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Abstract
Several theories predict whole-tree function on the basis of allometric scaling relationships assumed to

emerge from traits of branching networks. To test this key assumption, and more generally, to explore pat-

terns of external architecture within and across trees, we measure branch traits (radii/lengths) and calculate

scaling exponents from five functionally divergent species. Consistent with leading theories, including meta-

bolic scaling theory, branching is area preserving and statistically self-similar within trees. However, differ-

ences among scaling exponents calculated at node- and whole-tree levels challenge the assumption of an

optimised, symmetrically branching tree. Furthermore, scaling exponents estimated for branch length

change across branching orders, and exponents for scaling metabolic rate with plant size (or number of ter-

minal tips) significantly differ from theoretical predictions. These findings, along with variability in the scal-

ing of branch radii being less than for branch lengths, suggest extending current scaling theories to include

asymmetrical branching and differential selective pressures in plant architectures.
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INTRODUCTION

The study of plant architecture has led to two dominant viewpoints

about evolutionary and biophysical origins of plant branching pat-

terns. On one hand, diversity in plant architecture has been categor-

ised according to differences in individual-level selection across

growth environments that help determine taxon-specific allocation

and life history (Callaway et al. 1994; Ackerly & Donoghue 1998).

A variety of architectural branching designs exist in nature (Hall�e
et al. 1978) and differences in architecture are often matched by

specific genes that regulate growth and development (Wang & Li

2006; Bosch et al. 2008). On the other hand, studies of plant archi-

tecture have sometimes focused on similarities in the patterns of

branching (Shinozaki et al. 1964; Horn 2000; Eloy 2011) as mea-

sured by the scaling of branch dimensions, such as number, radius,

and length (McMahon & Kronauer 1976; West et al. 1997, 1999;

Olson et al. 2009).

In light of these viewpoints, researchers have constructed net-

work models that assume general architectural principles that under-

lie tree branching structure and can be used to predict scaling of

plant form and function within and across taxa. The insight of this

approach arises because structure and geometry of branches and

roots directly affect light, water and nutrient capture (Cannell 1989;

K€uppers 1989), as well as mechanical support (Rosell et al. 2012),

reproduction (Archibald & Bond 2003; Leslie 2012), and competi-

tive ability (Pretzsch & Dieler 2012). However, this approach to

describing plant structure ignores variation in branching traits both

within and/or across species (e.g. West et al. 1997, 1999). In

essence, these plant-scaling models assume mean values of branch-

ing traits characterise branching network architecture or geometry

provides a mechanistic basis to scale physiological processes (e.g.

metabolic rate) with plant size (e.g. mass). These relationships are

reflected in simple size-based scaling relationships that are posited

to arise due to evolutionary optimisation principles (West et al.

1997, 1999; Vasseur et al. 2012).

Despite the importance of coupling tree branching architecture

(form) with physiological function to predict whole-tree and can-

opy-level processes (West et al. 2009; Stegen et al. 2011; Feng et al.

2012; Makela 2012), few studies have assessed external branching

patterns at the level of the branch node or the whole tree and anal-

ysed data in the context of plant-scaling models (Shinozaki et al.

1964; Leopold 1971; Barker et al. 1973; McMahon & Kronauer

1976; Bertram 1989; Horn 2000; Sone et al. 2005; Dahle & Grabo-

sky 2010; Costes & Guedon 2012). To characterise both similarities

and differences in branching structure within and across species, we

deconstructed branching networks of nine trees from five function-

ally divergent species and measured branching dimensions for all

branches at both branch- and whole-tree levels.

We also used our unique data set to directly test several assump-

tions and predictions of the West, Brown, and Enquist (WBE)

plant-scaling model (West et al. 1997, 1999). The WBE model

derives branching rules using the principle that energy is minimised
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for the flow of water and nutrients from trunk to petioles along

with a particular form of space filling that matches the sum of the

service volumes (three-dimensional spheres with diameter propor-

tional to branch length) across branching orders. Together, these

principles maximise scaling of resource uptake and delivery at each

level. A detailed description of the WBE model as it relates to this

paper is presented in Fig. 1 and Table 1 with additional details in

Table S1 and Appendix S1. Importantly, the WBE model also

assumes the branching is symmetrical – that is, at each branching

node, all daughter branches have identical lengths and radii. These

assumptions can be used to derive that the branching network is

self-similar (e.g. fractal). Because real trees exhibit asymmetric

branching of various degrees, our best test of the WBE model is to

determine how well the theory based on an optimised, symmetri-

cally branching tree (with the average node-level branching proper-

ties of a real tree) does at predicting whole-plant allometric scaling.

Because our approximate tests of metabolic scaling theory’s assump-

tions and predictions use directly measured branch dimensions to

calculate branch-level scaling properties, our tests go beyond past

indirect tests based only on whole-tree measurements (Price et al.

2009, 2012a). These direct tests are critical because WBE model

extensions build upon these external branching principles (Enquist

et al. 2007, 2009; West et al. 2009) and predict that whole-plant car-

bon and water fluxes, net primary production, and population den-

sity should be characterised by similar scaling functions.

METHODS

Study species and data collection

We created what is to our knowledge the largest data set yet assem-

bled on node-specific architecture of entire tree branching networks.

We sampled individuals of five tree species that broadly differ in

terms of their external architecture (e.g. varying levels of apical

dominance and apical control), evolutionary history (e.g. angiosperm

vs. gymnosperm), xylem vascular anatomy (e.g. diffuse porous vs.

ring porous) and growing environment (e.g. temperate vs. tropical).

We sampled three angiosperm trees: one Acer grandidentatum (Sapind-

aceae; bigtooth maple; 17-year old) and one Quercus gambelii

(Fagaceae; Gambel oak; 4-year old) from Red Butte Canyon Natural

Research Area in Salt Lake County, Utah; and one mature Ochroma

pyramidale (Malvaceae; balsa; 20- to 40-year old) from secondary for-

est in the Rincon National Park, Guanacaste, Costa Rica. The

Q. gambelii and A. grandidentatum are the identical trees used in von

Allmen et al. (2012). In addition, we sampled six gymnosperm trees,

including one Pinus edulis (Pinaceae; pi~non pine; 23-year old) from a

ranch near Ojitos Frios, NM; and five Pinus ponderosa (Pinaceae;

ponderosa pine, range from 2 to 5-year old) collected from Mt.

Lemmon in Coronado National Forest, Arizona. All measured trees

were open-grown and dominant or co-dominant in their respective

ecosystems. Selected trees were from undisturbed areas and rela-

tively isolated from other trees in the study areas. As such, we

assume that each tree is not strongly resource limited. We recognise

that these tree canopies could have been influenced by competition

for resources (i.e. light) that might cause the architecture of these

trees to deviate from either a symmetrical or fractal ideal (Pretzsch

& Dieler 2012).

After all trees were harvested, we identified, counted and labelled

all branching points (nodes) and branches (internodes). Measure-

ments were made of branch diameter (distal and proximal) and

branch length. Data were collected for all nodes throughout each

tree except balsa due to time and logistical constraints. In total, our

data set includes empirical measurements for approximately 7100

branching nodes.

Calculating WBE scaling exponents

In the context of WBE, a tree’s external architecture is defined by

branching furcation numbers, branch diameters and branch lengths

(Fig. 1, Table 1). Through additional assumptions and the predic-

tion that branching dimensions are self-similar across branching

nodes, these branch-level attributes can further predict scaling of

Figure 1 Although the WBE model predicts scaling exponents related to both internal (vascular) and external (branching) networks, here we were interested in testing

assumptions and predictions only related to the scaling of external tree geometries (see Tables 1 and S1). Within the WBE model, it is assumed that the tree’s external

branching network is a symmetrical, self-similar and hierarchical branching network. As such, values for scaling exponents as defined by the WBE model (e.g. a and b)

should not vary throughout the tree and should be identical at both the branch and whole-tree levels (e.g. anode = atree = a and bnode = btree = b). Since these assumptions

imply that a small piece of the network is representative of the whole network, we were able to use a subsetting method to estimate whole-tree scaling exponents.
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whole-tree metabolic rate (Appendix S1). Here, we used two meth-

ods to estimate branch radii and branch length exponents (a and b

respectively) and calculate the estimated metabolic rate scaling expo-

nent (h) based on branching architecture.

METHOD 1: RATIO-BASED APPROACH FOR BRANCH-LEVEL

SCALING EXPONENTS

To calculate WBE scaling exponents at the branch-level, we used

the statistical platform ‘R’ (R Development Core Team 2012) to cal-

culate branching ratios, radii ratios and length ratios for each node

(Table 1). We then calculated radii and length scaling exponents at

each node (anode and bnode respectively) from measures of branch

radii and lengths of mother and daughter branch segments (Fig. 1,

Table 1). Because daughter branches at a given node were not iden-

tical, ratios for each node were calculated for each daughter branch

(e.g. a node with five daughter branches would have five calculated

radii ratios and five length ratios). Scaling exponents anode and bnode
from each daughter-to-parent pairing were then used to calculate

node-level estimated metabolic rate scaling exponent, hnode (Table 1).

We emphasise this method does not explicitly measure metabolic

rate, but rather, uses assumptions based on space filling and elastic

similarity to estimate the exponent of how metabolic rate scales

with plant size from branching traits (Appendix S1). As such, we

refer to this rate always as ‘estimated metabolic rate’ or this expo-

nent as ‘estimated metabolic rate exponent’. Lastly, we used the

median of these exponents across all branch nodes within a tree

(�anode;�bnode and �hnode) to provide branch-level estimates of scaling of

branch lengths, branch radii and estimated metabolic rate at a

whole-tree level. We did not use an arithmetic mean since we did

not want to assume unimodal and roughly symmetrical distributions

and we could not use a geometric mean due to negative numbers.

Importantly, branch-level exponents were always calculated using

raw data from real trees and then averaged. Data from sub-sampled

trees (see below) were not used for this method.

METHOD 2: REGRESSION-BASED APPROACH FOR WHOLE-TREE

SCALING EXPONENTS

Using individual branch radii and length measurements, we calcu-

lated number of terminal branches (NN), total branch volume

(V) and maximum pathlength (lTOT) for each measured tree. We

then sub-sampled branches within each tree to create a large data

set with enough size variation to estimate whole-tree level scaling

exponents related to branch radii, branch lengths and estimated

metabolic rate (atree, btree and htree respectively). This was done

because WBE predicts the same results for both whole and sub-

sampled trees, and because it increases the total number of esti-

mated scaling exponents, which was needed because only one whole

tree was sampled per species (except for ponderosa pine, where five

trees were sampled). We used an iterative process to create subsets

of each tree’s full branching network (Fig. 1). For this analysis,

branches were systematically removed starting from the base of the

branching network. With each iteration, we produced a smaller sub-

set of networks that were nested within larger subsets of networks

from previous iterations. This procedure resulted in a large number

of network subsets that varied greatly in their size (i.e. the total

number of branches). Each subset was considered a complete net-

work such that NN, V, the measured base radius (r0), and lTOT were

calculated for each network. Sample sizes of the number of ‘sub-

trees’ included in each binned subset are listed in Fig. 5. See

Appendix S2 for more details related to Method 2.

Subsets of a single tree are not independent samples and are not

representative of how architecture changes as a tree gets larger (e.g.

how growth changes in response to shading or crowding), but

examining ontogenetic branching patterns was not our goal. Rather,

we focused on examining snapshots of tree architecture in time,

and as such, this subsetting method is appropriate since we were

testing our data within the context of self-similar, fractal-like net-

works as defined by WBE wherein a small piece of the network is

representative of the whole network. Importantly, as shown in Fig.

S1 and discussed in the results, WBE network scaling exponents do

not change systematically with parent diameter using this method.

After creating tree subsets (hereafter referred to as ‘sub-trees’), we

used standardised major axis (SMA) regression (Warton et al. 2006)

to simultaneously estimate atree, btree and htree within a hierarchical

Bayesian (HB) framework similar to Price et al. (2009; see Appendix

S3 for a detailed explanation of the model, code and implementation

Table 1 Scaling exponents calculated at both the branch-level (across nodes) and

whole-tree level (across ‘sub-trees’) using architecture-based measurements. Note

that at both the branch and whole-tree levels, scaling exponents for branch length

and radii can only be used to calculate the scaling of estimated metabolic rate in

the limit for networks of infinite size and with no pathlength effect on hydraulics.

Furthermore, all whole-tree equations relate tree volume to the number of leaves

per tree, assume invariance in leaf traits, and can be related to each other through

their exponents (i.e. atree and btree are allowed to co-vary and the value for htree is
informed by distributions for atree and btree). Additional details and assumptions

related to these exponents within the context of the WBE model are provided in

Appendix S1. Definitions are as follows: r = branch radii, n = number of

branches, r0 = the measured radius at the tree’s base, NN = the total number of

terminal branches, l = branch length (distance between branching nodes),

lTOT = the tree’s pathlength that corresponds to the continuous column of water

travelling from the tree’s base to the most distant terminal branch, V = volume

(related to mass via density) of all branches of the whole tree (including the main

stem), s = branch segment and Ns = total number of branch segments per tree

Exponent Level Equation

a Radius scaling Branch (node) anode ¼ � lnbnode
ln nnode

;

where

bnode ¼
rdaughter

rparent

nnode ¼
ndaughter

nparent

Whole tree NN / r

1
atree
0

b Length scaling Branch (node) bnode ¼ � ln cnode
ln nnode

;

where

cnode ¼
ldaughter

lparent

Whole tree NN / l

1

btree
TOT

h Estimated metabolic rate Branch (node) hnode ¼
1

2anode þ bnode

Whole tree NN / V htree ;

where

V ¼
XNs

s¼1

pr 2s ls
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procedures). Using this method, atree and btree are allowed to co-vary,

and the value for htree is informed by distributions for atree and btree.

Compared to a frequentist regression approach, we are better able to

estimate scaling exponents using the HB framework because it

allows us to explicitly account for measurement error (in branch

radius), allows for the possibility that observation (and process)

errors associated with the other variables (lTOT, V and NN) are cor-

related, and accounts for variability between trees and species. We

implemented our models in OpenBUGS (Lunn et al. 2000), a gen-

eral-purpose statistical software package for conducting Bayesian

analyses.

Testing and evaluating WBE assumptions and predictions

At both the branch- and whole-tree levels, scaling exponents are

assumed to be interdependent and as such determine how numer-

ous allometric relationships covary with each other (Price et al.

2007; Price & Weitz 2012). An alternative model is that allometric

scaling relationships instead are governed by other processes not

related to these particular values for the average scaling of branch-

ing traits. Indeed, whole-tree scaling exponents can be estimated

independently by relaxing all of the WBE constraints and assump-

tions related to branching architecture of a symmetrical, optimised

tree (SPAM model in Price et al. 2009). Simply put, whole-tree

exponents for the scaling of length, radii and estimated metabolic

rate (atree, btree, htree) can also be estimated outside the context of the

WBE model as empirically fitted slopes. For instance, 1/atree, 1/btree,

htree simply become x, y, z coordinates in a space of possible sym-

metrically branching tree geometries, and each coordinate can be

determined from fits using Method 2. Thus, within our HB model

framework, we estimated both WBE predicted and empirically fitted

scaling exponents (e.g. SPAM model exponents as in Price et al.

2009) at the whole-tree level; if both the WBE predicted and SPAM

fitted scaling exponents at the whole-tree level overlap, then we

conclude that WBE assumptions regarding interdependence of

branching traits are appropriate for real trees (or in cases where the

empirical values have large uncertainty, are at the very least not

inconsistent). For example, since WBE estimates for the scaling of

volume do not vary independently of the scaling of branch length

and radii (e.g. htree draws on the estimated distributions of atree and

btree), overlap of WBE and SPAM estimates for h suggests that atree
and btree likely do determine htree. We refer to the SPAM estimated

exponents by the notational conventions of the WBE model (aSPAM,

bSPAM and hSPAM) for convenience in comparison only.

We also evaluate core and secondary assumptions of the WBE

model using both branch- and whole-tree scaling exponents. These

analyses are summarised in Table S1 and a detailed background on

their origins within the WBE framework are presented in Appendix

S1. It is important that our regression models assumed symmetrical

branching that we characterise with average power-law functions

across branching orders. See Appendix S4 for more details.

RESULTS

Do WBE and SPAM estimated scaling exponents overlap?

Across all species, using Method 2, estimates using the SPAM

model for whole-tree scaling of branch radii (aSPAM = 0.593–0.652,
range across subsets) and lengths (bSPAM = 0.533–0.833, range

across subsets) were larger than WBE estimates (atree = 0.550–0.591
and btree = 0.467–0.777, range across all subsets) based on a sym-

metrically branching tree, but were not significantly different within

or across species due to overlap of 95% CIs (Fig. S5, Table S3).

Estimated metabolic rate scaling exponents at the whole-tree level

were also not significantly different between WBE (htree = 0.533–
0.623) and SPAM (hSPAM = 0.534–0.634, range across subsets)

models due to overlap of 95% CIs (Fig. S5, Table S3).

Testing additional WBE model assumptions and predictions

Do branch-level measurements ‘scale up’ to predict whole-tree exponents both

within and across species?

To determine if observed branch-level relationships were representa-

tive of whole-tree allometric scaling patterns, we compared median

intraspecific scaling exponent estimates from both Method 1

(�anode;�bnode and �hnode) and Method 2 (atree, btree, and htree) (Fig. 2). As
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previously mentioned, the median was used due to the presence of

extreme values and asymmetrical distributions at the branch-level

(Table S4). Since values for all data sets across species did not over-

lap with the 1 : 1 line, our results indicate that for the trees

measured, branch-level estimates of scaling exponents do not provide

reliable estimates of those same exponents for whole trees (Fig. 2).

However, since the estimation of htree in the HB model for WBE is

constrained by the distributions of atree and btree, overlap of WBE and

SPAM values for the estimated metabolic rate scaling exponent does

indicate that branching exponents are indeed connected to the

branching geometry of whole-tree network (Fig. S5, Table S3).

Do trees exhibit area-preserving branching? What is the corresponding scaling

exponent for a symmetrically branching, self-similar tree?

Intraspecific patterns. Area-preserving branching was demonstrated

since the total cross-sectional area of daughter branches was approxi-

mately equal to that of their parent’s cross-sectional area for all

species (Fig. 3). For all species (maple, oak, pi~non, ponderosa, balsa),
the observed branch-level values of anode [estimate (95% CI)] for

individual trees [anode = 0.72 (0.02, 2.14), 0.54 (�0.01, 1.66), 0.51

(�0.07, 2.04), 0.56 (�0.08, 2.42), 0.53 (0.04, 1.73) respectively] did

not exclude the WBE prediction (a = 1/2) for trees with

symmetrical, area-preserving branching, based on large 95% CIs

(Fig. 4, Table S5). Further, within each ponderosa pine tree, the

observed branch-level values of anode also did not significantly differ

from the WBE predicted value based on 95% CIs (Fig. 4).

The observed whole-tree posterior median estimates of atree were

sensitive to the size of the branching network. Values were statisti-

cally indistinguishable from the WBE prediction for maple and oak

trees and for data sets with minimum tip size > 7 tips for pi~non
and balsa (Fig. 5a, Table S3). Values of atree were statistically differ-

ent from the WBE prediction for ponderosa pine (Fig. 5a, Table

S3). Importantly, since area preservation was observed in ponderosa

pine trees, deviations from the WBE model prediction indicate

asymmetry in branching in this species.

Interspecific patterns. Both the interspecific branch-level [anode = 0.54

(�0.04, 2.01)] and whole-tree [atree = 0.550–0.591 (0.449, 0.777), range
across all subsets] exponent estimates were not significantly different

from the WBE prediction of 0.5 (Figs 4 and 5d, Tables S3 and S5).
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Figure 4 Distributions of branch-level scaling exponents for length (bnode) and radii (anode) estimated as kernel density functions using the ‘density’ function in the statistical

platform ‘R’ (kernel = ‘gaussian’). Values of scaling exponents were calculated using the branch-level ratio-based approach for each tree. Data for all ponderosa pine trees

were pooled together in the left panels, while the right panels show all individual ponderosa pine trees. The dotted vertical lines indicate WBE predicted values for an

idealised tree (anode = 1/2, bnode = 1/3).
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Do trees exhibit space-filling branching?

Intraspecific patterns. Observed branch-level values of bnode for

individual species did not exclude the WBE prediction of b = 1/3,

although large 95% CIs make it difficult to state whether a single

narrow prediction or a wide range centred around a predicted value

are more appropriate (Fig. 4, Table S5). Interestingly, in concert

with the larger range of median values among species for bnode
(0.13–0.67) compared to anode (0.51–0.72), the variance in bnode was

also much larger than the observed variance in anode (Fig. 4, Table

S5). The greater variability in the distribution of length ratios

compared to radii ratios can be further observed by comparing

daughter lengths to parent lengths (Fig. 3).

At the whole-tree level, posterior median estimates of btree were

statistically different for maple [btree = 0.423–0.579 (0.354, 0.627)],

pi~non [btree = 0.476–0.650 (0.387, 0.694)], ponderosa

[btree = 0.436–0.53 (0.321, �0.630)] and balsa [btree = 0.575–1.134
(0.404, 1.223)] trees regardless of subset size (Fig. 5b, Table S3).

Posterior median estimates of btree for oak were not statistically

different from the WBE prediction when the minimum number

of terminal tips in a subset was > 6 [0.404–0.413 (0.160, 0.623);

Fig. 5b, Table S3].

(a)

(b)

(c)

(d)

(e)

(f)

Figure 5 Median and credible intervals (CI) for whole-tree exponents (atree, btree, htree) estimated within the context of the WBE model using the hierarchical Bayesian

analysis. Results are reported for each binned data set (e.g. with a different number of subsets based on the minimum number of tips of a ‘sub-tree’ included). The WBE

prediction for an allometrically optimised plant is indicated by a horizontal solid line.
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Interspecific patterns. The interspecific branch-level value of bnode [0.21

(�3.05, 3.76)] did not exclude the WBE prediction but given

extremely large 95% CIs this is not strong support (Fig. 4, Table

S5). At the whole-tree level, the interspecific exponent for btree was

significantly greater than the WBE prediction, regardless of data set

size [0.467–0.777 (0.310, 1.119); Fig. 5e, Table S3].

Is statistical self-similarity held throughout branching networks within a single

tree?

A generalisation of the WBE model is that the average rules for

plant architecture are self-similar on average, even if self-similarity

does not hold across all nodes. We observed that ratio-based mea-

sures of anode and bnode, and consequently hnode, do not systemati-

cally change with parent diameter (Fig. S1), indicating invariance

of these branching traits across branching levels, plant size and

taxa.

Do branch- and whole-tree estimates for h match the WBE prediction of 3/4?

Intraspecific patterns. Although branch-level estimates of hnode across

species averaged 0.46 (�5.25, 7.06), they did not exclude the

WBE prediction of 3/4 for optimised symmetrically branching

trees with no pathlength limitation on hydraulic conductance

(Table S5). However, this result is due to very wide density

distributions in both anode and bnode, which were used to calculate

hnode and is also reflected by large 95% CIs for hnode (Fig. 4, Table
S5). In contrast, whole-tree architecture-based estimates of htree for
maple [0.627–0.670 (0.598, 0.710)], pi~non [0.566–0.623 (0.532,

0.695)], ponderosa [0.528–0.588 (0.443, 0.639)] and balsa [0.455–
0.546 (0.327, 0.678)] trees were statistically less than the WBE

prediction for metabolic rate (Fig. 5c, Table S3). Posterior median

estimates of htree for oak were not statistically different from the

WBE prediction when the minimum number of terminal tips in a

subset was > 6 [0.681–0.741 (0.519, 0.994); Fig. 5c, Table S3).

Interspecific patterns. The interspecific branch-level value of hnode [0.46
(�5.25, 7.06)] did not exclude the WBE prediction due to large

95% CIs (Table S5). At the whole-tree level, the interspecific

exponent for htree was significantly less than the WBE prediction,

for data sets that included trees with < 6 terminal tips [0.533–0.579
(0.440, 0.687); Fig. 5f, Table S3].

DISCUSSION

Variation in tree branching patterns

Our direct measurements of plant branching architecture from a

diverse group of trees lead to calculations of scaling exponents that

fall within a relatively narrow range (at least in comparison with the

observed range of possible values; Tables S3 and S5). This conver-

gence indicates evolutionary, genetic and/or developmental con-

straints on similarities in branching architecture and supports plant

network models that assume selection on biological networks has

resulted in a common set of branching rules (e.g. West et al. 1999;

Vasseur et al. 2012). Nonetheless, some interspecific differences are

apparent. For example, in maple, oak and balsa, we observed node-

level scaling exponents for branch length that were most similar to

each other, while scaling exponents for branch length were consis-

tently different for both ponderosa and pi~non pine.

For all species, the scaling of branch radii (represented by anode
and atree) was much less variable than for branch lengths (repre-

sented by bnode and btree) (Fig. 4, Table S5). This finding is consistent

with other studies examining tree branching architecture where

branches tend to be more plastic in terms of their lengths than

radius (McMahon & Kronauer 1976; Bertram 1989; Price et al.

2007) and studies on asymmetrical branching and tree ontogeny

(e.g. Renton et al. 2006). These findings are also in concordance

with Price et al. (2007) who suggested the WBE principle of energy

minimisation for water transport leads to minimisation of hydrody-

namic resistance. Because resistance depends on radius to the 4th

power but only linearly on length, changes in radius lead to much

greater changes and penalties in energy minimisation, in turn leading

to much stronger stabilising selection on radii than on lengths (Price

et al. 2010). This flexibility in length scaling will, however, have

consequences for the constraint of space-filling branching, which is

closely linked with light-gathering in leaves and limbs (Duursma

et al. 2010; Nishimura et al. 2010) and with water/nutrient-gathering

in roots (Biondini 2008). Depending on the distribution of lengths

within a level and thus the sum total of service volumes for that

level, deviations from space filling could be calculated. That is, if

enough longer branches are compensated for by smaller branches, a

modified version of space filling could still hold throughout the tree

even with variation in branch lengths. Similarly, area preservation

between mother and daughter branches could still hold with large

variation in branch radii.

In addition to large variation in scaling of branch length (bnode and

btree), we observed systematic changes in values for scaling expo-

nents dependent on the number of terminal tips per tree included

in the analysis (Fig. 5, Table S3). The smaller the number of termi-

nal tips included, the greater the variation (e.g. see error bars

Fig. 5). Since we created smaller ‘sub-trees’ using data from the top

of the canopy of whole real trees, these results are consistent with

the observation that very young branches near the edges of the can-

opy have highly variable dimensions, perhaps due to the relaxation

of biomechanical constraints (Niklas 1994; West et al. 1999) or their

active growth. Flexibility is key to peripheral, or sun, branch func-

tion. Indeed, studies have found that allometric patterns are differ-

ent for branches that position leaves to intercept solar radiation

(e.g. sun branches) and nearby branches upon which these subordi-

nated sun branches grow (e.g. structural branches, Dahle & Grabo-

sky 2010). This result was most pronounced in the oak tree; a wide

range of values (e.g. about a factor 2) for the whole-tree length and

estimated metabolic rate exponents were observed, depending on

the minimum number of terminal tips (Fig. 2, Table S3).

Testing WBE assumptions and predictions

Although several WBE assumptions and predictions were supported

by our results, deviations in scaling of branch lengths (btree) and esti-

mated metabolic rate (htree) from WBE predictions were observed

(Fig. 5b, c, Table S3). In particular, all estimates for scaling of

branch lengths were significantly closer to 1/2 than the WBE esti-

mate of 1/3. As described above when discussing high variation in

estimates of btree, we hypothesise that considerable differences

between individual trees with respect to their principle of crown

space filling and the fractal dimension is responsible for this devia-

tion. Indeed, studies have demonstrated a more variable crown scal-

ing than predicted by WBE (Pretzsch & Biber 2005; Pretzsch 2006;
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Pretzsch & Dieler 2012). It is also possible that since b = 1/3 for

whole trees should only occur in large trees (West et al. 1999), maxi-

mum pathlength by diameter scaling had not yet reached elastic

similarity in these relatively young trees (von Allmen et al. 2012).

From this perspective, future work to improve plant-scaling models

should incorporate asymmetrical branching or size dependency

resulting from adaptation to physical/environmental conditions and

leading plants to diverge from 3D growth patterns.

In addition to deviations in scaling of branch lengths, we also

observed branch-level and whole-tree values for the estimated meta-

bolic rate scaling exponent (hnode and htree), that were significantly less
than the WBE prediction of 3/4 (Fig. 5c, Table S3). While our esti-

mation of metabolic rate scaling was based purely on plant external

architecture, h can also be estimated within the context of WBE by

combining structural and physiological trait information. That is, h
can be defined as a composite of how trunk diameter, D, scales with

mass, M (D a M c ) and with tree water use (Q a Dq), such that

h = c�q (Q a M h=cq ) (Sperry et al. 2012). Because our external

branching-based analysis does not estimate the water-use exponent

q, we assume variation in h estimates must concern the mass (or vol-

ume) scaling exponent, c. The WBE model value for c = 3/8 results

from assumptions of area-preserving and space-filling branching that

leads to a convergence to elastic similarity in large branching net-

works (Appendix S1).

Our data strongly support area preservation, but failed to sup-

port space-filling branching in all trees except the oak (Fig. 5b,

Table S3), indicating a potential violation of elastic similarity for

most trees studied. Explicit tests of elastic similarity within the

same maple and oak trees were evaluated using a log–log plot of

each stem diameter against the distance from that diameter to

the most distant branch tip. In von Allmen et al. (2012), results

confirmed these branch networks only converged to elastic simi-

larity with increasing size of larger branches. Smaller branches

closer to the tips of the tree were characterised by a steeper

scaling of length and diameter than the 2/3-power exponent

required for elastic similarity. This well-known shift in branch

allometry (McMahon & Kronauer 1976; Bertram 1989; Niklas &

Spatz 2004) contributes to the tendency for c < 3/8 (and hence

h < 0.75) in data sets such as ours that include smaller branch

networks (Sperry et al. 2012).

It should also be noted that other studies have shown that smal-

ler trees have exponents for h that are closer to isometry and across

a larger range of sizes, exponents < 1 but > 3/4, rather than < 3/4

(Reich et al. 2006; Mori et al. 2010). In these studies, however, meta-

bolic rate was directly measured via respiration and not estimated

through plant mass or water-use allometry. Thus, our study high-

lights a disconnect between theoretical estimates and empirically

measured values of h, perhaps due to differences in the scaling of

carbon vs. water.

CONCLUSIONS

Our work shows a degree of convergence in branching patterns

across functionally diverse tree species and lends support to several

assumptions and predictions of WBE. However, analysis of branch-

ing distributions in some trees showed violations of power-law

behaviour and rejection of WBE predictions for whole-tree scaling

in optimised symmetrically branching trees. To improve the predic-

tive ability of plant-scaling models, future work should focus on

(1) measurements of smaller sized branches to identify the underly-

ing sources of variability in tree branching architecture that leads to

unimodal and highly variable length distributions; (2) differences in

the peaks and widths of the distributions of all scaling exponents

to identify different evolutionary and developmental pressures

within the context of the WBE core assumption while allowing

alternative secondary assumptions for particular taxa and environ-

ments; (3) revisions to model theory to account for asymmetrical

branching; and (4) exploration of the structural and physiological

components of the scaling of metabolic rate (h = c�q) using both

theory and empirical data related to both carbon and water. Using

these approaches to better understand general patterns and variable

traits of plant branching networks, we will be able to derive and

predict scaling exponents with less uncertainty and thus improve

scaling models to represent a broader spectrum of realistic trees.
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