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Abstract

The Metabolic Ecology Model predicts that tree diameter (D) growth (dD/dt) scales with

D1/3. Using data on diameter growth and height–diameter relationships for 56 and 40

woody species, respectively, from forests throughout New Zealand, we tested one

prediction and two assumptions of this model: (i) the exponent of the growth–diameter

scaling relationship equals 1/3 and is invariant among species and growth forms, (ii)

small and large individuals are invariant in their exponents and (iii) tree height scales with

D2/3. We found virtually no support for any prediction or assumption: growth–diameter

scaling exponents varied substantially among species and growth forms, correlated

positively with species� maximum height, and shifted significantly with increasing

individual size. Tree height did not scale invariantly with diameter. Based on a

quantitative test, violation of these assumptions alone could not explain the model’s

poor fit to our data, possibly reflecting multiple, unsound assumptions, as well as

unaccounted-for variation that should be incorporated.
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I N T R O D U C T I O N

It has been argued that there are no general laws in ecology

that are comparable to those in physics, but that ecology has

some widely observed trends (Lawton 1999; Clarke & Fraser

2004). To this end, the past 10 years has seen the growth of

macroecology and the Metabolic Ecology Model (Brown

1995; West et al. 1997; Brown et al. 2004b), which aim to

quantify some of ecology’s widely observed trends and

provide mechanistic explanations for them. For plants,

hypotheses from the Metabolic Ecology Model propose that

all species share an optimal design of the vascular system

(West et al. 1999), which affects whole-plant physiology,

biomass partitioning, and population and community

processes (Enquist et al. 1998; Enquist & Niklas 2001,

2002; Coomes 2006).

A prediction of the Metabolic Ecology Model (see

Background to the metabolic ecology model of tree growth) applied

to trees is that stem diameter (D) growth (dD/dt) should

scale with, bDa, where a ¼ 1/3, and b is a proportionality

constant, or allometric coefficient (Enquist et al. 1999).

According to this model, although species may differ in their

allometric coefficients, their exponents (a) are invariant

(Enquist 2003). The proponents of the Metabolic Ecology

Model have repeatedly argued that scaling relationships

should apply universally, with taxonomic and other sources

of variation being subsumed in the coefficient (Enquist

2003; Gillooly et al. 2006), but other researchers have argued

that patterns found at larger scales may not be observed at

smaller ones (Tilman et al. 2004).

The theoretical value of the growth–diameter scaling

exponent arises from at least four assumptions about the

structure of plant vascular networks: it is volume-filling and

fractal, its hydrodynamic resistance is minimized, petiole

diameter does not vary with plant size, and it is constructed

to resist elastic buckling of the tree due to gravity (Enquist

et al. 1999, 2000; Coomes 2006). Resources such as light are

also assumed to be equally available to all trees (Enquist

et al. 1999, 2000; Coomes 2006). Furthermore, the value of

the growth–diameter scaling exponent relies critically on the
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assumptions that tree mass (M ) scales with tree diameter

as D8/3 and that tree height (H ) scales as D2/3 (see

Background to the metabolic ecology model of tree growth). The

applicability of these assumptions may vary across species,

growth forms and environments, thereby generating

variation in the observed exponent that would violate its

predicted universal applicability.

Evaluations of the predicted scaling of tree growth with

diameter have been relatively few. The model was supported

by analyses in the paper in which it was originally proposed

(Enquist et al. 1999), although sample sizes may not have

been sufficient to test the hypothesis robustly (Muller-

Landau et al. 2006a; Coomes & Allen in press). Further-

more, tests in 10 tropical forest communities showed little

evidence that a ¼ 1/3 (Muller-Landau et al. 2006a). In that

study, vertical variation in light in forests was proposed to

influence the changing relationship between tree growth and

diameter, such that as a tree grows into increasingly better

light environments as it reaches the canopy, limitation of

growth rate by competition for light declines (Muller-

Landau et al. 2006a). Any such asymmetry in resource

competition (Weiner 1990) could result in a growth–

diameter scaling exponent that changes with size (Kerkhoff

& Enquist 2006; Coomes & Allen in press). Changes in

resource allocation with the onset of reproduction or in

tissue density, particularly of wood, as trees age, are also

likely to cause shifts in the growth–size relationship (Enquist

2002; Muller-Landau et al. 2006a). For these reasons, forest

ecologists have favoured diameter growth models that

incorporate terms accounting for potential ontogenetic

changes in growth rate, namely hump-shaped functions or

functions with inflection points allowing declining growth

rates as a tree matures (Zeide 1989; Monserud & Sterba

1996; Weiner & Thomas 2001). Both effects could lead to

deviations from the predicted exponent, particularly for

large trees, implying that the growth–diameter scaling

exponent would approach zero as a tree increases in size.

Moreover, tests of scaling relationships often do not

account for taxonomic variation, as the generality of the

Metabolic Ecology Model lies in its treatment of all

individuals as identical, and hence its predicted exponents

are for average responses (Clarke 2006; Muller-Landau et al.

2006a). However, tree demographic rates show substantial

interspecific and intraspecific variation (Kobe 1996; Clark

et al. 2003; Condit et al. 2006).

Here, we test several hypotheses and assumptions of the

Metabolic Ecology Model applied to trees. First, we used

diameter growth data from 119 360 individuals of 56 woody

species collected over 36 years in forests throughout New

Zealand to evaluate whether the exponent (a) of the

growth–diameter scaling relationship equals 1/3 and is

invariant among species and growth forms, implying that

interspecific and other life-history variation is accounted for

in the coefficient (b). Shrubs and small trees found in

closed-canopy forest generally have more conservative

growth strategies that allow them to survive their entire

lives in the shade of canopy trees. Any deviations of

the scaling exponent from 1/3 that were related to growth

form would indicate that asymmetric competition for light

might be inadequately described by the Metabolic Ecology

Model. Second, we evaluated whether small and large trees

of a species are invariant in their exponents. If this were the

case, then the assumption that there are no ontogenetic

changes in resource allocation or access as trees age, or at

least that such change is accounted for by the allometric

coefficient, would be justifiable. Third, using data on tree

height–diameter relationships for 40 New Zealand tree

species, we tested whether the assumption that H � Dd,

where d ¼ 2/3, holds and is invariant across species.

Fourth, we further hypothesized that the height–diameter

scaling exponent (d) would be negatively correlated with any

deviations from the predicted growth–diameter scaling

exponent (a; see Background to the metabolic ecology model of

tree growth). Finally, a species� maximum height is an

important trait related to allocation to diameter vs. height

growth and photosynthetic capacity (Thomas & Bazzaz

1999; Kohyama et al. 2003; Westoby & Wright 2006). We

therefore also tested whether these two scaling exponents

were correlated with maximum height. By evaluating these

assumptions and quantifying patterns of covariation

between parameters of these scaling relationships and tree

functional traits, we sought to identify where the theoretical

challenges lay in improving the applicability of the Metabolic

Ecology Model.

B A C K G R O U N D T O T H E M E T A B O L I C E C O L O G Y

M O D E L O F T R E E G R O W T H

The growth–diameter scaling relationship for trees is

derived from a complex series of relationships and

assumptions (West et al. 1997, 1999; Enquist et al. 1999,

2000; Enquist 2002; Makarieva et al. 2005; Chaui-Berlinck

2006; Coomes 2006), which we briefly summarized here. (1)

The hydraulic resistance of conduits (vessels or tracheids) in

the vascular system does not increase substantially with

increasing length of the transport system. This is due to the

way that conduits taper, which is dictated by the assump-

tions that the network of conduits branches fractally and is

area-preserving. As a result, neither water delivery to leaves,

nor the transpiration rate per unit leaf area, nor photosyn-

thetic rate per unit leaf area, diminishes with tree size. (2)

Consequently, whole-tree photosynthetic rate is propor-

tional to total leaf area. (3) Total leaf area is assumed to be

directly proportional to the basal area of the stem, a relation

that arises from the assumption of area-preserving branch-

ing. Hence, whole-tree photosynthetic rate scales with
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tree diameter (D) squared. (4) Total biomass growth (dM/dt)

is directly proportional to total photosynthetic rate, and so

also scales with D2. (5) Tree height (H ) scales with diameter

as, H � D2/3 (McMahon & Kronauer 1976), and M scales

with tree volume, D2H; hence, M � D8/3. (6) Substituting

D8/3 into dM/dt � D2 yields, dD/dt � D1/3. As an aside,

these relationships also imply that M � H4 (Makarieva et al.

2005).

The growth–diameter scaling relationship, dD/dt � D1/3,

relies critically on the assumption that H � D2/3. If tree

height and diameter fail to scale according to this

assumption, then this might result in deviations of the

growth–diameter scaling exponent from 1/3. Specifically, if

H � Dd, then by the same logic as in steps (5–6) above, it

follows that M � D2+d and dD/dt � D(1)d). Hence, a

significant correlation between aj and (1 )dj) would indicate

that inappropriate assumptions about tree height growth

with respect to diameter might be partly responsible for any

deviations of aj from the predicted 1/3, where dj and aj are

the growth–diameter and height–diameter scaling exponents

for species j, respectively.

M E T H O D S

Ecological setting and allometric data

The forests of New Zealand are dominated by long-lived

evergreen and southern hemisphere, temperate woody taxa,

but also contain representatives from largely tropical

lineages, particularly in the warmer north (e.g. Litsea and

Beilschmedia, Lauraceae), as well as some genera that are

endemic to New Zealand (e.g. Coprosma, Rubiaceae). Woody

species have varied growth forms, ranging from some of the

world’s largest canopy trees (e.g. Agathis australis, Podocarp-

aceae) to divaricating understory shrubs. In association with

a diverse group of broad-leaved hardwoods, Nothofagus

(Southern beech; Nothofagaceae) and conifer species

(Podocarpaceae and Cuppressaceae) predominate in many

forest types, with beeches tending to dominate mountainous

regions and tall podocarps being more abundant in lowland

forests (Wardle 1991).

Data on the change in tree diameter over time of woody

plant species of New Zealand were extracted from the

National Vegetation Survey (NVS) data bank (Wiser et al.

2001). Between 1969 and 2004 permanently marked

20 · 20 m (400 m2) plots were placed in a stratified

random design along compass lines in watersheds through-

out New Zealand. The origin of each line was located

randomly along a stream channel, and plots were

established at 200-m intervals upslope along each line

until alpine grassland was reached. Within each plot, each

woody stem > 30 mm in diameter at breast height

(diameter) was tagged and identified to species and its

diameter recorded to the nearest 1 mm. Plots were re-

censused at varying intervals ranging from c. 2–28 years,

with each plot being censused a maximum of four times

from 1969 to 2004.

We selected data on trees that had been measured at least

twice and grouped them into (i) stems of all size classes, (ii)

stems of 30–200 mm and (iii) stems ‡ 200 mm in diameter

both with and without respect to species. For species-

specific parameter estimates, we used data from species that

had at least 100 stems in each of these groups, because

previous analyses demonstrated this to be a threshold of

statistical power below which confidence intervals on

growth–diameter scaling parameters become excessively

wide. This amounted to 120 842 individuals of 56, 51, and

14 species, respectively, collectively representing 20 families.

We report the diameter size range in the data for each

species, as this can potentially influence the scaling exponent

(Table S1).

Data on tree diameter–height relationships were from the

New Zealand Carbon Monitoring System (CMS; Coomes

et al. 2002; Payton et al. 2004). Data were from trees 12 to

5320 mm in diameter from 377 marked 20 · 20 m

(400 m2) permanent plots in the CMS system. These plots

are a systematic sample of forested areas of New Zealand.

In each plot, diameter and height (using a Haglöf vertex

hypsometer, Langsele, Sweden) were measured on trees that

were non-randomly selected to obtain a broad-range of

diameters and species.

Temperature data (see below) were mean annual temper-

atures from the Land Environments of New Zealand

Geographic Information System database. Mean annual

temperatures were derived directly from a spline surface

fitted to data from 300 meteorological stations. The values

used to fit the surface consisted of the mean of the

12 monthly averages for daily average temperature (Leath-

wick et al. 2002). The geo-referenced plot locations were

used to extract mean annual temperature (T ) for each plot,

which was applied to every tree in that plot.

We also collected data on the growth form and

maximum height attained for each species from the

literature (Wardle 1991; Poole & Adams 1994; Wilson

1994) and the New Zealand Plants Databases (Landcare

Research 2006; http://nzflora.landcareresearch.co.nz/).

We categorized species broadly into three growth forms:

(i) canopy trees (CT; 18 species) were species with

maximum heights > 15 m that have a tree-like growth

form and are found in closed-canopy forest, (ii) small

trees (ST; 25 species) had maximum heights between 5

and 15 m, may have a tree-like or branching growth form

in one or more life stages, and may occur in closed

canopy or more open forest habitats and (iii) shrubs (SH;

13 species) had maximum heights < 5 m and a branching

growth form (Table S1).
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Modelling approach

Tree growth–diameter scaling

The instantaneous growth rate (G ) of a tree was modelled

as a power function of its diameter (D ; eqn 1; Enquist et al.

1999; Muller-Landau et al. 2006a).

GðDÞ ¼ dD

dt
¼ bDa ð1Þ

Note that while a is a dimensionless quantity, b is not.

Because in our study D and time have units of mm and

years, respectively, when D ¼ 1, b is therefore the predicted

growth rate in mm year)1 of a 1-mm in diameter tree.

Integrating this growth function gives

D1�a
t ¼ D1�a

0 þ bð1� aÞt ð2Þ
where D0 is a tree’s diameter at time t0 (the first time it was

observed alive) and Dt is its diameter at time t (the last time

it was observed alive; Muller-Landau et al. 2006a). Applying

the relationship in eqn 2 to our data and accounting for

individual variation, we obtain

Dtij ¼
�
D

1�aj

0ij þ bjð1� ajÞtij
� 1

1�aj þ eij ð3Þ

for tree i of species j. We assumed that individual deviations

from the predicted final diameter, eij, were lognormally

distributed and depended on the length of the intercensus

interval tij, which varied among trees:

eij � log N ðlij ; rijÞ

lij ¼ log E
�
Dtij

�� �
�

r2
ij

2

rij ¼ sj tij

ð4Þ

where lij and rij are the location and scale parameters of the

lognormal distribution, E[Dtij] is the predicted value of the

final diameter of an individual tree, and sj is the time-

independent standard deviation of the lognormal distribu-

tion. Thus, the error variance (r2
ij ) is scaled with time. We

also tested normal and gamma probability distributions for

the model’s error distribution, but found the lognormal

distribution to have the highest likelihood for the greatest

number of species.

The Metabolic Ecology Model predicts that temperature

governs metabolism through its effects on rates of

biochemical reactions, and so diameter growth rate should

not only depend on tree size, but should increase with

increasing temperature (Gillooly et al. 2001). We corrected

growth rates to a standard temperature (T0 in K) based on

the universal temperature dependence of biological proces-

ses, eE(T)T0)/(kTT0), where E is the activation energy of

metabolic processes (c. 0.65 eV), k is the Boltzmann

constant (8.62 · 10)5 eV K)1), T is observed temperature

in K (Gillooly et al. 2001), and T0 is the mean temperature

across all plots in the NVS data (281.6 K):

GðD; T Þ ¼ bðT0ÞDae
EðT�T0Þ

kTT0 ð5Þ
Thus, the temperature-standardized growth–diameter sca-

ling model with a lognormal error distribution, as in eqn 4,

is:

Dij ¼ D
1�aj

0ij þ bjðT0Þð1� aÞtij e
EðT�T0Þ

kTT0

� � 1
1�ajþeij ð6Þ

Tree height–diameter scaling

The height (H ) of a tree was modelled as a function of its

diameter (D) using a power function (Enquist et al. 2000):

H ðDÞ ¼ cDd ð7Þ
Because tree height growth often reaches an asymptote as a

tree ages, we also fit an asymptotic function to the height–

diameter relationship, the Monod equation (eqn 8):

H ðDÞ ¼ Hmax 1� euDg� �
ð8Þ

where Hmax is the maximum height. We assumed errors

were lognormally distributed.

Model fitting and evaluation

We fit the growth–diameter scaling relationship without and

with the temperature correction (eqns 3 and 6) to all stems,

small stems, and large stems both without and with respect

to species (i.e. single a,b, and s vs. species-specific aj,bj, and

sj parameters, respectively). When a and b were fit

simultaneously, different combinations of a and b resulted

in nearly identical likelihood values, indicating possible

parameter trade-offs between a and b and reflecting

considerable variability in the data. When a ‡ 1, eqn 3 is

undefined. We therefore fixed a at a range of values < 0.99

in increments of 0.01, and for each of these values of a, we

fitted b and s by minimizing the negative log of the

likelihood function ()LL). We decreased the lower end of

the range of a until it was clear that the )LL reached a

minimum. From these results, we took the maximum

likelihood estimates (MLE) for a and b to be the

combination that had the lowest )LL. This model-fitting

approach accords well with the idea that a is proposed to be

invariant, and interspecific variation is accounted for in b
(Enquist & Niklas 2002; Clarke 2006). We fit the height–

diameter scaling models (eqns 7 and 8) for each of 40

species with 20 or more stems.

We used the Nelder–Mead simplex search algorithm

(Nelder & Mead 1965), and varied initial parameter values to

minimize the risk of finding only a local maximum

likelihood. We compared the fits of growth–diameter

scaling models without and with temperature standardiza-

tion and of the three height–diameter scaling models using
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Akaike’s Information Criterion (AIC ¼ )2LL + 2k, where

k is the number of fitted parameters; Hilborn & Mangel

1997). We used the difference in AIC between the two

models (DAIC) to judge relative support, with lower values

of AIC indicating more support. We considered DAIC < 2

to indicate similar support, DAIC ¼ 2–10 to indicate

moderate and DAIC > 10 to indicate strong support,

respectively, for the alternative models (Burnham &

Anderson 1998).

We report the MLEs for all parameters, except the error

variance parameters, of the best-supported models, with

two-unit asymptotic support intervals (SI; Edwards 1972;

Hilborn & Mangel 1997). Two-unit SIs for MLEs of

parameters were estimated by fixing the standard deviation

of the error distribution and either a or b for the growth–

diameter scaling model or either c or d for the height–

diameter scaling model at their respective MLEs and

systematically varying the parameter for which SIs were

being estimated on a grid to find the parameter values that

were two likelihood units away from the MLE for that

parameter. Estimates of allometric exponents were consid-

ered different from the predicted values (a ¼ 1/3 and d ¼
2/3) if their SIs did not contain 1/3 or 2/3, respectively.

We examined variation in aj, bj and dj parameters with

respect to both species� maximum height and growth form

using Spearman’s rank correlation and Kruskal–Wallis tests

and used Spearman’s rank correlation to quantify the

relationship between aj and 1 )dj (Conover 2003; see

Background to the metabolic ecology model of tree growth).

R E S U L T S

Overall growth–diameter scaling relationship

Maximum likelihood estimates of a based on fits of the

growth–diameter scaling relationship without temperature

standardization (eqn 1) and without respect to species, were

0.50 (SI: 0.498–0.502) for all stems, 0.46 (SI: 0.458–0.462)

for small stems and 0.06 (SI: 0.055–0.065) for large stems.

The corresponding allometric coefficients were 0.075 (SI:

0.0745–0.0757) for all stems, 0.089 (SI: 0.0892–0.0908) for

small stems and 0.902 (SI: 0.875–0.931) for large stems. The

scaling relationship fitted using data for all stems (without

size class divisions) poorly predicted growth of larger trees

because for trees greater than c. 20 cm in diameter, mean

growth did not vary predictably with diameter, and the

relationship was approximately flat (Fig. 1).

After standardizing for temperature, MLEs for a shifted

only slightly: 0.52 (SI: 0.518–0.522) for all stems, 0.49 (SI:

0.488–0.492) for small stems and 0.03 (SI: 0.025 to )0.035)

for large stems. The corresponding allometric coefficients

were 0.067 (SI: 0.0662–0.0673) for all stems, 0.077 (SI:

0.0763–0.0776) for small stems and 1.039 (SI: 1.0054–

1.0727) for large stems. Thus, based on these SIs, all

estimates of a (both with and without temperature

standardization) were significantly different from the value

of 1/3 predicted by the Metabolic Ecology Model (Enquist

et al. 1999). Based on AIC, the temperature-standardized

model had a substantially better fit than the unstandardized

model (DAIC ¼ 13 650.2 for all stems; DAIC ¼ 9746.4 for

small stems; DAIC ¼ 3829.2 for large stems). Therefore,

only results from the temperature-standardized model (eqn

6) will be presented.

Species-specific variation in the growth–diameter scaling
relationship

Across all size classes, New Zealand tree species were highly

variable in both their exponents (a) and coefficients (b) of

the temperature-standardized growth–diameter scaling rela-

tionship (Table S2). As a result, the functional diversity of

Figure 1 Annual tree diameter growth rate as a function of

diameter for New Zealand trees. Points are mean values of

observed growth rates within diameter classes, with standard error

bars, plotted on a log–log scale. Diameter classes were based on

6% quantiles of the growth rate distribution and contained 230–

1960 individuals. Growth rates (mm year)1) are the difference

between two diameter measurements (mm) divided by the time

between them (years). Curves represent the temperature-standard-

ized growth–diameter scaling relationship (eqn 6) fit to all stems

(dashed line) and stems 3–20 cm and stems ‡ 20 cm in diameter

(two solid lines) without respect to species. The grey dotted line

shows the predicted scaling relationship (a ¼ 1/3 and b fixed at

the fitted value for all stems). The inset shows the same fitted

curves and data on non-logged axes.
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predicted growth curves among species and growth forms

was substantial (Fig. 2). Species-specific MLEs for a were in

the range of )1.61 to 0.99 based on all stems, )1.64 to 0.99

based on small stems, and )1.76 to 0.99 based on large

stems (Table S2). MLEs of a differed from 1/3 for most

species and size classes (Table 1 and Table S2).

For CTs, a was more likely to be > 1/3, based on all and

small stems, whereas for CTs based on large stems and for

STs and shrubs (all stems and small stems), a was frequently

< 1/3 (Table 1). Both parameters also varied significantly

among growth forms (a: Kruskal–Wallis v2 ¼ 12.12, d.f. ¼
2, P ¼ 0.002; b: Kruskal–Wallis v2 ¼ 10.99, d.f. ¼ 2, P ¼
0.004) across all size classes (Fig. 3). This was also true for a
when data were grouped by size classes (small stems, a:

Kruskal–Wallis v2 ¼ 8.57, d.f. ¼ 2, P ¼ 0.014), although

for b, overall differences among growth forms for small

stems were only close to being statistically significant (b:

Kruskal–Wallis v2 ¼ 5.79, d.f. ¼ 2, P ¼ 0.055). Our ability

to test these relationships statistically using only trees

‡ 20 cm in diameter was reduced by limited sample size.

Based on all stems, CTs had significantly higher parameter

estimates for a than did both STs and shrubs (P < 0.001

and P ¼ 0.02, respectively), which themselves did not differ

significantly (P > 0.05). Estimates of b based on all stems

were significantly lower for canopy than for STs

(P < 0.001), but there were no significant differences

between either CTs and shrubs or STs and shrubs

(P > 0.05). Similar patterns of variation among growth

forms in a and b held based on small stems (Fig. 3).

For 10 of 11 CT species and two of three ST species with

sufficient sample size for analysis, estimates of a were

greater for small, relative to large stems, implying a stronger

diameter dependence of growth for juvenile trees that have

not yet reached the forest canopy. Hence, as growing trees

approach the forest canopy, a shifts to smaller values,

making growth rates less size-dependent (Table S2; Figs 1

and 3). The median of the a value for all species for fits

based on all stems was near the predicted 1/3 (Fig. 3A).

However, fits based on all stems generally did not predict

growth of stems > 20 cm very well (Fig. 1), and there were

strong shifts in a for small relative to large stems (Fig. 3B–

D). Thus, this tendency for the median a to be near 1/3 is

not very meaningful in terms of understanding growth of

trees throughout their lifetime.

(c)(b)(a)

Figure 2 Plots of fitted relationships (solid black lines) for the temperature-standardized growth–diameter scaling relationship (eqn 6) for

species in three growth forms: (a) canopy trees, (b) small trees and (c) shrubs, based on models fit using stems in all size classes. Note the

change in scale of the y-axes and log–log axes. The dotted grey line shows the predicted scaling relationship (a ¼ 1/3, with b fixed at the

median of fitted values across species in that growth form). The curves span the range of diameters observed for each species. The insets

show the same curves on non-logged axes.
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Based on all stems and small stems, species-specific

estimates of a were positively correlated with species�
maximum height (Spearman rank correlation: all stems,

q ¼ 0.42, P ¼ 0.001; small stems, q ¼ 0.41, P ¼ 0.003;

Fig. 4a,b; both remained statistically significant when the

data were limited to a > )1), but not for large stems

(Spearman rank correlation: q ¼ )0.04, P ¼ 0.88; Fig. 4c).

These significant correlations were largely driven by

differences among growth forms in maximum height

combined with the significant variation in a among growth

forms (Fig. 3), as correlations between a and maximum

height within growth forms for both small and large stems

were all non-significant (P > 0.05; Fig. 4a–c). Predicted

growth rates at 10 cm in diameter, based on species� MLEs

for a and b based on all stems, were significantly correlated

with species� maximum heights, with a noticeable absence of

slow-growing species with heights > 20 m (Pearson corre-

lation: q ¼ 0.33, P ¼ 0.01; Fig. 4d).

Species-specific variation in the height–diameter scaling
relationship

The power function (eqn 7) fit the tree height–diameter rela-

tionship better than the Monod asymptotic function (eqn 8)

for all but one species (DAIC > 10 for all species except

Quintinia acutifolia, Grossulariaceae). Across species, DAIC for

both model comparisons ranged from )1.8 to 2434.3, with an

average of 138.5. Therefore, only results from the height–

diameter power function model (eqn 7) will be presented.

New Zealand tree species were variable in their height–

diameter exponents (d), averaging 0.45 (range: 0.02–0.72).

This range corresponds to that for North American tree

species (Coomes & Allen in press; mean, 0.40; range: 0.14–

0.74). For all but two species, the exponent was different

from the value of 2/3 predicted from the Metabolic Ecology

Model (Table 2). There was no significant variation among

growth forms in the value of d (Kruskal–Wallis v2 ¼ 2.877,

d.f. ¼ 2, P ¼ 0.237), nor with maximum height (Spearman

rank correlation: q ¼ 0.25, P ¼ 0.112). In addition, there

was no significant correlation among species between a of

the growth–diameter scaling model and (1 )d; Spearman

rank correlation: q ¼ )0.03, P ¼ 0.857).

D I S C U S S I O N

We found virtually no support in forests of New Zealand for

a central prediction and two fundamental assumptions of the

Metabolic Ecology Model that: the relationship between tree

growth and diameter can be described by a power function

with an invariant scaling exponent (a) equal to 1/3; growth–

diameter scaling is equivalent for small and large trees; and

the relationship between tree height and diameter can be

described by a power function with a scaling exponent (d)

equal to 2/3. Furthermore, we found that the systematic

violation of the assumption that H � D2/3 was not solely

responsible for the deviations of a from the predicted 1/3 in

the growth–diameter scaling relationship.

Varying arguments have been made as to whether or not

scaling relationships apply at less than global scales, i.e. at

scales of analysis that do not encompass the largest possible

extent of body sizes or phylogenetic variation (Enquist &

Niklas 2001, 2002; Brown et al. 2004a,b). Our data, although

not global in either respect, span the geographic extent of

New Zealand and include almost all possible sizes of these

woody species, and hence represent a significant proportion

of the size and phylogenetic domains of South Temperate

tree-dominated communities. It has also been argued that

implicit assumptions of the Metabolic Ecology Model are

that interspecific and intraspecific scaling should be identical

because the same physical principles underpin both and that

interspecific adjustment of metabolic scaling relationships is

accomplished through the allometric coefficient. Nonethe-

less, even at this large geographic scale, indeed, at all scales

of our analysis, whether or not we accounted for species,

growth form or size, our results failed to substantiate either

this prediction or these assumptions from the Metabolic

Ecology Model.

Table 1 Numbers of New Zealand tree species for which the

maximum likelihood estimate of the exponent of the temperature-

standardized growth–diameter scaling relationship (a; eqn 6)

matched the predicted value from the Metabolic Ecology Model

(a ¼ 1/3) or were either larger or smaller (counts of species are

categorized according to growth form and size class)

Total tested a > 1/3 a < 1/3

a not

different

from 1/3

All stems

Canopy trees 18 14 2 2

Small trees 25 6 18 1

Shrubs 13 3 9 1

Total 56 23 29 4

Stems 3–20 cm

Canopy trees 14 9 5 0

Small trees 24 6 16 2

Shrubs 13 3 10 0

Total 51 18 31 2

Stems ‡ 20 cm

Canopy trees 11 2 9 0

Small trees 3 1 2 0

Shrubs – – – –

Total 14 3 11 0

A dash indicates that there were no species in this category with

sufficient sample size to estimate parameters of the scaling rela-

tionship. The sum of values in the second, third and fourth col-

umns equals the total number of species tested (column 1).
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Variation in growth–diameter scaling reflects
inappropriate model assumptions

Our analyses demonstrated significant variation in the

growth–diameter and height–diameter scaling exponents

because of taxonomy, growth form and individual size. Such

variation has long been recognized in forest ecology,

particularly in terms of predicting successional dynamics

and distributions along environmental gradients (Bazzaz

1979; King 1991; Kobe 1996). Variation in the allometric

coefficient could not, however, account for all the variation

among species in these scaling relationships, as is asserted by

the Metabolic Ecology Model.

Most tree species tested showed a strong shift in both

parameters of the growth–diameter scaling relationship

from small to large size, such that growth of larger

individuals became less size-dependent (lower a). In

addition, shrubs and smaller tree species, which tend to

have more constant light environments from juvenile to

adult stages, showed less size dependence of growth relative

to CT species. Similarly, size dependence of growth was

positively correlated with species� maximum height,

although this was largely due to variation among growth

forms. A caveat is that diameter may be a poor measure of

growth in size for shrubs, which can be multi-stemmed.

If unsound assumptions in the Metabolic Ecology Model

about the scaling of tree height with diameter were largely

responsible for the observed deviations from 1/3 of the

growth–diameter scaling exponents, then we would expect a
to be correlated with (1 )d), as reasoned in Background to the

metabolic ecology model of tree growth. However, there was no

significant correlation. The fact that species� height–diameter

exponents deviated so dramatically from the predicted 2/3

suggests that the assumption, H � D2/3, is indeed invalid, as

found elsewhere (Zhang 1997; Niklas & Spatz 2004).

Nevertheless, this violation alone did not explain the poor

fit of our data to the growth–diameter scaling prediction, and

it is likely that other fundamental assumptions of the

Metabolic Ecology Model also need re-appraisal.

Contrary to assumptions of the Metabolic Ecology

Model, access to and allocation of resources changes

ontogenetically. Clearly, access to light increases with tree

(a) (b) (c) (d)

(e) (f) (g) (h) (i)

Figure 3 Variation among New Zealand tree species in three growth forms and two size classes in the exponent (a) and coefficient (b) of the

temperature-standardized growth–diameter scaling relationship (eqn 6). Note that dimensions for b are mm year)1. The central bar in the

boxplot indicates the median, the ends of the boxes indicate the interquartile range, and the whiskers indicate the 10th and 90th quantiles.

Parameter estimates are based on data from all stems (a, b, e and f ), small stems (c and g) and large stems (d, h and i) for a (a–d) and b (e–i).

In (a and e), parameter variation across all species (and all growth forms) is shown. Differences among growth forms were tested using

pairwise Wilcoxon signed rank tests with a Bonferonni correction (experiment-wise a ¼ 0.025).
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size (Wyckoff & Clark 2005; Sheil et al. 2006), as light varies

on a nearly monotonic vertical gradient (Canham et al.

1990). How size influences access to below-ground

resources such as mineral nutrients and water remains

unresolved, but could be analogous to the case with light

(Schwinning & Weiner 1998). Whether there is any such

consistent vertical or horizontal gradient in edaphic

resources and how root growth and competition vary with

size are, however, not well understood and may vary for

different types of edaphic resources (Schwinning & Weiner

1998; Coomes & Grubb 2000), as well as for associations

with symbionts that can facilitate nutrient uptake (Kiers et al.

2000). In New Zealand’s forests, members of a dominant

genus, Nothofagus, are all ectomycorrhizal (Wardle 1991), and

tree growth is known to depend strongly on nutrient

availability (Davis et al. 2004; Platt et al. 2004). Thus far,

available evidence points to asymmetric competition for all

resources being more influential for small individuals

(Coomes & Allen in press), making diameter dependence

of growth stronger for them. The poor support for

metabolic growth–size scaling predictions for trees that we

found accords with recent direct tests (Muller-Landau et al.

2006a; Coomes & Allen in press), as well as indirect tests

from forestry. The latter have generally found that flexible

models of tree growth allowing for an asymmetric, hump-

shaped curve fit better than less complex ones, primarily

because they can account for ontogenic shifts affecting

growth, albeit phenomenologically (Zeide 1989; Monserud

& Sterba 1996; Uriarte et al. 2004).

(a) (c)

(b) (d)

Figure 4 Covariation of the exponent (a) of

the growth–diameter scaling relationship

G(D ) ¼ bDa (a–c) and predicted growth

at 100 mm diameter (D ¼ 100), based on

fitted temperature-standardized growth–

diameter scaling relationships (eqn 6), (d)

with maximum height for New Zealand tree

species in three growth forms. Each point

represents one species� parameter estimates

using fits based on data for all stems (a and

d), small (b) and large stems (c). Symbols

represent growth forms: black squares,

canopy trees; open circles, small trees; grey

triangles, shrubs.

Table 2 Numbers of New Zealand tree species for which the

maximum likelihood estimate of the exponent of the diameter–

height scaling relationship (d; eqn 7) matched the predicted value

from the Metabolic Ecology Model (d ¼ 2/3) or were either larger

or smaller (counts of species are categorized according to growth

form and size class)

Total tested d > 2/3 d < 2/3

d not

different

from 2/3

Canopy trees 18 0 17 1

Small trees 5 1 4 0

Shrubs 17 0 16 1

Total 40 1 38 2
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Shifts in the growth–diameter scaling exponent with size

may also be due to violations of some assumptions of the

branching models fundamental to the Metabolic Ecology

Model, as found for the scaling of respiration with plant

mass (Reich et al. 2006; Enquist et al. 2007). For example,

variation in the growth–size scaling relationship with

individual size may also be due to dramatic ontogenetic

shifts in growth-related traits, as occurs in heteroblasty.

Several New Zealand woody species, such as Dacrydium

cupressinum and Podocarpus spp. (Podocarpaceae), Libocedrus

bidwillii (Cupressaceae), Pseudopanax spp. (Araliaceae) and

Elaeocarpus spp. (Elaeocarpaceae) have large shifts in crown

allometry and leaf morphology (Dansereau 1964; Wardle

1991). For conifers, needle-like juvenile foliage transforms

into scale-like adult foliage, with consequences for carbon

uptake (Whitehead et al. 2004). Whatever their evolutionary

origin, such shifts in crown allometry and leaf size may

nullify the assumptions of the Metabolic Ecology Model

that the vascular network is volume-filling and that petiole

dimensions are fixed through ontogeny, and may be partly

responsible for the deviations we found here.

Beyond these possibilities, the assumption in the

Metabolic Ecology Model that a plant’s biomass growth

rate scales directly with its gross photosynthetic rate

(Enquist et al. 1999) may not be true, even on average,

given the functional diversity of plant growth strategies. A

tree species� inherent growth rate is in part the outcome

of fundamental evolutionary trade-offs in resource alloca-

tion, given its environment, that are partly related to fast

vs. slow rates of living and to the redirection of resources

that occurs with the onset of reproduction (Poorter &

Garnier 1999; Reich et al. 2003). Such trade-offs involve

spectra of adaptations that promote fast growth (e.g.

responsive photosynthetic machinery, lighter wood, rapid

height growth or reduced defences against herbivory) vs.

those that promote survival, but may lead to slower

growth (e.g. thicker, tougher tissues or investment in

lateral growth and defence against herbivory; Grime 1977;

Kohyama 1987; Loehle 1988; Thomas 1995; Reich et al.

2003; Poorter et al. 2005; King et al. 2006; Sterck et al.

2006; Westoby & Wright 2006). To the extent that such

trade-offs influence growth scaling relationships, they may

be in part responsible for any deviations from the

predicted a value of 1/3. In this respect, a model that

integrates known covariation with respect to broad

functional trait spectra might be more generally applicable,

while avoiding idiosyncrasy.

C O N C L U S I O N S

One of the most attractive features of metabolic ecology is

its prediction of allometric scaling relationships based on

simple mechanistic models of the scaling of resource

distribution networks within organisms and the temperature

dependence of biological processes, although the debates

concerning their statistical and biological validity continue

(Kozlowski & Konarzewski 2004; Nee et al. 2005; Clarke

2006; Gillooly et al. 2006). Some studies show support,

though mixed, for more fundamental predictions from these

mechanistic models, including the scaling relationships

within tree vascular networks (Meinzer et al. 2005; Anfodillo

et al. 2006; Coomes et al. 2006). It is, however, clear from

our analyses and other recent work that these mechanistic

models, although an advance, are still inadequate for trees,

as their more derived predictions have rarely been upheld

(Coomes et al. 2003; Li et al. 2005; Muller-Landau et al.

2006a,b).

Here, we found that at least two fundamental

assumptions of this model lack support and that multiple,

interacting unsound assumptions may be responsible for

the poor fit of the model to these New Zealand data.

The challenge is now to improve the predictive power of

the Metabolic Ecology Model by continuing systematic

tests of its assumptions with the goal of uncovering

dominant sources of unaccounted-for variation that

should be incorporated into the model, while maintaining

its simplicity. Our work suggests that a promising place to

start is by integrating a more mechanistic description of

the fundamental evolutionary trade-offs among functional

trait spectra and ontogenetic change that influence growth

rates.
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