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ABSTRACT 

 

Recent theoretical and empirical advances, in particular the fractal branching model of 

West, Brown and Enquist (WBE model), have highlighted the importance of exchange 

surfaces in understanding the integration of whole plant form, and functional traits. Key 

insights have arisen from an increased understanding of how the properties of distributive 

vessel networks influence whole plant metabolic and physiological traits. Here I show 

that an extension of WBE model, one in which network geometry is continuously 

variable, provides a robust foundation to understand the diversity of scaling relationships 

in plants and the organs of which they are composed. Central to the original WBE model 

has been the assumption of energy minimization as a selective force shaping the 

evolution of internal and external plant surface areas and morphology. Here I 

demonstrate how additional selection on traits not detailed in the original WBE 

formulation can lead to departures from strict energy minimization, and can thus explain 

much of the variation and covariation in observed scaling central tendencies in plant 

gross morphology observed within, and across natural plant communities. I test the 

predictions from this model extension with data from both regional and global datasets, 

from the leaf to whole plant level, across herbaceous, succulent, woody, annual and 

perennial taxa. These data demonstrate that the model extension is quite robust and 

should serve as a foundation upon which more detailed future models can be constructed. 
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INTRODUCTION 

 

Life grows. All organisms from the smallest unicellular bacteria to the largest Sequoia 

experience changes in dimensions and/or mass as they develop. Over the past few 

hundred years, biologists have measured the size, mass and physiology of countless 

species and individuals over ontogeny or across species. Emergent patterns from these 

measurements suggest that a few general rules may govern changes in organic form. This 

raises the question: can the physiological and biomechanical constraints that organisms 

face with changes in size be represented by simple mathematical models? Moreover, how 

broadly applicable are such models and how well do they agree with empirical data?  

Such questions have vexed biologists since Galileo first noticed that large animals 

have proportionally thicker limb bones than smaller ones (Galileo 1638). To explain this 

phenomenon, Galileo proposed that since weight changed roughly as the cube of size, 

and surface area changed as the square of size, the ratio of the two, known as the square-

cube law, described how weight induced stress than scales with size. This first attempt at 

a model to describe allometric changes was brilliant for its time; however, as is almost 

always the case in biology, the real story might turn out to be a little more complex. 

 A recent and rapidly growing body of theoretical and empirical work has offered 

insights into the mechanisms underlying such changes. Known as Metabolic Scaling 

Theory (MST), or alternatively as the Metabolic Theory of Ecology (MTE), this work has 

been built upon the foundation laid by the network model of West, Brown and Enquist 

(hereafter WBE model, 1997,1999). This work has done much to energize the study of 
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biological allometry and ecology as a whole, yet is not without detractors. Several 

investigators have questioned the validity of various aspects of the theoretical model and 

its empirical support (McCulloh 2003, Bokma 2004, Reich 2006, Glazier 2006).  

Here, I introduce the study of allometry; briefly exploring its history and 

underpinnings as it relates to the new research by myself and collaborators to be 

presented in subsequent chapters. In particular, I will discuss the impact of the WBE 

model and some of the concerns about it raised by others. I will conclude by explaining 

how our recent extensions to the WBE model addresses these concerns, unifies several 

previous attempts, and  may provide insights into other areas of biology. 

 

What is allometry? 

 

Allometry, derived from the Greek for other (“allos”) and measure (“metron”), is simply 

the growth of a part of an organism in relation to the growth of another part, or of the 

organism as a whole. An example is the change in length (or height) of an organism 

relative to its change in mass (Figure 1). Thus in allometric growth, the growth rates of 

two different parts of an organism, or of a part and the whole, differ. In contrast, isometry 

(equality of measure) is when the growth rates of two parts, or of a part and a whole are 

the same.  

 The term allometry has been attributed to J.S. Huxley (1932), and the allometric 

equation typically takes the form,  

Y =Y0 M
θ     (1), 
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Figure 1. Scaling of height with mass in the giant Saguaro. Note the 
straight-line form of the allometric equation when plotted on logarithmic 

axes.  

where θ is the scaling exponent and Y0  is a normalization constant that may be 

characteristic of a given taxon. However, unless θ = 1 (isometry), then growth is non-

linear or allometric. Exponential functions such as these have the useful property that 

they are linear on a logarithmic scale. Taking the logarithm of both sides of Eq. 1 yields, 

    Log Y = θ LogM + Log Y0    (2). 

Equation 2 is now the familiar equation for a straight line (y = mx+b, Figure 1) that one 

might encounter in 

a general algebra 

course where θ is 

the slope and Log 

Y0 is the intercept.  

Linearizing 

allometric data via 

logarithmic 

transformation is 

generally desirable because it allows the use of linear statistical models like ordinary least 

squares or standardized major axis regression to generate empirical slopes, which can 

then be compared to other empirical slopes or expectations from a theoretical model.  

 

Foundations of allometric theory and the “3/4 power rule” 
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In 1932 Max Kleiber published an article in the somewhat obscure journal Hilgardia 

where he reported that the metabolic rate of mammals increased with mass with an 

exponent of approximately 3/4 (Kleiber 1932). This finding captured the attention of a 

large number of biologists primarily because the slope of the fitted line was not 2/3. In 

the previous century Rubner (1883) had hypothesized that the need to dissipate the heat 

generated by metabolic activity would limit the metabolic rate of various animals, and 

thus that the amount of surface area exposed to the environment would limit metabolism. 

Surface area was expected to scale as the 2/3 power of mass based on the assumption that 

organisms are superficially like geometric objects. Apparently they are not. 

Several subsequent investigations involving a greater range of data found 

strikingly similar results to Kleiber, with exponents all close to 3/4 (Brody 1945, 

Hemmingsen 1950). In the years since, several investigators have published compendia 

of allometric data that generally support this finding, and reveal an even more intriguing 

pattern (Peters 1983, Calder 1984, McMahon 1973, Schmidt-Nielsen 1984). Not only 

does metabolic rate scale with mass with an exponent of 3/4, but many other 

physiological attributes also scale with exponents that are some multiple of 1/4. 

Prominent examples include the time it takes blood to circulate in the vascular system, 

which scales with mass to the 1/4 power, or heart rates which scale with mass to the –1/4 

power. Further, more recent analyses revealed that growth rates in plants also scaled with 

exponents close to 3/4 (Niklas 1994). Collectively these relationships became known as 

the “riddle of 1/4 power scaling in biology” (Brown 2000), and the search ensued for an 

underlying mechanism. 
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The elastic similarity model introduced by McMahon in 1973 was the first serious 

attempt to derive a model from first principles to explain the origin of 1/4 power scaling. 

Using trees as a model system, the elastic similarity model simply states that the ratio of a 

branch’s deflection (based on self-loading) to its length will stay constant across branches 

of different size. This requires branch length (L) to scale with diameter (D) with an 

exponent of 2/3, and leads to other predictions such as L∝M
1/4 or D∝M

3/8(M is mass).  

Because the model is based entirely on biomechanical principles, it remains a mystery 

why dynamic aspects of organism physiology, such as metabolic rate or circulation time, 

should still scale with ¼ power exponents. 

 

The WBE Model 

 

In addition to the model of elastic similarity, there have been a few other attempts to 

explain aspects of the origin of ¼ power exponents in biology (Blum 1977, Patterson 

1992). These renditions have either been entirely descriptive, or lacking in generality, and 

thus have not been embraced by the biological community. More recently, the field has 

been energized with the introduction of the “fractal branching” model of West, Brown 

and Enquist (hereafter WBE model) which boldly claimed to have uncovered the 

mechanistic origin of ¼ power exponents in biology (West et al. 1997, 1999).  

The WBE model is based on an optimization argument, which states that all life 

faces selection pressure to minimize the energy required to distribute resources while 

maximizing the surface area available for resource exchange. The best way to do this is 
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through “fractal-like” hierarchical branching networks like those found in plants and 

animals. Furthermore, there exists a specific, network geometry with constant branch 

length and radii ratios, and characteristic tapering with length that minimizes energy loss 

(West et al. 1997, 1999, 2000, Enquist 2000). 

 The optimization argument outlined within WBE is intuitively satisfying for a 

couple of reasons. First, it makes sense that organisms would want to minimize energy 

loss; the fitness consequences for inefficient energy use are obvious. The more energy 

you waste, the less there is available to convert into offspring. Those organisms with 

slightly more efficient networks would ultimately have higher fitness, and thus over time 

the most efficient networks would emerge. Second, superficially fractal-like networks do 

indeed suffuse almost all multi-cellular life, found in distantly related clades such as 

plants and animals that are derived from a unicellular common ancestor. This suggests 

strong selection for the origination and maintenance such networks.  

The WBE model is also powerful in that it makes a large number of testable 

predictions regarding organism physiology or morphology that result from just a few 

biologically meaningful parameters describing network geometry. But is the model right? 

Do empirical data match its predictions? Moreover, is it general enough to apply across 

all life as its authors have suggested? To be certain, the WBE model has generated a lot 

of interest and scrutiny (Forum in Ecology 2004, Forum in Functional Ecology 2004). In 

the ten years since its publication, investigators from disparate fields have tested its 

predictions with both positive and negative results (Ricklefs 2003, McCulloh et al. 2003, 

Li et al. 2005, Anfodillo 2006, Reich et al. 2006). These tests usually amount to fitting 
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confidence intervals to an observed set of data and seeing if they include the exponent 

predicted from the model. Although a strong body of data supports the predictions of the 

WBE, particularly among mammals, numerous studies that have found other 

relationships. Network geometry may be more variable than originally anticipated. 
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PRESENT STUDY 

 

Extending the WBE model 

 

As a major component of my dissertation research I set out to test the WBE model 

predictions for the scaling of gross morphology in plants. Specifically, I set out to test 

three predictions from the original model: H∝M
1/4, D∝M

3/8 and H∝D
2/3 (H=height, 

D=stem diameter, M=mass). To do this I collected 1525 plants in 58 species (mean=26.3 

per species), from herbaceous annuals and perennials to succulents and large angiosperm 

trees (http://eebweb.arizona.edu/grads/price). For each plant I measured its height, basal 

stem diameter (BSD), spread (canopy radius), wet mass and dry mass. I collected as 

broad a range of sizes within each species that I could find. I explored these same scaling 

relationships in the leaves of 30 angiosperm and gymnosperm species as well (822 leaves 

in total). Because leaves are relatively small and largely 2-dimensional, I was able to 

collect surface area measures for the leaves as well.  

 In short, the scaling of gross morphology in plants is quite variable. Empirical 

exponents for the H∝M relationship range from 0.21 to 0.85 (mean 0.38), for the D∝M 

relationship from 0.28 to 0.6 (mean 0.40), and for H∝D 0.41 to 2.1 (mean=0.97). Such 

variability suggests that a single model, or at least one that generates static exponents, 

probably is insufficient to explain the scaling of gross morphology across all plants. This 

led me to look critically at some of the simplifying assumptions upon which the WBE 

model was constructed.  
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In particular, two assumptions of the WBE model may be consistently violated in 

plants. The first, and perhaps most important, is the assumption that plant networks are 

always 

volume filling. 

Strict volume 

filling in 

plants 

suggests that 

all plants fill a 

3-dimensional 

volume like a 

sphere 

optimally. 

Many plants are indeed superficially volume-filling, however a walk through almost any 

natural area will reveal plants that depart from this assumption in one way or another. For 

example, many plants have a prostrate life form in which they invest the majority of their 

mass in two dimensions and thus scale more like leaves than trees (Figure 2). Fractal 

dimensions, as introduced by Mandelbrot, can have non-integers values (Mandelbrot 

1977), so a plant with a prostrate life form, for example, could have a fractal dimension 

between 2 and 3. Therefore the dimension of the volume that the plant fills becomes 

critical to understanding the scaling of its gross morphology. 

Chaemacyce spp. = 0.9334x + 1.6962

R
2
 = 0.9767

Acer rubrum leaves= 0.9391x - 2.6004

R
2
 = 0.9738
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Figure 2. Scaling of surface area with mass in a whole plant, Chaemacyce spp. a 
species of prostrate Euphorbiaceae, and in the leaves of the Red Maple (Acer 

rubrum). Note that the scaling slopes are almost identical, determined primarily by 

the fractal dimension of the volume that they fill, which approaches 2-dimensional. 
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A second assumption of the WBE model that leads to quarter power exponents in 

plants is that of area-preserving branching. This assumption actually stems from an 

assumption of elastic similarity within and across plants. It says that the total cross 

sectional area between daughter and parent branching generations is preserved. The 

underpinni

ngs of this 

work date 

back to 

McMahon 

(1973), 

and may 

indeed 

describe 

the central 

tendency 

at the large end of the size spectrum. For example, the model predicts that height should 

scale with stem diameter as H∝D
2/3

. Looking at data from the “big tree database” 

(www.americanforests.org) reveals that the slope of the standardized major axis 

regression (SMA) fit is statistically indistinguishable from 2/3 (Figure 3).  

However, the elastic similarity model assumes that density specific stiffness, the 

ratio of elastic modulus to tissue density, is constant. Several studies by Niklas have 

shown that density-specific stiffness is indeed quite variable, especially among smaller 

All Data = 0.9694x + 1.4001

R
2
 = 0.9031

SMA=1.02

Big Trees = 0.5118x + 2.7509

R
2
 = 0.6111
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Figure 3. The scaling of height with basal stem diameter. Note the SMA slope for the 
Big Trees dataset is very close to 2/3, while the slope for the entire dataset is closer to 
one. There does appear to be some curvature in the data, thus a single linear function 
may not be the best descriptor.  
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herbaceous taxa (Niklas 1994, 1997). Thus within large trees, statistical stress similarity 

may hold, but as one looks at smaller taxa it appears to fall apart and the scaling of height 

with diameter becomes steeper than expected. 

 To address this variability, I (and my co-authors) have offered several 

modifications of the original WBE model that appear to explain the origin of variability 

in allometric scaling exponents among plants. The changes in the model are relatively 

simple. Instead of modeling networks as strictly volume filling with area preserving 

branching, I have allowed those two parameters to vary. The overall model architecture 

remains the same, however. Specifically, the primacy of the vascular network in 

determining scaling exponents in plants is preserved. 

Together, these changes explain why we observe different scaling exponents in 

minimally branching plants (Chapter 1), and in leaves that are largely two-dimensional 

(Chapter 2). Ultimately this approach leads to several functions that predict how the 

exponents describing plant morphology must covary (Chapter 3). To my knowledge this 

is the first attempt to model continuous variation in allometric exponents based on the 

first principles of network design. It is also the first attempt of which I am aware to model 

covariation in allometric exponents. 

 The implications from this work are broad, and are still being explored, however 

some initial summary statements are possible:  

1) Plants appear to be better described by a model in which network geometry is 

continuously variable, rather than static. This approach unifies previous attempts 

such as geometric similarity, elastic similarity, stress similarity and fractal 
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branching in that they all fall along the continuum of variation that the revised 

model predicts.  

2) The first and second principle axis of variation in these scaling relationships 

appears to be consistent with changes in branch lengths and radii respectively. 

This result follows intuitively from consideration of the effects of Poiseuille flow 

in biological networks.  

3) Plant functional types do cluster in specific regions of the allometric trait space 

presumably reflecting local optima for certain morphologies (e.g. succulence). 

4) Future attempts to link plant morphology and life history to ecological factors 

should consider the dimension of the volume that the plant network fills, and the 

extent to which area-preserving or area-increasing branching dominates.  

 

Remaining Questions and Future Directions 

 

Both the original WBE model and the subsequent extensions described herein invoke the 

geometry of the vascular network in plants to explain the origin of their scaling 

exponents, specifically the branch lengths and radii ratios. However at present there 

exists very little data to test these predictions. Specifically, very few investigators have 

taken the time to measure the branch lengths and radii ratios within all the branching 

generations of a single plant, much less across several plants that differ in their 

morphology and life history. It is encouraging that the few measures that do exist 

(McCulloh et al. 2003, Turcotte et al 1998), generally agree with the range of values we 
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invoke. However, a 

much more rigorous 

empirical 

investigation of these 

values is needed to 

validate the approach 

we have taken. 

 One of 

ecology’s central 

goals is to understand 

the relationship 

between an organism’s morphology, physiology and life history, and the environment in 

which it is found (Wainright and Reilly 1994).  Links between plant allometry and 

variation in resource availability either at the community or landscape scale have been 

elusive (Whittaker 1966). Our work informs this area by demonstrating the probable 

origin of variability in allometric exponents, and how local environments may select for 

certain morphologies and thus allometries. The clearest example of this at present is the 

evolution of the succulent habit in arid environments (Price and Enquist 2006). 

Preliminary data from an exploration of allometric variability at the community level 

reveal intriguing patterns (e.g. Figure 4). Future work will attempt to link this variability 

to differences in resource availability driven primarily by variation in topography, parent 

material and competition for light.  

Figure 4. Variation in the observed height to mass exponent 
(sliding 15 x 15m window) within a 1 ha plot at the Desert 
Laboratory at Tumamoc Hill. Peaks and valleys within the plot 
correspond with variation in topography and parent material (not 
shown).  
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Conclusions 

 

The origin of allometric exponents in biology has been an area of inquiry for hundreds of 

years, with interest culminating in the last century (Galileo 1638, Rubner 1883, Brody 

1945, Brown and West 2000). Several attempts have been made to uncover the 

mechanistic origin of such exponents (Rubner 1883, McMahon 1973, West et al. 1997). 

All of these modeling attempts have one thing in common: they result in static exponents. 

Such approaches, while yielding deep insight into the potential origins of particular 

optima, overlook the broad, and continuous variability that exists in emprirically 

determined exponents. The approach I have taken (with my co-authors) is a natural next 

step. We explicitly acknowledge that such variability exists, and attempt to incorporate it 

into more general expressions for allometric exponents, modeling them as continuous 

rather than static. This leads uniquely to numerous predictions for how allometric traits 

should covary. This work also supports the primacy of the vascular network as outlined 

in the original WBE model and yields insights into the selective pressures that have led to 

the origination of optimal network configurations. In summary, this work highlights that 

a common body of allometric theory may provide the basis for understanding the origin 

and maintenance of complex integrated phenotypes. 
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Summary 

 
 
1. Understanding the general principles governing the impressive diversity of plant 

morphology has long been a goal of botanists.  However, the broad variability of plant 

growth forms has challenged the development of general models of plant growth. 

2. A recent theoretical model, the ‘fractal branching model’ of West, Brown and Enquist, 

purports to explain the scaling of plant form in a variety of taxa, however it’s 

applicability to clades that do not meet its underlying assumptions, particularly plants that 

lack volume filling branching, has been unclear. 

3. Here we show how an extension of the WBE model, the ‘minimal branching model’, 

can quantitatively predict the scaling of form in plants lacking volume-filling branching. 

We then test the models predictions with data from a biometric database on Sonoran 

Desert plants. 

4. As predicted, empirical data supports the ubiquity of the 3/4-power scaling of 

photosynthetic surface area in plants but nevertheless shows that the morphological 

dimensions (height, spread) in plants with minimal branching scale with exponents 

differently than in plants with fractal-like external branching. 

5.  We then compare expectations under the minimal branching model to those of 

geometric similitude and fractal branching models, which make predictions that are close 

to those of the minimal model. Confidence intervals for empirical data sometimes include 

all three models. However, unanimous agreement in interspecific cases, and greater 

support in intraspecific cases appear to favor the minimal model.  
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6. It is generally thought that succulents, particularly cacti, exhibit morphological 

adaptations that limit water loss via surface areas while increasing the capacity for water 

storage. Our model and supporting empirical data strongly suggest that the succulent 

morphology has evolved from selection to minimize external branching but not 

necessarily the scaling of external surface areas.  

7. Our work demonstrates that a common body of allometric theory, based on the scaling 

of resource exchange networks, provides a theoretical baseline that can account for much 

diversity in land plant form and architecture.  

 
  

 

Keywords: ¼ power, Agavaceae, allometry, Cactaceae, fractal.
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Introduction 

 

Land plants inhabit diverse environments and are characterized by an impressive 

range of morphological, architectural, physiological, and life history adaptations. While 

fascinating, this wide range of adaptive strategies presents difficulties for biologists 

(Givnish 1986, Bazzaz & Grace 1997).  In particular, such functional complexity seems 

to challenge the development of general predictive models built on shared principles 

governing plant form and function.  Nevertheless, theoretical work has indicated that the 

evolution of diverse branching morphologies can be generated by selection acting to 

optimize plant function within biomechanical and physical constraints (Horn 1971, 

Niklas 1994).  Recently, the fractal branching model of West, Brown and Enquist 

(hereafter WBE or fractal model), has suggested that general principles governing the 

scaling of biological resource distribution networks result in many predictable attributes 

of biological form and function  (West, Brown & Enquist 1997, 1999a, 1999b, Enquist & 

Niklas 2002, Niklas & Enquist 2002).  

The WBE model assumes that evolution by natural selection has acted to 

maximize the scaling of surfaces (such as leaf, root, lung, or gut area) where resources 

are exchanged with the environment while simultaneously minimizing the scaling of 

internal transport distances or resistance.  The model also assumes that these surface 

areas ultimately supply energy-harvesting units (such as the leaf, mitochondria or 

chloroplast) that are invariant with changes in plant size (West et al. 1999b).   For many 

major clades (multicellular animals, vascular plants etc.) such selection has resulted in a 
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fractal-like, hierarchical vascular distribution networks. The model predicts many 

functional relationships governing variability in organismal form and function in the form 

of a power-law or allometric relationship, Y = b0M
b, where Y is a trait of interest, M is the 

mass or size of the plant, b0 is a normalization constant which may vary with the trait of 

interest and taxonomic level, and b is a scaling exponent. The WBE model predicts 

values of b will be multiples of a quarter-power (1/4, 3/4, 3/8, 11/12 etc. West et al. 1997, 

for a detailed description see West et al. 1999b, West, Brown & Enquist 2000; see 

below).   Most importantly, a central prediction of the WBE model predicts that for three-

dimensional networks, resource exchange areas (such as photosynthetic surface area of 

plants), AE, and the total number of chloroplasts, Nchloro (or mitochondria, NMito),  will 

scale as M3/4.  

The general model has been extended to predict a suite of specific whole-plant 

physiological and morphological characteristics (West et al. 1999a, Enquist, West & 

Brown 2000).  An implicit assumption of the WBE plant model is that external plant 

morphology parallels the internal resource distribution network, and consequently that 

this morphology is volume filling (West et al. 1999a).  This assumption works well for 

trees and shrubs, particularly Angiosperms and Conifers (West et al. 1999a). However, 

many plant clades contain taxa whose aboveground architecture does not parallel their 

internal vasculature (Fig.1).  Usually, these plants lack an obvious fractal-like branching 

morphology (e.g. succulents, palms etc. Gibson 1973, Gibson 1976, Gibson & Nobel 

1986). Here we demonstrate that with minor modification, the general allometric model 

proposed by West, Brown, and Enquist can be extended to predict a suite of physiological 



  31

and morphological scaling relationships in plants that do not exhibit volume filling 

external branching. We then test the extended models predictions utilizing data from a 

biometric database on Sonoran Desert succulent plants (Table 1). 

The quarter-power exponents derived in the WBE model stem from the 

assumption that the fractal-like network is space or volume filling, and the cross sectional 

area of the network is preserved across branching generations (West et al. 1997, West et 

al. 1999a). This can be expressed in terms of three variables, the ratio of daughter to 

parent branch lengths, γ ≡ lk+1/lk, , the ratio of daughter to parent branch radii, β ≡ rk+1/rk , 

and the number of daughter branches per parent branch n, typically 2 in plants 

(terminology follows West et al. 1997, with the exception that the subscript for terminal 

units is p (petiole) as opposed to c (capillaries)). For a volume filling fractal object the 

relationship between the branch lengths ratio, and the branching ratio is γ ≈ n–1/3, 

independent of the branching level. Similarly, the relationship of the branch radii ratio β 

to the branching ratio n is β ≈ n–1/2, again independent of the branching level.  

Terminal units (petioles) within the aboveground plant branching network are 

assumed to be size invariant across organisms. Thus, within a plant with hierarchical 

branching, the total number of petioles, Np, expected to scale with mass (Np ∝ M3/4, West 

et al. 1997). Given the invariance of petiole radius (rp), the radius of the basal stem (ro) 

can then be expressed as  

ro = β-N
rp = Np

½
rp   (1) 
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where N is the total number of branches, and Np is the total number of petioles. With Np 

∝ M3/4, we have ro ∝ (M
3/4)½

rp, yielding ro / rp ∝ M
3/8, or ro  ∝ M

3/8,(D ∝ M3/8) due to the 

assumption of invariance in rp. Similarly,  

lo = γ--N 
rp = Np

1/3
lp  (2) 

or,  lo ∝ (M
3/4)1/3

lp, where lo  is the length of the basal stem, and lp is petiole length. This 

gives, lo/ lp ∝ M1/4, or lo ∝ M1/4 (H ∝ M1/4) again due to the assumed invariance of lp. 

Thus the WBE model predicts the scaling of plant height (H), basal stem diameter (D) 

and mass (M) (Table 2).  Statistical analysis of allometric data from trees and shrubs 

characterized by volume filling branching generally support these predictions (West et al. 

1999a, Enquist & Niklas 2002). 

As stated above, many plant taxa lack an obvious fractal-like branching 

morphology, with parallel internal vasculature and external morphology (succulents, 

palms etc. Gibson 1973, Gibson 1976, Gibson & Nobel 1986). Thus, modeling the 

relationship between the branch lengths ratio (the ratio of daughter to parent branch 

lengths, γ ≡ lk+1/lk) and branching ratio (the number of daughter branches per parent 

branch, typically 2 in plants) as a volume filling fractal where, γ ≈ n–1/3  is clearly violated 

(see West et al. 1997, West et al. 1999a). Consequently the applicability of the WBE 

model to plants with minimal branching architecture, such as succulents, is unclear (West 

et al. 1999a).  

Further, the exchange surfaces (photosynthetic area) in succulents are described 

by the external surface areas, AE, of the entire plant body instead of just the number of 

terminal branches or petioles, Np, multiplied by the average leaf area, <A>L, so that AE ≈ 
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Np <A>L.  In other words, the WBE model, in its current form, assumes that the external 

branching morphology parallels the scaling of vascular exchange surface areas, and that 

plants have differentiated photosynthetic and non-photosynthetic tissues in the form of 

stems and leaves.   

Here we show that the WBE model can be successfully extended to predict the 

scaling of morphology in minimally branching plants.  We first define an external 

branching, E, and internal vascular, I, branching architecture (i.e. xylem architecture) 

where, respectively,  

 

γ E ≡ lk+1

E
lk

E , β E ≡ rk +1

E
rk

E ;    (3) 

 

γ I ≡ lk+1

I
lk

I  ,  β I ≡ rk+1

I
rk

I
     (4) 

 

According to Eq. 3 and Eq. 4, lk

E  and rk

E  refer to the length and radius of a given external 

branch and lk

I   and rk

I  refer to the length and radius of a given internal vascular bundle 

that branches from the main vascular bundle into smaller strands (or, following the 

terminology of Gibson 1976, Gibson & Nobel 1986, vascular axial bundles split into 

vascular strands;  –see also  Fig. 1b of West et al. 1999a).  For the evolution of succulent 

morphology, we assume that natural selection has operated to minimize the volume 

filling nature of branching (limiting the number of external branching generations which 

influences the value of γE) but not the scaling of photosynthetic surfaces, which are 

governed by the values of γI
 and βI.  Thus, selection to minimize external branching will 
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yield an architecture that will depart from volume filling as branch number decreases so 

that, γE
 ⇒ n–1/2 (West et al. 1999a).   

However, the internal vascular network still has the problem of branching in order 

to supply all living cells within a three-dimensional volume inside the succulent. If 

selection has also operated to maximize the scaling of the number of terminal energy 

harvesting units (Nmito and Nchloro), in addition to the exchange surfaces that supply these 

terminal units, as hypothesized by WBE, then the scaling of exchange surface areas 

supplied by the internal vascular system should approximate volume filling where γI
 ⇒ 

n
–1/3. Therefore, within succulents, if as governed by the internal vascular anatomy γI = n-

1/3 and βI
=n

–1/2 then we would predict that the scaling of whole-plant photosynthetic 

surface areas (i.e. photosynthetic surface area) or AE to still scale as M3/4 even though 

external branching is minimized.  

 The number of chloroplasts (Nchloro) exposed to radiant light potentially limits 

metabolic production in plants. Thus the  3/4  power scaling of surface area with mass 

results from selection to maximize surface area for light interception and metabolic gas 

exchange while simultaneously minimizing travel time for biologically important 

resources (West et al. 1997, West et al. 1999b). This can be expressed as Nc∝ AE ∝ M
b, 

where b = (2+εA)/ (3+ εA + εL). εA and εL are arbitrary exponents associated with the 

scaling of area and length respectively (for a detailed explanation see West et al. 1999b). 

Maximization of b and thus surface area occurs when εA = 1 and εL = 0 leading to b = ¾.  

For plants in arid environments, extensive photosynthetic surface area is a 

potential liability given the limited availability of water (Hunt & Nobel 1987, Niklas 
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1994, Niklas 2002). It is generally thought that succulents, particularly cacti, exhibit 

morphological adaptations that limit water loss via surface areas while increasing the 

capacity for water storage (Gibson & Nobel 1986).  The geometric form that has the least 

amount of surface area for a given mass (or volume) is a sphere (Niklas 1994), and many 

cacti approximate spheres or oblate spheroids (eg: Ferocactus or Mammilaria spp. 

Buxbaum 1950, Gibson & Nobel 1986, Anderson 2001).  Thus, in contrast to the WBE 

model, a simple geometric  model would predict that succulent surface areas should scale 

with an exponent closer to 2/3.  

Our extension of the WBE model indicates that in plants with branching that is 

not volume filling (minimal branching) the surface area will still scale with the 3/4 power 

of their mass. Because succulents lack petioles, the total photosynthetic surface area is 

given by AE instead of NpAL, thus AE ∝M
3/4.  However, the scaling of external morphology 

differs from plants with volume filling branching and branching predicted by the simple 

geometric model (Table 2). Specifically, substituting AE for (NP AL) in Eq. 2 yields 

predictions for the scaling of external morphology as  

l0

E ∝ AE( )
1/ 2

∝ M
3 / 4( )

1/ 2

∝ M
3 / 8  (5) 

where the 1/2 exponent originates from the constraint on external morphology imposed 

by minimal branching (e.g. when plants don’t branch or grow in a volume filling manner) 

(West et al. 1999a). Further, given the assumption of self-similarity between branching 

levels that is expected to hold even in minimally branching plants, the total length of the 

plant (or height, H) will be directly proportional to the length of the basal stem, ltot

E  so 

that  H ∝ l0

E ∝ ltot

E ∝ M3/8 (Fig. 3). As both basal stem radius and total length (height) scale 
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with mass to the 3/8 power under minimal branching ( r0

E ∝ M
3/8 , ltot

E ∝ M3/8 , 

respectively),  we expect an isometric scaling of radius and total length, ltot

E ∝ r0

E  (H ∝ D1) 

(Table 2, Fig. 3).  

We can further extend the minimal branching model to predict overall plant 

canopy spread (S), measured as average crown diameter. Having established that vessel 

length is proportional to height (West et al. 1999a), if there exists no systematic change in 

branch angle with plant size (mass), canopy spread should simply scale isometrically 

with total plant length, S ∝ ltot

E
,, or, S ∝ H1 (Fig. 3), regardless of external branching 

morphology (minimal or fractal). By substitution, we also have S ∝ D1, and S ∝ M3/8 

(Table 2, Fig. 3).  

The model can also be used to predict the scaling of water mass with total or dry 

mass. The water mass of a given plant is equal to the sum of the water mass of each non-

vascular cell plus the water mass of the network supplying those cells. The WBE model 

predicts that the fluid volume, and thus mass (assuming constant fluid density) of the 

internal vascular network should scale proportionally to M25/24 (West et al. 1999a).  

However, within succulents most cells are living and function in part to store water. 

Many Cacti stems are 90-94% water (Gibson & Nobel 1986). Thus, the cellular water 

mass of the plant should be equal to the sum of the water mass of its cells, Mw  =Σ Mwc. 

Alternatively, the cellular water mass of a given succulent is equal to the number of cells 

times the water mass of the average cell, Mw  = Nc * <M>wc. If the average water mass of 

cells does not change with whole plant mass <M>wc ∝ M0, this leads to an isometric 
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scaling relationship between, whole plant cellular water mass and mass (dry), (Mw ∝ M
1). 

Thus, for all intents and purposes water mass should scale nearly isometrically with 

whole plant mass (Mw ∝ M
1) (Table 2., Fig. 3). Given the above derivations, by 

substitution, the model also predicts the scaling of diameter, height and spread with water 

mass, (Table 2, Fig. 3).   

 Our combined theoretical and empirical analyses specifically address the 

following objectives: 

• To contrast the different assumptions and expectations for both the WBE and 

minimal branching models. 

• To derive expected exponents for bivariate scaling relationships (H, D, S, AE, M 

and MW) for plants exhibiting minimal branching (Table 2). 

• To test the minimal models predictions with both intraspecific and interspecific 

data from a large biometric database on Sonoran Desert succulent plants. 

• To discuss the relative merits of general models, inter vs. intraspecific scaling 

analyses, and the difficulties associated with using confidence intervals for 

regression exponents to distinguish between models that make similar predictions. 

 

Methods 

 
We tested the predictions of the minimal model within and across species by 

measuring height (mm), spread (mm, as measured by the average of four measures of 

crown diameter), basal stem diameter (mm, hereafter BSD), wet mass (g) and dry mass 
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(g) in over 420 individual cacti (nine species) and 18 agaves (one species) spanning well-

over five orders of magnitude in above-ground mass. To our knowledge this is the largest 

allometric and biometric database of Cactaceae or even arid plant biomass.   

In the interest of minimizing impact to native plant communities, all plants were 

collected from three construction sites in the greater Tucson, Arizona (USA) region 

during the 2001 and 2002 summer field seasons. Site 1 was along road widening 

easement (Lat/Long 32º 318' N, 111º 011' W, elevation ≈ 705 m) in North Tucson. Site 2 

was a resort golf course installation (Lat/Long 32º 206' N, 111º 052' W, elevation ≈ 795 

m) in West Tucson. Site 3 was within a gas line installation crossing the Desert 

Laboratory at Tumamoc Hill in Central/West Tucson (Lat/Long 32º 210' N, 111. 042' W, 

elevation ≈ 710 m). Measurements (save mass) for all succulents were taken in the field 

prior to collection. Once measured, plants were cut at ground level and placed in 

containers for processing and transport. For plants with underground basal stems or root 

crowns (eg: Carnegia giganteae), plants were excavated prior to cutting. Plants were 

immediately taken to a large greenhouse for weighing of wet mass, and drying. Different 

numbers of individual species were collected due to variable availability and the relative 

ease with which they were harvested and processed (Table 1). Further, not all measures 

were taken on all individual plants leading to differences in sample size (Table 3) 

depending on the measure (e.g. some plants were collected, but not killed, resulting in 

height, spread, BSD and wet mass measures, but no measure for dry mass).  

To accelerate desiccation and prevent rotting, some plants were cut into many 

small pieces. All plants were dried at temperatures exceeding 60 ˚C. Plants were 



  39

reweighed periodically to determine when they had dried and achieved constant mass (g) 

(hereafter mass), which was then recorded. Mass (dry) was subtracted from wet mass to 

determine how much water mass (g) each plant contained at the time of harvest. To 

assess the scaling of photosynthetic surface area, AE, in succulents we assembled data 

from the literature (Hunt & Nobel 1987 and Niklas 2002)(inconsistent and questionable 

methodologies prevented comparisons with a few studies: Felger & Lowe 1967, Cornejo 

& Simpson 1997).  

Bivariate relationships between the aforementioned traits were analyzed by fitting 

Model II regression lines to log scaled variables. When there is likely to be measurement 

error in the X variable, model II regression techniques allow for a better estimate of a line 

fitting two variables than ordinary least squares regression (Sokal & Rohlf 1995).  

To avoid complications arising from comparing the results of unequal sample 

sizes in interspecific relationships, we employed a resampling approach.  We wrote a 

program within MATLAB (Mathworks 2001, program available upon request) where 

equal numbers of individuals (equal to the smallest species sample number per bivariate 

measure) were drawn at random from each species and regression statistics were 

determined (slope, 95% CI, intercept).  This procedure was repeated 1000 times.  For 

each bivariate fit, the mean regression values for each statistic were then calculated.  This 

re-sampling method was not employed to increase sample sizes but to correct for 

differences in sample sizes between species without losing information.  Note, testing the 

null hypothesis of zero slope has been suggested as inappropriate for Model II regression 

(Sokal & Rohlf 1995), thus we have not reported p-values here. Model II regression 
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statistics for intraspecific relationships (Table 3) were calculated using the statistical 

program (S)MATR (Falster, Warton & Wright 2003). 

For scaling relationships based on mass, both models make predictions based on 

whole-plant mass. Due to logistical difficulties we were unable obtain empirical data on 

below-ground mass (roots). Allometric theory predicts isometric scaling of above and 

below ground components (Enquist & Niklas 2002), thus testing the models predictions 

with above ground data is not expected to be an issue, however, empirical validation of 

this relationship within and across succulents would be instructive. 

 

Results 

 
The 95% confidence intervals for fitted interspecific slopes include the 

predictions from the minimal branching model in all cases (Table 2). However, the 

observed exponents fall well outside the predictions of the WBE model, except when the 

two models make identical predictions.  Comparing predictions of the minimal and the 

geometric model for the 6 predictions that are not identical also tends to support the 

minimal model.  Statistically, only 1 out of 6 support the predictions of the minimal 

model over the geometric model.  However, of the remaining 5 relationships, 4 have 95% 

confidence intervals that strongly overlap with the minimal model but only marginally 

support the geometric model (see Table 2).  Thus, 5 of the 6 relationships tend to support 

the minimal model over the geometric model. 

Analysis of intraspecific allometric relationships also reveals that a majority of 

cases (53 out of 98) fall within the predicted exponents of the minimal branching model.  
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In contrast, support for the fractal (36 out of 98) and geometric (47 out of 98) models are 

observed in less than half of the cases (see below).   It is important to note that of the 47 

cases that support the geometric model, 37 of those cases also overlap with the minimal 

model.  Thus, only 10 cases out of 98 fully support the predictions of the geometric 

model and do not support any prediction made by the WBE model (either minimal or 

fractal).  However, 16 cases out of the 98 fully support the predictions of the minimal 

model but do not support predictions of the geometric model.    

As predicted, detailed analyses of several cacti and an agave species (data from 

Hunt & Nobel 1987 and Niklas 2002) show that external exchange surfaces scale as V3/4 

or M3/4, (where V is volume) consistent with WBE model predictions (Fig. 2).  However, 

the observed exponent is statistically different from the 2/3 exponent predicted from the 

geometric model. While superficially geometric in shape, even those cacti that generally 

lack external branching (Mammilaria sp., Ferocactus sp.) can have highly rugose 

external surfaces (elaborated with pleats and tubercles, Gibson & Nobel 1986) that 

apparently have increased the area available for gas exchange.  Our results suggest that 

such photosynthetic surfaces have allowed succulents to follow the predicted 3/4 scaling 

of surface areas.   

 

Discussion 

 

We have shown that the scaling of mass and morphology in plants with minimal 

branching, particularly succulents, can be predicted by making a slight adjustment to the 
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WBE model.  Our results suggest that the 3/4 exponent that governs the scaling of 

resource exchange surface areas may be a ubiquitous trait across many, if not all of the 

Chlorophytes.  For example, the 3/4 power scaling of photosynthetic surface area is 

observed in distantly related plant clades including (i) the genus Agave in the Agavaceae 

where the stem is reduced and leaves tend to be well developed and fleshy; (ii) species 

within the Cactaceae where leaves have been reduced and the main photosynthetic organ 

is the stem;  (iii) within and across land plants with volume filling branching such as 

Gymnosperm trees and Angiosperm trees with photosynthetic leaves (Enquist et al. 2000) 

as well as (iv) across unicellular algae where the photosynthetic area is represented by 

chloroplasts (Niklas 1994).  The apparent ubiquity of the 3/4 exponent in the scaling of 

photosynthetic surface area, including those taxa where the photosynthetic organ differs 

(leaves vs. stems), suggests this key allometric trait is highly conserved despite 

impressive morphological diversity and reductions or elaborations of plant organs that are 

responsible for photosynthesis.   

According to the WBE model, the 3/4-power scaling of AE  is a morphological 

optimum that balances the maximum amount of surface for radiant and gas exchange but 

at the same time minimizes internal transport distances and times. Importantly, the 

presence of 3/4-power allometric scaling of surface area in succulents implies that while 

selection may have acted across succulents to minimize branching, this has not altered the 

scaling of photosynthetic surface areas.   This finding strongly suggests selection has not 

necessarily acted to solely minimize the scaling of surface areas.  Instead, the scaling 

exponent for photosynthetic surface areas for succulents appears to be the same as it is in 
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broad leaved and coniferous trees and shrubs.   It remains to be seen, however, if the 

normalization (y-intercept) for the scaling of mass and photosynthetic surface area in 

succulents is statistically different than for trees and shrubs with volume-filling 

branching.  

Students of allometric scaling will note that the predictions of the minimal 

branching model and that of geometric similitude (Table 2) are quite close, and as stated, 

confidence intervals for interspecific data sometimes include both models. Our results, 

however, show that several lines of evidence support the minimal branching model:  The 

model of geometric similitude is not inherently biologically based, rather it is based on 

the assumption of self-similar geometry that accompanies changing the size or mass of a 

simple geometric object (e.g. sphere or cube), and presupposes that changes in plant mass 

will be accompanied by self-similar changes in morphology: Our minimal branching 

model incorporates biologically realistic parameters. Additionally, as shown by Table 2 

and 3, the fitted inter- and intraspecific allometric slopes are more likely to include 

predictions of the minimal model than the predictions made by the geometric model. 

When the statistical confidence intervals include both the minimal and geometric models 

a majority of the inter- and intraspecific relationships are closer to that predicted by the 

minimal model than the fractal and geometric models. Further, when differing models 

make predictions for exponents that are close in value, statistical tests may not have 

enough power, even with large sample sizes, to distinguish between the two (Niklas 

1994). Lastly, and most importantly, the scaling of external surface areas in several 

species of succulents scale with exponents indistinguishable from the predicted value of 
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3/4 but are statistically different from the 2/3 exponent predicted from a geometric model 

(Fig. 2).    

General models, as we have presented here, attempt to predict scaling 

relationships across phylogenetically disparate plant clades based on the physiological 

and functional properties they have in common.  Our model, elaborates upon the WBE 

model by assuming that fractal like internal resource distribution networks and reduced 

external branching are a common functional attribute of succulents. Clearly, with any 

baseline model, it will not be possible to account for all variation of interest. Indeed, the 

minimum branching model, as currently derived, while successful, does not account for 

all variability in the scaling exponents reported here.  It is perhaps not surprising then that 

some variability exists in the observed intraspecific exponents (Table 3).  Some 

variability is to be expected because of both reduced sample size and limited size ranges. 

Note, by chance alone we would expect 5% of the results to deviate from predictions. It is 

also likely that additional selective pressures experienced within a given environment 

may also influence the growth and morphology of particular plant species in ways not 

detailed by our model. It is important to note that such additional selective complexity 

does not invalidate our approach but instead points to potential additional theoretical 

subtleties that can be incorporated into the creation of a more detailed model. Assessing 

the predictions of a given model: (i) relies on the validity of the assumptions upon which 

it relies, and (ii) it’s success in predicting relationships both within and across species 

relative to alternative models.  We believe that the minimal model’s success at both the 

interspecific (10/10 cases), and intraspecific levels (53/98 cases), and the congruence 
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between the morphological parameters upon which it relies and observed plant 

characteristics, justify further examination of its validity.  

We feel it is best to view the respective models (minimal and fractal) as points 

along a continuum of growth and branching morphologies.  As expressed in their 

assumptions, each model represents differences in the degree of selection on branching 

morphology.  Thus, potential empirical observations of differences in allometric 

exponents for morphology and architecture likely represent differential selection on 

branching behavior.  Our model assumes that when selection has acted to minimize 

branching architecture but yet maximize resource exchange surfaces plants should be 

characterized by specific exponents that differ from plants with volume filling branching 

and in many cases from geometric scaling expectations.  

Our results lend additional theoretical and empirical support to the validity of the 

WBE model and demonstrate its flexibility in predicting the morphology of plants with 

variable growth strategies. Further, the extended model uniquely predicts the scaling of 

whole-plant spread or water mass within an allometric framework. Clearly, not all plants 

will fall discretely within minimal and fractal branching morphological classes, and 

gradations in the degree of branching are widespread.  We suggest instead that the two 

models be thought of as phenotypes representing optima that result from strong selection 

on branching behavior.  Thus, the continued development of allometric theory is likely to 

provide a predictive and mechanistic framework for theoreticians attempting to 

understand the evolution, distribution, and diversity of plant mass and morphology across 

variable landscapes.  
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TABLES 
 
Family Genus Species Author Sample Number 

Cactaceae Carnegia gigantea (Engelm.) Britt. & Rose 67 

Cactaceae Echinocereus engelmanii Engelm. 33 

Cactaceae Ferocactus wislizenii (Engelm.) Britt. & Rose 57 

Cactaceae Mammilaria microcarpa Engelm. 149 

Cactaceae Opuntia acanthocarp Engelm. & Bigelow 31 

Cactaceae Opuntia arbuscula Engelm. 17 

Cactaceae Opuntia engelmanii Salm-Dyck 27 

Cactaceae Opuntia fulgida Engelm. 23 

Cactaceae Opuntia leptocaulis DC. 23 

Agavaceae Agave chrysantha Peebles 18 

Table 1. Family, genus, species and authority for the species analyzed in this study.
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Predicted Slope 
 

Observed - Cactaceae 

Relationship Geometric 

Model 

Fractal 

Model 

Minimal 

Model 

Slope 95% C.I. r 
2
 Intercept 

H ∝ D
α 1.000 0.667 1.000 0.999 0.923 to 1.075  0.704 -1.187 

H ∝ M
α 0.333 0.250 0.375 0.401 0.324 to 0.478 0.772 1.295 

D ∝ M
α 0.333 0.375 0.375 0.411 0.331 to 0.492 0.915 1.606 

S ∝ H
α
 1.000 1.000 1.000 1.041 0.962 to 1.120 0.826 -0.012 

S ∝ D
α
 1.000 0.667 1.000 1.073 0.992 to 1.155 0.724 -1.274 

S ∝ M
α
 0.333 0.250 0.375 0.415 0.335 to 0.495 0.767 1.304 

Mw ∝ M
α
 1.000 1.000 1.000 1.069 0.864 to 1.274 0.906 -0.584 

H ∝ Mw
α
 0.333 0.250 0.375 0.373 0.296 to 0.449 0.640 1.777 

D ∝ Mw
 α

 0.333 0.375 0.375 0.397 0.318 to 0.476 0.876 1.980 

S ∝ Mw
 α

 0.333 0.250 0.375 0.388 0.309 to 0.467 0.581 1.771 

 
Table 2. Predictions for the scaling of height (H), diameter (D), spread (S), water mass (Mw) and mass (M) under geometric similarity, 
fractal branching and minimal branching models, and observed relationships in the Cactaceae (r 2, 95% CI, and intercept (int.)). Note, 
confidence intervals include the predictions from the minimal model in all cases. Dark shaded cells indicate 95% confidence intervals 
of observed data that include the indicated model.  Light shaded boxes are 95% confidence intervals that only marginally include the 
indicated model.  Cells that are not shaded reflect empirical data that do not include the indicated model.  Note, the observed empirical 
scaling relationships strongly support the predictions of the minimal branching model.  While the predictions of the geometric and 
minimal model are close in most cases the empirical data more strongly overlap with the predictions of the minimal model than the 
geometric model.   
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Species n      r
2
     Slope  

Low 

95%CI   

Upper 

95%CI   Intercept 

 Functional 

Relationship 

Geometric 

Model 

Fractal 

Model 

Minimal 

Model  

O. leptocaulis 23 0.878 0.871 0.744 1.021 1.599 H v D 1 0.667 1 

O. leptocaulis 23 0.926 0.323 0.285 0.365 2.014 H v M 0.333 0.25 0.375 

O. leptocaulis 23 0.954 0.37 0.336 0.408 0.476 D v M 0.333 0.375 0.375 

O. leptocaulis 23 0.87 1.386 1.178 1.632 -1.045 S v H 1 1 1 

O. leptocaulis 23 0.94 1.208 1.081 1.349 1.171 S v D 1 0.667 1 

O. leptocaulis 23 0.949 0.447 0.404 0.495 1.746 S v M 0.333 0.25 0.375 

O. leptocaulis 23 0.988 0.935 0.889 0.983 0.157 Mw v M 1 1 1 

O. leptocaulis 23 0.894 0.345 0.298 0.4 1.959 H v Mw 0.333 0.25 0.375 

O. leptocaulis 23 0.951 0.396 0.358 0.438 0.414 D v Mw  0.333 0.375 0.375 

O. leptocaulis 23 0.945 0.478 0.43 0.532 1.671 S v Mw  0.333 0.25 0.375 

O. fulgida 21 0.887 1.068 0.91 1.255 1.204 H v D 1 0.667 1 

O. fulgida 23 0.93 0.415 0.368 0.468 1.67 H v M 0.333 0.25 0.375 

O. fulgida 21 0.943 0.398 0.355 0.446 0.418 D v M 0.333 0.375 0.375 

O. fulgida 23 0.853 0.915 0.769 1.088 0.054 S v H 1 1 1 

O. fulgida 21 0.91 0.945 0.819 1.091 1.197 S v D 1 0.667 1 

O. fulgida 23 0.971 0.38 0.352 0.411 1.581 S v M 0.333 0.25 0.375 

O. fulgida 23 0.984 0.977 0.923 1.034 0.339 Mw v M 1 1 1 

O. fulgida 23 0.947 0.425 0.383 0.472 1.526 H v Mw 0.333 0.25 0.375 

O. fulgida 21 0.941 0.406 0.361 0.456 0.283 D v Mw  0.333 0.375 0.375 

O. fulgida 23 0.95 0.389 0.351 0.43 1.449 S v Mw  0.333 0.25 0.375 

O. engelmanii 26 0.888 0.919 0.799 1.057 1.088 H v D 1 0.667 1 

O. engelmanii 27 0.872 0.307 0.265 0.356 1.839 H v M 0.333 0.25 0.375 

O. engelmanii 26 0.95 0.332 0.303 0.365 0.821 D v M 0.333 0.375 0.375 

O. engelmanii 27 0.904 1.31 1.153 1.488 -0.796 S v H 1 1 1 

O. engelmanii 26 0.947 1.207 1.095 1.33 0.624 S v D 1 0.667 1 

O. engelmanii 27 0.984 0.402 0.382 0.424 1.613 S v M 0.333 0.25 0.375 

O. engelmanii 27 0.991 0.991 0.953 1.032 0.481 Mw v M 1 1 1 

O. engelmanii 27 0.888 0.31 0.27 0.355 1.69 H v Mw 0.333 0.25 0.375 

O. engelmanii 26 0.964 0.336 0.31 0.364 0.658 D v Mw  0.333 0.375 0.375 

O. engelmanii 27 0.985 0.406 0.386 0.427 1.417 S v Mw  0.333 0.25 0.375 

O. arbuscula 17 0.583 0.769 0.543 1.089 1.675 H v D 1 0.667 1 

O. arbuscula 17 0.801 0.364 0.285 0.464 1.912 H v M 0.333 0.25 0.375 

O. arbuscula 17 0.831 0.473 0.378 0.592 0.307 D v M 0.333 0.375 0.375 

O. arbuscula 17 0.8 1.077 0.844 1.374 -0.227 S v H 1 1 1 

O. arbuscula 17 0.604 0.827 0.589 1.162 1.577 S v D 1 0.667 1 

O. arbuscula 17 0.906 0.391 0.331 0.463 1.831 S v M 0.333 0.25 0.375 

O. arbuscula 15 0.985 0.954 0.887 1.026 0.011 Mw v M 1 1 1 

O. arbuscula 15 0.806 0.386 0.297 0.5 1.887 H v Mw 0.333 0.25 0.375 

O. arbuscula 15 0.784 0.49 0.373 0.646 0.319 D v Mw  0.333 0.375 0.375 

O. arbuscula 15 0.929 0.417 0.356 0.489 1.799 S v Mw  0.333 0.25 0.375 

O. acanthocarpa 13 0.878 0.78 0.619 0.981 1.751 H v D 1 0.667 1 
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O. acanthocarpa 28 0.917 0.311 0.276 0.349 2.064 H v M 0.333 0.25 0.375 

O. acanthocarpa 14 0.971 0.415 0.372 0.462 0.398 D v M 0.333 0.375 0.375 

O. acanthocarpa 29 0.879 1.287 1.122 1.475 -0.976 S v H 1 1 1 

O. acanthocarpa 15 0.936 1.038 0.893 1.206 1.246 S v D 1 0.667 1 

O. acanthocarpa 30 0.966 0.41 0.382 0.441 1.658 S v M 0.333 0.25 0.375 

O. acanthocarpa 30 0.843 1.001 0.859 1.166 0.409 Mw v M 1 1 1 

O. acanthocarpa 28 0.719 0.31 0.251 0.383 1.938 H v Mw 0.333 0.25 0.375 

O. acanthocarpa 14 0.972 0.428 0.385 0.475 0.22 D v Mw  0.333 0.375 0.375 

O. acanthocarpa 30 0.846 0.41 0.352 0.477 1.491 S v Mw  0.333 0.25 0.375 

M. microcarpa 149 0.593 0.888 0.8 0.985 1.011 H v D 1 0.667 1 

M. microcarpa 68 0.779 0.335 0.298 0.376 1.456 H v M 0.333 0.25 0.375 

M. microcarpa 68 0.775 0.365 0.325 0.41 0.53 D v M 0.333 0.375 0.375 

M. microcarpa 149 0.727 0.759 0.697 0.827 0.412 S v H 1 1 1 

M. microcarpa 149 0.78 0.674 0.624 0.728 1.18 S v D 1 0.667 1 

M. microcarpa 68 0.729 0.245 0.216 0.278 1.534 S v M 0.333 0.25 0.375 

M. microcarpa 60 0.694 1.008 0.872 1.166 0.271 Mw v M 1 1 1 

M. microcarpa 60 0.754 0.317 0.279 0.361 1.4 H v Mw 0.333 0.25 0.375 

M. microcarpa 60 0.593 0.305 0.258 0.36 0.518 D v Mw  0.333 0.375 0.375 

M. microcarpa 60 0.754 0.193 0.169 0.219 1.545 S v Mw  0.333 0.25 0.375 

F. wislizenii 36 0.836 0.968 0.841 1.114 1.136 H v D 1 0.667 1 

F. wislizenii 22 0.929 0.316 0.279 0.357 1.614 H v M 0.333 0.25 0.375 

F. wislizenii 54 0.671 0.728 0.621 0.854 0.682 S v H 1 1 1 

F. wislizenii 34 0.719 0.722 0.597 0.872 1.513 S v D 1 0.667 1 

F. wislizenii 22 0.929 0.254 0.224 0.288 1.711 S v M 0.333 0.25 0.375 

F. wislizenii 22 0.977 1.08 1.006 1.16 0.443 Mw v M 1 1 1 

F. wislizenii 22 0.933 0.292 0.259 0.33 1.485 H v Mw 0.333 0.25 0.375 

F. wislizenii 22 0.949 0.235 0.212 0.261 1.607 S v Mw  0.333 0.25 0.375 

E. engelmanii 33 0.178 0.793 0.572 1.099 1.377 H v D 1 0.667 1 

E. engelmanii 20 0.035 0.243 0.152 0.388 1.844 H v M 0.333 0.25 0.375 

E. engelmanii 20 0.645 0.412 0.308 0.551 0.343 D v M 0.333 0.375 0.375 

E. engelmanii 33 0.586 1.72 1.362 2.172 -1.771 S v H 1 1 1 

E. engelmanii 33 0.484 1.363 1.051 1.769 0.597 S v D 1 0.667 1 

E. engelmanii 20 0.589 0.415 0.303 0.567 1.394 S v M 0.333 0.25 0.375 

E. engelmanii 19 0.616 0.953 0.698 1.301 0.797 Mw v M 1 1 1 

E. engelmanii 19 0.293 0.254 0.167 0.386 1.643 H v Mw 0.333 0.25 0.375 

E. engelmanii 19 0.673 0.433 0.324 0.578 -0.002 D v Mw  0.333 0.375 0.375 

E. engelmanii 19 0.748 0.434 0.336 0.559 1.054 S v Mw  0.333 0.25 0.375 

C. gigantea 66 0.947 1.141 1.077 1.208 0.805 H v D 1 0.667 1 

C. gigantea 35 0.986 0.461 0.442 0.481 1.481 H v M 0.333 0.25 0.375 

C. gigantea 35 0.95 0.384 0.354 0.415 0.655 D v M 0.333 0.375 0.375 

C. gigantea 65 0.888 0.565 0.519 0.614 0.767 S v H 1 1 1 

C. gigantea 65 0.876 0.642 0.588 0.701 1.224 S v D 1 0.667 1 

C. gigantea 34 0.852 0.247 0.215 0.283 1.627 S v M 0.333 0.25 0.375 

C. gigantea 35 0.989 1.091 1.051 1.133 0.574 Mw v M 1 1 1 

C. gigantea 36 0.987 0.432 0.416 0.45 1.213 H v Mw 0.333 0.25 0.375 
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C. gigantea 35 0.952 0.351 0.325 0.38 0.453 D v Mw  0.333 0.375 0.375 

C. gigantea 34 0.881 0.226 0.199 0.255 1.499 S v Mw  0.333 0.25 0.375 

A. chrysantha 18 0.883 0.967 0.808 1.158 1.035 H v D 1 0.667 1 

A. chrysantha 18 0.922 0.396 0.342 0.459 1.587 H v M 0.333 0.25 0.375 

A. chrysantha 18 0.848 0.41 0.334 0.503 0.57 D v M 0.333 0.375 0.375 

A. chrysantha 18 0.934 1.03 0.9 1.18 -0.071 S v H 1 1 1 

A. chrysantha 18 0.849 0.997 0.812 1.223 0.996 S v D 1 0.667 1 

A. chrysantha 18 0.935 0.408 0.357 0.467 1.564 S v M 0.333 0.25 0.375 

A. chrysantha 18 0.97 1.15 1.05 1.26 -0.227 Mw v M 1 1 1 

A. chrysantha 18 0.944 0.345 0.304 0.391 1.665 H v Mw 0.333 0.25 0.375 

A. chrysantha 18 0.881 0.357 0.297 0.428 0.651 D v Mw 0.333 0.375 0.375 

A. chrysantha 18 0.906 0.356 0.302 0.418 1.645 S v Mw 0.333 0.25 0.375 

 

Table 3. Intraspecific scaling of height (H), diameter (D), spread (S), water mass (Mw) and 
mass (M) within the nine cactus and one agave species collected (n, r 

2, slope, 95% CI, and 
intercept). Predicted slopes under minimal, fractal and geometric models given in the final 
three columns: cases where confidence intervals for the observed slope include a particular 
model (minimal 53/98 cases, fractal 36/98 cases, or geometric 47/98 cases) are emboldened 
and shaded. Of the 47 cases that support the geometric model, 37 also overlap with the 
minimal model also overlap with the minimal model.  In total, 10 out of 98 cases support  the 
geometric model and do not support WBE model (fractal or minimal).  A total of 21 cases do 
not support any model.
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Figure Legends 

 

Figure 1. Illustration of idealized succulent (left) and non-succulent (right) morphologies. 

Note congruence between internal vasculature and external branching in the idealized “tree” 

on the right, consistent with the assumptions on the fractal model. In contrast the “succulent” 

on the left displays an external morphology that does not parallel the internal vasculature 

consistent with the assumptions of the minimal model. Illustrations are intended as a heuristic 

device highlighting differences in the assumptions underlying the fractal and minimal 

branching models (artist: Cara Gibson). 

 
Figure 2. Scaling of succulent surface area with volume and/or mass (figures modified from 

Hunt and Nobel 1987 and Niklas 2002). Mass data for P. pringlei was converted to volume 

using the bulk tissue density value reported in Niklas (2002). Note, y-intercepts were not 

reported in Niklas (2002) thus those presented here (italicized) result from projections. 

Confidence intervals for observed exponents include the predicted exponent of ¾ in all cases. 

 
Figure 3. Interspecific scaling of Height (mm), BSD (mm), Spread (mm), Water Mass (g) and 

Dry Mass (g) within the family Cactaceae (each point represent an individual cactus). 

Confidence intervals for Model II regression slopes include the minimal model prediction in 

all cases (see Table 2). 
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Abstract  

 

Recent advances in metabolic scaling theory have highlighted the importance of exchange 

surfaces and vascular network geometry in understanding the integration and scaling of 

whole-plant form and function. Additional work on leaf form and function has also 

highlighted general scaling relationships for many leaf traits.  However it is unclear if a 

common theoretical framework can reveal the general rules underlying much of the variation 

observed in scaling relationships at the whole-plant and leaf level. Here we present an 

extension of the general model introduced by West, Brown and Enquist that has previously 

been applied to scaling phenomena for whole-plants to predict scaling relationships in leaves. 

Specifically, the model shows how the exponents that describe the scaling of leaf surface-

area, length and petiole diameter should change with increasing leaf mass (or with one 

another) and with variation in leaf dimensionality. The model’s predictions are tested and 

found to be in general agreement with a large dataset of leaves collected from both temperate 

and arid sites. Our results demonstrate that a general model based on the scaling properties of 

biological distribution networks can also be successfully applied to understand the diversity 

of leaf form and function. 

 

Keywords: allometry, scaling, plants, metabolism, quarter power, leaves, dicots. 
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Introduction 

 

 The overwhelming majority of Embryophytes are characterized by flat bladed 

megaphyllous leaves with vascular networks for the capture of photosynthetic radiation and 

assimilation of carbon.  Morphological and physiological properties of leaves are critical in 

influencing plant growth, energy and material cycling in terrestrial food webs, and global 

geochemical cycling. From arctic tundra to tropical rain forests, the range of leaf vascular 

and morphological adaptations exhibited is striking (Givnish 1986, Sack and Holbrook 2006, 

Sack and Frole 2006). Interestingly, despite such diversity in form and function, leaf 

properties are characterized by general scaling relationships (Reich et al. 1997, 1998, Wright 

et al. 2004).  For example, this previous work has shown that variability in the specific leaf 

area  (SLA, the ratio of leaf surface area and mass) is tightly linked to leaf longevity and 

hence to whole-leaf carbon economy. However, there is currently little theoretical work on 

the underlying mechanisms that ultimately govern the intra- and interspecific scaling 

relationships that determine leaf dimensions (length, surface area, and mass, e.g. Figure 1), 

physiology and life-history (but see Shipley et al. 2006). 

  Vascular networks are common to virtually all multi-cellular organisms and the 

organs of which they are composed. Recent theoretical work has hypothesized that many 

aspects of biological form and function can be predicted based on the scaling properties of 

these resource distribution networks (West et al. 1997, 1999, Enquist et al. 1998, Price and 

Enquist 2006). As applied to plants, the fractal branching model of West, Brown and Enquist 

(hereafter WBE model) relates how the properties of branching networks scale with changes 
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in the size and geometry of the network. Four assumptions of the WBE plant model then lead 

to unique ‘quarter-power’ scaling exponents: 1) the branching network is volume-filling; 2) 

the cross-sectional area of the network, due to biomechanical constraints, is area preserving 

across branching generations; 3) the terminal branch of the network (i.e. the leaf) is invariant 

with plant size; and 4) the energy dissipated in fluid flow is minimized (West et al. 1999, for 

a detailed description see West et al. 2000 or Enquist et al. 2000). The assumption of 

invariance of leaf dimensions with plant size is reasonable for the purposes of scaling whole-

plant form and function.  However the WBE model as applied to whole-plants does not 

address the fact that leaves are highly variable in form and function both across species and 

intraspecifically during ontogeny.  More importantly for the purposes of this paper, the WBE 

model has not addressed the fact that leaves are also comprised of venous vascular networks.   

The construction of leaf vascular networks appears to violate several of the 

assumptions of the WBE model. First, in contrast to the branching geometry of the whole-

plant, leaf vascular networks are closer to 2 dimensional objects. Leaf morphology 

approaches that of a plane as the ratio of leaf lamina thickness to leaf surface area becomes 

increasingly small. Second, minimization of energy or hydraulic resistance within leaf 

venous networks likely does not hold.  This is because hydraulic properties within the leaf 

differ from the xylem network within the stem (Canny 1990, 1993, McCulloh et al. 2003).   

Leaf vascular transport fundamentally differs because water and nutrient exchange with 

active cells apparently demands slower rates of liquid transport and an increase in total 

hydraulic resistance (Sack et al. 2003, 2004).  As a result, the hydraulic resistance of fluid 

transport within a leaf constitutes a significant hydraulic bottleneck. Third, while the form 
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and function of whole-plant stem vasculature appears to have been selected to minimize 

hydraulic resistance so as to efficiently deliver water and organic nutrients to terminal sinks 

(leaves) (Enquist 2003, Meinzer 2005, Anfodillo et al. 2006), leaves themselves behave more 

like leaky pipes where the flow of fluid is slowed and where fluid loss occurs both along the 

direction of vessel orientation and through vessel walls, particularly in the higher order 

vessels (Canny 1990, 1993, Zwieniecki et al. 2002). From a network perspective, these three 

differences likely have the effect of increasing total vessel cross-sectional area with each 

subsequent branching generation (see model extension below). Recently the WBE model has 

been criticized for: (i) not being able to explain variation in the scaling of whole plant 

metabolism, particularly among seedlings and saplings (Reich et al. 2006);  (ii) for not being 

able to account for the hydraulic properties of plants, especially within and near the leaves 

(McCulloh et al. 2003); and (iii) for not being able to apply to the scaling relationships 

observed in leaves (Reich 2001). These criticisms, while highlighting important details of 

plant hydraulics and form, stem in part from misconceptions regarding the scope and 

applicability of the model’s assumptions governing network geometry, and the intended scale 

of inference. The WBE model as applied to plants focused on branching vascular networks 

up to, but not including the leaf. The model has not previously been elaborated to include 

details of leaf vasculature, and the specific branching geometry of several plant functional 

types (palms, vines, grasses) including saplings and plants with few branching generations 

(West et al. 1999, Price and Enquist 2006).  As discussed by West et al. (1999) and Enquist 

(2002) violations of the above optimal assumptions that yield quarter-power scaling 

relationships will yield different scaling exponents.  
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Here we address the criticisms that the WBE model cannot account for the diversity 

of scaling relationships and hydraulic properties of leaves.  First, we demonstrate how the 

WBE model can be extended to account for the specific morphology and physiology of 

leaves.  Second, we then show how the model provides a basis to make mechanistic 

predictions for the scaling of metabolism, hydraulics and form in leaves. Specifically, by 

relaxing the area preserving and volume filling constraints imposed within the original WBE 

model, it is possible to predict a central tendency and range of exponents that uniquely 

describe the scaling of whole-leaf form. The revised model’s predictions are in general 

agreement with empirical observation from a collection of 622 leaves in 21 species spanning 

over three orders of magnitude in mass. Our extension of the WBE model demonstrates the 

viability of the network scaling approach to understanding patterns in leaf morphology and 

constraint across an array of phylogenetically disparate taxa and variable environments.  

 

The Extended WBE Model 

 

The WBE model hypothesizes that many scaling relationships are interconnected via the 

geometry of the vascular network (West et al. 1997, 1999). Specifically for plants, whole-

plant metabolic attributes such as respiration rate, R, carbon assimilation rate, P, xylem flow 

rate, Q0, and the total number of terminal branches nN will all scale with the  

volume, V, or assuming a constant tissue density, mass, M, of the plant.  Specifically, 

R ∝ P ∝ Q0 ∝ nLeaf ∝ M
θ ∝V

θ  where θ  is the scaling exponent that is critically determined 

by the specific forces that shape the geometry of the network as shown below.  In addition, 
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many other attributes of the network such as the branch lengths, and radii will be critically 

influenced by the geometry of the network.   

Network geometry in the WBE model, particularly as relates to gross morphology, 

has been characterized by three parameters,  

γ k ≡
lk +1

lk

≡ n
−b   βk ≡

rk+1

rk

≡ n
−a      n =

k +1

k
  (1a-c) 

which refer to the ratio of branch lengths (l), branch radii (r) and the branching ratio (n) 

among daughter (k+1) and parent (k) branches (for a detailed description of the model see 

West et al. 2000 or Enquist et al. 2000). Alternatively, a and b can be expressed as a function 

of the lengths and radii ratios and the branching ratio, 

b = −
lnγ

lnn
   

n
a

ln

ln β
−=    (2a-b). 

The values of a and b  define the ratio of branch radii and lengths across k self-similar 

branching levels within an idealized plant. The parameter b is effectively the reciprocal of the 

fractal dimension of the service volume that the network is filling, and a is a parameter that 

characterizes biomechanical and hydrodynamic constraints (West et al. 1999). In contrast 

with more traditional concepts of dimensionality, fractal dimensions can be non-integer 

values (Mandelbrot 1977). Note West et al. (1999) defined separate parameters (ā and a) to 

describe internal and external branching respectively. Leaves generally lack external 

branching thus we invoke a single parameter, a to describe the radii ratio. The 3/4-scaling 

rule where θ = 1/(2a+b) = 3/4 originates from four additional network assumptions that give 

a= 1/2, b=1/3 (West et al. 1997, 1999).   Specifically, (1) the network is volume-filling (3-

D); (2) network fluid flow is optimized to minimize resistance; (3) the terminal units of the 
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network (the leaf) are invariant with M so that flux per leaf (i.e. RLeaf, PLeaf, QLeaf) is invariant 

with size; and (4) uniform biomechanical constraints protect against failure under the force of 

gravity. 

Given these additional assumptions, and specifically a= 1/2, b=1/3, a series of scaling 

predictions emerge. For example, the expected scaling relationships between surface area 

(AS), trunk or petiole radius ( r0), overall plant or leaf length ( l) and mass (M) can be 

expressed as: 

AS ∝ M

1

2a +b = M

3

4   8

3

2
0

Mba

a

Mr =+∝   4

1

2
0

Mba

b

Ml =+∝   (3a-c) 

l0 ∝ r0

b

a = r0

2

3      
2

0

1

0 rrA a
s =∝   

3

0

1

0 llA b
s =∝    (4a-c). 

Importantly, for networks in which γ (or b), β (or a) and n are not constant, i.e. plants that are 

not self-similar (fractal), morphological scaling expectations result from their mean values, 

provided there is no systematic change in branch angle. 

Leaf vessel networks typically violate the volume filling and area preserving 

constraints outlined above and thus we would expect a and b to depart from the values 

hypothesized in the original WBE derivation. It is likely that both a and b vary continuously 

across leaves as they meet varying biomechanical and hydrodynamic demands in different 

environments.  Thus, in contrast to the initial WBE derivation, we do not predict specific 

exponents for the relationships described in equations 3a-c and 4a-c. Rather, we rely on 

knowledge of leaf dimensionality, fluid dynamics, and earlier work on optimal network 

configuration (Murray 1926) to predict the first and second axes of variation in leaf 
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morphospace. In doing so this approach allows us to predict a range of expected exponents 

rather than a single exponent. 

 

Extending the WBE model to Leaves 

 

We extend the WBE model to leaves by making four specific assumptions about the 

geometry of branching networks in leaves: First, with respect to the lengths ratio (b), leaves 

typically grow primarily in two dimensions with relatively little investment in thickness. 

Thus, based on dimensional considerations alone, γ→n
-b, where b should range from 1/3 to 

1/2 (Table 1), and approach 1/2 as the vessel network fills an increasingly 2-dimensional 

space. As a truly two dimensional object has no mass we would expect b to approach, but not 

reach ½, as the ratio of leaf lamina thickness to surface area becomes increasingly small. 

Second, while the vessel network supplying leaves is designed for efficient transport 

to terminal sinks, leaves themselves have likely been selected to (i) deliver water and 

nutrients throughout the network, both laterally and terminally (Sack and Holbrook 2006), 

and (ii) to further to slow delivery so the exchange of water and nutrients can take place (see 

Canny 1990, 1993). If natural selection has acted to slow rates of fluid flow through the leaf 

network then the cross-sectional area of the network supplying photosynthetic cells should 

increase with each branching generation, thus β→n
-a, where a should be less than 1/2.  

Indeed, empirical data generally supports the prediction that in leaves a  is less than 1/2 

(Canny 1993, Vogel 2003, McCulloh et al. 2003).  
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Third, we assume that species differences in leaf form and function mainly result 

from differential tissue investment. The first example stems from the work of Murray (1926). 

Murray, derived a solution for the optimal network configuration that minimizes metabolic 

costs of maintaining fluid and vessels, such that the sum of the branch radii cubed at each 

branching level should be equivalent, rk

3 = rk+1

3∑∑ , which yields a = 1/3  (Murray 1926, 

Sherman 1981). Scaling relationships derived from Murray’s law would accomplish the goal 

of slowing rates of fluid flow.  However, Murray’s law assumes that vessels do not provide 

structural support, and that volume flow is preserved, thus strict adherence to the Murray’s 

law in leaves is unlikely (McCulloh and Sperry 2003, 2005).  Nevertheless, the extent to 

which biomechanical investment and volume loss contribute to departures from Murray’s 

law is unclear. For example, if mechanical investments are minimal and volume loss takes 

place primarily in the higher order veins, scaling may be dominated by lower order veins and 

values near Murray’s law may still be observed. Thus we would expected a to approach 1/3 

but range from 1/2 to an undetermined lower bound as leaves meet varying hydrodynamic 

demands and differentially invest in structural tissue (Table 1). 

Our second example stems from differences in tissue density.  Together, the above 

predicted scaling relationships assume that M ∝ V.   Thus, it is assumed that bulk tissue 

density, ρ, defined here as leaf dry mass per leaf wet volume, is a constant during ontogeny 

or across species. Previous work has demonstrated that the normalization of linear measures 

of plant morphological characteristics such as stem diameter, length or surface area, when 

expressed as a function of mass, are potentially influenced by the bulk density of plant tissue 

(Enquist et al. 1999, Enquist 2002). For example Eq. 3a above can be represented as 
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θ

ρ 







∝

M
AS     (5). 

Taking the logarithm of both sides yields, 

)log()log()log( MAS θρθ +−∝   (6) 

where ρ is bulk tissue density (dry mass per wet volume). Similar proportionalities can be 

shown for length or radius as a function of mass (we do not do so here for brevity). In 

general, leaf bulk tissue density is not highly variable within a species, however between 

species, significant variability exists (Chabot and Hicks 1982). This suggests that as leaf bulk 

tissue density increases across species, the normalization of Eq. 6 (-θ log(ρ)), or any 

dimensional vs. mass regression, will decrease (Table 3).  Thus, caution should be taken with 

respect to mechanistic interpretations of interspecific regression slopes especially when tissue 

density is likely variable (e.g.: Reich 2001). Specifically, if bulk tissue density changes in 

any systematic way with leaf mass, interspecific regressions that do not normalize for density 

may yield misleading results (Table 2, see results). 

 Our fourth assumption concerns the fact that vascular networks in many leaves are 

reticulate with second, third or fourth order veins connecting to form closed loops. Terminal 

branch units within our model are discrete. Thus, for simplicity and consistency, we assume 

that within higher order branches, the dimensions and volume flow of the branch are 

proportional to the parent branches to which they are connected. For example, when two 

parent branches of level k are joined by a single branch of level k+1, the dimensions of the 

k+1 branch are proportional to the sum of the contributions of the two parent branches. 



  

 

69

 

Methods 

 
 To test the predictions of the above model, we collected a total of 622 leaves in 21 

species, approximately 30 leaves per species, typically from several plants and spanning the 

range of leaf sizes available for each species. Species were chosen based on their local 

availability and leaves were collected in two primary locations during the spring and summer 

of 2005: the first location was in the broadleaf deciduous forests of eastern Tennessee, USA 

(Lat/Long 35º 784' N, -83º 487' W, elevation ≈ 457 m, mean annual precipitation ~ 1200 

mm). Species from this region included Acer rubrum L., Cercis Canadensis L., Cornus 

florida L., Fagus grandifolia Ehrh., Liriodendron tulipifera L., Magnolia grandiflora L., 

Sassafras albidum (Nutt.) Nees., Ilex opaca Ait., Quercus spp., and Vitis rotundifolia 

Michx.. The second location was in Sonoran Desert thorn scrub in Southern Arizona, USA 

(Lat/Long 32º 210' N, 111º 042' W, elevation ≈ 710 m, mean annual precipitation ~ 300 

mm). Species from this region included Xanthium strumarium L., Simmondsia chinensis 

(Link) Schneid., Populus fremontii S.Wats., Lycium berlandieri Dunal, Isocoma tenuisecta 

Greene, Datura wrightii Regel, Chilopsis linearis (Cav.) Sweet, Larrea tridentate (Sesse & 

Moc. Ex DC.) Coville, Encelia farinosa Gray ex Torr., and Fouquieria splendens Engelm.  A 

single non-native Gymnosperm species, Ginko biloba L., was collected on the University of 

Arizona campus for comparative purposes. 

For each fresh leaf, major axis length (l, mm), lamina thickness (mm, typically the 

average of two measures taken at the base and apex of each leaf blade, between the 

secondary veins) and petiole diameter (r0, mm, average of minor and major axis) were 
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measured with digital calipers. Surface area (AS, mm
2) was measured by digitally scanning 

each fresh leaf. Leaf surface area was then calculated using image analysis software (Scion 

Image Beta 4.0.2, www.scioncorp.com). All leaves were dried in a drying oven at a fixed 

temperature until a constant dry mass (M, g) was attained. Wet volume (cm
3) was estimated 

as the product of lamina area and thickness in fresh leaves. Bulk tissue density (ρ, g cm
-3) 

was estimated as the ratio of dry mass to wet volume. As several species (Larrea tridentata, 

Lycium berlandieri, Encelia farinosa, Fouqueria splendens) had laminas and petioles that 

were smaller than could be reliably measured with digital calipers, scaling relationships 

based on lamina thickness (and thus density) or petiole diameter for these species are not 

reported (Tables A1, A2; this explains the differences in sample size observed in Tables A1, 

3-4).  We note that a few outlying values were presumably recorded incorrectly (e.g. 

misplaced decimal point) during data collection and were removed from the dataset (Table 

A2). 

 Bivariate scaling relationships between the aforementioned traits were analyzed by 

fitting standardized major axis (SMA) regression lines to log scaled variables. When there is 

likely to be measurement error in the X variable, SMA regression techniques allow for a 

better estimate of a line fitting two variables than ordinary least squares regression (Sokal & 

Rohlf 1995). SMA regression statistics for intraspecific relationships (Table A1) were 

calculated using the statistical program (S)MATR (Falster, Warton & Wright 2003). 

 

Results 
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 We utilized two methods to evaluate the agreement between our model and empirical 

scaling values. To explore the range of observed variation, and to characterize the principle 

axes of variation, we plotted the expected scaling exponents from Eqs. 4a-c, (Figure 3a) and 

Eqs. 3c, 3a and 4c (Figure 3b), letting a vary from 1/1.5 to 1/4.5, and b vary from 1/1.5 to 

1/3.5 (Figures 2a and b, white surface). These combinations of equations were chosen 

because each proportionality can be expressed as a function of the other two. Each surface is 

theoretically infinite. In each figure, we also plotted the empirical combinations of exponents 

(black points), and dashed lines representing hypothesized limits (see Figure 2 legend, Table 

1). Note all of the empirical exponents (save G. biloba) fall within the hypothesized ranges 

for a (1/2 to <1/3) and b (1/2 to 1/3). 

To explore the central tendency within the empirical data, for each observed 

intraspecific scaling relationship (Table A1, 111 total) we checked to see if the exponents 

generated from the model equations (3a-c and 4a-c, letting a and b vary from 1/4 to 2/3) were 

included in the empirically derived exponent’s confidence intervals (hereafter ‘included’). 

The range of a and b values, 1/4 to 2/3 were chosen to include previously hypothesized 

values, and for effective display of the ‘included’ state space (Figure 3). Obviously the 

number ‘included’ varied depending on the specific values of a and b used, and exhibited a 

maximum of 61/111 times where, b =1/2.4 and a = 1/3 (Figure 3, Table A1), although the 

range of b=1/2.1 to 1/2.5 and a=1/2.9 to 1/3.3, provided relatively strong support (Figure 3, 

light colored peak, >55 ‘included’). In contrast, the original WBE (3D) model (a=1/2, b=1/3) 

and geometric similitude (a=1/2, b=1/2) were ‘included’ 8/111 and 23/111 times 

respectively. We hereafter use these values (b =1/2.4 and a = 1/3) to ‘predict’ mean 
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intraspecific and interspecific scaling exponents for equations 3a-c and 4a-c (Table 2). We 

utilize this approach simply to determine if a single combination of a and b values utilized in 

Eqs. 3a-c and 4a-c can accurately predict all six interspecific and mean intraspecific 

relationships (Table 2). 

Confidence intervals for the observed intraspecific slope means include the exponents 

predicted by equations 3a-c and 4a-c when b=1/2.4 and a=1/3 (this holds when b= 1/2.3 and 

a= 1/3 as well) (Table 2). Confidence intervals for the observed interspecific slopes include 

model predictions for Equations 4a-c, the three relationships that are unlikely to be 

influenced by changes in bulk tissue density. Confidence intervals for the three mass-based 

interspecific relationships do not include model predictions, which is consistent with a 

change in density and thus intraspecific normalization across species as suggested by 

Equation 6.  

We observed over an eight-fold difference between the minimum (Cercis canadensis 

= 0.065 g cm
-3) and maximum (Magnolia grandiflora = 0.531 g cm

-3) leaf level tissue density 

values. To see if changes in bulk tissue density influenced the normalization of intraspecific 

relationships as predicted by our model, we regressed the observed intraspecific intercepts 

against the logarithm of mean species bulk tissue density times the observed scaling 

exponent for the six relationships we explored (Table 3). As predicted (Eq. 6), increases in 

bulk density lead to lower intercepts for mass based allometric relationships, but not for the 

predicted linear relationships (Table 3). All three mass based relationships are negative and 2 

of the 3 are statistically different than zero (p < 0.05). In contrast, all three relationships 

based on linear dimensions are not statistically different than zero (p > 0.05). The importance 
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of tissue density in influencing the functional nature of the scaling of leaf form and function 

helps to explain in part why our observed interspecific confidence intervals are higher than 

model predictions for mass based relationships, yet include model predictions for linear 

relationships (Table 2). 

 

Discussion 

 

 Plant modularity, and specifically the evolution of separate organs for photosynthesis 

(leaves), water acquisition (roots), delivery and support (stems), has apparently allowed 

natural selection to optimize the distribution networks within each organ system. Plants have 

accordingly adopted an impressive array of strategies to maintain a positive carbon balance 

in myriad terrestrial habitats. In spite of this variety, most land plants are subject to similar 

morphological constraints. For example, fluid flow between each organ system must travel 

through three critical networks: the root network, the stem network, and the leaf network. All 

fluid acquired below ground must travel through the stem network before being distributed to 

the above ground parts of the plant. Similarly, all water and nutrients required by the leaf 

cells for proper function must pass through the leaf venous network.  As fluid transport is 

critical to the overall carbon balance of a plant one would expect that both transport networks 

be honed by selection according to the forces that operate on the geometry of each network. 

As already discussed, the properties of the main branching network of the plant and the 

branching network of the leaf fundamentally differ. Thus, one might expect the exponents 

characterizing the relationships between above-ground plant mass and basal stems, and leaf 
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mass and petioles, respectively, to scale differently from one another but also to be 

proportional across taxa. 

Dicotyledonous leaves and many plant stems are similar in sharing approximately 

hierarchical branching distribution networks composed of vessels for delivery of water and 

organic nutrients to cells. However, leaves and stems are clearly different in geometry as 

whole-plant networks typically fill 3-dimensional space while leaf networks are closer to 2-

dimensional. Further, selection has likely acted in stem networks to be efficient in delivering 

water and resources to terminal sinks (leaves), to allow for maximal rates of photosynthesis 

when conditions are optimal. However, once water and nutrients reach the leaf flow rates 

must slow in order to allow water to transpire from the surfaces that surround aerenchymous 

tissue in leaves and to prevent desiccation by increasing resistance to water loss (Canny 

1990, 1993, Zwieniecki et al. 2002).  The observed increase in the proportion of resistance 

with leaf venous branching level (Sack et al. 2004) also supports the notion that flow rates 

are slowed by the increase in cross-sectional areas as predicted by Murray’s Law.  

As we have demonstrated here, the above differences between leaves and whole-plant 

branching architecture have important implications for the scaling of leaf morphological 

dimensions. A body of recent work has explored how the growth of hydrodynamically 

efficient networks should influence the scaling of whole plant gross morphology (West et al. 

1999, Enquist et al. 2001, Enquist 2002, Price and Enquist 2006).  This work has explicitly 

assumed that leaf properties (morphology and physiology) do not vary with whole-plant size.  

This is a reasonable assumption across many orders of magnitude of plant size.  However, as 

we have discussed above, leaves do vary in size and physiology across species and during 
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their ontogeny.  We are unaware of any previous attempts however to quantitatively predict 

the scaling of leaf dimensions based on the first principles of network geometry.   

Reich (2001) recently highlighted empirical differences between the scaling of plant 

leaves and animal bodies. We agree in part with the findings of Reich (2001) but offer a more 

detailed and quantitative treatment for just how leaves should scale and how they should 

differ from other vascular networks in nature. Reich concluded that only a geometrically 

based model, and not a size-based model would be able to reconcile these differences.  We 

disagree with his conclusion as the WBE model, which is based on how the geometry of 

vascular networks influences biological form and function, appears to correctly show how 

the forces that influence the geometry of the vascular network (as reflected by the values a 

and b) and the mass and volume of the organ or organism are critically linked.  Our findings 

are consistent with the fundamental hypothesis of metabolic scaling theory - mass and/or size 

related scaling phenomena in biology are mechanistically linked to the forces that influence 

the scaling of vascular network geometry and exchange surfaces (West et al. 1997, 1999, 

Enquist 2002, Price and Enquist 2006).  

Leaves are subject to strong selective gradients in aridity, solar radiation and nutrient 

availability that influence their size and shape.  Thus the values of γ and β (and thus b and a) 

are expected to vary somewhat across species as they balance the need for efficient 

conductance, net carbon acquisition and protection against desiccation. For example, it has 

been well documented that leaves in arid and Mediterranean habitats are thicker and fleshier 

on average than those in more mesic environments (Chabot and Hicks 1982). As a result we 

expect that no single ‘universal’ exponent(s) will describe scaling relationships across all 
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leaves.  However, we do argue that a zeroth-order general model of biological networks can 

account for much of the generality in biological scaling phenomena. For example, additional 

variability in scaling exponents across species and environments is expected to be a function 

of relative vessel branching (n), the branch lengths (γ), and branch radii (β) ratios, and the 

degree to which these parameters are influenced by leaf thickness, area, and tissue density. 

Clearly, detailed empirical measurements of n, γ and β, across numerous plant families and 

environments would be instructive and we are currently working on obtaining these measures 

in both leaves and plant stems. 

Unfortunately, values for the ratio of leaf vessel branch lengths (γ), branch radii (β) 

and the branching ratio (n) (Eq. 1a-c) are not commonly reported in the literature (McCulloh 

et al. 2003).  However, a few empirical studies do in fact support the predictions made by our 

model. For example, Canny (1993) reported that for a single sunflower leaf, the sum of the 

radii cubed across five vein diameter classes remains remarkably constant, consistent with 

Murray’s hypothesis, or β ≅ n
-1/3 (Murray 1926, Canny 1993). Also, we were able to find a 

single study that examined the branching ratio (n) and lengths ratio (γ) in the side lobe of a 

Sorbus hybrida (Rosaceae) leaf (Turcotte et al. 1998).  Turcotte et al. reported a branching 

ratio of 4.47, and branch lengths ratio of 0.457. Substituting these values into Equation 1a 

yields a value of 0.524 for b, which is greater than 1/3 predicted for volume filling branching 

but is in reasonable agreement with our hypothesized value (~1/2) for approximately 2-D 

leaves.   It is important to point out that Turcotte et al. analyzed only the side lobe of leaf, not 

an entire leaf, which may explain why the value they report is slightly higher than our 

hypothesized range. Note, in keeping with convention in the river network literature, 
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Turcotte et al. define the lengths ratio as lk/lk+1, the inverse of our definition, thus we utilize 

the reciprocal of the value they report (2.19).  

Obviously whole plants are subject to the same suite of selective pressures as leaves, 

and the present model can be extended to the scaling of whole plant gross morphology and 

metabolism, particularly in herbaceous or succulent taxa that have little caulescent tissue, 

express photosynthetic stems, or have few branching generations thus violating some of the 

initial WBE assumptions (Reich et al. 2006, Price and Enquist 2006). 

Many recent investigations of leaf form and function have highlighted the importance 

of the ratio of leaf mass and area (LMA) or it’s reciprocal, specific leaf area (SLA) on critical 

functional traits such as photosynthetic assimilation rate, relative nitrogen or phosphorus 

content, and leaf lifespan (Reich et al. 1997, Wright et al. 2002). This work has done much to 

increase our understanding of leaf economics across sites globally. However, as 

M

A
= Tρ (where ρ is bulk tissue density and T is leaf thickness) dimensional measures, area 

(A, 2D) and thickness (T, 1D) are separated on either side of the equation, and thus the 

relative influence of ρ or T on the scaling of LMA is difficult to determine (Niinemets 1999). 

Our work compliments these efforts and provides an alternative way of exploring the scaling 

of leaf form by consolidating dimensional measures (AS in Eq. 5) and considering how the 

volume that the network fills (as reflected in b, Eq. 5) influences the scaling of surface area.  

Our model also provides additional testable predictions for the scaling of whole-leaf 

metabolism.  Importantly, our results indicate that whole-leaf metabolism should be 

characterized by unique scaling exponents.  Specifically, rates of whole-leaf metabolism 

(respiration, RL and photosynthesis, PL) should scale with surface area, AS and whole-leaf 
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mass. Specifically, RL ∝ PL ∝ AS ∝ ML
θ  where θ = 1/(2a+b).  Utilizing the range of values 

of b and a  that we predict for leaves (see Results) indicates that whole-leaf photosynthesis 

and respiration should scale allometrically with whole-leaf mass, ML, as θ should typically 

range from approximately 0.85 to 0.99.  As the value of θ is less than 1 whole-leaf 

physiology or metabolism, BL,  scales allometrically with leaf mass, ML,  as BL ∝ ML
θ  (where 

θ ~ 0.85 to 0.99).  In other words, the mass-specific metabolism of a leaf (BL/ML) decreases 

with increases in leaf size as BL/ML ≈ ML
θ/ML ≈ ML

θ-1 . Unfortunately, as most physiological 

measurements in leaves are reported on a per unit area basis we are unaware of any studies 

that have specifically assessed these predictions for whole-leaf metabolism. However, 

support for the prediction may be found by recent work by Wright et al. (2004). Wright et al. 

showed that carbon assimilation rate per unit mass decreased with increasing leaf mass per 

unit leaf area.  If correct, then future elaboration of our model will be able to provide a 

theoretical basis to understand variation in the leaf economic spectrum as reported by Reich 

et al. (2003) and Wright et al. (2004).  

We find the concordance between model predictions (when b = 1/2.4 and a =1/ 3) and 

species means, striking (Table 2). Obviously, no leaf is truly 2-dimensional, and the range of 

b values that correspond to empirical values (1/2.1 to 1/2.5) is consistent with our hypothesis 

that leaves approach, but do not reach, two-dimensional objects. Further, based solely on two 

biologically meaningful, quantifiable parameters (a and b), we are able to predict six 

different scaling relationships, all of which are in good agreement with intraspecific 

relationships, and empirical species means.  
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In summary we have shown that the scaling of morphology and function in plant 

leaves can be accurately predicted based solely on the properties of their resource distribution 

networks. This work emphasizes the value of the network approach, and specifically our 

extension of the WBE model, for understanding the origin and interconnectedness of scaling 

phenomena in biology.  The model can provide a foundation upon which more detailed 

models can be constructed at the leaf, whole-plant, community or ecosystem scale.  Here we 

provide testable predictions for the range of values of b and a (and thus γ and β) expected for 

dicotyledonous leaves. These values are in general agreement with a limited body of 

empirical data from the literature (Canny 1993, Turcotte et al. 1998). Together, our results 

suggests that plant modularity has allowed different plant organs to optimize different 

resource distribution strategies, namely separate 3D and 2D+ networks that employ area 

preserving and area increasing branching respectively.  
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TABLES 

 

Table 1. Expected exponents for the six scaling relationships under consideration for 

different combinations of a and b. These values delineate the expected range of exponents in 

Eqs 3a-c and 4a-c, also depicted by the white rectangles in Figures 2a and 2b. As stated in the 

text, while we expect values for a around 1/3, the lower bound for a is undetermined. 

a b ASvM ASvH ASvD HvD HvM DvM 

 1/2  1/2  0.667 2 2 1  0.333  0.333 

 1/2  1/3  0.750 3 2  0.667  0.250  0.375 

 <1/3  1/2 

>0.85

7 2 >3 >1.50  >0.429 <0.285 

 <1/3  1/3 >1 3 >3 >1  >0.333  <0.333 
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Table 2. Predicted exponents when b = 1/2.4 and a = 1/3, observed intra and interspecific 

slopes, sample size, lower and upper 95% confidence interval for each scaling relationship. 

Note confidence intervals for the observed intraspecific slopes include the model predictions 

in all cases (this holds when b = 1/2.3 and a = 1/3 as well). Confidence intervals for 

interspecific cases include the predicted values in the last three cases. The three mass based 

interspecific relationships do not conform to predictions largely due to differences in tissue 

density (see Results). 

 
 AS v M l v M r0 v M l v D AS v l A  S v r  0 

Predicted 0.923 0.385 0.308 1.250 2.400 3.000 

Intraspecific Mean 0.924 0.392 0.329 1.219 2.356 2.952 

Sample Size 21 19 17 16 20 18 

Lower 95% CI 0.889 0.374 0.299 1.113 2.236 2.682 

Upper 95% CI 0.960 0.411 0.358 1.325 2.476 3.222 

Interspecific  1.070 0.441 0.346 1.170 2.440 3.000 

Sample Size 611 584 519 494 592 521 

Lower 95% CI 1.040 0.429 0.329 1.110 2.400 2.840 

Upper 95% CI 1.100 0.454  0.363 1.250 2.490 3.160 
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Table 3. SMA regression intercept (int) for the six relationships as a function of log 

transformed bulk tissue density (ρ) (as in Eq. 6). As predicted the three mass based 

relationships all have negative slopes (2 of 3 are significant) due to increase bulk density. In 

contrast, the three linear based relationships all have slopes that do not differ statistically 

from 0. 

 
Relationship n R

2
 P Slope 

SA _M int v -log(ρ)*θ 14 0.573 0.002 -1.91 

l_M int v -log(ρ)bθ 13 0.365 0.029 -1.23 

r0_M int v -log(ρ)aθ 14 0.036 0.514 -1.49 

l_ r0 int v log(ρ) 13 0.017 0.670 -1.97 

SA _ r0 int v log(ρ) 14 0.011 0.723 4.41 

SA _l int v log(ρ) 13 0.104 0.282 2.54 
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Figure Legends 

 

 
Figure 1. Surface area (AS) – mass (M) scaling relationships for the 21 species considered. 

See Tables 2 and 3 for regression statistics. 

 

Figure 2. The white surface in each figure represents possible combinations of the three 

scaling exponents from Eqs. 4a-c, (Figure 2a) and Eqs. 3c, 3a and 4c (Figure 2b), letting a 

vary from 1/1.5 to 1/4.5, and b vary from 1/1.5 to 1/3.5. The black points represent empirical 

data values. The symbols at the corners of each open rectangle represent exponent values 

when a=1/2 and b=1/2 (asterix), a=1/2 and b=1/3 (diamond), a=1/4 and b=1/2 (square), and 

a=1/4 and b=1/3 (star)(Table 1). The rectangle is three sided because, as mentioned in the 

text, there is no hypothesized lower limit for a, thus the rectangle in each figure delineates 

the hypothesized limits of leaf morphospace based on our model. Note that all empirical 

values fall within these hypothesized limits, save the single point at right in each figure 

which represents Ginko biloba, a gymnosperm species that does not have hierarchical 

branching within its leaves and thus does not meet our model’s assumptions.  

 

Figure 3. Each combination of a and b yields specific values for the exponents in Equations 

3a-c and 4a-c. Letting a and b vary discretely from 1/1.5 to 1/4 (0.1 intervals), we noted how 

many (out of 111 total) of the predicted exponents were ‘included’ in the empirical 

exponent’s confidence intervals (Table A1). Note a peak of 61 where b =1/2.4 and a = 1/3, 

and region of strong support (>55) from b=1/2.1 to 1/2.5 and a=1/2.9 to 1/3.3. 
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Appendix 

Table A1. Scaling relationship, species, sample size (n), R2 value, slope, intercept, lower and 

upper 95% slope confidence intervals for the species in this study.  

 

Relationship Group                   n R2      Slope   Intercept LowCI   UppCI  

l v r0 Acer rubrum             26 0.931 0.965 1.032 0.863 1.078 

l v r0 Cercis canadensis       30 0.952 0.971 1.182 0.892 1.057 

l v r0 Cornus florida          30 0.942 1.307 0.976 1.191 1.435 

l v r0 Datura wrightii         30 0.844 1.296 0.686 1.113 1.51 

l v r0 Fagus grandifolia       30 0.914 0.846 1.115 0.755 0.947 

l v r0 Haplopappus tenuisecta  30 0.571 1.258 1.204 0.979 1.616 

l v r0 Ilex opaca              30 0.924 1.141 0.802 1.026 1.27 

l v r0 Liriodendron tulipifera 30 0.876 1.108 1.094 0.967 1.269 

l v r0 Lycium berlandierii     24 0.637 1.068 0.768 0.821 1.389 

l v r0 Magnolia grandiflora           26 0.825 0.957 1.039 0.803 1.14 

l v r0 Populus fremontii       30 0.814 1.422 1.061 1.204 1.68 

l v r0 Quercus spp.            30 0.792 1.418 1.017 1.19 1.69 

l v r0 Sassafras albidum       28 0.788 1.519 0.856 1.263 1.827 

l v r0 Simmondsia chinensis    30 0.835 1.356 0.512 1.16 1.586 

l v r0 Vitis rotundifolia              30 0.799 1.321 0.93 1.112 1.571 

l v r0 Xanthium strumarium     30 0.882 1.549 0.476 1.356 1.769 

l v M Acer rubrum             26 0.953 0.402 1.367 0.367 0.44 

l v M Cercis canadensis       30 0.933 0.42 1.521 0.38 0.464 

l v M Cornus florida          29 0.968 0.359 1.476 0.335 0.386 

l v M Datura wrightii         29 0.9 0.422 1.468 0.373 0.478 

l v M Encelia farinosa        30 0.911 0.324 1.237 0.288 0.363 

l v M Fagus grandifolia       30 0.96 0.349 1.446 0.323 0.377 

l v M Fouqueria splendens     30 0.859 0.4 1.412 0.346 0.463 

l v M Haplopappus tenuisecta  30 0.848 0.398 1.413 0.342 0.462 

l v M Ilex opaca              30 0.968 0.313 1.243 0.292 0.335 

l v M Larrea tridentata       30 0.871 0.43 1.226 0.375 0.494 

l v M Liriodendron tulipifera 30 0.972 0.388 1.442 0.364 0.414 

l v M Lycium berlandierii     27 0.832 0.354 1.254 0.299 0.419 

l v M Magnolia grandiflora           26 0.902 0.409 1.295 0.358 0.466 

l v M Populus fremontii       30 0.952 0.393 1.317 0.361 0.428 

l v M Quercus spp.            30 0.968 0.39 1.431 0.364 0.418 

l v M Sassafras albidum       30 0.974 0.453 1.539 0.426 0.482 

l v M Simmondsia chinensis    30 0.937 0.357 1.038 0.324 0.394 

l v M Vitis rotundifolia              28 0.97 0.454 1.47 0.423 0.486 
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l v M Xanthium strumarium     30 0.966 0.441 1.388 0.411 0.473 

r0 v M Acer rubrum             26 0.863 0.417 0.347 0.357 0.487 

r0 v M Cercis canadensis       30 0.953 0.432 0.349 0.397 0.47 

r0 v M Chilopsis linearis      30 0.79 0.255 0.316 0.214 0.305 

r0 v M Cornus florida          29 0.959 0.281 0.386 0.26 0.305 

r0 v M Datura wrightii         29 0.817 0.327 0.605 0.276 0.387 

r0 v M Fagus grandifolia       30 0.962 0.413 0.392 0.383 0.445 

r0 v M Haplopappus tenuisecta  30 0.703 0.316 0.166 0.257 0.39 

r0 v M Ilex opaca              30 0.924 0.274 0.386 0.246 0.305 

r0 v M Liriodendron tulipifera 30 0.932 0.35 0.314 0.316 0.387 

r0 v M Lycium berlandierii     24 0.727 0.385 0.569 0.306 0.484 

r0 v M Magnolia grandiflora          26 0.941 0.427 0.267 0.386 0.473 

r0 v M Populus fremontii       30 0.856 0.277 0.18 0.239 0.32 

r0 v M Quercus spp.            30 0.808 0.275 0.292 0.232 0.326 

r0 v M Sassafras albidum       28 0.793 0.308 0.457 0.257 0.37 

r0 v M Simmondsia chinensis    30 0.935 0.264 0.388 0.239 0.291 

r0 v M Vitis rotundifolia              28 0.858 0.301 0.348 0.258 0.35 

r0 v M Xanthium strumarium     30 0.939 0.285 0.589 0.259 0.313 

AS v M Acer rubrum             26 0.99 1.001 2.691 0.959 1.044 

AS v M Cercis canadensis       30 0.954 1.123 2.909 1.034 1.221 

AS v M Chilopsis linearis      27 0.986 0.904 2.329 0.86 0.949 

AS v M Cornus florida          29 0.987 0.886 2.67 0.847 0.926 

AS v M Datura wrightii         29 0.932 0.874 2.437 0.789 0.968 

AS v M Encelia farinosa        30 0.974 0.919 2.219 0.863 0.979 

AS v M Fagus grandifolia       30 0.96 0.888 2.622 0.822 0.959 

AS v M Fouqueria splendens     30 0.961 0.798 2.133 0.74 0.862 

AS v M Ginko biloba            30 0.973 0.949 2.389 0.891 1.011 

AS v M Haplopappus tenuisecta  30 0.949 0.866 1.892 0.794 0.945 

AS v M Ilex opaca              30 0.987 0.814 2.265 0.779 0.851 

AS v M Larrea tridentata       30 0.967 0.866 1.794 0.807 0.93 

AS v M Liriodendron tulipifera 30 0.975 0.825 2.722 0.777 0.877 

AS v M Lycium berlandierii     27 0.92 0.916 2.28 0.815 1.029 

AS v M Magnolia grandiflora  26 0.982 0.962 2.154 0.91 1.018 

AS v M Populus fremontii       30 0.981 0.928 2.278 0.88 0.98 

AS v M Quercus spp.            30 0.994 0.889 2.568 0.862 0.917 

AS v M Sassafras albidum       30 0.988 1.066 2.905 1.022 1.112 

AS v M Simmondsia chinensis    30 0.978 0.899 1.747 0.848 0.953 

AS v M Vitis rotundifolia              28 0.981 1.024 2.925 0.969 1.081 

AS v M Xanthium strumarium     30 0.989 1.014 2.517 0.972 1.057 

AS v r0 Acer rubrum             26 0.88 2.4 1.859 2.08 2.78 

AS v r0 Cercis canadensis       30 0.956 2.6 2.002 2.4 2.82 

AS v r0 Chilopsis linearis      27 0.596 4.39 1.366 3.39 5.69 
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AS v r0 Cornus florida          30 0.889 3.35 1.417 2.94 3.81 

AS v r0 Datura wrightii         30 0.86 2.66 0.821 2.3 3.07 

AS v r0 Fagus grandifolia       30 0.91 2.15 1.780 1.92 2.42 

AS v r0 Ginko biloba            30 0.854 2.38 1.642 2.06 2.76 

AS v r0 Haplopappus tenuisecta  30 0.662 2.74 1.436 2.19 3.42 

AS v r0 Ilex opaca              30 0.939 2.97 1.118 2.7 3.27 

AS v r0 Liriodendron tulipifera 30 0.887 2.36 1.982 2.07 2.68 

AS v r0 Lycium berlandierii     24 0.703 2.67 1.003 2.11 3.39 

AS v r0 Magnolia grandiflora           26 0.923 2.25 1.551 2 2.53 

AS v r0 Populus fremontii       30 0.823 3.36 1.674 2.85 3.95 

AS v r0 Quercus spp.            30 0.8 3.23 1.625 2.72 3.84 

AS v r0 Sassafras albidum       28 0.74 3.45 1.326 2.81 4.23 

AS v r0 Simmondsia chinensis    30 0.895 3.41 0.425 3.01 3.87 

AS v r0 Vitis rotundifolia              30 0.816 3.2 1.716 2.71 3.77 

AS v r0 Xanthium strumarium     30 0.926 3.56 0.421 3.2 3.96 

AS v l Acer rubrum             26 0.973 2.490 -0.711 2.32 2.67 

AS v l Cercis canadensis       30 0.982 2.680 -1.160 2.54 2.82 

AS v l Cornus florida          30 0.953 2.560 -1.083 2.36 2.79 

AS v l Datura wrightii         30 0.978 2.050 -0.587 1.94 2.17 

AS v l Encelia farinosa        30 0.929 2.84 -1.294 2.56 3.15 

AS v l Fagus grandifolia       30 0.983 2.55 -1.059 2.42 2.68 

AS v l Fouqueria splendens     30 0.926 1.99 -0.683 1.79 2.22 

AS v l Ginko biloba            30 0.877 1.76 -0.075 1.54 2.01 

AS v l Haplopappus tenuisecta  30 0.93 2.18 -1.185 1.97 2.41 

AS v l Ilex opaca              30 0.976 2.6 -0.969 2.45 2.76 

AS v l Larrea tridentata       30 0.91 2.01 -0.674 1.79 2.26 

AS v l Liriodendron tulipifera 30 0.988 2.13 -0.345 2.04 2.22 

AS v l Lycium berlandierii     30 0.946 2.69 -1.016 2.46 2.95 

AS v l Magnolia grandiflora           26 0.943 2.36 -0.897 2.13 2.6 

AS v l Populus fremontii       30 0.975 2.36 -0.831 2.22 2.51 

AS v l Quercus spp.            30 0.975 2.28 -0.695 2.14 2.42 

AS v l Sassafras albidum       30 0.978 2.35 -0.716 2.22 2.49 

AS v l Simmondsia chinensis    30 0.979 2.52 -0.864 2.38 2.66 

AS v l Vitis rotundifolia              30 0.987 2.42 -0.533 2.31 2.53 

AS v l Xanthium strumarium     30 0.98 2.3 -0.674 2.18 2.43 
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Table A2. Species, observation number and log transformed values (save bulk tissue density) for 

the leaf dimensions considered in this study. See Methods in text for explanation of missing 

values. 

Species Observation 

Log 
Petiole 
Diameter 

Log Leaf 
Area 

Log Dry 
Mass 

Log Major 
Axis 
Length 

Log 
Lamina 
Thickness 

Log Wet 
Volume 

Bulk 
Tissue 
Density 

Ginko biloba 30 -0.3279 0.8585 -1.5528 0.6274 -0.4202 -0.8627 0.2041 

Ginko biloba 29 -0.1308 1.1072 -1.4318 0.7459 -0.4437 -0.6375 0.1606 

Ginko biloba 28 -0.1308 1.3393 -1.0458 0.8519 -0.4318 -0.3936 0.2228 

Ginko biloba 27 -0.1938 1.3075 -1.0555 0.7945 -0.4089 -0.4025 0.2223 

Ginko biloba 26 -0.0044 1.3733 -1.0223 0.7589 -0.4437 -0.3714 0.2234 

Ginko biloba 25 -0.1487 1.5299 -0.9245 0.8993 -0.4685 -0.2396 0.2066 

Ginko biloba 24 -0.1135 1.4719 -0.9872 0.8954 -0.4559 -0.2851 0.1986 

Ginko biloba 23 -0.0177 1.5177 -0.9431 0.8779 -0.4089 -0.1922 0.1775 

Ginko biloba 22 -0.0088 1.5551 -0.8894 0.8882 -0.4318 -0.1777 0.1942 

Ginko biloba 21 -0.0757 1.5673 -0.8570 0.9074 -0.4318 -0.1656 0.2035 

Ginko biloba 20 0.0374 1.7220 -0.7721 0.9948 -0.4437 -0.0228 0.1781 

Ginko biloba 19 0.0000 1.6474 -0.9245 0.9581 -0.5376 -0.1912 0.1848 

Ginko biloba 18 0.1206 1.6923 -0.6882 0.9258 -0.3979 -0.0067 0.2082 

Ginko biloba 17 0.0170 1.8033 -0.6126 1.0000 -0.4559 0.0464 0.2193 

Ginko biloba 16 0.1038 1.7853 -0.6716 1.0378 -0.4559 0.0284 0.1995 

Ginko biloba 15 0.0253 1.8134 -0.5575 1.0022 -0.3768 0.1357 0.2027 

Ginko biloba 14 0.0828 1.8806 -0.5072 1.0803 -0.4202 0.1593 0.2155 

Ginko biloba 13 0.1461 1.9587 -0.4225 1.0781 -0.4437 0.2139 0.2310 

Ginko biloba 12 0.0969 1.8661 -0.5544 1.1199 -0.4685 0.0965 0.2234 

Ginko biloba 11 0.1303 2.0055 -0.3936 1.1139 -0.4437 0.2608 0.2216 

Ginko biloba 10 0.1038 1.8666 -0.6253 1.0892 -0.4559 0.1097 0.1841 

Ginko biloba 9 0.1206 1.8372 -0.6180 1.1962 -0.4949 0.0413 0.2191 

Ginko biloba 8 0.1335 1.9825 -0.4855 1.1116 -0.5086 0.1728 0.2197 

Ginko biloba 7 0.0607 1.8704 -0.5229 1.1007 -0.4815 0.0879 0.2450 

Ginko biloba 6 0.0934 1.8686 -0.4935 1.2017 -0.4815 0.0861 0.2633 

Ginko biloba 5 0.1644 1.9588 -0.4547 1.1738 -0.4685 0.1892 0.2270 

Ginko biloba 4 0.1367 1.9614 -0.4330 1.2191 -0.4815 0.1789 0.2444 

Ginko biloba 3 0.1523 1.9630 -0.4168 1.2674 -0.4949 0.1672 0.2606 

Ginko biloba 2 0.0864 1.9727 -0.4473 1.2415 -0.4318 0.2398 0.2055 

Ginko biloba 1 0.1367 2.0703 -0.3063 1.2258 -0.4318 0.3375 0.2271 

Magnolia grandiflora 1 0.5092 2.7302 0.5688 1.4968 -0.3979 1.0312 0.3448 

Magnolia grandiflora 2 0.5453 2.7117 0.6124 1.5042 -0.3665 1.0441 0.3701 
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Magnolia grandiflora 3 0.5237 2.6857 0.5905 1.5076 -0.3979 0.9867 0.4016 

Magnolia grandiflora 4 0.5079 2.6567 0.5530 1.4884 -0.3872 0.9684 0.3842 

Magnolia grandiflora 5 0.5593 2.6578 0.5956 1.4675 -0.4202 0.9365 0.4561 

Magnolia grandiflora 6 0.5152 2.7178 0.5654 1.5145 -0.3665 1.0503 0.3274 

Magnolia grandiflora 7 0.4843 2.6375 0.4625 1.5073 -0.4318 0.9047 0.3613 

Magnolia grandiflora 8 0.3646 2.4236 0.3245 1.4618 -0.5229 0.5997 0.5306 

Magnolia grandiflora 9 0.3865 2.4090 0.2504 1.4268 -0.5686 0.5394 0.5141 

Magnolia grandiflora 10 0.3953 2.4424 0.2828 1.4373 -0.4949 0.6465 0.4329 

Magnolia grandiflora 11 0.3434 2.4227 0.2418 1.4156 -0.5850 0.5367 0.5071 

Magnolia grandiflora 12 0.3655 2.3759 0.2238 1.4378 -0.5229 0.5520 0.4696 

Magnolia grandiflora 13 0.3473 2.3947 0.2485 1.3849 -0.4559 0.6377 0.4081 

Magnolia grandiflora 14 0.3701 2.4571 0.2746 1.4570 -0.5528 0.6032 0.4693 

Magnolia grandiflora 15 0.3294 2.3569 0.2047 1.4306 -0.5086 0.5472 0.4544 

Magnolia grandiflora 16 0.3473 2.3722 0.1850 1.4079 -0.4685 0.6027 0.3822 

Magnolia grandiflora 17 0.3118 2.3789 0.1833 1.4052 -0.5528 0.5251 0.4552 

Magnolia grandiflora 18 0.3191 2.3128 0.1041 1.3672 -0.4815 0.5303 0.3749 

Magnolia grandiflora 19 0.2956 2.1974 0.0993 1.2856 -0.4949 0.4016 0.4986 

Magnolia grandiflora 20 0.2810 2.1717 0.0697 1.2865 -0.4089 0.4618 0.4054 

Magnolia grandiflora 21 0.2541 2.1262 -0.0205 1.2594 -0.4685 0.3566 0.4197 

Magnolia grandiflora 22 0.2443 2.1194 0.0026 1.2690 -0.4437 0.3747 0.4246 

Magnolia grandiflora 23 0.2214 2.0887 -0.0883 1.2613 -0.4949 0.2928 0.4158 

Magnolia grandiflora 24 0.2601 1.9458 -0.2240 1.2140 -0.4318 0.2129 0.3656 

Magnolia grandiflora 25 0.1461 1.9108 -0.2248 1.1764 -0.5229 0.0869 0.4879 

Magnolia grandiflora 26 0.1673 1.7924 -0.3696 1.1402 -0.4559 0.0354 0.3935 

Cercis canadensis 1 0.1508 2.4362 -0.4535 1.3290 -0.6383 0.4969 0.1121 

Cercis canadensis 2 0.1629 2.3981 -0.4711 1.3310 -0.6778 0.4193 0.1287 

Cercis canadensis 3 0.1614 2.3246 -0.4935 1.2911 -0.5686 0.4549 0.1126 

Cercis canadensis 4 0.0881 2.3151 -0.6055 1.2993 -0.4949 0.5192 0.0750 

Cercis canadensis 5 0.1703 2.2870 -0.4449 1.2903 -0.3665 0.6194 0.0862 

Cercis canadensis 6 0.1038 2.2336 -0.5935 1.2778 -0.3372 0.5953 0.0648 

Cercis canadensis 7 0.1038 2.1837 -0.6003 1.2049 -0.5229 0.3598 0.1096 

Cercis canadensis 8 0.0414 2.1591 -0.6038 1.2307 -0.5686 0.2894 0.1279 

Cercis canadensis 9 0.0170 2.1193 -0.8327 1.2253 -0.5086 0.3097 0.0721 

Cercis canadensis 10 -0.0200 2.0743 -0.8447 1.2033 -0.6198 0.1535 0.1004 

Cercis canadensis 11 -0.0386 2.0709 -0.8601 1.2060 -0.6021 0.1678 0.0938 

Cercis canadensis 12 0.0531 1.9815 -0.9508 1.2232 -0.5229 0.1575 0.0779 

Cercis canadensis 13 -0.0132 2.0041 -0.7799 1.2017 -0.4559 0.2472 0.0940 

Cercis canadensis 14 -0.0246 1.9886 -0.8697 1.1790 -0.5850 0.1026 0.1066 

Cercis canadensis 15 -0.0482 1.8914 -0.8894 1.1449 -0.6021 -0.0117 0.1325 

Cercis canadensis 16 -0.0506 1.9088 -0.7932 1.1421 -0.5229 0.0849 0.1324 

Cercis canadensis 17 -0.0506 1.8733 -0.8297 1.1471 -0.5528 0.0194 0.1415 

Cercis canadensis 18 -0.0969 1.7680 -0.9031 1.0906 -0.4949 -0.0278 0.1333 

Cercis canadensis 19 -0.1367 1.6805 -1.0506 1.0573 -0.6198 -0.2403 0.1548 

Cercis canadensis 20 -0.2007 1.6218 -1.2291 1.0257 -0.6990 -0.3782 0.1409 

Cercis canadensis 21 -0.1367 1.5666 -1.1308 1.0622 -0.6383 -0.3727 0.1746 
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Cercis canadensis 22 -0.1707 1.5193 -1.2757 0.9899 -0.6383 -0.4200 0.1394 

Cercis canadensis 23 -0.1427 1.5460 -1.1192 1.0030 -0.6778 -0.4328 0.2059 

Cercis canadensis 24 -0.2147 1.5103 -1.3665 1.0111 -0.6576 -0.4483 0.1207 

Cercis canadensis 25 -0.2218 1.4278 -1.3098 0.9814 -0.6576 -0.5308 0.1663 

Cercis canadensis 26 -0.2182 1.4203 -1.3279 0.9360 -0.7212 -0.6020 0.1880 

Cercis canadensis 27 -0.2291 1.3126 -1.3372 0.9253 -0.6383 -0.6267 0.1947 

Cercis canadensis 28 -0.2840 1.3259 -1.4318 0.8938 -0.7696 -0.7447 0.2055 

Cercis canadensis 29 -0.2967 1.1649 -1.5086 0.8982 -0.6990 -0.8351 0.2120 

Cercis canadensis 30 -0.3516 1.0326 -1.6990 0.8129 -0.7696 -1.0380 0.2183 

Acer rubrum 1 0.2999 2.4129 -0.3125 1.2929 -0.5528 0.5591 0.1344 

Acer rubrum 2 0.2911 2.3627 -0.3516 1.2894 -0.5528 0.5089 0.1379 

Acer rubrum 3 0.2707 2.2543 -0.4473 1.2122 -0.6383 0.3150 0.1729 

Acer rubrum 4 0.1746 2.1825 -0.5302 1.1575 -0.6383 0.2432 0.1685 

Acer rubrum 5 0.1508 2.2181 -0.5186 1.1632 -0.7447 0.1723 0.2038 

Acer rubrum 6 0.0846 2.1438 -0.5376 1.1581 -0.7447 0.0981 0.2314 

Acer rubrum 7 0.0969 2.1314 -0.4763 1.1471 -0.7212 0.1091 0.2598 

Acer rubrum 8 0.0128 2.1017 -0.5421 1.1163 -0.6990 0.1017 0.2271 

Acer rubrum 9 0.1399 2.0656 -0.7235 1.1449 -0.9586 -0.1941 0.2955 

Acer rubrum 10 0.0191 1.9781 -0.7235 1.0748 -0.6990 -0.0219 0.1988 

Acer rubrum 11 0.0314 2.0211 -0.6517 1.0682 -0.7696 -0.0495 0.2499 

Acer rubrum 12 0.0531 2.0047 -0.6216 1.0667 -0.7959 -0.0922 0.2956 

Acer rubrum 13 0.0253 1.9954 -0.6716 1.0573 -0.7959 -0.1015 0.2691 

Acer rubrum 14 0.0149 1.9579 -0.7520 1.0824 -0.6778 -0.0209 0.1857 

Acer rubrum 15 -0.0362 1.9187 -0.8665 1.0693 -0.8539 -0.2362 0.2343 

Acer rubrum 16 -0.0630 1.8361 -0.8268 1.0009 -0.7212 -0.1862 0.2288 

Acer rubrum 17 -0.0655 1.7953 -0.8297 0.9921 -0.7959 -0.3016 0.2964 

Acer rubrum 18 -0.1337 1.5893 -1.0410 0.8859 -0.7959 -0.5076 0.2929 

Acer rubrum 19 -0.0482 1.4524 -1.1871 0.8808 -0.7959 -0.6445 0.2867 

Acer rubrum 20 -0.2076 1.5022 -1.2441 0.8470 -0.7696 -0.5684 0.2110 

Acer rubrum 21 -0.2328 1.3969 -1.2924 0.8710 -0.7447 -0.6489 0.2272 

Acer rubrum 22 -0.2403 1.4153 -1.2757 0.8280 -0.6990 -0.5847 0.2037 

Acer rubrum 23 -0.2716 1.3674 -1.3372 0.8451 -0.6778 -0.6115 0.1880 

Acer rubrum 24 -0.2147 1.3972 -1.2757 0.8014 -0.7696 -0.6733 0.2498 

Acer rubrum 25 -0.3872 0.4742 -2.2218 0.5563 -0.8239 -1.6507 0.2685 

Acer rubrum 26 -0.3716 0.8899 -1.8239 0.6454 -0.7696 -1.1807 0.2274 

Sassafras albidum 1 0.3493 2.4037 -0.3893 1.3543 -0.8239 0.2788 0.2147 

Sassafras albidum 2 0.3170 2.3285 -0.4949 1.2978 -0.6778 0.3497 0.1431 

Sassafras albidum 3 0.3075 2.3237 -0.5157 1.2835 -0.7696 0.2531 0.1703 

Sassafras albidum 4 0.2911 2.2879 -0.6364 1.3226 -0.7696 0.2174 0.1400 

Sassafras albidum 5 0.3021 2.2666 -0.6144 1.2605 -0.7447 0.2209 0.1461 

Sassafras albidum 6 0.2601 2.2031 -0.6498 1.2709 -0.6778 0.2243 0.1337 

Sassafras albidum 7 0.2867 2.2195 -0.5969 1.2443 -0.6576 0.2609 0.1387 

Sassafras albidum 8 0.2765 2.1943 -0.6757 1.2438 -0.8539 0.0394 0.1927 

Sassafras albidum 9 0.2430 2.1667 -0.7011 1.1926 -0.8239 0.0418 0.1807 

Sassafras albidum 10 0.2418 2.1284 -0.8356 1.2156 -0.7447 0.0826 0.1207 
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Sassafras albidum 11 0.2068 2.1118 -0.7645 1.2245 -0.7212 0.0895 0.1400 

Sassafras albidum 12 0.1875 2.0028 -0.8182 1.1796 -0.6576 0.0442 0.1373 

Sassafras albidum 13 0.1629 2.0303 -0.8013 1.1599 -0.7212 0.0080 0.1551 

Sassafras albidum 14 0.1644 1.9954 -0.8268 1.1744 -0.6576 0.0368 0.1369 

Sassafras albidum 15 0.1523 1.9078 -0.9830 1.1041 -0.7959 -0.1891 0.1607 

Sassafras albidum 16 0.1367 1.9182 -0.9747 1.1307 -0.7959 -0.1787 0.1599 

Sassafras albidum 17 0.1430 1.8722 -0.9431 1.0997 -0.7212 -0.1501 0.1611 

Sassafras albidum 18 0.1746 1.8852 -0.9172 1.0871 -0.7696 -0.1853 0.1854 

Sassafras albidum 19 0.1461 1.8290 -0.9666 1.0294 -0.7212 -0.1932 0.1685 

Sassafras albidum 20 0.1004 1.7800 -1.0223 1.0402 -0.6990 -0.2200 0.1577 

Sassafras albidum 21 0.0952 1.5519 -1.2441 0.9903 -0.7212 -0.4703 0.1684 

Sassafras albidum 22 0.0334 1.6174 -1.2924 0.9708 -0.7447 -0.4283 0.1367 

Sassafras albidum 23 -0.1163 1.5738 -1.3010 0.9504 -0.7447 -0.4720 0.1482 

Sassafras albidum 24 0.0917 1.5057 -1.3279 0.8987 -0.7212 -0.5166 0.1544 

Sassafras albidum 25 -0.0177 1.3595 -1.4559 0.7952 -0.7959 -0.7375 0.1912 

Sassafras albidum 26 -0.0942 1.3147 -1.6198 0.8274 -0.7959 -0.7822 0.1453 

Sassafras albidum 27 -0.0315 1.0976 -1.6576 0.7803 -0.6990 -0.9024 0.1757 

Sassafras albidum 28  0.9138 -1.8861 0.7135 -0.6778 -1.0650 0.1510 

Sassafras albidum 29  0.6990 -2.0458 0.6599 -0.6198 -1.2218 0.1500 

Sassafras albidum 30 -0.0088 0.4346 -2.2218 0.5378 -0.5686 -1.4351 0.1634 

Fagus grandifolia 1 0.1461 2.0774 -0.5901 1.2497 -0.7959 -0.0195 0.2688 

Fagus grandifolia 2 0.1644 2.1177 -0.5346 1.2672 -0.8239 -0.0072 0.2969 

Fagus grandifolia 3 0.1206 2.0592 -0.6421 1.2403 -0.7447 0.0134 0.2211 

Fagus grandifolia 4 0.1538 2.0659 -0.6326 1.2201 -0.7696 -0.0047 0.2355 

Fagus grandifolia 5 0.1123 1.9836 -0.6840 1.2130 -0.7696 -0.0870 0.2529 

Fagus grandifolia 6 0.1038 1.9764 -0.6478 1.1942 -0.7696 -0.0941 0.2795 

Fagus grandifolia 7 0.0810 1.8875 -0.8041 1.1661 -0.7959 -0.2094 0.2543 

Fagus grandifolia 8 0.1089 1.9810 -0.7190 1.2028 -0.7959 -0.1159 0.2494 

Fagus grandifolia 9 0.0607 1.8330 -0.7959 1.1486 -0.7696 -0.2376 0.2765 

Fagus grandifolia 10 -0.0044 1.7424 -0.8729 1.0917 -0.7696 -0.3282 0.2853 

Fagus grandifolia 11 -0.0044 1.6574 -1.0088 1.0445 -0.7696 -0.4131 0.2537 

Fagus grandifolia 12 0.0170 1.8037 -0.9547 1.1011 -0.8861 -0.3834 0.2683 

Fagus grandifolia 13 -0.0269 1.7490 -0.9136 1.0755 -0.8239 -0.3760 0.2900 

Fagus grandifolia 14 0.2095 2.2800 -0.4535 1.3023 -0.9208 0.0582 0.3079 

Fagus grandifolia 15 0.2492 2.3528 -0.4023 1.3251 -0.8239 0.2278 0.2344 

Fagus grandifolia 16 -0.0339 1.5478 -1.0757 1.0607 -0.7212 -0.4745 0.2505 

Fagus grandifolia 17 0.1303 1.9971 -0.7696 1.1830 -0.8239 -0.1278 0.2282 

Fagus grandifolia 18 -0.0996 1.2514 -1.3665 0.9191 -0.7212 -0.7709 0.2537 

Fagus grandifolia 19 -0.1457 1.6546 -1.1487 1.1139 -0.8239 -0.4704 0.2097 

Fagus grandifolia 20 -0.1772 1.4832 -1.3098 0.9952 -0.9208 -0.7387 0.2685 

Fagus grandifolia 21 -0.2636 1.2676 -1.5850 0.9170 -0.9586 -0.9920 0.2553 

Fagus grandifolia 22 -0.3279 1.0515 -1.9208 0.8306 -0.9586 -1.2081 0.1938 

Fagus grandifolia 23 -0.2218 1.0792 -1.5686 0.8585 -0.7696 -0.9914 0.2647 

Fagus grandifolia 24 -0.3716 1.0682 -1.8239 0.8420 -1.0969 -1.3298 0.3205 

Fagus grandifolia 25 -0.1487 1.6087 -1.2291 1.0237 -0.8539 -0.5462 0.2075 
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Fagus grandifolia 26 -0.1024 1.6976 -1.1024 1.0542 -0.9208 -0.5243 0.2642 

Fagus grandifolia 27 -0.2255 1.5209 -1.3468 0.9987 -1.0000 -0.7802 0.2712 

Fagus grandifolia 28 -0.1871 1.4252 -1.3872 0.9562 -1.0000 -0.8758 0.3080 

Fagus grandifolia 29 0.2135 2.3122 -0.4045 1.3230 -0.8861 0.1251 0.2954 

Fagus grandifolia 30 0.1644 2.1969 -0.5114 1.2851 -0.8539 0.0420 0.2796 

Quercus spp. 1 -0.0580 1.7280 -0.9245 1.0813 -0.5850 -0.1580 0.1712 

Quercus spp. 2 -0.0200 1.8749 -0.7721 1.1430 -0.6198 -0.0459 0.1878 

Quercus spp. 3 0.0212 1.9027 -0.7595 1.1458 -0.7447 -0.1431 0.2419 

Quercus spp. 4 0.1335 2.0914 -0.5200 1.2204 -0.6778 0.1126 0.2330 

Quercus spp. 5 0.1156 1.9869 -0.6459 1.1685 -0.6778 0.0081 0.2218 

Quercus spp. 6 0.0952 1.9566 -0.6696 1.1550 -0.6576 -0.0020 0.2150 

Quercus spp. 7 0.1021 1.8759 -0.7595 1.1024 -0.6383 -0.0634 0.2014 

Quercus spp. 8 0.0846 1.7766 -0.8356 1.0806 -0.6383 -0.1627 0.2124 

Quercus spp. 9 0.0000 1.5553 -1.1805 0.9934 -0.6778 -0.4235 0.1750 

Quercus spp. 10 0.1206 1.9216 -0.6968 1.1550 -0.6383 -0.0177 0.2094 

Quercus spp. 11 0.2253 2.3725 -0.2233 1.3585 -0.7212 0.3503 0.2670 

Quercus spp. 12 0.2082 2.2947 -0.3242 1.3257 -0.6576 0.3361 0.2186 

Quercus spp. 13 0.2055 2.2322 -0.3575 1.3030 -0.6778 0.2534 0.2449 

Quercus spp. 14 0.1847 2.3165 -0.3134 1.3201 -0.6990 0.3165 0.2345 

Quercus spp. 15 0.2201 2.2092 -0.3830 1.2767 -0.6198 0.2884 0.2131 

Quercus spp. 16 0.1367 2.0680 -0.5591 1.2304 -0.7212 0.0457 0.2484 

Quercus spp. 17 0.0294 1.6682 -1.0000 1.0179 -0.7447 -0.3776 0.2385 

Quercus spp. 18 0.0354 1.5529 -1.1675 1.0158 -0.6778 -0.4259 0.1813 

Quercus spp. 19 -0.0506 1.3185 -1.3768 0.9106 -0.6778 -0.6603 0.1921 

Quercus spp. 20 0.0434 1.7183 -1.0088 1.0663 -0.6021 -0.1848 0.1500 

Quercus spp. 21 -0.0269 1.5386 -1.1675 0.9961 -0.7212 -0.4837 0.2071 

Quercus spp. 22 0.0492 1.7604 -0.9355 1.0730 -0.7447 -0.2853 0.2238 

Quercus spp. 23 0.0086 1.4422 -1.2366 0.9232 -0.7447 -0.6036 0.2328 

Quercus spp. 24 0.0453 1.8030 -0.8539 1.0402 -0.6576 -0.1556 0.2003 

Quercus spp. 25 0.1206 1.9377 -0.7305 1.1714 -0.6576 -0.0209 0.1952 

Quercus spp. 26 0.1123 2.0412 -0.6091 1.1937 -0.6990 0.0412 0.2237 

Quercus spp. 27 0.0531 2.0065 -0.6498 1.1405 -0.6990 0.0065 0.2207 

Quercus spp. 28 0.2467 2.3020 -0.2924 1.3054 -0.7212 0.2798 0.2678 

Quercus spp. 29 0.2082 2.3040 -0.2823 1.3158 -0.6990 0.3040 0.2592 

Quercus spp. 30 0.0899 2.0393 -0.6308 1.1798 -0.6383 0.1000 0.1859 

Ilex opaca 1 -0.2757 0.1335 -2.5229 0.4683 -0.6990 -1.8665 0.2206 

Ilex opaca 2 -0.1675 0.5729 -2.0458 0.5977 -0.6198 -1.3479 0.2005 

Ilex opaca 3 -0.0996 0.7796 -1.8539 0.7033 -0.6383 -1.1597 0.2022 

Ilex opaca 4 -0.2441 0.1818 -2.6990 0.4346 -0.7959 -1.9151 0.1645 

Ilex opaca 5 -0.2076 0.7076 -1.8861 0.6201 -0.6383 -1.2317 0.2217 

Ilex opaca 6 -0.1308 0.6920 -1.7959 0.6253 -0.5850 -1.1941 0.2502 

Ilex opaca 7 -0.1107 0.9074 -1.7212 0.7110 -0.6198 -1.0134 0.1960 

Ilex opaca 8 -0.0731 0.8751 -1.6576 0.7427 -0.5686 -0.9946 0.2173 

Ilex opaca 9 -0.0339 1.0748 -1.3872 0.7657 -0.5229 -0.7491 0.2301 

Ilex opaca 10 -0.0458 1.0145 -1.5850 0.7536 -0.5528 -0.8394 0.1796 
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Ilex opaca 11 -0.0223 1.1017 -1.4437 0.8162 -0.5850 -0.7843 0.2191 

Ilex opaca 12 -0.0410 1.0584 -1.5528 0.7924 -0.5686 -0.8112 0.1813 

Ilex opaca 13 0.0086 1.2154 -1.3188 0.8519 -0.5376 -0.6233 0.2016 

Ilex opaca 14 -0.0915 1.0318 -1.4559 0.7889 -0.5229 -0.7921 0.2169 

Ilex opaca 15 0.0394 1.1858 -1.3468 0.8035 -0.5376 -0.6528 0.2023 

Ilex opaca 16 -0.0066 1.1348 -1.4089 0.7566 -0.5229 -0.6891 0.1906 

Ilex opaca 17 0.0354 1.1608 -1.3565 0.7559 -0.5376 -0.6779 0.2096 

Ilex opaca 18 -0.0155 1.1480 -1.3979 0.8122 -0.5376 -0.6906 0.1962 

Ilex opaca 19 0.0374 1.1981 -1.2757 0.8162 -0.5376 -0.6405 0.2316 

Ilex opaca 20 0.0086 1.2769 -1.2596 0.8756 -0.5229 -0.5470 0.1938 

Ilex opaca 21 0.0086 1.2148 -1.3010 0.8494 -0.5376 -0.6238 0.2103 

Ilex opaca 22 0.0434 1.2718 -1.2441 0.8439 -0.5376 -0.5668 0.2102 

Ilex opaca 23 0.1959 1.6708 -0.7235 1.0191 -0.4559 -0.0862 0.2305 

Ilex opaca 24 0.2135 1.6783 -0.7328 1.0322 -0.4815 -0.1042 0.2352 

Ilex opaca 25 0.1931 1.6070 -0.8327 1.0052 -0.5086 -0.2026 0.2344 

Ilex opaca 26 0.1303 1.5703 -0.8153 0.9722 -0.4685 -0.1992 0.2421 

Ilex opaca 27 0.1703 1.4692 -0.9830 0.9320 -0.4949 -0.3266 0.2206 

Ilex opaca 28 0.1287 1.4193 -1.0862 0.9180 -0.4949 -0.3766 0.1952 

Ilex opaca 29 0.1569 1.5338 -0.8386 0.9768 -0.4685 -0.2358 0.2495 

Ilex opaca 30 0.1584 1.5570 -0.8508 0.9823 -0.4949 -0.2389 0.2444 

Liriodendron tulipifera 1 0.2565 2.4865 -0.2321 1.3383 -0.6778 0.5077 0.1821 

Liriodendron tulipifera 2 0.0969 2.1957 -0.5186 1.2700 -0.7959 0.0988 0.2414 

Liriodendron tulipifera 3 0.2148 2.4889 -0.2248 1.3512 -0.6576 0.5303 0.1758 

Liriodendron tulipifera 4 0.2742 2.5788 -0.1824 1.3709 -0.6990 0.5788 0.1733 

Liriodendron tulipifera 5 0.3617 2.7335 0.0290 1.4551 -0.7212 0.7112 0.2079 

Liriodendron tulipifera 6 0.2923 2.6702 -0.0501 1.3890 -0.7696 0.5997 0.2240 

Liriodendron tulipifera 7 -0.0531 1.7711 -1.1079 0.9934 -0.8539 -0.3838 0.1887 

Liriodendron tulipifera 8 0.0000 2.0010 -0.8827 1.0941 -0.7959 -0.0959 0.1634 

Liriodendron tulipifera 9 -0.1107 1.4722 -1.5086 0.8451 -0.8539 -0.6827 0.1493 

Liriodendron tulipifera 10 -0.0731 1.6877 -1.2291 0.9571 -0.8539 -0.4672 0.1730 

Liriodendron tulipifera 11 -0.0862 1.8595 -1.1135 1.0099 -0.9586 -0.4001 0.1935 

Liriodendron tulipifera 12 -0.0680 1.8927 -1.0410 1.0453 -0.7696 -0.1779 0.1371 

Liriodendron tulipifera 13 0.0394 2.1325 -0.7905 1.1942 -0.7447 0.0868 0.1327 

Liriodendron tulipifera 14 0.0394 2.0558 -0.7471 1.1065 -0.7212 0.0335 0.1657 

Liriodendron tulipifera 15 0.1446 2.3411 -0.3757 1.2266 -0.7212 0.3188 0.2020 

Liriodendron tulipifera 16 0.1477 2.2281 -0.6635 1.1901 -0.7447 0.1823 0.1426 

Liriodendron tulipifera 17 0.3201 2.6858 -0.0264 1.4401 -0.6198 0.7650 0.1616 

Liriodendron tulipifera 18 0.1523 2.3616 -0.3556 1.2658 -0.6021 0.4585 0.1534 

Liriodendron tulipifera 19 -0.0580 1.8094 -1.0410 1.0261 -0.7696 -0.2612 0.1660 

Liriodendron tulipifera 20 -0.2182 1.6029 -1.3872 0.9258 -0.7959 -0.4940 0.1279 

Liriodendron tulipifera 21 -0.1457 1.8417 -1.2076 1.0269 -0.7959 -0.2552 0.1116 

Liriodendron tulipifera 22 -0.1367 1.9268 -1.0605 1.0542 -0.7696 -0.1438 0.1212 

Liriodendron tulipifera 23 -0.0835 1.3160 -1.5850 0.7642 -0.7696 -0.7546 0.1478 

Liriodendron tulipifera 24 -0.1707 1.6551 -1.3010 0.9320 -0.8239 -0.4698 0.1475 

Liriodendron tulipifera 25 -0.0200 2.1036 -0.8861 1.1632 -0.7959 0.0067 0.1280 
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Liriodendron tulipifera 26 0.2956 2.5881 -0.1013 1.3798 -0.6383 0.6488 0.1778 

Liriodendron tulipifera 27 -0.0155 2.1469 -0.8996 1.1587 -0.7959 0.0500 0.1123 

Liriodendron tulipifera 28 0.0663 2.3063 -0.5482 1.2467 -0.6990 0.3063 0.1398 

Liriodendron tulipifera 29 0.0374 2.1381 -0.7423 1.1520 -0.7447 0.0924 0.1463 

Liriodendron tulipifera 30 -0.3872 0.9939 -1.9586 0.6675 -0.8539 -1.1610 0.1594 

Vitis rotundifolia 1 -0.0022 1.7517 -1.1079 0.9595 -0.6778 -0.2271 0.1316 

Vitis rotundifolia 2 -0.0482 1.7215 -1.1871 0.9186 -0.7447 -0.3243 0.1371 

Vitis rotundifolia 3 -0.0132 1.7254 -1.1675 0.9201 -0.6990 -0.2746 0.1280 

Vitis rotundifolia 4 -0.0655 1.6794 -1.2366 0.9042 -0.7447 -0.3663 0.1348 

Vitis rotundifolia 5 -0.0177 1.6409 -1.2924 0.9009 -0.6990 -0.3591 0.1166 

Vitis rotundifolia 6 0.0170 1.6886 -1.1675 0.9365 -0.7447 -0.3572 0.1548 

Vitis rotundifolia 7 -0.0339 1.7603 -1.1192 0.9518 -0.7696 -0.3103 0.1553 

Vitis rotundifolia 8 -0.0269 1.7317 -1.1805 0.9274 -0.6990 -0.2683 0.1224 

Vitis rotundifolia 9 -0.8239 -0.2518 -2.9578 0.1584 -0.6778 -2.2306 0.1874 

Vitis rotundifolia 10 -0.3372 -0.1805 -2.7486 0.2175 -0.5850 -2.0665 0.2079 

Vitis rotundifolia 11 -0.2716 0.4249 -2.3979 0.4031 -0.5850 -1.4612 0.1157 

Vitis rotundifolia 12 -0.3054 0.5051 -2.3010 0.3483 -0.6021 -1.3979 0.1250 

Vitis rotundifolia 13 -0.2716 0.4886 -2.2218 0.4031 -0.6383 -1.4508 0.1694 

Vitis rotundifolia 14 -0.4377 0.8021 -2.0969 0.5527 -0.6383 -1.1372 0.1097 

Vitis rotundifolia 15 -0.1904 0.9590 -2.0969 0.5832 -0.7696 -1.1115 0.1034 

Vitis rotundifolia 16 -0.2882 0.9571 -1.9208 0.5977 -0.7212 -1.0651 0.1394 

Vitis rotundifolia 17 -0.1643 1.1146 -1.8539 0.6571 -0.6990 -0.8854 0.1075 

Vitis rotundifolia 18 -0.0888 1.3062 -1.6021 0.7466 -0.7696 -0.7644 0.1453 

Vitis rotundifolia 19 -0.0783 1.3598 -1.5086 0.7731 -0.7212 -0.6624 0.1425 

Vitis rotundifolia 20 -0.1135 1.5381 -1.4437 0.8567 -0.6778 -0.4407 0.0993 

Vitis rotundifolia 21 -0.0155 1.6094 -1.2518 0.8797 -0.6778 -0.3694 0.1311 

Vitis rotundifolia 22 0.1538 2.0722 -0.7773 1.0846 -0.7212 0.0500 0.1488 

Vitis rotundifolia 23 0.0394 1.9846 -0.9245 1.0671 -0.8239 -0.1403 0.1644 

Vitis rotundifolia 24 0.0149 1.9008 -1.0132 1.0418 -0.7447 -0.1450 0.1354 

Vitis rotundifolia 25 0.1004 1.8526 -0.9914 0.9661 -0.7447 -0.1932 0.1591 

Vitis rotundifolia 26 -0.1427 1.5438 -1.4318 0.9154 -0.6990 -0.4562 0.1058 

Vitis rotundifolia 27 -0.0580 1.6542 -1.2757 0.8814 -0.7447 -0.3916 0.1306 

Vitis rotundifolia 28 -0.1024 1.4428 -1.4437 0.8202 -0.7696 -0.6278 0.1528 

Vitis rotundifolia 29 0.1139 1.9288 -0.9101 1.0465 -0.6990 -0.0712 0.1449 

Vitis rotundifolia 30 -0.0315 1.6316 -1.2441 0.8831 -0.7447 -0.4141 0.1479 

Cornus florida 1 -0.3468 0.3010 -2.6990 0.5635 -0.8239 -1.8239 0.1333 

Cornus florida 2 -0.1707 0.8854 -2.0000 0.7226 -0.8239 -1.2396 0.1736 

Cornus florida 3 -0.1772 0.9675 -1.9208 0.7451 -0.7696 -1.1030 0.1521 

Cornus florida 4 -0.1838 1.0269 -1.8861 0.7642 -0.8539 -1.1280 0.1745 

Cornus florida 5 -0.1643 1.0554 -1.8539 0.7782 -0.7212 -0.9669 0.1297 

Cornus florida 6 -0.0292 1.0366 -1.7959 0.8591 -0.7959 -1.0603 0.1838 

Cornus florida 7 -0.0731 1.1953 -1.6576 0.9154 -0.7696 -0.8752 0.1651 

Cornus florida 8 -0.0386 1.2695 -1.5528 0.9494 -0.8539 -0.8854 0.2151 

Cornus florida 9 0.0334 1.4031 -1.3872 1.0273 -0.7696 -0.6675 0.1907 

Cornus florida 10 -0.0434 1.3681 -1.5229 0.9380 -0.7447 -0.6777 0.1428 
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Cornus florida 11 -0.0580 1.4393 -1.4089 0.9832 -0.7959 -0.6576 0.1773 

Cornus florida 12 0.0394 1.6983 -1.0915 1.0220 -0.7447 -0.3475 0.1803 

Cornus florida 13 0.0588 1.6605 -1.1135 0.9934 -0.7447 -0.3853 0.1870 

Cornus florida 14 0.0626 1.7183 -1.0506 1.0402 -0.6778 -0.2605 0.1621 

Cornus florida 15 0.1717 1.7452 -0.8665 1.1483 -0.6198 -0.1756 0.2038 

Cornus florida 16 0.1746 1.7845 -0.8153 1.1917 -0.6383 -0.1548 0.2185 

Cornus florida 17 0.0952 1.7906 -1.0706 1.1133 -0.6990 -0.2094 0.1377 

Cornus florida 18 0.1351 1.8383 -1.0044 1.1261 -0.7212 -0.1839 0.1512 

Cornus florida 19 0.1089 1.9207 -0.9066 1.1781 -0.7212 -0.1015 0.1567 

Cornus florida 20 0.1917 2.0372 -0.7932 1.2383 -0.6778 0.0584 0.1408 

Cornus florida 21 0.1446 2.0174 -0.8069 1.2060 -0.7447 -0.0284 0.1665 

Cornus florida 22 0.2000 2.0923 -0.7122 1.2492 -0.6778 0.1135 0.1494 

Cornus florida 23 0.2162 2.1123 -0.7033 1.2788 -0.7212 0.0901 0.1609 

Cornus florida 24 0.2028 2.1812 -0.4711 1.2934 -0.6990 0.1812 0.2227 

Cornus florida 25 0.1847 2.1689 -0.4881 1.2982 -0.7959 0.0719 0.2754 

Cornus florida 26 0.2330 2.2440 -0.4881 1.3023 -0.7447 0.1982 0.2059 

Cornus florida 27 0.2317 2.2648 -0.4935 1.3075 -0.7212 0.2425 0.1837 

Cornus florida 28 -0.0386 0.5752  0.7796 -0.6778   

Cornus florida 29 0.3128 2.3537 -0.3675 1.2808 -0.8239 0.2288 0.2533 

Cornus florida 30 0.3160 2.3635 -0.3696 1.3253 -0.6778 0.3847 0.1761 

Xanthium strumarium 1 0.6144 2.3857 -0.0273 1.3363 -0.3098 0.7749 0.1577 

Xanthium strumarium 2 0.5849 2.3766 -0.0953 1.3174 -0.3188 0.7568 0.1406 

Xanthium strumarium 3 0.6222 2.4275 -0.0696 1.4026 -0.2518 0.8746 0.1137 

Xanthium strumarium 4 0.5152 2.2062 -0.2644 1.2227 -0.3872 0.5179 0.1651 

Xanthium strumarium 5 0.5521 2.1426 -0.3307 1.2164 -0.3768 0.4648 0.1601 

Xanthium strumarium 6 0.5072 2.1955 -0.3575 1.2636 -0.3872 0.5072 0.1365 

Xanthium strumarium 7 0.3829 2.0287 -0.6271 1.1685 -0.4318 0.2958 0.1194 

Xanthium strumarium 8 0.3829 1.9272 -0.5575 1.1838 -0.3872 0.2389 0.1598 

Xanthium strumarium 9 0.3149 1.9160 -0.6635 1.1361 -0.4949 0.1202 0.1646 

Xanthium strumarium 10 0.4378 1.9128 -0.5670 1.0839 -0.3979 0.2138 0.1656 

Xanthium strumarium 11 0.4175 1.8055 -0.6904 1.0763 -0.3468 0.1577 0.1419 

Xanthium strumarium 12 0.2565 1.8184 -0.7570 1.1892 -0.3468 0.1705 0.1182 

Xanthium strumarium 13 0.3414 1.8808 -0.6778 1.1274 -0.3872 0.1926 0.1348 

Xanthium strumarium 14 0.4346 1.8909 -0.5768 1.0831 -0.3565 0.2333 0.1549 

Xanthium strumarium 15 0.2867 1.5955 -0.9172 1.0179 -0.4318 -0.1373 0.1660 

Xanthium strumarium 16 0.3598 1.7014 -0.8386 0.9736 -0.5086 -0.1083 0.1861 

Xanthium strumarium 17 0.3979 1.7088 -0.7696 0.9795 -0.5086 -0.1009 0.2145 

Xanthium strumarium 18 0.3010 1.7583 -0.7122 1.0430 -0.4437 0.0136 0.1880 

Xanthium strumarium 19 0.2833 1.6005 -0.9355 0.9253 -0.4685 -0.1690 0.1712 

Xanthium strumarium 20 0.3636 1.6053 -0.9318 0.9058 -0.5376 -0.2333 0.2002 

Xanthium strumarium 21 0.2967 1.3714 -1.1805 0.8774 -0.5086 -0.4382 0.1810 

Xanthium strumarium 22 0.1584 1.1523 -1.3565 0.8825 -0.5376 -0.6863 0.2137 

Xanthium strumarium 23 0.2095 1.1504 -1.3010 0.7566 -0.4318 -0.5824 0.1911 

Xanthium strumarium 24 0.2330 1.0077 -1.4559 0.7604 -0.5086 -0.8019 0.2218 

Xanthium strumarium 25 0.1569 0.9085 -1.6198 0.7275 -0.5376 -0.9301 0.2043 
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Xanthium strumarium 26 0.0934 0.5263 -1.9586 0.5105 -0.4949 -1.2695 0.2046 

Xanthium strumarium 27 0.0086 0.4014 -2.0969 0.4786 -0.5086 -1.4083 0.2048 

Xanthium strumarium 28 -0.0246 0.3579 -2.3010 0.4639 -0.5686 -1.5117 0.1624 

Xanthium strumarium 29 -0.0630 0.1461 -2.0969 0.3711 -0.5376 -1.6925 0.3941 

Xanthium strumarium 30 -0.0862 -0.0362 -2.5086 0.2718 -0.6383 -1.9755 0.2930 

Lycium berlandierii 1 -0.0783 0.7466 -1.6971 0.6964 -0.0177 -0.5721 0.0750 

Lycium berlandierii 2 -0.1612 0.6937 -1.6787 0.6684 -0.1427 -0.7500 0.1178 

Lycium berlandierii 3 -0.2182 0.6990 -1.8641 0.6998 -0.2076 -0.8097 0.0882 

Lycium berlandierii 4 -0.1904 0.7796 -1.8426 0.7076 -0.1871 -0.7085 0.0734 

Lycium berlandierii 5 -0.1192 0.6355 -1.7361 0.6304 -0.1079 -0.7735 0.1090 

Lycium berlandierii 6 -0.2007 0.6314 -1.8188 0.6263 -0.1739 -0.8435 0.1059 

Lycium berlandierii 7 -0.2366 0.5843 -1.7602 0.6031 -0.0969 -0.8136 0.1131 

Lycium berlandierii 8 -0.1972 0.5635 -1.8629 0.5888 -0.2218 -0.9594 0.1249 

Lycium berlandierii 9 -0.1972 0.3617 -2.0329 0.5403 -0.2147 -1.1540 0.1322 

Lycium berlandierii 10 -0.1938 0.4216 -2.0696 0.5289 -0.3665 -1.2460 0.1501 

Lycium berlandierii 11 -0.0580 0.3766 -2.0346 0.5478 -0.2518 -1.1763 0.1386 

Lycium berlandierii 12 -0.3098 0.3222 -2.1693 0.4639 -0.2924 -1.2712 0.1265 

Lycium berlandierii 13 -0.1871 0.3222 -2.0867 0.4579 -0.2218 -1.2007 0.1300 

Lycium berlandierii 14 -0.1612 0.2504 -2.2958 0.4639 -0.4089 -1.4595 0.1458 

Lycium berlandierii 15 -0.2882 0.2504 -2.2648 0.3784 -0.6576 -1.7082 0.2776 

Lycium berlandierii 16 -0.3372 0.1584 -2.4065 0.3856 -0.6198 -1.7625 0.2270 

Lycium berlandierii 17 -0.4377 0.1703 -2.3797 0.4099 -0.6383 -1.7690 0.2451 

Lycium berlandierii 18 -0.2882 0.0645 -2.4712 0.3617 -0.7696 -2.0061 0.3427 

Lycium berlandierii 19 -0.2882 0.0569 -2.5022 0.3541 -0.8239 -2.0680 0.3680 

Lycium berlandierii 20 -0.3925 -0.0269 -2.3599 0.2923 -0.2518 -1.5797 0.1659 

Lycium berlandierii 21 -0.3420 -0.0555 -2.5116 0.2923 -0.5850 -1.9416 0.2691 

Lycium berlandierii 22 -0.6576 -0.3010 -2.8167 0.2625 -0.7959 -2.3979 0.3813 

Lycium berlandierii 23 -0.5768 -0.6990 -3.0975 0.2529 -0.6383 -2.6383 0.3474 

Lycium berlandierii 24 -0.4815 -0.5850 -2.8013 0.1732 -0.4202 -2.3063 0.3198 

Lycium berlandierii 25  -0.6990 -2.9996 0.0170    

Lycium berlandierii 26  -0.9208 -4.0862 0.1038    

Lycium berlandierii 27  -1.0969 -3.5031 -0.0177    

Lycium berlandierii 28  -1.0000  -0.0605    

Lycium berlandierii 29  -1.2218  -0.0605    

Lycium berlandierii 30  -1.3979  -0.0132    

Larrea tridentata 1  -0.0704 -2.2331 0.3385    

Larrea tridentata 2  -0.0680 -2.2103 0.2902    

Larrea tridentata 3  -0.0520 -2.2149 0.2997    

Larrea tridentata 4  -0.0639 -2.2148 0.2902    

Larrea tridentata 5  -0.1296 -2.2162 0.2997    

Larrea tridentata 6  -0.1509 -2.2240 0.2285    

Larrea tridentata 7  -0.1294 -2.2188 0.2706    

Larrea tridentata 8  -0.1204 -2.2074 0.2136    

Larrea tridentata 9  -0.1452 -2.2684 0.2673    

Larrea tridentata 10  -0.2171 -2.2431 0.2466    
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Larrea tridentata 11  -0.2441 -2.3003 0.1653    

Larrea tridentata 12  -0.3059 -2.3950 0.2136    

Larrea tridentata 13  -0.3177 -2.4546 0.2805    

Larrea tridentata 14  -0.4242 -2.4930 0.0598    

Larrea tridentata 15  -0.5096 -2.5465 0.0757    

Larrea tridentata 16  -0.4702 -2.5849 0.1205    

Larrea tridentata 17  -0.4954 -2.6889 0.0079    

Larrea tridentata 18  -0.4798 -2.5872 0.0651    

Larrea tridentata 19  -0.5725 -2.7560 0.0259    

Larrea tridentata 20  -0.5421 -2.7201 0.0757    

Larrea tridentata 21  -0.5891 -2.6478 0.0432    

Larrea tridentata 22  -0.6332 -2.8620 0.0757    

Larrea tridentata 23  -0.6308 -2.7383 -0.0509    

Larrea tridentata 24  -0.7059 -2.8742 -0.0108    

Larrea tridentata 25  -0.7234 -2.9788 -0.0108    

Larrea tridentata 26  -0.7762 -2.9255 -0.0108    

Larrea tridentata 27  -0.9868 -3.0862 -0.0725    

Larrea tridentata 28  -0.9295 -3.1726 -0.1030    

Larrea tridentata 29  -0.9515 -3.2226 -0.2099    

Larrea tridentata 30  -0.9668 -3.3206 -0.0951    

Simmondsia chinensis 1 0.3345 1.4374 -0.3036 0.8971    

Simmondsia chinensis 2 0.3021 1.4021 -0.3645 0.8657    

Simmondsia chinensis 3 0.3118 1.3353 -0.3958 0.8876    

Simmondsia chinensis 4 0.3212 1.3629 -0.4168 0.8494    

Simmondsia chinensis 5 0.2683 1.2714 -0.4895 0.8519    

Simmondsia chinensis 6 0.2055 1.1086 -0.6180 0.8363    

Simmondsia chinensis 7 0.1973 1.2095 -0.6946 0.8445    

Simmondsia chinensis 8 0.1599 1.1380 -0.7905 0.8363    

Simmondsia chinensis 9 0.1629 1.1004 -0.8570 0.7782    

Simmondsia chinensis 10 0.1917 1.0584 -0.8125 0.7686    

Simmondsia chinensis 11 0.1139 0.9504 -0.9666 0.7520    

Simmondsia chinensis 12 0.1414 0.9201 -1.0223 0.7177    

Simmondsia chinensis 13 0.1335 0.9405 -0.8633 0.7101    

Simmondsia chinensis 14 0.2317 0.8831 -0.8125 0.6609    

Simmondsia chinensis 15 0.1139 0.8089 -0.9469 0.6513    

Simmondsia chinensis 16 0.0149 0.8048 -1.1135 0.6794    

Simmondsia chinensis 17 0.0043 0.7559 -1.1487 0.6637    

Simmondsia chinensis 18 0.0969 0.8222 -1.0410 0.6513    

Simmondsia chinensis 19 0.0065 0.7372 -1.1612 0.6474    

Simmondsia chinensis 20 0.0374 0.6920 -1.2147 0.6128    

Simmondsia chinensis 21 0.0737 0.6551 -1.0269 0.5752    

Simmondsia chinensis 22 0.0881 0.6149 -1.2007 0.5599    

Simmondsia chinensis 23 0.0149 0.3222 -1.5850 0.4983    

Simmondsia chinensis 24 -0.0862 0.3345 -1.6990 0.5038    

Simmondsia chinensis 25 -0.0066 0.3096 -1.5528 0.4065    
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Simmondsia chinensis 26 -0.1163 0.0645 -2.0000 0.3692    

Simmondsia chinensis 27 -0.0132 0.0334 -1.7696 0.2878    

Simmondsia chinensis 28 -0.1427 -0.2518 -2.2358 0.2878    

Simmondsia chinensis 29 -0.1938 -0.3188 -2.2482 0.2380    

Simmondsia chinensis 30 -0.2182 -0.3768 -2.3308 0.2122    

Encelia farinosa 1  1.4465 -0.8297 0.9513    

Encelia farinosa 2  0.5237 -1.7447 0.6345    

Encelia farinosa 3  1.4475 -0.8601 0.9533    

Encelia farinosa 4  0.4969 -1.8239 0.6730    

Encelia farinosa 5  -0.2218 -2.6349 0.5378    

Encelia farinosa 6  1.0035 -1.4815 0.8293    

Encelia farinosa 7  1.0318 -1.4202 0.8627    

Encelia farinosa 8  0.4969 -1.7696 0.6365    

Encelia farinosa 9  0.4829 -1.8539 0.6484    

Encelia farinosa 10  1.1206 -1.3768 0.8820    

Encelia farinosa 11  0.5658 -1.9586 0.6964    

Encelia farinosa 12  0.4502 -1.8861 0.5933    

Encelia farinosa 13  1.3214 -0.9101 0.8854    

Encelia farinosa 14  0.2923 -2.1549 0.4843    

Encelia farinosa 15  0.6937 -1.7212 0.6170    

Encelia farinosa 16  0.1139 -2.3110 0.4713    

Encelia farinosa 17  0.6571 -1.7696 0.6232    

Encelia farinosa 18  1.3700 -0.9508 0.9315    

Encelia farinosa 19  1.3336 -0.9586 0.9274    

Encelia farinosa 20  1.1661 -0.9747 0.8971    

Encelia farinosa 21  0.9562 -1.4089 0.7701    

Encelia farinosa 22  0.8488 -1.4949 0.6848    

Encelia farinosa 23  0.0792 -2.2729 0.4654    

Encelia farinosa 24  0.3385 -1.9456 0.5575    

Encelia farinosa 25  -0.2840 -2.6880 0.3729    

Encelia farinosa 26  0.9912 -1.3768 0.7604    

Encelia farinosa 27  1.0035 -1.3665 0.8351    

Encelia farinosa 28  1.3019 -0.9066 0.9330    

Encelia farinosa 29  1.4062 -0.8996 0.9538    

Encelia farinosa 30  1.2355 -0.9101 0.9380    

Chilopsis linearis 30 -0.5017  -3.1007  -0.7212   

Chilopsis linearis 29 -0.4881  -2.8533  -0.6990   

Chilopsis linearis 28 -0.3615  -2.6509  -0.5686   

Chilopsis linearis 27 -0.2403 -0.0088 -2.6275  -0.5229 -1.8327 0.1604 

Chilopsis linearis 26 -0.3098 0.0492 -2.5950  -0.6198 -1.8716 0.1891 

Chilopsis linearis 25 -0.2798 0.1644 -2.4460  -0.6576 -1.7943 0.2230 

Chilopsis linearis 24 -0.3143 0.1206 -2.4559  -0.5086 -1.6891 0.1711 

Chilopsis linearis 23 -0.2676 0.1644 -2.3107  -0.5850 -1.7217 0.2576 

Chilopsis linearis 22 -0.1612 0.2695 -2.2351  -0.6021 -1.6336 0.2503 

Chilopsis linearis 21 -0.2882 0.2742 -2.2701  -0.4949 -1.5217 0.1785 
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Chilopsis linearis 20 -0.2076 0.3617 -2.1522  -0.5850 -1.5243 0.2356 

Chilopsis linearis 19 -0.1549 0.3655 -2.1394  -0.5376 -1.4731 0.2157 

Chilopsis linearis 18 -0.2076 0.3766 -2.1135  -0.5686 -1.4931 0.2397 

Chilopsis linearis 17 -0.1805 0.4216 -2.1018  -0.5686 -1.4481 0.2220 

Chilopsis linearis 16 -0.2518 0.4409 -2.0511  -0.6198 -1.4799 0.2684 

Chilopsis linearis 15 -0.2007 0.4713 -2.0301  -0.6021 -1.4318 0.2522 

Chilopsis linearis 14 -0.1739 0.4886 -2.0545  -0.6198 -1.4323 0.2386 

Chilopsis linearis 13 -0.1871 0.5514 -1.9429  -0.5528 -1.3024 0.2288 

Chilopsis linearis 12 -0.2147 0.5237 -2.0169  -0.5850 -1.3623 0.2215 

Chilopsis linearis 11 -0.1024 0.6920 -1.7959  -0.5528 -1.1619 0.2323 

Chilopsis linearis 10 -0.1643 0.7093 -1.7959  -0.4559 -1.0477 0.1786 

Chilopsis linearis 9 -0.1972 0.6812 -1.8861  -0.5086 -1.1284 0.1747 

Chilopsis linearis 8 -0.1707 0.7126 -1.7696  -0.5229 -1.1113 0.2196 

Chilopsis linearis 7 -0.2111 0.7559 -1.7696  -0.4559 -1.0011 0.1704 

Chilopsis linearis 6 -0.2076 0.7126 -1.7959  -0.5528 -1.1412 0.2215 

Chilopsis linearis 5 -0.1549 0.7404 -1.7447  -0.4815 -1.0422 0.1983 

Chilopsis linearis 4 -0.0915 0.8129 -1.6778  -0.4685 -0.9566 0.1900 

Chilopsis linearis 3 -0.1612 0.8954 -1.6198  -0.4559 -0.8615 0.1745 

Chilopsis linearis 2 -0.1337 0.8692 -1.6383  -0.4559 -0.8877 0.1776 

Chilopsis linearis 1 -0.0835 0.9149 -1.5686  -0.4559 -0.8421 0.1877 

Haplopappus tenuisecta 1 -0.2676 0.9455 -1.2147 0.9325 -0.3372 -0.6928 0.3007 

Haplopappus tenuisecta 2 -0.3098 0.8887 -1.3768 0.9154 -0.5528 -0.9651 0.3876 

Haplopappus tenuisecta 3 -0.3279 0.8048 -1.4318 0.9201 -0.4318 -0.9280 0.3135 

Haplopappus tenuisecta 4 -0.3372 0.7810 -1.4437 0.9133 -0.4685 -0.9885 0.3506 

Haplopappus tenuisecta 5 -0.2076 0.8854 -1.2007 0.8579 -0.3279 -0.7436 0.3491 

Haplopappus tenuisecta 6 -0.3372 0.6021 -1.4202 0.8293 -0.3372 -1.0362 0.4130 

Haplopappus tenuisecta 7 -0.3872 0.4472 -1.7447 0.8445 -0.4685 -1.3224 0.3782 

Haplopappus tenuisecta 8 -0.4089 0.5587 -1.6021 0.8998 -0.4815 -1.2238 0.4186 

Haplopappus tenuisecta 9 -0.4559 0.4942 -1.6576 0.8579 -0.4685 -1.2754 0.4148 

Haplopappus tenuisecta 10 -0.1938 0.6609 -1.4318 0.8267 -0.2840 -0.9242 0.3107 

Haplopappus tenuisecta 11 -0.2840 0.5611 -1.4089 0.7582 -0.2840 -1.0239 0.4121 

Haplopappus tenuisecta 12 -0.2291 0.5514 -1.4815 0.7513 -0.3279 -1.0775 0.3945 

Haplopappus tenuisecta 13 -0.4089 0.4771 -1.6778 0.8351 -0.4559 -1.2798 0.4000 

Haplopappus tenuisecta 14 -0.3872 0.3222 -1.7447 0.7505 -0.4318 -1.4106 0.4633 

Haplopappus tenuisecta 15 -0.2218 0.4014 -1.5850 0.7160 -0.3098 -1.2094 0.4211 

Haplopappus tenuisecta 16 -0.2218 0.4886 -1.4949 0.6911 -0.3279 -1.1404 0.4421 

Haplopappus tenuisecta 17 -0.3665 0.3096 -1.6990 0.6522 -0.3188 -1.3102 0.4085 

Haplopappus tenuisecta 18 -0.3979 0.2788 -1.8861 0.7177 -0.5086 -1.5309 0.4414 

Haplopappus tenuisecta 19 -0.4815 0.2455 -1.8096 0.6637 -0.3188 -1.3743 0.3670 

Haplopappus tenuisecta 20 -0.3188 0.2253 -1.7991 0.6304 -0.2924 -1.3682 0.3707 

Haplopappus tenuisecta 21 -0.5086 0.0792 -2.0642 0.6263 -0.4437 -1.6655 0.3994 

Haplopappus tenuisecta 22 -0.4685 0.0334 -2.0599 0.5635 -0.3979 -1.6655 0.4033 

Haplopappus tenuisecta 23 -0.4318 0.0719 -1.9847 0.5539 -0.4202 -1.6494 0.4620 

Haplopappus tenuisecta 24 -0.6990 0.1461 -1.9193 0.5490 -0.3768 -1.5317 0.4096 

Haplopappus tenuisecta 25 -0.5229 -0.0969 -2.2939 0.4533 -0.4949 -1.8928 0.3971 
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Haplopappus tenuisecta 26 -0.4949 -0.2076 -2.3948 0.4594 -0.4437 -1.9523 0.3610 

Haplopappus tenuisecta 27 -0.6021 -0.1675 -2.3660 0.4456 -0.4318 -1.9003 0.3422 

Haplopappus tenuisecta 28 -0.7447 -0.3010 -2.5293 0.3711 -0.4559 -2.0580 0.3378 

Haplopappus tenuisecta 29 -0.6383 -0.4437 -2.7721 0.3711 -0.6383 -2.3830 0.4082 

Haplopappus tenuisecta 30 -0.6576 -0.6990 -3.2299 0.2577 -0.6576 -2.6576 0.2677 

Datura wrightii 1 0.7042 2.3244 -0.0269 1.3725 -0.3372 0.6861 0.1936 

Datura wrightii 2 0.4997 2.2823 -0.1938 1.3604 -0.5086 0.4726 0.2155 

Datura wrightii 3 0.5315 2.2870 -0.2798 1.3786 -0.4949 0.4911 0.1695 

Datura wrightii 4 0.5011 2.2421 -0.3261 1.3753 -0.5376 0.4035 0.1864 

Datura wrightii 5 0.6444 2.2224 -0.1986 1.3576 -0.4089 0.5124 0.1945 

Datura wrightii 6 0.5276 2.1576 -0.4101 1.3576 -0.4685 0.3881 0.1592 

Datura wrightii 7 0.4857 2.2147 -0.2620 1.3647 -0.4949 0.4188 0.2085 

Datura wrightii 8 0.4742 2.1374 -0.3478 1.3604 -0.4559 0.3804 0.1870 

Datura wrightii 9 0.4425 2.0618 -0.5361 1.3343 -0.4318 0.3290 0.1364 

Datura wrightii 10 0.4829 1.9949  1.3377 -0.3279   

Datura wrightii 11 0.4116 1.9797 -0.5784 1.2851 -0.4949 0.1839 0.1729 

Datura wrightii 12 0.3222 1.8945 -0.7545 1.2440 -0.6383 -0.0448 0.1951 

Datura wrightii 13 0.4440 1.9518 -0.6615 1.2274 -0.5850 0.0658 0.1874 

Datura wrightii 14 0.3711 1.9251 -0.7747 1.2304 -0.5850 0.0390 0.1536 

Datura wrightii 15 0.3096 1.8156  1.1271 -0.5850   

Datura wrightii 16 0.2856 1.7110 -0.9066 1.1216 -0.5086 -0.0987 0.1556 

Datura wrightii 17 0.2945 1.6337 -0.8297 1.0973 -0.4949 -0.1622 0.2150 

Datura wrightii 18 0.2695 1.6189 -1.1024 1.0179 -0.6990 -0.3811 0.1900 

Datura wrightii 19 0.2201 1.5565 -1.0362 1.0434 -0.5376 -0.2821 0.1761 

Datura wrightii 20 0.1523 1.4545 -1.0809 1.0473 -0.5376 -0.3841 0.2010 

Datura wrightii 21 0.2945 1.4555 -1.0809 0.9479 -0.5686 -0.4142 0.2154 

Datura wrightii 22 0.1492 1.4437 -1.1675 0.9694 -0.6778 -0.5351 0.2331 

Datura wrightii 23 0.1553 1.3867 -1.1805 0.9390 -0.6021 -0.5164 0.2167 

Datura wrightii 24 0.2068 1.2562 -1.3665 0.8681 -0.6383 -0.6831 0.2073 

Datura wrightii 25 0.0531 1.0777 -1.5376 0.7825 -0.7212 -0.9445 0.2552 

Datura wrightii 26 0.1038 1.0326 -1.5850 0.7686 -0.6778 -0.9462 0.2297 

Datura wrightii 27 0.1139 0.8561 -1.7447 0.7818 -0.7447 -1.1896 0.2786 

Datura wrightii 28 0.2122 0.7966 -1.7959 0.7118 -0.7696 -1.2740 0.3007 

Datura wrightii 29 0.1004 0.8376 -1.7959 0.6532 -0.7959 -1.2593 0.2907 

Datura wrightii 30 -0.1675 0.5237 -2.2218 0.5717 -0.7696 -1.5468 0.2113 

Fouqueria splendens 1  0.6474 -1.8539 0.6444 -0.5086 -1.1623 0.2034 

Fouqueria splendens 2  0.6191 -1.9586 0.6314 -0.6021 -1.2840 0.2115 

Fouqueria splendens 3  0.6128 -1.8941 0.6274 -0.6383 -1.3265 0.2706 

Fouqueria splendens 4  0.5514 -2.0132 0.5999 -0.6021 -1.3516 0.2180 

Fouqueria splendens 5  0.5798 -1.8811 0.6637 -0.7212 -1.4425 0.3643 

Fouqueria splendens 6  0.5024 -2.0283 0.5911 -0.6576 -1.4562 0.2679 

Fouqueria splendens 7  0.5416 -2.0017 0.6222 -0.6021 -1.3615 0.2290 

Fouqueria splendens 8  0.3838 -2.1702 0.5563 -0.6778 -1.5950 0.2660 

Fouqueria splendens 9  0.5185 -1.9629 0.5658 -0.6990 -1.4815 0.3301 

Fouqueria splendens 10  0.3838 -2.1964 0.4942 -0.6778 -1.5950 0.2504 
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Fouqueria splendens 11  0.2788 -2.3176 0.5051 -0.6990 -1.7212 0.2533 

Fouqueria splendens 12  0.2553 -2.3590 0.4362 -0.6576 -1.7033 0.2210 

Fouqueria splendens 13  0.2455 -2.3233 0.5224 -0.7212 -1.7768 0.2841 

Fouqueria splendens 14  0.2601 -2.5242 0.5276 -0.6990 -1.7399 0.1643 

Fouqueria splendens 15  0.2355 -2.4655 0.4757 -0.6383 -1.7038 0.1731 

Fouqueria splendens 16  0.2504 -2.3386 0.5237 -0.7447 -1.7953 0.2863 

Fouqueria splendens 17  0.1931 -2.4378 0.3945 -0.6778 -1.7857 0.2228 

Fouqueria splendens 18  0.1875 -2.5204 0.4713 -0.7447 -1.8582 0.2177 

Fouqueria splendens 19  0.2788 -2.3419 0.4955 -0.6576 -1.6799 0.2178 

Fouqueria splendens 20  0.2253 -2.3765 0.4249 -0.7212 -1.7970 0.2633 

Fouqueria splendens 21  0.1987 -2.4024 0.4378 -0.6990 -1.8013 0.2506 

Fouqueria splendens 22  0.1139 -2.5452 0.4456 -0.7447 -1.9318 0.2436 

Fouqueria splendens 23  0.1399 -2.4136 0.3874 -0.6576 -1.8187 0.2542 

Fouqueria splendens 24  0.1399 -2.4121 0.4031 -0.6576 -1.8187 0.2551 

Fouqueria splendens 25  0.0569 -2.7077 0.3945 -0.7696 -2.0137 0.2023 

Fouqueria splendens 26  0.0792 -2.5328 0.3222 -0.7696 -1.9914 0.2875 

Fouqueria splendens 27  0.0569 -2.6105 0.3560 -0.6383 -1.8824 0.1870 

Fouqueria splendens 28  -0.0458 -2.7144 0.2945 -0.7696 -2.1163 0.2523 

Fouqueria splendens 29  -0.1805 -2.8199 0.2742 -0.7696 -2.2510 0.2699 

Fouqueria splendens 30  -0.2840 -2.9931 0.2095 -0.7959 -2.3809 0.2442 

Populus fremontii 1 0.2014 2.1806 0.0090 1.2690 -0.5086 0.3710 0.4346 

Populus fremontii 2 0.1761 2.1325 -0.1296 1.2799 -0.5229 0.3085 0.3646 

Populus fremontii 3 0.1889 2.1441 -0.0376 1.2167 -0.4318 0.4112 0.3557 

Populus fremontii 4 0.0645 2.0626 -0.3197 1.2325 -0.6383 0.1233 0.3606 

Populus fremontii 5 0.0569 2.0052 -0.4134 1.2279 -0.6576 0.0466 0.3467 

Populus fremontii 6 0.0934 1.9948 -0.3288 1.2092 -0.5850 0.1088 0.3651 

Populus fremontii 7 0.0846 1.9461 -0.2840 1.1841 -0.5376 0.1074 0.4060 

Populus fremontii 8 0.0626 1.9819 -0.3883 1.1526 -0.6383 0.0426 0.3708 

Populus fremontii 9 0.0588 1.9384 -0.4510 1.1937 -0.6198 0.0176 0.3399 

Populus fremontii 10 0.0128 1.8090 -0.4365 1.1411 -0.5528 -0.0449 0.4058 

Populus fremontii 11 0.0414 1.8387 -0.4510 1.1287 -0.5850 -0.0473 0.3948 

Populus fremontii 12 -0.0132 1.8174 -0.5498 1.0962 -0.6383 -0.1219 0.3734 

Populus fremontii 13 0.0273 1.7126 -0.5287 1.0249 -0.5086 -0.0970 0.3701 

Populus fremontii 14 -0.0630 1.7213 -0.6946 1.0170 -0.6778 -0.2575 0.3655 

Populus fremontii 15 -0.0531 1.6654 -0.6498 1.0611 -0.6198 -0.2554 0.4033 

Populus fremontii 16 0.0233 1.6719 -0.6421 1.0697 -0.6198 -0.2489 0.4044 

Populus fremontii 17 -0.0809 1.6263 -0.7328 1.0523 -0.6778 -0.3525 0.4165 

Populus fremontii 18 0.0022 1.6055 -0.6882 1.0633 -0.6021 -0.2976 0.4067 

Populus fremontii 19 -0.0809 1.4863 -0.8570 1.0191 -0.6383 -0.4530 0.3945 

Populus fremontii 20 -0.0177 1.4955 -0.8794 0.9877 -0.6778 -0.4833 0.4016 

Populus fremontii 21 -0.1707 1.5483 -0.8665 1.0330 -0.6778 -0.4305 0.3665 

Populus fremontii 22 -0.0482 1.2797 -1.0362 0.8932 -0.6383 -0.6596 0.4202 

Populus fremontii 23 -0.0809 1.2723 -1.0223 0.8733 -0.6021 -0.6308 0.4060 

Populus fremontii 24 -0.0434 1.1931 -1.2218 0.8848 -0.6778 -0.7857 0.3663 

Populus fremontii 25 -0.1192 1.1998 -1.1871 0.8122 -0.6778 -0.7791 0.3908 
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Populus fremontii 26 -0.1580 1.0546 -1.2924 0.7889 -0.6576 -0.9040 0.4089 

Populus fremontii 27 -0.1337 1.0422 -1.2757 0.8319 -0.6990 -0.9578 0.4809 

Populus fremontii 28 -0.2255 0.9395 -1.4202 0.7300 -0.6576 -1.0191 0.3971 

Populus fremontii 29 -0.1221 0.9294 -1.4815 0.7789 -0.6990 -1.0706 0.3882 

Populus fremontii 30 -0.3768 0.5999 -1.7696 0.6021 -0.6778 -1.3789 0.4068 
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Abstract 

 

The West, Brown, and Enquist (WBE) theory for the origin of allometric scaling laws in 

biology has evoked intense interest and controversy. Its central assumption, however, that the 

geometry of the vascular network governs how a suite of organismal traits covary with each 

other, and ultimately with organism size, has not been formally assessed.  Secondary 

optimizing assumptions to minimize the scaling of transport and biomechanical costs yet 

maximally fill a volume then yield mechanistic predictions for the origin of specific ‘quarter-

power’ scaling exponents in anatomy, physiology, and ecology.   Here we assess the core 

assumption of WBE by relaxing the secondary assumptions. As a result, our expanded 

network model predicts a highly constrained continuum of biological exponents that covary 

according to quantitative functions.  Compilations of allometric data for a wide variety of 

plant taxa strongly support the extended models predictions. Together, our results (i) 

underscore the importance of network geometry in generating the diversity of allometric 

scaling relationships in biology, (ii) support the hypothesis that while selection has primarily 

acted to minimize the scaling of hydrodynamic resistance and, (iii) additional selection 

pressures for alternative branching geometries apparently govern much of the observed co-

variation in intraspecific and interspecific scaling exponents.  Further, our model provides a 

general theory to understand the origin and variation of many allometric trait correlations 

within a complex integrated phenotype. 
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Introduction 

 
Since the pioneering work of Huxley (1) questions concerning what influences the 

integration of organismal traits have been a prominent focus in comparative biology (2,3). 

The phenotype is a constellation of traits that often covary with each other during ontogeny, 

and organism size appears to be a central trait that influences how most biological structures, 

processes, and dynamics covary with each other (4-6).  The dependence of a given biological 

trait, Y, on organismal mass, M, is known as allometry and can be characterized by a scaling 

law (1) of the form, θ
MYY 0= , where θ is the scaling exponent and Y0 is a normalization 

constant that may be characteristic of a given taxon.  A sampling of intra- and interspecific 

data reveals that θ often approximates quarter-powers (5,6) (e.g. 1/4, 3/4, 3/8 etc.).  

West, Brown, and Enquist hypothesized that the value of θ for many biological 

allometries arises from the geometry of vascular networks and resource exchange surfaces 

(e.g., cardiovascular or plant vascular systems) (7-11).   The core assumption of this theory is 

that many organismal, anatomical, and physiological traits are mechanistically linked via 

allometric scaling of the vascular network.  For example, for plants, whole-plant carbon 

assimilation or gross photosynthesis, P, vascular fluid flow rate, Q0, and the number, nL, and 

mass of leaves, ML, are all assumed to vary or scale proportionally with one another, and 

ultimately, with plant mass (M) as P ∝ Q0 ∝ nL ∝ ML ∝  M
θ.   In addition, several other 

hydrodynamic and anatomical attributes of plant hydraulics and branching morphology are 

then also determined by θ  (7-11).  Specifically, the value of θ =1/(2a + b), where a and b 

characterize the geometry of the vascular network.  The gross network morphology is 

characterized by three parameters,  

γ k ≡
lk +1

lk

≡ n
−b   a

k

k
k n

r

r −+ ≡≡ 1β      β k ≡
rT ,k+1

rT ,k

≡ n
−a / 2   (1a-c), 

which respectively refer to the ratio of branch lengths, external branch radii and internal tube 

radii (n is the furcation ratio) between k  adjacent branching levels. Note, we differ from 

previous work (8) that defined the branch radii ratio as n-a/2
, the lengths ratio as n

-1/3, and the 

internal tube radii as ak. 
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The origin of quarter-power scaling emerges when a =1/2 and  b =1/3, thus yielding 

θ = 3/4.  This θ =3/4 rule emerges from four assumptions: (i) the network is volume-filling; 

(ii) Q0 is optimized by minimizing hydrodynamic resistance; (iii) terminal units (leaves) and 

leaf-level attributes (ML ,RL ,PL ,QL) are independent of plant size; and (iv) biomechanical 

constraints are uniform (8). Extensions of the WBE model have shown how factors 

secondary to organism size, such as temperature and stoichiometry (12,13), can influence 

residual variation or the normalization (Y0) of allometric scaling relationships.  

Recently, several prominent criticisms have argued that the WBE model cannot 

explicitly account for the range and origin of inter- and intraspecific variability in allometric 

exponents (14-16). Further, the assumption of the primary importance of the vascular 

network, while implicit in the original work, has not been explicitly tested (17).  Indeed, 

while detailed treatments of WBE have been applied to the origin of the θ =3/4 rule in the 

vascular networks of animals (7) and plants (8,11), it is not clear if the WBE model can 

account for all, or even most of the observed variation in allometric exponents, in addition to 

how traits covary allometrically within integrated phenotypes.  

Here we address these questions and criticisms by presenting a unique extension of 

the WBE theory. Specifically, we show how continuous variation in the fractal exponents 

allows us to assess if the observed variation in allometric exponents are due to violations of 

the secondary assumptions that lead to quarter power scaling and, if so, whether the observed 

variation in allometric exponents is consistent with co-variation in allometric traits as 

governed by vascular network geometry? 

 

Model Extension 

 
We start with the observation that many plants do not conform to the optimizing 

assumptions laid out in the original WBE derivation (8,11,18).  For example, succulents, 

saplings, vines, lianas, basal rosettes, and herbaceous plants with photosynthetic stems, all 

have morphologies that strictly violate one or more of the original model’s assumptions. 

According to the WBE model, plants with divergent morphologies suggest that a and b likely 

vary. Here we assume that such variation in branching geometry likely reflects selection for 
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unique phenotypes and life histories. If correct, then such plants should be characterized by 

scaling relationships that differ from canonical quarter-power relationships. For example, to 

examine the departure from space-filling and cross-sectional-area-preserving branching, we 

highlight six allometric scaling relationships – the scaling of photosynthetic surface area (AS), 

stem radius (r0), height (l), and mass (M). Each can each be expressed as continuous traits 

dependent on network geometry where, 

   θ
MA

S
∝    θa

Mr ∝
0

   θb
Ml ∝

0
   (2a-c)   

a

b

rl 00 ∝      as rA
1

0∝   bs lA
1

0∝      (3a-c). 

Note, for each allometric equation, the scaling exponent depends on the geometry of the 

network. Hence, according to the central assumption of the WBE model, covariation between 

these traits is due solely to the branching network geometry.  Departures from the volume-

filling and area-preserving constraints assumed in the original WBE derivation (where b=1/3, 

a= 1/2) yield different values of b and a.  Hence the exponents describing the scaling of plant 

morphology, hydrodynamics, and metabolism must also vary accordingly.   

This predicts that observed variation in allometric exponents is due to variation in the 

fractal exponents a and b.  Importantly, if natural selection has acted to diversify network 

geometry then a and b will vary continuously across diverse plant functional types.  As a 

result, observed variation in the scaling of botanical form and function, as reflected by Eqs. 

1-3, is predicted to be described by a highly constrained continuum of unique allometric 

scaling exponents.  Specifically, we predict that covariation in observed exponents in Eqs 1-3  

will be described by specific mathematical functions (Table 1). For example, plotting aθ 

(from θa
Mr ∝

0
) versus b/a (from a

b

rl 00 ∝ ) should match the curve aθ=1/(2+(b/a)). In this 

way curves can be constructed to quantify how the scaling of traits r0, l0, AS and M covary 

with each other (Table 1).  We note that predictions for continuous allometric covariation in 

the several additional hydraulic, anatomical, and physiological traits, as listed by West et al. 

(7,8), are also possible to derive.   

We tested the predictions outlined by Eqs. 2-3 and Table 1 by assembling data where 

several allometric scaling exponents were simultaneously recorded (Tables S1 and S2, 
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Supporting Information) (Figures 1 and 2). For example, the lines on each of the plots in 

Fig.1 are the predicted lines for the allometric covariation (Table 1). Note that the empirical 

data we collected follows the predicted lines closely (see Methods for statistics).  

The predicted curves plotted in Figures 1 and 2 lead to an important question: What 

ultimately governs the observed variation in the parameters a and b and thus in the fractal 

relations for the branch radii and lengths? More specifically, across differing environments 

what shapes differential variation in b and a? Understanding such variation will reveal 

insights into how selection shapes plant form, function, and diversity via vascular network 

geometry.  We give two mechanistic examples of how selection on branching morphologies 

for specific functional properties likely have resulted in differentially influencing b and a and 

thus the observed range in allometric covariation in traits seen in Figures 1 and 2.  

 

Selection to Minimize Total Plant Hydraulic Resistance and Path Length   In environments 

where vascular conductance is not limiting to plant metabolism or carbon balance, the 

assumption that the total hydraulic resistance is always minimized may not be strictly upheld. 

This would lead then to differential variation in a and b. This is because within the WBE 

model, hydraulic resistance (Z) to flow in xylem elements is described by the Poiseuille 

equation, Z = 8µl πrT

4  (8). Note, assuming viscosity, µ, is constant, resistance will increase 

linearly with length (l), but inversely with the fourth power of the tube radius (rT). Variation 

in plant stem radius and height corresponds to variation in whole-plant hydraulics (8), and we 

assume that variation in internal tube radii (rT) is closely tied to variation in external branch 

radii but not branch length. Thus, selection on variation in the scaling of whole-plant branch 

lengths (reflected in b) will have much less impact on the total resistance than selection on 

variation in the scaling of branch radii (reflected in a). Consequently, relaxing this 

assumption indicates that the principle axis of morphological variation in plants will be 

described by changes in the ratio of branch lengths, or γ (or b), while changes in radii, or β  

(or a) will be a smaller secondary axis. This asymmetry in b and a is consistent with our 

empirical observations of allometric covariation. Figure 2 displays substantially larger 

variation in empirical exponents along the axis described by variability in lengths ratios, in 
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agreement with our prediction. Additional hydrodynamic variability may result from 

variation in network tapering (ā), and/or total path length (LT) (see Methods).  

The degree of volume filling branching is closely linked with light gathering in leaves 

and limbs and water/nutrient gathering in roots, and thus may bear a cost associated with the 

collection of resources (19). Since the equation for volume filling, lk
3=nlk+1

3 (Eq. 1a) 

increases with the cube of branch lengths, l 3 (7,8), but does not depend on branch radii, any 

selection on variation in volume filling must then necessarily strongly constrain variation in 

the scaling of branch lengths (i.e., b) but not of branch radii (i.e., a).  

There are three possible scenarios that control possible evolution of variation in the 

scaling of botanical lengths and radii: 1) If the minimization of hydrodynamic resistance is 

paramount for the plant, variation in fractal exponents for lengths (b) will be considerably 

greater than for radii (a). 2) If volume filling is paramount for the plant, variation in fractal 

exponents for radii (a) will be unbounded and thus considerably greater than variation in 

length exponents (b), which will be tightly constrained. 3) If the minimization of 

hydrodynamic resistance, which depends on rT 
4, and volume filling, which depends on l 3, 

are of comparable importance for the plant, the variation in fractal exponents for radii (a) will 

only be a little greater than the variation in exponents for lengths (b). As seen from the data 

in Figure 2, covariation in botanical allometric data are consistent with greater variation in 

lengths than variation in radii.  This result supports scenario 1 in which selection to minimize 

hydrodynamic resistance has been of paramount importance during the diversification of 

plant form, function, and diversity, dominating effects that arise from violations of volume 

filling.   

 

Variability in Biomechanical Constraints - - Additional variability in plant scaling exponents 

likely results from violations of the biomechanical constraints originally assumed by the 

WBE model, e.g,, biomechanical demands that change systematically with size, and in 

particular stem diameter (20-23). To resist elastic buckling due to self-loading, plants must 

invest in higher density structural tissue, lignin, cellulose etc. to resist increasing tensive and 

compressive forces. The theoretical height (lcrit) to which a beam can be extended before it 
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buckles under its own weight was considered by Greenhill (22) and represented as a function 

of the radius and density specific strength of a beam. Thus, Eq. 3a can be expressed as,  

3/2
3/1

r
E

Ca

b

rcritl 







∝∝

ρ
     (4) 

where E is Young’s elastic modulus, ρ is bulk tissue density (kg m
-3), and C is a 

proportionality constant. Previous solutions to the bending moment equation that have given 

b/a = 2/3, have assumed that density specific stiffness (E/ρ) is a constant (8). However, as 

has been noted by Niklas (21,23) if E/ρ varies systematically within or across plants, then the 

scaling of height with radius will vary (24). Specifically, if E/ρ increases with stem radius, 

then b/a > 2/3, and if E/ρ decreases with stem radius b/a < 2/3. Limited data from a literature 

search suggest that the density specific strength of plant tissues increases as one goes from 

herbaceous to woody taxa (Figure S1), so E/ρ is unlikely to be constant and the interspecific 

scaling of height with diameter is likely to have a slope greater than 2/3 when herbaceous 

taxa are included in the analysis. Our compiled data strongly support this hypothesis (Fig. 

S2). 

Understanding the physiological constraints governing the scaling of organic form 

has intrigued biologists since Aristotle and Galileo and has spawned classic synthetic works 

(1,4-6). A number of models have been proposed to explain the mechanistic basis underlying 

the diversity of organic form and function. These include geometric similarity (25), elastic 

and stress similarity (20) and more recent work invoking energy minimization in hierarchical 

volume-filling networks (7,8). These models are similar in predicting unique exponents for a 

particular scaling relationship (e.g., l0 α r0 
2/3 or B α M 

3/4). Tests of the predictions of these 

models typically involve fitting regression lines to empirical data followed by a discussion 

regarding whether the confidence intervals for an observed fitted exponent include or exclude 

a certain model. This approach, however, often leads to vigorous debate as to which model 

better fits the data. A recent example of this is the protracted discussion as to whether the 

scaling of organism metabolism with mass is better fit with a slope of 2/3 or of 3/4 (26,27).  

Our approach is a natural extension of previous work (7,8) because it explicitly 

addresses variation in network design, recognizing that it is likely continuous across all life. 
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In so doing, we explicitly acknowledge that no single network geometry will work for all 

organisms. For example, arguments based on heat dissipation in geometrically similar 

organisms (25), elastically similar branching networks (20), or energy minimization in fractal 

distribution networks (7,8) all fall along the continuum of variation we have predicted. 

Importantly, the WBE model does predict a zeroeth-order approximation, or basin of 

attraction, around which actual biological networks cluster and provides a baseline for 

identifying these deviations.  It is likely that departures from these classical results represent 

an organisms attempt to optimize the constraints listed above while meeting additional 

ecological challenges. 

While variation in allometric exponents has long been observed (5,6), there is 

currently no generally agreed upon theory to understand just how this variation is related to 

allometrically integrated phenotypes (28): Our model explicitly addresses this void. The 

model quantitatively predicts mathematical functions based on the vascular network that 

describe continuous covariation in the scaling of many phenotypic traits and shows that the 

fundamental source of variation in allometric relationships with body size is variation in 

network geometry.  Consequently, the model provides a more quantitative and integrative 

characterization of allometric data.  

The model further provides a basis to understand how additional selection on 

differing aspects of network geometry will influence covariation in allometric traits. A key 

result of our model is that it provides insights into what the important selective forces are that 

have guided the diversification of plant morphology, network architecture, and hence 

allometric exponents (i.e., more variation in the scaling of vessel lengths than diameters). In 

addition to the factors previously mentioned, features such as departures from self similarity, 

variation in hydraulic diameter (29), disconnect between internal and external branching 

(18), or volume loss across branching generations, likely explain much of the variation not 

accounted for by our work here, and can be incorporated into more detailed efforts in the 

future.  

WBE has been criticized for its inability to account for much of the variation in real 

organisms, particularly with respect to the scaling of metabolic rate (14-16). Our work 
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addresses these concerns by demonstrating that the scaling of metabolism in all organisms is 

likely determined primarily by the dimension of the volume that the organism fills (1/b), the 

length of the network within the organism (LT), and the extent to which area preserving 

(a=1/2) or area-increasing (a<1/2) branching dominates. For example, in small volume-

filling organisms in which the distribution networks have only a few branching generations, 

flow rates must slow to allow for nutrient diffusion across vessel walls, and thus area-

increasing branching (a ≈1/3) may dominate suggesting θ should approach 1 (16). A similar 

approach can be used to describe scaling in very small plants and leaves that behave more 

like plane-filling networks (b→1/2) with area increasing branching (a≈1/3) (15). It should be 

noted that the range of biologically likely values, b→1 and a = 2, as well as b=3 and a = 3, 

yield B α M1/2 and B α M1 respectively. These values bound the most commonly reported 

exponents and provide a context within which to interpret the variation we observe in our 

empirical data.  

We have shown that allometric covariation in many plant traits supports the primacy 

of network geometry as outlined in the original WBE theory.  Observed functional 

relationships that describe allometric covariation of several plant traits are consistent with the 

expectation that differences in the geometries of vascular networks govern allometric 

variation. However, allometric covariation is likely best described by a version of the WBE 

model that allows for a continuum of branching geometries. Such a model yields insight into 

additional, selective pressures that have likely shaped the evolution of the diversity of plant 

form and function.  More importantly, our results indicate that a common body of allometric 

theory also provides a framework for understanding the mechanistic origin of trait 

covariation within complex phenotypes. 

 

Methods 

 

To test the predictions of our model we plotted empirically determined exponents 

(Tables S1 and S2, Supporting Information) for the above described relationships (Eqs. 2 and 

3) as a function of one another and overlaid a predicted covariation function (Table 1) 



  
  
   120 

  

allowing the theoretical exponents to vary over a biologically meaningful range (see Figure 1 

and 2 legends). The predicted relationship is curvilinear for four of the six pair- wise cases 

examined (Table S3, Supporting Information). For the two linear cases (Figure 1c, aθ vs. bθ, 

Figure 2, θ  vs. bθ), we fit both the ordinary least squares (OLS) and standardized major axis 

(SMA) regression slopes to both the empirical data and predicted curves. For the four 

curvilinear cases we fit polynomial regression curves to raw data and both OLS and SMA 

regression lines to transformed data, again for both empirical data and predicted curves 

(Table S3). We used the square root transformation on either the independent variable, or 

both variables, depending on which transformation yielded the highest correlation coefficient 

for the predicted function under OLS regression.  

 Our predictions parameters and function are within the 95% confidence intervals 

determined from our empirical data for 8 of 12 cases where polynomial regression was 

employed (Table S3), and 3 of 6 cases using SMA regression. OLS regression on arithmetic, 

or transformed data agrees with predictions in 10 of 12 cases. Therefore, depending on which 

statistical approach is utilized, the degree of support for our model varies.  

To test whether density-specific stiffness of plant tissue varied systematically with 

plant size, we collected data for both herbaceous (31) and woody taxa (19,32,33). SMA 

regression of log-transformed density-specific stiffness against basal stem diameter yields 

positive slopes for both functional groups (Figure S2). 

Data to test the predictions of our model came from two sources. In gathering our 

data, we only used cases where are all three exponents in Figure 1 had been independently 

measured. First, one of us (Price) measured height (mm, l0), basal stem diameter (mm, r0), 

and dry mass (g, M) in 1264 individual plants (44 species, mean≈28.7 plants per species) 

spanning over 8 orders of magnitude in above-ground dry mass and including herbaceous 

annuals and perennials, succulents and woody species 

(http://eebweb.arizona.edu/Grads/Price/SDBP.htm). To our knowledge this is the largest 

allometric database on arid land plants. Further, a total of 822 leaves in 31 species were 

collected, approximately 30 leaves per species for angiosperm leaves and 20 leaves per 

species for gymnosperms (Table S1). Leaf length (mm, l0), stem diameter (mm, r0) and leaf 
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dry mass (g, M) were measured, and data span the range of sizes available for each species. 

Leaf data were included in the analyses for two primary reasons: 1) many herbaceous species 

are composed of little more than leaves, thus data for the scaling of leaf dimensions likely 

closely approximates scaling for many small herbaceous taxa, and 2) leaves themselves are 

filled with vascular distribution networks, and are subject to many, if not all of the same 

selective pressures facing whole plants, thus the scaling arguments presented herein can be 

applied to leaves.  

Second, data on the scaling of plant total leaf mass (ML), plant stem mass (MS), radius 

(r0) and height (l0) (Figures 1 and 2, Table S1 and S2) are from the Cannell data compendium 

(30), which reports mean biometric values for even aged stands. Note, the model predicts 

isometry between the scaling of total leaf mass (ML) and total leaf area (ML ∝ AS
 1), and also 

isometry between the scaling of plant stem mass (MS) and whole plant mass (MS ∝ M1), thus 

we substitute ML for AS in equations 2a and 3c, and similarly substitute MS for M in equations 

2a and 2c. We looked at allometric relationships among the three previously mentioned 

variables for those species represented by at least 8 stands. 

In the interest of minimizing impact to native plant communities, all Sonoran Desert 

plants were collected from three construction sites where they were slated for destruction in 

the greater Tucson, Arizona (USA) region during the 2001 and 2002 summer field seasons. 

Site 1 was along road widening easement (Lat/Long 32º 318' N, 111º 011' W, elevation ≈ 705 

m) in North Tucson. Site 2 was a resort golf course installation (Lat/Long 32º 206' N, 111º 

052' W, elevation ≈ 795 m) in West Tucson. Site 3 was within the Desert Laboratory at 

Tumamoc Hill in Central/West Tucson (Lat/Long 32º 210' N, 111. 042' W, elevation ≈ 710 

m). Measurements (save mass) for all plants were taken in the field prior to collection.  

The relationships described in Equations 2a-c and 3a-c are expected to hold when the 

number of branching generations (N) is large, when (1-2a-b) <1, and when a< 1/2. When 

a>1/2, As~M
(2a/(2a+b)), and when a=1/2, AS~ M(2a/(2a+b))*ln(M). Note that a>1/2 results in area 

decreasing branching. Because flow rate varies inversely with branch radius, this leads to the 

biologically unrealistic proposition that flow rate increases with each branching generation. 
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Total resistance (Zi) within a series of idealized xylem elements, with each level 

denoted by the index k, going from bole (r0) to petiole (rN) has been given as (8), 
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  (5), 

where LN and ZN are respectively the length and resistance of a petiole, and ā is the internal 

tube ratio as denoted in Eq. 1c . West et al. (8) considered only volume filling morphologies 

where b=1/3.  However, when b ≠1/3, any number of alternative morphologies exists that, 

while suffering increased resistance with path length with departures from ā ≈1/6, the penalty 

may be minor. Importantly, larger plants suffer a greater penalty for departures from ā ≈1/6 

than small plants. As a result, smaller plants are not as constrained allometrically and may be 

more variable in the scaling of their morphology. 
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Figure Legends 

 

Figure 1A-C. The axes represent the exponents for the scaling relationships described by 

Eq’s. 2b, 2c and 3a (Table 1). Symbols are observed exponent values for Sonoran Desert 

plant species (circles), trees from the Cannell forestry database (diamonds), angiosperm 

leaves (squares), and conifer needles (hexagrams). Black lines bisecting the data represent 

predicted covariation functions (Table 1) letting b and a vary from 1 to 1/8. Note, when n=2, 

a or b= 1/8 corresponds to a lengths or radii ratio of 0.92, or for example a daughter branch 

that is 92% as long as its parent branch. The predicted line is completely determined, 

containing no free parameters, and spans at least 89% of the values on the abscissa when b 

and a vary from 1 to 1/3. The data are from 27 families representing herbaceous annuals and 

perennials, succulents, and both angiosperm and gymnosperm trees and thus constitute a 

broad sampling of tracheophytes. Data are presented in Tables S1 and S2.  Note that 

Angiosperm and Gymnosperm leaves approach 2-dimensional (b→1/2) and 1-dimensional 

(b→1) objects respectively, both with area increasing branching (a<1/2), which is consistent 

with model expectations. 

 

Figure 2. Open circles represent empirical exponents from the Cannell forestry database (30, 

Table S2, Supporting Information). The white surface represents predicted combinations of 

exponents (Table 1). The dashed line represents the predicted covariation function (given in 

Table 1) holding a constant at ½ and letting b vary from 1 to 1/20 (1/20 corresponds to a 

lengths ratio of 0.97 when n=2). The dashed-dotted line represents the same equation (Table 

1) but instead holding b constant at 1/3 and letting a vary again from 1 to 1/20. The 
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intersection of these two functions represents the predictions from the original WBE model. 

As predicted, the major axis of variation is consistent with changes in branch lengths (b), 

while the secondary axis is consistent with changes in radii (a), which are hypothesized to be 

more tightly constrained. Note, 19/25 (76%) data points are contained within the surface 

described by letting a and b both vary from 1 to 1/3. Those that fall outside of this range may 

result from violations of the models assumptions discussed in the text, such as departures 

from self-similarity. 



  
  
   127 

  

 

TABLES 

 

Plot Covariation Curve 

Fig. 1a (aθ  vs. b/a) aθ=1/(2+(b/a)) 

Fig. 1b (bθ  vs. b/a) bθ=1/(1+2/(b/a)) 

Fig. 1c (aθ  vs. bθ) aθ=(1- bθ)/2 

Fig. 2 (b (z-axis) vs. bθ (y-axis) vs. θ (x-axis)) bθ=b*θ (i.e., y=zx) 

Fig. 2 (dashed line where a=1/2) bθ=b/(b+1) 

Fig. 2 (dashed-dotted line where b=1/3) bθ=1/(6a+1) 

Table 1. Plot and covariation curves for the relationships presented in Figures 1 and 2. Each 

function is determined entirely by the biologically meaningful parameters a and b, and thus 

there are no free parameters in these covariation functions. 
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Abstract 

 

 

 Patterns of biomass allocation among land plants have long been an active area of 

inquiry for botanists and ecologists, particularly within an allometric framework. The 

influence of the local environment on how plants allocate leaf, stem and root mass fraction 

have been investigated in a wide range of biomes and taxa, and linked numerous predictive 

life history models. Less explored however, is how growth form influences the allometry of 

water and dry mass fractions in plants differing in life history and stature. Here we 

hypothesize that water mass fraction of whole plants should decrease with increasing bulk 

tissue density. Further we hypothesize that an increase in bulk tissue density, either within 

species or functional groups, should lower the slope of water mass vs. dry mass allometries. 

These hypotheses are derived from a simple model that explores the allometric functions that 

govern the water and dry mass fractions across tracheophytes.  The model shows how these 

fractions are likely linked to structural demands and thus the fraction of whole plant volume 

devoted dry matter.  Analysis of a large biometric database for annuals, trees, and succulents 

found within the Sonoran Desert provides support for the model’s predictions.  Our work 

demonstrates that many potentially adaptive differences among plant functional types (e.g. 

for water storage, structural integrity or resistance to embolism) can be linked to variability 

in bulk tissue density.  

 

Keywords: allometry; biomass; bulk density; dry mass; scaling; Sonoran Desert; water mass 
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INTRODUCTION 

 Specific adaptations for desiccation protection in tracheophytes include a waxy 

cuticle layer to prevent desiccation, stomates to regulate carbon sequestration and 

concomitant water loss, xylem anatomy that protects the water column from rupture under 

increasingly negative water potentials, and secondary tissues for increased mechanical 

stability, water conduction and storage (Niklas 1992, 1997a, Lambers 1998, Taiz and Zeiger 

2002). However, these adaptations for protection from desiccation have not come without 

costs.  Traits that promote desiccation resistance, water storage, and hydraulic safety often 

trade-off with other aspects of plant performance (Grime 1979, Givnish 1986). The 

challenges of not only acquiring and retaining water, but also light, and mineral nutrients 

across diverse terrestrial habitats has led to a myriad of functional forms that differ in their 

design, and relative success at these tasks (Grime 1979, Givnish 1986, Niklas 1994, Crawley 

1997). For example, succulents excel at water retention in arid habitats yet are relatively slow 

growing and lack the structural adaptations necessary to attain heights found in some 

angiosperm or gymnosperm trees. Herbaceous annuals and perennials are successful at rapid 

growth necessitated by intermittent water availability, yet are poor water conservers and 

limited in the maximum height to which they can grow. Large woody species are able to out-

compete smaller herbaceous and succulent plants for light, but are absent, or reduced in size 

where water is scarce and light is abundant (Grime 1979, Tilman 1988, Scholes and Archer 

1997). The mechanistic basis and morphological consequences of these trade-offs, within and 

across functional groups, remains an active area of inquiry. 
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We hypothesize that the basis for these trade-offs ultimately originates in how the 

local environment selects for differences in plant size, and thus in the type and quality of 

plant tissue produced. Much of the variation in the characteristic size of dominant vegetation 

can be understood in terms of how water availability influences the local selective 

environment (Whittaker and Niering 1965, Tilman, 1982, 1988, Stephenson 1990, Frank and 

Inouye 1994, Neilson 1995, Kerkhoff et al. 2004). The structural demands of attaining a 

large size necessitate a greater proportion of the average cell volume be devoted to carbon 

rich compounds for mechanical stability. As a consequence, less volume of the average cell 

is available for water storage and/or transport. Further, as long-lived perennial trees age and 

increase in size, the ratio of heartwood to sapwood tissue increases (Niklas 1994).  Together 

these changes necessitate a shift in whole-plant tissue density. For example, wood specific 

gravity (ρbulk/ ρwater) has been shown to vary ontogenetically as reflected in the variation in 

wood density from pith to bark in a range of temperate and tropical taxa (Williamson 1986, 

Wiemann and Williamson 1989).  

With increasing woodiness, either ontogenetically or phylogenetically, plants devote 

a larger volume fraction within the average cell to higher density structural compounds 

(Hacke et al. 2001). We are unaware however, of any attempts to predict the consequences of 

such variation in dry matter allocation on the scaling of whole plant water and dry matter 

content within and across species and functional groups.  Recently, the density of plant tissue 

and cellular composition has been highlighted as a fundamental component to understanding 

the origin of many life history trade-offs in botany such as variability in growth rate or 

asymptotic height (Enquist et al. 1999, Hacke et al. 2001, Enquist and Niklas 2002, Enquist 
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2003). Many studies have shown that plant tissue density is important for understanding 

variation in stem water storage, transport capacity, resistance to herbivory and leaf 

physiological properties observed across Tracheophytes (Denslow 1980, Thomas 1996, 

Smith and Tumey 1982, Borchert 1994, Sobrado 1986, Santiago et al. 2004).  Further, stem 

tissue density has recently been shown to be a critical determinate of many hydraulic 

attributes of plants including xylem embolism (Hacke et al. 2001). In short, tissue density is 

an important integrative trait that summarizes many functional attributes of plants.  

 The study of life history variation in plants has certainly benefited from the tools of 

allometric analyses (Niklas 1994). Allometry (allos: other, metron: measure) is the observed 

change in one biological variable with change in another (Huxley 1932). Many biological 

relationships can be represented by allometric functions in the form of power function 

equations, Y = aX
b, where Y and X are any biological dimensions that vary with scale (e.g. 

length, or mass), b is a scaling exponent and a  is a normalization constant (Peters 1983, 

Calder 1984). Power functions have the additional convenience of being linear on a 

logarithmic scale, logY = log a + b log X, which facilitates statistical analyses (Sokal and 

Rohlf 1995). Since allocation and growth change systematically (usually non-linearly) with 

plant size, and both also vary with water availability, the partitioning of plant water and dry 

matter content may indeed be allometric. To date however, we are unaware of any systematic 

analysis of the allometry of plant water and dry mass content across plant functional types 

(e.g. succulents, herbs, woody shrubs and trees). Specifically, we ask whether changes in 

whole-plant mass are accompanied by relative changes in water/dry mass content, and how 

bulk tissue density (dry mass per unit wet volume) is related to those changes.  
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Here we introduce a simple explorative model that is describes broad differences in 

functional types based on the water and dry-mass fractions of the plant body. Specifically, we 

utilize the tools of allometric analysis to demonstrate that the scaling of water fraction, tissue 

density, water mass, and dry mass components can be described based primarily on the 

volume fraction of plant mass devoted to structure. We first develop an allometric model 

relating changes in plant mass and tissue density to changes in water and dry matter content. 

Second, we show how our allometric model describes how the varying structural and/or 

water-storage demands of different functional forms influences the allometry of plant water 

mass. Lastly, we evaluate our theoretical scaling predictions using a large biometric database 

of Sonoran desert plants including 58 species of annual and perennial herbs, woody perennial 

trees and shrubs, and succulents. 

  

Scaling of Water Fraction with Bulk Tissue Density 

 

We begin by exploring how the water mass fraction should change with increasing bulk 

tissue density. We consider several definitions: First, “wet” plant mass (MWET) is water mass 

(MW) plus the mass of dry matter (MD) which for simplicity includes the contribution from 

airspaces within the plant (see Discussion).  

Mwet = MW + MD      (1) 

Second, as mentioned above, standard bulk tissue density (ρbulk) measurements are dry mass 

per unit-wet volume  
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ρbulk =
MD

Vwet

      (2). 

Also by definition, the total wet volume (Vwet)  is the water volume (VW) plus the volume 

occupied by dry matter (VD), which again includes that volume occupied by airspaces 

Vwet = VW + VD      (3). 

Returning to (1) and dividing through by MWET we have, 

MW

Mwet

=1−
MD

Mwet     (4) 

 

Thus water mass fraction is one minus dry matter fraction. Now from (2), bulk tissue density 

is proportional to dry matter concentration so 

MW

Mwet

=1−
1

ρwet

ρbulk      (5) 

where ρwet =
Mwet

Vwet

 is the turgid plant tissue density. Therefore, our model predicts that whole 

plant water fraction 
wet

W

M

M
should scale with bulkρ  with a Y-intercept of about 1 and a slope of  

–
wetρ

1
, assuming a constant value of ρwet.  

A more complete picture can be obtained if we allow ρwet to vary. The density of 

water ( Wρ ) can reasonably be treated as a constant (1 g ⋅ cm
-3). Further, the density of dry 

cell wall material (
Dρ ) has been shown to be nearly constant across woody species at 

approximately 1.5 g ⋅ cm
-3 (Desch 1973, Siau 1984, Gibson and Ashby 1988, Roderick and 
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Berry 2001). Thus, if we express ρwet as a function of the volume and density of its water and 

dry mass fractions, 

     
wet

DDWW

wet
V

VV ρρ
ρ

+
=     (6) 

we can see that, for a given wet volume of plant tissue, a change in the volume fractions of 

either water or dry mass components will lead to a change in wet density. Going from 

herbaceous to woody species, it is reasonable to expect the dry mass fraction to increase, thus 

wet density (ρWET) should increase (see Discussion). If this is the case, then our model 

predicts Eq. 5 should be curvilinear.  Specifically if ρWET changes with increases in plant size 

then we would expect a concave upwards function characterized by a decreasing slope with 

increasing bulk tissue density. 

 

 

Scaling Water Mass and Dry Mass Fractions 

 

We turn now to the scaling of  water mass (MW) with dry mass (MD). Combining (2) and (3) 

we have,  

      ρbulk =
MD

MW

ρW

+
MD

ρD

    (7) 

which simplifies to, 

MW =
ρW

ρbulk

−
ρW

ρD

 

 
 

 

 
 MD    (8) 
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where ρD  is again the density of dry material including air spaces. Thus, Eq. 8 relates water 

mass to dry mass via changes in tissue density. The term in parentheses is always positive 

since ρD > ρbulk  and ρW =1. Since ρW  =1, we have, 

D

Dbulk

W MM 







−=

ρρ

11

    (9), 

which can be rearranged to solve for ρD , 

1

1
−









−=

D

W

bulk

D
M

M

ρ
ρ

   (10) 

Eq. 9 suggests that if ρbulk and ρD remain relatively constant within a species (during 

ontogeny) or functional group (i.e. herbs, grasses etc.), the scaling of wet mass and dry mass 

should be isometric with a log-log intercept of  

log
1

ρbulk

−
1

ρD

 

 
 

 

 
 
. Again using our definitions 

in (1) and (2), (9) can be re-expressed as,  

D

DDD

wet

W M
V

V
M 








−=

ρρ

1

.   (11). 

As mentioned, the density of oven-dry cell wall material (ρD) has been found to be only 

slightly variable across woody species, 1.5 g ⋅ cm
-3 on average (see Desch 1973, Siau 1984, 

Gibson and Ashby 1988, Desch and Dinwoodie 1996, Roderick and Berry 2001), however 

we were unable to find comparable data on herbaceous or succulent species.  Thus, Eq. 11 

illustrates that the scaling of MW as a function of MD is strongly influenced by variation in the 

fraction of wet volume (Vwet) that is occupied by dry material (VD), provided ρD is 

approximately constant.
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Eq. 9 illustrates that changes in bulk tissue density, ρbulk , potentially manifest 

themselves in one of two, non-mutually exclusive ways with respect to the scaling of water 

mass and dry mass fractions. First, if bulk tissue density changes either interspecifically or 

between functional groups, the intercept of the MW vs. MD relationship will decrease (note, 

decrease in the intercept in the scaling functions a through d in Fig. 1). Across species and 

functional groups, we should see decreasing intercepts with increasing density,  ρbulk ,  or 

conversely, increasing intercepts with increasing water content, MW, while the scaling 

exponent should be approximately 1.0. Thus, woody plants (characterized by low values of 

ρbulk ) should exhibit lower intercepts than herbaceous and succulent species (characterized 

by higher values of ρbulk). Second, if density changes ontogenetically or across species within 

a functional group, (Niklas 1997b, Saranpää 2003) then log-regression slopes should depart 

from isometry (increasing ρbulk, slope <1, decreasing ρbulk, slope >1). Under this scenario, we 

would thus predict that species and functional groups that rely primarily on hydrostatic 

pressure for structural integrity (herbaceous and succulent species) would have slopes not 

different from isometry (1.0), while species that strongly express secondary growth (woody 

species), should have slopes less than 1.0. 

 

MATERIALS AND METHODS 
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Data presented are from a large biometric database on Sonoran Desert plants 

(http://eebweb.arizona.edu/Grads/Price/SDBP.htm). To date, 1525 plants in 58 species (mean 

≈ 26 plants per species) spanning over 8 orders of magnitude in mass have been collected. 

For each individual plant, wet mass (g) and dry mass (g) measurements were collected for as 

large a range of intraspecific sizes as could be found. The water mass (g) of plants was 

calculated as the difference between wet mass and dry mass.  

In the interest of minimizing impact to native plant communities, all plants were 

collected from three sites slated for development in the greater Tucson, Arizona (USA) 

region during the 2001 and 2002 summer field seasons. All plants collected for this study 

would have otherwise been destroyed. Site 1 was along road widening easement (Lat/Long 

32º 318' N, 111º 011' W, elevation ≈ 705 m) in North Tucson. Site 2 was a resort golf course 

installation (Lat/Long 32º 206' N, 111º 052' W, elevation ≈ 795 m) in West Tucson. Site 3 

was within a gas line installation crossing the Desert Laboratory at Tumamoc Hill in 

Central/West Tucson (Lat/Long 32º 210' N, 111. 042' W, elevation ≈ 710 m). Mean annual 

precipitation in the Tucson area is approximately 300 mm. Water storage in plants is known 

to vary seasonally, particularly in some of the succulent species we collected, however we 

were unable to control for this do primarily to the fact that access to our collection sites was 

intermittent and out of our control. However, because all plants were collected during the two 

summer field seasons, we expect that they suffered from similar levels of dehydration. 

All plants were cut at ground level and above ground portions of the plant (stem and 

leaves) were taken to a large greenhouse for weighing of wet mass, and drying. The number 

of individuals collected within each species varied due to availability and the relative ease 
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with which they were harvested and processed (Table 1). All plants were then dried at 

temperatures exceeding 60 ˚C. Plants were reweighed periodically to determine when they 

had dried until they achieved a constant mass (g) (hereafter dry mass, MD), which was then 

recorded. Dry mass, MD,  was subtracted from wet mass, MWET  to determine how much 

water mass, MW (g) each plant contained at the time of harvest. 

Tissue density (ρbulk) measures for 44 of the aforementioned 58 species were 

collected via several methods depending on plant type (see Table 1). Five samples per 

species were collected; mean values are reported here. For our analyses plants were separated 

into annual herbaceous (14 species, n=495), perennial herbaceous (7 species, n=172), 

succulent (10 species, n=303), and woody (13 species, n=356) groupings based on their 

tissue type and life history. Assignment into these groupings is somewhat subjective, and 

there exists some overlap between categories. We define herbaceous plants are those that 

poorly express the capacity for secondary growth, while woody species have unequivocal 

secondary growth tissues: succulent plants are those with a high capacity for water storage. 

Tissue density is known to be somewhat variable, both ontogenetically, and within different 

parts of the same plant (Niklas 1997b, Sarapnää 2003). Thus, in an attempt to standardize 

across plant species all tissue samples were collected from the terminal stems of mature 

plants (Pickup et al. 2005). While whole plant tissue density measures would clearly be ideal 

for our investigation, it is impractical particularly given the size of some of the plants we 

collected. 

For woody and herbaceous branching plants with fairly uniform cylindrical stems, 

relatively homogeneous stem sections were removed from plants in the field. Length (L), and 
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two measures of stem diameter were taken at either end of each section. For stems with 

elliptical cross sections, the major and minor axis of the ellipse was measured and averaged. 

Vwet for each section was then calculated according to the formula for the volume of a conical 

frustum, Vwet =1/3 π L(R1
2+R1R2+R2

2), where R1 and R2 are the radius at either end of each 

stem section. Bulk density (ρbulk) for each section is then simply calculated as described in 

Eq. 2. 

For plants lacking cylindrical stems (succulents), one of two methods for determining 

Vwet was employed. For plants with relatively flat upper and lower stem or leaf surface areas 

(Agave chrysantha and Opuntia engelmanii), cuboid leaf sections were removed and Vwet was 

calculated simply as the product of the three side lengths (Vwet = S1S2S3). For plants lacking 

regular surfaces (Opuntia acanthocarpa, Opuntia leptocaulis and Opuntia fulgida), Vwet was 

calculated using the Archimede’s method: plant stem sections were submerged in a graduated 

cylinder and the volume of water they displaced was recorded. 

Bivariate relationships between the aforementioned traits were analyzed by fitting 

standardized major axis (SMA) regression lines to linear (Figs. 2-4,6) or log scaled (Table 1, 

Fig. 5) variables. SMA regression techniques are preferable to ordinary least squares 

regression when a “functional” (rather than predictive) relationship is sought and there is 

likely to be measurement error in the X variable and/or when neither variable is clearly 

independent (Sokal & Rohlf 1995, Warton and Weber 2002). Note, testing the null 

hypothesis of zero slope has been suggested as inappropriate for SMA regression (Sokal & 

Rohlf 1995), thus we have not reported p-values here. SMA regression statistics for both 
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inter and intraspecific relationships were calculated using (S)MATR (Falster, Warton & 

Wright 2003). 

 

RESULTS 

  

 Plotting interspecific values of the water fraction, (MW/Mwet), and tissue density, ρbulk, 

allows us to assess the predictions made by our model. We assessed both the linear (constant 

ρwet), and curvilinear (variable ρwet) versions of Eq. 5 primarily to explore the extent to which 

the data are explained by a simple (one parameter) vs. more complicated (two parameter) 

model.  Not surprisingly, as predicted by Eq. 5 and reported elsewhere, as tissue density 

increases water fraction decreases (Borchert 1994, Santiago et al. 2004, Fig. 2). The observed 

interspecific confidence intervals for the fitted linear SMA slope range from  -0.775 to -

0.653. Recall Eq. 5 predicts that the slope, -0.712, is the negative reciprocal of wet density (-

1/ρWET). The observed slope confidence intervals suggest that wet density, ρWET then must at 

least vary from 1.29 to 1.53.  While these values are somewhat high, they do overlap with the 

empirical range of observed wet density values (0.54 to 1.53, Table 2).  It is important to 

note, however, that as shown by Eq. 5 the fitted linear model assumes that ρWET is constant 

across functional groups and a more correct model will allow ρWET to vary. 

Not surprisingly, the four functional groupings discussed here (herbaceous annuals, 

herbaceous perennials, succulents and woody species) segregate clearly into the different 

regions of the graph, with some overlap between groups, but significant differences from one 

another in mean bulk tissue density, p << 0.0005, analyses of variance, F=28.96 with 3 
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degrees of freedom. The observed SMA intercept (0.935, 95% CI: 0.903 – 0.968) is slightly 

lower than the predicted intercept of 1.0. Although the data are well fit by a linear regression 

(R2 = 0.924), the observed relationship appears somewhat curvilinear, which is consistent 

with an increase in ρWET with increasing bulk tissue density (Eq. 6, Table 2).   

 If we solve for the water mass fraction (MW/Mwet) in Eq. 5 by letting both ρWET and 

ρbulk vary continuously from the minimum to maximum values observed in our empirical 

dataset (ρWET = 0.54 to 1.53 g ⋅ cm
-3, ρbulk= 0.027 to 0.948 g ⋅ cm

-3) and plot those values as a 

function of ρbulk on Fig. 2 we see that the line is concave upwards as predicted and overlaps 

strongly with the observed values. For example, plugging ρWET = 0.54, and ρbulk= 0.027 into 

equation 5 yields a water mass fraction (MW/Mwet) value of 0.95, which is the first data point 

on the curved line in Fig. 2. The observed curvature is consistent with an increase in ρWET 

predicted by Eq. 5 and observed in our actual data (Table 2), and with an increase in volume 

fraction of dry material (VD ) as in Eq. 6.  

As predicted by Eqs. 8 and 9, the intraspecific allometric relationship between MW as 

a function of MD yields an intercept value that decreases with increasing values of 

intraspecific bulk tissue density (e.g. in Eq. 9 as ρbulk gets larger, the intercept gets smaller) 

(Fig. 3). The intraspecific intercept increases with increasing volume fraction of water (Fig. 

4), both across species (Figs. 3 and 4) and functional groups (Table 2, Fig. 5). The modest 

changes in the slope of MW versus MD (Figs. 3 and 4, Table 2) are also consistent with trends 

expected from an increase in volume fraction of dry material (VD), and decrease in percent 

water content, with increasing size, both intraspecifically and across functional groups (Fig. 

5).  
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As an additional test of the scaling relationships proposed in Eqs. 8 and 9, we utilized 

our empirical measurements of ρbulk, MW and MD (species means) to estimate ρD using Eq. 10. 

This value was then used to estimate the intercept in Eq. 9 for each species (Fig. 6). 

Confidence intervals for the observed intercepts include the predicted intercept in 29/42 

cases, and SMA regression between observed and predicted intercepts yields a slope that is 

statistically indistinguishable from one, consistent with expectations (Fig. 6). Further, 

confidence intervals for woody and herbaceous perennial functional group means include 1.5 

(Table 2), the value for ρD that is most commonly reported in the literature for woody species 

(Desch 1973, Siau 1984, Skaar 1988, Roderick and Berry 2001). 

 Intraspecific regression data (Table 1) on the MW vs. MD relationship indicate that 

10/14 annual herbaceous species, 4/7 perennial herbaceous species, 6/10 succulent species 

and 7/13 woody species have confidence intervals that include 1 which is the value predicted 

by Eq. 9 if ρbulk and ρD do not vary systematically with mass. In total, 27/44 (61.4 %) of the 

species examined have confidence intervals that include 1. Not surprisingly, the six woody 

species that have non-isometric scaling of MW with MD all have exponents less than one, 

consistent with an ontogenetic shift towards higher bulk density of wood (see Discussion). 

This pattern is not observed in the other functional groups (Table 1). 

 

 

DISCUSSION 
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 As mass increases, the demands wind loading and self-loading necessitate changes in 

the structural design of terrestrial plants. Small herbaceous annuals and perennials are able to 

rely primarily on hydrostatic pressure to maintain turgidity in their stems and thus invest 

relatively little in structural biomass (Niklas 1992, 1994). As plants increase in size however, 

hydrostatic pressure reaches the limit of its design potential, and plants require 

morphological and anatomical changes to contend with increased structural loads. Land 

plants have thus evolved tissues composed of compounds such as lignin, cellulose or 

hemicellulose, that are extremely strong in both tensile and compressive strength (cellulose is 

the strongest material known for its density (Niklas 1994)), that allow some species to 

achieve great heights (Sarapnää 2003, Koch et al. 2005). Given that these compounds occupy 

cellular volume, and are of different density than water, such changes necessarily impact 

whole-plant tissue density and plant fractional partitioning into water and dry mass. 

Land plants can contend with increased mechanical stress in one of two ways that 

potentially effect tissue density: 1) change the material design of the structural compounds 

(compounds of different density), or 2) simply to devote a greater proportion of cellular 

volume to structural compounds. These changes are by no means mutually exclusive, and 

determining unequivocally what strategy a particular species employs, such as varying the 

relative proportions of cellulose, hemicellulose and lignin, requires detailed molecular 

information (Brett and Waldron 1996, Taiz and Zeiger 2002, Sarapnää 2003). However, it 

has been shown that among woody trees, the density of dry cell wall materials (ρD in Eqs 6-

11) is not highly variable across species but instead approximates a constant value of around 

1.5 g ⋅ cm
-3 (Desch 1973, Siau 1984, Skaar 1988, Roderick and Berry 2001). Cell wall 



  
  
   148 

  

density in softwoods has been reported to range from 1.517 to 1.529 g ⋅ cm
-3 and from 1.497 

to 1.517 g ⋅ cm
-3 in hardwoods (Kellogg and Wangaard 1969). Further, bulk density is well 

correlated with both cell wall area and cell wall thickness (Quirk 1984, Sarapnää 2003). This 

lack of variability suggests that most changes in whole plant bulk tissue density, and water 

and dry mass fractions, are due to volumetric changes in the dry matter content of the 

average cell (VD).  

Our estimates of ρD for woody and perennial herbaceous species (Eq. 10) are 

consistent with those aforementioned values reported in the literature (approximately 1.5, 

Table 2), providing some validation for the approach we have taken. However, our estimates 

for succulents and annual herbaceous species are significantly lower. This suggests that ρD 

may indeed be lower in annual and succulent species, a result from our work that warrants 

further empirical investigation. It should be noted that variable values for ρD do not 

qualitatively change the predictions of our model, provided that for a given wet volume, ρD * 

VD  (=MD) increases as plants increase in stature from herbaceous annuals to perennial woody 

species, which is entirely consistent with the data we have presented here. 

In addition to its obvious influence on biomechanical stability, variability in stem 

bulk tissue density (ρbulk) has also been linked to the ability to resist xylem implosion under 

negative hydrostatic pressures in woody plants, particularly in arid adapted species (Hacke et 

al. 2001, Taiz and Zeiger 2002). This implies that variability in tissue density may occur 

independent of, or at least in concert with increasing structural demands, and the two 

strategies are not mutually exclusive. Regardless of the selective forces shaping variability in 

bulk tissue density, when viewed in contrast with species and functional groups that lack 
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secondary growth, the consequences for the scaling of whole plant dry and water mass 

fractions are the same.  

We recognize that inclusion of air spaces in the definition of dry mass as we have 

done here is an oversimplification. We do so for two reasons: first, the contribution of air 

spaces to total plant mass is unlikely to be substantial in many plants. Second, a specific 

accounting for air spaces is cumbersome and introduces an additional variable into our model 

that we lack the appropriate data to test. All biological-modeling faces a tradeoff between the 

number of parameters invoked and the amount of variance explained: our goal here is to 

explore how well the data are described by a simple model with what we feel to be the most 

relevant parameters. Future attempts can specifically account for variability introduced by 

accounting for airspaces in plants.  

We intend our model to be general, however empirical validation of these 

relationships in other biomes, particularly light limited environments, would be worthwhile. 

In addition, studies exploring variability in the relative volume fractions of water (MW) and 

dry materials (MD), and the density of cell wall material (ρD), and, among herbaceous and 

succulent species would be useful.  

Here we have demonstrated that the scaling of water fraction (MW/Mwet), bulk tissue 

(ρbulk) density, water mass (MW), and dry mass (MD) components are well described based 

primarily on the volume fraction of each plant devoted to structural mass (VD) and the density 

of that structural material (ρD). Further we have highlighted differences in the allocation and 

scaling of water and dry mass fractions in plant functional groups with variable life histories, 

from short-lived desert annuals to long lived perennial trees.  
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Our model uniquely predicts isometric scaling of water and dry mass fractions in 

herbaceous plants, and a decreasing slope (<1) with increasing volume fraction of dry 

material as plants devote a greater fraction of metabolic production to structural and/or 

hydrodynamic demands. We have also highlighted the necessary tradeoff between bulk tissue 

density, and water fraction as a central axis of variation across tracheophytes. This work has 

important implications for understanding relative growth rates and longevity across different 

functional types, and how life history adaptations to xeric, mesic, and hydric environments 

potentially affect carbon and water budgets in those ecosystems.  

In summary, our results emphasize the utility of an allometric approach to 

understanding how non-linear changes in plant mass allocation can be understood. This work 

is part of a growing body of theory on plant form and function that highlights bulk tissue 

density as a major axis of variation among tracheophytes (Enquist et al. 1999, Enquist and 

Niklas 2001, Hacke et al. 2001), and provides general a framework based on the first 

principles of volume, density and mass, which can be broadly applied and upon which more 

detailed models can be constructed. 
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Figure Captions 

 

Figure 1. Expected changes in water mass-dry mass relationships with changes in bulk tissue 

density. The four lines represent three possible scenarios for intraspecific density changes, or 

changes within a functional group. Lines b and c represent for example, two species with 

lower and higher bulk tissue density respectively, but constant wet and dry volume fractions. 

Line a represents a change to lower volume fraction of dry material ( DV ) with increasing 

mass. Conversely, line d represents a change to higher volume fraction of dry material ( DV ) 

with increasing mass. 

 

Figure 2. Change in water mass fraction with change in bulk tissue density. Note the clear 

segregation of the different functional types (annual herbs, perennial herbs, succulent and 

woody species) into the different regions of the graph. The straight line represents the SMA 

regression fit to the observed data. The curved line represents the predicted water fraction as 

a function of continuously increasing wetρ  and bulkρ  (see results). 

 

Figure 3. Change in the observed MW v MD slope (top line) and intercept (bottom line) with 

interspecific changes in tissue density. Each point represents a species. 

 

Figure 4. Change in the observed MW v MD slope (top line) and intercept (bottom line) with 

interspecific changes in percent water content. Each point represents a species. 

 

Figure 5. Scaling of water mass with dry mass in annual herbaceous, perennial herbaceous, 

succulent and woody functional groups. Note herbaceous annual and perennial group slopes 

do not differ statistically from 1 consistent with expectations for plants relying primarily on 

hydrostatic pressure for structural integrity. In contrast the shallower slope in observed in 

woody species is consistent with an increased volume fraction ( DV ) of dry material with 

increasing mass (see introduction). 
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Figure 6. Actual intercept (y axis) from the MW v MD regression and that predicted (x axis) 

by Eq. 9, log
1

ρbulk

−
1

ρD

 

 
 

 

 
 , utilizing a value for ρD determined from Eq. 10 (see methods), and 

the empirically determined values for ρbulk (Table 1). Note slope confidence intervals include 

1 consistent with expectations. 
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TABLES 

Species Form Habit ρbulk H2O% n       R2      MDvMWSlope   LowCI   UppCI   Interc  

Atriplex elegans (Moq.) D. Dietr. var. fasciculata (S. Wats.) M.E. 

Jones Herb Annual 0.62 51.3 21 0.956 1.057 0.956 1.169 -0.169 

Eriogonum palmerianum Reveal Herb Annual 0.46 55.3 22 0.945 1.108 0.993 1.235 -0.105 

Erodium cicutarium (L.) L'Hér. ex Ait. Herb Annual 0.15 81.6 50 0.841 0.923 0.822 1.036 0.537 

Geraea canescens Torr. & Gray Herb Annual 0.22 77.9 24 0.986 0.968 0.918 1.02 0.536 

Machaeranthera asteroides (Torr.) Greene Herb Annual 0.47 59.6 14 0.939 0.946 0.811 1.105 -0.155 

Malva parviflora L. Herb Annual 0.14 73.2 21 0.989 1.169 1.112 1.229 0.54 

Mentzelia pumila Nutt. ex Torr. & Gray Herb Annual 0.29 73.5 14 0.71 1.089 0.781 1.519 0.288 

Nama hispidum Gray Herb Annual 0.45 63.7 34 0.984 1.099 1.051 1.15 0.618 

Nicotiana obtusifolia Mertens & Galeotti var. palmeri (Gray) 

Kartesz, Herb Annual 0.36 66.6 23 0.854 1.066 0.897 1.267 -0.059 

Polanisia dodecandra (L.) DC. Herb Annual 0.29 73.9 20 0.97 1.217 1.117 1.326 0.048 

Salsola tragus L. Herb Annual 0.22 81.4 16 0.949 0.991 0.871 1.127 0.491 

Senna covesii (Gray) Irwin & Barneby Herb Annual 0.37 66.1 23 0.991 0.836 0.801 0.873 -0.111 

Tribulus terrestris L. Herb Annual 0.22 77.8 18 0.978 1.017 0.939 1.101 0.337 

Xanthium strumarium L. Herb Annual 0.14 86.0 18 0.957 1.057 0.948 1.179 0.418 

Baileya multiradiata Harvey & Gray ex Gray Herb Perennial 0.33 56.3 22 0.858 0.761 0.639 0.906 0.605 

Datura wrightii Regel Herb Perennial 0.08 92.8 27 0.962 0.961 0.887 1.042 0.547 

Janusia gracilis Gray Herb Perennial 0.65 45.3 19 0.967 0.799 0.729 0.877 -0.278 

Pectis rusbyi Greene ex Gray Herb Perennial 0.59 55.1 22 0.961 1.036 0.946 1.136 0.081 

Psilostrophe tagetina (Nutt.) Greene Herb Perennial 0.52 44.3 23 0.939 0.982 0.878 1.098 -0.269 

Solanum elaeagnifolium Cav. Herb Perennial 0.34 70.7 16 0.967 1.136 1.023 1.261 0.01 

Sphaeralcea ambigua Gray Herb Perennial 0.42 58.2 19 0.936 1.132 0.995 1.288 -0.08 

Agave chrysantha Peebles Succulent Perennial 0.16 84.1 18 0.97 1.147 1.047 1.256 -0.225 

Carnegia gigantea (Engelm.) Britt. & Rose Succulent Perennial 0.06 94.4 39 0.99 1.082 1.047 1.118 0.601 

Echinocereus engelmannii (Parry ex Engelm.) Lem. Succulent Perennial 0.09 90.8 20 0.83 1.026 0.838 1.257 0.582 

Ferocactus wislizenii Britt. & Rose Succulent Perennial 0.03 96.8 23 0.934 1.088 0.968 1.222 0.461 

Jatropha cardiophylla (Torr.) Muell.-Arg. Succulent Perennial 0.29 67.0 20 0.996 0.91 0.882 0.939 0.441 

Mammillaria grahamii Engelm. var. grahamii Succulent Perennial 0.03 97.3 60 0.694 1.008 0.872 1.166 0.271 
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Opuntia acanthocarpa Engelm. & Bigelow Succulent Perennial 0.30 66.6 30 0.986 0.979 0.935 1.026 0.357 

Opuntia engelmannii Salm-Dyck Succulent Perennial 0.15 84.5 27 0.991 0.991 0.953 1.032 0.481 

Opuntia fulgida Engelm. Succulent Perennial 0.32 67.4 23 0.985 0.985 0.932 1.042 0.323 

Opuntia leptocaulis DC. Succulent Perennial 0.60 50.0 23 0.988 0.935 0.889 0.983 0.157 

Acacia constricta Benth. Woody Perennial 0.95 37.2 18 0.876 1.012 0.84 1.218 -0.333 

Ambrosia deltoidea (Torr.) Payne Woody Perennial 0.84 34.0 28 0.87 0.602 0.521 0.696 0.16 

Baccharis sarothroides Gray Woody Perennial 0.54 53.5 23 0.927 0.743 0.657 0.839 0.38 

Encelia farinosa Gray ex Torr. Woody Perennial 0.58 52.7 29 0.902 0.799 0.706 0.904 0.402 

Fouquieria splendens Engelm. Woody Perennial 0.58 50.3 26 0.782 0.863 0.71 1.05 0.173 

Isocoma tenuisecta Greene Woody Perennial 0.61 53.6 17 0.953 1.042 0.925 1.174 -0.03 

Krameria grayi Rose & Painter Woody Perennial 0.73 41.8 30 0.788 0.956 0.801 1.142 -0.427 

Larrea tridentata (Sessé & Moc. ex DC.) Coville Woody Perennial 0.79 32.0 30 0.884 0.88 0.772 1.004 -0.009 

Lycium berlandieri Dunal Woody Perennial 0.89 40.5 21 0.979 0.897 0.837 0.961 -0.177 

Parkinsonia florida (Benth. ex Gray) S. Wats. Woody Perennial 0.66 49.6 24 0.988 0.903 0.861 0.948 0.13 

Parkinsonia microphylla Torr. Woody Perennial 0.78 43.2 34 0.965 1.051 0.983 1.125 -0.302 

Prosopis velutina Woot. Woody Perennial 0.75 37.5 28 0.975 0.929 0.871 0.99 -0.075 

Simmondsia chinensis (Link) Schneid. Woody Perennial 0.83 39.7 24 0.976 0.967 0.903 1.036 -0.255 

 

Table 1. Genus, species, authority, form, habit, bulk tissue density (ρbulk), H20 %, n, R2, MW v MD slope, lower and upper slope 

95% CI, and intercept, for the 44 species examined in this study. Cases where observed slope confidence intervals include 1 

are highlighted in bold
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Form M  WvM  D Slope MWvMD Int ρρρρbulk ρρρρWET Water% Mean ρρρρD 

(estimate) 
ρρρρD  95% CI

Succulent (10) 1.015 0.345 0.203 1.067 79.9 0.564 0.242-0.887 

Annual Herb (14) 1.039 0.230 0.316 1.071 70.6 0.501 0.158-0.843 

Perennial Herb (7) 0.972 0.088 0.419 0.994 60.4 0.897 0.152-1.642 

Woody (13) 0.896 -0.028 0.733 1.296 43.5 1.805 1.471-2.139 

 

Table 2. Mean MW v MD intraspecific slope, intercept, bulk tissue density (ρbulk), wet tissue density (ρwet), 

percent water content, mean ρρρρD estimate, and ρρρρD 95% confidence interval for the four functional groups, 

arranged in order of decreasing water content (or increasing bulk density). The number of species per functional 

group is in parentheses. 
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FIGURES 
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Actual = 1.09(Predicted) + 0.004
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APPENDIX E: PERMISSIONS 
 
 
This email gives you the permission requested below. 
  
-- Cliff Duke, ESA Permissions Editor 
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Subject: permission for 06-1158R 
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I'm submitting my dissertation here in a couple of days and I need to get 
permission to use 06-1158R, "Scaling mass and morphology in leaves...", as one 
of my dissertation chapters. 
 
Would that be ok? I'm told an email from you will suffice. 
 
Sincerely, 
Chuck 
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