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Abstract
The leaf economics spectrum describes biome-invariant scaling functions for leaf functional traits that relate to
global primary productivity and nutrient cycling. Here, we develop a comprehensive framework for the origin
of this leaf economics spectrum based on venation-mediated economic strategies. We define a standardized set
of traits – density, distance and loopiness – that provides a common language for the study of venation.
We develop a novel quantitative model that uses these venation traits to model leaf-level physiology, and show
that selection to optimize the venation network predicts the mean global trait–trait scaling relationships across
2548 species. Furthermore, using empirical venation data for 25 plant species, we test our model by predicting
four key leaf functional traits related to leaf economics: net carbon assimilation rate, life span, leaf mass per area
ratio and nitrogen content. Together, these results indicate that selection on venation geometry is a
fundamental basis for understanding the diversity of leaf form and function, and the carbon balance of leaves.
The model and associated predictions have broad implications for integrating venation network geometry with
pattern and process in ecophysiology, ecology and palaeobotany.
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INTRODUCTION

Leaves mediate the fluxes of resources and energy in all terrestrial
ecosystems. They are a fundamental energetic unit of biology.
Globally, it is estimated that terrestrial gross primary production
exceeds 120 · 1012 kg C year)1, approximately twice the contribution
of the oceans (Field et al. 1998; Beer et al. 2010). Recent work has
demonstrated that several key leaf functional traits that underlie leaf
resource fluxes, such as peak carbon assimilation rate (A), leaf life
span (LL), leaf mass per area ratio (LMA) and nitrogen concentration
(N), scale with each other (Reich et al. 1997; Wright et al. 2004). This
leaf economics spectrum is observed repeatedly across biomes,
suggesting strong constraints on global resource fluxes that originate
from similar selective pressures on leaf form and function (Reich et al.
1997, 1999; Wright et al. 2005).
Although the leaf economics spectrum is a fundamental component

of understanding terrestrial ecosystem fluxes, its evolutionary and
mechanistic basis is not fully understood. While mechanisms have
been proposed to explain individual trait–trait correlations (Poorter &
De Jong 1999; Tyree et al. 1999; Navas et al. 2003; Brodribb et al.
2007; Feng et al. 2008; Niklas et al. 2009; Brodribb & Feild 2010), we
are aware of only one model that proposes an explanation for the leaf
economics spectrum on the basis of physical and evolutionary
tradeoffs (Shipley et al. 2006). This model remains largely untested.
Across plants, the high diversity in leaf form (Fig. 1) and function is

mirrored by a high diversity in venation network geometry (Ellis et al.
2009). Moreover, there is evidence that the evolutionary convergence
in leaf form is linked to the evolutionary convergence of venation
traits such as reticulation (Carlquist 1959; Givnish et al. 2005). Here,
we develop the hypothesis that leaf venation networks control the leaf

economics spectrum using a functional trait-based framework. Interest
in functional traits has grown significantly in the last decade (Lavorel &
Garnier 2002; McGill et al. 2006; Westoby & Wright 2006; Violle et al.
2007; Webb et al. 2010) but no comprehensive trait-based framework
yet exists for leaf venation. Although some venation traits have been
measured in a systematic way (Sack et al. 2008; Dunbar-Co et al. 2009;
Brodribb & Feild 2010), there remains no standardization or proper
definition of venation functional traits. Standardization of functional
trait measurements enables the comparison of theoretical and
empirical results from different studies across disciplines (Cornelissen
et al. 2003). Moreover, most venation traits have never been measured
concurrently and together with other leaf functional traits.
In this article, we argue that to understand the origin of the leaf

economics spectrum and why leaf functional traits covary, one must
first understand the costs and benefits of venation. We first present a
quantitative framework for understanding leaf economic tradeoffs
within the context of venation-mediated economic strategies. As part
of this framework, we define three leaf venation traits (distance,
density and loopiness) and develop standardized measurements for
these traits. Next, we present a novel model to show how these
venation traits are mechanistically linked to the leaf functional traits
that define the leaf economics spectrum. We demonstrate that the
mean global scaling functions that link several leaf functional traits
(Wright et al. 2004) appear to vary with a small number of venation
traits. Finally, we provide a preliminary test to assess if the model can
predict the range of residual variation around the global scaling
functions using empirical data drawn from 25 diverse plant species at a
local scale. Our theoretical framework appears to offer the basis to
understand mean global scaling functions as well as residual variation
in leaf economics.
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VENATION-LINKED LEAF ECONOMIC STRATEGIES

Carbon is a fundamental and universal currency in leaf economics.
The energy gain associated with the assimilation of carbon dioxide
drives plant growth, constrains plant demography and thus ultimately
influences plant fitness (Kikuzawa 1995).
Across environments, natural selection has shaped the form and

function of plants so that leaves will have a net positive return on
resource investment (Westoby et al. 2002). In this context, the total
mass of carbon assimilated by a leaf over its life span must be greater
than the total mass of carbon invested in the leaf (Chabot & Hicks
1982; Williams et al. 1989). This can be expressed in terms of several
key leaf functional traits as

Aa ! LL
LMA

" Am ! LL # j; $1%

where Aa is the peak net carbon assimilation rate per unit leaf area
(mol C m)2 s)1), Am is the peak net carbon assimilation rate per unit
leaf mass (mol C g)1 s)1), LL is the leaf life span (s), LMA is the leaf
mass per area ratio (g m)2) and j is a positive stoichiometric constant
(mol C g)1) representing minimum lifetime carbon gain. Empirical
data indicate that eqn 1 likely sets a strong constraint on trait
covariation because the value of j appears to be largely independent
of biome or leaf type (Kikuzawa & Lechowicz 2006). Below, we show
how each component of eqn 1 is directly influenced by the geometry
of the venation network.
Equation 1 indicates that selection to maximize the return on

carbon investment can be achieved with three leaf-level economic
strategies: (1) selection to increase Am (or Aa), (2) selection to
maximize LL by either minimizing leaf damage or by investing more
in leaf structure and (3) selection to minimize LMA by minimizing the
resource investment in leaf construction. As we discuss below,
differing environments likely will determine which of these strategies
are more favoured. Note, because the biochemistry of photosynthesis
requires nitrogen-rich molecules, the value of Am is positively linked
to leaf nitrogen content per unit mass (Nm, %; 100 · g N g)1)
(Chapin 1980; Field & Mooney 1986). Nitrogen is a costly resource for
plants (Field & Mooney 1986), hence the smallest Nm that can achieve
a given Am is optimal. Thus, the optimal leaf would have high Am,
high LL, low LMA and low Nm, but such leaves do not exist (Wright
et al. 2004). We argue that constraints on the geometry of the venation
network generate tradeoffs among these functional traits. Ultimately,
differences in the environment determine how natural selection will
shape the best economic strategy for a leaf. Thus, variability in the
global spectrum of functional trait values should be the result of

selection for different combinations of economic strategies that are
constrained and correlated by the geometry of the venation network.
Below, we survey the influence of venation on each strategy, and then
quantitatively show how variation in venation network geometry
mediates leaf function.

Maximizing carbon assimilation

Selection to maximize carbon assimilation is shaped by venation-
mediated constraints on water supply for photosynthesis and on
carbon and nitrogen investment in structure. First, the physical
structure of the venation network influences water transport rates, and
ultimately, because of the photosynthesis–transpiration compromise,
rates of carbon assimilation. Brodribb et al. have found that across
many species, closer spacing of terminal veins results in both higher
water fluxes and carbon assimilation rates across many species
(Brodribb et al. 2007; Brodribb & Feild 2010). Furthermore, intra-
xylem and extraxylem limits to rates of flow in leaves appear to be
critically mediated by vein size (Tyree et al. 1999; Sack et al. 2003,
2004, 2008; Cochard et al. 2004), whereas the terminal veins limit
water flux to a greater extent than do large veins (Sack & Holbrook
2006). Recent simulation work has also shown that high water flow
rates are best achieved by varying the structure of the finest venation
(McKown et al. 2010) and that terminal vein distance can influence
rates of water diffusion (Noblin et al. 2008). Thus, we argue that
terminal venation structure and geometry is the critical scale at which
to understand limits to water flux, and subsequently encapsulate the
tradeoff between transpiration and carbon assimilation.
Second, maximizing carbon assimilation requires a large carbon

investment in vein construction and thus a high LMA. Ideally,
resource transport networks minimize network construction cost and
maximize resource supply rate (Murray 1926; West et al. 1997;
Banavar et al. 2000; Tondeur & Luo 2004; Durand 2006; Katifori
et al. 2010). Some studies suggest that networks that only branch
hierarchically and do not reconnect have the highest supply rates for
a given mass (Banavar et al. 1999; Durand 2007; Corson 2010;
Dodds 2010). However, recent work has shown that reconnecting
networks are likely selected for when there is heighted risk of
herbivory or other damage or when spatially or temporally varying
resource demands are experienced (Durand 2006; Katifori et al.
2010). Metabolic scaling theory, which describes hierarchical
branching supply networks (West et al. 1997, 1999), has been
applied to leaves (Price & Enquist 2007) but it is unclear if this
theory appropriately accounts for reconnecting venation networks
(Price & Enquist 2009).

Figure 1 Venation networks are diverse and vary widely among species. As an example, three Angiosperm species exhibit high geometrical diversity in their terminal venation

networks. Left to right: Pistacia lentiscus, Bauhinia variegata and Heteromeles arbutifolia. All images are shown at the same scale of 3 mm · 3 mm.
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Third, maximizing carbon assimilation requires a large nitrogen
investment per unit mass (Nm, %), because photosynthetic biochem-
istry requires nitrogen-rich molecules (Chapin 1980). A general
positive relationship between rates of carbon assimilation rates and
nitrogen concentration has been observed globally (Field & Mooney
1986; Reich et al. 1997).

Minimizing mass per area ratio

Selection to balance carbon investment in leaf structure with carbon
assimilation is complex. Carbon investment is necessary not only for
constructing xylem conduits that supply water and nutrients, but
also for ensuring that the leaf can support itself to intercept solar
radiation. Primary and secondary veins act as cantilevered beams
that support the weight of the leaf and provide resistance to
mechanical loading. This ensures that the leaf presents a maximal
effective surface area without sags or deformation (Niklas 1999).
These mechanical considerations imply scaling relationships between
leaf surface area and leaf mass, and between venation and non-
venation tissue (Niklas et al. 2007). Theoretical work has suggested
that larger leaves incur disproportionately large construction costs
and LMA values (Niinemets et al. 2007; Price & Enquist 2007;
Niklas et al. 2009). Leaves with a high proportion of carbon-dense
molecules, such as cellulose and lignin, characteristic of leaves with
high LMA, can also have a lower concentration of nitrogen-rich
molecules (i.e. lower Am). This inverse relationship is likely due to
non-photosynthetic venation tissue displacing lamina tissue (Villar &
Merino 2001; Poorter et al. 2006; Feng et al. 2008) but can be
obscured by secondary variation in leaf thickness and bulk mass
density.

Maximizing leaf life span

Long leaf life span can compensate for low carbon assimilation rates
or high construction costs (Navas et al. 2003). Long life span can be
achieved by reducing the risk of abiotic and biotic damage and is often
accomplished by increasing the mechanical strength of leaf tissue
(Coley 1983). Thick leaves can resist punctures and tears caused by
herbivory or environmental factors like wind or cold (Niklas 1999).
Denser venation may also resist damage in the same way. However,
thicker leaves tend to have more widely spaced terminal veins (Noblin
et al. 2008); hence the relationship between venation and life span is
not simple. In general, increase in leaf thickness does tend to be
associated with longer life span and decreased damage from herbivory
(Wright & Cannon 2001). Long life span can also result from a leaf!s
ability to tolerate damage. Redundant flow pathways (high reticula-
tion) in leaf venation ensure that damage to one section of tissue does
not affect function in other sections of the leaf (Katifori et al. 2010).
This may be important for conferring tolerance to herbivory and
water stress-induced cavitation (Sack et al. 2008). Thus, reticulate
venation networks that can reroute flow may be important for
prolonging the lifetime of leaves.

Three venation functional traits

Next, we propose three functional traits that are closely linked to how
selection maximizes leaf carbon gain in differing environments.
Together, these three traits characterize properties of the terminal
venation network: vein distance (d ), density (r) and loopiness (n)

(Fig. 2). The geometry of the venation network will determine a leaf!s
position on these three trait axes (Box 1). As argued above, we only
consider the terminal veins because of their critical role in limiting
resource fluxes. Distance, a measure of the spacing between veins, is
defined as the diameter of the largest circle that can be inscribed in
area of leaf that is closed by a continuous vein boundary. Distance has
units of length. Low distance allows higher water and carbon fluxes
because of shorter path lengths between veins and stomata (Brodribb
et al. 2007). Density is defined as the total length of venation per unit
area. Density has units of inverse length. High density implies high
carbon investment in venation. Loopiness is defined as the number of
closed loops per unit area. Loopiness has units of inverse length
squared. High loopiness suggests more redundant paths for water to
circumvent damage, and more ways to stop the propagation of a
mechanical tear. Importantly, while these three traits are not strictly
independent of each other, their values can vary within the constraints
given by the planar geometry of leaves and the geometry of the
venation network. Thus, leaf economic strategies are primarily set by
how selection has shaped the different ways for spatially distributing
terminal veins across the leaf (Box 1). Consequently, there should be
characteristic relationships between d, r and n within every species.
Recent work within two angiosperm species appears to support this
prediction for distance and density (Uhl & Mosbrugger 1999).
These three venation traits reduce the need for complex descrip-

tions of leaf venation networks. Currently, taxonomic schemes for
describing venation are categorical and must be assayed by an
experienced investigator (Hickey 1973; Ellis et al. 2009). In contrast,
just three venation traits can characterize the bulk properties of the
terminal venation network. Furthermore, these traits can be measured
on small sections of tissue (Fig. 2); they do not require complex
measurements of multiple scales, angles or radii (Turcotte et al. 1998;
Bohn et al. 2002; Couder et al. 2002), nor do they necessitate
preparation of more labour-intensive tissue cross-sections (Brodribb
et al. 2007). Rather, they can be automatically estimated using digital
image analysis programs (Rolland-Lagan et al. 2009; Price et al. in
press) and images of leaf venation (Fig. 2; Appendix S3 and Code S1).

Figure 2 Venation traits can be easily estimated from skeletonized images of leaves

(Code S1). Density (r) is the total path length of veins in a region of interest (ROI)

divided by the ROI area. Distance (d ) is the mean diameter of the largest circular

masks that fit in each areole (closed loop). This is equivalent to two times the

regional maxima of the Euclidean distance transformation of the ROI. Loopiness

(n) is the number of areoles in the ROI divided by the ROI area. Larger ROIs will

produce more robust trait values and minimize edge effects.

Idea and Perspective Venation networks and leaf economics 93

! 2010 Blackwell Publishing Ltd/CNRS



Importantly, they can also be related to the economics of the leaf, as
developed below.

VENATION TRAITS AND THE LEAF ECONOMICS SPECTRUM

Next, we derive a model to illustrate how the three venation traits
defined above can mechanistically predict key leaf functional traits. We
start by modelling a leaf as a network of cylindrical terminal veins
(Fig. S1). We assume that each vein has a radius rV, and is embedded at
a depth dmidway between the upper and lower surface of a lamina (i.e.
the leaf thickness is 2d). The veins have mass density qV and the lamina
has mass density qL. Optimal resource transport implies that the
distance between vein and evaporative surface should be proportional
to the distance between terminal veins so that approximately

d " k0d: $2%

Empirical data from 32 species support this relationship, with k0 » 1
(Noblin et al. 2008) (Fig. S2). This relationship can be motivated by
considering two extreme cases. Veins that are very closely spaced
relative to leaf thickness oversupply water to points between veins and
undersupply water to upper and lower leaf surfaces, whereas veins that
are distantly spaced relative to leaf thickness oversupply water to leaf
surfaces and undersupply water to points between veins. A compromise
is achieved when the vein–vein distance and the vein–surface distance
are roughly equal. Note also that venation traits cannot take arbitrarily
large values, because veins can occupy no more than the entire volume
of the leaf. An upper bound is when adjacent veins are touching, or

2rV & d : $3%

Because d is related by geometry to r and n (Box 1), eqn 3 then
implies a constraint on the range of variation of all other venation traits.

Box 1 Geometrical constraints on leaf venation traits

Leaf venation reflects selection for multiple combinations of venation traits that result from different spatial geometries. Specifically,
the size and shape of areoles (the areas enclosed by terminal veins) controls the coordination between the terminal venation traits
density (r), distance (d ) and loopiness (n). As a first example, consider rectangular areoles with width Dx and length kDx (Figure S1).
Assume without loss of generality that k ‡ 1. For venation networks whose areoles are very long (monocotyledonous species) set
k = ¥. For rectangular areoles, vein density is defined as the semi-perimeter of the areole divided by the area of the areole, or
r = (k + 1) ⁄ (kDx). Density is defined as the diameter of the largest circle that can be inscribed in the areole: d = Dx. Loopiness is
defined as the inverse area of an areole: n = 1 ⁄ (kDx2). As k increases, n decreases, r decreases and d is unaffected. Alternatively, as
Dx increases, n decreases, r decreases and d increases. These trends have several functional consequences. For example, Am and
LMA are predicted to depend on linear sums of d and r. Maximal change in any of these traits requires simultaneously changing d and
r in the same direction, which is difficult to achieve by varying only Dx. Increasing k for a fixed value of Dx can solve this problem,
at the cost of decreasing n. Thus, leaves that obtain the highest Am and lowest LMA have areoles that are much longer than wide;
effectively veins become unconnected and a branching architecture with no redundant flow pathways dominates. This potentially
reduces LL. Conversely, maximization of n requires minimizing k or Dx. Because k ‡ 1, maximum n is obtained for k = 1 (square
areoles) or very small Dx (high r and low d ). This corresponds to leaves with potentially high LMA and Am. More complex
geometric features of venation networks, like freely ending veinlets that are only connected at one end, also influence relationships
between venation traits. The presence of these veinlets does not change n, but does impact r and d. Consider a unit square areole
with and without a freely ending veinlet originating at the midpoint of one side and terminating at the centre of the areole. Without
the veinlet, r = 2 and d = 1. With the veinlet, r = 2.5 and d = 2 ) "2 = 0.58. Thus, with only a 25% increase in r, the leaf achieves
a 42% decrease in d with no effect on n. This increases Am without compromising LL and may explain the prevalence of freely
ending veinlets in many species that have evolved to have high transpiration and carbon assimilation rates. Areoles with more
complex shapes produce different venation trait combinations. For example, squares, equilateral triangles or regular hexagons can all
tile the plane without requiring other tile shapes. Suppose each areole type has the same vein density: r = 2. In this case, analytic
geometry reveals that d = 1 for all shapes, but n = 4 ⁄ 3"3 = 0.77 for the triangle, n = 1 for the square and n = 2 ⁄"3 = 1.15 for the
hexagon. In sum, the hexagon achieves higher potential loopiness for a fixed vein density and vein distance than either the square or
the triangle. Interestingly, many minimal surfaces like soap films tend to have cells that are on average hexagonal (Weaire & Rivier
1984). Irregular polygons or tilings by multiple areole types will clearly have more complex effects on venation traits.
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Now that the leaf network has been defined in terms of venation
functional traits, we use these traits to derive equations for four major
leaf functional traits: LMA, LL, Am and Nm. We make the simplifying
assumption that these venation traits are independent of leaf size or
area. To arrive at an equation for LMA, we partition leaf volume and
mass between terminal venation and lamina (a full derivation is
provided in Appendix S1). Accounting for the different mass densities
of venation and lamina tissue, and the relationship between leaf
thickness and vein distance, the total mass of a unit area of leaf is:

LMA " pr 2V$qV ' qL%r( 2qL
k0

d : $4%

This equation shows that venation networks with high terminal
vein density or high terminal vein distance produce high LMA.
However, the geometric linkages between these traits (Box 1) will
produce further nonlinear effects on LMA.
Leaf life span is determined by the interactions between physio-

logical leaf life span maxima (LLmax) and programmed death and
external causes. External causes include complete herbivory or
damage to the venation network due to partial herbivory, pathogens,
weather, etc. Evidence exists that thicker (d) leaves are more resistant
to such damage (Chabot & Hicks 1982). We also suggest that leaves
with loopier venation networks (high n) can reroute flow after
damage, improving survivorship. A reasonable expectation is that
LL = LLmax ) g(d, n), where the form of g is unknown. A reasonable
first approximation for the relationship between leaf life span and leaf
network geometry is that LL is directly proportional to d, so that:

LL " k1d

" k1d
$5%

where k1 is an undetermined constant of proportionality and the
second equality is from eqn 2. Although it is difficult to be more
precise without optimality arguments (Kikuzawa 1995) or more
detailed knowledge of the environment, eqn 5 represents the simplest
model for how LL relates to leaf network geometry. A more detailed
model could also explicitly incorporate n.
Next, we model peak per-mass carbon assimilation rate (Am). Due

to the transpiration–photosynthesis compromise, variation in Am

must then be directionally proportional to whole-leaf conductance to
water vapour. As we detail in Appendix S1, assuming a rectangular
venation network, and that water moves by steady-state diffusion out
of the venation network through intercellular spaces and finally
through stomata, we derive the following relationship predicting leaf
net photosynthesis, Am:

Am " )pc0D$1' h%k0nsasWUE*r
)2qLd ( k0pr 2V$qV ' qL%r*)$pt s (

!!!!!!!
pas

p %r( 2asnslog
d

k0rV
*
$6%

where as is the maximum aperture of a stomate, ns is the number
density of open stomata, ts is the thickness of a stomatal pore, D is the
temperature and pressure dependent diffusion constant of water in air,
c0 is the temperature and pressure dependent saturation vapour con-
centration of water in air, WUE is water-use efficiency and h is the
relative humidity (Buck 1981; Nobel 1999). Equation 6 explicitly
shows how numerous environmental factors, leaf functional traits and
venation traits combine to govern Am.
Next, we can incorporate how the per-mass nitrogen concentration,

Nm, can also be determined by venation traits. Nitrogen is ultimately

partitioned into two categories: photosynthetic (allocated to Rubisco,
chlorophyll, etc.) and non-photosynthetic (allocated to structural
molecules, shared biochemical pathways not directly involved in
electron transport or carbon fixation, etc.). Here, we assume that the
photosynthetic nitrogen pool is proportional to peak carbon
assimilation rate, because Rubisco and chlorophyll availability can
limit photosynthesis (Field & Mooney 1986). We also assume that
non-photosynthetic nitrogen is proportional to the mass of leaf lamina
because the venation network is lignified and does not contain large
concentrations of nitrogen. Summing these two contributions we
obtain

Nm " k2Am ( k3
k0

2d ' k0pr 2Vr
LMA

$7%

where k2 and k3 are species-specific stoichiometric constants that
control the relative allocation of nitrogen to photosynthetic and non-
photosynthetic tissue. A full derivation is provided in Appendix S1.
Similar to eqn 6, eqn 7 shows how the environment and functional
traits interact nonlinearly to govern leaf nitrogen concentration.
We have focused on four functional traits related to leaf carbon flux

because they are fundamental to leaf economics and are commonly
measured. However, the leaf economics spectrum does involve many
other traits (e.g. respiration rate, phosphorus content) and may be
coordinated with resource partitioning in other plant tissues (Kerkhoff
et al. 2006; Freschet et al. 2010). While beyond the scope of this paper,
a further elaboration of our model could potentially account for how
these additional traits covary with the central traits covered here.
Together, eqns 1–7 provide insight into how venation traits mediate

different economic strategies across environments. For example, our
model predicts that selection for increased rates of transpiration (e.g.
in low temperature environments where the diffusion constant, D, is
small; or in humid environments with a low water vapour
concentration gradient) should result in morphological convergence
of vein geometry. Our model predicts that in both environments,
leaves should be characterized by very dense or closely spaced (low d )
veins, which then implies shorter life spans. Similarly, if water-use
efficiency is fixed, then selection for increased carbon assimilation
rates will result in increased venation conductance and thus an
increase in vein density or decrease in vein distance. Alternatively,
leaves adapted to higher environmental CO2 concentrations should be
characterized by lower transpiration rates, lower water-use efficiencies
and lower vein densities to achieve the same carbon assimilation rate.
There is some support for these predictions. Over evolutionary time
scales, falling atmospheric CO2 concentrations in the late Cretaceous
are likely linked to higher transpiration rates and the high vein
densities that characterize the Angiosperms (Brodribb & Feild 2010).
Thus, the environment-dependent predictions of the model have the
potential to provide insights into leaf form and function across broad
climatic gradients as well as broad biogeographic patterns of plant
species distributions (Chabot & Hicks 1982; Kikuzawa & Ackerly
2002).

PREDICTIONS AND PRELIMINARY EVIDENCE

Our model quantitatively predicts how leaf functional traits vary with
the geometry of the leaf venation network. To assess our model
predictions at global and local scales, we used two different
approaches.
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Our first approach was to predict the global leaf economics
spectrum using species-level data. Specifically, we determined trait–
trait relationships between Am, LL, LMA and Nm by allowing values
of d, r and n to covary for given venation geometries, then
constructed ordered pairs of log10-transformed predicted functional
trait values for the same range of r values. For this approach, we set
non-venation model parameters to interspecific mean values reported
in the literature (Appendix S2). We compared predicted trait–trait
relationships to empirical relationships from the GLOPNET database
(Wright et al. 2004), a compilation of functional trait values for 2548
taxonomically diverse plant species. We examined the effects of both
reticulate and open venation by considering the extreme cases of
rectangular venation networks with reticulate venation and square-like
areoles (e.g. Quercus sp.) and parallel venation with open areoles
(e.g. Poa sp. or Gingko biloba). Our model correctly predicts the
directionality and magnitude of all examined leaf functional trait
scaling relationships represented in the leaf economics spectrum
(Fig. 3). The low predicted values of Am that lay outside of the range
of the GLOPNET data may be reasonable because GLOPNET does
not have extensive coverage of the more basal Tracheophyte clades
that are known to have very low vein densities and low carbon
assimilation rates (Boyce et al. 2009). Furthermore, model predictions
for global functional trait scaling relationships are similar for reticulate

and open venation. Thus, d and r seem to play a fundamental role in
predicting the leaf economics spectrum, while n does not. Reticulate
venation, which is related to n, has evolved multiple times but we still
have limited understanding of its functional consequences (Katifori
et al. 2010). Reticulation of the venation network does vary across
species, however, so the functional effects of n certainly deserve
further study. According to our model, the form of functional trait
scaling relationships can thus be determined with only one of these
venation traits. These results are consistent with two observations.
First, a high proportion of variance in leaf functional traits is explained
by a single axis in the GLOPNET dataset (Wright et al. 2004). Second,
previous structural equation modelling work has identified a single
latent variable that can explain the leaf economics spectrum (Shipley
et al. 2006). While Shipley et al. (2006) identified this variable as the
ratio of cytoplasmic to cell wall volume (i.e. a ratio of metabolically
active to inactive tissue), an interpretation of this latent variable as the
mass of the entire venation network (i.e. metabolically inactive xylem
described in part by r) is also consistent with their results.
Our second approach was to assess if our model could account for

residual variation around the mean global scaling relationships.
We conducted a preliminary experiment, sampling 25 woody species
near Tucson, AZ (Data S1, full dataset and species list). For each leaf,
we measured Am, LMA and Nm directly using standard methodology,
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Figure 3 The leaf economics spectrum can be directly predicted using three venation traits. Functional trait correlations between maximum carbon assimilation rate (Am,

nmol C g)1 s)1), leaf life span (LL, months), leaf mass per area ratio (LMA, g m)2) and leaf nitrogen content (Nm, %; 100 · g N g)1). Open grey circles represent data from

2548 species in the global GLOPNET database (Wright et al. 2004). Solid lines represent model predictions for reticulate venation (square areoles); dashed lines represent

model predictions for parallel venation (open areoles). These correspond to d = 2 ⁄ r and d = 1 ⁄ r, respectively. Minimum and maximum empirical values of vein densities are

also shown (Boyce et al. 2009): solid squares are vein densities of r = 500 mÆm)2; open triangles are r = 25 000 mÆm)2.
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and obtained species-mean LL values from GLOPNET when
available. We then calculated r, d and n on images of chemically
cleared leaf tissue (see Appendix S3 and Code S1 for detailed
methods). Measured vein density ranged from 1.5 · 103 to
2.2 · 104 m)1, distance from 6.7 · 10)5 to 5.0 · 10)4 m and
loopiness from 6.4 · 105 to 5.1 · 107 m)2. We also directly measured
several other model parameters including leaf temperature, D, h, WUE
and k0 (for all other model parameters, we used species-mean values –
details in Appendix S2). We found that broad trends in the empirical
data were consistent with the global leaf economics spectrum, falling
within the range of global trait variation (Fig. 4). These results
demonstrate that the model can capture some sources of variability in
the leaf economics spectrum. Nevertheless, these more detailed local-
scale predictions from the model appear to over-predict the
magnitude of scaling relationships for photosynthesis, and produce
weak scaling relationships involving leaf life span. We suggest that the
life span patterns are unclear because this was the only trait we were
not able to directly measure on individual leaves. Other deviations
suggest that additional parameters in the model (such as stomatal
density and lamina mass density; see Appendix S2) should also be
measured to account for further residual variation. In sum, the model
seems to successfully explain mean trends in the leaf economics
spectrum and may eventually be able to explain residual variation.
A more complete statistical treatment and discussion of these results
are found with Figure S3.

In order for our model to account for more of the variation in leaf
traits observed at local scales, the inclusion of other traits will likely
be necessary. Local predictions from our model are likely skewed by
the assumption that venation networks are comprised wholly of
identical terminal veins. In reality, larger and numerous primary and
secondary veins will account for additional leaf mass. Accounting for
this mass would predict lower Am and Nm but higher LMA, as these
large veins contain large amounts of carbon but do not themselves
photosynthesize. Additionally, these considerations also suggest that
absolute leaf size may play an important role: large leaves require
disproportionately more mass allocated to petioles and primary or
secondary veins for mechanical support (Niklas 1999). Thus, to
account for additional residual variation, additional traits like leaf area
and secondary vein density may be necessary to more completely
describe venation networks. For example, LMA could be influenced
by variation in terminal vein radius or tissue mass density.
Empirically lower tissue mass density or smaller radius veins than
assumed could decrease LMA values. LL, understood as a function
of damage resistance, could also be influenced by the presence of
larger primary and secondary veins or variation in vein radius and
tissue mass density. We also suggest that variation in stomatal density
could account for the lower accuracy of our Am prediction.
We assumed the same stomatal density for all leaves, when it is
reasonable to assume coordination between stomatal and venation
traits. It is known that vein radius, stomatal number density and
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Figure 4 Observed and predicted values of leaf functional traits lie on the global leaf economics spectrum. Observations are for 25 species in Tucson, AZ. Predictions are
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predictions based on measurements of venation network geometry. Grey circles represent global species-mean observations from GLOPNET (Wright et al. 2004).
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lamina tissue mass density can vary among species, particularly in
response to environmental drivers (Dunbar-Co et al. 2009). Finally,
our equation for Am is approximate; more advanced modelling
approaches may produce a more accurate equation (Appendix S1).
Altogether, deviations from the model highlight important physical
processes, opportunities for further work and non-constant param-
eters that should be measured in the future. Although single-vein
leaves like needles are already well understood from a hydraulic
perspective (Zwieniecki et al. 2004), more detailed modelling of very
complex and very simple leaf venation networks will improve our
understanding of leaf function.

FUTURE DIRECTIONS AND CONCLUSIONS

We have advanced a new hypothesis for the origin of the leaf
economics spectrum and defined a standardized set of traits that
provides a common language for future studies of venation. Future
experimental work should provide a more rigorous test of the
domains of applicability of our modelling framework involving these
venation traits. For example, model extensions should more fully
include the effects of leaf size since biomechanical constraints on large
leaves may play an important role in leaf mass allocation. However,
the model as it currently stands provides a useful starting point for
applications in ecophysiology, ecology and palaeobotany. For exam-
ple, the model implies linkages between leaf venation and biochem-
istry that can be further explored to allow for a better understanding
of how venation traits influence biochemical limitations to photo-
synthesis (Farquhar et al. 1980). The model framework also has the
potential to connect genetic processes and ecosystem functioning by
linking the functional implications of different leaf developmental
processes and genes influencing venation (Haritatos et al. 2000;
Koizumi et al. 2000; Kang & Dengler 2004). Additionally, the model
offers new approaches for the estimation of palaeoclimate and extinct
plant function using fossil leaves (Uhl & Mosbrugger 1999; Huff et al.
2003; Wilf 2008). Venation traits can be used as correlates for climatic
variation or directly interpreted through this model as predictors of
plant function (Brodribb et al. 2010). Finally, the model!s coupling to
environmental and climatic variables may make it possible to
understand historical conditions that have selected for a broad range
of leaf form and function. For example, by distinguishing between
single-veined needle-like leaves found in many Gymnosperms, the
parallel-veined Monocots, and many of the densely veined Angio-
sperms, the model could provide a useful understanding of the
macroevolutionary trajectory of vascular plants (Brodribb & Feild
2010).
Our venation model provides a useful "zeroth-order! approximation

for understanding the origin of the leaf economics spectrum. We hope
that further extensions of this theory, coupled with more detailed
experimental measurements of the traits and parameters identified in
such a model, will enable venation networks to become robust
predictors of leaf function.
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Katifori, E., Szöll}osi, G.J. & Magnasco, M.O. (2010). Damage and fluctuations

induce loops in optimal transport networks. Phys. Rev. Lett., 104, 048704.

Kerkhoff, A.J., Fagan, W.F., Elser, J.J. & Enquist, B.J. (2006). Phylogenetic and

growth form variation in the scaling of nitrogen and phosphorus in the seed

plants. Am. Nat., 168, E103–E122.

Kikuzawa, K. (1995). The basis for variation in leaf longevity of plants. Plant Ecol.,

121, 89–100.

Kikuzawa, K. & Ackerly, D. (2002). Significance of leaf longevity in plants. Plant

Species Biol., 14, 39–45.

Kikuzawa, K. & Lechowicz, M.J. (2006). Toward synthesis of relationships among

leaf longevity, instantaneous photosynthetic rate, lifetime leaf carbon gain, and

the gross primary production of forests. Am. Nat., 168, 373–383.

Koizumi, K., Sugiyama, M. & Fukuda, H. (2000). A series of novel mutants of

Arabidopsis thaliana that are defective in the formation of continuous vascular

network: calling the auxin signal flow canalization hypothesis into question.

Development, 127, 3197–3204.

Lavorel, S. & Garnier, E. (2002). Predicting changes in community composition and

ecosystem functioning from plant traits: revisiting the Holy Grail. Funct. Ecol., 16,

545–556.

McGill, B.J., Enquist, B.J., Weiher, E. & Westoby, M. (2006). Rebuilding com-

munity ecology from functional traits. Trends Ecol. Evol., 21, 178–185.

McKown, A.D., Cochard, H. & Sack, L. (2010). Decoding leaf hydraulics with a

spatially explicit model: principles of venation architecture and implications for

its evolution. Am. Nat., 175, 447–460.

Murray, C. (1926). The physiological principle of minimum work I. The

vascular system and the cost of blood volume. Proc. Natl. Acad. Sci. USA, 12, 207–

214.

Navas, M., Ducout, B., Roumet, C., Richarte, J., Garnier, J. & Garnier, E. (2003).

Leaf life span, dynamics and construction cost of species from Mediterranean

old-fields differing in successional status. New Phytol., 159, 213–228.

Niinemets, U., Portsmuth, A., Tena, D., Tobias, M., Matesanz, S. & Valladares, F.

(2007). Do we underestimate the importance of leaf size in plant economics?

Disproportional scaling of support costs within the spectrum of leaf physiog-

nomy. Ann. Bot., 100, 283–303.

Niklas, K. (1999). A mechanical perspective on foliage leaf form and function.

New Phytol., 143, 19–31.

Niklas, K.J., Cobb, E.D., Niinemets, U., Reich, P.B., Sellin, A., Shipley, B. et al.

(2007). "Diminishing returns! in the scaling of functional leaf traits across and

within species groups. Proc. Natl. Acad. Sci. USA, 104, 8891–8896.

Niklas, K.J., Cobb, E.D. & Spatz, H.-C. (2009). Predicting the allometry of leaf

surface area and dry mass. Am. J. Bot., 96, 531–536.

Nobel, P. (1999). Physicochemical and Environmental Plant Physiology. Academic Press,

San Diego.

Noblin, X., Mahadevan, L., Coomaraswamy, I.A., Weitz, D.A., Holbrook, N.M. &

Zwieniecki, M.A. (2008). Optimal vein density in artificial and real leaves. Proc.

Natl. Acad. Sci. USA, 105, 9140–9144.

Poorter, H. & De Jong, R. (1999). A comparison of specific leaf area, chemical

composition and leaf construction costs of field plants from 15 habitats differing

in productivity. New Phytol., 143, 163–176.

Poorter, H., Pepin, S., Rijkers, T., de Jong, Y., Evans, J. & Korner, C. (2006).

Construction costs, chemical composition and payback time of high- and low-

irradiance leaves. J. Exp. Bot., 57, 355–371.

Price, C.A. & Enquist, B.J. (2007). Scaling mass and morphology in leaves: an

extension of the WBE model. Ecology, 88, 1132–1141.

Price, C.A. & Enquist, B.J. (2009). Comment on Coomes et al. "Scaling of xylem

vessels and veins within the leaves of oak species!. Biol. Lett., 5, 380–380.
Price, C., Symonova, O., Mileyko, Y., Hilley, T. & Weitz, J. (in press). LEAF GUI:

segmenting and analyzing the structure of leaf veins and areoles. Plant Physiol.

Reich, P., Walters, M. & Ellsworth, D. (1997). From tropics to tundra: global

convergence in plant functioning. Proc. Natl. Acad. Sci. USA, 94, 13730–13734.

Reich, P., Ellsworth, D., Walters, M., Vose, J., Gresham, C., Volin, J. et al. (1999).

Generality of leaf trait relationships: a test across six biomes.Ecology, 80, 1955–1969.

Rolland-Lagan, A.-G., Amin, M. & Pakulska, M. (2009). Quantifying leaf venation

patterns: two-dimensional maps. Plant J., 57, 195–205.

Sack, L. &Holbrook,N.M. (2006). Leaf hydraulics.Annu. Rev. Plant Biol., 57, 361–381.

Sack, L., Cowan, P., Jaikumar, N. & Holbrook, N. (2003). The "hydrology! of leaves:
co-ordination of structure and function in temperate woody species. Plant Cell

Environ., 26, 1343–1356.

Sack, L., Streeter, C. & Holbrook, N. (2004). Hydraulic analysis of water flow

through leaves of sugar maple and red oak. Plant Phys., 134, 1824–1833.

Sack, L., Dietrich, E.M., Streeter, C.M., Sanchez-Gomez, D. & Holbrook, N.M.

(2008). Leaf palmate venation and vascular redundancy confer tolerance of

hydraulic disruption. Proc. Natl. Acad. Sci. USA, 105, 1567–1572.

Shipley, B., Lechowicz, M.J., Wright, I. & Reich, P.B. (2006). Fundamental

trade-offs generating theworldwide leaf economics spectrum.Ecology, 87, 535–541.

Tondeur, D. & Luo, L. (2004). Design and scaling laws of ramified fluid distributors

by the constructal approach. Chem. Eng. Sci., 59, 1799–1813.

Turcotte, D., Pelletier, J. & Newman, W. (1998). Networks with side branching in

biology. J. Theor. Biol., 193, 577–592.

Tyree, M., Sobrado, M., Stratton, L. & Becker, P. (1999). Diversity of hydraulic

conductance in leaves of temperate and tropical species: possible causes and

consequences. J. Trop. For. Sci., 11, 47–60.

Uhl, D. & Mosbrugger, V. (1999). Leaf venation density as a climate and envi-

ronmental proxy: a critical review and new data. Palaeogeogr. Palaeocl., 149, 15–26.

Villar, R. & Merino, J. (2001). Comparison of leaf construction costs in woody

species with differing leaf life-spans in contrasting ecosystems. New Phytol., 151,

213–226.

Violle, C., Navas, M.L., Vile, D., Kazakou, E., Fortunel, C., Hummel, I. et al. (2007).

Let the concept of trait be functional! Oikos, 116, 882–892.

Weaire, D. & Rivier, N. (1984). Soap, cells and statistics – random patterns in two

dimensions. Contemp. Phys., 25, 59–99.

Webb, C.T., Hoeting, J.A., Ames, G.M., Pyne, M.I. & Poff, N.L. (2010). A struc-

tured and dynamic framework to advance traits-based theory and prediction in

ecology. Ecol. Lett., 13, 267–283.

West, G., Brown, J. & Enquist, B. (1997). A general model for the origin of

allometric scaling laws in biology. Science, 276, 122–126.

West, G., Brown, J. & Enquist, B. (1999). The fourth dimension of life: fractal

geometry and allometric scaling of organisms. Science, 284, 1677–1679.

Westoby, M. & Wright, I. (2006). Land-plant ecology on the basis of functional

traits. Trends Ecol. Evol., 21, 261–268.

Westoby, M., Falster, D., Moles, A., Vesk, P. & Wright, I. (2002). Plant ecological

strategies: some leading dimensions of variation between species. Annu. Rev. Ecol.

Syst., 33, 125–159.

Wilf, P. (2008). Fossil angiosperm leaves: paleobotany!s difficult children prove

themselves. Paleontol. Soc. Paper., 14, 319–333.

Williams, K., Field, C. & Mooney, H. (1989). Relationships among leaf construction

cost, leaf longevity, and light environment in rain-forest plants of the genus Piper.

Am. Nat., 133, 198–211.

Wright, I. & Cannon, K. (2001). Relationships between leaf lifespan and structural

defences in a low-nutrient, sclerophyll flora. Funct. Ecol., 15, 351–359.

Idea and Perspective Venation networks and leaf economics 99

! 2010 Blackwell Publishing Ltd/CNRS



Wright, I., Reich, P., Westoby, M., Ackerly, D., Baruch, Z., Bongers, F. et al. (2004).

The worldwide leaf economics spectrum. Nature, 428, 821–827.

Wright, I.J., Reich, P.B., Cornelissen, J.H.C., Falster, D.S., Garnier, E., Hikosaka, K.

et al. (2005). Assessing the generality of global leaf trait relationships. New Phytol.,

166, 485–496.

Zwieniecki, M., Boyce, C. & Holbrook, N. (2004). Functional design space of

single-veined leaves: role of tissue hydraulic properties in constraining leaf size

and shape. Ann. Botany, 94, 507–513.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:

Appendix S1 Derivations of model predictions.
Appendix S2 Abbreviations, definitions, units, ranges, mean values
and references for all parameters used in the model involving venation
traits.
Appendix S3 Experimental methods.

Code S1 MATLAB codes to automatically calculate venation traits.
Data S1 Species list and measurements for 25 Tucson species.
Figure S1 Structure of a model leaf including terminal veins.
Figure S2 Vein spacing and leaf thickness.
Figure S3 Empirically measured venation and functional traits.

As a service to our authors and readers, this journal provides
supporting information supplied by the authors. Such materials are
peer-reviewed and may be re-organized for online delivery, but are not
copy-edited or typeset. Technical support issues arising from
supporting information (other than missing files) should be addressed
to the authors.

Editor, Elsa Cleland
Manuscript received 9 July 2010
First decision made 9 August 2010
Second decision made 1 October 2010
Manuscript accepted 11 October 2010

100 B. Blonder et al. Idea and Perspective

! 2010 Blackwell Publishing Ltd/CNRS


