-0.48; P-values ranged 0.084-0.93).  

 For the tissues in which cell wall thickness related to cell size, the scaling was geometric. 

Thus, there were common allometric slopes for cell wall thickness versus cell cross-sectional area 

across the palisade mesophyll, spongy mesophyll, bundle sheath, and lower epidermis (confidence 

intervals for each species’ b and for the common b included 0.5; Table 2.2). 

   

Hypotheses (4-6): leaf thickness scales geometrically with cell cross-sectional area in each tissue, 

cell wall thickness in each tissue, and the thicknesses of tissues 

Across species, leaf thickness was positively related to cell size and to cell wall thickness for all 

tissues (Fig. 2.4; r-values ranged 0.56-0.98; P-values < 0.001 to 0.038) except for xylem (|r|-values 

ranged 0.01-0.44; P-values ranged 0.099-0.98). The scaling of leaf thickness with cell cross-

sectional area was geometric for cells in some tissues, i.e., palisade and spongy mesophyll 

(confidence intervals for b included 0.5), but not for others, i.e., the upper and lower epidermis 

and bundle sheath (b > 0.5), and thus across all species, leaf thickness increased disproportionately 

to cell cross-sectional area (common b > 0.5). Similarly, the scaling of leaf thickness with cell 

thickness was geometric for cells in some tissues, i.e., upper and lower epidermis and spongy 

mesophyll (confidence intervals for b included 1), but not for others, i.e., the palisade mesophyll 
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and bundle sheath (b > 1), and thus across all species, leaf thickness increased disproportionately 

to cell wall thickness (common b > 0.5).  

Leaf thickness correlated with tissue thickness for palisade mesophyll, spongy mesophyll, 

and upper and lower cuticle (Fig. 2.4; r-values ranged 0.56-0.98; P-values ranged <0.001 to 0.036), 

but not for upper and lower epidermis (r-values for Spearman correlations ranged 0.38-0.44; P-

values > 0.05). The leaf thickness only scaled geometrically with the thickness of palisade 

mesophyll (confidence intervals for b included 1). For the spongy mesophyll, and upper and lower 

cuticle, the leaf thickness did not increase in proportion with tissue thickness (b < 1). 

Hypotheses (7-9): lack of relationship of leaf area with (7) cell cross-sectional area, (8) cell wall 

thickness, and (9) tissue thicknesses.  

We found no relationships across species of leaf size with cell size or cell wall thickness in any 

tissue, or with tissue thickness, and number of cell layers in given tissues (r-values ranged 0.03-

0.48; P-values ranged 0.10-0.92). 

 

Hypothesis (10): no relationships among xylem cells and mesophyll cell dimensions 

We found no significant relationships for scaling of xylem cell or cell wall thickness with those of 

other tissues (r-values ranged 0.01-0.43; P-values ranged 0.30-0.99).  We found no significant 

relationships between cell cross-sectional area and cell wall thickness within the xylem (r- values 

ranged -0.02 to 0.2; P-values ranged 0.48-0.95).  There were no significant relationships between 

xylem cell size or cell wall thickness and leaf thickness or area (r- values ranged 0.03 to 0.35; P-

values ranged 0.20-0.91). 

 

DISCUSSION 
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This study focused on 14 diverse angiosperm species, with strong differentiation in leaf anatomy, 

in part related to their adaptation to native wet or dry habitats. The principal novel findings of this 

study were fundamental and previously uncharacterized allometries relating cells and tissues. We 

found strong relationships across diverse species relating the sizes of cells in the different tissues 

of the leaf, and of cell wall thicknesses to the sizes of cells across tissues within the leaf. 

Additionally, we found that leaf thickness was strongly related to cell sizes across leaf tissues, and 

the thicknesses of component tissues, but that cell sizes and tissue thicknesses were independent 

of leaf size across species. In many cases the allometries were consistent with the hypothesis of 

geometric scaling. These findings have important implications for understanding the development 

and design of whole leaves, with potential applications for modeling and estimating key functional 

traits from anatomical characteristics. 

 The first set of allometries tested was for the relationship among the sizes of cells in 

different tissues. As hypothesized, we found that in general, leaves with larger cells had 

proportionally larger cells in all their tissues, excluding the xylem. This pattern did not arise from 

uniform cell sizes across all leaf tissues for given species; cells varied many-fold between tissues 

in given species. Rather, the scaling of cell sizes indicated a coordination of the relative cell sizes 

across all species, with isometric relationships among the cross-sectional areas. This finding 

extends to the internal anatomy the previous finding of a correlation between epidermal pavement 

cell sizes and stomatal guard cell sizes (Beaulieu et al., 2008). In that study, the species with larger 

epidermal cells had larger genome sizes, likely relating to the well-known correlation of cell 

nucleus size with cell size (Bonner, 2006). Whether genome size is larger in species which have 

large cross-sectional internal cell sizes remains to be tested. Additionally, geometric scaling might 

be expected if there exists a developmental coordination of the rates and times of cell expansion 
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rates and cell wall production in the different leaf tissues (Granier and Tardieu, 1998; Donnelly et 

al., 1999; Granier, Turc, and Tardieu, 2000; Albersheim et al., 2011; Pantin, Simonneau, and 

Muller, 2012), or if leaf function depends on a relatively conserved size proportionality of cells in 

different leaf tissues. 

 Notably, weak or absent relationships were found mostly when comparing internal and 

external tissues. This was likely at least in part due to issues of measurement. While for the spongy 

and palisade mesophyll cells the cross-sectional area can represent the cell volume, given their 

azimuthal symmetry (see Methods), for epidermal cells, volume may not be well represented by 

the cross-sectional area.  Thus, the absence of a significant relationship among the size of 

epidermal cells and those in some other tissues needs to be confirmed using other estimates of cell 

size, especially as relationships were found with some tissues, and for the others, nonsignificant 

empirical trends were observed (Fig. 2.2). 

 Additionally, as hypothesized we found strong, novel geometric scaling between the 

thickness of cell walls and cell sizes in the mesophyll tissues. This finding was consistent with 

qualitative classical observations on the ecological anatomy of drought tolerance. F.W. Went is 

cited as having observed that “One of the most typical characters of xerophytes… is the thickness 

of the cell walls of all cells” (Metcalfe and Chalk, 1989). Indeed, we found thicker cell walls 

coinciding with larger cells in the species of dry habitat. There are at least two explanations for the 

correlation of cell wall thickness with cell size, a mechanical and a developmental explanation. As 

leaves transpire or dehydrate, cells undergo shrinkage, and the pressure required to deform a cell 

is a function of the cell wall thickness relative to the lumen diameter of the cell, a relationship well 

studied in wood xylem (Hacke et al., 2001), but not previously examined in leaf mesophyll cells, 

though the same principle should apply. Indeed, the geometric scaling of cell wall thickness with 
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cell cross-sectional area would indicate a mechanism for the ability of the cell wall to withstand 

collapse to be independent of cell size across species. Notably, the xylem cells did not show this 

trend, but rather, disproportionally thick cell walls across all xylem conduit sizes, and no 

relationship between lumen diameter and wall thickness, as previously observed in wood xylem 

studied across species of angiosperms and conifers (Pittermann et al., 2006; Cochard et al., 2008), 

and in our analysis of the data for leaf minor veins for 20 diverse Australian angiosperms (P > 0.05 

in Spearman rank correlation; Blackman, Brodribb, and Jordan, 2010). Such disproportional 

thickening would contribute to the ability to withstand strong tensions. Notably in the upper 

epidermis there also was no correlation of cell size and cell wall thickness, corresponding to the 

disproportionate thickening of these cell walls, likely to provide mechanical protection to the leaf 

(Haberlandt, 1914; Esau, 1965).  

A second explanation for the geometric scaling of mesophyll cell wall thickness with cell 

size is developmental. Cell wall thickening may match cell expansion because these processes 

continue simultaneously from when leaf primordium cells begin to divide till leaf maturation 

(Esau, 1965; Albersheim et al., 2011). The lack of this trend in xylem and upper epidermal cells 

may correspond to their developing thick, lignified secondary cell walls. Thus, species with cells 

that expand to larger sizes, either via more rapid expansion in a given time or via a longer time for 

expansion would also develop thicker cell walls (cf. Donnelly et al., 1999). Such a developmental 

explanation for scaling trends across tissues has been recently proposed for the relationship of leaf 

major vein traits to leaf size across diverse species (Sack et al., 2012). 

 The relationships of whole-leaf thickness to mesophyll tissue thicknesses, and to cell sizes, 

and cell wall thickness throughout the leaf may be a simple result of these components contributing 

to the total thickness and/or it may involve a developmental mechanism. A recent review has 
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shown that in typical leaves, leaf thickening is coordinated with the expansion of cells in the 

mesophyll, which continues after cell divisions slow (Pantin, Simonneau, and Muller, 2012). Thus, 

thicker leaves would likely develop with larger cells and thicker mesophyll tissues, even across 

diverse species. Indeed, correlations of whole-leaf thickness with thickness of leaf tissues have 

been previously reported to hold across deciduous species and evergreen species (Garnier and 

Laurent, 1994; Roderick et al., 1999; Sack and Frole, 2006). Our allometric analyses indicated that 

whole leaf thickness typically increased less than geometrically with component tissue thicknesses 

or cell sizes or cell wall thickness, as expected given that epidermal tissue thicknesses, also a 

component of total leaf thickness, were unrelated to leaf thickness in our dataset, and also likely 

due to the variability in the contribution of different tissues to the total leaf thickness across 

species.  

The finding of no relationship of leaf lamina area to tissue thicknesses and cell sizes is 

consistent with findings for Arabidopsis genotypes (Manuel Perez-Perez et al., 2011), for species 

within Proteaceae (Brodribb et al., 2013), for 94 alpine desert species (Pyankov, Kondratchuk, and 

Shipley, 1999), and also comparison of bonsai and natural tree leaves (Korner, Menendezriedl, 

and John, 1989). This finding is analogous to the lack of correlation between cell size and body 

size in animals. The final size of the leaf (or organism) depends equally on the number of cell 

divisions as final cell size, and thus can be independent of cell size, and vary across species by 

many more orders of magnitude (Schmidt-Nielsen, 1984). 

These strong relationships provide new insight into the general rules underlying the 

construction of leaves. The overall trend is that thicker leaves have thicker tissues, with larger cells 

and thicker cell walls, except in the xylem, and that leaf area is independent of these trends. The 

scaling of cells and cell walls tends to be geometric. These allometries, here shown for 14 diverse 
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species, should be further tested, and the relationships extended, to include a yet wider diversity 

of plant species. The relationships should additionally be tested within lineages of closely-related 

species, within a phylogenetic context, to determine their robustness in evolutionary trajectories. 

Within lineages, developmental trait coordination may be expected to be even stronger than when 

considering diverse species, as in this study; thus, in a study of species within Proteaceae, 

correlations among cell sizes were very strong, including among mesophyll and epidermal cell 

sizes and minor vein xylem conduit diameters (Brodribb et al., 2013). Indeed, the strength of these 

novel allometries across diverse species indicates that they are likely to be found more generally, 

and point to the need for future work to elucidate the underlying developmental and evolutionary 

mechanisms for their origin and ontogenetic basis, and their functional implications.  

Future work is also needed to consider the possible influence of the environment on the 

allometries of cells and tissues within leaves. Many trait allometries (e.g., those among the mass 

of organs) shift substantially due to plasticity across different growing conditions, i.e., different 

supplies of light, nutrients and/or water (e.g., Poorter et al., 2012; Poorter and Sack, 2012), and 

previous studies have shown that the relationships among tissue thicknesses and whole-leaf 

thickness across 22 herbaceous species shifted with irradiance and nutrient availability (Meizane 

and Shipley, 1999). The leaves in this study were for plants all grown under well-exposed, irrigated 

conditions. Additional experimental work will show how much the allometries among cell, tissue 

and whole leaf dimensions can shift for given species in different conditions. 

These fundamental relationships among the dimensions of cell walls, cells, tissues and 

whole leaves will themselves scale up to influencing other leaf and plant traits. Indeed, an 

increasing focus of research is to clarify the anatomical basis of leaf mass per area (LMA), and 

other relationships pertaining to “leaf economics” traits which tend to correlate with LMA, e.g., 
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rates of photosynthesis and respiration, nutrient concentrations per leaf area and per leaf mass, and 

leaf longevity (cf. Garnier and Laurent, 1994; Shipley et al., 2006; Poorter et al., 2009; Sack et al., 

in revision). The allometries of cells and tissues will figure fundamentally in future attempts to 

determine the quantitative anatomical basis for these traits, their genetic and developmental basis, 

their evolutionary and ecological differentiation, increasing the ability to select or engineer those 

traits in crop plants (Gowik and Westhoff, 2011; Kattge et al., 2011).
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Table 2.1. Species tested for allometries of leaf cells and tissues, family, origin, leaf habit and life form, habitat preference, and mean ± SE for leaf area and thickness. 

 

 

  

Species Family Origin Leaf habit  Life form Habitat 

preference 

(wet/dry) 

Leaf area 

(cm2) 

Leaf 

thickness 

(µm) 

Bauhinia galpinii Fabaceae Africa Evergreen Tree w 33.1 ± 4.34 91.3 ± 5.43 

Camellia sasanqua Theaceae Japan Evergreen  Shrub w 14.0 ± 1.45 432 ± 11.6 

Cercocarpus betuloides Rosaceae California, Mexico Evergreen  Shrub  d 7.00 ± 2.08 261 ± 25.5 

Comarostaphylis diversifolia Ericaceae California, Mexico Evergreen  Shrub  d 11.1 ± 0.353 327 ± 28.6 

Helianthus annuus Asteraceae Across North America Deciduous Annual herb w 95.0 ± 8.86 183 ± 23.6 

Hedera canariensis Araliacaeae Canary Islands Evergreen  Liana  d 107 ± 15.3 312 ± 16.3 

Heteromeles arbutifolia Rosaceae California, Mexico Evergreen  Shrub  d 30.5 ± 3.66 395 ± 24.6 

Lantana camara Verbenaceae Pantropical Deciduous Perennial shrub  w 31.6 ± 1.58 217 ± 4.28 

Magnolia grandiflora Magnoliaceae Southern United States Evergreen  Tree  w 118 ± 19.7 527 ± 22.2 

Platanus racemosa Platanaceae California, Mexico Deciduous Tree  w 67.2 ± 37.6 200 ± 6.17 

Quercus agrifolia Fagaceae California, Mexico Evergreen Tree d 35.1 ± 10.1 293 ± 23.8 

Raphiolepis indica Rosaceae Southern China, India Evergreen Shrub w 137 ± 90.4 529 ± 12.2 

Romneya coulterii Papaveraceae California, Mexico Deciduous Perennial herb d 24.0 ± 9.66 374 ± 30.4 

Salvia canariensis Lamiaceae Canary Islands Deciduous Perennial herb d 19.1 ± 3.35 18 1± 23.9 
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Table 2.2. Parameters of fitted allometries for statistically significant relationships of cell and tissue anatomy and leaf form for 14 diverse species. Allometries were fitted for six types of relationships to 

data for all species (one point per species), for the relationships that were significant (see full correlation matrices in Supplementary Table S2.2 and S1.4). For each relationship, linearized power laws (y = 

log a + b log x) were fitted by standard major axis (SMA) to log-transformed data both with and without outlier Romneya coulterii. For each relationship, the expected b-value from geometric scaling (�̂�) 
is presented (see Introduction), and the R2 value is presented with its significance, and slope  b and intercept log a values, in bold, in between the lower and upper 95% confidence limits. For each allometry 

type, we also tested lines for differences in slopes and intercepts, and when a common slope was found across tissue allometries (i.e., P > 0.05 for a test for difference in b among slopes), the common slope 

is presented with confidence limits and the log a values are presented for each species given the common slope; in each case, the lines differed in intercepts (P < 0.001). A common slope was found for all 
relationships except where the outlier Romneya coulterii was removed in allometry types 1 and 6.  ns: P > 0.05, *P<0.05, **P<0.01, ***P<0.001. Relationships were also subjected to significance testing 

corrected for multiple comparisons using the sequential Bonferroni test for table wide significance, and the false detection rate test, and remained significant except for †failed sequential Bonferroni test for 

table wide significance, and ‡failed false detection rate test.  Findings for hypotheses (7), (8), (9), and (10) were not presented given that in each case hypothesis for a lack of significant relationship (see 
Introduction) was supported. 

  All data Outlier removed 

Allometry type/ 

Tissues 
�̂� R2 b log a Common b for 

tissue  allometries 

with common 

slope, and log a for 

tissue allometries 

R2 b log a Common b for 

tissue  allometries 

with common 

slope, and log a for 

tissue allometries 

(1) Cell cross-sectional areas in different tissues 1    b = 1.1, 1.3, 1.5      b =N/A  

Lower epidermis versus upper epidermis  0.50** 0.86, 1.3, 2.0 -2.8, -1.2, 0.39  -1.1 0.14 ns†‡ 0.68, 1.2, 2.2 -3.0, -0.95, 1.1 (P=0.002) 

Spongy mesophyll versus upper epidermis  0.39*†‡ 1.3, 2.1, 3.5 -6.2, -3.2, -0.22  -0.94 0.39*†‡ 1.3, 2.1, 3.5 -6.2, -3.2, -0.22  

Spongy mesophyll versus lower epidermis   0.58** 1.2, 1.8, 2.7 -3.3, -1.6, 0.22  -0.47 0.58** 1.2, 1.8, 2.7 -3.3, -1.6, 0.22  

Spongy mesophyll versus palisade mesophyll   0.78*** 0.96, 1.3, 1.8 -2.1, -0.97, 0.13  -0.93 0.78*** 0.96, 1.3, 1.8 -2.1, -0.97, 0.13  

Spongy mesophyll versus bundle sheath   0.66** 0.91, 1.3, 1.9 -1.9, -0.66, 0.59 -0.56 0.66** 0.91, 1.3, 1.9 -1.9, -0.66, 0.59  

Bundle sheath versus palisade mesophyll   0.47** 0.64, 1.0, 1.6 -1.5, -0.27, 0.97 -1.0 0.52** 0.63, 0.98, 1.5 -1.5, -0.24, 0.98  

Lower epidermis versus bundle sheath   0.52** 0.74, 1.1, 1.7 -1.5, -0.35, 0.85 -0.72 0.79*** 0.56, 0.76, 1.0 -0.052, 0.51, 1.1  

Lower epidermis versus palisade mesophyll  0.16 ns†‡ 0.66, 1.1, 2.0 -2.4, -0.65, 1.1 -1.1 0.50** 0.47, 0.75, 1.2 -0.61, 0.33, 1.3  

(2) Cell wall thickness in different tissues 1       b = 1.0, 1.1, 1.3    b = 1.0, 1.1, 1.3 

Lower epidermis versus upper epidermis  0.63** 0.75, 1.1, 1.6 -0.23, -0.11, 0.014 -0.12  0.63** 0.73, 1.1, 1.6 -0.24, -0.11, 0.019 -0.12 

Spongy mesophyll versus upper epidermis  0.75*** 0.83, 1.1, 1.6 -0.31, -0.20, -0.086 -0.20 0.75*** 0.83, 1.1, 1.6 -0.31, -0.20, -0.086 -0.20 

Spongy mesophyll versus lower epidermis   0.82*** 0.80, 1.1, 1.4 -0.15, -0.082, -0.015 -0.10 0.82*** 0.80, 1.1, 1.4 -0.15, -0.082, -0.015 -0.096 

Spongy mesophyll versus palisade mesophyll   0.81*** 0.96, 1.3, 1.7 -0.013, 0.039, 0.091 0.044 0.81*** 0.96, 1.3, 1.7 -0.013, 0.039, 0.091 0.044 

Spongy mesophyll versus bundle sheath   0.52** 0.87, 1.4, 2.1 0.060, 0.15, 0.24 0.14 0.52** 0.87, 1.4, 2.1 0.060, 0.15, 0.24 0.14 

Bundle sheath versus palisade mesophyll   0.42* 0.58, 0.93, 1.5 -0.16, -0.090, -0.023 -0.10 0.45* 0.59, 0.94, 1.5 -0.15, -0.082, -0.012 -0.089 

Lower epidermis versus bundle sheath   0.61** 0.89, 1.3, 1.9 0.16, 0.23, 0.30 0.22 0.65** 0.88, 1.3, 1.9 0.15, 0.22, 0.29 0.2 

Lower epidermis versus palisade mesophyll  0.80*** 0.92, 1.2, 1.6 0.066, 0.11, 0.16 0.12 0.79*** 0.90, 1.2, 1.6 0.062, 0.11, 0.17 0.12 

Upper epidermis versus palisade mesophyll   0.78*** 0.83, 1.1, 1.5 0.16, 0.20, 0.25 0.20 0.78*** 0.82, 1.1, 1.5 0.16, 0.21, 0.25 0.21 

(3) Cell wall thickness and cell cross-sectional area 0.5    b = 0.44, 0.54, 0.67    b = 0.52, 0.64, 0.80 

Upper epidermis  0.23 ns†‡ 0.42, 0.72, 1.2 -2.8, -1.7, -0.62 -1.2 0.32* 0.59, 1.0, 1.7 -3.9, -2.5, -0.97 -1.6 

Palisade mesophyll  0.36*† 0.34, 0.56, 0.90 -2.2, -1.4, -0.69 -1.4 0.39* 0.33, 0.55, 0.90 -2.2, -1.4, -0.67 -1.3 

Spongy mesophyll  0.47* 0.34, 0.54, 0.86 -1.9, -1.3, -0.61 -1.3 0.47* 0.34, 0.54, 0.86 -1.9, -1.3, -0.6 -1.7 

Bundle sheath  0.63** 0.35, 0.51, 0.75 -1.8, -1.3, -0.81 -1.4 0.68*** 0.36, 0.52, 0.75 -1.8, -1.3, -0.83 -1.5 

Lower epidermis  0.34*† 0.36, 0.59, 0.97 -2.0, -1.3, -0.52 -1.2 0.48** 0.56, 0.89, 1.4 -2.9, -1.9, -0.92 -1.5 

(4) Leaf thickness versus cell area 0.5    b = 0.64, 0.76, 0.90    b = 0.73, 0.89, 1.1 

Upper epidermis  0.44* 0.61, 0.96, 1.5 -1.4, -0.18, 1.1 0.38 0.60** 0.88, 1.3, 2.0 -2.7, -1.2, 0.37 0.045 

Palisade mesophyll  0.36* 0.51, 0.82, 1.3 -0.88, 0.24, 1.4 0.42 0.39* 0.50, 0.81, 1.3 -0.89, 0.25, 1.4 0.051 

Spongy mesophyll  0.62** 0.42, 0.62, 0.93 0.21, 0.86, 1.5 0.52 0.62** 0.42, 0.62, 0.93 0.21, 0.86, 1.5 0.19 

Bundle sheath  0.71*** 0.59, 0.82, 1.14 -0.22, 0.46, 1.1 0.62 0.70*** 0.58, 0.83, 1.2 -0.27, 0.45, 1.2 0.30 

Lower epidermis  0.31* 0.44, 0.73, 1.2 -0.20, 0.71, 1.6 0.64 0.44* 0.68, 1.1, 1.8 -1.4, -0.11, 1.16 0.367 

(5) Leaf thickness versus cell wall thickness 1    b = 1.1, 1.3, 1.5    b = 1.1, 1.3, 1.5 

Upper epidermis  0.59** 0.91, 1.3, 2.0 2.0, 2.1, 2.3 2.1 0.58** 0.88, 1.3, 2.0 1.9, 2.1, 2.3 2.1 

Palisade mesophyll  0.78*** 1.1, 1.5, 2.0 2.3, 2.4, 2.4 2.4 0.77*** 1.1, 1.5, 2.0 2.3, 2.4, 2.5 2.4 

Spongy mesophyll  0.75*** 0.84, 1.2, 1.6 2.3, 2.3, 2.4 2.3 0.75*** 0.84, 1.2, 1.6 2.3, 2.3, 2.4 2.3 

Bundle sheath  0.55** 1.1, 1.6, 2.4 2.4, 2.5, 2.6 2.5 0.58** 1.0, 1.6, 2.4 2.4, 2.5, 2.6 2.5 

Lower epidermis  0.89*** 0.10, 1.2, 1.5 2.2, 2.2, 2.3 2.2 0.89*** 0.98, 1.2, 1.5 2.2, 2.2, 2.3 2.2 

(6) Leaf thickness versus tissue thickness 1    b = 0.70, 0.79, 0.89    b = N/A (P=0.05) 

Upper cuticle  0.50** 0.40, 0.62, 0.96 1.8, 2.0, 2.2 1.9 0.53** 0.40, 0.61, 0.95 1.8, 2.0, 2.2  

Palisade mesophyll  0.60** 0.61, 0.90, 1.3 -0.038, 0.67, 1.4 0.88 0.72*** 0.78, 1.1, 1.5 -0.45, 0.30, 1.0  

Spongy mesophyll   0.95*** 0.68, 0.79, 0.91 0.50, 0.76, 1.0 0.75 0.95*** 0.68, 0.79, 0.91 0.51, 0.76, 1.0  

Lower cuticle  0.71*** 0.44, 0.62, 0.86 2.0, 2.2, 2.3 2.1 0.71*** 0.43, 0.62, 0.87 2.0, 2.2, 2.3  
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FIGURE CAPTIONS 

Figure 2.1. Anatomical cross sections for fourteen study species. (A.) Magnolia grandiflora, (B.) 

Raphiolepis indica, (C.) Camellia sasanqua, (D.) Heteromeles arbutifolia, (E.) Quercus agrifolia, 

(F.) Romneya coulterii, (G.) Comarostaphylis diversifolia, (H.) Hedera canariensis, (I.) 

Cercocarpus betuloides, (J.) Lantana camara, (K.) Platanus racemosa, (L.) Salvia canariensis, 

(M.) Helianthus annuus, (N.) Bauhinia galpinii.  

 

Figure 2.2. Relationships between cell sizes (determined as cell cross-sectional areas) between 

leaf tissues for fourteen diverse species. The plots are presented for all combinations of epidermal 

and mesophyll cell types; plots against leaf vein xylem cell sizes are not presented, as they were 

independent of those of other tissues (see text). Power laws were fitted for significant relationships 

using standardized major axes; parameters of allometric lines fitted by standard major axes are 

given in Table 2.2. The apparent outlier on the far right in panels B, D, and G, and at the top of 

panels I and J is the species Romneya coulterii. That species is not present in panels A, C, E, and 

H given its lack of spongy mesophyll. All statistical analyses were performed with and without 

this species, with minimal impact on overall trends and statistical significance (Table 2.2; 

Supplementary Table S2.3 and S2.4 respectively. Confirmation of the significance of correlations 

despite multiple testing using Bonferonni and False Detection Rate analyses is presented in 

Supplementary Table S2.5. *P<0.05, **P<0.01, ***P<0.001. 

 

Figure 2.3. Relationships between cell wall thicknesses between leaf tissues for fourteen diverse 

species. Plots are presented for all combinations of epidermal and mesophyll cell types; plots 

against leaf vein xylem cell sizes are not presented, as they were independent of those of other 
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tissues (see Results). Power laws were fitted for significant relationships using standardized major 

axes; parameters of allometric lines fitted by standard major axes are given in Table 2.2. The 

apparent outlier on the far right in panels B, D, and G, and at the top of panels I and J is the species 

Romneya coulterii. That species is not present in panels A, C, E, and H given its lack of spongy 

mesophyll. All statistical analyses were performed with and without this species, with minimal 

impact on overall trends and statistical significance (Table 2.2; Supplementary Table S2.1 and 

S2.4 respectively. Confirmation of the significance of correlations despite multiple testing using 

Bonferonni and False Detection Rate analyses is presented in Supplementary Table S2.5. *P<0.05, 

**P<0.01, ***P<0.001. 

 

Figure 2.4. Relationships between cell wall thickness and cell cross-sectional area (panels A-E), 

between total leaf thickness and cell cross-sectional area (panels F-K) and between total leaf 

thickness and cell wall thickness (insets in panels L-P) for given leaf tissues for fourteen diverse 

species. The plots are presented for all combinations of epidermal and mesophyll cell types; plots 

against leaf vein xylem cell sizes are not presented, as they were independent of those of other 

tissues (see text). Power laws were fitted for significant relationships using standardized major 

axes; parameters of allometric lines fitted by standard major axes are given in Table 2.2. The 

apparent outlier in panels A, E, F and K, and F is the species Romneya coulterii. That species is 

not present in panels C, H and N given its lack of spongy mesophyll. All statistical analyses were 

performed with and without this species, with minimal impact on overall trends and statistical 

significance (Table 2.2; Supplementary Table S2.3 and S2.5 respectively. Confirmation of the 

significance of correlations despite multiple testing using Bonferonni and False Detection Rate 

analyses is presented in Supplementary Table S2.5. *P<0.05, **P<0.01, ***P<0.001.  
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SUPPLEMENTARY MATERIAL 

 

Supplementary Data Captions (see attached Excel Workbook) 

Table S2.1. Mean values for 14 species, and, below, standard errors, for 27 measured traits. 

Mean values for measurements on single leaves for three individual plants of each species are 

presented below.  Species are separated into wet and dry habitats as indicated by color, and traits 

are color coded by type (see trait legend, to the right of the data table). 

 

Table S2.2. Results of analyses of variance, testing the significance of differences in anatomical 

traits across 14 species according to species and habitat. (A) Means of species-means for species 

of wet versus dry habitats separated by commas, with the significance of habitat type; (B) the 

lowest species mean, the mean of species-means, and the highest species mean, with the 

significance of species differences; (C) the percentage of trait variance explained by differences 

in habitat, species, and error (i.e., variation within species). *P<0.05, **P<0.01, ***P<0.001. 

 

Table S2.3. Correlation matrix for 27 anatomical traits measured for 14 diverse angiosperm 

species (see trait legend to the right). Each cell contains correlation coefficients for Spearman 

rank correlation, Pearson correlation on untransformed data, and Pearson correlation on log-

transformed data. *P<0.05, **P<0.01, ***P<0.001. 

 

Table S2.4. Correlation matrix for 27 anatomical traits measured for 14 diverse angiosperm 

species after removal of apparent outlier species Romneya coulterii (see trait legend to the right). 

Each cell contains correlation coefficients for Spearman rank correlation, Pearson correlation on 
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untransformed data, and Pearson correlation on log-transformed data. *P<0.05, **P<0.01, 

***P<0.001. 

 

Table S2.5. Results for sequential Bonferroni and False detection Rate analyses, testing the table 

wide significance of anatomical trait correlations across 14 species, with and without removal of 

apparent outlier species Romneya coulterii (see trait legend, to the right of the data table). The 

table displays R2 values and P-values for the relationships presented in Table 2.2, and P-values 

required by the sequential Bonferonni 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 table wide 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 Test (FDR). Though only statistically 

significant allometric lines are presented in Table 2.2, all tested relationships, including those 

originally found to be significant and nonsignificant were considered for these Bonferroni and 

False Detection Rate analyses. 
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CHAPTER 3 

 

  

 

THE ANATOMICAL AND COMPOSITIONAL BASIS OF LEAF MASS PER AREA 

 

Abstract 

Leaf dry mass per unit leaf area (LMA) is a central trait in ecology, but its anatomical and 

compositional basis has been unclear. An explicit mathematical and physical framework for 

quantifying the cell and tissue determinants of LMA will enable tests of their influence on species, 

communities and ecosystems. We present an approach to explaining LMA from the numbers, 

dimensions, and mass densities of leaf cells and tissues, which provided unprecedented 

explanatory power for 11 broadleaved woody angiosperm species diverse in LMA (33-262 g m-2; 

R2 = 0.94; P < 0.001). Across these diverse species, and in a larger comparison of evergreen versus 

deciduous angiosperms, high LMA resulted principally from larger cell sizes, greater major vein 

allocation, greater numbers of mesophyll cell layers and higher cell mass densities. This explicit 

approach enables relating leaf anatomy and composition to a wide range of processes in 

physiological, evolutionary, community and macroecology. 
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INTRODUCTION 

A grand challenge in plant ecology is to simplify the diversity of plant structure and ecological 

specialization by identifying underlying patterns. One of the best recognized is the “leaf economic 

spectrum” (LES). Central to the LES is leaf lamina dry mass per unit leaf area (LMA), which is 

negatively related across diverse species to photosynthetic and respiration rates and leaf nitrogen 

concentration per unit leaf mass and positively related to leaf lifespan (Small 1972; Reich et al. 

1997; Wright et al. 2004). Although LES relationships may be weak in given species sets (Funk 

& Cornwell 2013; Mason & Donovan 2015; Grubb 2016), across diverse species a high LMA is 

typical for slow growing or stress tolerant species and low LMA for rapidly growing species 

(Poorter & Van der Werf 1998; Wright et al. 2004; Adler et al. 2014; Reich 2014; Diaz et al. 2016; 

Kunstler et al. 2016). LMA holds an importance in plant ecology similar to that of body size in 

animal ecology (Reich 2001; Westoby et al. 2002). A quantitative framework resolving the 

structural and compositional basis for LMA would contribute strongly to the ability to resolve the 

role of cell and tissue-level traits in driving ecological processes across scales (e.g., Niinemets 

2001, Blonder et al. 2011, Herben et al. 2012, Villar et al. 2013, Wang et al. 2015) as well as 

understanding how genetic and developmental processes constrain trait variation across species 

(Mason & Donovan 2015; Sack et al. 2012). 

 Many studies have related LMA to gross leaf structure, i.e., to leaf area (LA) and mass 

(LM), given that LMA = LM / LA, or to leaf thickness (LT) and dry mass density (LD, i.e., dry 

mass per hydrated volume), given that LMA = LT × LD (Witkowski & Lamont 1991; Shipley 

1995; Niinemets 1999; Poorter et al. 2009). Gross leaf structure can influence other leaf 

biomechanics and ecological processes such as decomposition rates (Cornelissen & Thompson 

1997; Cornwell et al. 2008; Onoda et al. 2011). However, it is not possible to infer how anatomy 
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and composition determine LMA from these gross structural variables because given anatomical 

traits can have contradictory impacts on LA and LM, or on LT and LD (Niinemets 1999). A more 

detailed approach is necessary to understand the influence of cell and tissue traits on LMA and 

thereby potentially on higher level ecological processes. Previous studies provided important 

insights into species variation in LMA by partitioning the volume and mass by air, water and solid 

fractions (Roderick et al. 1999a,b; Sack et al. 2003), or by analyzing correlations of LMA with 

given anatomical variables (Table 3.1). Published hypotheses and models posit that high LMA for 

a given species is driven by smaller cells (Shipley et al. 2006; Villar et al. 2013) or larger cells 

(Pyankov et al. 1999); by low airspace fraction (Roderick et al. 1999b; Sack et al. 2003); or by 

high or low vein length per unit area (vein density); (Blonder et al. 2011).  These hypotheses have 

not been consistently supported in tests across diverse sets of species (Table 3.1), highlighting a 

critical need for an explicit framework for resolving the underlying basis for LMA. 

We developed an approach to explain LMA from underlying anatomical and compositional 

determinants—the volumes and mass densities of cells and tissues. We named this approach in 

aspirational terms the “Exhaustive Anatomy and Composition of Tissues (EXACT)” approach 

(Fig. 3.1a, b, c and d; Box 1), as it can be applied with simplifications or elaborated to the finest 

possible detail. While some previous studies have estimated the contributions of given tissues to 

LMA by fitting statistical relationships (Poorter et al. 2009; Villar et al. 2013) or drawn inferences 

from models that included few traits (Shipley et al. 2006; Blonder et al. 2011), our approach is a 

radical departure based on fully explicit mathematical and physical relationships. We applied a 

simplified version of the EXACT approach in six ways: (1) to test the degree that LMA can be 

explained from cell and tissue anatomy and composition; (2) to compare its performance with  that 

of antecedent models that explained LMA from few traits; (3) to partition the leaf mass and volume 
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into tissues; (4) to establish the anatomical and compositional basis for differences in LMA across 

species, and (5) across evergreen and deciduous leaf types; and (6) to examine the potential for 

cell anatomy and composition to scale up via LMA to an influence on global leaf economic trait 

relationships. 

 

MATERIALS AND METHODS  

Species selection 

To test the EXACT approach (Box 1; Fig. 3.1a, b, c and d) and other models, we made detailed 

measurements of leaf anatomy and composition for 11 simple-leaved woody angiosperm species 

selected for morphological, phylogenetic, and ecological diversity: Bauhinia galpinii, Camellia 

sasanqua, Cercocarpus betuloides, Hedera canariensis, Heteromeles arbutifolia, Lantana 

camara, Magnolia grandiflora, Platanus racemosa, Quercus agrifolia, and Raphiolepis indica 

(Table S3.2). We followed earlier studies focusing on laborious measurements for relatively few 

species spanning a wide range of values for the study variable (Table 3.1; Supplementary Methods 

3.1); this approach can later be applied to larger species sets from broader phylogenetic or life 

history groups (e.g. gymnosperms, herbs) across different biomes. We sampled plants cultivated 

in or surrounding the University of California, Los Angeles and at Will Rogers State Park (Quercus 

agrifolia). Mature, sun-exposed leaves were collected from three mature individuals of each 

species between September 2011 and April 2014. Branches were transported to the lab in plastic 

bags with wet paper towels, recut under water by at least two nodes, and rehydrated overnight with 

stems underwater and covered with plastic bags, so that measurements were made for turgid 

tissues. 
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Measurement of leaf mass per area and thickness 

Leaves were sampled for LMA and anatomical sectioning from the same three individual plants 

per species, but of necessity different leaves were used. A larger leaf set was used for empirical 

determination of LMA and a smaller set for anatomical measurements. LMA varies considerably 

across sun leaves of given species; to estimate LMA for the leaves measured for anatomy, we 

developed empirical equations relating LMA to thickness for sun leaves of given species 

(Richardson et al. 2013). For 14-26 sun leaves of each species we averaged turgid leaf thickness 

(LT) measured at the base, middle and tip between second order veins using digital calipers (±0.01 

mm; Fisher Scientific, PA). We removed petioles with a scalpel and measured leaf area by scanning 

leaves (Canon Scan Lide 90; Canon USA Inc., NY) and analyzing the images (ImageJ software 

version 1.42q; National Institutes of Health). Leaf blades were dried for over 48h at 70oC and 

weighed with an analytical balance (± 0.01 mg; MS205DU; Mettler Toledo, OH). LMA was 

determined by dividing the leaf lamina dry mass (i.e., without petiole) by projected surface area 

(Perez-Harguindeguy et al. 2013). We fitted species-specific linearized power laws for LMA 

versus LT: 

log (LMA) = log (𝑎) + 𝑏 log(LT)       Eqn 3.9  

where a and b are fitted parameters for each species (Table S3.2). For 9 of 11 species the ordinary 

least squares regressions were significant (R2 = 0.28-0.79, P < 0.001 to P = 0.02; n = 14-26) as 

determined using SMATR (Warton et al. 2006), and allowed estimation of LMA for the leaves 

measured for anatomy based on their thickness. For C. diversifolia and R. indica the LMA vs LT 

relationship was not significant (R2=0.07-0.12, P=0.11-0.22; n = 23), and mean LMA values across 

the sample were used.  
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Measurements of leaf cross sectional anatomy 

One leaf from each of three individuals per species was fixed in formalin acetic acid-alcohol 

solution (37% formaldehyde, glacial acetic acid, 95% ethanol, and deionized water in a 10:5:50:35 

mixture). Transverse cross-sections of 1 µm thickness were prepared and imaged (John et al. 2013) 

to estimate the volumes of cells and tissues (Nobel 2009; Chatelet et al. 2013). We made 

measurements of cell and tissue dimensions using ImageJ software (version 1.42q; National 

Institutes of Health) and determined the traits listed in Table 3.2 (Supplementary Methods 3.2).  

 Full elaboration of the calculations and assumptions used for estimating inputs for the 

equations, and validation of the equations, are presented in Supplementary Methods 3.3 and Table 

S3.4. 

 

Measurement of vein traits 

We estimated volume per area for first-, second-, and third-order veins and for minor veins based 

on vein diameters and lengths per area (VLA). We used previously published vein traits for sun 

leaves collected from the same individuals for 9 of the 11 species (Scoffoni et al. 2011), assuming 

that temporal variation in vein traits on an individual plant would be similar to the variation among 

sun leaves on the same plant at a given sampling time (Uhl & Mosbrugger 1999). For the remaining 

two species (Bauhinia galpinii and Raphiolepis indica), we measured vein traits using the same 

sampling, clearing, staining and measurement protocol for three leaves per species. For one leaf 

sampled from each of three individuals of each of the 11 species, we estimated midrib dry mass 

density as a proxy for vein dry mass density (Supplementary Methods 3.3). We estimated midrib 

volume by modelling the midrib as a cone with basal diameter measured at the petiole insertion, 

given that the midrib for many leaves is too small to measure precisely using the displacement 



 

 

 56 

method. We obtained midrib dry mass by excising using a scalpel and drying for 72 hours at 70 

°C before weighing (± 0.01 mg; MS205DU; Mettler Toledo, OH), and determined dry mass 

density as dry mass / hydrated volume.  

 

Comparison of EXACT approach performance with previous models predicting LMA from 

anatomy 

We compared the EXACT approach with antecedent models that enabled a prediction of LMA on 

the basis of fewer traits assumed to be primary determinants of LMA, i.e., the ratio of cell wall to 

cell protoplast volume (Shipley et al. 2006), or leaf veins (Blonder et al. 2011). All approaches 

estimate LMA directly based on inputs of anatomical measurements and constants, without fitted 

statistical parameters (Supplementary Methods 3.4; Table S3.5). The EXACT approach would be 

expected to predict LMA more accurately as it includes a fully explicit formulation based on cells 

and tissues.  

 

Tests of anatomical and compositional traits as determinants and correlates of LMA  

We tested the influence of anatomical and compositional traits on LMA using three approaches 

(Supplementary Methods 3.5; Tables S3.6, S3.7, S3.11). The EXACT model for LMA is a 

mathematical identity, and we applied it to two types of causal analyses. First, we tested the 

“intrinsic sensitivity” of LMA to each input variable in the EXACT equations by noting how LMA 

varied when each variable was changed by 10% of its mean value while holding all other variables 

at their mean values. Second, given that shifts in multiple traits in concert determine LMA 

variation across species, we considered how much the observed shifts in given traits actually 

contribute to realized species-differences in LMA by partitioning the contribution of each variable 
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to the difference in LMA (δLMA) between all possible pairwise species combinations (Eqns S.3.8; 

Buckley & Diaz-Espejo 2015) and calculating the median contribution across these species 

combinations (Table S3.7). The inferred contributions thus depend entirely on the species-set 

considered, and we refer to these as “realized sensitivity”. Third, we compared the intrinsic and 

realized sensitivity of LMA to individual traits with the observed correlations between LMA and 

each trait, to test for discrepancies. For example, a correlation of LMA with a given trait could 

arise without reflecting any direct influence of the trait on LMA if that trait were correlated with 

another strong determinant.  

To assess the representativeness of our species in their relationship of LMA to anatomy, 

we examined the correlations of LMA with individual traits across the published literature for 

woody and herbaceous plants. We conducted searches using Web of Science (using as keywords 

“leaf mass per area”, “LMA”, “anatomy”, “specific leaf area”, “cell size”, “airspace”, “air space”, 

etc.) to compile published datasets featuring measurements of LMA and anatomical traits (Table 

3.1).  

 

Differences among evergreen and deciduous species 

LMA is generally greater in evergreen than deciduous species (Villar & Merino 2001; Gurevitch 

et al. 2002; Wright et al. 2004). We used the realized sensitivity analysis described above based 

on the EXACT equations to clarify the anatomical and compositional basis for this difference 

(Supplementary Methods 3.6). We assembled available comparative anatomical data for evergreen 

and deciduous species beyond our 11 diverse angiosperms (i.e., total volumes per leaf area of 

epidermis, mesophyll, vascular sclerenchyma and airspace), resulting in data for 16 deciduous and 

21 evergreen species (Villar et al. 2006, 2013; Table S3.8).  
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Scaling up the influence of anatomical and compositional to the worldwide leaf economics 

spectrum  

Using the EXACT equations to determine LMA from anatomical traits, we estimated their 

potential influence on other leaf economics spectrum (LES) traits and LES relationships using 

available empirical models for these processes (Supplementary Discussion 3.1).  

 

RESULTS 

Quantitative explanation of LMA from cell and tissue-scale measurements  

For 11 diverse woody species, we determined LMA and conducted detailed measurements of 

cross-sectional anatomy, venation architecture and tissue composition. The range of these species’ 

LMA values, 33-262 g m-2, spanned the 0.9th - 88th percentile for tree and shrub species in a large 

global database, Glopnet (LMA=23-1501 g·m-2; n = 1700; Wright et al. 2004). We tested the 

explanatory power of the EXACT approach by applying Eqn 3.7 (i.e., the expanded form of Eqn 

3.1), to each of the three sampled leaves for each species. For this application, we set the bulk cell 

dry mass density in the mesophyll and epidermis (ρcell), which could not be measured directly, as 

the mean value for species from this study and from Villar et al. (2013), as determined using Eqn 

3.8 (ρcell= 0.411 g·cm-3). Eqn 3.7 explained LMA with high accuracy and precision (R2=0.94; P < 

0.001; n = 11; Fig. 3.1e).  

 

Comparison of explanatory power of the EXACT approach with that of previous models 

We compared the power of the EXACT approach, using a mean ρcell across all species, with that 

of the three previously published models that explained LMA on the basis of fewer anatomical 
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inputs, applied to the 11 species (Supplementary Results 3.2; Fig. S3.2; Table S3.9). All tested 

models made direct predictions from anatomical measurements and assumed constants, without 

any fitted statistical parameters. As expected, the EXACT approach outperformed previous 

models, i.e., ΔAICc=30-52, with substantially higher R2 and without predictive bias (i.e., the slope 

of the line fitted with zero intercept included 1.0 in the 95% confidence intervals; Wagenmakers 

2003; Table S3.9). In contrast with the previous models, the EXACT approach had stronger ability 

to predict LMA than leaf thickness (LT) alone (R2=0.94 versus R2=0.63; Table S3.9). Even 

assuming a constant ρcell, the EXACT approach predicted not only LMA (Eqn 3.7; Fig. 3.1e), but 

LT (Eqn 5 in Table S3.3; Fig. S3.3a; R2=0.98; P < 0.001) and LD (Eqn 6 in Table S3.3; Fig. S3.3b; 

R2=0.58; P = 0.04). 

 

Partitioning the leaf volume and mass by tissues 

The EXACT approach allowed decomposition of the leaf volume and mass by tissues and 

supported the predominant role in determining leaf volume of mesophyll cells and airspace 

(comprising ~50%), followed by major veins and epidermis (~30%), and a far lesser role of bundle 

sheath, bundle sheath extensions, cuticle, and minor veins (Fig. 3.2a; Table S3.10). Under our 

simplifying assumptions (e.g., a constant ρcell for all species), the predominant role in determining 

leaf mass was that of the mesophyll cells and major veins (~60%), followed by epidermis and 

cuticle (~30%), and a far lesser role of bundle sheath, bundle sheath extensions, and minor veins 

(Fig. 3.2b; Table S3.10).  

 

Resolving the anatomical and compositional basis for species differences in LMA  
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The EXACT equations allowed analysis of the anatomical and compositional determinants of 

species differences in LMA. The important intrinsic drivers of LMA, i.e., those for which an 

increase in 10% caused greater than 2% increase in LMA, with all other traits being held constant 

at their mean values for our species set, were ρcell and the numbers of spongy and palisade 

mesophyll cell layers (Fig. 3.2c; Table S3.6). When we analyzed the shifts in LMA resulting from 

increasing cell sizes simultaneously throughout the mesophyll and epidermis, given their 

allometric relationships across species (John et al. 2013), cell volume too was an important driver 

of LMA, with a 10% increase in cell size producing a 2.5% increase in LMA (Fig 3.2c).  By 

contrast, the other variables, including airspace fraction, cuticle thickness, and vein volume per 

leaf area had relatively negligible intrinsic influences on LMA (Table S3.6).  

Beyond intrinsic sensitivity, we quantified which factors were important realized 

determinants of LMA variation among the 11 woody species. Any anatomical trait can potentially 

drive a large shift in LMA (Fig. 3.2d; Table S3.7), but across all combinations of species certain 

traits had primary importance. The traits accounting for greater than 5% of the across-species 

variation in LMA were ρcell, mesophyll cell layers and volumes, major vein volume per area, and 

the dry mass density of veins.  

 Correlational analyses were not reliable for indicating the intrinsic or realized sensitivity 

of LMA to underlying anatomical or compositional variables (Fig 3.2e; Table S3.11). On one hand, 

consistent with our intrinsic sensitivity analysis, LMA was correlated across species with ρcell and 

numbers of cell layers in the spongy mesophyll. On the other hand, LMA was also significantly 

correlated across species with several traits that were not important intrinsic or realized 

determinants of LMA, e.g., volume per area of bundle sheath extensions, the number of cell layers 

in upper epidermis and upper cuticle thickness. Conversely, cell volume was an important intrinsic 
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and realized determinant of LMA yet was not correlated with LMA across our species (Fig. 3.2c-

e). In previous correlational studies (Table 3.1), LMA was likewise sometimes uncorrelated with 

traits that are strong intrinsic determinants, e.g., the cell size and numbers of cell layers, and LMA 

was sometimes correlated across species with traits with very low or negligible intrinsic influence 

on LMA including cuticle thickness and minor vein length per area (Table 3.1).  

     

Resolving the anatomical and compositional basis for LMA differences between evergreen and 

deciduous species 

We applied the EXACT equations to clarify the basis for the higher LMA of evergreen than 

deciduous species (n = 16 and 21 respectively; Table S3.8; Fig. 3.3a). The evergreen species were 

greater in ρcell, numbers of cell layers, cell volume, and vein and cuticle mass per area (Fig. 3.3a-

j). According to our realized sensitivity analysis, the variation in LMA was driven in order of 

decreasing importance by total number of cell layers (36%), ρcell (26%), cell volume (22%), and 

the mass of major and minor veins (11%) and cuticle (6%) (Fig. 3.3k).  

 

Scaling up the influence of anatomical and compositional to the worldwide leaf economics 

spectrum  

Using the EXACT equations we estimated the potential influence of anatomical and compositional 

traits on other leaf economics spectrum (LES) traits via LMA using available models 

(Supplementary Discussion 3.1). Variation in anatomical and compositional traits generated LMA 

values covering 94%-100% of the ranges in the global database of photosynthetic and respiration 

rates and leaf nitrogen concentration per unit leaf mass, and yielded the central trend for the global 

trait relationships (Fig. S3.4a-g).  
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DISCUSSION 

The EXACT approach provided unprecedented power to explain LMA. Across the 11 diverse 

woody angiosperm species, LMA was explained with high accuracy (R2 = 0.94, P < 0.001), even 

with simplifications such as a constant ρcell. Further, the EXACT approach enabled resolution of 

leaf design principles, analysis of the determination of species variation in LMA by leaf anatomy 

and composition, and scaling up from diversity in leaf anatomy and composition to global leaf 

economics relationships. 

  

New ability to partition LMA by mass and volume 

Applying the EXACT approach provided quantitative insight into leaf design. Across the 11 

diverse woody angiosperm species, 25-47% of the leaf volume and mass were accounted for by 

the photosynthetic mesophyll (spongy and palisade), and 53-75% by supportive structures, 

including, in order of importance to mass, epidermis, major veins, cuticle, bundle sheath, bundle 

sheath extensions and minor veins. The resulting volume and mass partitioning show much 

similarity (as seen by comparing Figs 3.2a and b), with mesophyll and major veins being the most 

influential determinants. However, volume and mass partitioning are not entirely the same even 

given the assumption of a constant lamina cell dry mass density across mesophyll and epidermis. 

Airspace is the most obvious difference, contributing to volume but not mass, and cuticle, major 

veins and spongy mesophyll contribute disproportionately to mass relative to their volume. 

 

Higher resolution of the drivers of LMA from underlying anatomical and compositional traits 
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Our sensitivity analyses showed that the strongest drivers for species differences in LMA were 

ρcell, number of cell layers and cell volume (Fig 3.2c-d).  

 In its predictive power, the EXACT approach outperformed models that explained LMA 

from fewer traits, i.e., the vein origin hypothesis (Blonder et al. 2011) and cell wall: protoplast 

volume hypothesis (Shipley et al. 2006). In practice, the explanatory power of these earlier models 

was based on the information contained in LT, which is an input of those models. By contrast, the 

EXACT approach requires explicit inputs of physical dimensions of cells and tissues and mass 

densities rather than LT. In testing the EXACT approach with other models, simplifying 

assumptions were used (e.g. a constant ρcell across species), and given additional information future 

applications could gain even greater accuracy.  

 Our sensitivity analyses showed that ρcell, the number of cell layers and cell volume were 

the most important intrinsic drivers of LMA and the major vein volume per area was an additional 

strong realized driver of LMA across our 11 species (Fig. 3.2c-d). The finding that large cell size 

drives greater LMA refutes the hypothesis that small cell size should directly drive a higher LMA. 

That idea that was derived from the assumption that most leaf mass is in cell walls, and thus, 

smaller-celled leaves should have more concentrated mass, but compositional studies show that 

protoplast components contribute at least equally to leaf mass as cell walls (Villar et al. 2006). The 

finding that LMA is not intrinsically sensitive to minor vein volume or mass per area refutes the 

hypothesis that across woody dicotyledons LMA is strongly driven by minor vein traits or by total 

vein length per area (VLA), which is generally approximated by minor vein length per area. The 

major veins accounted for a significant minority of LMA, highlighting the importance of 

considering the hierarchy of vein orders in estimating the contribution of veins to LMA across 

diverse species. While VLA is not a significant mechanistic driver of LMA across woody 
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dicotyledons, and the two traits are typically independent in correlational analyses (Sack et al. 

2013; Sack et al. 2014; Li et al. 2015), VLA can contribute strongly to area- and mass-based water 

and carbon flux rates (Sack & Frole 2006; Brodribb et al. 2007; Walls 2011; Blonder et al. 2011; 

Sack et al. 2013; Sack et al. 2014). 

 The correlations of LMA with anatomy were only partially consistent with the intrinsic and 

realized anatomical and compositional determinants, demonstrating the axiom that “correlation 

does not imply direct causation”, and the importance of an anatomically explicit approach. Indeed, 

LMA was not correlated across the 11 diverse species with one of its principal intrinsic and realized 

determinants, cell volume, due to the confounding influence of other factors (Fig. 3.2c-e). Further, 

across species, LMA was correlated with several traits that were not intrinsic or realized 

determinants of LMA, including cuticle and bundle sheath extension volume per area. These trait 

correlations with LMA likely reflect co-selection for biomechanical support, mechanical 

protection and leaf longevity (Onoda et al. 2011; Méndez‐ Alonzo et al. 2013).  

The EXACT approach also clarified how the compositional and anatomical traits that drive 

LMA relate to leaf thickness (LT) and leaf density (LD). For example, the number of cell layers 

influences LT but not LD, while the ρcell and AF directly influence LD but not LT. All else being 

equal a higher cell volume (CV) would increase LT and LMA, though it would potentially reduce 

LD marginally by diluting the denser tissues such as vein and cuticle (Table S3.3). These 

conflicting influences of anatomical traits on LT and LD explain why species sets vary in which 

is the strongest determinant of LMA: e.g., if species differ strongly in CV with all else similar, 

then LT will be the strongest driver of high LMA, whereas if species differ strongly in ρcell or AF 

with all else similar, then LD will be the major determinant of LMA.  
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Differences among evergreen and deciduous species 

By applying a simplified version of the EXACT approach, we revealed that the higher LMA of 

evergreen species was principally due to higher NCL, ρcell and CV. These findings should be 

confirmed in studies within lineages in which evergreen-deciduous shifts occurred. 

 

Scaling up the influence of anatomical and composition to the worldwide leaf economics spectrum  

We tested the degree that underlying anatomical and compositional traits can scale up via LMA to 

play a role in leaf economic spectrum (LES) relationships. Across species, LMA tends to be 

negatively correlated with nitrogen concentration per mass (Nmass), light-saturated photosynthetic 

rate per mass (Amass) and respiration rate per mass (Rmass), and positively related to leaf lifespan 

(LL) (Small 1972; Reich et al. 1997; Wright et al. 2004). Applying the EXACT equations to 

anatomical and compositional traits and applying models for estimating other LES variables from 

LMA we arrived at values that spanned 94%-100% of the range for Amass, Nmass, Rmass and LL in a 

global database, and recapitulated the central trend for the global LES relationships 

(Supplementary Discussion 3.1; Fig. S3.4a-g). Anatomical and compositional traits may also have 

direct influence on the other LES traits independently of LMA. Notably, in many species sets, the 

LES relationships can be weak, as higher Amass, Nmass and LL can be achieved at a given LMA for 

various mechanistic reasons (Fig. S3.4; Grubb 2016). Use of the EXACT approach to LMA with 

analogous future extensions of this approach to the anatomical and compositional basis for other 

LES variables (e.g., Tosens et al. 2012; Tomás et al. 2013) will elucidate the network of traits that 

mechanistically determine LES relationships, and the departure from these relationships in given 

species and clades.  
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Additional applications of the EXACT approach 

The EXACT approach can be applied in a range of potential applications, including: 

1. The anatomical and compositional sources of LMA variation across ecological and 

evolutionary contexts. The EXACT approach can be applied to determine the cell and tissue-level 

drivers of LMA variation among species within and among communities, within given 

evolutionary lineages, or possessing contrasting leaf types. These analyses can resolve the sources 

of plastic variation among leaves within canopies, or populations of a species across habitats (e.g., 

sun versus shade), or for crop varieties developed for greater productivity or stress tolerance. In 

some comparisons, LMA variation may be strongly driven by features not found important across 

our sample of species. For example, in grasses or conifer needles, the importance of major vein 

mass would be greater than in dicotyledonous leaves. Further, within sets of leaves that are similar 

in many traits, e.g., among genotypes of a species, LMA differences might be more strongly 

determined by traits considered here to be minor, such as cuticle thickness. 

2.  The estimation of bulk lamina cell dry mass density (ρcell) as a potential key ecological 

trait. The application of Eqn 3.8 to estimate ρcell from LMA and anatomical measurements will 

enable the testing of the relationship of this trait to cell wall thickness and composition, structural 

and nonstructural carbon, and osmotic concentration, properties with key roles in determining 

plant ecological properties such as herbivore resistance and drought tolerance (Niinemets 2001; 

Hanley et al. 2007; Hallik et al. 2009). 

3. The role of additional features in determining LMA. The formulation of the EXACT 

approach described here focused on features that contribute importantly to LMA for both 

parsimony and accuracy (Gauch 2003). When LMA depends strongly on additional features, these 

can be added to the EXACT approach. For example, in some populations of Californian Encelia 
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farinosa or Hawaiian tree Metrosideros polymorpha, trichome mass per area accounts for up to 

60% of LMA (Ehleringer & Cook 1984; Hoof et al. 2008; Tsujii et al. 2016). The approach could 

be expanded to include the rachis of compound leaves (cf. Niinemets et al. 2006). Further, given 

traits can be further partitioned. When data are available, it will be essential to include the mass 

densities of individual lamina tissues rather than bulk ρcell, which would further improve the 

prediction power of the approach. Additionally, one might consider the cell wall separately from 

the protoplast, and analyze their mass densities in terms of their chemical constituents, e.g., 

carbohydrates, proteins, lignin, minerals, etc. (Villar et al. 2006). 

4. The anatomical and compositional basis for LMA relationships with other traits and 

climate. LMA relationships are among the best-known macroecological trends. For example, 

across diverse species, LMA is often positively related to leaf size, a trend known as the 

“diminishing returns” of leaf area with increasing leaf mass (Milla & Reich 2007; Niklas et al. 

2007; Niklas et al. 2009). Additionally, higher LMA is related to greater aridity in some species 

sets (Niinemets 2001; Wright et al. 2005), but not others (Bartlett et al. 2012; Maréchaux et al. 

2015). Future studies can analyze if these trends in LMA are associated with denser cells, larger 

cells, a greater number of cell layers, or greater major vein allocation. 

5. Detailed causal analyses or evolutionary hypotheses for the determination of LMA. 

Previous studies have postulated causal networks for LMA, including not only underlying drivers 

such as anatomy and composition, but also constraints on gross leaf structure, which could affect 

which anatomical variables would shift given selection on LMA (Shipley et al. 2006; Blonder et 

al. 2015). The EXACT approach can be utilized to refine and test the effects of such constraints. 

For instance, one might test the effect of keeping leaf thickness constant to reflect selection to 

maintain effective light absorption while varying cell size; given that constraint, the number of cell 
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layers will shift to counteract cell size, and there would arise little overall relationship between 

cell size and LMA across species (Pyankov et al. 1999). With the EXACT model, simulations of 

such hypotheses can be applied to generate and test explicit predictions. 

Extending this explicit quantitative framework to a wide array of species, considering 

additional anatomical, compositional, biochemical and physiological traits, and relating these 

underlying variables to a wider set of upper level traits will contribute to next-generation 

understanding for scaling from leaf diversity to function and to ecological diversification 

worldwide. 
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Box 3.1. Theory and derivation of the Exhaustive Anatomy and Composition of Tissues (EXACT) 

approach 

(see Table 2 for summary of symbols and units) 

LMA for a given leaf can be considered as the sum of its tissues (Poorter et al. 2009), formalized as 

the sum of the tissue mass of each component tissuex per projected leaf area (TMAx;): 

LMA = TMAuc + TMAue + TMApa +  TMAbs + TMAbse + TMAsp + TMAle + TMAlc + TMAv                 (3.1), 

where subscripts uc, ue, pa, bs, bse, sp, le, lc, and v represent, respectively, the upper cuticle, upper 

epidermis, palisade mesophyll, minor vein bundle sheath, minor vein bundle sheath extensions, spongy 

mesophyll, lower epidermis, lower cuticle, and leaf vein tissue (Fig. 3.1a, d). In turn, just as for the 

whole leaf, LMA = LT × LD (Witkowski & Lamont 1991), for the non-airspace component of each 

tissue x,  

TMAx = ρ × VPAx                     (3.2), 

where ρ is the dry mass density (i.e., dry mass / hydrated volume) of the non-airspace component, and 

VPAx the non-airspace volume of the tissue per leaf area.  

For epidermal and mesophyll tissues, the cellular basis can be further elaborated:  

VPAx = CVx × NCAx                    (3.3),  

where CVx is the mean cell volume and NCAx the number of cells per projected one-sided surface area 

of leaf of a given tissue (Fig. 3.1b).  

Thus, combining Eqns 3.1-3.3, 

LMA = VPAuc(ρuc) + CVue(ρue)NCAue + CVpa(ρpa)NCApa + CVbs(ρbs)NCAbs +

CVbse(ρbse)NCAbse + CVsp(ρsp)NCAsp + CVle(ρle)NCAle + VPAlc(ρlc) + VPAv(ρv)             (3.4)  

For the palisade and spongy mesophyll tissues, the NCA can be determined as the total VPA 

(or tissue thickness), minus the volume per area of airspace, vein, bundle sheath and bundle sheath 

extension tissue, and divided by CVx (Table S3.1; Fig. 3.1c) CVx can be estimated from cross-sectional 

anatomy. For simplicity, we modelled epidermal cells as cylinders, palisade mesophyll cells as 

capsules, and spongy mesophyll cells as spheres (Nobel 2009; Chatelet et al. 2013) (Fig. 3.1d; 

Supplementary Table S3.1). 

Note that the EXACT approach avoids inputting LT and LD directly into the estimation of 

LMA as the focus of this approach is for scaling from cell and tissue level traits to LMA. Thus, when 

estimating input traits such as VPA or NCA, the EXACT approach uses cell dimensions and numbers 

of layers (Eqns 3.2b-3.2g in Table S3.1), and not tissue thickness values. For the epidermises, and 

spongy and palisade mesophyll, the total VPA (or thickness) of each tissuex is considered as: 
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VPAx = CHx × NCLx                     (3.5), 

where CHx is the mean cell height and NCLx the number of cell layers i.e., the number of horizontal 

rows in the tissue that may be occupied at any point by a cell (or else by airspace) in a transverse cross-

section of tissuex. Consideration of cell heights and cell layers rather than thickness separates the 

influence of cells from airspace, enables explicit analyses of the causal influence of cell sizes on LMA, 

and relates LMA to causal variables with a more transparent relationship to developmental processes, 

i.e., the differentiation and expansion of cells and tissues. 

Accurate estimation of the volume per leaf area of veins (VPAv) requires accounting explicitly 

for the vein system architecture with its tapering system of vein orders, from the first-order vein or veins 

(1o) to second- (2o) and third-order (3o) veins to minor veins. Thus, VPAv is the sum across the number 

j of vein orders of the product of vein length per area (VLA) and vein cross sectional area (VA) of the 

given vein orders: 

VPAv = ∑ VLAio × VAio
jo

io=1o                       (3.6) 

 The EXACT approach can be simplified in many ways, allowing estimation of LMA at the 

level of complexity permitted by available measurements, with the ability to add greater precision with 

finer scale measurements. One major issue is that the mass densities of individual cell types are not 

directly measurable with currently available techniques. A simplified version of the approach enables 

estimation of LMA based on a single constant volume-weighted average “bulk” cell dry mass density 

across epidermis and mesophyll tissues (ρcell), and a volume-weighted average dry mass density of the 

upper and lower cuticle (ρtc): 

LMA = (CVue(NCAue) + CVpa(NCApa) + CVbs(NCAbs) + CVbse(NCAbse) + CVsp(NCAsp) +

CVle(NCAle)) ρcell+(VPAuc + VPAlc)ρtc + VPAv(ρv)        (3.7) 

  While ρcell is not directly measurable, given that the assumptions of the EXACT approach are 

supported, Eqn 3.7 can be rearranged to allow ρcell to be inferred from measurements of LMA and 

anatomical variables.  

ρcell =
LMA−((VPAuc+VPAlc)ρtc+VPAv(ρv))

(CVue(NCAue)+CVpa(NCApa)+CVbs(NCAbs)+CVbse(NCAbse)+CVsp(NCAsp)+CVle(NCAle))
  (3.8) 

Thus, our model enables estimation of ρcell for the first time based on measured LMA and anatomy. One 

may also determine the mathematical sensitivity of LMA to this parameter relative to other measured 

parameter and indeed, LMA does depend strongly on ρcell. However, for testing the EXACT model, we 

used only a constant for ρcell, avoiding circularity.   
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Table 3.1. Studies of correlations of leaf mass per area (LMA) with anatomy across species, emphasizing the contrasting results, and the mismatch of correlation with the causal influences shown by 

sensitivity analyses using the EXACT equations (Box 3.1; Fig. 3.2c-e). Correlation coefficients are reported for tissue thickness, cell sizes, cell numbers per area, airspace fractions, and vein traits. Symbols 
for tissues: UC, upper (adaxial) cuticle, UE, upper epidermis; PA, palisade mesophyll; SP, spongy mesophyll; LE, lower (abaxial) epidermis; LC, lower cuticle; BS, bundle sheath; BSE, bundle sheath 

extensions; VSC, vascular schlerenchyma; MES, entire mesophyll; EP, total epidermis; and TC, total cuticle. Cell sizes were reported as diameter (CD), cross sectional area (CA), or volume (CV). Air 

fractions were reported as fraction of thickness or volume of the whole mesophyll (AF), the spongy mesophyll (AFsp), or the palisade mesophyll (AFpa). Studies reporting airspace data were included only 
when airspace was measured anatomically, i.e., not when estimated gravimetrically. Vein traits included vein length per area (VLA), vein diameter (VD), vein volume per area (VPA) and interveinal 

distance (IVD), and subscripts give specific vein branching orders tested or maj for major veins (first, second and third-order), min for minor veins (fourth and higher order), vsc for vascular schlerenchyma, 

or tv for total vein system. *Some or all the correlations presented are results of our analyses of the published data. + positive correlation; - negative correlation. †Airspace calculated as a fraction of entire 
cross-section (i.e., including epidermis, cuticle, and vascular tissues).   

Authors Species tested and range of species mean 

LMA values (g·m-2) 

Tissue thicknesses Cell Size Number of Cells per 

Area 

Number of 

cell layers 

Airspace fraction Vein traits 

This study 11 woody species (33.2-262) UC (+0.78), UE(ns), 

PA(+0.81), SP(+0.82), 

LE(ns), LC (ns) 

CVue (ns), CVpa (ns), CVsp 

(ns), CVle (ns), CVbs (ns), 

CVbse (ns) 

UE (ns), PA (ns), 

SP (ns), LE (ns), BS 

(ns), BSE (ns), 

Total (ns) 

UE (+0.61), 

PA(+0.65), 

SP(+0.77), 

LE(ns) 

AFpa (ns), AFsp 

(ns), AF (ns) 
VD1° (ns), VD2° (ns), VD3° 
(ns), VPA1° (+0.66), VPA2° 
(+0.78), VPA3° (ns), VPAmin 
(ns), VPAmaj (+0.77), 

VLAmin (ns) 

Aranda et al. 2004* 8 temperate species, data corrected for canopy 

irradiance (62.7-175) 

UE (+0.80), PA (+0.84), SP 

(+0.95), LE (ns) 

     

Blonder et al. 2011* 25 woody species (25.2-245)      VLAmin (-0.41), IVD (ns) 

        

Blonder et al 2016 33 endemic Hawaiian silverswords (19.7-620)      VLAmin (0.41) 

Brodribb et al. 2013 48 Proteaceae species (94-288)  CDpa and CDue (ns)    VDmaj (-0.29) 

Castro-Diez et al. 2000 52 European woody species (17.5-106) VSC (i.e., veins, BS and 

BSEs) (+0.72), UE+LE 

(ns), PA (+0.37), SP (ns);  

CApa (ns)     

Dunbar-Co et al. 2009 7 Hawaiian Plantago taxa (15.2-91.5)      VLAmaj, VLAmin (ns); 

de la Riva et al. 2016 34 woody species (27.8-207) MES (+0.84), EP (ns)    AFsp (+0.92) VPAvsc (+0.69) 

Garnier & Laurent 1994 14 grass species (23.1-49.5) MES (ns), EP (ns)     VPAtv (+0.61), VPAvsc 

(+0.66), VPAtv +VPAvsc 

(+0.71) 

Kawai and Okada 2016 8 Fagaceae species (70.9-174)      VLA1+2 (+0.83), VLAmin 

(ns) 

Li et al. 2015 85 sub-tropical and tropical Chinese species 

(33-159) 

     VLAtv (ns) 

Mediavilla et al. 2001* 6 woody deciduous species (121-242) TC (+0.94), PA (ns), SP 

(ns), EP (ns) 

     

Nardini et al. 2012* 3 species of Quercus and 3 species of Acer 

(44.2-115) 

PA (0.88) SP (ns)     VLAtv (ns),  

Pyankov et al. 1999* 94 vascular plant species (293-1826)  CVmes (+0.26) Total (ns)    

Ronzhina & Ivanov 2014 19 species of aquatic higher plants (8.4-72.8)   Total (+0.65)    

Sack et al. 2013, 2014 275 dicotyledonous species (25-605)      VLAmaj (across 58 species, 

+0.38) 

VLAtv (all species, ns) 

Scoffoni et al. 2015 6 species of Hawaiian lobeliads, high 

irradiance treatment (77.9-605) 

UC (+0.87), LC (ns), UE (-

0.83), LE (ns), SP (ns), PA 

(ns) 

CAue, CAle, CApa, CAsp, 

CAbs, (ns) 

 SP (ns), PA 

(ns) 

AFsp (ns), AFpa 

(ns), AF (ns) 

VLAmaj (+0.93), VLAmin  

(ns), VLAtv (ns) 

Tomás et al. 2013 15 species of dicotyledonous herbs and trees 

(20.7-123) 

SP (+0.54), PA (+0.24)   PA (+0.63)   

Van Arendonk et al. 1997 4 species of Poa grown under three nitrogen 

supplies (18.1-27.3) 

 CAep (+0.72), CAvsc (ns)      

Van Arendonk & Poorter 

1994 

14 grass species (20.9-39.5)  CAep (+0.64), CAvsc (ns)    AF†(ns)  

Villar et al. 2013* 26 woody species (31.5-151) EP (ns), MES(+0.77),  CAep (-0.53), CAmes (ns)   AFsp(ns) VPAvsc(+0.62) 

Xiong et al. 2015 11 taxa of Oryza (24.6-45.3)      VLAtv (ns) 
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Table 3.2. Leaf traits contributing to leaf mass per area (LMA) in the EXACT approach, and additional traits 

considered when scaling up from LMA to other physiological traits. We provide trait symbols, the units in which each 

trait is typically considered, the units used in the equations, and the tissues for which these traits are inputted. Traits 

featuring a subscript (x) represent tissue specific values. Tissues include upper cuticle (uc), upper epidermis (ue), 

palisade mesophyll (pa), spongy mesophyll (sp), bundle sheath (bs), bundle sheath extension (bse), lower epidermis 

(le), lower cuticle (lc), first second, and third order veins (1°, 2°, 3°), minor veins (min), total cuticle (tc) and total 

veins (v), and volume-weighted average across all non-vascular cells (cell). Note that Table 3.2 only includes 

parameters used in the EXACT approach and parameters used in the consideration of alternative models for LMA are 

not included (see Supplementary Methods 3.4 and Table S3.5) 

 

  

 

Trait Symbol Practical 

units 

Formula 

units 

Tissues 

Leaf tissue and cell traits in the EXACT approach     

Cell volume CVx μm3 m3 ue, pa, sp, bs, bse, le 

Number of cells per leaf area NCAx # μm-2 # m-2 ue, pa, bs, bse, sp, le 

Volume of tissue per leaf area (non-airspace) VPAx μm3 μm-2 m3 m-2 uc, ue, pa, bs, bse, sp, le, lc, 1°, 

2°, 3°, min 

Tissue dry mass density ρx g∙cm-3 kg∙m-3 uc, lc, tc, v 

Cell dry mass density ρx g∙cm-3 kg∙m-3 ue, pa, bs, bse, sp, le, cell 

Tissue mass per leaf area TMAx g∙m-2 g∙m-2 uc, ue, pa, bs, bse, sp, le, lc, v, tc 

     

Additional traits used to calculate NCA     

Cell height CHx μm m ue pa, le 

Cell diameter CDx μm m ue, pa, sp, le 

Number of cell layers NCLx # μm-2 # m-2 ue, pa, sp, le 

Air space fraction AFx % % pa, sp 

Tissue cross sectional area Ax μm2 m2 bs, bse 

Vein diameter VDx μm m 1°, 2°, 3°, min 

Vein length per area VLAx mm mm-2 mm mm-2 1°, 2°, 3°, min 

Percent of vein volume protruding from lamina %VPAprox % % 1°, 2°, 3° 
Volume of vein embedded in leaf per leaf area VPAemx mm3 mm-2 m3 m-2 1°, 2°, 3° 

     

Leaf economic and growth traits      

Leaf area LA cm2 m2  

Leaf thickness LT μm m  

Leaf dry mass density LD g·m-2 kg∙m-3  

Leaf mass per area LMA g·m-2 kg·m-2  

Leaf lifespan  LL months   

Photosynthetic assimilation rate per leaf mass Amass nmol g-1 s-1   

Nitrogen concentration per leaf mass Nmass %   

Respiration rate per leaf mass Rmass nmol g-1 s-1   
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FIGURE CAPTIONS  

Figure 3.1. Analyzing the basis for leaf mass per area (LMA) according to an Exhaustive Cross-

Sectional Anatomy and Composition of Tissues (EXACT) approach. (a) LMA is the sum of the 

values of tissue mass per area (TMA) for all the component leaf tissues, including upper cuticle 

(UC), palisade mesophyll (PA), bundle sheath extensions (BSE), bundle sheath (BS), vascular 

tissue (V), spongy mesophyll (SP), lower epidermis (LE), and lower cuticle (LC). (b) For 

epidermal and mesophyll tissues, TMA is a positive function of cell volume (CV), the number of 

cells per leaf area (NCA), and the relevant tissue dry mass density (ρcell). (c) In turn, NCA is a 

positive function of the tissue volume per area (VPA, i.e., tissue thickness, itself a positive function 

of number of cell layers (NCL) and cell height (CH)), and the NCA of mesophyll tissues (pa) is 

also a negative function (red arrows) of the vein volume (VPAv), airspace fraction (AF) and the 

volumes of bundle sheath (VPAbs) and bundle sheath extensions (VPAbse) as these all must be 

subtracted from the tissue thickness to estimate the cellular volume (CV), (d) Tissue and cell 

volumes were determined from transverse cross-sections, as in this example for Quercus agrifolia; 

epidermal, palisade mesophyll and spongy mesophyll cells were respectively modelled as 

cylinders, capsules, and spheres. (e) The prediction of LMA using EXACT Eqn 3.7 based on 

anatomical traits for 11 diverse woody broadleaf angiosperm species, using only a constant value 

for ρcell for all lamina tissues in all species. The solid line shows regression of empirically 

determined values for LMA against those calculated using the EXACT approach for individual 

leaves then averaged by species (slope=1.09 ± 0.09); dashed line is the 1:1 line. ***P < 0.001. 
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Figure 3.2. Establishing drivers of species differences in LMA. Average partitioning of (a) volume 

and (b) mass of tissues within leaf lamina of diverse woody angiosperm species, highlighting the 

substantial allocation to space and materials of the photosynthetic mesophyll, and the small 

contribution of the minor veins (n = 11 species). Tissues include palisade and spongy mesophyll 

(PA and SP respectively), bundle sheath (BS), bundle sheath extension (BSE), upper and lower 

epidermis (UE and LE respectively), total cuticle (TC), major veins (i.e., first, second, and third 

order; Vmaj), and minor veins (Vmin); airspace fraction (AF) also contributes to volume. See Table 

S3.4 for values and Table S3.10 for species mean values. Panels (c) to (e) show the causative 

influence of traits on LMA and the correlation of LMA with anatomical and compositional traits 

(trait symbols as in Table 3.2). (c) intrinsic (mathematical) sensitivity of LMA to each variable; 

values represent the percent shift in LMA given a 10% shift in each variable, all else held equal; 

(d) Realized sensitivity of LMA to each variable determined as the median contributions of each 

parameter to increases in LMA across every pairwise species combination; (e) correlation 

coefficients fitted for traits against empirically derived LMA across species; asterisks indicate 

significance at P < 0.05 for both Spearman and Pearson correlations. In (c) and (d) CV for “all-

tissues” represents the sensitivity of LMA to shifting cell volumes across all tissues together; in 

(e) the all-tissue values represent correlation coefficients of LMA with mean cell size across all 

tissues. Grey lines show interquartile ranges. Columns in all panels are arranged according to their 

intrinsic influence on LMA (panel (c)). Bar color: light green, epidermal anatomical traits; dark 

green, mesophyll anatomical traits; yellow, vascular anatomical traits; grey, cuticle anatomical 

traits; white, airspaces; blue, dry mass density; brown, anatomy across lamina tissues.  Airspace 

fraction was the only variable that, when increased, led to a decrease in LMA. 
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Figure 3.3. (a-j) Comparison of leaf mass per area and its underlying variables for 21 evergreen 

and 16 deciduous species (symbols as in Table 3.2). Significance shown from one-way ANOVAs: 

*P<0.05, **P<0.01, ***P<0.001; not significant at P < 0.05. Number of cell layers (d) and number 

of cells per area (i) represent the total across tissues for the entire leaf, while cell volume (e) is the 

mean across tissues. (k) Partitioning the influence of anatomical and compositional traits on the 

variation in leaf mass per area (LMA) between 21 evergreen and 16 deciduous species with the 

EXACT model. Airspace fraction was not included in panel (k), given it had a negligible negative 

influence on LMA. We did not have data to quantify the role of vein protrusion, bundle sheath or 

bundle sheath extensions for this comparison. 
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77 

 

 77 

 
 

Figure 3.2 
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Figure 3.3 
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SUPPLEMENTARY MATERIALS 

Table S3.1 Equations for each tissue for the mean cell volume, tissue volume per area, number 

of cells per leaf area, and tissue cellular volume per area of cells (i.e., not including veins, bundle 

sheath, bundle sheath extensions and airspace). 

 

Table S3.2. Species used to test the EXACT model, including family, origin, leaf habit and life 

form, mean ± SE for leaf mass per area (LMA), and parameters for linearized power law for 

scaling LMA to leaf thickness (LT).  

 

Table S3.3. Equations for leaf mass per area and leaf thickness, where the leaf mass per area is 

the sum of the mass per area of each tissue (TMA) and the thickness is determined by the cell 

height and number of cell layers in each tissue. 

 

Table S3.4 (in Excel Workbook). Calculation of leaf mass per area (LMA) based the EXACT 

approach for individual leaves of eleven diverse woody broad-leafed angiosperm species.  

 

Table S3.5 (in Excel Workbook). Calculations for the comparison of the EXACT approach and 

three previously published models for explaining leaf mass per area (LMA) from anatomical and 

compositional variables. 

 

Table S3.6 (in Excel Workbook). Intrinsic sensitivity of leaf mass per area (LMA) to 

underlying anatomical and composition variables using EXACT equation S.3.7b.   
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Table S3.7 (in Excel Workbook). Realized sensitivity of leaf mass per area (LMA) to 

underlying anatomical and composition variables using EXACT equation S.3.7b.  

 

Table S3.8 (in Excel Workbook). Correlation matrix of anatomical and compositional traits for 

11 diverse woody species.   

 

Table S3.9 (in Excel Workbook). Calculation of cell mass density (ρcell) and anatomical and 

compositional parameters for partitioning LMA for leaf habit species from published data of 

Villar et al. 2013. 

 

Table S3.10. Comparison of EXACT approach and three previously published models for 

prediction of leaf mass per area (LMA) across species from anatomical drivers, using Akaike 

Information Criterion corrected for low n (AICc). 

 

Table S3.11. Average partitioning of volume and mass of tissues within leaf lamina of diverse 

woody broad-leafed angiosperm species, highlighting the variance in percentage allocation to 

different tissues across 11 species. 

 

Table S3.12 (in Excel Workbook). Scaling from anatomical and compositional variables cell 

volume (CV), number of cell layers (NCL), and cell mass density (ρcell) to leaf mass per area 

(LMA) and to other leaf economic traits.  
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Figure S3.1. Establishing the mathematical correctness of Eqns 3.8 and 3.7 for the estimation of 

leaf mass per area (LMA) and cell mass density (ρcell) from anatomical and compositional 

variables. We calculated ρcell values for three individual leaves from each of 11 diverse woody 

broad-leafed angiosperm species using measured values for LMA and solving Eqn 8 for ρcell. We 

then inputted these values for the calculation of LMA using Eqn 3.7 (R2 =1.0; P < 0.001). 

 

Figure S3.2. Observed values for leaf mass per area (LMA) plotted against values predicted by 

the EXACT model and three antecedent models explaining LMA from fewer anatomical traits 

(Table S3.10 for equations and inputs). Colored lines were fitted using ordinary least squares, and 

dashed lines represent the 1:1 line. *P<0.05, **P<0.01, ***P<0.001; ns not significant at P < 0.05. 

Akaike Information Criterion corrected for low n (AICc) model selection results are presented in 

Table S3.10. Each of models 2 and 4 achieved predictive power by including input of leaf thickness 

to predict LMA. The stronger performance of the EXACT model was due to its explicit 

formulation of LMA in terms of all of its key anatomical and compositional determinants, as 

described in the text.  

 

Figure S3.3. Observed values for leaf thickness (LT) and leaf density (LD) plotted against values 

predicted using the EXACT approach. LT was predicted using Eqn 5 in Table S3.3. LD was 

predicted as the ratio of the leaf mass per area (LMA) calculated using Eqn 3.7 and the LT 

calculated using Eqn 5 in Table S3.3. Observed LD was the ratio of observed LMA and LT. Lines 

were fitted using ordinary least squares, and dashed lines represent the 1:1 line. *P<0.05, 

**P<0.01, ***P<0.001. 
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Figure S3.4. Scaling up from leaf anatomical and compositional trait variation to potential 

influence on leaf economics traits and relationships. Red points of leaf mass per area (LMA) were 

simulated using EXACT Eqn 3.7 applied to realistic values of cell volume, number of cell layers, 

and cell mass density (CV, NCL and ρcell respectively), with all other traits held at their mean 

values for 11 diverse woody broad-leafed angiosperm species, and these LMA values were used 

to predict (a) leaf lifespan (LL), (b) respiration rate per leaf mass (Rmass), (c) Nitrogen concentration 

per leaf mass (Nmass), and (d) Photosynthetic assimilation rate per leaf mass (Amass); and plots of 

the relationships among the predicted variables (e), (f), and (g). Simulated LMA values based on 

anatomical and compositional trait variation were used to derive leaf economics variables using 

the equations of Wright et al. 2004 (red points); or by assuming random variation in area-based 

respiration and photosynthetic rates and nitrogen concentration and dividing by LMA (Lloyd et al. 

2013; blue points).  Black points show relationships for a global dataset of trees and shrubs 

(Glopnet; Wright et al. 2004).  

 

Supplementary Methods  

Supplementary Methods 3.1: Inference and limitations based on sampling a small diverse 

species set  

Supplementary Methods 3.2: Measurements of leaf cross sectional anatomy 

Supplementary Methods 3.3: Calculations and assumptions used for estimating EXACT 

equation inputs, and validation of EXACT equations  

Supplementary Methods 3.4: Comparison of EXACT equation performance with previous models 

for predicting LMA from anatomy 



 

 

 83 

Supplementary Methods 3.5: Tests of anatomical and compositional traits as causal drivers and 

correlates of LMA 

Supplementary Methods 3.6: Assessing the drivers of differences in LMA between deciduous 

and evergreen species 

 

Supplementary Results 

Supplementary Results 3.1: Validation of equations 

Supplementary Results 3.2: Comparison of explanatory power of the EXACT approach with that 

of previous, simpler models 

 

Supplementary Discussion 3.1 

Scaling up the influence of anatomical and compositional to the worldwide leaf economics 

spectrum  
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Table S3.1. Equations for each tissue for the mean cell volume, tissue volume per area, number of cells per leaf area, and tissue 

cellular volume per area of cells (i.e., not including veins, bundle sheath, bundle sheath extensions and airspace). Symbols are as 

defined in Table 3.2.  

 
  

 Cell 

shape 

Mean cell volume Tissue volume per area Number of cells per leaf area Tissue cellular volume per area   

UC N/A N/A VPAuc = Tuc (3.2a) N/A N/A 

UE Cylinder 
CVue = π (

CDue

2
)

2

CHue (3.1a) 
VPAue = CHue(NCLue) (3.2b) NCAue =

VPAue

CVue
 (3.3a) VPAue = CVue(NCAue) (3.4a) 

PA Capsule 
CVpa = π (

CDpa

2
)

2

((
4

3
)

CDpa

2
+

CHpa − CDpa) (3.1b) 

VPApa = CHpa(NCLpa) (3.2c) NCApa =

(VPApa−1
2⁄ ((VPA1°+VPA2°+VPA3°)(1−%VPApro)+VPAmin+VPAbs+VPAbse))(1−AFpa)

CVpa
 

(3.3b) 

VPApa = CVpa(NCApa) (3.4b) 

BS Sphere 
CVbs = 4

3⁄ π (
CPbs

2π⁄ )
3

(3.1c) 
VPAbs = Abs(𝑉𝐿𝐴min) (3.2d) NCAbs =

VPAbs

CVbs
 (3.3c) VPAbs = CVbs(NCAbs) (3.4c) 

BSE Sphere 
CVbse = 4

3⁄ π (
CPbse

2π⁄ )
3

 (3.1d) 
VPAbse = 1

2⁄ (Abse)𝑉𝐿𝐴min (3.2e) 

 

NCAbse =
VPAbse

CVbse
 (3.3d) VPApa = CVpa(NCApa) (3.4d) 

SP  Sphere 
CVsp = 4

3⁄ π (
CPsp

2π
⁄ )

3

 (3.1e) 
VPAsp = CHsp(NCLsp) (3.2f) NCAsp =

(VPAsp−1
2⁄ ((VPA1°+VPA2°+VPA3°)(1−%VPApro)+VPAmin+VPAbs+VPAbse))(1−AFsp)

CVsp
 

(3.3e) 

VPAsp = CVsp(NCAsp) (3.4e) 

LE Cylinder 
CVle = π (

CDle

2
)

2

CHle (3.1f) 
VPAle = CHle(NCLle) (3.2g) NCAle =

VPAle

CVle
 (3.3f) VPAle = CVlep(NCAle) (3.4f) 

LC N/A N/A VPAlc = Tlc (3.2h) N/A N/A 
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Table S3.2. Species used to test the EXACT model, including family, origin, leaf habit (E=evergreen; D=deciduous) and life form and ecology, mean ± SE for leaf mass per area 

(LMA), and parameters for linearized power law for scaling LMA to leaf thickness (LT). Power laws were derived using ordinary least squares regressions according to Eqn 3.9; 

slope (b) with confidence intervals in parentheses and intercept (a) with confidence intervals in parentheses, and regression coefficient. *P<0.05, **P<0.01, ***P < 0.001.   

 
aTimberlake and Martin (2007), bKitamura and Murata (1979), cBrach and Song (2006), and dCroat (1978) 

  

Species Family Origin Leaf 

habit  

Life form and ecology LMA 

(g·m-2) 

Fitted parameters for Eqn 3.9 (b; a; R2) 

Bauhinia galpinii Fabaceae Africa E Shrub 1-4 m, often scrambling, in 

woodlands, forest margins, river banks 
and on termite moundsa 

33.2 ± 1.2 0.59 (0.16-1.0); 2.1 (1.8-2.5); 0.43* 

Camellia sasanqua Theaceae Japan E Shrub, small tree 1-5 m, ornamental, 

moist woodlandsb 

188 ± 6.8 1.4 (0.91-1.8); 2.8 (2.6-2.9); 0.89*** 

Cercocarpus betuloides Rosaceae California, Mexico E Shrub, branches spreading to erect 1-3 

m. in chaparral, dry, rocky slopesc  

146 ± 14 1.0 (0.79-1.3); 2.8 (2.6-2.9); 0.79*** 

Comarostaphylis diversifolia Ericaceae California, Mexico E Shrub, erect <5m, in chaparralc 262 ± 8.4 0.25 (-0.06-0.56); 2.5 (2.4-2.6); 0.12ns 
Hedera canariensis Araliacaeae Canary Islands E Liana, woody climber, in woodland 

and disturbed areasc  

97.5 ± 3.2 0.61 (0.37-0.86); 2.3 (2.2-2.4); 0.52*** 

Heteromeles arbutifolia Rosaceae California, Mexico E shrub, small tree <5 m in chaparral, 
oak woodland, mixed-evergreen forestc   

183 ± 9.7 0.84 (0.23-1.5); 2.6 (2.3-2.9); 0.28** 

Lantana camara Verbenaceae Pantropical D Shrub, sometimes herb <1.5 m, in 

shrubby and weedy clearings, tropical 
moist forests, premontane moist 

forestsd 

48.5 ± 0.74 0.78 (0.38-1.2); 2.2 (2.0-2.4); 0.59** 

Magnolia grandiflora Magnoliaceae Southern United States E Tree, <37 m, wooded dunes, 
hammocks, river bottoms, mesic 

woods, and ravine slopesc   

213 ± 5.4 0.59 (0.24-0.94); 2.5 (2.4-2.6); 0.37** 

Platanus racemosa Platanaceae California, Mexico D Tree, 10-35 m, often leaning, on stream 
sides, canyons, and arroyosc   

68.7 ± 0.85 0.40 (0.12-0.67); 2.1 (1.9-2.3); 0.30** 

Quercus agrifolia Fagaceae California, Mexico E Tree, 10-25 m, valleys, slopes, mixed-

evergreen forests, woodlandc 

177 ± 12 0.84 (0.14-1.5); 2.7 (2.3-3.1); 0.36* 

Rhaphiolepis indica Rosaceae Southern China, India E Shrub, rarely small trees < 4m, on 

slopes roadsides, thickets at streamsc 

207 ± 4.1 0.24 (-0.16-0.64); 2.4 (2.3-2.5); 0.07ns 
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Table S3.3. Equations for leaf mass per area and leaf thickness, where the leaf mass per area is 

the sum of the mass per area of each tissue (TMA) and the thickness is determined by the cell 

height and number of cell layers in each tissue. Symbols are as defined in Table 3.2. 

 

 

 

Trait: Units: Formula: equation 

Leaf mass per area by 
tissue mass per area 

g m-2 LMA = TMAuc + TMAue + TMApa + TMAbs + TMAbse + TMAsp + TMAle + TMAlc

+ TMAv 
 

 
(1) 

Cuticle mass per area g m-2 TMAx = VPAx(ρx) (2) 

Tissue mass per area  g m-2 TMAx = CVx(ρx)NCAx (3) 

Vein mass per area g m-2 TMAv = VPA1°(ρx) + VPA2°(ρx) + VPA3°(ρx) + VPAmv(ρx) 

 = (VPA1°+VPA2° + VPA3° + VPAmv)ρx  

(4) 

Leaf thickness mm LT = Tuc + CHue(NCLue) + CHpa(NCLpa) + CHsp(NCLsp) + CHle(NCLle) + Tlc (5) 

Leaf density  g m-3 
LD =

LMA

LT
 

(6) 
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Table S3.10. Comparison of EXACT model and three previously published models for prediction of leaf mass per area (LMA) 

across species from anatomical drivers, using Akaike Information Criterion corrected for low n (AICc). The stronger performance 

of the EXACT model was due to its explicit formulation of LMA in terms of all of its key anatomical and compositional 

determinants, as described in the text. 
Model name Eqn R2 AICc Slope 

fitted 

through 

origin 

P-value for t-

test for 

difference of 

line fitted 

through the 

origin from 1:1 

line 

traits 

EXACT  3.7 0.94*** 97.6 1.0 1.0 TMAuc, TMAlc, TMAue, 

TMAle, TMApa, TMAsp, 

TMAv, TMAbs, TMAbse 

Vein origin hypothesis-- prediction (Blonder et al. 2011)  S.3.5 0.56* 135 1.5 0.004 LT, VLA 

Vein origin hypothesis-- simulation (Blonder et al. 2011) S.3.5b 0.11ns 150 0.67 0.007 VLA, IVD 

Cell wall: protoplast volume ratio (Shipley et al. 2006) S.3.6 0.59** 128 1.4 0.01 Vc, Vw, Va, LT 

Leaf thickness 3.9 0.63**     
All models enable prediction of LMA without free fitted parameters (Table S3.5). We present the R2 and slope of the linear relationships between empirical values of LMA 

for 11 diverse woody broad-leafed angiosperm species plotted against values calculated the models based on anatomical traits, all applied to species-means, forced through 

the origin. We also provided the R2 value for the relationship between the predicted LMA and leaf thickness, which in the case of models 2 and 3 was a direct input into the 

model. *P<0.05, **P<0.01, ***P < 0.001. See Fig. S3.2 for plots displaying LMA predictions for each model. 
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Table S3.11: Average partitioning of volume and mass of tissues within leaf lamina of diverse woody broad-leafed angiosperm 

species, highlighting the variance in percentage allocation to different tissues across 11 species. Tissues include palisade 

mesophyll (PA), spongy mesophyll (SP), bundle sheath (BS), bundle sheath extension (BSE), lower epidermis (LE), total cuticle 

(TC), first second, and third order veins (Vmaj) and minor veins (Vmin); airspace fraction (AF) also contributes to volume.  

 Species:  TC UE LE PA SP BS BSE Vmaj Vmin AF 

Bauhinia galpinii Volume 

Mass 

2.1±0.3 

5.1±0.8 

16±0.3 

14±0.2 

10±1.0 

8.7±1.0 

13±3.1 

11±2.7 

19±2.3 

16±1.8 

1.8±0.2 

1.5±0.2 

1.8±0.9 

1.5±0.8 

24±1.1 

40±1.6 

1.7±0.1 

2.8±0.2 

11±1.1 

n/a 
Camellia sasanqua Volume 

Mass 

3.5±0.3 

14±1.4 

3.1±0.1 

4.2±0.2 

3.0±0.3 

4.1±0.4 

12±1.9 

17±2.5 

31±1.2 

42±1.5 

3.6±1.1 

4.8±1.6 

0 

0 

13±0.6 

14±0.6 

0.6±0.1 

0.6±0.1 

30±0.9 

n/a 
Cercocarpus betuloides Volume 

Mass 

3.5±0.1 

8.9±0.01 

10±0.8 

9.2±0.7 

5.0±0.6 

4.6±0.6 

25±2.4 

23±2.3 

4.1±1.5 

3.8±1.5 

4.6±0.8 

4.3±0.8 

8.3±1.4 

7.6±1.3 

17±1.6 

35±2.9 

2.0±0.8 

4.0±1.6 

21±2.4 

n/a 
Comarostaphylis diversifolia Volume 

Mass 

5.3±0.2 

11±0.4 

7.1±1.0 

5.2±0.9 

2.3±0.1 

1.7±0.05 

14±3.2 

10±2.1 

18±0.4 

13±0.2 

2.4±0.1 

1.7±0.1 

6.1±1.1 

4.5±0.9 

14±1.6 

51±2.5 

0.9±0.2 

2.0±0.5 

20±3.3 

n/a 
Hedera canariensis Volume 

Mass 

1.6±0.1 

8.1±0.9 

3.4±0.1 

5.9±0.8 

3.2±0.1 

5.6±0.6 

10±2.9 

17±3.9 

31±4.0 

53±3.3 

3.2±1.0 

5.2±1.3 

0 

0 

6.3±0.3 

3.7±0.6 

1.3±0.1 

0.7±0.1 

39±6.1 

n/a 
Heteromeles arbutifolia Volume 

Mass 

2.4±0.3 

8.7±1.0 

6.5±0.4 

8.2±0.2 

4.3±0.6 

5.3±0.5 

8.5±1.6 

11±1.9 

16±2.1 

20±1.8 

6.8±0.7 

8.7±1.2 

0 

0 

18±1.0 

35±2.1 

1.7±0.2 

3.3±0.3 

36±3.6 

n/a 
Lantana camara Volume 

Mass 

2.9±0.3 

11±1.0 

6.9±0.6 

9.2±0.9 

4.8±0.6 

6.3±0.8 

23±1.1 

30±1.4 

15±1.9 

20±2.2 

12±1.7 

16±2.4 

0 

0 

15±0.4 

6.4±0.2 

1.5±0.6 

0.6±0.2 

19±0.8 

n/a 
Magnolia grandiflora Volume 

Mass 

1.5±0.2 

4.9±0.4 

8.1±0.4 

9.8±0.5 

2.5±0.4 

3.0±0.4 

17±1.3 

20±1.3 

26±0.7 

31±0.4 

3.8±0.5 

4.6±0.5 

12±1.2 

14±1.7 

7.1±0.4 

11±0.4 

0.5±0.2 

0.8±0.2 

21±1.6 

n/a 
Platanus racemosa Volume 

Mass 

2.9±0.1 

11±0.4 

9.1±1.1 

12±1.1 

6.1±0.1 

7.9±0.6 

15±4.4 

19±5.2 

16±3.0 

20±2.9 

3.7±0.7 

4.9±1.0 

0.5±0.5 

0.8±0.8 

17±0.5 

24±1.1 

0.6±0.1 

0.8±0.1 

29±4.3 

n/a 
Quercus agrifolia Volume 

Mass 

3.3±0.6 

7.5±1.2 

9.1±2.3 

7.2±1.7 

5.4±0.3 

4.3±0.1 

20±6.3 

16±5.7 

15±2.1 

12±1.5 

7.0±1.4 

5.6±1.0 

11±0.7 

8.9±0.4 

16±1.3 

35±2.1 

1.3±0.1 

3.0±0.1 

12±0.2 

n/a 
Raphiolepis indica Volume 

Mass 

3.9±0.1 

13±0.5 

7.0±0.7 

8.4±0.8 

2.8±0.2 

3.3±0.2 

17±4.7 

20±5.2 

30±2.5 

35±3.4 

3.7±0.6 

4.4±0.7 

0 

0 

9.9±0.4 

14±0.7 

0.5±0.1 

0.7±0.1 

25±1.5 

n/a 
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Figure S3.2 
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Figure S3.3 
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Figure S3.4 
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CHAPTER 4 

 

THE REHYDRATION CAPACITY OF THE LEAF MESOPHYLL: CORRELATION 

WITH OTHER INDICES OF DROUGHT TOLERANCE 

Abstract 

Clarifying the mechanisms of leaf and whole plant responses to drought is ever more critical given 

ongoing climate change. However, leaf “desiccation tolerance” measured in the classic way as the 

loss of rehydration capacity has not been compared with other aspects of leaf drought tolerance 

such as stomatal responses or turgor loss point. We developed methods for quantifying the percent 

loss of rehydration capacity and for 18 species native to Southern California grown in a common 

garden we quantified the relative water content and leaf water potentials at which 10% and 25% 

50% of rehydration capacity was lost, and the loss of rehydration capacity at important stages of 

leaf dehydration including stomatal closure and turgor loss. On average, across our study species 

the point after which 10% percent of rehydration capacity was lost occurred at similar water 

potentials at which leaf turgor and 80% of stomatal conductance are lost. The sensitivity to loss of 

leaf rehydration capacity varied across species, leaf habits, and ecosystems. Both the thresholds 

for damage and the degree of damage at key stages of dehydration correlated across species with 

other drought tolerance traits, including the turgor loss point and structural traits including leaf 

mass per area. We compared data for California species with a new database of the loss of leaf 

rehydration capacity from the published literature spanning five ecosystems, indicating a 

relationship with moisture availability during the growing season. The desiccation tolerance of the 

mesophyll is thus strongly variable across species, linked with other aspects of drought tolerance, 
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and with environmental water availability, and constitutes an important component of species’ 

drought tolerance.  

Keywords: leaf dehydration, rehydration capacity, leaf damage, lethal water status, sublethal 

water deficit, leaf mortality, lethal relative water content, leaf death, drought tolerance 
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INTRODUCTION 

Given global climate change, under which droughts are projected to increase in frequency and 

severity in many locations (MacDonald 2010; Dai 2011, 2013; Duffy et al. 2015; Yoon et al. 2015; 

Carrão et al. 2017) the mechanistic quantification of species’ physiological tolerances of 

dehydration is critical. The maintenance of leaf function during drought depends on the properties 

of all plant organs (e.g., leaf stomatal closure, stem resistance to embolism, and rooting depth) and 

of the whole plant (e.g., resource allocation to root, re-sprouting). Ultimately, these traits would 

function to “delay” the stress associated with soil or atmospheric drought, i.e., to protect the 

photosynthetic mesophyll from dehydration. The aim of this work was to quantify the variation in 

mesophyll tolerance across ecosystems subject to extreme drought in southern California, and in 

available data globally, and to test the linkage of this feature with other leaf drought tolerance 

traits. 

One approach to quantifying plant thresholds for leaf desiccation is to index the potential 

for recovery after dehydration. The most commonly used index of leaf mesophyll dehydration 

tolerance for nearly 80 years has been the “sublethal water deficit” (Oppenheimer 1963). 

According to this approach, leaves are dehydrated to a range of relative water contents (RWC; see 

Table 4.1 for legend of symbols) and then rehydrated until water uptake ceases. Leaves subjected 

to greater levels of dehydration lose the capacity to rehydrate, and one can thus quantify the RWC 

corresponding to a given percent loss of rehydration capacity (PLRC). Oppenheimer associated 

failure to rehydrate in Nerium oleander with loss of leaf viability by vital staining with neutral red 

and cross sectioning dehydrated leaves, allowing for quantification of living and dead cells based 

on dye uptake.  Given that the loss of 10% of rehydration capacity (PLRC10) tended to correspond 

to cell damage, this threshold, previously hypothesized to be the “sublethal water deficit” 
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(Oppenheimer 1963), was described by Oppenheimer in this new work as the “permanent turgor 

loss point”, and occurs on average at 75% RWC and leaf viability begins to decline at 70% RWC 

in Nerium oleander (Oppenheimer & Leshem 1966). Previous studies have applied this method to 

a range of species to compare coexisting species in their mesophyll desiccation tolerance (Table 

S4.7). The PLRC10 as a metric for mesophyll sensitivity has practical advantages over other 

methods, such as the determination of the water potential during apparent leaf death, given the 

difficulty in ascertaining leaf death and the exact water potential at which it occurs (Auge et al. 

1998, Kursar et al. 2009, Brodribb et al. 2010, Chapman & Auge 1994, Kubikova et al. 2001, 

Auge et al. 2003). Further, quantifying PLRC is logistically simpler and complementary to the 

determination of drought sensitivity as the water potential of given physiological responses, e.g. 

the decline of chlorophyll fluorescence (Lamont & Lamont 2000), the loss of leaf or stem hydraulic 

conductance (e.g., Choat et al. 2012; Li et al. 2016;Scoffoni et al. 2012), the water potential at 

which stomatal conductance, photosynthesis or leaf water potential can no longer recover after 

rehydration  (Augé et al. 2002, Engelbrecht et al. 2007, Tyree et al. 2003(Brodribb et al. 2003), 

leaf solute leakage (Leopold et al. 1981; Demidchik et al. 2014), or leaf shedding (Tyree et al. 

1993). The PLRC also has the advantage of analogy to estimates of lethal doses (e.g., LD50) of 

stresses and toxins in plants, non-human animals and humans using population (Trevan 1927; 

Zbinden & Flury-Roversi 1981; Meier & Theakston 1986; Kursar et al. 2009). However, the 

placement of PLRC in the sequence of a species’ drought response, i.e., in relation to stomatal 

closure or turgor loss, has not been determined, or its potential correlation across species with other 

drought tolerance characteristics, such as the dehydration that induces stomatal closure, or pressure 

volume parameters such as the turgor loss point.  
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 Beyond its meaning as an index of mesophyll dehydration tolerance, the PLRC would also 

inform the estimation of leaf “survival time” during drought. Previous studies have generally 

assumed that stomata close to avoid damage to the mesophyll, and estimate survival time or water 

storage, based on time to lose the remaining leaf water through the cuticle and leaky stomata (e.g., 

Blackman et al. 2016; Sack et al. 2003). However, if substantial mesophyll damage occurs before 

complete stomatal closure, as indicated by loss of rehydration capacity, new approaches will be 

required for estimating leaf water storage and survival. 

 We focused on 18 native species of southern California desert, chaparral and woodland 

ecosystems. We tested hypotheses for the variation across species in PLRC and its association with 

leaf structure, composition and anatomy, leaf habit, and with species’ ecological preferences and 

the climate of their native range. We hypothesized that (1) substantial PLRC would occur only 

after substantial stomatal closure and turgor loss point, and that (2) leaves would be more sensitive 

to PLRC for species of moister ecosystem or climatic ranges and for deciduous than evergreen 

species and (3) that PLRC would correlate across species with other drought tolerance traits, 

including the leaf water potential thresholds for 50 and 80% stomatal closure and turgor loss, the 

osmotic potential at full turgor, as well as other structural traits linked with generalized stress 

tolerance including leaf mass per area, leaf thickness, leaf density, and saturated water content 

(Oppenheimer 1959; Dedio 1975; Reich et al. 1997; Violle et al. 2007; Hallik et al. 2009; Reich 

2014; de la Riva et al. 2016). Further, we examined (4) the physiological implications of species 

differences in loss of leaf viability for estimation of leaf “survival time” during drought. In 

addition, we compiled the PLRC data published in earlier studies to analyze linkage with growth 

form and ecosystems, and hypothesized (5) that leaves would have greater mesophyll dehydration 



 

 

 107 

tolerance in evergreen than deciduous (either in response to cold or drought) species and in drier 

than moister ecosystems.  

 

METHODS 

Plant material 

We grew 18 tree and shrub species of southern California (Table 4.2) in a greenhouse common 

garden at the UCLA Plant Growth Center from August 2012 to April 2016, and experiments were 

carried out from April to October of 2015. Nine individual seedlings of each species were acquired 

in 3.8-liter pots (Tree of Life Nursery; San Juan Capistrano, CA). This common garden approach 

minimized environmental variation that would drive plastic responses in the field across species 

of different native ecosystems. The plants were randomized within each of nine blocks containing 

one individual of each species spread across four greenhouse benches in two greenhouse rooms 

and acclimated over one year prior to initial measurements during which plants were re-potted into 

19-38 liter pots, as needed, depending on species, in potting soil (18.75% washed plaster sand, 

18.75% sandy loam, 37.5% grower grade peat moss, 12.5% horticultural grade perlite, 12.5% 

coarse vermiculite; Therm-O-Rock West, Inc., Chandler, AZ), autoclaved prior to use. Plants were 

irrigated each second day with 200-250 ppm 20:20:20 NPK fertilizer. Daily irradiance ranged up 

to 1400 μmol m-2 s-1 (LI-250 light meter; LI-COR Biosciences, Lincoln, NE, USA), while mean 

minimum, mean and maximum values for temperature were 22.1oC, 23.9oC, and 25.2oC and 

relative humidity were 47.3%, 60.1%, and 72.8% over the course of our experiments (HOBO 

Micro Station with Smart Sensors; Onset, Bourne, MA, USA).   

Prior to rehydration experiments, whole plants were drought-hardened by watering to field 

capacity then suspending watering until visible wilting was observed; leaf water potentials were 
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measured on leaves for six individuals per species and ranged -1.1 to -4.3 MPa (Plant Moisture 

Stress pressure chamber model 1000; PMS Instrument Co., Albany, OR, USA). Osmotic potential 

at full turgor and at turgor loss point were measured before and after drought hardening to monitor 

osmotic adjustment, using the osmometric method (Bartlett et al. 2012a).   

For all experiments, individual leaves were sampled using a razor blade and immediately 

sealed in Whirlpak bags that had been exhaled into, and placed in a second bag filled with wet 

paper for transport to the laboratory.  Leaves were rehydrated overnight at least 8 hours; see 

“Results—Time for recovery of leaf water content after dehydration”) in a 15 mL or 50 mL 

centrifuge tube (depending upon leaf size) with only the petiole submerged in deionized water, 

wrapped in wet paper and covered with two plastic bags.  

 

Testing the time required to complete leaf rehydration  

The published literature shows that a wide range of species achieve maximum rehydration after 3-

6 hours (Garnier et al. 2001; Arndt et al. 2015). To confirm the rehydration time needed for net 

water uptake to cease, we tested the time course of rehydration for eight species (indicated by * in 

Table 4.2) selected to span a range of drought sensitivity (turgor loss points ranging from -1.8 to -

3.0 MPa), leaf habits, and native ecosystems. For each species, 9-24 leaves were rehydrated 

overnight, weighed for the determination of saturated mass, and then dehydrated over a fan. Then, 

leaves were rehydrated with petioles submerged in deionized water in tubes, wrapped in wet paper 

and covered with plastic bags. Leaves were towel dried and weighed after 8, 12 and 24h of 

rehydration, and finally oven dried at 70°C for 72 hours to obtain dry mass. For each leaf we 

determined the relative water content as  

RWC =
fm−dm

sm−dm
                    eqn 4.1, 
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where fm is the fresh mass of the dehydrated leaf, sm is the initial saturated mass and dm is the 

leaf mass after oven drying.      

We tested differences in the recovery of RWC at 8, 12, and 24 hours of rehydration.   

 

Determining leaf rehydration capacity and its loss  

We tested the rehydration capacity of leaves after bench dehydration. For each of the 18 study 

species, after initial overnight rehydration of sampled shoots, 16-38 leaves were measured for 

initial mass (± 0.01 mg; MS205DU; Mettler Toledo, OH) and lamina area (using a flatbed scanner, 

Epson Perfection 4490 Photo scanner; 600 dots per inch; and ImageJ software version 1.42q; 

National Institutes of Health). Leaves were bench dried from 5 min to > 9 days before measuring 

mass again. The dehydrated leaves then had their petioles submerged under deionized water in 

tubes, and the tubes were wrapped in moist paper, and covered plastic. Leaves were weighed for 

determination of water content after > 8h rehydration, based on the rehydration time experiments 

(see previous section), and then dry mass was determined after oven-drying for >72h at 70oC.  

For each species, we plotted the relationship of PLRC against dehydrated RWC. We 

determined the RWC and leaf water potentials at given PLRC values such that 

 

PLRCx = 100% - SWCrehy/SWCorig       eqn 4.2 

 

Where SWCrehy and SWCorig are, respectively, the saturated water content after dehydrating leaves 

on the bench and rehydrating overnight, and the initial saturated water content measured before 

dehydration. We also determined the PLRC at given thresholds of loss of function, i.e., at various 

stages of stomatal closure and at turgor loss point. 
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Given the assumptions that declining RWC represents the driver of PLRC and of minimal 

biological error in RWC values, ordinary least squares regression was used to determine the 

relationship of PLRC to RWC, and lines were fitted for leaves with PLRC > 10%. From these 

regressions we calculated two types of parameters. First, we calculated the leaf water status (RWC 

and leaf water potential, Ψleaf) at given PLRC thresholds, i.e. at PLRC of 10% and 25% (PLRC10 

and PLRC25 respectively). These parameters are analogous to those generally used for estimating 

hydraulic vulnerability metrics, such as leaf water potential (Ψleaf) at 50% loss of hydraulic 

conductance (P50). Second, we calculated the PLRC at key levels of leaf dehydration, i.e., at (1) 

PLRC at Ψleaf = -2 MPa (used as an arbitrary comparator low water status), (2) at Ψleaf 

corresponding to 50% or 80% loss of stomatal conductance, (3) turgor loss point, and (4) at RWC 

= 70% (corresponding to the threshold for leaf viability; Oppenheimer & Leshem 1966). The Ψleaf 

values corresponding to 50% and 80% stomatal closure were determined for the same individual 

plants from a subset of fourteen of the study species in shoot drying experiments in which leaves 

were measured for stomatal conductance (using a porometer; AP-4, Delta-T Devices Ltd, 

Cambridge, United Kingdom) and Ψleaf (using a pressure chamber) during progressive dehydration 

under high irradiance (Guyot et al. 2012; Henry et al., to be submitted). Because the leaf material 

was limited and the plant material required material for stomatal closure experiments was 

considerably greater than for this rehydration study, Cleome isomeris, Quercus engelmannii, Rhus 

integrifolia, and Salvia leucophylla were not included in those stomatal closure experiments and 

are thus excluded form analyses featuring closure parameters in this study.    

The leaf water potentials corresponding to RWC for given PLRC were determined from 

equations based on pressure volume curves; (Sack et al. 2017).  
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Pressure volume curves 

We extracted species drought tolerance parameters from pressure-volume curves determined using 

the bench-dry method (Sack & Pasquet-Kok 2011). For 6-9 plants per species, 5-6 leaves were 

measured for leaf water potential and leaf mass during dehydration and from the plotted curves, 

we determined water potential at full turgor (πo) and turgor loss point (Ψtlp), relative water content 

at turgor loss point (RWCtlp), modulus of elasticity (ε), and capacitance at full turgor (Cft). For two 

species, Ceanothus spinosus and Encelia californica, pressure-volume curve calculations proved 

unreliable given difficulty with equilibration and repeated petiole detachment during 

measurements. 

 

Minimum cuticular conductance  

We measured minimum epidermal conductance (gmin) for 6-20 leaves for each species. After 

rehydrating individual leaves for > 8 hours, we measured saturated leaf mass (± 0.01 mg; 

MS205DU; Mettler Toledo, OH) and area (flatbed scanner; ImageJ software version 1.42q; 

National Institutes of Health). Leaves were suspended by their petioles over a fan for 30 minutes 

to 2 hours to force stomatal closure, and then weighed at 15-minute intervals for at least 2 hours, 

after which leaf area was measured again.  We collected ambient temperature and relative humidity 

for 30 second intervals using a weather station (HOBO Micro Station with Smart Sensors; Onset, 

Bourne, MA, USA). After measurements, leaves were oven dried for three days at 70o C and 

weighed for dry mass, and gmin calculated from the minimum epidermal transpiration rate divided 

by mole fraction vapor pressure deficit and by the twice the mean projected leaf area (Sack & 

Scoffoni 2011). 
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Ecosystem range climate variables  

We calculated species specific mean annual temperature (MAT), annual precipitation (MAP), 

aridity index (AI), and potential evapotranspiration (PET) based on species occurrence data 

extracted from the Global Biodiversity Information Facility (GBIF, http://www.GBIF.org). We 

projected points on a map using ArcMAP (http://www.esri.com/software/arcgis) and deleted false 

occurrences (i.e., points in the ocean), collections that appeared outside of the natural geographic 

range for each species, and coordinates that matched to political centroids (i.e. coordinates that 

would refer to the center of countries or states, used when herbarium data or unknown exact 

locations are entered in GBIF after Edwards et al. 2015). Using these cleaned data, we obtained 

MAT and MAP for each locality from WordClim –Global Climate Data website 

(http://www.worldclim.org/,Hijmans et al. 2005) using a 2.5 arc-minute resolution from the 

generic grids and the R raster package (Humans et al. 2015). We obtained species specific PET 

and AI from the CGIAR-CSI database, also calculated using WorldClim data.   

Survey of literature for relationships with PLRC 

To assess the representativeness of our species in their relationship of PLRC to native ecosystem, 

climate and growth form, we examined the patterns in PLRC across the published literature. We 

conducted searches using Web of Science (using as keywords “rehydration capacity”, “sublethal 

water deficit”, “leaf mortality”, “lethal relative water content”, “leaf dehydration threshold”, “leaf 

death”, etc.) to compile published datasets featuring measurements of PLRC and recorded the 

RWC at PLRC10, PLRC25, and PLRC50, the native ecosystem, leaf habit, and growth form (Table 

S4.7). 

Statistics 
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To test for an effect of rehydration time, we used Minitab statistical software to conduct one-way 

repeated measures analyses of variance between each time point accounting for repeated measures; 

i.e. a nested general linear model where species was nested within leaf number as a random effect 

and time was a fixed effect (Minitab release 15; Minitab, State College, Pennsylvania, USA).  This 

nested model allowed assessment for variation between time-points both within and across species 

on raw and log transformed data.  

We tested for trait differences across leaf habit types (evergreen versus deciduous) and 

ecosystems (chaparral versus woodland) with a one-way multivariate analysis of variance of raw 

data using the aov function in R (Chambers et al. 1992). We grouped traits into four categories: 

levels of RWC at given PLRC, PLRC at key stages of leaf dehydration, other leaf water relation 

traits (i.e. stomatal response and pressure volume parameters), and leaf structural and 

compositional traits (e.g. LMA; see Table 4.1).  While the analyses of leaf habit and growth forms 

included all species from desert, chaparral and woodland, we tested ecosystem differences only 

between woodland and chaparral, and excluded desert species due to low species representation.  

 To test for the general applicability of these differences we also tested for differences across 

in the compiled literature. We again ran using one-way multivariate analyses of variance with a 

post-hoc Tukey Honest Significant Difference test using the aov (Chambers et al. 1992) and 

TukeyHSD (Miller 1981; Yandell 1997) functions in R to test for statistical differences in leaf 

habit (evergreen or deciduous) and ecosystems (tropical forest, temperate forest, Mediterranean 

woodland, Mediterranean chaparral, or grassland). 

We analyzed both ahistorical trait correlations and evolutionary correlations among 

variables to assess both potential physically based mechanisms (e.g., the correlation of PLRC with 

elastic modulus, which might directly and absolutely contribute to mesophyll cell dehydration 
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tolerance) and to evolutionary shifts in traits with climate. We tested for ahistorical correlations 

using the lm function in R (Wilkinson & Rogers 1973; Chambers 1992) on untransformed and log- 

transformed data (R statistical software). Data were log transformed to account for possible lack 

of normality and heteroscedasticity in some relationships (Sokal & Rohlf 1981). In cases where 

correlations fit better to log transformed data, power laws were fit to raw data in all figures.  

We tested phylogenetic independent contrasts (PICs) using a Brownian motion model of 

trait evolution to account for phylogeny in our trait relationships. We used Phylomatic (Stoltzfus 

et al. 2013) to build a time calibrated phylogeny of our species list (based on Zanne et al. 2014) 

and collapsed singleton nodes using the R package ape (Paradis et al. 2004). Low phylogenetic 

resolution at recent divergences (e.g. splits between Quercus species) produced unreliable contrast 

statistics due to large trait differences over short branch lengths, thus we collapsed the tree to genus 

level to produce a more rigorous test for phylogenetic signal. We read the tree into R using the 

phytools package (Revell 2012) and calculated PICs (Felsenstein 1985). We tested for correlations 

across PICs using the lm function in R (Wilkinson & Rogers 1973; Chambers 1992) forced through 

the origin (Garland et al. 1992) on log transformed data.   

 

RESULTS 

Timing of recovery of leaf water content after dehydration 

We tested the time for leaf rehydration on a subset of eight species selected to span the range of 

drought sensitivity (Ψtlp=-1.8 to -3.0), leaf habits, and native ecosystems (indicated by asterisks in 

Table 4.2). On average across species, leaves achieved their maximum rehydration within 8 h after 

petioles were submerged; relative water content (RWC) was significantly different between 0 and 
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8h of rehydration, but not between 8-12h, or 12-24 h (Fig 4.1; P<0.001; repeated measures 

ANOVA).   

 

Loss of rehydration capacity in dehydrated leaves 

As expected from previous studies, after a given level of dehydration, species typically showed a 

linear loss of rehydration capacity with increasing dehydration. When plotting the percentage loss 

of rehydration capacity (PLRC) against the dehydrated RWC some species showed loss of 

rehydration capacity immediately with the onset of dehydration (Acer negundo, Alnus rhombifolia, 

Betula occidentalis, Cercis occidentalis, Encelia farinosa, Fraxinus dipetala, Malosma laurina, 

Platanus racemosa, Prunus ilicifolia, and Umbellaria californica), whereas others exhibited an 

apparent plateau above RWC of 90%, before declining linearly (Fig. 4.2; R2=0.18-0.96; P<0.001 

to 0.05). We fitted lines to data points below RWC of 90% dehydration and determined RWC at 

PLRC10, PLRC25 and PLRC50. For 10 of 13 species, sufficiently strong dehydration resulted in 

PLRC > 50%. However, for Ceanothus spinosus, Quercus agrifolia, and Quercus berberidifolia 

leaves subjected to dehydration even to RWC < 10% were able to recover to 58-60% of original 

saturated water content (Fig 4.2).  

 

Species variation in the capacity to rehydrate after dehydration—water status thresholds  

Consistent with previous work showing that metabolic damage begins at approximately RWC of 

70% (Oppenheimer & Leshem 1966), we found PLRC10 to occur on average at 65.9±4.2%. Yet, 

species still varied strongly in their rehydration capacity after dehydration overall (Table 4.2). The 

RWC at PLRC10 varied from 30.5% for Ceanothus spinosus to 85.5% for Betula occidentalis, and 

the RWC at PLRC25 varied from 24.1% for Ceanothus spinosus to 70.6 for Encelia farinosa. 
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Similarly, the leaf water potential at PLRC10 varied strongly across species, from -0.92 MPa for 

Alnus rhombifolia to -4.5 MPa for Cercocarpus betuloides and the leaf water potential at PLRC25 

from -1.7 MPa for Alnus rhombifolia to -6.5 MPa for Quercus berberidifolia. The leaf water 

potential at PLRC50 also varied strongly across species, such that three species (Quercus agrifolia, 

Quercus berberidifolia, and Betula occidentalis) were removed from further analyses. Q. agrifolia 

and Q. berberidifolia never achieved PLRC50 and thus extrapolation beyond the range of the data 

failed to produce biologically relevant results for these species (-208 and -641 MPa). Conversely, 

B. occidentalis produced positive water potential values at PLRC50 as a result of an especially high 

apoplastic fraction. Because apoplastic water is “bound” by surface tension, relative water contents 

for this species never dropped below 70% in pressure-volume curves despite decline in water 

potential. Extrapolation beyond this point results in an x-intercept of approximately 60% RWC, 

thus any RWC values below 60% would produce positive water potentials based on pressure 

volume curve parameters. Excluding these three points, Ψ@PLRC50 occurred on average at -

5.4±1.3 MPa. 

Species also varied strongly in their PLRC at key stages of dehydration. The PLRC at -2 

MPa varied from 0% for Cercocarpus betuloides, Malosma laurina, Quercus agrifolia, Quercus 

berberidifolia, and Rhus integrifolia (i.e., no loss of rehydration capacity after dehydration to -2 

MPa) to 39.1% in Alnus rhombifolia. The PLRC at 50% stomatal closure varied from 0% for 

Cercocarpus betuloides, Malosma laurina, Quercus berberidifolia, Cercis occidentalis, and 

Umbellaria californica to 19.0% for Platanus racemosa. The PLRC at 80% stomatal closure 

varied from 0% for Quercus berberidifolia to 54.0% for Prunus ilicifolia. Similarly, PLRC at 

turgor loss point varied from 0% for four species that fully rehydrated after dehydrating to turgor 

loss point (Cleome isomeris, Cercocarpus betuloides, Quercus berberidifolia, and Rhus 
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integrifolia) to 21.7% for Alnus rhombifolia.  Finally, the PLRC at 70% RWC varied from 0 for 

Cleome isomeris, Cercocarpus betuloides, Ceanothus spinosus, Quercus berberidifolia, and 

Salvia leucophylla to 26.3% for Encelia farinosa. 

Mesophyll dehydration tolerance varied on average across native ecosystems. Thus, 

species native to woodlands had mesophyll more sensitive to desiccation than species of the 

chaparral, with on average 20-81% higher values for RWC at PLRC10 and at PLRC25 (P =0.02; 

one-way MANOVA; Table 4.3). The PLRC at key points of dehydration also differed according 

to ecosystem. Values of PLRC at turgor loss point and at leaf water potential of -2MPa were on 

average 8-fold and 2-fold respectively higher for species native to woodlands than those of 

chaparral (P =0.04).  

Mesophyll dehydration tolerance also varied according to species’ leaf habit. Deciduous 

species had mesophyll more sensitive to desiccation than evergreen species, with on average 15-

67% higher values for RWC at PLRC10 at PLRC25 (P =0.01-0.005). PLRC at turgor loss point and 

at leaf water potential of -2MPa and were on average 7-fold greater for deciduous leaves than for 

evergreen (P <0.001 and P =0.02, respectively).  

Tree and shrub species did not differ statistically in any indices of mesophyll dehydration 

tolerance (P =0.08-0.98). 

 

Variation in other structural and drought tolerance traits 

The study species varied strongly in other drought tolerance traits (Table S4.4). Species varied 13-

fold in gmin, from 1.19±0.1 mmol m-2 s-1 for Umbellularia californica to 16.6±0.8 mmol m-2 s-1 for 

Cleome isomeris. Species varied in πo from -1.1±0.1 MPa for Cleome isomeris to -2.3±0.04 MPa 

for Malosma laurina; in Ψtlp from -1.5±0.06 for Encelia farinosa to -3.0±0.1 for Quercus agrifolia; 
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and in RWCtlp from 43.3±10.1% for Salvia leucophylla to 87.1± 9.3% for Umbellularia 

californica. Cft and modulus of elasticity varied from -0.05±0.005 and -18.0±1.9 MPa, 

respectively, for Malosma laurina to -0.33±0.06 and -2.0±9.0 MPa for Salvia luecophylla.  

 Structurally, the study species showed two-fold variation in leaf thickness,70-fold in leaf 

area, three-fold in leaf density, nearly four-fold in LMA, and over six-fold in leaf saturation water 

content (Table S4.1).   

 Across species leaves native to chaparral had -0.7 to -2.1 MPa lower Ψtlp (P=0.004) and 

3.6-101% lower saturated water content (P=0.01) than leaves of woodland species.  Similarly, 

evergreen leaves were -0.3 to -0.8 MPa lower in Ψtlp. (P=0.04; Table 4.3).    

 

Loss of rehydration capacity within the sequence of drought responses 

We observed a consistent sequence of drought responses across species, with loss of substantial 

rehydration capacity typically occurring after 50% stomatal closure, and at similar RWC as 80% 

stomatal closure (Fig. 4.3). As leaves dehydrated, 50% of stomatal conductance was lost at RWC 

of 82.7 ± 2.8% on average and leaf water potential of -1.4 ± 0.2 MPa, all before turgor loss point 

which occurred on average at RWC of 71.3±3.0% and-2.2 ± 0.11 MPa (differences significant in 

paired t-tests; P=0.008 and 0.001; Table S4.3). While four species (22% of species) reached 

PLRC10 before 50% stomatal closure, on average across all species, PLRC10 occurred after 50% 

stomatal closure (P=0.02) at RWC of 65.9±4.2% and leaf water potential of -2.3 ± 0.3 MPa, and 

at similar RWC to 80% stomatal closure (paired t-tests; P=0.26) and turgor loss point (P=0.21). 

The mean PLRC@SC50 across species was 4.9 ± 1.9%, and PLRC@tlp 7.7 ± 1.9%. PLRC25 

occurred on average at 51.0±4.2% or -3.3±0.4 MPa, significantly after turgor loss point (P<0.001), 
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but as for PLRC10 did not statistically differ from PLRC@SC80 (P=0.09). Finally, PLRC50 occurred 

on average at 26.1 ±3.1%, significantly beyond 80% stomatal closure (P<0.001).  

 

Correlations across species among traits and climate 

The relative water contents at PLRC10, PLRC25 and PLRC50 were inter-correlated across species 

(r = 0.69-0.98; P=< 0.001-0.001; Table S4.5). Further, the RWC@PLRC10 and RWC@PLRC25 

were strongly related to the RWC at turgor loss point (Figs 4.4b and 4f; r=0.76-0.77; P<0.001) and 

to a lesser extent, ε (Figs 4.4c and 4g; r=0.67-0.70; P=0.003-0.005). Similarly, leaf water potentials 

at PLRC10, PLRC25, and PLRC50 were inter-correlated (r=0.67-0.93; P<0.001), and correlated with 

Ψtlp (figs 4.5e and 5j; r=0.71-0.82; Pp<0.001). 

Rehydration capacity was also correlated with leaf dimensions and functional traits. 

Species with smaller leaves could withstand more dehydration and recover (Figs 4.4a and 4e; 

r=0.72-0.73; P<0.001). Water potential at PLRC10 and PLRC25 were related to LMA (Fig 4.5a and 

5f; r=0.75-0.82; P<0.001), LT (only for PLRC10; Figs 4.5b and 5h; r= 0.54; P=0.03), and LD (Fig 

4.5c and 4.5h; r= 0.84 and -0.88; P<0.001) such that thicker, denser leaves with higher LMA and 

lower saturated water content were more desiccation tolerant (Fig 4.5d and 4.5i; r=0.63-0.75; 

Pp<0.001-0.009).  

The rehydration capacity at key stages of dehydration also correlated with leaf structural 

traits. The PLRC at -2MPa was correlated with LMA, LD, SWC, and Ψtlp (Fig 4.6 g-j; r=0.86; 

P<0.001-0.006), and the PLRC at turgor loss point was correlated with LT (Fig 4.6a; r=-0.62; 

P=0.01) and LMA (Fig 4.6b; r=0.57; P=0.02).  

The dehydration tolerance of the mesophyll was not significantly related to climatic 

variables in our ahistoric correlation analysis (P=0.16-0.99). Yet, PLRC@tlp showed a weak 
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evolutionary correlation with MAP (r=0.56; P=0.046), Ψ@PLRC25 with PET (r=-0.56; P=0.045) 

and RWCSC50 with both PET and MAT (r=-0.74; P=0.009 and r=-0.74; P=0.01).   

 

Comparison of desiccation tolerance of mesophyll of southern California species with previously 

compiled data from global ecosystems 

We searched for all available data in the literature for RWC@PLRC10 and compiled data for 89 

species native to montane and lowland wet tropical forests, temperate forests, Mediterranean 

ecosystems, and grasslands from 17 publications (Table S4.7; Oppenheimer 1963; Rychnovská-

Soudková 1963; Oppenheimer & Leshem 1966; Rychnovska M 1967; Weinberger et al. 1972; 

Buckley et al. 1980; Florineth 1980; Peace & Macdonald 1981; Rambousková 1981; Hinckley et 

al. 1983; Goldstein et al. 1985; Kapos & Tanner 1985; Park 1989; Alexandre 1991; Burghardt & 

Riederer 2003; Burghardt et al. 2008).  We found no difference between montane and lowland 

tropical forests (P=0.96), and pooled all tropical species together. The mean RWC@PLRC10 across 

this database (65.9±4.2%) was similar to that across our global meta-analysis (61.4±1.8%; P=0.31; 

unpaired t-test).  

Ecosystems differed in mean RWC@PLRC10: species from wet tropical forests and 

Mediterranean woodlands showed leaves showed lower desiccation tolerance followed by 

Mediterranean chaparral, temperate forests, and grasslands (Fig. 4.7). Grasses also had 

significantly lower RWC@PLRC10 than the leaves of trees or shrubs (P=0.001 and P<0.001; Table 

S4.8), In this database analysis, there was overall no significant difference between evergreen 

leaves and deciduous leaves across all ecosystems (P=0.45) or nested within ecosystems (P=0.50), 

even when excluding grass species (P=0.79 and P=0.37, respectively).  
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DISCUSSION 

We updated a classical method for assessing the desiccation tolerance of the leaf mesophyll, which 

led to the discovery of a wide range of mesophyll desiccation tolerance across species within and 

across California ecosystems. One striking finding was the substantial loss of rehydration capacity 

for many species at leaf water potentials milder than those at which stomata close completely. 

Mesophyll desiccation tolerance as assessed by rehydration capacity was linked with leaf habit, 

leaf structure, and other drought tolerance metrics. Further, mesophyll desiccation tolerance varied 

across ecosystems and climatic ranges among California species, and in the first global analysis of 

published data. These findings have key implications for the estimation of drought impacts, for the 

rapid assessment of drought tolerance, and for the estimation of leaf “survival time” during 

drought. 

 

Recovery of leaf water content after dehydration—rehydration time 

Our approach is a refinement of the classic method introduced by Oppenheimer (Oppenheimer 

1963) to determine “sublethal water deficit”. This approach provides a broadly applicable method 

to quantify leaf viability loss and desiccation tolerance across species diverse in physiology and 

natural history.  

 We first tested the reliability of the approach in timed rehydration studies.  On average, 

leaves rehydrated fully after eight hours, validating the use of overnight rehydration as sufficient 

to fully rehydrate leaves, even when dehydrated to levels at which the vein xylem would be 

embolized (Brodribb et al. 2017; Scoffoni et al. 2017; Garnier et al. 2001). Contrary to previous 

studies, we saw no evidence of progressive oversaturation with time (Rychnovska 1967; Arndt et 

al. 2015). This might be the results of differing susceptibility across leaf growth forms. 
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Rychnovska found evidence for oversaturation in xerophilous grasses and while Ardnt et al. 

studied rehydration methods across plant functional types the most dramatic responses were seen 

in grass species with rehydration times >20 hours. Notably, mesophyll dehydration tolerance is a 

bulk parameter and future work is needed to resolve the specific cells and the changes undergone 

during loss of rehydration capacity; the loss of rehydration capacity would indicate either 

irreversible volume shrinkage of living cells and/or death of the cells resulting in the inability to 

rehydrate. Using viability staining in dehydration experiments, Oppenheimer found mesophyll 

cells to be most sensitive to loss of viability, indicated by failure of cells to take up neutral red 

stain, followed by those cells closest the vasculature (likely bundle sheath, though not specified), 

with the thicker-walled epidermal cells far more resistant than other cell types in Nerium oleander 

(Oppenheimer & Leshem 1966). However, the generality of those results remains untested. Further 

studies are also needed of longer-scale responses of leaves on droughted plants, weeks or months 

after recovery from water deficits (Brodribb et al. 2010; Anderegg et al. 2013) i.e., to determine if 

they can recover or are shed, in species of a range of leaf habits (Skelton et al. 2017).  

 

Recovery of leaf water content after dehydration—relationship to degree of dehydration 

We found a general linear relationship between PLRC and RWC at dehydration.  While most 

studies found similar trends (Oppenheimer 1963; Weinberger et al. 1972; Buckley et al. 1980; 

Peace & Macdonald 1981; Hinckley et al. 1983; Goldstein et al. 1985; Kapos & Tanner 1985; 

Park 1989; Alexandre 1991; Burghardt & Riederer 2003; Burghardt et al. 2008), some previous 

work found water content recovery to drop exponentially with leaf dehydration (Rychnovska M 

1967; Florineth 1980; Rambousková 1981; Sommerville & Read 2008). The linear relationship 

would indicate that progressive dehydration leads to damage to a proportional number of cells such 
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that they cannot rehydrate to their maximum capacity, and/or linear accumulation of killed cells 

(i.e. patchy cell death; Oppenheimer & Leshem 1966; Kramer & Boyer 1995). Cells are expected 

to be damaged or killed by dehydration by shifts in ion concentrations outside the range that can 

be tolerated, damage to the cytoskeleton and/or membranes, and accumulated free radical damage 

(Mittler ; Foyer & Noctor 2005; Miller et al. 2010; Sharma et al. 2012). 

Despite the typical linear response, our study identified greater diversity in mesophyll 

desiccation tolerance than expected based on the previous literature. For example, based on the 

inflection point of the dehydration-rehydration curves typically occurring at approximately RWC 

of 90%, previous studies typically identified sublethal water deficit as the RWC@PLRC10 

(Oppenheimer & Leshem 1966; Weinberger et al. 1972; Buckley et al. 1980; Florineth 1980; 

Goldstein et al. 1985; Kapos & Tanner 1985; Burghardt et al. 2008). We found some species to 

decline linearly above RWC of 90%. Additionally, three of our study species (Ceanothus spinosus, 

Quercus agrifolia, and Quercus berberidifolia) recovered from extreme water deficits (<10% 

RWC) to 48-66% of their initial pre-dehydration saturated water content.  These species are 

evergreens native to chaparral, and are thus adapted to maintaining leaves through severe drought 

events (Venturas et al. 2016), even if these leaves achieve only partial recovery in function after 

the severe droughts. In this way, they show a degree of “resurrection” type behavior, such as found 

in species that can recover from complete dehydration (>300 species (Rascio & Rocca 2005); e.g., 

Craterostigma wilmsii (Cooper & Farrant 2002), Haberlea rhodopensis (Moyankova et al. 2014), 

and Selaginella lepidophylla (Eickmeier 1979). Further, study is needed in areas of extreme 

drought to establish the metabolic and functional viability of leaves of these species after extreme 

drought.   
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Loss of leaf rehydration capacity in the sequence of drought response 

Across species, at relative water contents at which stomatal conductance was reduced by half, 

leaves of most species had already lost substantial rehydration capacity. On average across our 

species, stomata begin to close well before the turgor loss point, at which point stomata have closed 

by 80% and leaves have already reached 10% PLRC. Our findings challenge the notion that 

stomata close early to protect tissues from significant damage, and instead indicate that many 

species avoid stomatal closure even at the cost of leaf viability, in terms of PLRC, such that the 

mesophyll has undergone pronounced stress at the time that stomata fully close. Indeed, many 

species suffered some damage, with PLRC values of 0-22%, at turgor loss point, suggesting that 

most species do not recover fully immediately after rehydration from turgor loss. That finding is 

consistent with the results of a recent meta-analysis indicating that species rarely reach turgor loss 

point during typical seasonal droughts (Bartlett et al. 2016).  A recent study suggested that across 

species an absolute, extreme threshold for stomatal closure (-4 MPa) exists to avoid rapid loss of 

viability and ultimately leaf death via hydraulic failure (Martin-StPaul et al. 2017). Indeed, in our 

species 80% of stomata closed on average well above this threshold (-2.4 MPa) and turgor was 

lost on average at 8% loss of rehydration capacity, just above the threshold for metabolic damage 

originally proposed by Oppenheimer & Leshem 1966. The point at which 50% of viability was 

lost was well outside of the range of other informative traits in the sequence of drought response; 

consequently, in contrast to other systems in which lethal doses are quantified as 50% loss of 

viability, PLRC50 is not a biologically relevant index of leaf desiccation tolerance, though 

PLRC10 is useful.  

While these findings necessitate reconsideration of typical ideas of stomatal protection, 

they are consistent with recent studies of specific points in the sequence of leaf responses to 
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dehydration, which have indicated substantial reductions in leaf function before full stomatal 

closure. Thus, Brodribb et al. (2003); Johnson et al. (2011), and Bartlett et al. (2016) showed that 

leaf hydraulic conductance declined strongly before stomata closed by 50%. Our studies are also 

consistent with previous work showing that metabolic damage occurs at approximately RWC of 

70% (Oppenheimer & Leshem 1966); that level of dehydration corresponded on average to 

PLRC10 (65.9±4.2%) Yet, our finding that turgor is lost and damage occurs before stomata fully 

close was inconsistent with other descriptions of the drought impact sequence in which stomatal 

closure was expected to precede important loss of leaf function. In three deciduous and two 

evergreen plant species, Burghardt and Riederer (2003) found that complete stomatal closure 

occurred at the turgor loss point (RWC of 80-90% across species) and well before water deficits 

resulting in PLRC10 (RWC at PLRC10= roughly 50% across species). The focus species in this 

study, however, possess relative drought intolerant leaves relative to our Southern California 

species and thus may exhibit different stomatal behavioral strategies. Thus, further study is needed 

to confirm these rankings across more diverse species. 

 

Variation in species recovery in water status with ecosystem and leaf habit 

Across the study species of Southern California, those native to woodlands showed the highest 

sensitivity to mesophyll dehydration and chaparral species showed the least. Similarly, the degree 

of damage at different stages of leaf dehydration including turgor loss point and leaf water potential 

of -2MPa was greater in woodlands than chaparral. This relationship between species’ capacity to 

recover and environment was further supported by the evolutionary correlations of PLRC with 

variables reflecting climatic aridity in their native ranges. These findings suggest that mesophyll 
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desiccation tolerance would be important for survival in areas subject to both atmospheric and soil 

drought.    

We determined two types of parameters from the dehydration-rehydration curves to 

quantify mesophyll desiccation tolerance: the measures of leaf water status corresponding to given 

PLRC (e.g., RWC and Ψleaf corresponding to PLRC10) and the PLRC corresponding to given levels 

of dehydration (i.e., turgor loss point, -2 MPa and stomatal closure by 50 and 80%). We found that 

the PLRC corresponding to given levels of leaf dehydration were more important in distinguishing 

species of different ecosystems and climates. This finding is consistent with the adaptation of 

plants not to maintain an arbitrary level of leaf water status (i.e., a given leaf water potential) at 

PLRC10, but rather to maintain mesophyll of a given functionality (i.e., above a given PLRC) at 

the level of leaf hydration afforded by its environment (i.e., ranges of soil water potential and vapor 

pressure deficit) and its hydraulic-stomatal system. Notably, the two species of driest climates 

were desert species, yet these species generally showed less desiccation tolerance than those native 

to chaparral. This finding is consistent with previous work showing that the leaves of many desert 

species are adapted to operate when water is abundant, and thus to possess traits adapted for 

maximal water fluxes in those high resource pulses (Maximov 1929; Grubb 1998). Our findings 

suggest that these desert species do not necessarily show strong leaf desiccation tolerance, a 

finding that should be confirmed and extended in a broader set of species from arid ecosystems.  

Species with evergreen leaves showed greater rehydration capacity than deciduous species 

at turgor loss point and at -2 MPa. These differences are consistent with other drought tolerance 

metrics: evergreen species tended to have more negative leaf water potentials at turgor loss point 

and at stomatal closure. These findings further support the well documented ability of evergreen 

leaves to better maintain water status at lower leaf water potential than deciduous leaves 
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(Burghardt & Riederer 2003) and the dominance of evergreen leaves in areas associated with 

environmental stresses (Chabot & Hicks 1982; Reich et al. 1992). These differences in 

performance likely stem from structural and compositional differences between evergreen and 

deciduous leaves, e.g. denser cells and thicker cell walls (Villar et al. 2006; John et al. 2017), 

which prevent damage at low water potentials, potentially related to higher modulus of elasticity 

(ε; Bartlett et al. 2012b). 

We investigated the structural and functional trait correlates of mesophyll dehydration 

tolerance both as potential mechanisms for desiccation tolerance, as traits co-selected during 

drought adaptation, or as potential predictors of leaf desiccation tolerance. The relative water 

content and Ψleaf at turgor loss point correlated with the relative water content and the Ψleaf at which 

10% of rehydration capacity was lost; species more sensitive to loss of rehydration capacity were 

also more sensitive to turgor loss. However, we found no significant relationships between PLRC 

and osmotic potential at full turgor thus providing no evidence that a high osmotic concentration 

acts to maintain water status and protect cytoplasm under stress contributing to rehydration 

capacity. More sensitive species did tend to have higher elasticity modulus and thus more rigid 

cell walls providing stronger evidence for a structural explanation. Rigid cells walls minimize cell 

volume shrinkage as soil and leaf water potential falls (Bartlett et al. 2012b), and thus would be 

associated with water status maintenance, rather than the capacity to recover. Thus, species with 

flexible cell walls (lower modulus) would likely have lower RWC at significant loss of rehydration 

capacity. Additionally, across species, rehydration capacity was linked with gross leaf dimensions: 

the ability to rehydrate from lower relative water content and Ψleaf was correlated with smaller leaf 

area and greater leaf thickness. Further, functional traits including specifically leaf density, leaf 

mass per area, and saturated water content correlated strongly with Ψleaf at PLRC. Future work is 



 

 

 128 

needed to disentangle the degree that these traits may contribute causally to PLRC, or are 

independently co-selected during adaptation to drought tolerance. Also, future work is needed to 

compare the relationships between PLRC and easily measured functional traits in other groups of 

species to test their generality, as these could provide means to rapidly estimate mesophyll 

desiccation tolerance. 

 

Relevance to calculations of leaf survival time and the need for greater sophistication 

Many studies have estimated leaf survival time under the assumption that leaves sustain no damage 

before stomatal closure, and, indeed, that they survive even the depletion of the remaining water 

by cuticular evaporation (gmin; Martı́nez-Vilalta et al. 2002). at given vapor pressure deficit. 

However, our findings of substantial PLRC before 50% stomatal closure indicate that a more 

sophisticated framework needs to be developed for understanding water storage in leaves. Given 

that leaf water storage has been considered an important determinant of overall drought tolerance 

for succulents (Ogburn & Edwards 2012, Sack et al. 2005; Bartlett et al. 2012b, Bartlett et al. 

2016), mangroves (Ball 1988), herbs (Robichaux 1984) and dryland shrubs (Blackman & Brodribb 

2011; Gleason et al. 2014), the inclusion of the loss of viability (or mortality) of organs or whole 

plants as water is depleted will need to be considered, or estimates of leaf water storage and 

survival time may be many-fold too high because the leaf would have experienced loss of function 

after losing only a fraction of that water (or enduring a fraction of that dehydration time). 

Alternatives will require modeling water storage capacity as a dynamic function of leaf water status 

taking into account the loss of leaf function associated with given levels of dehydration and loss 

of leaf water. Thus, as “functional” leaf water storage may be that lost before PLRC10 (or another 

index of functional damage), which occurs even before stomata close, the comparison of species 
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in their water storage, and its contribution to their drought tolerance, will depend not only on 

calculations based on environmental parameters such as VPD and gmin, but also the PLRC and 

stomatal response to leaf water potential. Notably, leaf tissues may differ in their PLRC, and 

specific leaf water storage tissues may release their water first, buffering the mesophyll from 

dehydration (Nobel 2006; Ogburn & Edwards 2012; Oppenheimer & Leshem 1966). 

 

Comparisons across ecosystems based on compiled published data 

We compiled RWC@PLRC10 and RWC@PLRC25 data from 17 papers for 89 species representing 

five ecosystems.  We found a range of values (22-91 and 31-86 %) comparable to our Southern 

California species and a similar mean (61.4±1.8 and 65.9±4.2%. Species differed considerably in 

their RWC@PLRC10 across ecosystems. Species native to rainforests and Mediterranean 

woodlands had the most sensitive leaves, while Mediterranean chaparral, temperate forest and 

grassland species had the lowest RWC@PLRC10 on average. A likely explanation for this pattern 

is that mesophyll desiccation tolerance is less importantly related to overall annual rainfall or 

aridity, and most important when leaf dehydration is typically experienced during the growing 

season.  Systems which experience occasional or seasonal drought during the growing season (i.e., 

temperate forests and grasslands) thus showed the highest potential to recover under severe 

dehydration. By contrast, Mediterranean chaparral plants have typically wet growing seasons in 

late spring and early summer, and can be dormant, with closed stomata or even shedding leaves 

during the dry summer. Finally, plants of Mediterranean woodlands typically inhabit riparian 

zones with year-round water supply, and similarly, tropical forests have typically wet soil. These 

systems would experience lower selective pressure for mesophyll desiccation tolerance.   
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In the global data compilation, as in the California study species, there were no significant 

differences in leaf rehydration capacity between trees or shrubs, but grasses were significantly 

different from other growth forms. Contrary to our study species, in the global data compilation, 

we found no significant differences in mesophyll desiccation tolerance by leaf habit, potentially 

due to the stronger functional variation in among evergreen and deciduous leaves across diverse 

ecosystems and/or from discrepancies in methodology across many studies. Additional data are 

required for diverse ecosystems using a standard methodology to resolve this question.      

 

Future directions in determining leaf viability 

We have updated and refined the measurement approach for the classical estimation of leaf 

mesophyll dehydration tolerance, including the calculation of parameters representing thresholds 

for the loss of leaf viability with physiological drought, enabling these to be included in the 

framework for the sequence of leaf dehydration.  This new framework presents opportunities for 

future study principally to identify the mechanisms for species differences in PLRC thresholds. 

Our study indicated that cellular solute concentration associated with osmotic potential at full 

turgor, and elastic modulus may contribute to desiccation tolerance.  

While classical work has shown the correspondence of PLRC to other indices of cell failure 

and mortality, further experiments are needed to relate PLRC to other indexes of recovery 

including gas exchange capacity, chlorophyll fluorescence, and hydraulic conductance. Further, 

while PLRC is determined over the time course of 8h, and this is sufficient to reflect what would 

occur with 24h of rehydration, it is possible that over longer time periods after re-watering of a 

plant and leaf rehydration, that additional capacity could be recovered (Rychnovská-Soudková 

1963). Still, the loss of leaf function reflected in >10% loss of rehydration capacity would result 
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in a significant reduction of photosynthetic performance and yield in at least the short term, a 

meaningfully negative impact of water stress. We note also that the drought hardening imposed on 

plants in this study, considered necessary to quantify responses for plants droughted as they would 

be in the field (Ruiz-Sánchez et al. 2000; Yang et al. 2015), i.e., dehydration below turgor loss 

point, may have led to some loss of rehydration capacity or cell wall elasticity even before this 

was quantified. Indeed, studies are needed to examine if repeated leaf dehydration and rehydration 

would lead to accumulation of PLRC, in the way that vulnerability to loss of hydraulic conductivity 

accumulates, known as “cavitation fatigue” in stem xylem (Hacke et al. 2001), and embolism 

accumulates over multiple droughts in whole trees, known as “legacy effects” (Anderegg et al. 

2013).  

Given that leaf water status thresholds for PLRC correlate across ecosystems with drought 

adaptation, and correlate with other drought tolerance traits, it is likely that mesophyll dehydration 

tolerance is adaptive and important among traits determining overall drought tolerance, in addition 

to traits that delay dehydration (i.e., rooting depth, turgor loss point, resistance to xylem 

embolism). Thus, quantifying the loss of rehydration capacity is useful as an estimate of 

desiccation tolerance, and to elucidate functional water storage and leaf survival. Finally, 

quantifying rehydration capacity would have applications toward achieving greater precision in 

estimating leaf water content or water potential from leaf thickness, which has applications in crop 

and forest monitoring and irrigation design (Afzal et al. 2017). Previous work has found hysteresis 

in experiments using leaf thickness as an index of water content (Buquez 1987), given that tissues 

do not fully recover in thickness and volume after rehydration. The ability to account for losses of 

rehydration capacity as a function of dehydration could thus improve the ability to estimate relative 

water content from leaf thickness during repeated cycles of dehydration and rehydration.  
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Table 4.1. Legend of trait symbols and their units.  
Symbol Trait Units 

Thresholds for leaf viability loss  

RWC at PLRC10 leaf relative water content at which 10% of rehydration capacity is lost  % 

              PLRC25                                                          25% of rehydration capacity is lost  % 

              PLRC50                                                          50% of rehydration capacity is lost  % 

Ψ at       PLRC 10 leaf water potential at which 10% of the capacity to rehydrate is lost  MPa 

              PLRC 25                                                25% of the capacity to rehydrate is lost  MPa 

              PLRC 50                                                50% of the capacity to rehydrate is lost  MPa 

   

Leaf viability loss at given key stages of leaf dehydration  

PLRC at SC80 % leaf capacity to recover lost at 80% stomatal closure % 

               SC50                                                      50% stomatal closure % 

               TLP                                                      turgor loss point % 

               -2MPa                                                      water potential of -2 MPa % 

               RWC70                                                      30% relative water content % 

   

Leaf water relation traits  

ΨSC80 80% loss of stomatal conductance (stomatal closure) MPa 

ΨSC50 water potential at which 50% of stomatal conductance is lost (50% stomatal closure) MPa 

RWCSC80 relative water content at 80% loss of stomatal conductance (stomatal closure) % 

RWCSC50 relative water content at 50% loss of stomatal conductance (50% stomatal closure) % 

gmin minimum epidermal conductance mmol·m-2·sec-1 

Po leaf osmotic potential at full turgor MPa 

Ψtlp leaf water potential at turgor loss point  MPa 

RWCtlp relative water content at turgor loss point  % 

RWCtlps symplastic relative water content at turgor loss point  % 

ε modulus of elasticity  MPa 

εsym symplastic modulus of elasticity MPa 

CFT capacitance at full turgor  MPa-1 

Ctlp capacitance at turgor loss point  MPa-1 

CFTsym symplastic capacitance at full turgor  MPa-1 

CTLPsym symplastic capacitance at turgor loss point  MPa-1 

CFTabs absolute capacitance at full turgor  mol·m-2·MPa-1 

   

Leaf structure and composition  

LT leaf thickness  mm 

LA leaf area  cm2 

LD leaf density  g·m-3 

LMA leaf mass per area  g·m-2 

SWC saturated water content (measured) g 

SI succulence index - 

   

Climate Variables  

AI aridity index - 

PET potential evapotranspiration  mm 

MAT mean annual temperature °C 

MAP mean annual precipitation  mm 
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Table 4.2. Trees and shrubs Common Southern California used in our analyses, leaf habit (E= evergreen, D= deciduous), vegetation type (D= desert, C= chaparral, 

W= woodland), growth form (S= shrub, T= tree). Relative water content at 10 and 25 percent loss of rehydration capacity (RWC@PLRC; %) and the percent loss 

of rehydration capacity at turgor loss point (PLRC@Ψtlp), at a bulk leaf water potential of -2MPa (PLRC@-2MPa), and 50% and 80% loss of stomatal conductance 

(PLRC@PLC50; PLRC@PLC80) are presented for each species. * indicate species used in timed rehydration experiments  

Species Family 

Leaf 

habit 

Eco-

system 

Growth 

form 

RWC@ 

PLRC10 

RWC@ 

PLRC25 

PLRC@ 

Ψtlp 

PLRC@ 

-2MPa 

PLRC@ 

SC50 

PLRC@ 

SC80 

Cleome isomeris Capparaceae E D S 49.2 38.2 0.0 15.5 na na 

Encelia californica* Asteraceae D D S 69.3 54.6 na na na na 

Encelia farinose Asteraceae D D S 78.8 70.6 1.2 30.0 6.4 21.4 

           

Cercocarpus betuloides Rosaceae E C S 44.6 34.5 0.0 0.0 0.0 22.1 

Ceanothus spinosus* Rhamnaceae E C S 30.5 24.1 na na na na 

Malosma laurina Anacardiaceae E C T 76.6 61.0 0.7 0.0 0.0 26.1 

Prunus ilicifolia* Rosaceae E C T 79.6 61.0 10.5 9.6 8.1 54.0 

Quercus agrifolia* Fagaceae E C T 65.3 42.0 4.7 0.0 3.5 11.4 

Quercus berberidifolia* Fagaceae E C T 35.4 24.1 0.0 0.0 0.0 0.0 

Rhus integrifolia Anacardiaceae E C S 61.9 47.9 0.0 0.0 na na 

Salvia leucophylla * Lamiaceae E C S 43.6 34.4 10.6 23.9 na na 

           

Alnus rhombifolia Betulaceae D W T 79.9 61.6 21.7 39.1 17.0 20.9 

Betula occidentalis Betulaceae D W T 85.5 66.9 8.8 12.3 2.9 8.5 

Cercis occidentalis* Fabaceae D W S 69.9 55.8 10.8 7.1 0.0 0.2 

Fraxinus dipetala Oleaceae D W S 80.2 57.5 17.8 18.2 1.6 3.5 

Platanus racemosa Platanaceae D W T 85.1 69.1 21.3 21.3 19.0 2.5 

Quercus engelmannii Fagaceae E W T 70.3 51.4 10.9 7.3 na na 

Umbellularia californica* Lauraceae E W T 80.1 62.6 4.0 2.2 0.0 7.8 
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Table 4.3. Mesophyll dehydration tolerance, expressed as the thresholds in relative water content (RWC) and bulk leaf water potential (Ψ) for loss of 10, 25 or 

50% rehydration capacity (PLRC), and the PLRC corresponding to given key stages of leaf dehydration, i.e, at 80% and 50% stomatal closure (RWCsc80 and 

RWCsc50), at turgor loss point (PLRC@tlp), and at -2MPa (PLRC@ -2MPa); and other drought tolerance parameters and leaf structural and compositional traits, 

the  relative water content at turgor loss point (RWCtlp) and bulk leaf water potential at turgor loss point (Ψtlp), osmotic potential at full turgor (πo), water potential 

at 80% and 50% stomatal closure (ΨSC80 and ΨSC50), minimum epidermal conductance (gmin; mmol m-2 s-1), leaf saturated water content (SWC; g·g-1), and leaf mass 

per area (LMA; g·m-2). Mean values are presented for leaf habits (evergreen v deciduous), growth form (tree v shrub), and ecosystem (chaparral v woodland; desert 

species excluded due to low replication). Subscripts indicate parameters as a percent water content recovery (50, 75, or 90), at turgor loss points (tlp), or at 50% or 

80% stomatal closure (sc50, sc80). Means ± standard errors are reported for each group with P-values reported for one-way MANOVAS run on each group of 

traits (e.g. all RWC@PLRC traits). Traits which varied significantly across groups are shown in bold.  RWC means are reported for each group in %, Ψ in MPa. 
Trait Leaf habit    Ecosystem    

 Deciduous Evergreen P Hypothesis Chaparral Woodland P Hypothesis 

Thresholds for leaf viability loss       

RWC@PLRC10 78.1±2.9 59.1±6.5 0.01 ↑D 54.7±6.6 78.5±4.4 0.02 ↑W 

RWC@PLRC 25 62.3±2.7 43.7±4.7 0.005 ↑D 41.1±5.2 60.7±3.6 0.02 ↑W 

RWC@PLRC 50 35.5±4.8 20.1±3.5 0.01 ↑D 18.5±4.0 30.7±4.7 0.07 ↑W 

Ψ@PLRC10 -1.5±0.2 -2.8±0.3 0.02 ↑D -3.1±0.3 -1.7±0.4 0.11 ↑W 

Ψ@PLRC 25 -2.4±0.3 -3.7±0.5 0.08 ↑D -4.3±0.6 -2.6±0.4 0.16 ↑W 

Ψ@PLRC 50 -3.2±0.3 -6.8±1.8 0.17 ↑D -8.2±2.3 -3.9±0.7 0.22 ↑W 

Leaf viability loss at given key stages of leaf dehydration     

PLRC@ SC50 7.8±3.3 1.9±1.1 0.14 ↑D 2.3±1.3 6.7±5.1 0.59 ↑W 

PLRC@SC80 13.2±4.3 20.2±6.4 0.45 ↑D 22.7±7.1 1.09±5.6 0.46 ↑W 

PLRC@ tlp 13.6±3.3 4.1±1.6 0.02 ↑D 3.8±1.7 13.6±3.8 0.04 ↑W 

PLRC@ -2MPa 21.3±4.8 5.9±2.8 0.003 ↑D 4.8±3.2 15.3±7.1 0.04 ↑W 

         

Other drought response parameters      

RWCtlp 74.4±3.6 69.5±4.6 0.98 ↑D 68.0±5.3 74.2±5.2 0.63 ↑W 

RWCsc80 77.5±4.0 56.5±7.3 0.05 ↑D 51.2±6.9 79.2±5.5 0.04 ↑W 

RWCsc50 84.2±4.0 81.1±3.3 0.59 ↑D 78.5±3.1 86.5±5.9 0.42 ↑W 

Ψtlp -1.9±0.1 -2.4±0.1 0.001 ↑D -2.5±0.1 -2.1±0.2 0.008 ↑W 

πo -1.4±0.1 -1.7±0.1 0.01 ↑D -1.7±0.1 -1.6±0.2 0.18 ↑W 

Ψsc80 -1.5±0.2 -3.3±0.5 0.01 ↑D -3.4±0.6 -1.7±0.5 0.05 ↑W 

Ψsc50 -1.0±0.2 -1.8±0.2 0.07 ↑D -1.9±0.2 -1.0±0.3 0.06 ↑W 

gmin 3.5±0.6 4.9±1.4 0.97 ↑D 3.8±0.7 3.3±1.1 0.78 ↑W 

         

Leaf structure and composition       

SWC 3.4±0.6 1.9±0.4 0.04 ↑D 1.7±0.2 2.2±0.3 <0.001 ↑W 

LMA 54.9±4.6 109.7±11.7 0.001 ↑E 119.9±11.7 69.8±12.0 0.001 ↑C 
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FIGURE CAPTIONS 

Figure 4.1. Recovery of leaf water content for dehydrated leaves after different recovery 

(rehydration) times, for 7 species.  On average, leaves recovered water status within 8 hours of 

rehydration. See Table 4.1 for species names. 

 

Figure 4.2. Relationships between the percentage of leaf recovery capacity (PLRC) and relative 

water content at dehydration (RWC) for 18 species native to Southern California. Also shown, 

when data available: the RWC at which turgor is lost (RWCtlp; solid red vertical lines) and 50% of 

stomatal conductance is lost (RWCsc50; dashed blue vertical lines). Trend lines were fitted with 

ordinary least squares to points below PLRC10 (black points). P<0.05*, P<0.01**, P<0.001***.  

 

Figure 4.3. Sequence of responses of stomatal closure, wilting and loss of rehydration capacity 

with leaf dehydration, in terms of leaf relative water content. As relative water content is lost (from 

100% saturation to 0%), 50% of stomatal conductance is lost (SC50), leaf turgor is lost (TLP) and 

10% of the capacity to recover is lost (PLRC10) and 80% of stomata close (SC80), 25% of the 

capacity to recover (PLRC25) is lost, and finally 50% of the capacity to recover is lost (PLRC50). 

This same pattern holds as leaf bulk water potential declines. See Table S4.4 for statistical results.   

 

Figure 4.4. Relationships between relative water content at 10% (RWC@PLRC10; a-d) and 25% 

(RWC@PLRC25; e-h) loss of rehydration capacity and leaf functional traits including leaf area 

(LA), relative water content at turgor loss point (RWCtlp), modulus of elasticity (ε), and leaf 

capacitance at full turgor (Cft).  Lines were fitted with standard major axis for assuming linear or 

power law relationship according to which showed stronger fit. P<0.05*, P<0.01**, P<0.001***. 
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All significant relationships remained significant after correction with phylogenetic independent 

contrasts. (P=<0.001-0.03; Supplementary Table S4.6). 

 

Figure 4.5. 

Relationships between leaf water potential at 10% (Ψ@PLRC10; a-e) and 25% (Ψ@PLRC25; f-j) 

loss of rehydration capacity and leaf functional traits including leaf mass per area (LMA), leaf 

thickness (LT), leaf density (LD), saturated water content (SWC), and leaf bulk water potential at 

turgor loss point (Ψtlp). Lines were fitted with standard major axis for either a power law or linear 

fit (whichever was a stronger fit). P<0.05*, P<0.01**, P<0.001***. All significant relationships 

remained significant after correction with phylogenetic independent contrasts. (P=0.002-0.01; 

Supplementary Table S4.6).  

 

Figure 4.6. Relationships between the percent loss of rehydration capacity at turgor loss point 

(PLRC@tlp; a-e) and -2 MPa (PLRC@-2MPa; f-j) and key leaf functional traits: leaf thickness 

(LT), leaf mass per area (LMA), leaf density (LD), saturated water content (SWC), and bulk leaf 

water potential at turgor loss point (Ψtlp). Lines fitted with standard major axis.  P<0.05*, 

P<0.01**, P<0.001***. Most significant relationships remained significant after correction with 

phylogenetic independent contrasts, however the relationship between PLRC@tlp and leaf 

thickness was not significant after phylogenetic correction. (P=0.22-0.97; Supplementary Table 

S4.6). 
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Figure 4.7. Means for species of given ecosystems for relative water content at ten percent loss of 

rehydration capacity. Different letters indicate significant differences (Tukey’s honest significance 

tests). Means were calculated for species featured in multiple studies (Table S4.7). 
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Figure 4.2 
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Figure 4.3 
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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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SUPPLEMENTARY MATERIAL 

 

(Available in Data Supplement) 

Table S4.1. Determining leaf rehydration capacity and its loss after leaf dehydration. 

Table S4.2. Testing the time required to complete leaf rehydration. 

Table S4.3. Loss of rehydration capacity within the sequence of drought responses. 

Table S4.4. Statistical test placing traits in sequence of drought responses.   

Table S4.5. Correlations across species between traits and of traits and climate. 

Table S4.6. Phylogenetic independent constrasts across species between traits and of traits and 

climate. 

Table S4.7. Meta Analysis for the comparison of desiccation tolerance of mesophyll of southern 

California species with previously compiled data from global ecosystems. 

Table S8. Statistical results for differences across ecosystem and leaf habits for compiled 

literature.   
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CHAPTER 5 

 

 

LEAF HYDRAULIC CAPACITY INFLUENCES SAP FLOW RESPONSES TO VAPOR 

PRESSURE DEFICIT IN LOS ANGELES URBAN TREES 

Abstract 

Urban trees contribute strongly to the water balance of cities rendering essential a quantitative 

understanding of their water use and its regulation. Tree evapotranspiration and sap flow and their 

sensitivity to atmospheric drought (vapor pressure deficit; VPD) have been described by several 

empirical functions representing the plant water transport system (Oren et al. 1999; O'Brien et al. 

2004; Buckley 2005; Sperry & Love 2015), with underlying mechanisms a subject of ongoing 

research. Leaves represent a major bottleneck in the control of plant water transport yet their 

contribution to the regulation of sap flow and its response to VPD has remained unclear. For eight 

common urban trees of Los Angeles, we tested hypotheses for the role of leaf hydraulic capacity 

and functional traits in determining and predicting the response of sap flow to VPD. We measured 

the response of leaf hydraulic conductance (Kleaf) to declining water status (leaf bulk water 

potential; Ψ) and quantified the sensitivity to hydraulic decline as the leaf water potential at 20, 

50, and 80% loss of Kleaf (P20, P50, P80) and synthesized these data with responses derived from 

measured whole tree transpiration (E) and stomatal conductance (g) and their decline with 

increasing VPD. We hypothesized that (1) leaf hydraulic conductance and its vulnerability would 

vary considerably across species and would be coupled with VPD sensitivity of E and g across 

species, a hypothesis supported by hydraulic-stomatal modeling. Consequently, we hypothesized 

that (2) across species, E and g responses to VPD could be related to whole tree and leaf traits in 
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a predictive framework. Across the eight species, the leaf hydraulic conductance for well-hydrated 

leaves (Kmax) varied by 81-fold, P80 from –0.4 to –3.8 MPa, the maximum stomatal conductance 

derived from sapflow (gmax) by >45-fold and the VPD at which 80% of stomatal conductance was 

lost (VPDg80) from -0.2 to -8.3 MPa. We found novel relationships between the control of sap flow 

and leaf physiological and functional traits. Species- specific parameters describing the VPD 

response of g were related to sapwood:total leaf area ratio, Kmax and the water potential at turgor 

loss point (Ψtlp), enabling the prediction of sapflow across species from these traits, total leaf area 

and VPD (R2 = 0.42; P <0.001). This study provides novel insights into the hydraulic basis for tree 

water use and moves toward a framework for predicting whole tree and landscape water use from 

morphological and hydraulic traits for diverse urban species. 

Keywords: stomatal sensitivity, stomatal conductance, vapor pressure deficit, transpiration, urban 

trees, leaf vulnerability, leaf hydraulic conductance, atmospheric drought 
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INTRODUCTION 

As urban centers expand and as droughts increase in frequency and severity as projected by recent 

climate models (Blenkinsop & Fowler 2007; Dai 2013; Carrão et al. 2017), understanding the 

complex drivers of evapotranspiration and its response to atmospheric drought will be critical. 

Although the responses to atmospheric drought at leaf and whole plant scales have been a focus of 

plant physiology for decades (Levitt 1967; Zelitch 1969; Grantz 1990; Damour et al. 2010), a 

mechanistic framework connecting leaf level physiology, such as hydraulic vulnerability to tree 

sensitivity to atmospheric drought has yet to be developed. Such a framework would have 

enormous implications for improved modeling of water use by trees, particularly in urban systems 

where trees rely on irrigation water and play a major role in municipal water use (Litvak et al. 

2017) and must be cultivated according to the balance of their costs and benefits. Quantitative 

descriptions of scaling relationships in plant water use and drought responses from leaf and tree-

scale traits would enable water use predictions for trees and landscapes and potentially could be 

applied across phylogeographically diverse urban systems.   

The Los Angeles Urban Ecosystem (LAUE) is an ecosystem of special concern in regard 

to landscape irrigation water. The LAUE is comprised of an estimated 6 million trees of incredible 

phylogeographic diversity: there are >140 common species and the most common 10 species only 

account for <35% of all trees (Nowak et al. 2007; Pataki et al. 2011; Gillespie et al. 2012). Street 

trees in the LAUE have been shown to rely primarily on irrigation water (Bijoor et al. 2012), 

common urban trees originate from multiple climatic regions, and the most common trees are non-

natives from mesic environments (Nowak et al. 2007; Clarke et al. 2013; Avolio et al. 2015; 

Jenerette et al. 2016) with only two of the most common ten species native to Southern California 

(Dwyer et al. 2000; Clarke et al. 2013; Pataki et al. 2013). As the ecosystem is characterized by a 
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combination of saturated soils and highly variable evaporative demand (VPD from 0.25 to >4 kPa), 

transpiration rate is decoupled from soil water and thus expected to be driven mainly by changes 

in vapor pressure deficit. Consequently, trees in this system must rely on tight stomatal control to 

mitigate water loss. The enormous reported variation in transpiration rates across species in the 

LAUE (from 3.2 ± 2.3 kg·tree-1·d-1 in unirrigated Pinus canariensis to 176.9 ± 75.2 kg·tree-1·d-1 in 

Platanus hybrid, mean for the month of August ± error propagated from radial variance in sapflux 

and variance across species; Pataki et al. 2011) likely arises from differences in stomatal regulation 

and total leaf area. Yet, the detailed physiological measurements needed to describe stomatal 

responsiveness for each of these diverse species are not possible. Thus, general predictive models 

of transpiration and its response to changes in VPD are needed to account for urban forest level 

water management.  

Models from previous studies generally described an exponential decrease in leaf stomatal 

conductance with increased VPD (Massman & Kaufmann 1991; McCaughey & Iacobelli 1994; 

Monteith 1995), such that g can be predicted from VPD:  

 

𝑔𝑙𝑒𝑎𝑓 = 𝑔ref − 𝑚𝑙𝑒𝑎𝑓 × ln (VPD)                 Eqn 5.1 

 

Where gleaf is empirically derived leaf stomatal conductance (typically by porometry) and gref is 

the stomatal conductance at VPD= 1 kPa. The coefficient mleaf has been described as “stomatal 

sensitivity”, i.e., closure under high VPD and varies considerably across species (e.g. 12-787 

mmol·m-2·s-1·ln(kPa)-1 across a literature survey of 24 species by Oren et al. 1999. Oren et al (1999) 

applied this equation to canopy conductance and found this model fitted to empirically derived 

sapflow measurements at the canopy level. Litvak et al. (2012) further modified this model to 
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focus on whole tree transpiration, rather than canopy conductance, to avoid autocorrelation 

(because g is calculated as sapflow-derived E divided by VPD) such that,  

 

𝐸T = 𝐸Tref + 𝑚T × ln (VPD)                            Eqn. 5.2 

 

where ETref is the transpiration of a single species tree stand with the density of 100 trees ha−1 at 

daily average VPD of 1 kPa. In their study across thirteen species of differing wood type, 

sensitivity of the shift in evapotranspiration to changing VPD (i.e., mT) varied considerably across 

species and was correlated with the water potential at which 50% of stem hydraulic vulnerability 

was lost (P50,stem) within wood types suggesting a link between sensitivity in evapotranspiration 

and vulnerability to cavitation in the stem. This novel framework has since inspired hypotheses 

describing theoretical stomatal control on whole tree sap flux (McCulloh & Woodruff 2012).  

Our aim in this study was to improve our understanding of the drivers of the VPD response 

of g and E, and to relate these responses to leaf hydraulic physiology. While the approach of Litvak 

et al. (2012) presented a well-designed innovation by escaping potential autocorrelation, the focus 

on E response to VPD complicates interpretation of the influence of stomatal behavior on mT. As 

VPD increases for a well irrigated tree, an increase in E is expected due to the greater driving force 

associated with higher VPD; if stomata exhibited no response to VPD, this increase would 

perfectly fit a 1:1 line driven by the direct effect of VPD on evaporation, and thus stomatal closure 

would result in negative deviation from that line as flow would decrease relative to the expectation 

from the VPD driving force alone. Thus, a tree featuring more sensitivity stomata would exhibit a 

lower, rather than a higher, mT. Moreover, across diverse species, E as assessed at the per tree 

level, and its absolute response to VPD, would be strongly driven by differences in total leaf area 
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(LAt), regardless of evaporative demand or stomatal behavior. Thus, mT extracted from a 

relationship between tree-scale E and VPD may not be informative of tree stomatal responses to 

VPD.     

 Recent research also points to a more likely role of leaf hydraulic physiology than stem 

hydraulics in influencing tree-scale VPD responses. The recent literature has increasingly reported 

that the water potentials at which decline in stomatal conductance and thus photosynthesis and tree 

evapotranspiration occur are well above those at which stem cavitation induced hydraulic decline 

occurs (Delzon & Cochard 2014; Bartlett et al. 2016). Thus, correlations between stem traits and 

stomatal traits are unlikely to represent a direct mechanistic link between stem hydraulics and 

stomatal responsiveness and the control of tree transpiration. By contrast, leaf hydraulic decline 

occurs at a similar range of leaf water potentials, above turgor loss point and dynamics in stomatal 

behavior (Sack et al. 2016; Scoffoni et al. 2017), and may thus be expected to influence sapflow 

responses to VPD. However, under well water conditions, as for urban street trees, leaves are likely 

not stressed to the point of hydraulic failure. Thus, maximum hydraulic conductance (Kmax), rather 

than vulnerability, may be more influential to whole tree sap flow.  

As stomatal conductance declines in response to increasing VPD, sensitivity to VPD would 

be expressed in terms of absolute decline in g beginning at the maximum g at low VPD. Similarly, 

Kleaf vulnerability is expressed in absolute terms beginning at Kmax until complete hydraulic failure. 

Thus, over the same range of VPD, the absolute shift from gmax or Kmax to complete stomatal 

closure or hydraulic failure would be a greater in a leaf with a higher maximum which would 

therefore be classified as more sensitive. Given that gmax is strongly limited by K at the leaf level, 

it follows that Kmax would be strongly related to g sensitivity to VPD. Indeed, we ran a heuristic 

model of whole plant transpiration rate, parameterized only with species specific Kmax and with 
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leaf vulnerability and all other organ parameters held constant, and found strong relationships 

between g sensitivity to VPD and leaf Kmax and to a lesser degree, leaf vulnerability 

(Supplementary Information section “Simulation of stomatal response to VPD”). 

 In this study we aim to test this relationship empirically, establish an improved mechanistic 

framework for leaf and whole plant traits related to tree stomatal conductance and 

evapotranspiration, and identify functional traits with strong predictive power in quantifying 

species specific urban tree water use and drought tolerance across species. We tested two 

hypotheses for the influence of leaf hydraulic traits on whole tree evapotranspiration and 

sensitivity to shifts in vapor pressure deficit: (1) leaf hydraulic physiology would vary considerably 

across species and would be coupled with the sensitivity of E and g to VPD, and that (2) across 

species, E and g responses to VPD could be related to tree and leaf traits in a predictive framework.  

 

METHODS 

Study species and sampling 

Our study focused on 8 species common to the LAUE located in the Los Angeles Mediterranean 

Basin. Annual mean temperatures range from 17.0 to 18.3 °C and annual mean precipitation from 

32.6 to 37.7 cm (Western Regional Climate Center, http://www.wrcc.dri.edu). These species 

represented seven families from Australia, Asia, and Central, North and South America (Table 

5.1). All trees were grown in low density, open canopy conditions with no considerable understory.  

Trees located at the LA Arboretum received regular irrigation from automated sprinklers and do 

not typically experience significant water stress (McCarthy and Pataki 2010, Litvak et al. 2011). 

Trees of the other species were growing at sites that were neither directly irrigated nor fertilized, 

as the sites are preserved as wildlife sanctuaries and recreational areas, or in the case of Platanus 
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racemosa street trees, grown in sidewalk insets, although nearby urban irrigation (sidewalk 

cleaning, runoff from lawn sprinklers, etc.)  likely subsidizes soil water in these areas (Bijoor et 

al. 2012; McCarthy et al. 2011).  

 

Whole tree transpiration and VPD 

We utilized whole tree physiological and anatomical measurements from Pataki et al. 2011 and 

Litvak et al. 2012. Sapflux measurements were conducted for the outer 2 cm of sapwood for 3-12 

individual trees in spring through winter of 2007 for Q. agrifolia and P. racemosa, 2008 for B. 

discolor, B. populneus, G. triacanthos, J. chelonia, and L. indica, and 2009 for P. americana using 

2-cm-long thermal dissipation probes (Granier 1987). For each tree, a datalogger (CR10X, 

CR1000 and CR3000, Campbell Scientific Inc., Logan, UT, USA) monitored temperature 

dissipation at 30 second intervals, which were then averages across each 30-minute interval.  

Sap flux density in the initial 2 cm of sapwood (Jo) was calculated according to the Granier 

1987 empirical relationship describing temperature changes between probes such that   

 

Jo = 119 (
∆Tmax−∆T

∆T
)

1.231

                   Eqn 5.3 

 

Where ΔT was the measured temperature difference between heated and reference sensors, and 

ΔTmax was measured at night when there was no sap flux. Nighttime transpiration was only 

considered when VPD was >0.3 kPa, otherwise zero flux was assumed. Sap wood depth was 

measured from tree cores taken at the end of the sap flux measurements period and used to 

calculate sapwood area and whole tree transpiration according to Pataki et al. 2011. 



 

 167 

Whole tree sap flux density was then calculated from measured sap flux according to Pataki 

et al. (2011) by considering sapwood depth in 2 cm increments and applying a generalized 

Gaussian function for angiosperms,  

 

Ji = 1.033Joexp (−0.5 (
x−0.09963

0.4263
))

2

                Eqn 5.4,  

where x is the normalized depth of each sapwood increment (0 ≤ x < 1) and Ji is the corresponding 

sap flux density. Whole tree evapotranspiration (E) was then calculated by summing across all 

depths: 

 

𝐸 = 10−3 ∑ Ai
n
1=0 Ji                  Eqn 5.5, 

 

where Ai are sapwood areas of each depth increase. Finally, mean daily E was calculated for each 

species by averaging across all 30-minute intervals for each individual then across all individuals. 

Daily mean VPD was calculated for each tree from measurements of temperature and relative 

humidity at 1/3 to 1/2 of the canopy height (HMP45C, Vaisala Inc., Helsinki, Finland) from 30 

second datalogger (CR10X, CR1000 and CR3000, Campbell Scientific Inc., Logan, UT, USA) 

intervals averaged to the half hour.   

  

Gross tree and leaf morphometrics 

We measured diameters at breast height (DBH) and total tree height for each of three trees per 

species and estimated the total leaf area for each tree based on scaling principles (Santiago et al. 

2000; Kagawa et al. 2009). We considered “large”, “medium” and “small” branches for each 

species, and counted the numbers of large branches per tree, the total number of medium branches 
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per large branch for 4-11 large branches (depending on tree size), the total number of small 

branches per medium branch on five randomly selected medium branches, and the total numbers 

of leaves on three small branches from each tree. We estimated the total number of leaves per tree 

by multiplication, and the total leaf area per tree by multiplying further by the projected area of a 

single leaf averaged across three leaves (one large, one medium, and one small) collected from full 

sun and three leaves collected from deep shade for each individual. Leaf areas were measured 

using ImageJ software on scans (using a flatbed scanner, Epson Perfection 4490 Photo scanner; 

600 dots per inch; and ImageJ software version 1.42q; National Institutes of Health) of sun and 

shade leaves after overnight rehydration. We divided species mean sapwood area calculated from 

sapwood depth determined visually from tree cores collected after sapflux measurements by Pataki 

et al. (2011) by the species mean total leaf area to obtain sapwood area:leaf area ratio (SA:LA). 

 

Construction of leaf hydraulic vulnerability curves 

Mature sun exposed leaves were collected from three individuals of each species between June of 

2012 and October of 2013. Entire branches were cut then taken to the lab with wet paper towel in 

black plastic bags. Branches were then recut under deionized water by at least two leaf or branch 

nodes. To prevent tissue shrinkage, freshly cut branches were rehydrated overnight with the cut 

ends of stems submerged in deionized water and covered with dark plastic bags before experiments 

began. 

 We constructed hydraulic vulnerability curves for each species using the evaporative flux 

method (Scoffoni et al. 2012). We fitted linear ( 𝐾leaf = 𝑏 × Ψleaf + 𝑎 ), sigmoidal 𝐾leaf =

𝑎

1+𝑒
−(

Ψleaf−𝑐

𝑏
)
) logarithmic (𝐾leaf =

𝑎

1+(
Ψleaf

𝑐
)

𝑏), and two (𝐾leaf = 𝑎𝑒−𝑏Ψleaf ) or three parameter 

exponential (𝐾leaf = 𝑐 + 𝑎𝑒−𝑏Ψleaf) functions to 32-78 points and selected the best fit model by 
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maximum likelihood based on Akaike Information Criterion values corrected for small sample 

size (AICc; Anderson & Burnham 2002; Burnham et al. 2011) calculated using the optim function 

in R version 3.2.3 (http://www.r-project.org; Burnham & Anderson 2004; Sack et al. 2006). 

Function parameter values were determined by simulated annealing procedure for global 

optimization, followed by the Nelder-Mead simplex procedure for local optimization and standard 

errors were generated from the Hessian matrix. From these vulnerability curves, we extracted 

maximum leaf hydraulic conductance (Kmax) and the leaf water potential at which 20, 50, and 80% 

of hydraulic conductance was lost (P20, P50, P80,).  

 

Quantifying stomatal sensitivity to VPD 

We calculated daily mean whole tree stomatal sensitivity (g) as 

 

𝑔 =
𝐸

(LA×VPD)
                    Eqn 5.6 

 

for each day for each species, where g is stomatal conductance E is transpiration rate LA is leaf 

area and VPD is vapor pressure deficit.  We selected the model that best described the relationship 

between g and mean daily VPD for each species based on the minimum Akaike Information 

Criterion score corrected for sample size (AICc) across the same linear, logistic, sigmoidal, and 

two-parameter and three-parameter exponential models as for Kleaf, but substituting g for Kleaf and 

VPD for Ψleaf. The most common best fit model across species was a logistic,  

 

𝑔 =
𝑎

1+(
VPD

𝑐
)

𝑏                   Eqn 5.7 
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where fitted parameter a, represents the y-intercept of the curves and thus the maximum stomatal 

conductance (gmax), while parameters b and c relate to the sensitivity of g to decline with increased 

VPD such that a high b or c would describe a species featuring a rapid decline in g with changes 

in VPD. Parameter b is a stomatal sensitivity shape parameter, whereas c represents the VPD at 

which 50% of stomatal conductance is lost (VPDg50)  

 For two species (Gleditsia triacanthos and Persea americana), three-parameter 

exponential curves were selected by maximum likelihood, 

 

𝑔 = 𝑐 + 𝑎−𝑏×VPD                    Eqn 5.8 

 

where a represents the y-intercept or gmax, b the rate of g decline with VPD, and c the horizontal 

asymptote, i.e., the g at very high VPD. Based on these curves we extracted gmax and the VPD at 

which 20, 50, and 80% of stomatal conductance was lost (VPDg20, VPDg50, and VPDg80).  

 

Identifying trait suites across leaf and stem hydraulic traits 

We tested for ahistorical correlations within and between leaf and whole tree traits across the eight 

diverse urban angiosperm trees featured in our study using the lm function in R (Wilkinson & 

Rogers 1973; Chambers 1992) on untransformed and log- transformed data (R statistical software). 

Data were log transformed to account for possible lack of normality and heteroscedasticity in some 

relationships (Sokal & Rohlf 1981). In cases where correlations fit better to log transformed data, 

power laws were fit to raw data in all figures.  

 

Predicting tree stomatal conductance from leaf hydraulic physiology and gross tree morphology 
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We tested the ability of traits to predict the g response to VPD across species by testing trait 

relationships with the parameters of the species’ response curves. To enable prediction of all tree 

responses, we fitted the logistic function to all species’ g responses to VPD. 

Given previous work at shoot and tree scale (Granier et al. 2000; Buckley & Roberts 2006) 

we expected, all else being equal, gmax to be positively related to whole-tree sapwood: leaf area 

ratio. We expected, all else being equal, the shape parameter b of the response and/or the c 

parameter, VPDg50, to be related to Kmax, on the basis that species with higher Kmax would have 

higher leaf-scale maximum stomatal conductance (Franks 2004; Scoffoni et al. 2016), which for a 

given sensitivity to leaf dehydration would close more steeply in absolute terms. We tested this 

assumption using a hydraulic-stomatal model (see Supplemental Methods, “Simulation of stomatal 

response to VPD.” and Supplemental Results “Simulations of g from Kleaf vulnerability.”). We 

expected species with greater leaf hydraulic vulnerability and lower LMA, or with less negative 

turgor loss points, being typically less drought tolerant (Bartlett et al. 2012) would close stomata 

under lower VPD (Bunce 1997; Tardieu & Simonneau 1998; Cunningham 2004; Franks et al. 

2007). We used the tightest of these correlations (see Results) in a predictive model for the g 

response to VPD overall across all trees of all species. Thus, we predicted each species’ parameter 

a from the empirically derived relationship across all species of a to SA:LA, each species’ 

parameter b from the empirically derived relationship across all species of b to Kmax, and each 

species’ parameter c from the empirically derived relationship across all species of c to turgor loss 

point (Ψtlp). Thus gmax (parameter a in Eqn 5.7) was a linear function of SA:LA:  

 𝑎 = 𝑚𝑎 × SW: LA + 𝑏𝑎                   Eqn 5.9 

where ma is the slope and ba is the intercept. Similarly, the exponent in Eqn. 5.7 (parameter b; 

sensitivity coefficient) was a linear function of leaf Kmax:  
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𝑏 = 𝑚𝑏 × 𝐾max + 𝑏𝑏                  Eqn 5.10 

where mb and bb are intercept and slope respectively. Finally, the denominator in the logistic Eqn. 

5.7 (parameter c; VPDg50) is a linear function of Ψtlp: 

𝑐 = 𝑚𝑐 × Ψtlp + 𝑏𝑐                  Eqn 5.11 

where mc and bc and the slope and intercept of this relationship.  

Thus, combing eqns 5.7 and 5.9-5.11, we tested the full model predicting g at a given VPD 

across all trees of all species: 

𝑔 =
𝑚𝑎×H+𝑏𝑎

1+(
VPD

𝑚𝑐×𝐾max+𝑏𝑐
)

𝑚𝑏×Ψtlp+𝑏𝑏
                 Eqn 5.12 

We fitted this model to the data for all trees of all species for each daily mean g value to test its 

overall predictive ability. We also tested the product of this model with total leaf area in its 

ability to predict whole-tree E for trees of all species for each daily mean E value to test its 

overall predictive ability.   

𝐸 = (
𝑚𝑎×H+𝑏𝑎

1+(
VPD

𝑚𝑐×𝐾max+𝑏𝑐
)

𝑚𝑏×Ψtlp+𝑏𝑏
) × LAT × VPD              Eqn 5.13 

 

We tested this model against two null models. The first of these null models assumes no stomatal 

response to VPD where E is a predicted for each species from a 1:1 relationship with the product 

of the mean gmax across species, LAT, and the driving force, VPD:  

𝐸 = 𝑔max × LAT × VPD                 Eqn 5.14 

The second null model predicts E for each species from the logistic function describing g 

response to VPD using parameter inputs specific to each species, LAT, and VPD: 

𝐸 = (
𝑎

1+(
VPD

𝑐
)

𝑏) × LAT × VPD                Eqn 5.15 
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To compare these models, we calculated AIC scores using linear models of E observed vs E 

predicted by each model fitted by maximum likelihood using the optim function in R version 

3.2.3 (http://www.r-project.org; Burnham & Anderson 2004). Residuals were determined by 

simulated annealing procedure for global optimization, followed by the Nelder-Mead simplex 

procedure for local optimization and standard errors were generated from the Hessian matrix. 

RESULTS 

Variation in leaf level and tree traits  

We compared thresholds for hydraulic decline across the eight study species and found strong 

variation in leaf hydraulic vulnerability (Figure 5.1; Table 5.2). Kmax varied from 0.4 mmol·m-2·s-

1·MPa-1 in B. discolor to 32.7 mmol·m-2·s-1·MPa-1 in P. racemosa. The decline in leaf hydraulic 

conductance with decreasing water potential was best described with the logistic function for most 

species (B. discolor, G. triacanthos, J. chelonia, and P. racemosa), exponential for two species (B. 

populneus and P. americana), and linear for two species (L. indica and Q. agrifolia). Leaf P20 

varied from -0.03 MPa for P. racemosa to -1.4 MPa in B. discolor, P50 from -0.1 MPa for P. 

racemosa to -2.4 MPa in Q. agrifolia, and P80 from -0.4 MPa for P. racemosa to -3.8 MPa in Q. 

agrifolia. Finally, we observed 1.7-fold variation in leaf water potential at turgor loss point across 

species (from -1.8 MPa in L. indica to -3.1 MPa in G. triacanthos).    

 The observed variation in leaf hydraulic traits was correlated to the sensitivity of g to VPD 

(Figure 5.2a-b; Table 5.1). Maximum stomatal conductance at low VPD (averaged across total leaf 

area in m2) ranged from 2.6 mmol·m-2·s-1 in B. populneus to 9.2 mmol·m-2·s-1 in L. indica. The 

subsequent decline in stomatal conductance with increasing VPD was best describe by a logistic 

function in most species, but an exponential function in two species (G. triacanthos and P. 

americana). The VPDg20 and VPDg50 varied from 0.005 and 0.04 kPa respectively in Q. agrifolia 
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to 2.3 and 3.0 kPa respectfully in J. chelonia. VPDg80 varied from 0.24 kPa in Q. agrifolia to 8.3 

kPa in B. populneus.  

We found over 8-fold variation in SA:LA from 0.6 cm2·m-2 in Q. agrifolia to 5.3 cm2·m-2 

in L. indica. Despite only two-fold variation across the study trees in DBH, the total leaf area per 

tree varied over 30-fold.   

 

Relationships of maximum stomatal conductance and leaf and tree traits 

Canopy-integrated maximum stomatal conductance was correlated with SA:LA across the eight 

species of morphologically diverse, common urban trees (Fig. 5.3; r=0.75; P=0.04). Notably, we 

found no significant relationships between sapflow-derived canopy-integrated gmax and leaf-scale 

Kmax extracted from leaf vulnerability curves (P=0.65);  

 

Relationships of stomatal sensitivity to VPD and leaf and tree traits 

Leaf hydraulic vulnerability was strongly linked to whole tree stomatal sensitivity to VPD. Species 

with more vulnerable Kleaf showed greater sensitivity of canopy-integrated g to VPD. Thus, leaf 

P80 was negatively correlated with the VPDg20 and VPDg50 (r=-0.73 and -0.78; P=0.02 and 0.04), 

though unrelated to VPDg80 (P=0.1). Notably, leaf P20 and P50 were statistically unrelated to 

VPDg20, VPDg50, and VPDg80 (P=0.07-0.85). Similarly, the stomatal sensitivity coefficient b in 

eqn. 5.7 was statistically linked to leaf P20 (Fig 5.4a; r=-0.73; P=0.04), P50 (Fig 5.4b; r=-0.83; 

P=0.01) and P80 (Fig 5.4c; r=-0.87; P=0.005) and strongly related to leaf Kmax (Fig 5.6a; r=0.86; 

P=0.006). The VPDg50 was negatively related to Ψtlp (Fig 5.5b; r=0.84; P=0.009) and LMA (Fig 

5.5a; r=-0.87; P=0.006).  
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Correlations among other hydraulic and morphometric traits 

Thresholds for leaf hydraulic decline were significantly inter-correlated across species 

(Supplemental Table S5.4; Table S5.3; r=0.73-0.96; P<0.001). However, we found no significant 

correlations between P20 (P=0.45).  Similarly, VPD at 20, 50, and 80 loss of tree g were 

intercorrelated (r=0.78-0.80; P<0.001). 

 We found evidence for a tradeoff between leaf hydraulic safety and efficiency; Kmax was 

negatively correlated with leaf P20 and P50 (r=-0.79 and -0.73; P=0.02 and 0.04). Notably, we 

found no relationship between canopy-scale gmax and the VPD at 20, 50, or 80 percent loss of g 

(r=-0.20 to -0.26; P=0.54-0.63).    

 Leaf functional traits showed strong relationships with hydraulic traits. P80 was correlated 

with LMA (r=0.84; P=0.01) where species with high LMA were less hydraulically vulnerable to 

decreasing water potential, and P50 was correlated with Ψtlp (r=0.74; P=0.04). 

 

Predicting tree stomatal conductance and transpiration rate 

We fitted a statistical model to predict stomatal conductance at a given VPD based on relationships 

between the parameters of the sapflow-derived canopy-scale g response to VPD (Table 5.3) and 

SA:LA (Supplemental Table S5.2; Fig. 5.6a), Kmax (Fig. 5.6b), and Ψtlp (Fig. 5.6c) and tested its 

predictive power at mean daily VPD values for all trees of all species. This model showed strong 

predictive power (Fig. 5.7; R2=0.77), though with a low bias as the slope of the fitted line forced 

through the intercept was less than 1:1 (slope = 0.82).  

 We expanded this modeling framework to predict whole tree evapotranspiration at given 

VPD and compared our trait model with two null models. The first “minimal” null model 

predicting E from a mean maximum stomatal conductance, LAT, and VPD, effectively assuming 
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no stomatal response to VPD, performed poorly, explaining very little of the observed variation in 

E (Figure 5.8a; R2=0.06; AIC=21995) and grossly underpredicting E with a slope of 0.13. The 

second “maximal” null model, predicting E from the species-specific responses of g to VPD (i.e., 

each species’ three parameters of the logistic function: gmax, stomatal sensitivity coefficient, and 

VPDg50), in addition to LAT, and VPD performed as expected, explaining most of the variation in 

E observed (Figure 5.8b; R2=0.90; AIC=12146) and predicted E with a slope of 1.0. The model 

based on empirical relationships of the parameters of species’ canopy-scale g responses to VPD to 

their traits (SA:LA, Kmax, and Ψtlp) had considerable predictive power (Figure 5.8c; R2=0.42; 

AIC=15337), with a low bias of predicted E, with a slope of 0.78. This model outperformed the 

minimal null model by 6660 AIC units. One species, G. triacanthos was predicted badly, due to 

relatively poor predictions of g response parameters from trait values. Excluding this species, this 

model performed even better for the remaining 7 species (R2=0.63).  

 

DISCUSSION 

We quantified leaf hydraulic vulnerability (Figure 5.1) and canopy-scale stomatal stomatal 

sensitivity to VPD (Figure 5.2) across eight species of urban trees. By synthesizing these 

relationships, we found novel linkages of sapflow VPD responses with hydraulic and 

morphological leaf traits (Figs 5.3-5.6). We also developed a statistical approach to predicting tree-

level sapflow based on these linkages, demonstrating the promise of estimating tree sapflow rates 

from easier-to-measure traits (with respect to time, labor, and cost investments) across diverse 

species.  

Variation and relationships among leaf level and tree traits  
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The relationships of declining leaf hydraulic conductance with decreasing water potential and 

declining stomatal conductance with increasing VPD are general across most plant species, yet the 

potential linkages of these responses have not been tested in urban systems or across diverse 

species sets.  

The eight study species varied considerably in their hydraulic and physiological traits and 

their sapflow responses to VPD. We discovered novel linkages of traits across scales. These 

relationships are especially important given the potential decoupling of traits representing different 

scales. Indeed, leaf-level traits differ in scale from canopy-level, sapflow-derived traits due to 

intra-crown variation, differences in temporal scale, and cross-species variation.  

One possible explanation for the decoupling of traits expected to be linked across scales is 

the propagation of dynamic traits across a day. Indeed, whole tree responses are typically 

considered in the time scale of daily means (i.e., E in kg·day-1; Granier & Loustau 1994; Ford et 

al. 2004; Conejero et al. 2007; Litvak et al. 2012). Differences in these daily means are likely the 

result of to highly sensitive, more dynamic responses that occur at the leaf level often considered 

in terms of changes over seconds, rather than days (i.e. Kleaf in mmol·m-2·sec-1; Bond & Kavanagh 

1999; Brodribb & Holbrook 2004; Scoffoni et al. 2012). Thus, there is no surprise that integration 

of instantaneous representations of measurements of these highly reactive responses over the 

course of the day would lead to disconnects in traits that might be theoretically mechanistically 

linked. Similarly, plasticity resulting from intra-canopy environmental heterogeneity could 

strongly skew predictions at the whole tree scale. Indeed, leaves have been reported to vary 

strongly in traits that would influence Kmax and Kleaf vulnerability across sun and deep shade e.g., 

in leaf thickness and LMA (Gratani et al. 2006; Markesteijn et al. 2007; Greenwood et al. 2009; 

Messier et al. 2010), leaf size and vein length per area (Zwieniecki et al. 2004), gas exchange and 
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turgor loss point (Abrams 1988; Nardini et al. 2012), and stomatal density (Sack et al. 2006). 

However, the light environment is difficult to characterize quantitatively and thus presents 

challenges even given measurements of both sun and shade leaves. Finally scaling across species 

with disparate phylogeographic origins could create disconnects in leaf traits and responses at the 

whole tree level, where trait relationships may arise from adaptations to native climates (e,g,, wet 

vs dry adapted species; Bartlett et al. 2012) rather than by direct mechanistic influence.  

The mechanistic influence of leaf hydraulic vulnerability on sapflow responses is complex, 

given not only the differences in scale. Even at leaf scale g would be expected to respond to leaf 

water potential, which is itself determined by soil and atmospheric status and hydraulic 

conductances throughout the plant (in addition to other environmental variables). Thus, the g 

response to VPD would be expected to be mediated by shift in leaf water potential caused by all 

these factors simultaneously. However, our model (Supplementary Material) showed that all else 

being equal, the g response to VPD would be expected to be more sensitive in species with higher 

Kmax. Further, gmax was expected to be related to SA:LA, based on shoot-scale studies, and these 

expectations were supported.  

These differences in scale can account for the contrast between the functions that were 

selected for leaf hydraulic vulnerability and the sapflow responses to VPD. Across the eight 

species, most exhibited a loss of Kleaf that best followed a logistic function, however two-parameter 

exponential (B. populneus and P. americana) and linear functions (L. indica and Q. agrifolia) were 

selected by lowest AICc in other species (Fig 5.1). Contrary to studies of leaf vulnerability, most 

studies of stomatal sensitivity have described the g response to VPD as an exponential decline 

across species (Massman & Kaufmann 1991; McCaughey & Iacobelli 1994; Monteith 1995; Oren 

et al. 1999). We found evidence for variation in the functions that best described g response across 
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our urban tree species. Most species’ stomatal response curves were best described by a logistic, 

rather than exponential function, yet three-parameter exponential functions were the best fit for 

two species (G. triacanthos and P. americana; Figure 5.2i-p). The variation in g responses resulted 

in yet stronger variation in patterns of whole tree E increase with VPD. Logistic functions best 

described shifts in E with VPD in half of our species, two species exhibited a linear increase (G. 

triacanthos and J. chelonia), and two exhibited a three-parameter exponential increase (B. discolor 

and Q. agrifolia; Figure 5.2a-h). This considerable variation, both across species and across 

sensitivity indexes, in model selection highlights the benefit of considering multiple empirical 

models when extracting physiological parameters, and provides insights that would grant higher 

resolution modeling in future studies.  

 

Relationships of stomatal conductance and leaf and tree traits 

Across eight species of urban trees, leaf and whole plant traits were related to whole plant 

responses to VPD presenting novel insights to the physiological processes underlying the 

optimization of evaporative demand and plant hydraulic supply. Maximum whole tree stomatal 

conductance was more strongly related to stem traits than to any leaf level traits. We found a 

significant correlation between the gmax observed in the field based on measurements of sap flux 

across a range of VPD typically experienced by trees in Los Angeles and the ratio of sapwood area 

to total leaf area (Fig 5.3). In urban ecosystems, where soil water is abundant, investment in more 

stem water transport tissue for the same leaf area (i.e. high SA:LA) is beneficially as ample water 

supply enables maintenance of open stomata at higher evaporative demand driving higher rates of 

carbon processing and evaporative cooling at very high VPD. Investment in sapwood area relative 

to leaf area, in these irrigated trees, allows more leaves access to the abundant ground water 
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resulting in more leaves operating at maximum conductance throughout the canopy driving higher 

g and E and a more direct relationship between VPD and E. In this environment, this investment 

comes with low risk as steady water supply prevents stem water potentials from exceeding 

threshold for cavitation and subsequent hydraulic failure.  

We found strong support for a role of leaf hydraulic capacity in influencing whole plant 

stomatal conductance, not only in models but also in our comparison across species of Kmax with 

the parameters of the g response to VPD. This importance of leaf hydraulic capacity extends its 

role beyond those demonstrated in previous studies. In previous work, Kmax has been related to 

maximum leaf-scale g and light-saturated photosynthetic rate (Brodribb et al. 2007; Scoffoni et al. 

2016), and K:g ratio has been predictive of VPD responses across tropical trees (Brodribb & Jordan 

2008). We found that the sensitivity of stomatal closure, quantified as the exponent in the logistic 

function fitted to each species significantly correlated with Kmax such that leaves with high Kmax 

were associated with trees that were more sensitive to changes in VPD (Figure 5.6b). Further, we 

found relationships across species reflecting coordination of traits expected to show adaptation to 

aridity. Thus, species with less vulnerable Kleaf, i.e., more negative values of P20, P50, and P80, had 

lower turgor loss point, and higher LMA, and showed greater g sensitivity to VPD (Figure 5.5). 

These linkages, across species, and across plant scales and time scales, point to the promise of 

estimating whole-tree behavior from easier to measure leaf traits. 

 

Predicting tree stomatal conductance and transpiration rate 

We developed a statistical model to predict g from leaf physiology and whole tree morphology 

across a range of VPD values typical to those trees would experience in the Los Angeles Urban 

Ecosystem and found strong explanatory power for g values calculated from evapotranspiration 



 

 181 

rates observed in the field based on heat dissipation sap flux measurements. We fit logistic 

functions to observed paired mean daily g and VPD for each of our eight study species, extracted 

parameters describing the function for each species and tested for trait correlations with the 

intercept, exponent, and denominator of the logistic function (Eqn. 5.7). Using this approach were 

able to predict g across the observed range of VPD with an R2 of 0.77 (Figure 5.7) effectively 

explaining a large percentage of the overall variation in g response to VPD with SA:LA, leaf Kmax, 

and leaf Ψtlp. The predictive power of such a model across all the study trees was very promising. 

 We expanded on the predictions by testing two null models against a model which predicts 

E from SW:LA, Kleaf, Ψtlp, LAt and VPD by multiplying the g predicted from leaf and whole tree 

traits by the observed vapor pressure deficit at each point and the total leaf area. The model based 

on trait predictions explained a large percentage of the variation in E with VPD (Figure 5.8c; 

R2=0.42) and far outperformed the null model which assumed no stomatal control on changes in g 

with VPD by predicting g responses from the mean gmax across species (Figure 5.8a; R2=0.06). As 

expected the model which predicted E using fitted parameters describing each species’ observed 

response to VPD as inputs performed the best (Figure 5.8b; R2=0.90). Overall, implementing a 

combination of leaf physiological traits and whole tree morphology, we were able to explain a 

large proportion of the variation in tree response to VPD using only trait data both within and 

across species.  

Notably, our predictions were coarse and based on simple linear statistical fits between 

traits and function parameters, even minor deviation from the line of best fit for these predictive 

relationships can dramatically affect the resulting prediction. Though this simple trait model shows 

promise for trait based predictive models, the poor performance of the trait model for individual 

species demonstrates the need for improved statistical models which better account for species 
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trait variation. A recent paper by Litvak et al. 2017 further supports the incorporation of plant traits 

into predictive E models, testing the performance of one such model which scales from predictions 

of individual tree transpiration to municipal irrigation water use for entire districts in Los Angeles. 

In their model they predict E from sapwood area, VPD, and incoming solar radiations. In their 

study this model predicted much higher E than current National Land Data Assimilation Systems 

(NDLAS) models. However, these models do not yet account for species composition, stand age, 

soil type, micrometeorological heterogeneity, or irrigation and management practices.  Thus, more 

work is needed to improve accuracy of such models. 

 

Future directions 

We found strong support for a trait based approach to predicting water use by urban trees, an 

important step towards addressing the urgent need for improved models for mitigating tree water 

use. Beyond prediction, our findings point to the need for fully mechanistic models for sapflow 

that can be parameterized directly with physiological measurements. However, current 

methodologies for collecting these measurements are costly and time consuming. Future work 

should prioritize methods for predicting sapflux from rapidly assessible traits with direct 

mechanistic impacts on water use in dynamic environments. Such models would better inform 

scaling approaches that predict water use at larger geographic scales. Moreover, such models 

would allow rapid characterization of species suitability for sustainable landscapes.  

Currently in Los Angeles, over 50% of water used for single-family homes is used for 

landscape irrigation (Mini et al. 2014), mostly for maintaining turf lawns. This is likely due in 

large part to the difficulty in assessing irrigation needs and the increase reliance on automated 

timed irrigation systems resulting in substantial over-irrigation (Haley & Dukes 2007; Bijoor et al. 
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2012; Bijoor et al. 2014). Contributions of trait models for tree E and sensitivity to increasing VPD 

and, in the future, declining water status could help to mitigate these costs by rapidly assessing 

species for their suitability in environments where water is limited especially as possible 

replacements for turf lawns. Improved xeriscaping strategies would inform tree planting 

campaigns (Pincetl et al. 2013) for enhanced sustainability in urban ecosystems.  
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Table 5.1. Study species assessed for sensitivity to decline in bulk leaf hydraulic conductance with 

decreasing water potential and decreasing stomatal conductance and increase in evapotranspiration 

with increasing vapor pressure deficit.  Species represent seven families, diverse geographic 

origins, three wood types, evergreen (e) and deciduous (d) leaf habit, and wet (w) or dry (d) habitat 

preference. Trees were studies at the Los Angeles Arboretum and Botanic Garden, Arcadia (LA 

Arb; 34°08′N, 118°03′W), residential street in the city of Los Angeles (ST; 34°04′N, 118°20′W), 

Audubon Starr Ranch Sanctuary (SR; 33°37′N, 117°33′W) and Will Rogers State Park (WR; 

34.0550° N, 118.5126° W). *Sites contained naturally growing trees. 

 

  

Species Family Origin Location Wood type Leaf 

habit 

Preferred 

habitat 

Brachychiton discolor Malvaceae Australia LA Arb spongy  e d 

Brachychiton populneus Malvaceae Australia LA Arb spongy  e d 

Gleditsia triacanthos Fabaceae North America LA Arb ring-porus d w 

Jacaranda chelonia Bignoniaceae South America LA Arb diffuse-porus d d 

Lagerstroemia indica Lythraceae Asia LA Arb ring-porus d w 

Persea americana Lauraceae Central/North America  LA Arb diffuse-porus e d 

Platanus racemosa Platanaceae California ST diffuse-porus d w 

Quercus agrifolia Fagaceae California SR* + WR* ring-porus e d 
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Table 5.2. Mean trait values for leaves and whole trees for each of eight study species. Maximum leaf hydraulic conductance (Kmax) and 

tree stomatal conductance (gmax) the water potential at which 50% of leaf hydraulic conductance was lost (P50), and the vapor pressure 

deficit at which 50% of stomatal conductance was lost (VPDg50) were extracted from curves fitted by maximum likelihood from linear, 

logistic, sigmoidal, or two or three-parameters exponential functions to experimental data. Leaf hydraulic conductance was measured 

under steady state using the evaporative flux method (Scoffoni et al. 2012) and plotted against bulk leaf water potential. Stomatal 

conductance was calculated by normalizing the mean daily rate of evapotranspiration (E) estimated via heat dissipation sap flux 

measurements reported by Litvak et al. (2012) by mean daily vapor pressure deficit (VPD) and total leaf area per tree (LAT) and plotting 

against VPD observed in the field. The stomatal sensitivity coefficient represents the exponent of the logistic function describing g with 

increasing VPD. Species mean evapotranspiration (ET), the mean measured across the growing season reported by Litvak et al 2012, is 

also reported. Species mean ± standard error for whole tree and leaf functional traits include the LAT, the ratio of sapwood cross sectional 

area to total leaf area (SW:LA), the diameter at breast height (DBH), leaf mass per area (LMA), and leaf water potential at turgor loss 

points (Ψtlp). 
Species Kmax P50 gmax VPDg50 ET SA:LA LAT DBH LMA Ψtlp 

 mmol m-2 s-1 MPa-1 MPa mmol m-2 s-1 MPa-1 kPa kg day-1 tree-1 cm2 m-2 m2 cm g m-2 MPa 

Brachychiton discolor 0.4 -1.4 12.6 2.7 23.0 4.1 113.2±32.9 64.3±6.3 50.2±3.8 -2.1±0.05 

Brachychiton populneus 1.6 -0.5 2.6 3.1 13.8 1.0 302.5±88.6 44.3±5.6 71.0±4.7 -1.8±0.06 

Gleditsia triacanthos 1.7 -1.3 34.2 0.75 93.7 2.0 341.6±63.4 47.5±5.5 74.2±3.6 -3.1±0.16 

Jacaranda chelonia 25.5 -0.3 31.4 3.4 83.3 3.5 188.0±25.9 32.0±3.0 43.6±0.3 -1.9±0.02 

Lagerstroemia indica 4.3 -1.0 92.2 1.5 46.9 5.3 45.9±17.0 37.6±8.0 77.4±4.1 -1.8±0.04 

Persea americana 4.7 -0.3 15.8 1.0 33.2 1.7 220.2±126.3 62.1±20.7 82.0±3.5 -2.0±0.03 

Platanus racemosa 32.7 -0.1 4.6 2.4 64.7 0.6 1387.1±426.1 44.5±1.8 84.9±2.8 -2.0±0.13 

Quercus agrifolia 4.0 -2.4 11.6 0.04 8.7 0.6 510.1±91.9 60.5±19.5 176.9±7.5 -3.2±0.08 
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Table 5.3. Parameters for the best fit functions that describe leaf and whole tree sensitivity. Functions were fitted to leaf hydraulic 

conductance (Kleaf) and bulk water potential (Ψleaf) measured on excised leaves at steady state according to the steady state evaporative 

flux method (Scoffoni et al. 2012) and to whole tree stomatal conductance (g) and vapor pressure deficit (VPD) based on transpiration 

data reported by Litvak et al. 2012 and normalized by total tree leaf area and mean daily VPD. Leaf functions and tree functions were 

selected by maximum likelihood via lowest Akaike information criterion corrected for low sample sized (AICc) across linear (lin), 

sigmoidal (sig), logistic (log), and two and three-parameter exponential (exp2 and exp3) vulnerability functions. The y-intercept of the 

leaf function is the maximum leaf hydraulic conductance (Kmax), the “slope” represents a species specific hydraulic sensitivity 

coefficient, and the third fitted parameter denotes the leaf water potential at which 50% of hydraulic conductance is lost (P50). The y-

intercept of the tree function is the maximum stomatal conductance for the tree (gmax), the exponent represents a species specific stomatal 

sensitivity coefficient, and the third fitted parameter denotes the VPD at which 50% of hydraulic conductance is lost (VPDg50). For tree 

functions, logistic parameters are also reported in parentheses for species for which this model was not selected. The strength of fit for 

each curve is denoted by reported R2.  
Species Leaf  R2 Kmax Hydraulic  P50 Tree  R2 gmax Stomatal  VPDg50 

 function  mmol m-2 s-1 MPa-1 sensitivity 

coefficient 

-MPa function  mmol m-2 s-1 MPa-1 sensitivity 

coefficient 

kPa 

Brachychiton discolor log 0.24 0.4 1665.58 1.4 log 0.31 12.6 1.48 2.7 

Brachychiton populneus exp2 0.44 1.6 1.31 0.5 log 0.28 2.6 1.42 3.1 

Gleditsia triacanthos log 0.31 1.7 11.57 1.3 exp3 0.76 40.3 (49.4) 1.18 (1.06)  0.8 (0.5) 

Jacaranda chelonia log 0.87 25.5 1.57 0.3 log 0.21 31.4 3.37 3.4 

Lagerstroemia indica lin 0.52 4.4 -2.12 1.0 log 0.62 92.2 1.55 1.5 

Persea americana exp2 0.38 4.7 2.11 0.3 exp3 0.59 18.4 (15.9) 0.87 (1.48) 1.0 (1.3) 

Platanus racemosa log 0.82 32.7 1.07 0.1 log 0.43 4.6 2.62 2.4 

Quercus agrifolia lin 0.50 4.0 -0.83 2.4 log 0.43 11.6 0.73 0.04 
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FIGURE CAPTIONS 

Figure 5.1. Leaf hydraulic vulnerability curves showing decline in leaf hydraulic conductance 

(Kleaf) with decreasing bulk leaf water potential (Ψ) for eight study species in order of highest to 

lowest maximum Kleaf. Curves were fitted by maximum likelihood based on lowest Aikaike 

information criterion scores corrected for small sample size (AICc) across linear, sigmoidal, 

logistic, and one and two parameter exponential models.  The water potential at which 50% of 

maximum hydraulic conductance is like (P50) is shown with a vertical dashed line.  

 

Figure 5.2. Whole tree sensitivity curves depicting the decline in the rate of evapotranspiration 

rate (E; a-h) and stomatal conductance (g; i-p) with increasing evaporative demand (vapor pressure 

deficit; VPD). Curves were fitted by maximum likelihood based on lowest Aikaike information 

criterion scores corrected for small sample size (AICc) across linear, sigmoidal, logistic, and one 

and two parameter exponential models. The point at which 50% of maximum stomatal 

conductance was lost is displayed with a vertical dashed line (i-p). Species are ordered by the 

exponent of the logistic relationship describing the decline in g with increasing VPD (stomatal 

sensitivity coefficient) from highest to lowest.  

 

Figure 5.3. Empirical relationship across diverse 8 species of urban angiosperm trees between the 

maximum tree stomatal conductance (gmax) and the cross-sectional sapwood area per total leaf area 

(SA:LA). gmax was extracted as the y-intercept of the logistic curve describing the decline in g with 

increasing VPD for each species. Lines were fit to logged data using ordinary least squares (OLS). 

P<0.05*, P<0.01**, P<0.001***. 
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Figure 5.4. Empirical relationship across 8 diverse species of urban angiosperm trees between the 

exponent of the logistic relationship describing species specific decline in stomatal conductance 

with decreasing vapor pressure deficit (stomatal sensitivity index) and the bulk leaf water potential 

at with 20, 50, and 80% of leaf hydraulic conductance was lost (P20, P50, and P80). Lines were fit 

using ordinary least squares on logged data. P<0.05*, P<0.01**, P<0.001***. 

 

Figure 5.5. Empirical relationship across 8 diverse species of urban angiosperm trees between the 

vapor pressure deficit at which 50% of whole tree stomatal conductance was lost (VPDg50) and 

leaf mass per area (a; LMA) and the leaf water potential at which turgor is lost (b; Ψtlp). VPDg50 

was extracted as the denominator of the logistic relationship describing decline in g with increasing 

VPD. Lines were fit using ordinary least squares (OLS) on logged data. P<0.05*, P<0.01**, 

P<0.001***. 

 

Figure 5.6. Empirical relationships between parameters that describe the logistic relationships 

between whole tree stomatal conductance (g) and mean daily vapor pressure deficit (VPD) across 

eights species of common urban trees. The y-intercept of this logistic relationship represents the 

maximum stomatal conductance (gmax) and can be predicted from the tree sapwood: total leaf area 

ratio (SW:LA). The exponent of this relationship describes the sensitivity of stomatal conductance 

to vapor pressure deficit (sensitivity coefficient) and can be statistically predicted from leaf 

maximum hydraulic conductance (Kmax). The denominator in this relationship represents the VPD 

at which 50% of stomatal conductance is lost (VPDg50) and can be predicted from the bulk leaf 

water potential at which turgor is lost (Ψtlp). These relationships were used to statistically predict 

g and whole tree evapotranspiration (E) across mean daily VPD values observed in the Los 
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Angeles Urban Ecosystem.  Lines were fitted by ordinary least squares (OLS). P<0.05*, P<0.01**, 

P<0.001***. 

 

Figure 5.7. Whole tree stomatal conductance (g) observed in the field based on Granier type sap 

flux data normalized by vapor pressure deficit and total tree leaf area versus g predicted from 

statistical relationships between leaf and tree anatomical and physiological traits. Based on a 

logistic relationship fit for each species describing the decline in g with increasing VPD we input 

statistical relationships between the parameters for the curve and traits such that the intercept (gmax) 

was predicted by tree sapwood area to leaf area ratio (SW:LA), the exponent (stomatal sensitivity 

coefficient) was predicted by the maximum leaf hydraulic conductance (Kmax), and the 

denominator (VPDg50) was predicted by the water potential at which leaves lose turgor (Ψtlp) for 

each mean daily VPD value observed in the field.  Each species is identified by color and species-

specific relationships were fit using ordinary least squares (OLS) and reported next to species 

names. Solid line shows global trend fitted by OLS and the dashed line shows the 1:1 line.   

 

Figure 5.8. Comparison of fit of observed whole tree evapotranspiration (E) versus three 

competing statistical models predicting E across mean daily vapor pressure deficit (VPD) observed 

in the field for eight woody urban tree species. Null model a assumes no stomatal response to 

vapor pressure deficit by predicting E from an across species mean maximum stomatal 

conductance (gmean), species specific total leaf area (LAt), and VPD. Null model b predicts E based 

on stomatal conductance (g) calculated from a logistic relationship between g and VPD informed 

by the parameters describing this relationship for each species, species specific LAt, and VPD. The 

trait model (c), predicts E based on a logistic relationship between g and VPD where linear 
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statistical relationships are used to predict the parameters describing this relationship for each 

species where the intercept (gmax) was predicted by tree sapwood area to leaf area ratio (SA:LA), 

the exponent (stomatal sensitivity coefficient) was predicted by the maximum leaf hydraulic 

conductance (Kmax), and the denominator (VPDg50) was predicted by the water potential at which 

leaves lose turgor (Ψtlp) for each mean daily VPD. Thus, E in model c is a function of SA:LA, 

Kmax, VPDg50, LAt, and VPD. Species are differentiated by color and overall model performance is 

indicated by the coefficient of determination and solid black lines fit by ordinary least squares 

(OLS) and forced through the origin. Dashed line shows 1:1 line.  
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Figure S5.1 



 

 192 

 
Figure 5.2 

 



 

 193 

 

Figure 5.3 
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Figure 5.4 
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Figure 5.5 
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Figure 5.6 
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Figure 5.7 
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Figure 5.8 
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SUPPLEMENTARY MATERIALS 

Table S5.1 (see Data Supplement). Summary of trait data used for testing the influence of leaf 

vulnerability on sap flow responses to VPD. 

 

Table S5.2 (see Data Supplement). Simulated stomatal conductance from leaf vulnerability curve 

shape parameters. 

 

Table S5.3. Statistical relationships between parameters describing the logistic decline in g with 

increasing VPD and leaf and whole tree traits. 

 

Table S5.4 (see Data Supplement). Matrix summarizing correlations of traits related to leaf 

vulnerability and stomatal sensitivity across eight common urban tree species. 

 

Table S5.5 (see Data Supplement). Summary of predictions of whole tree stomatal conductance 

and evapotranspiration. 

 

Supplemental Methods 5.1 
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Table S5.3. Statistical relationships between parameters describing the logistic decline in g with 

increasing VPD and leaf and tree traits. Statistical outputs include the R2, P-value, and the slope 

and intercept (with upper and lower confidence intervals) of the resulting linear relationship fit by 

ordinary least squares. The y-intercept of the function (maximum stomatal conductance; gmax) can 

be predicted by the tree sapwood to total leaf area (SW:LA), the exponent of the function 

(sensitivity coefficient) can be predicted from leaf maximum hydraulic conductance (Kleaf), and 

the vapor pressure deficit at which 50% of stomatal conductance is lost (VPDg50) can be predicted 

from the leaf turgor loss point (Ψtlp).  

Y variable X variable  R2 P Slope Intercept 

gmax SW:LA  0.53 0.04 0.72, 12.63, 24.54 -35.12, -1.97, 31.18 

Sensitivity coefficient Kmax 0.74 0.006 0.02, 0.06, 0.09 0.65, 1.15, 1.65 

VPDgs50 Ψtlp 0.62 0.02 -3.02, -1.69, -0.36 2.61, 5.68, 8.75 
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SUPPLEMENTARY FIGURE CAPTIONS 

Figure S5.1. Correlations between the exponent of the logistic function describing simulated gs 

with increasing VPD (Sensitivity Coefficient) and the leaf water potential at which 20 (P20; a), 50 

(P50; b), and 80% (P80; c) of maximum hydraulic conductance is lost empirically derived using the 

steady-state evaporative flux method (Scoffoni et al., 2012). Lines were fitted by ordinary least 

squares. *P<0.05, **P<0.01, ***P<0.001.  

 

Figure S5.2. Correlations between the exponent of the logistic function describing simulated gs 

with increasing VPD (Sensitivity Coefficient) and the leaf maximum hydraulic conductance is lost 

empirically derived using the steady-state evaporative flux method (Scoffoni et al., 2012). Line 

fitted by ordinary least squares. *P<0.05, **P<0.01, ***P<0.001.  
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Figure S5.1 
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Figure S5.2 
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CHAPTER 6 

 

FUNCTIONAL DIVERSITY IN LOS ANGELES: URBAN ECOSYSTEMS AS GLOBAL 

COMMON GARDENS 

 

INTRODUCTION 

Urban ecology has increasingly become a focus across fields in biology (Tanner et al. 2014; 

Weathers et al. 2016; Groffman et al. 2017). This increased interest is motivated by a combination 

of the urgent need to understand these systems given urban expansion (Seto et al. 2011), the need 

to improve their design given projected changes in climate that threaten these systems (Duffy et 

al. 2015; Carrão et al. 2017), and their appeal as systems for study given their evolutionary, 

ecological, and physiological uniqueness. Social and economic factors have driven novel species 

assembly regimes such that distributions and population density patterns persist independent of 

evolutionary trajectories or environmental factors (Clarke et al. 2013a; Avolio et al. 2015). 

Moreover, dynamic and persistent anthropogenic impacts have created novel environments which 

present unique and powerful opportunities to study basic physiology in a relatively controlled 

environment across many diverse species. For example, elevated temperatures (due to urban heat 

island; Oke 1982; Arnfield 2003) and CO2, eutrophication from nitrogen fertilizer, accumulation 

of heavy metals and ozone, community dynamics after novel species introductions, and altered 

hydrological regimes are all factors already present in urban ecosystems.   

The Los Angeles Urban Ecosystem (LAUE) is an ideal candidate system for such studies. 

Mild climates combined with decades of species introductions driven primarily by social and 

economic factors have resulted in an ecosystem unprecedented its diversity of mature, isolated 

plants. Recent surveys suggest there are over 6 million trees in greater Los Angeles (Nowak et al. 

2011; Gillespie et al. 2012; Avolio et al. 2015).  With the most common 10 species accounting for 
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<35% of all trees (Nowak et al. 2011), these trees include native and nonnative species 

representing numerous regions and climates around the world (Dwyer et al. 2000; Pataki et al. 

2011; Clarke et al. 2013a; Avolio et al. 2015). According to geographic information systems 

analysis of aerial photographs from 2006, the metropolitan area is home to at least 140 common 

tree species and averages approximately 104 trees per hectare (Gillespie et al. 2012). Importantly, 

with respect to physiological study, trees in the LAUE rely primarily on irrigation (Bijoor et al. 

2012) and experience high evaporative demand (McCarthy & Pataki 2010; Pataki et al. 2011; 

Litvak et al. 2012). Due to similarities in historical trajectories of tree spatial distribution among 

Los Angeles and other desert and grassland urban cities (Gillespie et al. 2012), the area could serve 

as a model for informed xeriscaping in other desert and grassland urban ecosystems. Los Angeles 

represents an unmatched resource for scientific advancement in plant biology, yet this resource 

remains largely underutilized and its functional diversity understudied.  

Functional traits have recently become a major focus of plant ecology in natural systems 

where they are used to understand community dynamics (Kraft et al. 2015; Kunstler et al. 2016), 

ecosystem services (Faucon et al. 2017; Funk et al. 2017), plant physiology (Skelton et al. 2015), 

and evolution (Geber & Griffen 2003; Reich et al. 2003). Here, I showcase the functional trait 

diversity across the LAUE to make a case for its future application as a global common garden 

and model ecosystem, and test three hypotheses that have been well established in natural 

ecosystems: strong differences between continent of origin, between sun and shade leaves, and 

between evergreen and deciduous species. We predicted differences based on tree height (Lefsky 

2010) and stem diameter (Weedon et al. 2009) and on leaf traits: leaf mass and projected area, 

thickness, petiole cross sectional area and length, chlorophyll concentration, leaf mass per area, 

density, saturated water content, turgor loss point, and nitrogen and carbon concentration (Reich 
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& Oleksyn 2004; Wright et al. 2005; Lusk & Warton 2007; Santiago & Wright 2007; Lusk et al. 

2008; Ordoñez et al. 2009; Poorter et al. 2009; Onoda et al. 2011; Bartlett et al. 2012b)  

 

METHODS 

Study area 

The Los Angeles Urban Ecosystem is located in the South-Western United States adjected to the 

Pacific coast to the west and in the basin of mountain ranges to the north and east. Climate is 

Mediterranean with rainfall occurring primarily in the Winter between November and March. 

Mean annual temperatures range from 17.0 to 18.3 °C and mean annual precipitation from 32.6 to 

37.7 cm (Western Regional Climate Center, http://www.wrcc.dri.edu). The city is comprised of 15 

counsel districts where tree canopy cover varies from 7% to 37% per council district (McPherson 

et al. 2011). Previous studies have estimated numbers of trees and turf grass cover across these 

districts (McPherson et al. 2011; Nowak et al. 2011). 

 

Study species and sampling 

We measured leaf functional traits and gross plant morphometrics for 53 species across the LAUE. 

These species were selected to represent both commonality in the ecosystem and functional 

diversity. Species represent 30 families originating from 21 geographic regions across five 

continents (Table 6.1). Of these species,18 have deciduous leaves (either in response to drought or 

seasonally) and 35 have evergreen leaves. Twenty-five species were classified as shrubs, 25 as 

trees, two as herbs, and one climbing/trailing woody vine (Hedera canariensis).  

During the summer of 2012-2014 we sampled leaves from three trees per species from sun-

exposed south-facing canopy and deep shade north-facing canopies wherever possible. Terminal 
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stem segments were sealed in dark plastic bags with wet paper and transported to the laboratory.  

Once there, branch samples were cut by at minimum two nodes while submerged in deionized 

water, submerged in containers surrounded by wet paper and covered again in dark plastic to 

rehydrate overnight (8-12 hours). After rehydration leaves were stored in Whirlpak bags until 

measurement for no more than one week.   

 

Leaf functional trait and whole tree morphometric measurements  

We described whole tree morphology based on two broad traits: diameter at breast height (DBH), 

total height (H). For each of three trees per species we measured DBH using a ProTape 

combination loggers tape (Spencer Products Co, Seattle, WA) and total tree height using a Nikon 

Forestry Pro laser hypsometer/rangefinder (Nikon Vision Co, Tokyo, Japan). For short statured 

shrub we estimated height using the loggers tape and measured basal, rather than breast height 

diameter. We did not include estimates of DBH for plants with stems <1 inch in diameter.  

To characterize leaf traits, for each plant, we measured fully hydrated mass (LM), projected 

leaf area (LA), thickness (LT), petiole diameter in the horizontal (PDx) and vertical planes (PDy), 

petiole length (PL), and chlorophyll concentration/leaf “greenness” (SPAD) for one small, one 

medium, and one large leaf collected from fully sun exposed canopy and deeply shaded canopy. 

We oven dried leaves at 70°C for 72 hours and remeasured each of these traits, excluding SPAD. 

We measured leaf mass using a digital balance (± 0.01 mg; MS205DU; Mettler Toledo, OH), leaf 

areas using a flatbed scanner (using a flatbed scanner, Epson Perfection 4490 Photo scanner; 600 

dots per inch) and ImageJ software (1.42q; National Institutes of Health), leaf and petiole 

dimension using digital calipers (±0.01 mm; Fisher Scientific, PA), and chlorophyll concentration 

per area using a SPAD 502 Plus Chlorophyll Meter (Monje & Bugbee 1992; Konica Minolta 
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Measuring Instruments, Ramsey, NJ). We calculated leaf mass per area (LMA) by dividing fully 

hydrated projected lamina area by leaf mass, excluding petiole mass and leaf density (LD) by 

further dividing LMA by LT. Saturated water content (SWC) was calculated as the ratio of the 

difference between fresh and dry mass and the dry mass and chlorophyll concentration per leaf 

mass was calculated by dividing SPAD by LMA.  

After all morphological measurements were concluded, we characterized leaf composition.  

We ground the dried leaves by hand using a clean, ceramic mortar and pestle, combining the three 

leaves for each individual into a single 6-7 mg sample per individual. Carbon and nitrogen 

concentration and δ13C and δ15N were determined via continuous flow using a CHNO Element 

Analyzer interfaced to an IsoPrime100 mass spectrometer by the University of California, 

Berkeley Center for Stable Isotope Biogeochemistry.  

From three additional leaves, we measured the osmotic potential at full turgor (πo) and at 

turgor loss point (Ψtlp) using the vapor-pressure osmometer method (Bartlett et al. 2012a). From 

each leaf, a 4 mm diameter disc was punched with a cork borer from the middle portion of the leaf, 

avoiding major veins and leaf margins, wrapped in aluminum foil, and snap frozen in liquid 

nitrogen. Frozen disks were pierced 5-10 times and sealed in a vapor-pressure osmometer (Vapro 

5520, Wescor, US) until a stable osmotic concentration was reached (less than 5 units change 

between measurements at 60 second intervals). We calculated πo and Ψtlp based on calibration 

equations (Bartlett et al. 2012a). 

Finally, we tested for coordinated variation in these traits across species’ geographic origin 

(generally categorized by continent), growth form (tree, shrub, vine, or herb), and leaf habit 

(evergreen or deciduous). We ran one-way multivariate analysis of variance of raw data using the 

aov function in R version 3.2.3 (http://www.r-project.org; Chambers et al. 1992). We tested for 



 

 217 

trait differences between sun and shade leaves with paired t-tests for each of the measured leaf 

traits.  

 

RESULTS AND DISCUSSION 

Trait variation across the urban ecosystem 

The Los Angeles Urban Ecosystem has been well characterized as a semi-arid system unmatched 

in its diversity (Nowak et al. 2011; Clarke et al. 2013b; Avolio et al. 2015). This diversity was 

reflected in the variation we observed in plant functional traits across 53 species. Tree height across 

our species ranged from low sprawling vines and herbs less than one meter in height (e.g. Hedera 

canariensis and Romneya coulteri; Table 6.1) to trees over 20 m (Ficus macrophylla). Stem 

diameter ranged from shrubs with many stems under 4 cm in diameter (e.g. Lantana camara) to 

trees with multiple exceptionally broad trunks >69cm in diameter (Ficus macrophylla). Many 

surveys and models for urban system water use focus on trees (McCarthy & Pataki 2010; Nowak 

et al. 2011; Pataki et al. 2013) and turfgrass (Bijoor et al. 2014; Mini et al. 2014; Litvak et al. 

2017), without accounting for shrubs. Sapwood area, a strong predictor of transpiration rate 

(Vertessy et al. 1995 and confirmed in the previous chapter), has been shown to scale with DBH 

for some species (Bond-Lamberty et al. 2002; Quiñonez-Piñón & Valeo 2017). Across our species, 

summed diameters across multiple stems for shrubs often produced net diameters comparable to 

large trees (e.g. 69.1 cm in Pittosporum undulatam). This suggests inclusion of shrub species in 

future studies could improve predictions at larger scales.   

 We found even stronger variation in leaf traits than whole tree traits (Tables 6.2 and 6.3). 

Many of these traits have been shown to relate strongly to plant performance. Notably, across our 

species, leaf area varied from 0.31 ± 0.06 cm2 in sun leaves of Ceanothus cuneatus to 307 ± 86.5 
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cm2 in shade leaves of Jacharanda chelonia. Similarly, increased LT, which is often positively 

associated with drought adapted schlerophylly (Rundel 1988; Niinemets 2001) and negatively 

associated with adaptation to tolerate shade (Terashima et al. 2001), varied from 0.072 ± 0.001 

mm in sun leaves of Jacaranda chelonia to 0.67 ± 0.02 mm in shade leaves of Ceanothus 

megacarpus. The enormously variation in petiole cross sectional area from 0.003 ± 0.0009 mm2 

for sun leaves of Hazardia squarrosa to 47 ± 5.1 mm2 in shade leaves of Magnolia grandiflora 

could arise from differential adaptation to maximize hydraulic flow (Sack & Scoffoni 2013) and/or 

provide structural support (Méndez‐ Alonzo et al. 2013).   

These structural trait differences likely contribute to associated variation in functional traits 

traits relating to leaf composition. Leaf mass per area, a trait central to the Leaf Economics 

Spectrum (LES) as a global correlate of photosynthetic rate, nitrogen concentration, and leaf 

lifespan (Wright et al. 2004), varied from 30.5 ± 0.63 g·m-2 in Helianthus annuus, to 262 ± 9.8 

g·m-2 in Comarostaphylis diversifolia. Chlorophyll concentration on a mass basis varied more 

strongly than on an area basis, from low concentration species which have a relative higher 

investment in structural mass (e.g. 0.14 ± 0.007 in drought tolerant evergreen leaves of Ceanothus 

megacarpus) to species with relatively high photosynthetic rates and low investment in structural 

support (e.g. 1.2 ± 0.4 in drought deciduous leaves of Encelia californica). Similarly, osmotic 

potential at turgor loss point, a trait commonly used as a proxy for leaf drought tolerance (Bartlett 

et al. 2012b), varied from low values for the drought sensitive ornamental herb species Helianthus 

annuus (-1.1 ± 0.1 MPa) to native chaparral species adapted to extreme drought regimes like 

Quercus berberidifolia (-3.2 ± 0.03 MPa).  Finally, leaf isotope signatures have shown promise to 

improve our understanding of plant-resource acquisition, plant interactions, and plant ecosystem 

services (Dawson et al. 2002). Across the urban ecosystem, δ13C varied from -20.5 ± 3.4 for 



 

 219 

Atriplex canescens to -31.9 ± 0.33 in Helianthus annuus and δ15N varied from -0.77 ± 0.35 for 

Quercus berberidifolia to 7.5 ± 0.03 for Schinus molle. The enormous variation in these functional 

traits matches expectations based on geographic origins for these species and showcases the 

potential for these plants to serve as representatives of global ecosystem in a controlled common 

garden environment for future study.   

 

Variation by geographic origin, growth form, and leaf habit 

Beyond general variation across species, trait variation across species was related to the continent 

of origin (Africa, Asia, Australia, South America, and North America) such that Australian plants 

were tallest, followed by South American plants, Asian plants, and North American plants were 

shortest (P=0.005; see means in Table 6.4). Similarly, Australian species had the largest diameter 

stems, followed by S. American species, North American species, and finally Asian species 

(P<0.001). Notably, due to sampling imbalance inherent to this anthropogenically altered system, 

African plants were most often <1 m in height with small diameter stems. Given that shrubs, vines 

and herbs of <1 m were typically not measured for height and stems <1 inch in diameter were not 

measured, replication was too low to statistical test for relationships with plant height or DBH for 

African species. We did not find significant differences in leaf traits across regions of geographic 

origin (P=0.06-0.95).  

 However, many leaf traits differed based on growth form and leaf habit. Trees had 

significantly larger, thinner leaves than shrubs (P=0.03 and P=0.04; see means in Table 6.4) with 

higher chlorophyll concentration per mass and associated higher nitrogen concentrations per mass 

(P=0.02 and 0.04). Evergreen leaves were thicker (P=0.002) with higher LMA (P=0.004) and more 

negative turgor loss points (P= 0.04) than deciduous leaves. Evergreen leaves were also higher in 
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chlorophyll concentration per area (P=0.03), but lower in chlorophyll and nitrogen concentration 

per mass (P=0.03 and 0.003) than deciduous leaves. As all leaves were fully sun exposed, such a 

relationship could arise as a result of a greater number of layers of photosynthetic mesophyll cells. 

Additional layers of mesophyll cells would increase thickness and LMA (John et al. 2017), and 

contribute to greater chlorophyll concentration for the same leaf area yet the addition of structural 

mass associated with generating new cells layers could have a negative effect on chlorophyll 

concentration on a mass basis. Future studies should work to describe mechanisms (biophysical, 

evolutionary, or developmental) that drive these trait differences across species and groups.  

 

Sun and shade leaf dimorphism  

We found strong dimorphisms in leaf traits between sun exposed and deeply shaded canopy (Table 

6.5). Across species, shade leaves were significantly larger in area (P=0.04) and thinner (P<0.001). 

Shade leaves had higher chlorophyll concentration per mass (P<0.001), yet lower LMA (P<0.001). 

Each of these trait divergences confirms previous work describing plastic shifts in traits in response 

to light environment (Abrams & Kubiske 1990; Sack et al. 2006; Lusk et al. 2008). High 

chlorophyll concentration independent of LMA suggests stronger investment in carbon processing 

machinery relative to structural support by leaves in the shade. Dense photosynthetic mesophyll 

spread over a large leaf area likely maximizes light interception to compensate for self-shading. 

These observed dimorphisms confirm the need for inclusion of both sun and shade leaves in 

physiological studies predicting whole plant or ecosystem level dynamics and in ecological studies 

characterizing community dynamics.    

 

CONCLUSION 
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There was very large functional trait variation across the Los Angeles Urban Ecosystem. The 

observed variation in traits confirms the potential for the system to be used to address many 

outstanding questions in ecology, physiology, and evolution. Indeed, trait variation across datasets 

is a major determinant of the power of many evolutionary studies and often a concern during study 

design. We present a broad range in plant functional traits across species associated with 

geographic origin, growth form, and evergreen and deciduous leaf habits despite relative uniform 

growing conditions and environments suggesting an ideal system in which to test evolutionary 

hypotheses. Future application of phylogenetic tools will provide the first study for how 

evolutionary architecture influences functional traits across mature trees of diverse origin in a 

“global common garden”.   
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Table 6.1. Trait summary for 53 species of trees and shrub common to the Los Angeles Urban Ecosystem. Species represent 29 families, diverse 

geographic regions, growth forms including trees (t), shrubs (s), herbs (h), and vines (v), and from evergreen (e) and deciduous (d) leaf habits. 
Means ± are reported for plant height (h), mean stem diameter at breast height (DBHmean; basal diameter for shrubs), and total diameter at breast 

height across stems (DBHt). 

  

Species family geographic origin  GF Hab Height  DBHmean DBHt 

     m cm cm 

Actostaphylos glandulosa Ericaceae California s e  2.42 ± 0.36 6.79 ± 0.12 29.3 ± 16 
Atriplex canescens  Amaranthaceae Western North America  s e  1.72 ± 0.12 - - 

Bauhinia galpinii Fabaceae Southern Africa s d - - - 

Betula pendula  Betulaceae Europe/Asia t d 7.47 ± 0.37 8.47 ± 2.3 15.2 ± 4.6 
Brachychiton acerifolius  Malvaceae Eastern Australia t d 16.6 ± 1.6 54.4 ± 1.2 54.4 ± 1.2 

Brachychiton discolor Malvaceae Eastern Australia t d 17.7 ± 1.2 64.3 ± 6.3 64.3 ± 6.3 

Brachychiton populneus  Malvaceae Eastern Australia t d 11.7 ± 1.4 44.3 ± 5.6 44.3 ± 5.6 
Brachychiton rupestris Malvaceae Eastern Australia t d 4.93 ± 0.44 50.8 ± 4.3 50.8 ± 4.3 

Camellia sasanqua Theaceae Japan s e  - - - 

Cercocarpus betuloides Rosaceae Western North America  s e  - - - 
Ceanothus cuneatus Rhamnaceae Western North America  s e  3.7 ± 0.25 - - 

Ceanothus megacarpus Rhamnaceae Western North America  s e  3.43 ± 0.67 10.1 ± 1.4 24.6 ± 12 

Ceanothus oliganthus Rhamnaceae Western North America  s e  4.45 ± 0.29 14.1 ± 5.2 14.1 ± 5.2 
Ceanothus spinosus Rhamnaceae Western North America  s e  2.9 ± 0.43 8.12 ± 2.3 29 ± 18 

Citrus aurantium  Rutaceae Southeast Asia t e  3.33 ± 0.18 5.18 ± 0.69 16.9 ± 1.5 

Citrus limon Rutaceae Asia t e  4.2 ± 0.42 8.02 ± 0.46 38 ± 7.8 
Citrus sinensis Rutaceae Vietnam t e  6.2 ± 0.4 10.6 ± 1.3 64.3 ± 7.3 

Comarostaphylis diversifolia Ericaceae Southern California s e  - - - 

Cocculus laurifolius Menispermaceae Japan and China t e 6.33 ± 0.24 18.4 ± 0.75 116 ± 16 
Encelia californica Asteraceae California s d 0.89 ± 0.079 19.7 ± 3.9 19.7 ± 3.9 

Eriogonum fasciculatum Polygonaceae Southwestern North America  s e 1.11 ± 0.12 - - 

Eucalyptus sideroxylon  Myrtaceae Eastern Australia t e 14.1 ± 0.18 47.8 ± 5.8 47.8 ± 5.8 
Ficus benjamina  Moraceae Asia and Australia t e 15.5 ± 3.9 50.8 ± 15 58.5 ± 9.1 

Ficus macrophylla  Moraceae Eastern Australia t e 20.6 ± 2.3 70 ± 33 130 ± 5.8 

Ficus microcarpa Moraceae Asia and Australia t e 13.6 ± 4 47.4 ± 12 103 ± 53 
Gleditsia triacanthos Fabaceae Midwestern US t d 12.9 ± 2.2 47.5 ± 5.1 47.5 ± 5.1 

Hazardia squarrosa Asteraceae California s d 0.67 ± 0.08 - - 

Helianthus annuus  Asteraceae Western North America  h d - - - 
Heteromeles arbutifolia Rosaceae California s e 1 ± 0 3.81 ±  3.81 ±  

Hedera canariensis Araliaceae North Africa, Canary Islands v e - - - 

Isomeris arborea Capparaceae California s e 1.23 ± 0.15 - - 
Jacaranda chelonia  Bignoniaceae South America  d t 10.7 ± 0.84 32 ± 3 32 ± 3 

Lantana camara  Verbenaceae Central and South America  d s - - - 

Lagerstroemia indica Lythraceae Asia t d 9 ± 2 12.3 ± 1.3 40.3 ± 0.83 
Larrea tridentata Zygophyllaceae Western North America  s e 3.23 ± 0.19 31.4 ± 14 44.9 ± 5.9 

Liquidambar styraciflua Altingiaceae North America t d - - - 

Malacothamnus fasciculatus Malvaceae Western North America  s d 2.23 ± 0.29 4.91 ± 0.45 4.91 ± 0.45 
Magnolia grandiflora Magnoliaceae Southeastern United States t e 7.4 ± 1.1 31.4 ± 3.5 31.4 ± 3.5 

Malosma laurina Anacardiaceae Southern California t e 4.46 ± 0.78 8.35 ± 2.2 31.2 ± 9.8 
Persea americana Lauraceae Central America  t e 9.47 ± 1.4 31.3 ± 8.2 62.1 ± 21 

Pittosporum undulatum  Pittosporaceae Eastern Australia s e 9.27 ± 1.8 25.1 ± 5.7 69.1 ± 8.4 

Platanus racemosa Platanaceae California t d 8.02 ± 1.6 20.8 ± 2.4 27.3 ± 6.3 
Quercus agrifolia Fagaceae California t e - - - 

Quercus berberidifolia Fagaceae California t e 3.08 ± 0.22 5.58 ± 0.21 28.3 ± 6.7 

Rhaphiolepis indica Rosaceae Asia s e - - - 
Rhus integrifolia Anacardiaceae Southern California s e - - - 

Rhus ovata Anacardiaceae Southern California s e 4.51 ± 0.18 12.4 ± 0.35 25.1 ± 7.7 

Romneya coulteri Papaveraceae Southern California h d - - - 

Salvia canariensis Lamiaceae Canary Islands s e - - - 

Salvia leucophylla Lamiaceae California s e 1.48 ± 0.16 - - 

Salvia mellifera Lamiaceae California s d 1.25 ± 0.029 - - 
Schinus molle Anacardiaceae Peru t e 5.4 ± 0.31 17.3 ± 1.2 17.3 ± 1.2 

Thevetia peruviana 

(Cascabela thevetia) 

Apocynaceae Mexico and Central America  t e 3.33 ± 0.29 9.72 ± 1.3 25.1 ± 0.69 
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Table 6.2. Leaf trait summary for 53 species of trees and shrub common to the Los Angeles Urban Ecosystem. Means ± standard errors are reported 

for fully hydrated (fresh) leaves and oven dried leaves (dry) collected from fully sun-exposed canopy of trees and shrubs in the field in the summer 
of 2013 and 2014.  Traits include fresh leaf mass (LM), dry leaf Mass (LMd), fresh projected leaf area (LA), dry projected leaf area (LAd), fresh 

leaf thickness (LT), dry leaf thickness (LTd), petiole diameter in the horizontal (PDx) and vertical plane (PDy), fresh petiole cross sectional area 

(PA), dry petiole diameter in the horizontal (PDxd) and vertical plane (PDyd), dry petiole cross sectional area (PAd), fresh (PL) and dry petiole length 
(PLd), chlorophyll concentration per leaf area (Chla), leaf mass per area (LMA), leaf density (LD), saturate water content (SWC), osmotic potential 

at full turgor (πo) and at turgor loss point (Ψtlp), leaf Nitrogen and Carbon concentration (N and C), and delta C13 (δ13C) and N15 (δ15N).  
 

 
Species LM LMd LA LAd LT LTd 
 g g cm2 cm2 mm mm 

A. glandulosa 0.26 ± 0.044 0.12 ± 0.02 3.51 ± 0.564 3.21 ± 0.509 0.57 ± 0.027 0.48 ± 0.016 

A.canescens  0.027 ± 0.0039 0.006 ± 0.0013 0.515 ± 0.0982 0.39 ± 0.0865 0.26 ± 0.0094 0.11 ± 0.011 

B. galpinii - - 33.1 ± 1.71 - 0.17 ± 0.01 0.03 ± 0.002 
B. pendula  0.29 ± 0.058 0.1 ± 0.02 13.5 ± 2.63 11.4 ± 2.22 0.20 ± 0.0055 0.082 ± 0.005 

B. acerifolius  3.3 ± 1.1 0.85 ± 0.28 92.6 ± 23.8 86.3 ± 22.5 0.19 ± 0.0081 0.087 ± 0.013 

B. discolor 3.9 ± 0.66 1.3 ± 0.21 213 ± 32.9 166 ± 20.8 0.15 ± 0.007 0.09 ± 0.018 
B. populneus  0.53 ± 0.065 0.19 ± 0.027 23.1 ± 3.11 21.1 ± 2.89 0.18 ± 0.0037 0.03 ± 0.0039 

B.rupestris 0.29 ± 0.047 0.12 ± 0.02 8.03 ± 0.94 7.5 ± 0.884 0.24 ± 0.017 0.13 ± 0.012 

C. sasanqua - - 14 ± 0.563 - 0.40 ± 0.01 0.23 ± 0.01 
C. betuloides 0.36 ± 0.048 0.16 ± 0.023 12.3 ± 1.6 10 ± 1.37 0.22 ± 0.01 0.18 ± 0.021 

C. cuneatus 0.012 ± 0.0016 0.0054 ± 0.0008 0.312 ± 0.0573 0.226 ± 0.0428 0.31 ± 0.029 0.22 ± 0.021 

C. megacarpus 0.13 ± 0.019 0.047 ± 0.0054 1.86 ± 0.245 1.24 ± 0.143 0.64 ± 0.026 0.42 ± 0.026 
C. oliganthus 0.069 ± 0.0051 0.029 ± 0.0022 2.48 ± 0.182 1.73 ± 0.14 0.29 ± 0.0037 0.21 ± 0.0077 

C. spinosus 0.14 ± 0.03 0.056 ± 0.013 4.17 ± 0.73 2.92 ± 0.542 0.31 ± 0.015 0.19 ± 0.015 
C. aurantium  0.087 ± 0.014 0.031 ± 0.0057 2.29 ± 0.23 1.91 ± 0.195 0.30 ± 0.016 0.24 ± 0.068 

C. limon 0.79 ± 0.12 0.27 ± 0.043 21.5 ± 2.95 18.9 ± 2.61 0.31 ± 0.0086 0.23 ± 0.014 

C. sinensis 0.69 ± 0.11 0.25 ± 0.045 20.1 ± 3.1 17.8 ± 2.84 0.29 ± 0.0094 0.21 ± 0.014 
C. diversifolia - - 11.1 ± 0.483 - 0.49 ± 0.04 0.27 ± 0.02 

C. laurifolius 1.1 ± 0.057 0.39 ± 0.022 37.5 ± 2.28 35.3 ± 2.11 0.31 ± 0.011 0.14 ± 0.0032 

E. californica 0.51 ± 0.11 2.4 ± 0.022 12.1 ± 2.37 6.37 ± 1.5 0.36 ± 0.013 0.13 ± 0.028 
E.fasciculatum 0.12 ± 0.013 0.041 ± 0.0045 3.19 ± 0.68 2.76 ± 0.349 0.32 ± 0.019 0.24 ± 0.019 

E. sideroxylon  0.65 ± 0.057 0.25 ± 0.025 17 ± 1.18 14.8 ± 1.03 0.41 ± 0.016 0.11 ± 0.015 

F. benjamina  2 ± 0.42 0.47 ± 0.088 48.9 ± 10 36.4 ± 7.55 0.33 ± 0.01 0.15 ± 0.017 
F. macrophylla  5 ± 1.2 1.2 ± 0.25 98.8 ± 21.6 70.5 ± 15.3 0.40 ± 0.0059 0.19 ± 0.023 

F. microcarpa 0.69 ± 0.082 0.19 ± 0.024 18.1 ± 2.25 14.1 ± 1.76 0.34 ± 0.013 0.18 ± 0.039 

G. triacanthos 1.1 ± 0.17 0.46 ± 0.073 51.4 ± 6.99 - 0.13 ± 0.0033 0.095 ± 0.0083 
H. squarrosa 0.085 ± 0.012 0.029 ± 0.005 3.51 ± 0.618 2.72 ± 0.566 0.14 ± 0.0093 0.1 ± 0.0064 

H. annuus  - - 95 ± 8.06 - 0.20 ± 0.01 0.13 ± 0.003 

H. arbutifolia 0.41 ± 0.048 0.18 ± 0.023 9.56 ± 1.26 8.67 ± 1.15 0.35 ± 0.0086 0.26 ± 0.011 
H. canariensis - - 107 ± 7.88 - 0.27 ± 0.02 0.11 ± 0.01 

I.arborea 0.19 ± 0.047 0.049 ± 0.011 2.41 ± 0.594 1.36 ± 0.397 0.51 ± 0.037 0.23 ± 0.022 

J. chelonia 3.2 ± 1.1 0.69 ± 0.073 152 ± 18.7 - 0.072 ± 0.0011 0.069 ± 0.0078 
L. camara  - - 31.6 ± 0.698 - 0.29 ± 0.01 0.06 ± 0.005 

L. indica 0.27 ± 0.045 0.076 ± 0.013 9.22 ± 1.38 6.91 ± 1.07 0.23 ± 0.011 0.11 ± 0.0095 

L. tridentata 0.012 ± 0.0019 0.0033 ± 0.00052 0.384 ± 0.0561 0.261 ± 0.0458 0.32 ± 0.018 0.073 ± 0.014 
L. styraciflua 2.9 ± 0.4 1.1 ± 0.15 93.1 ± 11.9 - 0.25 ± 0.013 0.091 ± 0.013 

M. fasciculatus 0.11 ± 0.0097 0.039 ± 0.0039 4.62 ± 0.502 3.82 ± 0.47 0.26 ± 0.013 0.099 ± 0.0059 

M. grandiflora 3.6 ± 0.58 1.6 ± 0.23 65.2 ± 10.2 60.8 ± 9.94 0.55 ± 0.024 0.39 ± 0.011 
M. laurina 0.98 ± 0.3 0.45 ± 0.13 21.5 ± 5.81 19.5 ± 5.74 0.38 ± 0.011 0.1 ± 0.014 

P. americana 2.9 ± 0.32 0.85 ± 0.077 99.9 ± 10.2 87.9 ± 8.83 0.29 ± 0.011 0.22 ± 0.0072 

P. undulatum  0.44 ± 0.09 0.16 ± 0.03 13.2 ± 2.21 11.3 ± 1.89 0.24 ± 0.0082 0.082 ± 0.011 
P. racemosa 4.2 ± 0.77 1.5 ± 0.26 164 ± 25.7 145 ± 22.6 0.23 ± 0.021 0.18 ± 0.019 

Q. agrifolia 0.28 ± 0.03 0.15 ± 0.016 7.85 ± 0.828 - 0.26 ± 0.0071 0.2 ± 0.014 

Q. berberidifolia 0.15 ± 0.028 0.075 ± 0.014 4.22 ± 0.764 4 ± 0.72 0.28 ± 0.0057 0.24 ± 0.0092 
R. indica 1.5 ± 0.15 0.54 ± 0.057 22.9 ± 2.46 20 ± 2.5 0.46 ± 0.017 0.4 ± 0.018 

R. integrifolia 0.62 ± 0.068 0.22 ± 0.023 12.9 ± 1.55 11.6 ± 1.43 0.25 ± 0.011 0.19 ± 0.0091 

R. ovata 1.3 ± 0.22 0.0023 ± 0.1 25.4 ± 3.7 23.2 ± 3.35 0.48 ± 0.033 0.18 ± 0.032 
R. coulteri - - 43.2 ± 4.11 - 0.36 ± 0.01 0.18 ± 0.01 

S. canariensis - - 19.1 ± 5.76 - 0.26 ± 0.01 0.09 ± 0.004 

S. leucophylla 0.092 ± 0.016 0.029 ± 0.0052 2.47 ± 0.419 1.48 ± 0.258 0.45 ± 0.028 0.2 ± 0.029 
S. mellifera 0.14 ± 0.023 0.032 ± 0.0055 2.66 ± 0.491 1.21 ± 0.24 0.53 ± 0.014 0.28 ± 0.014 

S. molle 1.2 ± 0.29 0.67 ± 0.13 50 ± 13.1 - 0.14 ± 0.024  ± 0.024 

T. peruviana 0.33 ± 0.061 0.073 ± 0.017 9 ± 1.76 7.04 ± 1.45 0.22 ± 0.0091 0.15 ± 0.019 
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Species PDx PDy PA PDxd PDyd Pad 

 mm mm mm2 mm mm Mm 

A. glandulosa 0.72 ± 0.041 0.91 ± 0.071 2.1 ± 0.18 0.66 ± 0.036 0.83 ± 0.071 1.7 ± 0.22 
A.canescens  0.35 ± 0.016 0.49 ± 0.045 0.52 ± 0.07 0.12 ± 0.017 0.15 ± 0.029 0.064 ± 0.022 

B. galpinii 1.2 ± 0.081 1 ± 0.045 4 ± 0.43 - - - 

B. pendula  0.59 ± 0.043 0.57 ± 0.039 1.3 ± 0.19 0.44 ± 0.02 0.53 ± 0.03 0.74 ± 0.07 
B. acerifolius  2.1 ± 0.25 2.1 ± 0.27 18 ± 4.5 1.2 ± 0.19 1.3 ± 0.18 5.8 ± 1.6 

B. discolor 2 ± 0.21 1.8 ± 0.18 13 ± 2.4 1.4 ± 0.14 1.4 ± 0.14 6.5 ± 1.2 

B. populneus  0.79 ± 0.051 0.88 ± 0.064 2.6 ± 0.28 0.41 ± 0.036 0.42 ± 0.038 0.57 ± 0.098 
B.rupestris 0.83 ± 0.055 0.81 ± 0.069 2.4 ± 0.31 0.67 ± 0.053 0.71 ± 0.064 1.6 ± 0.29 

C. sasanqua 2 ± 0.069 1.4 ± 0.096 8.7 ± 0.91 - - - 

C. betuloides 1 ± 0.038 1 ± 0.036 4 ± 0.32 0.79 ± 0.044 0.99 ± 0.048 2.5 ± 0.23 
C. cuneatus 0.3 ± 0.027 0.34 ± 0.038 0.33 ± 0.059 0.24 ± 0.032 0.3 ± 0.032 0.23 ± 0.052 

C. megacarpus 0.69 ± 0.089 0.82 ± 0.11 2 ± 0.31 0.47 ± 0.065 0.57 ± 0.085 0.96 ± 0.17 

C. oliganthus 0.6 ± 0.021 0.66 ± 0.028 1.4 ± 0.093 2.1 ± 1.7 0.6 ± 0.016 3.6 ± 2.8 
C. spinosus 0.74 ± 0.057 0.85 ± 0.052 2.2 ± 0.29 0.59 ± 0.054 0.71 ± 0.05 1.4 ± 0.21 

C. aurantium  0.89 ± 0.06 0.94 ± 0.054 2.7 ± 0.36 0.58 ± 0.047 0.75 ± 0.045 1.4 ± 0.19 

C. limon 1.7 ± 0.1 1.7 ± 0.1 9.8 ± 1.2 1 ± 0.073 1.2 ± 0.054 3.9 ± 0.48 

C. sinensis 1.4 ± 0.1 1.6 ± 0.094 7.8 ± 1.1 0.99 ± 0.072 1.3 ± 0.17 4 ± 0.69 

C. diversifolia 1.1 ± 0.042 1.2 ± 0.033 4.1 ± 0.14 - - - 

C. laurifolius 1.9 ± 0.06 2.2 ± 0.069 13 ± 0.66 1.3 ± 0.087 1.5 ± 0.061 6.3 ± 0.54 
E. californica 1.3 ± 0.13 1.7 ± 0.12 7.6 ± 1.2 0.68 ± 0.066 1 ± 0.1 2.3 ± 0.43 

E.fasciculatum 0.83 ± 0.042 1.4 ± 0.14 3.1 ± 0.23 0.58 ± 0.032 1.2 ± 0.14 2.2 ± 0.34 

E. sideroxylon  0.92 ± 0.046 1.1 ± 0.067 3.6 ± 0.31 0.63 ± 0.047 0.93 ± 0.042 1.9 ± 0.19 
F. benjamina  1.7 ± 0.16 2.2 ± 0.19 14 ± 2.4 1.1 ± 0.087 1.3 ± 0.059 4.6 ± 0.46 

F. macrophylla  3 ± 0.38 3.7 ± 0.44 42 ± 10 1.3 ± 0.11 2.2 ± 0.19 9.1 ± 1.5 
F. microcarpa 1.4 ± 0.11 1.5 ± 0.074 8.2 ± 1 0.86 ± 0.045 1.1 ± 0.065 2.9 ± 0.26 

G. triacanthos 1.2 ± 0.052 1.1 ± 0.094 4.4 ± 0.54 0.79 ± 0.062 0.87 ± 0.046 2.2 ± 0.0089 

H. squarrosa 0.04 ± 0.0087 0.04 ± 0.009 0.0028 ± 0.0009 0.036 ± 0.0073 0.023 ± 0.006 0.0033 ± 0.0009 
H. annuus  3.2 ± 0.097 4.3 ± 0.2 28 ± 3.1 - - - 

H. arbutifolia 1.5 ± 0.071 1.6 ± 0.056 8.8 ± 0.76 1.2 ± 0.046 1.1 ± 0.059 4.3 ± 0.38 

H. canariensis 2.5 ± 0.069 2.5 ± 0.078 20 ± 1.1 - - - 
I.arborea 0.95 ± 0.073 1 ± 0.083 3.6 ± 0.53 0.41 ± 0.045 0.49 ± 0.077 0.71 ± 0.2 

J. chelonia 2.4 ± 0.3 2.1 ± 0.27 17 ± 3.8 1.7 ± 0.17 1.6 ± 0.14 8.3 ± 0.077 

L. camara  1.3 ± 0.029 2.2 ± 0.061 5.8 ± 1.2 - - - 
L. indica 0.97 ± 0.064 1 ± 0.14 3.3 ± 0.6 0.55 ± 0.07 0.84 ± 0.14 1.6 ± 0.38 

L. tridentata - - - - - - 

L. styraciflua 2.3 ± 0.15 2.8 ± 0.19 26 ± 3.1 1.4 ± 0.091 1.7 ± 0.095 7.3 ± 0.85 
M. fasciculatus 0.77 ± 0.03 0.92 ± 0.042 2.5 ± 0.21 0.46 ± 0.025 0.56 ± 0.045 0.82 ± 0.099 

M. grandiflora 3.1 ± 0.24 3.5 ± 0.23 43 ± 6.1 2.1 ± 0.17 2.4 ± 0.12 16 ± 1.9 

M. laurina 1.4 ± 0.16 1.4 ± 0.15 8 ± 2.1 1 ± 0.13 1 ± 0.11 3.5 ± 0.99 
P. americana 2.4 ± 0.15 2.4 ± 0.15 20 ± 2.5 1.4 ± 0.071 1.4 ± 0.044 6.2 ± 0.49 

P. undulatum  0.93 ± 0.072 1.2 ± 0.13 4.2 ± 0.76 0.59 ± 0.075 0.82 ± 0.09 1.6 ± 0.31 

P. racemosa 2.9 ± 0.26 3.1 ± 0.29 42 ± 8.6 1.5 ± 0.1 1.6 ± 0.13 7.9 ± 1.2 
Q. agrifolia 0.97 ± 0.022 1.1 ± 0.052 4 ± 0.29 0.76 ± 0.031 0.91 ± 0.023 2.2 ± 0.15 

Q. berberidifolia 0.78 ± 0.056 0.97 ± 0.066 2.8 ± 0.4 0.57 ± 0.042 0.74 ± 0.067 1.4 ± 0.2 

R. indica 1.8 ± 0.061 2.4 ± 0.06 18 ± 1.1 1.3 ± 0.053 2 ± 0.054 8 ± 0.47 
R. integrifolia 1.5 ± 0.094 1.9 ± 0.13 9.4 ± 1.2 0.95 ± 0.05 1.5 ± 0.11 4.5 ± 0.47 

R. ovata 2 ± 0.11 2.1 ± 0.11 15 ± 1.7 1.2 ± 0.077 1.7 ± 0.11 6.4 ± 0.77 

R. coulteri 2.2 ± 0.041 3.6 ± 0.16 16 ± 3.4 - - - 
S. canariensis 2.6 ± 0.16 2.1 ± 0.11 18 ± 1.8 - - - 

S. leucophylla 0.84 ± 0.05 1.3 ± 0.098 3.6 ± 0.38 0.46 ± 0.039 0.9 ± 0.059 1.3 ± 0.19 

S. mellifera 1 ± 0.065 1.9 ± 0.11 6.1 ± 0.8 0.41 ± 0.019 0.98 ± 0.052 1.3 ± 0.11 
S. molle 1.1 ± 0.15 1.2 ± 0.12 4.2 ± 1 1 ± 0.15 0.97 ± 0.1 3.1 ± 0.048 

T. peruviana 1.2 ± 0.085 1.5 ± 0.088 6.1 ± 0.7 0.66 ± 0.059 0.77 ± 0.065 1.7 ± 0.24 
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Species PL PLd Chla LMA  LD SWC 

 cm cm  g·m-2 kg·m-2 g·g-1 

A. glandulosa 0.57 ± 0.043 0.3 ± 0.067 51.9 ± 2.31 327 ± 9.1 622.8 ± 33.8 1.1 ± 0.022 
A.canescens  0.13 ± 0.015 0.13 ± 0.015 41 ± 5.59 113 ± 7.6 438.3 ± 26.8 4.3 ± 0.88 

B. galpinii - - - 33.2 ± 1.8 301.3 ± 0.0101 1.9 ± 0.26 

B. pendula  2.4 ± 0.28 2.2 ± 0.25 43 ± 1.11 67 ± 2.7 393.7 ± 46.7 2 ± 0.37 
B. acerifolius  12 ± 2.7 12 ± 2.6 42.7 ± 2.3 66.8 ± 3 434.4 ± 11.9 2.8 ± 0.076 

B. discolor 15 ± 1.6 14 ± 1.6 46.1 ± 1.08 50.2 ± 3.8 409 ± 18.5 1.9 ± 0.04 

B. populneus  5.2 ± 0.63 4.9 ± 0.59 36.8 ± 0.865 71 ± 4.7 443.7 ± 28.5 1.9 ± 0.12 
B.rupestris 1.6 ± 0.35 1.6 ± 0.35 43.7 ± 1.02 129 ± 10 578.1 ± 24.7 1.5 ± 0.03 

C. sasanqua - - - 189 ± 8.2 441.7 ± 0.0079 1.7 ± 0.03 

C. betuloides 0.68 ± 0.08 0.64 ± 0.077 37.1 ± 1.16 124 ± 11 595.7 ± 49.1 1.3 ± 0.057 
C. cuneatus 0.12 ± 0.015 0.12 ± 0.012 25.1 ± 3.4 158 ± 14 649.7 ± 78.6 1.2 ± 0.15 

C. megacarpus 0.29 ± 0.048 0.28 ± 0.043 35 ± 0.798 246 ± 17 413.7 ± 33.5 1.7 ± 0.28 

C. oliganthus 0.48 ± 0.043 0.4 ± 0.034 35.8 ± 1.58 114 ± 2 404.3 ± 4.7 1.4 ± 0.019 
C. spinosus 0.61 ± 0.051 0.52 ± 0.036 39.5 ± 1.68 118 ± 11 398.5 ± 18.8 1.6 ± 0.099 

C. aurantium  0.29 ± 0.048 0.26 ± 0.041 61.3 ± 2.91 134 ± 8.9 437.3 ± 30.2 1.9 ± 0.29 

C. limon 0.84 ± 0.084 0.7 ± 0.073 46.5 ± 2.81 118 ± 2.9 404.9 ± 15.5 1.9 ± 0.056 
C. sinensis 1.1 ± 0.11 1 ± 0.12 60.4 ± 2.46 113 ± 5 413.8 ± 18.2 1.9 ± 0.094 

C. diversifolia - - - 262 ± 9.8 801.7 ± 0.0365 0.9 ± 0.03 

C. laurifolius 0.68 ± 0.055 0.53 ± 0.037 49.9 ± 2.56 98.2 ± 3.8 341.7 ± 6.88 1.9 ± 0.028 
E. californica 0.99 ± 0.23 0.92 ± 0.21 40.8 ± 0.783 63 ± 2.8 209.3 ± 7.99 4.5 ± 0.3 

E.fasciculatum 0.78 ± 0.14 0.62 ± 0.14 40 ± 2.11 160 ± 29 530.5 ± 89.3 1.9 ± 0.22 

E. sideroxylon  1.9 ± 0.18 1.8 ± 0.18 31.9 ± 1.41 134 ± 9.5 359.3 ± 13.5 1.7 ± 0.076 
F. benjamina  2.9 ± 0.26 2.5 ± 0.25 55 ± 2.02 92 ± 6.8 301 ± 27.5 3.2 ± 0.27 

F. macrophylla  5.3 ± 0.63 4.6 ± 0.58 55 ± 1.55 113 ± 7 331.8 ± 18 2.9 ± 0.17 
F. microcarpa 1.2 ± 0.1 0.87 ± 0.09 60.2 ± 4.06 104 ± 5.9 318 ± 17.3 2.6 ± 0.18 

G. triacanthos 2.6 ± 0.48 2.5 ± 0.47 56.6 ± 3.4 74.2 ± 1.6 564.2 ± 0.026 1.7 ± 0.1 

H. squarrosa 0.34 ± 0.1 0.27 ± 0.09 33.4 ± 1.02 70.1 ± 8.3 609.4 ± 38.4 2 ± 0.14 
H. annuus  - - - 30.5 ± 0.63 166.9 ± 0.0051 11 ± 0.79 

H. arbutifolia 1 ± 0.11 1 ± 0.1 55.5 ± 2.32 177 ± 9.1 553.4 ± 18.5 1.3 ± 0.067 

H. canariensis - - - 97.5 ± 3.4 324.5 ± 0.0113 2.3 ± 0.09 
I.arborea 1.5 ± 0.16 1.4 ± 0.14 40.3 ± 6.24 142 ± 15 491.3 ± 114 2.8 ± 0.23 

J. chelonia 4.8 ± 0.3 4.7 ± 0.3 24.8 ± 4.87 43.6 ± 2.3 626.6 ± 0.108 3.7 ± 1.5 

L. camara  - - - 48.5 ± 3 202.5 ± 0.0066 2.2 ± 0.15 
L. indica 0.12 ± 0.015 0.11 ± 0.011 45.2 ± 2.88 77.4 ± 4.1 349.7 ± 17 2.5 ± 0.11 

L. tridentata - - 33.5 ± 3.13 81.7 ± 5.2 274 ± 12.2 2.6 ± 0.14 

L. styraciflua 9.3 ± 0.65 9.1 ± 0.72 41.7 ± 0.871 100 ± 5.4 469.5 ± 11.9 1.7 ± 0.039 
M. fasciculatus 0.91 ± 0.1 0.81 ± 0.1 38.1 ± 2.07 79 ± 2.6 331.5 ± 20.5 1.8 ± 0.12 

M. grandiflora 2.1 ± 0.24 1.9 ± 0.22 46.9 ± 1.84 232 ± 13 451.7 ± 26.2 1.3 ± 0.15 

M. laurina 2 ± 0.26 2 ± 0.26 44.3 ± 1.76 192 ± 12 538.1 ± 24.8 1.1 ± 0.043 
P. americana 4.1 ± 0.5 3.6 ± 0.52 54.4 ± 1.29 82 ± 3.5 311.6 ± 26.1 2.4 ± 0.37 

P. undulatum  1.6 ± 0.21 1.3 ± 0.14 44.9 ± 1.85 120 ± 6.4 503.8 ± 25 1.6 ± 0.17 

P. racemosa 3.4 ± 0.35 3.2 ± 0.35 35.8 ± 2.54 84.9 ± 2.8 409.6 ± 32.2 1.7 ± 0.063 
Q. agrifolia 0.88 ± 0.065 1.1 ± 0.12 40.3 ± 1.46 177 ± 7.5 695.8 ± 15.8 0.91 ± 0.0089 

Q. berberidifolia 4.7 ± 0.52 0.35 ± 0.052 48.8 ± 1.08 152 ± 4.1 617 ± 8.95 0.95 ± 0.024 

R. indica 1.7 ± 0.084 1.5 ± 0.058 47 ± 1.58 216 ± 7.7 519.6 ± 24.9 1.8 ± 0.073 
R. integrifolia 0.34 ± 0.041 0.33 ± 0.033 58 ± 1.19 168 ± 7.5 707 ± 19.5 1.8 ± 0.046 

R. ovata 1.4 ± 0.12 1.3 ± 0.12 55.6 ± 1.93 208 ± 19 449.1 ± 11.2 1.4 ± 0.051 

R. coulteri - - - 78.3 ± 2.3 209.5 ± 0.0045 2.7 ± 0.02 
S. canariensis - - - 50.4 ± 1.4 277.8 ± 0.0112 5.2 ± 0.12 

S. leucophylla 0.34 ± 0.031 0.3 ± 0.024 45.1 ± 1.45 111 ± 8.9 263.8 ± 16.6 2.2 ± 0.14 

S. mellifera 0.96 ± 0.092 0.9 ± 0.091 39.1 ± 1.55 109 ± 15 240.8 ± 30.1 3.8 ± 0.42 
S. molle 4.2 ± 0.6 3.9 ± 0.53 57.2 ± 1.86 146 ± 25 1210 ± 0.0496 0.89 ± 0.29 

T. peruviana 0.5 ± 0.047 0.47 ± 0.037 53.2 ± 2.49 82.4 ± 12 339.6 ± 28.8 4.1 ± 0.52 
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Species πo Ψtlp N δ15N C δ13C 

 MPa MPa % ‰ % ‰ 

A. glandulosa -2.3 ± 0.006 -2.5 ± 0.005 0.81 ± 0.0067 0.13 ± 0.51 48.5 ± 4.3 -26.8 ± 0.58 
A.canescens  -2.7 ± 0.5 -2.9 ± 0.4 2.3 ± 0.15 2.7 ± 1 45.4 ± 4.2 -20.5 ± 3.4 

B. galpinii -1.3 ± 0.1 -1.7 ± 0.1 2.2 ± 0.16 0.9 ± 1.9 45.2 ± 1.1 -29.1 ± 0.28 

B. pendula  -2 ± 0.06 -2.3 ± 0.05 3 ± 0.44 1.2 ± 0.64 48.8 ± 0.72 -28.4 ± 0.68 
B. acerifolius  -1.6 ± 0.04 -2 ± 0.03 3.1 ± 0.43 2.9 ± 0.18 45 ± 3.7 -28.1 ± 0.93 

B. discolor -1.8 ± 0.07 -2.1 ± 0.05 2.9 ± 0.11 2.7 ± 0.2 43.5 ± 0.94 -28 ± 0.26 

B. populneus  -1.4 ± 0.07 -1.8 ± 0.06 2.5 ± 0.11 3.4 ± 0.38 45.5 ± 2.1 -28.6 ± 0.12 
B.rupestris -2 ± 0.2 -2.3 ± 0.2 1.7 ± 0.37 3.8 ± 0.42 38.7 ± 9.5 -29 ± 0.12 

C. sasanqua -1.6 ± 0.1 -2 ± 0.1 1.4 ± 0.1 -0.6 ± 0.27 46.1 ± 0.42 -29.5 ± 0.5 

C. betuloides -2.3 ± 0.02 -2.6 ± 0.01 1.7 ± 0.17 1.6 ± 0.17 49.6 ± 0.57 -30.6 ± 0.49 
C. cuneatus -1.9 ± 0.1 -2.2 ± 0.09 2 ± 0.097 1.2 ± 0.26 50.4 ± 0.4 -26.6 ± 0.28 

C. megacarpus -2.8 ± 0.2 -3 ± 0.2 1.3 ± 0.029 1.6 ± 0.53 48.1 ± 0.36 -28.6 ± 0.82 

C. oliganthus -2.1 ± 0.2 -2.4 ± 0.2 2.1 ± 0.093 1.9 ± 0.8 44.4 ± 4.3 -24 ± 3.6 
C. spinosus -2.1 ± 0.1 -2.4 ± 0.1 1.7 ± 0.12 0.41 ± 0.67 49.2 ± 0.07 -29.4 ± 1 

C. aurantium  -2.5 ± 0.2 -2.7 ± 0.2 2.7 ± 0.33 3.6 ± 1.5 41.9 ± 2.6 -28 ± 0.58 

C. limon -1.7 ± 0.06 -2 ± 0.05 2.3 ± 0.23 3.1 ± 0.12 44 ± 0.6 -27 ± 0.5 

C. sinensis -2.2 ± 0.1 -2.4 ± 0.08 2.2 ± 0.23 4.9 ± 0.54 41.6 ± 0.31 -28.1 ± 0.71 

C. diversifolia -2.7 ± 0.2 -2.9 ± 0.2 1 ± 0.033 0.37 ± 0.026 50.8 ± 0.47 -27.8 ± 0.053 

C. laurifolius -1.9 ± 0.08 -2.2 ± 0.07 2.3 ± 0.21 7.1 ± 0.36 47.7 ± 0.3 -28.3 ± 0.098 
E. californica -1.6 ± 0.09 -2 ± 0.07 2.5 ± 0.17 1.7 ± 0.49 42.3 ± 0.86 -29.2 ± 0.26 

E.fasciculatum -1.7 ± 0.1 -2.1 ± 0.08 1.2 ± 0.12 3.8 ± 0.69 45.7 ± 0.33 -30.9 ± 1.1 

E. sideroxylon  -2 ± 0.07 -2.3 ± 0.06 1.6 ± 0.095 6.8 ± 0.95 52.6 ± 1.4 -31.5 ± 0.71 
F. benjamina  -1.3 ± 0.04 -1.7 ± 0.03 2 ± 0.09 3.8 ± 0.18 46.7 ± 0.39 -30.8 ± 1.2 

F. macrophylla  -1.3 ± 0.08 -1.7 ± 0.06 2 ± 0.19 4.4 ± 0.42 45.4 ± 0.93 -31.1 ± 0.92 
F. microcarpa -1.4 ± 0.08 -1.8 ± 0.06 1.7 ± 0.019 4.6 ± 0.21 45.2 ± 0.29 -29.6 ± 0.48 

G. triacanthos -3 ± 0.2 -3.1 ± 0.2 2.9 ± 0.22 3.3 ± 0.089 46.8 ± 1.6 -26.9 ± 0.21 

H. squarrosa -2.2 ± 0.3 -2.5 ± 0.2 2.4 ± 0.16 0.9 ± 0.33 45.5 ± 0.85 -29.9 ± 0.62 
H. annuus  -0.88 ± 0.1 -1.1 ± 0.1 5.2 ± 0.38 1.8 ± 0.27 40.2 ± 0.69 -31.9 ± 0.33 

H. arbutifolia -2.6 ± 0.04 -2.8 ± 0.03 1.3 ± 0.14 3.9 ± 1.6 49.9 ± 0.1 -29.8 ± 0.27 

H. canariensis -1.7 ± 0.08 -2.1 ± 0.07 1.9 ± 0.16 1.6 ± 0.14 46.8 ± 0.83 -30.8 ± 0.17 
I.arborea -1.7 ± 0.05 -2.1 ± 0.05 2.5 ± 0.41 6.7 ± 0.62 39.1 ± 0.19 -30.2 ± 0.61 

J. chelonia -1.6 ± 0.02 -1.9 ± 0.02 2.8 ± 0.4 2.5 ± 1.2 50 ± 0.42 -27.4 ± 0.75 

L. camara  -0.92 ± 0.05 -1.4 ± 0.04 3.4 ± 0.5 1.3 ± 0.3 43.1 ± 0.72 -29.5 ± 0.46 
L. indica -1.4 ± 0.05 -1.8 ± 0.04 2.3 ± 0.35 3.3 ± 0.17 43.6 ± 0.64 -26.5 ± 0.73 

L. tridentata -1.8 ± 0.1 -1.9 ± 0.2 2.1 ± 0.12 3.1 ± 0.15 47.9 ± 1 -28.6 ± 0.86 

L. styraciflua -2.1 ± 0.06 -2.3 ± 0.05 - - - - 
M. fasciculatus -1.9 ± 0.1 -2.2 ± 0.1 2.1 ± 0.096 0.7 ± 0.61 43.5 ± 0.14 -27.9 ± 1.2 

M. grandiflora -2.1 ± 0.1 -2.6 ± 0.1 0.99 ± 0.032 2.5 ± 0.14 45.7 ± 0.25 -28.4 ± 0.5 

M. laurina -2 ± 0.07 -2.3 ± 0.06 1.3 ± 0.031 1.4 ± 1 52.7 ± 0.22 -26.8 ± 0.27 
P. americana -1.7 ± 0.04 -2 ± 0.03 2.1 ± 0.18 0.13 ± 0.2 47.3 ± 0.3 -30.2 ± 0.24 

P. undulatum  -2.3 ± 0.02 -2.6 ± 0.02 1.8 ± 0.069 3 ± 0.23 47 ± 0.21 -25.5 ± 0.9 

P. racemosa -1.7 ± 0.2 -2 ± 0.1 1.7 ± 0.29 0.57 ± 0.45 48.4 ± 1.4 -28 ± 0.59 
Q. agrifolia -3.1 ± 0.1 -3.2 ± 0.08 1.6 ± 0.072 1.5 ± 0.45 51.6 ± 2 -26.2 ± 0.29 

Q. berberidifolia -2.9 ± 0.05 -3.1 ± 0.04 1.9 ± 0.15 -0.77 ± 0.35 47.4 ± 0.49 -26.6 ± 0.43 

R. indica -2.1 ± 0.1 -2.4 ± 0.08 0.91 ± 0.096 -0.24 ± 0.19 45.7 ± 0.5 -29.6 ± 0.27 
R. integrifolia -2.1 ± 0.05 -2.3 ± 0.04 1.2 ± 0.11 0.24 ± 1.2 49.2 ± 0.79 -28.4 ± 0.14 

R. ovata -2.2 ± 0.04 -2.5 ± 0.04 1.2 ± 0.13 1.1 ± 0.28 50.6 ± 0.47 -27.5 ± 0.53 

R. coulteri -1 ± 0.08 -1.4 ± 0.07 3.8 ± 0.79 1.1 ± 1.1 46.6 ± 0.4 -29.2 ± 0.47 
S. canariensis -0.88 ± 0.03 -1.4 ± 0.03 3.9 ± 0.42 0.84 ± 0.39 43.3 ± 0.65 -31.3 ± 0.97 

S. leucophylla -1.3 ± 0.09 -1.7 ± 0.08 2 ± 0.092 2.1 ± 1.1 49.2 ± 3 -27.3 ± 0.38 

S. mellifera -1.1 ± 0.05 -1.6 ± 0.04 2.2 ± 0.062 0.71 ± 0.15 47.3 ± 0.16 -28.2 ± 0.39 
S. molle -2 ± 0.07 -2.3 ± 0.06 2.7 ± 0.13 7.5 ± 0.033 46.7 ± 0.63 -27.6 ± 0.72 

T. peruviana -1.8 ± 0.08 -2.1 ± 0.07 2.2 ± 0.045 4.1 ± 0.29 42 ± 0.17 -27 ± 0.26 
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Table 6.3. Shade leaf trait summary for 53 species of trees and shrub common to the Los Angeles Urban Ecosystem. Means ± are reported for fully 

hydrated (fresh) leaves and oven dried leaves (dry) collected from deeply shaded canopy of trees and shrubs in the field in the summer of 2013 and 
2014.  Traits include fresh leaf mass (LM), dry leaf Mass (LMd), fresh projected leaf area (LA), dry projected leaf area (LAd), fresh leaf thickness 

(LT), dry leaf thickness (LTd), petiole diameter in the horizontal (PDx) and vertical plane (PDy), fresh petiole cross sectional area (PA), dry petiole 

diameter in the horizontal (PDxd) and vertical plane (PDyd), dry petiole cross sectional area (PAd), fresh (PL) and dry petiole length (PLd), chlorophyll 
concentration per leaf area (Chla), leaf mass per area (LMA), leaf density (LD), saturate water content (SWC), osmotic potential at full turgor (πo) 

and at turgor loss point (Ψtlp). 
 
Species LM LMd LA LAd LT LTd 
 g g cm2 cm2 Mm mm 

A. glandulosa 0.29 ± 0.057 0.13 ± 0.025 4.93 ± 0.732 4.55 ± 0.672 0.48 ± 0.035 0.35 ± 0.029 

A.canescens  0.024 ± 0.0058 0.0059 ± 0.00091 0.683 ± 0.0973 0.414 ± 0.0962 0.2 ± 0.022 0.075 ± 0.0085 

B. galpinii - - - - - - 
B. pendula  0.17 ± 0.023 0.052 ± 0.0071 11.4 ± 1.56 9.99 ± 1.35 0.15 ± 0.0079 0.058 ± 0.0067 

B. acerifolius  4.4 ± 0.67 1.2 ± 0.19 192 ± 33.2 133 ± 17.4 0.19 ± 0.0045 0.085 ± 0.0076 

B. discolor 4.5 ± 0.66 1.7 ± 0.32 224 ± 23.6 195 ± 21.3 0.15 ± 0.012 0.069 ± 0.0092 
B. populneus  0.66 ± 0.12 0.22 ± 0.04 27.1 ± 4.92 24.8 ± 4.46 0.2 ± 0.0049 0.023 ± 0.0033 

B.rupestris 0.3 ± 0.035 0.11 ± 0.014 10.5 ± 1.25 9.73 ± 1.13 0.17 ± 0.0072 0.097 ± 0.0036 

C. sasanqua - - - - - - 

C. betuloides 0.3 ± 0.038 0.13 ± 0.015 12.2 ± 1.69 10.2 ± 1.44 0.21 ± 0.022 0.15 ± 0.023 

C. cuneatus 0.012 ± 0.0029 0.006 ± 0.0009 0.35 ± 0.0511 0.249 ± 0.0354 0.29 ± 0.018 0.2 ± 0.019 

C. megacarpus 0.15 ± 0.02 0.062 ± 0.0077 2.39 ± 0.308 1.64 ± 0.2 0.67 ± 0.019 0.37 ± 0.032 
C. oliganthus 0.078 ± 0.013 0.033 ± 0.0052 3.07 ± 0.428 2.32 ± 0.315 0.28 ± 0.0076 0.19 ± 0.015 

C. spinosus 0.12 ± 0.029 0.051 ± 0.012 4.45 ± 0.955 3.13 ± 0.68 0.26 ± 0.018 0.17 ± 0.0068 

C. aurantium  0.093 ± 0.0096 0.035 ± 0.0036 3.05 ± 0.326 2.48 ± 0.265 0.25 ± 0.0062 0.11 ± 0.0051 
C. limon 1.1 ± 0.12 0.34 ± 0.045 37 ± 4.09 31.7 ± 3.59 0.26 ± 0.0063 0.2 ± 0.01 

C. sinensis 1.1 ± 0.21 0.37 ± 0.079 38.9 ± 6.45 34.3 ± 5.78 0.24 ± 0.014 0.17 ± 0.019 
C. diversifolia - - - - - - 

C. laurifolius 0.92 ± 0.095 0.28 ± 0.03 42.3 ± 3.74 38.4 ± 3.35 0.21 ± 0.0052 0.054 ± 0.0056 

E. californica 0.36 ± 0.094 4.1 ± 0.017 9.31 ± 2.38 4.49 ± 1.35 0.35 ± 0.012 0.099 ± 0.007 
E.fasciculatum 0.12 ± 0.019 0.035 ± 0.0065 3.66 ± 0.469 2.76 ± 0.349 0.29 ± 0.018 0.23 ± 0.027 

E. sideroxylon  0.57 ± 0.054 0.23 ± 0.032 17.3 ± 1.34 15.6 ± 1.28 0.38 ± 0.017 0.077 ± 0.013 

F. benjamina  2.2 ± 0.37 0.52 ± 0.093 54.9 ± 9.17 41.8 ± 6.86 0.33 ± 0.014 0.2 ± 0.019 
F. macrophylla  4.9 ± 0.71 1.2 ± 0.14 97.4 ± 12 76.1 ± 8.07 0.37 ± 0.02 0.2 ± 0.026 

F. microcarpa 0.64 ± 0.061 0.18 ± 0.015 17.6 ± 1.65 13.8 ± 1.35 0.33 ± 0.018 0.17 ± 0.032 

G. triacanthos 0.88 ± 0.42 0.37 ± 0.18 44.9 ± 14.6 - 0.13 ± 0.017 0.074 ± 0.0089 
H. squarrosa 0.071 ± 0.01 0.019 ± 0.0032 2.97 ± 0.39 2.22 ± 0.316 0.13 ± 0.016 0.086 ± 0.01 

H. annuus  - - - - - - 

H. arbutifolia 0.65 ± 0.095 0.3 ± 0.043 19.5 ± 2.91 18.1 ± 2.74 0.29 ± 0.012 0.22 ± 0.01 
H. canariensis - - - - - - 

I.arborea 0.14 ± 0.038 0.069 ± 0.031 2.23 ± 0.58 1.38 ± 0.435 0.41 ± 0.02 0.24 ± 0.03 

J. chelonia 4.7 ± 1.4 1.5 ± 0.33 307 ± 86.5 - 0.089 ± 0.0071 0.083 ± 0.0043 
L. camara  - - - - - - 

L. indica 0.24 ± 0.032 0.087 ± 0.011 10.1 ± 1.31 7.67 ± 1.06 0.24 ± 0.01 0.11 ± 0.0061 

L. tridentata 0.0092 ± 0.002 0.0019 ± 0.0003 0.294 ± 0.047 0.175 ± 0.044 0.21 ± 0.012 0.061 ± 0.019 
L. styraciflua 2.3 ± 0.33 0.79 ± 0.13 93.6 ± 10.2 - 0.18 ± 0.0098 0.089 ± 0.0049 

M. fasciculatus 0.1 ± 0.013 0.0004 ± 0.0041 5.02 ± 0.673 4.01 ± 0.583 0.25 ± 0.0085 0.081 ± 0.0048 

M. grandiflora 4.1 ± 0.62 1.9 ± 0.28 85.4 ± 13.5 80.8 ± 12.6 0.47 ± 0.012 0.39 ± 0.018 
M. laurina 0.64 ± 0.13 0.25 ± 0.062 18.8 ± 3.07 16.5 ± 2.82 0.32 ± 0.0094 0.041 ± 0.0088 

P. americana 3 ± 0.31 0.87 ± 0.1 121 ± 11 107 ± 9.88 0.28 ± 0.02 0.2 ± 0.0084 

P. undulatum  0.56 ± 0.088 0.22 ± 0.034 22.2 ± 3.39 19.8 ± 3.07 0.19 ± 0.0029 0.059 ± 0.01 
P. racemosa 3 ± 0.51 0.99 ± 0.19 182 ± 29.4 159 ± 26.1 0.15 ± 0.0069 0.17 ± 0.0056 

Q. agrifolia 0.54 ± 0.091 0.27 ± 0.047 20.4 ± 3.34  -  0.22 ± 0.0045 0.19 ± 0.0042 

Q. berberidifolia 0.11 ± 0.019 0.057 ± 0.0095 4.76 ± 0.701 4.88 ± 0.574 0.20 ± 0.0085 0.18 ± 0.0086 
R. indica 1.2 ± 0.16 0.44 ± 0.065 19.4 ± 2.26 13.1 ± 2.79 0.43 ± 0.016 0.39 ± 0.012 

R. integrifolia 0.61 ± 0.074 0.2 ± 0.028 14.5 ± 1.82 13.1 ± 1.64 0.24 ± 0.014 0.16 ± 0.0087 

R. ovata 0.94 ± 0.15 0.002 ± 0.066 22 ± 3.01 20.2 ± 2.76 0.41 ± 0.022 0.14 ± 0.017 
R. coulteri - - - - - - 

S. canariensis - - - - - - 

S. leucophylla 0.091 ± 0.011 0.025 ± 0.0035 2.86 ± 0.381 1.64 ± 0.198 0.39 ± 0.02 0.17 ± 0.029 
S. mellifera 0.12 ± 0.019 0.026 ± 0.0052 2.68 ± 0.453 1.29 ± 0.288 0.45 ± 0.014 0.21 ± 0.013 

S. molle 1.1 ± 0.09 0.72 ± 0.086 50.1 ± 3.25 - 0.087 ± 0.0052 0.06 ± 0.0032 

T. peruviana 0.33 ± 0.019 0.067 ± 0.0042 11.1 ± 0.609 8.27 ± 0.498 0.18 ± 0.011 0.12 ± 0.023 
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Species PDx PDy PA PDxd PDyd PAd 

 mm mm mm2 mm mm mm 

A. glandulosa 0.85 ± 0.058 1.1 ± 0.064 3.2 ± 0.42 0.68 ± 0.047 0.91 ± 0.062 2 ± 0.25 
A.canescens  0.22 ± 0.02 0.31 ± 0.054 0.2 ± 0.059 0.1 ± 0.013 0.12 ± 0.015 0.044 ± 0.012 

B. galpinii - - - - - - 

B. pendula  0.62 ± 0.042 0.59 ± 0.037 1.3 ± 0.19 0.36 ± 0.024 0.5 ± 0.027 0.59 ± 0.067 
B. acerifolius  2.3 ± 0.15 2.5 ± 0.16 21 ± 2.6 1.6 ± 0.13 1.8 ± 0.13 9.3 ± 1.3 

B. discolor 2.1 ± 0.2 1.9 ± 0.19 13 ± 2.4 1.5 ± 0.11 1.5 ± 0.11 7.1 ± 0.99 

B. populneus  0.89 ± 0.055 0.84 ± 0.044 2.8 ± 0.29 0.44 ± 0.048 0.42 ± 0.039 0.64 ± 0.11 
B.rupestris 0.8 ± 0.066 0.72 ± 0.051 2 ± 0.33 0.61 ± 0.033 0.62 ± 0.032 1.2 ± 0.12 

C. sasanqua - - - - - - 

C. betuloides 0.99 ± 0.051 1.1 ± 0.069 4.1 ± 0.51 0.75 ± 0.04 1.1 ± 0.046 2.5 ± 0.19 
C. cuneatus 0.17 ± 0.059 0.19 ± 0.065 0.2 ± 0.082 0.12 ± 0.042 0.15 ± 0.056 0.12 ± 0.053 

C. megacarpus 0.88 ± 0.048 1 ± 0.064 3 ± 0.31 0.55 ± 0.04 0.66 ± 0.038 1.2 ± 0.13 

C. oliganthus 0.6 ± 0.022 0.67 ± 0.044 1.4 ± 0.16 0.44 ± 0.018 0.58 ± 0.036 0.81 ± 0.081 
C. spinosus 0.62 ± 0.047 0.75 ± 0.058 1.6 ± 0.24 0.49 ± 0.04 0.64 ± 0.039 1 ± 0.14 

C. aurantium  0.92 ± 0.031 1 ± 0.037 3.2 ± 0.2 0.63 ± 0.068 0.91 ± 0.11 2 ± 0.26 

C. limon 2 ± 0.12 2.1 ± 0.11 13 ± 1.8 1.2 ± 0.044 1.3 ± 0.075 5.1 ± 0.4 
C. sinensis 1.7 ± 0.13 1.9 ± 0.14 11 ± 1.7 1.1 ± 0.11 1.4 ± 0.1 5.2 ± 0.96 

C. diversifolia - - - - - - 

C. laurifolius 1.6 ± 0.079 1.8 ± 0.062 8.6 ± 0.66 0.97 ± 0.056 1.2 ± 0.055 3.6 ± 0.3 
E. californica 1.1 ± 0.1 1.5 ± 0.12 5.3 ± 0.88 0.54 ± 0.058 4.4 ± 3.7 7.1 ± 5.8 

E.fasciculatum 0.89 ± 0.037 1.2 ± 0.076 3.4 ± 0.33 0.5 ± 0.054 1.1 ± 0.11 1.8 ± 0.27 

E. sideroxylon  0.99 ± 0.058 1.1 ± 0.074 4 ± 0.47 0.65 ± 0.048 0.79 ± 0.078 1.7 ± 0.25 
F. benjamina  1.9 ± 0.14 2.2 ± 0.15 16 ± 2.3 1.2 ± 0.094 1.3 ± 0.059 5.2 ± 0.56 

F. macrophylla  2.9 ± 0.27 3.7 ± 0.3 38 ± 7.3 1.3 ± 0.078 1.9 ± 0.14 8.1 ± 0.89 
F. microcarpa 1.2 ± 0.053 1.5 ± 0.09 6.3 ± 0.51 0.89 ± 0.047 1 ± 0.039 2.9 ± 0.24 

G. triacanthos 1.2 ± 0.2 1.1 ± 0.19 4.5 ± 1.4 0.8 ± 0.16 0.8 ± 0.13 2 ± 0.063 

H. squarrosa 0.057 ± 0.008 0.054 ± 0.008 0.0087 ± 0.003 0.043 ± 0.006 0.033 ± 0.004 0.0047 ± 0.001 
H. annuus  - - - - - - 

H. arbutifolia 1.7 ± 0.093 1.8 ± 0.045 11 ± 0.73 1.2 ± 0.068 1.4 ± 0.057 5.4 ± 0.48 

H. canariensis - - - - - - 
I.arborea 0.78 ± 0.049 0.81 ± 0.062 2.3 ± 0.28 0.41 ± 0.022 0.5 ± 0.041 0.66 ± 0.074 

J. chelonia 3.2 ± 0.33 2.8 ± 0.35 29 ± 6 2.3 ± 0.29 2.1 ± 0.23 16 ± 0.21 

L. camara  - - - - - - 
L. indica 0.99 ± 0.037 1.3 ± 0.11 3.9 ± 0.34 0.76 ± 0.061 1.1 ± 0.075 2.6 ± 0.31 

L. tridentata - - - - - - 

L. styraciflua 2.2 ± 0.14 2.5 ± 0.12 24 ± 2.8 1.3 ± 0.06 1.6 ± 0.091 6.9 ± 0.62 
M. fasciculatus 0.73 ± 0.039 0.85 ± 0.047 2.1 ± 0.27 0.44 ± 0.035 0.54 ± 0.037 0.76 ± 0.096 

M. grandiflora 3.1 ± 0.22 3.8 ± 0.2 47 ± 5.1 2.2 ± 0.14 2.7 ± 0.14 19 ± 2 

M. laurina 1.3 ± 0.11 1.3 ± 0.069 6.5 ± 1 0.81 ± 0.066 0.94 ± 0.059 2.5 ± 0.33 
P. americana 2.4 ± 0.13 2.4 ± 0.12 21 ± 1.8 1.4 ± 0.065 1.5 ± 0.062 6.5 ± 0.48 

P. undulatum  1.1 ± 0.074 1.4 ± 0.13 5.5 ± 0.83 0.67 ± 0.086 0.99 ± 0.1 2.2 ± 0.48 

P. racemosa 2.4 ± 0.19 2.4 ± 0.19 27 ± 5.2 1.2 ± 0.11 1.2 ± 0.06 5 ± 0.64 
Q. agrifolia 1.1 ± 0.1 1.3 ± 0.12 6.2 ± 1.1 0.92 ± 0.057 1.1 ± 0.074 3.2 ± 0.37 

Q. berberidifolia 0.69 ± 0.051 0.83 ± 0.07 2.1 ± 0.35 0.48 ± 0.045 0.69 ± 0.079 1.1 ± 0.22 

R. indica 1.7 ± 0.14 2.3 ± 0.14 16 ± 2.3 1.2 ± 0.09 1.9 ± 0.087 7.2 ± 0.93 
R. integrifolia 1.4 ± 0.079 1.7 ± 0.075 8.6 ± 0.95 0.92 ± 0.06 1.4 ± 0.061 4.1 ± 0.43 

R. ovata 1.8 ± 0.09 1.8 ± 0.06 11 ± 0.97 1.1 ± 0.076 1.3 ± 0.069 4.8 ± 0.49 

R. coulteri - - - - - - 
S. canariensis - - - - - - 

S. leucophylla 0.84 ± 0.037 1.2 ± 0.07 3.3 ± 0.32 0.37 ± 0.04 0.67 ± 0.073 0.84 ± 0.18 

S. mellifera 0.86 ± 0.056 1.5 ± 0.099 4.2 ± 0.54 0.34 ± 0.03 0.66 ± 0.067 0.73 ± 0.12 
S. molle 0.97 ± 0.053 1 ± 0.031 3.1 ± 0.25 0.86 ± 0.062 0.82 ± 0.047 2.2 ± 0.0092 

T. peruviana 1.4 ± 0.062 1.4 ± 0.049 6.2 ± 0.55 0.65 ± 0.032 0.7 ± 0.032 1.4 ± 0.11 
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Species PL PLd SPAD LMA  LD SWC 

 cm cm  g·m-2 kg·m-2 g·g-1 

A. glandulosa 0.58 ± 0.056 0.39 ± 0.056 46.7 ± 3 254 ± 15 240 ± 15 0.19 ± 0.011 
A.canescens  0.15 ± 0.022 0.15 ± 0.02 33.3 ± 5 85.5 ± 2.2 85.3 ± 3.1 0.39 ± 0.056 

B. galpinii - - - - - - 

B. pendula  2.1 ± 0.14 2 ± 0.16 40.2 ± 1.7 46.4 ± 2.8 40.7 ± 4.1 0.89 ± 0.055 
B. acerifolius  20 ± 2.3 19 ± 2.1 48 ± 0.817 70.4 ± 8.6 52.8 ± 6.3 0.82 ± 0.15 

B. discolor 16 ± 1.2 15 ± 1.1 44.2 ± 1.55 74.3 ± 8.7 57 ± 5.9 0.64 ± 0.052 

B. populneus  5.7 ± 0.62 5.4 ± 0.61 36.4 ± 0.754 80.4 ± 2.7 71.3 ± 2.3 0.46 ± 0.019 
B.rupestris 1.8 ± 0.34 1.7 ± 0.35 42.9 ± 1.2 108 ± 3.3 99.2 ± 2.9 0.4 ± 0.021 

C. sasanqua - - - - - - 

C. betuloides 0.58 ± 0.086 0.57 ± 0.082 34.9 ± 0.942 111 ± 8.7 102 ± 10 0.33 ± 0.022 
C. cuneatus 0.078 ± 0.028 0.067 ± 0.024 27 ± 3.39 171 ± 3.9 151 ± 5.2 0.16 ± 0.019 

C. megacarpus 0.36 ± 0.038 0.32 ± 0.04 36.3 ± 0.896 264 ± 16 252 ± 15 0.14 ± 0.0074 

C. oliganthus 0.47 ± 0.058 0.39 ± 0.053 35.2 ± 1.75 105 ± 4.2 103 ± 3.9 0.34 ± 0.019 
C. spinosus 0.6 ± 0.073 0.47 ± 0.068 35.5 ± 1.03 111 ± 3 108 ± 3.2 0.32 ± 0.013 

C. aurantium  0.4 ± 0.037 0.36 ± 0.041 66 ± 1.96 117 ± 5.4 109 ± 4.5 0.57 ± 0.028 

C. limon 0.79 ± 0.15 0.73 ± 0.15 52.3 ± 2.56 90.4 ± 3.2 86.1 ± 3.1 0.58 ± 0.022 
C. sinensis 1.2 ± 0.09 1.2 ± 0.087 60.5 ± 1.94 91.3 ± 7.5 87.3 ± 7.8 0.69 ± 0.046 

C. diversifolia - - - - - - 

C. laurifolius 0.68 ± 0.04 0.58 ± 0.022 62.2 ± 1.27 65.9 ± 4.2 61 ± 2.3 0.97 ± 0.057 
E. californica 1.6 ± 0.22 1.5 ± 0.19 37.3 ± 1.48 141 ± 56 123 ± 51 1.2 ± 0.44 

E.fasciculatum 0.84 ± 0.094 0.66 ± 0.11 39.2 ± 1.14 111 ± 22 107 ± 19 1.2 ± 0.79 

E. sideroxylon  1.6 ± 0.14 1.6 ± 0.13 40.4 ± 4.23 135 ± 15 124 ± 14 0.31 ± 0.02 
F. benjamina  3.1 ± 0.26 2.5 ± 0.2 61 ± 1.75 95.7 ± 6.3 89.9 ± 6.4 0.65 ± 0.027 

F. macrophylla  6.4 ± 0.71 5.4 ± 0.66 58.5 ± 1.91 124 ± 3.5 106 ± 3.8 0.47 ± 0.014 
F. microcarpa 1.1 ± 0.071 0.97 ± 0.067 62.1 ± 2.23 106 ± 5.1 102 ± 4.7 0.59 ± 0.021 

G. triacanthos 1.7 ± 0.34 1.5 ± 0.29 50.6 ± 2.55 76.8 ± 14 65.2 ± 15 0.83 ± 54 

H. squarrosa 0.61 ± 0.11 0.6 ± 0.11 31.5 ± 2.03 63.5 ± 5.3 57.6 ± 4.1 0.5 ± 0.022 
H. annuus  - - - - - - 

H. arbutifolia 1.3 ± 0.14 1.2 ± 0.12 56 ± 1.25 156 ± 9.2 145 ± 8.7 0.37 ± 0.024 

H. canariensis - - - - - - 
I.arborea 1.9 ± 0.18 1.5 ± 0.2 37.3 ± 3.85 365 ± 190 136 ± 20 0.2 ± 0.04 

J. chelonia 5.9 ± 0.82 5.3 ± 0.62 30.7 ± 2.73 80.7 ± 4.4 46.9 ± 6.7 0.69 ± 140 

L. camara  - - - - - - 
L. indica 0.13 ± 0.024 0.12 ± 0.022 49.3 ± 0.723 87.2 ± 3.1 82.6 ± 3.2 0.57 ± 0.025 

L. tridentata - - 24.4 ± 3.31 66.4 ± 4.3 54.1 ± 4.5 0.38 ± 0.052 

L. styraciflua 11 ± 1.1 11 ± 1 40.9 ± 1.34 80.6 ± 4.7 66.7 ± 4.1 0.52 ± 0.028 
M. fasciculatus 1.3 ± 0.17 1.2 ± 0.18 32.9 ± 1.25 71.7 ± 3 64.5 ± 2.4 0.46 ± 0.014 

M. grandiflora 2.3 ± 0.21 2.1 ± 0.18 50.3 ± 2.89 223 ± 10 213 ± 9.7 0.23 ± 0.011 

M. laurina 2.2 ± 0.24 2.1 ± 0.2 37.7 ± 1.26 128 ± 15 121 ± 13 0.33 ± 0.035 
P. americana 4.2 ± 0.4 3.7 ± 0.37 51.3 ± 1.03 74.2 ± 8.4 66.6 ± 2.4 0.77 ± 0.09 

P. undulatum  1.9 ± 0.16 1.7 ± 0.13 48.3 ± 0.936 96.3 ± 2.7 89.9 ± 2.3 0.5 ± 0.014 

P. racemosa 3.7 ± 0.63 3.7 ± 0.61 33.8 ± 2.2 53.8 ± 2.7 49.9 ± 2.7 0.64 ± 0.056 
Q. agrifolia 1.1 ± 0.063 1.1 ± 0.077 42.8 ± 0.621 131 ± 5.3 126 ± 5 0.33 ± 0.013 

Q. berberidifolia 0.42 ± 0.052 0.38 ± 0.052 45.4 ± 1.3 118 ± 5.3 103 ± 4.9 0.39 ± 0.016 

R. indica 1.3 ± 0.12 1.2 ± 0.12 57.5 ± 1.72 234 ± 27 214 ± 25 0.27 ± 0.032 
R. integrifolia 0.51 ± 0.077 0.43 ± 0.071 55.4 ± 1.16 136 ± 6.5 131 ± 6.3 0.41 ± 0.015 

R. ovata 1.2 ± 0.073 1.1 ± 0.076 61.7 ± 1.99 180 ± 14 170 ± 13 0.35 ± 0.02 

R. coulteri - - - - - - 
S. canariensis - - - - - - 

S. leucophylla 0.69 ± 0.076 0.57 ± 0.053 39.1 ± 1.79 89.1 ± 8.9 82.5 ± 8.9 0.47 ± 0.04 

S. mellifera 0.98 ± 0.08 0.97 ± 0.082 37.3 ± 1.69 95.2 ± 7.4 104 ± 26 0.41 ± 0.033 
S. molle 3.9 ± 0.47 3.5 ± 0.43 52.2 ± 2.04 173 ± 6.7 139 ± 6.7 0.38 ± 44 

T. peruviana 0.51 ± 0.063 0.49 ± 0.042 55 ± 1.11 60.3 ± 1.9 58.6 ± 1.7 0.92 ± 0.039 
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Species πo Ψtlp 

 MPa MPa 

A. glandulosa -2.5 ± 0.3 -2.7 ± 0.3 
A.canescens  -2.8 ± 0.5 -3 ± 0.4 

B. galpinii - - 

B. pendula  -1.7 ± 0.2 -2 ± 0.1 
B. acerifolius  -1.6 ± 0.03 -2 ± 0.02 

B. discolor -1.8 ± 0.04 -2.2 ± 0.03 

B. populneus  -1.5 ± 0.05 -1.9 ± 0.04 
B.rupestris -2.1 ± 0.05 -2.4 ± 0.04 

C. sasanqua - -  

C. betuloides -2.4 ± 0.1 -2.6 ± 0.1 
C. cuneatus -2 ± 0.04 -2.3 ± 0.03 

C. megacarpus -2.4 ± 0.009 -2.7 ± 0.008 

C. oliganthus -2.9 ± 0.4 -3 ± 0.4 
C. spinosus -2.1 ± 0.06 -2.4 ± 0.05 

C. aurantium  -1.9 ± 0.07 -2.2 ± 0.06 

C. limon -1.5 ± 0.1 -1.9 ± 0.08 

C. sinensis -2 ± 0.08 -2.3 ± 0.07 

C. diversifolia - - 

C. laurifolius -1.7 ± 0.02 -2.1 ± 0.02 
E. californica -1.6 ± 0.09 -2 ± 0.07 

E.fasciculatum -1.5 ± 0.03 -1.9 ± 0.03 

E. sideroxylon  -2.1 ± 0.2 -2.3 ± 0.1 
F. benjamina  -1.4 ± 0.09 -1.8 ± 0.07 

F. macrophylla  -1.3 ± 0.05 -1.7 ± 0.04 
F. microcarpa -1.5 ± 0.06 -1.9 ± 0.05 

G. triacanthos -2.6 ± 0.1 -2.8 ± 0.08 

H. squarrosa -1.6 ± 0.008 -2 ± 0.006 
H. annuus  - - 

H. arbutifolia -2.5 ± 0.05 -2.7 ± 0.04 

H. canariensis - - 
I.arborea -1.7 ± 0.2 -2 ± 0.2 

J. chelonia -1.7 ± 0.08 -2 ± 0.06 

L. camara  - - 
L. indica -1.3 ± 0.1 -1.7 ± 0.08 

L. tridentata -1.9 ± 0.1 -2.2 ± 0.08 

L. styraciflua -2 ± 0.1 -2.3 ± 0.08 
M. fasciculatus -1.8 ± 0.08 -2.1 ± 0.07 

M. grandiflora -2.4 ± 0.1 -2.4 ± 0.1 

M. laurina -1.8 ± 0.04 -2.1 ± 0.03 
P. americana -1.7 ± 0.07 -2.1 ± 0.06 

P. undulatum  -2.2 ± 0.05 -2.5 ± 0.05 

P. racemosa -1.7 ± 0.1 -2 ± 0.08 
Q. agrifolia -3.1 ± 0.06 -3.2 ± 0.05 

Q. berberidifolia -3.2 ± 0.03 -3.3 ± 0.02 

R. indica -2.1 ± 0.08 -2.4 ± 0.07 
R. integrifolia -2 ± 0.04 -2.3 ± 0.03 

R. ovata -2.1 ± 0.03 -2.4 ± 0.03 

R. coulteri - - 
S. canariensis - - 

S. leucophylla -1.3 ± 0.07 -1.7 ± 0.06 

S. mellifera -0.89 ± 0.04 -1.4 ± 0.03 
S. molle -2.1 ± 0.01 -2.4 ± 0.008 

T. peruviana -1.5 ± 0.01 -1.9 ± 0.01 
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Table 6.4. Results for differences in functional traits across continents of geographic origin, growth form, and leaf habit. Means ± standard errors are reported for plant height (H), mean stem diameter 

at breast height (DBHmean; basal diameter for shrubs), and total diameter at breast height across stems (DBHt) for plants with multiple stems, and for traits describing fully hydrated (fresh) leaves and 
oven dried leaves (dry) collected from fully sun-exposed canopy of trees and shrubs in the field in the summer of 2013 and 2014.  Traits include fresh leaf mass (LM), dry leaf Mass (LMd), fresh 
projected leaf area (LA), dry projected leaf area (LAd), fresh leaf thickness (LT), dry leaf thickness (LTd), petiole diameter in the horizontal (PDx) and vertical plane (PDy), fresh petiole cross sectional 

area (PA), dry petiole diameter in the horizontal (PDxd) and vertical plane (PDyd), dry petiole cross sectional area (PAd), fresh (PL) and dry petiole length (PLd), Chlorophyll concentration per leaf area 

(Chla), leaf mass per area (LMA), leaf density (LD), saturate water content (SWC), osmotic potential at full turgor (πo) and at turgor loss point (Ψtlp), leaf Nitrogen and Carbon concentration (N and C), 

and delta C13 (δ13C) and N15 (δ15N). Tree heights are reported in meters, DBH in cm, LM in g, LA in cm2, LT and petiole dimension in mm, PL in cm, LMA in g·m-2, LD in kg·m-3, SWC in g·g-1, πo and 

Ψtlp in MPa, N and C in % leaf mass, and δ15N and δ13C in ‰.  P-values reported indicate significance based on one-way analyses of variance across geographic origins, growth forms, and leaf habits. 

Two herbs and one sprawling vine species were excluded from growth form analyses due to low replication. N/a denotes traits across species in Africa were also excluded due to low replication.  Bolded 

values indicate statically significant differences (P<0.05).  

 Geographic Origin  Growth Form   Leaf Habit  

Trait Africa Asia Australia S. America N. America P Shrubs Trees P Deciduous  Evergreen P 

H n/a 6.1 ± 0.57 14 ± 1.1 7.2 ± 1.1 3.5 ± 0.43 0.005 2.7 ± 0.36 9.2 ± 0.72 0.003 8 ± 1.1 5.8 ± 0.64 0.37 
DBHmean n/a 11 ± 1.3 51 ± 2.9 23 ± 3.6 17 ± 2.3 <0.001 14 ± 2 30 ± 2.9 0.03 33 ± 4.3 22 ± 2.6 0.24 

DBHt n/a 48 ± 10 69 ± 6.6 34 ± 6.4 29 ± 2.9 <0.001 26 ± 4.2 51 ± 4.3 0.03 36 ± 3.8 47 ± 4.8 0.24 

LM  n/a 0.68 ± 0.13 2 ± 0.43 2.1 ± 0.56 0.67 ± 0.15 0.25 0.31 ± 0.058 1.7 ± 0.22 0.02 1.5 ± 0.32 0.85 ± 0.15 0.44 
LMd  n/a 0.23 ± 0.045 0.58 ± 0.12 0.68 ± 0.16 0.37 ± 0.11 0.29 0.25 ± 0.12 0.55 ± 0.07 0.39 0.72 ± 0.18 0.28 ± 0.05 0.08 

LA  53 ± 27 20 ± 3.4 66 ± 17 92 ± 32 23 ± 5.4 0.35 9 ± 1.3 61 ± 9.7 0.03 68 ± 15 23 ± 3.6 0.08 

LAd n/a 18 ± 3.3 53 ± 14 53 ± 26 15 ± 5.1 0.36 6 ± 1 46 ± 8.2 0.03 46 ± 14 19 ± 3.2 0.08 
LT 0.23 ± 0.03 0.29 ± 0.02 0.27 ± 0.02 0.18 ± 0.03 0.32 ± 0.02 0.95 0.34 ± 0.02 0.25 ± 0.01 0.04 0.22 ± 0.02 0.33 ± 0.01 0.002 

LTd 0.077 ± 0.02 0.18 ± 0.03 0.11 ± 0.013 0.12 ± 0.02 0.19 ± 0.013 0.15 0.19 ± 0.016 0.14 ± 0.01 0.24 0.1 ± 0.009 0.19 ± 0.012 0.007 

PDx 2.1 ± 0.44 1.4 ± 0.13 1.5 ± 0.17 1.8 ± 0.26 1.2 ± 0.11 0.58 0.97 ± 0.087 1.6 ± 0.11 0.02 1.5 ± 0.15 1.3 ± 0.09 0.94 

PDxd n/a 0.88 ± 0.087 0.95 ± 0.09 1.2 ± 0.2 0.73 ± 0.074 0.77 0.6 ± 0.069 1 ± 0.065 0.33 0.85 ± 0.11 0.84 ± 0.06 0.45 

PDy 1.9 ± 0.44 1.5 ± 0.15 1.7 ± 0.21 1.9 ± 0.21 1.4 ± 0.13 0.57 1.1 ± 0.094 1.7 ± 0.12 0.04 1.6 ± 0.18 1.5 ± 0.1 0.71 
PDyd n/a 1.2 ± 0.12 1.1 ± 0.12 1.2 ± 0.18 0.96 ± 0.11 0.9 0.89 ± 0.12 1.2 ± 0.071 0.05 1.1 ± 0.16 1 ± 0.069 0.43 

PA 14 ± 4.9 8.1 ± 1.4 12 ± 2.8 12 ± 3.1 8.2 ± 1.5 0.54 4.9 ± 0.7 13 ± 1.8 0.06 11 ± 1.9 8.9 ± 1.3 0.99 

PAd n/a 3.7 ± 0.64 4.1 ± 0.7 5.6 ± 1.7 3 ± 0.52 0.81 2.2 ± 0.35 4.6 ± 0.56 0.12 3.8 ± 0.72 3.4 ± 0.43 0.53 
PL n/a 0.99 ± 0.19 5.8 ± 1.4 3.5 ± 0.7 1.5 ± 0.29 0.14 0.79 ± 0.085 3.7 ± 0.61 0.04 4.7 ± 1 1.4 ± 0.18 0.02 

PLd n/a 0.89 ± 0.18 5.4 ± 1.3 3.2 ± 0.63 1.3 ± 0.28 0.15 0.7 ± 0.076 3.4 ± 0.58 0.07 4.5 ± 0.97 1.2 ± 0.15 0.01 

Chla n/a 53 ± 2.2 48 ± 2.1 47 ± 4.4 41 ± 1.2 0.4 41 ± 1.5 48 ± 1.3 0.13 40 ± 1.3 47 ± 1.3 0.03 

Chlm n/a 0.56 ± 0.06 0.51 ± 0.04 0.65 ± 0.06 0.39 ± 0.03 0.15 0.37 ± 0.04 0.53 ± 0.03 0.02 0.58 ± 0.04 0.41 ± 0.03 0.03 

LMA 60 ± 19 110 ± 14 93 ± 6.2 79 ± 13 130 ± 9 0.69 130 ± 10 99 ± 6 0.07 71 ± 4.3 130 ± 7.1 0.004 

LD 300 ± 13 400 ± 18 410 ± 23 620 ± 160 460 ± 21 0.37 450 ± 23 470 ± 32 0.86 400 ± 24 480 ± 26 0.57 
SWC 3.1 ± 1 2 ± 0.068 2.2 ± 0.14 2.6 ± 0.41 2.2 ± 0.23 0.06 2.2 ± 0.18 2.1 ± 0.11 0.5 2.7 ± 0.32 2 ± 0.13 0.28 

πo -1.3 ± 0.3 -1.8 ± 0.1 -1.7 ± 0.1 -1.7 ± 0.1 -2.1 ± 0.1 0.47 -2 ± 0.1 -1.9 ± 0.1 0.04 -1.7 ± 0.1 -2 ± 0.1 0.04 

Ψtlp -1.7 ± 0.2 -2.2 ± 0.1 -2 ± 0.1 -2 ± 0.1 -2.4 ± 0.1 0.47 -2.3 ± 0.1 -2.2 ± 0.1 0.07 -2 ± 0.1 -2.3 ± 0.1 0.04 

N 2.7 ± 0.62 2.1 ± 0.24 2.1 ± 0.19 2.6 ± 0.23 2 ± 0.18 0.42 1.9 ± 0.15 2.2 ± 0.11 0.04 2.8 ± 0.21 1.8 ± 0.11 0.003 

δ15N 1.1 ± 0.25 2.8 ± 0.91 3.9 ± 0.42 3.1 ± 1.3 1.7 ± 0.29 0.39 1.6 ± 0.32 3.3 ± 0.42 0.05 1.9 ± 0.27 2.6 ± 0.38 0.4 
C 45 ± 1 45 ± 0.92 46 ± 1.2 46 ± 1.5 47 ± 0.64 0.86 47 ± 0.6 46 ± 0.72 0.26 45 ± 0.73 47 ± 0.54 0.04 

δ13C -30 ± 0.66 -28 ± 0.38 -29 ± 0.63 -28 ± 0.64 -28 ± 0.43 0.27 -28 ± 0.47 -28 ± 0.3 0.24 -29 ± 0.3 -28 ± 0.38 0.9 
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Table 6.5. Trait differences between leaves collected from fully sun exposed canopy and deeply shaded canopy across 

45 species of urban plant in Los Angeles. Means ± standard errors are reported for fully hydrated (fresh) leaves and 

oven dried leaves (dry) collected from fully sun-exposed canopy of trees and shrubs in the field in the summer of 2013 

and 2014.  Traits include fresh leaf mass (LM), dry leaf Mass (LMd), fresh projected leaf area (LA), dry projected leaf 

area (LAd), fresh leaf thickness (LT), dry leaf thickness (LTd), petiole diameter in the horizontal (PDx) and vertical 

plane (PDy), fresh petiole cross sectional area (PA), dry petiole diameter in the horizontal (PDxd) and vertical plane 

(PDyd), dry petiole cross sectional area (PAd), fresh (PL) and dry petiole length (PLd), Chlorophyll concentration per 

leaf area (Chla), leaf mass per area (LMA), leaf density (LD), saturate water content (SWC), osmotic potential at full 

turgor (πo) and at turgor loss point (Ψtlp). P-values indicate significance based on paired t-tests where bolded values 

denote statistically significant trait differences between sun and shade (P<0.05).  

  
 Sun Shade P 

LM  1.04±0.2 1.07±0.21 0.59 

LMd  0.39±0.08 0.45±0.1 0.20 

LA  34.6±6.4 41.7±9.9 0.04 

LAd 23.7±6 28.4±7.2 0.005 

LT 0.31±0.02 0.271±0.02 <0.001 

LTd 0.174±0.01 0.153±0.01 <0.001 

PDx 1.4±0.1 1.29±0.1 0.98 

PDxd 0.86±0.07 0.83±0.08 0.50 

PDy 1.59±0.13 1.44±0.12 0.59 

PDyd 1.02±0.08 1.09±0.1 0.37 

PA 9.79±1.5 9.05±1.5 0.74 

PAd 3.44±0.48 3.63±0.57 0.47 

PL 2.32±0.46 2.55±0.59 0.25 

PLd 2.07±0.44 2.36±0.56 0.07 

Chla 44.8±1.4 44.9±1.6 0.93 

Chlm 0.403±0.02 0.516±0.04 <0.001 

LMA 121.3±8.5 105.4±7.4 <0.001 

LD 446.8±24.4 461±31.9 0.75 

SWC 2.3±0.2 2.19±0.2 0.33 

πo -1.9±0.07 -1.9±0.07 0.17 

Ψtlp -2.2±0.06 -2.2±0.06 0.14 
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CHAPTER 7 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

Plants provide enormous services to urban centers. The cost associated with their maintenance 

remains poorly understood and changes to irrigation regimes in semi-arid and arid cities in 

response to future droughts may threaten many species common in urban systems. Assessment of 

species water use efficiency and drought tolerance could identify species at risk and inform species 

selection under new planting policies aiming to increase city-wide canopy cover (Pincetl 2010; 

McPherson et al. 2011; Pincetl et al. 2013). However, conventional methods for quantifying these 

traits across species are not practical for the number of diverse species in many cities like Los 

Angeles. Models predicting WUE and drought sensitivity from easier to measure traits show 

promise for more rapid assessment (Woo et al. 2008; Bonan et al. 2014; Skelton et al. 2015), yet 

gaps remain in the mechanistic frameworks underlying these models.  The goal of my thesis was 

to address many of these gaps by establishing mechanistic relationships between anatomical and 

physiological traits across organs.  

In my first chapter, I used cross sectional leaf anatomy to test for mathematical 

relationships constraining the sizes and dimension of cells and tissues within diverse angiosperm 

leaves. I discovered previously undescribed allometric scaling relationships, hypothesized a priori 

based on expectations from geometry. Across diverse species, cell wall thickness scaled with cell 

cross-sectional area such that larger cells had thicker cells walls. Additionally, I found thicker 

leaved species to have larger cells with thicker cell walls. Finally, I found strong isometric scaling 

relationships for cell size and cell wall thickness across tissues, such that an increase in either cell 

size or cell wall thickness in one tissue across species corresponded to a proportional increase in 
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size or thickness in all other tissues. I posited several possible explanations for these structural 

constraints. First, these relationships could arise as a result of genetic constraint, as leaves with 

larger genomes tend to have larger epidermal cells (Beaulieu et al. 2008) and nucleus size generally 

correlates with cell size (Bonner 2011). Geometric scaling might also be expected if a biophysical 

constraint exists such that leaf function depends on conserved proportionality of cells and tissues, 

or if cell sizes and wall thickness are developmentally constrained because cell expansion and wall 

thickening occur simultaneously and continuously from division to leaf maturation (Esau 1960; 

Albersheim et al. 2010). Finally, coordination within cells and across tissue may arise due to co-

selection for traits conferring ecological specialization, for example thick cell walls are a common 

characteristic of xeriphytic species (Metcalfe & Chalk 1983). The results from this chapter 

provided the first validation of a scaling approach to understanding plant design and function as 

well as novel insights into the constraints on leaf design which may help explain trade-offs in leaf 

structure and performance.  

My second chapter aimed to apply these insights to one of the most well-established set of 

structural/functional trade-offs in modern plant science, the Leaf Economics Spectrum (LES). The 

LES collapses much of the variation observed in leaf traits to a single axis on which the investment 

in structural mass, relative to photosynthetic area (leaf mass per area; LMA) is central. Across 

species, high LMA is typically associated with slow growing, stress tolerant plants and low LMA 

to more resource acquisitive plants (Reich et al. 1997; Poorter & Van der Werf 1998; Wright et 

al. 2004; Adler et al. 2014; Díaz et al. 2016; Kunstler et al. 2016) and many studies have related 

these differences to gross leaf structure (i.e., as a function of total leaf mass and area or leaf 

thickness and density). However, interpreting ecological or physiological implications for these 

gross relationships proves difficult as the anatomical traits underlying these complex, higher order 
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traits may have contradictory effects such that true drivers for differences across species may be 

masked by other traits. I addressed this problem by generating a mathematically explicit equation 

predicting LMA from its underlying anatomical and compositional components. This equation had 

unprecedented predictive power when tested across 11 diverse species (R2=0.94) and between 

evergreen and deciduous leaves. Based on partitioning of mass and volume in our explicit 

mathematical framework predicting LMA from its underlying anatomy and composition, I 

determined the strongest drivers were cell mass density, the number of mesophyll cell layers, and 

cell size. These results also scaled well to other LES traits suggesting anatomy has a strong impact 

on plant performance. Given previously described relationships between LMA and leaf drought 

tolerance traits (de la Riva et al. 2016), these findings may scale yet further to inform leaf responses 

to dehydration.   

In my third chapter, I applied these constitutive anatomical relationships to test the 

influence of leaf design on leaf performance during drought. While decades of research have 

focused on characterizing leaf hydraulic decline with decreasing water status, relative few studies 

have assessed the capacity of leaves to recover water status given restored hydraulic supply. I 

updated a classical method, though studied across relatively few species, to establish thresholds 

for desiccation tolerance across Southern California native species and tested for relationships with 

leaf structural and functional traits. Across species, I found leaves to be more sensitive to the loss 

of rehydration capacity than previously hypothesized, where on average ten percent of rehydration 

capacity was lost at or before the water potential at which turgor is lost and stomata close. I found 

a strong influence of species’ native ecosystem and evergreen or deciduous leaf habit on 

differences in leaf sensitivities to these thresholds. Species native to chaparral ecosystems were 

less sensitive to the loss of rehydration capacity with declining leaf water status than woodland 



 

 243 

species and evergreen leaves were less sensitive than deciduous leaves. I tested the generality of 

these findings by conducting a meta-analysis of all previous quantification of the relative water 

content at which 10% of the capacity to rehydrate is lost. Across 89 species and five ecosystems, 

I found a strong impact of growing season drought conditions on capacity to rehydrate. Species 

native to ecosystems which do not experience drought during the growing season, such as 

Mediterranean woodlands where species escape droughts by persisting only in riparian areas where 

soils remain wet year-round and tropical forests for which rainfall is high year-round, were very 

sensitive to declines in water status. Chaparral plants, which do experience extreme droughts, 

typically limit their growing season to the winter when water availability is relatively high, and 

thus these leaves were only moderately tolerant of declining leaf water status. Temperate 

woodlands and grasslands, which experience occasional or seasonal drought during the growing 

season, showed the highest potential to recover from extreme dehydration. These results set a 

foundation for future work establishing mechanisms that cause failure to recover at these leaf 

relative water content and water potential thresholds and the impact of the inability to recover 

water status on leaf metabolic functional decline and ultimately mortality. Moreover, the consistent 

relationship between rehydration capacity and native ecosystem suggest more work should be done 

testing how these responses scale to whole plant sensitivity in the field.  

In my fourth chapter, I tested hypotheses for how the relationships and models of my 

previous chapters combine with leaf and tree level physiological measurements to produce models 

scaling from leaf physiology to canopy stomatal sensitivity and whole tree rates of 

evapotranspiration. I conducted measurements of leaf vulnerability to hydraulic decline with 

decreasing leaf water potential and paired parameters describing this vulnerability with parameters 

describing whole tree stomatal sensitivity to changes in vapor pressure deficit (VPD) calculated 
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from previously published sapflux data collected in the Los Angeles Urban Ecosystem. In this 

study, the exponent of logistic functions fit to mean daily stomatal conductance and VPD served 

and an index of species stomatal sensitivity, as an increase in this value results in a steeper decline 

in conductance for the same increase in VPD. I found strong relationships between this sensitivity 

coefficient and maximum leaf hydraulic conductance (Kmax) such that species with high Kmax had 

stomata that were also more sensitive to changes in VPD. I also found strong relationships between 

the maximum stomatal conductance and the sapwood area:leaf area ratio and the VPD at which 

50% of stomatal conductance is lost and the leaf turgor loss point. These results demonstrate strong 

coordination between leaf and whole plant behavior through multiple traits. I used these 

correlations to generate a statistical, trait model that predicts stomatal conductance and bulk tree 

evapotranspiration from Kmax, sapwood area to leaf area ratio, and leaf turgor loss point. This 

physiologically informed model shows promise for future work expanding these principles to 

broader species set, variable climates, and larger spatial scales.   

My final chapter presented some first steps towards such predictions. In this chapter, I 

discussed trait diversity in the Los Angeles Urban Ecosystem and argued its value as a global 

common garden in future studies. Based on measurements across 54 diverse species of plants 

common in Los Angeles, I found strong support for enormous trait variance which may coordinate 

with the high phylogenetic diversity across the entire ecosystem. Species in this ecosystem vary 

considerably in their functional traits with respect to their geographic origin, growth form, and leaf 

habit. I found whole tree traits, but not leaf traits to significantly vary with the continent of origin 

(Africa, Asia, Australia, South America, and North America) across species. Trees had larger, 

thinner leaves with higher chlorophyll and nitrogen concentrations. Evergreen leaves were thicker, 

had higher LMA and were higher in chlorophyll concentration per leaf area, yet lower in 
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chlorophyll and nitrogen concentration per mass than deciduous leaves. This is likely a results of 

additional mesophyll cell layers in evergreen leaves, though future work should explicitly test 

mechanisms explaining these patterns of variance. Despite the open canopy conditions in which 

these trees are growing, I found differences between sun and shades leaves as expected from 

classical studies of plastic responses to light environment. This vast trait diversity both 

demonstrates the need for the integration of species information into predictive models in urban 

ecosystems and highlights Los Angeles as an invaluable resource for future ecophysiological 

study.  
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APPENDICES 

SUPPLEMENTARY METHODS FOR CHAPTER 3 

 

3.1 Inference and limitations based on sampling a small diverse species set 

Our design in developing and testing the EXACT approach on 11 species is not sufficient to 

explain variation in LMA for all species worldwide yet provides a necessary proof of concept that 

enables further studies of a yet wider diversity of species. In applications of the EXACT approach 

shown in our study, i.e., partitioning the mass and volume of the leaf by tissues, and resolving the 

causal drivers of LMA, our findings provide refined hypotheses and frameworks for further testing 

in larger species sets. Such use of detailed study of relatively few species to refine hypotheses to 

be tested on more species is thus consistent with previous anatomical studies that have revealed 

important patterns (n=4-14 species; Table 3.1). Concerns often raised by readers of studies that 

include relatively few species and discussion of when these concerns are misplaced and how 

generalization to larger species sets should be qualified are discussed in detail by John et al. 2013 

(section “Statistics”).  

 

3.2 Measurements of leaf cross sectional anatomy  

To determine mean anatomical trait values for given leaves, we subdivided each leaf cross-

sectional image into thirds horizontally and averaged measurements made at the center of each 

third for the thickness of the entire leaf, upper and lower cuticle and epidermis, and spongy and 

palisade mesophyll, and counted the maximum number of cell layers (NCL) in each tissue in each 

third of the leaf. Often, we found that cells within layers of each tissue overlapped with layers of 

tissue above or below in cross-section leading to overestimation of total leaf thickness as estimated 

using Eqn 3.5 in Supplementary Information Table S3.3. We corrected the NCL values by 
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estimating the percent overlap between tissues (i.e., ue and pa; pa and sp; and sp and le). Overlap 

was quantified as the percentage of the height of a cell of one layer that overlapped with the tissue 

above or below, and we calculated the average overlap for each tissue layer in each leaf cross 

section. We corrected the NCLue by subtracting the percent overlap between upper epidermis and 

palisade mesophyll, the NCLpa by subtracting the percent overlap between palisade and spongy 

mesophyll, and the NCLle by subtracting the percent overlap between spongy mesophyll and lower 

epidermis. For each leaf tissue, we determined values for cell cross-sectional areas, lengths and 

widths by averaging for three cells selected randomly by choosing those closest to the center of 

each third of the image. The percent airspace in each tissue was visually estimated in each cross-

section to the nearest 5%, as a test on six species of Lobeliads grown in sun and shade showed that 

this estimation produced values not significantly different from those determined using tracing in 

images (Scoffoni et al. 2015; mean values 11.3 ± 1.1 versus 11.2 ±1.2 for palisade mesophyll and 

40.0 ±3.9 versus 37.2 ±3.5 for spongy mesophyll; P = 0.09-0.95 in paired t-test, n = 12). 

 

3.3 Calculations and assumptions used for estimating EXACT equation inputs, and validation 

of EXACT equations 

Given a lack of more specific data, cuticle mass density (ρtc) was assumed to be a constant across 

species calculated as the mean of the values presented for diverse species by Schreiber & 

Schonherr 1990 (1.02 to 1.37 kg·m-3; 1990) and Onoda et al. 2011 (1.04 to 1.24 kg·m-3). 

For calculating the number of cells per leaf area (NCA) of spongy and palisade mesophyll 

using Eqns 3.3b and 3.3e in Table S3.1 the space occupied by veins within the tissue is subtracted. 

For some species, some or all first and second order veins were large enough to protrude 

substantially from the leaf lamina; in other species, these veins were entirely embedded in the 
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lamina, as were the third order and minor veins for all species. We accounted for this protrusion 

in determining the amount of vein volume per leaf area (VPAv) to subtract from mesophyll tissues. 

When for a given vein order the mean diameter of the vein exceeded the lamina thickness, we 

considered the portion of the vein embedded within the lamina as rectangular in cross-section, with 

the lamina thickness (LT) as its height and the vein diameter (VD) as its width, and determined 

the percent of the vein volume protruding (%VPApro): 

 

%VPApro = (VPAv − VD ×  LT × VLA)/VPAv      Eqn S.3.1 

 

Where VLA is the vein length per area of that vein order. This allowed estimation of the volume 

of vein tissue embedded in the leaf lamina for each vein order:  

 

VPAem =(100% − %VPApro) × VPAv       Eqn S.3.1b  

 

Some species had negative %VPApro for second-order veins, indicating that on average the vein’s 

volume was embedded in the lamina and thus we considered these veins to have 0% protrusion in 

the EXACT model. We evaluated first, second, and third order veins independently for protrusion. 

In given leaves, when a given vein order showed protrusion (Table S3.4), VPAem was substituted 

for VPAv when determining NCA according to Eqns 3.3b and 3e in Table S3.1.  

The cross-sectional area of bundle sheath for minor veins (Abs; for Eqn 3.2d in Table S3.1) 

was determined as the difference between the cross-sectional area of the entire vascular bundle 

and that of the inner “core” of xylem, phloem, parenchyma and schlerenchyma: 
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Abs = π (
VCDmin+2( NCLbs)CDbs

2
)

2

− π (
VCDmin

2
)

2

     Eqn S.3.2, 

 

where VCDmin is the minor vein “core” diameter, NCLbs is the number of cell layers in the bundle 

sheath and CDbs is the diameter of the average bundle sheath cell, estimated as the mean of the 

diameter of the largest and smallest cell in each of two vein bundles per leaf, and VCDmin was 

calculated as: 

 

VCDmin = VBDmin − 2 × NCLbs × CDbs      Eqn S.3.2b   

 

where VBDmin is the minor vein vascular bundle diameter (i.e., including bundle sheath), estimated 

as the average of the major and minor axis diameters for two veins per image. 

For veins, TMA can be considered as the sum across vein orders of the product of vein 

volume per unit leaf area (VPAv) and vein mass density (ρv). We considered first-, second- and 

third-order veins (1o, 2o and 3o veins) as vascular bundles composed of the vein “core” (xylem, 

phloem, parenchyma and sclerenchyma) plus the parenchymatous and often sclerenchymatous 

bundle sheath (BS) and bundle sheath extensions (BSEs) with a bulk mean mass density for a 

given leaf. The mass density of the major vein vascular bundles and the “core” of minor veins (i.e., 

excluding the bundle sheath) was approximated for this estimation as that of the excised midrib, 

determined after (Méndez-Alonzo et al. 2013). We treated the mass density of each order of 

venation as measured midrib mass density as a simplifying assumption based upon a previous 

study showing that the mass densities of leaf tissues tended to be correlated across species, i.e., 

that of the midrib and of the lamina (Méndez-Alonzo et al. 2013); this is a refinement of the 

simplifying assumption of Blonder et al. (2011) in which all leaf veins were assumed to match the 
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mass density of water (1.0 x 106 g·m-3). For species with multiple first order veins (Bauhinia 

galpinii and Platanus racemosa), we divided the cross-sectional area of the petiole at the base of 

the midrib by the number of first order veins to calculate midrib volume.   

The minor veins tended to have disproportionately large parenchymatous BS and BSEs, 

and we estimated TMAbs and TMAbse separately from the core of the minor vein bundle, which 

was considered in our formulation as having a similar mass density as the major vein vascular 

bundle. For their calculation (Eqns 3.2d and 3.2e in Table S3.1), we considered  

 

VPAbs = Abs × VLAmv         Eqn S.3.3,  

 

where VPAbs is the bundle sheath volume per leaf area, Abs is the cross-sectional area of bundle 

sheath excluding vascular tissue and VLAmv is the minor vein length per area.  

Species vary in the proportion of the minor veins that possess BSEs. Given the lack of data and 

for simplicity, we considered for the calculation that species possessing BSEs develop them over 

50% of the minor vein length, and thus, 

 

VPAbse = Abse ×
1

2
VLAmv         Eqn S.3.4  

 

Where VPAbse is the bundle sheath extension volume per leaf area, Abse is the cross-sectional area 

of bundle sheath extensions, and VLAmv is the minor vein volume per leaf area. 

To validate the derivation of our equations, we tested whether Eqn 3.7 was mathematically 

correct in predicting LMA by applying to Eqn 3.7 the ρcell determined for each species by Eqn 3.8 

(which itself was derived from Eqn 3.7), along with all other variables, and ensured that calculated 
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and observed LMA corresponded exactly (Supplementary Results 3.1; Fig. S3.1; R2=1.0; 

P<0.001).  

 

3.4 Comparison of EXACT equation performance with previous models for predicting LMA 

from anatomy 

We tested the ability of the EXACT equations to predict LMA against three antecedent models 

that assumed its primary determination by fewer traits, especially focusing on the ratio of cell wall: 

protoplast volume (Shipley et al. 2006) or leaf veins (Blonder et al. 2011).  

We considered two alternative models by Blonder et al. for the estimation of LMA based 

on their ‘Vein Origin Hypothesis’:  

 

LMA = πrv
2(ρv − ρL)σ +

2ρL

k0
d    Eqn S.3.5 (Eqn 4 in Blonder et al. 2011) 

 

Where σ is minor vein density (VLA); d is the interveinal distance; rv is a constant; ρv and 

ρL are the mass density of the veins and lamina, respectively; and k0 is the ratio of d to 0.5 × LT. 

When used directly (“Vein Origin Prediction”) this equation simplifies into: 

 

LMA = πrv
2VLA(ρv − ρL) + (LT × ρL)  Eqn S.3.5b   

   

In another model derived from Eqn S.3.5 (“Vein origin simulation equation”), k0 is 

assumed to be 1, which simplifies to: 

 

LMA = πrv
2(ρv − ρL)σ + 2ρLd    Eqn S.3.5c  
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Notably, in a later paper, Blonder et al. proposed another version of the Vein Origin 

Hypothesis to be applied within species (Populus tremuloides; Blonder et al. 2013), but this 

contained unspecified parameters and was not presented in a form that can be tested using data 

across species. In subsequent papers (Blonder et al. 2015; Blonder et al. 2016) reframed their 

model to make predictions simply about the direction of trait correlations, but not quantitative 

estimates of LMA. Thus, we tested only the vein origin hypothesis in its original quantitative form 

applied across species. Note that parameters in these model tests were not included in Table 3.2 of 

the main text as they are not parameters required for the EXACT approach; they are calculated in 

Table S3.5.   

We also considered a model by Shipley et al. 2006 based on the hypothesis that specific 

leaf area (SLA, the inverse of LMA) would be predicted from the total volume of cell protoplast 

in the leaf (Vc), the volume of cell wall in the leaf (Vw), the volume of air in the leaf (Va), leaf 

thickness (LT), and a constant average cell wall density (d) taken as 1.5 (from Desch 1973) such 

that: 

 

 SLA =
Vc+Vw+Va

LT×Vw×d
       Eqn S.3.6  

 

To test this model, we estimated Vc for leaves of our species, 

 

Vc = CPVueNCAue + CPVpaNCApa + CPVspNCAsp + CPVleNCAle Eqn S.3.6b  
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where CPVx is the volume of protoplast in a single cell and NCAx is the number of cells per area 

in upper epidermis (ue), lower epidermis (le) and spongy (sp) and palisade (pa) mesophyll.  

In turn, CPVx was modeled for each tissue as geometric shapes from cross-sectional 

measurements of cells described above using Eqns 3.1a, 3.1b, 3.1e, and 3.1f in Table S3.1 

substituting cell protoplast diameter (PDx) for CDx and cell protoplast height (PHx) for CHx.  

 We calculated cell wall volume as  

 

Vw = CWVueNCAue + CWVpaNCApa + CWVspNCAsp + CWVleNCAle Eqn S.3.6c  

 

where 

 

CWVx = CVx − CPVx       Eqn S.3.6d  

 

Where CVx was calculated using Eqns 3.1a, 3.1b, 3.1e, and 3.1f in Table S3.1 where cell 

dimensions were the sum of the protoplast dimension and twice the cell wall thickness (CWTx), 

e.g. 

 

CDx = PDx+2CWTx        Eqn S.3.6e  

When testing this model, we used CWT values from previously published work on the same 

anatomical samples from the same plants used in this study (John et al. 2013) 

We tested predictions of LMA using these three models against observed LMA values, i.e., 

those determined for the leaves of the thickness of those measured for anatomy for the eleven 

diverse woody broad-leafed angiosperm species. We tested the models in a maximum likelihood 
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framework using Akaike Information Criterion corrected for sample size (AICc), allowing for 

direct quantification of the likelihood of the observed data given the tested model were true (where 

each unit of ∆AICc represents ten times greater likelihood (Burnham & Anderson 2002). We 

additionally calculated R2 as the percent variation in these observed values that was explained by 

each model’s prediction and the slope of the relationship of observed to predicted values fitted 

through the origin, as deviation from 1 indicates model bias. 

 

3.5 Tests of anatomical and compositional traits as causal drivers and correlates of LMA 

We tested the importance of anatomical and compositional traits as causal drivers of LMA using 

three approaches. First, we tested the “intrinsic causal sensitivity” of LMA to shifts in its 

underlying variables. We conducted sensitivity analyses of LMA to its input variables in the 

EXACT equations, determining the influence on LMA of shifts in each given variable alone, all 

others being held at their mean values. For these analyses we derived versions of the EXACT Eqn 

3.7 in terms of the traits we were interested to analyze for their putative causal influence. Thus, we 

simulated the influence on LMA of shifts in each component trait (NCLx, CVx, ρx, AFx and VPAx) 

using Eqn 3.7, fully expanding its terms using Eqns 3.2b-3.2g and 3a-3f in Table S3.1 for VPAx 

and NCAx in Eqn 3.7, which simplifies to: 

 

LMA = (CHue(NCLue) + (CHpa(NCLpa) − 1
2⁄ (VPAmajv(%VPApro) + VPAmv + (VPAbs +

VPAbse))) (1 − AFpa) + VPAbs + VPAbse + (CHsp(NCLsp)  − 1
2⁄ (VPAmajv(%VPApro) +

VPAmv + VPAbs + VPAbse)) (1 − AFsp) + CHle(NCLle)) ρcell+(VPAuc + VPAlc)ρtc +

(VPAmajv + VPAmv)ρv      Eqn S.3.7  
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We derived a slightly modified version of this equation for sensitivity analyses to consider the 

influence of cell volume (rather than cell height as in Eqn S.3.7 above) for each tissue. Thus, we 

re-arranged Eqns 3.1a-3.1f in Table S3.1 to solve for CHx as a function of cell volume, and 

substituted for each tissue in Eqn S.3.7. Across our 11 diverse woody broad-leafed angiosperm 

species, palisade cell width was on average 31 ± 3% of cell height (range= 25-59%).  Thus, to 

calculate CH as a function of CVpa, we assumed CWpa was one third CHpa. For simplicity we 

modeled CVue and CVle as spheres in this case. Thus,   

  

LMA = (2 (
3

4
CVue

𝜋
)

1

3

NCLue + ((
81CVpa

2𝜋
)

1

3
NCLpa − 1

2⁄ (VPAmajv(%VPApro) + VPAmv +

(VPAbs + VPAbse))) (1 − AFpa) + VPAbs + VPAbse + (2 (
3

4
CVsp

𝜋
)

1

3

NCLsp  −

1
2⁄ (VPAmajv(%VPApro) + VPAmv + VPAbs + VPAbse)) (1 − AFsp) +

2 (
3

4
CVle

𝜋
)

1

3

NCLle) ρcell+(VPAuc + VPAlc)ρtc + (VPAmajv + VPAmv)ρv     

    Eqn S.3.7b  

 

Predictions of LMA using Eqn S.3.7b strongly agreed with predictions using Eqn 3.7 (R2=0.92; P 

< 0.001) 
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We simulated the percent shift in LMA per 10% shift in each trait by calculating LMA 

using mean trait values for each of our 11 species and systematically increasing each trait alone by 

10% and determining the shift in predicted LMA (Table S3.6). To account for simultaneous shifts 

in sizes of cells and number of cell layers across tissues, given that these often co-vary or scale 

allometrically (John et al. 2013), we also simulated scenarios in which CV shifted up by 10% 

across all tissues simultaneously. 

Beyond intrinsic sensitivity of LMA, a second type of causal analysis considered how 

much shifts in given traits actually contribute to the realized species-differences in LMA, 

recognizing the fact that multiple traits vary and co-vary simultaneously across species, and that 

this covariation can influence the realized effect of individual traits on LMA. We refer to this 

causal influence of traits on LMA, which depends entirely on the species-set considered, as the 

“realized sensitivity”. We quantified the realized sensitivity of LMA to variation in the underlying 

variables in our 11 species by considering every possible species pair (of which there are 10 + 9 + 

... + 1 = 55 pairs), and for each pair, considering how the actual trait differences between the two 

species contributed to the difference in their observed LMA values, using the method of Buckley 

& Diaz-Espejo 2015 (Table S3.7). In this method, a finite difference in a variable (LMA in this 

case), that depends on a number n of underlying variables (the various anatomical traits in this 

case, denoted x1, x2, ... xn below) is partitioned into "contributions" from each of the underlying 

variables, as follows. The rationale behind this method begins by noting that an infinitesimal 

change in LMA (dLMA) can be parsed into contributions from infinitesimal changes in the 

underlying variables using the definition of an exact differential (Eqn S.8a): 
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  Eqn S.8a 
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Integrating this expression over the interval in each underlying variable between the two species 

gives the finite difference in LMA, LMA, between the two species: 

 

 

 

 

 

 

 

  














j

Bspeciesxj

Aspeciesxj

j

j

Bspeciesx

Aspeciesx

Bspeciesx

Aspeciesx

dx
x

LMA
dx

x

LMA
dx

x

LMA
LMA 

2

2

2

2

1

1

1

1

  Eqn S.3.8b 

 

The integrals in Eqn S.3.8b can be evaluated numerically by dividing the interval between the 

two species into a large number of small steps (e.g., 1000 steps in the calculations shown here). 

The partial derivatives in Eqn S.3.8b can be evaluated numerically at each step in the interval by 

computing the very small finite change in LMA resulting from a change in xj alone. Each of the 

partial derivatives may each depend on any or all of the variables x1, x2, ... xn, so the calculation 

LMA/xj at each step also requires values for the other x values at that step. For simplicity, we 

assumed that the variables change together at the same rate across the interval between species A 

and species B. For example, at a given point in the interval, x1 might be 20% of the way from its 

value in species A to its value in species B, and the same is true for x2 and all of the other 

variables. These numerical procedures are easily implemented with computer code, which in this 

case is written in Visual Basic for Applications and is called as a user function from an Excel 

spreadsheet. 

 After the integrals are computed, each of them represents an estimate of the absolute 

contribution of each variable to the total difference in LMA: 

 

     nxtodueLMAxtodueLMAxtodueLMALMA   21    Eqn S.3.8c 
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Finally, these individual contributions can be expressed as a percentage of the total difference in 

LMA: 

 

 
LMA

xtodueLMA
xtodueδLMAof%

j

j



100   Eqn S.3.8d 

 

The resulting percent contributions from each variable sum to 100%, but each contribution may 

be either positive or negative. Also, the contribution for a specific variable may not have the same 

sign as the partial derivative of LMA with respect to that variable. For example, one species may 

have higher LMA than another, despite having fewer cell layers, due to a higher cell mass density; 

in this case, the causal influence of number of cell layers from the lower to the higher LMA species 

would be negative.  

Third, we aimed to compare our findings of the causal basis for variation in LMA with the 

correlation of LMA within individual traits. We determined the bivariate correlations of LMA with 

each trait. We hypothesized that correlations may differ from the intrinsic and realized sensitivity 

of LMA given systematic co-variation among traits. For example, a correlation of LMA with one 

trait may be observed even if there were very low causal sensitivity to that trait, if that trait was 

correlated with a trait that was a strong causal driver of LMA.  

 

3.6 Assessing the drivers of differences in LMA between deciduous and evergreen species  

We generated a dataset to determine differences in LMA and its anatomical and compositional 

drivers for evergreen versus deciduous species by combining the data for the 11 diverse woody 

broad-leafed angiosperm species in this study with published data 26 additional species for which 
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LMA and anatomical traits were available (“leaf habit species”; Villar et al. 2006; Villar et al. 

2013; Table S3.9). The available data for leaf habit species were not as detailed as for the species 

in this study and we thus derived simplifications of the EXACT equations to allow the combining 

of data and analysis of differences between evergreen and deciduous species.  Because the data for 

the leaf habit species included tissue volumes per leaf area (VPAs) that excluded airspace the 

subtraction of airspace from tissue volume could be removed from Eqn 3.8 to allow calculations 

of ρcell as 

 

ρcell =
LMA×(1−

VPAtc(ρtc)

LMA
−%LMAv)

(VPAep+VPAmes)
        Eqn S.3.9  

 

The dataset for leaf habit species lacked VPAtc, and this parameter was estimated on the 

basis of an approximate linear relationship between cuticle and leaf thickness, previously described 

in principle by Roderick et al. 1999 and estimated for the 11 diverse woody broad-leafed 

angiosperm species in our study, for which cuticle thickness was on average 3.6% of the total leaf 

thickness (John et al. 2013). The dataset for the leaf habit species lacked venation architecture and 

midrib mass density, and thus the fraction of leaf mass made up by veins (%LMAv) was considered 

as a constant value of 15%, which was the mean value across the 11 diverse woody broad-leafed 

angiosperm species in our study, derived from Eqn 4 in Table S3.3 (see calculations in Table S3.9). 

Notably, using Eqn S.3.9 results in a coarser estimate of ρcell that Eqn 3.8, but allowed estimation 

across 37 species. The values of ρcell using the two equations were correlated for our 11 detailed 

study species (R2=0.50 P=0.015; means for 11 species calculated using Eqns S.3.9 and 3.7 were 

514 ± 66 and 384 ± 39 kg·m-3 respectively). 

We derived NCL and NCA for the additional leaf habit species as 
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NCL =
VPAnon−airspace

CH
         Eqn S.3.10 

NCA =
VPAnon−airspace

CV
         Eqn S.3.11  

 

assuming geometric relationships between cell dimensions and cell cross sectional area as 

described in Fig 3.1d and Table S3.1. 

For the leaf habit species, the spongy and palisade mesophyll were not differentiated and 

epidermal cell height was unknown. Thus, cells in all tissues were modeled as spheres as in Eqn 

3.1e in Table S3.1, and cell height considered as twice the radius of the sphere. We determined 

epidermal cell cross-sectional area (CAep) for these species from the values provided for cell cross-

sectional area of epidermal cells plus cuticle. Thus, 

 

VPAep = VPAep+tc − VPAtc        Eqn S.3.12  

 

and  

 

CAep = CAep+tc (
VPAep

VPAep+tc
)        Eqn S.3.12b  

 

Other traits required for the EXACT approach that were not available for the leaf habit 

species were %VPApro, VPAbs, and VPAbse. For these traits we used average values across both 

evergreen and deciduous species for the 11 species used to test the EXACT approach as our 

sensitivity analysis showed these to be traits of very low sensitivity (<1%; Fig 3.2).  
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We compared means for evergreen and deciduous species in LMA, LT and LD, and in 

traits underlying LMA, including NCL, NCA, CV, ρcell, TMAv, TMAtc, and AF.  

 To analyze the causal influence of individual traits on LMA differences between deciduous 

and evergreen species we calculated the realized sensitivity to LMA to the variables using the 

method of Buckley & Diaz-Espejo 2015 described above (see Supplementary Methods 5) and 

averaging the contribution of each variable to increases in LMA across all pairwise deciduous-

evergreen species combinations.   

 

SUPPLEMENTARY RESULTS FOR CHAPTER 3 

3.1.Validation of equations 

For 11 phylogenetically and structurally diverse woody species, we determined LMA, and 

estimated all traits in Eqn 3.7 based on detailed measurements of cross-sectional anatomy, venation 

architecture and tissue composition. We tested whether Eqn 3.7 was mathematically correct by 

inputting into Eqn 3.7 the ρcell determined by Eqn 3.8 for each species, along with all other 

variables, and ensured that calculated and observed LMA corresponded exactly (Figure S3.1).  

3.2 Comparison of explanatory power of the EXACT approach with that of previous, simpler 

models 

The EXACT model outperformed the previous models, i.e., ΔAICc=30-52, with substantially 

higher R2 and without bias relative to the other three models (Fig. S3.2; Table S3.10). Notably, 

this high performance of the EXACT model was not explained by free parameters; indeed, all 

tested models made direct predictions from anatomical inputs without any fitted parameters (see 

calculations in Table S3.5). Further, the predictive power of the Vein Origin Hypothesis and the 

Cell wall volume models arose from the input of leaf thickness directly into their estimation of 
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LMA; these previous models had at best the same predictive ability achieved by using leaf 

thickness alone as an empirical predictor of LMA (Table S3.10). By contrast, the EXACT model 

is based on inputs of cell and tissue level anatomical traits without any direct input of LT, and had 

stronger ability to predict LMA than LT alone. Indeed, even assuming a constant ρcell across 

mesophyll and epidermis, the EXACT model predicted not only LMA (Eqn 3.7; Fig. 3.1e), but LT 

(Eqn 5 in Table S3.3; Fig. S3.3a; R2=0.98; P < 0.001) and a substantial portion of the strong 

variation in LD across species (Eqn 6 in Table S3.3; Fig. S3.3b; R2=0.58; P = 004).  

 

SUPPLEMENTARY DISCUSSION 3.1 

Scaling up the influence of anatomical and compositional to the worldwide leaf economics 

spectrum  

We tested the degree that the anatomical and compositional traits that determine LMA would 

potentially scale up to an influence on other LES traits, extending the approach used by Blonder 

et al. (2011). The previous literature contains two contrasting perspectives on the relationship of 

LMA to other LES traits, which could be described as an empirical mechanistic model (LES-

EMM) and a mathematical deterministic model (LES-MDM). According to the empirical 

mechanistic model (Wright et al. 2004), a higher LMA is driven strongly by non-nitrogenous 

compounds reflecting non-photosynthetic and non-respiratory components, in the plant cell wall 

and cytoplasm, which thus “dilutes” Amass, Nmass, and Rmass; further a high LMA contributes directly 

to LL by providing increased mechanical protection. According to the LES-EMM the contribution 

of LMA to these traits was encapsulated statistically by regression equations (Wright et al. 2004). 

According to the LES-MDM, when LMA is independent of photosynthetic rate per area (Aarea), 

nitrogen per area (Narea), or respiration per area (Rarea), the division of these variables by LMA to 
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give Amass, Nmass, and Rmass results in an automatic mathematical dependency, reflecting the dilution 

of these variables by leaf mass (Lloyd et al. 2013; Osnas et al. 2013). Thus, according to the LES-

MDM one may estimate the relationship of Amass, Nmass, and Rmass to LMA by dividing randomly 

generated Aarea, Narea, and Rarea values by LMA (Lloyd et al. 2013).  

We applied both models to estimate the Nmass, Amass, Rmass and LL from LMA values 

generated from anatomical variation according to the EXACT model. We applied Eqn 3.7 to the 

mean trait for the 11 diverse woody species and substituted ρcell, CV and NCL to the maximum 

and minimum values observed across species yielding 21 possible outcomes in addition to the 

LMA calculated using all minimum values or all maximum values for all traits (10.1 g·m-2 and 

473 g·m-2 respectively; Table S3.12). These values were then used to estimate other leaf economics 

variables Amass, Nmass, Rmass, and and LL using either (1) the regressions from Wright et al. 2004, 

or (2) by dividing Aarea, Narea, and Rarea randomly sampled from the GLOPNET global dataset by 

LMA (Lloyd et al. 2013; Table S3.12). The values generated from anatomical and compositional 

trait variation corresponded to 94%-100% of the ranges of Amass, Nmass, Rmass and LL values in the 

global database, and plots of these variables against each other approximated the central trends for 

actual global data (Fig. S3.4a-g).  

This finding emphasizes the strong implications of variation in anatomical and 

compositional variables on global diversity in leaf and plant performance and on the relationships 

among economics traits globally against the background of the other compositional, anatomical 

and physiological traits influence Amass, Rmass, Nmass and LL at a given LMA. For example, traits 

that influence Amass include internal cell surface area, cell wall thickness, photosynthetic 

biochemistry (Tomás et al. 2013), and vein traits that can limit stomatal aperture and thus constrain 

photosynthetic rates (Brodribb et al. 2010; Chatelet et al. 2013). Traits that influence Rmass include 
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respiratory biochemistry (Bruhn et al. 2008). Consequently, leaf anatomical and compositional 

variables can drive variation in other LES traits in a number of ways: (a) by directly influencing 

leaf-area based traits, such as Aarea, and therefore mass-based rates (Amass = Aarea / LMA); or (b) by 

influencing LMA, and having no influence on area-based rates, and thus influencing mass-based 

rates due to division by LMA, or (c) by influencing both the area-based rates, and additionally 

LMA (e.g., a higher protein concentration which would contribute to both a higher LMA and Aarea, 

and thus may have a smaller net effect on Amass). The EXACT approach to LMA, and analogous 

future extensions of this approach to the determination of other LES variables will lead to a 

complete elucidation of the network of traits that determine the LES traits their inter-relationships, 

especially also considering the canopy level variables that also affect the accumulation of foliar N 

and achievement of maximum light-saturated photosynthetic rates (e.g., due to self-shading, and/or 

hydraulic limitations) and leaf lifespan (Chatelet et al. 2013; Edwards et al. 2014). 
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SUPPLEMENTARY METHODS 5.1  

Simulation of stomatal response to VPD 

To refine our hypotheses that Kleaf drives species differences in g vulnerability to VPD, we applied 

a heuristic hydraulic-stomatal model based on a series of resistors representing the water pathway 

from soil to air using a previously described approach (Osborne & Sack 2012) and simulated g 

and E under constant soil water potentials across a range of VPD driving forces. This model 

simultaneously resolves water potential and hydraulic conductance for each organ based on steady-

state flow under Darcy’s law with inputs of soil water potential, VPD, and parameters for the 

functions describing organ specific decline in conductance for roots, stem, leaf, and stomata with 

decreasing water potential within each organ.  

Across the eight species, we simulated the impact of increasing VPD given the measured 

Kmax from the EFM (Scoffoni et al. 2012; see main text methods). With the aim of testing the 

influence of Kmax alone, we kept all other parameters constant across species. As we were testing 

functional parameters across scales, we assumed Kleaf, Kstem, and Kroot to all decline logistically with 

decreasing water potential for all species. We assumed maximum stem hydraulic conductance 

(Kmax, stem) to be twice that of Kleaf and root maximum conductance (Kmax, root) to be equal to Kleaf. 

We set stem and root P50= -2.5 MPa to ensure that stems and roots were always less sensitive than 

leaves across species based on empirical measurements of leaf P50 across species (see main text 

methods), given that leaf xylem is susceptible to cavitation at less negative water potentials than 

stem xylem (Delzon, Choat et al 2005, Tyree and Ewers 1991). We set maximum stomatal 

conductance (gmax) and stomatal P50 equal to 190.3 mmol·m-2·s-1·MPa-1 and -1.68 MPa, 

respectively, based on the average observed across 13 Southern California species of trees and 

shrubs in Henry et al (in prep). This model was parameterized to serve principally as a heuristic 
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model to establish hypotheses, future work will enable more precise calibration of the model (e.g. 

with vulnerability functions for all organs). Simulations were run in Matlab and model code is 

available on request. We ran simulations for each of the eight species at 10 intervals of vapor 

pressure deficits between 0.5 and 5.0 kPa and a constant soil water potential of -0.6 MPa. By 

holding vulnerability of all organs constant across species in these simulations, were we able to 

isolate the influence of Kleaf response on whole tree transpirational response to VPD with all else 

being held equal. From the simulated logistic function for g values across the VPD range we 

extracted the exponent (stomatal sensitivity parameter) and tested for correlations with leaf P20, 

P50, and P80 as well as Kmax.  

 

Model results  

Simulations from this sequential model of tree evapotranspiration from parameters describing 

hydraulic vulnerability at the root, stem, bulk leaf, and stomatal hydraulic pathway produced 

results consistent with our hypotheses. We found significant correlations between the stomatal 

sensitivity coefficient extracted from the simulated g versus VPD relationship and leaf P20, P50, 

and P80 observed across the eight species, such that species with leaves that were more sensitive to 

loss of leaf hydraulic conductance with decreasing water potential were associated with trees with 

more sensitive stomata (Figure S5.1). Similarly, we found a relationship between simulated 

stomatal sensitivity with observed leaf Kmax across the eight species, such that species with higher 

capacity for leaf hydraulic flow exhibited stronger stomatal sensitivity to VPD (Figure S5.2). 

These findings provide strong support for general hypotheses regarding the influence of 

leaf maximum hydraulic conductance and vulnerability on whole tree water use and sensitivity to 

atmospheric drought. Particularly, Figure S5.2 suggests that high Kleaf results in a great absolute 
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drop in g from gmax to stomatal closure over the same shift in VPD and thus that species differences 

in stomatal sensitivity in situ may be strongly driven by species Kmax. This study aims to test this 

empirically using Kleaf vulnerability from laboratory measurements and sapflux and VPD 

measurements from the field.  
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